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AHHOTALUMNA

BBepeHune. PaccmatprBatoTcs METOAblI pacyeTa 1 AeNCTBYOLME HOPMATUBHBbIE JOKYMEHTbI, NCMOMb3yeMble Npu pacyeTe
30aHMN Ha YCTOMYMBOCTb K MpOrpeccupyoieMy obpyLueHuto. lNepeuncnerbl KnoveBble METOAbI pPeLleHns NoJobHbIX 3a-
Aay. M3noxeHbl OCHOBHbIE MONOXEHWSA KaXAoro M3 HuX. MpoaHanusnpoBaHbl NPenMyLLecTBa U HeJoCTaTkN NPUMEHSeMbIX
MeTOL0B.

MaTtepuanbl n meTopbl. PacyeTbl yCTONYMBOCTY K NMpOrpeccupytoLlemy obpyLLEHVIO BbINOMHEHbI ANS MHOFOMPOSIETHON MHO-
roaTaXKHOM NIIOCKON pambl Ha OTKa3 CPeAHEN CTOWKV NepBoro artaxa. [1ns NnpoBeAeHUs: pacyeToB NPUMEHSIICS NPOrpaMMHbIv
komnnekc JIMPA-CAIMP 2021 R1.2. 3agaya peluanacb HECKONMbKUMW METO4aMU: CTaTUYECKUA pacyeT, KBasucTaTUdeckuii
pacyeT u AuHammyeckuii pacyet. KBasucrtatuyeckmin pacyeT BbINOMHAMNCS B AByX BapuaHTax: pulldown- un pushdown-aHanus.
[VHamunyecknin pacyeT OCYyLLECTBMSANCA METOAOM MPAMOro MHTErpUpOBaHUS YPaBHEHU OBWXEHUS C MOMOLLbI0 MOAYNS
«[nHamuKka Bo BpemMeHu». bbino paccMOTpeHo ABa BapuaHTa C pa3nnyHbIM BPEMEHEM UCKIMTIOYEHNS 3NIEMEHTOB.
Pe3ynkTathl. Pe3ynsrathl NpoaHanvMampoBaHbl U cBeAeHbl B Tabn. 2. PacyeT B cTaTU4eCKON NOCTaHOBKE AaeT 3Ha4YeHUs
YCUINIA 1 NepeMELLLEHUIA, IBHO 3aHMXKEHHbIE MO CPAaBHEHWIO C OCTarnbHbIMM Cocobamu. Yeunusa u nepeMeLLenmnst, nomnyyeH-
Hble MpU KBa3nCTaTUYECKMX pacyeTax, Mony4ymnmncb Gonblue, YemM Npy pacyeTax B AMHAMUYECKOW NocTaHoBKe. Pesynbrathl,
nonyyeHHble npu pulldown- n pushdown-aHanuse, 6n13ky No CBOMM BEMUYUHAM.

BbiBoabl. PacuyeTbl kBasucTaTMyeckumMm MeTofaMu [aloT 3aBbllUeHHble YCUMUSt U MepeMELLeHUst MO CPaBHEHWUIO C pac-
yeTamy B AMHAMUYECKOW MocTaHoBKe. Pesynbratbl pushdown-aHanm3a nydile COOTHOCHATCS C pesynbratamy pacyeToB
B IMHaMMNYeCKON noctaHoBke. [1ns 6onee TOYHOro onpeaeneHns yCunuini Npu NCnornb30BaHWN KBa3MCTaTU4ECKOro pacyeTa
Heobxoammo obocHoBaHWe KoadduLmeHTa AMHAMUYHOCTH.

KNOYEBBIE CITOBA: nporpeccupytollee obpyLueHne, nokanbHbIA 0Tkas, HenmMHenHocTb, pulldown-aHanus, pushdown-
aHanus, kBasucTtaTMyeckne MeTofbl, HENMUHEWHbIN AUHAMUYECKUI aHann3, KoaPMULMEHT AMHAMUYHOCTMN
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ABSTRACT

Introduction. Calculation methods and current normative documents used in the calculation of buildings for resistance
to progressive collapse are considered. The key methods of analysis are listed and fundamenta.rules of each of them are
stated. The advantages and disadvantages of these methods are analyzed.

Materials and methods. The calculations of stability to progressive collapse have been carried out for a multi-span flat
frame at the failure of the middle post of the ground floor. The software complex LIRA-SAPR 2021 R1.2 was used to perform
calculations. The task was solved by several methods: the static calculation, quasi-static calculation and dynamic calcula-
tion. The nonlinear functioning of construction and material was considered by step-methods with using the flow curve from
SP 16.13330.2017. Quasistatic calculation was performed in two variants: pulldown and pushdown analysis. The dynamic
calculation was carried out by direct integration of the equations of motion using the module “Dynamics in Time”. Two vari-
ants with different element elimination time were considered.

Results. The results are analyzed and summarized in Table 2. The static calculation yields force and displacement values
that are clearly underestimated as compared to other methods. Forces and displacements obtained by quasistatic analysis
are greater than those obtained by dynamic analysis. The results obtained in the pulldown and pushdown analyses are
close in value.
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Conclusions. Quasistatic calculations give higher forces and displacements than dynamic calculations. The results of push-
down analysis correlate better with the results of calculations in the dynamic formulation. In order to determine forces more
accurately when using quasi-static calculation, a justification of the dynamical coefficient is necessary.
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BBEJEHHUE

IIpyn npoexTupoBaHUU OTBETCTBEHHBIX 34aHUU
U COOpPYKEHMH HE0OXOAMMO HMCKIIOUUTH O0pyLIeHHE
3[aHMsl IPY JOKaJIbHOM MOBPEKICHUN HECYIIUX KOH-
cTpykuuii. OGecriedeHne KUBYIeCTH HECYIIEH CHCTEMBI
00yCJIOBJICHO BO3BMO)KHBIMHU YEJIOBEUECKUMH JKEPTBAMH,
OOJIBIIMMH MaTepUaIbHBIMU IIOTEPSIMH MIIH CEPhE3HbI-
MM TIOCIIeICTBUSIMU 00pyIIeH!st (0000 BaKHBIE TIpe/-
MPUSATHS, ONTACHBIE IIPOU3BOACTBA, XPAaHUIIMIIA BPETHBIX
BEIIECTB, 00BEKThI KPUTHUCCKONH HH(PACTPYKTYPHI).
JIJ1s1 MCKITIOUEHUS! TPOTPECCUPYIOIIETro OOpYILEHHUS Ipr
IMPOEKTUPOBAHUHY 31aHUIA U COOPYKEHHUI BBINOJIHAETCA
pacyeT KOHCTPYKIUH C JIOKAJIbHBIMU HOBPEKICHUIMHU.
Pacuer noBpex1eHHON KOHCTPYKLIMU HA yCTOMYUBOCTD
K IPOrpeccupyomemMy oOpyIIeHUIO OCYIIeCTBISETCS
C y4eToM TpeOOBaHMI HOPMATHUBHBIX JOKyMEHTOB He-
CKOJIBKMMH CIIOCO0AaMH M OTJIIMYAETCS OT pacyeTa Hero-
BpEXJIeHHOM KOHCTpyKuuu. IIpexae Bcero, BHE3anHoe
pas3pylIeHHe OJHOTO U3 JIEMEHTOB KOHCTPYKIMHU (JI0-
KaJIbHOE pa3pylIeHNe) IPUBOIUT K U3MEHEHHIO PacyeT-
HOW CXeMBI KOHCTPYKIHMH, YTO B CBOIO OYEPEAb BEIET
K U3MEHEHMIO YCWIIMM B 3JIeMeHTaX KOHCTpyKIuu. Mo-
I'yT MEHATbCS PACUETHBIE JUIMHBI AJIEMEHTOB U YCIIOBUS
paboThI y3110B KOoHCTpyKuuH. Ha pa3zButhe mporecca
paspylleHHs BIUSIET TO, KAK BOZHUKAET JIOKAIbHOE T10-
BpexeHue. Jledexr, npuBoasIMi K BEIXOLY U3 CTPOs
9NIEMEHTA U UCKJIIOUEHHIO €r0 U3 PaCUE€THOM CXEMBI, MO-
JKET Pa3BUBATHCS IOCTENIEHHO B TEUEHHE OTHOCUTEIBHO
JUIMTEIBHOTO MPOMEKYTKA BPEMEHH WM IOSIBIATHCS
BHe3anHo. [locTeneHHbId BBIXO/ U3 CTPOsi HAOIOIaeT-
Csl IPH JUTUTEIILHOM YBEJIMUEHUH 0CA/I0K (DYHJJAMEHTOB,
Pa3BUTHH IUIACTUYECKUX Je(OopManuii, II0I3y4ecTH Ma-
TepHaa, HarpeBe IpH MoKape, KOPPO3ZHOHHOM H3HOCE,
[OJATIMBOCTHU y3J10B U T.I1. IIpruunHOii BHE3aHOro uc-
KJIIOUEHUS DJIEMEHTA SIBISIETCS XPYIKOe pa3pylIeHUe,
HOTEPsl YyCTOMYMBOCTH, Pa3pyLIEHUE COEIUHUTEIbHBIX
JNIEMEHTOB B y37lax, ObIcTpas ocaaka (yHIaMEeHTa
Ha TPOCAJ0YHBIX TPYHTaX WM U3-3a PA3BUTHSI KapCTO-
BBIX siBJIeHHH ¥ T.J1. [Ipu nocrenenHoM GpopMHUpoBaHUH
nedekra, BeILyIeM K BBIXOIY M3 CTPOs DIIEMEHTA U HC-
KIIFOYEHUIO €0 U3 PACYETHON CXEMBI, KOHCTPYKLHS C U3~
MEHEHHOW pacyeTHOW CXeMOW padoTaeT CTaTHYeCKH.
[Tpu ObICTPOM HCKITIOYEHHH 3JIEMEHTA B OBPEXKACHHON
KOHCTPYKIIMU Pa3BUBAIOTCS KOJICOAHHS, @ YCHIIMS 3aMeT-
HO BO3pAcCTalOT 10 CPABHEHHIO CO CTATUYECKHUM 3arpy-

JkeHueM. Ha BelmurHy TUHAMITYCCKHUX YCIITHIA OONBIIIOE
BIIMSHHE OKA3bIBAET BPEMsI HCKITIOUEHHS JIEMEHTa, YeM
MCHBIIC BPEMS UCKIIOYCHUSA, TEM 6OJ'H)HIC JUHaMHU4e-
CKHE yCUIHS.

OmHO3HAYHBIE PEKOMEHIAIINH MO0 HAa3HAYCHUIO
BpPEMEHH OTKa3a 3JIEMEHTa B OTCUCCTBEHHBIX HOPMATHB-
HBIX JIOKyMEHTaX OTCYTCTBYIOT, [I03TOMY OBLIO paccMo-
TPEHO JIBa BapHaHTa TUHAMUYECKOro pacueta. I[TepBbrif
BapHaHT — OTKa3 co BpemeHeM uckiroueHus 0,17, rae
T — mepuon KonebaHnit KOHCTPYKITUH 0e3 BEIOBIBILIETO
aeMeHTa 1o (¢opme KosebaHnit, HAITOMHUHAIOIIEH CTa-
THYECKYIO J1e(DOPMAITHIO CHCTEMBI C TIOBPEKICHUSAMH' .
BTopoii BapraHT — 0TKa3 CO BpEeMEHEM HCKITIOYCHHUS
0,01 ¢, uTo MO3BOJSIET MOJIEAUPOBATH MTHOBEHHOE HC-
KJIFoUeHue snemenTa [1].

W3MmeHeHue pacyeTHOI cXeMbl KOHCTPYKIIMU NPU
UCKJTIOYCHNH TTOBPEKACHHOTO 3JIEMEHTA BEJET K POCTY
YCWINH B COXpaHUBLIEHCS YaCTU KOHCTPYKUUU. B psine
HECYIIUX CHUCTEM yHaJIeHHEe OJHOTO AIIEMEHTAa HE BBI-
3BIBACT TEOMETPUICCKYEO MU3MEHSIEMOCTh OCTaBIIICHCS
YaCTH KOHCTPYKIMU. B Ipyrux cucremax UCKIIOUEHUE
OJTHOTO 3JIEMEHTA BJIeYET TeOMETPHUUECKYIO U3MEHsIe-
MOCTb KOHCTPYKIIMH, U JUIA MIPEIOTBPAIICHUS 00py1IIe-
HUS KOHCTPYKIMH HEOOXOIMMO TIPETyCMOTPETh BBEIC-
HHE B €€ COCTaB JOIMOIHUTEIBHBIX 3JIeMeHTOB. Ecin
KOHCTPYKIIMSI COXpPaHseT paboTOCIOCOOHOCTh Mocie
UCKITIOUEHHS DIIEMEHTa, TO JUIsl 00ecIiedyeHns Hecyen
CHOCOOHOCTH CIIeyeT MoJo0parh CeueHHs HIEMEHTOB
N KOHCTPYKTUBHBIC PCIICHUA Y3JI0B, KOTOPLIC MOTYT
BOCTIPHHSTH BO3POCIINE YCHINSA B KOHCTPYKIIUH.

CHOKHBIH BOIIPOC pacyeTa M MPOSKTHPOBAHUS CH-
CTEM C YYCTOM JIOKAJBHBIX MIOBPESIKICHAN HAIIET CBOE
OTpakKCHUE B HOPMATUBHBIX JOKyMeHTax. Tak, B poc-
CHIiCKHUX HOpMax’ B TI. 4.5 ompe/encHa 30Ha JIOKab-
HBIX pa3pyLICHUN i OOJBITUHCTBA BUIOB KOHCTPYK-
TUBHBIX cucTeM. OJJHAKO TaHHBIHM IIYHKT HE OXBATHIBAET
BCE BO3MOXKHBIe cirydau. Hanpumep, B 11. 4.5.2 npeanu-
CBIBAETCS PACCMATPUBATh Pa3pyIIEHUE OTHOTO M3 dJe-
MEHTOB HECYyIIMX KOHCTpyKuuid. ITpu sTom He oroBa-
pUBaeTCs, CleqyeT JU PacCMaTPUBATH pa3pyIICHHE
CBSI3€BBIX IEMEHTOB WU AIEMEHTOB, PACKPEILIIONIUX
Hecyuui snmeMent. B n. 4.5.4 nns coopykeHuit mnpo-
MBIIIJICHHBIX HpeL[HpI/ISITI/Iﬁ IpEANUChIBACTCA JIOKAJIb-
HOE pa3pylIeHHe pacCcMaTpUBaTh, COTJIACHO 3aJaHUIO
Ha MMPOEKTUPOBAHNE, B 3aBUCUMOCTH OT ()YHKIIMOHAb-
HOTO Ha3HAYCHHUsS COOpYyKeHUs. T.e. BEIOOp CIieHapus

! Alternate path analysis & design guidelines for progressive collapse resistance // GSA. 2016.

2CTII 385.1325800.2018. 3aiura 31aHuii 1 COOPYXKEHHUI OT MPOrPECCUPYIONIETO OOPYIIEHHS.
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JIOKAJILHOTO Pa3pyIICHUsI OCTAETCS 3a MPOSKTHPOBIIHU-
KOM M 3aKa3UUKOM.

CTOHUT OTMETHTH, YTO BEAYTCS UCCICTOBAHUS [2]
B 9TOM HampaBieHuu. Ho oqHO3HauHbBIE HOPMATHUBHBIE
PEKOMEHALNN €IlE OTCYTCTBYIOT.

s pacdyera NOBPEXKIEHHBIX KOHCTPYKLUH
Ha YCTOHYMBOCTH K IIPOTIPECCUPYIOIEMY OOPYIICHUIO
UCHONB3YIOTCS CTATHYECKHE U JUHAMUYECKUE METO/bI
pacuera. OnWH U TOT K€ METOJ] PEIICHUS MOXKET C pa3-
HOW TOYHOCTBIO OTOOPaXKaTh MOBEJCHUE KOHCTPYKIMU
B Pa3IMYHBIX PACYCTHBIX CUTyanusx. Beioop merona
pacdera 3aBHUCHUT OT PacCYNUTHIBAEMON KOHCTPYKITHH.
CymiecTByIoIye Ha JaHHBIH MOMEHT HOPMAaTUBHO-TEX-
HUYECKUE JIOKYMEHTBI HE JAalOT MPSMbIX OJHO3HAYHBIX
PEKOMEHIaNHH 10 BEIOOPY METOIOB pacyeTa FiTH OIleH-
K€ TOYHOCTH TOJyUYEHHBIX peIieHu. J[ns mpomsbiieH-
HBIX 3/IaHUI XapaKTEepHO OOJIBIIIOE YHCIIO TEXHOIOTHYe-
CKHX Harpy30K, 9To 00yCIOBICHO HATHINEM MOCTOBBIX
KPaHOB M TEXHOJOTHYECKOro 00opymaoBanust. Ominyre
MIPOM3BOACTBEHHBIX 3[JaHUH OT IPa)kJIaHCKUX TpedyeT
ydeTa CIeIHUKN UX padOoTHI IPH pa3padoTKe METOIH-
KM pacdeTa MPON3BOJICTBEHHBIX.

Inpokyto M3BECTHOCTH B NMPOQeCcCHOHANTBHON
Cpeze oYY IITH CIIEAYIONINE CTIOCOOBI pacdyeTa Ha Ipo-
rpeccupyoiiee o0pylieHue:

1. Kunemarnueckuid METO TEOPUM MPEAETHLHOTO
paBHOBecHsl. JIaHHBII METOT UCXOUT U3 PEIOJIOKEHHS,
YTO KOHCTPYKLUS BBIIOJIHEHA U3 YIPYTOIUIACTHYECKOTO
Marepuana. KoncTpykuus paccMarpuBaeTcsi B MOMEHT
00pa30BaHMs TIACTHYESCKIX MAPHUPOB M MIPEBPAIICHHS
KOHCTPYKIMH B MeXaHU3M. VceemyeTcs HECKOIBKO BO3-
MOXKHBIX BapHaHTOB 00Pa30BaHMS [UIACTHYCCKUX [IIAPHU-
poB. Hanbonee HeOmaronpusaTHOH SABIACTCS MUHUMAITb-
Hasl Harpy3Ka, IPH KOTOPOIl KOHCTPYKIMS ITpeBpariaeTcs
B MEXaHU3M. JIaHHBII METOJ TJI0XO MONACTCS allTOPUT-
MU3AIAA ¥ B HACTOSIIHI MOMEHT HE MUMEET ITHPOKOTO
pactpoCTpaHEeHHs B IPAKTHUKE TPOSKTUPOBAHUSL.

2. Crarnueckuii meroz. [Ipeanonaraer uckimoyeHue
SIIEMEHTa W HCTIONB30BaHNE TIPH pacueTe N3MEHEHHON
(BTOPUYHOI) CXEMBI C yJaJICHHBIM U3 Hee MOBPEXK/ICH-
HBIM 271eMeHTOM. [1o BEIOOpY MPOEKTUPOBIINKA BO3MO-
JKeH y4eT HeJTMHEHHONW paboThl KOHCTPYKIIHH M MaTepH-
ana. [IpeumyniectBamu MeToa B IMHEHHON TOCTAHOBKE
CIIy>KaT €ro MpoCTOTa U BBICOKAsI CKOPOCTb BHIUUCIIEHUIL.
Cy1iecTBeHHBIM HEJTOCTAaTKOM METO/IA B IIEJIOM SIBIISICTCS
HEBO3MOKHOCTh MOJICTTUPOBAHUS PACUCTHON CUTYaIlUH,
KOI/Ia yaJICHHE 3JIEMEHTa TIPOUCXOUT OBICTPO, BHI3bI-
Bas 3HAUNTEIFHBIC TIHAMHUYECKHE YCHIIHUS, CBSI3aHHBIC
C pa3BUTHEM KosiebaHU B KOHCTpYKIHH [3].

3. KBazucraruueckuii metoa [4]. B HeM MOxHO
BBIZICITUTH JIBA TTOJIBH/IA, KOTOPHIC MTONYYHIN M3BECT-
HOCTB 110J] Ha3BaHUAMH pulldown-ananu3 u pushdown-
aHanu3. VX CyIHOCTb 3aKIIFOUaeTCs B CIEAYIOIIEM:

* pulldown-aHanm3: 2IeMEHT UCKIIOYAeTCs, TIPO-
M3BOJIUTCS pacyeT BTOPUUHOM cxeMbl. [Ipu 3ToM K KOH-
CTPYKIIMH [TPUKITAIBIBAIOTCS C 00PaTHBIM 3HAKOM YCHITHS
B YOAJICHHOM dJIEMEHTE. YCIIIHS B SJIEMEHTE YMHOKAIOT-
cs1 Ha KO3 GHUIUEHT TUHAMUYHOCTH;

* pushdown-anau3: 3JIEMEHT HCKJII0YaeTCs, Ipo-
M3BOAMTCS pacyeT BTOPUYHOU cxeMbl. ITpu 3ToM Ha ko-
(G QUIUEHT AMHAMUYHOCTH YBEJIMUMBAIOTCS HATPY3KH
Ha HJIEMEHTBHI, IPHUMBIKAIOIINE K yIaJICHHOMY.

Onementsl pulldown-ananusa nmpucyTcTBOBAIN
B CIT 385.1325800.2018 (no Uzmenenns 1). [punoxe-
HHe b conmeprkalo ykazaHue 0 MTHOBEHHOCTH yAaJICHHs
BBIKJIIOYEHHOTO 3JIEMEHTa, KOTOPOE MOAEIMPOBAIOCh
MPUTIOKEHNEM YCHIIUSI U3 BBIKJIIOYEHHOTO 3JIEMEHTA
¢ oOparHbIM 3HaKoM. Takum 00pa3oM, B HESIBHOM BHJIE
noapasymesaercs k= 2 [4-6]. B o6HOBICHHOM Ba-
puante CII 385.1325800.2018 Ilpunoxenne b Opu10
uckioueHo. IIpoexTupoBmyKaM mpeiaraeTcst BECTH
pacuer Ha Iporpeccupyromniee 00pyIIeHHe CTaTHIECKIM
MeronoM. KBazucrarnyeckuil pacuer npu npaBUIbHOM
BbIOOpE KOO HIMEeHTa TUHAMUYHOCTH ITO3BOJISIET
y4ECTh MTHOBEHHOE HCKJIIOUEHNE TTOBPEXKICHHOTO Te-
MeHTa. [IpenmyIecTBamMu MeTosa ABIAIOTCS €r0 OTHO-
CHUTEIIbHAs IIPOCTOTA M BBICOKAsI CKOPOCTh BHIYUCICHHUN
IIpY pacueTe B JIMHEMHON nocraHoBke. Hepocrarok me-
TOla — HE BCerJa TOUHOE ONpeeNIeHne yCuuil u nepe-
MeIeHuH [ 5], momyyaembIx mpu pacdere. Bo MHOTOM 31O
CBSI3aHO C OTCYTCTBHEM YETKHUX PEKOMEHJANWi 10 Ha-
3HAYEHMIO KO3 PUIMEHTa IMHAMIYHOCTH, YTO BBI3bIBA-
€T KpUTHKY [5, 7] B ipodheccrOHAIBHON cpee.

4. qunamuueckuii Meton. Onpenensercsa KOppeKT-
HOe HanpshKkeHHO-AepopmupoBanHoe coctosiaue (HIC)
KOHCTPYKIMH /10 BOBHUKHOBEHHUSI OTKa3a JJIEMEHTA.
3areM M3 KOHCTPYKIIMU yIaseTCs MOBPEKICHHBIN
9JIEMEHT, BMECTO HETO BMECTE C BHEIIHEH Harpy3Kou
K KOHCTPYKIINH, KaK Harpy3Ka, IPUKJIAJIbIBAIOTCS YCH-
JIUS B OTOM DJIEMEHTE C OOpaTHBIM 3HAKOM. 3aJaeTcst
BpeMsl (BpeMsi HCKIIFOUCHUS), B TEUCHHE KOTOPOTO IPo-
HCXOINT UCKIIIOUEHHE IEMEHTA U3 PACUETHOH CXEMBI
U COOTBETCTBEHHO YCHJIMSI B HEM, U Harpy3ka oT HEero
Ha KOHCTPYKIHIO OT MaKCUMAJIbHBIX 3HAYEHUH YMEHb-
maeTcs 10 Hylsi. PacueT npoBoguTCes myTeM mpsMoro
WHTETPUPOBAHUSl YpaBHEHWH IBMWKeHUS. B pacuere
MOXET yUYUTBIBATbCA TeOMeTpHuecKas U (pusnueckas
HEJIUHEHHOCTh. [1aBHOE MpeuMyIecTBO MeToaa —
OTHOCHTENIFHO TOYHOE MOJIEIIMPOBAHNE MPOIIECcCa BbI-
KJIFOYCHUSI DJIEMEHTA U OTKJIMKa KOHCTPYKIIWH.

K HemocrarkaMm MeToga MOXHO OTHECTH CIIOXK-
HOCTB €T0 peajn3alni, KoTopas TpeOyeT BEICOKOH KBa-
TU(UKAIIK TPOSKTHPOBIINKA, TPYIOEMKOCTh U 00JIb-
M€ 3aTPaThl MAITMHHOTO BPEMEHHU.

Crout oTMeTuTh, uTo B Poccuiickoii @enepanuu
W 3a ec IMpeeaMi OCYIIECTBISIIOTCS NCCIIEJOBAHNUS
[0 YTOUHEHUIO KOA(PHUIIMEHTOB TUHAMUYHOCTH IS
Pa3IMYHBIX BUIOB COOpYKeHHH. B mocieanue ros
MPOBOAMIIMCH HCCIeOBaHMUS KOA(PDHUITMEHTOB THHA-
MUYHOCTH JIJISl CTAIBHBIX Oaok u epM [8, 9], a Taxxe
JUTS KeTIe300eTOHHBIX KoHCTpyKuwit [10-13].

Bomnpocsl, cBA3aHHbBIE ¢ MOAXOAMH K pacdeTy, Ha-
3HAYEHNEM CIICHAPHEB JIOKAILHOTO PA3pPyIICHNS U METO-
JITaMH 3aIUTHl OT IPOTPECCUPYIONIETO 0OPYIIeHuUS, pe-
TYJSIPHO 00CYXKIal0TCs B Hay4YHOH jmTeparype [14-24].
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Takum 06pa3oM, Tepea HHKESHEPOM, IPHHUMAFO-
IIUM IIPOCKTHBIE PEIICHUS 110 3aUTE OT IPOrPECCHPY-
I0I1IeTr0 OOpyYIIeHH S, BCTAeT HenpocTo BIOOp. C oHOM
CTOPOHBI, IUHAMUYECKHN pacyer IaeT BO3MOXKHOCTb
JIOCTaTOYHO TOYHO OTIPECITUTh OTKIMK KOHCTPYKIIUH
Ha aBapuiiHoe Bo3neiictBue. C nmpyroit — mpu He-
00XOIUMOCTH PACCMOTPEHHUS HECKOJIBKO BO3MOKHBIX
CLICHAPHEB JIOKAJIBHOTO pa3pylIeHNUs, OONBIIOM YHnC-
JIe 3arPY)KCHHUI U COUeTaHUH HArPY30K 3aTparhl TPyaa
U BpEeMEHH Ha IPOBEICHNE TUHAMHYECKUX PacyeToB
CTAHOBSITCSI CITUIIKOM BEJHKH.

MATEPHAJIBI U METO/JbI

PaccmoTpumM pacueT MHOTO3TaKHOU MONEPEUHOM
paMbl Ha yCTOIYMBOCTb K IPOrpecCUpyIOIEeMy 00py-
meHnto. [Torepeynast pama BXOIUT B COCTAB 3TAXKEPKH,
pa3MeIIeHHOI BHYTPHU NPOMBIIUIEHHOTO 3/1aHUs, U UMe-
©T IIATH dTaXKeH U yeThIpe mponeta. Beicora staxa 3 M,
HIMpHHA poseTa 6 M, IIar MNONEPEeUHbIX paM B ITAXKEPKE
6 M. KOJIOHHBI paMbl JKECTKO 3aKpeIIeHbl B (hyHAaMEH-
T€, PUTEIIU PaMbl XKECTKO NMPUKPEIICHB! K KOJTOHHAM.
W3 miockocTH paMbl KapKac 3aKperieH CHCTEMOM CBsi-
3eil, HCKITIoYaromIeil nepeMeneHus U3 TIIOCKOCTH PaMBbl.
Bce cTepkHH paMbl BBITIOIHEHBI U3 1BYTaBpoB. KonoH-
HbI paMbl UMEIOT ceueHue B BUe iByTaBpa 25K6, pure-
nu — B Buze AByTaBpa 45b4. [Ipunsar marepuan KoH-
cTpyKumii — crams Mapku C3555.

31,031,031,031,031,031,031,031031,031,031,031,031031031031,031,03

CeueHus 2JIEMEHTOB M MapKa CcTajd NoA00paHbl
TaK, 4YTOObI KOHCTPYKIIHUSI COXPaHsiIa HECYIIYIO CIIOCO0-
HOCTb ITPU BCEX BUIAX MOBPEXKICHUI KapKaca.

ITonepeunast pama BO3BeZ€HA BHYTPHU MPOMBIIII-
JICHHOTO 3/1aHUS W TpEeIHA3HAYEHa AJIS Pa3MEIICHUS
TEXHOJIOTHYECKOT0 000PYZOBAHUS W MaTepHayOB.
Ha nonepeunyio pamy JeHCTBYIOT IOCTOSIHHBIC U JUTH-
TeNbHbIE Harpy3Ku. Bce Harpy3ku HOCAT CTaTUYECKHH
xapakrep. Coop Harpy3ok npuseneH B Tadn. 1. Co-
IJIACHO JIEHCTBYIOIIMM HOPMAaM, B pacdyeTax 3alUThl
OT MPOTPECCUPYIOIIEr0 0OpYNICHHS TPUHUMAETCSI 0CO-
0oe coueTaHune Harpy3oK, BKJIIOYAIOIIee HOPMaTHBHbIC
MOCTOSTHHBIC U JUTHTEIBHBIC HATPY3KH, B TOM YHCIIE
MOHM)KEHHBIC 3HAUCHHSI KPATKOBPEMEHHBIX HArPy30K.
B kadecTBe MOHMKEHHOTO 3HAYEHHSI KPATKOBPEMEHHBIX
Harpy30K MPUHUMAETCS] UX JUTMTEIBHO AEHCTBYIOIIAS
4acTh, cocTaBisitonias 0,35 OT MOJIHOTO 3HAYEHHUS.

PacueT pambl BBIIOJIHEH C UCHOJIB30BAaHUEM BbI-
yucautensHoro komiekca (BK) JIMPA-CAIIP 2021
R1.2. DnemeHTH! paMbl 3aMOJIETUPOBAHBI C TOMOIIBIO
koHeyHoro anementa (K3) 310 — yHuBepcanbHbIN
MPOCTPAHCTBEHHBIN cTep)kHeBO K3, yunThiBarommii
TeOMETPUUECKYI0 HEeJIMHEHMHOCTh. PacueThl Benuch
B JINHEHHOH ITOCTAHOBKE U C YUETOM F€OMETPUUYECKOM
HelmHelHocTH. HenMHelHble CTaTHYeCKUi U KBa3HUCTa-
TUYECKNH PacueThl BHIMOIHAINCH [IATOBBIM METOIOM.
Oo1ee ymcno maroB npuitoxkerns Harpy3ku 100.
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Puc. 1. O6umii BUa pacyeTHOH CXeMbI C Harpy3Kkoi oT COOCTBEHHOTO Beca

3CI1296.1325800.2017. 3nanust u coopyskenusi. OcoOble BO3IEHCTBHS.
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Ta6u. 1. COop HArpy3Ku OT OIpa)<IalOLIUX KOHCTPYKIIHH
U TOJIE3HON Harpy3ku

Hopmarupnas
Haumenosanue
Harpyska, KH/m
Bec nepexpoitust 37,5
Koncrpykuuu nosnos 54
Ilonesnas Harpyska 63
(JUMTENbHAS YacTh) ?
CyMMapHast Harpyska 49,2

Ha pamy nmeficTByeT cOOCTBEHHBIH BeC HECYIIHX
U OTPaKJAIOMNX KOHCTPYKIMH U TTOJIe3HAS HATPYy3Ka.
Harpy3ku npuiioxxeHsl K pame B BUJI€ pacipe1eIeHHbIX
10 JUTMHE KOJIOHHBI ¥ 0atok. CoOOCTBEHHBIN BeC CTOEK
U pUrelicii y4TeH aBTOMAaTUYECKH C TOMOIIBIO BCTPOCH-
Hoit komanasl B BK JIMPA-CAIIP. Ha puc. 1 noka3ana
pacueTHasi cXeMa C Harpy3kod OT COOCTBEHHOTO Beca
HECYILUX KOHCTPYKLHUH.

Kpome cobcTBeHHOTO Beca HECYUINX KOHCTPYK-
LMHI, Ha KapKac AEHCTBYIOT IOCTOSHHAs Harpyska
OT BeCa OrPaKIAIOIINX KOHCTPYKIMI U MOJIe3HAs Ha-
rpy3ka (tabu. 1). PacueTHas cxema pamsbl ¢ JEHCTBYIO-
el CyMMapHOM Harpy3Koil npeacTaBieHa Ha puc. 2.

Pacyersl B IMHEHHOM MOCTAaHOBKE YacTO HAIOT
HECKOJIBKO MCKKCHHYIO KapTUHY Ae(QOpMaIiii u yCcu-
nuit [5-8]. Jlns OoNeHKW BIHMSHUS HEIUHEHHOCTH
Ha pa0OoTy KOHCTPYKIIMHU IMPHU MOBPEKIACHHH pacueT

MONEPEYHON paMbl BBIIIOJHEH B JIMHEHHOM IOCTAHOB-
K€ U C YUYE€TOM IeOMEeTpUUeCcKod HenuHenHoctu. s
pacueTa IPUHUMAIUCh HOPMATUBHBIE 3HAYEHUS MTOCTO-
SHHBIX ¥ JJIUTEIbHBIX HAarpy3oKk. Kpurepun Hecymen
crniocobHoctu npuanmalucsk o CIT385.1325800.2018.

Pama paccuuThiBanach Ha 0TKa3 cpeHEld CTOMKU
MIepBOTO 3Taka. PAacCCMOTPEHBI CleLyIONINe BAPHAHTHI
pacueToB MOBPEKACHHON PaMBbI:

* JTMHEHHBIN CTaTUYECKUI pacyer;

* HEJIUHEHHBIN CTaTUYECKUN PACUET;

* nuHEelHBIH KBasucratuyeckuii pulldown-
aHaIu3;

* HeNMHEWHBIH KBasucrtaTuudeckuii pulldown-
aHaIn3;

* JTMHEHHBINH KBazucraTudeckuii pushdown-
aHaJN3;

* HEJNMHCHHBIN KBa3zucTaTuyeckuii pushdown-
aHaIu3;

* JIMHEHHBIA AMHAMUYECKUH pacyeT co BpEMEHEM
uckiroueHus anemenTa 0,17, tne 7 — nepuon koseba-
HUH TTOBPEK/ICHHON KOHCTPYKIMH 10 (hopme, Hanbomee
CXOXeH cO cTaTHUecKoi Jedopmarueil CucTeMsl Ipu
MOBPEXKJICHUH CUCTEMBI;

* JIMHEHHBIA AMHAMUYECKUNA pacyeT co BpeMEHEM
nckiarouenus anemenrta 0,01 c.

PacueTHas cxema momnepeyHoi pamsbl IPHU MPOBe-
JIEHUH CTaTUYECKOr0 pacueTa MoKa3aHa Ha puc. 3.

IIpu mpoBeneHMHM KBa3MCTATHYECKOTO pacuera
K paMe MPUKJIAIbIBAIOTCA JTOTIOJHUTEIbHBIC HArPY3KH.
OTU HaArpy3Ku JEUCTBYIOT COBMECTHO C OCHOBHOM Ha-

49.240249240240049 740240249 240240 749 240249 249240740 740 240 249740240240 240 240.240,740.240 240 240 040 740 240249240 240 749 240 240 2492402
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1149240240240 240 240 240 240 240 243
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Puc. 2. O0Omuii BU pacyeTHOH CXEeMBI ¢ CyMMapHOU Harpy3koi (tadm. 1)
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rpy3koid. s pulldown-ananusa B kKauecTBe JOMOJ-
HUTENBHON HArpy3KH MPHUHAITO YCHIIHE B yIAJICHHOM
3JIEMEHTE, IIPHIOKEHHOE C 00PAaTHBIM 3HAKOM. YCHIIUE
B Y/IJICHHOM KOJIOHHE, OIpeJIelIeHHOE CTaTHYECKUM Pac-
YeTOM HEMOBPEKIEHHON pambl, coctaBiser 1521 xH.

PCHI1

W3rubaroriiie MOMEHTHI U TIOTIEPEUYHBIC CUITBI B CPEIHEH
CTOWKE HEMOBPEKICHHOH paMbl OTCYTCTBYIOT. Pacuert-
Hast cxema Juisi pulldown-ananusa nokasana Ha puc. 4,
TaK)Ke MPHUBE/ICHbI IOMOIHUTEIbHbIC HATPY3KH, MOJICIIH-
PYIOIIHE TMHAMUYECKOE BO3ICHCTBIE Ha KOHCTPYKIIHIO.

49249249249249249,2492 492492492 492492492 492492492492492492492492492492492492492492492492492 492492492 492492 49,2492 49,2492 492 49,2
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Puc. 3. PacuerHas cxema IIpH MPOBECACHUU CTATUICCKOI'O pacucTa

Otkaz_pull

1,52¢ = 0,03

o

Puc. 4. JlononHuTenbHAs Harpy3ka Ha pamy mis pulldown-ananmza
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B pushdown-ananuse quHamuueckoe Bo3aeicTBue  Ma s pushdown-aHann3a mokasaHa Ha puc. 5, a TaKKe
Ha KOHCTPYKIIMIO MOJICIIUPYETCS ITyTEM BBEICHHUS KOO(-  MPHUBEICHBI JOMOJHUTENbHbIE HATPY3KU, MOACIHPYIO-
(unmenta auHamugHocTH 2,0, T.€. Harpy3Ka Ha KOJIOHHBI  IIIUe JIMHAMHUYECKOE BO3/ICHCTBHE HA KOHCTPYKIIMIO.
W pUTeIU, PUMBIKAIONIME K YAaJsieMOl KOJIOHHE JI00 JlMHaAMHYECKUl pacyeT BBIMOIHSIICS C TIOMOIIIBIO
PAacIIOJIOKEHHbIE HaJl HEell, yaBanBanack. PacuerHas cxe- Moayns «/Junamuka Bo BpemeHW». JlaHHBINA pacueT
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Puc. 5. [lonmonnurensHas Harpyska Ha pamy jurst pushdown-ananmsa
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Puc. 6. Dopmbl konebanuit 171 onpezeneHus napamerpa 7'
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MIPOBOAMIICA ITyTEM NPSMOTO MHTETPUPOBAHUS ypaB-
HeHuH nBwxkeHus. C 1eNbl0 MOEIUPOBAHUS TUHAMMU-
YECKOTrO MMOBEJCHUS] KOHCTPYKIIMU OBbUIN BBEJICHBI J1BA
3arpy’KeHus — C MPEAbICTOPUEN U ¢ BecaMHu Macc.
B npenpicTopuio BKIIIOUSHBI ICHCTBYIONINE HATPY3KH.
Bo BTOpOM 3arpy:k€HnH 3TH K€ Harpy3KH y4UTHIBAIOT-
Cs1 KaK MOJIQJIbHBIE MACCHI.

C nomornpio koMaHbl «JIoKanbHbIN 0TKa3) ObUIN
Ha3HAuEHBI HCKJII0YaeMbIe 3JIEMEHTHI M BpeMsI OTKa3a.
B xomMaHAHOM OKHE yKa3bIBaJHCh HOMEpa HCKIII0Ya-
€MBIX M3 pPaCueTHOH CXeMBbI 21eMEeHTOB. Bpems orTka-
3a — 9TO BpeMs, 32 KOTOPOE CUJIbI, MOJEIHUPYIOIIHE
B3aMMOACHCTBHE HCKIIOYaEMBIX 3JIEMEHTOB C OCTAJIb-
HOM KOHCTPYKIMEH, YMEHBIIAIOTCS OT HAYAIBHOTO 3Ha-
YEHUsSI 710 HYJISL.

Bpewms uckmtouenus snementa 0,17 HazHAUEHO
o pekomenganusam'. [lapamerp 7 paccuuTan myTem
MOJIJIbHOTO aHAJIN3a IIOBPEXKICHHON PACUE€THON CXEMBbI
B JIMHCWHOM MOCTAHOBKE U BHIOOpPA COOTBETCTBYIOIICH
(hopmsI Kostebanmi. bpito paccMoTpeHo yeThIpe hopMBbI
koseOanui. Jlist monepeyHol paMbl Hanboee MoIXo-
namiel oka3anrack Gopma Ne 3 ¢ mepruogom KomebaHmid
0,37 c. Ha puc. 6 mokazansr 1-4 ¢popMmsr Konebanuit mo-
BPEXJIEHHOM paMbl.

BpeMst HHTErpupoBaHusi B 000HX CITydasiX MPHHU-
MaJIoCh paBHBIM YEThIpeM ceKyHaaM. [ BpeMeHH Uc-
kitodeHust 0,037 ¢ mar HHTErpUpOBaHUS MPUHUMAIICS
pasubM 0,005 c. [l Bpemenu uckittodenus 0,01 ¢ mar
uHTerpupoBanus npuHuMacs pasHsM 0,002 c. PasHele
IIard HHTETPUPOBAHUSI IPHHUMAIINCH M3 COOOpasKeHUS,
YTO OHH JIOJDKHBI OBITH B HECKOJIBKO pa3 MEHBIIIE Bpe-
MEHHU HCKJIIoueHUs d7emMeHTa. KoapumueHTs naTe-
TPUPOBAHUS OBIITN MPEAJIOKESHBI IPOTPAMMON U MPH-
HUMAaJUCh paBHbIMHE: 0 = 0,25; = 0,5.

PE3YJBTATBI HCCJEJOBAHUSA

Jlig aHanu3a ¥ cpaBHEHHS pe3yIbTaTOB PAcUeTOB
BBIOpAHbI yCUIINS U TIEPEMEILICHNUS B DJIEMEHTaX, Ha KO-
TOpBIE JIOKAJIBHOE Pa3pyIlIeHUE OKa3bIBAET HANOOIbIIIEE
BiusiHAe. K TakuM oTHOCSTCS:

* TIepeMeIleHHUE y371a, HAXOMAIIETOCs Ha/l TOBPEX-
JIEHHOI CTOMKOI;

* yCWIUsI B CTOMKaX, COCEIHUX C MOBPEXKICHHOI;

* yCuiuA B CTOIKe HaJ NOBPCIKIACHHBIM 3JIEMCHTOM

¢ MOMCHT B pUT€JI€ Hal NOBPEKACHHBIM 3JIEMCHTOM.

AHanu3 pe3ynbpTaToB M0Ka3all, 4YTO pPacueT B CTa-
TUYECKOI NIOCTAHOBKE JAeT 3HAYECHUs yCUIIMI U mepe-
MEIEHNH CyIeCTBEHHO MEHbIIE, YeM NPH KBA3UCTa-
THYecKoM pacuere (Tabdi. 2). CpaBHEHHE pe3yJIbTaTOB
JMHEWHOTO W HEJIMHEWHOTO pacdyera MpojeMOHCTPH-
pOBaJIO MX Majioe OTIINYKE IIPU CTAaTHYECKOM U KBa3H-
CTaTUYeCKOM BapHaHTaxX. Takum o0pa3oMm, B OTIINYHE
oT TpebOBaHU HOPM 00 00s3aTEILHOM MPOBEACHUU
HEJIMHEHHOTO pacyeTa Jyisi paccMaTpuBaeMoOu pambl J10-
CTAaTOYHO BBITIOJIHEHUS JIMHEIHOTO pacyera.

YCTaHOBIEHO 3aMETHOE PA3JINYHE MEXAY JIBY-
Msl KBa3HCTaTUYECKMMHU BapuaHTaMu pacdera. Ilpu
pulldown-ananuse s5eMeHT, pactoloKEHHBIA HaJl yria-
JSIEMBIM DJIEMEHTOM, MCIIBITBIBAET CHIIBHOE PacTsHKEHHE,
YTO CBA3AHO C MPUTIOKECHUEM [lOHOJ'IHI/IT@J'lI)HOIZ CHJIbI
B 30HE JIOKAJILHOI'O paspylueHus. Takoll Xxapakrep He co-
OTBETCTBYET JICHCTBUTEIIFHOM PabOTe 2IIEMEHTA, UTO SIB-
JsIeTCs 3aMEeTHRIM HerocTaTkoM pulldown pacuera.

[Mepememenus, monydennsie npu pulldown-
u pushdown-aHanu3e, OJIM3KH IO CBOMM BEJITHYHHAM, UX
OTHOCHTENbHAsA pa3Hulla coctasiseT 4,2 %. IIpongons-
HBIE CHJIBI B COCEJTHUX CTOMKaX, OJyYeHHbIE JaHHBIMU
criocobamu, paznnyarorcs Ha 20 %, B TO BpeMsi Kak MO-
MEHTHI B pUrelisiX pasnngarorcs Ha 5,1 %.

TabJ. 2. Pe3ynsraTel CTaTHUECKUX M KBA3HCTAaTHYECKNX PACcIeTOB

IIpononbHbIe
Ilepemenienue y3na IIpononbHbIe o MowmeHT B pureine
N CHITBI B CTOMKE HaJT
Bup pacuera HaJ[ TOBPEXICHHOI CHITBI B COCETHUX Ha/J[ TOBPEKICHHBIM
A . MOBPEKICHHBIM
CTOUKOU, MM croiikax, kH aneMeHToM, KHM
3neMeHToM, KH
Hl/lHeI/IHblH CTAaTU4YCCKHUHU —48,2 —2476 _47,99 —613,8
pacuet
JIunelinbIit
KBa3WCTAaTUYECKHUI —84,3 —3344 1150 -1060,5
pulldown-ananms
JIuneliHbIi
KBa3UCTATUYECKHH -80,5 —-4087 —48.24 —1188.,5
pushdown-ananu3
Hemineitbiit 48,7 2478 48,17 6118
CTaTUYECKHIi pacyeT
Henunelinbrit
KBa3HCTaTHYCCKHUI -84,5 -3346 1148 -1055,9
pulldown-ananm3
Henunelinbrit
KBa3WCTaTHYECKUI -80,7 —-4090 -50,45 —1183,7
pushdown-ananu3
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MM

Tepememmenns  Z, MM

L1100

72,1

t

TpessicTopus

4 000

Puc. 7. 3aBucumMocts nepeMerneHns y3na Ne 7 mpu TMHAMHUYECKOM pacdeTe Uit BpeMeHu uckiroueHus 0,01 ¢

AHanu3 pe3ynbTaToB JUHAMUYECKUX PacUETOB
Mokaszajl 3HauuTebHOEC HW3MEHEHUE NepeMelleHU
Y yCUJUH BO BpeMeHU. J{Jis OLEHKH pa3BUTHUs KoJie-
0aTeIBpHOrO MPOIEcca PAaCCMOTPEHBI 3aBHCUMOCTH
MepeMEeICHU U YyCUIIMI B DJIEMEHTaX MOBPEKICHHOM
paMbl. YCTaHOBJIEHO, YTO C TEYEHUEM BPEMEHU KoJie-
OaHMs 3aTyXalOT, @ 3HAYCHUS TCPEMEIICHUHN U YCHITHIA
MpUOOPETAIOT 3HAUCHUS, XapaKTePHBIC IS CTaTHYC-
CKOW paboThI MOBPEKACHHON KOHCTPYKIMH. Makcu-
MAaJIBHBIC YCHJIHS U TICPEMCIICHISI HAOTIOIAIUCH Cpa3y
rociie UCKIIOUEHHUs 2JIEMEHTa U3 PACUYETHON CXEMBI.
Xapakrep MoJy4eHHBIX YUCICHHBIX PE3yIbTaTOB MOJI-
TBEPAMJI MPABWIBHBIN BEIOOP BPEMCHH WHTECTPHPOBa-
HUS JUIsI TIOJTHOTO 3aTyXaHus KoiieOaHuil. B TeueHue
4 ¢ xonebanus nmpekpammanuck. Ha puc. 7 npencrasnena
3aBUCUMOCTb BEPTUKAIBHOTO NepeMenienus y3ina No 7,
PACTOIOKEHHOTO HaJl YIAISIEMbIM SJIEMEHTOM, JJIs1 Bpe-
menu nckmouenus 0,01 c.

Pesynprarel AHHAMUYECKUX pacueToB Mpe/CTaBIIe-
HBI B Ta0II. 3.

s paccMaTrpuBaeMoi paMbl YCUIIUS U TIepeMe-
LIEHUS, MTOJIyYeHHbIE TMHAMHYECKUM PacueToM, Majio
3aBUCST OT BpPEMEHHU UCKJIoueHus B auanazone ot 0,01
10 0,037 c. Paznuua ycunuii 1 nepeMelieHuii He npe-
Bhimaet 1 %. 3aMeTHOE OTIMUMEe HAOIIOMAaeTCs TOJIBKO
JUIS1 KOJIOHHBI, PACTIONOKEHHOH BBIIIE MOBPEKACHHOH,
B KOTOPOM C:KMMalollee Mpo0JbHOE YCHIINE MIPU Bpe-
Menn uckirouenns 0,01 ¢ okazanoch Ha 7 % OosbIie

Taou. 3. Pe3yabraTel AMHAMUYECKUX PACUCTOB

1o a0CONIOTHON BEIMYUHE, UM MPHU BPEMEHH HCKITIO-
venus 0,37 c.

Veunust U nepeMelieHus, moilyyeHHble KBa3ucTa-
THYECKUM PacueTOM, UIsi OOJBITUHCTBA 3JICMCHTOB
Gonpme, yeM auHaMuueckue ycunus Ha 18 %. Ilpo-
ru0 y37a HaJl yIaJICHHOW ONOPO, BEIYUCIICHHBIN KBa-
3uctaTuuecku, Ha 10 % Oosbline, yeM TUHAMHYECKUI
nporu®. J{yist KOIOHHBI HaJ| yIaasieMOl JHHAMUYCCKHE
ycwus mo4TH B 1,4 pa3a Oobliie, 4eM 10 pe3yabraraM
KBa3UCTaTUYECKOTO pacyeTa.

Otnuuue yCUIud, MOJYYEHHBIX JTUHAMHYECKU
Y KBa3UCTAaTUYECKHU, B LIEJIOM MaJo BIIUSET Ha KOHEYHOE
MPOCKTHOE PEIICHUE OONBITUHCTBA 3JICMCHTOB KapKa-
ca. MckioueHne cocTaBisieT KOJIOHHA HaJl yAalsieMoid,
B KOTOpO¥ 1o naHHbIM pulldown-aHanu3a BO3HUKAeT
3HAYUTENIbHOE PACTSKEHUE, YTO MPHU MPOESKTUPOBAHUH
JKeNIe300€TOHHOTO KapKaca MmoTpedyeT 4pe3MepHOro ap-
MHUPOBaHUs Ha pacTskeHue. JlJisi CTallbHbIX KOJIOHH 9TO
MEHee OIacHO, TaK KaK B HauaJIbHBbIH MOMEHT BPEMEHHU
oH ucnsIThiBaeT ycunue —1520 xH u ero ceuenue omnpe-
JIEJISIeTCsl HE PaCTSHXKEHUEM, a CKaTHUEM.

[IpoekTupoBaHue pearbHBIX 00BEKTOB C OIECHKOMH
MIPOYHOCTHU U YCTOMYUBOCTH DJIEMEHTOB KapKaca ¢ MpH-
MeHnenueM BK, peanusyronmx Moy HOpMaTUBHOTO
pacuera, pallMOHAJbHO BBINOJIHATH KBa3UCTAaTUUECKHU-
MU METOJIaMH C YTOYHCHHBIMH KOA((OUIIUCHTAMHE JH-
HaMuuHOCTU. KBa3ucratuyeckue METOMbI MO3BOJISIOT
MPOEKTUPOBATH CIOKHBIE KOHCTPYKTUBHBIE CUCTEMBI

IIepememnienue y3na
HaJl MOBPEXAEHHON
CTOUKOU, MM

Bun pacuera

IIpononbHbIe
CHIIBI B COCETHHX
croiikax, kH

IIpongonbHbIE
p . MowmeHT B puresne
CHJTBI B CTOMKE HaJI
Ha/[ TOBPEKICHHBIM
MOBPEIKICHHBIM

aneMeHToM, KHM
anemMeHToM, KH

JIuneiinbiit
JIMHAMMUYECKUI pacyeT co
BpEMEHEM UCKITIOUCHHS
anemenTa 0,17 (0,037 ¢)

—71,6

-3331

—61,3 —962,6

JInHenHbIH
JIMHAMHYECKHUH pacyeT co
BpPEMEHEM HCKITFOYCHUS
anemenTa 0,01 ¢

72,1

-3329

65,8 9683

39

(81) Z HOALIGY L WOL isaaonty



T ITOnLCTBS: T 13. BhInyck 2 (48)

A.[. CemawkuH, A.P. TycHuH, M.I1. Bepzep

¢ OOJIBIIMM YHCIIOM 3aTrPYKEHUN C MEHBIIUMHU TPYIO-
3aTparamu. YCIeNnHoe IPUMEHEHHE KBa3HCTaTHUECKUX
METOJIOB TpeOyeT yTouHeHUs K0d(h(PHUIHeHTOB AHHA-
MUYHOCTH, a TaKXKe pa3pabOoTKu KpUTEPUEB BhIOOpa
Mmexay pulldown-  pushdown-ananusom, 9To mo3Bo-
JIUT TIOJTy4aTh JIOCTOBEPHBIE PE3YIIBTAThI [IPU pacyeTax
B KBa3HCTAaTUYCCKON MOCTAHOBKE.

3AK/JIIOYEHUE

Bompoc o BeI6ope ciieHapus JJIOKaIbHOTO BO3AEH-
CTBHS M METOJIa pacyera Ha yCTOHIMBOCTD K IPOrpec-
CUpYIOLIEMY OOpYIICHHIO OTpEesieH B ICHCTBYOICH
HOpMaTPIBHO-TeXHI/IquKOﬁ JOKYMCHTAIIUU HEAOCTATOY-
HO TIOJTHO.

KBasucrarnueckue MeToas! pacuera npu k=2
JTAIOT 3aBBIMICHHBIC yCHaus 10 18 % u mepeMenieHus
Ha 10 % 1o CpaBHEHMIO C paCUETAMHU B JUHAMUYECKOU
MIOCTAHOBKE.

Yeunus u nepeMeleHus, rnoiaydyaemMple Ipu pac-
4yeTe B AMHAMHYECKOH MOCTaHOBKE, IPU BPEMEHH HC-

kirodenust 0,17 (T — nepuop onacHoit popmsl Koeba-
HUSI HOBPEXKICHHON KOHCTPYKLIUH) JUIS MHOTO3T)KHON
paMbl OKa3aJIMCh MEHBIIIE, YEM IIPH BPEMEHH UCKITIOUE-
Hus 0,01 ¢ (MrHOBEHHOE yAalleHue dJIEMEHTA).

Pulldown-anamu3s naet nckaxennoe HJIC Hekoto-
PBIX IPUMBIKAIOIINX K MECTY JIOKAIBHOTO Pa3pyIIeHHs
9JIEMEHTOB, M3MEHSISI XapaKTep YCWINH B HUX, YTO MO-
JKET TIOBIIUSITH HA KOHCTPYKTUBHBIC PEIICHHUS 3/1aHHS.

Pesynbrarsl pushdown-ananu3za nyurie, yem pe-
3ynbTarsl pulldown-ananmsa, COOTHOCATCS C pe3ysbTa-
TaMU JUHAMHYECKUX PAcueTOB B paMKax JaHHOH 3a-
JIa4H.

VYyeT reoMeTprueCcKOi HEMMHEMHOCTH U pacye-
T€ MHOTO3TaKHBIX paM HE OKa3bIBACT CYIIECTBEHHOTO
BJIMSIHUSL HA BEJIMYMHY NEPEMEIIECHUH U YCHIIMH B KOH-
CTPYKLIUH.

JJist IpakTUYEeCKOTO MCIIOIB30BAHUS MIPH TIPOCK-
THUPOBAHHH CIIO’KHBIX KOHCTPYKTHBHBIX CHCTEM C 00JIb-
MM YHCJIOM 3arpyKeHUH PalliOHAIBHO IPUMEHEHHE
KBa3UCTAaTMYECKOTr0 pacyera ¢ yTOYHEHHbIMU 3HaYEHH-
SIMH KO9((UINEHTOB TNHAMUYHOCTH.
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INTRODUCTION

In the design of critical buildings and structures, it
is necessary to prevent the collapse of the building with
local damage to the load-bearing structures. The surviv-
ability of the load-bearing system must be ensured because
of the possible loss of life, great loss of material or serious
consequences of collapse (critical facilities, hazardous in-
dustries, storage facilities for hazardous substances, criti-
cal infrastructure facilities). In order to avoid progressive
collapse, the design of buildings and structures is carried
out by calculating the structure with local damage. Cal-
culation of a damaged structure for resistance to progres-
sive collapse is carried out considering the requirements
of the normative documents in several ways and differs

from the calculation of an undamaged structure. First
of all, a sudden failure of a structural element (local col-
lapse) leads to changes in the design pattern of the structure
and, therefore, leads to divergent forces in the elements
of the structure. Design element lengths and operating
conditions of structural elements can change. The way in
which a local failure develops influences the failure pro-
cess. A defect that results in failure of a component and
its exclusion from the design scheme can develop gradu-
ally over a relatively long period of time or appear sud-
denly. Gradual failure can occur with prolonged increase
in foundation settlement, development of plastic deforma-
tions, material creep, heating by fire, corrosion wear, sub-
assemblies, etc. The cause of sudden element failure is brit-
tle failure, loss of stability, failure of connecting elements in
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nodes, rapid foundation settlement in subsiding soils or due
to the development of karst phenomena, etc. In case of grad-
ual formation of a defect leading to failure of an element
and its exclusion from the design scheme, the structure with
the changed design scheme works statically. If the element
is rapidly eliminated, oscillations develop in the damaged
structure and the forces increase markedly compared to
the static loading. The time of element exclusion has a great
influence on the value of dynamic forces, the shorter the ex-
clusion time, the greater the dynamic forces.

There are no unambiguous recommendations for as-
signment of element failure time in domestic normative
documents, therefore two variants of dynamic calculation
have been considered. The first variant — failure with
the elimination time 0.17, where T is a period of vibra-
tion of the structure without a retired element according
to the form of vibration, resembling a static deformation
of the system with damages'. The second variant — failure
with the elimination time of 0.01 s, which allows model-
ling the instantaneous elimination of the element [1].

Changing the design scheme of a structure while
eliminating a damaged element leads to an increase in
forces in the remaining part of the structure. In a num-
ber of load bearing systems the removal of one element
does not cause geometric variation in the remaining part
of the structure. In other systems the removal of one
element causes geometric variability in the structure
and additional elements must be provided to prevent
the collapse of the structure. If the structure remains
serviceable after the removal of an element, element
cross-sections and design solutions should be selected
that can accommodate the increased forces in the struc-
ture to ensure the load-bearing capacity.

The complex issue of calculating and designing
systems for local failures is reflected in the regulations.
For example, the Russian code of practice? defines a lo-
cal failure zone for most types of structural systems in
clause 4.5. However, this clause does not cover all possi-
ble cases. For example, clause 4.5.2 prescribes that a fail-
ure of one of the elements of the load-bearing structures
shall be considered. However, it is not specified whether
the failure of the bonding elements or of the elements re-
inforcing the load-bearing element is to be considered. In
clause 4.5.4 for industrial structures it is prescribed that
local failure is to be considered, according to the design
specification, depending on the function of the structure.
In other words, the choice of the local failure scenario is
left to the designer and the client.

It is worth noting that research [2] is ongoing in
this direction. Therefore, unambiguous normative rec-
ommendations are not yet available.

Static and dynamic calculation methods are used
to calculate the resistance of damaged structures to pro-
gressive collapse. The same solution method can repre-
sent the behaviour of a structure in different design situ-

ations with different accuracy. The choice of calculation
method depends on the structure to be calculated. Current
normative documents do not give direct, unambiguous
recommendations on the choice of calculation methods
or on the evaluation of the accuracy of the resulting so-
lutions. Industrial buildings are characterized by a large
number of technological loads due to overhead cranes and
technological equipment. The difference between indus-
trial buildings and civilian buildings requires that the spe-
cifics of their work must be taken into account when devel-
oping the calculation methodology for industrial buildings.

The following methods of calculating progressive
collapse are widely known in the professional community:

1. Kinematic method of limit equilibrium theory.
This method assumes that the structure is made of an elas-
tic plastic material. The structure is considered at the time
when plastic joints are formed and the structure becomes
a mechanism. Several possible variants for the forma-
tion of plastic joints are studied. The most unfavorable is
the minimum load at which the structure becomes a mech-
anism. This method is poorly amenable to algorithmization
and is currently not widely used in design practice.

2. Static method. This involves excluding an el-
ement and using a modified (secondary) scheme with
the damaged element removed from it in the calcula-
tion. At the choice of the designer, it is possible to take
account of non-linear structure and material behaviour.
The advantages of the method in the linear formulation
are its simplicity and high computational speed. A sig-
nificant disadvantage of the method as a whole is the in-
ability to simulate the calculation situation when the re-
moval of the element occurs quickly, causing significant
dynamic forces associated with the development of vi-
brations in the structure [3].

3. Quasi-static method [4]. Two subspecies can
be distinguished in it, which have come to be known
as pulldown analysis and pushdown analysis. Their es-
sence is as follows:

e pulldown analysis: an element is excluded
and a secondary circuit is calculated. The forces
in the removed element are applied inversely to
the structure. The forces in the element are multiplied
by the dynamism factor;

» pushdown analysis: the element is excluded,
the secondary circuit is calculated. This increases
the loads on the elements adjacent to the deleted
element by the dynamism factor.

Elements of the pulldown analysis were present in
SP 385.1325800.2018 (before Amendment 1). Appendix
B contained an indication of the instantaneous removal
of the deactivated element, which was modelled by ap-
plying a force from the deactivated element with a re-
verse sign. Thus, implicitly, k, = 2 is implied [4-6]. In
the updated version of SP 385.1325800.2018 Appendix
B has been deleted. Designers are encouraged to carry

! Alternate path analysis & design guidelines for progressive collapse resistance, GSA. 2016.
2CP 385.1325800.2018. Protection of buildings and structures against progressive collapse.
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out the calculation for progressive collapse by the static
method. The quasi-static calculation, with the correct se-
lection of the dynamism factor, allows for the instanta-
neous exclusion of a damaged element. The advantages
of the method are its relative simplicity and high cal-
culation speed in the linear formulation. The disadvan-
tage of the method is not always accurate determination
of the forces and displacements [5] obtained in the cal-
culation. This is largely due to the lack of clear recom-
mendations for assigning the dynamism factor, which is
criticized [5, 7] in the professional environment.

4. Dynamic method. The correct stress-strain state
of the structure is determined prior to the occurrence
of an element failure. Then the damaged element is
removed from the structure and instead the forces in
this element with opposite sign are applied to the struc-
ture as a load. The time (exclusion time) during which
the element is excluded from the calculation scheme
and, accordingly, the forces in it are applied and
the load on the structure is reduced from its maximum
values to zero is set. The calculation is carried out by
direct integration of the equations of motion. Geometric
and physical non-linearity can be taken into account in
the calculation. The main advantage of the method is
the relatively accurate modelling of the element shut-
down process and the response of the structure.

The disadvantages of the method include the com-
plexity of its implementation, which requires a highly
skilled designer, its labour-intensiveness and the high
amount of machine time required.

It is worth noting that studies are being carried out
in the Russian Federation and beyond to refine the dy-
namism coefficients for various types of structures. In
recent years, there have been studies of dynamism coef-
ficients for steel beams and trusses [8, 9] as well as for
reinforced concrete structures [10—13].

Issues related to calculation approaches, the as-
signment of local failure scenarios and methods of pro-
tection against progressive collapse are regularly dis-
cussed in the scientific literature [14—24].

Thus, the engineer making design decisions for
protection against progressive collapse faces a difficult
choice. On the one hand, dynamic calculation makes
it possible to determine quite accurately the response
of a structure to an accidental impact. On the other hand,
if several possible local failure scenarios have to be con-
sidered and a large number of loads and load combina-
tions are encountered, the labour and time required to
carry out dynamic calculations becomes too great.

MATERIALS AND METHODS

Consider the calculation of a multi-storey transverse
frame for resistance to progressive collapse. The trans-
verse frame is part of a storey located inside an industrial
building and has five storeys and four spans. The storey
height is 3 m, the width of the span is 6 m and the spac-

ing of the transverse frames in the storey is 6 m. The col-
umns of the frame are rigidly anchored in the foundation,
the transoms of the frame are rigidly attached to the col-
umns. From the plane of the frame, the frame is fixed
by a system of connections, which excludes any move-
ment out of the frame plane. All frame rods are made
of I-beams. The columns of the frame have a section in
the form of 25K 6 I-beams, the beams are in the form
of 45B4 I-beams. The material used is C355B steel.

The cross sections and steel grades have been se-
lected to ensure that the structure retains its load-bear-
ing capacity in all types of frame damage.

The transverse frame is erected inside an indus-
trial building and is designed to house process equip-
ment and materials. The transverse frame is subject to
permanent and continuous loads. All loads are static in
nature. The collection of loads is shown in Table 1. Ac-
cording to the current regulations, a special combina-
tion of loads is taken into account in the calculations
of the protection against progressive collapse, which
includes the normal permanent and continuous loads?,
including the reduced values of the short-term loads.
The reduced value of the short-term loads is taken as
their long-lasting part, which is 0.35 of the full value.

The calculation of the frame was performed us-
ing the LIRA-SAPR 2021 R1.2 computer package (CS).
The frame elements were modelled using the finite ele-
ment (FE) 310 — a universal spatial core FE, which takes
geometric nonlinearity into account. The calculations
were performed in linear formulation and with considera-
tion of geometric nonlinearity. Nonlinear static and quasi-

Table 1. Collection of load from envelope and payload

Name Normative load, kN/m
Slab weight 37.5
Floor constructions 5.4
Usable load (continuous part) 6.3
Total load 49.2

static calculations were performed using the step method.
The total number of load application steps is 100.

The frame is subject to its own weight of the load-
bearing and envelope structures and the payload.
The loads are applied to the frame as distributed over
the length of the columns and beams. The dead weights
of the columns and ledgers are automatically taken into
account by the integrated command in the LIRA CAD
software. Fig. 1 shows the design diagram with the load
from the dead load of the load-bearing structures.

In addition to the dead load of the load-bearing
structures, the frame is also subject to the constant load
from the weight of the building envelope and the pay-

3CP 296.1325800.2017. Buildings and structures. Special influences.
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Fig. 1. General view of the design scheme with dead load

load (Table 1). The design diagram of the frame with
the acting total load is shown in Fig. 2.

Calculations in the linear formulation often give
a somewhat distorted picture of deformations and for-
ces [5-8]. In order to assess the influence of nonlinearity
on the structure’s performance under failure conditions,
the transverse frame is calculated in a linear formula-
tion and with geometric nonlinearity in mind. Standard
values of steady and continuous loads were taken for
the calculation. The load-bearing capacity criteria were
taken as per CP 385.1325800.2018.

The frame was calculated for the failure of the cen-
tre post of the ground floor. The following calculation
options for the damaged frame were considered:

* linear static calculation;

* non-linear static calculation;

* linear quasi-static pulldown analysis;

* non-linear quasi-static pulldown analysis;

* linear quasi-static pushdown analysis;

* non-linear quasi-static pushdown analysis;

* linear dynamic calculation with an element elim-
ination time of 0.17, where T is the vibration period
of the damaged structure in the form most similar to
the static deformation of the system when the system
is damaged;

* linear dynamic calculation with an element elim-
ination time of 0.01 s.

The design diagram of the transverse frame for
the static calculation is shown in Fig. 3.

44

In the quasi-static calculation, additional loads
are applied to the frame. These loads act together with
the main load. For the pulldown analysis, the force in
the removed element is taken as the additional load,
applied with the opposite sign. The force in the re-
moved column determined by the static calculation
of the undamaged frame is 1,521 kN. There are no
bending moments and shear forces in the middle col-
umn of the inta*ct frame. The calculation diagram for
the pulldown analysis is shown in Fig. 4, and additional
loads simulating the dynamic impact on the structure are
also shown.

In the pushdown analysis, the dynamic impact
on the structure is modelled by introducing a dynamism
factor of 2.0, i.e. the load on the columns and ledgers
adjacent to or above the column to be removed is dou-
bled. The calculation diagram for the pushdown analy-
sis is shown in Fig. 5, and additional loads simulating
the dynamic impact on the structure are also shown.

The dynamic calculation was carried out using
the module “Dynamics in Time”. This calculation was car-
ried out by direct integration of the equations of motion.
In order to simulate the dynamic behaviour of the struc-
ture, two loadings were introduced — with a prehistory
and with mass weights. The prehistory includes the act-
ing loads. In the second loading, the same loads are
taken into account as modal masses.

The “Local Failure” command was used to assign
the elements to be excluded and the time of failure. In
the command window the numbers of the elements to be
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Fig. 3. Calculation diagram for static analysis
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excluded from the calculation scheme were indicated.
The failure time — is the time for which the forces
simulating the interaction of the excluded elements with
the rest of the structure decrease from an initial value

to zero.

Failure_pull

I

The element exclusion time of 0.17 is assigned ac-
cording to the recommendations of'. The parameter 7'is cal-
culated by modal analysis of the damaged design scheme
in the linear formulation and selection of the appropriate
vibration form. Four forms of vibration were considered.

1,52e¢ = 0,03

Fig. 4. Additional load on the frame for pulldown analysis
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Fig. 5. Additional load on frame for pushdown analysis
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First form

Third form

Fig. 6. Oscillation waveforms for determining the parameter 7

For the transverse frame, the form No. 3 with an oscillation
period of 0.37 s was found to be the most suitable. Fig. 6
shows the vibration forms 1-4 of the damaged frame.

The integration time was assumed to be four sec-
onds in both cases. For an elimination time of 0.037 s,
the integration step was assumed to be 0.005 s. For
an climination time of 0.01 s, the integration step was
assumed to be 0.002 s. Different integration steps were
taken from the consideration that they should be several
times shorter than the element elimination time. Integra-

Table 2. Results of static and quasi-static calculations

Second form

Fourth form

\

tion coefficients were proposed by the program and as-
sumed to be: a=0.25; B =0.5.

RESEARCH RESULTS

For the analysis and comparison of calculation re-
sults, the forces and displacements in the elements that
are most affected by local failure have been selected.
These include:

* moving the assembly above the damaged prop;

« forces in the struts adjacent to the damaged one;

» forces in the rack over the damaged element;

Displacement of Longitudinal forces Longitudinal forces Moment in ledger
Type of calculation the assembly over in neighbouring in the rack above over damaged
the damaged prop, mm props, kN the damaged element, kN element, kNm

Linear static 482 2,476 ~47.99 6138
calculation
Linear quasi-static 843 3344 1,150 ~1,060.5
pulldown analysis
Linear quasi-static -80.5 4,087 4824 ~1,188.5
pushdown analysis
Non-linear static 487 2,478 —48.17 6118
calculation
Non-linear quasi-static -84.5 3,346 1,148 ~1,055.9
pulldown analysis
Non-linear quasi-static -80.7 4,090 -50.45 -1,183.7
pushdown analysis

a7
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Fig. 7. Dependence of movement of node No. 7 in the dynamic calculation for an elimination time of 0.01 s

* momentum in the waler above the damaged
element.

The analysis of the results showed that the static
calculation yields significantly less force and displace-
ment than the quasi-static calculation (Table 2). Com-
parison of the linear and non-linear calculation results
showed little difference between the static and quasi-
static variants. Thus, in contrast to the requirements
of the regulations for a mandatory non-linear calcula-
tion, a linear calculation is sufficient for the frame in
question.

A marked difference is found between the two
quasi-static variants of the calculation. In the pulldown
analysis, the element above the element to be removed
experiences a strong tensile force due to the applica-
tion of an additional force in the local fracture zone.
This nature does not correspond to the actual perfor-
mance of the element, which is a notable disadvantage
of the pulldown calculation.

The displacements obtained by the pulldown and
pushdown analyses are close in magnitude, with a rela-
tive difference of 4.2 %. The longitudinal forces in
the adjacent props obtained by these methods differ by
20 %, while the moments in the ledgers differ by 5.1 %.

Analysis of the results of dynamic calculations
showed a significant change in displacements and for-
ces over time. To assess the development of the oscil-

Table 3. Results of dynamic analysis

lation process, the dependences of displacements and
forces in the elements of the damaged frame are con-
sidered. It was found that over time, the oscillations
attenuate, and the values of displacements and forces
acquire values characteristic of the static operation
of the damaged structure. Maximum forces and dis-
placements were observed immediately after exclusion
of an element from the calculation scheme. The nature
of the obtained numerical results confirmed the correct
choice of integration time for the complete damping
of vibrations. The oscillations stopped within 4 s. Fig. 7
shows the dependence of vertical displacement of node
No. 7, located above the element to be removed, for
an exclusion time of 0.01 s.

The results of the dynamic calculations are pre-
sented in Table 3.

For the frame in question, the forces and displace-
ments derived from the dynamic calculation depend lit-
tle on the exclusion time in the range of 0.01 to 0.037 s.
The difference in forces and displacements does not ex-
ceed 1 %. A noticeable difference is observed only for
the column above the damaged one, where the compres-
sive longitudinal force at an exclusion time of 0.01 s is
7 % higher in absolute value than at an exclusion time
of 0.37 s.

The forces and displacements calculated quasi-
statically for most elements are 18 % greater than

Displacement of Longitudinal Longitudinal forces .
. . Moment in ledger
. the assembly over forces in in the rack above
Type of calculation . . over damaged
the damaged prop, neighbouring the damaged element,
element, KNm
mm props, kN kN

Linear dynamic
calculation with element
elimination time 0.17° “71.6 -3.331 63 —962.6
(0.037 s)
Linear dynamic
calculation with element -72.1 -3,329 -65.8 -968.3
elimination time 0.01 s
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the dynamic forces. The deflection of the node over
the removed support, calculated quasi-statically, is
10 % greater than the dynamic deflection. For the col-
umn above the removed column, the dynamic forces
are almost 1.4 times greater than the quasi-static cal-
culation.

The difference in forces obtained dynamically and
quasi-statically has generally little effect on the final
design solution of most frame elements. The exception
to this is the column above the removed column where,
according to the pulldown analysis, significant tensile
forces occur, which would require excessive tensile rein-
forcement in the design of the reinforced concrete frame.
For steel columns this is less dangerous as it is initially
subjected to a force of —1,520 kN and its cross-section is
determined by compression rather than tension.

The design of real objects with assessment
of strength and stability of frame elements using ACs im-
plementing normative calculation modules is rationally
performed by quasi-static methods with refined dyna-
mism coefficients. Quasi-static methods allow designing
complex structural systems with a large number of loads
with less work. Successful application of quasi-static
methods requires refinement of dynamism coefficients
and development of selection criteria between pulldown
and pushdown analysis, which will provide reliable re-
sults for calculations in quasi-static formulation.

CONCLUSIONS

The selection of the local impact scenario and
the calculation method for resistance to progressive col-
lapse is not sufficiently defined in the current normative
and technical documentation.

Quasi-static calculation methods atk, =2 give up
to 18 % higher forces and 10 % higher displacements
than in the dynamic formulation.

The forces and displacements resulting from the cal-
culation in the dynamic formulation, with an exclusion
time of 0.17 (7 is the period of the dangerous form
of vibration of the damaged structure) for a multi-storey
frame were less than with an exclusion time of 0.01 s
(instantaneous removal of an element).

Pulldown analysis gives the distorted dynamic
strength of some of the elements adjacent to the local
collapse, changing the nature of the forces in them,
which can affect the structural design of the building.

The results of the pushdown analysis correlate bet-
ter than the results of the pulldown analysis with the re-
sults of the dynamic calculations within this task.

Geometric non-linearity in the calculation of multi-
storey frames has no significant effect on the magnitude
of displacements and forces in the structure.

For practical use in the design of complex struc-
tural systems with a large number of loads, it is rational
to use quasi-static calculation with refined values of dy-
namism coefficients.
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