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KnioueBble cnoBa: cuenneHue apmMmartypbl C OeToHOM; MaTemMaTudeckne Moaenn; KOHEeYHOo-
ANeMeHTHOE ModennpoBaHme; aAnarpamMmma cuenneHna; npovYHOCTb; NOBPEXOAEHHOCTb, pa3pyLlleHune

CuenneHvne apmatypbl C 6ETOHOM SBMSIETCA OOHWMM W3 OCHOBHbIX (PaKTOPOB, MO3BONSMOLLMX
paboTaTb xene3obeToHy Kak eanHOMY MOHOMUTHOMY Teny. CHUMXeHUe CBA3eW CuenneHns apmartypbl C
©eToHOM NPMBOAUT K YPE3MEPHOMY PACKPBLITUIO TPELLMH, YMEHBLLIEHWNIO XECTKOCTU U CHUXKEHMWIO HECYLLIEN
CnocobHOCTM KOHCTpPYKUMK [1-4]. TNpouecc paspylueHns CBA3en CUEMNeHns apMaTtypbl ¢ 6eTOHOM npu
BblEPrMBaHUM apMaTypHOro CTepXHs Wn3 OeToOHHOW MaTpuubl NpeacTaBnsieT CoOOM  CROXHbIN
MHOrOCTagUMHBIN  MPOLECC, COMPOBOXOAILWMNCA MPUCYTCTBUEM HEOOHOPOAHOIO W HEeymnpyroro
4edopMUpOBaHMS, HapyLEeHWEM aAre3voHHbIX CBS3el, BO3HUMKHOBEHMEM W pasBUTMEM TPELLMH
pasnuMyHon OpPMbl U OPUEHTaUUW, HanMYMeM U3MEHSIOWMXCSA 30H KOHTakTa u Tpubonornyeckmx
asneHun. Llenbio gaHHon paboTbl SBNSNOCH CUCTEMATUYECKOe CpaBHEHWE BO3MOXHOCTEW PasnunyHbIX
NoAXOA0B MPU KOHeYHo-aneMeHTHOM (K3) MoaenuposaHuv NpoLEeccoB paspyLUeHns CBS3en CLenneHms
apmatypbl ¢ 6eToHOM B 3ajade O BbITATMBaHWM CTEPXKHEBOW MNPOUNMPOBaAHHOW apMmatypbl U3
6eToHHOro 6roka. MNpy NonyYyeHUn COOTBETCTBYIOLLEN IKCMEPUMEHTY AMarpammbl CLEMMEHUS C y4eTOM
HUcnagarLen BeTBU Y4NTbIBANOCh HanNn4ymMe HecCnnoWwWHOCTU Ha NOBEPXHOCTU COEAMHEHUS, HaKonneHe
NnoBpeXaeHun u Heynpyroe gedopMmupoBaHue OeToHa. [Ansg nonyvyeHwWs pelleHuMn WCMoNb30Banvch
KOHEYHO-3NleMeHTHble nporpammHble komnnekcbl ANSYS [5], ABAQUS [6] 1 PANTOCRATOR [7],
KakgpIl 13 KOTOpbIX obragaeTr onpenerieHHom crneumdUuKon UCMOoNb3yeMbIX MoAenem u MeTodoB
peLLeHns paccmaTpyMBaeMoro Knacca 3agad.

B pamkax QaHHOro uccrnefoBaHWs BLINOSIHEHO CpaBHEHWME 7 KnacCoB MoAenen npoLeccosB
paspyLleHus CBA3en cuenneHus apmatypbl ¢ 6€TOHOM, NepednCreHHbIX HUXE B NOPsAKe YCNOXHEHMUS
peanusauum:

1) mogenu 6e3 yyeTa HECNMNOLWHOCTM coeauHeHus (reTeporeHHas cpega, ngearnbsHoe cuenneHue);
2) mopenb ¢ BBeAeHUeM OUKTUBHOIO MHTEPENCHOrO CNos;

3) mMoaenb C ABHbIM YY4ETOM HECMOLHOCTU U C UCMOMb30BaHMEM MPYXUHHbIX 3NIEMEHTOB;

4) mopenu ¢ NnpUMeHeHNeM anropmTma «BbIKNIOYEHUS» SNEMEHTOB;

5) mopgenb ¢ y4eToM MUKpopacTpecKkMBaHus B 6ETOHE;

6) mMogenb ynpyro-noBpexaeHHoro Marepuana;

7) Mopenb ynpyro-noBpexaeHHo-NIacTn4eckoro matepumana.

B nepeon Yactu npepcrasneHbl mogenu 3 u 4, octanbHble PacCCMOTPEHbI BO BTOPOW YacTh CTaTtbh,
KoTopasi bygeT onybnvkoBaHa B OOHOM M3 CriegyHoLLMX BbIMYCKOB XypHana.

1. Mamemamudyeckue modersiu Osisi OnucaHusi CUerseHust
apmamypbi ¢ 6emMoHOM

1.1. OcHoBHbIe onpedernieHuUs1 u nocmaHogka 3adaqu

3agaya o BbITArMBaHWM CTEPXHEBOW apmaTtypbl nepuogmdeckoro npoduns ns 6eToHHoro 6noka
SABMSIeTCA OOHOW U3 BaXHeMWMX 3ajad cTpouTenbHon mMexaHuku [1, 2]. Ha ocHoBe pelueHus gaHHoWn
3aga4m MoryT ObiTb cAenaHbl OLEHKU MPOYHOCTM 3MEMEHTOB Kene300ETOHHbIX KOHCTPYKUMIA npwu
Hanuun MmakpoTpewmH [8]. [Ona KOPPEeKTHOro peLleHust yKasaHHOro knacca 3agady HeobxogvMmo
ncnosnb3oBaTh OCTOBEPHbIE MOOENN, ONMUCLIBAKOLLME B3aUMOAENCTBUE apMaTypbl ¢ 6eTOHOM, KOTopoe
XapakTepuayeTcsl Curamm cuenneHus.
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OpHuM mn3 knyeBbIX (hakTopoB, obecneunBaoLLMX COBMECTHYO paboTy apmatypbl 1 6eToHa B
KOHCTPYKUMM M MNO3BONSALWNX paboTaTb [OBYXKOMMOHEHTHOMY ene3obeToHy Kak eguHoMy Teny,
ABNSeTCA cueruieHue apmamypbl ¢ 6emoHom. CuenneHne apmatypbl ¢ GeTOHOM onpeaensieTcs
cnegywLwmMmn OCHOBHbIMU chakTopamu [3]:

1) conpotmBrneHne ©0eToOHa cMsIMUKO W Ccpe3y BCNeACTBME MEXaHWYEeCKoro 3auenseHus,
BO3HUKaIOLLEro M3-3a UCKYCCTBEHHO CO34aHHbIX HEPOBHOCTEN W BbICTYMNOB (pudrneHns) Ha
nosepxHocTu apmatypbl (70-75% oT obLuero conpoTuBneHns casury apMmartypsbl);

2) mpeHue, BO3HMKalOLlEEe Ha MOBEPXHOCTM apmaTtypbl BcrneactesMe o06XaTusi apMaTypHbIX
cTepxxHel npu ycagke 6etoHa (15—20% oT obLero conpoTUBNEHUS CABUTY);

3) adze3uoHHOe W MONeKynsapHoe cuenneHve («ckneuBaHue») apmatypbl C GeToOHOM
BCreAcTBME Knesuen cnocobHocTn uemeHTHoro rens (okono 10% obLwero conpoTvBrneHns
caBUry).

Kaxaomy 13 Tpex nepeyvmncrieHHbIX Bbille (DakTOPOB COOTBETCTBYIOT PasfMyHbIE CUSbl CLENEHUS,
CXemMaTuU4eCcKn nokasaHHble Ha pucyHke 1.1.

¢ — Cunebl, gencteytowme Ha 6eToH
N N

7 w7 T
L]/:‘ 2 /

e — ( a — Cunbl, AecTBYIOLLME Ha apmaTypy

PucyHok 1.1. CxemaTtu4yeckoe npeacraBrieHne PasfiIniHbIX CUIIOBbIX (PAaKTOPOB, COBOKYMHOE
AeNCTBUE KOTOPbIX XapaKkTepu3yeT ABMeHNe CLensieHust apmaTypbl ¢ 6eToHoM [9]: (D — cunbl
COMpOTUBIEHUS CMSITUIO U cpe3y BCreaCcTBMUE Hanuuus BbICTYNOB apMaTypbl; (2) — cunbl TpeHus;
(3) — CUnbl aAreaNOHHOro B3auMoAencTBUsA

[ns rnagkon apmMatypbl CyMMapHoOe COMnpoTuUBIIEHUE CTEepPXKHA BblAEprmBaHUO NMpuUMepHO B 2-3
pa3a MeHbLle [3], 4YeM AnAa CTepXHA nepunognyeckoro I'IpO(*)VI.I'IFI, TaK Kak MexaHun4deckoe 3auenieHune y
CTep)KHeVI C rnagkon NOBEPXHOCTbIO HAYTOXHO Marllo.

lMpoyHOCTb cuenfnieHnss BoO3pacTaeT C MOBbIWEHMEM Knacca OeToHa, YMeHbLUeHueM
BOAOLIEMEHTHOrO OTHOLUEHWs,, a Takke C YyBenuyeHnem Bo3pacta 6OeToHa. BaxHywo ponb Aans
obecneveHns cuenneHns apmatypbl ¢ 6eToHOM urpaeT Bug M opMa MOBEPXHOCTU apmaTypHOro
CTepXHA: HanbonbLwmM cuenneHnemM obnagatoT Kpyrnble pudneHble CTePXHU, B TO BPEMS KaK CTEPXHM,
umelolwme KeagpaTHyt J5MBO NpsSMOYronbHyl dOpMYy CeYEeHUs, XapaKTepusylTcs MeHbLUUM
cuennenvnem (B psge cnydaeB Ao 40%). CyLiecTBeHHOe BRUSHME Ha BENWYUHY CLEMMNEHNs oKasbiBaeT
BUA HanpshKEeHHOro COCTOSIHUS B OBNacTu KOHTakTa apMaTypHOro ctepxHs ¢ 6etoHoM. Cxumatrowme
HanpsXeHusl, Bbl3BaHHbIE BHELLHUMW Harpyskamy 1 OercTByoWwme B HanpaBneHun, nepneHamkynsapHoM
apmMaTypHOMY CTEpPXHIO, CYLLECTBEHHO MNOBLILWAKT HanpsKeHus cuenneHus. BnusHue Ha cuennenue
oKasblBaeT Takke HanpasneHve OEeUCTBUS YCUIuMA B apMaTypHOM CTepxHe (Tak, ycunus,
BAaBMNMBawLlIME CTepxeHb B 0eToH (MpogonbHoe oXaTtue), SABNATCA GOonbWNMK, YeM  YCUmus,
BblAepruBatoLyne ctepxeHb 13 6eToHa).

lMpobneme cuenneHns apmaTtypbl ¢ 6eToHOM yaenseTcsa 6onbloe BHUMaHue. [Inga pelleHus aton
3agjaym B Hawewn cTpaHe u 3a pybexom npoBedeHbl OBLIMPHbIE 3KCNEPMMEHTaNbHO-TEOPETUYECKME
unccneposarHnsi. Cpegum Hux pabotel  B.A. bpomca, A.Toto, HKO.A. MBaHueHko, H.W. KapneHko,
B. Kyyckockn, C.M. Mupsa un KO, Xayg, .M. HazapeHko, A.A. Oartyna, XK. Pema, C.M. Ckopoboratoga,
I.H. CymakoBa, A.B. Tpodwmmoa, M.M. XonmsaHckoro v ap. B nocnegHue rogpl B umccnegoBaHusx
H.W. Kapnenko un T[.H.CynakoBa cuenneHve apmatypbl n 6eTtoHa M UX B3aUMHOE CMeLleHue
paccMaTpuMBaeTCs C y4eTOM 006pa3oBaHUSA Tak HasblBAEMbIX KOJSbLEBLIX TPELLUMH, KOTOpblE paHee Obinu
o6HapyxeHbl B.A. Bpomcom, A. MNoto, H.I'. OBunHHUMKOBOM 1 gpyrumu. .H. WopwHes, .M. AkoBneHko,
A.B. TpocbumoB pellanu 3agadyy cuenneHus ¢ nosuuMi CocTaBHbIX cTepxHen P.A. PxaHuumHa.
lMpobnema nona3yyectn cuenneHuss 6eToHa u apmaTypbl BrnepBble Obina 3aTpoHyTa A.P. LLeHkom u
nony4ymna nepByld TeopeTUYecKyo anpobaumio B YCMOBUSIX JNMHEWHOW mMon3yvyectn B paboTtax
N.N. Ynuukoro, A.A. OaTtyna, tO.A. MBawweHKo. AHanm3 uccnegoBaHnii B obnactu cuenneHns apmartypbl
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c OeToHOM cBUOETENLCTBYET O HEOAHO3HAYHOCTU MOAXOAO0B K pELUEeHU0 3ToW npobrnembl n 06
OTCYTCTBUM €AMHON TeopeTnyeckn obocHoBaHHOM MeToamkn pacyeta [10].

B obwem cnyyae npu BbinonHeHun K3 pacyeToB Kenes3oBeTOHHbIX KOHCTPYKLUUA C y4eToM
OVCKPETHOro pacnonoXxeHus apmaTtypbl TpebyeTcs BoibpaTh 3aKoHbI, OnUCkIBaloLLme nosegeHve 6eToHa,
cTanu u ceasylLero mx coegnHeHnss. OCHOBHbIMU XapakTepucTUKaMm npu ONUCaHUM UX HENUHENHbIX
CBOWCTB sIBNAOTCA AgnarpaMmmbl AedhopMmMpoBaHus aAns 6eToHa 1 cTanu, a Takke Kpusasi 3agucumMocmu
KacamesibHbIX HanpsKkeHUU cuersieHUsi om cMeweHuUs1 apmamypbl OmHocumesnbHo 6emoHa.

KpvBass 3aBMCUMOCTM KacaTesfibHbIX HanpsKeHUWM CLENeHMs OT CMeLeHuMs apmaTtypbl
OTHOCUTENbHO BeToHa onpedensieTcs aKkcnepuMeHTanbHo. CyLlecTBYET A4OCTAaTOMHO MHOMO pasfMyHbIX
BapuvaHTOB 9SKCMEPUMEHTANbHOIO ONpeaeneHnst NPOYHOCTU cuenneHns apmaTtypbl ¢ 6eTtoHom [10].
OcHoBHblEe U3 HUX (Haubonee [OOCTOBEPHblE) — 3TO ebidep2ueaHue apMamypHO20 CMEPKHS U3
6emoHHO20 oO6pa3uya wnu npoaaBNUBAHME apMaTypHOro CTEpPXHsl CkBO3b OETOHHbIN obGpasel.
ConpoTuBneHne npodaBnvMBaHuto Oonblle COMNPOTUBIIEHUSI BbIAEPIMBAHWIO, Tak Kak Mpu cxatum
apMaTypHOro CTepXHd nonepevyHoe ce4dyeHue ero yBenmydmeaeTCd, B CBA3UM C 4YeM BO3pacTaloT CUlbl,
noBbllWlaWwmne conpoTmnerieHne caBury.

1.2. Qusu4yeckue mexaHu3mbl ripouecca riomepu cuerizieHusa apmamypbi ¢ 6emoHom

lMpouecc paspyLleHns CBA3EN cLenneHns apMmaTtypbl ¢ 6EeTOHOM Npu BbIAEPIMBaHUN CTEPXKHSA U3
OeToHHOro Onoka npegctaBnseT CcobOM CIOXHBbIA MHOrOCTaAMMHBLIA MPOLIECC, XapakTepusyembli
Heynpyrum AedopMMpOBaHMEM W BO3HUKHOBEHVMEM W pasBUTMEM TpPELIMH pasnnyHon ¢OpMbl U
opueHTauun. dopmMa KpuBbIX 3aBUCUMOCTM KacaTeSlbHbIX HanpsKEeHW cuenneHust 7 OT CMeLLeHust
apmaTtypbl OTHOCUTENbHO GeToHa § OonpedenseTcs YCnOBUSIMW HarpyXeHusi, reomeTpven apmaTtypbl
(npocbmnmpoBaHNeEM) M CTEMEHbID MPOSABIIEHNS Pa3nUYHbIX (PUBNYECKMX MEXaAHW3MOB MNPOLIECCOB
TpewunHoobpasoBaHna B coeanHeHnn 6eToHa ¢ apmaTypoi. AHanua paspylleHHbIX 00pasuoB ykasan
[11-15] Ha cyllecTBOBaHWE TPELMH [OBYX XapaKTepHbIX TUMOB: KOHYCOOOpasHbIX M MNPOAOJSIbHbLIX
(pagunanbHbIX, packanbiBaloLwWwmx), a Takke obnacrten NonHOro paspyweHns 6eToHa B HENOCPeACTBEHHON
©nmM3ocTn OT apmaTypbl.

PaccmoTpum  3BOMIOLMIO MpoLecca TPeLMHoobpa3oBaHUs M ero CBsisb C  XapakTepHbIMU
yyacTkamy Ha Auarpamme cuenneHus. Ha HayanbHOM 3Tane HarpyXeHus npyu ManbiX CMELLEeHUsIX

cHayana HabnogaeTcss MpPakTUYECKU InWHerHasi 3aBucMMOCTb 7(S), Xxapaktepuayemasi ynpyrum
aedopmupoBaHmeMm 6eToHa M CTanu, a Takke MOSIBIIEHWEM U ManbiM PacKPbITUEM KOHYCOOOpasHbIX

TPELUH, BO3HUKAKLWMX Ha Kpasix npoduna (puc. 1.2). KoHycoobpasHble TpeLMHbl MMET HayasnbHbIN
HaknoH 45°-80° [15] No OTHOLLEHMIO K OCY apMaTypbl.

3oHa ¢ 3omna Oe3
TPeLLHHAME TPELIHH

PucyHok 1.2. KoHycooGpa3sHble TpelmnHbl, BO3HUKalOLWMe Ha HavYanbHOM cTaaun HarpyxeHus [9]

Mpu yBenuyeHUn Harpyskn, OENCTBYIOLWEN HA CTepXXeHb, BO3HUKAKT COBUrOBble TpeLumHbl [13]
(puc. 1.3), KOTOpble 3HAYUTENbHO YMEHbLUAKT >ECTKOCTb COEAVMHEHWsI W BbI3bIBAlOT MOSIBIEHME
HENVHENHOro yyYacTka Ha anarpamme cuennexus. [nuHa gaHHbIX TpewmH konebnercs B guanasoHe 2—6
BbICOT npocpuns [13, 14].

3 J

PucyHok 1.3. CaBuroBble TpeLiMHbI, BO3HMKaloLWwMe Ha 6onee No3gHUX cTaguax HarpyxeHus [9]
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Psapg skcnepumeHToB nokasan [12, 14], 4TO MakCMMyM Ha KPUBOW CUEMNIEHNA OOCTUraeTcs npu
3HayeHnn cmeleHns okono 1.2 BbicOoTbl npoduna apmatypbl. [lpy atom okono 50% AnuvHbI
MEXNPOUNBLHOro BbiCTyna 6eToHa 0Ka3blBaOTCA Cpe3aHHbIMU.

Mpn panbHevweMm yBenuYeHWM cMelleHus HabniogaeTcs MOCTEeNeHHOEe YMEHbLUeHUe Hecyllewn
CrnocoBbHOCTM coeAuHeHns BCreaCcTBUE MPOrpeccupylolero cpesa npodunemM apmartypbl OCTaBLUUXCH
30H HEenoBpeXAeHHOro cuenneHus. TpewmnHbl caBura pasBUMBalOTCS, BO3HMKAKOT TakKke HOBble
KOHycoobpasHble TpelumHbl. py OOCTMKEHUU 3HAYEeHW caBura, paBHbIX Liary npodwuns, NpoucxoamT
MOMHbIN Cpe3 BbICTYNOB GEeTOHa, M KpMBas BbIXOAWMT Ha MPaKTUYECKN TOPU3OHTarbHYH acuUMMTOTY,
YPOBEHb KOTOPOW onpedenseTca TpeHmeM apmaTtypbl 0 6eToH.

JKcneprMeHTarnbHble UCCNeaoBaHus Nokasanu Takke, YTo NPOAOSbHble TPeLUMHbI (CM. puc. 1.2
crnpaBa) NOSIBNAOTCA YXKe Mocrie BO3HUKHOBEHUS KOHYycooBpasHbiX TpewwuH [15] M ux passutue B
OCHOBHOM OMpeaenseTcs CTeMneHbl CTeCHeHWs paccmaTpuBaeMoro dparmMeHTa xerne3obeToHHOM
KOHCTPYKLUW.

1.3. Annpokcumayuu 3a8UcUMoCmu KacamersibHbIX HarnpsiXeHul cyernneHus
om cMeweHus

B nutepatype npennoxeHbl pasnvMyHble aHanUTUYeCKue 3aBUCMMOCTU KacaTerbHbIX HanpsXeHun
7 cuenneHus OT CMelleHnss S, obobLialowme pesynbTaTtbl 3KCNepMMeHToB. B ogHon n3 Havbonee
pacnpocTpaHeHHbix mogenen CEB-FIP Model Code 90 cuenneHue onpeaensieTcsl BblpaxeHusmun [16,
c. 83]:

[04
s
T max S 0<s<sy;
1
= Tmax> S| S8 <83 (1.1)
S—Sz
Tmax+(2'f—2'max — |, 8§, <s5<s3;
§3 =87
Tf S>S3.

Mogudmkauma (1.1), yunTbiBalOWaa HENMHENHbIA XapakTep Hucnagawolen BeTBWM Auarpammel,
onpegensietca paBeHcTBoMm [17, ¢. 1515]:

o
S
7 max < > §< S max
_ max
T= g (1.2)
S
7 max > 5> Smax -
max

B oTeyecTBeHHOM nuTepaType LUMPOKOE PpachpoCTpaHeHMe Monydnn «HOPMarsbHbIA 3aKOHY,
npeanoxenHoin M.M. XonmsiHckum [18]:

z-:BM_ (1.3)
1+ as

Mﬂ,eHTVICbVIKaLI,VIﬂ napameTpoB B v a wmoxet bbiTb npomn3seneHa HenocpeacrBeHHO Ha OoCHOBE

pe3ynbTaToB aKCNepUMeHTa:
B=er,_,, a=(e-1)/s,, . (1.4)

HanbHenwee o606uweHne norapudmuydeckon 3asmcmmocty (1.3) gaHo B pabote X. LWuma,
J1.N. Yoy, X. Okamypa [19]:

In(1+ as)[
T =B—[ ( )] , (1.5)
1+ Bs
3acnyxuBaeT BHMMaHWs Takke npoctas annpokcumaums [20]:
2s 8
=1 max” (1.6)
soo+s
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CpaBHeHue 3aBucumocten (1.1)—(1.6) npn BbibOpe NapameTpoB, obecrneunBarOLNX CoBNageHne
KOOpAMHAaT MakcMMyma, MpeACTaBfieHo Ha pucyHke 1.4 (3aBMCMMOCTM NofyveHbl ans 6etoHa B25 u
apmartypbl guameTtpom 14).

Cnepyet oTMeTUTb, YTO NPUBELEHHbIE 3aBUCUMOCTM TPEOBYIOT KOppekuum B COOTBETCTBUU C
peanbHbIMU YCINOBUSIMA HarpyeHus >kene3obeToHHOW KOHCTpyKuun. [pu HU3KOM YpOBHE OaBNEeHUs
obxaTns apmMaTypbl CO CTOPOHbI GETOHA, HapsiAy C MEXAHW3MOM Pa3pyLUEHWUsI MO TUMY BblAEPrUBaHUS
(pull-out failure), Bo3mMOXHO pa3BuUTUE MexaHu3Ma paspylleHusa no Tuny paclienneHus (splitting failure)
[11]. Takke, Npu HaNU4YMM MaKPOTPELLUMH B 06NacTy pacnonoXeHus apmaTypbl, Heobxoguma Koppekums
BBeAEHHbIX 3aBucumocTein. B pabotax [12, 16] ykasbiBaeTcs, 4TO nogobHble Koppekunn Heobxoanmbl
ansa obnacTtewn, yaaneHHbIX OT TPELUMHbI MEHEE YEM Ha 5 AMamMeTpoB apMaTypbl.

—_
(=]
]

e S W—

0,00 0,04 0,08 0,12 0,16 0,20

KacarenpHoe HanpsoxkeHne crierieHms 7, Mlla

CMeleHre apMaTypbl OTHOCUTENIEHO OETOHA S, MM

PucyHok 1.4. Pe3ynbTaTbl CpaBHUTENIbHOIO aHanu3a 3aBMCUMOCTEN KacaTelNbHbIX HanpsikKeHUn
cuensieHUs OT CMeLLeHUs apMaTypbl OTHOCUTENbHO 6eToHa ANsA pa3NnyHbIX 3aKkoHOB (1.1)—(1.6)
npu BbiGOpe napameTpoB, o6ecne4ynBaroLnX COBNageHne KoopanHaT MakCMMyMa

MpeacraBneHHbI 0630p BapMaHTOB aHanMTUYECKUX 3aBMCUMOCTEN KacaTerbHbIX HaMpsiKeHWUn
cuenneHMs OT CMeLleHMs AEMOHCTPUpPYeT 3HauuTenbHbI pas3bpoc pesynbTaToB Kak B crnydae
onpefeneHnss KOHCTAHT Ha OCHOBE OpUIMHambHbIX PEeKOMeHZauun, Tak U nNpyu ugeHTudukauum no
€0VHbIM 3HAYeHUAM KOOpAMHAT MakcMMyma. OJTO YKa3blBaeT Ha HeobXxoauMOCTb MpoBeaeHUus
JanbHenwnx nccnegosaHmii npobnemMbl NPOYHOCTU CLUENMEHNs coeamHeHus beToH—apmaTtypa, a TaKkke
Ha aKTyanbHOCTb WCMOMb30BaHUA B pacyeTax Xene3obeTOHHbIX KOHCTPYKUWUA 3SKCnepuMeHTanbHbIX
[JaHHbIX MO KPUBbLIM CLIEMMEHWS, COOTBETCTBYIOLLIMM KOHKPETHbLIM YCIOBUSIM.

2. Obbekm uccrnedosaHuUsi U e20 KOHEeYHO-3/1eMeHMHbIe Mooesiu

KpaeBasi 3agaya 0 BbITArMBaHUM CTEPXXHEBOW NPOUINPOBaAHHOM apMaTypbl 13 BETOHHOro Groka
OOMyCcKkaeT pasnuyHble Noaxodbl K peLleHunio, oTnunyaoLwmecs cnocobom yyeta sIBNEHMS CLENeHus.
OTnuumsa BO3HMKAKT B crnocobe onucaHus HECNOLWHOCTEN, BO3HMKAKLWUX B Mpouecce paspyLlueHus
cBA3en cuenneHuna, KoTtopble MOXHO BBOAUTb ABHO (I'IyTeM paccMOoTpeHna pas3aenibHOro OBUMXEHUA
apmMaTtypbl “ OeToHa npu Hanmydmm cneunanbHbIX CBF|3eI7I, ABHOIo BBeOEHUA CUCTEMbI TpeLIJ,I/IH) nnn
HEeABHO (nNyTeM u3MeHeHusa 3PeKTUBHLIX CBOWCTB MaTepuarioB B 30He CLUenneHus, y4veTta
KOHTMHYyarnbHbIX NOBpexXaeHuin). Hrke npuBoaaTCa UCXOOHbIE OaHHbIE, ABRsOWMnecs obwumu ang Bcex
UCNOMb3yeMbIX HWXEe KOHEYHO-aNeMeHTHbIXx Mogenen. Cneunduyeckne aAaHHble, oOTpaxarolime
0COBEHHOCTU MOJEeNW, paccCMaTpMBalOTCS B COOTBETCTBYIOLLMX pasdenax.

PaccmaTtpuBaeTcs BbITAMMBaHNE CTEPXHEBOW MPOUIMPOBaHHON apMaTypbl U3 GeTOHHOro Grioka
NPy MOHOTOHHOM HarpyxeHuun. Boicota 6eToHHOro Kyba knacca B25 — 200 mm, gnameTp apmartypbl —
14 mm, war pudgpensa — 10 mm, BbicoTa npoduns — 2 MMm. Harpyska npuknagbiBaeTcs K HXKHEMY KOHLY
apmaTypHOro ctepxHs. CMeLLeHNss U3MepPANUCbL Ha BEPXHEM KOHLIe apMmaTtypbl. YCMOBUSA HarpyXeHus v
reomeTpms obbekTa cooTBeTcTBYIOT TpeboaHusam RILEM/CEB/FIB [21] (puc. 2.1).
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PucyHok 2.1. FTeomeTpus u ycrnoBusi HarpyxeHus obpasua-ky6a ans akcnepMmeHTanbLHoro
onpeneneHnsi NPO4YHOCTU cLEenfieHns apMaTypbl ¢ 6eTOHOM B COOTBETCTBMU C TPeOGOBaHUAMU
RILEM/CEB/FIB [21]

B pacyetax npu aHanmMse HanpsbkeHHO-0e(POPMMPOBAHHOIO COCTOSIHUS  MCMOMb30BanNnch
0CEeCMMMETPUYHbIE U TpexmepHble KO mogenu (cm. puc. 2.2).

a) 6) B)

PucyHok 2.2. TBepaoTenbHas moaenb B 3agaye O BbITArMBaHUM apMaTypbl U3 6€eTOHHOro 6noka:
a) TpexmMepHas Moernb C pacCOBMELLEeHHbIM NpeAcTaBfieHMeM apMaTtypbl U 66 TOHHOW MaTpuubl;
0) ee oceBoe ceuveHue; B) hparMeHT ceTkn ocecummeTpuyHon K9 mogenum

Mcnonb3yeMble B pacyeTax 3HauYeHWs OCHOBHbIX KOHCTAHT, OnpedenslolMX MexaHuveckue
CBOWCTBa MaTepunanos, NpueeaeHsl B Tabnuue 2.1.

Heynpyroe nosegeHvne ctanbHON apmaTypbl MOAENUMPOBANOChH NPy NOMOLLU yNpyronnacTu4eckomn
MOZENW C JIMHENHbIM WU3OTPOMHLIM YMPOYHEHMEM U aCCOLMMPOBAHHLIM 3aKOHOM MAacTUYECKOro
TedeHuss. [lpy  HeobxogMMoCTM B Clyvyae HamnmuuMs  CIOXHBIX — MporpamMmm  NepeMeHHOoro
HEeNpoMopLUMOHANbHOMO  HarpyXeHus Moryt ObiTb  MCMOMb3oBaHbl  Gonee  CroXHble  MOZENM
ynpyronnacTnyeckoro eopmMmnpoBaHusa metannos [22].
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Ta6bnuua 2.1. MexaHu4eckue ceolicmea Mamepuasos

EovHuuya MaTepuan MaTtepuman

N3MepeHusa 6eToH B25 cTanb
Mopaynb ynpyroctu E MMa 30 000 206 000
KoadpcbmumeHnT MNyaccona 1% - 0.2 0.3
Mpepen Teky4yecTn (oY) MMa - 235
lMpeaen Nnpo4yHOCTU Ha CXaTue R b MMa 18.5 -
Mpeaen Nnpo4YHOCTU Ha pacTsaXKeHue R; MMMa 1.55 -
Hedopmaumsa nuka Ha guarpamme cxatums g, - 0.1472% -
Hecdopmaumsa nuka Ha guarpamme pacTsKeHUA gé - 0.0123% -
MapameTp kputepus Opykkepa-lparepa V4 - 0.845 -

3. BkcnepumeHmarnbHbie uccredosaHus ro ornpedesnieHuro cus cuernsieHust
apmamypbi ¢ 6emoHOM

Kak oTmeuanoce B pasgene 1.3 HacTodwen ctaTtbM M B MOHorpacpum [4], cyuiectByeT
3Ha4YMTENBbHOE pacxoXAeHne Mexay AvarpaMmmamy cuensieHust apmaTtypbl C 6eTOHOM, NOMyYeHHbIMK MO
eBponevickum Hopmam Model Code 90 u no «HopmanbHoMy 3akoHy» M.M. XonmsHckoro. Moatomy ¢
LUenblo  YTOYHEHUSA 3aBUCUMMOCTU «KacaTelibHble HamnpshKeHusl CUenfieHMs — npockarnb3biBaHue
apmatypbl» B MexaHuuyeckon nabopatopumn nm. npod. H.A. Benentobekoro MIYTNC 6binm npoBeaeHbl
3KCMepUMeEHTasnbHbIE UCCNefOBaHUA MO OMpeaeneHnto Cui cuenneHns apmartypbl ¢ 6eToHOM. Tak kak
OTEYECTBEHHbIX HOPM Ha AaHHbIN BMA WCMbITAHWA HET, ANS onpedeneHvs cuenfeHus apmaTypbl C
©eToHOM Mucnonb3oBanack MeToauka, OCHOBaHHast Ha pekomeHpaumax RILEM/CEB/FIB [21] — pull-out
test (puc. 2.1).

[na ucnbitaHmin 6bIn0 M3roToBnNeHo 6 06pa3yoB-kybos U3 6eToHa knacca B25 ¢ pebpom 200 mm ¢
3agenaHHon B HWX Ha rnybuHy 70 mm apmatypon gvameTpoMm 14 mm. VcnblTaHMs NpOBOAMMAUCH Ha
ucnoitatensHon mawmHe AG-300kN npoussogctBa komnaHum Shimadzu, Ana KOHTPONs nepemeLleHun
ucnomnb3oBanacb MHOIOKaHanbHas cucTemMa WHAOYKTUBHBIX [AaT4YMKOB C [AMCKPETHOCTBbIO OTCYETOB
0,001 mm (puc. 3.1).

PVIcyHOK. 3.1. 3KcnepumeHTaanble uccnegoBaHuda cun cuenneHns apmMmaTtypbl C 6eToHOM
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B pesynbTate ncnbiTaHni Obilnmn NOMyyYeHbl guarpaMMbl «CUna BblAEPruBaHUSA — NPOCKarnb3biBaHne
apmatypbi» (puc. 3.2). INpn cpaBHEHUMN NONYYEHHbIX uarpamm ¢ BapuaHTamu eBponenckux Hopm Model
Code 90 u «HopMaribHbIM 3akoHOM» M.M. XonMSHCKOro yCTaHOBIEHO, YTO 3KCNEepPUMEHTarnbHbIN rpadunk
okasarncs 6nuxe k guarpamme, NOCTPOEHHON MO €BPOMNENCKOMY 3aKOHY [4].

30

20

3KCHepI/IMeHTLI BBITIOJTHEHHBIE B JAHHOU pa60Te

= = DkcnepuMeHTh! X0nMsHCKoro [18]
0 T T T T T T T T T

0,0 0,1 02 03 04 0,5
S, MM

PucyHok 3.2. 9kcnepumeHTanbHO Nony4YeHHble AUuarpaMmbl cLuenfneHus

4. PeweHue 3ada4u ¢ y4emom HecrniouHoCcmu u ¢ Ucriosib3o8aHuem
OOHOMEPHbIX MPYXXUHHbBIX 3/IEMEHMO8

HanGonee npocTble cnocobbl OnMcaHusi MpoueccoB [AedOpMUMPOBaHMS U paspylleHust npu
peleHny 3aJauuM O BbIOEpPrMBaHUM apMaTypHOrO CTEepXHS W3 OeTOHHOro 6rioka OCHOBaHbl Ha
MCMOMb30BaAHUM TMNOTE3bl CMIOLHOCTA U NMPUMEHEHUN TPAAULMOHHBIX NMOAXOAOB KOHEYHO-3/IEMEHTHOIO
aHanusa reTeporeHHbIX cpef U PacCMOTPeHbl BO BTOPOM YacTu HacTosALlen ctatbn. OOHako HapylleHue
CMNIOLWHOCTU M TBEpPAOTENbHOE CMellleHMe apmaTypbl Mo OTHOLWEHWo K GeToHy HabnogalTcs B
SKCMEepUMEHTaxX W SABMATCA MNPUHLMNNANBHBIMA NPU  ONUCaHWU MPOLECCOB paspylleHus CBA3el
cuenneHus. MoaToMy MeToAbl, SBHO YYMThbIBAIOLLIME HECMIOWHOCTb COeANHEHUs, ABNAIOTCA Hanbonee
NepcnekTUBHLIMM.

B paHHOM pasgene paccmaTpuMBaeTCs  pelleHue, Jornyckawollee SBHOE BO3HUKHOBEHWE
HecriowHocmeu (pa3pbiBOB MOfen NepemMeLleHnin) Ha rpaHule coeanHeHust 6eToHa ¢ apmaTypon.
OpHako [ns OnuCaHWsi CBOWCTB COEAMHEHWSI WCMONb3yeTCs WHXEHEPHbIN MpUeM, MNOOMEHSIIOLNIA
paccMOTPEHUE peanbHbIX MPOLECCOB  pa3pylleHnss B 00nacTM COeQuMHEHMS Ha  3ajaHue
[ONOSTHUTENbHbIX 3(PMEKTUBHBLIX HENTMHENHbIX OUCKPETHBIX XecTkocTen. Mpn mogenMposaHum npouecca
npockanb3biBaHWs apMaTtypbl OTHOCUTENbHO 6eTOHa WCMoNb30Bancs pPSA HENWHENHbIX MPYIKUH,
coeauHsiowmx cocegHune yanbl KO ceTkn GeToHa v apmatypbl [4]. QddEKTUBHBIE XXECTKOCTM OaHHbIX
NPYXNUH HaxXogATCA Ha OCHOBe AuarpamMmbl cuenrieHua. Sa,u,aqa pewanacb B ocecmmmeTpquoﬁ
NOCTaHOBKE.

Ona mogenupoBaHns HenuHenHblx npyxuH B ANSYS wucnonbsosancsa anemeHt COMBIN3O.
BenunumHa HavanbHOro 3a3opa Mexay apmaTtypoi 1 6eToHOM 3aAaBanacb paBHOWM Hynto. Ecnn npuHaTb
rMNoTe3y O PABEHCTBE XXECTKOCTHLIX XapakTEePUCTUK BCEX NPYXMH, TO NepeMEHHbIE (CEKYLLUE) )KECTKOCTH
C(s) B 3aBUCMMOCTYV OT CMELLEHUS S A1 KaXKAOoN NPYXUHbI BbIMUCISIOTCS UCXOAs U3 paBEHCTBA:

7(s)mdh
C(s)=—222,
(s) Ns (4.1)

roe T(S) — KacaTesibHOe HanpaxeHune cuenieHunsa (onpe,qenﬂeTc;i Ha OCHOBE J3KCnepunmeHTaribHO

nony4YeHHON Auarpammbl cuennenus); d — avameTp apmatypbl (14 MM); h — AnNvHa NWHUKM KOHTaKTa
apmatypbl u 6etoHa (h=5d); N — KOnMM4ecTBO MNPYXWHHbIX 3MeMeHToB. B pacyeTax B kayecTBe
UNNICTpaLnMn Mcnonb3oBarnacb 3aBUCMMOCTb KacaTelbHbIX HanpsiKeHUWM cuenfnieHus OT CMeLeHuUs B
cooTBeTCTBMU C ypaBHeHneM M.M. XonmsaHckoro (1.3). O4eBMOHO, YTO UCNOMb3yeMbli MOAXOA He
orpaHuyeH Tonbko Auarpammamu (1.3) u npeanaraembli MeTod MNpUMEHMM Ansd Mobbix BUOOB
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3KCNepUMEHTarbHbIX Auarpamm cuenneHnsi, obecrneunmBas BbICOKYHD TOYHOCTb PELUEeHWs B npepenax
YCIOBUI HarpyXeHusi, 6rmskux Kk 6azoBomMy onbITy.

Cuna peakumyv OTAEMbHOM MPYXWHbI NPU  CMeLWeHun HegedopMmMpoBaHHOMW apmaTypbl S
onpeaenseTcs paBeHCTBaMU:

F(s) 7(s)mdh

Fpyne(8) = NN =C(s)s. (4.2)

B pacuyetax s3agasBanucb napameTpbl MPYXWH Ha OCHOBE KYCOYHO-NIMHEMHOW annpokcumauuu
3aBUCUMOCTH (4.2), Bkntovarowen 6 yyactkos (cM. Tabn. 4.1).

Ta6bnuuya. 4.1. Napamempbi uaz2paMMbl pacmsiXeHus1 NMPYXUHHO20 351eMeHma

YanvHeHne NpyXuHbl s, UM 0 40 80 120 320 800 1200

Cuna peakuuu B NpyxuHe anyo,c, H 0 | 307.72 | 338.49 | 330.80 | 246.18 | 153.86 | 115.40

3apava pelsanach B pM3NYECKN HENNHENHOW U FEOMETPUYECKM NINHENHOW NOCTAHOBKE B YCIOBUSIX
KBasnCcTaTU4eCKoro HarpyxeHnus. Npn npoBeAeHNN HENNHENHbIX PAcYETOB MCMOMNBb30BaNMCh MoLIaroBble
MeToAbl, OCHOBaHHblE Ha WHKPEMEHTaNbHO-UTEPALMOHHBLIX Npouedypax Metoga HbtoToHa-PadcoHa.
BenuunHa HavanbHOro wara Bbidvpanacek paBHon 1/100 oT MakcMmanbHOW Harpysku. [Ansg nonyyeHus
HMCNaZarLWmMX y4acTkoB Avarpamm mcnosb3oBarncsa arc-length metog co 3HadeHMsMU MakcMManbHOro
MHOXuTens 10 n mmHumansHoro 0.1.

KO pac4yeTbl npoBoAMNUCL Npu ABYX CMOCOBaxX HArpyXeHusi: Ms2KkoM (3agaHue pacTarnsBaioLLero
OOHOPOAHOIO [aBfEHUS Ha HWKHEM Topue apmaTypbl) U JKecmKoM (3agaHve BepTUKanbHbIX
nepemMeLLeHnin, HanpasneHHbIX BHU3, Ha HUXHEM Topue apmaTypbl). HWkHWIA kpan 6eToHHoro 6roka 6bin
3acuKkcMpoBaH B BepTukarnbHOM HanpasneHnu. OcTarnbHble CTOPOHbI OCTaBanncb CBOGOAHBIMM.

4.1. Pe3ynbmamel peweHusi 3adayqu rpu Msi2KoOM HagpyXeHuu

Ha HwkHeM Topue apMaTtypbl 3aJaBanacb NocTOsSHHas MO CeYeHUIo, HanpaBfeHHasa BepTUKanbHO
BHW3 KOMMOHEHTA TEH30pa HanpPsHKeHUN:
1 4h
O, = —_— =T —.
Z
/4 d
Pesynbratbl pelleHns 3agayn O BbITATMBaAHUM apmaTypbl U3 GETOHHOro 65ioka npyu HanM4yum
HEJNTMHEWHbIX MPYXMHHbIX 311IEMEHTOB NpeaCcTaBleHbl HA pUCyHke 4.1.

a) 6)

(4.3)

L S—
134E-03 - JBOZE-04 -251E40T T83L0 L ZETEHDT -SZEEADT . TR5E+0T

03 - 267E-04
-« 160E-03 -.107E-03 -~ 535E-04 Z71E-19 =« 1228407 137E407 IPEE4OT LESSEHDT S14E407

minu, =-0.241Mm maxo,, =9.14 Mlla
PucyHok 4.1. PacnpegeneHue nonen BepTuKanbHbIX NepeMeLweHui U, (a) u kacatenbHbIX
HanpsiXXeHUM o, (6) B 3apaye o0 BbITArMBaHUM apMaTypbl U3 6ETOHHOro 6510Ka nNpu y4yeTte
CKOJIbXX€HUA NoCPeACTBOM BBeAeHUA pa3pbiBa BAONb JIMHMM KOHTaKTa 6eToHa 1 apmaTypbl 1
HanNnyuMmn mMexay HAMU MHOXXEeCTBEHHbIX NPYXUHHbIX CBA3eM ANA clyvyasa Msi2Ko20 Harpy>KeHus
(0z=182 MNa)

bernn A.B., CemenoB A.C., CemenoB C.I'., MempuukoB Bb.E. Maremarndeckoe MoAemMpoBaHHE IIporecca
paspyiieHus cuerieH s apMarypsl ¢ 6eronoM. Yacte 1. Mojenu ¢ y4eToM HECIUIOIHOCTU COSIHHEHHS

94



CALCULATIONS Magazine of Civil Engineering, NeS, 2013

PacnpepeneHns nonen nepemMeLlieHMn WU HanpshKeHWW nokasaHbl AN MOMEHTa BpPEeMEHM,
COOTBETCTBYIOLLErO NMKOBOWM Harpy3ke. [Npu BBeOEHWM HECNIOWHOCTY BAOMb JIMHUW KOHTaKkTa apMaTypbl

n G6etoHa HabnogaeTcs paspbiB B pacnpefeneHnn nonen BepTuKarbHbIX NepemeLleHuin U, (CMm.
puc. 4.1a). 3TO NPUBOAUT K MarnoHarpy>XeHHOMY HanpsXXeHHOMY COCTOSIHMIO OCHOBHOW Macchl 6eToHa u
nokanuaauun KacateslbHbIX HanpshkeHnn O, BOOMb NUHWKM KOHTakTa (puc. 4.16). Cneayet OoTMeTUTD,

YTO MaKCUMarsbHbI YPOBEHb O, COOTBETCTBYET MaKkCUMyMy Ha Anarpamme CLenneHus.

4.2. Pesynbmamabl peweHusi 3adaqu rpu XeCmKoM HazpyxeHuu

Ha HwxHeM Topue apmaTypbl 3af4aBanoch MOCTOSHHOE MO  CeYEeHW0  nepemelleHune
u, =—1.2MM. Pe3ynbTaTbl pelleHus 3ajayn O BbITAMVBaHWM apmaTypbl U3 GeToHHoro Grioka npw
HanMyYunM HEeNMUHENHBLIX MPYXUHHBLIX 3NIEMEHTOB MpeACcTaBrieHbl Ha PUCYHKe 4.2 Ansi MOMEHTa BpPeMeEHMU,
COOTBETCTBYIOLLEErO MUKOBON Harpyske. Habniogaotcs paspblB B BEPTUKAmNbHbIX NEpeMELLEeHUaX U,

(puc. 4.2a) 1 nokanu3aumsa KacatesibHbIX HanpsbkeHWn o, BOOMNb NIMHUKM KOHTaKTa (puc. 4.26). Cnegyet

OTMETUTb, YTO MOMyYEeHHble pe3ynbTaTbl MPW KECTKOM HarpyXeHuM OnNusknm no xapakrepy
pacnpefeneHnss U 3KCTpemanbHbIM 3HAYeHUSIM MNOMe K PacCMOTPEHHBLIM MPU MSFKOM HarpyxeHuu
(cp. puc. 4.1 n 4.2).

minu, = —0.244 MM maxo,, =9.12Mlla

a) 6)

PucyHok 4.2. PacnpepgeneHue nonen BepTUKanbHbIX NepemMeLleHni U, (a) n KacaTenbHbIX
HanNpsXXeHUN oy, (6) B 3agaye o BbITATMBAHUN apMaTypbl M3 GeTOHHOro Grioka npu y4yeTe
CKOJbXXeHUsi NoCpeACcTBOM BBeAeHM s pa3pbiBa BAOMb JIMHMM KOHTaKTa 6eToHa M apMmaTtypbl U
HaNM4YnM Mexay HUMU MHOXXEeCTBEHHbIX NMPYXWHHbIX CBA3eW AN MOMEHTa NMUMKOBOM Harpy3ku
Npu JKECMKOM HarpyxeHuu

ITepeMenmeH st BepXHEro KOHIA apMaTypBHI
ITepeMenmeH sl HUXK HEro KOHIIA apMaT yphl

0
0,0000 0,0005 0,0010 0,0015 0,0020 0,0025
lu,l, MM

PucyHok 4.3. CpaBHeHUue 3aBUCUMOCTEN CUNbl BbiAepruBaHusi OT nepeMeLleHMn BepxXHero
(cuHAA NMHKUA) M HUXKHero (KpacHasa NIMHUS) TOPLIOB apMaTypbl
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Ha pucyHke 4.3 npeactaBneHo CpaBHEHME 3aBUMCMMOCTEN CWMbl peakuuMnm OT MNepeMeLLeHun
BEPXHETO U HKHEro Kpasd apMaTypbl. HabniogaeTtcs nx CylecTBEHHOE pacxoxdeHue, ykasbiBatollee Ha
HeaJoNnyCTUMOCTb paCCMOTpPEHNA B ,El,aHHOI7I 3afave apMaTtypbl Kak abcontoTHO TBEepaoro tena, HeCcMoTpsA
Ha TO, YTO XXEeCTKOCTb CTalni Ha NnopAaaoK OonbLle xecTkocTn 6eToHa.

Ha pucyHke 4.4 npeacTtaBneHO CpaBHEHME pacyeTHbIX 3aBUCUMOCTEN CUN BblAEpPrMBaHUSA OT
nepeMelleHMs BepxHero Topua apmaTypbl NpY MAMKOM U XECTKOM HarpyXeHusix C AaHHbIMU
akcnepumeHTa. Habniogaetcs xopollee coBnageHWe BCex Tpex 3aBucumocTel. HesHauntenbHoe
pacxoxieHve pes3ynbTaToB NPUCYTCTBYET NuWb BONU3M nuka rpadmka. [puynHOM pacxoxgeHus
SBMAIOTCA UYNCIEHHblE MOrpPeLwHOCT Npu MPOBEAEHUN pacyeToB, CBsI3aHHble C HeOoCTaTOYHON
ManocTblo Llara MpupalleHns Harpysku, TpeboBaHMs K KOTOPOMY CyLIECTBEHHO BO3pacTaltT Mpu
pelleHMn 3agad ¢ HEMOHOTOHHOW HENMMHEMHOCTbLO, OOYCIOBIIEHHOW HanMMYMeM HMUCNadatollern BETBW.
3HayeHnsa cMeLLeHNIA, COOTBETCTBYIOLLMX MakCcMMymam rpadovkoB, NpeacTaBreHbl B Tabnvue 4.2.

Tabnuua. 4.2. [lepeMeweHUsi eepxHe20 KOHUa apmamypbl, coomeemcmeyrowue MnuKy
Hazpy3Ku

OKcnepuMeHT Msrkoe HarpyxeHue XecTkoe HarpyxeHue
(ucxoAHble AaHHbIe) (cunomn) (nepemelleHune Topua)
|z, MM 0.095 0.101 0.105
30
25 - f S
20 - e .
E ] ==='=-H'; r-
" 15 1 !
R ]
104 J*

HcxonHbie gaHHbIe (3 KCTIEPUMEHT)
54 —=— Msrkoe Harpyxenue (K3 pacuer)
XKecrkoe Harpyxenue (KO pacuer)

0 1 T T T T T
0,0000 0,0002 0,0004 0,0006

lu |, MM

PucyHok 4.4. CpaBHeHMe pac4eTHbIX 3aBUCUMOCTEN CUJT BbiAEPruBaHus OT NepeMeLleHus
BepxXHero topua apmMmaTtypbl Ans pa3findHbiX BapnaHTOB Harpy>xeHus ¢ 3KkCnepumMmeHToOM

COOTBETCTByPOLLI,VIe npmeeaeHHbIM Ha pPUCYHKe 4.4 3aBNCUMOCTU CUNbI BblaeprmBaHnA F ot
nepemeu.l,eanZ Ha HWXHEM KOHUe U, MOryTt ObITb nony4yeHbl nytem MaCLIJTa6l/IpOBaHVI$-| OoChn opauHat

[Amarpammbl cLienneHns (3aBUCUMOCTM KacaTenbHbIX HanpskeHun cuennenns 7 = F'/ zdh ot cmewenns
apmMaTypbl OTHOCUTENBHO GEeTOHA).

HOHyLIeHHbIe pe3ynbTaTtbl NO3BONAKOT C(bOpMyﬂMDOBaTb cneaywuine BbiBOAbl O BO3MOXHOCTAX
NnpuMeHeHund modenen c y4yeTOM HeCnnowHOCTNn coeanHeHnda u C UCnofib3oBaHMemM OAHOMEPHbIX
NPY>XUHHbIX 3NTEMEHTOB.

1. Vcnonb3oBaHune runoTesbl MOMHOMO HapyLLeHWs CMOLWHOCTM BAOMb NMHUM pasaerna apMaTypbl
n 6eToHa u yyeT cun cuenrneHus nocpeacTBOM AMCKPETHOro Habopa HEeNMHENHbIX NMPYXUHHBLIX
anemeHToB (6e3 yyeTa MamMeHeHus apdeKTMBHBLIX CBOWCTB MaTepuanoB B 06nacTn KOHTakTa,
©e3 paccmoTpeHust MpoLeccoB TpelumHoobpasoBaHus, 6e3 npsAMoro y4vyeta Cun TPeHus ”
agresuv) npy ynpyrom pelueHun 3agayv O BbITArMBaHWM NPoUNMPOBaHHOW apMmaTypbl K3
B6eToHHOro 6noka Mo3eosisem KOPPEKMHO ornucamb 3aBUCUMOCTb CUN CUENnfeHns oT
CMeLLEHNI.

2. Bblbop a(pPHEKTUBHBIX XECTKOCTEN HENMMHENHBLIX MPYXWUH B COOTBETCTBUM C SKCNEPUMEHTANbBHO
Habniogaemon guarpamMmon cuenneHus obecriequeaem nonyYeHne B KOHEYHO-3NIEMEHTHbIX
pacyeTax afeKkBaTHbIX AuarpamMm cLenneHus.
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3. KOppeKkTHOCTb MCMOSb3yeMoro MHXEeHEepHOro noaxoda AN MOAENVPOBaHUS MpPOLECCoB
HapylleHVsi CBsi3ell cuenneHust Ans 3agay, OT/IMYHbBIX (MO YCIOBMSIM HarpyXeHus Wunm
reoMeTpmmn) OT OLHOOCHOIO BbIAEPrMBaHUA apMaTypbl M3 CUMMETPUYHOro GeToHHoro Groka,
criefyeT NpoBepsaTb ANs KaXK0oro HOBOro Kracca 3afay.

4. 3afaHue MSIKOro WM XECTKOr0 HarpyXeHusl He okasblBaeT BNUSHUA Ha BuA AvarpaMmbi
cuenneHus.

5. PeweHue 3adayu c npuMeHeHUeM an2opumma «8bIKITHOYEHUS»
3/1eMeHmo8

OgHMM 13 npoCTeMWwMX, HO [OCTaTodHO rpyObix C€nocoboB BBeAEHMSI B pPacCMOTpEHME
HeCMMOLIHOCTU SBMSETCH NOCneaoBaTeNibHOe UCKIIOYEHNE N3 MOAENM KOHEYHbIX 3NIEMEHTOB, B KOTOPbIX
HapyLeHbl OFPaHUYEHUs MO MPOYHOCTWU. [aHHbI MOAXOA4 YyBCTBUTENEH K CTEMEeHW OUCKpeTusauuu
MoZenu n TpebyeT ucnonb3oBaHua 6onee menknx KO cetok. [Ins aBToMaTM4eCcKoro mMogenvpoBaHust
pocTa TpeLLmH (30H noBpexaeHnin) B pamkax naketa ANSYS 6Gbina HanvcaHa npouenypa «BbIKMHOYEHNA»
KOHEeYHbIX anemeHToB Ha A3blike APDL (napameTtpuyeckuin a3bik paspabotunka ANSYS).

3apava pewanacb B OCGCMMMGTpW—IHOVI NOCTAaHOBKE. Pe3yﬂbTaTbI npoBeaeHHbIX pacyeToB

t
nokasanu, 4To MUCNONb30BaHME CUIIOBbIX KPpUTEpUEB paspylleHna Tuna o, ZRb n/vnn O3 ZRb He

NO3BONISIET OOHapPYXUTb JloKanu3auuio obracTeil BbIKMIOYEHHbIX 3MEMEHTOB, COOTBETCTBYHOLLYHO
9KCMepUMeHTanbHO HabroaaemelM cuctemam TpewwmH. [MpumeHeHne AedopMaLMOHHBIX KpUTEpUEB

paspylweHna tuna & =€lt) n/vnn &3 = &, No3BOndeT nony4vyatb obnactn BbIKNKOYEHHbIX 311EMEHTOB,

MECTOMOMOXEHNE KOTOPbLIX FOKANM30BaHO M COOTBETCTBYET KOHWYECKUM W pagmanbHbIM TpelyvHam
(pnc. 5.1). MNpwn ncnonb3oBaHUM yNpyronmacTMyeckon moaenu ¢ kputepmem Opykepa—Tlparepa pa3ssutme
KOHMYECKUX TpeLLMHOobpa3HbIX AedeKTOB NposiBNsSeTCs Hanbonee OTYETNMBO B CPaBHEHWMM C YNpPyrum
peweHnem (cp. puc. 5.16 n a). OgHako nonyvaemble AuarpaMmmbl CUENNEeHWss B 00OMX cry4dasx
3HaYNUTENIbHO OTNM4YaloTCA OT SKCNepumMeHTalnlbHO H36mo,qaeM0|7|.

a) 6)

PucyHok 5.1. KoHdurypauum TpewmHoobpasHbix AedeKToB, NOSTyYEeHHbIe NYTEM «BbIKIMHOYEHUS»
3J51eMEeHTOB Ha OCHOBE UCNOJIb30BaHUA Ae(pOpPMaLMOHHOIO KPUTEPUA:
a) ynpyroe pelieHue; 6) ynpyronnactuyeckoe pewieHue

CnegyeT OTMETUTb, 4YTO [JdaHHbIM Kriacc Mogenen uaerHo OGnmM3oKk K MoAensiM  MeXaHWUKu
KOHTUHYasbHbIX MOBPEXOEHUA (paccMaTpuBaembiX BO BTOPOW YacTu cTaTbM), MPU UCMONb30BaHUU
KOTOPbIX CKaykoobGpasHoe M3MeHeHWe MOAYMS YNpPYyrocTh (OT 3HaYeHus1 Arsl HeMoBpeXAeHHOro 6eToHa
[0 Hyrnsl — Ans Bo3ayxa) 3aMeHsIeTCsl HENpepbIBHbIM U3MEHEHVEM.
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3aknoveHue

BbINOMHEHbI 3KCNepUMeEHTarnbHble UCCNEeLOBaHNA U NPOU3BEAEHO CPaBHEHME UX pe3yrnbTaToB C
pesynbTatamMn pacdeta C WUCMOSb30BaHUEM pa3fuyHbIX MOAENen paspylleHWs CBA3er cuenneHus
apmatypbl ¢ OETOHOM B 3ajaye O BbITAMMBaAHWM CTEPXHEBOW NPOMUIMPOBAHHON apMaTtypbl ©3
6eToHHoro 6noka. Pe3ynbTaTbl CpaBHUTENBHOrO aHanu3a AvarpaMM CLEnfieHns MokasaHbl Ha PUCYHKe
6.1 Ansa paccMOTPEHHbIX B MEPBOM 1 BTOPOM YacTsX CTaTbl MOAENEN:

1) C y4YeTOM HECMNMOLHOCTM U C UCMIONb30BaHNEM OOHOMEPHbIX MPYXXMHHbBIX 31IEMEHTOB;
2) C NpMMEHEHUEM anropuTmMa «BbIKITHOYEHWS» SNIEMEHTOB;

3) wvpeanbHOro cuenneHns 6e3 yyeTta HECMNMOLHOCTM COeANHEHMS;

4) c BBegeHneM OUKTUBHOIO CNOS;

5) c y4yeToM MUKpopacTpeckuBaHus B 6eTOHE;

6) c ucnonb3oBaHNEM MOLENW YNpPYyro-NOBPEXAEHHOro MaTepuana;

7) Cwucnonb3oBaHWEM MOLENN YNPYro-NOBPEXAEHHO-NNAacTMYeCcKoro Matepuana.

e S |

Kk

Vlcxonuble naHHBIE (SKCIEPUMEHTHI X OJIMSHCKOT0)
DKCIEPUMEHT BBIMOJHEHHBIHN B JAHHON paboTe)
1 ,*/*/ MKD. Hecrutonnocts. [1pyKUHHBIE 31€MEHTBI
% —a&— MKD. HecnomHocTs. BrIkiitoueHHe 311EMEHTOB
/ MKD. UneansHoe criemieHne
104 * —4— MKD. OukTuBHSII coi
MKD. MukpopactpeckuBanue 6eTona
———— _ : xﬁ; zﬂpyFO-HOBPE)KI[eHHa}I cpena
—~ . Y1pyro-noBpexaeHHo-IIIacTHYecKas cpeja

A

_
_
e

T T
0,00 0,05 0,10 0,15 0,20 0,25 0,30

S, MM
PVICYHOK 6.1. 3aBMCMMOCTb KacaTenbHOro HanpsiXkeHuUs cuenfieHnsa oT CMeleHnsa apMaTtypbl

MpeacTtaBneHHble pe3ynbTaTbl pacyeToOB AEMOHCTPUPYIOT Gonblion pasbpoc. B psge cnydaeB
HabniogaeTcs nub KavyeCTBEHHOE COBMajeHve C pesynbTaTaMu  SKCNepuMeHTOB. 3ameTHble
KONMNYECTBEHHbIE OTNNYUA ODOBACHAITCA UCMONb30OBaHMEM B pacyeTax HENUHENHBbIX XapaKTepucTuk
BbeToHa 6e3 cneumnanbHOro yyeta cneunmdurku camoro coeamHeHns (agre3voHHbIX U PPUKLMOHHBLIX CUM
cuenneHus).

Pe3yJ'IbTaTbI npoBeAEHHbIX BbIYUCITUTESIbHbLIX 3KCMEPUMEHTOB MOKa3aJii, 4YTO WUCNnosnb3oBaHWe
r’mnoTesbl MOJIHO20 HapyweHuUs1 criyioWwHocmu BOOINb NMMHUK pasaerna apMmaTtypbl 1 OeToHa un ydqyeT cun
cuennieHna nocpencresom ducn'pemHoao Ha6opa HeJluHeUHbIX MPYXXUHHbIX 3J/1eMeHmoe (663 yyeTa
N3MEHEHUA 3(b(beKTVIBHbIX CBOWCTB maTtepuanoB B obnactn koHTakTa, 6e3 paccMoTpeEHNA npoueccoB
TpeLLJ,I/IHOO6pa3OBaHVIFI, oe3 npaAMoro y4derta Cuil TpeHUud u ap,reavwl) npun ynpyrom peweHnun 3agadm o
BbITArMBaHUN I'IpO(bVIJ'WIpOB&HHOVI apmMaTtypbl 13 0eToHHOro 6roka nmoseoJsisirom KOPPEeKmMHO onucamb
3aBMCUMOCTb CUIT CLUENNEHNS OT CMELLEHUN.

lMpumepbl NPUMEHEHWs Ha MNPaKTUKe PacCCMOTPEHHbIX B MEPBOM M BO BTOPOM 4acTaX CTaTbu
Mogenewn npu pacyeTax pearbHbIX Xene300€TOHHbIX COOPYXXEHUN N KOHCTPYKLMIA, B TOM Y/CME C y4ETOM
OOMOMNHUTENBHOIO BO3AENCTBMS, BO3HUKAIOLLIErO OT KOPPO3UM apmMaTypbl, NpeacTaBneHbl B paboTax [23—
26].

UccnedosaHue 8binonHeHo npu noddepxke PO®OU (npoekm Ne12-08-00943). Asmopsi
br1iazo0apsim 3a riomouwib 8 rposedeHuu pacyemos cmydeHmos ®IEQY BI1O Cli6rTly ®édoposa U.B. u
JlawuHa B.A.
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Abstract

The problem of pulling the reinforcing bar from the concrete block is urgent for the practice, as it
represents the most widespread method of experimental evaluation of characteristics of reinforced-
concrete bond behavior, which are necessary for an estimation of the strength and durability of reinforced
concrete structures.

Fracture process of bonds at pulling the rebar from the concrete is a complex multistep process,
accompanied by the presence of inhomogeneous and inelastic deformation, a rupture of adhesive bonds,
the initiation and propagation of cracks of different shape and orientation, the presence of contact and
tribological phenomena. The nonlinear finite-element solutions of the problem of pulling the reinforcing
bar from the concrete block have been obtained with using various models of bond behavior and
concrete cracking. The comparison of obtained numerical results with experimental data has been
presented and discussed. The first part of the article is devoted to the models taking into account the
discontinuity of the connection, while the second part is concerned with the models without explicitly
taking into account of discontinuities.

References

1. Baykov V.N., Sigalov E.E. Zhelezobetonnyye konstruktsii [Ferroconcrete structures]. Moscow: Stroyizdat,
1984. 728 p. (rus)

2. Karpenko N.l. Obshchiye modeli mekhaniki zhelezobetona [General models of mechanics of reinforced
concrete]. Moscow: Stroyizdat, 1996. 416 p. (rus)

3. Popov N.N., Charyev M. Zhelezobetonnyye i kamennyye konstruktsii [Ferroconcrete and stone structures].
Moscow: Vysshaya shkola, 1996. 255 p. (rus)

4. Benin AV. Deformirovaniye i razrusheniye zhelezobetona: analiticheskiye, chislennyye i
eksperimentalnyye issledovaniya [Distortion and destruction of reinforced concrete: analytic, numerical
and experimental research]. Saint-Petersburg: PGUPS, 2006. 127 p. (rus)

5. ANSYS release 14. Basic analysis guide. ANSYS Inc.
6. Abaqus Analysis User's Manual, Version 6.10.

7. Semenov AS. Trudy V Mezhdunarodnoy konferentsii «Nauchno-tekhnicheskiye problemy
prognozirovaniya nadezhnosti i dolgovechnosti konstruktsiy i metody ikh resheniya” [Proceedings of V
International conference “Scientific and technical problems of forecasting of reliability and durability of
structures and methods of its solving”]. Saint-Petersburg, 14-17 October, 2003. Saint-Petersburg: 1zd-vo
SPbGPU, 2003. Pp. 466—480. (rus)

8. Belov V.V. Soprotivieniye massivnykh betonnykh i zhelezobetonnykh konstruktsiy s treshchinami i shvami
[Resistance of concrete and reinforced concrete structures with crazing and joints]. Doctoral thesis. Saint-
Petersburg, 1998. 376 p. (rus)

9. Alvarez M. Einfuss des Verbundverhaltens auf das Verformungsvermégen von Stahlbeton. Zurich:
Promotionarbeit. 1998. 192 p.

Benin A.V., Semenov A.S., Semenov S.G., Melnikov B.E. Simulation of degradation of bond between reinforcing
bar and concrete. Part 1. Models with account of the discontinuity

143



HNHKkeHepHO-CTPOUTEIbHBIN sKypHa, NeS, 2013

10. Veselov A.A. Nelineinaya teoriya stsepleniya armatury s betonom i ee prilozheniya [Nonlinear theory of
adhesion between concrete and reinforcement and its application]. Doctoral thesis. Saint-Petersburg,
2000. 320 p. (rus)

11.Eligehausen R. Lap splices of straight reinforcing bars (UbergreifungsstdRe zugbeanspruchter
Rippenstabe mit geraden Stabenden). Deutscher Ausschuss fiir Stahlbeton. 1979. No.301. 188 p.

12. Eligehausen R., Popov E.P., Bertero V.V. Local Bond Stress-Slip Relationship of Deformed Bars under
Generalized Excitations . EERC Report 83-23, Earthquake Engineering Research Center, University of
California, Berkeley, California, 1983. 169 p.

13.Rehm G. Ueber die Grundlagen des Verbundes zwischen Stahl und Beton. Deutscher Ausschuss fiir
Stahlbeton. 1961. No.138. 59 p.

14. Mayer U. Zum Einflul3 der Oberfldchengestalt von Rippenstéhlen auf das Trag- und Verformungsverhalten
von Stahlbetonbauteilen. Stuttgart: Promotionarbeit, 2001.

15. Goto Y. Cracks Formed in Concrete Around Deformed Tension Bars. Journal of the American Concrete
Institute. 1971. Vol. 68. No.4. Pp. 244-251.

16. CEB-FIP Model Code 1990. Design Code. Comite Euro-International du Beton. 1991. 437 p.

17.Cruz J.S., Barros J. Modeling of bond between near-surface mounted CFRP laminate strips and concrete.
Computers and Structures. 2004. No.82. Pp.1513-1521.

18. Kholmianskiy M.M. Kontakt armatury s betonom [Contact between concrete and reinforcement]. Moscow:
Stroyizdat, 1981. 184 p. (rus)

19. Shima H., Chou L.-L., Okamura H. Micro and Macro Models for Bond in Reinforced Concrete. Journal of
the Faculty of Engineering: University of Tokyo. 1987. Vol. XXXIX. No. 2. Pp. 133-194.

20.Balazs G.L. Connecting Reinforcement to Concrete by Bond. Befon- und Stahlbetonbau. 2007. No.102.
Pp. 46-50.

21. RILEM/CEB/FIB. Recommendation on reinforcement steel for reinforced concrete. RC6. Bond test for
reinforcement steel. 2. Pull-out tests. 1983. 8 p.

22. Melnikov B.E., Semenov A.S., Semenov S.G. Trudy TsNIl im. akad. A.N. Krylova. 2010. No.53. Pp. 85—
92. (rus)

23.Benin A.V,, Semenov A.S., Semenov S.G. Modeling of fracture process in concrete reinforced structures
under steel corrosion. Journal of Achievements in Materials and Manufacturing Engineering. 2010. Vol.
39. Issue 2. Pp. 168-175.

24.Benin A.V. Industrial and Civil Engineering. 2011. No.5. Pp. 16-20. (rus)

25.Benin A.V., Semenov A.S., Semenov S.G., Melnikov B.E. Magazine of Civil Engineering. 2012. No.7. Pp.
32-42. (rus)

26.Benin A.V., Semenov A.S., Semenov S.G. Fracture simulation of reinforced concrete structure with
account of bond degradation and concrete cracking under steel corrosion. Advances in Civil Engineering
and Building Materials. London: Taylor & Francis Group, 2013. Pp. 233-237.

Full text of this article in Russian: pp. 86-99

Benin A.V., Semenov A.S., Semenov S.G., Melnikov B.E. Simulation of degradation of bond between reinforcing
bar and concrete. Part 1. Models with account of the discontinuity

144



