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(benopyccko-Poccuiickuii ynueepcumem, Mozuneg)

B cmamve evinonnen ananumuueckuii 0630p OmeuecmeeHbiX U 3apyOedcHbIX UCCIe008aHUll 0COOEHHO-
cmell pazeumusi c60000HOU U CMECHEHHOU YCaoKU 0/ OemMOH08 HA NIOMHBIX U NOPUCMbIX 3anonxnumensx. Pac-
cMOmpeHbl 08e pasHvle Mmeopuu, Y00eIemeopUmensHO ONUCLIBAIOuUe Npoyecc Ycaoku U He uckmouarnuue opye
opyea. Oceewgervl BONPOCHI, CEA3AHHBIE C GIUAHUEM KOMNOHEHMO8 3aNOTHUMENel, YeMeHMd, 8000YEeMEeHMHO20
omHouteHuss U 000a8OK HA ycaoky Kepamsumobemona. Paccmompernvl npeonosicenuss no yuemy oegopmayuil
YCaoku 8 Kepamzumobemone u Kkepamsumosicenezobemone. /s 601ee mouyHo20 onpedeneHus npoyecca HaKonie-
HUsL 00BEMHBIX YCAOOUHBIX 0e@OopMayUll U YCOBEPUEHCMBOSAHUL MATNEMATNUYECKOT MOOENU Pacyema OmHOCU-
menbHbIX Oeghopmayutl YycaoKku 8 Kepam3umoogxcese300emone paspabomana Memooukda npoeedenus UCHblmMaHul
Ha ONbIMHBIX 00PA3YAX 6 UOe NPUM, APMUPOBAHHBIX HPOOONLHOU HEHANPALAEMOU APMAMYPOU, ¢ UsMepeHuem
deghopmayuti ycaoky UHOUKAMOPAMU YACO8020 MUNA.

Kniouesvle cnosa: ycaoka, cmecHenHas ycaoka, Kepam3umobemon, Kepamsumoxcene3o0emon, oovemmoie
deghopmayuu.

Beenenue. Ycaznka nerkux 6eToHOB Ha 15-25% Gonblie ycaaxu paBHONPOYHBIX TSDKENBIX O€TOHOB. B mep-
BbI€ TTEPHO/IBI TBEpACHHS JIerkux O0eToHoB (3—40 yacoB) HaOoKaeTCs yBEIMUeHHE 00beMa, BEI3BAHHOE TEIJIOBBIM
pacImpeHneM 3amIeMIICHHOTO BO3/LyXa 10l BIMSHUEM 9K30TEePMUUECKON TEIUIOTHI, 3aT€M HaOIIFO1aeTCsl yMEHBIIIE-
HHE, T.€. 00beMHast ycaska. [IpiHATO pa3nuyark ycaJKy KOHTPaKLIHOHHYIO, KApOOHU3ALMOHHYIO U BIAXKHOCTHYIO.

Hapacranne ycanku, Kak U HapacTaHHE NPOYHOCTH OETOHA, MPOMCXOIUT MPUMEPHO MPOHOPIHOHATIBHO
norapumy BpemeHH. [Ipu aToM ycanka pacnpocTpaHseTcs OT TOBEPXHOCTH BrIyOb OeTOHa, a HE IPOTEKaET paB-
HOMEPHO T10 00BEMY: Y TOBEPXHOCTH ycaka MaKCUMalbHa. Y ca/ika HanboJiee HHTEHCUBHO HPOSIBIISIETCS B HAYaIb-
HBII TIEpHOJI TBEpJIEHUsI OETOHA M B TeueHHe repBoro roja. I1o Mepe BhIChbIXaHUsl OETOHA YMEHBIIASTCS BIIAXK-
HOCTHBIA TPAJMCHT, PACTYIIHE KPHUCTALIMYECKHE CPOCTKH CO3JAIOT B AajbHEHIeM OoJblliee COMPOTHBICHHUE
BHYTPEHHEMY JIaBJICHHIO U JehopMaliny ycaJKu IOCTEIIEHHO HCYE3aloT.

Craructndeckasi 00pabOTKa 3KCIIEPUMEHTAIBHBIX JaHHBIX IO3BOJIHMIIA HPEICTABUTH 3HAUCHMS OTHOCH-
TENBHBIX JedopManuii ycanku B 3aBUCHMOCTH OT OCHOBHBIX BJIMSIOMINX (PaKTOPOB — pacxoaa BOJbI U LIEMEHTA.
OO01Ien3BeCTHO, YTO YeM OOJbIe B OETOHE IIEMEeHTa, TeM 0oJbie ycaaka. OJHAKO Ha BETUYHUHY YCAlIKA OKa3bl-
BAaeT BJIMSHHUE HE TOJBKO KOJIMYECTBO [IEMEHTA, HO U 00BEM LIEMEHTHOTO TECTa, T.€. BOJOIIEMEHTHOE OTHOLICHUE
(B/LI), c yBenmu4eHneM KOTOPOTO yCcaiKa yBEeIHMIUBaeTCs M Ha000poT. OMBITHBRIE TaHHBIE, TOIYYCHHBIE C PA3HOTO
poza IeMeHTaMH, OKa3bIBalOT HaHOOIBIIYIO BEJIMYMHY YCAAKU OKOJIO 3 MM Ha 1 IOT. M JIsl YUCTOTO IIEMEHTa
(meMeHTHOTO KaMHs1) B Bo3pacte 5 JieT, a AJIsl IIeMEHTHO-TIecuaHoii cMecu B nporniopuuu 1:3 — mpumepso ot 1/3
1o 1/2 ycanku yucToro neMenTa. J{jis 6€TOHOB BeMYMHA FOANYHOM yCaAKU BBIpaXKaeTcsl BEIMYNHON IPUMEPHO
0,2-0,4 MM Ha 1 Tor. M.

Pa3nuunble TunpaBnnyeckue 100aBKH yBEIMYMBAIOT ycaJKy. B yacTHOCTH, yBeIMYMBAaeT yCauKy W HO-
0aBKa yCKOpHTEISl TBEPACHUS (XJIOPUCTOTO KAIBIIHSA).

Camo siBJIeHHe ycaJKu OeTOHA He HMeeT ellle B ITOJTHON Mepe 000CHOBAHHOT'O OOBsACHEHNUS BBUIY CIIOKHOTO
npolrecca TBEPACHHUS IEMEHTa U MHOXKECTBA COIYTCTBYIOIIHNX (DAaKTOPOB.

Haunbonee ynoBneTBopuTeabHOE 00BICHEHNE YCAIKH JAIOT IBE TEOPHH, CYIIHOCTh KOTOPBIX 3aKJIF0YaeTcs
B CIIEITYIOLIEM.

ITo mepBoii Teopuu [1] siBIEHHE YCaAKH CTABUTCA B 3aBHCUMOCTD OT (PU3MKO-XHUMHYECKHX MPOLIECCOB, CO-
TIPOBOJKTAIOLIMXCS] CXBAaTBIBAHUEM LIEMEHTHOTO TECTa ¥ TBEPJECHUEM LIEMEHTHOTO KaMHsl. [1py 3TOM o1HOH 13 ry1aB-
HBIX TIPUYUH CIIYKUT TO, YTO IIEMEHTHOE TECTO, IIPEICTaBIIIoNIee COO0M BHaYasIe CTyAHE00pa3HyIo Maccy (Teb),
B pe3yJIbTaTe UCHIapeHus: N30BITOYHON BOJIBI, @ OTYACTH U MOTJIONIEHUEM BOJIbI 3€pHAMHU LIEMEHTA, BCTYTAIOIINMHU
B PEaKIHIO, IOCTENIEHHO 00E3BOXKHUBAETCS M YILIOTHAEeTCA. K 3ToMy mpucoequHsAeTcs elle U BIUSHUE Ipolecca
KPHCTaJUI000pa30BaHus: KPUCTAJUIBI IIPOHU3BIBAIOT MaccCy Tels M, CpacTasich MeXIy CO0O0H, CO3al0T TBEpIbIA
CKeJIeT (CPOCTOK) LIeMEHTHOro KaMHsl. COBMECTHOE BIIMSHHME 3THX IPOLIECCOB U BBI3bIBAET B LIEMEHTHOM KaMHE
00bEeMHBIE N3MEHEHHS, Ha3bIBaeMOe ycakoi. IHTeHCHBHOCTB yCaJlKi B Havajle porecca 3aBUCUT OT CKOPOCTH
THIPATALUH [IEMEHTa W KOJIMYECTBA BOJBI, B3STOH JUIA 3aTBOPEHUS IIEMEHTHOTO TECTa, B AATbHEHIIIEM C YMEHb-
IIEHHEM KOJIMYECTBa BOJbI YCaJIKa MPOTEKAET 3HAYMTEILHO MEJICHHEE.

Bropas teopus [2] ocHOBaHa Ha CBOICTBAaX KaNMUIIPHOCTH: MOBEPXHOCTHOE HATSKEHHE MEHHCKOB,
00pa3ylomuxcs B CMOYEHHBIX BOJOH MOpax, MPUBOAMT K CTATHMBAHUIO CTEHOK IOP, UYTO B pE3yJIbTaTe U BBI3bI-
BAaeT CXKAaTHE IEMEHTHOTO KaMHsl. Tak Kak MHKpOIIOPBI PAaCcIPEEICHBI 110 Bcei Macce OeToHa Ooee M MeHee
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PaBHOMEPHO B PA3JIMYHBIX HANPABICHUSX, TO CO3[jaBa€Mble KAMUUIIPHBIMHA HATSKEHUSIMH JIaBICHHS B3aUMHO
YPaBHOBELIMBAIOTCS U IIPOU3BOAAT KaK OBl BCECTOpOHHee cxxkaThe OeToHa. B pesynprare 6eToH nmoiydaer 00b-
eMHYI0 TeopManuio — ycaaxy.

Crenyer OTMETUTD, YTO 00€ TEOPHH HE MCKIIIOYAIOT APYT ApYTa.

Cgobognast ycagka. CBoOOJHOM yca/Ke IEMEHTHOTO KaMHsI B Ha4aJIbHBIN EpHOJ TBEPACHUs OETOHA ITpe-
MATCTBYIOT IUIOTHBIE 3aIIOJIHUTENIHN, KOTOPBIE CTAHOBATCS BHYTPEHHUMH CBSI35IMH, BBI3BIBAIOIUMU B IEMEHTHOM
KaMHE HadaJbHble pacTaruBaromue HanpspkeHus [1]. [To mepe TBepaeHms renst oOpa3yrommecs B HEM KpHCTall-
JMYECKNE CPOCTKH CTAHOBSITCS TAKOTO )K€ POJa CBSI3SIMH.

Ha BennumHy ycaaku BiIMsIET 36pHOBOI COCTAB 3alOJIHUTENCH: IPU 3€pHAaX pa3HOM KPYIMHOCTH U MEHBILLIEM
o0BeMe MyCTOT ycaaka MeHbLIe. Beskue 3anonHuTeny yMeHbIIAIOT yCaaKy, IpUYeM NMeeT 3HaUeHHe BUI 3aIl0THH-
Tens. Ycaaka 0eTOHA, U3TOTOBICHHOTO Ha IieOHe, MeHblIe, YeM y OeTOHa Ha rpaBud. BiusHue 3amomHuTens
Ha yMEHBIIIEHHE yCaJKH TEM MEHbIIIE, YeM MEHBIIIE €r0 CIIOCOOHOCTb K MEXaHUUECKHX Je(OpMarisM, T.€. YEM BBIILE
€ro MoAyJIb YIpyrocTy. BeiandnHa ycaaku npuMepHO 00paTHO MPOIOPIMOHATEHA MOIYJTIO YIIPYTOCTH 3aTI0JIHUTEIIS.

J1yist 6eTOHOB Ha JIETKHX 3alIOJIHUTEINSX 3TO SIBJICHUE OyJIET HE CTOJIb BEIPAXKEHO, YeM JUIsi OETOHOB Ha ILIOT-
HBIX 3aIOJIHUTENSAX, B CBSA3U C OoJjiee HU3KMM 3HadeHueM Moayiisi. [lo Mepe TBepleHHUs reiisi KpUCTAUINYECKUE
CPOCTKH, 00pa3yIOINEcs B JISTKOM OETOHE, CTAHOBSITCS TAKOTO e POoJia CBA3SIMH.

Crenyer OTMETHTh, YTO B KOHCTPYKIHOHHBIX JIETKHX OETOHAaX MOMAYJb YIIPYTOCTH 3aIlOJHUTEINST OOBIYHO
MEHbIIIE MOJYJSl YIPYTOCTH LIEMEHTHOTO KaMHs, [I03TOMY HalpsKEHUE B PACTBOPHOM YaCTH OT YCaJKH MEHbILIE
HaIpsDKeHUH B paBHOIPOYHOM TsDKeTIoM 6eToHe. OTHOBPEMEHHO yca/lka pacTBOPHOM 9acTH CIIOCOOHA BBI3BIBATH
CYIIIECTBEHHbIE HANpsDKCHMS B 3amonHuTesne. Hanpumep, st 6eToHoB Ha rpanute npu E =16,8 I'Tla ycaaka
coctasisier 0,49 MmM/M; Uit 6eTOHOB Ha u3BecTHsAKe pu E = 7,1 T'Tla — 0,68 Mmm/M. PacueTHblit MoayIs ynpyro-
cru E, 14 mo0oro HapspKeHUs. G, MOXKHO OIPEeItTh 0 NPUOIMKEHHONH 3aBUCUMOCTH, IPEAI0KEHHOH IIpo-

¢deccopom JI.W. OHHUIIEKOM, HCTIONB3Ys HAYaIbHBIH MOIYJb YIPYrocTH Ej :

E =E,.|1-°

cd

3ameyeHo, 4To ycajka B OETOHaX C MEIKO3EPHUCTHIM IIOPUCTHIM IIECKOM U IIOPUCTHIM IieOHeM Oombire. Y Oe-
TOHA Ha TPAHUTHOM M M3BECTHOM LIeOHE ycaaKa MEHbIIe, YeM y OeTOHa Ha IpaBUU WK LIeOHe U3 eCYaHHKa.

Heo0x0auMo OTMETHTB, YTO 3TH B3aUMOZEHCTBHUS IPOUCXOAAT B IPy0O HEOAHOPOIHOM Cpelie PpU pa3Hoi
BEJIMYMHE 3epeH 3allOJHUTENS, pa3HbIX YIPYTHX CBOWCTBAX [EMEHTHOI'O KaMHS M 3allOJHUTENICH PU HATUYUH
B LIEMEHTHOM KaMHeE TIOp, a B OETOHE — MOJIOCTEH, BBI3BaHHBIX JieekraMu yruioTHeHus. [loaTomy BennunHa
Y HaIpaBJIeHUE HaYaIbHBIX HAPSDKEHUH YCaIKH UMEIOT CITyYaliHbIM XapakTep U HOAYHHSAIOTCS TOJIBKO CTAaTUCTH-
YEeCKUM 3aKOHOMEpPHOCTSIM. B ro0oM citydae, HauanpHble HAPsHKEHUSI MOTYT OBITH NMPUYMHONH MHUKpOpa3py1LIe-
HUH B O€TOHE, MPUYEM MHUKPOTPEIINHEI 00pa3yloTCs MPEUMYIIECTBEHHO Ha IMOBEPXHOCTSX KOHTAKTA 3aIl0JIHHUTE-
Jeil ¢ IeMEHTHBIM KaMHEM.

Jnst kepaM3UTOOETOHA eCTECTBEHHOTO TBEPICHHS Ha KBapLEBOM IECKE MPU MPOAODKHTEIBHOCTH HPO-
recca 100 cyTok MO>KHO HCIIOIB30BaTh hopmyiry [3]

£, (100)=6,7x10°(BJTI)".
Jlis onrcaHus mporiecca yCaJKu BO BpeMeHHU Tpeiaraetes hopmyna [3]

4xtxg (100)

g, (1) =
« (0 100 +3x¢

rae ¢ — Bpewms, CyT.
JIyist aHaIMTHYEeCKOro ONMUCaHHs ycaaku OeToHa B JIIOOOH MOMEHT BPEMEHH MOYKHO BOCIIOJIB30BATHCS
sMnupudeckor popmyIoit [4]

gcs (t) = Scx,lim : (1 - ei}m .t) b

rme € — rpaHu4Hble fedopmaryu ycaaku (Ipu ¢ = o );

cs,lim
\,, — OTIBITHBII MApaMeTp, XapaKTEPU3YIOIIHI CKOPOCTh YCAIKH, CYT ';

t —Bpems, CyT.

I'paHnyHbIC 3HAYCHHUS OTHOCUTENILHBIX Ie(OPMALIUI YCaIKU ONPECIIIOTCS CISIYOIUM oopasom [4]:

cs,lim = 8cs,m ) FD] ) E)Z 'E,!_’y H

JUISL YCIIOBHH, IPUHATHIX 3a cpegHee (ceueHne obpasna

€

rac € — CPCAHCCTATUCTUYCCKOC 3HAUCHUC €

cs,m cs,lim

100x100 MM; oTHOCHTENBHAS BIAKHOCTB Bo3ayxa 70%, BO3pacT, ¢ KOTOPOTro HAYMHAETCS yUeT yCalKH, 7 CYyTOK);
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€,,,,6 — K03 UIMEHTH], yYUTHIBAIOIINE BIUSIHIE OTKIOHEHHS pealbHbIX yCloBuil paboThl GeToHa

OT IPUHATHIX CPEAHUX /s BO3pacTa OETOHA B Havyajle BBICBIXaHUs, pPa3MepoB 00pasiia, OTHOCHTEIIFHOH BIIasKHO-
CTH CpeJibl COOTBETCTBEHHO.
[Tpu HaMM4YMK TaHHBIX O JO3MPOBKE COCTABIIAIONINX MOXKHO BOCIIOIB30BATHCS POPMYIIOii [4]
Eogm = 0,14-10°(w+a)’?,
TIe W U @ — KOJMYECTBO BOJBI B 3aMece 10 00bEMY M BMECTUMOCTh TIPUBIICUSHHOTO BO3/lyXa B YIZIOTHEHHOM
OETOHHOM cMecH, JI/M> COOTBETCTBEHHO.

[TepBomprUKHOM ycaaKy IEMEHTHOTO KaMHS U, KaK CIIC/ICTBHE, OETOHA SIBIISIETCS] YMEHBIIICHHE B Telie KO-
J4YecTBa CBOOOZHON BOJBI, KOTOpasi pacXoayeTcs Ha MCIapeHre W THAPATAlUIO IEMeHTa. 3aTeM pacXoayeTcs
TIOJTyCBSI3aHHAs BOJA, KOTOPAask OKPY)KaeT KPUCTAILIBI THAPOCHIMKATA KAJIBIIMS, YTO BBI3BIBACT CONMKEHUE STHX
KPUCTAJUIOB U JANbHEHIIyI0 ycanky. HepaBHOMepHOE BBICHIXaHHE OETOHA 10 00beMy IPHBOIHUT K HEPaBHOMEP-
HOI1 ycazike, 9TO B CBOO OUepe.ib BeAeT K BOSHHKHOBEHUIO HEPAaBHOMEPHBIX HAYAIIBHBIX YCaIO0YHbIX HAPSKSHHH.
OTKpBITHIE, OBICTPO BHICHIXAIOLINE IIOBEPXHOCTHBIE CJIOM OETOHA HCTIBITHIBAIOT PACcTsDKEHHE, B TO BpeMs KaK BHYT-
peHHKE Oosiee BIaKHBIE 30HBI, IPEMSATCTBYIOIINE yCaIKe MOBEPXHOCTHBIX CJIOEB, OKAa3BIBAIOTCS CXKATBIMH [1].
CBoOoHast ycaKa crocoOCTBYeT pacKpbITHIO TPEIHH [5].

CyliecTBeHHOE 3HAYCHUE UMEET TaKKe KalWIIIpHOE NaBlieHHe B MOpax [eMeHTHoro kamHs. [Tpu xoH-
TaKTe JKUJIKOCTH, Haxo[slleiics B MOpax, CO CTEHKaMH KalWUISIPOB CHJIBI NPUTSKCHUS, KOTOPHIE IEHCTBYIOT
MEXAy MOJIEKYJIaMHU LIEMEHTHOTO CKEJIETa W JKUIKOCTBIO, 3aCTaBISIIOT €€ MMOJHUMATHCS 110 CTEHKE Kamuusipa,
YTO IPUBOANT K NCKPUBIIEHHIO TTOBEPXHOCTH KHUIKOCTH — BOSHUKHOBEHMIO MEHHUCKOB (pucyHok 1) [2]. DT0 co-
3/1aeT KalULIpHOE JaBJeHNe, KOTOPOE CXKUMAIOIIe AEHCTBYET Ha CTeHKH, OTPAaHUYUBAIOLINE JKUIKOCTb.

P

/ / 2 / / .

XUAKOCTB

Pucynok 1. — Cxema cui1, 00yCJI0BJICHHBIX I0BEPXHOCTHBIM HATHAKEHHEM MEHHUCKOB

KanmmisipHoe naBiieHue B mopax MMeeT JOBOJIBHO 3HAYUTENIFHYIO BETMUUHY M BO3PACTAET C yMEHbIIICHHEM
pa3mepoB 1op. [TockobKy MUKPOTIOPHI B IIEMEHTHOM KaMHE PAaCIOI0KEHbI B Pa3HBIX HAIIPABJIECHUSX, 3TO JaBiie-
HHE B3aHMHO YPaBHOBCIIMBACTCS M ACHCTBYET KaK BCECTOPOHHEE CXKaThe, O BIMSHUEM KOTOPOI'O TaKXkKe Ipo-
UCXOIAT 00BbEeMHBIE TeOpMaIINH.

Ot 1Ba akTopa ycaakd 3aBUCAT OT HHTEHCUBHOCTH UCHIAPEHHS, ONPEACIEMOr0 BEIMIMHON BIAYKHOCT-
HOTO Ilepernazia Mexx1y OeTOHOM U OKpy»aromeld cpenoil. IlomHas ycaaka EMEHTHOIO KaMHsl, BRICYLIIEHHOTO /10
aOCOJIIOTHO CYXOT'0 COCTOSIHUSL, ONIPEAENACTCS TOJIBKO yCaIKoH resl, HOCKOJIbKY ycallka, BEI3bIBaeMas AeiicTBHEM
KaIIWUTAPHBIX CHJI, MOXKET MOJIHOCTHIO BOCCTAHABJIMBATH IEPBOHAYAIILHOE ITOJI0KEHHUE.

CoracHO TIOJIOKEHUSIM [6] ToHas yca/ika OeTOHa COCTOUT M3 JIBYX YacTeil — OTHOCHTENLHOH Aedopma-
IIH YCAJIK! TIPH BBICBIXaHUH ¥ OTHOCHTENHLHOH JeopManny ayTOTeHHOH yCaaKu:

€, =6, +E

ca?’

rae €, — HOJTHAsl OTHOCHTENbHAS Ae(opManus yCaaku;
€., — OTHOcHUTelbHas AedopMarys OeToHa, 00yCIOBIEHHAs BHICBIXaHUEM (UCTIapeHUE BJIary);
€,, — OTHOCUTeIbHAs JeopManus ayTOreHHON ycalKu.

KoneuHoe 3HaueHme ycaaku NpH BHICBIXaHUH JIETKOTO OeToHa [6]:
€y =€, M3 Sk, €0

rne  &,, — HOMUHAIBHOE 3HAYEHNE yCAIKH NPH BBICHIXaHWH, IPHHAMAETCA 110 [6, Tabmuna 3.2];

1, — K03(pHULUEHT A7s onpeieNeHus YCa Ky IPU BHICBIXaHHU;

k, — ko3 dHUIIeHT, KOTOPHIH 3aBICHT OT MIPUBEICHHOTO pa3Mepa cedeHus /i, .
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€40 =0,85- (220 +1100, ) - exp(—0t,,, Sion ) |- 10°B,, »

cm0
roe oy, " o,, —Ko3(QQUIHEHTB], yIUTHIBAIOIINE BU IEMEHTA;
Jomo =10 MIa ;
Jrom — CPEIHAA IPOYHOCTD JIETKOro OeToHa Ha cxkatue, Mlla;

3

RH
=1,55-|1- ,
B v

0

rIe RH — oTHOCUTENbHAs BIAXXHOCTh BO3/yXa, %;
RH, =100%.

OTHOCUTENbHBIE AcPOpPMANMHA YCAJKH BO BPEMEHHU, OOYCIOBICHHBIC BBICHIXaHHEM, OTPEICIACTCS
13 BbIpaxeHus [6]

€.4() =B, (6,1) k, €0
(t-1)

3 b
(t—t,)+0,04-\/h
rie ! — BO3pacT OETOHA HA PACCMATPUBAEMEI IEPUO, CYT;

t; — BO3pacT OeTOHA Ha HAYAJIO YCAJKH BBICHIXAHHS;
ho — IPUBEJEHHBIN pa3Mep MOMEPEYHOTO CEUESHUS, MM.

MaxkcumanbHbIe 3HAYeHUST OTHOCHTEIBHON JTehopMaIii ayTOTCeHHOH YCaJKH B JIETKAX OETOHAX OIpee-
nsietes o gopmyre [6]

de(tsto) =

€0 (1) =By (D) +&, (),

e g,(0)=25(f, ~10)-10°;

B,. (1) =1-exp(-0,2¢"%);

¢t —BO3pacT OeTOHa Ha paccMaTpUBAEMBIN IIEPUO/I, CYT.

Ecmu ncrionb3yeTcs HaCBIIIEHHBINA BOIOH (TIOTHOCTHIO FITH YACTHYHO) JIETKHH 3aIlOIHUTENh (T.€. IIpe/IBa-
PUTENILHO CMOYEHHBIH), 3HaUEHHsI ayTOT€HHOH ycaaku OyIyT 3HAUMTEIbHO MEHBIIIE.

CrecHeHHas ycaaka. Ycaaka KepaM3UTOXKEIEe300€TOHHBIX KOHCTPYKIIMI 3aBHCHUT OT KJlacca JIETKoro oe-
ToHa, ko3 duirenTa apmupoBanus, cBo00HOI ycaaku 6etoHa. [ledopmanun ycaaku apMUpOBaHHOTO oOpasia
HIDKE, YeM HeapMHPOBaHHOTO, MIOCKOJIBKY CBOOOMHAs ycajKa CIep)KHBAETCSl apMaTypoi, KOTOpasi BBIOJIHSIET
(yHKIMIO BHYTpEHHEH CBSA3M (Tak KaKk MOIYJb YIPYTOCTH apMaTyphl 3HAUUTEIBHO BBIIIE MOAYJIS yIIPYTOCTH Ke-
pamsuroberoHa). COOTBETCTBEHHO, YeM BBIIIE KO GHUIIMEHT apMUPOBAHHUS, TEM OOJIBIIIE €r0 BINSHHE Ha YCaKy.
PesynbraThl vcciienoBanuii 7] mokasanu ymMeHbleHue aedopManuii ycaaku B 2 pa3a npyu apMHUPOBaHUU OETOH-
HOro o0paslia 10 CPaBHEHHUIO C ITAJOHHBIM HEeapMHPOBaHHBIM 00pasioM. [Ipu cTecHeHHOH ycanke B apMarype
BO3HUKAIOT C)KUMAIOIINE HANPSDKEHHs, a B OETOHE — pacTATHBAIOILKE.

VYcaaka IeMeHTHOTO pacTBOpa B apMUPOBaHHOM OETOHE MEPBOHAYATIBHO CACPKUBAETCS a7IcCOPONPOBAHHOM
CBOOOJHOW BOJOI B IIOpax KamwuIAPOB, a 3aT€M TBEPAbIMH YacTHLIAMU: HEI'MAPATHPOBAHHBIMH YacTHLAMH Iie-
MEHTa, KpUCTAJUIaM{ THAPOKCH/A KaJIbLHsL, YACTUYHO KPYITHBIM 3aIlOJIHUTEINIEM, a TaKKe apMaTypoi [8].

B GeToHe BO3HHMKAIOT pacTATMBAIOIIME HANPSKEHHS O] BIUSHUEM Pa3HOCTU CBOOOIHOW M CTECHEHHOW
YCaIIKH, TPUYeM HanOOJIbIINE PACTATHBAIOIINE HANPSHKEHHS BOZHUKAIOT B MECTaX KOHTaKTa O€TOHA ¢ apMaTypO.
Jnst onpeneneHus TEOpeTUIECKOTO BIUSIHUS apMUPOBAHUS Ha NIPOLIECC yCaAKH UCIIONb3YIOTCS YCIOBUE BHYTPEH-
HEro paBHOBECHOTO COCTOSIHUS B JII000 MOMEHT BPEMEHH 1 YCIIOBHE COBMECTHOCTH Aedopmartuii [3]

6.(1) A =c.(t) A,

rae  o,.(t) —HampsbkeHuUs B OETOHE B MOMEHT BPEMEHH f;
G, (¢) — HampsDKEHUA B apMaType B MOMEHT BPEeMEHU;

A, — mom@aap MonepevyHoro ceyeHus OeToHa,

&

A, — momaak MonepevyHoro CEYEeHHs apMaTyphl.

e () =e,(0-2.(),

rae  ¢&,(¢f) — nedopmaniu CxaTHsA B apMaType;
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€,(t) — nedopmanuu pacTsHkeHHs B OCTOHE;
€. (t) —nedhopmanuu cBoOOJHON ycaaku OeTOHA K MOMEHTY BPEMEHH Z.

Just onpenenenust neopmannii CBOOOIHOHN ycalku apMUPOBAHHOTO KEpaM3UTOOETOHA B JTF000H MOMEHT
BpeMeHH B [3] mpemoxena Gpopmyna

o

e ¢

5, (t)=41-¢,(100) ————,
LS() LS( ) 100+3.t

roe €, (100) — cBoOoIHas ycaaka 6eToHa k MoMeHTy 100 cyTOK.

B paborax [7; 9] ObUI0 M3yUeHO BIMSIHUE CHMMETPUYHOIO ¥ HECUMMETPHYHOTO apMUPOBaHKs Ha YCaJIKy
OeToHa ¢ pa3HbIM IPOLEHTOM apMupoBaHus. J[is onpenenenus nepopmannii ycaaku npu HECUMMETPUYHOM ap-
MHPOBaHHUH aBTOPHI [9] ucnonp3oBany GopmyIry

€

8 — cs
s,RC
RS EX N

TIe &, pc — yCaaKa apMHPOBAaHHOTO 00pasIa;
€,, — cBOOOIHAs ycaska OeToHa;
o, —3((heKTUBHOE OTHOMICHNE MOAY/eH (OTHOIIEHHE MO/YJIS YIPYTOCTH CTaIH K MOYJIIO YIPYTOCTH OSTOHa);
p, — HPOLIEHT aPMUPOBAHHUS.

B pabore [10] uccnenoBanuck AedopManium ycaaku KepaM3uTOOETOHHBIX 00pa3IoB ¢ Pa3HbIM MIPOLIEHTOM
apmupoBaHus. COINIaCHO MOJYYEHHBIM OIBITHBIM JIAHHBIM, KOHEUHbIE BEJIMYHMHBI Je(opMaliuil ycaakn B HOp-
MAaJIbHBIX TeMIIepaTypPHO-BIaXKHOCTHBIX yCIIOBUAX cocTaBuin oT 0,4 10 0,6%o.

HayanbHble HaImps’)KCHUA, BOSHUKAIOMINUE BCICACTBUEC YCAAKU B KepaMSI/lTO6eTOHe, HE YUYUTBIBAIOTCA
NpU pacyeTe apMHUPOBAHHBIX KOHCTPYKLMH Ha IMPOYHOCTb, XOTS HAIUYUE JAHHBIX HANPSDKEHUH MOXET OBITh
YUYTEHO NMpHUMEHEHHEM K03 uunenTa oqHopoaHocTH [1; 7]. B npeqHanpspkeHHBIX KOHCTPYKLMSIX UMEET MECTO
penakcanysi, KoTopas CllocoOCTBYeT KOMIeHcanuu Jedopmanuii ycaaku.

IIporpamma 3KCnepUMEHTAJIBHBIX UCCJISAOBAHMI Pa3BUTHS YCAI0UHBIX Ae)OopMaliii B KepaM3UTO-
OeToHe U KepaM3UTOXKeae300eTone. C [ENbI0 POBEICHUS YKCIIEPUMEHTANBHBIX UCCIIEAOBAHUN 110 H3YICHUIO
0CcO0EHHOCTEH pa3BUTHSA 0OBEMHBIX YCaTOYHBIX AeopMaIiii B KepaM3UTOKeIe300eTOHE COCTaBICHA TPOTpaMMa
JUTS SMITUPHYECKOTO OTIpeesIeH s qeopManiii CTECHEHHON yCaIKi apMUPOBAHHOT'O KEPaM3UTOOETOHA.

IIpenmnonaraercst MPOBECTH UCIIBITAHUE OMBITHBIX 00PA3I0B B BUIE IPpU3M ¢ pasmepamu 150x150x600 mm,
M3rOTOBIICHHBIX U3 Kepam3uTobetoHa knaccoB LC16/18 — LC20/25, apMuUpoBaHHBIX MPOJIOJIBHON apMaTypoii
knacca S500 u monepevHoit apMatypoit kiacca S240; mpo1oyibHBIE CTepXKHU AuamMeTpoMm 12, 14 u 16 mm.

Jlnst kKol cepur mipeycMaTprBaeTcs 9 pu3MEHHBIX 00pasiioB, 3 KOTOPBIX 3 00pasiia MpeIHa3HAYCHBI I
onpeieNieHrs KpaTKOBPEMEHHOH IPU3MEHHON IPOYHOCTH KepaM3UTO0eToHa, 3 00pasua — Juist OlpeiesieHust CBOOOTHON
ycaJKu KepaM3uToOeToHa 1 3 00paslia — JUls onpeziesieHHst CTECHEHHOH yCca/Iki KepaMm3uTokene3ooeToHa. s onpene-
JIeHUst KyOUKOBOW IPOYHOCTH TPETYCMOTPEHO N3TOTOBJIEHHE 3-X 00pa3LioB B BHIE KyOOB ¢ JuIMHON pedpa 150 Mm.

Jedopmanny cBo0OAHOH ycaaKH KepaM3UTOOETOHA TUIAHUPYETCS 3aMePSTh ITOCEpPEHHE KKIO0H IpaHu
HCTIBITRIBAEMOT0 00pa3iia HHANKATOpaMH YacoBoro tuma ¢ menoit aerxenus 0,001 mm u 0,002 MM, KOTOpBIE Kpe-
MATCS K 00pa3iaM Mpy OMOIIH CTAIBHBIX PETIePOB, COSANHEHHBIX CTEP)KHAMH 0a3bl (PUCYHOK 2).

n4-2,
Uu4-1 ‘-/Q- £
S
2
4 NY-1, 2, 3 — *HIMKATOPHI YACOBOI'0 THIIA;
N 2, 3 — cTanbHOIi penep; 4 — cTep:keHb 0a3bl; S, 6 — BUHT
SIS Pucynok 2. — Cxema 1,11 u3MepeHus ¢cBo0OOHOM ycaaKu
bemoHHbIG KepaM3UTO0eTOHHOr0 00pa3na, OCHALEHHOI0 HHAUKATOPAMHU
oopasey 4acoBOro THHA
3
Y
s o ©
S
150

62



CTPOUTEJIBCTBO. I[IPUKIIA/THBIE HAYVKH. Cmpoumenscmeo MNe 8

st onpenenenust aeopmaryii creCHeHHOH yCaJKM B 3aBOJICKHX YCIIOBHAX U3TOTOBJIEH CBApPHOHU KapKac,
COCTOSIIINN U3 POA0IBHON apMaTypsl AuaMeTpoM 12 MM, muHoH 590 MM kiacca S500 u monepedHoit apMaTypbl
muametpoM 6 M, auHOH 145 MM kimacca S240 (pucyHOK 3).

PucyHnok 3. — ApmaTypHBIii Kapkac VISl U3MepeHHs] CTeCHEHHOH ycaaKu

B nponoipHO# apMaType BRIIOTHEHBI OTBEPCTHS TI0 KOHIIAM C IBYX CTOPOH (PHCYHOK 4).

Pucynok 4. — OTBepcTHsI AMAMETPOM 5 MM B NIPOAOJILHOI apMaType

B otBepcTHs AMaMeTpOM 5 MM BCTaBIISIFOTCS CTAJIBHBIE TIEPEXO0JHbIE ITYIEpHl BHICOTOM 40 MM U TrameT-
pom ocHoBarwusA 40 MM (PHUCYHOK 5).

Pucynok 5. — CranbHoii nepexoaHoii mTynep B NPOA0IBLHON apMaType
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[MoydeHHBIH cBapHO KapKac BCTAaBISIETCSI B cTalIbHBIE (hOpMBI 1 obeToHMpyeTcs. [locie GeTroHnpoBaHus
K HCIIBITHIBAEMOMY O0pa3lly IIPUKJICHBAIOTCS CTaJIbHBIE PEIephbl B MECTaX, Iie pacloJlaraloTcs CTajabHbIe Iepe-
XOJHBIE ITYIEPHI, @ TAK)KE MEXKy CTATEHBIMH NIEPEXOAHBIMH ITYLIEPaMH Ha KaXXJ10i rpaHu odpasua. [Ipukmen-
BaeMasi IIOBEPXHOCTh pernepa 00e3KUpHUBaAEeTCs OpraHUuecKUM pactBopureneM. CTepykeHb 0a3bl THaMeTpoM 2,5 MM
YCTaHABIMBACTCSl B OTBEPCTHSI CTAIBHBIX PETIEPOB U 3aKpy4YHBaeTcs BUHTaMH. CTalbHbIE perepbl COSANHSIOTCS
MeXIy coboi crepskHaMHU 0a3pl umHONW 400 MM. MHAMKATOPEI YacOBOTO THIIA YCTAHABIMBAIOTCS B OTBEPCTHUS
BEPXHUX CTAIBHBIX periepoB. [Ipy moMomy noka3zaHnii HHANKATOPOB (GUKCHPYIOTCS AedopMaiy OeToHa 1 Ipo-
JIOTIBHOM apMaTypsl (PUCYHOK 6).

Jleopmanmy crecHeHHOM ycaaku Aiisi 6eToHa M3Me-
PSIIOTCA IOCEepeMHe Ha KaXKAOH IPaHH HUCIIBITBIBAEMOT0 00-
pasiia HHAUKAaTOPaMH MPU TOMOIIH CTANBHBIX PENepoB, KO-
TOPBIE COEANHSIOTCS CTEPKHAMU Oa3bl.

OTcyeTsl MOKa3aHWK TPOW3BOJATCS 4Yepe3 CYTKH,
3areM Ha 3, 7, 14 cyTku, a nanee pa3 B 2 HeJeNIU 0 KOHIIA
UCTIBITaHUH B cooTBeTCcTBUU C [11]. ITpn npoBeneHNH HCIBI-
TaHUH HEOOXOMMO TMOJICPKUBATh HOPMAJIbHBII TeMIepa-
TYPHO-BIXHOCTHBIIM PEKHM OKpY XKaroliel cpesl (Temrre-
patypy 2042 °C u OTHOCHTENBHYIO BIaXXHOCTh BO3AyXa
60 £ 5%). VcnplTanuss CTECHEHHOH M CBOOOJHOM ycanku
KepaM3UTOOETOHA JOJKHBI OBITH 1O NMPOMODKUTEIBHOCTH
He meHee 120 cyTok.

3akmouenune. HeyureHHsle ycamounsle aedopma-
[IMM apPMUPOBAHHBIX 3JIEMEHTOB MOTYT IPHUBECTH K YBEIJH-
YEHUIO IIUPUHBI PACKPBITHS TPEIINH, YCKOPHUTH CTENEHb
:‘_Ell@_@ @I’: M3HOCA M COKPATHThL 0XKHUIAEMBII CPOK CITYKObI KOHCTPYK-

mu [12; 13]. Hanpumep, B mociiegHAE TOABI MHOTHE MOCTHI
CTpaJIaloT OT Ype3MEPHBIX AeOopMalHii, B TOM YHCIIE OT Je-
dhopmanmii ycanku [14—17]. TH IOMOTHUTEIBHBIE OTKIIO-
50 I HEHUS! MOTYT OBITh YaCTHYHO O6’LH€HGHLI HEJI0OCTaTOYHO
7 KOPPEKTHBIM PacueToM KOHCTPYKIHWI, HE YUHMTHIBAIOIIUM
HEO/IHOPOJIHYI0 KOHTPAaKIIMOHHYIO YCaJaKy B paHHEM BO3-
pacTte, HEpaBHOMEPHYIO BIOXHOCTHYIO yCaJKy U HEpaBHO-
MepHOE pacrpe/ielieHneM KOMIIOHEHTOB CMECH apMUPOBaH-
HOTO KepaM3uTOOeTOHa.

Jedopmanmu ycagku MOXHO paccMaTpuBaTh Kak CyMMY JIBYX CJIaraeMbIX: HEOOpAaTHMBIX Iedopmannii
OT CTapeHHs TeJs, MPUIEM HX MOCTETICHHO 3aTYXaIOIINIl POCT MOXKET ITPOJOIKATHCS B TEUCHNE HECKONBKUX JIET;
oOpaTtuMbIX AedopManuii, 00ycnaBIMBaeMbIX KalMUIPHBIMU SABJICHUSMH B MHKPOIOpax Oyarofaps HalUYUIo
B HUX [IEPEMEHHOT0 KOJIMUECTBA CBOOOJHOM BOJIBI.

Oo6paTumble gedopManuy B 3aBUCUMOCTH OT U3MEHEHHS BIQ)KHOCTH MOTYT IPOMCXOIUTh M HE3aBUCHMO
OT BO3pacTa OETOHa NPH BCSKOM HApYyIIEHWH TMAPATHYECKOr0 paBHOBECHs B MHUKponopax. [Ipu sTom 3Hak je-
(hopmariy 3aBHCUT OT TOTO, B KAKyI0 CTOPOHY IPOU30ILIO H3MEHEHUE BIaXKHOCTH.

[TpoBeneHue 3aruIaHUPOBAHHBIX YKCIIEPUMEHTAIIBHBIX HCCIIE0BAHUI MTO3BOJIUT BBHIOPATh TEOPHIO, HAHOO-
Jiee TOYHO OITMCHIBAIOLIYIO MPOLIECC YCAIKH B KEPAM3UTOXKENIE300€TOHE, M YCOBEPIIEHCTBOBATH MAaTEMATHUECKYIO
MOJIETIb pacdyeTa OTHOCHUTENBHBIX Je(opMaliii CTECHEHHOH YCaakK Uil KepaM3HUTOOETOHOB, M3TOTOBICHHBIX
Ha OCHOBE OEJIOPYCCKHX CHIPHEBBIX MAaTEPHAIIOB.

106

600
400

160

PucyHnok 6. — Pazmemienne HHIUKATOPOB 4aco-
BOI'0 THIIA HA OIILITHOM apMHPOBAHHOM 00pa3ue

JIUTEPATYPA

1.  Mypames, B.11. XKenezo6eronnsie koHCcTpykuun. O6mmii kype / B.M. Myparues, O.E. Curanos, B.H. baiikos — M. : T'ocy-
JTapCTBEHHOE U31aTENbCTBO JIMTEPATYPBI I10 CTPOUTEIILCTBY, apXUTEKTYpPE U CTPOUTENbHBIM MaTepuanam, 1962. — 659 c.

2. IlpoexTmpoBaHHe *eIe300€TOHHBIX KOHCTPYKIHIA : cripaBouHoe ocobue / A.B. I'onbimes [u ap.]. — Kues : bynisens-
HUK, 1985. — 496 c.

3. Bbabwuu, E.M. Konctpykuuu u3 jerkux 6eToHOB Ha mopucThix 3anonuutessix / E.M. baouu. — Kues : Buma Illkouna,
1988. -207 c.

4.  Tomuues, O.b. Kypc nekuiit 3 0cHOB po3paxyHKy KOHCTPYKLIiii 3 onopy 3anizobetony / O.b. ['onuires, A.H. bam0ypa. —
Kues : Jloroc, 2004. — 340 c.

5. KonoBanosa, b.B. K npo6ieme 1oaroBe4HOCTH KepaM3UTOOETOHHBIX OTPaXKAAIOMINX KOHCTPYKLIHUH TpaKIaHCKHUX 37a-
nuii / b.B. KonoBanosa // Mndopmarionnas cpena Bysa : Marepuansl X MexayHap. Hayd.-TexH. kKoHQ. — 2003. —
C. 287-289.

6.  Eurocode 2: Design of concrete structures. Part 1-1: General rules and rules for buildings: EN 1992-1-1-2004. — CEN,
Brussels, 2004. — 225 p.

64



CTPOUTEJIbCTBO. IIPUKIIAJHBIE HAYKHU. Cmpoumenscmso MNe 8

7. Boumapenko, B.M. XKene3obetonnsie 1 kameHHble KoHCTpyKimu / B.M. Bounapenko, J[.I. CyBopkun. — M. : Beiciuas
mikoja, 1987. — 386 c.

8. Hobbs, D.W. Influence of aggregate restraint on the shrinkage of concrete / D.W. Hobbs // ACI Structural Journal, 1974. —
Pp. 445-450.

9.  Al-Kamyani, Z. Predicting shrinkage induced curvature in plain and reinforced concrete / Z. Al-Kamyani, M. Guadagnini,
K. Pilakoutas // Engineering Structures. — Vol. 176, 2018. — P. 468-480.

10. Kpasuenko, C.A. DKcliepuMEHTaIbHOE HCCICA0BAHUE YCAIKH, TIOJ3YYECTH M MIOTEPh HANIPSHKCHUS B apMaType 3JIeMEeH-
TOB M3 KepaM3UTOOeTOHa Ha MHOTOKoMIToHeHTHOM BspkymeM / C.A. KpaBuenko, A.A. ITocrepnak // Bicauk Opnecbkoi
neprkaBHOT akajeMil OyaiBHULTBa Ta apxiTekTypu. — 2014. — Ne 56. — C. 124-128.

11. bBeronsl. Meronsl ompenenenust aedopmanuii ycanku u nonsydectd : [OCT 24544-81*. — Ilepeusnanue (HOsIOpb
1987 r.) ¢ 3menenuem Ne 1 (BBemeHo B gelictBue ¢ 01.05.1985, yreepxxaeno 24.04.1985) ; seexn. 01.01.1982. — M. :
Toccranmapr, 1980. — 26 c.

12.  Pan, Z. Uncertainty analysis of creep and shrinkage effects in long-span continuous rigid frame of Sutong bridge / Z. Pan,
C.C. Fu, Y. Jiang // Journal of Bridge Engineering. — Vol. 16 (2), 2011. — P. 248-258.

13. Mackawa, K. Long-term deformational simulation of PC bridges based on the thermo-hygro model of micro-pores
in cementitious composites / K. Maekawa, N. Chijiwa, T. Ishida / Cement and Concrete Research, Vol. 41 (12), 2011. —
Pp. 1310-1319.

14. Bazant, Z. P. Excessive long-time deflections of prestressed box girders. II: numerical analysis and lessons learned /
Z.P. Bazant, Q. Yu, G-H. Li // Journal of Structural Engineering, Vol. 138 (6), 2012. — P. 687-696.

15. Bazant, Z.P. Excessive long-time deflections of prestressed box girders. I: record-span bridge in Palau and other para-
digms / Z. P. Bazant, Q. Yu, G-H. Li // Journal of Structural Engineering. — Vol. 138 (6), 2012. — P. 676-687.

16. Huang, H. Effect of section geometry on development of shrinkage-induced deformations in box girder bridges /
H. Huang, R. Garcia, M. Guadagnini, K. Pilakoutas // Materials and Structures. — Vol. 50, 2017. — P. 1-14.

17.  Tanimura, M. Serviceability performance evaluation of RC flexural members improved by using low-shrinkage high-
strength concrete / M. Tanimura, R. Sato, Y. Hiramatsu // Journal of Advanced Concrete Technology. — Vol. 5 (2),
2007. — P. 149-60.

Hocmynuna 21.07.2020

FEATURES OF DETERMINING RESTRICTED SHRINKAGE
OF REINFORCED CLAYDITE-CONCRETE

S. SEMENYUK, YU. MASKALKOVA, V. RZHEVUTSKAYA

The article presents an analytical review of native and foreign investigations of the free and restricted
shrinkage features for concrete on dense and porous aggregates. Two different theories are considered, satisfac-
torily describe the shrinkage process and are not mutually exclusive. The issues related to the influence of aggre-
gate components, cement, water-cement ratio and additives on shrinkage of claydite-concrete are highlighted.
The proposals on accounting for shrinkage deformations in claydite-concrete and reinforced claydite-concrete
are considered. The technique has been developed for specimens’ investigations in the form of prisms reinforced
with longitudinal nonprestressed reinforcement using indicating gage for measuring shrinkage strains. The sug-
gested technique is required to more accurately determine the process of accumulation of volumetric shrinkage
strains and improve the mathematical model for calculating the relative shrinkage strains in claydite-concrete
and reinforced claydite-concrete.

Keywords: shrinkage, restricted shrinkage, claydite-concrete, reinforced claydite-concrete, volumetric de-
formations.
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