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KpaTtkoe pykOoBOJICTBO T OJIB30BATENA

1. Hazuauenue

[Taker mnporpamm CTATHUKA npenHazHaueH [ pacy€ToB W MPOEKTUPOBAHUSA DJIEMEHTOB
CTPOUTEIBHBIX KOHCTPYKIMK. B cocTaB makera BOIUIM CIEAYIOIIME IPOrpaMMbl: MPOrpaMma BBO/A,
pacYéTHbIe MPOrpaMMbl, IPOrpaMMa JJOKyMEHTUPOBAHHS PE3yJIbTaTOB pacyera Viewer u mporpamma
yrpaBieHus MpoekTaMu MeHeakep NPOeKTOB.

IIporpaMmma BBOAA NO3BOJISIET CO3JaBaTh M PACCUMTHIBATH MO3MLMHU IpOoeKkTa. B pamkax gaHHOro
MaKeTa, MoJ MOo3UIKel MOHUMAETCsl HA0Op TaHHBIX 7Sl OTAEIBLHOTO pacuéTa CTPOUTEIBHOTO JIEMEHTA.
Kaxnoi1 no3uumm COOTBETCTBYET OJHA PACUETHAS IPOrpaMMma.

[Mporpamma Viewer oGecrieunBaeT MPOCMOTP JOKYMEHTOB C pe3yJbTaTaMu pacueToB mosuiuii. OHa
uMeeT (QYHKIMH MPOCMOTpPAa M TEYaTH JOKYMEHTOB, apXMBHUPOBAaHUS M IEPECHUIKA AJIEKTPOHHOU
noutoii. [IpeaycMoTpeHa BO3MOXKHOCTD MpeoOpa3oBaHus JoKyMeHTa B ¢popmar pdf st mpocmotpa B
nporpammax Adobe Acrobat u Adobe Reader (komanna Ileuats).

[IporpaMmma MeHem:xkep NPOEKTOB NpeaHa3HAaYeHA [Isi paboThl ¢ mpoekramu. OHa MO3BOJISIET
OpraHM30BaTh XPAHEHUE JOKYMEHTOB (TE€KCTOB, YEPTE)KEH, pacUeTHBIX IO3ULMN) MO IMPOEKTaM U
obOecnieurBaeT ympaBieHHe WMHU (yAalleHHWe, KOMHMpPOBAHHWE, Ie4aTh, M Jp.), HUMeeT (YHKIUU
apXUBUPOBAHUA U PAOOTHI C AIEKTPOHHOM MOYTOM.

s ynoOGcTBa paboThl, Bce MPOrpaMMbl MakeTa CHA0XKEHbI MOJAPOOHBIMU TEKCTaMH, MOJCKa3KaMu U
WUTIOCTPALUAMH.

2. BBOI HCXOIHBIX JAHHBIX

JUisa co3naHuss HOBOM MO3ULMU WM OTKPBITHS CYIIECTBYIOIIEH MO3MIMM HCIOJIb3YIOTCS KOMaHJbI
Co3narp unmu OTKpBITH U3 Bhinagatoniero MeHo Ilo3uuusa nporpammsl MeHea:kep NMPoOeKTOB Ipu
aktuBHOM Bkiaake CTATUKA. Ha skpane nosiBasercss untepgeiic [IK CTATUKA, no3sosstomuit
BbIOpaTh pacYETHYIO IPOrpaMMy.

Hcxonusie nannble 11 pacuéra 3agatorcs B okHe Boa IIK CTATUKA. Okno BBoa copep:xut mosst
U BBoJa NaHHbIX. [lons BBOAa, cBA3aHHBIE IO CMBICITY, IPYIIUPYIOTCS B BOIPOCHI, @ BOIIPOCHI — B
pazaesnbl. BO3MOXHBI ClleIyroIIKe TUIIBI [TOJIEN BBOJA:

"  TI0JIe BBOJA YHCEN

"  I0JIe BBOJA TEKCTa

"  JI0JIE CO CITUCKOM (OTMEUEHO TPEYTrOJbHUKOM, BBIOODP MPH MTOMOIIY MBIIITH WIIM KJIABHUII +, -)
*  qoJe ¢ HabopoM MepekoyaTenei (0TMEYEeHO 3HaKOM X)

HpI/I BBOJIC YHMCJIOBLBIX JAaHHBIX, ABTOMATHYCCKHU IMPOBCPAIOTCA YCIOBUA IOOIMYCTHUMOCTHU, IIPHU HUX
HapYIICHUU MOABIACTCA MPECAYIIPCIKIACHUC.

C nenpio cokpaieHus 00bémMa BBOJa, JAJIsi HEKOTOPBIX MOJIeH MPeayCMOTPEHO MOTyYeHHe 3HaYeHU I U3
CTaHJApPTHBIX IIa0JOHOB. 3HAUEHHsS ABTOMATUYECKU TMOSBISAIOTCA B MOJSIX BBOAA MpPHU CO3AAHUU
no3unuu. [1abmoHbl MOTyT co3faBaTbes Mmoiib3oBaTeneM. s coznaHus 1mabiaoOHOB, MCIONB3YETCs
koMaHaa CoxpaHuTh Kak..., noctynHas B MeHI0 Ilosumusi [IK CTATUKA. B nossistomemcs
auanore HeoOXoAUMO BbIOpaTh BKIaAKy CTaHaapTHas NO3MLMA

Ha nanenu unctpymentoB IIK CTATUKA mnpemycMmoTpeHa crenuaibHas KHOIKA, MO3BOJISIONIAS
CO3/71aTh HOBYIO MO3UIIMIO HA OCHOBE CTaHAAPTHON MO3ULIUH.

CTATHUKA-2024. Onucanue npoecpamm Kpatkoe pykoBOACTBO JUIsI ITOJIb30BATENS
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Jns1 mo3uupMy MOXHO COCTaBUTh KOMMEHTapuH, BBIBOAMMBIE B Hadajle M B KOHIE BBIXOIHOIO
JIOKYMeHTa. BBOJ KOMMEHTapHUsI OCYIIECTBISAETCA NYTEM JBOMHOIO LIETYKA JIEBOW KJIABUILECH MBIIIH B
nossix BBoja KommenTapuii k nozuuuu wiv Kommenrapuii k pacuéry.

[Ipu BBOJIE MaHHBIX, MOXXHO MIPOU3BOJIBHO MEPEXOIUTH HA JTF000E mose BBoAa. i mepexoia MOKHO
UCIIONIB30BaTh MbIIb Win kinaBuimm Enter, Tab m crpenku. [ns ObicTporo mepexoga ciemyer
ucnonb3oBath kiapuim PageUp, PageDown, Ctrl+Home, Ctrl+End.

[Tomumo okHa BBoj, IperyCMOTpPEHBI CIISYIONTHE BCIIOMOTATeIbHbBIE OKHA!
*  CHOuCOK MO3HUIHI
» Karanor BonpocoB
* Pa3zbsicHEeHHs BOPOCOB
»  HMmmoctpaiuu BOIIPOCoOB

BcnomorarenbHBIME OKHAMHM MO>KHO YIIPABIISTh C OMOLIbI0 KOMaH U3 MeHi0 Bua. B okne Karagor
BOIIPOCOB OTOOpa)kaeTcs CTPYKTYypa MpoeKTa ¢ pasjenamu BBoja. Ilpu momouy 3Toro okHa, MOXHO
ObICTpO TepeiiTu Ha Tpedyemoe mosie BBoAa. B okHe Pa3bsicHeHHs1 BONPOCOB 0TOOpaXkaeTcsi OMUCAHNE
TEKYyILLEero Borpoca (MapaMmeTpbl, eIUHHUIBI U3MEPEHUs], 00JIaCTH JOIYCTUMBIX 3HAYEHUH, CCBUIKU Ha
IYHKTBl HOPM U Jip.). B okHe MiiocTpanum BONMPOCOB OTOOPAXKAOTCS MOSICHAIOLIME PUCYHKH K
TEKYIIEMY BOIIPOCY, IPY ATOM BBIJENSETCA I[BETOM IapaMeTp, COOTBETCTBYIOIIMHA TEKYLIEMY IOJIIO
BBOJ1a. CIIMCOK MO3MIMI COEPKUT CITUCOK BCEX MO3ULMMN, COAEPIKAIINUXCS B IPOCKTE.

IIpu BBOJE HEKOTOPBIX YHMCIOBBIX JAHHBIX, MOYKHO HCIOJIb30BaTh KOMaHAYy BbluuciaeHusi u3
KOHTEKCTHOT'O MEHIO IOJIsl BBOJA AJIs 3a/1aHUs apU(METHIECKOT0 BhIpaskeHus ((hOpMyIIbl), IO KOTOPOMY
BBIYHCIIIETCSI BBOJMMOE 3HAY€HUE. DTO BBIPAKEHHE OYJET COXPAaHEHO B PACUETHOM IMO3ZHUIIMH IS
BO3MOXKHOCTH TIOCJICIYIONIETO peJakTUpOBaHUsA. B BBIXOJHOM JOKYMEHTE apu(MeTHYecKoe
BBIpaXXEHHE HE 0TOOpaXKaeTcsl.

3. Pacuér u meyarb pe3yJbTaTOB

CoxpaHeHue BBEACHHBIX JAHHBIX OcyllecTBiseTcs KHonkamMu CoxpanuTh U1 COXpaHMTh KaK... Ha
BepxHelt manenu nactpymeHToB [IK CTATUKA. Pacuér BeimomnHseTcs npu nomoiy koMan sl Pacuer
win Pacuer... u3 menoo Ilo3umms (mpu wucmonb3oBaHMM KomaHnabl Pacuer..., mpeaBaputeiabHO
BbI3bIBaeTCs quajior Kondurypamus BoiBoaa).

Pe3ynbTarhl pacuéra BEIBOASATCS B IMPOrpaMMy IOKYMEHTHPOBAHUS Pe3ybTaToB pacuera Viewer wiu
Ha npuHTep. Pe3ynpTaThl pacuera mpoekta (pOpMHUPYIOTCS KakK €IMHBIM JOKYMEHT, KOTOPBIM MOKET
OBITH HaleyaTaH WM OTHPABJICH 10 3JEKTPOHHOM noute. [Ipu neyaTy, equHbIA JOKYMEHT OyIeT UMETh
CKBO3HYIO HyMepalHio CTpaHull. Takke MOXKHO CO3/aTh J1I000€ KOJMYECTBO JOKYMEHTOB, YHPaBIISAsA
COCTaBOM JOKyMeHTa (HarpuMmep, JUisl OTACIbHOTrOo THNa mo3uimii — cBoi jokyment). [IK CTATUKA
M03BOJISIET HAIleYaTaTh IOKYMEHT B KOMIIAKTHOM opMme (2 miin 4 cTpaHUILIbI JOKYMEHTa Ha OJTHOM JIMCTE
Oymarn).

[IK CTATHUKA naer BO3MOXXHOCTb NPOM3BECTH pacdyeT cpa3dy HECKOJIbKHMX Mo3uuui. Ilozunum
BBIOMpalOTCs B porpamme MeHea:kep NPOEKTOB B aKTUBHOM OKHE TEKYIIIETO MTPOEKTa CTaHIapTHBIM
crmocoOoM ¢ momoIikio Mbik 1 kiasui Ctrl wmm Shift.

4. Co3paHue POEKTOB U yIpaBJIeHHEe MU

[Tporpamma MeHemkep MPOEKTOB TpeHAa3HAYCHA /ISl paOOTHI C TPOEKTaMH, KOTOPBIE MTPEICTABISIOT
co0oil rpynmsl nmo3unuid. [IpoekT MoxkeT ObITh CO37aH B JIFOOOM ManKe CUCTEMBI, 32 MCKIIOUYEHUEM
KOPHEBOT0 KaTayiora. MeHemaKep MPOeKTOB NMeeT (DYHKIIUU apXUBUPOBAHUS U pAOOTHI C AIIEKTPOHHON
noutoit. Ilpu wmuacrammimuu [IK CTATHUKA, cosmaercs rpymma Projekte, comepskamas rpymimy

IIpumeps! u rpynmny Jpyrue.
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[Iporpamma npeaHa3HadeHa i pacuéra Mo OrHECTOMKOCTH OHOTIPOJIECTHOM JKeJIe300€TOHHOW OaJIKu
cormacuHo CIT 468.1325800.2019 [1] u CIT 63.13330.2018 [2]. TemmeparypHoe 1oJie B CeUCHHH OaIKu
Ipd  OTHEBOM  BO3JCHCTBUU  OMNpEAENAETCS MyTeM  peUIeHUs  3aJaud  HECTAllMOHAPHOMN
TEIJIONPOBOJHOCTH € Y4YETOM 3aBUCUMOCTH TEIUIOPH3WYECKUX XapaKTEPUCTHK OEToHa OT
temMriepaTypsbl. [IpoBosTCS IPOBEPKHU TPOUYHOCTH ITPHU ACHUCTBUU U3THOAIOIIETO MOMEHTA U ITONIEPEUHOMN
cuibl. [IpoBepka HPOYHOCTH MpPHU JEUCTBUHM U3THOAIONIEr0O MOMEHTa IMPOU3BOJUTCS Ha OCHOBE
nuarpaMm 1eOpMHUPOBAHHS CKATOTO OETOHA U apMaTyphl ¢ y4eToM Ko3(PPUIIMEHTOB yCIOBUN pabOTHI,
3aBUCAIIMX OT Temreparypbl. lIpenycMoTpen yder mnpoaoibHOM cuibl. B ciydae cratuuecku
HEONpeAeNuMOil  OaJki, MPOBOJUTCS  HEMUHEHHBIA  pacder  yCWIMW, TPUBOMSIIANA K
nepepacnpeeiCHII0 N3TH0aroIero MOMEHTA.

1. PacueTHasi cxemMa M ceyeHHe

Pacuernast cxema Oanku mpencTaBisgeT cOOOM CTEP)KHEBOM 3JEMEHT, MMEIOLIUI IIApHUPHBIE WU
abCOJIIOTHO JKECTKHE 3aKpeIuleHus: KpaeB. PaccmarpuBaroTcst Oanku HpsSMOYTOJIBHOTO M TaBPOBOTO
cedyeHuit (puc.l).

= L= |
@ )
z
z T
l]\ ¥
L
] o o [0 B o a @

Puc.1. Bugsl ceuennii

ITpononpHas apmarypa pacrosiaracTcs y BEpXHEH U HWKHEH CTOPOH CEYEHHs. 3aIaroTCsl JUaMeETphI
KpalHUX M TPOMEXYTOUYHBIX CTEPKHEH apMaTypHOrO CJIOsl, a TaKXe - YUCIO IMPOMEKYTOYHBIX
crepkHe. OTCyTCTBHME BBOAA JUaMeTpa KpAalHUX CTEpKHEM BOCIHPUHUMAETCS KaK OTCYTCTBHE
apmarypsl. [IpenycMoTpeHO 3a1aHKEe JOTIOTHUTENBHBIX PSAIOB CTEpKHEN. [l KaXa0ro psga CTepKHEN
3a1al0TCA KOOPAMHATBI HaYalla ¥ KOHIIA OTPE3Ka, Ha KOTOPOM Pa3MEIal0TCs apMaTypHble CTepKHU. s
y1o0CcTBa BBO/IA PSAZIOB CTEP)KHEH MpUMEHsSeTcs cucTeMa KoopauHar (Y,Z) ¢ HadajoM B JIEBOM TOUYKE

HIDKHe# cTopoHsI ceuenns. Ock Y HampaBseTcs BIPABO MO HUKHEH CTOPOHe cedeHus, a och Z -
BBEPX I10 JIEBOI CTOPOHE MPSIMOYTOJIBHOTO CEYSHUS WIIM T10 JIEBOM CTOpOHE pedpa TaBPOBOTO CEUEHUSI.
3a1ar0TCsL YMCIIO CTEP)KHEW B POy W AMAMETpP CTep>KHEW. /[aHHBINM BBOJ MOYKET NPUMEHATHCS MPHU
JIBYXPSATHOM pa3MEIEHUM CTEPKHEW BEpPXHEW WM HMKHEHW apMarypbl, a TaKXKe IPU pasMELICHUU
CTEp)KHEM B CBecax IIOJIKM TaBpPOBOrO cedeHus. lIpenyCMOTpeH KOHTpOJIb PACCTOSHHUS MEXKIY
apMaTypHBIMH CTEPKHAMM.

[Torrepeynast apMaTypa BBOAUTCS ITyTEM 3aJlaHUs JUAMETPa XOMYTOB, YMCJIa BETBE XOMYTOB M IIara
XOMYTOB TI0 JIUTHHE OaJIKH.

[IpenycMoTpeHO 3aiaHue Pa3IMYHBIX 3HAYCHHU TOJIIUHBI 3alIUTHOTO CIIOS OETOHA CBEpPXY, CHHU3Y U
cooky. TonmuHa 3alIUTHOTO CJIOS OMPEENAeTCs KaK paccTOSHUE OT TpaHH OalKu 10 MONepeyHon
apMaTyphl.
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2. Harpy3ku

Cornacho [1], pacueT 1Mo OrHECTOMKOCTH MPOBOIUTCS UIsi Haubosee HeOIAarompusITHOIO COYETaHUs
HOPMATUBHBIX OCTOSTHHBIX U JTUTEIBHBIX HATPY30K.

Bo3MokHO 3a1aHie Harpy3Kd, pABHOMEPHO paclpe/ieIeHHON 110 BCeil AiHe OalKH, a TakKe 3aJaHue
COCPEJIOTOYCHHBIX IOMEPEUHBIX CHJI W/WIA COCPEIOTOYEHHBIX MOMEHTOB. Touka NpUIIOKEHUS
COCPEIOTOUEHHOMN HArPY3KH OIPEIEISIETCS [0 PacCTOSHMIO X OT JieBOro Kpast 6aku. [10J0KUTeIbHBIE
HaIpaBJICHUs HATPY30K IMOKa3aHbl HA PHUC.2.

[IpenycmoTpeHo 3amaHue NpoaoabHON cuiabl N . BenuuuHa NpPOJOIBHON CHJIBI NPUHUMAETCS
MOJIOXKUTETILHOU MIPU CHKATHH.

Prerrres ¥ [m]

Puc. 2. [lonoxurenbHble HAPaBICHUS HATPY30K

3. MarepuaJbl

Knacc Getona u kiacc apmaTypbl IpUHUMaOTCs coryiacHo [2]. Pacuer nmpoBoauTcs At GETOHOB 10
kinacca BSS5 BritountensHo. Jluarpammsl aedopMupoBaHus OeTOHAa M apMaTypbl P HOPMAaJIbHOMN
TeMIiepaType npuBeAeHbI Ha puc. 3, 4. [1o ropu30HTaNBEHON OCH OTKJIAILIBAETCS 3HAUEHUE IehopMaIuu
B mpommiuie (19/,=0.1%=0.001). OTpuuarenbHble 3HaUEHUSI COOTBETCTBYIOT Jie(hOpMaIM CKATHUS.

PacueTHble cOnpoOTHUBICHUS MaTepUAaIOB IIPH HAarpeBe onpeaessoTes no Gopmynam [1]:

Ront = Ronie
Rsnt = Rsn7/st

3HaueHus korhduirieHTa yciaouit paboThl 0eToHA [}y TpUHUMAIOTCS 1o Tabnwuie 5.1 [1], mapamerpsr
auarpammsl i1 6eToHa &y, &y, - mo tabnuue 5.5 [1]. 3Hauenus koapunueHTa ycioBuit paboTbl

apMarypbl )y OpUHUMAKOTCA 110 Tadauue 5.6 [1]. IpenenbHas gedopmariys apMarypsl &
IpUHUMAaeTCs paBHO# 259/, mpu 20°C <T <200°C u paBHoit 509, npu T >500°C . [Ipu

200°C <T <500°C mpenenbHas gedopmanus €, ONpenesieTcss HHTEPIIOIIAIUE.

B nporpamme Bo3MOXkeH TaOIMUHBINA BBIBO KO GHUIIMEHTOB I 3aJJAHHOTO BUJIA 3aIIOJHUTENS B
OeToHE U KJlacca apMaTyphl.

sig [MIa]

\

< . . eps [%.]
-1.50 -3.50

Puc.3. Inarpamma neopmupoBanus cxxaroro 6erona B25 npu HopmanbHO# TeMneparype

CTATHUKA-2024. Onucanue npoecpamm 313 — Pacuer x/6 Oanku 1o OrHeCTORKOCTH



10

sig [MIa]

500 -,

-25.00 -2.00 ,Jl

eps [%.]
f 2.50 25.00

|
‘ll— -400

Puc.4. lnarpamma nehopmuposanus apmatypbl AS00 mpu HOpMaIbHOH TeMmeparype

4. PacyeTr Mo OrHeCTOMKOCTH

OrHecToMKOCTb 3JE€MEHTa XapaKTepu3yeTcsl MEepruoJOM BpeMeHHU (B MUHYTax) OT Hayaja Ioxapa a0
MOMEHTA BO3HUKHOBEHUS IPEAEIBHOIO COCTOSHUA dJIeMEHTa. /[ HeCylux 3J€MEHTOB MpPeIeIbHbIM
COCTOSIHMEM 110 OTHECTOMKOCTH SIBIIETCS COCTOSHHME, IPU KOTOPOM IPOMCXOIUT IOTEPS HECyIen
cnocoOHocTH. IlpenenbHOe COCTOSHHME HACTymaeT TOrAa, KOrja IpelelbHble YCHIIUS CTaHOBSATCS
paBHBIMH pAacYeTHBIM yCWIHMSAM. B mporpamme CTpPOMTCS 3aBUCHMOCTH Kod(QHIMEeHTa 3amaca

IMPOYHOCTHU ?/u OT BpCMCHU. Hpeﬂen OTHECTOMKOCTH OMpECACIIAACTCA 10 MOMCHTY BPEMCHU, ITPU KOTOPOM

7o =1L

4.1 Onmnpenesenne TeMIepaTypHOro moJst

Jlns onpenenenus npeaena OrHECTORKOCTH, HEOOXOAUMO PacCUYUTaTh TEMIIEPaTypHOE TI0Jie B CEUCHHUH
SJIEMEHTa OT OTHEBOro BoszeiicTBus. Temneparypuoe moine T(Y,z,t) ompemensercs Ha OCHOBE

ypaBHEHUSI HECTAIIMOHAPHOM TETUIOMPOBOIHOCTH:

o,,0f, o0 ,,0T oT
—(A)+—-(A—)=cp—
oy oy oz oz ot
3nece A - KOd()QUIMEHT TEIIONPOBOAHOCTH, ( - yHenbHas TEMIOEMKOCTh, L - IUIOTHOCTh
marepuaina. [Ipu pacuere TeMeparypsl B CEUCHHH JIEMEHTA HE YUUTHIBACTCS HATUYUE apMaTyphI.
Koaddurment termmonpooanocti 6erona B [Br/(M°C)] ompenensiercss mo cieayromuM (Gopmyinam
(em.[1], 6.3):
- g 0eroHa Ha cuimkaTHoM 3anoiuureie A =1.2—0.00035T ;
- 1 OeToHa Ha kapOoHnaTHOM 3anoiautene A =1.14—0.00055T .

VY nenbHast TemI0eMKOCTh 6eToHa B [[Ik/(kr’C )] Ha CHIIMKATHOM HITH KapOOHATHOM 3arlOJIHUTENE paBHA
¢=710+0.83T . B mporpamme mpeaycMOTpEH y4eT BIaKHOCTH OETOHA COracHO [4], MpH KOTOpOM
3aBUCHMOCTD YJIE€JIBHOM TEIJIOEMKOCTH OT TEMIIEPATYPbI XapaKTEPU3YyEeTCsl MUKOBBIM 3HAYEHUEM ITPU
115°C, paBubiM 1470 u 2020 mpu BaakaocTH 1.5% 1 3% COOTBETCTBEHHO.

OrHeBoe BO3JEHUCTBUE XapaKTEPU3YETCS 3aBUCHUMOCTBIO TEMIEpaTyphl CpeiAbl OT BPEMEHH,
OTCUYMTBHIBAEMOr0 OT Hayaja mnoxkapa. CorjmacHo [3], mpu CTaHIAPTHOM TOXKape, MPUHUMAETCS
clIeayromas 3aBUCUMOCTD TEMIIEPATYPEL CPEABL OT BPEMEHU:

T, =20+345Il9(8t+1), rue t - Bpemsi B MUH.
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I'paduk 3aBucumoctu T, (t) mpencrasieH Ha puc.S.

To [Dpan]
g00
00
400
Z00
] T T T T T T L [MHH]
o 1o 20 30 40 50 &0

Puc.5. 3aBucuMOCTb TeMInepaTypsl Cpeabl OT BpEMEHU

B ciyyae npssMOYyrojapHOr0 Ce4eHMsl, pacCCMaTpUBAETCsl TPEXCTOPOHHUMN HarpeB (HarpeB BCEX CTOPOH
CEYCHHsI, KpOMe BepxHel). B ciyuae TaBpoBOro cedueHusi, paccMaTpuBaeTcs JIM00 TPEXCTOPOHHUI
HarpeB (HarpeB CTOPOH pedpa M HUKHUX CTOPOH MOJKH), INOO OJHOCTOPOHHUIN HArpeB (HarpeB
BEPXHEW CTOPOHBI MOJIKH).

TemnepaTypHasi 3ajada pemiaercss KOHEYHOPAa3HOCTHBIM MeToaoM. lIpom3BogHast a7t 3aMeHseTcs

Pa3HOCTHBIM OTHOILICHHUEM

T(y,z,t+At)-T(y,z1)
At

rae At - mar no BpemeHu. Pacuer TemneparypHOro mnojs B CEYEHUH IPOU3BOAMTCS ISl TUCKPETHBIX
MOMEHTOB BpeMeHHu. lllar mo BpemMeHM MOXKeT NPUHMMATbCS pPaBHBIM 3MHH, 6MUH, 12MHUH WU
3aJjaBaTbCs APYTUM 3HaueHUeM B mpenenax oT IMuH 1o 30muH. B o0mem ciyyae, npu yBeIMYEHUH
11ara, yMEHbIIAeTCsl 00beM BBIYMCICHUN, OJJHAKO MOXKET CHHXKAThCsl TOUHOCTh pe3yJIbTara.

[Ipon3BogHBIE MO KOOpAMHATAM 3aMEHSIOTCS Pa3sHOCTHBIMU OTHoweHusAMH. [locne omnpenenenus
TEMIIEpaTypbl HAa KOHEYHOPA3HOCTHOW CETKE TeMIepaTypa B TIPOU3BOJBHOM TOYKE CEYEHUs
OIPEIEAETCS UHTEPIIOJIALIUEH.

HpI/I BBOJIC NCXOJHBIX NAHHBIX MPOrpaMMBbI, MOTYT OBITh 3alaHbl YIIPABJIAIOIIUC MMapaMCTpPhl pacucTa
TEMIICPATYPHOI'O0 TOJIA: HOMMHAJIbHBIN IIar CEeTKU Su MAaKCUMAJIBbHOC YHUCJIO0 TOYCK CCTKHM B OJHOM

HaMpaBJICHUU N max - BCJIM 3HAUEHHE S He 3a1aH0, To npuaumaercs S=10mM. Eciu 3Hauenne N max HE
3a71aHO, TO IIPUHUMAETCS Nmax =60. Ananornunsie napaMeTpsl MOTYT OBITh 3aJlaHbI AJISl YIIPaBICHUS
pa30ueHneM C)KaTOW 30HBI CEUCHHS Ha MaJIble DJIEMEHTHI IPHU OMPEIEICHUN TIPEIEIbHBIX YCHITUH.

ITpexycMOTpeH BBIBOJ paclpeieieHHs] TEMIIEPAaTyphl BIOJIb BEPTHKAIbHON ocH ceueHus (puc.6) u
KapTHHBI H30TepM (pHc.7).
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Puc.6. [lpumep pacnpeneneHus TeMIepaTypsl

&

Puc.7. TIpumep KapTHHBI H30TEPM

B mporpamme mpenycMoTpeH BBIBOJA TEMIEPATYpPhl B 3aJaHHBIX TOYKaX, ONpPENEISEMBIX B CHCTEME
KOOpMHAT (Y,Z) C HAYaIOM B JIeBO TOUKe HUKHEH CTOPOHBI ceuenus. IIpu stom ock Y HampanseTcs

BIIPABO TI0 HIDKHEH CTOPOHE CedeHHs, a och Z - BBEPX IO JIEBOH CTOPOHE MPAMOYTOITBHOTO CeUeHHS
WJTH TI0 JICBOH CTOpOHE pedpa TaBpOBOTO CCUCHHSI.

4.2 TIpoBepka MpPOYHOCTH NMPH AeliCTBUM M3rHOAIOIIET0 MOMEHTA

Ycunus B Oanke OIIPECACIIAIOTCS IIPHU ITOMOIIN JIMHEMHOT O pacucra. HpOI/I3BOI[I/ITC$I BBI60p I/I3FPI63.IOH_[PIX
MOMCHTOB, JI1 KOTOPBIX IPOBOJUTCA MNPOBEpPKa IMPOYHOCTH. B kadectBe paCuYC€THBIX MOMCHTOB
MMPUHHUMAIOTCH HanOOJIBIINE 10 a6COJ'IIOTHOMy 3HAYEHMIO MOJ0KUTEIbHBIN 1 OTpI/II_IaTeJIBHHﬁ MOMCHTEI
M,,M_.

[IpenenbHOE 3HaueHHME MOMEHTAa BBIpAXKAETCS uepe3 JIEHCTBYIOIIMM MOMEHT 10 Qopmyse
M, =7,-M . Hecymas cnocoOHOCTh McCUEpIbIBACTCS, KOT/Ia MpeaesbHbli MOMEHT M, B ogHOM M3

ceueHui Oalku CTaHOBUTCS paBHBIM pacueTHOMY MOMEHTY M

[IpenenbHBIN U3rHOAIONNIT MOMEHT ONMpPEAEseTCsS HAa OCHOBE JAMarpaMM JAe(GOpMHUpPOBAHUS CKATOTO
0eToHa U apMaTyphl C yU4ETOM 3aBUCHMOCTH JHAarpaMM OT TeMIiieparypsl cornacHo [1]. HopmaTuBHbIe
COTIPOTHUBIICHUS CKATOr0 OETOHA M apMaTyphl P HOPMAIBHOM TemIrepaType NPUHUMAIOTCS COTIacHO

[2].
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JImst KaXaoro pacyeTHOTO HM3TrMOAlomero MOMEHTa B TEKYIIMA MOMEHT BPEMEHH OIPEACIeTCs

K03 (dULIMEHT 3araca MPOYHOCTH }/, ¥ CTPOUTCS 3aBUCHMOCTh HAMMEHBILIEr0 3HaUeHUs ), OT BpEMEHHU.

IIpesielt OrHECTOMKOCTH ONPENEIISETCs 10 MOMEHTY BpeMeHH, pH kotopoM Y, =1 (puc.8).

Ko30QUMUMEHT Sanaca NPOYHOCTH 7y

] t [roam]

Puc.8. TIpumep 3aBucumoct Ko puimenta /|, ot BpeMeHu

4.3 TIpoBepka MPOYHOCTH NMPH AHCTBHU MONEPEYHOI CHITBI

[IpoBepka mPOYHOCTH MpU JAEHCTBUM IMONEPEUHOM Cuiibl Q mpoBoauTcs cornacHo [1], 8.29 nmus

MOMEHTa BPEMEHH, COOTBETCTBYIOIIETO TpeOyeMoMy Mpeaelly OrHeCTOMKOCTH. Pacder mpu orueBom
BO3/JICHICTBUY aHAJIOTMUEH pacyeTy pU HOPMaJIbHOM TeMIiepaType 1o [2] 1 BKJIIoUaeT pacyeT Mo MoJoce
MEXJy HAKJIOHHBIMH CEYCHHSMH W pacyeT 0 HAKJIOHHBIM CeYeHHUsM. B pacuere mpu orHeBOoM
BO3JICHCTBUH MMPOU3BOJUTCS PEAYKIIMS CEYEHUS C YUETOM IIIyOHHBI mporpesa O6erona mo 500°C s
OeToHa ¢ CHIMKATHBIM 3anonHuTeneM u 600°C s 6eToHa ¢ KapOOHATHBIM 3aMoJHUTEIEeM. Pa3Mepsl

peAYyLIMPOBAHHOTO C€YEHUsI 0003HAUAIOTCS KaK bt,ht. B kadecTBe pacueTHBIX COMPOTUBIICHUA OETOHA

Rb, Rbt MIPUHUMAIOTCSI HOPMaTUBHBIC 3HAUCHU S Rbn, Rbm IIpY HOPMAJILHOM TeMIlepaType COryiacHo [2].

PacueTHOE COIIPOTUBIIEHUE IIOIIEPETHON apMaTyPEI R IPUHUMACTCS paBHBIM COIIPOTUBJICHUIO CTAJIU
swt

Ipu HanOOIbIIEN TEMIICPATypE XOMYTOB.

VYcnoBre NpOYHOCTH MO HAKJIOHHOMY CEYEHUIO MPEACTAaBISAETCS B BUAE Q/ (Qb +st) 31. 3HaueHne

st He y4HTHIBaeTcs npu pacuere, ecau Jg, = sttASW/ S, < 0-25Rbmbt Wi Sy, > S, o = Rbmbthjt Q.

VY4er BAuSHUSA NPOAOIBHOM CHIIBI Ipou3BoauTcsi coryiacHo [2], 8.1.34. Cpennee HampspkeHUE OT
NeNCTBUS MPOIOJIBHOMN CUITBI OIIPEENSIETCS MO MJIOMAAN PEAYLUPOBAHHOTO CEUEHUSI.

4.4 HejuHelHbI pacuyeT yCHIHUIA

Henuneitnplii pacyer ycwinii mpoBOAUTCS JJIi MOMEHTa BPEMEHHU, COOTBETCTBYIOIIETO TpeOyeMomy
IpeJesly OTHECTOMKOCTH, B CIydyae CTaTUYECKH HEOIpeNeIMMON Oalku, eciin obecrieyeHa Hecylas
CHOCOOHOCTh OANKU MpH AEWCTBUM M3THOAIONIEr0 MOMEHTA U TOMEPEYHOM CHIIbI, MOJTYYEHHBIX I10
JIMHEWHOMY pacyery.

B HenuneiHOM pacueTe, KpuBU3HA K ompezesnseTcss Ha OCHOBE AuarpaMM J1e(hOopMUPOBAHUS CKATOTO

0eToHa M apMaTyphl IIPU OTHEBOM BO3JEHCTBUU. M3-32 HEMMHEWHOTO XapakTepa 3aBUCUMOCTH x (M)

CHCTEMa YpaBHEHHUH IMOMEPEUYHOr0 M3rubda sBIsSETCsS HeMMHEeWHON. banmka pa3OouBaeTcs Ha y4acTKH, B
npenenaax KOTOPbIX NMPOU3BOAUTCS JHMHeapu3auus ypaBHeHMi. [IpemycMoTpeH BBOJ HOMHHAIBHOTO
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mara Jauckperu3anuu Oanku. HenmwHeWHBI pacdeT MPOBOAMTCS TPH TOMOIKM METOAa HWTEpaIlHil.
HTepallMOHHBIHA TIPOIlecC OKAHYMBAETCSA TOTA, KOTJA OTHOCUTEIbHBIE MpupaimieHus mMomenta M u
nporuba W craHoBsrcs MajbiMH. [l KOHTPOJIE TOYHOCTH PE3YJILTATOB HEJIMHEHHOIO pacyera
BBIBOJMTCS HTE€PALIMOHHAS IOTPEIIHOCTD ¢ [%0].

J1J1st 3HaYCHMIA N3ru0arOIIEro MOMEHTA, TTOJYUYECHHBIX 10 HEJTMHEHHOMY pacyeTy, POBOIUTCS MPOBEPKa
HECYIIEeH CITOCOOHOCTH OaJIKH.
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[Iporpamma npegHazHaueHa sl pacuéra 1Mo OTHECTOMKOCTH OJHOSIPYCHOM 7KeJie300€TOHHOM KOJIOHHBI
coriacHo CII 468.1325800.2019 [1] u CII 63.13330.2018 [2]. Ycunus B KOJIOHHE ONPEETSIOTCS IPU
MOMOIIM JIMHEWHOTO WJIM HEJIMHEHHOro pacyera mo AeGOpMHPOBAHHOW WM HeAePOpPMHUPOBAHHOU
cxeMe. TemneparypHoe I0JIe B CEYEHHH KOJIOHHBI ITIPH OTHEBOM BO3JEHCTBUU ONPEICIACTCS IIyTEM
pelIeHHs 3a/laud HEeCTAlMOHAPHOM TEIUIOMPOBOAHOCTH C YYETOM 3aBHCHUMOCTH TEMJIO()HU3MYECKHX
XapaKTepUCTHK OeTOoHa OT TemmnepaTypbl. IIpoBepka MPOYHOCTH MpPHU JIEHCTBUU MPOAOIBHON CHIIBI U
M3ru0aronMX MOMEHTOB MPOU3BOJUTCA Ha OCHOBE JuarpamMMm Je(pOpMHPOBAHUS CHKATOro OETOHA U
apMaTypbl ¢ yueToM K03 PULIMEeHTOB yCIIOBHUIl pabOThI, 3aBUCAIIMX OT TEMIIEPATYpHI.

1. PacuerHasi cxeMa M CeYEHHE

PacyerHas cxema KOJIOHHBI NPEACTaBISET COOOM CTEpKHEBOM 3JEMEHT, UMEIOLIUN YIPyTrue WiIH
KECTKHE 3aKpEIUICHHs KpaeB. YCIOBHUS 3aKperuieHus (HopMymnupyroTcss s TOPHU30HTAIbHOTO
MepeMENICHHs ¥ TOBOPOTa CEYCHUSI BOKPYT TOPU3OHTANIbHOM ocu. [Ipu pacyeTe KOJTOHHBI, TPUMEHSETCS
CHCTEeMa KOOPJMHAT XyZ, Haualio KOTOPOM COBMAAAET C LIEHTPOM TSHKECTU HUIKHETO CEUEHUS! KOJOHHBI.
Ocp X HampaBiieHa cCHU3Y BBepX. [Ipenmonaraercs, 4To BepTUKAIbHAS CHJIa BOCIIPUHUMAETCS B HIDKHEN
orope.

PaccmaTpurBaroTCst KOJIOHHBI IPSMOYTOJILHOTO, KPYTJIOro, YTOJIKOBOIO M TaBpOBOTO ceueHui (puc.l).

JUis IpsIMOYTOJIbHOTO CEYEHHUs] HPENyCMOTPEHBbI CIEAYIOIIME CXeMbl apMupoBaHus: 1) apmarypa
pacrioyiaraercsi B yrilax ced4eHusi, 2) apmarypa pacrojlaraercsi B10JIb KOHTypa ceueHus, 3) apmarypa
pacnosaraercsi Ipou3BoIbHBIM oOpa3oM. IIpu mepBoii cxeme apMUpOBaHUS, B KaXJIOM YTy CEUEHUS
pacrosaraercsi OuH CTepkKeHb. [Ipu BTOpoil cxeme apMUpOBaHUs, CTEPKHU PACIIONAraloTCs B yIylax U
BJIOJIb CTOPOH Ce€ueHHUs. B 5TOM cirydae 3a1at0TCs YKcila IPOMEKYTOUHBIX CTEPXKHEHN, PACIIOIOKEHHBIX
BJIOJIb CTOPOH ce4eHHUs. /luamMeTprl yriioBbIX U NPOMEKYTOUHBIX CTEPKHEH MOTYT ObITh PA3JIUYHBIMU.
IIpu TpeThel cxeme apMUPOBAHMS 3aJaI0TCS PAABI CTEP KHEN. [l KaXkI0ro psiia CTEP KHEHN 3a1at0TCs
KOOp/AMHATHI Hayajla 1 KOHLA OTPe3Ka, Ha KOTOPOM pa3MeIIatoTCsl apMaTypHble cTep kHU. 11 ynoocTBa
BBOJIa IPUMEHSETCS CUCTEMA KOOpAMUHAT (Y,Z) ¢ HA4ajJoOM B JIEBOW TOUKE HUYKHEH CTOPOHBI CEUCHUS.

Ocy Y HampapisieTcss BIPaBO MO HIKHEH CTOpoHe ceueHnus, a ock Z - BBEpX II0 JI€BOH CTOpPOHE
cedeHus. 3aal0TCs YUCIO CTEpKHEH B PAdy U AMaMeTp cTep:kHeil. IIpu BBOJIe OJMHOYHOTO CTEPHKHS
3aj1aeTcs TONBKO TepBast Mapa KOopaUHaT. IIpeycMOTpeH KOHTPOJIb PACCTOSHHS MEYK/LY apMaTypPHBIMH
CTEPIKHSIMH.

B kpyrmom cedeHMHM apmaTypHbIE CTEPKHM PAaBHOMEPHO pACHPEIECISAIOTCS BIOJIb OKPYKHOCTH.
IIpenycMOTpeHBl Ba BapHaHTa pa3MEILECHUS CTEPXKHEH B 3aBUCUMOCTU OT PACIOJIOKECHHUS IEPBOTO
CTEpKHA Ha OCH Y WIIM Ha OCH z.

Jlis  yroakoBOro Ce4YeHHs] MpPeIyCMOTPEHBbI CIENyIoIMe CXeMbl apMupoBaHHus: 1) apmarypa
pacrioyiaraercsi B yrilax ce4eHusi, 2) apMarypa pacrojiaraeTcsi Bl0JIb KOHTypa ceueHus, 3) apmarypa
pacrioyiaraercs Ipou3BOJIBHBIM 00pa3oM.

J171st TaBpOBOTO CEUEHHUS MOXKET OBITh 3a/1aHa BEPXHSISI H/WJIM HIDKHSISI apMaTypa, a TaKKe TMPOU3BOJIBHO
pacCIIONOKEHHBIE PSAbl ApMATYPHBIX CTEpKHEN. I BBOJA PsIIOB CTEPKHEH NMPUMEHSETCS CHUCTEMA
KoopauHaT (Y,Z) ¢ HayaJoM B JIEBOM TOUKe HUXKHEH cTopoHbl pedpa. Ochb Y Hampasnsercs BpaBo Mo

HIDKHE cTopoHe pedpa, a ock Z - BBEpX I10 JIeBOi CTOpoHE pebpa.
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Puc.1. Ceuennst KOJTOHHBI

2. Harpy3ku

Cormacto [1], pacdyeT 1Mo OrHECTOMKOCTH MPOBOAUTCS ISl HauboJiee HEOJIArompusiTHOTO COYETAHHS
HOpMaTI/IBHI)IX IIOCTOAHHBIX U TJINTCIIBHBIX Harpy301<.

IlonoxuTenpHbIE HaIllpaBJICHHUA HArpy30K IIOKa3aHbl Ha pI/I02 IlonoxutenabHbIE HaIlpaBJICHUA
MOMCHTOB COBHAJarOT C HaAIpPABJICHUAMU MOMCHTOB OT BepTI/IKaJIBHOﬁ CHIJIBI, CMEILIEHHON B
IMMOJIOKUTCIIbHBIX HAITPaBJICHUAX oceit y u z. IlomoxurenbHbIE HaIllpaBJICHUA CMEILIEHUH KECTKHUX

OIIOp COBIAAAKOT C HAIPABJICHUAMU KOOPAWHATHBIX oceii. IlonoxuTeabpHbIE HalrpaBJICHUA ITOBOPOTOB
KCCTKHX OIIOP COBIMAAAIOT C IMOJOXKUTCIbHBIMU HAIIPaBJICHUAMU MOMCHTOB.

3. Marepuanbl

Knacc GeTona u kiacc apmaTypbl MpUHUMaOTCs coryiacHo [2]. Pacuetr nmpoBoauTcst ansi GETOHOB 10
kinacca B5S5 BxmounrtensHo. Jlnarpammsl nedopMupoBaHus O0eTOHAa M apMaTypbl NP HOPMAJIbHOMN
TeMIlepaType npuBeACHBI Ha puc. 3, 4. [1o ropu30HTATEHON OCH OTKJIAIBIBAETCS 3HAUEHUE Tehopmaruu
B npomuiuie (19/,=0.1%=0.001). OtpuuarenbHbie 3Ha4€HUS] COOTBETCTBYIOT J1e(hOpMaIUU CHKATHS.
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Puc. 2. ITonoxxurensHbIe HampaBJICHHUS Harpy30K
sig [MIa]
A
_18 so|}// :
1 I
| ! |
|////// ; ! eps [%.]

-1.50 =350

Puc.3. Inarpamma nedopmupoBanust cxxaToro 6etona B25 nmpu HopMansHOM TeMmeparype

sig [MIa]

—_

eps [%.]
1 2.50 25.00

|
/
-1-400

Puc.4. [lnarpamma nedopmupoBanus apmarypsl AS00 npu HOpManbHOH TemIepaType

PacyerHple CONPOTHBIICHHS M MOMAYJIHM YIPYrOCTH MaTEpUAlOB IPH HArpeBe ONPEICISIOTCS IO
dopmymnam [1].

Ront = Ron?st
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En=E0/
Rsnt = Rsnyst
Est = Esﬂs

3HaveHus K03 UIMEHTA YCIOBHM pab0THI 0eToHA )/ 1 Kod(hPHIIMeHTa peTyKIIMA MOIYIIS YIIPYTOCTH
OeToHa ,Bb npuHUMaroTcs 1o tabnuue 5.1 [1], mapamerpsl quarpaMmel aist 6eToHa &y, &y, - o Tadnuue
5.5 [1]. 3nauenust k03 dUIIUEHTA YCIOBUM pabOThl apMaTyphl /¢ U KO3 uImenTa peayKiuy MOTyIIs

YIPYTOCTH apMaTypsl ,Bs npuHuMaroTcs 1o tadiuue 5.6 [1]. Ilpenensuas nedopmanust apmMarypsl &
npuHUMaeTcs paBHOW 259 mpu 20°C <T <200°C wu pauHoit 509, mpu T >500°C. Ilpu

200°C <T <500°C mnpenenbHas aedopmarust €, OnpeaessieTcss HHTEPIIOIAIHei

B nporpamme Bo3MO)XeH TaOMMYHBIN BBIBOA KO3()(MUIIMEHTOB JUIS 33JaHHOTO BHJA 3allOJHUTEINS B
OeToHe U Ki1acca apMaTyphl.

4. PacyeTr Mo OrHeCTOMKOCTH

OraecroiikocTh 3JIeMEHTa XapaKTepU3yeTcsl MEePUOoJIOM BPEMEHU (B MUHYTax) OT Hadaja Io)kapa 10
MOMEHTa BO3HUKHOBEHUS IPEIEIBHOIO COCTOSHHUA 3eMEHTa. [ HECYIUX 2JIEMEHTOB IPEIEIbHBIM
COCTOSIHMEM I10 OTHECTOMKOCTH SIBJIAETCS COCTOSIHHME, IIPH KOTOPOM IMPOMCXOJIUT IOTEps HeCcyllen
cnocobHocTH. IlpenenbHOe COCTOSHME HACTyMaeT TOrAA, KOrjaa IpeJeNbHbIE YCHIIUS CTaHOBATCS
pPaBHBIMHM pacueTHbIM YCWJIMSAM. B mporpamme cTpouTCs 3aBHCHUMOCTh Kod(pduuMeHTa 3amaca

HpO‘lHOCTI/I )/u oT BpeMeHI/I. Hpenen OFHCCTOﬁKOCTH OHpeI[eJ'ISIeTCH I10 MOMeHTy BpeMCHI/I, HpI/I KOTOpOM
7, =1

OKCIIEPUMEHTAIIbHO YCTAaHOBJIEHO, 4YTO pa3pyIIEHUE JKEJIe300€TOHHOIO 3JIEMEHTa IIPU OrHEBOM
BO3JICUCTBUM IPOMCXOAMUT AHAJIOTMYHO PA3PYLICHUIO IIPU HOPMAJIBHOM Temreparype. IIpenensHbie
YCUJIMSI TIPU OTHEBOM BO3/ICMCTBUU OIpPENENAIOTCS Ha OCHOBE JAMarpamm Jae(opMUPOBaHHS CKATOrO
0eToHa 1 apMaTypbl IPU TEX K€ MPENOI0KEHUAX, YTO U PU HOpMaAJIbHOH Temrieparype. OCHOBHBIMU
IPEANONI0KEHUSIMHI SABJSIIOTCA cenyromue: AeGopManuy pacnupeAestoTcs M0 JMHEHHOMY 3aKOHY,
HaINpsDKEHUs B pacTAHYTOM OeToHe nmpeHeOpexumo Maibl. [Ipu onpeneneHny npeaeabHbIX YCUIUN IPH
OTHEBOM BO3/ICHICTBUM yUUTHIBAETCS 3aBUCUMOCTb IIPOYHOCTHBIX U Je(OPMAIIMOHHBIX XapaKTEPUCTUK
MaTepHaJIOB OT TEMIIEPATYPHI.

4.1 OmnpenejieHne TeMIEPATYPHOIO MOJIS

Jlnsg onpenenenus npezaena OrHECTOMKOCTH, HEOOXOAUMO pacCUUTaTh TEMIIEpaTypHOE M0Jie B CEUEHHUH
JJIEMEHTa OT OrHEBOro Bo3xelcTBUA. TemmepaTypHoe mnose T(y,z,t) OINpeaensercs Ha OCHOBE

YpaBHCHHA HeCTaLII/IOHapHOfI TCHHOHpOBO,Z[HOCTI/I:
0,,0I, 0O
()
oy oy oz

3necr A - KOd)QUUMEHT TEmIONpoBOAHOCTH, ( - yHenbHas TEIIOEMKOCTh, L - IUIOTHOCTh

oT oT
A—)=cp—
( az) P

Marepuana. [Ipu pacuere TeMiiepaTypbl B CE4EHUH 3JIEMEHTA HE YUUTHIBACTCS HAJIMYUE apMaTyphl.

Koadunuent temnonpoBoaHoctu 6erona B [Bt/(M°C)] ompenensiercss mo cieayromum Gopmyinam
(em.[1], 6.3):

- 1 6eroHa Ha cuukatHoM 3anonnurene A =1.2—0.00035T ;
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- Juist OeToHa Ha kapOoHaTHOM 3anonautene A =1.14—0.00055T .

VY nenbHast TeI0eMKOCTh OeToHa B [[Ik/(kr’C )] Ha CHITMKATHOM HJTH KapOOHATHOM 3aIlOJHUTEIIC PaBHA
¢=710+0.83T . B nporpamme npeaycMOTPEH y4eT BIAKHOCTH OETOHA COTJIACHO [5], MPH KOTOPOM
3aBHCUMOCTh YACITHHON TEIUIOEMKOCTH OT TEMIIepaTyphl XapaKTepH3yeTCs MMKOBBIM 3HAYCHHEM IPU
115°C, paBubiM 1470 u 2020 nipu Biaaxuaoctd 1.5% u 3% COOTBETCTBEHHO.

OrHeBoe BO3AEHCTBHE XapaKTEPU3YEeTCAd 3aBUCHUMOCTBIO TEMIIEpaTypbl Cpelbl OT BpPEMEHHU,
OTCUMTHIBaEMOro OT Hauaja nosxkapa. CorjmacHo [3], mpu CTaHIapTHOM IOXKape, NPUHUMAETCS
ClIeyIollas 3aBUCUMOCTh TEMIIEPATYpPhl CPEbl OT BPEMEHHU:

TO = 20+345|g(8t +1)1 TIe t - BpeMs B MUH.

['paduk 3aBHCHMOCTH |, (t) MIPEJICTaBJICH Ha pUC.5.

To [ppan]
So0
00
400
Z00
] . . . T T T £ [MHH]
o 10 Z0 30 40 50 a0

Puc.5. 3aBucnMocTb TEMIEpaTyphl Cpezbl OT BpEMEHN

Ha CTOPOHAX CCUCHUSA CTABUTCA YCJIIOBHUEC PABCHCTBA TCIIJIOBOT'O ITOTOKA OT I'PaHHUIIbI BFJ'IY6L CCUCHUA U
TCIIJIOBOT'O ITOTOKA K I'PaHUIIC OT CPECIbI.

TeI10Boif IOTOK K KOHTYPY CEYEHHs OT cpetbl paseH (cM.[4],6.4 1 [5],3.1).
Q=Q.+Q
Q. = (T,-T)
Q, =5.67£[(0.01T, +2.73)* - (0.01T +2.73)*]

3nech Qc - KOHBEKTHBHBIN TEIUIOBOM ITOTOK, Q, - TY4YHCTBIN TEIUIOBOM ITOTOK, To - TEMIIEpATypa Cpebl,
T - Temmeparypa Ha KOHType ceuenus. TeI0BOi MOTOK OT KOHTYpa BIITyOb CEYEHHUS PaBeH

oT
Q=475

oT .
Ile — - [IPOU3BOJIHAS 10 BHYTPEHHEW HOpPMalu K KOHTYpy ceueHus. CornacHo [4], npuHuMaeTcs
on

a. = 29 Br/(M°°C), £€=0.56. Ha HeHarpeBaeMbIX CTOPOHAX CTABHMTCS AHAJIOTMYHOE YCIOBHME HPH

a, =1.5/T —20 Br/(m? °C), £=0.63.
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oT
TemnepaTypHas 3afada pemiaeTcsi KOHEYHOPa3HOCTHBIM MeTonoM. [lpousBomHas — 3aMmeHseTcs
ot

Pa3HOCTHBIM OTHOIICHHUEM T(y,zt+A)-T(y.2,0) ,rae At - mar no BpeMeHH.

At
PacueT TemnepaTypHOro 1oJisi B C€4€HUH MPOU3BOAUTCS JUIs JUCKPETHBIX MOMEHTOB BpeMeHH. Ilar o
BPEMEHM MO>KET IPUHHUMATBHCS PaBHbIM 3MUH, OMUH, 12MMH WM 3aJaBaThCsl JIPYrUM 3HAUE€HHUEM B
npenenax oT ImuH g0 30muH. B 0o0mem cinyuae, mpu yBeNMUYEHHH IIara, yMEHbIIAETCs 00beM
BBIYUCIICHUH, OTHAKO MOYKET CHI)KAThCsl TOYHOCTh PE3yJIbTaTa.

[Tpou3BogHBIE IO KOOPAWHATAM TaK)Ke 3aMEHSIOTCS pa3HOCTHBIMU OTHOILIeHUsIMU. [locre onpenenenus
TEMIIEpaTypbl HAa KOHEYHOPA3HOCTHOW CETKE TeMmIeparypa B MPOU3BOJBHON TOYKE CEUCHHS
orpezesnseTcs uHTepnossiuei. B kauectBe mpumepa Ha puc.6 MPUBEACHBI H30TEPMBL, ITOJIYYEHHbIE TPU
TPEXCTOPOHHEM HarpeBe MPsIMOYTOJIbHOTO CEUYEHHUS U BCECTOPOHHEM HarpeBe yrojlKOBOTO CEUEHUSI.

100

200

.=

Puc.6. U3otepmel

a00

HpI/I BBOJIC UCXOJHBIX NAHHBIX MPOrpaMMBbI, MOTYT OBITE 3aIaHbl YIIPABJIAOIINEC MMapaMCTPhl pacucTa
TEMIICPATYPHOT'O ITOJIA: HOMHHAJIPHBIM IIar CETKH Swm MaKCUMAJIBbHOC YUCJIO TOYCK CCTKH B OJHOM

HallpaBJICHUH N max - Ecnu 3nauenue S HE 3aJaHO, TO IPUHUMACTCS S =10mm. Eciiu 3Hauenue N max HE

3agaHo, To npuHEMaercs N, = 60. Ananornunsie napaMeTpbl MOTYT ObITh 3aJaHbl 7Sl YIPaBIECHUS
pa3OueHueM CKaToi 30HbI CEUEHHsI Ha MaJIble 3JIEMEHTHI IIPU ONPEICTICHUH MPEIETbHbBIX YCHUIINH.

B nmporpammMe mpenycMOTpeH BBIBOJA TEMIIEPATYpPHI B 3aJaHHBIX TOYKaX, ONPENEISAEMBIX B CHCTEME
KOOPMHAT (Y,Z) C HAYAJIOM B JIeBO TOUKE HUKHEH CTOPOHBI ceuenus. IIpu stom ock Y HampasnseTcs

BIIPABO O HIKHEH CTOPOHE CeUeHHs, a och Z - BBEpX JMOO IO JIEBOH CTOPOHE MPSIMOYTOIBHOTO HIIH
YTOJIKOBOT'O CEUEHUs, JINOO IO JIEBOI cTOpoHE pedpa TaBpoBOro ceueHus. B ciayyae kpyrioro ceueHus,
TeEMIIEpaTypa BEIBOJAUTCS I TOYEK, JIEKALIUX HA Ocu Y .

4.2 Pacuer ycuauii

Ycunust B KOJIOHHE MOT'YT OHNpCACIATBCA Ha OCHOBC JIMHEHHOr0 WU HEJIUHEHHOTO pacucra 1o
nedhopmupoBaHHOW WK HenedopMupoBaHHOUW cxeme. [lpu pacuere mo aehopMHpPOBAHHOW cXeme
BO3MOJXKCH OTKa3 OT y4CTa Hporn6a B OI[HOI>'I HJIN IBYX IINIOCKOCTAX. Ecmu HpOFI/I6 KOJIOHHHBI B IIJIOCKOCTHU
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Y wumm Z crecHeH mmy HEBO3MOXKEH, TO JJIsi COOTBETCTBYIOIIEH TIOCKOCTH pacueT IPOBOAUTCS MO
HegepopmupoBanHoil cxeme. Ilpu pacuere mo aedopMUPOBAHHOI cXeMe NPEIyCMOTPEH Yy4eT
HECOBEPIICHCTBA KOJIOHHBI IyTeM ydyeTa HavaabHOro Mporubda mo ¢opme moTepu YCTOWYUBOCTH
LEHTPAIBHOCKATON KOJIOHHBI.

B nuHeliHOM pacueTe ycuius B KOJIOHHE ONPEIEINIAIOTCS IPU )KECTKOCTHBIX XapaKTePUCTHKAX Dy, D,

MNPUBCACHHOI'0 CCYCHHA, BBIYMCIICHHBIX B HNPCAINOJIOXKCHUN YHOPYToro I[e(bOpMI/IpOBaHI/ISI OcToHa U
apMaTypa.l. B cJ1ydyac€ yrojJKOBOI'0 CCUYCHUsA, AOIMOJIHUTCIBbHO HMCIIOJIB3YyCTCA KOB(b(l)I/IHI/ICHT KCCTKOCTH

DyZ , COOTBETCTBYIOIIUH IEHTPOOCIKHOMY MOMEHTY WHEPIHUU CCUCHHUS |yz. ’KecTkocTHbIe

XapaKTCPUCTUKU ONPCACIIIIOTCA OTHOCUTCIIBHO LEHTPAJIbHBIX oceit IIPUBCACHHOI'O CCUCHUA,
mapajiiCJIbHbIX HCHTPAJIBbHBIM OCAM OETOHHOIO CeYeHus.

B HenuHelHOM pacuere KpUBM3HBI K ,K, ONPENENSIOTCS Ha OCHOBE AMarpamM ae(GopMHUpOBaHUs

C)KaToro OETOHA U apMaTyphl IPU OTHEBOM BO3/1€HCTBUHU. V3-3a HENMHENHOIO XapaKkTepa 3aBUCUMOCTH
KPUBU3HBI OT MOMEHTA, CUCTEMAa YPaBHEHUI IPOI0JIbHO-TIONEPEYHOr0 U3rubda sIBJIAETCS] HETMHEHHOM.
KosnonHa pa3OuBaercss Ha y4acTKH, B Ipelielax KOTOPBIX IPOU3BOJUTCS JIMHEApU3aLUsl YPaBHEHUM.
IIpenycMoTpeH BBOJ HOMUHAJIBHOTO I1ara JUCKPETU3aluK KOJIOHHBL. HennueltHbli pacyer MpoBOANTCS
IIPYU MOMOILM METO0/1a uTepauuii. ITepallnoHHBINA Ipoliecc OKAaHYMBAETCS TOI1a, KOIJ1a OTHOCUTEIbHbIE

npupanienns MomenTos M v M, u nporu6os W, ,W, cranoBsrcs ManbiMi. JIis KOHTPOJIS TOYHOCTH
PE3yJIbTAaTOB HEIMHEHHOIO pacyeTa BBIBOIUTCS UTEPAlMOHHAS ITOrPelIHoOCTh & [%].

Bo3mosken BeIOOp pexkuma pacuerta. Ilpum BbiOOpe MmepBOro pexuma, HETMHEWHBIH pacueT yCHIINN
MIPOBOJIUTCS TIPU JIOCTHIKEHUU TIpe/iena OrHecTOMKOCTH. [Ipu BEIOOpE BTOPOTO peknMa, HETMHEHHBIN
pacyer yCWJIMH IPOBOJUTCS C IIAroM, KpaTHBIM IIAry JUIs pacyeTa TEMIIEPAaTypHOIO IOJA. Y CHUIuA,
IIOJIyYEHHBIE 110 HEJIMHEWHOMY pacueTy B TEKYIIMM MOMEHT BPEMEHH, UCIIOIb3YIOTCS IS IPOBEPKU
MPOYHOCTH BIUIOTH JI0 CIEAYIOIIEr0O MOMEHTA MPOBEICHUS HEIMHEMHOTO pacyeTa. Bpems BbluncIeHHit
IIPU BTOPOM PEXHME pacyeTa MOXKeT ObITh 3HAUYUTEIHHO OO0JIbIIE, YEM IPHU MIEPBOM PEXKHUME.

ITo pe3ynbraTam pacuera yCHJINH, IPOU3BOANUTCS BHIOOP COUETAHUM YCUIIHM, 1151 KOTOPBIX POBOIUTCS
IpoBepKa MpoyHocTu. B o01iem citydae, BBIOOp cOYeTaHUN YCUIIMN MPOU3BOIUTCS C YYETOM 3HAKOB
MOMEHTOB. BBIOMparoTcsi Takue coyeTaHusi YCWIMH, A KOTOPBIX JHOO MOJOXKHUTENbHBIM, JHOO

oTpuuaTebHbIH n3rubarommii moment M wim M, npuHEMaeT HauGoubIIEe AGCOTIOTHOE 3HAUCHHE.

B CJIydac nNpsAMOYTOJbHOI'O CEUCHUA CO CTaHHapHOﬁ cXeMoM ApMHpPOBaHUs ITPU BCECTOPOHHEM HAI'PEBE,
a TAKXKXE B CJIydac KpYIJOro CCUCHU:, BH60p COYETaHUMN YCI/IJII/Iﬁ MMPOU3BOAUTCA 0e3 yd€Ta 3HAKOB
MOMCHTOB.

4.3 OmnpenesjieHue npeaeabHbIX YCHIHIA

[IpenenbHble ycwing TIpU OTHEBOM  BO3JEHCTBUM  ONPENEISIIOTCS HAa OCHOBE JMarpaMm
nepOopMUPOBaHUS CKATOT0 OETOHA M apMaTypPhl C YU€TOM 3aBUCUMOCTH XapaKTEPUCTUK MaTepUaioB OT
Temneparypsl corijacHo [1]. HopmaTuBHBIE CONpOTHBIEHHMS CXAaToro OETOHa W apMaTypbl NpH
HOpMaJIbHOW TEMIIEpaType NPUHUMAIOTCS COIIacHo [2].

Hpe,Z[CJ'IBHBIe ycuia NOPUHUMAKOTCA MNPONOPHHUOHAIIBHBIMU  PACUCTHBIM  YCUIIHAMI Nu :7/UN1

|\/|yu = 7/U|V|y, Mzu =7UMZ. [IpounocTs ceueHus obOecmedeHa, eciu Kod)PUIUEHT ), HE MEHbIIe
enunuubl. [Ipenmonaraercs, uro nedopmainvs B CEUEHUHU pacHpenersiercs Mo JUHEHHOMY 3aKOHY
&(y, Z)=6‘0 +K,Y+K,Z, tne K,,K, - xpuBusHbl. [IpenenbHbie ycumus ONpPENETAIOTCS Ha OCHOBE

CIEAYIOUIUX YPaBHEHUM:

[o,dA+ [o,dA=y,N
A As
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IJbZdA+ IO'SZdAzyuMy
A A
J.O'bydA+J-aSydA:—yuMz
A A

3necy Oy = fb(E,T) - HampsbkeHHe B cxkatoM OertoHe, O3 = fs (eT) - HamnpsDKeHUEe B apMmartype,

T =T(y,z1) - Temueparypa, A, - cxaras 30ua Geronnoro ceuenns, A - ceueHne apMaTypsL.

I[J'IH BBIYHUCJICHUHW HHTETPAJIOB IIO Ab IIPOU3BOANUTCA p336I/IeHI/Ie C)KaTOM 30HBI CEUCHHS Ha MaJlble
9JICMCHTEI, B MMPEACIaX KOTOPBIX HANPSIKCHUC MPUHUMACTCA IMTOCTOAHHBIM. OnpeﬂeneHHe HWHTCIpaJIOB
CBOAUTCA K BBIYHMCIICHHIO KOHCUHBIX CYMM. HpI/I BBIYUCJICHUHW HHTErpajioB II0 AS IIPUHHUMACTCA, YTO

IUIOIIAb CEYEHUsS] apMaTypHOT'O CTEP)KHS COCPEOTOUEHA B €ro LeHTpe. TeMmepaTypa apMaTypHOTO
CTEp>KHSI IPUHUMAETCS] paBHOW TeMIIepaType B TOUKE, COBIIAIAIOICH C IICHTPOM CEYCHHUS CTEPIKHS.

Pacnipenenenue nepopmanuu B NpeAeTIbHOM COCTOSHUU a‘u(y, Z) OTBICKMBACTCS U3 OTpaHUYCHUS
nedopMaiuu cxaToro 0eToHa 3HaYeHHEM &, M U3 OrpaHUYeHHs AepopMallii PacTIHYTONH apMaTyphl

3HaueHueMm ¢&;. [Ind Kaxaoro mOJIOKEHUS HEWTPaJbHOW JIMHUM OJIHO3HAYHO ONPENeaeTCs

pacnpenenenue nedopManuu B NPEAEIbHOM COCTOSSHUU. B pesysnbTare pemeHus: CUCTEMBI TpPex
HEJIMHEWHBIX ypaBHEHUU OINpeAenseTcsl MOJOKEHHEe HEUTpalbHON NWHUM H Kod(hQHIMEeHT 3amaca

npouHoctd ), . Ha puc.7 npuBeaeH mpumep 3aBUCHMOCTH KOX(pQHUIMEHTa ), OT BPEeMEHU NpHU
CTaHJApTHOM I0Xape.

Kos@@uUMeHT Salaca NPOYHOCTH Y.

] t [mmH]

Puc.7. Tlpumep 3aBucumoct Koddduimenra )|, oT BpeMeHu

B mnporpamMme mnpeaycMOTpeH BBIBOJA pE3yIbTAaTOB pacyeTa MNpeNeibHbIX YCWIMM s mpenaena
orHectroMkoctu. [loMMMO TIpeneNnbHBIX YCWUJIUM, BBIBOASATCS KPUBHU3HBI, MaKCHUMAJIbHbIE U
MUHHUMaJIbHBIE (B anreOpamdeckoM cmbicie) nedopmaruu O6etoHa w apmaTypbl. Ecnum mpenenbHas
nedopmariusi 0eTOHA JOCTUTACTCS B TOUKE, JIeXKAIlleld BHYTPH CXKATON 30HBI, TO BEIBOJISTCS KOOPIUHATHI

5TOi TOYKM, TemmepaTypa | ¥ TIpenenbHOe 3HadeHHWe aedopmamuy &, (T). B ciydae, Korja

HeﬁTpaHBHafI JIMHUA NMEPECEKACT CCUCHUEC BJICMCHTA, BBIBOJAUTCA H306pa>1<eHMe C)KaTOM 30HBI CCUCHUS

(puc.8).

CTATHUKA-2024. Onucanue npocpamm 407 — Pacyer /0 KOJIOHHBI 110 OTHECTOHKOCTH



25

[~ f
L@~ o @

Puc.8. [Ipumep m300pakeHUs CKATOM 30HBI CCUCHHUS

4.4 Yder BIMSIHUSA NPOruda

ITpu yuyere BAMsIHUA IpOruda cKaToro 3JIeMEHTa BEIMYMHA PACYIETHOTO MOMEHTA ONpeAeIseTCs MyTeM
yMHOkeHus usrubaromero momenta M, maiimensoro Ha ocHoBe HeneOpPMHPOBAHHON CXEMBI, Ha
MOBBIIAIOIIHHA KOPPHUIIUEHT

pe L
- N
N

cr
3necs N or - KpUTHYECKasi IpOAOJIbHAs CUJIa, KOTOPAasl BBIYUCISAETCS 10 hopMyJie:

_7r2D

2

N

cr

IO

rIe |0 - pacyeTHas jUTMHA ckaToro snemeHnTa. JKectkocts D mpm HopmambHOM Temmeparype
BBIYHUCIISIETCS cOrTacHo [2] mo dhopmyre:

p-0BEL 576
¢, (0.3+6,)

3nech Eb , ES - MOJIYJIA YIIPYTOCTH OETOHA U apMaTypHlI, Ib’ |S - MOMEHTHI HHEPITUN OETOHHOTO CEYCHHS
W CEUCHMsI apMaTypbl OTHOCUTEIBHO IIEHTPAIBHOW OCH CEYCHHS, 59 =€ Ih - ornocurensusiit

OKCIIEHTPUCHUTET MPOIOJIBHOM CHIIBI, N - BBICOTAa CeueHMs B IUIOCKOCTH mM3ruba. Kosdduiment @,

MIPUHUMAETCS PABHBIM 2.

IIpu ompenenenun dKcueHTpucureTa € yunmTeiBaeTcs ciydaitHeiii okcuentpucurer €, [2]. Tlpu

pacyere dIIEMEHTA CTATHYECKH OITPENETMMOM KOHCTPYKIIMHU SKCIIEHTPUCHTET € mpuHMMaeTcs paBHBIM

M /N +€, . a mpu pacuere 3eMeHTa CTATHYECKH HEOI eneMMoi KOHCTPYKIMU — paBHbiM M /N | ecniu
a» )

M/N >e, upasusmv €,, ecrm M/N <€, .

IIpu pacuere 110 OrHECTOMKOCTH MOAYJIH YIIPYTOCTH PABHBI:

Ebt :le(T)Ebv Est :ﬂs(T)Es
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rae ﬂb (M), ,Bs (T) - KO3 PHUIHUEHTH! PeIyKIIMA MOAYJISL YIIPYTrOCTH OETOHA M apMaTyphbl, 3aBUCAIIIE
oT Temmeparypsl | . IIpu HepaBHOMEPHOM HarpeBe ceueHus T =T (y,z) H, CJI€I0BATENbHO, MOIYIH
YIPYTrOCTH 3aBUCAT OT Y,Z.
B nporpamme BelpaskeHue Ui KECTKOCTU IPEICTABISIETCS B BUE!

0.15

D=——=>__D, +0.7D,
¢, (0.3+6,)

Ceuenne pa3buBaeTcs Ha Mayble AJIEMEHTHI, B IpeleiaxX KOTOPBIX TemIlepaTypa HPUHUMAETCS
nocrosirHoit. Torna Bemmunna D, onpenensercs kak D, = Zﬁb’i Eulp;, roe ﬂb,i =4,(T.), |in - MOMEHT
MHEPIHH TUTOM[AMH MAJOTO JJIEMEHTa OTHOCHTEIBHO OoCH M3rmba. Bemmumna D, ompenemsercs xak

D, = Z BiElg; ,rae :Bs,i =p4.(T.), |S]i - MOMEHT MHEPIUH TIOIIAN CEYECHUS apMaTypHOTO CTEPKHSA

OTHOCHUTEJIFHO OCH M3ruoda.
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[Iporpamma mpeaHa3zHaueHa IS pacdyéra MO OTHECTOMKOCTH OIHOSIPYCHOM CTaliexene300€TOHHOM
konoHHbl cornacHo CIT 468.1325800.2019 [1], CIT 63.13330.2018 [2], CII 16.13330.2017 [3], CII
266.1325800.2016 [4]. Ycunusi B KOJIOHHE ONPEACIISIOTCS MPU MTOMOIIU JTUHEHHOTO UM HEJTUHEHHOTO
pacuera no AepopMUpOBaHHON WM HeaehOpMUPOBAHHOHN cxeme. TemmeparypHoe IMOJie B CEUCHHH
KOJIOHHBI TIpH OrHCBOM BO3HCﬁCTBHH OMpCACIACTCA IMIYTEM PCHICHUA 3aJadu HeCTaHHOHapHOﬁ
TEIUIONPOBOJHOCTH C YYETOM 3aBUCHUMOCTH TEIIOPH3UYECKHX XapPaKTEPUCTUK OETOHa OT
temreparypsl. [IpoBepka MpoyHOCTH NMpH ACHCTBUM MPOJIOJIBHON CHIIBI U HU3TMOAIONIMX MOMEHTOB
MPOM3BOJUTCS HA OCHOBE JauarpaMM JeGOpMHUpOBaHUS CKAaToro OETOHA, apMaTypel U
KOHCTPYKIIMOHHOM CTaJIK C yueToM K03(h(PUIIMEHTOB YCIOBHUIl paboThI, 3aBUCALINX OT TEMIIEPATYPHI.

1. PacueTHasi cxeMa M ceueHHe

PacuerHas cxema KOJIOHHBI NPEACTaBISET COOOM CTEPKHEBOW SJIEMEHT, MMEIOUIUH YIpyrue Min
KECTKHE 3aKpEIUICHUs KpaeB. YCIOBHUS 3aKpeIuleHus (OpMynupyroTcsi s TOPU30HTAIbHOIO
MepeMeIIeHHS U TOBOPOTa CEUEHUSI BOKPYT TOPU30HTaIbHOM ocH. [Ipu pacueTe KOJIOHHBI IPUMEHSIETCS
CHCTEeMa KOOPJMHAT XyZ, Hauaio KOTOPOM COBMAAAET C IEHTPOM TsDKECTH HUIKHETO CEUEHUS KOJIOHHHBI.
Ocs X HanpaBiieHa CHU3Y BBepX. [Ipenronaraercs, 4To BepTUKaIbHAs CUJIa BOCIIPUHUMAETCS B HIDKHEN
orope.

PaccmaTpurBarOTCst KOJTOHHBI PSMOYTOJILHOTO CEYEHUS C JKECTKOM apmaTypoii (puc.l).

@ © @ o) o) )

@ " "l @

=Y | =
@ L (]
[ ] == o
@ @ O ® ® [ )

Puc. 1. Ceuenus ¢ xecTkoit apmaTypoit

ITpenycMoTpeHsI ciieyrole cXeMbl apMUPOBaHus: 1) apMaTypa pacrnosaraercs B yrjiax cedeHus, 2)
apMarypa pacroJiaraercsi BJIOJIb KOHTypa ceuyeHus. [Ipu BTOpoll cxeme apMHUpOBaHMs, CTEPKHU
pacrojararoTcs B yIilax M BJIOJIb CTOPOH C€4eHHsA. B 3TOM cilydae 3a7aroTcsi 4ncia MPOMEXYTOUYHBIX
CTEepHEH, pacroyOKEHHBIX BAOJIb CTOPOH ceueHusl. [{luameTprl yrioBbIX U IPOMEKYTOUHBIX CTEpPIKHEN
MOTYT OBITh Pa3IMYHBIMH.

B cnyyae ceuenust nepBoro Buaa (cM.puc.l), AByTaBp MOXKET BHIOMpAThCS M3 COPTAMEHTa MPOKATHBIX
JBYTaBPOB WJIM MOXET 3aJaBaTbCs CBAPHBIM. B cilydae cedeHMst BTOPOro BUJA, XKECTKas apMmarypa
paccMatpuBaeTcs Kak Mpo(uib U3 4YeThIPeX TaBpOB.

2. Harpy3ku

Cornacho [1], pacder Mo OrHeECTOMKOCTH MPOBOIUTCA JJs Hanbosiee HEOIAronpHsITHOTO COYETAHUS
HOPMAaTUBHBIX IOCTOSIHHBIX U JUIUTEIbHBIX HATPY30K.

[TonoxxutenbHble HampaBiIeHUs HArpy30K TMoka3aHbl Ha puc.2. I[lojoxuTenbHble HaNpaBlICHUS
MOMEHTOB COBIMAJAIOT C HaIlpaBJICHUSIMH MOMEHTOB OT BEPTUKAJIbHOM CHJIBI, CMEIIEHHON B
MOJIOKUTEIIBHBIX HapaBieHUsX ocel Y u Z . [lonoxkuTenbHble HalpaBIeHUS CMEIIEHUN )KECTKUX OIIop
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COBIMaAar0OT C HAIPaBJICHUAMU KOOPAWMHATHBIX oceii. IlomoxuTebHEIC HaIpaBJICHUA
JKCCTKHX OIIOP COBIMAAAIOT C IOJOXKUTCIbHBIMU HAIIPABJICHUAMU MOMCHTOB.

\Y V
Hy H;

0 Y

Qy q;

Puc. 2. [TonoxxurenbHbIe HAMPABIEHUsI HATPY30K

3. Marepuanbl

MIOBOPOTOB

Knacc GetoHa u kiacc apmaTypbl MpUHUMaOTCs coryiacHo [2]. Pacuetr nmpoBoautcst Ansi GETOHOB 10
kjacca BS55 BxmounrtensHo. [luarpammsl nedopMupoBaHus OeTOHa M apMaTypbl NMPU HOPMajlbHOU
TeMIeparype npuBeaeHs! Ha puc. 3, 4. I1o ropu3oHTanbHON OCH OTKJIAIbIBaeTCA 3HaUeHNE Aeopmanun
B npomuiuie (1%,=0.1%=0.001). OtpunarensHble 3HaYEHUS COOTBETCTBYIOT JAe(pOpMaIIUU CKATHS.

sig [MIa]

\

o . + eps [%.]
-1.50 =350

Puc.3. lnarpamma nedopmupoBanust cxaToro 6etona B25 mpu HopMaiapHOU TemmepaType

sig [MIa]

-25.00 —2.00/

eps [%.]
Irf' 2.50 25.00

iz =

-1—400

Puc.4. inarpamma neopmuposanust apmarypsl AS00 npu HOpMaIbHOH TeMIeparype
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PacyerHble CONPOTHBIIGHHS W MOMAYJIHM YIPYrOCTH MAaTEpUAlOB IPH HArpeBe ONPEICISIOTCS IO
dopmymnam [1]:

Ry =Rep
E,.=E.f5
R =Ryl
E,=Ep,

3HaueHus K03 unreHTa yciaoBuil paboTsl 0ETOHA ¥, U KOIGPHULUEHTA PEIYKIIUH MOIYJIS YIIPYTOCTH
OeroHa [, nmpuHuMaroTcs o tabuune 5.1 [1], mapamerps! auarpaMmel 11t O€TOHA &, , &, - 10 TabnuIe
5.5 [1]. 3nauenus korpuLreHTa ycaoBuid paboThl apMaTypsl ), U KOAPGUIMEHTa PeLyKIIMH MOy
YIIPYTOCTH apMaTypsl [, mpuHUMatoTcs 1o tadimne 5.6 [1]. [Ipenenshas nedpopmanus apMaTypsl &,
npuHAMaercs paBHoit 25%, mpu 20°C <T <200°C wu pasmoii 50%, mpu T >500°C. Ilpu
200°C <T <500°C npezenpHas fedopmanus &g, ONpeaeseTcs] UHTEPIOISIUEH.

Kracc KOHCTpYKIIMOHHO# cTanu npuHuMaetcs cornacHo [3]. Juarpamma nedopmupoBaHus cTanu npu
HOpPMAaJIbHOW TeMIIepaType NMpHuBeieHa Ha puUc.S.

sig [MIa]

355!~
f

-25.00 =32 F2[ 1

eps [%.]
1.72 25.00

=1{=335

Puc.5. Inarpamma nedopmupoBanus cramu C375 mpu HOpMaIbHOH TeMmeparype

PacyeTtHOE compoTUBIEHNE U MOYJIb YIIPYTOCTH CTAIH MPU HATPEBE OMPEIEISIFOTCS 10 (hopmynam:
Rynt = Ryn7/ st
Et = Eﬂst
3HavyeHus Kod(ppuuneHTa ycaoBuil paboThl CTaIH i U KO3 (UIMEHTA peAYKIIUU MOAYJIS YIPYTOCTH

cranu [, npuHUMaroTcs no Tadmure 3.2 [6] (puc.6).
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KoS0OUMUUEHT YCHOBUN paBoTH cTalu

g T Tst s T Vst g T Tst
[=C] [=C] [=C]

1 100 1.00 2 200 1.00 3 300 1.00

4 400 1.00 5 500 0.78 5] 600 0.47

7 700 0.23 8 800 0.11 9 S00 0.06

10 1000 0.04 11 1100 0.02 12 1200 0.00

KOSOOUMUKEHT PEOYRUUM MOOAYIA YIOIPYDOCTHM CTalu

i T Bs » T Bs ® T Bse
[eci [°cl] [ecl

1 100 1.00 2 200 0.90 3 300 0.80

4 400 0.70 5 500 0.60 6 600 0.31

7 700 0.13 8 800 0.09 9 900 0.07

10 1000 0.04 11 1100 0.02 12 1200 0.00

Puc.6. 3nauennsa ), /3

st

B mporpamme Bo3MoOkeH TaONWYHBIN BBIBOA KO3()PHUIMEHTOB Al 33JaHHOTO BHJA 3aIOJHUTEINS B
OeToHe U Kj1acca apMaTyphl.

4. Pacyer mo OrHECTOMKOCTH

OrHecToMKOCTb 3J€MEHTa XapaKTepu3yeTcsl MEepruoJOM BpeMeHHU (B MUHYTax) OT Hayaja Ioxapa a0
MOMEHTa BO3HUKHOBEHUS MPEAEIBHOIO COCTOSHUS 3JIeMeHTa. i1 HECYIIUX 3JIEMEHTOB IIpeIeIbHbIM
COCTOSIHUEM II0 OTHECTOMKOCTH SBISI€TCS COCTOSHHE, IPH KOTOPOM INPOUCXOAMUT IMOTEpsl Hecylien
cnnocoOHocTH. IlpenenbHOe cCOCTOSHUME HACTyMaeT TOrAa, KOrja IpelelbHbIe YCHIIUS CTaHOBSATCS
PaBHBIMM pacyYEeTHBIM ycUIUsM. B mporpamme CTpouTCs 3aBUCHUMOCTb KO3(QQUIMEHTa 3amaca

IIPOYHOCTH Y, OT BpeMeHHU. [Ipenen oraecTONKOCTH ONpPeNeIIAeTCs 10 MOMEHTY BPEMEHH, IIPH KOTOPOM
7y =1.

OKCIIepUMEHTAIbHO YCTaHOBJEHO, YTO pa3pylIeHUE >KeJIe300€TOHHOIO »3JIEMEHTa IpU OrHEBOM
BO3JICUCTBUM ITPOMCXOAMT AHAJIOTMYHO PA3PYLICHUIO IIPU HOPMAJIBbHOM Temreparype. IIpenensHbie
YCUJIUSL TIPU OTHEBOM BO3JCHCTBUH OMNPEIEINAIOTCS Ha OCHOBE AUarpamm JAe(QOpMHUpPOBAHUS CKATOIO
0eToHa, apMaTypbl U KOHCTPYKIIMOHHOM CTaJIM MPH TeX XKe MPEANoN0KEeHHUIX, YTO ¥ MPH HOPMAJIbHOMN
temneparype. OCHOBHBIMU IPEIION0KEHUSIMH SBIISIOTCA Clenyromue: qeopMalun pacrpeaensoTcs
10 JIMHEWHOMY 3aKOHY, HaNpsOHKEHUS B pacTIHyTOM OeToHe mpeHeOpexxumMo Mainsl. [Ipu onpenenenun
IPEACIbHBIX YCWIMM IIPU OrHEBOM BO3ACHCTBUU YYUTBHIBAETCSA 3aBUCUMOCTb IIPOYHOCTHBIX U
nehOopMalMOHHBIX XapaKTEPUCTUK MaTepUalIoB OT TEMIIEPATypPHI.

4.1 OnmnpenesieHne TeMIEPaTypPHOro MoJst

I[J'I}I OIpCACIICHUA TTpCAcCiia OTHECTOMKOCTH HCO6XOI[I/IMO pacCUUTaTh TCMIICPATYPHOC IOJIC B CCUCHHUU
9JIEMEHTa OT OTHEBOTO BO3JICHCTBHUS. TeMHepaTypHoe IIOJIC T(y, Z,t) OMpeacisICTCd Ha OCHOBC

YpaBHCHHA HeCTaHHOHapHOﬁ TCHHOHpOBO,Z[HOCTI/I:
o 0T, o, 0T oT
—(A)+-(A—)=co——
oy oy oz oz ot

3nech A - KOOQPHUIHMEHT TETIONPOBOIHOCTH, C - yACIbHAS TEITIOEMKOCTh, p - IUIOTHOCTh MaTepHaa.
[Tpu pacuere TemnepaTypsl B CEUEHUH JIEMEHTA HE YUUTHIBACTCS HATMYME apMaTyphl.

Kosddurment TemmonposogaocTH 6etona B [B1/(M°C )] onpenenserca 1mo cieayrommmM (GpopMyaam
(em.[1], 6.3):

- s 6etoHa Ha cunukatHOM 3anonaurene A =1.2—0.00035T ;

- st 6eToHa Ha KapOoHaTHOM 3anojiautene A =1.14—0.00055T .
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V nenpHas TemnoeMkocTs 6etona B [Ix/(kr °C )] Ha CUIMKATHOM MITH KapOOHATHOM 3aMOIHHUTENIE PABHA
c=710+0.83T . B nporpamme mpeaycMOTPEH Y4ET BIAKHOCTH OETOHA COIJIacHO [7], MPU KOTOPOM
3aBUCUMOCTh YACIbHON TEIUIOEMKOCTH OT TEMIICpaTyphl XapaKTEPU3YyeTCsl MUKOBBIM 3HAYCHUEM IPH

115°C, paBubivM 1470 u 2020 mipu Bnaxuoctd 1.5% 1 3% COOTBETCTBEHHO.

OrneBoe BO3JACHCTBUE XapaKTEPU3YETCS 3aBUCHUMOCTBIO TeMIepaTyphl Cpelbl OT BpPEMEHH,
OTCUMTHIBAEMOI0 OT Haudana mnoxkapa. CoryacHo [5], mpW CTaHIapTHOM TMOXKape MNPUHUMACTCS
ClIeTyIoIllas 3aBUCUMOCTh TeMIIepaTyphl Cpelibl OT BPEMEHHU:

T, =20+345Ig(8t+1), rae t - Bpems B MHH.

I'paduk 3aBucumoctu T,(t) mpencrapieH Ha puc.7.

To [Dpan]
S00
00
400
200
] T T T T T T L [MHH]
o 10 Z0 30 40 a0 ad

Puc.7. 3aBuCHUMOCTb TeMIIepaTypsl CpeAbl OT BpEMEHU

Ha CTOpPOHAaX CCUCHUSA CTABUTCA YCJIOBHUE PAaBCHCTBA TCIIJIOBOI'O IMMOTOKA OT I'PAHUIIbI BFJ'Iy6I> CCUCHUA U
TCIIJIOBOT'O ITOTOKA K I'PaHUIIC OT CPECIbI.

oT
TeMnepaTypHa;I 3ala4a peHIacTCd KOHCYHOPA3HOCTHBIM MCTOAOM. HpOI/BBOI[HaH E 3aMCHACTCA

pa3HOCTHI)IM OTHOIIICHUEM.
T(y,z,t+At)-T(y,zt)
At
rac At - [oIar 1o BpeMCHI/I. Pacqu TCMHepaTypHOFO I10J11 B CCUCHHUHU HpOI/ISBOILI/ITCﬂ JIJIA I[I/ICerTHBIX
MOMCHTOB BpCMeHI/I. H_[ar 110 BpeMCHI/I MOXET HpI/IHI/IMaTLCH paBHLIM 3MI/IH, 6MI/IH, 12MI/IH HNIn

3a4aBaTbCA APYIrUM 3HAUYCHUCM B IPCACIax OT IMuH A0 30muH. B OGH.IGM cJIydac, npu yBCIUYCHUU
mara, yMCHbIIaCTCA 00BeM BBI‘IHCJ'I@HPI?I, OJHAaKO MOXET CHUXATbCA TOYHOCTE PE3YyJibTaTa.

[Ipon3BoHBIE ITO KOOPAMHATAM TAK)KE 3AMEHSIOTCA PA3HOCTHBIMM OTHOIIEHUAMH. [Tociie onpenenenus
TEMIIEpaTypbl HAa KOHEYHOPA3HOCTHOM CETKE TeMIlepaTypa B IPOU3BOJIBHOM TOYKE CEYCHUS
onpenenseTcss HHTeprosinuei. B kauecTse npumepa Ha puc.8 NpUBENEHBI H30TEPMBI, TOTYYEHHBIE TPU
TPEXCTOPOHHEM HarpeBe NMPSMOYTOJIbHOTO CEUECHHS.
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Z00

400
600

Puc.8. M3oTepMmel

[Ipn BBOAE MCXONIHBIX JAHHBIX IPOrpaMMbl MOTYT OBITH 3a/laHbl YIPABJISIOIINE ITapaMeTphl pacuera
TEMIIEpAaTypHOI'O IOJI: HOMUHAIBHBIA IIAr CETKM S M MaKCUMAaJIbHOE YMCIO TOYEK CETKH B OJHOM
Hanpasinenuu N . . Ecnu 3Hauenue S He 3a1aHo, To npuHumaercst S =10 mm. Ecim 3nauenne N, He

3amaHo, To npuHuMaercst N, =60. AHanornuHele mapaMeTpsl MOTYT OBITH 3aaHbI JUTS YIIPaBICHHS

pa3zOueHneM CKaTol 30HbI CEYEHMsI Ha MaJlble 3JIEMEHTHI IIPH ONPEIETICHUN MTPEIeIbHBIX YCHIINH.

B mporpamMmMe mnpenycMOTpeH BBIBOJ TEMIIEPATYPBI B 3aJaHHBIX TOYKAaX, ONPEIEISAEMBIX B CHCTEME
koopauHaT (Y,Z) ¢ HavaioM B JIEBOM TOYKE HIDKHEW CTOPOHBI ceueHus. [lpu 3ToM och Y

HAIpPaBJISETCS BIPABO MO0 HUYKHEH CTOPOHE CeueHusl, a OCb Z - BBEPX I10 JIEBOM CTOPOHE CEUEHUSI.

4.2 Pacuer ycuiaui

Ycunus B KOJIOHHE MOTYT OIpPEAEIAThCS HAa OCHOBE JMHEMHOIO WM HEIMHEHMHOro pacdera IIo
nedhopmupoBaHHO win HenedopmupoBaHHoOU cxeme. [lpu pacuere mo aehopMHpPOBAHHOW CXeme
BO3MOXEH OTKa3 OT yyeTa Mporuda B 0O JHON WM IBYX MJIOCKOCTAX. Eciu mporud KoJOHHBI B INIOCKOCTH
Y nnu Z CTECHEH WM HEBO3MOXKEH, TO JJI COOTBETCTBYIOIIEH IUIOCKOCTH pacdeT MPOBOJUTCS IO
HenepopmupoBaHHoil cxeme. [lpu pacuere mo AepopMUPOBAHHON cxeMe NPEeayCMOTPEH YyueT
HECOBEPIICHCTBA KOJIOHHBI MYyTeM ydeTa HadajlbHOro mnporuba mo (opme moTepu yCTOMUMBOCTH
LEHTPaJIbHOCKATON KOJIOHHBI.

B nmuneiitnoM pacucTe, YCUJINA B KOJIOHHC ONPCACIAIOTCS ITPU KCCTKOCTHBIX XaPaAKTCPUCTHKAX Dy, DZ

MPUBEICHHOTO CEYCHHUS, BBIYHCIECHHBIX B MPEANOJIOKEHUH YIPYyroro aedopMuUpoBaHUs OETOHa,
apMaTypbl 1 KOHCTPYKIIMOHHOM CTaJIH.

B nenuneiinoM pacyeTe, KPpUBU3HLL K‘y,K‘Z ONpCACIIIIOTCA Ha OCHOBC JUarpaMm I[e(l)OpMI/IpOBaHI/I}I

ckKaroro OeToHa, apMaTypbl M KOHCTPYKIIMOHHOM CTalu TpHU OTHEBOM Bo3leicTBUU. U3-3a
HEJIMHEHHOTO XapakTepa 3aBUCUMOCTH KPUBHU3HBI OT MOMEHTA, CHUCTEMa YpaBHEHUW MPOJOJIbLHO-
HoTepeyHoro u3ruba sBisiercst HenuHeiHoi. KononHa pa3ouBaercs Ha y4acTKH, B IpeJiesiaX KOTOPBIX
IIPOU3BOJUTCS JIMHEApU3alus ypaBHeHUN. [IpegycMoTpeH BBOJ HOMUHAJIBHOIO MIara JUCKPETU3aLUuu
KOJIOHHBI. HenTMHEeHBIN pacyeT MpoBOAUTCS MPU MOMOIIM MeToAa utepanuid. ItepaiimoHHbIN poiiecc
OKAaHYMBAETCs TOT/A, KOIJA OTHOCHTENbHbIC MpHUpalieHus MomentoB M ,M, u nporubos w,,w,
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CTAQHOBSITCS MaJbIMH. JIJISI KOHTPOJII TOYHOCTH PE3yJIbTATOB HEIMHEHHOTO pacdyeTa BBIBOIAUTCS
UTEpalMOHHas OrpeHocTh & [%0)].

Bo3mosken BeIOOp pexxuma pacuerta. Ilpu BbiOOpe MmepBOro pexuma, HETMHEWHBIH pacueT yCHIUN
IIPOBOJIUTCS IPU JIOCTHXKEHUU Ipesiena orHectolkocTy. Ilpu BIGOpe BTOpOro pexuma, HeIMHEHHbINH
pacueT yCWIMH NPOBOJUTCS C IIAroM, KPaTHBIM LIAry JJIs pacdera TEMIEPAaTypHOro IOJA. Y CHIIMs,
IIOJIyYEHHBIE 110 HEJIMHEWHOMY pacueTy B TEKYIIMM MOMEHT BPEMEHH, UCIOJIB3YIOTCS Ul IIPOBEPKHU
IIPOYHOCTH BIUIOTH A0 CJIEAYIOIIEr0 MOMEHTA IIPOBEIECHUS HEJIMHEWHOr0 pacyeTa. Bpems BbruncieHui
IIPU BTOPOM PEXHUME pacyeTa MOXKET ObITh 3HAUYUTEIBHO OO0JIbLIE, YEM IIPU IEPBOM PEXKHUME.

[To pesynbraraM pacueTa YCUIIHA MPOU3BOIUTCS BRIOOP COUCTAHUH YCHIIHA, JJIsI KOTOPBIX TPOBOAUTCS
IpoOBEpKa MPOYHOCTU. B o01mieM cityuae, BBIOOP COUETAHMN YCHUIIMHA MPOU3BOAUTCS C YUETOM 3HAKOB
MOMEHTOB. BpIOuparoTcsi Takue couyeTaHHsl YCWIHMH, IS KOTOPBIX JHOO MOJIOKUTEIbHBIA, MO0
OTpHULIATENbHBIH n3rubarommii Moment M, nim M, npuruMaeT HanGosbIIee abCOMOTHOE 3HAYECHHE.

4.3 Omnpenesjienue npeaeabHbIX yCHJIMit

[IpenenbHble ycunMs NPUHUMAIOTCS HPONOPIHMOHANBHBIME pacdeTHbIM ycumusam: N, =y N,
M, =r.M,, M, =y,M,. llpounocts ceyenus obecneyena, ecnu KOIGOUUMEHT ), HE MEHbIIE

enuHABL. [Ipeanonaraercs, 4ro AeGopManui B CEYCHHH PACHPEICISIFOTCS 1O JIMHEHHOMY 3aKOHY
e(y,2)=¢,+x,Y+K,Z, The K, Kk, - KpUBHU3HBL. IIpe/cibHbIC YCUIHS ONPEACISIOTCS HA OCHOBE

CHEAYIOUIUX YPaBHEHUI:

IabdA+ IasdA+ IapdA: 7N

A A Ay

IGbZdA+ IGSZdA+ JapZdA= 7uM,

A A Ap

J.GbydA-i- IGS ydA + japydA =—y,M,

A A Ap
3nece oy, = f,(&,T) - nanpsokenue B cxatom 6etone, o, = f (¢,T) - HanpsokeHue B ruOKoit apMarype,
o, =f (&T) - nanpsokenne B xectkoid apmarype, T =T(Y,z,t) - Temneparypa, A, - cxaras 30Ha

OeTOHHOTO ceuenns, A - cedeHre THOKOW apMaTypel, A - CE4EHHE KECTKOH apMaTypBhl.

I[JBI BBIUUCIICHUN WHTCTPAJIOB 110 Ab IIPOU3BOJUTCA p8.36I/ICHI/Ie C)KaTOM 30HBI CEUYCHMS Ha Majkble

QJICMCHTEI, B IMMPEACIIaX KOTOPHIX HAMPAKCHUEC TPUHUMACTCS ITOCTOSIHHLIM. OHpC,Z[C.HCHI/Ie HUHTCTpaIOB
CBOAUTCA K BBIYUCJICHUIO KOHCYHLIX CYMM. HpI/I BBIYUCJICHUW WHTCIPAJIOB IO As MNPpUHHUMACTCA, YTO

IUIOUIA/Ib CEYEHHS] apMaTypHOT'O CTEPXKHS COCPEAOTOUEHA B €ro LEeHTpe. Temneparypa apMaTypHOIO
CTEpXHS MPUHUMAETCS PaBHOM TEeMIEpaType B TOYKE, COBMAJAIOUICH C LIEHTPOM CEUEHUS CTEPKHS.
Beraucinenne HHTErpanoB mo A, MPOM3BOJIWTCS Kak Ui MOJMIOHANBHOTO KOHTypa. Temmeparypa

KECTKOW apMaTypbl MPUHUMAETCS paBHOM HanOOBIIIEH TeMITIepaType Ha KOHTYpe MPouIIs.

Pacripenenenne nepopMmaid B MpeaeabHOM COCTOSHHUU &,(Y,Z) OTBHICKHBAETCS W3 OrpaHHYCHHS
neopManuu cxaToro OETOHa 3HAUYEHUEM &,,, U3 OrpaHMuYeHMs AedopMalMy pacTIHYTOM TMOKON

apMaTypbl 3Hau€HUEM &,,, W3 OrpaHMYEeHUs JAeopManuy JKECTKOW apMaTypbl 3HAYEHUEM

2.5%=25npomunne. s Kaxa0TrO TMOJOKEHUS HEUTPATbHOW JIMHMM OJHO3HAYHO OIpEIesaeTCs
pacripenenenue aeopManuu B TNpElEIbHOM COCTOSHUU. B pesynbTare pemeHus: CUCTEMBI Tpex
HEJIMHEHHBIX ypaBHEHUHN OIpeaesieTcsl MOJIOKEHHE HEHTpasbHOW JMHUM U KOd(pHIMEHT 3amaca
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npouHoctd y,. Ha puc.9 mpuseneH npumep 3aBHCUMOCTH Kod(duimeHnta y, OT BpeMeHH IpU

CTaHJAapTHOM I10Kape.

Ko3@@uUMeHT Salaca NPOYHOCTH Y.

] t [maH]

Puc.9. Ilpumep 3aBucuMocTH K03 PULUEHTa ¥, OT BpEMEHH

B mporpamMMe mnpemycMOTpPEH BBIBOJI PE3YyJIbTaTOB pacyeTa MPEeNeiIbHBIX YCWIMNA I Tpejenna
orHectokoctd. IloMMMO TIpeAENbHBIX yCWIIMA, BBIBOAATCS KPUBU3HBI, MAaKCHMAaJbHBIC U
MUHUMAaJIBHBIE (B alreOpamueckoM cMbIciie) nedopManuu OeToHa W apMarypbl. Eciu mpenenbHas
nedopMmarusi 0eTOHA JOCTUTACTCS B TOUKE, JIeXKAIel BHYTPH CKATON 30HBI, TO BBIBOJISATCS KOOPINHATHI
3TOM TOYKH, Temieparypa T u mpeaenbHoe 3HaveHue aedopmauuu &,,(T). B caydae, korma

HEeWTpasbHas JTMHUS MePECeKaeT CEUCHUE IEMEHTA, BBIBOJAUTCS M300paKEHUE CKATOW 30HBI CCUCHUS
(puc.10).

@

Puc.10. ITpumep n3o0paskeHus C)KATOM 30HBI CEUSHUS

4.4 Yder BAMAHUA NMporuda

[Ipu pacyere ycunuii B KOJIOHHE MO HEACPOPMHUPOBAHHONU CXEMe, BEIMYMHA PACYECTHOIO MOMEHTA
OTIpeIEeTISIeTCS TyTeM YMHOKEHHUS M3TH0arIero MoMmeHTa M Ha moBsImaromuid KodppuimeHT
1

77:—
- N
N

cr

3neck N, - KpuTHUeCcKas NpO0IbHAS CHIIa, KOTOPAast BBIMUCIIAETCS 10 (hopMylie:
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rae |, - pacuerHas mnmmHa cxatoro smemeHra. JKectkocte D mpu HOpMaibHO# Temmeparype

BBIYMCIISIETCS cornacHo [4], .2 mo ¢popmyre:
0.15E,,1
D=—""2_4+0.7(E]l, +El,)
(0.3+9,) > )
? L. e
3necy E,, =0.85E,; I,,1, | - MOMeHTHI nHEpIIMY OETOHHOTO CEYCHNUS, CCUCHHS apMaTyphl U CEUCHHUS
IpoduIIsl OTHOCHUTENIBHO LEHTPAIBHON OCH cedeHus, O, =€,/N - OTHOCHTENBHBIN IKCLEHTPUCHUTET

HPOIOJIBbHOI critbl, N - BhIcOTa cedeHus B IIOCKOCTH M3ruba. KoadduuueHt ¢, npuHuMaeTcs: paBHbIM
2.

ITpu onpeneneHny 3KCLEHTPUCUTETA €, YUUTBIBAETCA ClIy4aiHbli SkcieHTpucuTet €, [4], 7.1.1.5. IIpu
pacuere 3JIeMEHTa CTATUYECKU ONPEeIMMOM KOHCTPYKIIUU SKCLIEHTPUCUTET €, IPUHUMAETCS PABHBIM
M /N +e,, anpu pacdyere aeMEHTa CTATHYECKU HEOIPEIeINMON KOHCTPYKIHU — paBHBIM M /N | ecii

M/N >e,, upaBubim €,, eciu M /N <e, .

HpI/I pacdueTe 110 OFHCCTOﬁKOCTH MOI[y.]'H/I prerCTI/I paBHBI:
Ebt = ﬂb(T)Eb ' Est = ﬂs (T)Es ) Et = ﬁst(T)E

rae S.(T), B,(T), B4(T)- xoabduiments penyKiuud MOIyNs ynpyroctd OeTOHa, apMaTypbl H
KOHCTPYKIIMOHHOM CTaJIy, 3aBUCALIME OT Temreparypbl [ . I[Ipu HepaBHOMEPHOM HAarpeBe CEYeHUs
T=T(y,z) u, cienoBaTeabHO, MOIYJIH YIPYIOCTH 3aBHCAT OT Y,Z. BbIpakeHHe M KECTKOCTH
3aMHChIBACTCS B BUJIE!

D=— 215 5D, +07(D, +D,)
9,(03+5,)
Ceuenue pa36I/IBaCTC$I Ha MaJIbIC DJJICMCHTBI, B IPCACIaX KOTOPBIX TCEMIICPATYpa HNPHUHUMACTCSA

noctossHHOH. Torma Benmumna D, ompenensercs kak D, =Z,Bb’i Euly;i» tme B, =6,(T), L,
MOMEHT MHEPLUH TUIONIa 1 MAJIOTO 3JIEeMEHTa OTHOCUTENBHO ocH n3rnba. Bemnuanna D, ompenensercs
kak Dy :Zﬂs,iEsls,i , tne B, =pB(T;), l,; - MOMEHT MHEPLUH IIOIIAU CEYEHHUs apMaTypHOIo

CTEpXKHSI OTHOCUTENbHO ocu u3ruba. Bemmumna D, ompenensercs xaxk Dy =S El, tne B, -

st
KOY(QQUIMEHT pEeayKIUH MOAYJS YIPYTOCTH KOHCTPYKIIMOHHOM CTalM, OIpENeNeHHBIH s
Temneparypsl npodpuis, El - xecTkocTh ceuenust npoduisi Npu HOPMAILHOM TeMIeparype.
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orHecToikocTh. O0mIKe TpeOOBaHUS.
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446 — PacyeT 110 OrHECTOUKOCTH
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[Iporpamma mpenHa3HaueHa i pacyéTa MO OTHECTOMKOCTH CIUIOUIHOM WM MHOTONMYCTOTHOM
npeaHanpsbkeHHord  mauThl  coracHo CIT  468.1325800.2019 [1] u CIT 63.13330.2018 [2].
TemnepaTypHOE TIOJie B CEYCHUU IUIUTHI TIPU OTHEBOM BO3CHCTBHH OMPEACISETCS IMyTEM PEIICHUs
3a]ayd  HECTAllMOHAPHOW  TEIUIOMPOBOJHOCTH C  YYETOM  3aBUCHMOCTH  TEIIO(DU3MYECKHX
XapaKTePUCTHK OeToHA OT Temmeparypsl. [IpeaensHbIil H3ru0aronii MOMEHT BBIYUCIISICTCS Ha OCHOBE
quarpamm J1eopMHPOBAHUS CKATOTO OETOHA U apMaTyphl/

1. Ceuyenue

PaccmaTpuBaercs cedeHue CIIOMIHON WM MHOTOITYCTOTHOM IUIMTHI C HEHANPSIraeMoU 1 HanpsraeMoin
apMaTypoil, pacroyoKEHHON y HUKHEW MOBEPXHOCTHU IITUTHI (puc.1).

QOO0

Puc. 1. Ceuenus minTel

Jnsa xaxzaoro Buaa apMaTrypsbl 3aJaeTcs IUIOIIA[b apMaTypbl M PAacCTOSHHE OT HUXXHEH CTOPOHBI
CEYCHMA J10 LICHTPA TSHKECTH apMaTyphl. [[omycKkaeTcss OTCYTCTBHE HEHAIIPATAeMOW UM HAIPATraeMoi
apmarypsl. Ilpeamosaraercsi, 4ro HampsraeMas apMarypa pacIojlaraeTcsi HaJ HEHanpAraeMon
apmarypoi.

Bo3mMoxHo 3aJaHuc CMCIICHUA d HEHTPOB KPYTIJIBIX MOJIOCTEM OT HOCHTpa CCUCHUA IIJIUTHI. HpI/I
[OJIOKATEIHHOM 3HaueHuu d , HOJIOCTHU CMEIIAIOTCA BBEPX, a4 IPU OTPHULATCIEHOM 3HAYCHHUHN — BHUS.

Hampsiraemass apmatypa MokeT ObITh CTEpKHEBOW, MPOBOJIOYHONW WM KaHaTHOM. PaccmarpuBaercs
HaTsDKEHHE apMaTypel Ha ymopbl. [loTepu mnpeaBapuTeNbHOrO HAMpSHKEHHS] MOTYT OINpPEeAeNsThCS
COIJIACHO [2] uim 3a7aBaThCsl IPU BBOJE JaHHBIX.

2. Pacyer nJauThHI NpU HOPMAJIBLHOU TeMIepaType

Pacuer muThl MpOBOINUTCS HA OCHOBE HEMMHEHHOM e opMarniionHoi moaenu [2]. st cxxatoro 6eToHa
U apMaTypsl OOOHMX BHJIOB NPUMEHSIOTCS JIBYXJIMHEHHBIC JHarpaMMbl JedopMupoBaHus. Pacder
BKIIIOUAET OMpE/CIICHUE HANpsSHKEHUH B CTaIuU TMPEABAPUTEIBHOTO OOXKATUS U ONpEeIeIeHUe
NpeJeTFHOTO U3rHOAIOIIEro MOMEHTA B CTa UK dKCIuTyatanuu. [Ipu pacueTe BEIBOIATCS N300paskeHUs
CKaTOW 30HBI W 3HaYeHHUs nedopmaruii 6eToHa u apmatypbl. Ha puc.2 man nmpumep nM300pakeHHS
CKaTo# 30HBI IPU OMPEACTICHUH MPEACIbHOTO H3rHOAI0IEr0 MOMEHTA.
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L

===

3. Pacuer mJMTHI MO OTHECTOMKOCTH

Puc. 2. IIpumep cxkaToii 30HBI IPH ONPEAEICHUH PEIEILHOI0 H3rH0aIoIero MOMEHTa

OraecToiKoCTh IUIMTHI XapaKTepU3yeTcs NEpUOJOM BPEMEHM (B MUHYTAax) OT Hadaja Ioxapa J0
MOMEHTa BO3HUKHOBEHUS IIPEIEIBHOTIO COCTOSHUS IIJIUTHL, IPY KOTOPOM ITPOUCXOAMT ITOTEPSI HECYLIEH

CIHOCOOHOCTH.

OrneBoe BO3JIcliCTBUE XapaKTCPU3YCTCA

CIeayrouas 3aBUCUMOCTh TEMIICPATYPhI CPEIBLI OT BPCMCHU .

3aBUCHUMOCTBIO TEMIIEPATyphl CPEabl
OTCUMTHIBAEMOT0 OT Havasna mnoxkapa. CoriacHo [3], mpW cTaHZAPTHOM TIOXKape, MPUHUMACTCS

I'paduk 3aBucumoctu T,(t) mpencrapieH Ha puc.3.

T, =20+345Ig(8t+1), rae t - Bpems B MHH.

To [rpan]
500
600
400
200
0 . . : : :
0 10 20 30 40 50 &0

Puc.3. 3aBucumocThb TEMIIEPATYpPhbl CPEAbl OT BpEMEHU

L [MHH]

OT BpPCMCHHU,

Jlnst onpeiesnieHus npezena OrHeCTOMKOCTH, HEOOXOIMMO PACCUUTATh TEMIIEPATYpPHOE M0JI€ B CEYEHUU
wuThl. TemmepaTypa onpenenseTcss Ha OCHOBE YpaBHEHHs HECTAllMOHAPHOW TEIJIONPOBOJHOCTH C
YYETOM 3aBUCHUMOCTH TEIUIO(U3NYECKUX XapaKTePUCTUK OETOHa OT Temreparypsl. TemmeparypHas
3aJlaya penraeTcs KOHEUHOPAa3HOCTHBIM METOI0M. Pacuer TeMriepatypbl B CEUEHUU MTPOU3BOIUTCS IS
TMCKPETHBIX MOMEHTOB BpeMeHH. L1lar mo BpeMeHn MOXKeT MPUHUMATHCS paBHBIM 3MHUH, OMUH, 12MHH.

TemmepaTypa B c€4eHIH MHOTOITYCTOTHOM TUTUTHI ONIPEAEISICTCS ISl PEIYIIHPOBAHHOTO CEUCHUS B BHJIE
TaBpa (puc.4) mpu HarpeBe HIKHEH cTopoHsl. [llupuna pedpa TaBpa U TONIIHUHA MOJIKHA OMPEACIIIIOTCS
o ¢popmynam b, =b—-nD, t=(h—-D)/2+d, rue b,h - mmpuna u Beicota ceuenus mmter; D,N -

JHAMETP M YUCII0 mojocTeit, d - cMelleHre HeHTPOB MOJIOCTEM.
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Puc.4.ITpumep penyIpoOBaHHOTO CEYEHHS MHOTOITYCTOTHOW IUTHTHI IPH ONPEAEIICHUHN TEMIIEPaTyphl

[loTepu npeaBapUTENBLHOrO HANPSKEHUSI IPU HATPEBE ONPEEIIAtoTCs cornacHo [1], 8.47.

[Ipu onpenenennu mpenenbHOro U3THOAOIIET0 MOMEHTA, IPUMEHSIETCS YIIPOIIEHHBIA METO] COTJIACHO
[1], 8.7. IIpu 3TOM paccMaTpuBaeTCs YMEHBIIIEHHOE CEYCHHE IUIUTHI 32 BBIYETOM CJIOS OETOHA,
HArpeToro BBIINIE KPUTHYECKOM Temreparypbl, kotopas paBHa 500 °C mis OeToHa Ha CHIMKATHOM
sanoiauTene u paBHa 600 °C mius GeroHa Ha KapOoHATHOM 3aroiHuTene. s 6eToHa, TeMIepaTypa
KOTOPOTO HE MPEBBIIIAET KPUTHUECKYIO TeMIIepaTypy, IPUMEHSIOTCS XapaKTepUCTHUKU HEHArpeToro
OctoHa. PacueTHOE CONMPOTUBIICHHE W MOAYJIb YIPYTOCTH apMaTyphl MPU HArpeBe OMPEICIISIOTCS 10

dopmynam [1]:

Rae = Ra7st

E, =E.f,
3HaueHus Kod¢pduuueHta ycioBuil pabOTHl apMaTypbl ) U KO3(pQUIMEHTa PEAYKIHH MOAYISA
yIPYrocTu apMatypsl [, npuHuMaroTcs no taduuie 5.6 [1]. [Ipenensuas nedopmarust apMaTypsl &,

npuHAMaeTcs paBHO#H 25%, mpu 20°C <T <200°C wu pasuoii 50%, mpu T >500°C. Ilpu

200°C <T <500°C npenenbHas aedopmaius &, ONpeenseTcs HHTePNoIIuei.

B nporpamme CTpouTCs 3aBUCMMOCTh KO3((GHIMEHTa 3amaca Npo4HocTH ¥, = M, /M 0T Bpemenwu,
rae M, - mpenenbHbI M3rHOarOmUi MOMEHT, M - HM3rubaroIMi MOMEHT OT HOPMATHBHBIX
IIOCTOSIHHBIX M JUINTEIbHBIX Harpy3ok. [Ipenesn orHecTOMKOCTH ONpeAeseTcs 0 MOMEHTY BPEMEHH,
npu kotopoM ¥, =1. Ha puc.5 npencrasnen npumep n3meneHus kodddurpenTa 3anaca NpoYHOCTH BO
BPEMEHU.

B ciryuae MHOFOHYCTOTHOﬁ IUIUTEL, paCCMaTPUBACTCA PEAYLHUPOBAHHOC CCYCHUEC B BUAC JIByTaBpa UJIN
TaBpa (pI/IC6) H_[TpI/IXOBBIMI/I JIMHUSAMHA M306pa>1<eH KOHTYp HCXOAHOTO PACUCTHOI'O CCUYCHHA IIPU

HOpMaJibHOW Temmeparype. [nyOunHa mnporpeBa OeToHa @, [0 KpPUTHYECKOW TeMmmepaTypbl
orpenieNnsercss MpHU MOMOLIM Tpaduka TemIreparypbl Ha OCH pPeIyllMpOBAaHHOIO cedeHus (puc.7),
MOJIyYEHHOTO 110 pe3y/IbTaTaM PELeHUsl TeMIIepaTypHOU 3a/1auH.

KoZ0O0MUMEHT Sanaca NOPOYHOCTH vYa

0 t [rom]

Puc.5 . Ilpumep m3menenus koaddunrenra 3amnaca IpOYHOCTH BO BPEMEHH
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Puc.6. [Ipumeps! peaylMpoOBaHHOTO CEYCHHSI MHOTOITYCTOTHOM IUTUTHI IPH OTIPEICICHUN

MpeaACIbHOTO 1/13r1/16a101uer0 MOMCHTa

T [rpax]

0 5 10 15 20

[crm]

Puc.7. Ilpumep rpaduka temnepaTypsl

[Ipu pacyere mpenenbHOro U3rudArOIIEro MOMEHTA, BBIBOASITCS N300paKeHUE CKATOUM 30HKI (puc.§) u
3HaueHus aedopmannii 6eToHa U apMaTypBhl.

Puc.8. IIpumep cxxaToii 30HBI IPH OIIPEAENICHIH MIPEIeTHFHOT0 H3rNOaroIero MOMEHTa
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450 — PacyeT 110 OrHeCTOMKOCTH
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[TporpamMmma mpemHa3HayeHa JUIS pacdyéra 10 OTHECTOMKOCTH JJIEMEHTOB  JKEJIEe300€TOHHBIX
koHcTpykiui cornmacHo CIT 468.1325800.2019 [1] u CIT 63.13330.2018 [2]. TemneparypHoe 1ose B
CCUCHUU DJICMCHTA IIPU OTHCBOM BOSI[GfICTBI/II/I OIPCACIIACTCA ITYTEM PCIICHMW A 3a/la4r HCCTaHHOHapHOﬁ
TEIUIONPOBOAHOCTH C YYETOM 3aBHUCHUMOCTH  TEIUIOPU3NYCCKUX XapPaKTEPHUCTHK OCETOHAa OT
TCMIICPATYPHI. HpeHCHBHBIe YCWJIA BBIYUCIIAIOTCA HAa OCHOBC JUAarpamm I[e(l)opMI/IPOBaHI/ISI CXKaToro
0eToHa U apMaTypsbl.

1. Ceyenus

Jlis Ganku paccMaTpuBalOTCs MPSIMOYTOJIbHBIE U TABPOBbIE CEUEHUS C Pa3IMYHON BEepXHEH U HIDKHEN
apmarypoii (puc.l). [IpumeHstoTCs IeHTpaIbHBIC OCU KOOpAUHAT Y,Z OSTOHHOTO CEUCHUS.

e e e °
o o
z LY
L,
® @& ¢
@ @

Puc.1 Ceuennst Oanku

J1J11 KOJIOHHBI pacCMaTPUBAIOTCS MPSIMOYTOJIbHBIE, KPYTJIbIE, YTOJIKOBBIE M TaBPOBBIE ceueHUs (puc.2).

J1st mpsIMOYTOJIBHOTO CEUYEHHUsI TPEIYCMOTPEHBI CIEAYIOIIUE CXEMbl apMuUpoBaHus: 1) apmarypa
pacroiaraercsi B yriax CeueHus, 2) apMaTypa pacroJiaraeTcsi BI0JIb KOHTypa CeueHus, 3) apmarypa
pacroaraeTcsi MpOU3BOJIBHBIM 00pa30M.

[Tpu BTOpO# cXeMe apMUPOBaHUs, CTEPIKHU PACIIONIAralOTCs B yIilax U BJIOJb CTOPOH ceueHus. B atom
cilydae 3aJaloTCs 4YKclIa IPOMEXKYTOUHBIX CTEp)KHEH, pacloIOKEHHBIX BJOIb CTOPOH CEYEHUS.
JlaMeTphl YTiI0BbIX M MPOMEKYTOUHBIX CTEP)KHEH MOTYT OBITh pa3IMYHBIMU.

Ecnu daxTrueckoe pasmelieHHe apMaTypHBIX CTEpXKHEW OTIMYaeTcs OT MEpBOH M BTOPOM CXeM
apMHUpOBaHUs, TO apMaTypa CUUTAETCS MPOU3BOJILHO PACIOIOKEHHON U 33/1aeTCs IIyTEM BBOJA PsIIOB
cTepxHeil. /st kaxxaoro psaa crep kHel 3aJal0Tcs KOOpAMHATHI Hauaia U KOHIA OTpe3Ka, Ha KOTOPOM
pa3MeniaroTcs apMaTypHble cTepkHH. [[1s1 ynoOcTBa BBOJja MpUMEHSETCsl cuctemMa KoopauHat (Y,Z) ¢

Ha4ajoM B JICBOI TOUKE HMKHEMN CTOPOHBI CCUCHUL. Ocp Y HaIpaBJIACTCA BIIPAaBO 110 HWKHEH CTOPOHC
CCUCHUs, a OCh Z - BBCPX IO JIEBOM CTOPOHEC CCUCHHA. 3aﬂaIOTC$I qHuCII0 CTCp)KHCfI B psAAy U JUAMETP
CTGp)KHCfI. HpI/I BBOJC OAUHOYHOI'O CTCPIKHA 3a1aCTCA TOJIBKO IIE€pBad Imapa KOOpAHUHAT.

B kpyrnom cedeHMHM apMarypHbIE CTEPKHHM PABHOMEPHO PpACHPENENSIOTCS BAOJIb OKPYKHOCTH.
[IpenycMoTpeHbI ABa BapyaHTa pa3MENICHHS CTEPKHEH B 3aBUCUMOCTH OT PACIOJIOKEHUS MEPBOrO
CTEPIKHSA HA OCH Y WJIM HA OCH z.

s yronkoBOro cedeHHsl MPelyCMOTPEHBI CJENyIoIIMe CXeMbl apMmupoBaHus: 1) apmarypa
pacrojyiaraercsi B yriiax cedeHusi, 2) apMarypa pacrojaraercsi BIoJb KOHTypa ceueHus, 3) apmarypa
pacriosiaraercsi Iporu3BOJIBHBIM 00pa3oM.

JU1s TaBpOBOTO CEUSHHSI MOKET OBITh 3a7jaHa BEPXHS U/UIIM HUXKHAS apMaTypa, a TAK)Ke IPOU3BOIBHO
PACIIOJIOKEHHBIE PSIIBI ApMATyPHBIX CTEPIKHEH.
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Puc. 2. Ceuennst KOJIOHHBI

B cnyuae miMThl WM CTEHBI, pacCMaTPHUBAETCS MOJ0CA MIMPUHOW 1M ¢ pa3snuYHON WM OJMHAKOBON
apMaTypoi BAOJb CTOPOH ceueHus (puc.3, 4).

|
I
i L —y
I
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-
!

Puc. 4. Ceuenue cTeHsl
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2. Yenausa
Pacqu I10 OFHCCTOﬁKOCTH HpOBO,I[I/ITCH JJIA YCI/IJ'II/Iﬁ oT HaH60nee HC6HaFOHpI/IHTHBIX COquaHI/Iﬁ
HOpMaTI/IBHBIX IIOCTOSAHHBIX U JJIUTCIBbHBIX Harpy30K.
HpO,I[OJ'II)HaH CHhJia N HpI/IHI/IMaeTCH HOHO)I(HTCHBHOﬁ HpI/I CIKaTuM. HOJ'IO)KI/ITCJ'II)HBIG HaHpaBHeHI/IH
I/IBFI/I63IOH_[I/IX MOMCHTOB My1 MZ IIOKAa3aHbl Ha pI/IC5 I/ISFI/I6aIOH_[I/II71 MOMCHT My SIBJISICTCA

MMOJIOKUTCIIBHBIM, C€CJIM IIPpU €TI0 l[ef/'ICTBI/II/I c)Xaragd 30Ha BO3HHMKACT B BerHeﬁ qaCcTu CCUYCHMHA.
I/I3r1/16a}omm71 MOMEHT M 2 SABJIICTCSA ITOJIOKHUTCIBHBIM, €CIIM IIpU €TI0 HefICTBHH cXxarasa 30Ha

BO3HHUKAET B JICBOI YacTH CCUCHUI. HpI/I PaCUCTC IIJIMTHI WJIW CTCHBI 3a/1al0OTCA IIOTOHHBIC YCUIIWAA.

Mz - z - |
' -
Il !
.
z(?iiy My

b4

Puc.5. IlonoxxurenbHble HANPABICHUSI MOMEHTOB

3. Marepuanbl

Kiacc 6erona u kmacc apMatrypsl IPUHMMAIOTCS coryiacHo [2]. Pacder mpoBoguTcst 1y1si GETOHOB 110
kinacca B5S5 BxmounrtensHo. Jnarpammel nedopMupoBaHus O€TOHA M apMaTypbl MPH HOPMAaJbHOU
TeMIeparype rnpuBeieHsl Ha puc. 6, 7. [1o ropu30HTaIbHON OCH OTKJIA/IbIBAETCS 3HaYCHUE Je(OopMaLun
B ipomuminie (19,=0.1%=0.001). OtpunarenbHble 3Ha4YCHUS] COOTBETCTBYIOT A€(POpMAIH CXKATHSI.

sig [MIa]

— + + eps [%.]
-1.50 -3.50

Puc.6. Tuarpamma nehopMupOBaHus cxxatoro 6etoHa B25 mpu HOpManbHO# TemIeparype

sig [MIa]

-25.00 -2.00|

. eps [%.]
1 1 2.50 25.00

-1-400

Puc.7. Anarpamma neopmuposanust apmarypsl AS00 npu HOpMaIbHOH TeMIeparype

PacdeTHbIe CONPOTHBIICHHS M MOJIYIHM YIPYrOCTH MaTepuajoB IPHU HArpeBe ONPEACISIOTCS II0
dopmymnam [1].

Ront = Ronl/st
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E=E./5,
Rsnt = Rsn7/st
Est = ESIBS

3HaveHus K03 HUIIMEHTA YCIOBUIA pab0ThI OeToHA )/ M KO3 PHIMeHTa peTyKIIMA MOIYJIS YIIPYTOCTH
O0eTroHa ﬂb MPUHUMAIOTCS 10 Tadumiie 5.1 [1], mapameTpsl quarpamMms ajist 6eToHa &y, &y - 0 TabIHIe
5.5 [1]. 3nauenus k03 UIIMEHTA YCIOBHI pabOThl apMaTyphl )¢ U KO3(PPHUIIMEHTa PEAYKIIMH MOTYJIS

YIPYTOCTH apMaTyphbl ﬂs npuHUMAKOTCS 1o Tabnuie 5.6 [1]. [IpenensHas nedhopmaiis apMaTypsl &g
npUHUMaeTcss paBHOM 259, mpu 20°C <T <200°C wu pasHoit 509, mpu T >500°C. Ilpu

200°C <T <500°C npenenbHas aedopmarust £, OnpeaesieTcss HHTEPIIOIIAINEN.

B mporpamme BO3MOKeH TaONU4YHBIN BBIBOJ KO3()(HUIMEHTOB Ul 3aJIaHHOTO BHAA 3AIlOJHUTENS B
OeToHe U KJlacca apMaTyphl.

4. Pacyer mo OrHeCTOMKOCTH

OrHecToMKOCTh 3JE€MEHTa XapaKTEPHU3yeTCs MEPUOJOM BpPEeMEHH (B MHUHYTax) OT Hayajia moskapa 0
MOMEHTa BO3HUKHOBEHUS MPEAEIbHOTO COCTOSHUS 3NIeMeHTa. [ HeCyIIUX 3JIEMEHTOB MpeeIbHbIM
COCTOSIHHEM TI0 OTHECTOMKOCTH SIBIISIETCA COCTOSIHUE, MPU KOTOPOM IMPOUCXOIUT TMOTEPs] Hecylien
crnocobHocTH. IlpenenbHoe cOCTOSHME HACTYyMaeT TOrNa, KOI/a MPEIeNIbHBIE YCUIIUS CTAHOBSTCS
paBHBIMH pACYETHBIM yCUIHSAM. B mporpamme cTpouTcs 3aBUCMMOCTh Kod(duimieHnta 3amaca

HpOLIHOCTI/I }/u oT BpeMeHI/I. Hpe):[eﬂ OI‘HCCTOI\/'IKOCTI/I OHpe,Z[eJ'I}IeTC}I 10 MOMeHTy BpeMeHI/I, HpI/I KOTOpOM
7. =1

DKCIEpUMEHTAIBHO YCTaHOBJIEHO, 4YTO pa3pylleHUE >KeJIe300€TOHHOrO JJIEMEHTAa IPU OTHEBOM
BO3JICHICTBUU IPOUCXOAUT AHAJOTUYHO pa3pyLICHUIO MPH HOpMalbHOM Temneparype. IIpenenbHbie
YCWIMS TIPM OTHEBOM BO3JECHCTBUU OIPENENAIOTCS Ha OCHOBE JMarpamm JeOopMUPOBaHMS CXKATOTrO
0eToHa U apMaTypbl IIPU TEX K€ MPEANOI0KEHUAX, YTO U P HOPMaJIbHOH TeMiieparype. OCHOBHBIMU
MIPENIOJIOKEHUSIMH SIBJISIFOTCS Clelytolue: AedopMaluy paclpeiessstoTcsl M0 JUHEHHOMY 3aKOHY,
HaNpsDKEHUS B pacTAHYTOM OeToHe IpeHeOpexumo Maibl. [Ipu onpeneneHnu npeaesbHbIX YCUIHM npu
OTHEBOM BO3/ICHCTBUH YYUTHIBAETCS 3aBUCUMOCTD MPOYHOCTHBIX U AEPOPMAIIMOHHBIX XapaKTEPUCTHK
MaTepUajoB OT TEMIIEPATYPHIL.

4.1 OnpenejieHHe TeMIEePaTYPHOIro MOJs

Jlns onpeseneHus npejena OrHeCTOMKOCTH He00X0AUMO PacCUUTaTh TEMIIEPATYPHOE I10JI€ B CEYEHUN
3J€MEHTa OT OrHEeBOro Bo3xeicTBHs. Temmeparyproe mone T(Y,Z,t) ompemensercs Ha OCHOBeE

ypaBHEHUS HECTAIIMOHAPHOW TETIONPOBOTHOCTH:

o, 8T & 4T, o
5(15)4_5(15)_0'0 P

3neck A - KO3QPUIMEHT TEIIONPOBOAHOCTH, C - ymenbHas TEIIOEMKOCTh, L - IUIOTHOCTh

oT

Mmatepuana. [Ipu pacuere Temnepatypbl B CEUCHUH 3JIEMEHTA HE YUYUTHIBAETCS HAIMYUE apMaTypHl.

Kosddurment TerumonpoBomHoctu Gerona B [Br/(M°C)] ompenersercs mo cieayomum hopMyaam
(em.[1], 6.3):

- s GeToHa Ha cuiaukaTHoM 3anonHurene A =1.2—0.00035T ;
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- s Gerona Ha kapoonarHowm 3amonuurene A =1.14-0.00055T .

V nenbHast TeI0eMKoCcTh OeToHa B [I/(kr’C )] Ha CHITMKATHOM HJTH KapOOHATHOM 3aIlOJIHMTEIIE paBHA

c=710+0.83T .

B mporpamMmMe mpenycMOTpeH ydeT BJIaKHOCTH OETOHa COIMIacHO [5], mpu KOTOPOM 3aBUCUMOCTH
YICIBHON TEIIOEMKOCTH OT TEMIIepPaTyphl XapaKTepH3yeTcs MUKOBBIM 3HaueHueM mpu 115°C,
paBHbIM 1470 1 2020 npu BiaxkHocT 1.5% 1 3% COOTBETCTBEHHO.

OrueBoe BO3JCHCTBHE XapaKTEPU3YeTCS 3aBUCHUMOCTBIO TEMIEpAaTypbl Cpelbl OT BPEMEHH,
OTCUMUTHIBAEMOIro OT Hauana mnoxkapa. CoryiacHo [3], mpW CTaHAAPTHOM TOXKape NPUHUMAECTCS
CJeyIolas 3aBUCUMOCTh TEMIIEpaTyphl CPEIbl OT BPEMEHU:

Ty =20+345ly(8t +1), rae t - Bpems B mun.

I'paduk 3aBHCHMOCTH (t) MIPEJICTaBJICH Ha pUC.8.

B nporpammMe npeaycMoTpeHa BO3MOXKHOCTb pacueTa Ui APYrod 3aBUCUMOCTH TEMIIEPaTyphl Cpebl
OT BpeMeHH. B 3ToM ciryuae TpeOyeTcsi BBECTH 3HAU€HHs 1, B MOMEHTHI BpEMEHH ; IIPH YCIIOBHHU:

t>t,.

[IpemycMOTpeHbI [Ba BH/1a TPAHUYHBIX YCIOBUI Ha HATPEBAEMbIX CTOPOHAX CEUECHHUS. Y CIIOBHE IIEPBOTO
BUJIa TIPENICTaBIsIET cO0O0M pPaBEHCTBO TEIJIOBOTO MOTOKA OT I'PaHUIlbl BrIyOb CEYEHHS U TEIIOBOTO
IOTOKA K IPAHHULIE OT CPeJibl. Y CIIOBHE BTOPOTO BUAA MIPEACTABISET COOON PaBEHCTBO TEMIIEPATYPHI HA
MOBEPXHOCTH AJIEMEHTA U TEMIEPATYPbI CPEIbI.

To [rpan]
S00
00
400
200
] T T T T T T L [MHH]
o 10 Z0 30 40 a0 ad

Prc.8. 3aBUCHMOCTb TEMIIEPATYPbI CPE/IbI OT BpeMeHH
TenioBoii MOTOK K KOHTYpPY CeueHHs OT cpe/ibl paBeH (cM.[4],6.4 u [5],3.1):
Q=Q. +Q,
Q = (T, -T)
Q, =5.67¢£[(0.01T, +2.73)* —(0.01T +2.73)*]

3mech Q, - KOHBEKTHBHBIM TEIUIOBOM mOTOK, Q, - nyuncThidl TeruioBoi motok, T, - Temreparypa
cpensl, T - TeMIeparypa Ha KOHTYpe cedeHHsl. TerioBoil MOTOK OT KOHTYpa BIiIyOb CEUEHUS PABEH:
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oT
= —l—
Q on

oT .
rae e IIPOM3BOJIHAs 110 BHYTPEHHEH HOpMaiM K KOHTYypy ceueHus. CoriacHo [4], npuHUMaeTcs
n

a. = 29 Bt/(M* °C), £=0.56. Ha HenarpeBacMbIX CTOPOHAX CTABUTCS AHAJIOTUYHOE YCIOBHME IIPU

a, =1.54T —20 Br/(m? °C), & =0.63.

TeMnepaTypHa}I 3a1a4a peuiacTtCciad KOHCYHOPA3HOCTHBIM MCETOAOM. HpOI/I3BO,I[HaH E 3aMCHACTCA

Pa3HOCTHBIM OTHOIICHUEM!

T(y,z,t+At)-T(y,z,1)
At

rae Al - mar mo Bpemenm.

Pacuer TemneparypHOro moJisi B CE4eHUH MPOU3BOIUTCS IS TUCKPETHBIX MOMEHTOB BpemeHu. [lar o
BPEMEHU MOXKET NMPUHUMATHCS PaBHBIM 3MUH, O6MHUH, 12MUH WJIM 33/1aBaThCsl IPYTUM 3HAYCHHEM B
npenenax or ImuH go 30muH. B oOmem ciywae, mpu yBENIWYEHHM IlIara yMEHbBINAETCS 00beM
BBIYMCIICHHH, OJTHAKO MOXKET CHI)KAThCSI TOYHOCTh pe3ysibTaTa.

HpOH?;BOI[HBIG I10 KOOpAHATaM TaKKC 3aMCHAIOTCA Pa3HOCTHBIMU OTHOICHUAMMA. ITocne OIpCacCICHUsA
TEMIICPpATypbl Ha KOHe‘lHOpaSHOCTHOﬁ CCTKEC TCEMIICpaTypa B HpOH3BOHBHOI>'I TOYKEC CCUCHUA
OIpCacCIACTCA HHTepHOHHHHCﬁ. B xauecTBe IMpuMEpa Ha pI/ICg MMPUBCACHBI U30TCPMBI, IIOJTYYCHHBIC ITPH
TPEXCTOPOHHEM HArpeBC NpAMOYT'OJIbHOT'O CCHCHUA U BCECCTOPOHHEM HAIrpCBE YIrOJIKOBOI'O CCUCHUS.

[Ipu BBO/E MCXOIHBIX JAHHBIX MPOrpaMMbl MOTYT OBITh 3aJlaHbl YIPABIAIOIIME MapaMeTphl pacuera
TEMIIEPATYPHOTO TIOJIs: HOMHHAIBHBIM [Iar CETKH 9 M MAKCHMAJIBHOE YHUCIO TOYEK CETKH B OJJHOM

HaITpaBJICHUU N max - Ecnu 3HaueHne S HE 3aaHo, TO IPUHUMAECTCS S =10mmMm. Eciin 3Hauenue N max HE

3a/1aHO, TO PUHUMAETCS Nmax =60. Ananornunsie napaMeTpsl MOTYT OBbITh 3aJIaHbl JJIsl YIPaBJICHUS

pa30ueHneM cKaTol 30HbI CEUEHMs Ha MaJlble 3JIEMEHTBI IPU ONPEICIICHUN PEIEIbHBIX YCUITUH.

100

200

=

Puc.9. MzorepMmsr

a00

B nmporpamme npenycMOTpeH BBIBOJ TEMIIEPATYPBI B 3aJaHHBIX TOUYKAaX, ONPEIEISAEMBIX B CUCTEME
KOOpAMHAT (Y,Z) C HAYAJIOM B JIeBOif TOUKe HUKHEH CTOPOHBI ceuenus. IIpu stom ock Y HampasnseTcs
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BIPABO 110 HUKHEH CTOpOHE ceueHus, a och Z - BBEpX MO0 MO IeBOil CTOPOHE MPAMOYTOILHOIO MM
JrOJIKOBOTO  ceyeHHs, Jmbo 1o  JIeBo  cropoHe  peOpa  TaBpOBOIO  CEYCHMS.
B caywae kpyrimoro ceuyeHus, Temiieparypa BBIBOAMTCS [UIsl TOYEK, JEXalux Ha ocu Y.

B cnyuyae cedeHus MIUTHI WIM CTEHBI, 33Ja0TCSl PACCTOSIHHMSI OT HUXKHEH CTOPOHBI 10 TOYEK, JJIs
KOTOPBIX TpeOyeTcs BBIBOJ TEMIIEPATYPHI.

4.2 Onpenejienue npeaeabHbIX yCHJIMii

[IpenenbHble yCHIIMA TpPU OTHEBOM  BO3JEHCTBUU  ONPENENSIOTCS HAa OCHOBE JHarpaMm
neOpMUPOBAHUS CKATOTO OETOHA U apMaTYpPhI C YUETOM 3aBUCUMOCTH XapaKTEPUCTUK MaTepUajIoB OT
Temneparypbl coryacHo [1]. HopMmaTuBHBIE CONpPOTHBIEHHS CKAaTOro OETOHA M apMaTypbl IpH
HOpPMAaJIbHOW TeMIepaType MPUHUMAIOTCS COryiacHo [2].

[IpenenbHble  ycunus NPUHUMAKOTCA NPONOPLHMOHAIBHBIMU PACUYETHBIM  YCHUIIUSIM: Nu ZVUN,

Myu = VuMy, Mzu =7/UMZ. [IpouHocTh ceueHus obecredeHa, eciau KodDPUIMEHT ), HE MEHbIIE
equuunbl. [Ipeanonaraercs, uro aegopMainus B CEUYEHUU PACHPENEISETCS MO JMHEHHOMY 3aKOHY
s(y, Z):go tK,Y+K,Z, tne K,K, - xpuBu3Hbl. IIpenesnbHble YCUIHS ONPENETAIOTCA HAa OCHOBE

CIEAYIOLIUX YPABHECHMIA:

jabdA+ J.anA: 7uN
A A

IJbZdA+ IO'SZdAzyuMy
A, A
[o,ydA+ [o,ydA=—y,M,
A, A

3nece Oy = fb(S,T) - HampspKeHHe B cxkaTtoMm OetoHe, Oy = fs (E,T) - HalpspKeHUE B apMarype,

T =T(y,z,t) - TemMneparypa, A, - cxaras 3oHa GeToHHOTO ceyenus, A, - ceueHne apMaTypEL.

I[J'I}I BBIUHUCJICHUHW HUHTCTPAJIOB II0 Ab MIPpOU3BOAUTCA p336I/IeHI/Ie C)KaTOM 30HBI CEUYECHMS Ha Majble
OJIEMCHTHI, B MPEACIIaX KOTOPBIX HAIIPAKCHHUC IPUHUMACTCS ITOCTOSAHHBIM. OHpeI[eJ'ICHI/Ie HHTCIpaJIOB
CBOAUTCA K BBIMHCIICHUIO KOHCUHBIX CYMM. HpI/I BBIYUCJICHUHU HHTCTPAJIOB I10 AS IMPUHHUMACTCA, YTO

IUIONIA/Ib CEYEHMsI apMaTypHOI'O CTEPXKHsI COCPENOTOUEHA B €r0o LIEHTpe. Temmeparypa apMaTypHOIO
CTEep KHS PUHHUMAETCS paBHOI TeMIiepaType B TOUKe, COBIA/IAOMIEH C LIEHTPOM CEUEHHUSI CTEPIKHS.

Pacnpenenenne nedpopmManuy B NpeAeIbHOM COCTOSHHH eu(y, Z) OTBICKMBACTCS W3 OTpaHUYEHUS
nedopMauu cxaToro 0eToHa 3HaYeHHEM &y, M U3 OrpaHUYeHHs JepopMalii pacTIHYTOH apMaTyphl

3HAYCHUECM 552. I[J'IH KaXJa0T0 ITOJIOXKCHUA HCﬁTpaHLHOﬁ JIMHUHW OJHO3HAYHO OIIPCACIISACTCA

pacnpenienenue aegopManuu B NpEAEIbHOM COCTOSHUU. B pesynbTare pemieHus CUCTEMBI Tpex
HEJIMHEWHBIX ypaBHEHUU OIpeaesnseTcsl MOJOoKEeHHEe HEUTpalbHOM JTMHUM U Kod(h@UIMEeHT 3amaca

npouHoctd ). Ha puc.10 mpuBenmeH mpuMep 3aBHCUMOCTH KOX(pQHUIMEHTa ), OT BpPEMEHH MpH
CTaHJApTHOM MOXape.
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Kos@@uUMeHT Salaca NPOYHOCTH Y.

] t [mmam]

Puc.10. [Ipumep 3aBucumocTr Ko3dduinenTta )|, OT BpeMeHH

B mporpamMMe mnpenycMOTpeH BBIBOJI pE3Yy/lbTaTOB pacyeTa MpeneibHBbIX YCWIMH IS Tpenaena
orHecToMkocTd. [loMuMO TmpenenbHBIX YCWIMM, BBIBOAATCA KPUBU3HBI, MAaKCHUMallbHblE U
MUHUMAaJIbHBIC (B alreOpamdeckoM cMeiciie) nedopManuu OeToHa M apMmarypbl. Eciim mpenenbHas
nedopmarusi 0eTOHA JOCTUTAETCs B TOUKE, Jiexkallleld BHYTPH CKATON 30HBI, TO BBIBOJSTCS KOOPAUHATHI

5TOl ToukM, Temmeparypa | U mHpeieibHOe 3HaueHHe AepOopMaIUu Ebz(T). B cnyuae, xorapa

HEHTpaJibHAs JIMHUS TEPECEKAET CEYCHUE AIIEMEHTA, BBIBOJUTCS M300paKEHUE CHKATOW 30HBI CEUCHUS
(puc.11).

L7
?;
&)

;@ @

Puc.11. [Ipumep n300paXkeHUs CKATON 30HBI CCUCHUS

4.3 Yder BJIMSIHUS MPOruda

[Tpu ydere BaMsHUSA Tporuda cXaToro 3JeMeHTa (KOJIOHHBI MITH CTEHBI) BEJTMUYMHA PAaCY€THOIO MOMEHTA
ompesienseTcss MyTeM yMHOXeHHs wm3rumbatomero Momenta M, maiimenmoro ma  ocHoBe
He1e(hOpMUPOBAHHOM CXEMBbI, Ha MOBBIIAOIINN KO3 HUITUEHT
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e |0 - pacyeTHas JUIMHA cKaToro snemenTa. JKectkocts D mpm HopmanbHOl Temmepatype
BBIUKCISIETCS coTaacHo [2] mo hopmye:

D :%_FO.?EJS
¢, (0.3+6,)

3nech By E - mogymm oct Gerona u apmatypsl; |y, | - MoMenTEl nHEpLIK GeToHHOTO CeueHs
b1=s > 'hr's

M CeUYCHHS apMaTyphl OTHOCHTEIBHO LCHTPANBHON OCH cedeHHs, O =60/ h - ormocurenssii
SKCIIEHTPUCUTET HPOJIOJIBHOM CHIIBI, N - BBICOTA CEYCHHS B IUIOCKOCTH m3ruba. Kosddumment @,
IPUHUMAETCS PaBHBIM 2.

[Ipu onpenencHuu 3KcueHTprcuTeTa €y, yuursiBaercst ciydaiineiii skcuentpucurer €, [2]. Tlpu

0 a

pacuere dJIeMEHTa CTaTHYECKH OTIPEETMMON KOHCTPYKIINH, OKCIIEHTPHCHTET €y prUHUMaeTcst paBHBIM

M/N +€,, a npu pacuere snementa cratnueckn HeonpeneMMoii KOHCTpyKIHH — paHbM M /N |, ecin

M/N >e,, upasusv €,, ecru M/N <€, .

HpI/I pacyeTe 1o OTHECTOMKOCTH MOAYJIX YIIpYroctu paBHBI:
Ebt = ﬁb(T)Eba Est = ﬁs (T)Es

rne B, (M), B, (T) - K03 (HULMEHTH peAYKIIMHA MOJYJSl YIPYTOCTH OETOHA U apMaTyphl, 3aBUCAIINE
oT Temneparypsl | . Ilpu HepaBHOMEepHOM Harpese cedenus T =T (y,z) H, CIeI0BATETLHO, MOIYIIH

YIPYTOCTH 3aBUCAT OT Y,Z.

B mporpaMmMe BO3MOKCH BBI60p OOHOT'0 M3 ABYX METOHOB OIIPEACICHUS KECTKOCTH D IIpU HArpeBe
aneMenTa. 1o IIEPBOMY METOAY BBIPAXKCHUE I KECCTKOCTH IIPEACTABISCTCA B BUC.

0.15

= = D, +0.7D,
¢,(0.3+0,)

Ceuenune pa3OmWBacTCS Ha Mayble JJIEMEHTBI, B TMpeleiax KOTOPBIX TemIeparypa HPHHHMACTCS
mocrosiHHOM. Torna BennuuHa Db onpenensercs kak Dy, = Z ﬁb’i Eblb,i , TIIe ﬂb,i = ,Bb (Ti) , lb,i - MOMEHT
WHEPLUU TUIOMIAIA MAJIOTO 3JIEMEHTa OTHOCUTENIBHO OcH u3ruba. BemmumHa Ds OTIpefieNsIeTCsl Kak
D, = Z ﬂs’i E.l si» T2 ﬂs,i = ﬂs (Ti) ) Is,i - MOMEHT UHEPLINH IUIOIAIN CEYCHUS apMaTypHOTO CTEPKHS
OTHOCHUTEJIFHO OCH M3ruoa.
[To BTOpOMY METOAY KECTKOCTh OTpeensercs o hopmyie:
_ 0.15E1,
¢, (0.3+9,)

Ebt = ﬂb (Tb,cp ) Eb
Est = ﬂs (Ts,cp ) Es

31ech Tb,cp - CpeJiHee 3HaYeHUe TeMIlepaTyphsl OeToHa, Ts,cp - CpeIHsIsl TeMIepaTypa apMaTyphl.

+0.7E I,

[Ipu HarpeBe 0/IHOM CTOPOHBI CTEHBI, BO3HUKAIOT HEPABHOMEPHBIEC TeMIepaTypHble 1ehopMaIiu, YTO
IPUBOJIUT K MPOrudy B HANpaBICHUHM K HAarpeBaeMoil cTOpoHe. 3HaueHHe TeMIepaTypHOro mporuda
ompexensercs cornacHo [1], (8.29) mo dhopmyre:
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3pech |, - TemmepaTypa apMmaTypbl y HArpeBacMoOil CTOPOHEI, |, - TemmepaTypa GeToHa Ha
HEHarpeBaeMou CTOpoHe, Oy =0£5t(TS) - kK03 dUIMEHT JMHEWHOro pACIIUPEHUS apMaTypBhl,
Oy = abt(Tb) - K03 HUIMEHT JTUHEHHOTO paclIupeHus 0eToHa, ho - pabouas BbICOTa CCUCHHUSI.

HpI/I LOEHTPAJIbHOM CXKaTHUU CTCHBI, 3HAK CHy‘I&ﬁHOFO OKCHCHTPUCUTETA ea BBI6I/IpaeTCH C YYCTOM 3HAKa

TeMIepaTypHoro nporuba. [Ipyu BHELICHTPEHHOM C)KaTUU CTEHBI, TEMIEPaTyPHBIN TPOru0 yUUTHIBACTCS
B TOM CJIy4ae, KOTJla €ro y4eT NPUBOJUT K YBEIUUYCHHUIO PACUETHOIO MOMEHTA.
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[MporpamMa mpemHa3zHaueHa sl pacdyéra MO OTHECTOWKOCTH D3JIEMEHTOB CTaJeKelIe300€TOHHBIX
koHcTpyKuui cormacuo CII 468.1325800.2019 [1], CIT 63.13330.2018 [2], CIT 16.13330.2017 [3], CIT
266.1325800.2016 [4]. TemmneparypHoe I1ojie B OCTOHHOM CEYCHHU DJIIEMEHTa IPU OTHEBOM
BO3/ICICTBUH OIPEIEIISCTCS MYTEM PEHICHUsS 33Jaud HECTAllMOHAPHOHN TEIJIONPOBOIHOCTH C YYETOM
3aBHCUMOCTH TEINIO(PU3MUECKIX XapaKTEepUCTHK OeToHa OT Temmeparypbl. llpenenbHble ycuius
BBIYHUCIISIIOTCS] HA OCHOBE IMarpaMm Ae(popMUpOBaHUs CKaTOro OETOHA, apMaTyphl U KOHCTPYKIIMOHHOMN
CTaJIH.

1. Ceyenus

PaccmaTpuBaroTcst xKeye300€TOHHBIE 3JIEMEHTHI MPSMOYIOJbHOIO CEYEHHs C HKECTKOW apMarypoil
(puc.1). IIpumensitorcs HueHTpaIbHble OCU KOOPAUHAT Y,Z OETOHHOI'O CEUECHHUS.

@ ® ® o) @ )

@ " "l @

— = | =
@ L ]
[ ] = ]
@ @ O ® ® [ )

Puc. 1. Ceuenus ¢ xecTkoil apmaTypoit

[IpexycMoTpeHsl creayrolye cXxeMbl apMUpOBaHus: 1) apMaTypa pacrojaraercs B yriax cedeHus, 2)
apMarypa pacroyiaraetcsi BJIOJIb KOHTypa ceueHus. llpu BTOpoil cxeme apMHpOBaHUS, CTEPKHU
pacrosararoTcs B yriax M BJIOJIb CTOPOH ceueHus. B 3ToM citydae, 3a1ar0TCsl 4iCila IPOMEKYTOUHBIX
CTEPXKHEH, PACIIOJIOKEHHBIX BIOJIb CTOPOH CeUeHUs. [JluaMeTphl yriIOBbIX U IPOMEKYTOUHBIX CTEPIKHEN
MOTYT OBITh Pa3IMYHBIMH.

B cnyuae ceuenust nepBoro Buja (cMm. puc.l), AByTaBp MOXKET BBIOMPATHCS U3 COPTAMEHTA MPOKATHBIX
JBYTaBpOB WJIM MOJKET 3a/1aBaTbCsi CBAapHBIM. B cilydae ceueHus BTOpOro BHJA, XKECTKas apMmarypa
paccmaTpuBaeTcs Kak NpoQuiib U3 YeThIPeX TaBPOB.

2. Yeuaus

Pacuer mo OrHecTOMKOCTH MPOBOAUTCS [JIsi YCHUJIMH OT HaubOosee HeOJIarompusTHBIX COYETaHUHN
HOPMATHUBHBIX TIOCTOSIHHBIX W JUIMTENbHBIX Harpy3ok. IIpomonpHas cunma N npuHuMaercs
MOJIOKUTENBHON NpU  CkaThd. [lONOKUTENbHbIC HANpaBieHUs H3rubaroumx MoMeHToB M, M,

nmokaszaHsl Ha puc.2. Uzrubarommit MoMmeHT M y SBIISIETCS TIOJIOXKUTEIBHBIM, €CITH TIPU ero NEUCTBUU

cKaras 30Ha BO3HHMKAaeT B BepXHeH dwacTu cedeHus. MsrumbGatommit MomeHtr M, sBusercs

MMOJIOKUTCIIbHBIM, CCJIU ITPU €TO IIGfICTBPIPI c)kaTas 30Ha BOBHHMKAET B JIEBOM YaCTH CCUCHMS.
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Puc.2. ITonoxurenbHbie HarpaBJICHUSI MOMCHTOB

3. Marepuasbl

Knacc 6etoHa u kiacc apmaTypbl IpUHUMAIOTCS coracHo [2]. Pacuer nmpoBoautcs A GETOHOB 10
kimacca B55 BxuountensHo. Juarpammel aedopMupoBaHus O€TOHA M apMaTypbl MPU HOPMAJIbHON
TeMIIepaType MPUBEAEHbI Ha puC. 3, 4.

sig [MIa]

< . . eps [%.]
-1.50 -3.50

Puc.3. Inarpamma nedopmupoBaHus cxaroro 6etoHa B25 mpu HopMaiabpHO# Temmeparype

sig [MIa]
500} - 5 ;
h |
{1 I
Jl |
f |
| 1
F .
-25.00 -2.00| I
. ; eps [%.]
1 | ‘," 2.50 25.00
| I
| |/
l I
l |[.|I
L -{—-400

Puc.4. lnarpamma nehopmuposanus apmatypsl AS00 mpu HOpMaIbHOI Temmeparype

PacueTHble COTMPOTHBIICHHS W MOIYJIH YIPYrOCTH MAaTEpUAIOB MpPU HArPEeBE ONPEICISIOTCS MO
dopmymnam [1]:

R =Rep s
E:‘a: = Eﬁﬁ'ﬂ
Ry =RV
E,=E/p,

3HayeHus ko3 unueHTa ycioBuil paboTel OeTOHA ¥y, M KOXPPHUIUEHTA PeYKIIUU MOAYJIS YIPYTOCTH
Oerona [, mpuHMMaroTcs 1o Tabime 5.1 [1], mapameTps! AuarpamMMel Uit 0eTOHA &, , &, - 10 TabnuIe
5.5 [1]. 3nauenus korppuIeHTa yCIoBHi pabOThl apMaTypsl ), ¥ KOAPHUIMEHTA PEIYKIIMH MOy
YIIPYrOCTH apMatypbl [, IpUHUMArOTCs 1o Tadmume 5.6 [1].

Kitacc KOHCTpYKIIMOHHOM cTanu mpuHUMaeTcs corsiacHo [3]. Jlnarpamma gedopMupoBaHus CTAH TIPU
HOpMaJIbHOW TeMIlepaType MpUBEeHa Ha puc.S.
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sig [MIa]

355 4

-25.00 -1.72f 1

eps [%.]
1.72 25.00

b

=1=3335

Puc.5. lnarpamma nedopmupoBanus cranu C375 nmpu HopMallbHOW TeMmeparype

PacyeTHOE CONPOTHBICHUE i MOAYJIb YIIPYTOCTH CTAIIU [IPU HATPEBE ONMPEICISIIOTCS IO (hopMyiam:
Rynt = Ryn Vst
Et::Eﬁ&

3HadyeHus1 KodpPUIMEHTa YCIOBUM paboThl CTalu ¥ U Ko3(duumeHTa peryKuu MOayJis yIpyroctu

cranu [, npuHUMAaroTcs o tabamue 3.2 [6] (puc.6).

KOSOOMUMEHT YCHOBUN paBoTH CTalu

W T Tst » T Vst » T Tst
[=C] [=C] [=C]

1 100 1.00 2 200 1.00 3 300 1.00

4 400 1.00 5 500 0.78 5] 600 0.47

7 700 0.23 8 800 0.11 9 500 0.0¢

10 1000 0.04 11 1100 0.02 12 1200 0.00

KOSOOUMUMEHT PEOYKUMM MOOYIA YIOIPYTOCTHM CTalu

i 1 Bee » I Bee » 1 Bo o
[°C] [°C] [2C]

1 100 1.00 2 200 0.90 3 300 0.80

4 400 0.70 5 500 0.60 4] 600 0.31

7 700 0.13 8 800 0.09 9 S00 0.07

10 1000 0.04 11 1100 0.02 12 1200 0.00

Puc.6. 3nauenns J, /3ﬂ

4. Pacyer mo OrHECTOMKOCTH

OruaecToiikocTh 3JIeMEHTa XapaKTepU3yeTcs MepruoJIoM BPEeMEHM (B MUHYTax) OT Hayaja Ioxkapa 0
MOMEHTa BO3HUKHOBEHUS MPEAEIBHOr0 COCTOSHUSA dieMeHTa. J[Ji HeCyIMX 3JIEMEHTOB IpeeIbHbIM
COCTOSIHUEM IO OTHECTOMKOCTH SIBJISIETCSI COCTOSIHUE, IIPU KOTOPOM IPOMCXOJIUT IMOTEps HECyIllen
cnocobHoctu. IlpenenbHoe coCTOsHHME HACTymaeT TOrJa, KOrja MIpeleibHble YCHIINS CTaHOBATCS
pPaBHBIMM pacyYeTHBIM ycUIUsM. B mporpamme cTpouTcsi 3aBUCHMOCTbH KO3(QuIlMeHTa 3amnaca

IIPOYHOCTH },, OT BpeMeHHU. [Ipenen oruecTONKOCTH ONpeneIsaeTcs 10 MOMEHTY BPEMEHH, ITPH KOTOPOM
7o =1.

DKCIEpUMEHTAIBHO YCTAaHOBIIEHO, YTO PAa3pyIICHHE KEIe300€TOHHOTO JJIEMEHTa MpPH OTHEBOM
BO3JCHCTBUHU MPOUCXOAUT AHAJIOTMYHO Pa3pyLICHHIO NPU HOpMalibHOW Temmeparype. [IpenenbHbie
yCuiiAa 1npu 0FHCBOMIB03HCﬁCTBHH OIMPCACIIAOTCA Ha OCHOBC HH&Fp&MN[HC@OpMﬂpOBaHHﬂ CXKaToro
0eToHa U apMaTyphl IIPU TEX K€ MPEANOI0KEHUAX, YTO U IIPU HOPMaIbHOI Temneparype. OCHOBHBIMHU
MPENOJIOKEHUAMHU SIBISIIOTCS Cleayromue: aeopManuy pactnpeleistoTesl Mo JUHEHHOMY 3aKOHY,
HaINpsDKEHUS B pacTIHYTOM OeToHe mpeHeOpexumo Maibl. [Ipu onpeneneHnn npeaenbHbIX YCUIUN IPH
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OTHEBOM BO3/ICHCTBUH YYUTHIBAECTCS 3aBUCUMOCTD MPOYHOCTHBIX U AEPOPMAIIMOHHBIX XapaKTEPUCTHK
MaTepuajioB OT TEMIIEPATYPHI.

4.1 OnpenejieHne TEMIEPATYPHOIO 1OJISA

Jliig onpenienienus npejiesna OrHeCTORKOCTH, HEOOX0AUMO PacCYUTATh TEMIIEPATYPHOE MOJIe B CEUCHUU
JJIEMEHTa OT OTHEBOTO Bo3feicTBus. TemmeparypHoe mone T(Y,z,t) ompenensercss Ha OCHOBE

YpaBHCHUA HCCTaHHOHapHOﬁ TEIIOIIPOBOJHOCTH

o,,0T, o0,,0T oT
—(A)+—-(A—)=cp—
oy oy oz oz ot
3nech A - KOOQPHUIMEHT TEIIONPOBOAHOCTH, C - YAEIbHAas TEIJIOEMKOCTb, 0 - INIOTHOCTh MaTepHaa.
[Tpu pacyere TeMIiepaTypsl B CCUCHHH JIEMEHTA HE YUUTHIBACTCS HATMYUE apMAaTYPHI.
Kosddunuent temmnonposoanoctn 6erona B [Br/(M°C )] ompenensercs mo cieayromuM (GopMynam
(em.[1], 6.3):
- i 6eToHa Ha cuiukaTtHoM 3anonnurene A =1.2—0.00035T ;
- s 0eToHa Ha kapOoHatHoM 3anoiHutene A =1.14—0.00055T .

V nenbHas TemnoeMKocTh 6etona B [JIx/(xr °C )] Ha CHITMKaTHOM MM KapOOHATHOM 3aIIONTHHUTENE PaBHA
¢c=710+0.83T . B mporpamme mpeaycMOTPEH y4eT BIAKHOCTH OCTOHA COrjacHo [7], mpu KOTOPOM
3aBUCHMOCTh yJIEIBHON TEIUIOEMKOCTH OT TEMIICPaTyphl XapaKTePU3YeTCs MTUKOBBIM 3HAYCHUEM TIPU

115°C, paubM 1470 u 2020 ipu BnaxkHOcTH 1.5% 11 3% COOTBETCTBEHHO.

OrHeBoe BO3JECHCTBUE XapaKTEPU3YETCS 3aBUCHUMOCTBIO TEMIEpPAaTypbl Cpeabl OT BpPEMEHH,
OTCUMTHIBAEMOI0 OT Haudana mnoxkapa. CormacHo [5], mpW CTaHIApTHOM MOXKape MNPUHUMAETCS
CJIeIyIOIast 3aBUCUMOCTD TEMITEPaTyphl CPE/Ibl OT BPEMEHU:

T, =20+345Ig(8t +1), rae t - Bpems B MHH.
['paduk 3aBucumoctu T,(t) mpencrasien Ha puc.7.

Ha CTOpPOHAaX CCUCHUSA CTABUTCA YCJIOBHUEC PAaBCHCTBA TCIIJIOBOI'O IMOTOKA OT I'PaHHUIIbI BFJ'Iy6B CCUCHUA U
TCIIJIOBOT'O ITOTOKA K I'paHUIIC OT CPECIbI.

oT
TeMnepaTypHa;I 3ala4a peuIacTCd KOHCYHOPA3HOCTHBIM MCETOJOM. HpOI/BBOI[HaH E 3aMCHACTCA

pa3HOCTHI)IM OTHOIIICHUEM
T(y,z,t+At)-T(y,z,t)
At
rac At - [oIar 1o BpeMCHI/I. Pacqu TCMHCpaTypHOFO I10J11 B CCUCHHUHU HpOI/ISBOI[I/ITCH JIJIA JII/ICKpCTHBIX
MOMCHTOB BpCMeHI/I. H_[ar I10 BpCMCHI/I MOXET HpI/IHI/IMaTLCH paBHLIM 3MI/IH, 6MI/IH, 12MI/IH nJimn

3a4aBaTbCA JPYIrUM 3HAUYCHUCM B IPCACIax OT IMuH A0 30muH. B OGH.IGM cJIydac, npu yBCIUYCHUU
mara, yMCHbIIaCTCA 00BeM BBI‘IHCJ'I@HPI?I, OJHAaKO MOXET CHUXATbCA TOYHOCTE PE3YyJibTaTa.
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To [ppan]
S00
00
400
200
] T T T T T T L [MHH]
o 10 Z0 30 40 a0 ad

Puc.7. 3aBUCHUMOCTb TeMIIEpaTypsl CPeAbl OT BpEMEHU

[Tocne onpenenenus TeMiepaTypbl Ha KOHEUHOPA3HOCTHOM CETKE TeMIlepaTypa B IPOU3BOIBHOM TOUKE
CEUCHHUs OmpeAenseTcs HHTepnoisuuei. B kadecTBe mpumepa Ha puc.§ NPUBEACHBI H30TEPMBI,
MOJTy4YeHHBIE ITPH BCECTOPOHHEM HarpeBe.

Puc.8. M3oTepmsr

[Tpu BBOZE MCXOIHBIX JAHHBIX MPOTPaMMbl MOTYT OBITh 3aJaHbl YIPAaBISAIOLIME MapaMeTpbl pacuera
TEMIEPATYPHOTO IOJI: HOMUHAJIBHBINA 1Al CETKM S U MaKCHUMaJbHOE YHCJIO TOYEK CETKHU B OJIHOM
Hanpasieanu N . Eciv 3HaueHue S He 3agaHo, To mpuHuMaercs S =10 mm. Ecii 3nauenne N, He
3amaHo, To npuHuMaercst N =60. AHanoruuHple mapamMeTpsl MOTYT OBITh 3a1aHBI JUTS YIIPaBICHHS
pa3zOueHneM C)KaTol 30HBI CEUEHHs Ha MaJIble 3JIEMEHTBI IPU ONPEICIICHUN IPEIEIbHBIX YCUITUH.

B mporpamme mpenycMoTpeH BBIBOA TEMIEPATyphl B 3aJaHHBIX TOYKaX, ONpPENESEMbIX B CHCTEME
koopauHat (Y,Z) ¢ HavaioM B JIEBOM TOYKE HIDKHEW CTOPOHBI ceueHus. [lpu 3ToM och Y
HaIpaBJISIETCA BIPABO MO HUXKHEW CTOPOHE CEUEHHUs, @ OChb Z - BBEPX I10 JIEBOM CTOPOHE CEUECHUS.

4.2 Onmnpenenenue npeaeJbHbIX YCHITHI

[IpenenbHble ycHAMS TPUHUMAIOTCS NPOMOPIHMOHATBHBIMU pacdeTHbIM ycmwmmsam: N, =y, N,

M, =rM,, M, =y,M,. llpounocts ceuenus obecneuena, ecnu KOIYGUIMEHT y, HE MEHbIIE
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enunuubl. [Ipeanonaraercs, 4ro AegopManuu B CEYECHUHM PACIPENEISIOTCS MO JIMHEHHOMY 3aKOHY
e(y,2)=¢g,+x,y+x,Z, TIe K, K, - KpuBHU3HBL IIpenesnbHble YCHIMA ONPEACISIOTCS HA OCHOBE

CIIEYIOIIUX YPABHEHMIA:

[o,d4+ [o.dd+ [o,d4=y N

:IE :!: :!:-

[oy2dd+ [ o.zdd+ [ 0,zdd =y, M,

4 4 r

[o,ydd+ [o.ydd+ [o,ydd=—y, M,

i ] rl
3nece oy = f,(&,T) - nanpspkenue B cxatom 6erone, o, = f (&,T) - Hanpspkenue B rubKoit apmarype,
o, = f,(&T) - nanpsokenne B xectkoii apmarype, T =T(Y,z,t) - Temneparypa, A, - ckaras 30Ha

OETOHHOTO CCUCHUA, As - ceyeHHne ruoKoM apMaryphl, Ap - CCUCHUC )KCCTKOU apMaTyphbl.

JInst BBIYMCIICHUN MHTETPajioB MO A, mpou3BoauTCs pa3OMEHUE CKATOW 30HBI CEYECHUS HAa Malible

QJICMCHTLI, B IIPCACIaX KOTOPBIX HAIIPAKCHUC IIPUHHUMACTCA ITOCTOAHHBIM. OnpeneneHI/Ie HHTCTPAJIOB
CBOAUTCA K BBIYUCJICHUIO KOHCYHLIX CYMM. HpI/I BBIYUCJICHUN HHTCIPAJIOB I10 As MMPUHHUMACTCA, YTO

IIomajb CCYCHUA apMaTypHOI'0 CTCPIKHA COCPCAOTOUCHA B €ro LECHTPC. TeMnepaTypa apMaTypHOTo
CTCPIKHA IMPUHUMACTCA paBHOfI TEMIICPpATypEC B TOYKEC, COBHaI[aIOH_Ieﬁ C OCHTPOM CCUCHHA CTCPIKHA.
Breruucnenue HUHTCI'pajioB I10 Ap MPOU3BOAUTCA KaK IS IMOJUTOHAJIBHOI'O KOHTYpA. TeMnepaTypa

KECTKOI apMaTypbl IPUHUMAETCs PaBHOM HauOOJbIIEH TeMIiepaType Ha KOHType npoduis.

Pacripenenenne nepopmaid B MpeaeabHOM COCTOSHHUU &,(Y,Z) OTBHICKHBAETCS W3 OrPaHHYCHHS
neopManuu ckaToro OETOHA 3HAYEHUEM &,,, U3 OrpaHMuYeHMs AedopMalMK PacTIHYTOM TMOKON
apMaTypbl 3Hau€HUEM &,,, W3 OrpaHMYeHUs JAeopManuy >KECTKOW apMaTypbl 3HAYEHUEM

2.5%=25npomumie. g KaxkIOro MOJIOKEHUS HEUTPATbHOM JIMHUM OJHO3HAYHO ONPEEsAeTCs
pacrmpenenenue aedopMalii B TPEACIBHOM COCTOSHHH. B pe3ynbrare pemeHus: CUCTEMBbl Tpex
HETMHEWHBIX YpaBHEHUUN OMpeAeNseTcss MOJOKEHUE HEUTpalbHON IMHUU U Kod(puImeHT 3amaca
npouHoctu y,. Ha puc.9 npuseneH npumep 3aBUCUMOCTH KO3 QUIMEHTa Y, OT BPEMEHHU IpHU

CTAaHAApTHOM II0XKape.

Kos@@uUMeHT Salaca NPOYHOCTH Y.

] t [mMmau]

Puc.9. Ilpumep 3aBucumMocTy Kod(QppuuuenTa ¥, OT BpeMEHH

B mnporpaMMe mpeaycMOTpEeH BBIBOJA pPE3YJIbTATOB pacyeTa MNPENeibHBIX YCWIMM Ui Ipenesna
oraecroiikoctu. ITomumo NpCaACIIbHBIX YCI/IHI/Iﬁ BBIBOIATCA KPUBU3HBI, MAKCUMAJIBHBIC U MUHHUMAJIbHBIC
(B anreOpamveckoM cmbiciie) aedopmaruu OeToHa, apMmaTypbl W mpodwmist. Ecnu mpenenbHas
nedopmarust 6eToHa JOCTUraeTCs B TOUKE, JIeXkKallel BHYTPH C)KaTOM 30HBI, TO BHIBOJISATCS] KOOPAWHATHI
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3TOM TOUKH, TemIeparypa T U ImpeaeibHOe 3HaueHue qedopmanuu &,,. B cinyuae, korna HeifrpanbHas
JIUHHS TIEPECEKACT CEUCHUE DTIEMEHTA, BEIBOJIUTCS N300paKeHHE CxKaTON 30HBI ceueHus (puc.10).

NN N
N SN \\\\ X >>
\\i 1\\\\ >\>>>

S

%
£ ]
>’
@

Puc.10. ITpumep n300pakeHNs CKATON 30HBI CCUCHUS

//

/

s

/

4.3 VYder BAMSAHUA MPOruda

HpI/I YUCTC BIMAHUA Hpom6a CIKaAToro 3JICMCHTA, BEJIMYHNHA paCYC€THOI'O MOMCHTA OIIPECACIIACTCA ITyTEM
YMHOKCHUA I/I3I‘I/I6aIOH_Iel"O MoMeHTa M . HaﬁHeHHOFO Ha OCHOBC HCI[CQ)OpMHpOBaHHOI;'I CXEMbI, Ha
NOBBIIAIOIINN K03 uimeHT
1
77 =
N
1— —
N

cr

3nece N, - KpuTHUecKas IpoOIbHAS CHIIA, KOTOPAs BBIYUCIAETCS O GopMyIe:

7D

2

N

o T
I0

rne |, - pacuerHas mqmmHa Cxaroro asnementa. JKectkocte D mpu HOpMaJbHON Temreparype
BbIUncisieTcs cornacHo [4], I'.2 mo gpopmysre:
0.15E,,1,

D=—"2"bb 40 7(E,l, +El)
9,(0.3+5,)

3necy E,, =0.85E,; 1,1, - MOMeHTHI MHEpLIMM OETOHHOTO CEYCHUSI, CEUCHHUSI APMATYPhI U CEYCHUS
IPOQUIISE OTHOCHTENBHO IEHTPATIBbHOM OCH ceueHus, O, =€,/h - OTHOCHUTENBHBIN IKCIECHTPUCHTET
IPOIOIBbHO# critbl, N - BBICOTA CedeHus B IIOCKOCTH M3rnba. KoadduuueHt ¢, npuHIMaeTcs: paBHbIM
2.

[Ipu onpeneneHny SKCLEHTPUCUTETA €, YUUTBIBACTCS CllydailHbIi SKCLeHTpucuTeT €, [4], 7.1.1.5. Ilpn
pacueTe dJIeMEHTa CTaTHYECKHU ONPEIEIMMOIN KOHCTPYKIINH, IKCIIEHTPUCUTET €, TPUHUMAETCSI PABHBIM
M /N +e,, anpu pacyere aeMEeHTa CTATHYECKH HEOMPEIeTNMON KOHCTPYKIHU — paBHbiM M /N | eciu

M/N >e,, u paBubim €,, eciu M /N <e,

[Ipu pacuere 1Mo OrHECTOMKOCTH, MOAYJIU YIIPYTOCTH PABHBI:

By =5,(T)E,, Eq =A.(T)E;, B =f4(T)E

CTATHUKA-2024 451 — Pacuer 110 OrHECTOMKOCTH (CTaJIC)KEIE300€TOHHOE CEUCHUE)



65

rae S, (T), B(T), B4(T)- xoobduimenTsl penykiud MOIyNs ynpyroctd OeTOHa, apMaTypbl H
KOHCTPYKLIMOHHOM CTaJld, 3aBUCALIME OT Temreparypbl [ . IIpu HepaBHOMEPHOM HarpeBe Ce4YeHUs
T=T(y,z) u, crenoBaTeIbHO, MOIYIH YIPYrOCTH 3aBUCAT OT Y,Z. BrlpaskeHue s »ecTKOCTH

3aIMCBIBACTCS B BUJE!
0.15

=— = 085D, +0.7(D, +D,)
9,(03+5,)

Ceuenue pa30OuBaeTcss Ha Majble SJIEMEHTHI, B Ipeeiax KOTOPBIX TeMIepaTypa IPHHUMACTCS
noctosiHHoi. Torma Benmumna D, ompenensercs kak D, :Z:,BbiEblbi , e B =6,(T), 1

MOMEHT MHEPIHH IUIOMAIU MAIOro JIEMEHTa OTHOCUTENbHO ocH u3ruba. Bemmunna D, ompenensiercs
kak D, =Z,BS]iESIS’i , rne B, =p,(T,), |, - MOMEHT MHEPIMHU IUIONIAJH CCYCHHS apMaTypHOIO
CTEpXKHsSI OTHOCUTENbHO ocu uiruba. Bemmumna D, ompenensiercs xaxk Dy =S El, tne S, -

KOY(QQUIHUEHT peayKLUH MOAYJsA YHPYTOCTHM KOHCTPYKIIMOHHOM CTalM, OIpeNeNeHHbIH s
temneparypsl npoduis, El - xecTKocTh ceueHust mpoduiis mpu HOPMAIBHOM TEMIIeparType.
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453 — Pacyer 110 OrHeCTOMKOCTH ILIUT U CTEH
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[TporpamMma mpeaHa3HaveHa JIs pacuéra M0 OTHECTOMKOCTH JKeJIe300€TOHHBIX TUTHT M CTEH COTJIaCHO
CII 468.1325800.2019 [1] u CII 63.13330.2018 [2]. TemneparypHoe 10ji€ B CEUCHUH DJIEMEHTa MPHU
OTHEBOM BO3JICHCTBUU OIPENEISIeTCS MMyTeM PEIICHUs 3a7a9i HECTAllMOHAPHOM TEIIONPOBOIHOCTH C
Y4ETOM 3aBUCUMOCTH TEILIOPU3NICCKUX XapaKTEPUCTUK OETOHA OT TemrepaTypsl. [IpenenbHblie yCrmus
BBIUMCIISIIOTCS. HA OCHOBE JUarpamm JeopMupoBaHUS C:KaTOro OETOHA U apMaTypHI.

1. PacuerHasi cxema

PaccMaTpuBaeTcst IUIOCKHN 3JIEMEHT €AMHUYHBIX pa3MepoB B IUTaHe W TonmmHoi h . Ilpumensercs
cuctema KoopauHat (X,Y,Z), OCK X H Y KOTOPOW JeXaT B CPEAMHHOW IUIOCKOCTH 3JICMCHTA.
[TpononpHas apmaTypa pazMeliaeTcs y BEpXHel U HIKHEH CTOPOH cedeHHsl BIoJIb ocelt X u Y (puc.l).

[Ipn onpeneneHny NMpenesnbHBIX YCWIHM, apMarypa B KakKJIOM HAIPABICHHUM MPEICTABIACTCS B BUJIE

2
S

apMaTypHOTO CJI0sI C HIOTOHHOM mIomagso A, = , e O, - mmamMeTp CTepiKHeil, S - Imar CTep)KHEeH.

&

Puc.1. Ceuenusi, HopManbHble K ociM X U Y

2. Yeuaus

B o6miem ciydae, B ONEPEUHBIX CEUEHUAX IJIEMEHTA, HOPMAJIBHBIX K OCH X , IEHCTBYIOT M3TUOAOIINIA
MoMeHT M, , KpyTsumii MOMeHT M vy » HOpMaJIbHasI CHJIa N, u caBuraromas cuma N Xy - B nonepeunbix

CEYEHHSIX DIIEMEHTA, HOPMAJIbHBIX K OCH Y , IEHCTBYIOT H3rHOAIOMIMIA MOMEHT M | , KpYTALINi MOMEHT
M,

CIAWHUIIL.

HOpMaJibHasA CHlia Ny n caBuraromas cChljia ny Ycunusa uMerT PasMEPHOCTHU TIOT'OHHBIX

N3rubarommii MOMEHT SIBJIIETCS] OJIOKHUTEIBHBIM, €CIIU MIPU €ro JASHCTBUM C)KaTasi 30Ha BO3HUKAET B
BEepXHeH yacTu ceueHus (cM. puc.l). 3Hak KpyTsIero MOMEHTa He UMeeT 3HaueHus. HopmanbHas cuna
SIBIIIETCS TOJIOKUTEIBHOM IIPU CXKATUM. 3HAK CIBUTArOLIled cuiabl HE MMeeT 3HadeHus. Ha puc.2
IIOKa3aHbl JIEMEHTHI IUIMTHI U CTEHBI. B Cilydae CTEHBI, OCb Y HaIpaBiseTCs BIOJb BepTUKAIN. B

nporpamMme, Ipu pacdeTe IUIUMThI, HC YUYUTBIBACTCA CABUTArolIas CUJia N a IIpu pacdyeTe CTCHHI -

Xy 2

KpYTSIHMH MOMEHT M, .

Puc. 2.Ycunus B InTe U CTEHE
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3. Martepuanbl

Kiacc 6erona u kiacc apMaTypsl mpuHUMAIOTCs corjacHo [2]. Pacdyer mpoBoauTcs s OETOHOB 10
kiacca B55 BxmrounrtensHo. [uarpammbl nedopmupoBanusi 6eToHa M apMaTypbl IpU HOPMAaJbHOM
TEeMIIepaType MpuBeeHBI Ha puc. 3, 4. [1o ropr30HTATBHON OCH OTKJIAIbIBACTCS 3HAYCHHE Aehopmanmm
B ripomuinie (1 %,=0.1%=0.001). OtpunarenbHble 3HaYEHHUS COOTBETCTBYIOT 1ehOpMalluy CxKATHUSL.

Y
b

i . + eps [%.]
-1.50 -3.50

Puc.3. Inarpamma nedopMupoBanus c:katoro 0etona B25 npu HopManbHO#M TemmepaType

sig [MIa]

500} - ;

-25.00 -2.00f

eps [%.]
1 fi 2.50 25.00

£-1{-400

Puc.4. lnarpamma nedopmuposanus apmatypbl AS00 mpu HOpMaIbHOH TeMmeparype

PacueTHble CONpOTHBIEHHS W MOJYJIM YHPYrOCTH MAaTe€pHajOB IPH HArpeBe ONPEAEISIOTCS IO
¢dbopmynam [1]:

Ront = Ron?it
E o= E':ﬁ':-
RE}‘E[ = RE}‘E-?-E[
E.=E/f.

3HayeHus ko3 unueHTa ycioBuil paboTel OeToHa ¥y, M KOXPPHUIHMEHTa PeIYKIIUU MOAYJIS YIPYTOCTH
OeroHa [, mpuHHMaroTcs 1o Tabuune 5.1 [1], mapamerps! auarpaMMel Uit O€TOHA &, , &, - T10 TaOIHUIe
5.5 [1]. 3nauenus korpuIeHTa yCIoBHid paboThl apMaTypsl ), ¥ KOAPHHUIMEHTa PEIyKIIMH MOy
YIIPYTOCTH apMaTypsl [, mpuHUMatoTcs 1o tadimne 5.6 [1]. [IpenensHas gedopmanus apMaTypsl &,
npuHAMaercs pasHoi 25%, mpm 20°C <T <200°C wu pasmoii 50%, mpm T >500°C. Ilpm
200°C <T <500°C npenenshas nedopmaius £, ONpeAenseTcs HHTePIOIAIHE.

B mporpamme Bo3MOXeH TaOMUYHBIN BBIBOJ KOI(PPUIIMEHTOB JUIS 33JaHHOTO BUA 3aNOTHUTEINS B
OCTOHE U KJIacca apMaTyphl.
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4. PacyeTr Mo OrHeCTOMKOCTH

OraecroilkocTh 3JIeMEHTa XapaKTepU3yeTcsl MeproJIoM BPeMEHH (B MUHYTax) OT Hayaja Ioxkapa J0
MOMEHTA BO3HUKHOBEHUS MPEJEIBbHOTO COCTOSHUA AJeMeHTa. {1 Hecylux 3J€MEHTOB MpeleIbHbIM
COCTOSIHUEM II0 OTHECTOMKOCTH SIBJISIETCSI COCTOSIHUE, IIPU KOTOPOM IPOMCXOJIUT IOTEps HeCcyluen
cnocobnoctu. IlpenenbHoe cocTOsHHME HACTymaeT TOrJAa, KOrja NIpeleibHbIe YCHIIUS CTaHOBATCS
paBHBIMU pacUeTHbIM yCcWiIMsM. B mporpamme cTpouTcs 3aBUCUMOCTh KO3(PQUIMEHTa 3amaca

IPOYHOCTHU ), OT BpeMeHHU. [Ipenen orHecTORKOCTH ONpeAessieTCs T0 MOMEHTY BPEMEHH, IIPH KOTOPOM
7, =1 (puc.5).

Ko>@@MUMEHT Salaca NPOYHOCTH Y.

] t [mmaH]

Puc.5. Ilpumep 3aBucumocTd kodbduiuenta ¥, oT BpeMeHU

4.1 OmnpenejieHHe TeMIEPATYPHOIO MOJIs

[Ipu pacuere mo OrHECTOMKOCTH pacCMaTpUBAETCS HAarpeB OJHON CTOPOHBI AIeMeHTa. JJis onpeaenenus
npejena OrHeCTOMKOCTH, HEOOXOIMMO paccyuTaTh TEMIIEPATypHOE I0JI€ B CEYEHHH DJIEMEHTa OT
OTHEBOTO BO3JEHCTBUA. V3MeHeHHe TeMmneparypbl 10 TOJIMHE JJIEMEHTA ONPEAEIAETCS Ha OCHOBE
yYpaBHEHHUS HECTAI[MOHAPHON TETUIONPOBOIHOCTH.

o T T
_l_ =Co—
PG

3I[CCL A- KO3(1)(1)I/II_II/I6HT TEIIONPOBOAHOCTH, C - yACIbHAs TCINIOEMKOCTh, o - IJIOTHOCTh MaTepHraia.

IIpu pacuere TemnepaTypbl HE YUUTBIBAETCS HAIMYHUE apMaTyphl.

Kosddurment TemmonposogaocTH 6etona B [B1/(M°C )] onpenensercs mo cieayrommM (GpopMyIam
(em.[1], 6.3):

- g 6etoHa Ha cunukaTtHOM 3anonaurene A =1.2—0.00035T ;

- st 6eToHa Ha KapOoHnaTHOM 3anoiauTene A =1.14—0.00055T .

V enbHas TennoeMkocTs 6eTona B [[Ix/(kr °C )] Ha CHITMKATHOM MM KapOOHATHOM 3aTlONHUTENE PaBHA
€c=710+0.83T . B nmporpamMmmMe mpemxycMOTpEeH y4eT BIKHOCTH OETOHa CcOriacHo [4], mpu KOTOpOM
3aBUCHMOCTH Y/ACIBHOW TEIJIOEMKOCTH OT TeMIIEpaTypbl XapaKTEPU3YeTCsl MMUKOBBIM 3HAYCHUEM TPU

115°C, pasubivM 1470 1 2020 npu BaaxzOCTH 1.5% U 3% COOTBETCTBEHHO.

OrHeBoe BO3JCHCTBHE XapaKTEPU3yeTCSd 3aBUCHUMOCTBIO TEMIEpaTypbl Cpenbl OT BpPEMEHH,
OTCUMUTHIBAEMOIro OT Hauana mnoxkapa. CoriacHo [3], mpW CTaHAAPTHOM TOXKape NPUHUMAETCS
cJeyIolas 3aBUCUMOCTb TEMIIEpaTyphl CPEJIbl OT BPEMEHU:

T, =20+345Ig(8t+1), rae t - Bpemsi B MUH.

I'paduk 3aBucumoctu T,(t) mpemncrasied Ha puc.6.
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To [Dpan]
S00
00
400
200
] T T T T T T L [MHH]
o 10 Z0 30 40 a0 ad

Puc.6. 3aBuCHUMOCTB TeMIIEpaTypHI CPEbI OT BPEMEHU

Ha CTOpOHAaX CCUCHUA CTABUTCA YCJIOBHUEC PAaBCHCTBA TCIIJIOBOI'O IMOTOKA OT I'PAHUIIbI BI‘JIyGB CCUCHUA U
TCIIOBOI'O IOTOKA K I'paHul€ OT CPCAbI.

oT
TeMnepaTypHa;I 3a/ladya pemacTCa KOHCYHOPA3ZHOCTHBIM MCTOIOM. HpOI/ISBOIIHaSI E 3aMCHACTCA

Pa3HOCTHBIM OTHOLICHHUEM

T(y,z,t+At)-T(y,z,t)
At

rae At - mar no BpeMeHu. Pacuer TemnepaTypHOro moJis B CEYEHUH MTPOU3BOJUTCS Ul AUCKPETHBIX
MOMeHTOB BpeMeHM. lllar mo BpeMeHH MOKeT NpPUHUMATbCS paBHBIM 3MHUH, OMUH, 12MHH WU
3aJ1aBaThCs APYTMM 3HaueHUeM B npenenax oT 1muH 1o 30mun. Ilocne onpenenenus teMnepaTypsl Ha
KOHEYHOPa3HOCTHOM ceTKe TemmepaTrypa MpH NPOU3BOJIBHOM 3HAY€HUMM Z  OIpelessieTcs
uHTepnosinuen. [Tpumep n3menenus remneparypsl 0 TOJILIMHE JIEMEHTA IPUBEIEH Ha puUc.’.

T [rpam]

X 22

' T . = [em]
i 10 20 30
Puc.7. Ilpumep u3MeHeHHs: TEMIEPATYPHI IO TONIMHE JIEMEHTA

[Tpu BBOAE MCXOIHBIX JAHHBIX MPOrpaMMbI MOTYT OBITh 3a/laHbl YIPaBIIAIONIUE TapaMeTphl pacyera
TEMIIEPaTyPHOTO MOJIsi: HOMUHAIBHBIHA IIar CETKU S M MaKCUMalbHOE 4ucio Touek cetku N, . Ecin

3HaYCHUE S He 3a1aHo, To npuHuMaercs S=10wmm. Ecnu 3nauenne N, He 3a1aHO, TO IPUHUMACTCS
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N

CCUCHUS IPpH OIIPECACIICHUN NPCACIIBbHBIX YCHJIHﬁ.

rax = 00 . AHAJIOTHYHBIC TApaMeTPbl MOTYT OBITH 33/1aHbI AJIsI YIPaBJICHUS Pa30HEHHEM C)KaTOH 30HBI

B nporpamme npenycMOTpeH BBIBOJI TEMIIEPATyphl B 33JJaHHBIX TOYKAX, ONMPEAETIIEMbIX KOOPIUHATON
Z , KOTOpasi OTCUUTHIBACTCS OT HIKHEH CTOPOHBI CEUEHUSI.

4.2 Omnpenesienue npeaeabHbIX yCUJIHii

[IpenenbHble 3HAUYEHHS H3rHOAONIEr0 MOMEHTAa M HOPMAJIBbHON CHJIBI OIpPENENSIOTCS Ha OCHOBE
nuarpamm 1e(opMHUpOBaHUSL CXKATOrO OETOHA M apMaTypbl C YYETOM 3aBHCHUMOCTH XapaKTEPUCTHUK
MaTepuajoB OT TemrepaTypbl. HOpMaTHBHBIE CONMPOTHUBICHUS CXKATOTO OCTOHA W apMaTyphbl MHpU
HOpPMAaJIbHOW TeMIepaType MPUHUMAIOTCS COrIacHo [2].

IIpenenbHble yCWIMST HPUHUMAIOTCS HPONOPIMOHATIBHBIMU pacueTHbIM yceummsiM: N, =y N,
M, =y,M . IlpoyHocTs ceueHHus oOecrieueHa, eciu KOIPPHUIUEHT J, HE MEHBIIE EIMHUIIBL.

[Ipeamonaraercs, 4To aedopMalis B CCYSHHH paclpenessieTcs Mo JHHeHHOMY 3aKoHy £(Z) =&, +kZ,
rae k - kpuBu3Ha. [IpeaenbHble yCHIIns OMPEeNaOTCs Ha OCHOBE CIICIYIOIINX YPaBHEHHI:

Iabdz +Zo-s,iAs,i =7,N
hy i

J.GbZdZ—l_ZGs,iAs,iZi =7,M
hy i

3nece o, = f,(&,T) - Hanpspkenue B cxarom 6erone, T =T (z,t) - remneparypa, h, - BeicoTa c)xatoi
30HBI OetoHa, o, = f,(&,T;) - Hampskenme B apmarype; &, 1;, A, Z- COOTBETCTBEHHO

nedopmarnus, Temreparypa, oroHHas IUIOIIab U KOOPIHHATA BEpXHEH U HIbkHel apmatypsl (1 =1,2)

JIts BBIYMCIICHUHM MHTETPAioB 1Mo N, MPOW3BOAMTCS pa3OMeHHe BBICOTHI CXKATOM 30HBI CEYCHHsS HA

OJICMCHTEI, B MPECACIaX KOTOPBIX HAIMMPSXKCHUC MMPUHUMACTCA IMMOCTOSAHHBIM. OnpeﬂeneHHe HWHTCIpaIoB
CBOAUTCA K BEIYUMCIICHHUIO KOHCYHBIX CYMM.

Pacnpenenenne nedopmani B TMpefelbHOM COCTOSHHM &,(Z) OTBHICKMBAETCS M3 OrPaHHYCHHS
negopMaluy CKaToro OEToOHa 3HAUYCHUEM &,, U U3 OTpaHUYeHUs JeOpPMALUU PACTIHYTON apMaTypbl
3HAYEHUEM &,,. JUId KaXIOoro IMOJIOKEHHUA HEWTPAJIbHOM JIMHUM OJHO3HAYHO OIpEleseTcs

pacipeaciCHuc ILC(I)OpMaLII/II/I B MIPCACIBHOM COCTOSAHUMH. B pe3yIbTaTe pPCHICHUA CUCTEMBI JIBYX
HEJIUHEHUHBIX ypaBHCHI/Iﬁ OMPEACIIACTCA IMOJIOKCHUC HeﬁTpaﬂbHOﬁ JUHUH H KO3(I)(I)I/II_II/ICHT 3ariaca

IPOYHOCTH ¥, .

4.3 YcaoBus IPOYHOCTH IUIUTHI

IIpoBepka MPOYHOCTH TUIMTHI HA AEHCTBHE M3THOAOMWMX MOMEHTOB M, , M W KpyTslIero MoMeHTa
M, TPOBOAMTCS COINACHO [2] MO CIEIYIOMINM yCIOBHSM:
M /M _ =1
M /M, =1
(M, —M )M, —M)-M, =0
M, /M, =1

M, IM,, <1

=y
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Tpetbe ycnoBue npeoOpa3yercs K BUIY:

1
2
M, M, MM, M}

X y

+ - +
M M MM, MM,

Xu yu

<1

Ecmu peiictByror HOpMainbHble cuibl N, N,, TO mpeaenbHbIC M3ru0aroe MOMEHTRI, BXOISAIINE B
TPEThE YCIIOBUE, OMPEIEISIIOTCS pU (PUKCHPOBAHHBIX 3HAYCHUSX HOPMAIBHBIX CHIIL.

[IpenenpHble 3HAUEHUS KPYTAILIETO MOMEHTA OMPEEIISIOTCS 10 (GOpMyIIam:

M, , =01R, }i

brep
M_,,=05[R, (A, +4,), +R (A, +4),.]h

3mech Ry, - CpeiHee MO BBICOTE CEYEHHUs CONpPOTHBICHHE OeToHa, R R, . - CONpPOTHBIICHUS

BEpXHEW U HWXKHEi apmatypsl, hy, =h—d_ - cpennee 3Hayenne paboyeii BBICOTHI.

st,e ! st,H

J1s KaXXI0ro U3 MATH yCIOBHH IPOYHOCTH ompenesercs kod(dULIUEeHT 3anaca y,; Kak BEJIM4YHHa,

oOpaTHas K JIEBOM 4acTH yca0BHs, U BeIOUpaeTcs y, = min(y,;) .

4.4 YcaoBusi IPOYHOCTH CTEHbBI

IIpoBepka MPOYHOCTH CTEHBI Ha JeiicTBHe HOpManbHBIX cuil N,,N, ¥ caBuraromen cuiael N,

MIPOBOJIUTCS COTJIACHO [2], IO CIEAYIOIINM YCIOBUSIM:
N IN_=1

X X =

N IN_ =1

p ! N =
(‘?H'Txu - ‘?II"Tx }( ‘?IJ.I'U a ‘?IILTJ-'} - ﬂT;T 20

Ny /!Ny, <1

A

N_/IN_ =1

el L
Tpethe ycnoBue nmpeoOpa3yeTcst K BUIY:

1

2

Nx+Ny_ NxNy n ny
No Ny NuN, NN

Xu yu xu' Y yu

Ecmu pefictByror usrubatomue MoMeHTsl M, , M y» TO TIPEICIIbHBIC HOPMAIbHbBIE CHIIBI, BXO/SIINE B
TPETHE yCIOBUE, OMPECISIOTCS MPU (PUKCUPOBAHHBIX 3HAUCHUSIX W3THOAIOIINX MOMEHTOB.

[IpenenbHble 3HaYSHUS CIBUTAIONIEH CUJIBI OTIPEACIISIOTCS MO (popMyIam:
Nygw =03R,, 1

Noow=03[R, (4, +4). + R, (A, +4,),]

3nec R - CpefHee MO BBICOTE CEUCHHS COMPOTHUBIIEHWE OeToHa, R R, ., - CONpOTUBIEHUSA

bt,cp st,e ! st,u

BEpXHEN U HUKHEN apMaTypsl.
JInsl KakI0ro M3 MATH yCIOBUM NMPOYHOCTH ompenensercs Kod(G(GUIMEHT 3amaca y,; Kak BEJIUYUHA,

oOpaTHas K JIEBOI YacTH ycIOBUS, U BeIOUpaeTcsa y, = min(y,;) -
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4.5 Yder BAMAHHA Nporuda

[Ipu pacuere CTEHBI, yYUTHIBACTCS BIMSHHE NPOruda B IUIOCKOCTH Yz . PacueTHslil m3rmbaromimii

MOMCHT OHNPCACIACTCA IIYTEM YMHOXCHUA H3r1/16a}01uero MoMeHTa M Haﬁ,[[eHHOFO Ha OCHOBC

y >
Hene(hOpMUPOBAHHOM CXeMbl, Ha MoBbIIaNIMi Kodhdumuent 7. Koadduuuent , Bbraucnsercs no
dopmyre:
1
77 =
N
1-—%
N

cr

rac N_ - KpuTHYEeCKas CHJIA, KOTOPAsi BBIUHUCIISICTCS 110 (POPMYIIC.
cr

Irac IO - pacye€THasi NJIMHA CTCHBI B IINIOCKOCTH YZ . Kectkocte D IIpu HOpMﬂJ’ILHOfI TEMIICPATYpPEC

BBIUKCIISIETCSI, coraacHo [2], mo ¢hopmyre:
0.15E,1,

D=—"""t"% LQ7EI,
¢(0.3+6,)

3neck E,, E, - Monynu ynpyroctu 6erona u apmarypsr; |, |, - MOMeHTBI HHEpLIMY OETOHHOTO CEUCHHUS
¥ CCYCHMs] apMarypbl OTHOCHTENIBHO IIEHTPAIbHOW ocu ceueHus, O, =€,/h - orHocuTenbHbIH
OKCHEHTPUCHTET HOPMAIbHON cuiibl, N - BbIcOTa cedeHus: B riockocTu u3ruba. Koaddumment ¢,
PUHUMAETCS] PaBHBIM 2.

ITpu onpeeneHnn HKCIIEHTPUCUTETA €, YUUTHIBAeTCS CIIydailHbIN SKcHeHTprcuTeT €, [2]. Ilpu pacuere
JIEMEHTa CTATHYECKH OINpPENEeTMMON KOHCTPYKIMH, OSKCIEHTPUCHTET €, IPUHUMAETCS PaBHBIM
M, /N, +e,, a mpu pacyere 3JIeMEHTa CTAaTHICCKH HEONpPEeIeIMMON KOHCTPYKIMK — paBHbiM M /N

,ectu M /N, >e,, npaBuem €, ecmn M /N, <e,.

HpI/I pacyeTe 1nmo OFHCCTOﬁKOCTH, MOAYJIH yIIpYyroctu paBHLIZ
Ebt = ﬂb(T)Eb1 Est = ﬂs(T)Es

rae S, (T), B.(T) - koobduimenTs peayKIuu MOt YIPYTOCTH OETOHA U apMATYPBI, 3aBUCSIIIHAE OT
temriepatypbl T . [Ipu HepaBHOMepHOM HarpeBe cedeHus | =T (z) u, clieoBaTeNbHO, MOIYIU
YIPYTOCTH 3aBUCHT OT Z.
BoipaskeHue 15 )KeCTKOCTH IPECTABIIAETCS B BUJE!

0.15

D=——=__D, +0.7D,
9,(0.3+5,)

Jlnst Beruricniennn D, mpom3BoauTest pa3dueHHe BBICOTHI CEYEHHS Ha 3JIEMEHTHI, B IIpeesax KOTOpon
HaIpshDKEHHE PUHUMAeTCst MOCTOsiHHBIM. Torma Benuunua D, ompemensercs xak D, = Z BoiElyi
rae By, =4,(T,), |,; - MOMEHT MHEpPLMHU IUIOMWIAAX MAJOro 3JIEMEHTa OTHOCHTENIBHO OCH H3ruoa.
Bemnmunna D, ompemensercs kak D, :Zﬂs,iEsls,i , tne B =p,(T)), l,; - MOMEHT HMHEpUHH

MOTOHHOM TUIOIIAIU CEUEHUsI apMaTypbl OTHOCUTEIBHO OCH U3TH0Aa.
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[Ipu HarpeBe 0AHOM CTOPOHBI CTE€HBI, BO3HUKAIOT HEPABHOMEPHBIE TeMIlepaTypHbIe ehopMaluy, YTO
MPUBOJUT K MPOTUOy B HANpaBICHUHM K HArpeBaeMoil CTOpoHEe. 3HauEHUE TEMIEepaTypHOro mporuda
ompeaensiercs cornacHo [1], (8.29) mo dpopmyre:
I 2
& = (T, — oy Ty) o -

8h,
3nece T, - TemmepaTypa apMaTypbl Yy HarpeBaeMoil CTOpOHBI, [, - Temmeparypa OeToHa Ha
HeHarpeBaeMoil cTopoHe, o =y (T,) - KodhbHIMEHT IUHEHHOr0 pAaCIIMPEHUsI apMaTypsl,

o, = o, (T,) - ko3 dunuenT muHeHHOro paciupenus 6erona, h, - paboyast BbICOTa CEUCHHUS.

HpI/I HCHTPAJIbHOM C)KAaTUU CTCHBI, 3HAK CHy‘I&ﬁHOFO OKCHCHTPUCUTCTA ea BI)I6I/IpaCTCH C YUCTOM 3HaKa

TEMIICPATYPHOI'O Hpom6a. HpI/I BHCUOCHTPCHHOM CXKAaTHUU CTCHEI, TeMHepaTypHLII‘/'I HpOFI/I6 YUYUTBIBACTCSA
B TOM CJiydac, Korga €ro y4eT nNpuBOJUT K YBCINYCHHUIO paC4CTHOIO MOMCHTA.
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Jluteparypa

1. CII 468.1325800.2019 «betoHHbIE U kene300€TOHHBIE KOHCTpYKIMHU. [IpaBuia
o0ecrieyeHrs: OTHECTOMKOCTH U OTHECOXPAHHOCTI.

2. CII 63.13330.2018 «CHull 52-01-2003 bBeroHHble u Xelne300€TOHHBIE
KOHCTPYKIMU. OCHOBHBIC ITOJIOKCHHS.

3. TOCT 30247.0-94 KoHCTpYKIIMHM CTpPOWTENIbHBIC. METOAbl HCIBITAHUNA Ha
orHecToikocTh. O0mIHe TpeOOBaHUSI.

4. DIN EN 1991-1-2 Eurocode 1: Einwirkungen auf Tragwerke — Teil 1-2:
Brandeinwirkungen auf Tragwerke. September 2003.
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454 — PacyeTr Ha NPOJABIMBAHUE TP OTHEBOM
BO3JICUCTBUU

_______________________________
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[TporpamMMma mpepHa3HaveHa JUIs pacyéTa Ha MPOJABIMBAHHE JKEJIE300€TOHHOW TUIUTHI TPU OTHEBOM
BoznerictBum corsiacHo CII 468.1325800.2019 [1] u CIT 63.13330.2018 [2]. TemneparypHoe 1osie B
IUTATE ONpEeNeNsieTcss MyTeM pEIICHUs 3a/laddl HEeCTAllMOHAPHON TETUIOMPOBOJHOCTH C YYETOM
3aBHCHUMOCTH TEIIO(PH3UIECKHX XapaKTEPUCTUK OCTOHA OT TeMIepaTypbl. PaccMaTpUBarOTCS ILIUTHI,
Onmuparomuecsa Ha KOJOHHBI MPAMOYI'OJBHOI'O HWJIW KPYIJIOro CCUCHUA. B CJIydya€ KOJIOHHBI
MPSIMOYTOJIBHOTO CEYCHHSI PACCMATPHUBAIOTCS /IBA BHJIa PACIIONIOKEHUS MMONEPEYHON apMaTyphl B 30HE
IPOJIABIMBAHMS: PABHOMEPHOE M KpecTooOpasHoe. [IperycMOTpeH ydeT BIUSHHUSA CBOOOJHBIX KpacB
IIJINTHI.

1. PacueTHas cxemMa U HArpy3KH

PaCCManI/IBaeTCﬂ JKeJie300eTOHHAs IIJINTa BLICOTOM h , OIIHparomasiscia Ha KOJIOHHY IIPAMOYTI'OJbHOI'O
HJIN KPYTJIOTO CCYCHMU. B miockocTy mIMTBI BBOAUTCA CHUCTEMa KoopauHat X,Y , Ha4dalio KOTOpOﬁ
HaxXoauTCsa B HCHTPEC CCUCHUA KOJIOHHBI. KomonHb! noApa3ACIAOTCA Ha CPECAHNUEC, KPACBBIC U YITIOBBIC.
B ciryvdac cpez[Heﬁ KOJIOHHBI, BJIMAHHUC CBO6OI[HBIX (HeBaerHJICHHBIX) KpacB IUIUThI HC YUUTBIBACTCA. B
cirydace KpaeBoﬁ KOJIOHHBI, YYUTBIBACTCA BJIUAHUC CBO60,Z[HOFO Kpas INIATBI, IIapaJuICJIbHOT'O OCHU X unu
ocu Y. B cirydae er'IOBOﬁ KOJIOHHBI, YYUTBHIBACTCA BJIIMAHUC CBO6OI[HBIX KpacB IUIMTHI, IapalJICIIbHBIX

ocsaimM X u Y (puc.l).

Epai

Epan
Puc.1. [Ipumep yrioBoi KOJOHHEI
PaccmaTpuBaroTcst miIMTH Kak 6€3 IoNepedHoil apMaTyphbl, Tak U IUTUTHI C apMaTypoi, yCTaHOBIEHHON

10 pacyeTy Ha MPOJaBIMBaHKUE C yY€TOM KOHCTPYKTUBHBIX TpeOOBaHUI.

B ciydyae KOJIOHHBI TNPSMOYTOJBHOTO CEYEHHs, pacCMaTpHUBAETCsl paBHOMEpHoe (pHc.2) WiIH
KpecTooOpa3Hoe pacnoioxeHne apMaTypbl (puc.3). [Ipym paBHOMEPHOM pACIIOIOKEHUH apMatryphl,
XOMYTBI pa3MelIaloTcsl MO BCEl 30HE MPOAABIMBAHUSA, a MPU KPECTOOOPA3HOM PACIONOKEHUH -
COCpENOTOUEHHO Y OCEM CEUEHUS KOJIOHHBI.

B cjrydac prrnoﬁ KOJIOHHBI, XOMYTbI YCTaHABJIUBAIOTCS 11O paIluaJIbHBIM HAIIPaBJICHUAM (pI/IC4)

Pacuer Ha mpomaBnvMBaHKUe IPU OTHEBOM BO3JACWCTBUU MPOBOAMUTCS JJIsi HauOojee HeOIaronpusTHBIX
COUYETaHUI HOPMATUBHBIX IMOCTOSHHBIX U JJIUTENbHBIX Harpy3o0k. Harpyska Ha miuty, AeiicTByromas B

TIpejieNiaX cedeHns KOJIOHHBI, XapaKTepu3yeTcs poaapmuBamomeil cunoit F u momentamn M, M y

OTHOCHUTENBbHO ocell X, Y . 3HaKu MOMEHTOB IIPU pacueTe HE YUUTHIBAIOTCS.
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Puc.2. [Ipumep paBHOMEPHOTO PacIoI0KEHHS apMaTypbl

- &

Puc.3. [Ipumep kpecTooOpa3HOTO PACIIONIOKEHUS apMaTypPhl
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Puc.4. Ilpumep paauabHOTO PACHOIOKEHUS apMaTYPBI

2. Pacyer Ha mpoaaBJiMBaHue NMPH HOPMAJILHOM TeMIlepaType

Pacuer Ha nmpojaBnMBaHue IUIMTHI TP HOPMAJIBHON TEMIEPAType MPOBOAUTCS coryacHo [2], 8.1.46 —
8.1.52. YcioBue Npo4yHOCTH IIJIUTHI, ApMUPOBAHHOM XOMYTaMHU B Npe/iesiaX pacueTHOM 00JacTH, UMEET
BUJI

F M X M y
+ + <1
I:b,ult + st,ult M bx,ult + M sw, x,ult M by,ult + M sw,y,ult
31ech I:b,ult = Rbt ‘u- hO ) st,ult =0.8- Qg " U, be,ult = Rbt 'be . hO ) Msw,x,ult =0.8- Osw 'Wsw,x )
st ’ Asw
Myt = Rpe - Wey -hg, Mgy e =0.8-0g, Wy, sy =———, Ry, - pacueTHOe CONPOTHBICHUE

w

OeTOHA MPU PaCTsHKEHUH, U - IEPUMETP pacueTHOTO KOHTYpa, PACTIOI0KEHHOTO Ha PACCTOSTHUN

ho /2 or xononus, R, - pacyeTHOE COMPOTHUBIICHHE MOMIEPEYHOI apMaTyphl, S, - [Iar XOMyTOB
BJIOJIb PACUETHOTO KOHTYpa, Ay, - CyMMapHas IIIOMa b CeYeH I XOMyTOB, PACIIOIOKEHHBIX 110 06e
CTOPOHBI OT PACYE€THOI'O KOHTYpa Ha PACCTOSHUU HE OoJee ho 12 s Tpeenax MmojaocCkl MUPUHOMN Sy,
BI0MIB pacuetHOTo KoHTYpa; W), ,Wby - MOMEHTBHI CONPOTUBJIEHUS PACYETHOIO KOHTYDA,
cooTBeTcTBYMomMe m3rudarormum momertam M, , M y - [Ipy paBHOMEPHOM PacOIOKEHUN

HOTIEPEYHON apMaTyphl IPUHUMAETCS, YTO WSW,X =W, u WSW'y =Wby. ITpu kpecToobpazHom
PacIoJI0KEHUH TIONIEPEUHON apMaTypbl IEPUMETP U MOMEHTBI COIIPOTUBIIEHUS apMaTyphbl
OTIpeNeNAI0TCS O (PAKTUUECKUM JUTHHAM st,x u st,y YYacCTKOB PACIIOIOKEHMS apMaTypsl BIOJIb

pacyeTHOro KOHTYpaA.
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[TpouHOCTh TUIUTHI €3 MOTIEPEeYHON apMaTyphI POBEPSIETCS TIPU styun =0, M suxult = 0,
M swy.ult = 0. [Monepeuras apMaTypa yUHUTHIBACTCS PH YCIOBHH stlun >(0.25- Fb’un. 3HamMeHaTeNu

npo6eii B yCIIOBUU MPOYHOCTH OIPAHUYHUBAIOTCS 3HAUCHUSIMU 2Fb’u|t, 2M bx.ult 2M byult - COTTIACHO

yka3zaHusiM [2], 8.1.46 yduThIBaeTCsi OrpaHUYCHUE:

M
M, + ! <05 F
+M M +M Fou +F

by,ult sw,y,ult

M

bx,ult sw, x,ult sw,ult

B cootBercTBUU C [2], IPOU3BOIUTCS pacyeT Ha MPOAABIMBAHUE AJIsl 30HBI IUTUTHI, HAXOIAIeHCs 3a
npeaenamMmu 00JacTu apMUPOBAHHMSL.

[Tpu xpecTo0Opa3HOM PACTIONOKEHUH apMATYPhl, AJTUHBI st,x u styy MPUHUMAIOTCS PaBHBIMU
PAcCCTOSIHUSIM MEXKIY OCSAMH KpailHUX XOMYTOB coryiacHo [2], puc.8.11. MoMeHTBI COPOTUBIIEHUS
apMaTypbl WSW’X u WSW]y OTIPEACTISIOTCS OTHOCUTENBHO IIEHTPAIbHBIX OCeH pacueTHOro KoHrypa. [lpu

MIPOBEPKE MPOYHOCTH TUIUTHI 33 TPAHUIIEH PACIIOIOKEHHS TOTIEPEUHON apMaTyphl paCUETHBINH KOHTYP
MpUHUMAaeTCs coryiacHo [2], puc.8.11.

3. Pacuyer Ha npoaaBJMBaHUe IPU OTHEBOM BO3/1€iiCTBHU

HpI/I pacducTe I10 OTHECTOUKOCTHU pacCMaTpuBacTCs HarpcB HIDKHENA CTOPOHBI IIJIUTHI. N3menenune
TeMnepaTprI 110 BBICOTC ITIJINTHI OIIpCACIIACTCA Ha OCHOBC ypaBHeHI/ISI HeCTaLII/IOHapHoﬁ
TGHJ’IOHpOBOI{HOCTI/II
0
0z

¢t Dy=cp T

0z ot
3nech Z - KOOpAMHATA, TEPNEHUKYIApHAs K IUIOCKOCTH oceit X,Y; t - Bpems, A - xoddduiment
TEIUIONPOBOJHOCTH, C - yAelnbHas TEIUIOEMKOCTh, L - IUIOTHOCTh Marepuana. [Ipu pacuere
TEMIIepaTyphbl HE YYUTHIBACTCS HATMYHUE apMaTYpBhI.
Koadhduruent temmonpoBoanocti 6erona B [Br/(M°C)] ompenensiercss mo cieayromum Gopmysiam
(em.[1], 6.3):

- g 0etoHa Ha cunukaTHoM 3anoiuureine A =1.2—0.00035T ;

- s Getona Ha kapbonatHoM 3anoiHuTene A =1.14—0.00055T .

V nenbHas TermioeMKocTh Oetona B [[Ix/(kr°C )] Ha CHITMKaTHOM HITH KapOOHATHOM 3aIOJIHUTEIIE PaBHA
c=710+0.83T . B mporpamme mpeaycCMOTPEH yYeT BIAXXHOCTH OETOHA COrJacHo [4], mpu KOTOPOM
3aBHCUMOCTD YIIENIbHOM TEIUIOEMKOCTH OT TEMIIEPATyphl XapaKTEePU3yeTCsl MMKOBBIM 3HAYCHUEM IPU
115°C, paBubiM 1470 u 2020 npu Bnaxuoctu 1.5% u 3% COOTBETCTBEHHO.

OrHeBoe BO3JEHCTBUE XapaKTEPU3yeTCSd 3aBUCHUMOCTBIO TEMIEpaTypbl Cpelbl OT BpPEMEHH,
OTCUMTHIBAEMOr0 OT Hauana noxkapa. CorsacHo [3], mpH CTaHAApTHOM IIOXKape HPUHUMAETCS
clleytolias 3aBUCUMOCTh TEMIIEpaTyphl CPEbl OT BPEMEHU:

TO = 20+345|g(8t +1)1 rae t - BpeMs B MUH.

I'padpuik 3aBrCHMOCTH |, () IIPEJCTAaBJIEH Ha pUC.S.
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To [ppan]
S00
00
400
200
] T T T T T T L [MHH]
o 10 Z0 30 40 a0 ad

Puc.5. 3aBucuMocTh TEMIEPATYpPHI CpPEbl OT BPEMEHN

oT
TemneparypHas 3agada pemiaeTcsi KOHEYHOPAa3HOCTHBIM MeTojoM. lIponsBoaHas a7 3aMeHsIeTCA

Pa3HOCTHBIM OTHOIICHHUECM!
T(z,t+At)-T(z,1)
At

rae At - mar mo Bpemenu. PacueT Temmeparypbl MPOU3BOAUTCS IS TUCKPETHBIX MOMEHTOB BPEMEHH.
[Tpumep n3MeHeHHsI TeMIepaTyphl 10 BHICOTE TUTUTHI IIPUBEIEH HA pHC.6.

T [rpam]

, 2z

b T T £ [cmM]
i] 10 Z0 30
Puc.6. Ilpumep n3MeHeHHs TEMIIEPATYPhI MO BBICOTE IUIUTHI
Pacuer nHa IpoaaBJIWBAaHUEC IIPU OTHEBOM BOSJIGfICTBI/II/I MMPOBOAUTCA aHAJIOTUYHO PpaCUCTy IIJIUTHI IPU

HOpMaHBHOﬁ TEMIICpaTypEC. HpI/I 9TOM paCyYCTHOC COIIPOTUBJICHUC OcToHa IIpU PaACTAKCHUU 3aMCHACTCA

Ha CpelHee 3HaUCHUE COMPOTUBIICHUSI OETOHA MPH MOBBIIICHHON TeMIepaType Romt = ZoitRom » KOTOpOE

BBIYHCIIIETCSI B COOTBETCTBUM C U3MEHEHUEM TeMIlepaTypbl MO BbicoTe IUMTHI (puc.7). PacueTHoe
COTIPOTUBIICHUE TTONEPEYHON apMaTyphbl 3aMEHSETCA Ha COMPOTHUBIICHUE apMaTyphl IPHU MOBBILICHHON
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temneparype Rgy =YsRgy, KoTOpoe ompenemsercs mo Temmeparype 6GeroHa Ha pACCTOSHHH OT
HarpeBaeMoi MOBEPXHOCTH, PABHOM TOJIILUHE 3aLUTHOIO CI0s OETOHA.

[Mnal
1.55
1.5 e —— g
/'ff-_- l
T2 [
ST |
/ 0.9 I
; I
4 0.6 I
/ |
/ 0.3 I
0.08 / |
0 5 10 15 20 25 LMl

Puc.7. [Ipumep n3MeHeHus: CONMPOTUBIIEHUSI OeTOHA Rbtnt 10 BBICOTE ILJIUTHI

JUis KaXJIoro MOMEHTa BpEeMEHHM ompeaensercs Kod(pQUUUEHT 3amaca NPOYHOCTH, KOTOPBIH
IIPUHUMAETCS PAaBHBIM OOpPaTHOMY 3HAUEHUIO JIEBOW YaCTH YCJIOBUS IPOYHOCTH.
F M M,

v, =1/( + £ +
I:b,ult + st,ult M bx,ult + M M + M

)

sw,x,ult by,ult sw,y,ult

CornacHo [1], orHECTOMKOCTh 3JIEMEHTA XapaKTEPU3YEeTCsl EPHOIOM BPEMEHU OT Havasa roxapa Jo0
MOMEHTA IMOTEePH HEeCYIIel criocoOHOCTH. B mporpaMme CTpoUTCst 3aBUCMOCTh KOA(PHUIIMEHTA 3araca

npoyHocTH Y, OT Bpemenu (puc.8). [Ipesen orHecToWKOCTH ONpeesIeTcs 0 MOMEHTY BPEMEHH, MTPU
KOTOpOM =1.
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