Mopenu ana aHanusa besonacHOCTU NYHKTOB 3axopoHeHusa PAOD

AHAJIN3 YYBCTBUTEJNBHOCTU UUCJIEHHON
MOJAEJ/IN DKCITIEPUMEHTA «TEPMOMEXAHUKA IIOPO/»
B YVCJIOBUMAX ITNAJI

M. M. I'openos, H. 1. [Ipo6sieBckuii, E. B. MonceeHko, E. A. CaBesnbeBa, B. C. CBuTeibMaH

HHCcTUTYT Ipo6IeM 6e30macHOro pasBUTUsS aTOMHO¥ sHepreTukyu PAH, MockBa

Cratbs noctymnuia B pegakiyio 21 okrsiops 2019 1.

B cmamee paccMampugaemcs OUeHKa 4YysCcmsumesnsHoCmu Modenu MmepMOMEXAHUYECKO20 3KCnepuMeHmad, niaa-
Hupyemozo K npogedeHuro 8 [M/1 8 HuxHekaHcKoM maccuse. Pe3yiemamesl, Nosy4eHHble NPpu 8bINOHEHUU OUEHKU
Yy8CmMsUMenbHOCMU YUCAeHHOU Modenu K ee napamempam, NAGHUPyemcs UCNoib308ams Npu pazpabomke sKcnepu-
MeHMAanbHOU ycmaHosKu. YucneHHas mepMoMexaHuveckas Modens peanusosaHa cpedcmeamu koda FENIA, oueHka
Yy8CMBUMeNbHOCMU 8bINOAHAEMCS ¢ ucnons3osaHuem kooa MOUSE.

KnroueBsle ci1oBa: pGOUOGKmLIBHbIe 0mxo0sl, mepMoMexaHu4eckuli IKcnepuMeHm, YucieHHoe MO@EHU/JOBGHU@, aHanus 4ys-

cmeumensHocmu, nod3emMHas uccnedosamernsckas nabopamopus (MAJ1), 3axoporerue PAO.

BBemenue

OnHMM 13 OCHOBHBIX MHCTPYMEHTOB Ipu hopMu-
pOBaHMM apryMeHTalyM OTHOCUTEIbHO IOJITOBpe-
MEHHOI 6€30I1aCHOCTM ITyHKTOB 3aX0poHeHus: PAO
SIBJISIETCSI PACYETHO-IIPOTHOCTUYECKOE MOAEeIMUPO-
BaHue. 151 060CHOBaHMS 3HAYEHUI ITapaMeTpOB
MoOJesieli, XapaKTepU3yoIIUX CBOJCTBA 3JI€MeH-
TOB CUCTeMbI 3aXOpOoHeHMUsI (reocdepsbl, MHXKeHep-
HbIX 6apbepoB, PAO 1 T. 11.) ¥ IIPOTeKaAOUIUX B HUX
MPOLeCCOB, UCIOJIb3YIOTCS Pe3yJbTaTbl U3yYeHUs
pajioHa pasMelleHus MyHKTa 3axopoHeHus: PAQ, a
TaKoKe pe3yyIbTaThl TAO0PAaTOPHBIX MCCIETOBAHMIT U
HaTYPHBIX 9KCIIEPUMEHTOB.

Insi mpoekTupyemoro B HuskHeKaHCKOM rpa-
HUTO-THelicoBOM MaccuBe (KpacHosipckuii Kpait)
MyHKTa [JTyOMHHOTO 3aXOPOHEHMUSI PagMOaKTUB-
HbIX 0TX010B (II'3PO) chopmMupoBaHa KOMILIEKC-
Hasl MporpaMMma MCCIeJOoBaHM, KOTOpasi comep-
KUT Gosiee 150 mccaemoBaTeNbCKUX 3a7au, Kaxk-
Jas U3 KOTOPBIX OTHOCUTCSI K OIpeLeleHHOMY
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acrIexTy OOOCHOBAaHMSI HOJTOBPEMEHHOI 6e3-
omacHocTy [1]. CylecTBeHHAsT 4acTh 3TUX paboT
3aliJlaHMpPOBaHa Ha BBHIOJIHEHME B TOA3e€MHOM
uccienoBaTenbckoit maboparopun (ITWJI). Peann-
3amus MPOrpaMMbl JOKHA 00eCIeunTh Moyde-
HMe TaHHbIX, HeOOXOAMMBIX AJIST BCeX 3a7au pac-
YEeTHO-IPOTHOCTUYECKOTO MOIEeIMPOBAHUS [JIs
ITOJTHOLIEHHOJ OLleHKM M 060CHOBaHMS OGe3orac-
HOCTM JAHHOTO 0O0beKTa.

B HacTosiIee BpeMst BemyTcss paboThl MO paspa-
00TKe MPOEKTOB SKCIEePUMEHTATbHbIX YCTaHOBOK,
npeAHa3HAaUYeHHBIX JIJiT OCYIIeCTBJIeHMs 3aIrlaHU-
poBaHHbIX B [IWJI HaTypHBIX MccaemoBaHuii. Uc-
MO/b30BaHMe UNCAEHHBIX MOJeJieil, OMUChIBal-
myX GyHKIVMOHMPOBAHME YCTAHOBKY, MOXKET ObITh
TOJIe3HbIM TIPU OfpenesieHuy Au3aiiHa 3KcIepu-
MEHTa, a MMEHHO: KOJIMYeCTBa, XapaKTepUCTUK U
PacCITONOKEHNST JATUMKOB B MHKEHEPHBbIX Gapbe-
pax ¥ ropHbIX IOPOAax, apaMeTPOB UMUTATOPOB
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TeruioBbiAeneHNsT PAO, peXXMOB CHSTUSI TTOKa3a-
HUI C JATYMKOB U T. II.

B manHoOit pab6oTe mpeaCTaB/ieH aHAIU3 YyB-
CTBUTEJIBHOCTY MOJEU, ONMNUCBhIBAIOLIE OAUH U3
BapMaHTOB 3arviaHupoBaHHoro B IIWJI Tepmome-
XaHMYECKOTO SKCIIepMMEeHTa IO M3yYEeHUIO BO3-
JeJACTBMS Ha MOPO/bI TEIVIOBOTO U MeXaHNUYeCKOTO
HanpsbkeHusi. UuciaeHHas Monesb 3KCIepuMeH-
Ta peanmu3oBaHa B kome FENIA (Finite Element
Nonlinear Incremental Analysis) [2], a aHanu3
YYBCTBUTEJIbHOCTY BBITIOJTHEH C IOMOIIbIO KOAa
MOUSE (MOdeling Uncertainty and SEnsitivity) [3].
Llenb maHHOV pabOThI COCTOUT B OLIEHKE UYBCTBU-
TEJIbHOCTY YMCJIEHHOV MOZENU K BapbMPOBAHMUIO
TMOTEeHIMATbHO BaXKHBIX IJI51 TIFIAHMPOBAHUS dKCITe-
pUMeHTa MmapaMeTpOB YCTaHOBKM, a TaKKe Xapak-
TEPUCTUK TOPHOM IOpOabl. IlomydeHHbIE OLEHKMU
OyIyT MCIIOAb30BaHbI IIPY TJIAHVPOBAHUNA.

OnucaHue 3KcIIepUMeHTa
«TepMoOMeXaHMKa Iopoa»

DKCIIEPpUMEHT «TepMOMeXaHMKa TIIOpPoa» Ha-
MpaBJieH Ha M3yuyeHMe TeIUIOBbIX U MeXaHUUYeCKUX
CBOJICTB MaccuBa BMelllaioleit rmopoapl. B skcme-
pUMeHTe MpexIioaaraeTcss BOCIPOMU3BECTU Terio-
BOe BO3[eliCTBMe, BbI3BAHHOE BbIJE/IeHMEM SHep-
MU BCJIE[ICTBME PACTazia PagiOaKTUBHBIX BEIeCTB,
copepskaniuxcs B PAO.

DKCIepUMEHT TpeiroyiaraeTcsl MPOBOAUTDL B TO-
pu3oHTa/IbHOM TOHHeJIe [T1J]I Ha ypOBHeE 1ie/1eBOTO
ropusoHTta npoekrtupyemoro III'3PO. [llnpuHa TOH-
HeJist 6 M, BBICOTA OT 6 110 6,5 M, CBOJ, LIVJIMHApUYE-
CKO1 (pOpMBI.

Ha nosmy B 11leHTpe TOHHEeNSI HA PACCTOSTHUU 4 M
Ipyr OT Apyra pacnoJiaraloTcs [Be BepTUKalb-
Hble CKBaXMHBI AyaMeTpoM 1,3 M U ITyOMHOI 5 M.
B kaxkg0ii CKBakMHe pa3MellaeTcs SJeKTpUIeCKuit
HarpeBaTe/ib MOIIHOCTBIO OT 2 A0 6 KBT — umMu-
TaTOp TeIUIOBBIAeNsomeli ynakopku PAO (puc. 1,
ceBa). BOKpyT CKBaKMH B TOPHOJ TTOPOE MPeATIo-
jlaraeTcsl pa3MecTUTh AATUUKU, QUKCUPYIOLIMe U3-
MeHeHMs TeMIlepaTypbl, AaBlIeHMs], HATIPSKeHUS U
repemelleHus Mopoy, B Ipoliecce SKCIepyuMeHTa.

Harpegatenu
2-6 kBrickBammnHa

Puc. 1. Cxemamuyeckoe npedcmasneHue IkcnepumeHma
«MepMOMexaHuKa nopoox»: IKCNepUMeHmasnbHas
ycmaxoska (cnega) u paciemsas obaacms (cnpasa)

AHanu3 yyscmeumenbHoCMuU YucaeHHol modenu
3KChepuMeHma «mepMoMexaHuka nopod» e ycnosusix [MNJ1

[NTopsimok poBeieHNs] SKCIIePUMEHTa CIeLy IO :

1) sarpyska 1mepBoOii CKBa>KMHBI KOHTEHEPOM C
HarpeBaTeJbHBIM 3JIEMEHTOM U Hayajao Mporpesa
MaccuBa. Ha sTom srame mpu pabore ogHOTO Ha-
rpeBaTesis TOJIST TEMIIEPATYP U HATIPSIKEHUIA OymyT
MMETb JOCTaTOYHO IMPOCTYyI0 (HOpMy, M Ha OCHO-
BaHUYM M3MepeHMit OymeT MPOU3BOAUTHCS Kau-
OpOBKa UMCIEHHO! MOmenu, MpUMeHsSeMOoit s
MOJEeNMPOBaHMS SBOIOLUMM I0Jei TeMIlepaTyp
U HamIpsDKeHUi, C y4yeTOM TepMOMeXaHUYeCKUX
CBOJICTB MacCMBa MOPOJ;

2) HarpeBaTe/ib BO BTOPOI CKBa)kKMHE HauyMHa-
eT paboraTh uepe3 rofp. ITO IMO3BOIUT CHIMUTU-
poBaTb mnoouepenHyioo 3arpysky I[II'3PO u coot-
BETCTBYIOIIYIO €1 3BOMIOLMIO TIOJISI TEMIEpaTyp U
HanpspKeHUIA;

3) MpOM3BOAMUTCS pAaBHOMEPHBII MPOTrpeB MacCu-
Ba HarpeBaTeNsIMU U3 06eMX CKBasKMH A0 JOCTUKe-
HMSI KBa3MCTaLlMIOHAPHOr'O COCTOSIHUS (IIPenIiosio-
SKUTENIBHO Ha NPOTSDKeHUn 2—3 JIeT);

4) 3aBeplIalOIIMii 3TAall COCTOUT B OTKIIOUYEHUN
HarpeBaTeNbHbIX JIEMEHTOB U €CTEeCTBEHHOM OX-
JIOKIEeHUY TOPHBIX MTOPOJ,

YncneHHas MOJe/Ib TePMOMEXaHUIEeCKOTo
3KCIepPUMEeHTa

UnucieHHOe  MOIeNMpOBaHME  SKCIEePUMMEHTa
ocylecTBasgeTcss 3D KOHEUHO-3eMeHTHBIM KO-
moMm FENIA, KoTopblii 0O3BOJISIET IIPOBOIUThH COB-
MeCTHOe MOJenupoBaHue TepMOMexXxaHUYeCKUX
IIPOLLECCOB.

[Tpu cOBMeCTHOM MOAEINPOBAHUM TEILJIOBBIX U
MexXaHNUYeCKUX Harpy30K Ha TOPHbBbIE TTIOPOABI MPU-
XOOUTCS pellaTh ABe 3aJauM: pacueT M3MeHeHMUsI
BO BpeMeHU TeMIlepaTypHbIX TOJieli U moJieii Ha-
npsikeHuit. [Ipy 9ToOM M3MeHeHMe TeMIlepaTyphl
BJIMSIET HA HAaIpsDKeHHO-IehOpMMPOBAaHHOE CO-
CTOSIHME, M 3TO BJMSIHME CBSI3aHO C TEIUIOBBIM
pacuiypeHyeM ¥ 3aBUCUMMOCTBI) MeXaHUUYECKUX
CBOJCTB MaTepuajoB OT TemiiepaTtypsl. Ob6part-
HOe BJIMSHME — M3MEeHEeHMUs! HaIlpssKeHHO-medop-
MMPOBAHHOTO COCTOSIHMSI HA T0Jie TeMIiepaTtyp —
MpeHeOpeskMMO Majio. B Takux IpearnoaoskeHusIX
MOSKHO BbIOpATh MOPSIIOK peIleHus] 3amad: i
Ka)KI0r0 BPeMEHHOTO I1ara CHavajia BbIIOJIHSIETCS
pacueT pacnpoCTpaHeHUs TeIlia, 3aTeM C yUeTOM
BBIUMCIIEHHON TemMmepaTypbl MPOBOAUTCSI pacyeT
HaIPSKeHUI.

PelieHue 3amau MoAe/NIMpPOBAHUS TeIlIoIepe-
HOCa U OLleHKM AedopMalyuy M HaIpsSDKeHU ocy-
LIECTBJSIETCSI B 3KBMBAJEHTHOJM BapualMMOHHON!
IIOCTAHOBKE C MCIIOJb30BaHMEM KOHEUHO-3Jjie-
MEHTHOTO Tofxosa [4, 5], KoTopslii mpenonaraeT
pasbueHne MoOIenIupyeMoii 006JacT¥ Ha KOHEeU-
Hble 3jIeMeHTbl. B TakoMm ImpencraBjieHUM II0jIe
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Mopgenu gna aHanmsa 6e3onacHOCTU NYHKTOB 3axopoHeHua PAO

TeMIlepaTyp oOmpezesseTcs 4yepe3 y3/J0Bble 3Ha-
yeHMus, a MoJisl HaIllpsDKeHui 1 Jedopmariuii mpep-
CTaBJISIIOTCSI CUMMETPUYHBIMU TEH30PaAMMU.

JI71s1 OLIEHKY TI0JIS TEMITEPATYPHI B 00IIIEM CITydae
pelaeTcsl ypaBHEHME COXpaHEHUS] SHEPTUN:

0

oT oT
t,X)ct,T,X)———| A; (t, T, X)— |=q(t,X),
Pt X)e(t, T, X) = | 06,7, X) - | = 4(6,X)

: J ()
i,j=1..3

roe T — temnepatypa [K], p — WIOTHOCTB [KI/M?],
¢ — yIenbHas TeroeMKocTh [Ix/(kr-K)] u A — Ten-
30p TemnonpoBogHocT! [Bt/(M-K)], g — TermoBoit
MOTOK Ha TpaHulie. [Ipy BhINOTHEHUM YMCIIEHHOTO
MOJeNMPOBAaHMS IKCIIEPMMEeHTa «TepMOMexXaHMKa
nopoj» ypaBHeHue (1) paccmaTpuBaeTcsl B YIpo-
HIeHHO hopMe, CBOICTBA OTAENbHBIX MaTepUaioB
CUMTAIOTCS PABHOMEPHBIMM I10 MPOCTPAHCTBY U HE
3aBUCSIIMMN HETIOCPEACTBEHHO OT BpDEMEHN.

CooTHoOIIEeHNsI MeXIY TEH30paMy HANIPSDKEeHU ¢
u gedopmaiuii € yIUTHIBAIOT 3aBUCUMOCTb KOI(]-
(uIMeHTOB Mofelu OT TeMIlepaTyphbl U TEIIOBYIO
nedopmaimio. IIpupaiieHue TerioBeix gedopma-
unit de” 3amucpiBaeTcst yepes Ko3buUIMeHT 00b-
€MHOI'0 TEeIVIOBOTO pacIIMpeHMsl o, TaKKe 3aBUCS-
1ero OT TeMIlepaTyphl:

de’ :E—;(T—TO)Jra}dT. (2)

CBs13b MEXIY TEeH30paMy HamnpsbkeHuit u medop-
Maluit B 3aBMUCUMOCTM OT pacCMaTpMBAE€MOIrO Ma-
Tepuaia B koge FENIA MoskeT 3aaBaTbCsl PSIAOM
MOJeJIeil: YIPYTuX, YIPyro-IyiacTUUYeckKux U BsI3-
KO-TUTacTUYeCKMX. i1 MOIeIMpOBaHMsSI paccMarT-
pUBaeMOro 3KCIIePMMEHTa MCII0Nb30Balach MO-
IleJIb YIIPYroro MaTepuania.

Ijig YMCIIEHHOTO MOJEIMPOBAHMUS IKCIIEPUMEH-
Ta «TepMOMEXaHMKa IIOpOMd» B KauecTBe pacyeT-
HOJ 00671aCTM BBIOPAH AOCTATOYHO OGOJBIION yua-
CTOK TOPHOJi TTOPOABI, YTOOBI OblJIa BO3SMOKHOCTD
TIPUHSTD HYyJIeBble MOTOKM TellJla Ha ero rpaHuiie.
B pacueTtHoit 061acTu IOCTpOeHa CeTKa, agarTy-
pOBaHHas IOJ, reOMeTPUI0 3KCIepuMeHTa (puc. 1,
CIipaBa), — paspekeHHasl BOIM3YM I'paHul, 00J1acTH
” ToApoOHas B 30He sKkcrepuMeHTa. Ha moBepx-
HOCTY TOHHEJIS (TI0JI, CTEHBI U TTOTOJIOK) /ISl yUeTa
BJIMSTHUSI BEHTW/ISLIMM CTABUJIOCh YCIIOBME TPeThe-
ro poma. Temmeparypa oOxJaskAalollero BO3AyXa
MpMHUMaJIach GUKCUPOBAHHONM U paBHO 9 °C, KO-
3 GULMEHT TeIIO0TAAYM BapbUPOBAJICS B paMKax
aHa/IM3a YYBCTBUTEILHOCTM.

MopgenupoBaHue BBITIONHSUIOCH TOJBKO  JIJIsSI
Tpex TepBbIX I9TalloB 3KcllepuMeHTa. IIpoliecc
OCTBIBaHMSI He MopenupoBajicsa. Takum o6pasom,
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MO eNUPOBAINUCh CJIefylolye 3Talbl 3BOMIOLUU
COCTOSTHMSI TOPHBIX TIOPOJ: PA30rPeB IMOPOAbI Ofi-
HMM HarpeBaTejieM, BK/IIOUeHMe BTOPOTO HarpeBa-
TeJIsl M BBI3BAHHOE MM M3MeHeHMe T10Jieit TemMIiepa-
TYP ¥ HaIIPSDKEeHUI, BBIXO, HA KBa3YCTAI[MOHAPHOE
COCTOSIHME.

O1eHKa YyBCTBUTEIBHOCTH
MO/ TEPMOMEXaHUYECKOTO
3KCIIePMMEHTA K ee mapamMeTpam

O1leHKa YyBCTBUTEIbHOCTU UMCIIEHHOI MOIeIn
K ee IapaMeTpaM MOXeT MHTepIpeTupoBaThCs
Kak oIlpefe/ieHMe CTeleHM MX BIUSIHUS Ha He-
OIpeNe/IeHHOCTb  pesysibTaTa MO enMpOoBaHMs.
B maHHO# paboTe MCIONb3YETCS BapuallMOHHBIN
MOAX0Ad, K OIlleHKe YyBCTBUTEIbHOCTU, KOTOPDIN
npejarnojiaraeT, 4YTO BapualMsl BBIXOJHOTO pe-
3yJbTaTa XapakTepusyeT ero Heolpele/leHHOCTbD,
a BKJaJ BXOJHOTO TapaMeTpa B 3Ty Bapualuio
orpenesieT Mepy YyBCTBUTEIbHOCTM MOIENU K
€ro M3MeHeHMUIO.

[Tpsimoii BKIaA, apaMeTpa B BapuallMio BbIXOHa
OLIEHMBAeTCSd C MOMOLIbI0 MHJIEKCa IepBOro Io-
psinka [6]:

_ Vi [EX~1' {y | Xi}] Vi

S = - , 3
: V() V(y) ©)

e Ey {y|x;} — cpemnee ot pesynbraToB Mope-
NMPOBAHUS TIPU BapbUPOBAHMM BCEX ITapaMeTPOB
KpoMe x;; Vy 03HA4aeT BAPMALMIO 10 PasIMIHBIM
3HaYeHMAM napamerpa X,; V(y) — 6e3ycioBHas Ba-
pUaIMs BHIXOJA MO

B o61em Bi/ie MOTHYIO BAPMALMIO BBIXOLHOTO pe-
3y/IbTaTa MOXKHO ITPE/ICTABNUTD B BUJIE PA3/IOKEHNSI:

V:ZVi+ZVi;‘+ 2 Vit Vigs . 4
1

i<j i<j<m

e Vy =V (E{y1 X, X;}) Vi =V (E{y1 X, X}, X, }
M T. I. — WHIEKChI TMPOMEXYTOUHBIX TOPSIKOB
(BTOpPOTrO, TPEThero u T.[.), KOTOpble OINpenensioT
COBMECTHBII BKJIAJ, TPyNIl IapaMeTpoB B Bapua-
LIMIO BbIXOAA.

B ciyyae ecnu Mogenb agAuUTUBHA, pasjioKeHUe
(4) cBOIUTCS K BULY:

V:ZV,. WIn ZSi:L (5)
1 1

Ewn monenb HeaAauTUBHA, TO e€CTh yciaoBue (5)
He BBITIOTHSIeTCS, TOTAA CTelleHb BAUSIHUS IMapame-
Tpa MOXET YBEJIMUMBATBCS 38 CYE€T COBMECTHOTO C
IPYyTUM IapaMeTpom (MJIM TPYIION MapaMeTpOB)
BJIMSIHSI HA BapMalMio pe3yibTara pacyerTa.



[Ipo6iema rapaHTUPOBAHHOTO  BBIJEIEHMUS
[apaMeTpoB, KOTOPbIe BHOCST IIPeHeOPEKIMO
MaJIblii BKJIaJ B BapualMio pe3yibTaTa, MOXKeT
OBITH paspelieHa C MOMOIIbI0 MHIEKCOB ITOJHO-
ro BK/JIaZia BXOJHOTO MapaMeTpa, KOTOPbIil orpe-
IIeJISIeTCST He TOJIbKO €r0 MPSMbIM BK/IaZOM, HO U
s dekToM B3aMMOIENCTBUSI CO BCEMMU IPYTUMU
rmapamMeTpaMu:

' V(y) V(y)

HyneBoe 3HaueHMe WMHIeKca IIOJTHOrO BK/Iajaa
SIBJISIETCS HEOOXOOMMBIM U TOCTATOUHBIM YCJIOBMU-
eM OTCYTCTBMSI BAMSIHUSI TapaMeTpa Ha pe3yabTaT
mopenupoBaHusi. 3HaueHne Hioke 0,01 mmo3BosseT
cenaTh BBIBOM O MPEHeOpeXuMO MajoM BKIIaJe
rnapameTpa.

B maHHOII paboTe BapMaLMOHHbINA ITOAXOM K aHa-
JIX3y YYBCTBUTEIbHOCTU BbINOTHEH MeTomom Co-
6oss [6]. OCHOBHBIM HEIOCTATKOM METOZA SIBJISI-
€TCsI er0 BhIYMCIUTETbHAs CIOKHOCTh — TpebyeTcs
00/bIIOe KOMMYECTBO 3allyCKOB MOMENM IS ra-
PaHTUPOBAHHOTO TOTYYeHUS aleKBaTHbIX OlI€HOK
MHJIEKCOB.

O11eHKa YyBCTBUTEIBHOCTY MTPOBOAMIIACD JIST Ye-
ThIpeX MOMeHTOB BpemeHu: 60, 300, 400 1 1000 cy-
TOK. 9T MOMEHTbI COOTBETCTBYIOT HeCTal[MOHap-
HOMY COCTOSIHMIO TOCJe BK/IIOYeHMs TepBOro Ha-
rpeBaTesisi, YCTAaHOBMBIIIEMYCSI TIOJII0 TeMIepaTyp
M HamnpssKeHUiT OT OJHOTO HarpeBaTesis, HecTa-
LIMOHAPHOMY COCTOSIHMIO BCJENCTBME BKIIOUEHMUS
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Puc. 2. PacnonoxeHue moyek 015 OUeHKU 4y8cmeumensHocmu
pe3ynbmamos pacdema K 8X00H6IM NApamempam

PaduoakmueHsie omxo0dsi Ne 1 (10), 2020

AHanu3 yyscmeumenbHoOCMuU YucaeHHol modenu
3KChepuMeHma «mepMoMexaHuka nopod» e ycnosusix [MNJ1

BTOPOT'O HarpeBaTtesisl M KBa3UCTAllMOHAPHOMY CO-
CTOSTHMIO TIOPOJIbI TIPY paboTe 060MX HarpeBaTeseii.
PesynbTaThl MOMeIMPOBAaHUSI PacCMaTPUBAIOTCS B
Tpex TOUYKax pacueTHO obmactu (puc. 2):

1) mocepenuHe MeXIy CKBaXKMHAMM Ha TIyOuHe
2,5 M, paBHOJ1 TIOJIOBMHE TITyOMHbBI CKBasKUH;

2) HaJ 1epBoii, Ha Ty6uHe 0,4 M OT I10J1a TOHHEJIS

3) Ha pacCTOSSHMM 1 M OT [TepBOJ TOUKM B CTOPOHY
CKBa)XMHbI, HarpeBaTe/ib B KOTOPOJi HauMHaeT pa-
60TaThb IEPBHIM.

UyBCTBUTEIBHOCTh YMCAEHHOM MOJENN OILeHU-
BajJlaCch K TakMM BXOAHBIM IapaMeTpam, Kak Te-
IUIOBbIZIe/IeHe HarpeBaTesieii, TeIJI0IPOBOIHOCTh
M TEeIUIOEMKOCTb TOPOJbl, KO3 OUIIMEHT Terio-
OTHAuM C TIOBEPXHOCTH TI0JIa, CTE€H U TOTOJKA, KO-
3 GULMEHT TEIUIOBOIO PACIIMPEHNS TTIOPOIbI U ee
mopyab OHra. [Iarna3oHsl BapbMpPOBaHMS ITapame-
TPOB TpMBeNeHbl B Tabm. 1. [IJIsT OlIeHKY UyBCTBU-
TEJIbHOCTY ObUIO BBITIOJTHEHO 16 THICAY 3aIyCKOB
pacyeTHO MOJeNN.

Ta6nuya 1. Bapbupyemoie napamempeol
019 OUeHKU YyscmeumesibHOCmMu

Tennosbioenexue, Br/m? 301,4 1356,1
TennonpoBofHOCTb, BT/(M-K) 2,33 3,49
TennoemkocTb, Ix/(kr-K) 672 1008
TennocbeM C NOBEPXHOCTH NONa, 1 50
CTEH 1 NOToNKa, BT/(M2-K)

JInHerHbIA K03 ULMEHT 8.0e-5 12e-4
Tenn0Boro pacwmpenus, 1/K

Mogynb tOHra, Ma 4.24e+10 6,36e+10

Pe3ynbTaThl OLEHKM YYBCTBUTEIbHOCTU TIPE.-
CTaBJIeHbI Ha pyUC. 3—6.

Ha puc. 3 u 5 ipecTaB/ieHbl MHIEKChI UYBCTBUTEIb-
HOCTM TI€PBOTO MOPSAKa I WUTIOCTpALMM BKIaaa
Bapualuy rapaMeTpa B BapMalmio pes3yibraTa Moje-
71 (COOTBETCTBEHHO TeMITepaTypbl 1 3deKTBHOTO
HaIPSDKEHMST) B BUE KPYTOBBIX AMarpamMm. B cTpoKy
coOpaHbl M300pasKeHMsI, OTHOCSINNMECS K OTHOM U3
MPOCTPAHCTBEHHBIX TOYEK [JIsI PasHbIX PaCUETHBIX
BpeMeH. Ha puc. 4 u 6 npencTaB/ieHbl CTOJI6UAThIE
IMarpaMMbl MHIEKCOB TepBOTO IOPSOKA M ITOTHO-
ro BKJIa[a MapaMeTpoB AJIS pacyeToB TEMIIEPATYpP U
TePMOHAIpPSDKEHMIT COOTBETCTBeHHO. Kak BMIHO 13
KPYTOBBIX OMarpamMM, MOIEIM pacueTa TeMIlepaTyp
Y HaTIPSDKEHMI He SBISTIOTCS aiauTUBHBIMU — Oe-
JIbI YYACTOK Ha AyarpaMme yKasbIBaeT Ha BIMSHUE
a¢ddekTa B3auMoeiicTBuii. B TO ke BpeMsI Ha CTONO-
YaThIX AuarpaMmax (puc. 4 u 6) BUAHO, 4TO 3(PdeKT
B3aMMO[ENCTBUS He M3MeHsSIeT COOTHOIIIeHUi 3Haue-
HUIT MHIEKCOB, a MIPOSIBJISIETCST TOJTbKO COBMECTHBIM
BIMSTHMEM 3HAUEHMI1 TeX sKe TTapaMeTpOB.
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Puc. 4. iHdekcbl noiHO20 U NpsIMO20 8KAGOG Napamempos MoOenu 6 HeonpeodeseHHOCMb OUEeHKU meMnepamypesi
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Touka 1

Touka 2

Touka 3

AHanu3s yyscmsumensHocmu YucaeHHoli Mooenu
3KCNepuMeHma «mepMoMexaHuKka nopod» 8 ycaosusx M1
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Kak MOXHO 3aMeTUThb U3 pPe3ylbTaTOB OLI€EHKU
UyBCTBUTEIBHOCTY MOJENN pacueTa TeMIlepaTypbl
(puc. 3 u 4), 0y Bcex TpexX pacCMOTPEHHbBIX TOUEK
U 151 YeThIpex MOMEHTOB BpeMeHM TeljIoBbiesie-
Hle HarpeBaloIIero 3JIeMeHTa SBJISIeTCS] Hanboree
BaXHBIM ITapaMeTpoMm. Posb TeIionpoBOLHOCTU B
TepBOl ¥ BTOPOJ TOYKAX (HAXOMSIIMXCS HA paB-
HOM DpAacCCTOSIHMM OT HarpeBarTeseil) yBeIuuyuBa-
jach mjis Gojiee TMO3THMX MOMEHTOB BpeMeHM, a
B TpeTbeil Touke (BOAM3M IepPBOrO HarpeBaTesis)
BJIMSIHYE TeTJIONPOBOJHOCTY MPUMEPHO OAMHAKO-
BO /11 BCEX PAaCCMOTPEHHBIX MOMEHTOB BpPeMeHU.
OTO OOBSCHSIETCSI TEM, UTO B IIE€PBOIl TOUKE TEM-
reparypa JOCTATOUYHO ObICTPO YCTAHABIMBAETCS U
BIIOCJIEACTBUM U3MEHSeTCS Maio. BiausiHue ke ma-
pameTpa, XxapakTepu3yIoIlero OTBOJ, Teria OT [oa,
CTeH U MOTOJIKA TOHHEJIS, 0Ka3aJsICs CyIlleCTBEHHbIM
TOJIBKO JAJIS1 BTOPO# TOUKM. Takoe BAMsIHME OTBOIA
Teruia MOKHO OOBSICHUTH €e PacloiokeHueM (Ha
ryouHe 0,4 M OT Mojia TOHHENST), B TO BpeMsI KaK
IpyTyie TOUKM HaXOHOSTCS Ha TTy6MHe OKOoJo 2,5 M.
CKOJbKO-HUOYOb 3aMeTHOEe BIMSHUE TeIIoeM-
KOCTM Ha TeMIIepaTypy MPOSIBISIETCS TOMbKO [IJist
BTOPOJ TOUKM ITOC/Ie BKIIFOYEHMSI BTOPOTO HarpeBa-
TeJIsl, KOra UOeT HeCTAalMOHAPHbIN TPOTPEB 3TOTO
yJyacTKka MacCuBa.

W3 puc. 5 u 6 BUOHO, YTO Pe3yJabTaThl pacueTa
TepMOHANpPSDKeHUit Haubosee YYBCTBUTENbHBI K
TEIJIOBbIIeJIEHUI0 MCTOYHMKA U MPUMEpPHO B paB-
HOJi Mepe (He3aBUCUMO OT MOJIOKEHUS M BDEMEHN)
UYBCTBUTEIbHBI K MEXaHUUYECKUMM XapaKTepucCTu-
KaM Cpefbl, TAKUM KakK JIMHEIHbII KO3(POUIMEeHT
TEeIUIOBOTO pacuiMpeHusi 1 Moaysib FOHra.

Ha ocHOBaHMM MOTyUeHHBIX Pe3y/IbTaTOB MOXHO
cienaTh Cjiefyloliyie BbIBOAbI, CYLeCTBEHHbIE [IJIs
JaJbHEeNMILIero IJIaHMPOBaHMS SKCIIePUMEHTA
BO BCeM 00beMe Iopoj, TeMIepaTypa U TepMOHa-
NIpSDKeHMsT B HauOOJIbIIIeli CTEIIeHM OIpemesisioT-
CS1 MOILIHOCTBIO Harpepareseii, TO eCTb B 3KCIIepU-
MeHTe HarpeB JOJDKeH (C yueToM maciiTaba ycra-
HOBKM) XOPOILIO COOTBETCTBOBATh OXMIAE€MOMY
TenoBbiaenenmio OBAO;

B ycTaHOBMBIIEMCS peskume (400 cyTok u 6osee)
MMeeTCs BbIpasKeHHOe BJIMSIHME Ha TeMIlepaTypy
TeIJIONPOBOAHOCTU TIOPOAbI, TO €CThb MOJATBEPXK-
JlaeTcsl, YTO paccMaTpuBaeMasi cxema 3SKCIepu-
MEHTa MOXET ObITb MCIIOTb30BaHA [JISI YTOUYHE-
HMS TETJIONIPOBOIHOCTY BMeIlAoleli TOPOAbI;

B IIyOMHE MacCuBa ITOPOJ, He TIPOSIBSIETCS BIIVSI-
HIMe BeHTUJISIIMM BIPaOOTKM, CJIEHOBATEIbHO, TP
MPOBeIeHUI 3IKCIIepUMeEHTa HeolpeleeHHOCTH,
CBSI3aHHbIE C PabOTON CUCTEMbI BEHTWUJISILIVIM, HE
TIOBJIMSIIOT Ha Pe3y/bTaT OIpenesieHus] TeIIonpo-
BOIHOCTM J4J1s1 OCHOBHOW 4aCTU MacCKBa MOPOQ,;

Ha TePMOHAIPSDKEHUST BINSIHME OKa3bIBAlOT Me-
XaHUYeCKMe XapaKTepUCTUKN CPefpbl, ellle MOKHO
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3aMEeTUTDb BJIMSIHME TEIJIOIIPOBOOHOCTU, UTO TaK-
JKe O3HayaeT BO3MOJXHOCTDb OLIEHUTH 3TN XapaKTe-
PUCTUKM I10 pe3yjibTaTaM 3KCII€epMMEHTA.

3akioueHue

AHanu3 4YyBCTBUTEIBHOCTU UYUCIEHHON MOIenIn
TepMOMeXaHNUYeCKOTo 3KCIIepyMeHTa BBISIBUI He-
PaBHOMEPHOCTD BIMSHMUS BXOAHBIX ITapaMeTpoB B
3aBUCMMOCTM OT BpeMEeHU U PaCIOIOKeHUs B TIPO-
CTpaHCTBe [JIsl pacyeTa TemIiepaTyp. Hampumep,
BJIMSIHME TEIUIONPOBOAHOCTM Ha pe3y/lbTaT OIleH-
KU MO/ TeMIIepaTyp B TOUKax, paBHOYHAJeHHBIX
OT CKBaKVH, BBbIIlIe TIPY YCTAHOBUBILIEMCSI PEXIME
HarpeBa, YeM B HauvaJsie, a B TOUKe, OJM3KOI K Of-
HOV 3 CKBaKMH, 9TO IPOSIBJISIETCS] TOpasfo cia-
Oee. TlapameTp, XapaKTepU3YIOUIMIi OTBOJ TeIlia
OT I10J1a, CTEH U TTOTOJIKA TOHHEJISI, 3aMETHO BJIMSET
Ha pe3y/ibTaT B 00JIACTSX, OIM3KUX K IOy TOHHE-
JIsI, HO €ro BiMsIHUE JJ1s1 6osee TIyOOKMUX obmacTeii
He3HAuUTeIbHO.

B Mogmenu pacueTta TepMOHaNps>KeHUT HepaBHO-
MEPHOCTM BJIMSHMSI BXOJHBIX IapaMeTpoB B 3a-
BUCUMMOCTM OT BpPEMEHM U PaCIOJIOKEHUSI B IIPO-
CTPAHCTBE BBISIBJIEHO HE OBLIO.

[TosryuyeHHBIE PE3YAbTAThI MOTYT OBITH ITOJE3HBI
I71s1 6oJiee TOYHOTO MPOEKTUPOBAHMUS IKCIIEPUMEH-
TaJbHOJ YCTAHOBKM HJisI Gojlee apryMeHTUPOBaH-
HOTO BBIOOpa PacCIIOIOKEHMS TaTUMKOB U OIpeme-
JIeHUs peXkuMa paboThl HarpeBaTeseil.
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SENSITIVITY ANALYSIS FOR THE NUMERICAL MODEL OF THE "ROCK
THERMOMECHANICS" EXPERIMENT UNDER URF CONDITIONS

Gorelov M. M., Drobyshevsky N. 1., Moiseenko E. V., Saveleva E. A., Svitelman V. S.

Nuclear Safety Institute of the Russian Academy of Sciences, Moscow, Russia

Article received on October 21, 2019

The paper deals with the sensitivity analysis performed for a thermomechanical experiment planned to be carried
out at the URF in the Nizhnekansky massif. Results of the sensitivity analysis are intended to be applied in the
development of an experimental unit. The numerical thermomechanical model is implemented in FENIA numerical
code, the sensitivity analysis is performed by means MOUSE code.

Keywords: radioactive waste, thermomechanical experiment, numerical simulation, sensitivity analysis, Underground Research
Facility (URF), RW disposal.
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