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AHHOTALUMUA

BBeaeHwue. [MpyBefeHbl HEKOTOPbIE pe3ynbTaTbl peanv3aummn paspabdbaTbiBaeMoro KOMMIEKCHOTo NoAXoAa K OLeHKe Haaex-
HOCTU NPOEKTHbIX PeLUeHN 30aHNIA 1 COOPY>KEHUI NMOBbILLEHHOTO YPOBHS OTBETCTBEHHOCTU (BOMnbLLENPONETHbIE CTePXHE-
Bble W NICTOBbIE MeTannmMyeckne KOHCTPYKLMW, BEPTUKamNbHbIE LMNMHAPUYeckue pedepByapbl 6onblunx o6bemMoB) C He-
CYLLMMMN METANINYECKUMU KOHCTPYKLIMSIMU.

Matepmansl U meToabl. HayanbHbIM 3TanoM paspabaTbiBaeMoro NoAxofa OLEHKU HAOEXHOCTU 34aHWUIA U COOPYXKEHUM
NOBbILLEHHON OTBETCTBEHHOCTY ABNSETCA (DOPMUPOBAHNE YTOYHEHHbBIX KOHEYHO-3MEMEHTHBIX PACYETHBIX CXeM, OCHOBaH-
HbIX Ha AeTanu3auuun y3rnoBbIX COeAMHEHWUN, U FEOMETPUYECKNX CXEM MPOEKTUPYEMbIX KOHCTPYKLMIA, YTO MO3BOMSIET Bbl-
SIBUTb OCOBEHHOCTM HanpsikeHHO-AedopMupoBaHHoro coctosiHna (HOC) v BbINOMHUTL YTOMHEHHYHO OLIEHKY YCTOMYMBOCTM
3MeMeHTOB KOHCTPYKUUIA. [Ans peanuaauuu criefyroLlero arana OLeHKU CKITOHHOCTU NMPOEKTUPYEMOW CUCTEMBbI K NTaBUHO-
obpa3HoMy 06pyLUeHWto paspaboTaH 1 NpuBedeH cneuunanbHbli anroputm pacyeta HOC KOHCTpyKUuK, peanv3oBaHHbIN
B reOMETPUYECKM N KOHCTPYKTUBHO HENMHEeRHON NnocTaHoBKe. Ha 3akniountensHoM atane B crnyvae HeobxoaMmMoCTy BbInos-
HsieTCs ¢ Mcnonb3oBaHWeM Metoaa Hengepa — Muaa onTvmm3aums nony4eHHOro KOHCTPYKTUBHOTO PELLEHNS MO 3aAaHHbIM
nokasaTensiM BEpOSATHOCTM OTKasa Ansi KMio4eBbIX U BTOPOCTENEHHbIX 3NIEMEHTOB.

Pesynbratbl. [peanoxeHHbI NogX04 NO3BONSAET C NPYeMeMOoN NPakTUYeCcKor TOYHOCTLIO ONpeaenaTb NokasaTeny Hagex-
HOCTU MHOTOKPaTHO CTaTU4eCKu HeonpeaenuMblX cucTem. To 0COBEHHO akTyanbHO AN YHUKaNbHbIX KOHCTPYKLMIA NOBbI-
LIEHHON OTBETCTBEHHOCTU. YTOYHEH MeXaHM3M MOTepu YCTOMYMBOCTM CXaTblIX CTEPXKHEN CTPYKTYPHbIX KOHCTPYKUWIA
cuctembl MAPXW, npegnoxeHa metoanka KOppPeKTUPOBKY onpegeneHns KoadduumeHTa g ¢ y4eToM nosyyYeHHbIX pesynb-
TaToB; MOMyYeHbl AaHHble U3MEHEHUs1 aapoanHaMUYECKoro KoadduLmMeHTa LMNMHAPUYECKMX pe3epByapoB BoMbLIMX 00b-
emoB V =10 000-30 000 m>. 3T0 Aano BO3MOXHOCTb ONPeAEnUTbL 0COBEHHOCTN PaCCMaTPUBAEMbIX KOHCTPYKLINIA.
BbiBoabl. MNpeanoxeH KOMNIEKCHbIV anroputM, NO3BONSIOLLMIA HA OCHOBE AeTannaaumny pacyeTHbIX CXeM U OLIEHKW CKIOH-
HOCTU MPOEKTUPYEMbIX KOHCTPYKLMIA BLICOKOrO YPOBHSI OTBETCTBEHHOCTU K NABMHOOOPA3HOMY paspyLUEHWUIO BbINOSHUTL
YTOYHEHHYIO OLIeHKY UX YPOBHSI MPOEKTHON HagexHocTu. Ha 6a3e anroputma npefnoxeHa npoueaypa onTumu3aummn uc-
XO[IHOTO MPOEKTHOrO pelleHusl, BasupytoLlascs Ha ucnonb3oBaHun metoga Hengepa — Mupa n peanusoBaHHas Ha AaH-
HbIi MOMEHT [Nt MUHUMM3aLumK LieneBoin YHKLMKU B BUAE MaCChl OCHOBHbIX KOHCTPYKTUBHBIX A1IEMEHTOB (CTEPXHEN 1 y3-
NOB-KOHHEKTOPOB).
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BBEJIEHUE

ABSTRACT

Introduction. Some results of implementation of the integrated approach to reliability assessment of design solutions
of buildings and structures of increased level of responsibility (large-span rod and sheet metal structures, vertical cylindrical
tanks of large volumes) with load-bearing metal structures are presented.

Materials and methods. The initial stage of the developed approach to assess the reliability of buildings and structures of in-
creased responsibility is the formation of refined finite element design schemes based on the detailing of nodal connections and
geometric schemes of designed structures, which allows to identify the features of the stress-strain state (SSS) and perform
a refined assessment of the stability of structural elements. Some general patterns obtained based on such detail are given for
large-span structural coatings and structures of vertical cylindrical tanks. To realize the next stage of assessment of the pro-
pensity of the designed system to avalanche collapse, a special algorithm for calculating the SSS of the structure, implemented
in a geometrically and structurally non-linear formulation, was developed and presented. At the same time, for the considered
calculation situation, during the multi-stage calculation, a set of key elements is determined, the failure of which, on the one
hand, initiates the beginning of avalanche-like destruction, on the other hand, allows using the established set of elements
to determine the upper bound of the numerical value of the probability of failure (or the reliability index) of a repeatedly stati-
cally indeterminate system. At the final stage, if necessary, optimization of the obtained structural solution is performed using
the Nelder — Mead method according to the specified failure probability indicators for key and minor elements.

Results. The proposed approach allows to determine reliability indices of multiply statically indeterminable systems with
acceptable practical accuracy. This is especially relevant for unique structures of increased responsibility. The mechanism
of loss of stability of compressed rods of structural structures of the MARHI system was clarified, the methodology of correc-
tion of the p coefficient determination taking into account the obtained results was proposed; the data of change of the aero-
dynamic coefficient of cylindrical tanks of large volumes V = 10,000-30,000 m® were obtained. This allowed us to determine
the following features for the constructions under consideration: with an increase in the volume of the reservoir, there is
a change in wind pressure in the area of the ladder junction, compared with a reservoir without a ladder; the maximum dis-
crepancy with the normative values (up to 20 %) was noted in the negative pressure zones (opening effect on the wall); in
the active pressure zone, there is a decrease in the vacuum pressure, depending on the size, up to 6 %.

Conclusions. A complex algorithm is proposed, which allows, on the basis of detailed design schemes and assessment
of the propensity of the designed structures of high level of responsibility to avalanche-like destruction, to perform a refined
assessment of their level of design reliability. On the basis of the algorithm, an optimization procedure of the initial design
solution is proposed, based on the use of the Nelder — Mead method and currently implemented to minimize the target func-
tion in the form of the mass of the main structural elements (rods and connector nodes).

KEYWORDS: metal structures, numerical methods, avalanche failure, reliability, structural constructions, geometrical non-
linearity, structural nonlinearity, structures of increased level of responsibility
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B JOITIOJTHCHHUEC K TCXHHYCCKUM M TCXHOJIOTHMYCCKHUM

acrieKTaM, 00yCIIaBIHBAIOIIIIM BOIIPOC 00ECIICUCHUS Ha-
Pa3BuTne KOHCTPYKTHBHBIX ()OPM MPOCTPAHCTBCH-

HBIX KOHCTPYKIWH, IPUMEHSIEMBIX B COBDEMEHHOM CTPO-
HTCJILCTBC, MPUBOAUT K CO31aHUIO HOBBIX KOHCTPYKTHUB-
HBIX CHCTEM, HE MMEIOLINX IPEIEJCHTOB B IPAKTHKE
CTPOHTENBCTBA. B coyeTaHHn ¢ pocToM MacTabHOCTH
00BEKTOB, MCIOIB30BAHNEM HOBBIX METO/IOB M3TOTOB-
JIEHUSI 1 MOHTa)ka, HOBBIX MaTEPHAJIOB 3TO 00OCTPSIET
TpoOJIeMy OIIEHKH HaJIEKHOCTH pa3padaThBacMBIX ITPO-
€KTHBIX PEIICHHUH, ISl KOTOPBIX B paMKaX UCIOIb30BAHMS
TPpagULIMOHHOI'0 METOAAa MPEACTIbHBIX COCTOSTHUM HE BCer-
na obecreunBaeTcst TpeOyeMbIil YPOBEHB HAICKHOCTH .

'TOCT 27751-2014. HaaesKHOCTh CTPOUTENBHBIX KOHCTPYK-
i 1 ocHoBaHMN. OCHOBHBIE TPeOOBaHMA. AKTyaTH3UPOBAH
01.01.2021. M. : Crarmaptuadopm, 2019. 16 c.

JIGKHOCTH CTPOUTEIIBHBIX OOBEKTOB MOBBIIIEHHOTO YPOB-
HA OTBETCTBEHHOCTH, B IOCJICAHNC I'OJIbI BAXKHOCTDH ITPO-
61eMBI 000CTPUITACH YTPO30H TEPPOPUCTHIECKUAX aKTOB
B OTHOIICHHH TAKUX 0OBEKTOB, YTO TAKXKE TPeOyeT COOT-
BETCTBYIOIIIETO yYeTa U COBEPIICHCTBOBAHUS HX METO/IH-
KU pacyeTa U IPOEKTHPOBAHHUL.

OrtnenbHbIe aCIeKThl pacCMaTPUBAEMOil TEMBI T10C-
TOSIHHO HAaXOJISITCS! B TOJIC 3PCHUSI HAyYHBIX KOJJICKTHBOB
BO BCEM MUPE, O UEM CBUACTCIILCTBYCT aHAJIN3 HAYYHBIX
nyOaMKanuil B W3MaHUSAX, NPEICTABICHHBIX B BEIy-
MIX MEXTyHAPOIHBIX 0a3ax JaHHBIX. OnHAKO B OO0Jb-
IIMHCTBE NOJOOHOTO pojia UCCIEIOBAHUN OTCYTCTBYET
KOMIUIEKCHBIN MOAXOM K PELISHHIO TPOOJIeMBI, OXBAThI-
BAIOIIMI OCHOBHBIE 3TAIlbl MPOSKTUPOBAHHS OT (hOPMH-
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POBaHHUS YTOUHEHHBIX PACUETHBIX CXEM JI0 Pa3pabOTKH
ONTUMAJIbHBIX KOHCTPYKTHUBHBIX pElIeHUH, o0eceuu-
BAaIOIINX COYETaHHE TPeOyeMOro ypoBHS HAACKHOCTU
C JIOCTaTOYHON AKOHOMUYHOCTEIO (puc. 1). OTcyTcTBHE
YEeTKHX, HAYYHO 00OCHOBAHHBIX PE3yIIbTaTOB MCCIIEI0BA-
HUH PUBOIUT K TOMY, YTO B TTOAABIISFOIIEM OOJBIITNH-
CTBE JACUCTBYIOMIUX Ha CETOAHSIIHUNA JIEHh HOPMAaTHB-
HBIX JIOKyMEHTOB PEKOMEHJIAIINHU TI0 MPOEKTHPOBAHHIO
COOPYKEHUH C MOBBIIIEHHBIM YPOBHEM OTBETCTBEHHO-
CTH HOCAT (hparMeHTapHbIH, OOLIMH 1 HEKOHKPETHBIN
XapakTep, KOTOPbIif HEBO3MOXKHO peain30BaTh B BUJE
OTIPEIETICHHOTO AITOPUTMA ITPOCKTUPOBAHUS.

Ha Ba)KHOCTB OT/IEJIbHBIX aCHIEKTOB 0003HAYCHHOM
MpoOJIeMbI yKa3bIBaeT pA padoT, B paMKaxX KOTOPBIX
OHH, KaK MMPAaBHUJIIO, PACCMATPUBAIOTCS MO OTACTHHOCTH,
Harpumep:

* YTOYHEHHE PACUETHBIX CXeM KOHCTPYKIIHH, B TOM
YHCIIC 32 CUET yUeTa BIISIHUS KOHCTPYKTUBHOTO peTlie-
HUSI Y3JI0BOTO COCIMHCHMUS Ha HaNPsHKEHHO-1e(hOopMUpO-
BanHOe coctostane (HJC) [1-6];

* COBEPILIEHCTBOBAHME KOHCTPYKTHBHBIX pellle-
HUM Y3JIOBBIX COCIMHEHUN U KOHCTPYKLHH C 1EJbI0
MPEIOTBPAIICHUS PA3BUTHUS JIABUHOOOPA3HOTO 00py-
menus [7-9] myrem ynpasnenus HJ/IC oObekra 3a cuer
I[eJICHAPABICHHOTO U3MEHEHHSI OCHOBHBIX TapamMe-
tpoB HJZIC [10-13];

* OIpeseNieHUE YMCICHHBIX 3HAYCHHUH MOKa3aTe-
JIel HaJIEXKHOCTH NIPOEKTUPYEMOIN KOHCTPYKLIUU BO U3-
OekaHWe HEZOCTATKOB, MPUCYIINX TTOTYBEPOSTHOCT-
HOW OCHOBE METOJIa MPEIeIbHBIX cocTosHUi [ 14—18].
IIpu 3TOM ClIeIyeT OTMETHTh OTCYTCTBHE KaK YETKOTO
aJTOpUTMa JEHCTBUH NP BBIYUCICHUN YUCIECHHBIX
XapaKTepUCTUK HAJE)KHOCTH KOHCTPYKIHUI B HOpMa-

YTouHEeHHE pacueTHON CXEMBI

KOHCTPYKLHHU

A

OI_[eHKa BJIMSAHUSA pa6OTBI Yy3J0BOTO

COC/IMHCHUA HAa HAACKHOCTH CUCTCMBI

A

O11eHKa CKIIOHHOCTU CUCTEMBI

K JJABUHOOOPa3HOMY Pa3pylICHUIO

A

OHTI/IMI/I3aIII/IH CHUCTCMBI 110 KPUTEPULO

0e30TKa3HOH pabOTHI

uc. 1. KirroueBble MOMEHTBI COBEPIICHCTBOBAHUS METOIUK
Puc. 1. KimroueBbie MoMe COBEPIICHCTBOBA €To,
pacdera ¥ IPOEKTHPOBAHUS KOHCTPYKIIMH MOBBILIEHHOTO
YPOBHS OTBETCTBEHHOCTH

8

THBHOH JHTepaType® >, 4T0 3HAYUTEIBHO yCIOKHICT
paboTy MHXKeHepa, TaK W OIpEeJeICHNs ToKa3aTeaeh
HaJAC)KHOCTHU CIIOXXHBIX MHOT'O2JICMCHTHBIX CTAaTUYCCKH
HEONpeAeINMBIX KOHCTpYKIuii. OObelMHeHNE TIO/IX0-
JIOB, KOTJIa CKIIOHHOCTB K JIJABUHOOOpa3HOMY 00pyie-
HHIO* OLICHMBACTCSI HA OCHOBE aHaJIM3a BBIYHCICHHBIX
MOKa3aTesiei HaeKHOCTH KOHCTPYKINH, UCIOJIB3YETCs
B OrpaHUYEHHOM uucie padot [7, 19-21];

* OINTHUMH3AIMS HA4YaJIbHOTO NMPOEKTHOTO pelle-
HUSI HA OCHOBaHMH TIPHHSATOTO 3HAYCHUS 3a/IaHHOMN Iie-
neBo#t ¢pynkmn [7, 19, 21, 22].

MATEPHUAJIBI U METO/bI

CymMmHupys CKa3aHHOE, MOKHO OTMETHTH OCHOB-
HbIE HEepelICHHbIe Hay4HbIe MPOOIEeMbl, KOTOPbIE 3a-
KJIFOYAI0TCS B!

* OTCYTCTBUH TEOPHHU PacueTa U OOIIUX MPUHIIU-
OB TPOCKTUPOBAHHS ONTHMAJIbHBIX MPOCTPAHCTBEH-
HBIX METAJTMYECKUX KOHCTPYKIUN BBICOKOTO YPOBHS
OTBETCTBEHHOCTH, 00CCIEUHBAIOIINX 3aJlaHHbBII ypO-
BEHb Ha/IC)KHOCTH ¥ YCTOMYMBBIX K Pa3BUTHIO IPOIpeC-
CHPYIOILIETO pa3pyLICHUS;

* HEJOCTAaTOYHOCTH IMIMPUYECKUX 3HAHUH O BIIH-
SIHUM KOHCTPYKTHUBHBIX PELICHHUH Y3JIOBBIX COCTMHEHHIM
Ha obOmee HJIC u HecyIyo criocoOHOCTh OCHOBHBIX
JJIEMEHTOB M COOTBETCTBYIOIEM yueTe 3TUX (HaKTOpOB
IIpYU ONPECIICHUN YNCICHHBIX 3HAYCHUH IIOKa3aTeseu
HAJISKHOCTH POCKTHPYEMOI KOHCTPYKIIHH.

Ienp uccrnenoBanust — pa3paboTKa HaydHOTO 000-
CHOBAHUSI HOBBIX ITOAXOJIOB K TPOSKTUPOBAHHIO YCTOM-
YHUBBIX K Pa3BUTHIO MPOIPECCUPYIONIETO 0OpYLICHNUS
ONTUMAJIbHBIX MPOCTPAHCTBEHHBIX CTPOUTEIHLHBIX Me-
TaHHOKOHCprKHHﬁ BBICOKOT'O YPOBHSA OTBETCTBCH-
HOCTHU C TapaHTUPOBAHHBIMH YPOBHSIMHU HAJCIKHOCTU
KIIFOUYEBBIX U BTOPOCTCIICHHBIX BHGMCHTOBS.

Ha pa3nuuHbIX 3Tamnax mpoBOJUMOr0 HCCIIEI0Ba-
HUsI aBTOPAMH HCII0JIb30BATINCh METO/IbI:

* CTPOUTENILHON MEXaHUKH: B (hopMe MeToa KO-
HEYHBIX dyieMeHTOB (s aHanu3a HJIC u gucieHHo-
TO MOJICIIMPOBAHMSI adPOJMHAMUYECKUX ITPOIIECCOB)
B F€OMETPUYECKU U KOHCTPYKTUBHO HEJIMHENHON IO-

2TOCT P UCO 2394-2016. Korcrpykuuu cTpoutesasie. Oc-
HOBHBIE TIPUHIIAIIBI HaIe)KHOCTH. AKTyammsuposas 01.02.2017.
M. : Cranmapraadopm, 2016. 62 c.

3 EN 1990:2002+A 1. Eurocode — Basis of structural design.
Brussels : Management Centre, 2002. 116 c.

4 CIT 385.1325800.2018. 3arumra 30aHuii U COOPYKEHHIA OT IPO-
rpeccupytomiero oopymrenus. [Ipasuna npoexruposanus. Oc-
HOBHBIE ToTokeHns1. Benen B nefictaue 06.01.2019. M. : Cran-
nmapraHdopm, 2020. 24 c.

5 JlaHHOE UcCleN0BaHKeE BBINONHsETCS B pamMkax HAP «Hayu-
HOe 000CHOBaHUE HOBBIX ITOIXO/I0B K MMPOSKTUPOBAHHIO OTI-
THUMAJIBHBIX TPOCTPAHCTBEHHBIX CTPOUTENHHBIX METAILIOKOH-
CTPYKINI BBICOKOTO YPOBHSI OTBETCTBEHHOCTH)» HAa OCHOBE
Cornamenus Ne 22-29-00139 mexay PoccuiickiuM HaydHBIM
tdhornom u PITAOY BO «Cankr-IleTepOyprekuii moauTeXHu-
yeckuil yHusepcuret Ilerpa Benukoroy».
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CTaHOBKe (IIPU OIIEHKE CKJIOHHOCTH CHUCTEM K JIaBUHO-
00pa3HOMY OOpYIIICHHIO);

* TCOPHUU MOAOOUS MPU PUIUICCKOM MOJCITHPO-
BaHHUH JICHCTBUTEIILHONU PabOThI JIIEMEHTOB POCTPaH-
CTBEHHBIX CTEP>KHEBHIX W JIMCTOBBIX METAJUTHIECKUX
KOHCTPYKIHH (I Bepu(DUKAIIH PE3yIbTaTOB YUCICH-
HbIX uccienopannii HIC Ha Mozmesnsix KOHCTPYKITH);

* TCOPHH HAJE)KHOCTH CTPOUTEIHHBIX KOHCTPYK-
Ui (TP OMPEICIICHUHN BEPOSITHOCTH OTKa3a CHCTEMBI
u GOPMHUPOBAHUU KPUTEPHUsI CKIOHHOCTH CHUCTEMBI
K JJAaBHHOOOpa3HOMY OOpYIIEHHIO);

* ONTHMAJBHOTO MPOCKTUPOBAHUS (IIPU COBEP-
MIEHCTBOBAHUH UCXOTHOTO TIPOSKTHOTO PEIIEHHSI Ha OC-
HOBE 3aJJaHHBIX OTPAaHWYCHUN JIJIsI BEPOSTHOCTH OTKa3a
KITFOUCBBIX M BTOPOCTCIICHHBIX JICMCHTOB).

PE3YJIBTATBI HCCIEJOBAHMUA

Kak 6b1u10 OTMEUYEHO BBIIIE, YIUTHIBAas KOMITIEKC-
HBII XapakTep paccMaTpuBaeMOW TPOOIEMBI, nepauiil
oman pelIeHus 3a/1a4u 00eCIeueHHs] HaIeKHOCTH CO-
OpPY)KCHHSI TOBBIIICHHOTO YPOBHS OTBETCTBEHHOCTHU
TIpe/IaraeTCsi OCYIMIECTBIATh HA OCHOBE (hopmuposans
VMOUHEHHBIX PACUEMHbBIX cXeM TMPOEKTUPYEMBIX COOpPY-
KSHUH, yIUTHIBAIONINX, KaK MMPABHUII0, KOHCTPYKTHBHOE
HCTIONTHEHHUE Y3JIOBBIX COCAMHCHUHN U 0COOCHHOCTH KOH-
CTPYKIIUH, YTO HE BCET/a IMPUHUMACTCS BO BHUMAHHE
TPaIUIIMOHHBIMU pacuyeTHbIMU cxemamu [23]. TIpowm-
mocTpupyeM 3(h(HeKT TaKoro MCIIOTHEHUS Ha TIpUMepe
JIBYX UCCJIEyEeMbIX KOHCTPYKTHBHBIX CXEM:

1. CxaTple CTep KHEBBIE SJIEMEHTHI CTPYKTYPHBIX
MTOKPBITUH.

JIist cxKaThIX CTEPIKHEBBIX AIEMCHTOB CTPYKTYPHBIX
MOKPBITHH € y3JIOBBIMH coequHeHmssMu Trrna MAPXU
B JMaria3one ruokocrei A = 50—140 Ha ocHOBE AETAIBHO-
IO MOJICIIMPOBAHUSI KOHCTPYKTHBHBIX OCOOCHHOCTEN y3-
JIOBBIX COENMUHEHHH (PHUC. 2, @) BHITIOIHEHO UCCIIEIOBAHNE
Tporiecca IMoTepH YCTOHYMBOCTH C IPUMEHEHHEM YHIBEP-
casibHOro pacuetHoro komruiekca JIMPA-CATIP 2019 R1.
Pacuer nmpoBoauics ¢ yueToM (U3MUECKON U TeOMETPH-
yeckol HenmMHeHocTu. Havano nponecca norepu ycroi-
YUBOCTH (PUKCHPOBAJIIOCH JUISl YPOBHS HAPYIICHUS TIPSIMO
MPOTIOPIMOHAIFHON 3aBUCUMOCTH «HANPsDKEHNE — 1edop-
MaIys B MPOIECCE TOMArOBOTO HATPYKESHUS CTECPIKHS
(puc. 2, b). Ha puc. 2, ¢, d npuBeqicHa BU3yanu3anus Kap-
el HJIC B riccienyeMoM cTep KHe 1 UCTIBITYeMO Mozie-
T (pparMeHTa CTPYKTYPHOTO ITOKPHITHS, H3TOTOBICHHOTO
B MaciiTade 1:1, B mporiecce NCIbITaHHi COOTBETCTBEHHO.

CpaBHeHHE pe3yNbTaTOB YNCICHHBIX HCCIIET0BA-
HUH TIPOIIECCOB MOTEPH YCTOWIMBOCTH JJIS CITyYaeB JIe-
TAJILHOTO M MJICaJIM3UPOBAHHOTO MOJIEIMPOBAHUS Y310~
BOTO COCAMHEHHUS CTEP)KHEH CTPYKTYPHOTO MOKPBITHS
MTO3BOIHIIO 3a()UKCHPOBATH CICIYIOIIIE PE3YIbTaTHI:

1) Jutst DIEMEHTOB MaJloil M cpelHel T'MOKOCTH
(mpu TuOKOCTH cTepkHer A < 82 u R = 240 Mlla) nHe-
CyIIast ClIoCOOHOCTh CTePIKHEH HECKOIBKO TIOHIKACTCS
M0 CPAaBHEHUIO C JAHHBIMU OT€YECTBEHHBIX HOPM MPO-
exktupoBanus (B mpenenax 1—-10 %), uro oObsIcHAETCA

MTOBBIIICHHBIM BIMSIHUEM H3THOHBIX HaHp?[)KeHI/Iﬁ Goe

B 30HaX JIEHCTBHUS JIOKAJIHHOTO M3rHOAIOIIEr0 MOMEH-
Ta, 4TO CrocoOCTByeT OoJjiee paHHEMY IOCTHUKEHHUIO
Ha DTHX y4acTKax HanpsOKEHWH, MPEBBINIAIONINX G ,
¢ Mocieayomiel norepei ycToiunBocTH;

2) [ 3IEMEHTOB BBICOKOW THOKOCTH (TIpu THO-
KOCTH cTepykHei A > 82 u R = 240 MIla) necymas
CIIOCOOHOCTh CTEpKHEH, HaoOOpOT, MOBBIMIAETCS
TI0 CPAaBHEHUIO C JAHHBIMU OT€YECTBEHHBIX HOPM TPOEK-
tuposanus. [Ipu sToM B anamnazone rudkocreit 83—100
yBenmueHne cocrasisieT meree 10 %. C yBennuenuem
rMOKOCTH OTJIMYUE OT HOPMATUBHBIX JJOKYMEHTOB YBe-
JMYUBAETCS] B CTOPOHY OOJIbIIIEH Hecylei crnocoOHo-
CTH, 9TO OOBSCHSETCS:

* 3HAYUTEJBHBIM OTIANYMEM (POPMBI UCKPUBICHUS
OCH CTEP)KHSI B MOMEHT MOTEPH YCTOHYMBOCTH OT CXEMBI
Je(hOpMHUPOBAHNSI B BUJIE TTOJTYBOJIHBI CHHYCOHJIBI, HCIIONb-
3yeMOTO B KJIACCHIECKHUX PEIICHUSX 387191 YCTOHINBOCTH;

* 3alleMJICHUEeM YaCTH JUTMHBI IPUOTIOPHOTO yya-
CTKa CTEpP)KHS B y3JlaX BCTABKH-KOHHEKTOPA, YTO BBI3bI-
BAET COKPAIIIEHNE €TO PAaCUETHOM JUTMHEL, a CIIC0BATEIIb-
HO, YMEHBIIIEHNE THOKOCTH U TTOBBIIICHNE HECYILEH CIIO-
COOHOCTH M3 YCIIOBUSI YCTOWYHNBOCTH.

2. CTeHKH BEepPTHUKAJIbHBIX IMIUHAPHUCCKUAX pe-
3epByapoB.

JI1s1 TUCTOBBIX KOHCTPYKUUN BEPTUKAIbHBIX LIH-
JUHJIPUYECKHUX pE3epBYapoB OONBIINX 00beMOB V =
=10 000-30 000 M B KOHEYHO-IIIEMEHTHO TOCTAHOBKE
MCCIIE/I0BAJIOCH BIMSHHE JICTAIU3ALNH PACIETHBIX CXEM
3a CUET ydeTa KOHCTPYKTHBHBIX JJIEMEHTOB TEXHOJIO-
THYECKUX JIECTHHI (PHC. 3, @) HA yCTOMYMBOCTH CTCH-
KH pe3epByapa K JICHCTBUIO KOJIBIIEBBIX HANPSIKEHUH.
J11st IpoBeIeHnst 3TOr0 MCCIIEIOBAHMUS IOTIOITHUTEIBEHO
B cpene SolidWorks Flow Simulation Obua onpenenena
HEOOXOMMOCTh YTOUHEHHOT'O MOJICIMPOBAaHMsI 00TEKa-
HUS KOHCTPYKIIMH BEPTUKAJIBHBIX [IMIHHAPHIECKUX pe-
3epByapoB (BLIP) mpu oToOpakeHNH B pacueTHON cXeMe
TEXHOJIOTHYECKUX JiecTHUI (puc. 3, b). IlonydyeHnnsie
JTaHHBIE N3MEHEHNUS a9POANHAMHUYECKOTO KO HIIEH-
Ta TO3BOJIIIIN YCTAHOBUTH CIEAYIONINE 0COOCHHOCTH
JUISL pacCMaTpPUBAEMbIX KOHCTPYKIIHH:

1) ¢ yBenuueHueM o0beMa pe3epByapa HaOIro-
JaeTcss U3MEHEHNE BETPOBOTO JABJICHUS B 30HE NPH-
MBIKaHHS JIECTHHIBI, 10 CPABHEHUIO C PE3EPBYyapoM
0e3 JIECTHHIIBI,

2) MakcumalibHOe pacxoxaenue 110 20 % orMeue-
HO B 30HaX OTPHULATEIBHOTO JIaBJICHUs (OTpPHIBAIOLICE
BO3/ICHCTBHE Ha CTEHKY);

3) B 30HE aKTMBHOT'O JIaBJICHUS] BO3HUKAET CHIIKE-
HHUE BaKyyMMETPHUYECKOTO JIaBJICHHS B 3aBUCUMOCTH
oT Tunopasmepa 10 6 %.

[TpoBeneHHOE HCCIie0BaHNE MO3BOIHIO 3a(HKCH-
pOBarh, 4TO y4eT B MOJIEIISIX JIECTHHI] CYIIECTBEHHO IO~
BBIIIAET 3HAYEHHUE G, 710 25-46 %, a ux oObeMHOE MO-
JICINPOBaHKE J]acT BO3MOXKHOCTH BBIOpaTh Hanbosee
MPEIIOYTUTENbHBIN ISl TTOBBIMIEHHUS YCTOWIMBOCTH
KOHCTPYKTHBHBIN BapuaHT.

B xauecTBe 6mopozo smana npearacTcs BhIo-
HHUTB OIIEHKY CUCTEMBI Ha CKJIIOHHOCTb K JIABHHOOOpas3-
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Puc. 2. VccnenoBanne yCTOHUHMBOCTH CTEPKHEBBIX AIIEMEHTOB CTPYKTYPHBIX MTOKPHITHIT HA OCHOBE (JOPMUPOBAHNMS YTOTHEH-

HBIX PACYETHBIX CXEM: ¢ — KOHECYHO-3JIEMEHTHOC MOACIUPOBAHUEC Y3JI0BOTO COCIUHEHUS, b — 3aBHCUMOCTH «CHAMPSHKCHUEC —

nedopmarmsy; ¢ — kaptuaa HJIC npu motepe ycTOHIMBOCTH CTEPKHS; d — SKCIEpPUMEHTATbHAsT BePH(UKAIHS PE3yIbTaToB

YHUCJICHHOI'O HCCIICIOBAHUS

HOMY 00pymIenuto. OnpenesieHne CKIOHHOCTH CHCTEM
K JIJaBUHOOOPAa3HOMY pa3pyIIEHHI0 B HOPMAaTHBHON
JUTEpaType, Kak MpaBuiIo, TIPEIHUCHIBACTCS ITyTEM HC-
KIIFOYCHHUS] U3 PACUETHOIN CXEMBI KOHCTPYKIIMU OJHOTO
9JIEMEHTA C 3aMEHOI BHEUTHUMH Harpy3kamH, paBHbI-
MU yCHIHsM B HeM. OnrcaHHasi METOAMKA Pealln30BaHa
B psi/ie COBPEMEHHBIX NMPOrPaMMHBIX KOMIUIEKCOB [13],
HO IIPH BCEX MX JAOCTOMHCTBAX OCTAETCS OTKPBITHIM
BOIIPOC BBIOOpA UCKIIOYAEMOTO 3JIEMEHTA, T.€. KaKoh
U3 BCEX IEMEHTOB KOHCTPYKIMHM UMEET HAOOJIBIIYIO
CTEIICHb OTBETCTBEHHOCTH C TOUKH 3PEHHS CKIIOHHOCTH
CHCTEMHI K JJABHHOOOpa3HOMY pa3pymieHnto? Pemenre
JIOJDKEH TPHUHATH HHXKECHEP, U OH HECET IIEPCOHAIBHYIO
OTBETCTBEHHOCTH 3a HEr0, HO B CIIy4asiX MHOTOKpPAaTHO
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CTaTUYECKH HEOIPEeTUMBIX CHCTEM C OOJIBIINM KO-
JUYECTBOM 3JIEMEHTOB OJHO3HAYHOTO OTBETA MOXET
1 He OBITh JJayKe C YUETOM PEKOMEH/IAINH B HOPMaXx.

AHanmm3upyst OCHOBHBIE TIOJIOKEHHSI HOPMATHBHBIX
JIOKyMEHTOB M HAYYHBIX ITyOJIHMKaIMH, MOCBAIIEHHBIX
JTAHHOMY BOTIPOCY, MOYKHO CIEJIaTh CJIETYIOIIHE BBIBOIbL:

* OCHOBHBIM 3arpy>K€HHEM IIEPBOTO PAaCUETHOTO
JTara sIBJSIETCS CYMMAapHOE IEMCTBUE TOCTOSIHHOM U JUTU-
TeJlbHAasl 9aCTh BPEMEHHBIX HATPY30K, JEHCTBYIONINX
Ha COOpY)KEHHE;

* YYHTBIBAsI HEONPEIECICHHOCTb, a 3a4acTyl0 U He-
JIOTUYHOCTb HAa3HAYCHU YyAAJIAEMOI0 Ha BTOPOM STalle
pacdeTa sneMeHTa (MM COBOKYITHOCTH 3JIEMEHTOB) KOH-
CTPYKILIMH, a TaK)ke NIPUHUMAsi BO BHUMaHHE Te (pakThl,
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Puc. 3. OnpenesieHne yCTOHYUBOCTH CTEHOK PE3EPBYapOB Ha OCHOBE JETAILHOIO MOJICIIMPOBAHHS TEXHOIOTHYECKHX JICCTHHIL:
a — KOHEYHO-3JIEMEHTHasi MOJIEIb pe3epByapa; b — mozeib B SolidWorks st pacuera BeTpoBoro jaeieHus:; ¢ — ¢opma mo-

TCpHU yCTOfI‘-IHBOCTPI B 30HC CTCHKHA

YTO ITPU HEPACUETHOM YBEITMYEHUU BPEMEHHBIX HArPy30K
(mpexe BCero HepacueTHBIX aTMOC(EpHBIX Harpy-
30K) TIEPBBIMH BBIXOJUTH U3 CTPOSI Oy/IyT SJIEMEHTEHI,
HanOosiee Harpy»XeHHbIE Ul pacCMaTpUBaeMOl CXEMbI
3arpy KeHus; IpU pPeann3aliuy TEPPOPUCTHUECKUX aTak
BO3/IEHCTBHIO B IIEPBYIO OYEpe/b MOJBEPratoTCs Hanboree
Harpy>KeHHBIE 3JIEMEHTBI KOHCTPYKIMHU, KOTOpPBIE JIeTrde
BCETO BBIBECTH M3 CTPOS, TO MPU OIPEIEIICHUN yaaJsie-
MO} COBOKYITHOCTH KJIFOUEBBIX 3JIEMEHTOB KOHCTPYKIIHU
JIOTUYHBIM IIIarOM CTaHET MOATAIHOE yNaJICHUE 3IEMEH-
TOB, 0OYCJIOBIICHHOE NOIIATOBBIM YBEINYECHUEM paccMa-
TPUBAEMBIX Ha MIEPBOM 3Tarle BpEMEHHBIX Harpy30K;

* IpUHUMasi BO BHUMaHHE TOT (akT, 4To 0OJIb-
HIMHCTBO HECYIIUX METaNINYECKUX KOHCTPYKLHUI BbI-
MOJHSETCA U3 MIIACTUYHBIX MAJIOYIJIEPOAUCTBIX M HU3-
KOJIETUPOBAHHBIX CTaJIed, Y KOTOPBIX MOTEPs HECYLIeH
CIIOCOOHOCTH COITPOBOXKJIAETCSI 3HAYUTEIBHBIM pa3-
BUTHEM IUIACTHYECKUX J1e(hOpPMAIIii, YTO B KOPHE OT-
JIUYaeTCsl OT XPYHKOTO pa3pylIeHUs, XapaKTepHOTO
JUTSL JKEJIe300€TOHHBIX KOHCTPYKIHH, IS TIEPBUYHON
OLIEHKU CKJIOHHOCTH KOHCTPYKIIMM K JIJABUHOOOPAa3HO-
My OOpYILEHHUIO MOSBIISAETCS BO3MOXKHOCTh OTKA3aThCs
OT MPHHATOTO JJIsl pacyeTa *Kejae300eTOHHBIX KapKacoB
3[aHUH B PAJIE PACUETHBIX KOMILJIEKCOB KoddduirenTa
JUHAMUYHOCTH L = 2.

Ha ocHOBaHUU H37I0KEHHOTO BBINIE aBTOPaMU
HpeIIoKeH MOAXOA, NO3BOJSIONINI Ul aHAIU3UpYe-

MOM pacyeTHON CUTyalluH ONPENEIUTh CTETIEHb OTBET-
CTBEHHOCTH 3JIEMEHTOB KOHCTPYKLHUH U TOYHO yCTa-
HOBHTH Han0oJjiee OTBETCTBEHHBIE DJIEMEHTHI, KOTOPhIE
1 CJIEAYET UCKIIIOYaTh U3 TIEPBUYHON pacdeTHOMH CXEMBI
MIPU pacueTe Ha CKJIOHHOCTb K MPOTPECCHPYIOMIEMY
oOpymennto. J{7st onpeaeneHnst CTeTIeHN OTBETCTBEH-
HOCTH 3JIEMEHTOB CTEP)KHEBBIX KOHCTPYKIMH pacder
HJIC mpennaraercst BBIONHATH B T'€OMETPUUYCCKH
1 KOHCTPYKTHUBHO HEJIMHEHHON IMOCTaHOBKE C IOILIAro-
BBIM TIPIJIOKEHUEM Harpy3kH [17, 24-26]. Ananusupys
HOPSJOK U MOCIEACTBUSI OTKa3a CTEPIKHsI, OIpe/iensieT-
Cs CKJIOHHOCTh KOHCTPYKIHHU K MPOrPECCUPYIONIEMY
paspyuieHuo. AITOpUTM MPEeAJIOKEHHON METOIUKH
n OJIOK-CXeMa ero peaju3aluu MOoJpOOHO OMUCAHBI
B pabotax [27, 28], a HEKOTOpBIC PE3yABTATHI, MOIY-
YEHHBIE C €r0 IPUMEHEHHEM, IIPE/ICTaBIICHBI Ha pUC. 4.

B xone mpemvezo smana ocyuecTBaseTcs ycra-
HOBJICHHE TIOKa3aTelsl Ha/JeKHOCTH MPOEKTHPYEMOH
cuctembl. OCOOCHHOCTBRIO TIPEIIaraeMoro Mmoaxo/a
K OTIPEZICTICHUIO YNCIIEHHBIX ITOKa3aTeel HaJeKHOCTH
paccMaTpUBaeMBIX MHOTOKPATHO CTaTHYECKU HEOIpe-
JEIUMbIX CHCTEM SIBISIETCS] yCTAaHOBJIEHHE CBOEOOPa3-
HOT'O Juana3oHa B BHUJI€ BEpXHEH M HUIKHEH TpaHuIl
MOKa3aTeNsl HaJIe’HOCTH, JJI1 KOTOPHIX BEPOATHOCTH
OTKa3a CUCTEMBI Oy/IeT HaXOAUTHCS B IUAIIa30HE MEXIY
BEPOSITHOCTBIO OTKa3a OJTHOTO, HanboJiee OTBETCTBEH-
HOTO JIEMEHTA, U BEPOATHOCTBIO OTKa3a IPYMIIBI Je-
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Puc. 4. PazBuTne maBHHOOOpa3HOro 0OpyIIeHNs B KOHCTPYKIUSIX: ¢ — PaMHO-KOHCOJIBHOTO MOKPBITHS HaJl TPHOYHAMH CTa-

JIMOHA BBUIETOM [ = 22 M; b — CTPYKTypHOTO MOKPBITHS 24 X 24 X 3 M

MEHTOB, HHUIIUUPYIOIINX HAa4YaJlo JIJABHHOOOPAa3HOTO
pa3pylIeHus, ONPEACIEHHBIX 110 Pe3yIbTaTaM BTOPOTO
JTarna pacuera.

B naHHOM HcciegoBaHHUU B KadecTBE clydai-
HBIX BCJIWYWH BBICTYNAIOT NPEACT TCKYUYCCTU CTaJIU
U ypOBEHb HANPSKEHUI B CTEPIKHSAX KOHCTPYKIIHH,
KOTOPBII B CBOIO OYEPEb SIBISIETCSI KOMIUIEKCHOH Clly-
YallHOM BEJIMUMHOM, 3aBUCALLEH OT pslla CTOXacTHYe-
CKHX (haKTOpPOB: aTMOC(HEPHBIX HATPY30K, FCOMETPH-
YECKUX XapaKTEePUCTHK CEUCHHH, 0CaJ0K OCHOBAHMUS,
TEOMETPUYECCKUX HECOBEPIIECHCTB (OPMBI KOHCTPYK-
UM, TTOJIyYCHHBIX HA MOHTAXE M MPH dKCIUTyaTaIiH.
[Tpu Takoi mocrtaHoBKe 3aaa4u Hauboliee Iieneco-
00pa3HbIM METOJIOM OIpE/IEIICHUSI BEPOSITHOCTU OT-
ka3za BeicTynaeT metoq Monte-Kapino (puc. 5). Bepo-
ATHOCTb OTKa3a I'pyHIibl 3JICMCHTOB, HHUIUUPYIOIIUX
Hayaso JaBUHOOOPA3HOTO pa3pylIeHHUs, paccMaTpHBa-
€TCsl C MO3UIMH MOAETH NapayIeIbHOTO COSIUHEHUS
3JIEMEHTOB, & TAKXKE C Y4EeTOM CTEIICHH B3aMMO3aBHCH-
MOCTH PacCMaTPUBAEMOH Mapbl 3JIEMEHTOB B IIpoIiecce
BBIYHCIIEHUs [29].

B Tabnuue npuBeseHb HEKOTOPBIE PE3yIbTaThl
MIPUMEHEHUS pa3pabOoTaHHBIX MPOLEIYP 10 KOPPEKTH-
POBKE HauaJIbHOTO IPOEKTHOTO PELIEHUs CTPYKTYPHOTO
MOKPBITUS pa3MepoM 24 X 24 X 3 M B 4aCTH IIPeOTBpa-
IIEHUST JaBUHOOOPA3HOTO pa3pyLIeHUsI U 00eCTIeueHNUs
HOPMATHUBHOI'O YPOBHS HAJEKHOCTH.

B xone uemeepmoeo smana npu HeOOXOAUMOCTH
BBIITIOJIHACTCA ONTUMHU3AIUA UCXOAHOT'O IMPOCKTHOI'O
pELICHUS 110 3aJaHHOMY 3HAUCHHIO KPUTEPUS HAJEK-
HocTh. Ha HacToAmmii MOMEHT B TEPMHHAX KOMILIEKCA
MATLAB Ha ocHOoBe MeToma Hemnepa — Muna peanu-
30BaH AJITOPUTM TTOMCKA ONTHMAJIBHOTO KOHCTPYKTHB-
HOTO pEIICHUS JUIsl CTPYKTYPHBIX IMOKPBITHH Ha Ipsi-
MOYTOJFHOM IUIaHE, OCHOBAHHBIM Ha MHUHUMHU3ALIUN
TEOPETUYECKON MacChl KOHCTPYKIMH. Pa3spaboTaHHbIH
AJTOPUTM YYHMTHIBAET BO3MOKHOCTH IT0JI00pa cede-
HUN LEHTPaJbHO-CKATBIX CTEpPXKHEH Kak B COOTBET-
CTBHUH C Tpe60BaHI/IﬂMI/I HOPMAaTUBHBIX JOKYMCHTOB,
TaK U C UCIIOJIBb30BAHNEM YTOUYHCHHBIX 3aBHCHMOCTeI>i,
peann30BaHHBIX B XOJI€ MEpBOTO dTarna. ONTHMH3AIH
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KOHCTPYKTHBHO# ()OPMBI BEIIIONHAETCS OJHHM H3 JABYX
CIoco00B:

* M3MEHEHHEM OTHOCHTEIBEHOM BBICOTHI TOKPBITHS
(hib);

* mpeoOpa3oBaHMEM HUCXOMHOM IIIOCKOH (OPMEI
B CTEPXKHEBYIO 000JIOUKY C IPUIAHAEM €l OTHOCHTEIIb-

Bsox HeoOxoauMbIX gaHHbIX MKD

v

I'enepanus ciryyaiiHbIX YHCel
B COOTBETCTBUU C 33/1aHHBIM 3aKOHOM

v

IosnementHoOe (OPMUPOBAHKE MATPULL
JKECTKOCTH HJICMECHTOB

v

Pemenne ocHoBHOTO ypaBHenus MKD

v

Onpez[eneHHe JUIs1 3JICMCHTOB
KOHCTPYKIIUU BEJIUNYUH HaprI)I(eHI/Iﬁ {6}

H

Mounre-Kapio

i

Pemienue 3a1aun MeToa0M

dopmupoBanue 6a3b!
JTAHHBIX {6},
1

Onpenenenne 3aK0Ha pactpeIeIeHust
CITy4aiiHOM BETMYMHBI {6}_
1

!

Beruncnenue XapaKTCPUCTUK HAACIKHOCTHU

Puc. 5. biok-cxema ajaroputma orpeeseHus: XapakTepUCTHK
HaJIeKHOCTH KOHCTPYKIIH
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CpaBHEHHE YPOBHEH Haf€KHOCTH CTPYKTYPBI

KonnuectBo
CeueHue KoHCcTpyKTHBHBINM 3JICMEHTOB,
Hrepanus 3IIEMEHTa BJ'E’G}II\/IGHT BBIIIC/IIITHX B B Macca koCTpyKImH, T
U3 CTpOst
63,5x3 Bepxumuii nosic 0
1 -1,54 -1,36 6,14
38 x4 Packochl 200
2 63,5%x3 BepxHuii nosic 40 0,51 1,14 7,21
63,5x3 Packocer 0
3 2,67 2,67 7,52
76 x 3,5 Hkawmii mosic 2

Horo Bbiru0Oa (f/b) B coueTaHny ¢ U3MEHEHNEM OTHOCH-
TEJBHOU BBICOTHI MMOKPEITHS (/1/D).

JAKJIIOYEHHUE U OBCYXJIEHHUE

[TosryueHHBIE B X0J1€ MCCIIEIOBAHUS PE3YIbTAThI
JTAIOT MCXOAHYI0 HMHPOPMAIHMIO TSI TUCKYCCHH U TI0-
3BOJISIFOT HAMETHUTD Iy TH JalIbHEHILIETO COBEPIICHCTBO-
BaHU pa3padaTeIBaEMOro IMOIX0a, @ IMEHHO!

1) npennoxeHHBIH B CTAaThe MOAXOM IMO3BOJISIET
C TIpUEMIIEMON TIPAKTUIECKONH TOYHOCTHIO OTIPEEITUTh
MOKa3aTeIN HaJleKHOCTH MHOTOKPATHO CTaTHYECKU
HEOIPeIeIMMON CTEPIKHEBOH CUCTEMBI. JTO 0cOoOeH-
HO aKTyaJbHO JJII YHUKAJTHHBIX OOJBIICIIPOIETHBIX
KOHCTPYKIUH, NPEACTABISIOMNX COO0N COOpPYKEHUs
C BBICOKHM YPOBHEM OTBETCTBEHHOCTH, JIJISI KOTOPBIX
BAXKHO PacYETHBIM IyTeM 00ecmeduTh TpeOyemblid
ypoBeHb HajexHocTH. [Ipu 3Tom, KoHeuHO, Ooiee
CTPOTOTO TEOPETHYECKOTO 00OCHOBAHNUS TpeOyeT I'HITo-
Te3a 00 yCTAaHOBICHUH BEpXHEH IPaHHIbI HA/IC)KHOCTH,
OTIpeNeNIsIeMOi Ha OCHOBE BEPOSITHOCTH OTKa3a IPYIIITEI
AJIEMEHTOB, MHUIUHUPYIOIIUX HAYaJI0 JaBUHOOOPA3HOTO
o0pymIeHus;

2) manpHEHIIero pa3BUTHA TpeOyeT 000CHOBaHHE
pacyeTHBIX CUTYaIMi, HAa OCHOBAaHHUH aHAJN3a KOTOPBIX
OTIPEIEISIETCSI COBOKYITHOCTH KITIOUEBBIX JIEMEHTOB,
HaACKHOCTh KOTOPBIX yCTaHaBJIMBACT yCTOﬁ‘IHBOCTL
CHCTEMBI K Pa3BHTHUIO MPOTPECCUPYIOMIETO pa3pyIie-
HUS. 371eCh K€ OTACIbHBIX HCCIEeIOBAaHUN TpelyeT
YCTAHOBJICHHE PEKOMEH/IyEMBbIX 3HaYCHUH AMHAMHYE-
CKHX KOA(PPHUIIUEHTOB I SIIEMEHTOB METAJUTMIECKUX
MPOCTPAHCTBEHHBIX KOHCTPYKIUU, BBITTOIHSIEMBIX
U3 PAa3MUYHBIX KJIACCOB CTAIH.

3) pa3paboTaHHBIC AITOPUTMBI OLICHKH HAJICKHO-
CTH W ONITHMH3AINN UCCIEAYEMBIX CHCTEM B JajbHEH-
IIIeM IPEATIONaraeTCs pa3BUBaTh B HAIIPABICHUAX:

* 000CHOBaHMsI paCYETHBIX CUTyalui 1uist hopmu-
POBaHUS aHATH3UPYEMBIX PACUCTHBIX CXEM;

* 000CHOBaHMs HEOOXOAMMOI CTENEeHH JeTalu-
3aI[UU PAaCUETHHIX CXEM, BIHSIONIUX Ha yTOYHCHHUE
pacuetHbIx mokazateneit HJIC koHCTpykumu, a cie-

JIOBaTeNIbHO, TIOKa3aTelel HaJleXKHOCTH IIEMEHTOB CHC-
TEMBI;

* ydeTa KOHCTPYKTHBHOI'O UCIOJIHEHHUS Y3JIOBBIX
COEJIMHEHUH B MOJIEIIAX HA/IeKHOCTH;

¢ ONTUMHU3AIMU HCXOIAHBIX MPOCKTHBIX PEHIC-
HUHN 110 3aJaHHBIM 3HAYCHUAM BCPOATHOCTU OTKasza
JUISL KJIFOUEBBIX ¥ BTOPOCTEIIEHHBIX 3JIEMEHTOB.

OCHOBHBIE pPE3yIbTATHI, OTYUCHHBIC aBTOPAMU
B XOZI€ HayYHBIX M3BICKAHUH, 000OIICHBI U TIPUBEICHBI
HIKE.

IperncrapneHHbIE pe3yIbTaThl TEOPETHUECKIX 1 HKCIIE-
PUMEHTAIBHBIX MCCIEOBAHUN MO3BOJISIOT yTBEPXK-
JaTh, YTO MPEJIOKEH KOMIIIEKCHBIN alrOpUTM, IHO-
3BOJISIFOILUI Ha OCHOBE JI€TaIM3aLUU PACUETHBIX CXEM
U OLICHKH CKJIOHHOCTH NPOEKTUPYEMBIX KOHCTPYKLUI
BBICOKOTO YPOBHSI OTBETCTBEHHOCTH K JIABHHOOODa3-
HOMY pa3pymi€HUIO BBIIIOJIHUTh YTOYHCHHYIO OILICHKY
UX YPOBHs IIPOEKTHOHN HAJIEKHOCTH.

Pazpabotan CKBO3HOH MOAXOA K YCTAaHOBJIEHHUIO
COBOKYITHOCTH KITFOUEBBIX JIEMEHTOB, C OTHOH CTOPO-
HbI, ONPEAEIAIOMNX YCTOWUUBOCTh MPOEKTUPYEMOIT
CHUCTEMBI K Pa3BUTHIO MPOTPECCUPYIOIIEr0 JTaBUHO-
00pa3HOro pa3pyUIeHus], C IPYTroi — OMPEACISIFONIIX
BEPXHIOIO TPaHMILy HAJIe)KHOCTH MHOTOKPATHO CTaTH-
YECKU HEONPENEITUMBIX CUCTEM.

[Ipennoxen yHUBEpCalbHbIN HHKEHEPHBIH MOJ-
X0l K OIPEJENICHUIO TIOKa3aTelsl HaJJe)KHOCTH MIPOEK-
THPYEMOW MHOTOKPAaTHO CTaTUYECKU HEOIPEeaeINMOi
CHUCTEMBI BBICOKOI'O YPOBHS OTBETCTBEHHOCTHU, OTJINYaA-
IOLLUICSA YCTAHOBJIEHUEM PACUETHBIX 3HAYEHUM BEepX-
HEH ¥ HIKHEH TPaHMIl IOKa3aTellsl HaIe)KHOCTH, 0a3u-
PYIOLINXCS HA BEPOSITHOCTH OTKa3a oJHOro (Hanbomee
OTBETCTBEHHOTO) U COBOKYITHOCTH KJIFOUEBBIX 3JIEMEH-
TOB COOTBETCTBEHHO.

[Mpemnoxena mporeaypa ONTHMHU3ALNH HCXOTHOTO
MIPOEKTHOTO pelIeHus], 6a3upyromascs: Ha UCIIOIb30Ba-
Huu Metona Hennepa — Muza u peannzoBaHHast Ha 1aH-
HBIM MOMEHT /Il MUHUMHU3ALNN LEJIeBOH (QYHKIHH
B BH/IE MAaCChl OCHOBHBIX KOHCTPYKTHBHBIX 2JIEMEHTOB
(cTepkHEH U y3710B-KOHHEKTOPOB).
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INTRODUCTION

The development of structural forms of spatial
structures used in modern construction leads to
the creation of new structural systems that have no
precedents in construction practice. In combination
with the growing scale of objects, the use of new
methods of manufacturing and assembly, new
materials, this aggravates the problem of assessing

the reliability of the developed design solutions, for
which the required level of reliability is not always
ensured within the framework of using the traditional
method of limit states'. In addition to the technical

' GOST R ISO 2394-2016. Structures of construction.
Basic principles of reliability. Updated 01.02.2017. Moscow,
Standardinform Publ., 2016; 62. (rus.).
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and technological aspects that determine the issue
of ensuring the reliability of construction facilities
of increased level of responsibility, in recent years
the importance of the problem has been exacerbated
by the threat of terrorist acts against such facilities,
which also requires appropriate consideration and
improvement of their calculation and design methods.

Certain aspects of the topic under consideration
are constantly in the field of view of scientific teams
all over the world, as evidenced by the analysis
of scientific publications in the editions presented in
the leading international databases. However, most
of such studies lack a comprehensive approach to
solving the problem, covering the main stages of design
from the formation of refined design schemes to
the development of optimal design solutions that ensure
the combination of the required level of reliability with
sufficient cost-effectiveness (Fig. 1). The lack of clear,
scientifically substantiated research results in the fact
that in the vast majority of currently valid regulatory
documents recommendations on the design of structures
with increased level of responsibility are fragmentary,
general and unspecific, which cannot be realized in
the form of a specific design algorithm.

The importance of certain aspects of the problem is
indicated by a number of works, within the framework
of which they are usually considered separately, for
example:

» refinement of design schemes of structures,
including by taking into account the influence
of the structural solution of the nodal joint on the stress-
strain state (SSS) [1-6];

* improvement of design solutions of nodal
connections and structures in order to prevent the de-
velopment of avalanche-like collapse [7-9] by
controlling the SSS of the object through targeted
changes in the main parameters of SSS [10-13];

Refinement of the design
scheme of the structure

A

Evaluating the impact of node link performance
on system reliability

A

Assessment of the propensity of the system
to avalanche-like destruction

A

Optimization of the system according
to the uptime criterion

Fig. 1. Key points of improvement of methods of calculation
and design of structures of increased level of responsibility
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* determination of numerical values of reliability
indicators of the designed structure in order to avoid
the disadvantages inherent in the semi-likelihood basis
of the method of limit states [14—18]. At the same
time, it should be noted that there is no clear algorithm
of actions for calculating numerical reliability
characteristics of structures in the normative literature®>,
which significantly complicates the engineer’s work,
as well as the determination of reliability indicators
of complex multi-element statically indeterminate
structures. The combination of approaches, when
the tendency to avalanche collapse* is estimated
on the basis of analyzing the calculated reliability
indices of a structure, is used in a limited number
of works [7, 19-21];

* optimization of the initial design solution based
on the accepted value of the given target function [7,
19, 21, 22].

MATERIALS AND METHODS

To summarize, the main unresolved scientific
problems are:

* lack of calculation theory and general principles
of design of optimal spatial metal structures of high level
of responsibility, providing a given level of reliability
and resistant to the development of progressive failure;

« insufficient empirical knowledge about the in-
fluence of design solutions of nodal joints on the overall
SSS and load-bearing capacity of the main elements
and appropriate consideration of these factors in
determining the numerical values of reliability
indicators of the designed structure.

The aim of the research is to develop scientific
substantiation of new approaches to the design
of optimal spatial building steel structures of high
level of responsibility resistant to the development
of progressive collapse with guaranteed levels
of reliability of key and secondary elements’.

2 EN 1990:2002+A1. Eurocode — Basis of structural design.
Brussels, Management Centre, 2002; 116. (rus.).

3 CP 385.1325800.2018. Protection of buildings and structures
from progressive collapse. Design rules. Basic provisions. Put
into effect on 06.01.2019. Moscow, Standardinform Publ.,
2020; 24. (rus.).

* This research is carried out within the framework of
the research work “Scientific substantiation of new approaches to
the design of optimal spatial building steel structures of high level
of responsibility” on the basis of Agreement No. 22-29-00139
between the Russian Science Foundation and FSAEI HE “Peter
the Great St. Petersburg Polytechnic University”.

5 This research is carried out within the framework of the re-
search work “Scientific substantiation of new approaches to
the design of optimal spatial building steel structures of high
level of responsibility” on the basis of Agreement No. 22-29-
00139 between the Russian Science Foundation and FSAEI HE
“Peter the Great St. Petersburg Polytechnic University”.
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The authors used methods at different stages
of the ongoing research:

* structural mechanics: in the form of the finite
element method (for the analysis of SSS and numerical
modelling of aerodynamic processes) in geometrically
and structurally nonlinear formulation (when assessing
the tendency of systems to avalanche collapse);

* similarity theory in physical modelling of the ac-
tual work of elements of spatial rod and sheet metal
structures (for verification of the results of numerical
studies of SSS on structural models);

* reliability theory of building structures (in
determining the probability of system failure and
forming the criterion of the system’s propensity to
avalanche collapse);

» optimal design (when improving the initial
design solution on the basis of specified constraints for
the probability of failure of key and minor elements).

RESEARCH RESULTS

As noted above, given the complex nature
of the problem under consideration, the first stage
of solving the problem of ensuring the reliability
of a structure of a higher level of responsibility is
proposed to be carried out on the basis of the formation
of refined design schemes of designed structures, taking
into account, as a rule, the structural design of nodal
connections and design features, which is not always
taken into account by traditional design schemes [23].
Let us illustrate the effect of such design on the example
of two structural schemes under research:

1. Compressed rod elements of structural coatings.

For compressed rod elements of structural
coverings with nodal joints of MARHI type in the range

of flexibility A = 50—140 on the basis of detailed
modelling of structural features of nodal joints
(Fig. 2, a), the research of the stability loss process
using the universal calculation complex LIRA-SAPR
2019 R1 has been performed. The calculation
was carried out taking into account physical and
geometrical nonlinearity. The beginning of the stability
loss process was fixed for the level of violation
of the directly proportional stress-strain relationship in
the process of step-by-step loading of the rod (Fig. 2, b).
Fig. 2, ¢, d show the visualization of the SSS
picture in the investigated rod and the tested model
of the structural coating fragment made in 1:1 scale
during the testing process, respectively.

Comparison of the results of numerical inve-
stigations of the stability loss processes for the cases
of detailed and idealized modelling of the nodal
connection of the structural pavement rods allowed us
to record the following results:

1) for elements of small and medium flexibility (at
rod flexibility A < 82 and R = 240 MPa) the load-bearing
capacity of rods slightly decreases in comparison with
the data of domestic design standards (within 1-10 %),
which is explained by the increased influence of bending
stresses o, in the zones of local bending moment
action, which promotes earlier achievement of stresses
exceeding o, in these sections with subsequent loss
of stability;

2) for elements of high flexibility (at rod flexibility
A > 82 and R = 240 MPa), the load-bearing capacity
of rods, on the contrary, increases in comparison with
the data of domestic design standards. At the same time
in the range of flexibility 83—-100, the increase is less
than 10 %. With increasing flexibility, the difference

o kN

25.0 294.82
22.5

20.0 N, (experimental)
17:5 40.64 \JV,, (Euler)
1501 f16.90

12.5 9.04

10.0 507

75

S0t

25 1073

0" 25 50 75 100 125 150 175 200 225 250 275 300 X, mm

a

b

Fig. 2. Investigation of the stability of rod elements of structural coatings based on the formation of refined calculation schemes:

a — finite element modelling of the nodal joint; b — “stress-strain” relationship; ¢ — SSS picture at the loss of rod stability;

d — experimental verification of the results of the numerical research
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4

d

Fig. 2. Investigation of the stability of rod elements of structural coatings based on the formation of refined calculation schemes:

a — finite element modelling of the nodal joint; b — “stress-strain” relationship; ¢ — SSS picture at the loss of rod stability;

d — experimental verification of the results of the numerical research (ending)

from the normative documents increases in the direction
of higher load-bearing capacity, which is explained by:

* a significant difference in the shape of the cur-
vature of the rod axis at the moment of loss of stability
from the deformation scheme in the form of a half-wave
sinusoid used in classical solutions of the stability problem;

* pinching a part of the length of the supported
section of the rod in the nodes of the insert-connector,
which causes a reduction in its design length, and
consequently, a reduction in flexibility and an increase in
the load-bearing capacity under the condition of stability.

2. Walls of vertical cylindrical tanks.

For sheet structures of vertical cylindrical tanks
of large volumes ¥ = 10,000-30,000 m?® in finite
element formulation the influence of detailing of design
schemes by taking into account the structural elements
of technological ladders (Fig. 3, @) on the stability
of the tank wall to the action of annular stresses was
investigated. In order to carry out this research,
the need for refined modelling of the flow of the vertical
cylindrical tanks (VCT) structure was additionally
determined in the SolidWorks Flow Simulation
environment when technological ladders are shown
in the design scheme (Fig. 3, b). Obtained data
of aerodynamic coefficient changes allowed to establish
the following features for the considered structures:

1) as the tank volume increases, there is a change
in the wind pressure in the area of the ladder connection,
compared to a tank without a ladder;

2) the maximum discrepancy of up to 20 % was
observed in the negative pressure zones (breakaway
effect on the wall);

3) a vacuum pressure drop of up to 6 % occurs in
the active pressure zone, depending on the size.
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The conducted research allowed to fix that the consi-
deration in the models of stairs significantly increases
the value of 6 to 25-46 %, and their volumetric
modelling makes it possible to choose the most preferable
structural variant for increasing stability.

As a second step, it is proposed to evaluate the system
for avalanche collapse susceptibility. The determination
of the avalanche collapse susceptibility of systems in
the normative literature is usually prescribed by excluding
one element from the design scheme of the structure
and replacing it with external loads equal to the forces
in it. The described methodology is implemented in
a number of modern software packages [13], but with all
their advantages, the question of selecting the excluded
element remains open, i.e. which of all structural
elements has the highest degree of responsibility in
terms of the propensity of the system to avalanche
failure? The engineer should make the decision, and he
is personally responsible for it, but in cases of multiple
statically indeterminable systems with a large number
of elements, there may not be a clear-cut answer, even
taking into account the recommendations in the standards.

Analyzing the main provisions of normative
documents and scientific publications devoted to this
issue, the following conclusions can be drawn:

* the main loading of the first design stage is
the total action of permanent and the long term part
of temporary loads acting on the structure;

» taking into account the uncertainty and often
illogicality of the purpose of the element (or set
of elements) of the structure to be removed at the second
stage of calculation, and also taking into account the facts
that in case of an uncalculated increase in temporary
loads (first of all, uncalculated atmospheric loads),
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z
X

Fig. 3. Determination of tank wall stability based on detailed modelling of technological ladders: ¢ — finite element model
of the tank; 5 — model in SolidWorks for calculation of wind pressure; ¢ — form of stability loss in the wall zone

the elements most loaded for the loading scheme under
consideration will be the first to fail; in case of terrorist
attacks, the most loaded elements of the structure, which
are the casiest to fail, will be affected first of all;

* taking into account the fact that the majority
of load-bearing metal structures are made of ductile low-
carbon and low-alloy steels, in which the loss of bearing
capacity is accompanied by a significant development
of plastic deformations, which is fundamentally different
from the brittle failure characteristic of reinforced
concrete structures, for the initial assessment of the pro-
pensity of the structure to avalanche-like collapse there
is an opportunity to abandon the coefficient adopted for
the calculation of reinforced concrete building frames in
a number of calculation complexes.

On the basis of the above, the authors propose
an approach that makes it possible to determine
the degree of responsibility of structural elements for
the analyzed design situation and to accurately identify
the most critical elements that should be excluded
from the primary design scheme when calculating
the propensity to progressive collapse. In order to
determine the degree of responsibility of the elements
of rod structures, it is proposed to perform the SSS
calculation in a geometrically and structurally nonlinear
formulation with systematic load application [17, 24-26].
By analyzing the order and consequences of rod
failure, the propensity of the structure to progressive

failure is determined. The algorithm of the proposed
technique and the block diagram of its implementation
are described in detail in [27, 28], and some results
obtained with its application are presented in Fig. 4.

In the course of the third stage, the reliability index
of the designed system is established. The peculiarity
of the proposed approach to the determination of numerical
reliability indices of the considered multiply statically
indeterminate systems is the establishment of a peculiar
range in the form of upper and lower limits of the reliability
index, for which the probability of failure of the system
will be in the range between the probability of failure
of one, the most critical element, and the probability
of failure of a group of elements that initiate the onset
of avalanche-like destruction, determined by the results
of the second stage of calculation.

In this research, the yield strength of steel and
the level of stresses in the bars of the structure act as
random variables, which in turn is a complex random
variable depending on a number of stochastic factors:
atmospheric loads, geometric characteristics of sec-
tions, foundation settlement, and geometric imperfec-
tions in the shape of the structure obtained during in-
stallation and operation. In such a problem formulation,
the most appropriate method for determining the pro-
bability of failure is the Monte Carlo method (Fig. 5).
The probability of failure of a group of elements ini-
tiating the onset of avalanche-like failure is considered
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Fig. 4. Development of avalanche-like collapse in structures: « — frame-console covering over the stadium stands with a span

of /=22 m; b — structural covering 24 x 24 x 3 m

from the standpoint of the model of parallel connection
of elements, as well as taking into account the degree
of interdependence of the considered pair of elements
in the calculation process [29].

Entering the required FEM data
v

Generation of random numbers
according to a given law

Element-by-element formation
of element stiffness matrices

v

Solution of the FEM basic equation

v

Determination of stress values
for structural elements {6}_

the Monte Carlo method ‘l

Solving the problem using

Formation
of the database {6}i

Definition of the law of distribution
of a random variable {6}

i

v

Calculation of reliability characteristics

Fig. 5. Block diagram of the algorithm for determining
the reliability characteristics of the design
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The table shows some results of the application
of the developed procedures to adjust the initial design
solution of a 24 x 24 x 3 m structural pavement in
terms of preventing avalanche failure and ensuring
the normative level of reliability.

In the course of the fourth stage, if necessary,
the initial design solution is optimized according to
a given value of the reliability criterion. At present, in
terms of MATLAB complex on the basis of the Nelder-
Mead method, an algorithm for searching the optimal
structural solution for structural coverings on a rectangular
plan, based on minimization of the theoretical mass
of the structure, has been implemented. The developed
algorithm takes into account the possibility of selecting
cross-sections of centrally compressed bars both in
accordance with the requirements of normative documents
and using the refined dependencies implemented during
the first stage. Optimization of the structural shape is
performed in one of two ways:

* by changing the relative height of the pavement
(hb);

* by converting the original flat shape into a rod
shell by giving it a relative camber (f/b) combined with
a change in the relative height of the cover (4/b).

CONCLUSION AND DISCUSSION

The findings of the research provide background
information for discussion and suggest ways to further
improve the approach being developed, namely:

1) the approach proposed in the article allows
to determine with acceptable practical accuracy
the reliability indices of a multiple statically inde-
terminate rod system. This is especially relevant for
unique large-span structures, which are structures
with a high level of responsibility, for which it is
important to ensure the required level of reliability by
calculation. At the same time, of course, more rigorous
theoretical justification is required for the hypothesis
of establishing the upper limit of reliability, determined
on the basis of the probability of failure of a group
of elements that initiate the onset of avalanche collapse;
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Comparison of structure reliability levels

Number Weight of
Iteration Element section | Structural element | of elements out B B &
. min max the structure, tonnes
of service
63.5x3 Top chord 0
1 —-1.54 —1. .14
38 x4 Struts 200 > 36 6
2 63.5x3 Top chord 40 0.51 1.14 7.21
63.5 %3 Struts 0
3 76 x 3.5 Lower chord 2 267 267 752

2) further development requires justification
of design situations, on the basis of analysis of which a set
of key elements is determined, the reliability of which
establishes the stability of the system to the development
of progressive failure. Here also separate researches
require establishment of recommended values of dynamic
coefficients for elements of metal spatial structures made
of different steel classes;

3) the developed algorithms for reliability assessment
and optimization of the systems under research will be
further developed in the following directions:

* justification of calculation situations for the for-
mation of the analyzed calculation schemes;

* justification of the necessary degree of detailing
of the design schemes, affecting the specification of the design
indicators of the VAT of the structure, and, consequently,
the reliability indicators of the system elements;

* consideration of structural design of nodal joints
in reliability models;

* optimization of initial design solutions according
to specified values of failure probability for key and
minor elements.

The main results obtained by the authors in
the course of scientific research are summarized and
presented below.

The presented results of theoretical and experimental
studies allow us to assert that a complex algorithm is
proposed, which makes it possible to perform a re-
fined assessment of their level of design reliability
on the basis of detailed design schemes and assessment
of the propensity of the designed structures of high level
of responsibility to avalanche-like destruction.

An end-to-end approach to the establishment
of a set of key elements, on the one hand, determining
the resistance of the designed system to the development
of progressive avalanche-like failure, on the other hand,
determining the upper limit of reliability of multiply
statically indeterminable systems, has been developed.

A universal engineering approach to determining
the reliability index of the designed multiple statically
indeterminable system of high level of responsibility is
proposed, which differs by establishing the calculated
values of the upper and lower limits of the reliability
index based on the probability of failure of one (the most
responsible) and a set of key elements, respectively.

An optimization procedure for the initial design
solution based on the use of the Nelder — Meade method
is proposed and implemented so far to minimize
the target function in the form of the mass of the main
structural elements (rods and connector nodes).
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