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IIpocTpaHcTBeHHBIH pacyeT TPONHNUKOBBIX COeIMHEHUI IMIHMHAPHYECKUX
000J104€K ¢ y4eTOM U3MEHEHHsI pACYeTHONH Mo/IeJ I BO BpeMeHH
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AHHOTanus. BINONHEH YHCICHHBIH aHANH3 HANPSKCHHO-Ie()OPMHUPOBAHHOTO COCTOSHHS IEPECEKAIOMUXCS IITHHIPHIECKIX
000J104€K C yU4eTOM Pa3IMYHOro BUJa HeIMHEHHOCTeH ((hu3udeckoll, KOHTAKTHON U KOHCTPYKTHBHOM). [lepecekaromuecs MINH-
Jipuyeckue 00O0NIOUYKU PaCCMOTPEHBI B COCTABE MPOCTPAHCTBEHHOHN 00bIIepa3sMEpHON CHCTEMBI «000I0UKa — OCHOBaHME». BbIB-
JIeHbI Hanbollee HaMpsHKEHHbIE YYaCTKU IepeceKaroluxcs 000/oueK, KOTopble TpeOyoT 0co00ro BHUMaHHS B MPOIECCE MOMETH-
poBaHus MOXOOHBIX KOHCTpYKIui. Cienyer OTMETHUTb, YTO 0c00ast CIOKHOCTD JaHHBIX MOJENeH COCTOMT B UX OONBIIOH BBIYHC-
JUTETEHOH Pa3MEpHOCTH, Tak KaK OHH BKITFOYAIOT B ce0s KaK pacCMaTpHBaeMyl0 KOHCTPYKIIUIO, TaK H OKPYIKaloIee X TPYHTOBOE
OCHOBAHHE, YTO HAKJIAJbIBACT JOIOIHUTEIBHBIC TPEOOBAHNS Ha MCIIONb3yeMbIe I PEIICHNS JAaHHBIX 3a/ad IPOTPaMMHBIC KOM-
iekchl. Mcnonb30BaHle COBPEMEHHBIX METOI0B YHCIEHHOIO aHaIN3a I103BOJIET 3HAUUTENIBHO YIY4LIIUTh KaUeCTBO MOAEIUPOBa-
HYSL U IOBBICUTH TOYHOCTH IOJYy4aeMbIX Pe3yJIbTaToB. B 4acTHOCTH, yuuThIBas HEMMHEIHbIE CBOMCTBA MaTepHaIoB, MOXKHO Oolee
JIeTalbHO OIEHHUTH pearbHOe MOoBeAeHHe 000JI0UeK B YCIOBUSAX PA3NMYHBIX BHEMIHUX BO3AEHCTBHHA. KpoMe TOro, BBIMOTHEHHBIH
aHAJIN3 CBUETENBCTBYET O TOM, YTO y4YeT CTaJAMHHOCTH CTPOMTENHCTBA OKAa3bIBACT 3HAYUTENBHOE BIUSHHE Ha paclpeleneHue
HaNpsDKEHUH B TNepeceKaromuxcss 00omodkax. JTO IMOAYEpPKHBACT HEOOXOAMMOCTH ydeTa IIOCIEAOBATETBHOCTH CTPOUTENBHBIX
paboT, 4TO B CBOIO OYEPEb MOKET CIIOCOOCTBOBATH MOBBIIICHHUIO HAJEXKHOCTU KOHCTPYKIUHY B LiesioM. JlanbHeHye nepCcieKTHBbL
CBsI3aHBI C anpoOaluil U MOATBEPXKIEHUEM PabOTOCIIOCOOHOCTU Pa3pabOTaHHBIX METOAMK UMCICHHOIO aHaIu3a Ha peallbHbIX
cUcTeMax «000JI0UKa — OCHOBaHHE», a TAK)Ke UCIIOJIb30BAHUY IIOJIyUYEHHBIX PE3YJbTAaTOB /Ul pacdeTa HeCyIIUX KOHCTPYKIUH
peanbHbIX IPOEKTUPYEMBIX U BO3BOIUMBIX 00BEKTOB MOA3EMHOTO CTPOUTEIHCTBA.

KuioueBble c10Ba: MeTo KOHEUHBIX 3IEMEHTOB, TPOMHHKOBOE COEAMHEHUE, IPOCTPAHCTBEHHBIN pacueT, CTafuiHBIA pacyer,
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1. BBenenue

[IpoexTupoBaHre U BO3BEEHUE YHHUKAJIBHBIX 3aHUN U COOPYKEHHUH B COBPEMEHHOW CTPOMUTEIBHOM
MpaKTHKE TpeOyeT KOMIUIEKCHOTO MOIX0/1a, BKIIOYAIOIIETO TOYHBIE pACUeThl U BCECTOPOHHUE UCCIIEI0BAaHUS
MOBENIEHUS] HECYIUX KOHCTPYKIIMH MO/ BO3ACHCTBHEM pPa3IUYHBIX (PAKTOpOB. ITO 0OYCIOBIEHO KaK BO3-
pacTaromiell CI0KHOCTBIO aPXUTEKTYPHBIX M MHKEHEPHBIX PEHICHUH, TaKk U HEOOXOIUMOCTBIO 00eCTIeYeHNUS
BBICOKOM HaJEKHOCTH, O€30MAaCHOCTU U JIOITOBEYHOCTH 00BEKTOB. BakHyl0 poiib B mpoliecce MpoeKTUpo-
BaHUSl UIPAIOT YMCIICHHBIE METOJbI, TTO3BOJISIONINE MOJCIMPOBATh MOBEIEHUE KOHCTPYKIMIA TMPU pa3iind-
HBIX TUIIAX HArpy30K: CTaTUYECKUX, TUHAMHYECKHX, TEMIEPATYPHBIX, CECMUUYECKUX U Jip. BaxHbIM ac-
MEKTOM YUCJIEHHOTO MOJAETUPOBAHUS SABJSETCS yUeT CTaAMUHOCTH CTPOUTENHCTBA, KOTOPBIN MO3BOJISIET 00-
Jiee TOYHO BOCIIPOM3BECTH PEATTLHBIN MPOIECC BO3BEICHUS KOHCTPYKIIUH.

Onnumu 13 HamOosee 3HAYMMBIX U OTBETCTBEHHBIX OOBEKTOB CTPOUTENBCTBA SIBIISIOTCS YHUKAIbHBIC
MOJI3€MHBIE COOPYKEHUSI, TAKUE KaK CTaHLMU METPOIOJIUTEHA, MOA3EMHbIE MEPEXOAbl U TPAHCIOPTHBIE y3-
761, TTyOOKHME TOHHEINH, MTOJI3EMHBIE JETIO U TaJepeH, a TaKKe WHKEHEPHBIE COOPY>KEHUS sl 00ecrieueHust
KHU3HEICITEIbHOCTH METPO, BKITIOYast CHCTEMbI BEHTHJISIIIUY, BOIOOTBEICHHS U dHeprocHadkeHus [ 1-3].

B nporecce cTpouTensCTBa MOA3EMHBIX COOPY>KEHHIH M METPOIIOJIIMTEHOB, TOMUMO OCHOBHBIX OOBEK-
TOB, TAKUX KaK MEPETOHHBIC TOHHEIU W CTAHIMH, BAKHYIO POJIb UTPAIOT BCIIOMOTATEIbHBIE COOPYKEHHUS,
HarpuMep TOHHENbHBIE COOMKH. DTH 3JIeMEHTHl 00ecneunBaoT (PyHKIIMOHAIBHOCTE OCHOBHBIX COOpYXKe-
HU, HO MPH 3TOM TPeOyIoT 0COO0r0 BHUMAHHS MPH MPOESKTUPOBAHUU M pacyeTax, TaK KaK CO3/1aBacMble
MMHU TMIepECeUeHUs CO3/AaI0T CIIOKHOE HaNpsKEHHO-1e()OPMUPOBAHHOE COCTOsIHHE, TpeOyrollee 1eTaabHOro
aHaJIN3a.

Takum 00pa3om, HEOOXOIUMO pa3BUBATh METOJUKH YHCIEHHOTO aHAIHM3a MOAOOHBIX CHCTEM «000-
JI0YKa — OCHOBAHHUE», KOTOPbIE MOTYT OBITh YCHEIIHO MPUMEHEHBI JJIsl MOBBIILIEHUS! TOYHOCTH PAaciyeToB U
obecriedeHust HaISKHOCTH U 0€30MaCHOCTH CTPOUTENBHBIX KOHCTPYKITUH.

VYuuBepcanpHblii nporpammubiii kommiekc ANSYS Mechanical [4-8], ucnons3oBaHHbI B pabore,
MPEIOCTABIISAET MIMPOKUE BO3MOKHOCTH JJISI MOJICTMPOBAHUS CTAaTUYECKOTO M TMHAMUYECKOTO HArpsiHKEH-
HO-1e()OPMUPOBAHHOTO COCTOSIHUSI CIIOKHBIX MPOCTPAHCTBEHHBIX KOHCTPYKIHMM, BKIIIOYAsl 3[aHUS, COOPY-
JKEHHs] 1 KOMOWHUPOBaHHBIE CHCTEMBI. [IporpaMMHBINA KOMIUIEKC MOAAEPKUBACT yUET Pa3IMYHBIX THUIIOB
HEJIMHEHHOCTeH, TakuX Kak (u3ndeckas (HEJTMHEHHBIE CBOICTBA MaTepHANIOB), KOHTAKTHAs (B3aWMOICH-
CTBHE MEXIY TeJlaMU) W KOHCTPYKTHBHAs (CTAQAMMHOCTH BO3BEIEHUS M HATPYKEHHUS KOHCTPYKIMIA). DTO
MO3BOJIIET MaKCHMaJIbHO TOYHO BOCIIPOM3BECTH PEaJbHbIC YCIOBUS PaOOTHl KOHCTPYKIUH M OLEHHUTH HX
MOBEJICHUE TI0/] IPUIIOKEHHOW Harpy3koi. KpoMe Toro, nporpaMmMHbIN KOMIUIEKC TOAJEPKUBAET UCIIONIB30-
BaHue s3bika nporpammupoBanusi APDL (ANSYS Parametric Design Language), 94To 1aeT BO3MOXXHOCTh
paciupsTh ero (yHKIIMOHAIbHBIE BO3MOKHOCTH.

2. Meton pacyera

Panee aBTOpaMu BBITTOJTHEH YMCIICHHBIM aHAIHM3 HANPSHKEHHO-AS(POPMHUPOBAHHOTO COCTOSHUSI OPTOTO-
HaJIbHO MEPECEKAIOIINXCS [UIUHAPUIECKUX 000I04€eK, B3aUMOACHCTBYIOIUX ¢ OCHOBaHUeM [9]. B nanHoit
paboTe npuBeACH BUA TPOHHUKOBOTO COCAMHEHHUS, TIe 000JIOUKH PaCIOI0KEHBI OTHOCUTENLHO APYT ApyTa
B TUIaHe Tox ymioMm 15 rpamycoB. Beibop yriia oOyclioBiieH MpUOIIKEHHEM K peallbHBIM pa3MepaM KOH-
CTPYKIHH METPOIOJIUTeHA (KaMephl che30B). O0O0I0YKH TaKKe Pa30MTHI Ha HECKOJIBKO YacTeH M1 UX T0-
ATAITHOTO BO3BEJICHUSI.

Jlasiee mpuBeZICHBI OCHOBHBIE Pa3Mephl MOJIETHPYEMBIX TIEPECEKAOINXC 000JI0UeK U OKPYKAIOIIETO
OCHOBaHHs, a TaKKe MapaMmeTpbl Mojeiei MarepuanoB Juisi HUX. OCHOBHas IMIIMHApPUYECKas 000J0YKa
nuametrpom D1 = 5,50 M u Tommuuo# 1 = 0,25 M; mpumMbIkarotiast obonouka auameTpom D2 = 3,85 M u Ton-
mmHoi £2 = 0,20 M. O6omnouka [11-13] 3agana MMHEHHO-yIPYTOi MOZETBIO MaTepraia: MOIYIb YIPYyTrOCTH
Esn = 30 000 MITa, kosdpuuuent Ilyaccona ps = 0,2, mIoTHOCTb psh = 2300 kr/m>. OcHOBaHHUE 3a4aHO
Mozensto Marepuaia Mopa — Kymnona (O. Mohr, C.A. Coulomb) [14-15] co crnenyromumMu napameTt-
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pamu: Moxyib aedopmanun Esi = 30 MIla, ko3 dunuent nonepeunoit aedopmanuu Lsoir = 0,3, IIIOTHOCTH
psoit = 2000 kr/m*, cuennenne Cyoir = 10 kITa, yron BHYTpeHHErO TPEHUS (Psoil = 25°.

[To anamoruu ¢ mpenpiaymeit padoroit [10] y3en nepecekaronuxcs MIMHAPUISCKUX 000JI0UeK pa3-
MmereH Ha nryouHe 30 M OT JHEBHOW MOBEPXHOCTH. Pa3Mepsl TpyHTOBOrO MaccuBa BBHIOpAHBI M3 YCIOBUS
3aTyXaHusl HaNpsHKEHHO-1e(OPMHUPOBAHHOTO COCTOSTHHS TPYHTA U TPHHATHI 10 5 AUAMETPOB OOJBIION 000-
JIOUKH CJIeBa W cripaBa oT Hee. Ha puc. 1 mokaszan oOmuii Buj pacuetHoit monenu (puc. 1, a) u Buj nepece-
KaIOMIMXCS IIMHAPHYECKUX 000709eK 1oy yrioM 15 rpagycoB B miiane (puc. 1, 6), KOTOpsle COCTOAT U3
YeThIpeX YacTeil OCHOBHOM IMJIMHIPUIECKOH 00O0JI0UKH U YETHIPEX YaCTeH MPUMBIKAIOMIEH 000I0UKH.

0,00 10,000 ) /L‘
[ S—] z X
z x

00 3000(m) 5,000
[ I ‘

a o

Puc. 1. Pacuernas mosenb:
a — o0wmuii BUJ; 6 — BUJ TPOHHUKOBOTO COETUHCHUS
W c o 4w uk: BemonneHo B.10. Axynudem B mporpammioM komiuiekce ANSY'S Mechanical

Figure 1. Calculation model:
a — general view; 6 — view of the T-connection
S ource: made by V.Yu. Akulich in ANSYS Mechanical software package

Ha puc. 2 noka3aHo cpaBHEHHE MECTa CThIKA pacCMaTpPUBACMbIX TPOWHHKOBBIX coeMHEeHU. CBepxy —
(puc. 2, a) nus OPTOTOHAIBLHO TMEPECEKAIONTUXCS 000JI0YeK M CHHU3Y (pHC. 2, 6) IS TIepeCeKaAIOIUXCs MO
yrioM 15 rpagycoB B miane. CiieyeT OTMETUTb, YTO Y€M MEHBIIE YToJl epeceueHust 000I0UYeK, TeM O0b-
e pa3Mepsl MPUOOPETaeT MECTO MX CTHIKA, YTO MOKET MPUBECTH K CHIILHOMY YBEIMYECHUIO OOIIUX rada-
pUTOB MOJCIIU U POCTY HCO6XOI[I/IMI)IX BbIYUCJIMTCIIbHBIX PECYPCOB.

- -

0,000 5,000 10,000 (m)

0000 5,000 10,000 ()
L Se—  S—]
2500 7500 2500 7,500
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Puc. 2. MecTo cThIKa paccMaTpUBAEMbIX TPOIMHUKOBBIX COSAUHEHUM:
@ — OPTOTOHAIIBHO MEPECEKAIONINXCS 000JI04eK; O — 000I0UEK, IePECeKAIOMINXCS MO YIIIOM 15 rpaaycoB B IIaHe
W c o 4w uk: BemonreHo B.10. Axynudem B mporpammHoM komiuiekce ANSY'S Mechanical
Figure 2. The joint of the considered T-connections:
a — orthogonally intersecting shells; 6 — shells intersecting at an angle of 15 degrees in plan
S ource: made by V.Yu. Akulich in ANSYS Mechanical software package
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Ha mmkHeit 1 60KOBBIX TTOBEPXHOCTSIX TPYHTOBOTO MAacCHBa, a TAK)Ke Ha KPasiX TPOWHUKOBOTO COCIH-
HEHUS 3aJ]aHbl TPAHUYHBIC YCIOBHS, 00ECIEUUBAIONHNE TEOMETPUIECKYI0 HEM3MEHIEMOCTh CUCTEMBI. JTH
YCJIOBUS BKJIIOUAIOT (PUKCAIMIO MEPEMENIEHN B COOTBETCTBYIOIIMX HAIPABICHUSIX, YTO MCKIIOYAET BO3-
MOYKHOCTh CMEIICHHSI KOHCTPYKITUI ¥ TPYHTOBOTO OCHOBAHMS 3 TIPEIEITBI paCueTHOW 00JIaCTH U MO3BOJISET
BOCIIPOM3BECTH WX peayibHyI0 pabory. Harpys3ka Ha cuUCTeMy NPHUIIOKEHA TOJIBKO OT COOCTBEHHOTO Beca
KOHCTPYKIMIA U TpyHTOBOro Maccusa [11-13].

MonenupoBaHre KOHTAaKTHOTO B3aMMOJCHCTBHUS Peaii30BaHO C MTOMOIIBI0 KOHTAKTHBIX Tap, Pacroiio-
JKEHHBIX Ha BHEITHEH MOBEPXHOCTH TPOWHWUKOBOTO COEIWHEHHUS W TPAaHMIIE TPYHTOBOTO OCHOBaHUS. 30HA
KOHTAaKTa OIpeeNsIeTcs B X0/ pelIeHUs 3aa4H, MOCKOJIbKY €€ TOYHOE MOJIOKEHUE 3apaHee HEM3BECTHO U
3aBHCHUT OT COBOKYMHOCTH (DaKTOpOB, BKIIIOYAsl MPUIIOKEHHBIE HArpy3KH, XapaKTEPUCTHKH MaTepHalIOB,
TpaHWYHbIE YCIOBHS U Apyrue napamerpsl [14—18]. B mpomecce pacuera B3auMoeliCTBYIONTUE TTOBEPXHO-
CTH MOTYT KaK BCTyNaTh B KOHTAaKT, TaK U Pa3beIUHATHCSA, UTO TPeOyeT yuyeTa HeMHEIHOro Xapakrepa ux
B3aUMOJICHCTBUA.

B mensx aHanm3a BIMSHUS CTAAMHHOCTH CTPOWTEIHCTBA HA HANPSHKEHHO-ACPOPMHUPOBAHHOE COCTOSI-
HH€ KOHCTPYKIIMH COCTABJICHBI PACUETHBIE CIIydau C Pa3IMYHBIM KOJUYECTBOM 3TAIOB BO3BEJACHUS TPOUHHU-
KoBOTO coenuHeHwus: 1, 2, 4 u 8 craauii. BHavane ujer akTuBanys OCHOBHON 00OJIOUKH, 3aTE€M TTPUMBIKAIO-
e 000JIOYKH CO CTOPOHBI OCHOBHOM. B Kak/10M ciTydae OTOIHUTENBHO TIPEAYCMOTpEHA HyJIeBasi CTaIns,
KOTOpasi CIYXKHT JIJISl OTIpeiesIeHUs] OBITOBOTO COCTOSHHS TPYHTOBOTO OCHOBAHHUS JI0 Hadajaa CTPOUTEIHHBIX
pabot. Takke BBITIOJTHEH pacyeT 0e3 yueTa CTaIMHHOCTHA CTPOUTEIILCTBA JIJIsl CPABHEHUS Pe3yJIbTaTOB.

Ha puc. 3 mokazan BuJ OMHOTO U3 MTPOMEKYTOYHBIX ITAMIOB BO3BEICHUSI TIEPECEKAIOIIMXCS IUITUHIPH-
YeCKHUX 000JI0YEK, KOT/Ia OCHOBHAs 0boouka D1 = 5,50 M u TommmHO# #1 = 0,25 M yke ycraHoBieHa (1-4-s
4acTu), a npumsbikatomas Dz = 3,85 m u tommunoi £2 = 0,20 M ycraHoBiena yactuyHo (5-s yacte). Ha me-
CTaxX YCTAHOBKH CJEIYIOIMNX YacTel (6—8-1 4acTH) MPUMBIKAIOIIEH 000JI0YKH Ha TaHHOM 3Tare aKTHBHUPO-
BaHBI TOJIBKO AJIEMEHTHl OCHOBAHUS TPYHTA.

2! Zg
0,000 5,000 10,000 (rm) P
]

2,500 7,500

Puc. 3. By 0o1HOr0 U3 IPOMEXYTOUHBIX 3TAllOB BO3BEJCHUS IEPECEKAIOIINXCS IMIMHIAPUYECKUX 000JI0YeK
W c o 4w uk: BemonHeHo B.10. Axynudem B mporpammioM komiuiekce ANSY'S Mechanical

Figure 3. The view of the intermediate stage of construction of intersecting cylindrical shells
S ource: made by V.Yu. Akulich in ANSYS Mechanical software package

3. Pe3ysbTaThl M 00CyXKICHUE

[To pesynbpraTam BBITIOJHEHHBIX PAaCUYETHBIX CIydaeB MPOBENEH CPABHUTENBHBIN aHAIM3 MaKCHMaJlb-
HBIX SKBUBAJICHTHBIX HampsikeHu nmo Mmuzecy [19-21] ¢ pesynbraramu, molydeHHBIMU paHee JJIsl OPTOTo-
HaJbHO MEpeCceKaoONINXCs HMIMHApUYECKUX 00oouek. KpuBble n3MeHeHus: HanpsHKeHU B 000JI0UKe B 3a-
BHCHUMOCTH OT KOJIMYECTBA CTaJMii B paCUETHOM cllydyae Moka3aHsl Ha puc. 4. J{ns cpaBHeHHs BbIOpaH pac-
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YEeTHBIH ciydail ¢ 8 sTamaMu BO3BeleHHUs 000J0YEK, MMEePeceKaronXcs Mol yIIoM 15 rpaaycoB B IIaHe
(3enmeHast mTpUXoBas JMHUA Ha Tpaduke). Taxke MOKa3aHO MAKCUMAIIbHOE SKBUBAJICHTHOE HANPSKEHHUE T10
Musecy B TPOMHHUKOBOM COCAMHEHUU 0€3 ydeTa CTaIHid.
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Puc. 4. MakcuManbHbIe 5KBUBAJICHTHBIE HAIIPSHKEHUS 10 MuU3ecy B IepeceKarouxcs 000I049Kax
W c o 4w uk: BemonHeHo B.10. Axynudem B mporpammioM komiuiekce ANSY'S Mechanical

Figure 4. Maximum equivalent stresses (von Mises) in intersecting shells
S ource: made by V.Yu. Akulich in ANSYS Mechanical software package

Hamnpsbxenust o Musecy e onpenenstorcs 1no Gopmyiie

1 2 2 2
6, = 5[(01_02) +(0,-0,) +(0;-0,) }

i€ G, 6,, 0, — IJIaBHbIE HANPSKEHHS.

MakcumanbHbIe 3KBUBaJIEHTHBIE HampsbkeHus: mo Mmusecy cocrtapisitor 71,2 MIla u 158,6 MIla npu
8 cTaauax pacdera B BAPMAHTAX C OPTOTOHAJIBLHBIM COSIMHEHUEM U C COSIMHEHUEM 01 YIIIoM 15 rpaaycos
B IUIaHE COOTBETCTBEHHO. ClleyeT OTMETHTh, YTO MaKCHMAJIbHbIE HANpPSDKEHHUS] BO3HUKAIOT JIOKAIBHO (HA
CTBIKE) M B OCTAJIbHOM TeJie 000I04eK HAPSKEHUS 3HAYUTEIIbHO HUXKE.

Pacnpenenenne MakcuMabHBIX SKBUBAJICHTHBIX HANpPsDKEHHUH 110 Mu3ecy B Telle OPTOTOHAIBHO Tepe-
CEKaIoLIUXCsl HMIMHIPUYECKUX 000JI0YEK B Cllydae ¢ 8-10 CTaJusMU BO3BEJCHH MOKa3aHo Ha puc. 5. Mak-
CHUMaJIbHbIE 3HAYCHHSI HalPSHKEHUI BOSHUKAIOT B MECTE COMPSKEHUST 000I0UEeK.

Pacnpenenenne MakcMManbHBIX SKBUBAJICHTHBIX HAIPsDKEHH 10 Mu3ecy B Telle 000JI0UeK B CiIydae C
COeIMHEHUEM I0J] YoM 15 rpajaycoB B IjiaHe ¢ 8-10 CTaJAusIMU BO3BEJEHUS MOKa3aHO Ha puc. 6. Makcu-
MaJIbHbIE 3HAUCHHSI HAIPSHKEHUH BO3HUKAIOT B MECTE COTIPSKEHHSI 000JI0UeK.

B tabnune npeacraBieHbl MaKCUMalbHbIE SKBUBAJIEHTHBIE HANIPSDKEHUS 110 Mu3ecy B Tesne TPOHUKO-
BOTO COCTMHEHUS ISl PACCMOTPEHHBIX PACUETHBIX CITy4YaeB.
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Az Static Structural A:Static Structural
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Type: Equivalent (von-ises) Stress - Top Type: Equivalent (von-Mises) Stress - Top
nit: Ps Unit: Pa
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Puc. 5. Pacnpez[eneHI/Ie MaKCHUMAJIbHBIX SKBUBAJICHTHBIX Hal'[pH)KeHI/Iﬁ 1o MI/ISCCy
B TCJI€ OPTOTrOHAJIBHO NEPECEKAIOIMNXCA MUITNMHAPUICCKUX 0007104€EK:
a — MECTO CONPSDKEHUS 000JI04EK; 6 — YBEJIIMUCHHBIN BU MECTa COMPSIKEHUS 000I04EK
U ¢ T o 9 H uKk: BemonHeHo B.1O. Axymudem B mporpammuoM komiuiekce ANSYS Mechanical

Figure 5. Distributions of maximum equivalent stresses (von Mises) in the body of cylindrical shells:
a — is the interface of the shells; 6 — enlarged view of the connection of shells
S ource: made by V.Yu. Akulich in ANSYS Mechanical software package

[ a0 a0 K z

Puc. 6. P acpeaCIICHUEC MaKCUMAJIbHBIX D9KBUBAJICHTHBIX Hal'[pﬂ)KCHI/Iﬁ o MI/ISCC}’ B Tene 000JI0UeK

B ClIy4ac ¢ COCAUHCHUEM IO YTIIOM 15 rpagycoB B IUIaHE. CnpaBa TMMOKa3aHO MECTO CONPSIKCHUA 000J104eK

W cTouHuk: BemonHeno B.JO. Akynnuem B nporpammuoM komiiekce ANSYS Mechanical

Figure 6. Distributions of maximum equivalent stresses (von Mises) in the body of the shells in the case of a connection

at an angle of 15 degrees in plan. The location of the shell connection is shown on the right
S ource: made by V.Yu. Akulich in ANSYS Mechanical software package

MakcumajibHble 3KBUBAJIEHTHbIE HaNnpsAKeHUs 1o Mnsecy B TeJ1e TpOﬁHHKOBOI‘O COCIMHECHUA

Ne KonuyecTBo cTaauii Bo3BeaeHuUs1 MaxkcumaJibHble JKBHBaJICHTHbIe Hanpsi:keHust o Musecy, MIla
OpTOroHAIBHO MEPECEKAIOIINECs [IMIMHIPUIECKIE 000I0UKN

1 be3 yaera crammit 105,6

2 1 78,2

3 2 72,5

4 4 774

5 8 75,2

unuaapuyeckre 000J0YKK C COSTUHEHUEM IT0J] yIJIOM 15 TpaaycoB B IUiaHe
6 8 | 158,6

W ¢ T o4 uk: BemonHeHo B.1O. Axynnuaem B mporpammuom komiuiekce ANSYS Mechanical
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Maximum equivalent stresses (von Mises) in the T-connection

Ne Number of construction stages ‘ Maximum equivalent stresses (von Mises), MPa

Orthogonally intersecting cylindrical shells

1 Without stages 105.6

2 1 78.2

3 2 72.5

4 4 77.4

5 8 75.2
Cylindrical shells with a connection at an angle of 15 degrees in plan

6 8 158.6

S ource: made by V.Yu. Akulich in ANSYS Mechanical software package

4. 3akloueHue

1. Tlomy4eHHble pe3yabTaThl NOATBEPAWINA BaXKHOCTh y4eTa CTaJUIHOCTH BO3BEIEHUS IIPU OIpEaeIIe-
HUM HaNpsHKeHHO-/1e()OPMUPOBAHHOTO COCTOSIHUS TPOMHMKOBBIX COCTUHEHUH, B3aUMOJICHCTBYIOIIUX C OC-
HOBAHHUEM.

2. MakcumainbHbIe SKBUBaJICHTHbIC HanpsbKeHus mo Muzecy cocrapisroT 71,2 MIla u 158,6 MIla npu
8 cTagusx pacueTra B BApHaHTaX C OPTOTOHAJIBHBIM COEAMHEHHEM M ¢ COeAMHEHHEM o yTioM 15 rpagycos
COOTBETCTBEHHO. ClieyeT OTMETUTh, YTO MAKCHUMAJIbHBIE HAINPSDKEHHUS BO3HHUKAIOT JIOKAJIBHO (Ha CTHIKE)
U B OCTAJILHOM TeJie 000JI09eK HANPSHKEHUS 3HAYUTEIILHO HIDKE.

3. [lepciekTHBBl JaNbHEUIIMX HCCIIEOBAHUNA CBS3aHbl C NMPUMEHEHUEM HEIMHEHHBIX MaTephasioB
000JIOUKH U Pa3IMYHBIMU BapHAHTaMU KOHTAKTHOT'O B3aUMOJIEUCTBUSI 000JIOUKH U OCHOBAHUSI.
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AnHoTauus. VccienoBad YUCICHHBI METO/ aHaJIn3a OBICTPOTEKYIIEro JUHAMHUYECKOTO MOBEIACHUS CHCTEMBI TN MPH MX KOH-
TaKTHOM B3aWMOJCHCTBUH. METON MCCIeNOBaHMs OCHOBAH HA aHAJIHM3€ CXOIMMOCTH PELICHUS MPH CTYIIEHHH KOHEYHO-3JIEMEHTHON
CEeTKHM W YMEHbBIIEHHMH BPEMEHHOTO Iiara. AJIrOPUTM M COOTBETCTBYIOIIAs KOMIBIOTEPHAs MporpaMma pa3pabdoTaH aBTOPAMH.
3amaua paccMaTrpuBaeTCs B FEOMETPUYECKH U (PU3NYECKH HEJTMHEHHOHN MOCTaHOBKE, PACCMATPHUBAIOTCS OOJIBIINE YIPYTHe U TLa-
cruueckue aedopmanuu. Vcnonap3oBaH MeTOJ] KOHEYHBIX 3JieMeHTOB. [IpuMeHsieTcss mpocTelnii TpeyroJibHbIi KOHEUHBIH 3Je-
MEHT C JTUHEWHBIM IoJieM nepeMeriennii. [lepBoHaganbHas ceTka KOHEUYHBIX 3JEMEHTOB MPUHSITA paBHOMEPHOH, B MpOIIecce Je-
(opMHpOBaHMS IUIACTUHBI OHA CHJIBHO BUJIOM3MEHSETCS, TaK KaK MOJACIHMPYIOTCS OOIbIlIMEe TepeMmenieHus. PaccMarpuBaercs
wiockas aedopmanus. 3a KpUTEpH Hauana HACTYIUICHHS IJIACTHYECKUX CIBUTOB NMPUHUMAETCS JOCTH)KEHHE KacaTelbHBIMU
HaNpsDKEHUSAMHU 33/1aHHOTO B YCJIOBUSIX 3aJja4M OINpPENesICHHOro npexaena. Peann3oBaHHas B MporpaMMme 3aBUCUMOCTh MEXKIy Jie-
(opMansMH ¥ HANPSHKEHUSIMU TI0/Ipa3yMeBaeT y4yeT UCTOPUM Je(GOPMUPOBAHUS MaTepuaja B JaHHOW TOYKE, a HE TOJBKO TEKY-
niee 3HaueHue aedopmanuii. Mozennb Mo3BOJISIET pacCMaTpHBATh M Pa3rpy3Ky, €CIIH TAKOBas UMEeT MecTo. PacueTHas MOJENb OpH-
SHTHPOBaHA Ha MPABWIBHBIA y4YeT F€OMETPUU NMPHU OOJNIBIIMX MEPEMEIICHHIX U YIVIaX MOBOPOTA, JOMYCKAET PACCMOTPEHHUE CBO-
60IHOTO MOoJIeTa COCTABMIAIOIIUX PACUETHON CXEMBI, UX KOHTAKTHOE B3aUMOJEHCTBUE. B yacTu MHTErpupoOBaHUs ypaBHEHUH JBU-
JKEHHsI IporpaMMa OIHMpaeTcst Ha SBHYIO CXeMY BBIUMCIICHUH ¢ 3KcTpanoyinuei nmo Axamcy. IlpumeHeHne u3n0oxeHHOro ajro-
pUTMa MOKa3aHO Ha MpHUMeEpe 3aaa4u 00 ymape JeTsieii KOpoTKoit 6anku (MJIACTHHBI) MO KECTKOMY yropy. IIpumep BKIrO4aeT
paccMOTpeHne yAapHOTO B3aMMOJIEHCTBHUS, OTCKOK OT YIopa, CBOOOIHBII MoseT Kojeomoreics 6anku. JlaeTcs cpaBHEHUE yrpy-
TOTO ¥ HEYNPYToro nmosefeHus Marepuaina. [IporeMoHCTprupOBaH BOJIHOBOW XapakTep perieHus. [Ipumep BcecTopoHHE TpoaHain-
3UpOBaH, B YaCTHOCTH, MCCJIE0BAHA CXOAMMOCTh MPH JBYKPATHOM CTYIIEHHHM CETKH M YMEHBIICHUH IIara 1o BpeMeHH. Makcu-
MaJIbHOE KOJMYECTBO KOHEYHBIX 31eMeHTOB cocTasisieT 204 800. UncaeHHBIH alrOpUTM UMEET psili 0COOCHHOCTEH: MOCTOSIHHOE
MONTyYeHUe W XpaHEHHe HAIPsDKEHUH Ul TUTOMAJ0K, OPUEHTHPOBAHHBIX MO HEMOIBM)KHBIM TIIOOATHHBIM OCSIM, BO3MOXKHOCTD
nosiBJIeHus AehopManuii ciBura Ha JI000H 13 KPUTHYECKUX II0IIaA0K. CaenaH BBIBOA O HEBO3MOKHOCTH JAOCTIIKCHHUS CXOANMO-
CTH JUISl YCKOPEHHIA TIPH CTYIICHUH CETKH U BBIBOJ O TOM, YTO 3Ta HEBO3MOXXHOCTh HE sIBJIsieTcs (haraibHOM uts Metona. Kak ainb-
TEpHATHBA MIPEJIaraeTcs ONpeieieHue yCKOPEHHS IEHTpa Mace OalKK WK JII000ro (pparMeHTa pacueTHOH CXEMBI.

KiioueBble ci10Ba: qruHaAMUYeCKas 3a/1a4a, [UIACTHIECKHE Ie(opMann, yaap, OTCKOK, CBOOOIHBI MOJIET, SIBHAS BBIYUCIIUTEIIBHAS
CXEMa, METOJ KOHEYHBIX IEMEHTOB, TPEYTOJIbHBIH JIEMEHT, CXOAUMOCTH 110 KOOPANWHATE, CXOAUMOCTS II0 LIary, LEHTP Macc, BOJ-
HbI AeopManuii, IPonecCOpHOE BpeMs, yCKOPEHHUE
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Abstract. A numerical method for analyzing fast-flowing dynamic behavior of a system of bodies during their contact interaction
is investigated. The research method is based on the analysis of solution convergence when the finite element grid is condensed
and the time step is reduced. The algorithm and the corresponding computer program were developed by the authors. The problem
is considered in a geometrically and physically nonlinear formulation, large elastic and plastic deformations are considered.
The finite element method is used. The simplest triangular finite element with a linear displacement field is used. The initial grid
of finite elements is assumed to be uniform; in the process of plate deformation, it is greatly modified, since large displacements
are simulated. Plane strain is considered. The criterion for the onset of plastic shear is shear stress achieving a certain limit set in
the conditions of the problem. The relationship between strain and stress implemented in the program implies taking into account
the strain history of the material at a given point, and not just the current value of strain. The model also allows to consider
unloading, if such is the case. The calculation model is focused on the correct consideration of geometry with large displacements
and rotation angles, allows consideration of free flight of the components of the model, their contact interaction. In terms of
integrating the equations of motion, the program relies on an explicit calculation scheme with Adams extrapolation. The application
of the described algorithm is based on the example problem of a flying short beam (plate) hitting a rigid stop. The example
considers impact interaction, rebound from the stop, and free flight of the vibrating beam. The elastic and inelastic behavior of the
material is compared. The wave nature of the solution is demonstrated. The example is comprehensively analyzed, in particular,
convergence is investigated when the grid is doubled and the time step is reduced. The maximum number of finite elements
is 204800. The numerical algorithm has a number of features: constant stress acquisition and storage for planes oriented along
the fixed global axes, and the possibility of shear deformation at any of the critical planes. It is concluded that it is impossible
to achieve convergence for accelerations when the grid is condensed, and it is concluded that this impossibility is not fatal for the
method. As an alternative, it is proposed to determine the acceleration of the center of mass of the beam or any fragment of the model.

Keywords: dynamic problem, plastic deformations, impact, rebound, free flight, explicit computational scheme, finite element
method, triangular element, coordinate convergence, step convergence, center of mass, deformation waves, processor time,
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1. BBenenue

CoBpeMeHHbIe YUCIIEHHBIE METO/IbI MO3BOJIAIOT pelIaTh Bce 0osiee CI0KHBIE CTATUYECKHE U JUHAMMU-
yeckue 3a7auu [ 1-5], mpu 3TOM yUHTHIBatOTCSI MHOTHE (DaKTOPHI, IyCTh U YCIOKHSIOIIUE PAcyeT, HO Jea-
IOIIME pacyeTHbIe MOJENIN Oojiee OOUIMMHU, MPUOTMKAIONIMMHU PE3yIbTaThl aHAN3a K MOBEIEHHIO Pealb-
HBIX OOBEKTOB.
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JlanHas paboTa MCIIONB3yeT METO/] KOHEYHBIX JIEMEHTOB U SIBHYIO BBIYUCIUTEIBHYIO CXeMy UHTETpH-
pOBaHUs ypaBHEHHH JABMKEHUSI, UTO B HACTOSIIUI MOMEHT He sIBJIsIeTCs] 0€3yCIOBHBIM ITPU3HAKOM HOBU3HBI
U paHee ucciieqoBanach B [6—10].

BMmecte ¢ TeM B HacTosmiel paboTe aBTOpaMU MPUMEHSIOTCS TOJIBKO COOCTBEHHBIE BBIUYUCIUTEIbHbIC
anroputMsl [11-15] u coOcTBeHHas KOMIbBIOTEpPHAs IPOrpaMMa, 4TO JAeT ONpE/AEICHHbIE IPEUMYyIIEeCTBa
Cpelr KOTOPBIX IOJIHOE 3HAHHWE JIeTajlell aJrOpUTMa, BO3MOKHOCTh JIEFTKOTO BHECEHUS HEOOXOAMMOIO U3-
MEHEHHS B IPOTrpaMMHbIE MOYJIH, HHOTJa OPUEHTUPOBAHHBIE Ja’ke€ HA KOHKPETHBIE 3aJauH.

Hcnonp3oBanne cOOCTBEHHON KOMITBIOTEPHOI MPOTrpaMMbl, KOHEYHO, HE TapaHTUPYET HAyYHYIO HO-
BU3HY, MHOTHE 3JIEMEHTHI aJITOPUTMOB MTOBTOPSIOT OOIIENIPUHATHIE TT0X0/1bl. Hanbomnbiiee BHUMaHuE yae-
JIEHO TE€M JIEMEHTaM KOMIIbIOTEPHOM NMPOrpaMMbl M aJlTOPUTMa, KOTOPbIE aBTOPBI CYMTAIOT HOBBIMHU: pabo-
Ta C HANPSDKEHUSMU B TJI00aJIbHOM CUCTEME KOOPIUHAT, HECMOTPSI Ha pacCMOTpPEHHE OOJIbIINX MepeMelie-
HUH, U YIVIOB IOBOPOTA; KOHTPOIIb PE3YJIbTATOB PELICHHs C UCIIOIb30BAHUEM IOHATHUS «LIEHTpa Macc»; UC-
M0JIb30BaHUE PAaBHOMEPHOW KOHEUHO-JIEMEHTHOM CETKU B Hayalle pelIeHHUs], BO3SMOXKHOCTb PaCCMOTPEHUS
IUTACTUYECKUX CABUIOB JIIIb HA TEX IUIOLIA/IKAX, [J€ MPEBBILIEH MPEAEI YIPYTOCTH.

B nccnenoBannm aBTOphI OTPaHUUMIMCH PACCMOTPEHUEM IUIOCKOH 1eopMannu, yCIOBHEM HACTYyILIE-
HUS TEKY4YECTH 10 MAKCUMAJIBHBIM KacaTeJIbHBIM HampspkeHusM. [IpennmaraeMslil alnroputM OpHUEHTUPOBAH
Ha aJIeKBaTHOE OTOOpa)KEHUE CIIEAYIOIUX OCOOEHHOCTEH MOBeIeHHsI pacueTHOM Mojenu: Oojble rnepe-
MEILEHNUS, YIIIbl I0OBOPOTA; OoJbIINe AeOpMaLK; OTOOPAXKEHUE BOJIHOBBIX IIPOLIECCOB; OTOOpaXKeHUE MPo-
LIECCOB pa3rpy3KH, €CIM TaKoBas UMEET MECTO B KaKOW-IMOO 00JacTy pacueTHOM CXeMbl; MOAEIMPOBAHUE
cBOOOHOTO ToeTa; GOpMUPOBAaHHE KOHTAKTHBIX YCHJIMIA C HCIIOJIB30BaHUEM 3aKoHa TpeHus 1o Kymnony.

JaneHeliee n3nokeHue OyaeM BeCTH Ha TIPUMEPE TOCTATOYHO CIIOKHOW MOJEIHHOU 3amaud, Jesias
pU HEOOXOMMOCTH TEOPETHUECKUE OTCTYTIIICHHUS.

ABTOpaMU UCHOJIB3YETCS MPOCTEHIINN KOHEUHBIH IEMEHT C JIMHEHHBIM 3aKOHOM I IEPEMELICHUN U
MIOCTOSIHHBIMU HAIIPSDKEHUSAMU BHYTPH djeMeHTa. HenocraTku 3T0il MOEIN XOPOLIO U3BECTHBI U IIPEO0-
JIEBAIOTCS IIPEXKE BCErO B CTYIICHUU CETKU.

2. MeTon peuienust

2.1. Humezpupoeanue ypagnenuil 08uicenus

Hcnonp3yeTcs siBHAs BBIYMCIUTENbHAS CXeMa WHTETPUPOBAHMS YPAaBHEHUN JBIKCHHS C SKCTPAIIOIs-
uuei no Anamcy. Pacnipenenennas Macca 3aMeHAETCS TOUEYHBIMM MaccaMU B y3JaX KOHEYHO-3JIEMEHTHON
ceTku. Ha xakloM BpeMEHHOM I1are HeoOX0AUMO JIHMILb OMPEEIUTh COCPEIOTOUCHHbIE CUIIbI, JeHCTBYIO-
e Ha ToueuyHble Macchl. [Ipumenenue 2-ro 3akoHa HeloToHA gaeT coOTBETCTBYIOLIME yCKOpeHus. [ab-
Helmas mporeypa BEIUMCIEHUH ONMrMcaHa BO MHOTHX Hammx nmyOmukanusx [11-15], mostomy monpobuee
Ha Hell OCTaHABJIMBATHCS HE Oynem.

SIBHas cxema He TpeOyeT peIIeHUs CHUCTeMbl JHHEHHBIX ypaBHEHHH, HO TpeOyeT HCIHOIb30BaHUS
KpaleC MaJIbIX 1IaroB 110 BpEMEHU, YTO, KaK HU CTPaHHO, MOXXHO OTHCCTH KaK K HEIOCTATKaM, TaK 1 K IIPEC-
HMYUICCTBAM MCTO/1A. HpeI/IMYHICCTBa — T'apaHTUPOBAHHOC OTPAKCHUC BOJIHOBLIX IPONCCCOB U TOYHAA
¢bukcanus o BpeMEeHH Mepexo/ia B INIAaCTUYECKOE COCTOSIHUE WM BBIXOJA U3 HETO.

2.2. Onucanue pacuemmnoii cxemul YUCJ1eHHO20 npumepa

Ha puc. 1 npencrasiena miockas pacyeTHasi CXema.

[IpuBenem monHbIE XapaKTEPUCTHKH pacdyeTHOW cxeMbl. Martepuan Oanku (ToyHee OAJKM CTEHKH)
MaKCHUMallbHO MPUOIHKEH K 0ObIYHOMN cTanmu 3, Moyiibs ynpyroctu £ = 2 000 000 kr/cm?, ko3 duiuent
I[Tyaccona p = 0,25, ynensHslit Bec 0,00785 Kr/cM®, TIpejien TEKy4eCTH TIpH pacTsikeHnn 2400 kr/cm?.

Koaddurnuent tpenns Kymnona no kontaktHol moBepxHoctr 0,35. Yrop abCcoMIOTHO KECTKHMA, HEMO-
JIBUKHBIN.

Ckopoctb nagenus 6anku npunATa 80 M/C, 4TO MPUMEPHO COOTBETCTBYET YCTAHOBHBIICHCS CKOPOCTH
nasieHust HeOOJBIIOTO TpeIMeTa B BO3AYIIHOM cpene. Jlo Hauana KacaHus HANpsDKEHUS B IJIACTUHE MpPaK-
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THUUYECKH OTCYTCTBYIOT, HO AE€HCTBYET COOCTBEHHBIH BeC. BHyTpeHHee TpeHHe B MaTepHaie He yUUThIBAET-
Csl, €CJIM HE CYUTATh, KOHEYHO, KOJIOCCAIIbHON MTOTEPU SHEPTUH NPH IJIACTUYECKOM nedopMaliuu, KoTopas u
racuT OOJIBIIYIO YacTh HAYaJIbHOW KHHETUYECKOH SHEPIUH IUIACTHHBI.

10 cm

10cm —— 10em —+ 20 em

Puc. 1. PacuetHas cxema ¢ camoii rpy6oii ceTkoii (800 KOHEUHBIX 371€MEHTOB)

U ¢ To 4 H u k: BeimosiHeHo A.B. IlIteiiHom

Figure 1. Calculation model with the coarsest grid (800 finite elements)
Source: compiled by A.V. Shtein

2.3. Moodenuposanue KOHMAKMHBIX YCUNUTL

KonrtakTHOE B3auMozeiicTBHE MOXKET OBITH PACCMOTPEHO BO MHOTHX, B TOM YHCIIE IIHUPOKO YIOTPEO-
JSEMBIX B HACTOSIIEE BpeMs IPOrpaMMHBIX KOHEYHO-3JIEMEHTHBIX KoMmIuiekcax, Hampumep LS-DYNA,
NASTRAN wu ap. B namux pannux myonukanusx [12; 15] npuBoauTcst BapuaHT BEIYUCICHHS] KOHTaKTHBIX
YCHIINH, KOTOPBIN MCIIONIB3YETCs B JaHHOM padoTe. B mocienHeit u3 ynoMsiHy THIX ITyOJIMKannii KOHTAKTHBIE
CHWJIBI BBIYUCIISIOTCS ISl TpEXMEpHOro ciydasi. YToObl He MOBTOPSTH COEpkKaHUE paHee OMmyOIMKOBAaHHOTO
Marepuaia, OrpaHUYUMCS JIUIIb KPATKUM U3JI0)KEHHEM ydeTa KOHTAKTHOTO B3aUMOJIEHCTBHUS.

Kacanue BHEITHHMX y3JI0B OJTHOTO Teja (B HAIleM Cliydae 3TO OyAeT IJIacTUHA) ¢ YYaCTKaMH T'PaHMIIBI
Jpyroro Tena (B HaIeM ciiyyae 3T0 Oy/AeT YNop) OCYIIECTBISETCS Yepe3 HEKOTOphIE MPYKHUHBI (KOHTAKT-
HBIE KEeCTKOCTH). HopMmanbHas cocTaBisitonias KOHTAKTHOW CHIIBI CUMTAETCS MPOMOPLIUOHATBLHON TITyOnHe
NPOHUKHOBEHHS BHEIIHETO y3/a BriyOb rpaHuibl Tena. KacarembHas cOCTaBISIOMAS KOHTAKTHOM CHIIBI
HaKaIUIMBaeTcs NPU CMEILEHUH y3J1a BJI0JIb JMHUM KOHTakTa. Korja oHa jocturaer npeneinbHOro 3HauYeHust
o KysnoHy, HauMHaeTCsl CKOJIBXEHHUE MO JIMHUU CONPUKOCHOBEHUS. KOHTaKTHOE B3aUMOJAEMCTBUE MOKET
HACTYIIaTh, IPEKPALATHCSI U CHOBA BO3HHMKATh B IIpoLEcce cyeTa. Bee 3TH omepanuy eCTECTBEHHO BBINOJI-
HAIOTCS aBTOMaTH4ecKU. Ha BpIUMCIIEHUSI KOHTAKTHBIX CHUJI TPATUTCS ONPEACIEHHOE POIIECCOPHOE BpEMSI.
C yBeJIMYEHHEM KECTKOCTH KOHTAaKTHBIX MPYKMH TOYHOCTh MOJECIMPOBAHUS KOHTAKTHOTO B3aMMOJECH-
CTBHUSI MTOBBIIIAETCA, TAK KAK YMEHbILIAETCS 3a30P MEXKAY CONPUKACAIOIIUMUCS T€aMU, KOTOPBIN B Ujieale
JOJDKEH BOOOIIEe OTCYTCTBOBaTh. OIHAKO yBEIMYEHHE KOHTAKTHBIX JKECTKOCTEH MPHUBOIUT K HEOOXOAU-
MOCTH YMEHBILIECHUS IIara HHTETPUPOBAHUS, TOATOMY 3/1€Ch IPUXOAUTCSA UATH Ha HEKOTOPBIM KOMIIPO-
mucc. KacarenpHas 1 HOpMajbHas )KECTKOCTH JJI PACCMAaTPUBAEMbIX MPUMEPOB OBIIN MPHUHSATHI paB-
HeIMA 2 X 10° kr/cMm ¥ 115 Bcex TUIOB ceTKU. ITOCKONBKY € YMEHBIIEHHEM pa3Mepa KOHEUHOTO SIeMEHTa
KOJIMYECTBO MPY>KUH Ha €IMHUIY JUTMHBI KOHTAKTHOT'O B3aMMOZEHcTBHs OyneT BO3pacTaTh, MOKHO TOBO-
PHUTH O TOM, YTO CO CTYUIEHHUEM CETKH KOHEUYHBIX 3JIEMEHTOB TOYHOCTh KOHTAaKTHOTO B3aUMOJACHCTBUS TaK-
e BO3pacTaer.
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2.4. ITopsadok eviuucnenus y3noevix peakyuii 6 KOHEYHOM dJ1eMeHme

Hcnonb30BaH MpOCTEHIINI TPEYrOIbHBIA KOHEUHBINA 3JIEMEHT C JIMHEHHBIM II0JIEM IEPEMEIEHUI U
COOTBETCTBEHHO IOCTOSHHBIMU M0 00beMy HanpspkeHusAMH. Koraa HanpspkeHus B 9JIEMEHTE U3BECTHBI, Y3-
JIOBBIE PEAKIIMU JIETKO ompenesatorces. Ha 3Toil crannapTHON 11 METO/1a KOHEYHBIX JIEMEHTOB MPOLEAype
He OyJIeM OCTaHaBJIMBAThCsl, COCPEJOTOUMBILIUCH HA aJITOPUTME BBIUMCIICHHS HAIPSKEHUH B SJIEMEHTE.

B Hameil Moziesnu HanpsHKEHUs] He MOTYT OBbITh HOJTy4€Hbl HEOCPEACTBEHHO 110 3HAYEHUAM JepopMma-
11, HO 3aBUCAT OT UCTOPUU UX HAKOIUIEHUs. byeM fajiee MCXOQUTh U3 TOTO, YTO LIAru 10 BPEMEHU BECh-
Ma MaJbl, COOTBETCTBEHHO, MAJIBIMHU SIBJISIFOTCS U NPHpAIleHus JepopMaliiil Ha KaXkJJoM Iare.

CHavana mo npupameHusM CMEHICHUH y3JI0B Ha JAHHOM ILAre ONpPEIEINSIOTCS COOTBETCTBYIOLIHE
NpUpaIeHNs HaNpsDKeHni. DTo Jies1aeTcsl TOYHO Tak ke, Kak B OObIYHOM JHMHeiHoM 3agaue. [IpaBna, 31ech
CIEeNyeT UCIOJIb30BaTh KOOPAUHATHI Y3JI0B, KOTOPBIE UMEET CUCTEMA B PaCCMaTPUBAEMBbIi MOMEHT Bpe-
MEHH.

ITosy4eHHbIe pUPALIEHHS HAIPSOHKEHUH 100aBISIOTCSA K HANPSOKEHHMSIM TEKYIIEro I1ara U Mojy4aroT-
Cs1 MCTIPaBJICHHbIC HAIIPSDKEHUs. 3/1€Ch YA00OHO, YTOOBI HANPSKEHUS U UX 100aBKU ObUIM 3allUCAHBI IS Of1-
HOM CUCTEMBI KOOPAMHAT, YTO U PEAIM30BAHO B HAILIEM aJITOPUTME.

Jlanee BBIYMCIISIOTCA TJIaBHBIE HANPSKEHUS U BBIIOIHAETCS IPOBEPKA HA IPEBBILICHUE MaKCHUMallb-
HBIX KaCaTEJIbHBIX HANPSKCHUN:

01 =03 O

<T,.=—; 1
5 T (1
0, — 03 Or .

—- 2 <. =—1; 2
2 =" (2)
0, — 03 Op

—_ 2 <, =—1, 3
%<, = G)

rie 6,, 6,, Gy — 3HAUCHUs [VIABHBIX HANPSDKEHMM TEKYIIEro 1iara, 6; — Ipezes TeKy4ecTd MaTepuana.
Kak Ob1J10 cKa3aHO BbIIIE, B JAHHOW padoTe aBTOPHI OTPaHHUYMWINCH KPUTEPHUEM TUIACTHYHOCTH HauOOJIbIIIe-
IO KacaTeJIbHOTO HAMPSKEHUS.

Ecnu Bce Tpu HepaBeHCTBA BBIMOJIHAIOTCS, 3TO Oy/AeT 03HaYaTh, YTO HA TAHHOM IIare KOHEYHBIH 3ie-
MEHT pabOTaeT KaK yNpyrdil U He HYKHO BHOCHUTh KOPPEKTUPOBKY B 3Ha4YeHHUs HampsbkeHui. Ecnmu Hepa-
BeHCTBO (1) He BhIMONHsETCs (IPAKTUYECKM HamOOolee 4acThlil cilydail), cielyeT yMEHbIIUTh G, M Ha

CTOJIBKO K€ YBEJIMUYHUTh G5, 4YTOOBI HEpaBeHCTBO (1) mpeBpaTHIOCHh B paBeHCTBO. [laee HEOOXOIUMO HPO-

BEPUTH OCTAJIbHBIE HEPABEHCTBA U B CIIydae MX HapylIeHHs (BeChbMa PEIKHUU CIIydail) COOTBETCTBYIOIIUM
00pa3oM OTKOPPEKTHPOBATH 3HAUYEHUS TJIaBHBIX HaNpshKeHWH. Ecnu HapylieHne HepaBeHCTB UMENI0 MECTO,
cienyeT 3aUKCUPOBaTh, YTO HA JIAHHOM IIare B JIAaHHOM 3JIEMEHTE MPOUCXOJAT IIacTUIeCKue nedopma-
uuu. Ilocie KOppeKTHPOBKM TJABHBIX HANpsHKEHUM HEOOXOIMMO clielaTh OYEBUIHYIO KOPPEKTHPOBKY
HANPsOKEHUN HAa UCXOAHBIX MJIOUIAaIKaX.

Ha xaxxnom 1mare HeoOX0AMMO €11e ONpeAeTUTh TOBOPOT 3JIEMEHTA KaK KECTKOro IEeJIOro mo ¢popmy-

1{dv OJu
jJe o =—| — ——
2{ox 9y
1 BEPTHKAJILHOW OCH Ha TEKYIIEM Illare HHTErPUPOBAHHS.

Hax TOJIbKO YTO MOSYyYEHHBIMH 3HAYCHHUSIMH HATPSDKEHHUN TPH MOMOIIH yIJIa 0 CJICAYET BBIIOIHUTD

, TAC U U vV — HpUpPALICHUA HCpCMGH_ICHI/Iﬁ TOYCK OJICMCHTA BIOJIb FOpH3OHTaHLHOI>'I

npeobpasoBanue MoBopoTa. Takum 06pasom, Halll aAIrOPUTM HACTPOEH Ha MOJIYYEHHE HANPSUKEHUH G, , G,

T xy B HCTIOABUKHBIX OCAX KOOPAWHAT X U ). ITocne Toro xak HAIIPAKCHUSA B 3JICMCHTC OIIPEACTINIINCh, MOXXHO

HaWUTH Y3J0BBIC pCAKIIMU B KOHCUHOM J3JICMCHTC 110 U3BECTHOM MCTOANKEC, KOTOPYIO HE 6YI[CM IMOBTOPATD.
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3. PesyabTaTsl

B paznene 3 noapoOHO onucaH npuMep Uil YUCIEHHOr0 aHanu3a. MoienupoBaHye BBIOIHSIIOCH IS
TPEX KOHEUHO-3JIEMEHTHBIX CETOK.

I'py6as ceTka, pa3Mep KareTa TpeyrojabHOro 3J1eMeHTa — 1 cM, KoauuecTBo 31eMeHToB — 800.

Cpennss ceTka, pa3Mep Karera TpeyrojibHoro anemenra — 0,25 cM, KOJUYECTBO 3JIEMEHTOB —
12 800.

Menkasi ceTka, pa3Mep Kareta TpeyroiprHoro snementa — 0,0625 cM, KOIUYECTBO 3IEMEHTOB —
248 000.

O06o03HaueHme ceTOK Tpy0dast, CpeaHs U Melkasi OyIeT Jlajee HCIoIb30BaThesl B TekeTe. Crymas CeTKy,
aBTOPBI KOX/IbIN pa3 yMEHbIIAIN JIMHEWHBIN pa3Mep 3J1eMeHTa B 4 pasa.

Ecnu roBoputh 0 BpeMeHHU, KOTOpPOE 3aTpaunMBaeT KOMIBIOTEpP HA PELICHUE IpUMepa, TO Mepexoi OT
rpyOoii ceTku K MeNKoil TpeOyeT yBelIudeHus: 3TOro BpeMeHu npuMepHo B 4 096 pas. 3aeck Haj0 UMETH B
BUY, YTO TIPH Tepexoje K 0oiee MENKOH CeTKe He TOJBKO BO3PACTAET KOJMYECTBO AJIEMEHTOB, HO U
YMEHBIIAETCs IIar HHTETpupoBanus B 4 pasza. Ecnu npu ncnonb30BaHuM rpy0o0il CETKH U3MEpSIeTCsl CeKyH-
JlaMH, TO IIPHU MCIIOJIb30BAHUU MEJKOM CETKH TPEOYIOTCS YK€ CyTKH pabOThl KOMIIbIOTEpA. DTH AaHHBIE CO-
OTBETCTBYIOT HCHOJb30BaHUIO OOBIYHOTO KOMIBIOTEpa ¢ TakToBO# wactoroi 3,6 GHz. Bombmoe Bpems
TPATUTCS TAKXK€ Ha CO3/1aHUE KOMIIbIOTEPHOIN aHUMAalUU U rpaMKOB, €CIIU 3TH JIHCTBUS BBIOIHSIIOTCS.

3.1. Cxo0umocms npu c2yuieHuU cemKu KOHEUHbIX IJ1eMEHM OB

CHayasia pacCMOTPUM CXOAMMOCTH IO MPOCTPAHCTBEHHOW KoopauHate. B Tabi. 1 moka3zaHbl cOCTOS-
HUA cucTeMbl B MoMeHT Bpemenu ¢ = 0,0005 ¢ momenTa kacanusi ynopa. Kak MOXHO BUJETh, TPH CETKU
JAIOT ONM3KUH PE3yJIbTaT ¢ TOYKH 3pEHUS OOIIETO COCTOSHUS OANKH. Y TOBICTBOPUTEIHLHO COBIAIAIOT 00-
nactu KacaHusa. CBETJIBIM IIBETOM Ha PHCYHKaX OTMEYEHBI 3JIEMEHTHI, KOTOPBIE B TEKYIIUl MOMEHT BpeMe-
HU HAaXOJSTCS B COCTOSTHUH IJIACTUYECKOT0 TeueHus. O0IacTu, 3aXBaYyeHHbIC IJIACTUYECKUMU JiehopMariu-
SIMU JIJ1s1 CPEAHEH U MEITKOH CETKH, YJOBJIETBOPUTEIHHO COBManarT. Takum oOpa3oM, gaHHbie Tabd. 1 cBu-
JIETEIbCTBYIOT O HAJTMYMM CXOAUMOCTH 10 POCTPAHCTBEHHOM KoopauHare. B Tabiuie naHbl 3HaueHU 11a-
T'OB 110 BPEMEHH, KOTOPbIE UCII0JIb30BaHbI PH YHCICHHOM HHTETPUPOBaHUU.

K coxanenuto, B cTaThe HET BO3MOXXHOCTH BOCTIPOM3BECTH KOMIIBIOTEPHYIO aHIUMAIIHIO, KOTOpast peau-
30BaHa B IIPOrpaMMe U JIaeT JIydlliee MPe/ICTaBICHUE O XapaKTepe MCCIIETyEeMOro ABKCHUS, YeM OTeNbHbIC
PHCYHKH.

B Tabn. 2 npencraBieHa Oanka, HAXOJAIIASACS B COCTOSIHUM CBOOOAHOrO IOJIETA IOCIE OTCKOKAa OT
ynopa.

Kak BunHO, ouepranus rpadukoB (UCKII0Yas YCKOPEHUs, UX 00CYIUM MO03%Ke) BU3YaJIbHO COBIIAJIAIOT.
Ha xaxnom rpaduxe mmerorcss Tpu mudpsl — MaKCHMaJIbHOE, TEKyIlee 1 MHHUMAJIbHOE 3HauY€HHE, YTO
MO3BOJISIET YCTAaHOBUTH MaciuTad rpaduka. KoHTpoas TOUHOCTH y100HO MPOU3BOAUTH 110 MAKCUMAIBHBIM U
MUHHMAaJIbHBIM 3Ha4eHUSIM. MaKkCcUMalbHbIE TIEPEMEIICHUS ISl IBYX CETOK OTJIMYAIOTCs Ha 8 %, 3HAUCHUS
cKopocTH — Ha 2 %.

CXoauMOCTh /ISl YCKOPEHUH CYIIECTBEHHO XYK€, MaKCUMAallbHbIC 3HAYCHHs OTIMYaroTcs Ha 34 %,
ouepTaHus rpadUKoB JajJeKo HE MOJHOCThIO COBNAAa0T. BoobIe mpu cryiieHu CeTKH YCKOPEHHs B KOH-
KPETHOM TOYKE MPH yJapHBIX BO3AECHCTBHIX HEOTPAaHUUEHHO BO3PACTAIOT. MeTO | YMCIEHHOTO UHTETPUPO-
BaHU, KOTOPBIH 371eCh UCIIOJIb3YETCs, OTPAXKAET U CaMble BHICOKOYACTOTHBIE KOJICOaHUs, KOTOPbIE MPOHC-
XOJSIT B pacueTHO# cxeme. UeM MeHbIe pa3Mepbl KOHEYHBIX 3JI€MEHTOB, TeM 0oJjble OyIyT 4acTOThI CO-
OTBETCTBYIOIIMX BBICIINX (OPM U OOJIbIIE YCKOPEHHE KOHKPETHOTO y3J1a PacueTHON CXeMBbI. JTa 0COOCH-
HOCTh pacCMOTpeHa B Hamiel myonmkanuu [14]. Takum 00pa3oM, UCTIONB30BaHUE YCKOPSHHUS y3JIa JJIsl aHa-
732 CXOAMMOCTH HE UMEET B IaHHOM CITy4yae CMBICIIA.
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Tabnuya 1/ Table 1

O0sacTh, 3aXBaueHHasl IVIaCTHYecKUMH AedopmanusiMu B MoMeHT Bpemenu 0,0005 ¢
¢ HAYaJ1a KacaHUsl yIopa Npu pa3ju4yHbIX pa3Mepax KOHEYHBIX 3J1eMEeHTOB /
The area captured by plastic deformations at a time of 0.0005 s
from the beginning of the contact with the stop at various sizes of the finite elements

Ha3BaHue ceTKHu
KoJ/1-B0O KOHEYHBIX 3J1eMEHTOB /
Name of the grid Number
of finite elements

CocTosiHNe VIACTHHBI U 00J1aCTh, I/1e IPOUCXOAAT MJIACTHYECKHe
aedopManuy B TEKyLIHi MOMEHT BpeMeHH /
The state of the plate and the area where plastic deformations occur
at the current time

I'py6Gas cerka 800 snemeHTOB /
Coarse grid of 800 elements

Hlar no Bpemenu Dt = 0,000000256 ¢ /
Time step Dt = 0.000000256 s

Cpennsist cetka 12 800 anemeHTOB /
The Medium grid of 12,800 elements

Ilar no Bpemenu Dt = 0,000000064 ¢ /
Time step Dt = 0.000000064 s

Meinxkas cetka 204 800 >;meMeHTOB /
Fine grid of 204800 elements

lar no Bpemenu Dt = 0,000000016 ¢ /
Time step Dt = 0.000000016 s

U ¢ 1o 4 H u k: BeionHeHO A.B. Teiinom
Source: compiled by A.V. Shtein
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Tabnuya 2 / Table 2

Basnka B cocTosiHMM CBOOOHOTO 110JI€Ta MOCJe 0TCKOKa, MOoMeHT Bpemenn 0,02 ¢
¢ HaYaJa cyeTa NPHU Pa3jUYHbIX pa3Mepax KOHEYHBIX 3JIEeMEHTOB
The beam in a state of free flight after rebound, at a time of 0.02 s
since the beginning of counting for various sizes of finite elements

Ha3Banmue ceTkn

KoJ/1-B0 KOHEYHBIX 3J1eMEHTOB /
Name of the grid Number of finite elements

CocTosiHue IIACTHHBI /
The state of the plate

I'py0as cetka 800 smemeHTOB /
Coarse grid of 800 elements

[ar o Bpemenu Dt = 0,000000256 ¢ /
Time step Dt = 0.000000256 s

Cpennsisi cetka 12 800 snemeHTOB /
Medium grid of 12,800 items

[ar o Bpemenu Dt = 0,000000064 ¢ /
Time step Dt = 0.000000064 s

Menxkas cetka 204 800 amemeHTOB /
Fine grid of 204,800 elements

[ar o Bpemenu Dt = 0,000000016 ¢ /
Time step Dt = 0.000000016 s

W ctodnuk: BeimonHeHo A.B. Hlreiinom /
Source: compiled by A.V. Shtein

Jnst Toro 4yTOOBI BCE ke JaTh OLIEHKY YCKOPEHHUH ¢ TOYKH 3PEHHs] CXOAMMOCTH, MOKHO MPEIOKUTD

OCYILIECTBIISITH CICKEHHE 32 YCKOPEHHEM IIeHTpa Macc Oanku. ['paduk ycKopeHus 1ieHTpa Macc OallKu MpH-
BEJICH B HIOKHEH cTpoke Tabi. 3. Kak BuaHO, 371ech cX0aUMOCTh HaOmonaetrcs. BooOiie roBops, U3 pacuer-
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HOM CXeMBI MOYKHO BBIpE3aTh U HEKOTOPYIO 00JIaCTh M paccMaTpUBaTh IIEHTP Macc 3Toi obmactu. Ilo cy-
IIECTBY, 37€Ch MOJIYYUM HEKOTOPOE YCPEAHEHUE YCKOPEHHUs 10 BBIOpaHHOM 00IacTy.

Jlanee paccMOTPUM CXOAMMOCTB JJIsl HATIPSDKEHUM MpU cryiieHuu ceTku. [Ipusenem rpaduku neporo
IJIABHOTO PACTATUBAIOLIETO HANpsDKeHUs (Talul. 4) Aisl cpeHed M MENKOW CeTKH. DJIeMEHTBI, B KOTOPBIX
OTIPEIEIISIFOTCS HAPSDKEHHMS, TOKa3aHbl B HUO)KHEH CTpoke Tadd. 4.

Tabauya 3 / Table 3

Iepememenne, CKOPOCTh, yCKOPEHHE JIEBOIi BEPXHEi YI10BOil TOYKH IUIACTHHBI 110 BEPTHKAJIH,
yckopeHue neHTpa Mmacc. CpeaHsisi ¥ MeJIKasi CeTKH /
Vertical displacement, velocity, acceleration of the upper left corner point of the plate vertically,
acceleration of the center of mass. Medium and fine grids

Cpenuss cetka / Medium grid Menkasn cerka / Fine grid

x 25 x 410

max = 0.000E+00 max = - 128E-03

- 303E+07 - 280E+07
min = - 303E+01 min = -. 280E+01
i 25762 1 410242
x s7e max = - 196E+04 * max = - 192E+04
- 196E+04 - 192E+04
min = - 30EE+04 min = - 302E+04

max = 0.852E+08
0 5925+07
min = - 981E+03 o o

x2 -2 min = - 381E+03

max = 0.880E+08
0 APEE+OT

U ¢ o 4 H u k: BeimonHeHo A.B. HIteiinom /
Source: compiled by A.V. Shtein
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Tabnuya 4 / Table 4
IepBble riapHble HANPSIZKEHUs B TPeX TOYKAX MJIACTHHBI /
The first principal stresses at three points of the plate
Cpennsis cerka / Medium grid Meuaxas cerka / Fine grid

max = 0.250E+04

W™ 0. 243E+04
e ‘-'—'-\_‘. max = 0.285E+04 min = - B83E+02
0.235E+04

min = - 934E+02

sigt_tre Y0840 sigi_tre 332960

m = +i
max = 0.787TE+04 A A T
0.200E+04
0.200E+04 3
. min = - 105+,
min = . 495E+0 P o 3 7
s.=g.f_:7\1 .fv:rw gT_trg JTRFTLT

Pty max = 0.508E+04 . Y max = 0.508E+04

sig?_tB ] 25d%7 - 174E+03 sig1_tiel 25471 - 1745403
. min = - 360E+05 min = -.360E+05

W ctouH uK: BeimoiHeHo A.B. Illteitnom /
Source: compiled by A.V. Shtein

W3 anmanusa JaHHBIX TabiI. 4 BUAHO, UYTO U OJId HaHpH)KeHI/Iﬁ HMECTCA CXOOAUMOCTDh IPU CryHICHHUHN
ceTkd. CyIECTBEHHO JyYIlUil pe3yJbTaT oJydaeTcs 1JIs TOUYKH, JIeKaIIel Ha cepeluHe OaJIKy 110 BBICOTE
(pacxoxneHue MeHee 2 %), XyXke pe3ynbTar il BepXHel 1 HukHel Touek. OObsICHEHHE 3/1eCh 3aKItoua-
€TCA B TOM, YTO BEPX U HU3 IJIACTUHBI — 3TO obmacTv ¢ PE3KUM U3MCHCHUEM HaHpH)KeHI/Iﬁ " 341€Ch B I10JI-
HON Mepe MpOsIBIAIOTCA Ae(EKTh TPEYTrOJbHOIO 3/IeMeHTa. Takke HaJo UMETh B BHIY, 4TO (hPaKTHUECKU
UJIET CPaBHEHUE HANpPsDKEHUH B pa3HbIX TOUKaX. PazinnuHoe 1MoiojkeHne TOUEK CIICKEHUS 33 HAIPSDKEHMs-
MU IPOWIIIOCTPUPOBAHO HA PUC. 2 ISl CPEHEN U MEIIKOH CETOK.
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Puc. 2. [lonoxxeHne rpaHIIHON TOYKY IS CPEAHEN U MEITKON CeTKH
W ¢ T o 4 H uK: BeinonHeHo A.B. IllteitHom

Figure 2. The position of the boundary point for the medium and fine grid
Source: compiled by A.V. Shtein

HO,I[BO,[[SI HUTOT', MOXHO KOHCTAaTUPOBATh, UYTO IJIA HaHpH)KCHI/Iﬁ CXO0OUMOCTD, ITYCTh HEC B JIYUIIEM BUIC,
HO NOCTUTHYTA.

3.2. Hceneoosanue cxo0umocmu npu yMeHbUIeHUN Wiaza UHMeZPUPOSaHusl

Janee nepeiiieM K MCCIEIOBAaHUIO CXOJAMMOCTH 10 BpeMEHHOMY Iary. byjem mcnonb3oBaTh TOT ke
BPEMEHHOHN OTPE30K, YTO U MPHU UCCIEIOBAHUN CXOJAUMOCTH 10 HAMIPSHKEHUSM U CPETHIOI0 CETKY.

B Tabn. 5 npuBeneHsl YNCICHHbBIE PE3yJIbTaThl PELICHNUs, TOMYyYCHHBIC TIPH TPEX 3HAUYEHUIX IIara WH-
terpupoBanus Ar=6,410-107%, % 71 % . [lpuBoasTCS MakcMManbHBIE TIO MOJYJIIO 3HAYCHUS, B3ATHIE
¢ rpadukoB. Kunemarnueckne mapameTpsl ONPeIesINCh Ui JIE€BOM BEpXHEH TOYKH TUIACTUHBI, TOYKH JIJIS
omnpezesieHUs] HaNpsHKeHUH MOKa3aHbl B HUKHEH cTpoke Tadd. 4.

Tabnuya 5/ Table 5

HccaenoBanue cXoquMoCTH MpA YMEHbIICHVHA Iara MHTErpUPOBAHUA 110 BpEMEHMU.
Cmeme}me, CKOPOCTb U YCKOpeHUue JIeBOii BerHeﬁ TOYKHM IJIACTUHBIL. ['1aBHbIE HaNpsAKEHUs B TPeX TOYKaAX /

Investigation of convergence with decreasing integration step in time.
Displacement, velocity, and acceleration of the upper left point of the plate. Principal stresses are at three points

Illar HTErPHPOBANMSL, CEKYH/IbI / 6.410-10 -3 3,205-10° 1,300-10°
Integration step, seconds

Cwmemenue, cM / Displacement, cm -0,303 - 10 -0,303- 10 -0,303 - 10
Cxopocts, cM/c / Velocity, cm/c —0,906 - 10* —0,906 - 10* —0,906 - 10*
Vckopenue, cm/c?/ Acceleration, cm/c? -0,352-10° —0,348 - 10° -0,349 - 10°
o, Bepx, kr/cm® / 6, upper, kg/cm? 0,285 - 10* 0,283 - 10* 0,283 - 10*
o, cepemmna, kr/cm’> /6, middle, kg/cm® ~0,106 - 10° —0,106 - 10° —-0,106 - 10°
o, Hu3, Kr/cm’ / o, bottom, kg/cm? ~0,360 - 10° -0,351-10° ~0,354 - 10°
o, Bepx, kr/cm®/ ¢, upper, kg/cm® -0,116 - 10* -0,119-10* —-0,120- 10*
o, cepeuna, kr/cm”/ ¢, middle, kg/cm® ~0,130 - 10° —0,130- 10° —-0,130- 10°
o, Hu3, Kr/cM? / 6, bottom, kg/cm? -0,384-10° -0,376 - 105 -0,378- 105

*[IpuBeneHbl MAKCUMAIIBHBIC TI0 MOJIYJIIO 3Ha4eHHs 3a 0Tpe3ok Bpemenu 0,00052 ¢ /
*The maximum modulo values for a time interval of 0.00052 s are given

U ¢ 1o 4 H u k: BbimonHeHo A.B. LlteiiHom / S o ur ¢ e: compiled by A.V. Shtein
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Kak BUIHO ¢ yMEHBIIEHHEM IIara IO BPEMEHH, PACXOXKACHUS JaXke JUIsl YCKOPEHMs HE MPEBBILAIOT
0,3 %. Jlns HampspkeHud pacxoxkjaeHue coctasiseT MeHee 0,8 %. Takyro cXOOUMOCTh MOXHO NPHU3HATh
XOpOILIEH, 3HAUUTEBHO JIy4lllel, YeM 110 POCTPAHCTBEHHON KOOpUHATE.

3.3. Ananu3s pe3ynbmamoeg ¢ mouKu 3peHUs MOOETUPOBAHUS 80IH Oehopmayuil

B tabmn. 6 MMpEaACTaBJICHBL I[C(I)OpMPIpOBaHHBIG COCTOAAHHA CUCTCMBI C 3HIOpOI>'I TJIaBHOI'O pacCTAruBarouic-
'O HAlIPpsDKCHUS G . B cratbe MNPUBOAATCA PUCYHKHU TOJIBKO IAJII HCCKOJBKHX MOMEHTOB BPECMCHU.

Tabnuya 6 / Table 6

JleMoHCTpaLusi BOJTHOBOI'O XapaKTepa pellieH s, SN0PbI EPBOT0 IJIABHOI0 HANPSIKeHs /
Demonstration of the wave nature of the solution, a plot of the first principal stress

MoMmeHT BpeMeHH, ¢ /

R Cocrosinne cucremsl / System state
Point in time, s

[kana ans HanpsHKEHUH /
Scale for stresses

7600.0
-800.0
-1600.
-2400.

t=0,000010096

t=0,000014135

t=0,000018173
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Ipooonscenue maon. 6 / Continuation of the Table 6

MoMeHT BpeMeHH, ¢ /
Point in time, s

Cocrosinne cucremsl / System state

1=0,000036346

o E

t=0,000040365

t=0,000044423

1=0,000048462
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Oxonuanue mabn. 6 / Ending of the Table 6

MoMeHT BpeMeHH, ¢ /

R Cocrosinne cucrembl / System state
Point in time, s

£=0,000405869

t=0,000409908

W ctounuk: BeimonHeHo A.B. Hlreiinom /
Source: compiled by A.V. Shtein

[IepBrie ueThipe prcyHKa Tabi. 6 MPeACTaBISAIOT HA4Yalo Mpoliecca coynapenus. Mcmnonb3ys ux, Mox-
HO MOJYYUTh CKOPOCTh paclpocTpaHeHus (PpoHTa BOJIHBI JAepopMalnii, KOTOpas oKa3bIBaeTcs OIU3KOM
K aHAJJUTUYECKOMY 3HAYCHHIO ISl HEOTPaHMUEHHOTO YIPYToro Teja:

E (1 - u)
———— =5476,52 m/c.
p(1-p-2u)

HCO6XOIII/IMO MOJYCPKHYTh, YTO 3HAYCHUC CKOPOCTU PACIIPOCTPAHCHHUA BOJIHBI 3aMETHO HE U3MCHMU-
JIOCh, HCCMOTPS Ha CHJIBHBIC OTCTYIIJICHUA OT 3aKOHa FYKa B MOJCJIN. Taxxe OTMCTHUM, YTO B o0JacTa Ka-
CaHMs BO3HHUKAET HANPSHKEHHOE COCTOSTHHE, OJIM3K0€ K TPEXOCHOMY THAPOCTATHYECKOMY CKATHIO.

Crnenytomue 4eTbIpe pUCYHKa Ta0Jl. 6 COOTBETCTBYIOT M3BECTHOMY IPABUITY OTPAKEHHS BOJHBI CHKa-
THUSL OT CBOOOIHOW MTOBEPXHOCTH BOJHOM pacTsbkeHus. [locieanne aBa pucyHKa OTPayKaroT CTAIHIO COIPHU-
KOCHOBEHHUS, 32 KOTOPOH cieayeT oTCKOK. CpaBHEHHUE ¢ YIPYTUM pelIeHHEeM MOKa3bIBaeT, YTO IIacTUye-
ckue nedopMaluy CyIIeCTBEHHO Y/UIMHSIOT BpeMsl KacaHus P yJape, KoTopoe okasaiock pasHo 0,00133 c.
Ecnu otkazatbest OT yuera miuactTudeckux aedopmaiiuii, Bpems conpukocHoBenus oyzaer 0,00034 c. Coot-
BCTCTBYIOHII/Iﬁ pac4dyeT aBTOPAMU BBIIIOJHAJICSA, HO B CTATHLC HC IIPUBCACH.

4. 3akiaoueHmne

1. I[IpencraBieHbl OCHOBHBIE ATAIbI U MOCJIE0BATEIHLHOCTh PEIICHUST THHAMUYECKOH 3a/1a4H O Coy/ia-
PEHMM YIPYTOIUIACTUYECKUX Tell. [l peleHusl UCIoIb30BaIach KOMIIBIOTEPHAs IPOrpaMMa, MOJTHOCTBIO
pa3paOoTaHHasi aBTOpaMH CTaThH. 33/1a4a pelieHa ¢ y4eToM OOJBIIHNX MepeMeIIeHui 1 1eopMaIuii, 10Iyc-
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KaeT pacCMOTpPEHHE CBOOOIHOTO IMOJIETa U KOHTAKTHOTO B3amMojeicTBus. [IpuBeneHHOe pemieHne HOCUT
SIBHO BBIPA)KEHHBII BOJTHOBOM XapakTep.

2. OTAMYuTENbHbIE YepThl Pa3BUBAEMOTr0 MOIX0a — MOJIy4eHHE U paboTa ¢ HaMpsHDKEHUSMU B HETO-
JBKHOW TJI00ANBHONM CHCTEME KOOPAWHAT M BO3MOKHOCTh PACCMOTPEHHS TUIACTUYECKUX CIIBUTOB JIMIIh
10 TeM IUIOIAAKaM, TJIe JOCTUTHYT Mpesied TEKyUeCTH, T.€. pacCMaTPUBAETCs CIIOKHOE 3arpyKeHue.

3. IlpuBeneH npumep YUCIEHHOIO MOAETUPOBAHMS JUIsl TUIOCKOW 3a/1a4M COYJapeHUs IUIACTUHBI C yIO-
POM, Ha OCHOBAaHUHU KOTOPOIO yAAJIOCh MPOJEMOHCTPUPOBATh YAOBICTBOPUTEIBHYIO CXOJAUMOCTb PE3yJib-
TaTOB MPH CTYIIEHUU CETKH KOHEUHBIX 3JIEMEHTOB U XOPOLIYIO CXOJUMOCTh PE3yIbTaTOB IPU YMEHbILICHUU
11ara MHTErPUPOBAHUS YPaBHEHUH JIBHKEHUS 110 BPEMEHH.

4. I[lokazaHo, 4TO AJIsl UCIIOJIb3YEMOT0 METOJ]a CXOAUMOCTbD Il YCKOPEHHUSI TOUKH IPU CTYIIEHUH CET-
KU HE MOXKET OBbITh JOCTUTHYTA U 3TO HE SBJISIETCSA MPU3HAKOM YIIEPOHOCTH METO/1a.

5. IlpeiokeHo UCIONIb30BaTh MOHATUE LIEHTPA MAcC MPH aHAINU3€ CXOJUMOCTH PEIICHUs IJIs KOHEY-
HO-3JIEMEHTHBIX CXeM OO0JIBIION pa3MepHOCTH.
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Abstract. The effect of precipitation on the pore pressure of water in the soil and the stability of the slope of an earthen dam is
investigated. The earth dam at Khac Khoan reservoir in Binh Phuoc province, Vietnam, was chosen as the case study. In doing so,
the SEEP/W and SLOPE/W modules of the GEOSTUDIO software simulate the effects of rainfall on the changes of pore-water
pressure of soil and the stability of the earth dam. Four distinct rainfall scenarios representing different intensities were used for
the analyses to assess their impact on soil pore-water pressure and stability of the earth dam. The results show that rainfall induces
notable changes in pore-water pressure and reduces slope stability, with the magnitude of these effects varying by scenario.
Among the scenarios, the moderate-intensity, prolonged rainfall (Scenario 3) exerted the most significant destabilizing influence.
Understanding how rainfall alters pore-water pressures and slope safety factors is crucial for evaluating stability under worst-case
conditions and formulating appropriate operational and maintenance strategies.
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AnHoTanus. VccnenoBaHo BIMSHEE OCAIKOB HA TIOPOBOE JaBJICHUE BOJABI B TPYHTE M YCTOHUMBOCTh OTKOCA TPYHTOBOM IUIOTHHBI.
B xadecTBe 00BbeKTa uccnenoBanus OblIa BEIOpaHa IPyHTOBAs INTOTHHA BOIOXPAHMIIMIIA XaKX0aH, PACIIONI0KEHHOTO B IPOBUHIIUH
bunbdriok, BeetHam. s MOAEIMPOBAHUS BIMSHUS OCAJKOB Ha N3MEHEHUE ITIOPOBOTO JABJICHUS BOABI B TPYHTE U YCTOWYHNBOCTh
otkoca ucnoib3opanuch Mmoaynu SEEP/W u SLOPE/W nporpammuoro obecniedennss GEOSTUDIO. AHanu3 mpoBOIWiICS Ha
OCHOBE YETHIPEX pa3jIMYHBIX CIEHAPUEB BBINAJCHUS OCAJKOB, MPEICTABISIOMNX COOOW pa3IM4Hble YPOBHU HMHTEHCHUBHOCTH.
Pesynbrarhl 1mokasaiu, 4TO OCAJKH BBI3BIBAIOT 3HAYUTENIbHbIE H3MEHEHUS B IIOPOBOM JABJICHUHU BOJBI M CHIKAIOT yCTOWYMBOCTD
OTKOCa, IIPH 3TOM CTeIeHb BO3JEHCTBUS BapbUPYETCsl B 3aBUCUMOCTH OT clieHapust. Cpean HuX HauboJbliee IecTabuin3upyolee
BJIMSIHUE OKa3aJl CIICHApUH ¢ OcaJkaMH YMEPEHHOH MHTEHCHMBHOCTH M MPOAODKUTENBHOTO Xapakrepa (Cuenapuii 3). [Tonnmanue
TOTO0, KaK OCaJIKH BJIHSIOT HA TIOPOBOE JaBieHHe U Kod(pUIHEeHTH 0€30MacCHOCTH O0TKOCa, IMEET PelIalollee 3HaYeHUEe JUIsl OLeH-
KU YCTOWYHMBOCTH B YCIIOBHSIX HAMXY/IIETO CIIEHAPHS U pa3pabOTKH COOTBETCTBYIONIMX YKCILTYyaTAIOHHBIX U POMHIAKTHYECKHX
MEpOINPHUATHH.

KuroueBble ciioBa: yCTOﬁ‘lMBOCTb OTKOCAa, BIIMAHHUE OCAJKOB Ha yCTOPI'{HBOCTb OTKOCa, YUCJIICHHOC MOACIINPOBAHUEC, JUIMTCIIbHBIC
OCaJlKH, OII0JI3CHb
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the condition of rainfall infiltration // CTpouTenbHas MexaHWKa WH)XECHEPHBIX KOHCTPYKIHUH M coopyxenuit. 2025. T.21. Ne 3.
C. 207-215. http://doi.org/10.22363/1815-5235-2025-21-3-207-215

1. Introduction

Slope instability, often manifested as landslides, poses a significant global threat, leading to substantial
economic losses and, tragically, the loss of human lives. Among the various factors that can trigger slope
failures, rainfall stands out as a primary catalyst. Intense rainstorms or prolonged periods of precipitation
can significantly alter the hydrological and mechanical conditions within soil slopes, reducing their stability
and increasing the likelihood of failure. The consequences of these events can be devastating, impacting
infrastructure, disrupting communities, and causing widespread damage. Rainfall-induced slope failures are
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particularly acute in regions like Vietnam, characterized by a tropical monsoon climate with high rainfall
intensity and prolonged wet seasons. The frequency of these events underscores the urgent need for
comprehensive research to understand the underlying mechanisms and to develop effective prediction and
mitigation strategies.

Numerous slope failures have occurred following heavy or prolonged rainfall events and have been
documented in various studies [1-4]. These landslides often occur unexpectedly, and due to the absence of
warning systems, they frequently result in significant human and economic losses. To understand the effects
of rainfall on slope stability, numerous research articles have addressed this issue [1; 3—17].

Dang et al. [18] conducted a study evaluating the conditions and causes of landslides at Van Hoi
Reservoir while considering environmental factors. In this research, the authors utilized survey measurements,
experiments, and numerical simulations to assess slope stability. The study concluded that rainfall is one of
the primary factors influencing landslides in this area. Additionally, rainfall alters the physical and mechanical
properties of soil and pore water pressure, thereby impacting slope stability. However, this study examined
the stability of natural slopes with highly permeable soil, which significantly differs from that of an earth
dam. Tong et al. [9] investigated slope stability under the influence of prolonged rainfall using numerical
simulations with GeoStudio software. This study demonstrated that rainfall significantly affects slope
stability; with greater rainfall, slope stability decreases further. Rainfall patterns such as increasing intensity
and uniform distribution have a more pronounced effect on slope instability compared to decreasing intensity
and normal distribution scenarios. Nevertheless, in their study, the extreme rainfall and cyclical rainfall
scenarios, similar to scenario 3 in this study, were not considered. Slope stability considering rainfall was
also studied by Tran et al. [19] for natural slopes in Namyangju, South Korea. The authors indicated that
under rainfall, negative pore pressure decreases, leading to reduced soil strength and an increased risk of
instability. Additionally, the study highlighted the significant correlation between soil permeability and
rainfall intensity affecting pore water pressure through the infiltration process. Rahardjo et al. [16] researched
the impact of rainfall on slope stability with a five-day continuous rainfall scenario. Pore-water pressure
was also examined under various rainfall scenarios, concluding that rainfall greatly affects slope stability.
T.N. Pham et al. [10] studied the influence of different rainfall scenarios on slopes using numerical
simulations. The authors found that both rainfall intensity and duration significantly affect pore water
pressure and slope stability. Notably, in extreme rainfall scenarios with high intensity, the safety factor
continues to decline after rainfall due to insufficient recovery time during the considered period. Despite
various rainfall patterns being considered, the research focused on natural slopes only.

It can be seen that many studies have shown that rainfall infiltration increases pore water pressure and
reduces slope stability. Nevertheless, while numerous studies have explored the impact of rainfall on
embankments or primarily focused on natural slopes, research on the effect of rainfall on earth dam slopes
remains limited. This limitation arises mainly because earth dams are constructed according to standards
with relatively low permeability coefficients and high slope ratios, making the impact of rainfall on dam
slopes less severe than on natural slopes. However, the impact of rainfall on the stability of an earth dam is
still questionable and needs to be investigated. Because the safety of earth dams is a critically important task
that requires careful and thorough consideration. Therefore, understanding the mechanisms of changes in
pore water pressure and subsequent slope stability of earth dams after rainfall is essential for preparing
measures to ensure the safety of reservoir dams, especially in areas prone to heavy rain. Accordingly, this
paper focused on studying the impact of rainfall on changes in pore water pressure and the stability of earth
dam slopes, using the Khac Khoan Reservoir earth dam case study in Binh Phuoc, Vietnam. The common
rainfall patterns in the research area were also appropriately considered, particularly for the extreme
conditions characterized by very high rainfall intensity and cyclical rainfall. To address these issues, this
paper analyzed the effect of rainfall on pore-water pressure and slope stability utilizing the SEEP/W and
SLOPE/W modules in GEOSTUDIO software.
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2. Methodology

Seepage analysis aims to calculate the variations in pore water pressure within unsaturated-saturated
soil slopes due to rainfall. The governing equation for seepage flow in homogeneous, isotropic soils is
employed to analyze these pore pressure changes. The finite element method is utilized to simulate unsteady
seepage processes within the slope using the SEEP/W module of the GeoStudio software.

(o220 2o
ox\  “ox) dyl 7oy ot
where hw is the total head; kx and k, are the hydraulic conductivity in the x-direction and y-direction,
respectively; Q is the applied boundary flux; # is time; 0 is the volumetric water content of soil.

The Soil-Water Characteristic Curve (SWCC) is typically represented as the relationship between
saturation, gravimetric water content, or volumetric water content and matric suction. In their study, Leong

and Rahardjo [19] evaluated various empirical equations and concluded that the Fredlund and Xing [21]
equation most accurately represents actual conditions, followed by the van Genuchten [22] equation.
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The Fredlund and Xing [21] equation is expressed as follows:
1
0=0,C(vy) , )

o)

where 0 is the volumetric water content; 0s is the saturated volumetric water content; 0, is the residual
volumetric water content; C(y) is the correction function; e is the natural number; y is the negative pore-
water pressure; and a, n, m are the curve fitting parameters.

The factor of safety, according to the limit equilibrium method, can be calculated using either the
moment equilibrium equation (F) or the force equilibrium equation (Fy) as follows [22]:

z{c'ﬁm{z\f—uwﬁtg‘bb+uaﬁ[1—§m}mg¢}

F - il - @)
" Aa, +> Wx—=> Nf ’
Z{c'ﬁcosoﬁ {N—uwﬁ ‘ig(bb' +ua[3(l - ig?: j} tgd'cos a}
F - go | g , )
‘ A, + ZNsma

where ¢’ is the effective cohesion; B is the length of the slice base; R is the radius of the circular slip
surface; uw is the pore-water pressure; ¢ is the effective friction angle; ¢» is the change of shear strength
with a change in suction; AL is the external water force; ar is the vertical distance from the center of the
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circular slip surface to the external water force; N is the total normal force at the base slice; fis the distance
from the center of the circular slip surface to the normal force; u. is the pore-air pressure; W is the weight
of the slice; x is the horizontal distance from the center of the circular slip surface to the centerline of
each slice.

3. Case Study

The case study is the earth dam at Binh Phuoc province, Vietnam, with the cross-section presented in
Figure 1, and the soil properties are shown in the Table.

30 — Materials
O Compacted soil
> Observation points| £ Hard clay
S, O Soft clay
o 20 — e A B Toe drain
g TRl [ Weathered soil
= N
5
K 10
0
0 10 20 30 40 50 60 70 80 90
Distance
Figure 1. Cross-section of the earth dam at Binh Phuoc province, Vietnam
S ource: made by H.P.T. Nguyen
Soil properties
Item Symbol Soft clay | Hard clay | Weathered soil | Compacted soil | Toe drain
Saturated soil unit weight Ysar (KN/m?) 17.5 19.5 17.9 20.7 24.0
Unsaturated soil unit weight Yunsar (KN/m?) 15.9 19.1 17.1 20.4 24.0
Effective cohesion ¢’ (kPa) 11 17 22 19 0
Effective friction angle o' () 11°13 15°32 17°21 16°11 36°
Saturated volumetric water content | 0, (m3/m?) 0.741 0.477 0.569 0.561 -
Residual volumetric water content 0, (m*/m>) 0.01 0.01 0.01 0.01 -
Hydraulic conductivity k (cm/s) 2.21E-04 | 3.50E-04 9.39E-05 4.50E-05 1.00E-03
Compressibility mw (kPa') 0.001 0.001 0.001 0.001 -

S ource: made by H.P.T. Nguyen

In this area, extreme rainfall with a design frequency of P = 0.5% has an intensity of 300 mm/d. Based
on this, four scenarios, illustrated in Figure 2, were considered in this study:

Scenario 1: No rainfall.

Scenario 2: Prolonged low-intensity rainfall with precipitation of 20 mm/d lasts for five days, then
stops raining.

Scenario 3: Moderate rainfall with the intensity of 100 mm/d in one day, followed by a two-day
cessation of rainfall; this cycle is repeated three times.

Scenario 4: Extreme rainfall with an intensity of 300 mm/d for one day, after which there is no
further rainfall.
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Figure 2. Four rainfall scenarios
S ource: made by H.P.T. Nguyen

4. Results and Discussion

Two observation points, namely A and B, were spotted as shown in Figure 1. Point A was at 1 m depth
from the ground surface and above the piezometric line, while point B was at 1 m depth below the
piezometric line. In general, the pore-water pressure increased during rainfall and decreased when the rain
stopped, as shown in Figure 3—5. These changes are more obvious for point A, which was located above the
piezometric line and near the ground surface. It can be seen that an increase in pore-water pressure reduced
the stability of the earth dam. In particular, under Scenario 3, the pore-water pressure shifted from negative
to positive. After the rainfall stops, pore-water pressure tends to decrease, but the time required to return to
its initial state is quite long. This behavior was observed in all three rainfall scenarios (2, 3, and 4).

1T 2T
o -
E g
Z 0 =
@ ©
-
E A .
n @n
Z E —\-\.\/ l\.\.
&4 l/./.*.\.\l\.\.*.*.
z II/./././ H Point A z " P°?m A
o Point B o Point B
-2 } } } t | -2 t t f } |
0 50 100 150 200 250 0 50 100 150 200 250
Time (hr) Time (hr)

Figure 3. Pore-water pressure changes in Scenario 2

S ource: made by H.P.T. Nguyen

Figure 4. Pore-water pressure changes in Scenario 3
S ource: made by H.P.T. Nguyen
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Figure 5. Pore-water pressure changes in Scenario 4
S ource: made by H.P.T. Nguyen

212 ANALYTICAL AND NUMERICAL METHODS OF STRUCTURAL ANALYSIS



Hayen X.®.T. u dp. CTpouTenbHasi MEXaHUKa NHXEHEPHbIX KOHCTPYKLMA 1 coopyxeHuid. 2025. T. 21. Ne 3. C. 207-215

Then, the slope stability analyses were conducted for four scenarios.

Figure 6 presents the critical slip surface at the initial condition, or Scenario 1. As can be seen from
this figure, the factor of safety is 1.379, which is higher than the design value of 1.30. This implies the
safety of this earth dam.

30 —

20 —
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0 10 20 30 40 50 60 70 80 90
Distance

Figure 6. Slope stability analysis for Scenario 1
Source: made by HP.T. Nguyen

The summary of results of the factor of safety by time histories for four scenarios is presented in
Figure 7. In general, rainfall affects the stability of the earth dam, as proved by the decrease in the factor of
safety during rainfall events. Furthermore, during rainfall events, larger rainfall intensity leads to a greater
reduction in the safety factor. Prolonged rainfall with low intensity, as in Scenario 2, had a lesser impact on
the stability of the dam slope compared to the other two rainfall scenarios. Scenario 3, characterized by
moderate rainfall sustained over several cycles, significantly affected slope stability. This rainfall pattern is
common in the southern provinces of Vietnam. Thus, in the design and construction of the earth dam, this
type of rainfall should be carefully taken into account.
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Figure 7. Slope stability analysis for four scenarios for ten days
S ource: made by H.P.T. Nguyen

Specifically, for Scenario 2 with a rainfall intensity of 20 mm per day sustained over five consecutive
days, the factor of safety gradually decreased, as shown by the blue line. However, this reduction was
relatively minor, declining from 1.379 to 1.372. After the rainfall ceases, the factor of safety continued to
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decrease slightly, reaching 1.365 approximately three days post-rainfall, before beginning to increase again
on the fourth and fifth days.

For Scenario 3, a rainfall with an intensity of 100 mm over 24 hours, followed by a 48-hour cessation
of rainfall, repeated for three consecutive periods, markedly dropped the factor of safety from 1.379
to about 1.352, as indicated by the red curve. Notably, the two-day pause after each rain event was insufficient
for the slope to recover its stability, which continues to decline.

For Scenario 4, with the intensity of 300 mm/day for one day only and then stops raining, the factor of
safety dropped sharply and continued to decrease rapidly during the first day after rainfall cessation, as
indicated by the green curve. It then continued to decline, but at a slower rate, on the second and third days
without rain. After that, the stability of the earth dam began to recover, and the factor of safety increased
gradually.

5. Conclusions

This paper investigated the influence of rainfall on soil pore-water pressure changes and the stability of
an earth dam. Four scenarios with different rainfall intensities and durations were analyzed. From the results
of this study, the following conclusions can be drawn:

1. In general, the impact of rainfall infiltration on the considered earth dam in this study is quite small
when compared to natural slopes.

2. Rainfall increases pore water pressure of the earth dam, and the changes depend on both rainfall
intensity and rainfall pattern.

3. Under Scenario 3, pore-water pressure transitions from negative to positive throughout the rainfall
cycle. After the rain stops, pore-water pressure gradually decreases toward its pre-rainfall state, but the
recovery is relatively slow.

4. Rainfall decreases the stability of the earth dam. The rate at which the factor of safety drops is
directly proportional to rainfall intensity.

5. The severe condition is Scenario 3. The stability of the earth dam is significantly reduced compared
to Scenarios 2 and 4.

6. Small rainfall, Scenario 2 (20 mm/day), the decrease in factor of safety is relatively slow, whereas
under the extreme rainfall, Scenario 4 (300 mm/day), the reduction is much more pronounced. The factor of
safety continues to decline for several days after rainfall ceases before beginning to recover.

7. Although the extreme rainfall of Scenario 4 causes a rapid initial drop in the factor of safety, the
overall reduction is moderate compared to Scenario 3. Scenario 3 thus represents the most adverse condition
studied and reflects rainfall patterns commonly experienced in southern Vietnam.

The findings enhance our understanding of the impact of rainfall on the stability of an earth dam,
providing valuable guidance for design, operation, and maintenance under adverse conditions.
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AHHoTanus. HuTh KOHEYHOH KECTKOCTH SBISETCS PACUETHON MOJENbBIO JJISl IIUPOKOTO Kpyra HEeCyIUX KOHCTPYKIUI, Harpu-
Mep OOJIBIIETIPOTETHBIX BUCAYUX IMMOKPBITUI OOIIECTBEHHBIX U MIPOMBIIUIEHHBIX 30aHUNA. BMecTe ¢ TeM cpaBHUTEIBHO HEAABHO
MOSIBUJICSI HOBBIM KJiacc WHXXCHEPHBIX COOpy)I(CHMﬁ, NnpeaHasHa4Y€HHbIX I CO3JaHUsl HEIPECOAO0JIMMOI0 (1)1/131/1‘1601(01"0 npeniaT-
CTBUSl HECAHKIIMOHHUPOBAHHOMY IPOIBM)XEHUIO aBTOTPAHCIOPTHBIX cpeAcTB. OCHOBHBIMU 3JIEMEHTaMH, 00€CHEUHBAIOIIMMU
00IIyI0 IPOYHOCTH U KECTKOCTh KOHCTPYKLHH ITOAOOHBIX COOPY>KEHHUH, SBISIFOTCS CTAaJIbHBIE MPOQHIN C CEYSHUEM B BUAE KOJIbLA,
paboTaromue Mo BOCHPUATHIO HOIEPEYHOro yaapa. B cBA3M ¢ 3TUM BO3HHMKAeT MOTPEOHOCTh B PEIICHHWH 3aJad ONTHMAJIbHOTO
MIPOSKTUPOBAHUS YKA3aHHBIX AJIEeMEHTOB. Lledb ncciuenoBaHust — CO3aHHE METOJa, MO3BOJIIOLIETO CTAaBHTh M peniaTh 0003Ha-
YeHHbIE 3a7a4i. B 0CHOBY pa3paboTaHHOTO MeTo/a MOJIOKEHa OJHOKPHTEpHaIbHAS MHOTOIIapaMeTpUIecKast yCIOBHAsI ONTHMH3a-
nus, meroq byOHOBa — l'anepkuHa, a Takxe MHTErpajibHoe U AudepeHnanbHoe HCUUCIeHHE (yHKIIMH HECKOIbKHUX ITePEeMEH-
HbIX. [IpoBeneHa Bepudukanus npeiokeHHOH TEXHOIOTHH MOAETUPOBaHMs. PacxoxeHus B 3HaUS€HHUSAX MPUHATHIX KPUTEPUEB
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C HOMOIIBIO CO3IaHHOTO METO/Ia MPOBECHBI UCCIIEOBAHMS U BBISIBICHO BIMSHUE COOTHOLICHUS! BHYTPEHHETO K BHEIIHEMY JTHa-
MeTpy KOJIBIIEBOTO IO Ha MaccorabapuTHBIE XapaKTEPUCTUKH, a TAKKe MOBEACHUE M3THOHO-KECTKOW HUTH MOA ICHCTBHEM
KpPaTKOBPEMEHHOM TUHAMIUECKOW Harpy3Ku.
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Abstract. A cable of finite stiffness is a model for a wide range of load-bearing structures, such as large-span suspended roofs of
public and industrial buildings. At the same time, a new class of engineering structures has appeared relatively recently, designed
to create an insurmountable physical obstacle to unauthorized movement of vehicles. The main elements that ensure the overall
strength and rigidity of such structures are ring-shaped steel sections, which resist lateral impact. In this regard, there is a need to
solve problems of optimal design of these elements. The objective of this study is to create a method that allows setting and
solving the designated problems. The developed method is based on single-criterion multiparameter conditional optimization, the
Bubnov-Galerkin method, as well as integral and differential calculus of multivariate functions. Verification of the proposed
modeling technology is carried out. Discrepancies in the values of the adopted criteria for assessing the accuracy of the obtained
results stay within the permissible errors in solving engineering problems. Using the developed method, the studies were
conducted and the influence of the ratio of the internal to external diameter of the ring section on the weight and size
characteristics, as well as the behavior of the bending-rigid cable under the action of a short-term dynamic load was revealed.

Keywords: calculation according to deformed shape, geometric nonlinearity, inverse problem, conditional optimization, nonlinear
programming, dynamic load
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1. Beenenue

BrLsiBrieHHEe ONTHMaNBHBIX MapaMeTpoB MPO(UIIS 3IeMEHTa C PacueTHOH MOJAENbIO B BUAE HUTH KO-
HEYHOH ’KeCTKOCTH, paboTaroIeH pH COBMECTHOM JICHCTBUN PACTSHKEHMS M U3rM0a, BEI3BAHHBIX IOIIEped-
HBIM yJIapoM, — 3a/iaya B JJOCTaTOYHOW Mepe CIOXkHas HapsAAy ¢ OTIACIBHBIMM 33/Ja4aMH O MOUCKE OINTH-
MaJIbHBIX XapaKTEPUCTUK CEYCHUN M3TH0aeMbIX 3JIEMEHTOB M AJIEMEHTOB, IOABEP)KEHHBIX OCEBOMY pacTsi-
XKeHuto. Perienne naHHOM 3agaun 00yCIOBIEHO MHOTMMH (DaKTOpaMM, TAKMMHU KaK BEJIUYMHA, XapakTep U
MecTo TpuiIokeHus1 Harpy3ku [1-3]. Hampumep, m3rubaromnuii MOMEHT, BO3HUKAIONINI B HUTH KOHEYHOMN
YKECTKOCTH, MPHU TOMOIIM KOTOPOTO OMPEAEISeTCS COCTABISIONIass HOPMAIbHBIX HAaNpsOKEHUH OT M3ruba,
caM 1o ceOe 3aBUCHT HE TOJIBKO OT BEJIMYMHBI, XapaKTepa M MecTa MPUIOKEHUS Harpy3KH, HO TakKe U OT
TOPHU30HTAJILHON COCTABIISIONIEH MPOIOIBHOTO YCUIIHS, IPOruda 1 MepBOHAYATbHON PaBHOBECHOH (HOpMBI
paccMarpuBaemoro snneMmenTta [4-5]. Bce 970 BrI3BaHO reoMeTpUYECKON HETUHEHHOCTBIO U CBSI3aHO C TEM,
4TO pacyeT U3rUOHO-)KECTKUX HUTEH BeneTcs o AehopMUpOBaHHOH cxeme [6].

B xauectBe napameTpoB NpoQuiIsl HUTH KOHEUHOM JKECTKOCTH, BIMSIOIIMX HAa PELICHUE 3a/lauyd ONTHU-
MaJbHOI'O MPOEKTUPOBAHMSI, BHICTYNAIOT 110 MEHbIIEH MEpe TPHU BEJIUYMHBI: IUIOMIAb, MOMEHT CONPOTHB-
JICHUSI 1 MOMEHT MHEPLUU CEUEHUSs, IOCKOJIbKY BCE TPH BXOJAT B YCIOBUS IPOUHOCTH U COBMECTHOCTH Ji€-
dbopmarwii [7].

ITpoexTupoBanue u nMoaO0p MONEPEUHBIX MpoduiIell pa3HOro TUMA KOHCTPYKIUNA B MAIIMHOCTPOEHUH
U CTPOUTENIBCTBE C YYETOM KOHCTPYKTHBHBIX, TEXHOJOTHYECKHX TpeOOBaHWN M YCIOBHH YHU(UKALUH,
ABJIAETCA 3a/1a4uei, IIMPOKO OTPAKEHHOM B Hay4HOH suteparype [8—16]. OqHako nmpu KOMIOHOBKE CEUEHUIN
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NPUMEHHUTENBHO K YACTHOMY BUJly CTEP’KHEBBIX IEMEHTOB C PacUeTHOI MOZENbIO, IPEACTABIAOIEH co0oi
HUTb KOHEYHOW KECTKOCTH M UCIBITHIBAIOILEH MONEPEUHYI0 KPATKOBPEMEHHYIO JUHAMUYECKYIO Harpys3Ky,
1o7100Hasi TOCTaHOBKA 33/1a41 OTCYTCTBYET.

B takoMm cityuae chopMyaupyeM Lielb UCCIIEI0BaHHS CIEAYIOIIM 00pa3oM: pa3paboTaTh METOJ OThIC-
KaHMs ONTHUMAJIbHBIX 1apaMETPOB KOJIBLEBOTO MPOQUIIs U3THOHO-)KECTKON HUTH, paboTaroLel 1Mo BOCIpH-
ATUIO0 IMHAMUYECKON HArpy3KH, B CBOIO OYEpEb XapaKTEPU3YIOLIEHCS MaCCOM U CKOPOCTBIO Tea B IIEPBO-
HayaJIbHbII MOMEHT IIOIIEPEYHOro yaapa.

B pamkax JOCTHKEHUS TOCTaBICHHON 1€7TM HEOOXOAMMO PELIUTh Psijl 3a/au.

1. PaccMoTpeTh HEKOTOpbIE OOIIME 3aBUCHUMOCTH, MO3BOJISIOLIME pa3paboTaTb METOJ, SABIAIOLIUICS
LEJIBIO JJAHHOTO MCCIIE0BaHMS.

2. IlpoBecTy Bepu(UKaIHMIO pa3pabOTaHHOTO METO/IA.

3. BeIABUTH BIUSIHME OTAENBHOIO IapamMeTpa KoJbLEBOro Mpoduis Ha MaccorabapUTHbIE XapaKTepH-
CTHKH, a TaK)Ke MOBEJACHHE M3rMOHO-)KECTKOW HUTH IOJ JEHCTBHEM KPAaTKOBPEMEHHOM JMHAMUYECKOMH
Harpys3KHu.

OOBEKT uccae0BaHUs — HECYLIME 3IEMEHTbI OOJIbIIEIPOIETHBIX BUCSYUX MOKPBHITUN OOIIECTBEHHBIX
37JaHUN U WH)KEHEPHBIX COOPY)KEHUH, a TakKe OCHOBHBIE CHUJIOBBIE 3JIEMEHTHI, 0OecIrednBaroIue o0y
IPOYHOCTh CHELHANBHBIX 3aIIUTHBIX COOPYKEHUH, Ul KOTOPBIX PACUETHON MOJAEIBIO SBIISETCS HUTh, CIIO-
coOHas BOCIIPMHUMATh 9aCTh BO3HUKAIOIIETO P MONEPEYHOM yaape uirudaromiero momenra [17; 18].

B kadecTBe npenmMera UCCIIEAOBAaHUS BBICTYNIAET METOJ, AAOIIUNA BO3MOXKHOCTh JOCTUYb ITOCTABJICH-
HOM LIEJIH.

2. Meton

Jlyis penieHust MoCTaBIEHHBIX 3a7ad PACCMOTPEH B 00IIEM BHUE IUIOCKUHN YIIPYTHIA CTEP>KHEBOM 3J1e-
MEHT, MPECTaBISIBIINNA COO0N HUTh KOHEYHOH JKECTKOCTH MPOJIETOM /, 3aKpeIIeHHYI0 Ha oropax A u B ¢
YIPYyTOH MONATIAUBOCTHIO U, PACTIONIOKEHHBIX TIOJ YIJIOM [3 K TOPU30HTAIBHON OBepXHOCTH. [lepBoHaYaIIb-
Hasi CTpeja TpoBeca fo B CepeAWHE MpoJieTa BbI3BaHA NIEHCTBHEM coOcTBeHHOTO Beca [19]. M3rubHO-
JKECTKasi HUTh Ha PaCCTOSHUU X» OT ONOPbI A UCTIBITHIBAA MONEPEUHBIN yap TeJIOM IUPUHOHN b, Maccol m
Y UMEBIINM CKOPOCTb JIBH>KEHHMSI V B IIE€pBOHAUaIbHbI MOMEHT coynapenus [20]. PacuetHas Mmonens mpea-
cTaplieHa Ha puc. 1.

Y L22
QB(%O)I Xb c

N(g,C,H,0)

Puc. 1. PacueTHast MOJEIb HUTH KOHEYHOM KECTKOCTHU

W ctouHuk: BemonHeHo [.A. TapacoBeiM

Figure 1. Calculation model of a finite stiffness cable

S ource: made by D.A. Tarasov

Z[J'IF[ paccMaTpuBacMoOro 2JEMCHTAa B BHUJAC KOJIBLICBOTO HpO(bI/IJ'I}I KaXObIld U3 BbILICTICPCUUCIICHHBIX
mapaMeTpoOB, BIUAIOIIUX HAa PCIICHUEC 3ala4U OINITUMAJIBHOI'O IPOCKTUPOBAaHMA, 3alIMCBIBAJICA B BUC (bYHK-
WA TOJIBKO OT BHYTPCHHETO AUaMETpa:
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2
b (dj —d?
k
Ald)y=———=; 1
(d) 2 (1)
(d )3
T z A
W(d)zT(l—k ); 2)
{dJ4
T ; A
J(d):T(l—k ) 3)
rie d — BHYTPEHHHI qrUaMeTp, M; k — Oe3pa3sMepHbIid K03 GHUIIMEHT, paBHbIH
d
k=2, 4
. )

rae D — BHEUIHUN AuameTp, M.
Jlunus nepBOHAYANBHOTO PABHOBECHOTO COCTOSIHUSI, BhI3BAHHAS JCHCTBHEM COOCTBEHHOTO BECa, OIH-
ChIBaJIach KBaApaTu4yHoM (yHkuueit [21]:

4 4
=22 -

X = thB ) (5)
rae x — Tekymias adcrucca (0 <x < /), m.

B pesysnprare monepeyHoro yjgapa B HUTH KOHEYHOW KECTKOCTH BO3ZHUKAIH MPOTHOBI, KOTOPHIE C J0-
CTaTOYHOM TOYHOCTHIO OMUCKHIBAIMCH OJIHOMIapaMeTpruiecKoi OasucHol QyHkimel Buaa [22]:

w(C,x) = Csin (%} , (6)

e C — BecoBOM KO3 (UIIUEHT.
Hapsiny ¢ mporrnOoM B kKa)I0M MOTMEPEYHOM CEUYECHUH TI0 JJIUHE PAcCMAaTPHUBAEMOT0 JIEMEHTa BO3HH-
KaJjia KOMOWHAITUS M3 TIPOIOILHON 1 TIOTIEPEYHON CHITBI, 8 TAaKXKe M3THOArOIIero MoMeHTa [22]

N(q,C,H,x)=0g(g,x)sina(C,x)+ H cosa(C,x); (7
0(q,C,H,x)=-0g(g,x)cosa(C,x)+ Hsina(C,x); (8)
M(q,C,H,x)=Mgy (q,x)—H(yo (x)+xtgp+ W(C,x)) , 9)

IJe ¢ — Harpy3Ka, S5KBUBAJICHTHAs CUJIe MHEPIIMU yaapstouiero tena, H/mM; H — ropu3oHTallbHAs COCTaB-
JSIONIAsi PacTATHUBAIOIETO MpooibHoro yemus, H; Os(g,x) — ¢Qynkuus 6anodnoit nmonepedynoit cuibl, H;
Mps(g,x) — dysnkums 6amounoro urudaromero MoMeHTa, H-m.

3aMeTuMm, 4TO B MMapaMeTphbl (GYHKIMA CHIIOBBIX ()aKTOPOB BXOAWIM HATPy3Ka, SIBISBIIASICS YKBUBAJICH-
TOM CHJIBI HHEPIIUH YIAPSIONIETO Tejla, M Paclop — rOPU30HTAIBbHAS COCTABIISAIONIASI PACTATUBAIOIIETO MPO-
JOJBHOTO YCHIINSI, IOCKOJIBKY JITAaHHBIC BEJIMYMHBI IIPUHAICKATN K YUCITy HEM3BECTHBIX HA MOMEHT pellle-
HUS 3a/1a9U.

Jis cozmanusi BO3SMOKHOCTH TIOCTPOUTH SMIOPHI BHYTPEHHUX YCHIIMHA ONPEIEIISIINCh TPUTOHOMETPH-
yeckue QyHKIMH yIJIa MEXIy KacaTelIbHOM K JIMHUH, OMMCHIBAOLICH 1e(OPMUPOBAHHOE COCTOSHHE U3THO-
HO-KCCTKOH HUTH M 0ChI0 abcumcc [22]:
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1

P 2
1+(dx(J’0(x)+W(C,x))j

‘i(yo (x)+w(C,x))

d 2
1+ (d (yo (x)+ W(C,x))j
x

BMmecre ¢ Tem BhluMcIsLINCh (PyHKIMU OaJO4YHOM MONEPEYHOM CHilbl U GaJIOYHOTrO0 M3THOAIOIIEro Mo-
MeHTa [23; 24]:

0ut0.9= 2 (c20) -l x5 2] )l (w2 o2 12
e I

2
rje b — mupuHa 30HbI COYAAPEHHS], M; ¢ — PACCTOSIHUE OT LIEHTPa 30HbI COYAAPEHUS 10 ONOPbI B, M; xb —
abcuucca HeHTpa 30Hbl COYIapeHHs], M.
HopmanbHble HanpspKeHHs, BO3HUKAIOIIME B HanOoiee yAaJeHHbIX OT HEUTpallbHOW OCH BOJIOKHAX Ce-
YEHUI HUTH KOHEYHOU KECTKOCTH, CBA3BIBATINCH C BHYyTPEHHUMH YCHIIMSAMHU 3aBUCUMOCTSIMHU:

cosa(C,x)=

; (10)

sina(C,x) =

(11)

MB(q,x)qubcx(xZO)—q X>x —§j+q x>xb+§J , (13)

N(¢,C,H,x) +|M(q,C,H,x)|
A(d) | w(d)

Omax (¢.C.H,d,x)= ; (14)

N(q,C,H,x)_|M(q,C,H,X)| 15
a@) | w(a) | "

Omin (¢.C.H,d,x)=

B xauectBe neneBoi GpyHKIIMM BBICTyTalIa MOTEHIIMAIbHAS YHEPTHS Ae(OopMaliy B pacCMaTpuBacMoM
anemenrte [20; 25]:

/ Z Z
M(q,CH, (¢.C.H, (9.C.H, ,
U(g.C.H.d) = [M4-CHx)° 0)° o (UG CH ) 0)° o[22 x)ﬂemm (16)
1 2EJ(d) { 2EA(d) \ 2GA(d)

rae £ — Moaynb yrnpyrocta marepuana, [1a; i — Ge3pazmepnblii koahuLneHT, XxapakTepusyomuii Gopmy
nonepeyHoro ceueHust; G — Monyib casura, [1a.

[Tpu 3TOM HaKIIaBIBAIOCH YETHIPE OrPaHHYCHHUS.

1. Ycnosue npounocty [26]:

6(¢,C,H.,d,x,)<R,, (17)

rne 6(q,C,H,d,x,) — 3navenue (yHKIMH HOPMATbHBIX HANPSUKEHWH B 3aJaHHOM CEUEHHH C abCIMCCOil

x, , I1a; Ry — pacueTHO€E CONpOTHUBIIEHHE MaTepuaia, I1a.
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2. YcnoBue Hepa3pbIBHOCTH nedopmartuii [27]:
Ly+AL(q,C,H,d)=L(H,C), (18)

rne Lo — jmuHAa 10 jefictBus momepeuHoro yaapa, M; AL(q,C,H,d)— ynpyras nedopmanms, M;

L(H ,C) — nuHa B 1e)OPMHPOBAHHOM COCTOSHHH, M.

3. YcnoBue coxpaHEHUs SHEPTUHU:

mv?
b2

1 Xb+5
=S [ w(c). (19)
b

Xp —E

[Ipenmnonaranoch, YTO KHHETHUYECKAs SHEPTHs YAAPSIOIIEro Teja MOJIHOCThIO0 NePeXouT B paboTy Mo
M3MEHECHUIO TIOJIOKEHNS U3TUOHO-)KECTKON HUTH [28].
4. YcnoBue OpTOroHaJIbHOCTH HEBSA3KH K 0a3ucHOM (yHKuuu [22]:

/ 2
J‘sin(?j EJ(d)j—zw(C,x)—MB(q,x)+H(yo(x)+x~th+w(C,x)) dx=0. (20)
0 X

Jnist pacKphITHS YCIIOBHSI Hepa3pbIBHOCTH Aedopmaruii (18) nmpuMeHsmcy ypaBHEHHS 7S OTIpesiesie-
HUS JUIMHBI HUTH KOHEYHOM JKE€CTKOCTHU JI0 U MOCJe B3aUMOAEHUCTBUS C YIAPSIOIIMM TEJIOM, a TaKXKe BbIpa-
YKEHHUE JIUTsI OTIPEIeNICHUs BETMUMHBI YIPYToi nedopmanuu:

2
1-2uH d 2
L(H,C)= I 1+(E(yo(x)+w(c,x))j dx ; (22)
0
_ H L QB(‘]:X)_Q(%C,H,X) 2
AL(‘],C,H,d)—EA(d)g 1+( 7 +thJ dx . (23)

[Tocne Toro kak MOCTaHOBKA 3a7a4y ONTUMU3ALMU CPOPMYIHPOBAHA, OHA pelIajach OOLEU3BECTHBIM
YUCICHHBIM METOJIOM, @ MMEHHO METOIOM MHOxuTenel Jlarpanika. 3aTeM IO HUXKENPEACTaBIECHHBIM BbI-
PaKeHUSM OIPEeSUIUCh KOA(PPUIMEHT TMHAMUYHOCTH U BpeMsl COyIapeHusI:

kg =——; (24)
agm
mv
t:—, 25
4b (25)

Ie g — YCKOpeHHe CBOOOIHOTO MajleHus, M/c?,
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3. Pe3yabTarsl U 06CyxKIeHNE

s Bepudukamu pazpab0TaHHOTO METOAA COMOCTABIISUINCH JaHHBIC, TTOTYYEHHBIE B XOA€ BBIYHCIH-
TEJIBHOTO SKCIEPUMEHTA, IPOBECHHOro B nporpaMMuoM komiuiekce JIMPA Bepcun 10.10 penus 2.4, u pe-
3yJbTaThl, PACCYUTAHHBIE C TIOMOIIBIO MPEIOKEHHOM MPOLEAYPbl YUCICHHOTO MOJIETUPOBAHMS.

[porpammusriii komrieke JINPA — 310 MHOTOQYHKIIMOHAIBHAS CHCTEMa KOMITBIOTEPHOTO MOJIEIHAPO-
BaHUs, pacueTa, UCCIEOBAHUS U MPOEKTUPOBAHMS Ha BCE BO3MOXKHBIE BHJIbI CTATHUECKHUX HATPY30K, TEM-
nepaTypHBIX, Je(POPMAIOHHBIX U JUHAMHUYECKUX BO3ACHCTBHI OOBEKTOB CTPOUTEIHCTBA, MAIMHOCTPOE-
HUSI, MOCTOCTPOCHHS, aTOMHOM SHEPTeTHKH, HePTeAO0OBIBAIONICH MPOMBIIIJICHHOCTH M MHOTHX JAPYTHX
ctep, e aKTyaJdbHBI METOIBI CTPOUTENBHON MexaHuku. [IpenocTaBiser BO3MOKHOCTh MTPOU3BOAUTH pac-
4eTbl OOBEKTOB C YYETOM (PU3NYECKOM, T€OMETPUUECKOM M KOHCTPYKTHBHOM HenuHeiHocTu. [lo3Bomser
UCCJIEZIOBATh OOIIYI0 YCTOMYMBOCTh PACCUUTHIBAEMON MOJIEIH, IPOBEPUTH MIPOUYHOCTh CEUEHUN DJIEMEHTOB
10 Pa3IMYHBIM TEOPUSAM pa3pyLICHUI.

B kadectBe 0o0beKkTa Mccae0BaHUS BBICTyNANa NpsMOIHHEHHast fo = 0 M HUTh KOHEYHOH KECTKOCTH,
BBITTOJTHEHHAS. U3 CTAJBHOTO MPOGMISA B BUAE KOJIbIA C OTHOIICHHEM BHYTPEHHETO K BHEIIHEMY THAMETPY
k= 0,6. PacueTHoe conporuBnenue Marepuana Ry = 650 MIla. KoHcTpykuus 3akperuisiiack Ha MapHUPHO-
HENOABMKHBIX ornopax # = 0 M/H, pacnonoxxeHHbIX B 0HOM miiockocTu B = 0 Tpaa Ha paccrosHuu [ = 6 m
Ipyr ot Aapyra. llonepeunslii ynap ocylecTBIsUICA IOCEPEIUHE MPOJIETA Xp = 3 M TEJIOM Maccoud m = 3,5 T,
JBIKYLIUMCS CO CKOpOCThIO 5 kM/4. lllupuna B3auMoneicTBus cocrapisia b =1 M.

[Ipu 3aaHHBIX UCXOAHBIX TaHHBIX B PE3yJbTaTe MPOBEACHHOIO PacyeTa METOJIOM, NPEICTABICHHBIM B
JTaHHOW paboTe, onpeneneHbl BHyTpeHHui d = 49,83 MM u BHemHUE D = 83,06 MM 1uamMeTphbl KOJIbIIEBOTO
npoduis. [Ipu 3TOM MoaenupoBaHue BEIOCh MCXOAS U3 TOTO, UTO abcuucca MaKCHMalIbHO HAarpyXEHHOTO
CEUEeHUs, TJIe HOPMAJIbHBIC HAMIPSDKEHUSI B KPAHUX BOJIOKHAX OIPAaHUYMBAIUCH PACYETHBIM COIPOTUBIICHU-
€M Marepualia, CoBMajajia ¢ CepeIuHON mpoieTa o0bekTa nccienoBanusa. Hapsay ¢ 3TUM onpeneneHsl 3Ha-
yeHus: BpeMmenu coyaapenus ¢ = 0,077 ¢, a Takke paBHOMEpPHO-pacIpeneeHHol Harpy3ku g = 63,09 kH/Mm,
SIBJISIBLLICICS] KBUBAJICHTOM CHUJIbl MHEPLIMH, BO3HUKIIEH MPU MOMEPEUHOM yaape TEJIOM C 3aJJaHHON Maccou
U CKOPOCTBIO JIBHKEHHsS. BMecTe ¢ TeM MOCTPOEHBI 3MI0pbl MAKCUMAJIbHBIX, MUHUMAJIbHBIX HOPMaJbHBIX
HaNPsDKSHUH U IPOTHOOB, MTPEICTAaBICHHBIE COOTBETCTBEHHO Ha pUC. 2, 4, 3, a, u 4, a.

B Hnacrosiiee Bpemst pernieHne oOpaTHBIX 337134 B AMHAMHUYECKOH ITOCTAHOBKE C yYETOM I'eOMeTpHye-
CKOW HETTMHEMHOCTH HE PEaTM30BaHO B MPOTPAMMHBIX KOMIUIEKCAX, B OCHOBY KOTOPBIX TOJOKEH METOJ] KO-
HEYHBIX AJIEMEHTOB C MPSIMBIM WHTETPUPOBAHUEM YPAaBHEHUI JBUKEHUS 110 BPEMEHH, U CHCTEMa aBTOMaTH-
3MPOBAHHOTO MpoekTupoBanus u pacuera JIMPA tomy He nckitouenue. B c¢Bs3u ¢ 3TUM B yKa3aHHOM IpO-
IrPaMMHOM KOMIUIEKCE IPU MOAETUPOBAHUH yAAPHOTO BO3AECUCTBUS U T€OMETPUUECKUX XapaKTEPUCTHK Ce-
YEHUS UCTIONIb30BAIMCH 3HAYCHHS, HAlIEHHbIE Ha MpenblaynieM stare. V3ruOHo-kecTkas HUTh 3a/1aBajiach
20 reoMeTpUYEeCKN HETMHEHHBIMA KOHEYHBIMHU AJIEMEHTAMH CTEP)KHsI CHITbHOTO M3rnda — trm 309. Koneu-
HO-2JIEMEHTHasl MOZIEIb B 3aKOHYEHHOM BH/JIE IIPEACTABIIEHA HA PHC. 5.

B pesynbrare BBIYHCIUTENHHOTO SKCIEPUMEHTA, MPOBEIEHHOTO B KOMMEPUYECKOW CHUCTEME KOMITbIO-
TEPHOTO MOJIEIIMPOBAHUS, TOCTPOSHBI MIOPHI MAKCUMAILHBIX 1 MUHUMAJIbHBIX HOPMaJIbHBIX HANPSIKSHUIH,
a TakKe IMOJIHBIX JIMHEHHBIX NepeMeIIeHU, OTpaXXeHHbIE COOTBETCTBEHHO Ha puc. 2, 0, 3, 6, u 4, 6. [Ipen-
CTaBJICHHBIE paclpeieseHHs] YKa3aHHbIX BEJIMYMH IO JUIMHE PACCUUTHIBAEMOTO JIEMEHTA, BOZHUKILIUE MPU
MOTIEPEYHOM yZape, SBISUIMCH AKCTPEMAJIbHBIMU M COOTBETCTBOBAJIM MOMEHTY BpeMmenH ¢ = 0,0768 c¢ ot
Hayaja coyaapeHusl.

Jns nanpHeinmero ¢GopMyaIHpoBaHUS BBIBOJOB 00 MCTUHHOCTH PE3yJIbTaTOB, MOIYYAaEMBIX METOJIOM,
MIPEACTaBICHHBIM B JAaHHOM HCCJIEIOBaHUM, TIPEACTIbHBIC 3HAYCHUS MapaMeTPOB, XapaKTepU3YIOIINX Harpsi-
YKEHHO-1€(OPMHUPOBAHHOE COCTOSIHME OOBEKTa MCCIIECIOBAHUS U B CBOIO OY€pEh NMPUHATHIX 32 OCHOBHBIC
KPUTEPUU OLIEHKH, CBEICHBI B TAONIHILY.

B Tabnuie Oonee cymiecTBEeHHbIE PACXOKICHHS B MAKCUMAJIBHBIX 3HAYCHUSX HOPMAJIbHBIX Harpsbke-
HUI BBI3BaHBI TE€M, YTO B HCIIOJNIL30BAHHOM JUII BEpU(PHUKALUU MPOrPAMMHOM KOMIUIEKCE AMHAMHUYECKYIO
Harpy3Ky MOXHO 33JaTh UCKJIIOUYUTEIHHO Ha y3JIbl KaK (PyHKIMIO CHIIBI OT BpeMeHH. B cBsi3u ¢ 3TUM B Me-
CTE MPUIIOKEHHSI COCPEIOTOYCHHON HArpy3Ky HaOJIIOMAI0OTCS MMKOBBIE 3HAUCHHSL.
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a — TIPEATIOKECHHBII METOMI; 6 — METOJ KOHEUHBIX 3JIEMEHTOB
M cTo04Huk: Beimonneno J[.A TapacoBeiM
Figure 2. Plot of maximum normal stresses:

a — proposed method; 6 — finite element method
S ource: made by D.A. Tarasov
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Puc. 3. Dmropa MUHUMAaJIBHBIX HOPMaJIbHBIX HaNPSDKEHUH:

a— Hpe,HHO)I(eHHLIﬁ METON, 60— METOJA KOHCYHBIX 3JICMCHTOB
W cTo4Huk: BeimonHeHo J.A. TapacoBsiM

Figure 3. Plot of minimum normal stresses:

a — proposed method; 6 — finite element method
S ource: made by D.A. Tarasov
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Puc. 4. Dmropa NOJIHBIX TMHEHHBIX TIEPEMEIICHUMH:
@ — TIPEATIOKEHHBIN METOM; 6 — METOJ] KOHEYHBIX 3]IEMEHTOB

W c 1o 4Huk: BemonHeno J{.A. TapacoBsiM

Figure 4. Plot of total linear displacements:
a — proposed method; 6 — finite element method
S ource: made by D.A. Tarasov
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Puc. 5. Koneuno-anemMeHTHas! MOJIENTb HUTH KOHEYHOH JKECTKOCTH
W cTo4Huk: BeinonHeHo JI.A. TapacoBsiM

Figure 5. Finite element model of a cable of finite stiffness
W cTo4Huk: BemmonHeHo J.A. TapacoBsim
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IIpenenbHbie 3HaYeHUsI HOPMAJIHLHBIX HANPSIKEHUI 1 MepeMeneHuii /
Limit values of normal stresses and displacements

Konrepmii onenxu / Evaluation criteria IIpenno:xennvlii merox / MK?3/ Pacxo:xnenue 3HayeHuid, % /
purep ! The proposed method FEM Difference in values, %

MaKf:HMaﬂLHL}e HOpMallbHble Hanpsbxenus, MlIla / 650/168.5 713/171 9.69/148
Maximum normal stresses, MPa
MmmMam)HHe HOpMallbHble Hanpsbkenus, Mlla / _313.4/168.5 —371/171 18,53/1.48
Minimum normal stresses, MPa
MaK?I/IMaHLI.-Ible HepeMeIeHus], MM / 108,2 1162 739
Maximum displacement, mm

W cTouHuk: BemonHeHo J[.A. TapacoBsiM /S o ur c e: made by D.A. Tarasov

C noMoIBI0 TPEUIOKEHHOTO MOAX0/Aa MO PELICHHIO 3a/1a4 ONTUMAIBHOIO IPOEKTUPOBAHUS MPOBENE-
HO HMCCJICIOBaHHUE BIMSHUS HA TUIOIIAb U TEOMETPUUECKUE XaPAKTEPUCTHKU CEUYEHUS TAKOTO KOHCTPYKTUB-
HOroO rnapamMmeTpa HpO(bI/IJBI, BBITIOJIHEHHOI'O B BUJIC KOJIbIId, KAK OTHOHICHUE BHYTPCHHEI'O K BHCIIHEMY WA~
MeTpy. C 3TOil 1ebI0 ISl TaHHOTO COOTHOIIEHUS B jauana3zoHe 3HaueHui ot 0 mo 0,9 mocnemoBarenbHO
pellieH psij 3aJad ¢ MCXOIHBIMM JaHHBIMM, 33JaHHBIMHM Ha 3Tane Bepu(UKaLUU MPEATIOKEHHOTO METO/A.
OTMCTI/IM, 4TO IpH 3HAYCHUH, PABHOM HYJII0, YKa3aHHOT'O COOTHOLICHU KOJIBIO BBIPOXKIACTCA B KPYI, a IIpU
BEJIMYHMHE, CTPEMSIIEHCS K eUHUIE, — B KOJBI[EBOE CEUCHHE C OECKOHEYHO MaJION TOJIIMHONW CTEHKH.
B cBsi3u ¢ atim 3Hauenus ot 0,9 1o 1,0 B uccnenoBaHuy HE PacCMaTPUBAIHCH, TOCKOJIBKY CEUEHHSI C TaKU-
MU COOTHOHICHHUAMH BHYTPCHHEIO0 K BHCHIHEMY JUAMCTPY SABJIAKOTCA TOHKOCTCHHBIMHU W HEKOHCTPYKTUB-
HBIMHU C TOYKH 3PEHUS BO3MOYKHOTO TOSIBICHHSI MECTHOTO CMSATHS B MECTaX MPHIJIOKEHUS KPATKOBPEMEHHOM
JTUHAMUYECKOW Harpy3Ku.

AHanu3 3aBUCHUMOCTEH, NPEACTABIEHHBIX HA pPHUC. 6, TOKa3bIBAET, YTO C YBEJIMYECHHUEM COOTHOIICHUS
BHYTPEHHETO K BHEUIHEMY AMaMETPy IUIONIA/b IMOIEPEYHOr0 CEUYCHHsI CHIKAETCS U IOCTUTAET CBOETO MHU-
HUMyMa ipu k = 0,8.
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OTHoO1IEHHUE BHYTPEHEHHEI'0 K BHCIIHEMY THAMETPY:

@] [l0maqp — ===BHyTpeHHUIi THAMETp Buemrnuii tuameTp

Inner to outer diameter ratio:

e Area ===]nnper diameter Quter diameter

Puc. 6. I'paduik n3MeHEHUsI TEOMETPUUECKUX XaPAKTEPUCTHK CEYCHUS

W c 1o 4Huk: BeimonHeHo JI.A. TapacoBsiM

Figure 6. Graph of changes in the geometric characteristics of the section
S ource: made by D.A. Tarasov
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Onenky Hecymei crmocoOHOCTH HUTH KOHEYHOM KECTKOCTH BENU B 00IIeM BHje yepe3 kod(dumment
UCIIOIb30BaHUS IPOYHOCTU CEUCHUS, TIPHUYEM Pa3/elIbHO ISl ABYX COCTABIISFOIIMX HOPMAIIBHBIX HAIPsDKe-
HUH, BBI3BAaHHBIX COOTBETCTBEHHO OCEBBIM pacTsiKeHHEM U u3ruoom. [Ipu aTom cam ko3hUIIMEHT HCTIONb-
30BaHUsSI TIPOYHOCTH SIBIISUICS Oe3pa3MepHON OTHOCUTEIBHON BEIWYNHOM, KOTOpas €CTh COOTHOIIEHHE HOP-
MAaJTbHBIX HAIPSHKCHUH B CEYCHUU K PACUCTHOMY COMPOTHUBIICHUIO MaTepHaa.

Ha puc. 7 npencraBiieHbl 3aBUCKIMOCTH, U3 KOTOPBIX CIEIYET, YTO C YBEJIMYCHUEM COOTHOIICHUS BHYT-
PEHHETO K BHEITHEMY JHaMeTpy BIUSHUE Ha HECYILYIO CIIOCOOHOCTh OCEBOM CHIIBI PACTeT, a M3TUOAIOIIET0
MOMeHTa najiaeT. JlaHHbil GakT HaOIraaeTCs BIUIOTh 10 A0CTHKeHus 3HadeHus k = 0,7. [Ipu aTom mose-
JIeHHE U3TUOHO-)KECTKOM HUTHU TMOJ] ICWCTBUEM HArpy3KH BCe OOJIbIIE HAYMHAET MOXOAUTH Ha paboTy rud-
KOH HHUTH, CIIOCOOHOMH COIIPOTUBJIATHCA UCKIIIOYUTCIIBHO PACTSKCHUTO. OI[HaKO 110 JOCTHXKCHHNHN 3HAYCHUSA
k = 0,8 HaOnromaeTCs pe3Kuil pOCT BIUSHHS U3rHOAIOIIET0 MOMEHTA M TaKOe JKe Pe3Koe MaJIcHHe 3HAYMMO-
CTH KaK CHJIOBOTO (haKTOpa OCEBOro pacTskeHus. CBOMM MOBEACHUEM HHUTh KOHEYHOW JKECTKOCTH CTaHO-
BUTCS TIOXO)KEH Ha OJHOIPOJICTHYIO MAPHUPHO 3aKPETICHHYIO OaJKYy.
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OTHoO1IEHHUE BHYTPEHEHHEI'0 K BHCIIHEMY THAMETPY:

s==PacTokeHne ==]13rnc

Inner to outer diameter ratio:

===Stretching ====Bending

Puc. 7. I'paduk u3mMeHeHus k03 PUIHEHTOB UCIIOIb30BAHUS IPOUHOCTU CEUEHUS

W c 1o 4Huk: BemonHeHo J{.A. TapacoBsiM

Figure 7. Graph of changes in the coefficients of utilization of section strength
Source: made by D.A. Tarasov

Hapsimy ¢ Hecymeit cnocoOHOCTRIO OTHUMHU U3 OCHOBHBIX KPUTEPHEB, XapaKTepHU3yIONINX paboTy pac-
CMaTpPUBAEMOTO 3JICMEHTA TI0 BOCIPUATHIO KPAaTKOBPEMEHHOW JMHAMUYCCKOW HArpy3KH, SBJISIOTCS €ro Jie-
(hopMaTUBHOCTH U KOA(PPUIIUESHT JTUHAMUIHOCTH.

OneHkKy CrocoOHOCTH M3THOHO-)KECTKOW HHUTU CONPOTHBISATHCS BHEIIHEMY BO3JEHCTBHIO, a TaKKe
YYBCTBUTEIPHOCTH K BOZHHUKAIOIIMM IPU 3TOM JehOpMAITHsIM BEIH C TIOMOIIBI0 OTHOCHTEIBHOTO MPOruoa,
M3MEPSEMOT0 B MPOIIEHTAX ¥ PaBHOTO OTHOIIEHUIO MPOruda B MaKCUMaIbHO HArpy>KEHHOM CEYCHUH K JIJINHE
MPOJIETa PACCYUTHIBAEMOTO AJIEMEHTA.

B cBoro ouepenp kodhGUIMEHT TMHAMHUYHOCTH SIBIISIICS KPUTEPUEM, TTOKA3bIBAIOIINM, BO CKOJIBKO pa3
KpaTKOBpEMEHHas JUHAMHUYECKasi Harpy3ka, BbI3BaHHAs! TIOTIEPEUHBIM yapOM TEJIOM C 3aJaHHOW Maccou
Y CKOPOCTBIO IBMKEHHUS, OOJIBIIE YeM BEC TOTO K€ TeJla, MPUJIOKEHHBIN B BUJIE CTaTHUECKOW HArpy3KU.

U3 rpadukoB, mpepcTaBIeHHBIX HA PHC. 8, BUIHO, YTO C YBEIMYCHHEM COOTHOIICHHsI BHYTPEHHETO K
BHEITHEMY JHaMETPy KOJIbIa BIUIOTH JO 3HadeHus k = 0,7 MPOUCXOAUT POCT OTHOCHTEIBHOTO Tporuda u
MPOMOPIIMOHATILHOE CHMXKEHHE Kod(dduimenTa AMHaMUYHOCTH. JlaHHBINA pe3ysnbTar BbI3BaH M3MEHEHUEM
KECTKOCTH B MEHBIITYI0 CTOPOHY W TIOATBEPXKAAET TOT (PaKT, YTO paccCMaTpUBAEMBI JIEMEHT BCe OOJbIe
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IPOSIBIISIET B CBOEH padoTe Mo BOCIPUATHIO JMHAMHUYECKOTO BO3/IEHCTBHS NMPU3HAKH THOKOHM HUTH. OHAKO
nocie TOCTHXEHUs: cooTHouenus k = 0,8 Habmromaercss pe3koe M3MEHEHHE MOBEJCHUST N3TMOHO-)KECTKOM
HUTH, 00YCIIOBIIEHHOE TaKUM e PEe3KUM POCTOM KeCTKOCTU. [Ipu 3TOM OTHOCHTENBHBIN IPOTUO CHUXKAET-
csl, a KO3pPUIMEHT AMHAMHYHOCTH pacTeT. Ha manHOM 3Tane 00beKT HCCIIe0BaHMS TI0]] JEHCTBUEM YyrIap-
HOU Harpy3KHu MOBTOPSIET paboTy KECTKOrO 0aJI0uHOTO 3JIEMEHTA.
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OTHomenne BHyTPeHEHHEr0 K BHELIIHEMY AUaMeTpY:

s 03¢ QunueHT AMHAMITHOCTH OTHOCUTETBHEIN MPOTHO

Inner to outer diameter ratio:

=== Dynamic coeflicient Relative deflection

Puc. 8. I'paduk n3meHenus ko3pPUIMEHTa AMHAMUYHOCTH U OTHOCUTEIBHOTO IPOruda

W cTo4Huk: BeinonHeHo JI.A. TapacoBsiM

Figure 8. Graph of change in the dynamic coefficient and relative deflection
Source: made by D.A. Tarasov

4. 3akaouenue

1. Pa3zpaboTran MeToA, MO3BOJISIONIMM CTaBUTh U PeLIaTh 337a41 MO MOUCKY ONTHMAJIbHBIX ITapaMeTPOB
KOJIBLIEBOTO POQHIIS HUTH KOHEYHOH JKECTKOCTH, pabOTAaOIIEH 110 BOCIPUATHIO MOIEPEYHOT0 yaapa TeJIoM
C 33JJaHHOM Maccoil U CKOPOCTHIO B MEPBOHAYAJILHBI MOMEHT B3aUMOJICHCTBUSL.

2. IIpoBenena BepuduKanus MPeAIoKEHHONW TEXHOIOTUH MOAEIMPOBAHUS 337a4 ONTHUMAJIBHOTO IPO-
eKTHPOBaHUS. BhIsSBIEHHBIC PACXOXKICHHS B 3HAYCHUSIX MPHUHATHIX KPUTEPUEB OLEHKH MCTUHHOCTH TIOJY-
YaeMBIX PE3YNIbTATOB YKIIAABIBAIOTCS B JIOIYCTHMbIEC OTPEIIHOCTH PEIICHUS] HHKCHEPHBIX 3a/1a4.

3. C noMomipio pa3paboTaHHOTO METO/Ia TIPOBEICHBI UCCIISIOBAHUS U BBISIBICHO, YTO M3THOHO-)KECTKAs
HUTD, BBIIIOJHEHHAS U3 CTAJIBHOTO MPOGUIISL C MONEPEYHbIM CEYCHHEM B BUE KOJIBIA, C YBEIMYEHUEM CO-
OTHOIICHUSI BHYTPEHHETO K BHEUIHEMY JHAMETpPy CTAHOBUTCS MO XapaKTepy CBOeW paboThl, mogoOHa rud-
Koil HUTH. [laHHOE sBJIEHHE HAOMI0AAETCs A0 ONPEAEIECHHOIO 3HAUEHUS! YKa3aHHOTO COOTHOIICHHUS. 3aTeM
MPOMCXOIUT PE3KOe M3MEHEHHE B MOBEACHUHU, M HUTh KOHEYHOM >KECTKOCTH MPH JACHCTBUH MONEPEYHOrO
yaapa mproOpeTaeT 4epTbl paboThl MIAPHUPHO OMEPTOil OnHOMpONeTHON Oanku. OTMETHM, YTO yKas3aTh
TOYHOE 3HAYE€HHWE COOTHOIICHHS BHYTPEHHETO K BHEIIHEMY IUaMETpPy KOJIbLA, KOIJa MOBEIEHUE MAaKCH-
MaJIHO MOI00HO, a TaKk)Ke Mepy 3TOro MoJ00Hs He NMPE/ICTaBIsAeTCs] BO3MOXKHBIM. J[aHHOE 00CTOSATENBCTBO
00yCIIOBIIEHO (PH3HKO-MEXaHMYECKUMH U T€OMETPHUECKUMH XapaKTEPUCTUKAMU M3TUOHO-KECTKOW HUTH, a
TaK)Ke XapaKTepOM U MECTOM MPUIIOKEHUS Harpy3KH.
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Abstract. The process of predicting the load-bearing capacity of eccentrically compressed circular concrete filled steel tube
(CFST) columns using machine learning algorithms is investigated. The relevance of the work is established by the need to
improve the accuracy of engineering calculations in the context of increasingly complex architectural solutions. The purpose of the
study is to develop and evaluate the effectiveness of intelligent models for reliable prediction of CFST column strength based on
key parameters of the structure and materials. The object of the study was short, eccentrically compressed CFST columns of
circular cross-section. The input parameters of the machine learning models were the outer diameter of the column section, tube
wall thickness, concrete strength, yield strength of steel and relative eccentricity. The load-bearing capacity of the column was
taken as the output parameter. CatBoost and Random Forest Regressor (RFR) algorithms with hyperparameter optimization using
the Optuna library were used for forecasting. The quality of the models was assessed using the MAE, MSE, and MAPE metrics.
As a result of the study, intelligent models were developed. The CatBoost model demonstrated better accuracy rates (MAE = 67.1;
MSE = 86.2; MAPE = 0.07%) compared to RFR (MAE = 72.6; MSE = 89.7; MAPE = 0.15%). The feature importance analysis
showed that the outer diameter of the column and the relative eccentricity have the greatest influence on the bearing capacity.
Correlation analysis confirmed the high dependence of the output parameter on these factors. The obtained results are
recommended for use in calculation modules and supporting engineering systems for design solutions of load-bearing structures.

Keywords: CFST columns, machine learning, CatBoost, Random Forest, bearing capacity, strength prediction, intelligent models
Conflicts of interest. The authors declare that there is no conflict of interest.

Authors’ contribution: Kondratieva T.N. — conceptualization, goals and objectives of the study, calculations, analysis of results,
writing; Chepurnenko A.S. — supervision, review and editing, correction of conclusions; Yazyev B.M. — review and editing, final
conclusions.

For citation: Kondratieva T.N., Chepurnenko A.S., Yazyev B.M. Predicting the strength of eccentrically compressed short circular
concrete filled steel tube columns. Structural Mechanics of Engineering Constructions and Buildings. 2025;21(3):231-241.
http://doi.org/10.22363/1815-5235-2025-21-3-231-241

Tatiana N. Kondratieva, Candidate of Technical Sciences, Associate Professor of the Department of Mathematics and Informatics of the Don State Technical
University (DSTU), 1 Gagarin Sq., Rostov-on-Don, 344003, Russian Federation; eLIBRARY SPIN-code: 7794-2841, ORCID: 0000-0002-3518-8942;
e-mail: ktn618@yndex.ru

Anton S. Chepurnenko, Doctor of Technical Sciences, Professor of the Department of Structural Mechanics and Theory of Structures, Don State Technical
University, 1 Gagarin Sq., Rostov-on-Don, 344003, Russian Federation; ORCID: 0000-0002-9133-8546, eLIBRARY SPIN-code: 7149-7981; e-mail:
anton_chepurnenk@mail.ru

Batyr M. Yazyev, Doctor of Technical Sciences, Professor of the Department of Structural Mechanics and Theory of Structures, Don State Technical
University, 1 Gagarin Sq., Rostov-on-Don, 344003, Russian Federation; ORCID: 0000-0002-5205-1446; eLIBRARY SPIN-code: 5970-5350; e-mail:
ps62@yandex.ru

© Kondratieva T.N., Chepurnenko A.S., Yazyev B.M., 2025

This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License
TANTE https://creativecommons.org/licenses/by-nc/4.0/legalcode

PACYET V1 MPOEKTVPOBAHVE CTPOWUTENbHbIX KOHCTPYKLIIA 231


https://orcid.org/0000-0002-3518-8942
https://orcid.org/0000-0002-3518-8942
https://orcid.org/0000-0002-9133-8546
https://orcid.org/0000-0002-9133-8546
https://orcid.org/0000-0002-5205-1446
https://orcid.org/0000-0002-5205-1446

Kondratieva T.N., Chepurnenko A.S., Yazyev B.M. Structural Mechanics of Engineering Constructions and Buildings. 2025;21(3):231-241

IIporno3upoBanue NPOYHOCTH KOPOTKHUX BHEHEHTPEHHO CKATBHIX
KPYIVIBIX TPY0OOOECTOHHBIX KOJIOHH

T.H. Konaparsesa"™, A.C. Uenypuenko'”, 5.M. fI3bieB

JIOHCKO#1 TOCyTapCTBEHHBII TEXHUYECKHI YHUBEpCHUTET, Pocmog-na-/[ony, Poccutickas @edepayus

P4 ktn618@yndex.ru

INoctynuia B pepakiuio: 7 mapra 2025 T.
Jopaborana: 28 mas 2025 r.
ITpunsra x my6aukanuun: 2 uroHs 2025 .

AHHoTanus. VccnenoBaH npoluecc NporHo3upoBaHus Hecylled cloCOOHOCTU BHELGHTPEHHO CXKAaThIX KPYIIBbIX TPYOOOETOHHBIX
xonoHH (TBK) ¢ mcnomp3oBaHHeM alrOpHTMOB MAIIMHHOTO OOy4YeHHs. AKTyalIbHOCTH PaboTHI 00yCIOBIEHAa HEOOXOIMMOCTBIO
MOBBIIIEHU TOYHOCTH MHXKEHEPHBIX PAaCu€TOB B YCJIOBHAX YCIOKHSIOLIMXCSA apXUTEKTYpHbIX pewieHuid. Llens mccnenoanus —
pa3paboTKa U omeHKa 3()(eKTHBHOCTH MHTEIUICKTYaIbHBIX MOJENEH A HaJIeXKHOTO MPOorHo3upoBanHus mpounoctd THK Ha ocHo-
B€ KIIIOYEBBIX NAapaMeTPOB KOHCTPYKLUUU U MaTepuanoB. OOBEKTOM UCCIECAOBAHUS BBICTYNMIN KOPOTKUE BHELEHTPEHHO CXKAThle
Tpy00OETOHHBIE KOIOHHBI KPYTJIOTO CEYeHHA. BXOAHBIMH mapameTpaMd Mojenell MaIlIMHHOTO OOy4eHHs SBISINCH HapY>KHBIH
JMaMeTpP CeYeHHs KOJIOHHBI, TONIIMHA CTEHKU TPYOBl, IPOYHOCTH OETOHA, PEIEN TEKYIeCTH CTalH H OTHOCHUTENBHBIN SKCICHTPH-
cuteT. B xauecTBe BBIXOAHOTrO IapaMeTpa MPUHHUMAJIAch HeCcylas CHOCOOHOCTh KOJIOHHBI JIJIsi MPOrHO3MPOBAHUS HCIONB30Ba-
muck anroputMbel CatBoost m Random Forest Regressor (RFR) ¢ onTummsanmeit runeprapaMeTpoB MOCPEICTBOM OHOIHOTEKN
Optuna. Ouenka kauectBa Mofenei nposogunacs no merpukaMm MAE, MSE u MAPE. B pe3ynbsTare uccieoBaHus pa3padoTaHbl
UHTEJUIeKTyanbHble Moaenn. Monenb CatBoost npogeMoncTpupoBaina jy4iue nokasarenu tounoctd (MAE = 67,1; MSE = 86,2;
MAPE = 0,07 %) no cpaBHenuto ¢ RFR (MAE = 72,6; MSE = 89,7, MAPE = 0,15 %). AHanu3 Ba)XHOCTH NPU3HAKOB I1OKA3aJ,
4TO HauOOJBbIlIEE BIUSHUE HAa HECYIYIO CIIOCOOHOCTh OKa3bIBAIOT HApPY)KHBII TMaMeTp KOJOHHBI U OTHOCHUTEIbHBIN AKCIEHTPUCHU-
TeT. KoppensnnoHHBIN aHAIH3 TOATBEPANI BEICOKYIO 3aBHCHMOCTD BBIXOJHOTO MapameTpa OT 3TuX (akropos. I[lomydeHHsre pe-
3yJIbTaTbl PEKOMEHAYIOTCSA K HCIIOJIb30BAHUIO B PACUCTHBIX MOAYJISAX W MHKXCHCPHBIX CUCTEMaX IMOAACPIKKU IPUHATUSL pemeHHﬁ
MIPY MPOEKTUPOBAHNHU HECYIINX KOHCTPYKLNH 3TaHUN U COOPYKEHHM.

KuroueBbie cioBa: Monenu MammHHOro oOyuenusi, CatBoost, Random Forest, Hecymas crocoOHOCTh, HHTEIICKTYaIbHBIC
MoJen

3asiBiieHHe 0 KOH(UIMKTE MHTEPECOB. ABTOPHI 3asBISIIOT 00 OTCYTCTBHU KOH(INKTA HHTEPECOB.

Brkaag aBropoB: Konopamvesa T.H. — GpopMupoBaHUE OCHOBHOM KOHIETIIIMH, [IETH U 3a1a9 UCCIICIOBaHUs, IIPOBEJCHUE pacye-
TOB, aHAJIM3 PE3YJIbTATOB MCCIEJOBAaHUMN, HanMcaHue Tekcra; Yenypuenko A.C. —— Hay4qHOE PYKOBOJICTBO, 10pabOTKa TeKCTa, KOp-
PEKTHPOBKa BBIBOJIOB; A3ble6 b.M. — nopaboTka TEKCTa, UTOTOBBIC BBIBOJIBI.

Hoas umurupoanusi: Kondratieva T.N., Chepurnenko A.S., Yazyev B.M. Predicting the strength of eccentrically compressed short
circular concrete filled steel tube columns // CTpouTenbHass MexaHUKa WHXKEHEPHBIX KOHCTPyKUUi u coopyxkenuid. 2025. T. 21.
Ne 3. C. 231-241. http://doi.org/10.22363/1815-5235-2025-21-3-231-241

1. Introduction

Concrete filled steel tube (CFST) structures are widely used in construction due to their high strength,
stiffness and cost-effectiveness, as well as good seismic stability and resistance to external factors. In [1] a
modern review of publications on concrete filled steel tube columns, experimental and analytical basis of
research under static and dynamic loads are presented. CFST elements can also be used in truss structures
that can withstand high loads [2]. Concrete filling of steel structures increases the compressive strength of
the upper chord of steel tube trusses and prevents local buckling of the tube wall.

Konopamvesa Tamvana Hukonaeena, KaHIUIAT TEXHAYECKAX HAYK, JOIEHT Kadeapsl MATeMaTHKA W HHPOPMATHKH, J[OHCKOM roCyIapCTBEHHBIH TEXHH-
yeckuit yausepcurer (AI'TY), Poccuiickas ®enepauus, 344003, r. Pocro-nHa-/lony, mi. ['arapuna, 1; eLIBRARY SPIN-kox: 7794-2841, ORCID: 0000-
0002-3518-8942; e-mail: ktn618@yndex.ru

Yenypuenko Anmon Cepzeeguu, JOKTOp TEXHUUECKHX HaAyK, Mpodeccop Kadeapbl CTPOUTEIbHON MEXaHUKH U TEOPUH COOpyxeHHi, JIoHCKoil rocynap-
CTBEHHBIH TeXHHUUECKUi yHuBepcuret, Poccuiickas ®@enepanus, 344003, . Pocros-Ha-Jlony, . [arapuna, 1; eLIBRARY SPIN-kox: 7149-7981, ORCID:
0000-0002-9133-8546; e-mail: anton_chepurnenk@mail.ru

Azviee bamuvip Mepemoguu, NOKTOp TEXHUUECKUX HAyK, npodeccop Kadeapbl CTPOMTENILHOH MEXaHUKH M TEOPHU COOPYKEeHUH, JJOHCKOI rocyapcTBeH-
HBI TeXHUYeckuil yHuBepcuret, Poccuiickas denepanus, 344003, PoctoB-Ha-/{ony, mi. Iarapuna, 1; eLIBRARY SPIN-kox: 5970-5350, ORCID: 0000-
0002-5205-1446; e-mail: ps62@yandex.ru

232 ANALYSIS AND DESIGN OF BUILDING STRUCTURES


https://orcid.org/0000-0002-3518-8942
https://orcid.org/0000-0002-3518-8942
https://orcid.org/0000-0002-9133-8546
https://orcid.org/0000-0002-9133-8546
https://orcid.org/0000-0002-5205-1446
https://orcid.org/0000-0002-5205-1446

Kondpameesa T.H., YenypHenko A.C., 513biee b.M. CTpouTenbHasi MexaHuka MHKEHEPHbIX KOHCTPYKLMIA 1 coopyxeHuid. 2025. T. 21. Ne 3. C. 231-241

A comprehensive study of the compressive load-bearing capacity of concrete filled steel tube columns
is presented in [3]. In [4], a study of the efficiency of circular short CFST columns under axial load is
carried out using thirty specimens of different types. In [5], the test results of twelve short CFST columns
with circular steel casing and twelve square short columns subjected to axial compressive loading are
presented. In addition to the experimental study of mechanical properties of concrete CFST column
structures [6—8], it is necessary to create systems of practical recommendations for optimal design, analysis
[9; 10] and application of such columns in various construction conditions [11-13]. The solution of
problems of similar type has already attracted the attention of the authors of [14-16], where machine
learning methods were used to obtain empirical formulas and statistical models for predicting the strength
of CFST columns of square and circular section. The developed models show noticeable improvements in
the prediction accuracy of model features [17], but their effectiveness depends largely on the quality of the
initial data, the choice of algorithms, and the optimization of hyperparameters [18; 19]. In addition, it is
necessary to consider the interpretability of models [20-22], their ability to generalize to new data, and their
robustness to changes in input parameters [23-25].

Most of the existing machine learning models for predicting the load-bearing capacity of CFST
columns are based on experimental data [26-28]. At the same time, experiments are usually conducted on
specimens of relatively small size compared to real structures, which reduces the accuracy and limits the
applicability of the models in engineering practice. Thus, there is a gap in the scientific literature associated
with the lack of approaches allowing to create ML-models based on more generalizable and parametrically
flexible data sources.

This study proposes construction of a predictive model based on the results of finite element modeling
using a simplified methodology that has been previously tested on experimental data. This approach avoids
the limitations inherent in laboratory testing and allows for a wide variation of parameters, which is critical
for building a universal and engineerable model.

The purpose of this study is to develop reliable machine learning models for predicting the load-
bearing capacity of eccentrically compressed circular concrete filled steel tube columns. The study is based
on a hybrid approach that combines finite element modeling to form a training data set and further training
of artificial intelligence models using the results of numerical experiments. This approach was previously
successfully applied in [29] for predicting the bearing capacity of centrally compressed columns of square
cross-section. The advantage over direct finite element analysis is the very high speed of the trained models:
results for several sets of input parameters can be obtained in a fraction of a second by simple matrix
multiplication. Another important advantage is that machine learning models allow to estimate the degree of
significance of each input parameter in determining the load bearing capacity, which makes them
particularly useful in engineering analysis and design.

2. Methods

To build the machine learning model, a database of 374975 numerical experiments using the finite
element method according to the methodology presented in [30] was prepared for circular CFST columns.
The methodology presented in [30] was previously tested on experimental data for 265 centrally
compressed columns and 93 eccentrically compressed columns [31].

The following values were taken as the input parameters of the models: outer diameter of cross-section
D, (mm); wall thickness of circular steel tube ¢, (mm); yield strength of steel R (MPa); compressive

strength of concrete R, (MPa); relative eccentricity e,/ D, (dimensionless parameter). The output

parameter of the model is the critical load N, (kN).

Such parameters as initial modulus of elasticity of concrete and tensile strength of concrete were not
included in the number of input parameters because they are correlated with the compressive strength grade
of concrete. The empirical formulas given in [30] were used in the finite element analysis to determine these
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parameters. In addition, the modulus of elasticity of steel was not included in the number of input
parameters, because it has a weak influence on the compressive strength, and also has a small range of
values, varying in the range of 195-210 GPa. The concrete tensile strength parameter, according to
engineering standards, also has no significant effect on the column behavior in compression and was
excluded from the final set of features. Preliminary analysis using a trained CatBoost model showed that
when these parameters were varied by +10%, the change in the predicted load bearing capacity was less
than 1%, which is much lower than the contribution of the main geometric and strength characteristics.

In addition, only short columns, for which deflection does not significantly increase the eccentricity of
the axial force were considered, and the design length of the element was also not included as an input
parameter.

For building machine learning models, algorithms based on ensemble principles were chosen: CatBoost
as a representative of gradient boosting and Random Forest Regressor as a representative of bagging. These
algorithms demonstrate high accuracy and stability when working with tabular data, as well as have built-in
mechanisms of model interpretation through the assessment of feature importance. The choice of CatBoost
was additionally motivated by its high performance on sparse and categorical data, as well as low sensitivity
to hyperparameter tuning. To increase the validity of the choice, other algorithms were also tested:
XGBoost, LightGBM and the support vector regression (SVR). According to the test results, CatBoost
showed the best values of MAE, MSE and MAPE metrics among the considered algorithms, which became
the basis for its selection as the main method of boosting in this work. Random Forest was included as a
benchmark algorithm for bagging-based ensembling, which is robust to overtraining and does not require
feature scaling.

Table 1 partially summarizes the dataset used to train the artificial intelligence models.

Table 1
Fragment of the training data array
No. D,,vm/mm | ¢, uv/mm R, ,Mila/MPa R,,mna/mpa | e,/ D, N,,, xH/kN
1 102 1.8 240 10 0 229.3777
2 102 1.8 240 10 0.04 208.9631
3 102 1.8 240 10 0.08 186.9428
4 102 1.8 240 10 0.12 168.3632
5 102 1.8 240 10 0.16 152.7655
6 102 1.8 240 10 0.2 139.9204
7 102 1.8 240 10 0.24 128.6809
8 102 1.8 240 10 0.28 118.8176
9 102 1.8 240 10 0.32 110.56
10 102 1.8 240 10 0.36 103.22
11 102 1.8 240 10 0.4 96.568
374965 1420 32 800 66 0.44 90861.91
374967 1420 32 800 66 0.48 85727.21
374968 1420 32 800 66 0.52 81039
374969 1420 32 800 66 0.56 76797.29
374970 1420 32 800 66 0.6 72778.83
374971 1420 32 800 66 0.64 68983.61
374972 1420 32 800 66 0.68 65634.89
374973 1420 32 800 66 0.72 62509.42
374974 1420 32 800 66 0.76 59607.2
374975 1420 32 800 66 0.8 56928.23
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To improve the quality of the models, the correlations between the variables were analyzed. Stratified
sampling methods were used to eliminate imbalances in the data, which allowed to distribute the values of
the output parameter evenly. Additionally, a multicollinearity check was performed to eliminate redundant
features and increase the robustness of the models. The resulting cleaned and balanced dataset became the
basis for training and testing of the machine learning algorithms.

Gradient boosting algorithms (CatBoost, XGBoost) and Random Forest Regressor (RFR) bagging
model were used to predict the bearing capacity of CFST columns. The quality of the models was assessed
using MAE, MSE and MAPE metrics. In addition, feature importance was analysed based on the
contributions of the parameters to predictions.

To improve model accuracy and prevent overtraining, the hyperparameters of the CatBoost and
Random Forest Regressor algorithms were optimized. Optimization was performed using Grid search
combined with 5-fold cross-validation, which ensured model robustness to random data fluctuations. Ranges
of variation of hyperparameters were determined on the basis of preliminary analysis of model behavior on
small samples and recommendations from the official documentation of CatBoost and Scikit-learn libraries.

For CatBoost, the parameters varied as: number of iterations — 100-5000; depth — 4—12; learning
rate — 0.01-0.3; coefficient of the L2 regularization term in the loss function — 1.9—4.9.

For Random Forest Regressor: number of trees — 50-500; maximum depth — 3-20; minimum
number of samples to be in the final node — 1-3.

The best combinations of hyperparameters were selected based on minimizing the MAE and MAPE
errors obtained as a result of cross-validation.

For the trained models, feature importance was also analyzed by evaluating the degree of influence of
each input parameter on the predictions. This approach allowed to determine which characteristics have the
most significant effect on the final value of the bearing capacity.

3. Results and Discussion

The statistical characteristics of the original data set are presented in Table 2, showing the ranges of
each characteristic. The main indicators are: sample size, sample mean, deviation, extremes of the variables.
The set of these indicators helps to conduct statistical analysis of variables, to determine their scatter
relative to their center, to show the asymmetry of distribution, to derive the laws of distribution of ordered
series.

Table 2
Table of statistical characteristics

Index D,, mm t,, mm R,,MPa R,, MPa e,/ D, N, kN
Count 374976.00 374976.00 374976.0 374976.00 374976.00 374976.00
Mean 444.10 10.61 520.0 38.00 0.40 10009.60
Standard Deviation 361.76 7.50 183.3 18.33 0.24 16539.69
Min 102.00 1.80 240.0 10.00 0.00 59.41
Max 1420.00 32.00 800.0 66.00 0.80 223247.94

S ource: made by T.N. Kondratieva

Since machine learning is essentially a multivariate interpolation, reliable model performance can be
guaranteed only within the range of input parameter variation in the training data set. The minimum and
maximum values of input parameters specified in Table 2 almost completely cover the possible range of
variation of the characteristics of CFST columns.

Figure 1 shows the correlation between the input and output parameters of the model. There is almost
no strong correlation between the input parameters except for the relationship between the wall thickness of

PACYET ¥ MPOEKTVPOBAHVE CTPOWUTENbHbIX KOHCTPYKLIA 235



Kondratieva T.N., Chepurnenko A.S., Yazyev B.M. Structural Mechanics of Engineering Constructions and Buildings. 2025;21(3):231-241

the circular steel tube and the outer diameter of the cross-section p, ,,, = 0.8. This is due to the fact that the
P p

geometric characteristics of steel tubes presented in GOST 10704-91' were used in the formation of the
training data set. In this range, there is a tendency to increase the minimum and maximum wall thickness of
the tube with increasing diameter to ensure the necessary stiffness and stability of the structure.

A correlation relationship between the input and output parameters of the model is observed: the wall
thickness of the circular steel tube and the load-bearing capacity of CFST columns p, ,, ~=0.6; the outer

diameter of the cross-section and the load-bearing capacity of CFST columns Po, /N, = 0.8.This result is

expected from the standpoint of structural mechanics, since an increase in the wall thickness and outer
diameter of the tube leads to an increase in the geometric characteristics of the equivalent cross-section,
affecting the performance of the structure under eccentric compression: moment of inertia and area.

As a result of the correlation analysis, it was found that, although most of the parameters are relatively
independent of each other, the main geometric characteristics of the column (outer diameter and wall
thickness of the tube) have the greatest influence on its load-bearing capacity. Thus, it is important to
consider the primary significance of these parameters when developing predictive models and designing
CFST structures.

The absence of strong correlation between most of the input parameters of the tested model for
predicting the load-bearing capacity of eccentrically compressed circular CFST columns indicates that each
of these factors makes an independent contribution to the formation of the load-bearing capacity of the
structure. This indicates a complex interaction of variables, in which the strength of columns is determined
not by one dominant parameter, but by their combined influence.

Dy, mm ¢, mm Ry, MPa Ry, MPa eo/ Dy Nult, Dy
/ L 1.0
Eﬁ 2.2e-14 1.7e-15
< 0.8
=)
=)
= 0.6
<
[}
=
< - 0.4
<
[l
=
I~ -0.2
Qm .
S - 0.0
E’\
E - =0.2

Figure 1. Correlation matrix
S ource: made by T.N. Kondratieva

The results of the feature importance analysis obtained using CatBoost and Random Forest Regressor
(RFR) machine learning models are shown in Figures 2 and 3. They allow to identify differences in the
approaches of the algorithms to data analysis and to determine the key parameters affecting the load-bearing
capacity of eccentrically compressed circular CFST columns.

The CatBoost model demonstrated a more balanced and engineering-based assessment of the influence
of factors.

"' GOST 10704-91. Electrically welded steel line-weld tubes. Moscow: Standardinform Publ.; 2007. (In Russ.)
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Figure 2. Feature Importance Assessment for CatBoost
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Figure 3. Feature Importance Assessment for RFR
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The greatest influence is exerted by the outer diameter of the column cross-section (97%), which is
reasonable, since an increase in diameter leads to an increase in the cross-sectional area and, consequently,
increases the bearing capacity.

The relative eccentricity (60%) and tube wall thickness (40%) contribute significantly. The first
parameter indicates the sensitivity of the column to eccentric loading, which is particularly important for
complex loading conditions. The second parameter affects the resistance to local buckling and the overall
interaction of the steel tube with the concrete.
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Other significant parameters are the compressive strength of concrete (37%) and yield strength of steel
(22%), which are the key material parameters that determine the behavior of the loaded column.

The Random Forest Regressor (RFR) model showed a strong dependence on a single parameter, the
section outer diameter (97%), while other attributes such as wall thickness (0.7%), concrete strength (0.5%)
and steel yield strength (0.2%) were rated as practically insignificant. This may indicate the limited ability
of RFR to detect complex nonlinear relationships and interactions between attributes, which reduces its
applicability for engineering analysis and prediction in conditions of high variability of design parameters.

The optimal parameter values obtained in the process of model training are presented in Table 3.

The quality assessment of the models is presented in Table 4.

Table 3 Table 4
Optimal values of model parameters Model quality metrics

Model Parameter Value Metric CatBoost RFR
Iterations 1487 MAE 67.1 7.6
CatBoost Depth 8 MSE 86.2 89.7
Learning rate 0,4 MAPE (%) 0.07 0.15
12 leaf reg 2,17 7 0.99 0.98

N estimators 150 ' '

RFR Max depth 16 Source: made by T.N. Kondratieva
Min samples leaf 2

S our ce: made by T.N. Kondratieva

The CatBoost and Random Forest Regressor algorithms are trained in a search for optimal
hyperparameters, where each combination of parameters is tested for the smallest error. Higher mean
average errors (MAE) for structural engineering problems are acceptable in both cases and are associated
with the large range of the N, load values and their order of thousands of kN. High mean square errors

(MSE) indicate the presence of outliers and indicate single, isolated large errors. MSE by itself is less
informative in this case, but in combination with MAPE it indicates reasonable stability of the models. The
MAPE values, which are less than 1%, indicate that the models are very accurate in predicting the bearing
capacity values.

To increase the rigor of model comparison, the statistical significance of differences in MAE, MAPE,
and R? between CatBoost and Random Forest Regressor (RFR) was analyzed. For this purpose, bootstrapping
(1000 iterations) and nonparametric Wilcoxon test for paired samples on 5-fold cross-validation data were
used.

Statistical significance of differences was confirmed by nonparametric Wilcoxon test with confidence
intervals calculated by bootstrapping method is presented in Table 5.

Table 5
Comparison of models with confidence intervals and p-values
Metric CatBoost RFR Difference 95% p-value
95% CI) (95% CI) (CatBoost — RFR) CI of difference (Wilcoxon)
MAE 67.1[64.3-70.5] 72.6 [69.8-76.1] =55 [-6.8; =3.9] 0.018 <0.01
MSE 86.2 [81.0-91.7] 89.7 [85.3-94.6] =35 [-5.2;-1.7] 0.041 <0.05
MAPE (%) 23.1[21.2-254] 31.5[29.4-34.2] —0.08 [-0.10; —0.05] 0.003 <0.01
R? 0.94 [0.91-0.96] 0.86 [0.83—0.89] +0.01 [+0.005; +0.02] 0.002 < 0.05
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Table 5 shows the values of quality metrics of CatBoost and RFR models, as well as statistical analysis
of differences between them based on bootstrapping and nonparametric Wilcoxon criterion. The obtained
95% confidence intervals of the differences of metrics between CatBoost and RFR confirmed the significant
advantage of CatBoost, additionally, CatBoost demonstrates statistically better results in terms of MAE,
MAPE and R? (p-value < 0.05), which confirms its advantage as a more accurate and stable model in this
task.

Figures 4 and 5 show histograms of errors: actual values along the vertical axis, predicted values along
the horizontal axis. The use of CatBoost algorithm allowed to achieve almost perfect coincidence between
target and predicted values. Such high quality of prediction can be explained by the high smoothness of the
data in the training array: the results of finite element analysis, unlike the experimental data, exclude
random errors associated with measurement, scatter of material characteristics, etc. The results of the finite
element analysis are not affected by random errors. In Figure 5, the deviation of points from the Actual =
Predict line is larger compared to Figure 4. Thus, if choosing between CatBoost and Random Forest
Regressor algorithms, preference should be given to the former. A similar result suggesting the better ability
of CatBoost to determine complex nonlinear relationships in comparison with RFR was obtained earlier in
[32] for another problem in the field of application of wireless sensor networks. This is because the
CatBoost algorithm is based on the use of gradient boosting and has a built-in mechanism to deal with
overtraining. Since CatBoost has shown the best quality of prediction, it is CatBoost that should be relied on
when evaluating feature importance. CatBoost reveals the importance of even weak features without
overfitting on them, RFR can ignore weak features because of averaging over trees.

Thus, the CatBoost model provides a more informative and interpretable approach to predicting the
bearing capacity of CFST columns, taking into account a combination of factors, which makes it more
preferable in the tasks of engineering design and analysis. CatBoost model also allows analyzing the
influence of random factors. For this purpose, it is enough to pass the reference input values through the
trained model, and then set random deviations for input parameters and see how the result will change.

Test for Catboost Test for RFR
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Figure 4. Error histogram for CatBoost Figure S. Error histogram for RFR
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Thus, the comparison of CatBoost and Random Forest Regressor models has shown the advantage of the
former both in accuracy and stability of prediction. This is due to the fact that CatBoost implements an advanced
gradient boosting scheme with efficient processing of sparse and categorical data, and also has built-in
mechanisms to combat overtraining. In contrast, Random Forest algorithm as a bagging method is prone to
averaging and may lose sensitivity to weak but significant features. In spite of higher interpretability of Random
Forest trees, CatBoost turned out to be the most appropriate for the task of estimation of load-bearing capacity
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of concrete filled steel tube columns, which is confirmed by low values of MAE, MSE and especially MAPE
(less than 1%). The obtained results confirm the reasonableness of CatBoost as the main gradient boosting
algorithm in this work. Random Forest, in turn, was used as a reference model to evaluate the relative efficiency
of ensemble methods.

4. Conclusion

The main conclusions of the study are:

1. A machine learning model for predicting the load-bearing capacity of eccentrically compressed circular
concrete filled steel tube (CFST) columns was built and validated.

2. The dominant influence of geometric characteristics (outer diameter and wall thickness) compared to the
mechanical characteristics of materials was established.

3. CatBoost algorithm showed the best results among the tested models.

4. An accessible database suitable for further research and training of ML-models was formed and proposed.

In further studies it is planned to expand the use of machine learning methods in analyzing the characteristics
of CFST structures, including their operation in extreme conditions (fire, dynamic effects). The solution of these
issues will allow to expand the scope of application CFST columns and increase their reliability in modern
construction projects.

Data Accessability Statement

The training dataset is available for download at: https://disk.yandex.ru/djVWmibREM10p3Q
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AHHOTauus. bonpienponeTHble KOHCTPYKIMN MTOKPBITHS MO3BOJSIIOT CO34aBaTh NMPOCTOPHBIE MOMEIICHUSI 0€3 MCIOJIB30BAHUS
MIPOMEXYTOUHBIX OIOP, YTO BAXKHO JJIsl TMOKOW IJIaHMPOBOYHOM CHCTEMbI IIPOMBIIIIEHHBIX M O0LIECTBEHHBIX 3MaHui. Kak npaBu-
JI0, TaK¥e KOHCTPYKIMU BBIIOMHSIOT M3 METAJUTMUECKHUX HIIN JKeNIe300eTOHHBIX (hepM miam apok. OObEKTOM HCCIETOBAHUS SBISCT-
Csl HOBas JIBYCKaTHasi KOHCTPYKLHMS JEPEBSIHHOIO JOLIATOrO0 MOKPBITHS-HACTHIIA JUIS MPOMBIIIIEHHOTO 3[[aHus MpoyieTaMu 24 u
30 m. [llupuna HacTuna 6€3 CTPONMIBHBIX KOHCTPYKIMA cocTaBisieT 2,4 M. CoeMHEHUE OTACIbHBIX JTOCOK M AIIEMEHTOB MEXKIY
co00H B HaCTWJIE IIPE/lyCMATPUBAETCS TBO3IEBBIMU M OOJTOBBIMH, YTO BBITOJAHO OTIMYAET €T0 OT KIIEEHBIX JIEPEBSIHHBIX KOHCTPYK-
. CyImecTByeT BO3MOKHOCTh COOPKH KOHCTPYKLHH HETOCPEICTBEHHO Ha CTpOUTENbHOHM miomanke. He tpebyercs mocraBka
KPYITHOMACHITAOHOTO M3AETHs JO MeCTa MOHTaxa. [IpencTaBieH moapoOHBI aHaJIM3 KOHCTPYKTHUBHBIX PELICHUH, MPHUBEACHBI
METOABI pacueTa, B pe3ysibTare KOTOPBIX ONpeNesieHo, YTO MpeIoKEeHHasT KOHCTPYKLHUS YIOBIETBOPSIET YCIOBUIO H3THOHOI JKecT-
KOCTH. OHI/ICB.Ha ImpocCTast B U3rOTOBJICHUU W MOHTAaXE CUCTEMa, OCHOBaHHas Ha MPUMCHCHUUN ACPEBAHHBIX JTOCOK U naHeneﬁ,
KOTOpbIe 00eCIeYnBaIOT HEOOXOMUMYIO OOIIYI0 YCTOHYMBOCTh KOHCTPYKIHMHU, YTO JeNIaeT €€ MPUBJICKATEIbHBIM BapHAHTOM IS
HCII0JIb30BaHUS B PA3JIMYHBIX KIMMATHUYCCKUX paﬁOHax. Pe3yanaTm I/ICCJ'ICD,OBaHI/lﬁ TMOATBEPIKAAIOT BBICOKYIO IEPCIICKTUBHOCTD
JanbHEHNIIero BHEIPEHHS TTOJOOHON TEXHOIOTHH B PEabHYIO IPAKTUKY ITPOSKTUPOBAHHSI.

Ki1roueBble cji0Ba: 1epeBIHHBIE KOHCTPYKIIUH, TIOKPBITHS, IPOYHOCTD, JKECTKOCTD
3asBieHne 0 KOHGUIMKTE HHTEPECOB. ABTOPHI 3asIBISAIOT 00 OTCYTCTBUU KOH(IHKTA HHTEPECOB.

Brkaan aBropoB: [lluuios M. /. — pa3paboTKa KOHCTPYKTUBHOTO PELICHHS JePEBSHHON KPOBEIBHOM IMaHeH, HOCTAHOBKA 3a/1a4H
uccnenosanus; Jlykuna A.B. — cOop Harpy3ok, BBIIOJIHEHHE pacyeTa U3rnOHOM KEeCTKOCTH MaHEeNH, HalMcaHue TeKcTa; Jlucam-
Hurxoe M.C. — aHaJIM3 COBPEMEHHOTO COCTOSIHUS OOJBIICNPOTIETHBIX KOHCTPYKIUI HA OCHOBE JIPEBECHHBI, JINTEPATypPHBIA 0030D;
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Abstract. Large-span roof structures allow creating spacious rooms without using intermediate supports, which is important for a
flexible planning system of industrial and public buildings. Typically, such structures are made of metal or reinforced concrete
trusses or arches. The object of the study is a new ridged structure of a wooden plank roof panel for industrial buildings with spans
of 24 and 30 m. The width of the panel without rafter structures is 2.4 m. The connection of individual boards and elements with
each other in the panel is provided by nails and bolts, which compares favorably with glued wooden structures. It is possible
to assemble the structure directly on the construction site. There is no need to deliver a large-scale product to the installation site.
The article provides a detailed analysis of design solutions, presents calculation methods, as a result of which it is determined that
the proposed structure meets the condition of bending rigidity. A simple to manufacture and to install system is described, based on
the use of wooden boards and panels, which provide the nec-essary overall stability of the structure, making it an attractive option
for use in various climatic regions. The results of the studies confirm the high potential for further implementation of such
technology in real design practice.
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1. Beeaenue

BonbiienponerHble KOHCTPYKIUKM CTAHOBATCS BCe 0o0Jiee MOMY ISIpHBIMU OJ1arojiaps CBOei SKOHOMHYe-
cKoi 3(p(heKTUBHOCTH, apXUTEKTYpPHOH BBIPa3UTEIILHOCTH M TEXHOJIOTHUECKOMY pa3BUTHIO. Bonbiienpo-
JeTHbIE KOHCTPYKLMHM HAaXOAAT LIMPOKOE NPHMEHEHHE B Pa3IMuHbIX cepaX, BKIOUYAs CTPOUTEIHCTBO
IPOMBIIIJIEHHBIX, 3PEIUIIHBIX, KYJIbTOBBIX 3[aHUN, MOCTOB, CHOPTUBHBIX apeH, a’pONOpPTOB, TOPIOBBIX
LEHTPOB U JIPYTUX KPYIHBIX 00beKTOB [1; 2]. B OyaymieM oHu OyayT Urparh KIOYEBYIO pOJib B CO3AaHUU
COBPEMEHHBIX U (YHKIIMOHAJIBHBIX OOBEKTOB, CIOCOOCTBYS Pa3BUTHUIO MH(PACTPYKTYPHI M YIYUIICHUIO
Ka4yecTBa KU3HU HACEJICHUS.
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Korna peub uaer o GOJBIIETIPOTIETHRIX MEPEKPHITHAX, KaK MPABHUIIO, UCTIONB3YIOT (epMbl, apKU HIIH
MpOCTpaHCTBEHHbIE KOHCTpYKIMH [3; 4]. [lupoko pacrnpocTpaHeHbl pelieHts, BbINOJIHEHHbIE U3 METaUIN-
YECKHUX U KeJIe300€TOHHBIX KOHCTPYKIUH [5—7].

OpHMM W3 MEePCTIIEKTUBHBIX HANPABICHUN SIBIISETCS HMCIIOJIb30BAaHUE JEPEBSIHHBIX CTPONUIIBHBIX KOH-
CTPYKUMH ISl TIEPeKpHITU OONBIINX MPOJETOB. [lepeBsHHbIE KOHCTPYKIMU OO0JAJal0T PSAIOM TMPEUMY-
LIECTB: 3KOJIOTUYHOCTb, JIETKOCTh, BBICOKUE TEIIJION30JISILIMOHHBIE CBOMCTBA, 3CTETUYHOCTH [8].

DNeMeHTHI CTPONUIBHON JAEPEBSIHHOW CHCTEMBI, KaK MPAaBHJIO, BBITIONHAIOTCS Ha OONTaxX, Harejasx u
pexxe Ha M3I1. bonToBble coenuHeHnsT 00ECTIeUnBAIOT MPOYHOCTh U YCTOWYUBOCTh KOHCTPYKIIMH, a TAKKe
MO3BOJISIIOT JIETKO MOHTHPOBAaTh M JIEMOHTHPOBATH AJIEMEHTHI MpHu HeoOxonumocTu [9]. Tak, B [10; 11]
MPEIOKEHBI CTPONMUIIbHBIE KOHCTPYKIIMH U3 0aMOyKa, COeIMHEHUS! KOTOPBIX BBHIIIOJHEHBI Ha 0OTaX.

LlenTpanbHblii HAYYHO-HCCIIEAOBATENbCKUI UHCTUTYT CTPOUTENIBHBIX KOHCTPYKIMK nMeHu B.A. Kyde-
penko (LIHUMCK wum. KydepeHko), omuH U3 BEAyIIUX MHCTUTYTOB CTPOWTEIBHOU oTpaciu Poccum, Hako-
MWJI 3HAYUTETIBHBIN OMBIT MPOEKTUPOBAHHS OOJBIIETIPOTIETHBIX IE€PEBIHHBIX KOHCTpYKIuii. [log pykxoBoa-
ctBoM C.b. TyproBckoro u A.A. IToropenbiieBa pa3paboTaHbl OCHOBHBIE BHJBI POEKTOB OOJBIIEIPOIIET-
HBIX JIEPEBSIHHBIX KOHCTPYKIMI: apOdHbIe OKPBITUS 3/1aHUM, JepeBsIHHbIE (DepMbI 1 paMHBIE KOHCTPYKIIHH,
HINPEHTeIbHbIE CUCTEMBl U KIIe€Hble OalKu, penieryarbie JepeBsiHHbIe (epMbl 1 KOMOMHUPOBAaHHBIE KOH-
CTPYKIIUH.

OrpomHblil BKiIaa B GOPMHUPOBAHKUE U Pa3BUTHE ILIKOJIbBI JIEPEBIHHBIX KOHCTPYKIUN B CHOMpPCKOM pe-
ruone BHec npodeccop I1.A. imurpues (Cubctpun). [1.A. JIMuTpreBbIM OBLIH SKCTIEPUMEHTAIBHO HCCITe-
JIOBAHbI COEIMHEHMS AIEMEHTOB JIEPEBSIHHBIX KOHCTPYKLIMH Ha METAUIMYECKHUX U IIJIACTHKOBBIX HAressx,
pa3paboTaHbI MOJOKEHUS 110 MPOSKTUPOBAHUIO HECYIIUX U OTPAKIAIOIINX JAEPEBIHHBIX KOHCTPYKIIUH.

Pa3paboTka HOBBIX MOJMMEPOB, KOHCTPYKTHBHBIX DPELICHUH W TEXHOJOTHM 0OpabOTKU JIpeBECHHbI
CIOCOOCTBYET Pa3BUTHUIO IE€PEBOKOMITIO3UTHBIX KOHCTPYKIMM. B mpakTuky npoekrupoBaHus Bce Ooiee UH-
TEHCHUBHO BXOJSIT COCTaBHbIE U JIepeBOKIeEHbIe KOHCTpyKumHu [12; 13].

JlepeBsHHbIE KOHCTPYKIIMH TUTPOCKONMUYHBI. [Ipu HaOyxaHMM CO31al0TCS BHYTPEHHUE HANpPSKCHUS,
YTO MOXKET IIPUBECTH K J1e(hopManusM, pacCIOCHUIO U CHIDKCHHIO TPOYHOCTH KOHCTPYKIUH. [lepeBokoMITo-
3UTHBIE KOHCTPYKLIMH JIUILIEHbI TAKUX HEJOCTATKOB.

B [14-16] BbImoNHEHBI pacyeThl JCPEBSIHHBIX KOHCTPYKIMHA C y4eToM mon3ydectd. MccnemoBanus
MOATBEPKAAIOT HEOOXOAUMOCTh ydeTa IMOJI3y4eCTH JPEBECUHBI U YTOUHEHUS PacyeTOB JEPEBSHHBIX KOH-
CTPYKLUI.

B [17; 18] npeanaraeTcss ”HHOBAIIMOHHOE TIPEIBAPUTENILHO HArPYKEHHOE COCMHEHUE TI00eh — raiika
JUTSI BEICOKOTIPOU3BOAMTEIHHBIX MPOCTPAHCTBEHHBIX KOHCTPYKIHMHA u3 KieeHoro mmoHa (LVL). Takoe co-
ennHenne LVL a1eMeHTOB MPUBOIUT K CHM)KEHHIO COOCTBEHHOTO Beca KOHCTPYKIUH Ha 33 % mpu paBHOI
MPOEKTHOI Hecymiel ciocodHocTr. CoennHenne aro0enb — raifka, HCIoIb3yeMoe ISl pealn3aiuu IpoTo-
THUIIOB, 00ecCIIeunBaeT MPOCTOTY oreparnuii mo coopke/paszdopke. B [19] moapoOHO oOCykmatoTcs KieEHbIe
JIEPEBSIHHBIE AJIEMEHTHI, KOTOPbIE HCIOJB3YIOTCS B KaueCTBE HECYyIIMX KOHCTpykiui. IloguepkuBarorcs
IPEenMyIIeCTBa METAIIMYECKUX COEIMHEHUH, HO TaK)Ke YIIOMUHAIOTCS NMPOOJIEMBI, CBSI3aHHbBIE C HKOJIOTHY-
HOCTBIO CHHTETHUYECKUX KJIEEB U COEIMHUTENEH.

Crarpst M.C. Cepreesa [20] nmocpsiiieHa UCCISIOBAHUIO BIAXKHOCTHOTO TIOBEJCHHS U MPOIIECCOB BBICHI-
XaHUs Kpocc-mamMmuHupoBaHHON npeBecuHbl (CLT) B KpoBelbHBIX KOHCTPYKIUAX. B pabore nmpencrasieH
MOJIEBOM IKCIIEPUMEHT, NMPOBEJIEHHBIN B TeueHHe 11 MecsneB Ha cTpoUTENbHON Miowmanake B TopoHTO
(Kanaga), rne ananmusupoBaiach quHamuka pacnpeneienust Biaru B CLT. OcHOBHOe BHUMaHUE Y/IEIIEHO
BJIMSIHHIO Bi1ard Ha Topibl naHenend CLT, Tak kak JpeBecHHa SBISETCS TUTPOCKOMMYHBIM MaTEpUajIoM, a ee
TOPIIBI 0COOCHHO YSI3BUMBI K BOJOIIOIVIOIIEHHIO.

Taxoke B uccaenoBanus [21; 22] paccMOTpEHBI BOIIPOCHI apMUPOBAHUS JEPEBSHHBIX KOHCTPYKLIHM.
ApmupoBanre — 3G GEKTUBHBINA CITOCOO TMOBBIIIICHUS HECYIIEH CITOCOOHOCTH CTPOUTEIBHBIX KOHCTPYKIIHMA,
HO TpeOYIONIHiA TOMOIHUTEIBHBIX PECYPCOB HA Pa3padOTKy TEXHOJIOTHH M3TOTOBJICHHUS KOMITIO3UTHBIX KOH-
CTPYKLHUU.
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[IpumepomM ycrnemHoro npuMeHeHUs: JePEeBIHHBIX TOKPBITUNA JUIS IPOMBILUICHHBIX 3JaHUH SIBISIOTCS
CIOPTUBHBIE KOMILIEKCHI, BBICTABOUHBIE 3aJIbl, O0IECTBEHHbIE 31aHus [23; 24]. Hanpumep, KpbIThIi cTaau-
OH B ropoze XenabcuHkU, OUHIISHIUS, HOCTPOEH € MCIOIb30BAHUEM KIICEHBIX JIEPEBSHHBIX 0aJIOK JAJIUHOMN
10 30 M [25]. OTH 0OBEKTHI AEMOHCTPUPYIOT BBICOKYIO IPOYHOCTh U 3CTETUYECKYIO MPUBJIEKATEILHOCTh
JIEPEBSHHON KOHCTPYKIIMH.

Taku 00pa3oM, akTyalTbHOCTb WCCIIEIOBAHUS JAEPEBSIHHOTO MOKPBITUSA-HACTHIIA MPOMBIIIICHHOTO 3/a-
HUSL 00yCIIOBJIEHa HECKOJIBKMMHU Ba)KHBIMHU (hakTOpaMu. Bo-niepBbIX, 3TO SKOHOMHUYEcKast 3PPEeKTUBHOCTE.
Hcnonb30BaHue ApEeBECHHBI BMECTO METalIa M OETOHA MOXKET CYIIECTBEHHO CHU3UTH 3aTPaThl HA CTPOU-
TeNbCTBO. Jlerkuii Bec MaTepuana yMEHbIIAET PacXoJbl HA TPAHCIIOPTUPOBKY U MOHTAX, a TAKXKE CHUXKAET
Harpy3ky Ha ¢yHaaMeHT. Bo-BTOpbIX, HU3Kas TEIUIONPOBOAHOCTh APEBECHHBI MO3BOJISIET CO3/aBaTh Ooee
sHepro3((eKTUBHBIC 3AaHUs, CHIKAs 3aTpaThl HAa OTOIUIEHNWE M KOHIUIIMOHUPOBaHHUE BO3yXa. B-TpeThux,
3TO ajamnTanus K MECTHBIM yciioBHsIM. B Poccum m apyrux cTpaHax ¢ pa3BUTOM JECHOW NMPOMBIIIIEHHO-
CTBIO HCTIOJIb30BaHHE MECTHBIX PECYpPCOB JAPEBECHHBI MOXKET CITIOCOOCTBOBATH PA3BUTHIO SKOHOMHKH PETH-
OHa U CO3/IaHuI0 Paboynx MecT [26].

2. MeTtoanl

PaccmoTpeHo nepeBsHHOE MOKpPBITHE-HACTHI (HaHEesb) JUIS MPOMBIIUICHHOTO 3aHUS C MPOJIETAaMH
mmaHOM 24 1 30 M 6e3 NCIOB30BaHMSI TPAJUIIMOHHBIX CTPOITMIIBHBIX CHCTEM.

[TokpsITHE-HAaCTUI TpeACTaBIseT cOOOM psAl KPOBENBHBIX MaHenel paMepoM 2,4 X 24 M, MIapHUPHO
OTMPAOIIMXCS HA TIOACTPONIIbHBIE Oanku. KpoBenbHas maHes b 3TO /1Ba CIUTOIIHBIX HACTHIIA TOJIIIUHOMN 110
120 MM, pa3eneHHbIX MEXKIy cO00i MmonepeuyHbIMU cTeHKaMu cedeHrueM 60 x 340 MM, pacnoI0KEHHBIMU
¢ marom 2,4 M (puc. 1).

CrutomHoi HacTui ToimuHON 120 MM oGecreunBaeT JOCTATOYHYIO KECTKOCTh M MPOYHOCTb, YTOOBI
BBIJIEP)KUBATH HATPY3KH OT CHETa, BeTpa M coOCTBEHHOTO Beca. [lonepeunsie cTeHkn ceuenrnem 60 % 340 MM,
pacronoXeHHbIe Yepe3 Kakable 2,4 M, TOTOIHUTEIBHO YCHINBAIOT KOHCTPYKIIUIO, TPEJOTBPAIIast IPOruobI
u nedopmarmu. HlapHupHOe coequHEeHUE Ha MOACTPOIMIBHBIE OAKW MO3BOJISIET KOMIIEHCHPOBATH BO3-
MOJKHBIE TEMIIepaTypHbIE PACIIMPEHHS U yCaJKH MaTepuajoB, YTO MOBBIMIAET OOy CTaOUIBHOCTh KOH-
cTpykuuu [27].

CoenuHeHne OTIENBHBIX JIOCOK U 3JIEMEHTOB MEXIYy COOOH IpenycMaTpuBaeTcs MO THILY JOMIATo-
rBo3zieBbIX Oasok. Ha sTame pa3paboTku MOJeNb HUCCIIEAyeMOro JEPEeBSIHHOIO MOKPHITHS MPEIoNaraercs
KOHCTPYKTHBHBIN 32001 IrBO3/EH, a Takke KPEIUICHWE OTJCIBHBIX JIEMEHTOB OOJITOBBIMU COEIMHEHHUSMHU.
PacueT y370BBIX U CTBIKOBBIX COCAMHEHHI OyJeT BHIIIOIHEH B JAJIbHEHIIIEM NP aHaJIH3¢ BHYTPEHHUX yCH-
JUH B KaKJIOM 3JIEMEHTE OTIEJIBHO.

0,58 M (0,96 M)

24m (30m) i

Puc. 1. O6LL[PII>‘I BUO ICPEBAHHOIO IMOKPBITHUA-HACTUIIA IIPOMBIIIIJICHHOT'O 30aHUA

W cto9Hnuk: BemonHeHo J[.A. YUHOpHKUHBIM

Figure 1. General view of the wooden panel for industrial buildings
S our ce: made by D.A. Chibrikin
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2.1. Ilokpwvtmue 30anus ¢ nponemom 24 m

BeinonHeH pacyer npeanokeHHON epeBIHHOW KOHCTpyKuuuU. PacueTHas cxema mpezacraBiseT coboit
OJTHOIIPOJIETHYIO IIAPHUPHO-ONEPTYI0 OaJIKy C IIAPHUPHBIM COEAMHEHHEM CTEHOK C BEPXHHUM U HU)KHUM
H0SICAMHM, 3arpy’>KCHHYIO PaBHOMEPHO-pPACIPENEIEHHON HAarpy3Koi 1o nponery. Onpenesnes MOMEHT HHEp-
UM U U3TUOHYIO )KECTKOCTh MOKPBITHUS.

MoMeHT UHEpLMH NTOIIEPEYHOTO CEUCHHUS TAaHEIIN:

3
[ b 24
12 12

(0,583 —0,343) =0,0312m°.

W3rubHas sxectkocTh: EI, =12600-0,0312=393M - N m”.

Berimosnnen pacder o aedopmanusim.
Harpysku HopmaTuBHBIE:

1. IMpononsubie HacTuibl: B =0,24-2,4-510=294«kr/m;

2. Ilonepeunsie ctenku: P, =0,06-0,34-2,4-11-510 =259xkr/m;

3. Mapousomsauus: B =0,08-2,4=0,192 xr/wm;

4. Tlomumepuast memOpana: ¢t =1,5mm; P, =1,8-2,4=4,32xkr/Mm;
5. CueroBas Harpy3ka: P =200-2,4 =480kr/m;

HUroro HopmaruBHas Harpyska: ¢ =1038xr/m=0,0104 MH/m.
5 qI' _ 5 0,0104-24°
384 E 384 393

ITporu6 B cepeaune npojiera: Max f = =0,114m.

[IpenensHO TOMYCTUMBIH IPOTHO: 200 =0,120m.

TakuMm 00pa3om, )KeCTKOCTh KPOBEJIBHOW MaHesu JocrarouHa. HegocTarok 3Toro pemeHus B TOM, 4TO
MOKPBITHE MOTy4aeTcs INIOCKUM. UTOOBI cO37aTh YKIIOH KPOBJIM OT KOHbKA K KapHU3Y, HEOOXOAUMO YBEJIH-
YUTh BBICOTY HOIIEPEUHBIX CTEHOK OT KapHU3a K KOHbKY Ha 30 MM C Ka)KIbIM IIIarOM IOIEPEYHBIX CTEHOK.

Harpyska HEeMHOTO yBEJTHUUTCSL:

q=0,0104+0,03-0,06-2,4-(2+4+6+8+10)-0,0051=0,011 MH/m.

3. Pe3yabTarsl U 00CyxKAeHNE

KposenbHas maneins JUIMHON 24 M pa3/essieTcsl MoNepeYyHbIME CTEHKaMU Ha 5 ()parMeHTOB, KaXIbIH 13
KOTOPBIX MMEET JIBE YacCTH 110 2,4 M 110 pa3HbIe CTOPOHBI OT KOHbKA. Kax/1blii (hparMeHT UMEET CBOIO BHICO-
TY ¥ )KeCTKOCTh Ha m3rud EI. Beicora gparmMeHTa U3MEpSACTCS B €r0 CEPEIMHE M CUUTACTCS MOCTOSHHOM.
[Mpunsrteie BeicOTH (pparmentoB: 7 =0,58;0,61; 0,64; 0,67; 0,70 M. MOMEHTHI HMHEPIHH KPOBEILHBIX

nageiuei
bh’> b
] - _ 7 h3_ 3 ,
12 12( hl)

rae & — BbIcoTa (parMeHTa; /1 — pacCTOSHUE MEXIy BEPXHUM M HWKHUM HAaCTHJIAMH KPOBEJIHHOM MaHe-
1. MOMEHTHI HHEPIIMU M U3THOHBIE )KeCTKOCTH EI- 10 pparMeHTaM npeacTaBieHs! B Ta0m. 1.
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Tabnuya 1/ Table 1
Omnpenenenne U3ru0HoN KecTKOCTH KPOBeJILHOI NaHeu /
Determination of the bending stiffness of the roof panel

Homep ¢pparmenTa / MoMeHT HHepIHH KPOBeJIbHBIX Maneseii Iz, m* / Hsrudnbie xecrkoctn Elz, MH/mMY/
Fragment number Moment of inertia of Iz, m* roofing panels Bending stiffness EI7, MN/m?
@parmenr 1 / Fragment 1 0,0312 393
®parmenr 2 / Fragment 2 0,0353 445
®parmenr 3 / Fragment 3 0,0396 499
®parmenr 4 / Fragment 4 0,0443 558
®parmenr 5 / Fragment 5 0,0491 619

U ctounuk: BemonHeHo A.B. JIykunoii / S o ur ¢ e: made by A.V. Lukina

Jlanee ompenenstorcs: MporuObl KPOBEIHHOM MaHEH B CEPEANHE MPoJIeTa:

5 gl
Max f =——. 1
4 384 EI. o

Harpyska ¢ =0,011MH/m o Bcemy mponety. Moxyms ynpyrocta apesecunst: E =12600 MH/m”.

4
Max f =0, 00014215—1.

Jlnst kaxaoro hparMeHTa KpoBEIbHOW TTaHENN BBIOIHIETCS ClIeyolIee:

1. YacTe KpOBENbHOW MaHENH, BKIOYaOmas (parMeHT, paccMaTpuBaeTcs Kak Oanka JTMHOW [; Ha
mapHUpHBIX onopax. [To dpopmyne (1) onpenensiercss mporud B cepearHe MpoJieTa OT HArpy3KH q.

2. YacTp KpOBENIBHOW MaHeNH, 32 UCKIIOYeHNEM (parMeHTa, paccMaTpUBaeTCs Kak Oanka JJIUHOHU [y,
U JUIS Hee ompezensieTcs nporud B cepeaune. PasHOCTh MporuOoB naeT mporud KpoBENbHOW MaHEIH B ce-
penvHe mpoJieTa OT Harpy3KH, AeHCTBYOmEeH B ipeaenax gparmenta (Tadm. 2).

Tabauya 2 / Table 2
Onpenenenue nporudos kposeabHoi nanean / Determining the deflections of the roof panel

Homep ¢pparmenTa / Fragment number | IIposer /, m/ Span /, m | IIporu6 f, m / Deflection, m
®parmenr 1 / Fragment 1 24 0,0505
®parmenr 2 / Fragment 2 21,6 0,0251
Oparment 3 / Fragment 3 19,2 0,016
Oparmenrt 4 / Fragment 4 16,8 0,0112
Oparment 5 / Fragment 5 14,2 0,0

W ctouHuk: BeimonHeHo A.B. Jlykunoii / S o ur ¢ e: made by A.V. Lukina

[Tporu6 kpoBeNIBLHOI MaHeNn B cepeIuHe MPoJieTa PaBeH CyMME OIIPEIeNICHHBIX TPOTHOO0B.

Max f =0,0505+0,0251+0,016+0,01124+0,0129 =0,116 m.
[IpenenprO momycTuMeIii iporud 0,120 m.

XKecTkocTh KpOBENBbHON TTAHEIH JOCTAaTOYHA
3.1. okpvimue 30anusn ¢ nponemom 30 m

Cobepem Harpy3KH.
ITpononbable HacTUb! TonuMHOK 0,09-2 =0,18 M. Torna B =0,18-2,4-510=220 xr/m.

ITonepeunsle creHku: P, = 0,08-2,4‘(0,78+0,81+0,84+0,87+0,90)'510-2 =823 kr/m.
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Harpy3ska oT mapon3ossinu 1 noauMepHoi Mmemopausl: P, =4,32 kr/m.
Cueroas Harpy3ka: 200-2,4 =480kr/m.

Uroro (HopmatuBHbIe Harpy3ku): ¢ =1527,32 xkr/m =0,0153 MH/m.
[Tporn6 KpoBeNbHOM NaHEeTH B CEPEIUHE MTPOJIeTa COCTABUT:

4 4
Max £ =——9" —0,000198-—
384 EI EI

MOMEHTBI HHEPIIMH U KECTKOCTH KPOBEJIBHOM MaHeN! 1Mo (pparMenTam OT KapHH3a K KOHBKY (Talum. 3).

Jlanee BBIUMCISIOTCS IPOTUObI B CEpeIUHE KPOBEJIBHOW MaHENIN OT Pa3elbHOIO 3arpyXeHus ee Io
¢dparmMeHTaM, Kak 3TO OmUCaHO Bblile. [IpuHuMaercs: /1 — JuIMHA y4yacTka MaHeNH, BKJIoJaromero ¢par-
MEHT, /> — JJIMHA y4acTKa ¢ HCKII0YeHHBIM (parmenToM. [Iporu6sl onpenenstorcs no ¢popmyre

4 4
Max f=——-9" ~0,000198.-—.
384 EI EL

PazHocTh iporn6oB ompenenseT mporud KpoBeIbHOW MaHeln f B CepeluHe MpoJieTa OT 3arpy>KeHHUs
¢parmenra: f =Max f,—Max f.

Tabnuya 3 / Table 3

Pe3yabTaThl pacuera nokpsiTHe 31aHuA mpoaerom 30 m /
Calculation results for covering a building with a span of 30 m

Homep ¢gparmenta/ | MoMeHT HHepuuH KpOBeJIbHbIX Maneneii I, v* /| M3rubnas xecrkocrs EI,, MH/m?/ | TIporu6 f, m /
Fragment number Moment of inertia of roof panels 1., m* Bending stiffness EI., MN/m? Deflection, m

®dparmenr 1 / 0,0820 1033 0,0914

Fragment 1

@parmenr 2 / 0,0878 1106 0,0406

Fragment 2

d)parMeHT 3/ 0,0937 1257 0,0141

Fragment 3

dparmenr 4 / 0,0998 1257 0,000123

Fragment 4

®dparmenr 5 / 0,106 1336 0,000192

Fragment 5

W ctouHuk: BemonHeHo A.B. JIykunoii / S o ur ¢ e: made by A.V. Lukina

[Iporu6 xpoBenbHOI MaHeN! B CEpeANHE MPOJIETa paBEH CyMMe IPOTHOOB OT 3arpykeHust (pparMeHToB
Max f'=0,146 m npu npeaensHo gomyctumoM 3HadeHuu 0,150 M. JKecTKOCTh KpOBENbHOM MaHeln JoCTa-

TOYHA.

Pe3ynbraThl BBITIOJTHEHHOTO pacdeTa MOKa3bIBalOT, YTO HAMOONBIINN MPOTHO KPOBEIHHOM MaHEIN BO3-
HHUKaeT OT Harpy>keHHsl IepBoro (IIpUKapHU3HOTO) (parmMeHTta, a ¢ NpUOIMKEHHEM 3arpy>KeHHOTo ¢par-
MEHTa K KOHBbKY €T0 BJIHMSHHE Ha MPOTrH0 B CeperHe MpoJieTa OBICTPO YMEHBIIACTCS. ITO MOKHO HCIIONb-
30BaTh. JKECTKOCTh IMaHEIHM B HANPABJICHUH OT KapHU3a K KOHbKY OyleM yMEHbIaTh, YMEHBIIAs TOJIIIUHY
HACTUIIOB.

Kaxxaprit ckar OyzieT UMeTh TP 30HBI TPOTSHKEHHOCTHIO TI0 S M ¢ CyMMAapHOW TOJIITUHONW BEPXHETO U
HIDKHETO HACTHIIOB OT KapHHu3a K koHbKY 20, 18, 12 cM. Kaxnas 30Ha pa3aenieHa momnepeyHbIMA CTEHKAMU
Ha aBa (parmenta mo 2,5 M. Breicota ctenok B mpenenax ckara 0,750; 0,775; 0,800; 0,825; 0,850; 0,875,
BbIcoTa cpeaneit crenku 0,900 m.
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3.2. Onpeoenenue nazpy3ok

1. HacTumsr: (0,20~5+0,18~5+0,12-5)-2~2,4~510 =6120 kr. Torma Harpy3ka Ha 1 M KpOBEJIbHOI
HaHenu cocTaBuT: g =204 xr/m.
2. CTEeHKH IO cKaTaM, MONePEeYHbIC CCUCHMS: (0, 750+0,775+0,80+0,825+0, 875) -0,08-2=0,78.

3. Cpennsis ctenka 9-0,15=0,135 M.
Bcero 0,78 + 0,135 = 0,915 m?
Bec Bcex CTeHOK Ha MIMPUHY KPOBEJIBHOU IMaHeIn — 2,4 M.

G=0,915-2,4-510=1120 kr.

1120

Torga Harpy3ka 1 M KpoBeJIbHOM MaHeNu g = =0 =37,333kr/m.

Bwmecre ¢ Hactumamu g =204 +37,333 =24,333kr/m =0,00241 MH/m.
[Mapowsonsnus u nonumepuas memOpana g =4 kr/m =0,00004 MH/m.
Cuer G =480-2,4=1152 xr/m=0,0115MH/m.

Hroro ¢ =0,00241+0,00004+0,0115=0,0140 MH/m.

HawnGonpmmit mporn® KpoBeIbHOHN TAHETH B CEPEMHE TIPOJIeTa:

4 4
Max £ =9 —0,000182-.
4EI El

MoMeHT UHEpLH KPOBEJIBHOM ITaHEeIH

3
[ b _2.4
12 12

(h3—h13)=0,2(h3—hf),

rae 4 — BBIcOoTa (hparMeHTa IMaHesH, BKIIIOYArOIIas HAaCTHIIBL, /11 — 0€3 HaCTUIIOB.
[Momyuarores cneayromme 3Ha4YeHUs IUTsl PPaArMeHTOB OT KapHU3a K KOHBKY:

h=0,20+0,75=0,95, h =0,750;

h=0,20+0,775=0,975, h =0,775;

h=0,18+0,80=0,98, A =0,800;

h=0,18+0,825=1,005, A =0,825;

h=0,12+0,850=0,970, h =0,970;

h=0,12+0,875=0,995, h =0,875.

MOMEHTBI HHEPLIMH 1 )KECTKOCTH KPOBEIBHOW MaHeNu Juis pparMeHTOB OT KapHU3a K KOHBKY:

1,=0,2(0,95'-0,75")=0,0871, EI, =1010;
1,=0,2(0,975'-0,775’)=0,0923, EI, =1160;
1,=0,2(0,98°-0,8')=0,0858, EI, =1080;
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IZ

0,2(1,005° —0,825°) =0,09007, EI, =1140;

1,=0,2(0,97°-0,85')=0,0597, EI, =752;
1,=0,2(0,995’-0,875’)=0,0630, EI, =794.

MakcumanbHBIi TPOruO KPOBEIBHON MAHENN B CEpeHHE MPOJIeTa ONpeelsieTCsl Kak CyMMa IporuooB
OT Pa3/IeNIbHOTO 3arpyKeHus ee pparMeHToB. /it KayKIoro pparMeHTa onpenesnsiercs 2 nporuoda: fi — o 3a-
Ipy’K€HHs HaHeJu JUIMHOH /1 , BKiIIodarommeil gparMeHt, u f2 — OT 3arpy’kKeHHs HaHeau JUIMHON L — 6e3
¢dparmenra. PazHocTs mporuboB omnpezaenseT nporud B cepeAnHe nposera oT HarpyxeHus ¢pparmenra. Cym-

Ma TaKuX pa3HOCTEH ompeenseT mporud KpoBeIbHOM MaHeI! MEPEMEHHON )KECTKOCTH B CEPEIMHE MPOJIeTa.
®parmenr 1: / Fragment 1:

h, b, L, b, L, b, h, b, L, b, L, b,
M/m M/ m M/ m M/ m M/ m M/ m M/ m M/ m M/ m M/ m M/ m M/ m
30 25 25 20 20 15 15 10 10 5 5 0

© g @ 7 2 2 = S S = =

= S = S g S 8 S S = S

s S = S = S S © = S = o
I [ I [ I I I I I [ I I

= < = < = < = b =, < A <

Cymma BenuuuH (fi — f2) onpezenser mporud KpoBelIbHON maHenu B cepeaune npoiera f = 0,139 m.
[Tpenenpro momyctumsrii mporud 0,150 M. XKecTKoCTh KpOBEIbHOM MTAHETN TOCTaTOYHA.

WNnxeHepHbld pacdeT JaeT JHIIb OPUEHTHPOBOUYHYIO OLIEHKY HECyLIedl croCOOHOCTH KOHCTPYKIIHMH,
OJIHaKO TpeOyeTcs JOMOIHUTEIBHOE MOJIETUPOBAHNE BCEX (PAKTOPOB, BIMAIOUIMX Ha paboTy COOpPY>KEHHS,
BKJIIOYAsl CJIOKHOE PACIIPENIEICHHE BHYTPEHHUX YCHUJIMM, Y4ET Y3JI0BOIO CONPSIKEHHSI M BO3MOXHBIE KOH-
HEHTPAUN HanpsHKeHUH. YNCIICHHBIM pacyeT MpOBEICH B pacdyeTHOM mporpamMmHoM komiuiekce ITK Lira.
CrnoxHoe HanpsKeHHO-/1e(hOPMHUPOBAHHOE COCTOSIHHE JEPEBIHHOTO MOKPBITUS-HACTUIIA TiposieToM 24,0 m
OTPaKEHO B BUJIE MO3aWK yCHIJIMHA, HAMTPSDKCHHUH U TepeMelieHuit Ha puc. 2-5.

&
Ly

Puc. 2 Mo3anka HOpMaJbHBIX HaIpsKEHUM, Ny
W cTo4Huk: BeinonHeHo J[.A. UnOpuKuHBIM
Figure 2. Mosaic of normal stresses, Ny

S ource: made by D.A. Chibrikin

Puc. 3. Mo3arka n3ru6armomux MOMEHTOB, Mx
W c1o4Huk: BeinonHeHo J[.A. YnOpuKUHBIM
Figure 3. Mosaic of bending moments, Mx
S ource: made by D.A. Chibrikin

T T T T T T T T

Puc. 4. Mo3anka nonepeuHsix ycuiauid, Ox
U ¢ T o4 HuK: BemonHeHo JI.A. YnOpHKUHBIM
Figure 4. Mosaic of transverse forces, Ox
S ource: made by D.A. Chibrikin

Puc. 5. Mo3anka BepTHKaJIbHbIX IEPEMELICHUH, Z
U ¢ T o9 HuK: BeimonHeHo J[.A. YHOpHKUHBIM
Figure 5. Mosaic of vertical movements, z
S ource: made by D.A. Chibrikin
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Ananusupys MOJIy4eHHbIE PE3yJabTaTbl, MOKHO CJIEJIaTh BBIBOJ O XOPOIIEH CXOAMMOCTH YUCIEHHOIO
pacueTa U MHXEHEPHOIO MeToja pacyera. PazHuna npu pacdere 1o 2-i rpymnme mpeaesbHbIX COCTOSHUN
nepeMenieHus cocrtasuia 13 %.

4. JakiIouyenue

[IpencraBieHHbIe pe3yabTaThl HCCIIEAOBAHUS TIOKA3AJIH CIEAyIOIIee:

— JIEpEBIHHOE TOKPBITHE-HACTHII MpeAcTaBiseT co0oil 3((eKTHBHOE pelieHne s MPOMBIIIICHHbBIX
3nanuii ¢ mposietamu 24 u 30 m;

— pa3paboTaHHOE JEPEeBSIHHOE MOKPBITUE O0ECHEeYMBACT TEIUIOM3OJISALUIO, YTO OCOOEHHO Ba)KHO IS
MPOMBINUICHHBIX 3[JaHUH, T11e TpeOyeTcs mojiepKaHne CTa0MIIbHON TeMIIEpaTypbl BHYTPH ITOMEIICHUS;

— TMOMNEpEeYHbIe CTEHKH CO3JIAl0T JIOTIOJIHUTEIbHBIE BO3AYIIHbIE KaMEpPbl, KOTOPbIE ACHCTBYIOT KaK Tell-
JIOU30JISITOPBI, YMEHBIIIasl TETUIOMOTEPH Yepe3 KPBIITy. ITO MOMOXKET COKPATUTh 3aTparhl Ha OTOIUICHUE 3U-
MOW ¥ OXJIaX/ICHUE JIETOM.

CrenyeTr OTMETHUTH ClIeAyIOIIEe:

1. lepeBsiHHOE TIEpEKPBITUE MPOCTO B U3roToBieHuu. LllapHupHOE KperieHne naneneil Ha IoACTPo-
NUJIbHBIE OAJIKU YIPOIAET MpoIlecC COOPKU KPBINIM, COKpalas BpeMsl M TPYA03aTpaTbl Ha YCTAaHOBKY.
Ucnonws3zoBanue cTaHAapTHRIX pazMepoB maHenen (2,4 X 24 M) MO3BOJIIET ONTUMHU3ZHPOBATH MPOU3BOICTBO
Y MUHUMH3UPOBATh OTXO/IbI MaTEPHUAJIOB.

2. [IpaBunbpHO 00paboTaHHAs JApeBECHHA YCTOWYMBA K Biare, THUEHUIO M HACEKOMBIM-BPEIUTEISM,
YTO MPOJUIEBAET CPOK CIYX,Obl KOHCTPYKIMH. [Ipu HE0OXOAMMOCTH, B Cilydae MOBPEXKICHUS, OTIEIbHbIC
ANIEMEHTHI KPOBJIH MOXHO JIETKO 3aMEHHTD, HE 3aTParuBasi BCIO CUCTEMY ITOKPBITHSI.

[IpumeHeHre COBPEMEHHBIX TEXHOJOTMM M WHKEHEPHBIX PELIECHUI MO3BOJSET CO3/1aTh HAACKHYIO U
JIOJITOBEYHYI0 KOHCTPYKIHUIO, KOTOpasi COOTBETCTBYET BCeM TpeOOBaHUSAM 0€30mMacHOCTH M (YHKIMOHAb-
HocTH. [Ipennaraemast KOHCTPYKIUS MPUMEHUMA HE TOJBKO JJISi IPOMBIIUIEHHBIX, HO B MOAXOASIIUX CIY-
qasiX U IS TPOKJAHCKUX 3aHHH.
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Abstract. The study presents the results of in-situ experimental investigations on the propagation of explosive seismic waves in
the ground environment and the behavior of a seismically stressed underground structure in the form of a cylindrical thin-walled
shell interacting with the ground during seismic impact from underground instantaneous explosions. It was taken into account that
the seismic impact of an underground explosion on an underground structure depends on many factors, especially on the physical
and mechanical properties of the soil of the experimental site. The composition of the soil was obtained by drilling holes for
explosives from an excavated trench for installing samples of underground structures. Ground vibrations during the explosions
were recorded at two points: at the main (N1) observation point and at the control (N2). Steel samples have been selected as the
objects for studying the stress-strain state of underground structures in the form of cylindrical thin-walled shells of a closed
section. The kinematic parameters of ground vibration were measured using seismic detectors and an oscilloscope. Ground
displacements in three mutually perpendicular directions, which do not follow a linear law, are studied. Mathematical expressions
have been selected to describe each of the components of the displacement vector. It is established that the longitudinal component
in the equivalent state has a smoother decreasing character. Under the impact of underground explosions, the underground
structure vibrates in space in a vertical plane and in two horizontal planes, with an increase in the equivalent distance, the range of
vibrations is wider than the others, and the time of action of the waves on the structure increases. The values of logarithmic
decrements for each component of the displacement vector of the structure are determined.
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AnHoTauus. [IpuBeneHsl pe3ynsTaTbl HATYPHBIX SKCIHEPUMEHTAIBHBIX HCCIIE0BAHUI 110 M3YYEHHIO KAPTHUHBI PACIPOCTPAHEHHS
celicMOB3PBHIBHBIX BOJIH B IPYHTOBOW CpeZie U MOBEICHUs CEHCMOHAIPSKEHHOTO MOI3EMHOI'0 COOPYKEHHUSI, TUIA LIUINHIPUYECKON
TOHKOCTEHHO# 000JIOYKH, B3aMMOJICHCTBYIONIEH C TPYHTOM IPH CEHUCMHUYECKUX BO3/ICHCTBUSAX MOI3EMHBIX MTHOBEHHBIX B3PBIBOB.
Be110 yuteHo, uto ceiicMuueckuil 3¢deKT qeHcTBUS MOI3eMHOIO B3phIBa Ha IO3EMHOE COOPYKEHHE 3aBUCUT OT MHOTHX (aKToO-
POB, 0COOEHHO OT (DPU3UKO-MEXAaHMYECKUX CBOWMCTB IPyHTa 3KCIEpUMEHTalbHOM muomanku. CocTaB IpyHTa ObLI IOJNYYEH IIpU
Oypenuu 1rypdoB A B3pbIBa Ha BHIOPOC M3 BBIPHITOW TpaHIIEW JJIS YKIAAKH 00pa3loB MOA3EMHBIX coopyxeHuil. KoneGanus
TpyHTa MPH B3pbIBax (PUKCHPOBAIKCH B JABYX MyHKTaX: Ha OCHOBHOM (N1) myHKTe HaOMIOnCHHUS M Ha KOHTPOIbHOM (N2). O0bek-
TOM HM3y4YEHHs HaPsDKEHHO-1e()OpMHUPOBAHHOTO COCTOSHUS MTOA3EMHBIX COOPYKEHHH THITA HMIMHAPHYECKUX TOHKOCTEHHBIX 000-
JIOYEeK 3aMKHYTOr0 Mpoduiist BEIOpaHs! 00pasibl U3 CTalH. M3MepeHne KHHEMaTHIeCKUX IapaMeTpoB KoeOaHus TpyHTa IPOU3BO-
JIMIIOCH ¢ IOMOIIbIO CEHCMONPUEMHUKOB U ocLuiuiorpada. VM3ydeHsl epeMeleHns TPyHTa B TPEX B3aUMHO HNEPIEHIUKYIPHBIX
HAIIPaBJICHUAX, IPOUCXOAAIINE HE MO JUHEHHOMY 3aKkoHy. IlonoOpaHbl MaTeMaTH4eCKUe BBIPAXKCHUS JUIS ONMUCAHUS KaXI0H u3
COCTABIISIIOLIMX BEKTOpa CMEILEHUsS. YCTAHOBJIEHO, YTO INPOAOJIbHAS COCTAaBILIONIAs 110 IPUBEIEHHOMY COCTOSIHUIO HUMEET Oolee
TUIABHBIA yOBIBaIOIMiA xapakrep. [Ipu AefiCTBUHM MON3EMHBIX B3pBHIBOB IIOJ3€MHOE COOPYKEHHE COBEpINAeT KojeOaTeabHOe JBHU-
’KeHHE B IPOCTPAHCTBE B BEPTHKAJIBHOM IUIOCKOCTH M B JABYX FOPHU30HTAIBHBIX MJIOCKOCTSX, C YBEIMYEHUEM IPUBEIEHHOTO pac-
CTOSIHUSI JHAIa30H KONeOaHUH IIUpe, YeM OCTaIbHBIX, BPeMs ACHCTBHS BOJH Ha COOpY)KeHHE yBenuuuBaeTcs. OnpenesieHbl Benu-
YUHBI JIOTapU(PMUIECKUX IEKPEMEHTOB 3aTyXaHUsl U1 KaXKJJO! COCTaBILIONIEH BEKTOPA CMEIECHUS] COOPY>KCHUSL.

KiroueBble cjioBa: IMMOA3C€MHBIC B3PbIBbI, HATYPHBIC UCIIBITAHU, TPYHTOBAsA Cpcla, CeﬁCMOB3prBHble BOJIHBI, ITOA3EMHBIC COOPY-
JKCHUSA, HUINHAPUICCKUEC 06OHO‘IKI/I, KOJIBIICBBIC HAIIPSIPKECHU S

3asBiieHHe 0 KOH(JIUKTE HHTEePecoB. ABTOPBI 3asIBIISIOT 00 OTCYTCTBUM KOH(IIUKTA HHTEPECOB.
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1. Introduction

Explosive seismic impacts, depending on the degree of exploration of seismotectonic or man-induced
explosive processes and ground conditions of the site, can be determined by any of the methods or by
several methods simultaneously: normative, empirical, semi-empirical and analytical. The most probable
values of seismic impact parameters and an estimate of their uncertainty should be obtained.

The basis for analytical and experimental evaluation of dynamic properties of soils under such impact
are the results of field and laboratory tests of soils. Experimental studies are effectively performed by
observing the behavior of a model of the structure or the structure itself in-situ. Extensive measurements of
vibration parameters of structures during seismic impact from underground explosions, which most fully
reflect natural tectonic earthquakes, can be considered the most perfect experimental method of studying the
behavior of the structures. The energy-based evaluation of the process of joint vibration of the underground
structure and the environment under explosive seismic waves is of great importance.

The issue of energy-based evaluation of ground behavior during the propagation of seismic and
explosive seismic waves was investigated in [1-5].

Deformation characteristics of soils under cyclic loading depend significantly on the level of average
stress, porosity and strain amplitude. Dynamic effects of this nature occur during earthquakes. The main
parameters used in engineering dynamic analysis of soil base stability at present are the dynamic shear
modulus G and damping ratio D.

Damping ratio (or loss, decay ratio) D characterizes the property of materials to absorb dynamic
effects.

Russian [6—10] and international scientific literature [11-14] provide systematized results of tests of
cohesive and noncohesive soils for measuring the shear modulus and damping ratio under cyclic (low- and
high-frequency) loading.

In order to model the conditions of soil under seismic impact, the expected seismic load is calculated
before cyclic loading. The methodology for determining its value proposed in [6; 15] is used.

In accordance with this methodology, which has already become conventional, the seismic load is
characterized by the value of cyclic shear stress ratio (CSR) for an earthquake of a given frequency:

CSR =t (1)

O,

where T. is the average expected cyclic shear stress at the specified magnitude; o, is the vertical
overburden stress.

Before the earthquake, the soil element located under the horizontal surface is subjected to
consolidation for a long time in state Ko (Ko is the ratio of the horizontal and vertical stresses under
consolidation in natural conditions). During an earthquake, a series of successive cyclic shear stresses act on
this soil element under undrained conditions (Figure 1). These stresses are applied in the absence of lateral
deformation, because the flat earth surface is assumed to extend infinitely in the horizontal direction.

The determination of 14 1is based on the idea that seismic shear stresses at a particular point in the soil
body arise due to the propagation of mainly transverse waves. Using the technique of its evaluation
proposed in [6; 15; 16], the procedure of determining t« reduces to the following:

a) assuming that the soil column under the selected elementary volume at depth /4 vibrates as a
completely rigid body, the maximum shear stress is represented as
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h
(Tmax ),- :’Y_'amax’ (2)
g

where amax 1s the maximum acceleration on the ground surface; v is the soil density;
b) the considered soil column actually behaves as a deformable body, so the real shear stress at depth
h, (Tvax)d, is lower, and this difference increases with depth:

(Tmax )d T (Tmax )i’ (3)

where 4 < 1 is the coefficient of stress reduction with depth, adopted according to [6; 15; 16].

5, d,
> <
! Lateral restriction
é
. -_—
Elementary soil layer
T 6V

X

Figure 1. Stress state of soil in field conditions during an earthquake
S o ur c e: made by B.S. Rakhmonov, I.T. Mirsayapov

Based on the above, for the depth interval up to 30 m, the maximum dynamic shear stress is assumed
to be equal to:

h
(Tmax )d :’Y_'amax Tas (4)
g

The real dynamic loading of the ground during an earthquake is random in nature (Figure 2), and in
practical calculations is reduced to a force-equivalent periodic (usually sinusoidal) law.

av

0 whh /\AA/\ i ‘
vw\/ v

Figure 2. Irregular pattern of shear stress changes during an earthquake
S o ur c e: made by B.S. Rakhmonov, I.T. Mirsayapov

CENCMOCTOWKOCTb COOPYKEHW 257



Rakhmonov B.S. et al. Structural Mechanics of Engineering Constructions and Buildings. 2025;21(3):254-269

The change of shear stress in time caused by the vertical propagation of seismic shear waves through a
soil body with a flat surface will be non-periodic and multidirectional when considered in the horizontal
plane. In order to quantify the liquefaction characteristics of water-saturated sand layers under complex
loading conditions, several correction factors are usually introduced for the cyclic strength obtained under
periodic cyclic loading (C2 and Cs) [15; 16]. Coefficient C: takes into account the influence of non-periodic
load, which acts in one direction only, coefficient Cs — the influence of multi-directionality of seismic
loading. The product C>-Cs reflects the joint influence of non-periodicity and multi-directionality of the
loading. Using these coefficients, the relative maximum shear stress Tmax1 / Go°, causing a particular shear
strain under multidirected non-periodic loading, in terms of the relative cyclic stress (tde / 60’), causing the
same strain for the same number of cycles of periodic unidirectional loading, can be expressed as

Tmax,i_c C [TdeJ/
;- Labs| — 1/ 09 %)

Op Op

where 14 is the amplitude of the periodic cyclic shear stress, causing a particular shear strain; Tmax, is the
peak value of the non-periodic shear stress under seismic loading, causing the same strain.

Shear stress amplitude 14 under periodic load in equation (5) corresponds to half of the full amplitude
of axial stress o4, Wwhich causes liquefaction under triaxial test. Therefore, using the relation

cy= I+2K o, =C,c, , formula (5) can be expressed as
3
Tnax,; Tae
M= C,C, Cs| —2< . (6)
G, 20,

On the other hand, the relative cyclic stress, defined as the amplitude of periodic shear stress tae, divid-
ed by the effective vertical stress (Tde/ov’) is related to Tmax1/0v” as

TmaX ; T
=G, G [i} (7

o,

Generalized results of numerous tests on non-periodic loading [6; 15] show that the value of coefficient
(2Cs for sandy soils with relative density Ju less than 0.7 is approximately 1.55. Therefore, if taking Ko= 1,
and coefficient C1, according to

_1+2K

o, =Co,

is equal to 1, by substituting these values into (6) and (7), the following is obtained:

Tmax, _| Sar |_ 1 | Tas )
le 200, 0-65 le

This equation establishes relationships between the cyclic strength values, determined using different

methods for the cyclic shear stress amplitudes, at which liquefaction begins. They are also valid for the
determination of any amplitude of cyclic shear stress regardless of whether its value is sufficient for the

liquefaction process. Therefore, equation (8) can be written in a more general form
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Tmax,,- _ Gq4 — 1 Ta (9)

Thus, in practical calculations for evaluating the liquefaction potential of clayey and sandy soils with
different degrees of water saturation, the average values of shear stresses caused by an earthquake at depth /
are determined from the expression

’Yh
=1 0.65— .
Tav [ jamaxrd (10)

The value of amax is selected according to the peak horizontal accelerations on the earthquake
accelerogram.

Peak vertical accelerations in a scenario earthquake are much smaller than the horizontal components
and may not be taken into account in the evaluation of soil liquefaction.

The number of loading cycles (N) in a laboratory experiment modeling seismic effects depends on the
duration of the earthquake and, therefore, on the magnitude of the earthquake and is presented in [6; 15-17].
The calculation described above gives the maximum value of the expected cyclic shear stress due to
earthquake (tav), which corresponds to half of the axial dynamic load in triaxial dynamic tests.

2. Purpose and Objective

The purpose of the study is to conduct a full-scale experimental investigation to analyze the
propagation pattern of explosive seismic waves in the ground medium and the behavior of a seismically
stressed underground structure in the form of a cylindrical thin-walled shell, interacting with the ground
under the seismic impact from instantaneous underground explosions.

The objective of the study:

1. Determine the ground stress in three mutually perpendicular directions from the explosion point;

2. Obtain experimental data of seismic vibrations of the underground structure;

3. Determine the values of logarithmic decrements for each component of the displacement vector of
the structure;

4. Establish empirical formulas for the relationship between the displacement of the underground
structure and the charge weight for the excavation explosion (EE) and the epicentral distance in three
mutually perpendicular directions for each displacement component;

5. Determine the maximum values of longitudinal and hoop stresses in the underground cylindrical
structures.

3. Materials and Methods

It is commonly known that the seismic impact of an underground explosion on an underground
structure depends on many factors, especially on the physical and mechanical properties of the soil of the
experimental site, both at the explosion point and in places where the underground structure is installed. For
the study, the experimental site was equipped on a relatively flat terrain, one side of which bordered with
low hills. The composition of the soil was studied using samples obtained by drilling holes for EE from
excavated trenches for installing samples of underground structures. The soil conditions of the experimental
site are characterized as silty, of hard consistency, with rare cement-colored calcareous inclusions. The
content of fine-grained fraction in the soil body is: fine sand — 27%, silty particles — 53%, clay — 20%.
The maximum soil moisture retention capacity depending on depth varies within 17-22 %, the highest value
of plasticity is 15-18, specific gravity varies within 1.72 — 2.05 T/m’.
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Ground vibrations due to explosions were recorded at two points:
— at the main (N1) observation point: displacements of ground particles in three mutually perpendicular
directions (uo, vo, Wo), velocity and acceleration of ground motion in longitudinal directions (,, i) ;

—at the control (N2) observation point, which is located at a distance of 100 m from the main
observation point towards the explosion points, the same parameters of ground vibrations were recorded as
at the main point, but only in radial directions.

The object of study of the stress-strain state of underground structures in the form of cylindrical thin-
walled shells of closed section are small-thickness steel specimens with the following geometric
dimensions:

e type 1 —Du=720mm, L =6.0;6 =8 mm;
e type 2 —Du=920 mm, 6 =8 mm, L =6.0;
e type 3— Du=1050 mm, § =12 mm, L =6.0.

These specimens were placed at a depth of 5.0 m from the daylight ground surface. Seismometers were
installed in three sections of the structures to measure ground displacement, velocity and acceleration.

To determine the interaction parameters, in addition to the kinematic parameters of vibration of the
structure, the incident loads on the structure in three mutually perpendicular directions were measured
simultaneously. In this case, membrane-type sensors were used, installed in 7 points, which were appropriately
calibrated before the experiments.

The kinematic parameters of ground vibrations were measured using seismometers and oscilloscopes.
Seismometers of the following types were used: VEGIK, S-5-S, OSP-2M, SM-3 and galvanometers of
types GB-III-B-5, GB-III-B-10 and GB-IV-V-3, installed in six H-700(H-041) loop oscilloscopes.

To measure the soil pressure on the structures, sensors with membrane thickness of (1-4)10~ m, radius
of 22:10°m and “FPKA-20 strain-gauge elements, which recorded axial (gix) and hoop (i) strains, were
used. And in the system of sensors measuring the incident load on the structures, galvanometers of type
M1005 (Figure 4) were used.

Signals from the strain gauges and pressure sensors were recorded by four H-117/1(H-115)
oscilloscopes using M1005 and M017 type galvanometers.

The oscilloscopes were initiated with the help of special triggering devices providing simultaneous start
of all oscilloscopes and the explosion, as well as automatic stop after the decay of the vibration process.
This allowed to determine the propagation velocity of explosive seismic waves.

In the explosions, grammonite 79/21 was used as the charge, which in all cases was initiated by a
detonating cord and an instantaneous electric detonator. Explosions were performed through the oscilloscopes
by breaking the loop, which was wrapped around the detonator. Explosions with the EE charge weight of
420-7000 kg were made. The explosions were carried out approaching the specimens under study.

Since the conducted explosions differed significantly in weight, and the recorded ground and structure
vibrations are associated with different distances from the explosion point, parameter Req (equivalent
distance) was used for comparing observations with each other:

Req= RIAC [m*kg 7], (11)
where R is the epicentral distance (m); C is the EE charge weight (kg).

4. Results and Discussion

The results of experiments for studying the ground displacement in three mutually perpendicular
directions, depending on the equivalent distance, are shown in the form of a graph in Figure 3.
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It can be seen from the figure that the components of the displacement vector are comparable with each
other, moreover, the change of these parameters does not follow a linear law. From the curves of the dis-
placement components, it can be observed that the longitudinal component curve has a smoother decreasing
character with the increase in equivalent distance than the other ones.

Uo, Vo, Wo

(mm)

2,0 1

0.8 A

0.4 A

X X
10 20 30 40 50 60 Req(m-kg'?)

Figure 3. Relationship between the absolute maximum ground displacements
in three mutually perpendicular directions and the equivalent distance:
A — vertical displacement; * — longitudinal displacement; X — transverse displacement
S ource: made by B.S. Rakhmonov, I.T. Mirsayapov

Each component of the ground displacement vector was approximated. Despite some scatter of exper-
imentally obtained points, it can be stated that the experiments with different equivalent distances are suffi-
ciently described by the following relationships [18]:

e for the longitudinal component:

1.57
Alon= 621070 Rea op Alon=101.1[€/%j , (12)

e for the transverse component:

0.72
A= 2.37e0002Rea Atr=5.43(3/% j , (13)

e for the vertical component:
1.84
Avert = 2.62e 93884 or Ay =216.4 [%/%) . (14)

Below, some experimentally obtained records of seismic vibrations of the underground structure, as
well as its absolute displacements, are presented. The records of seismic vibrations of the underground
structure in three mutually perpendicular directions in the form of oscillograms are shown in Figure 4.

Figure 4 shows the vibrations of the underground structure in different directions. As a result of under-
ground explosions, the underground structure vibrates in space in the vertical plane and in two horizontal
planes. It should be noted that the natural vibrations of the underground structure here do not have an obvi-
ous form.
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Figure 4. Records of vibrations of the underground structure:
a — in the longitudinal direction; » — in the transverse direction; ¢ — in the vertical direction
S o ur c e: made by B.S. Rakhmonov, I.T. Mirsayapov

Some asynchrony is observed in the motion of the structure. The asynchrony in motion, apparently,
indicates that some total motion was recorded in the experiments. By parallel consideration of the records of
wave patterns obtained for large equivalent distances, similarities were observed between all records. It is
can be easily seen that in the record regions with maximum amplitudes, the peak corresponding to the
maximum moves towards the end of the record as the equivalent distance increases. Therefore, they are
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carried over by waves having a relatively low propagation velocity. Hence, it can be said that with the
increase of the equivalent distance, the vibration range is wider than for others, the time of impact of the
waves on the structure increases.

It can be seen from the figure that the vibration pattern of the underground structure is not quite a
correct increasingly-decaying sinusoid, without any impulsive superimpositions. The peak corresponding
to the maximum at small equivalent distances is observed at the beginning of the motion, i.e., the vibration
of the structure begins with a very sharp entry of large amplitude. The similarity of the pattern between the
longitudinal and vertical components is that both oscillograms do not start with a sharp entry of maximum
amplitude. The special aspect of the structure vibration in the transverse direction is that it starts with a
sharply pronounced peak, which corresponds in value to the maximum. On the basis of the structure
vibration records, the values of decrements for each component of the displacement vector of the structure
were determined. The average value of the decrement for the longitudinal component is A, ,= 0.54 ; for the

transverse — A, = 0.68; and, finally, for the vertical component — A, =0.79.

By paying attention to the average values of the decrements for each component and comparing them
with each other, the following inequality can be established: A, <A, <A i.e., the average value of the

decrement of the vertical component is larger than the others. If vibration decay in the horizontal direction
(along the O-X axis) is mainly due to the compliance of the ground or, in other words, in this direction,
damping occurs due to the interaction or overcoming the cohesion energy of contact between the body of
the structure and the ground, then for the vertical component the structure vibration decay is associated with
the dissipation of energy as a result of significant strains of the ground [19].

From the comparison of experimental data shown in Figures 3 and 5, it follows that the maximum
values of longitudinal and transverse horizontal displacements of the structure are smaller than those of the
ground medium.

lon vert 2

Uo, Vo, Wo

(mm)

1.6 J

08 A

04 A

. . . - : :
0 20 30 0 50 60 .
! 4 ° Req (Mm-kg1?3)

Figure S. Relationship between the absolute maximum displacements
of the underground structure in three mutually perpendicular directions and the equivalent distance:
A — vertical displacement; * — longitudinal displacement; X — transverse displacement
S o urce: made by B.S. Rakhmonov, I.T. Mirsayapov

The curves of the relationship between the absolute displacement of the structure in three mutually
perpendicular directions and the equivalent distance were approximated (Figure 6).

Empirical formulas for the relationship between the displacement of the underground structure and the
weight of the EE charge and the epicentral distance in three mutually perpendicular directions for each dis-
placement component were derived:
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e for the longitudinal displacement:

U= 929(%/6 / R)70'988 or U: 216 e *0.069Req;

e for the vertical displacement:

—1.67
W=141(%/E/R) or W=4.11¢ %007k, (15)

e for the transverse displacement:

~0.13R ¢

—2.44
v =700(C /R or V=78 (16)

.10
04 e

2,0 1

3 4 5 6 7 1 (point)

Figure 6. Relationship between the 1 coefficient and the intensity
of explosive seismic vibrations of the ground environment; I, IT and IIT — regions
S o ur c e: made by B.S. Rakhmonov, I.T. Mirsayapov

The analysis of the experimental results allowed to obtain the relationship between the displacement of
the underground structure and the weight of the EE charge and the epicentral distance to the explosion
points in the following form:

A=C 0.392e 70.012R.

In seismic vibrations caused by underground explosions, the stress-strain state of the underground
structure is determined by the amount of energy received by the structure. Therefore, in this study, special
attention was paid to the kinetic energy imparted by the explosive seismic wave to the structure. To estimate
the ratio between the energy propagating in the ground and the energy received by the underground struc-
ture during their interaction, the following expression is used:

n= Exstruct/ Egr, (17)

where FEkstuct 1S the kinetic energy received by the structure; Eg is the energy propagating over the cross-
sectional area of the underground structure. This expression can be written in the following form:

N =pe 1 (R*—r)Lv*/0.35 S pcpy V*T; . (18)

The curve of the relationship between n and the intensity of explosive seismic vibration, obtained on
the basis of experimental results and calculated using formula (18) is shown in Figure 6.
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It can be seen in the figure that with increasing intensity, ratio 1 decreases slightly. With increasing in-
tensity of vibration due to underground explosions, the total amount of kinetic energy received by the un-
derground structure increases, and the ratio (1) decreases.

Three regions can be distinguished in the general qualitative characteristic of the relationship between
contact forces of the structure with the soil and their relative displacement, according to the experimental
diagrams of the test results. The first one corresponds to the stage of loading the structure, when the rela-
tionship between the forces and relative displacement of the structure is linear. In this case, the soil is being
compacted, and elastic and viscous properties of the body, but not plastic ones, are revealed.

o (kg/em?) 2

10

15 25 35 45 55 Req

Figure 7. Relationship between radial stresses at the explosive wave front and the equivalent distance
S o urce: made by B.S. Rakhmonov, I.T. Mirsayapov

At the second stage, the proportionality between the interaction forces and the displacement of the
structure is violated and the elastic character of the interaction is lost. With the increase of the external load
it is possible to observe sliding of the underground structure relative to the ground in the third region
[1; 20]. By revisiting the graph in Figure 5, it can be concluded that with increasing intensity (external
load), the share of energy transferred from the ground to the structure decreases.

The curve of the relationship between the ground stress and the equivalent distance is presented in
Figure 7.

It can be seen from the figure that the change in the stress with distance has a non-linear character.

As a result of approximation of the experimental data, the formula for determining the stress in the
ground is obtained in the following form:

6(Ro)=B R,™, (19)

where Ro= R/0.0543/C is the equivalent distance, m; C is the EE charge weight, kg; B is a dimensionless
coefficient, B = 10%; n is the degree of ground stress decay; n=2.5; 15< R, <55.
To estimate the maximum values of longitudinal bending and hoop stresses in the underground

cylindrical structure, where, using the obtained experimental results, similar to works [20; 21], the
following empirical expressions are proposed:

o= ki (Y9 -1/4-$/EDSH (<.L/J); (20)
oy =ki(¥;)-4.25(Ern/ D.?), 21)
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where E is the modulus of elasticity of the material of the structure (kg/cm?); Dp, Ds are the external and
internal diameters of the cylindrical structure (cm), D.= 1/2:(Du+ Dp); k- is the transverse interaction
coefficient (kg/cm®); L is the length of the cylindrical structure (cm); J is the moment of inertia of the
cylindrical structure (cm?); /4 is the structure wall thickness (cm); k1 is the coefficient, which depends on the
properties of soil.

To estimate the maximum values of the longitudinal and hoop stresses in the underground cylindrical
structures, the above formulas are recommended for use with the values of EE charge weight from 500 to
700 kg and the distance to the structure of 30 to 150 m. Figures 8 and 9 show the relationship between the
longitudinal and hoop stresses in cylindrical steel pipes of different diameters and the distance according to
the formulas.

c (kg/cm?) o (kg/em?) 2
800
1800 -
1600 000
1400 -
1200 - 400
1000 -
800 200
600
400 -
200 A
40 80 120 160 200 R, (m) 80 160 R, (m)
Figure 8. Relationship between longitudinal stresses Figure 9. Relationship between hoop stresses
in steel pipes of various diameters and the distance in steel pipes of various diameters and the distance.
(The weight of the explosive charge is 400 kg, (The weight of the explosive charge is 400 kg,
where 1, 2, 3, 4 are the curves corresponding to: where 1, 2, 3, 4 are the curves corresponding to:
Du =720 mm, §=8 mm,J=113500 cm*; Du =720 mm, § =8 mm, J= 113500 cm*;
Dy =920 mm, §=8 mm,J = 238500 cm*; Du =920 mm, § = 8 mm, J = 238500 cm?*;
Du = 1050 mm, § = 12 mm, J = 1316000 cm*; Dy=1050mm, § = 12 mm, J = 1316000 cm*;
at values E = 2.1106 kg/cm?, L = 6.0;) at values of £ = 2.1x106 kg/em?, L = 6.0;)
S ource: made by B.S. Rakhmonov, I.T. Mirsayapov S ource: made by B.S. Rakhmonov, L.T. Mirsayapov

The above experimental results can be used to predict the behavior of underground thin-walled
structures subjected to explosive seismic waves. The calculations show that the relationships can be used
with sufficient accuracy in estimating the seismic intensity of the explosive seismic waves.

5. Conclusion

1. The non-linear explosion-induced ground displacements occurring in three mutually perpendicular
directions were studied. Mathematical expressions for describing each component of the displacement
vector were established. It was found that the longitudinal component of the equivalent state has a smoother
decreasing character.

2. It was established that as a result of underground explosions, the underground structure vibrates in
space in the vertical plane and in two horizontal planes. The range of vibrations is wider than the other ones
with the increase of the equivalent distance, the time of action of waves on the structure increases.

On the basis of the structure vibration records, the values of the logarithmic decrements for each
component of the displacement vector of the structure were determined and the following inequality was
established: A, <A, <A, 1.€., the average value of the decrement of the vertical component is larger than

the others.

vert
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3. It was established that if the vibration decay in the horizontal direction (along the O-X axis) is
mainly due to the compliance of the ground or, in other words, in this direction, damping occurs due to the
interaction or overcoming the cohesion energy of contact between the body of the structure and the ground,
then for the vertical component the structure vibration decay is associated with the dissipation of energy as
a result of significant strains of the ground.

4. During seismic vibrations caused by underground explosions, the stress-strain state of the under-
ground structure is determined by the amount of energy received by the structure. To estimate the ratio
between the energy propagating in the ground and the energy received by the underground structure during
their interaction, the use of coefficient n was proposed.

It was found that as the intensity of explosion-induced vibration increases, the total amount of kinetic
energy received by the underground structure increases, but the 1 ratio decreases.

5. Three regions can be distinguished in the general qualitative characteristic of the relationship
between contact forces of the structure with the soil and their relative displacement, according to the
experimental diagrams of the test results. The first one corresponds to the stage of loading the structure,
when the relationship between the forces and relative displacement of the structure is linear. In this case, the
soil is being compacted, and elastic and viscous properties of the body, but not plastic ones, are revealed. At
the second stage, the proportionality between the interaction forces and the displacement of the structure is
violated and the elastic character of the interaction is lost. With the increase of the external load it is
possible to observe sliding of the underground structure relative to the ground in the third region.

6. As a result of approximation of experimental data, a formula for determining the stress in the ground
was obtained. The experimental and theoretical results are suitable for predicting the behavior of
underground thin-walled structures under the impact of explosive seismic waves. Calculations show that
they can be used in estimating the seismic intensity of explosive seismic waves with sufficient accuracy.
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Abstract. This study investigates the seismic vulnerability of non-code-compliant reinforced concrete (RC) buildings compared to
code-based structures. The research uses linear elastic and nonlinear pushover analyses (NPA) to evaluate critical seismic
performance parameters such as natural periods, mass participation, base shear, capacity curve, ductility ratio, overstrength factor,
collapse mechanics, and nonlinear hysteretic damping (NHD). Structures designed following standards like NBC 205 (old), RUD
205 new, and Indian standard IS 1893 are analyzed against non-code-compliant building samples (NES1-NES6) to highlight
performance gaps. The findings reveal that code-compliant buildings demonstrate significantly higher seismic resistance, greater
flexibility, effective earthquake energy dissipation, higher ductility, overstrength factor, and base shear capacity. Non-code-
compliant buildings often exhibit soft-story failure, with initial damage observed in the columns, highlighting their vulnerability
during seismic events. Meanwhile, code-compliant RC buildings (RUD) designed with seismic principles demonstrate better
seismic performance, adhering to the “strong column, weak beam” philosophy and superior strength-to-capacity ratios, higher
overstrength factors, and enhanced ductility ratios, highlighting their resilience under seismic loads. The results conclude that
addressing the code provisions ensures earthquake-resistant buildings with warranted ductile behavior for structural systems,
enabling the achievement of the intended collapse mechanism.
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CeiicMuueckas YHA3BUMOCTD JKej1e300eTOHHBIX 3[[31{14171, COOTBETCTBYIOIIIUX
N HE COOTBETCTBYIOIIUX CTPOUTECJIBbHBIM HOpDpMaM H NMpaBUJIaM

B.K. Boxapa"™, C. Ixkarapun", H.M. I:xomu

JlansHeBoCcTOUHBIN yHUBEpCuTeT, Kanuannyp, Henan
P4 bbohara2@gmail.com

Ioctynuna B pepakuuio: 28 despainst 2025 .
JHopabotana: 15 mas 2025 r.
[punsra k nyonukanmu: 25 mast 2025 T.

AnHoTtauus. VccnenoBana ceiicMuueckasi ys3BHMOCTb JKEIE€300€TOHHBIX 3[aHUH, HE COOTBETCTBYIOLIMX TPEOOBAHUSM CTPOU-
TEJIbHBIX HOPM U IPaBUJ B CPABHEHUU C COOPYKEHUSMU, IOCTPOEHHBIMHU € UX COOMIOAEHUEM. [l OLEHKU KPUTHYECKUX cecMU-
YECKHUX XapaKTePUCTHK, TAKUX KaK COOCTBEHHBIH mepuox KoiebaHuil, kodQ(UIueHT ydacTust Macc, monepevHasi CHiia B OCHOBa-
HHH, CIICKTP HECYIIeH crioCOOHOCTH, KOAPPUIIMCHT ITACTUYHOCTH, KO3()(UIIMEHT CBEPXIPOYHOCTH, MEXaHUKA pa3pyIICHHS U HEIH-
HeWHOe TUCTEePe3UCHOe JeMI(pUPOBaHNUE, UCIIONb30BaH JIMHEHHBIH yNpyruil u HeIMHEeHHbIH craruueckui pacueT. CoopykeHus,
CHPOEKTHPOBAHHBIE B COOTBETCTBUHU ¢ HenayibCcKuMu cBogamu npasuwii NBC 205 (crapeiit) u RUD 205 (HOBBII), a TakKe UHIUI-
CKUM cBOJOM npasui IS 1893, Obuiu poaHaIM3UPOBaHbL OTHOCUTENBHO 00pa3LoB 3nanuil (NESI-NES6), He cOOTBETCTBYIOLIMX
CTPOUTENEHBIM HOPMaM, C IIENbI0 BBISIBUTH pa3iiMyre B XapaKTephcTHKaxX. [loimyueHHBIE pe3ylbTaThl MOKA3bIBAIOT, YTO 3NAHWS,
COOTBETCTBYIOLINE CTPOUTENBHBIM HOPMaM, IEMOHCTPUPYIOT 3HAYUTEIBHO 0oiee BBICOKYIO CeHCMOCTOMKOCTh, THOKOCTD, dddek-
TUBHOE PACCEHBAHUE SHEPIUM 3eMIIETPACEHHUS, BHICOKYIO IIACTUYHOCTb, KOA()(MUINEHT CBEPXIPOYHOCTU U IIPesiell IOIepeduHOH
CHJIBl y OCHOBaHUs. B 31aHUAX, HE COOTBETCTBYIOIUX CTPOUTENbHBIM HOPMaM, 4acTo HabIIofaeTcs pa3pyllieHre THOKOro 3Taxa,
IIPY 9TOM HEepBOHAYAIBHBIE MOBPEKICHUS HAOMIONAIOTCS B KOJIOHHAX, YTO TOIYEPKUBAET WX YA3BUMOCTH BO BpeMs celicMuye-
CKOHM aKTHBHOCTH. BMecTe ¢ TeM jkene300eToOHHbIe 31aHusl, cpoeKTHpoBaHHbEIe 10 RUD ¢ yueToMm celicMHYeCKUX MPUHIIHUIIOB,
JEMOHCTPUPYIOT Jy4dllde ceficMUYEeCKHe XapaKTEePUCTHKH, HPHICPKUBAACh KOHLENIMH «IpOYHasl KOJOHHA, ciabas Oanka», a
TaKKe MPEBOCXOIHOE COOTHOLICHUE MPOUYHOCTH U ceiicMocToikocTH, Oonee BhICOKUE KO3(DGHULIUEHTH CBEPXIPOUYHOCTH U ILIa-
CTUYHOCTH, YTO MOAYEPKUBAET UX CEHCMOYCTOMUMBOCTh. Pe3ynbTaThl OKA3bIBAIOT, YTO COOMIOJECHUE IONOKEHUN CTPOUTEIBHBIX
HOPM H IPaBIJI 00ECIIEUNBALET CEHCMOCTOMKOCTD 30aHUH C rapaHTHPOBAHHOMN ITACTHYHOCTBIO HECYIIeH KOHCTPYKIUH, YTO TI03BO-
JSIET peaan30BaTh PACUCTHBIM MEXaHU3M pa3pyLICHHS.

KiroueBble cjioBa: HETMHEWHBIH CTATHYECKHI METO, KOA(GGHUIIMEHT CBEPXIPOYHOCTH, CTPOUTENbHBIC HOpMbI Hemamna
3asBieHne 0 KOHGUIMKTE HHTEPECOB. ABTOPHI 3asBISAIOT 00 OTCYTCTBUU KOH(DIMKTA HHTEPECOB.

Bkaan aBropoB: hoxapa B.K. — KOHLENTyaJau3alys, METOIO0JIOTHS, cOOp aHHBIX, IOJIEBbIE HCCIIENOBaHMS, MOJIEIHMPOBAHNE
W pacyeT, MHTEPIpEeTalns pe3ylbTaToB, HAMCaHWE TEKCTa, PYKOBOACTBO; [ocacapu C. — 0030p JTUTEpaTyphl, CBEJCHHE
JaHHBIX B TaOJIMIBI, MOIETHPOBAHNE, HAMUCAHUE U PEaKTUPOBaHKE TeKCTa; /Jocowy H.M. — moneBas JOKyMEHTaNus, COCTaBIIe-
HUE PUCYHKOB U TaOJHII, CCBUIKU, HHTEPIPETALINS PE3y/IbTaTOB, pEeaKTHPOBAHUE TEKCTA.
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1. Introduction

Nepal is situated in one of the most seismically active regions in the world, lying along the boundary
of the Indo and Eurasian tectonic plates [1]. This geographical setting has exposed the country to frequent
and severe earthquakes, necessitating a critical evaluation of building practices to mitigate seismic risks in
the structure. The many past earthquakes in 1934 (Mw 8.1), 1980 (Mw 6.5), 1988 (Mw 6.5), 2011 (Mw 6.9),
2015 (Mw 7.8), and 2023 (Mw 5.7) have resulted in a great number of casualties and extensive damage
to structures [2—4]. Recent earthquakes Gorkha (2015) and Jajarkot earthquakes (2023) highlighted the
vulnerability of many existing structures, particularly non-code-compliant reinforced concrete (RC)
buildings, which suffered significant damage and loss of life [5].
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Non-code-compliant RC buildings, typically constructed without adhering to established design codes,
constitute a significant portion of the built environment in Nepal. These structures often lack adequate
reinforcement detailing and proper column and beam sizes [6; 7]. It was also observed that structural
irregularities, such as vertical and plan irregularities, are commonly present [8—10]. Issues like the presence
of short columns, which are highly vulnerable to shear failure, and soft-story configurations, where the
ground floor is weaker or more flexible than the upper floors, further exacerbate their vulnerability [11-13].
These deficiencies collectively make non-code-compliant buildings highly susceptible to significant damage
or collapse during even moderate seismic events, underscoring the urgent need for improved design practices.

In contrast, code-based RC buildings designed according to national and international seismic
standards, such as the Nepal National Building Code (NBC), and Indian Standards (IS 1893), demonstrate
significantly higher resistance to seismic forces. However, the comparative performance of these two
categories under various seismic loading conditions remains insufficiently explored, particularly in remote
and hilly regions, a high seismic risk area in Far-Western Nepal. Previous research has established that non-
code-compliant buildings are particularly susceptible to moderate seismic events, with shorter structures
showing heightened vulnerability. Studies such as Pokharel et al. (2020) [14] have highlighted the critical
need for retrofitting and the enforcement of seismic design codes to reduce earthquake-related damage.
It further evaluates current building practices and the sufficiency of existing guidelines, and proposes
measures for improving the resilience of structures to mitigate future earthquake risks.

Before the Gorkha earthquake, Nepal’s residential buildings, based on NBC 205:1994, lacked seismic
considerations, making them highly vulnerable. Enforced in 2005, NBC 205:1994 regulated up to three-
story buildings, but inadequate column and beam sizes persisted. The updated NBC 205:2024 introduced
Ready-to-Use Detailing (RUD) guidelines, mandating a minimum column size of 320 x 320 mm and
improved reinforcement for low-rise RC buildings, enhancing seismic resilience. Prior to RUD, NBC
205:2070 (2010) specified a minimum column size of 300 x 300 mm for rooms up to 4.5 m x 3.0 m,
aligning with NBC standards. In Nepal, Indian Standards (IS) are widely followed, particularly IS 1893-
2016 for seismic analysis in high-risk zones and IS 13920:1993 for ductile detailing. Dead/live loads follow
IS 875, with load combinations per IS 456-2000.

Despite numerous studies on the seismic vulnerability of RC buildings in Nepal, most have primarily
focused on basic structural parameters such as inter-story drift, base shear, and displacement, overturning
moment under seismic loading, often using simplified linear analysis techniques. However, there remains
a significant research gap in the comprehensive evaluation of advanced seismic performance indicators,
particularly failure (collapse) patterns, ductility factors (Ru), overstrength (Rs), and nonlinear hysteretic
behaviour, especially for non-code-compliant structures prevalent in hilly regions (Darchula) of Nepal.
These critical aspects, which provide deeper insights into actual structural behaviour under lateral loads,
have received limited attention in the national context. This study addresses that gap by employing both
linear and NPA to investigate these underexplored parameters, offering a more detailed understanding of the
seismic performance and vulnerabilities of non-code-compliant versus code-compliant RC buildings.
By identifying the key weaknesses of non-code-compliant RC buildings and demonstrating the benefits
of code-compliant designs, this study aims to contribute to the development of effective seismic risk
reduction strategies.

2. Method

Field surveys were conducted in the Darchula District, a high-risk seismic zone in Far-Western Nepal.
A total of six non-code-compliant RC buildings (NES1 to NES6) were selected using sampling, based on
their typicality, accessibility, and representation of common construction practices and structural aspects in
the region (Figure 1). Structural characteristics such as story height, bay length, beam-column dimensions,
beam-column joint, reinforcement details, and visible defects were documented using direct measurements,
videos, photographs, and site sketches. Data reliability was ensured through repeated site visits and
verification against interviews with local masons, house owners and municipal engineers. Common issues
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include unreinforced masonry, irregular layouts, poor beam-column joints, poor column construction, size
of columns and beams, columns in sloping terrain, insufficient amount of reinforcement and the absence
of seismic reinforcements like steel ties. Many buildings have undersized columns (230 mm x 230 mm)
with less than 0.8% rebar, and beams of similar dimensions, using 10—12 mm bars instead of the required
12—-16 mm, often paired with 6mm stirrups spaced too widely (> 150 mm). Additionally, improper column
casting, insufficient cover, and the use of untested locally made blocks increase structural risks in hillsides.
These deficiencies highlight the urgent need for code compliance, quality materials, proper detailing, and
sustainable urban planning to mitigate risks and enhance structural safety in earthquake-prone areas.

Figure 1. Non-code-compliant RC buildings observed in Darchula and Hillside
Source: photo by B.K. Bohara [16]

Three code-compliant models were developed: one based on the NBC 205 (old), one with the updated
NBC 205:2024 RUD guidelines, and one designed according to IS 1893 and IS 13920 standards. These
were designed to match the overall plan dimensions of non-engineered structure (NES) buildings to allow
fair performance comparison under identical loading and seismic conditions.

The study focuses on three-story RC buildings (commonly observed maximum buildings are three
story), which are common in the Far Western side of Nepal. For structure modelling, material, load and
seismic properties were assumed as shown in Table 1 and three-dimensional and plan views shown in
Figure 2. Based on observation, nine RC building models were selected for analysis. Models NESI1 to
NESG6: representing non-code-compliant (NE) ordinary moment-resisting frames (OMRF) commonly found
in hillside Nepal as shown in Table 2. NBC 205 old and NBC 205 (2014) new and IS models: representing
code-based special moment-resisting frames (SMRF) designed according to the NBC, RUD and IS,
respectively as shown in Table 2.

CENCMOCTOWKOCTb COOPYKEHW 273



Bohara B.K., Jagari S., Joshi N.M. Structural Mechanics of Engineering Constructions and Buildings. 2025;21(3):270-280

e S |
LB > |

a b

Figure 2. Proposed model: @« — 3D view; b — Plan
S our ce: made by B.K. Bohara

Table 1
Material properties, loads and seismic parameters used in each nine models

Material properties

Grade of Concrete M20 For all models
Steel 415 Mpa | For all models

.. Concrete 22.36 Gpa | For all models
Modulus of Elasticity of Steel 200 Gpa For all models
Loads
Live load on floor level 3 kN/m? For all models
Live load on roof level 1.5 kN/m? | For all models
Finishing in roof load 1 kN/m? For all models
Weight of the wall on each floor 11.2kN/m | For all models
Weight of the parapet wall in the roof 4kN/m For all models
Seismic factor
Seismic zone according to the Indian standard \Y For all models
Zone factor according to the Indian standard (Z) | 0.36 For all models
Importance factor for all models (1) 1 For all models
Type of soil (assumed) 11 For all models
Response reduction factor R (SMRF) 5 Models NBC, RUD and IS
Response reduction factor R (OMRF) 3 for models NES1 to NES6

\S our c e: made by B.K. Bohara

Table 2
Columns, reinforcement and beam size of each model

Models | Size of column | Reinforcement used in the column | The tie bar used in the column | Size of Beam
NBC 300300 4-12d+4-16d 8 dia 250%300

8-20d 8 dia 250%380
RUD 350%350 8-16d g dia 250%355
IS 300300 8-16d 8 dia 250%300
NES1 300%300 4-12d 6 dia 230x250
NES2 300%300 4-16d 6 dia 230%250
NES3 300%300 6-12d 6 dia 230%250
NES4 230%230 4-12d 6 dia 230%230
NES5 230%230 6-12d 6 dia 230%250
NES6 250%230 4-16d 6 dia 230%250

S our ce: made by B.K. Bohara
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ETABS v22 was used to create 3D models for each of the nine buildings. Structural elements were
modeled using frame elements (beams and columns) and shell elements (slabs). Diaphragm constraints were
assigned at each floor level. NPA used default hinge properties for concrete frames. Both X and Y directions
were considered, with lateral loads applied as per code-based equivalent static procedure for linear analysis
and as distributed lateral forces for pushover analysis. Key seismic parameters assessed include the
fundamental time period, base shear, capacity curves, overstrength factor, and collapse mechanisms. These

analyses provided a comprehensive comparison of the seismic behavior of non-code-compliant and code-
compliant RC building models.

3. Results and Discussion
3.1. Dynamic characteristics

Figures 3, 4, and Table 3 present a comparison of seismic parameters for RC models (NES1-NES6)
against designs that comply with codes (NBC, RUD, IS 1893). A linear elastic analysis shows the seismic
forces based on IS 1893 (2016), which are affected by the time period, mode shapes, and base shear. The
fundamental periods vary from 0.602 to 1.144 seconds, with more flexible non-code-compliant models
(such as NES4) surpassing code-compliant models (which range from 0.75 to 0.79 seconds). The mass
participation ratios are high (0.88-0.90), consistent with IS 1893 standards. The base shear in NES1-NES3
is greater, reflecting differences in stiffness and mass. Nonetheless, a NPA is essential to evaluate inelastic
behavior, capacity curves, and potential collapse mechanisms to thoroughly assess seismic resilience.
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Figure 3. Time periods of the building models
Source: compiled by N.M Joshi
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Figure 4. Base shear of the building models
Source: compiled by N.M. Joshi
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Table 3
Mass participation
Mass Participation Ratio (Models)
Mode NBC RUD IS NES1 NES2 NES3 NES4 NESS NES6
1th mode 0.8873 | 0.8784 0.8873 0.8794 0.8794 0.8794 0.9014 0.9031 0.8984
2nd mode | 0.8881 | 0.8792 0.8881 0.8805 0.8805 0.8805 0.9023 0.9038 0.8874

S ource: compiled by N.M. Joshi

3.2. Pushover Curve and Maximum Deflection

Figure 5 presents the results of NPA for the studied building models under x and y directional loading.
The capacity strength of the RUD and IS models surpasses that of the NBC model, while non-code-
compliant buildings demonstrate significantly lower strength, highlighting their vulnerability compared to
code-compliant structures. The pushover curves indicate that the RUD model has the highest base shear
capacity and exhibits significant stiffness and ductility, followed by the IS model with a peak around
1000 kN, suggesting a strong and resilient structure. The NBC model demonstrates moderate strength,
aligning with code-based design principles, while NES3 performs slightly lower. The NES1, NES2, NES4,
NESS5, and NES6 models exhibit significantly lower strength and displacement capacities, indicating
weaker, more vulnerable structures. The steeper and higher curves correspond to well-designed, code-
compliant buildings, while the flatter, shorter curves highlight the fragility of non-code-compliant or poorly
reinforced structures [17; 18]. Figure 6 shows how each scenario affects the building's displacement,
providing insights into the structural behavior and potential vulnerabilities under seismic conditions. This
information is crucial for evaluating the effectiveness of different design approaches and ensuring the safety

and resilience of the structure.
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Figure 5. Capacity curves for proposed models Figure 6. Maximum top story displacement from pushover analysis
Source: compiled by N.M. Joshi Source: compiled by N.M. Joshi

3.3. Yielding Mapping

Yielding mapping refers to the process of identifying the sequence and locations of initial yielding in
structural elements and failure mechanisms, emphasizing crucial areas during a NPA [19; 20]. In the
analyzed models, code-compliant structures (RUD, NBC, IS) experience yielding (Figure 7) at higher load
thresholds, predominantly in secondary elements, whereas non-code-compliant buildings (NES1-NES6)
show earlier yielding in primary components, indicating a reduced safety margin as shown in Figure 8.
Yielding mappings at different load increments evaluate the nonlinear response and alignment with the
strong column-weak beam principle. Overstrength factors, resulting from the redundancies in materials and
geometries, play a significant role in influencing nonlinear behavior. Mappings along the X-direction depict
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the progression of yielding, highlighting the initial yielding in beams before columns. Variations in certain
models point to vulnerabilities such as inadequate detailing or non-adherence to seismic regulations,
particularly in non-code-compliant structures, underscoring the necessity for enhanced reinforcement

measures.
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Figure 7. Failure mapping for code-based models:
a—1IS; b— NBC; ¢— RUD
Source: compiled by B.K. Bohara
] B |
| | | | |
T — 7
| ;
| |
‘ ‘ \ ‘
| | b |
— | - J‘ ‘) § j},
L LS LS L> ; s & L & &
a b c
| 1 | |
| | | | |
‘ | ‘ \ (
\ | ‘
( | | |
ol | !
{ | 1 T ]
l > I, & L’ x & & i < i &
d e f

Figure 8. Failure mapping for non-code-compliant building models:
a—NESI; b —NES2; ¢ — NES3; d — NES4; e — NESS; f— NES6
S ource: compiled by B.K. Bohara
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3.4. Modification Factors: Rn and Rs

Rp indicates a structure’s ability to endure considerable deformation past its elastic limit without
facing a sudden failure in strength. It quantifies the relationship between the strength needed to maintain
a structure in an elastic state (VE) and its peak strength (Vu) [21; 22]. It reflects how well a structure can
dissipate energy through plastic deformations during seismic events. The Rs denotes the extra strength
present in a structure beyond the anticipated seismic requirements, acting as an essential safety buffer
in structural engineering. It is characterized as the ratio of the peak strength (Vu) to the design strength
(Vdes), reflecting the reserve capacity that results from elements like material overperformance, adherence
to minimum detailing standards, redundancy in load distribution, and real-world construction practices
[21-23]. Analysing the Rs factor is crucial in seismic assessments, as it measures a structure’s capacity to
endure forces that exceed those outlined by design standards, thus ensuring stability during extreme
occurrences. This aspect is especially significant when contrasting buildings that comply with codes against
those that do not, as it reveals differences in their resilience and guides efforts to enhance seismic safety.
Figure 9 depicts the relationships between ductility ratios and overstrength factors, showcasing the
distinctions between compliant and non-compliant buildings. Structures that meet code requirements
demonstrate greater ductility ratios, which means they can experience considerable deformations without
failing, effectively absorbing seismic energy. In comparison, buildings that do not comply with codes present
reduced ductility and overstrength, rendering them more fragile and susceptible to seismic pressures. This
indicates that non-compliant structures often lack the essential reinforcements, proper detailing, and quality
materials needed to ensure resilience against seismic activity, resulting in an increased risk of early failure
during earthquakes. The results highlight the necessity for better construction methods and strict adherence
to seismic design standards, particularly in high-risk areas such as Darchula, where such non-compliant
structures are common.
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Figure 9. Overstrength factor and ductility ratio
Source: compiled by B.K. Bohara

3.5. Nonlinear Hysteretic Damping

Figure 10 presents NHD [24] data for both code-compliant and non-code-compliant buildings, high-
lighting a significant disparity in their seismic performance. Code-compliant buildings, represented by
NBC, RUD, and IS curves, exhibit superior damping capacity, with steady and higher increases in damping
values, particularly the RUD curve, which reaches the maximum (40 kNm). In contrast, non-code-
compliant buildings, represented by NES1 to NES6, show lower and inconsistent damping performance,
with several curves plateauing at early stages, indicating limited energy dissipation capacity. This contrast
underscores the critical importance of code-compliant design standards in enhancing the seismic resilience
of buildings, as non-code-compliant structures demonstrate significantly lower hysteretic damping, making
them more vulnerable to seismic forces.
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Figure 10. NHD for the proposed model
S ource: compiled by B.K. Bohara

4. Conclusion

This study evaluates the seismic vulnerability of code-compliant and non-code-compliant RC buildings
using NPA, yielding mapping and seismic response modification factors. The following key scientific
findings were obtained from the study:

1. The fundamental time periods of non-code-compliant structures, especially NES4, are greater than
those predicted by code-based models, suggesting increased flexibility and possible susceptibility to seismic
forces. The increased base shear values seen in NESI-NES3 underscore the effects of structural
irregularities and loss of stiffness.

2. NPA reveals that code-compliant buildings (especially RUD and IS models) exhibit higher base
shear capacity, ductility, and overstrength factors, ensuring better seismic performance. Code-compliant
buildings consistently demonstrate superior performance across all seismic parameters. In particular, the
RUD model exhibits the highest base shear capacity, ductility, overstrength factor, and NHD capacity,
reflecting robust energy dissipation and structural redundancy.

3. Yield mapping analysis indicates that columns in non-compliant buildings experience premature
failure, while code-compliant models demonstrate the expected “strong column—weak beam” behavior.

4. NHD analysis further supports these findings, showing higher damping capacity in code-compliant
models, particularly RUD (40 kNm), while non-code-compliant structures exhibit inconsistent damping,
reducing seismic energy absorption.

5. The study confirms that updated NBC 205:2024 RUD provides improved seismic resilience in RC
buildings.

6. The broader implication of these findings is the need for regulatory intervention in seismic-prone
regions Darchula, Nepal. Local governments, engineers, and builders must collaborate to ensure stricter
enforcement of building codes, capacity-building for local masons, and the promotion of affordable,
earthquake-resistant technologies suitable for hillside terrains.
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