AHATOLIISL.

M:xkanoB JI.B. PanionHanbHi crajieBi 0ajku 3i 3MIHHOrO mepepisy. -
KBaJsidikaniiiHa HAayKOBa po00Ta HA IPaBaxX PyKOIMCY.

HNuceptanis Ha 3700yTTS HAYKOBOTO CTyIEeHs JokTtopa ¢diutocodii 3a
cnemianbHicTIO 192 ByniBHUUTBO Ta uMBUIbHA 1HXkeHepis (19 — Apxitektypa Ta
OyniBHULTBO)- KuiBChbKMI HAIIOHANBHUNA YHIBEPCUTET OYIIBHUIITBA 1 apXITEKTYpH,
2025.

HuceprariitHa po0OTa NPUCBSIYCHA BU3HAYCHHIO PAIliOHATBHUX KOHCTPYKIIIH
0aJIKOBUX €JIEMEHTIB paM 1 CIIOPY/ 13 3BapHUX JABOTABPIB 31 3SMIHHOIO BUCOTOIO CTIHKH 1
TTOJIAILL.

Y mepmomMy po3aiJii BUKOHAHO OTJISA 1 aHami3 HAYKOBUX JaHHWX JIOCIHIKCHb
BUCBITJICHUX Y JITEPAaTypHUX JDKEpenax TMPUCBIYCHUX IIONIYKYy ONTHMAJIBHOI 1
palioHaJIbHOT BUCOTH CTAJIEBUX JBOTABPIB 13 MOCTIHHOIO Ta 3MIHHOIO IJIOLIEIO TIEPEPI3Y.

3a orJIs10M BUHAXO/1B Ta HOBUX KOHCTPYKIIiM BCTAHOBJIEHO TEHJICHIII1 PO3BUTKY B
HaImii KpaiHi 1 3aKOpJOHOM CTaJeBUX paM Oy/iBelb PIZHOTO MpPU3HAYCHHS
YHIBEpCAJIIBHOTO MpHU3HaueHHs. [liATBep/KeHO, 10 TOJIOBHUMHU HANPSIMKAMU CTaJOro
PO3BHTKY MeTasio OYIIBHUIITBA Y CBITI € BHKOPHUCTaHHS pAaIliOHATBHUX CTaJIeBUX
KOHCTPYKIIIM 3 ONTUMAJIBHUMHA BUTpPaTaMU CTaji, SKi MalOTh BHUCOKY TE€XHOJIOTTYHICTH
BUTOTOBJICHHS Ta MIHIMI30BaHUMU TPAHCIIOPTHUMH BHUTpatamu. Came 10 Takux
KOHCTPYKIIIM BITHOCSATH KapKacu OyAiBelb 13 CTaJIEBUX PaMHU 13 3BapHUX Ta PO3BUHYTHUX
JIBOTABPIB 3 MOCTIMHUM 13MIHHUM miepepizoM. Ha mpukianax qocsrHeHb IpoBiTHUX Hipm
3 BUPOOHUIITBA CTAJIEBUX KapKaciB 31 TBOTaBPIB 3MIHHOTO TIEPEPI3y, a TAKOXK Pe3yIbTaTh
JOCITIHPKeHb HAYKOBUX MIKUT KUiBCHKOT0o HalliOHATHHOTO YHIBEPCUTETY OYAIBHHUIITBA 1
apXiTeKTYypH Ta IHIINX YHIBEPCHUTETIB Ta HAYKOBO- JOCTINHMX IHCTUTYTIB KpaiHU
MOKA3aHO, 0 OJHUM i3 BOXKJIMBUX HANPSIMKIB 3HUKEHHS BUTPAT CTAJI1 € BUKOPUCTAHHS
3BapHUX JBOTABPIB 3MIHHOTO MEpepi3y MPHU 3MIHHOCTI, K BUCOTH CTIHKM TaK IIMPUHU
nmoyiii. AJe y3aralbHEHUX TaKUX JOCTIDKEHh B IBOMY HAMpPsIMKY IPOBEICHO

HenoctatHbo. [lokasaHo cydacHui
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HAayKOBUU PIBEHb JIOCHII)KEHb BHUCOKOC(EKTHUBHUX CTaJ€BUX OaJlKOBUX 3BAPHUX
JBOTABpPIB 13 BUKOPUCTAHHSAM 3MIHHOI BHCOTHM CTIHKM, PO3BHHYTHX JIBOTaBpIB 3
nephopoBaHOIO0 CTIHKOIO MOCTIMHOTO Ta 13 3MIHHOTO Tepepi3y, Oallok 3 ToppoBaHOIO
CTIHKOIO, Ta OaJOK 3 THYYKOI CTIHKOI. BiaMiueHO e(eKTHUBHICTb BHKOPHUCTAHHS
npodIiB 13 3MIHHUM TIEPEPI30M, K €JIEMEHTIB CTaJIeBUX paMHUX KapKaciB Oy/iBelb 1
cnopya. Bkazana MOKIIMBICTh BUTOTOBJICHHS €KOHOMIYHHUX 32 BUTPATAMHM CTajli 3BapHUX
JIBOTAaBPiB 3MIHHOTO TIEpepizy Ha aBTOMATH30BAaHUX BUPOOHHIITBAX 13 BUKOPUCTAHHSIM
3BapIOBAILHUX POOOTIB Ta POOOTHU30BAHOTO OOJIaTHAHHS.

Takox y mepiiomMy po3/iii BAKOHAHO OTJISJ] METOAOJOTTUHHUX MIXO0/I1B MOIIYKY
pallioHAJIbHUX CTaJIeBUX pPaMHHUX KOHCTPYKIII OalKoBOTO THITy Ha BCIX eTamax
NPOEKTYBAaHHS Ta OTJISJT METO/IiB IMOITYKY ONTHMAJIBHOTO TIEPepi3y 3BapHUX JBOTABPIB Ta
€JIEMEHTIB paM 3MIHHOTO mepepi3y. [lokazaHo, 10 Ba)KIIMBUM €TarioM NMPOEKTYBaHHS €
BapiaHTHE MPOCKTYBAaHHS 1 MOIIYK ONTHUMAJIbHOI KOHCTPYKTHBHOI (popMu OaKoBOTO
eJIeMEeHTa caMe Ha MepHIii cTaaii NpoeKTyBaHHsS. B 11bOMy BiTHOIIEHH] 3aJUIIAIOTHCS
aKTyaIbHUMH 1 B&XJIMBUMHM TIPOBEJICHHS JOJATKOBUX JOCHIDKEHHS 3 TOIIYKY
3aKOHOMIPHOCTEH ONTUMATBLHOTO MPOEKTYBAHHS 3BAPHUX ABOTABPIB 3MIHHOTO MEpepizy.
Bukonano ornsn KpUTepiiB ONTHUMaIbHOTO TPOEKTYBaHHS CTaJIeBUX OaJKOBHUX
€JIEMEHTIB, MOKa3aHO, 10 OCHOBHUM KPUTEPIEM 3JIMIIAETHCS KPUTEPId MiHIMAIbHHUX
BUTpAT cTall. BuUKOHAHO 3araJibHUH OIJIA] IMJIXOMIB MOJICIIOBAHHS 1 METOIB
ONTUMAJIBLHOTO TMPOEKTYBAaHHS CTAJIeBUX 3BapHUX JBOTaBpiB. BimmiueHno, 110
KOHTUHYQJIBHUM 1 JUCKPETHUX MiAXiJ ONTHUMAJIBHOTO TMPOEKTYBaHHSA PIBHO3HAYHI 1
MOXXYTh JOMOBHIOBAaTH OJWH OJHOTO Ha PI3HUX eTamax MPOEKTYBAaHHS CTaJeBUX
KoHCTpYKIIii. [TokazaHo, 0 B CHITY HECKJIATHUX KPaOBUX YMOB 3aKpITVICHHS B CUCTEMI
IIPOCTOPOBOTO KapKacy HaAHOLIBII MOMTUPEHUM 1 €()EeKTUBHUM CITIOCOOOM ONTHMAJIEHOTO
MPOCKTYBAHHS € KOHTHHYAJIBHUW MIIXiJ IMIOJ0 MOJETIOBAHHS OaJKOBOTO CTaJeBOTO
€JIEMEHTAa JBOTABPOBOTO mepepizy. TaKoK BHUCBITICHO 1 BIIMOBIIHO OOTPYHTOBAHO, 110
HAWOUTBIII TOIMTUPEHUMH METOJIOM ONTHUMAIBLHOTO MPOEKTYBAHHS CTAJICBUX 3BAPHUX
JIBOTaBpPIB € METOAM HEIIIHIIHOTO MpOrpaMyBaHHs HEBU3HAUYEHUX MHOXHUKIB Jlarpanxka

(MHITHM Jlarpanxa), Ta metoa Eiinepa — Jlarpanxa.
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BuxoHanuii aHami3 JIOCHIIKEHb IHIIMX aBTOPIB JaB MIACTaBY C(POPMYIIOBATU
OCHOBHI 3aBAaHHs AOCIIIKEHb TUCEpTaLlli.

B npyromy po3aini Po3risiHyTo HOBHIA Kilac cTalieBUX OAJIOK 13 3MIHHOIO IIUPUHOIO
MOJIMLb Ta 3MIHHOK BHUCOTOIO Ta TOBUIMHOIO CTIHKHM. Po3nin mpucBsueHuid BUOODPY
ONTHUMAJIBHOI Ta palliOHAJIbHOT KOHCTPYKTUBHOI (POpMU CTalIeBUX OaIKOBUX €JIEMEHTIB
3MIHHOTO TIepepi3y, K €JIeMEHTIB paMHUX KOHCTPYKLIA KapKacHUX OyZiBeib 1 COPY.
[TpuitHATI KpailoBi yMOB 3aKkpiluieHHs Oaiky 13 IUIOIIMHU /11 HAaBAHTAXKEHHA: Oayka
PO3KpilieHa CHCTEMOIO TOPU3OHTAIBHUX 1 BEPTHKAIBHUX B’sI3€H, 110 3amobirae BTpaTi
CTIMKOCTI MJackoi (pOopMU 3rUHY 1 BIAMOBIAHO MIHIMI3y€ BUHUKHEHHS OIMOMEHTHUX
HAIPY»XEHb BiJI CTUCHYTOTO KPY4YCHHS, $KI BUHUKAIOTh BHACITIJIOK BHITQJKOBHUX
CKCIICHTPUCHUTETIB MPHU TPHUKIAJIaHHI 30BHINIHBOIO CTAaTHYHOTO HABAaHTAKCHHS MIK
TOPU3OHTATBHUMH B’si3siMU. Lli 10JaTKOBI HANpPYXXEHHS BiJI CTHCHYTOTO KPYTIHHS B
TAKOMY BHUNAJKy BpaxXxOBYIOThCS TMPHU po3poOIi poOOYOTro TMPOEKTY METAICBUX
KOHCTPYKIIii, 200 BPaXOBYIOThCS 10JaTKOBUMU KoediiieHTaMu. TakoK BBAXKAETHCSA, 110
HE B1IOYBAEThCS BTpaTa CTIMKOCTI BiJl IOB3/IOBXKHIX CHUJI, SIKI MOXKYTh BUHUKATH B CHITY
HaxXWJIy OCl eJleMEHTa 3MIHHOTO Iepepizy abo pamMHOCTI KOHCTpyKilii. [IpuiinsiTo, 110
MICIIeBa CTIMKICTh CTIHKM 1 TIOJNHII 3a0e3medeHa mepepi3oM elieMeHTIB. Miciena
CTIHKICTh CTIHKM TakKOXX 3a0e3redeHa, a y BHUIAAKY HEOOXITHOCTI, IiIBUIIYETHCS
BEPTUKAIBHUMHU peOpamMu KOPCTKOCTI.

st onTMManbHOTO TIPOEKTYBAHHS 3MOJICNIbOBAaHA 3BapHa cTajieBa Oanka
JIBOTaBPOBOTO CHMETPUYHOTO TEPepidy CKJIaJeHa 3 BEPXHBHOI Ta HIKHBOI IOJHIlL
3MIHHOTO TIepepi3y, ki MDK c0000 3’€JIHaHI CTIHKOK 3MIHHOI TOBIIMHU Ta BUCOTH.
JIBoTaBpoBa Oajnka 3MIHHOTO Tepepidy pO3KpIIUIeHa Ha OMopax Ta MO JOBXKHHI
KOHCTPYKIlii. Po3pobineHa KOHTHMHyalbHAa MOJENh ONTUMAIBHOTO MPOEKTYBAHHS
CTayieBOi OanKu 13 3BapHOTO JABOTAaBpa 3MIHHOTO Tepepidy ( 3MIHHUMH MPUUMAIOTHCS
BHCOTA CTIHKH, TOBIIMHA CTIHKU 1 MIUPUHA TIOJUIN). 3a/1a4ya BU3HAYCHHS ONTUMAIbHO1
KOHCTPYKTHBHOT ()OPMH JTBOTABPOBOi CTAJIEBO1 OAJKH 13 3MIHHUM MEpPEPi30M BHpIIICHA
3a TOMOMOT 00 METO/Ia HEBU3HAYEHUX MHOKHHUKIB Jlarpanika 3a KputrepieM MiHIMalbHHUX

BUTpAT CTali, $SK 3aJadya HeNIHIHHOro mnporpamyBaHHs. ['pamieHT
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3MIHHOCTI nepepizy Oaliku BU3HAYEHO 32 BUMOTaMU BUKOHAHHSI YMOB MIITHOCTI OaiKu B
KOXXHOMY Iepepi3y KOHCTPYKIIII.

3ajaya TMONIYKY ONTHUMaJIbHOI KOHCTPYKTUBHOI (opMu Oajku 13 3BapHOIO
JIBOTaBpa 3MIHHOTO Mepepi3y BUPIIIECHA 32 YMOBAMHU MIIIHOCT1 OaJIKU MpU 3THUHI JAJIS IBOX
BumnajkiB. Ilepmia 3amaya BUpIIYETbCS MPU YMOBI 3MIHHOCTI TOBIIMHU CTIHKU IO
JOBXHMHI KOHCTPYKIIi: MpHU TMOCTIMHIN THY4YKOCTI CTiHKU. [[pyra 3agada BupilieHa y
NIOCTAHOBIII BU3HAYCHHS ONITHMAJILHOT TOTIOJIOT11 CTAJIEBOT OAJIKH 13 3BapHOTO JIBOTaBpa 3i
3MIHHOIO BHCOTOIO CTIHKHM 1 IIOJIMI[l, Ta 3MIHHOI TOBIIMHI CTIHKM 3a CTCIICHCBUM

3aKOHOM. 3ajaua BUpIIIIEHA B Yy3arajJbHEHOMY BHJII METOJOM HEJIHIHHOTO
NpOrpaMyBaHHS HEBH3HAUCHUX MHOXKHHKIB JlarpaHka 3a KpHUTEpiEM MiHIMAJIBHHX
BUTpAT CTajll MpU 3MIHHIA BUCOTI CTIHKU, IIMPUHU TOJIMIII, TOBIIMHU CTIHKH. Takox
BUKOPHUCTaHI JIOCTaTHI YMOBHM ONTHUMaJbHOTO NpoekTyBaHHs Kapyma- Kyna-Takepa.
OTpuMmaHi HOBI aHAJITUYHI 3aJEKHOCTI ONTHUMAaJIbHOI BUCOTHU TMEpPEpi3y 3BaPHOIO
JIBOTaBpa 13 3MIHHOIO TUIONII TMEepepidy 1 MIMPUHOK TMOJIHUIll B 3aJEKHOCTI BiJ CTyIEHS
3MIHHOCTI TIepepi3y 3MiHM BHCOTH Iepepildy Oajku B 3aJeKHOCTI BiJ 3aKOHOMIPHOCTI
3MIHM 3THHAJbHOTO MOMEHTY. Jloka3aHa OCTOBIpPHICTb OTPUMAHUX aHAJTITUYHUX
3aJIeKHOCTEM JIJIs1 BU3HAUYCHHS ONTUMAJIbHOT BUCOTH MEepepi3y KOHCTPYKIIIT e(heKTUBHOT 3a
BUTpaTaMH CTajli CTajJeBOi OAJKW 3MIHHOTO Tepepidy INMpH NEepexoji BiJl JBOTaBpa
3MIHHOTO TIEpepi3y 0 3BapHOTO JIBOATaBpa 13 MOCTIHHOK BUCOTOIO 1 IMMPUHOIO TIOJIMIII.
BukonaHi 4HCIIOBI JOCHIDKEHHS YYTJIUBOCTI OTPHUMAHUX pIIIEHb, IIOAO CXEMH
HABAHTAXXEHHS KOHCTPYKIlii. 3amporoHOBaHa IMOCHTIIOBHICTh BU3HAYEHHS TPai€HTa
3MIHHOCTI BUCOTH TEpepidy 1 MIMPUHU TMOJHUIL TPH Aii PIBHOMIPHO-PO3MOIUICHOTO
HaBaHTa)XCHHS 1 30cepepkeHol cuiti. Ha mpukiaai KoHCOIbHOT 0aKu IMMOKa3aHo, 1110 Py
i1 pIBHOMIPHO-PO3IOIICHOT0 HAaBAHTAXEHHS 1 30CEPEPKEHO1 CUITM Ha BUILHOMY KiHIII

Oamky MakCMMalbHI ~ HAmpPYXCHHS BHHHKAIOTH HE B TMepepisi, ae i€
MaKCUMaJIbHUI 3TMHAJIBHUA MOMEHT, a B IHmMX nepepizax. [IpuBeneHi pesynbratu
YHUCIIOBUX JOCTIIKCHh BU3HAYCHHS TPAJi€HTa 3MIHHOCTI NIUPHHH TIOJUIl 1 BHCOTH
CTIHKH JBOTaBpa MPH TMOCTIMHIA TOBIIMHI CTIHKH TPH il CTATUYHOTO HAaBaHTaKCHHS:
PIBHOMIPHO-PO3MOLIIEHOTO 1 30CEPE/IP)KEHOI CUJIM, BCTAHOBIICHO MiHIMaJbHE 3HAYCHHS

rpajiieHTa 3MIHHOCTI MEpepi3y, MpU SKUX yMOBA MIIHOCTI BUKOHYETHCS B KOXXHOMY

5
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nepepizi. [lpuBeneni pe3ynabrar JOCHIKeHb. BU3HAUEGHHS ONTUMAJIbHI 3HAYCHHS
rpajl€eHTa 3MIHHOCTI BUCOTH CTIHKH 1 IIMPUHU MOJULI MPU NOCTIMHINA TOBUIMHI CTIHKH.
Tperiii po3min npucCBIYEHUN AOCHIIKEHHSIM ONTHUMAJIbHOI KOHCTPYKTHUBHOI (hopMuU
CTaJIEBO1 3BapHOi OAJIKM CUMETPUYHOIO MEPEPI3y 13 3MIHHOKO BUCOTOIO CTIHKH 1 3MIHHOIO
[IMPUHOIO TOJIMIII 32 BUMOTAMH APYTrOr0 TPAaHWUYHOTO CTaHy - BHUKOHAHHSIM BHMOT
oOMeXeHb 3a MporuHamu. 3ajada c(opmyiaboBaHAa TMPU  KOHTUHYAJIBHOMY
MoienoBaHHs 3a MetoaoM Eitnep -Jlarpanxa, sik 3ajja4ya HENMIHIMHOTO IPOrpaMyBaHHS
Opv BUKOHAaHI BUMOT MIIIHOCTI JJisi KO)KHOTO MEpepidy Ta 3a KPUTEPIEM MIHIMAIbHUX
BUTpAT cTayi. OTpuUMaHI HOBI aHAJIITUYHI 3aJ€KHOCTI ONTUMAJIBLHOT BUCOTH 3BApHOTO
CTaJI€BOTO JBOTaBpa 31 3MIHHOK BHCOTOIO CTIHKHM 1 3MIHHOIO IIUPUHOIO TOIHI JJIs
nepepisy, Ae il MaKCUMaJIbHHUI 3TUHAIBHANA MOMEHT IPY BUKOHAHHI BUMOT T'PaHUYHUX
IIPOTUHIB.

Y d4erBepTOMY PO3dijdi MpOBENEHI JOCTI/KEHHS MPAKTUYHOTO 3aCTOCYBaHHS
KOHCTPYKIIIM CTaJIEBUX 13 3BApPHUX JBOTaBPIB 13 3MIHHOK BHUCOTOIO CTIHKH 1 3MIHHOT
IIUPUHU MMOJuIl. Tak pO3TIgHyTa 3ajada palioHaJbHOrO BHOOpPY mepepidy i
ONTUMAJIBHOT KOHCTPYKTHUBHOT JOPMU €I€MEHTa MOPTAIBbHOT paMH, SKUI BUTOTOBICHUMN
13 3BapHOTO JIBOTaBpa 13 3MIHHOI BUCOTOIO CTIHKH, Ta MPHU 3MIHHIN MIUPHHI TTOJHIT 3
ypaxyBaHHSIM [ii 3TMHAJBHOTO MOMEHTY 1 TOB3JOBXHBOI CHJIM TPH BIAHOCHOMY
exkcreHTpucuteTi My>15. CTilKICTh purenas 3MIHHOTO TMepepi3y B IUIOMIMHI paMH
BPaxOBYETHCS 32 METOJIOM TuMoIeHKa- Icuacbkoro. MiciieBa CTIAKICTb CTIHKH 1 TTOJIAII
TeX 3a0e3rnedyeHa HEOOXITHUM BiIHOMIEHHSM TOBIIMHH IOJUIN 10 i1 IMUPUHU, a IIe
CTINKICTh CTIHKM 3a0e3meueHa pedpaMu >KOPCTKOCTI. 3araibHa CTIHKICTh €JIeMEeHTa PaMu
13 TUIONIMHM il 3TMHAIBPHOTO MOMEHTY 3a0e3lnedyeHa KOHCTPYKTHBHHUMHM 3aXOIaMH:
PO3TallyBaHHIM BEPTUKAIBHUX 1 TOPU30OHTAILHUX B’ S3€H.

CdopmynpoBana 3amaya HENIHIKHOTO MAaTEMAaTUYHOTO TMporpamyBaHHS (4.5)
OINHCYETHCA B MPOCTOPI 3MIHHUX T'€OMETPUYHUX XapaKTEPUCTHK Mepepi3y CTaieBOro
eJIEMEHTa i3 IBOTaBpa 3MiHHOTO Tiepepi3y: N, Az, tw; Ta 00MeKyBaIbHUMHU (DYHKITISIME Y
BUTJISI/II YMOB 3a0€3MeUeHHS MIITHOCT1 KOXKHOTO nepepi3y. IIpuiiHATO, 1110 00MEXEeHHS 3a

MIIHICTIO 3a JI€I0 TOMEPEYHOI CHJIM HE € aKTUBHUMHU. TakoX HE aKTUBHUMH
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BBAJKAIOTHCS OOMEKEHHS 3a YMOBAaMM CTIMKOCTI CTIHKM 1 MOJHLb. 3a KpUTEpid
ONTUMAJIBHOTO MPOEKTYBAHHS BUOPAHO KPUTEP1l MIHIMAJIbHUX BUTPAT CTalll €JI€MEHTa
pamu. 3ajada ONTHUMAIBHOTO TPOEKTYBAHHS BHUPIMIYETHCS METOJOM HEBHU3HAYCHHX
MHOXHUKIB Jlarpanixa, 3 BUKOpUCTaHHAM aoctatHiX ymMmoB Kapyma-Kyna-Taxkepa.

OtprumaHa HOBa aHaJIITUYHA POpPMYIIa ONTUMAJILHOT BUCOTH MEpepi3y ABOTaBpa 1o
JOBXKMHI €JIeMEHTa PaMHU 3 YpaxXyBaHHSM BIUIMBY MOB3/I0BXHBOI CHITH.

JIyist BU3HAUEHHSI IpaJlleHTa 3MIHHOCTI NIepepi3y NPOBEICHI YUCIOBI JOCTIIKEHHS.
JUis mpoBeAeHHS YMCIOBUX JOCHIKEHb e€JeMEHTa MOPTAIbHOI paMu 3 METOI0
BU3HAUEHHS TpaJlieHTa 3MIHHOCTI Mepepi3y CTIHKM 1 MOJUII TNPUHHATO L0 3MIHA
3TUHAJIBHOTO MOMEHTY BiIOYBa€ThCsl 3a JIHIMHUM 3aKOHOM. ['pamieHT 3MIHHOCTI
nepepidy BU3HAYEHMM 13 BHUKOHAHHS YMOB MIIHOCTI JJIS KOXHOTO Tepepisy.
BcranomneHno, 1mo a1t 3BapHUX JBOTABPIB 13 3MIHHOK BHCOTOIO CTIHKU 1 IMUPUHOKO
NOJIMII TIPU OJHAKOBHX TpaJi€HTaX 3MIHHOCTI ICHY€ TpaHUYHE 3HAYEHHS TpaJli€HTa
paIioHaJIbHOI KOHCTPYKTUBHOI (DOPMH CTaJEBOTO JIBOTaBpa 3MIHHOTO IMepepisy, NMpu
SKOMY YMOBH MIIIHOCTI BUKOHYIOTBCS ISl KOXKHOTO TMeEpepidy B 3aJIEKHOCTI Bij
CIIBBIJHOIIIEHHS 3TMHAIBHUX MOMEHTIB, IIIO JIIOTh Ha OMopax 3 000X KIHIIB OaJKu.
BcraHoBneHa 3aKOHOMIPHICTh BIUTMBY BIJTHOIICHHS KIHIIEBUX 3rHHAIIBHIX MOMEHTIB Ha
BUOIp paImioOHAIBHOT TOIOJOTII cTaseBoi OajKu 3MIHHOTO TMepepidy: MpH 3MEHIISHH1
PI3HUII MK 3HAUCHHSMH KIHIICBUX 3THHATLHUX MOMEHTIB - TPaJIIEHT 3MIHHOCT1 IIEpepi3y
3MEHIIYEThCS, a BIIHOIIEHHS BHUCOTH TEpepi3y HAMMEHIIOTo TMepepidy IBOTaBpa 0
BHUCOTH TIEpepizy 30UTbITY€EThCS.

Takox BaXJIMBUM pe3yibTaToOM, CTal0 MIATBEPIKEHHS, 110 ONTHUMaJbHA BHCOTA
CTaJICBOTO JBOTaBpa 3MIHHOTO Tepepidy, SKa BH3HAYCHHI 3 YMOB MIIHOCTI 3a
MaKCUMajJbHUM  3TMHAJBHUM  MOMEHTOM  3a0e3leuye OCHOBHY  palllOHAJIbHY
KOHCTPYKTHUBHY (DOpMY KOKHOTO GaJKOBOTO JABOTaBPOBOT'O €JIEMEHTa BCi€i MOPTAIbHOT
pamu.

[linTBepKeHa TOCTOBIPHICTH OTPUMAHUX PE3yJbTaTIB BU3HAUYEHHS ONTUMAIbHOI
BHUCOTHU TEPEPi3y Ta JOCTOBIPHICTH PO3p00OIJICHOT (I3UKO-MAaTEeMAaTUHYHOT KOHTUHYAJIbHOT
MOJIel eJIEeMEHTa MOPTAIBHOI paMH 3BapHOrO JIBOTaBpa 3MIHHOTO Mepepidy mnpu Aii

3TUHAJIBHUX MOMEHTIB 1 MOB3J0BXHIX cui. OTpuMaHi pe3yJbTaTH
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JOCTaTHBO J00pe CHIBMNAJAIOTh 13 3HAYEHHAMM ONTHUMAJIbHUX KOHCTPYKIIM €JIeMEHTIB
paM OTpMMaHUMHU B poOOTax 1HILIKX aBTOPIB.

IIpakTu4yHe 3HAYEHHS MPOBEAEHUX JAOCTIUKeHb 1 OTPUMAHUX HOBHX HAyKOBUX
pe3yNbTATIB TMOJSTa€ Yy BCTAHOBJIEHHI 3aKOHOMIPHOCTEM BUOOpPY ONTHUMAalbHOI
KOHCTPYKTHBHOI (hOpMHU CTajeBUX OaJOK 13 3BapHUX JIBOTABPIB 31 3MIHHOI BHUCOTOIO
CTIHKA 1 3MIHHOIO WUPHHOIO monuii. OTpuMaHl HOBI aHANITHYHI 3aJI€KHOCTI
JO3BOJISIIOTh  HAa TMEPIIOMY eTali MPOEKTYBaHHS BHU3HAYUTH ONTHUMAIBHY BHCOTY
nepepi3y 3a 1BoOMa TPAaHUYHUMHU CTaHAMHU, J€ Ji€ MaKCUMaJIbHUI 3THHAILHUNA MOMEHT 3
ypaxyBaHHSIM OCOOJIMBOCTEH 3MIHHOCTI HAMPY>KEHO-1€(OPMOBAHOTO CTaHy MO JOBXKHUHI
KOHCTPYKIii. A po3po0JieHUI METOAOJIOTIYHUN TMiAX1J Ta pPe3yJIbTaTh YHUCIOBHUX
JOCJIIJDKeHb JTal0Th 3MOTy MPU3HAYUTH ONTHUMalbHE 3HAUYCHHS TPAJIEHTIB 3MIHHOCTI
nepepizy CTIHKM 1 MOJMIll 3a JBOMa I'PaHUYHUMHU CTaHAMH MO JIOBXKHUHI Tepepidy B
3aJIeKHOCTI BiJl JIFOUMX 3yCHWJIb IO JIOBXHHI eilemeHrta. lle mgae 3mory orpumaru
palioHaJIbHy KOHCTPYKIIIIO 3BapHOTO ABOTaBpa 3MIHHOTO Tepepidy, SK eJeMeHTa
NOpPTAIBHUX paMHUX KOHCTPYKIII 3 ypaxyBaHHSM JAii 3TUHAIBHUX MOMEHTIB 1
MOB3JIOBKHIX CHJI.

Kuarwo4oBi cioBa: paiioHabHI CTaJIeBI KOHCTPYKIIi, MIIHICTh 0ajoK, TpaHUYHI
CTaHW, ONTUMAJIbHE MPOEKTYBAHHS, CTaJieBl 3BapHI JIBOTaBPOBI OaJKW 13 3MIHHOIO
IMIMPUHOIO TIONUIb a 3MIHHOIO BHCOTOI Ta TOBIIMHOIO CTIHKH, MaTeMaTU4YHE
MOJICJTFOBAaHHS CTaJeBUX KOHCTPYKIIIH, cucTemMa AuepeHIaJbHUX PIBHSAHb, METO]
HEBU3HAYeHNX MHOXHMKIB Jlarpamxka, wmeton  Eiinepa-Jlarpamka, craTudHe
HABaHTAXEHHs, CTAJICBl paMH, CTaJeBi KapKacH, aedopmaiii.

HaykoBa HOBU3HA Ta HOBI HAYKOBIi pe3yJIbTaTH .

1. PosrnstnyTo HOBUMET Kilac cTajeBUX OaloK 3MIHHOTO mepepidy 31 3BapHUX
JIBOTAaBpPIB 13 3MIHHOIO BHICOTOIO CTIHKM 1 MMpWHOK monuii. OTpumaHa BHepie
y3araJibHeHa aHaJITUYHA 3aJICKHICTh 3aKOHOMIPHOCTI 3MiHM BUCOTH OalKH 1 MIUPHHH
MOJIUIII ONTUMAJbHOI KOHCTPYKIII JBOTAaBpOBOI CTayiieBOi Oanku 1o i1 JOBXKHUHI 3
ypaxyBaHHSIM CTYIEHsI 3MIHHOCTI mepepidy CTIHKM 1 mnonuii. Bupimiena 3agaya
HEJIHIMHOTO ONTHUMAJIbHOTO MPOrpPaMyBaHHS 3BapHUX JIBOTABPIB 13 3MIHHUM NEPEPIZOM

3a MCTOAOM HCBH3HAYCHHX MHO’KHUKIB HarpaHHca. 3a YHCIIOBUMH
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JOCIIDKEHHSIMU BU3HAYEHO pAI[IOHATIBHUM TpajieHT 3MIHHOCTI NEpepi3y CTIHKH 1
IIUPUHU MOJHUII CTAJIEBOI ABOTABPOBOT OaJKM 32 BUMOTaMU BUKOHAHHS YMOB MIITHOCTI
B KOXXHOMY mnepepizy. lLle mamo 3MOry yHUKHYTH HOPYIIEHHS yYMOB MII[HOCTI s
nepepiziB, Je /i€ He MaKCUMaJIbHUM 3THHANIbHUM MOMEHT. [linTBepakeHa 1 o0rpyHTOBaHa
aKTyaJbHICTh HAYKOBUX JOCHIIIPKEHb 32 TEMOIO JucepTalii. Orisi JiTepaTypHUX JKepelt
MOKa3aB, M0 aKTyaJlbHUM € PO3BUTOK ONTHUMAIBHOTO MPOCKTYBAaHHS CTAJICBUX 3BAPHHUX
JIBOTaBPiB 3MIHHOTO TIEpEPi3y.

2. OtpumaHi HOBI 3aKOHOMIPHOCTI YYTJIMBOCTI OTPUMAaHHUX pallOHAIbHUX
KOHCTPYKTHUBHUX pIII€Hb 3BApPHUX JABOABPIB 3MIHHOIO IMepepidy, IIOA0 CXEeMHU
HaBaHTA)KEHHS KOHCTPYKIIii. 3alpOIOHOBaHa MOCII0OBHICTh Ta BA3HAYCHO pallioHAIbHE
3HAYEHHSA IrPajiieHTa 3MIHHOCTI BUCOTH MIEPEPI3y 1 IUPUHU MOJTUIb MIPHU A1i PIBHOMIPHO-
PO3MOICHOTO HABaHTAXXECHHS 1 30cepe/keHoi cunu. Ha mpukiiagi KOHCONBHOT Oaliku
MOKa3aHo, 110 MPHU A1l PIBHOMIPHO-PO3MOIJIEHOI0 HABAHTAXKEHHS 1 30CEPEIKEHOT CHIIH
Ha BUJILHOMY KiHIII OaJIku MaKCUMaJbH1 HApYXEHHs BUHUKAIOTh HE B TIEepepisl, Ae i€
MaKCUMaJIbHUN 3THHAJIBHIUN MOMEHT, a B 1HIIIUX Mepepizax B 3aJIe’KHOCTI BiJ TpajieHTa
3MIHHOCTI Mepepidy CTIHKA 1 mojuii. TakuM dYWMHOM, BCTaHOBJICHA II€ OJHA
3aKOHOMIPHICTb: MPHU 30UTBIIIEHH] BIUIMBY Jii 3rHHAJIbBHUX MOMEHTIB BiJl 30CE€PEIHKEHUX
CWJ TPaJi€eHTH 3MIHHOCTI IIMPUHMU TOJHUII 1 CTIHKHM 3MEHIIYIOTHCS 1 ONTHMAalbHa
KOHCTPYKTHBHA (hopMa 3BapHOTO CTAJIEBOIO JBOTABPA CTAE OUIBIII ITOJIOTOIO.

3. OtpumaHa aHajiTHYHa (opMyna JJii BU3HAYCHHS ONTHUMAJbHOI BHUCOTHU
KOXHOTO TIepepi3zy KOHCTPYKIIIi 32 OJTHOYACHUM BUKOHAHHSIM MiHIMaJIbHUX BUTPAT CTAII,
YMOB MIIIHOCTI Ta BUKOHAHHS YMOB JIPYrOrO TPAaHUYHOTO CTaHy 3a MPOTUHAMH.
Otpumana aHamiTH4YHa (OpMYyJa OMHCYE€ HOBI 3aKOHOMIPHOCTI BHOOPY HAWKpamioro
KOHCTPYKTHBHOTO pIIIIEHHSI CTaJ€BUX JIBOTABPOBUX O0aJOK 3MIHHOTO TIiepepizy B
3aJIeKHOCTI BiJ CTymeHs 3MIHHOCTI mepepidy. lLleli HOBHWII HayKoOBUW pe3ynabTaT
orpuMaHuii 3a MeromoM Eitnepa-Jlarpanxka mim 9ac BUpIMIEHHSM 3aJadi HETIHIHHOTO
MpPOrpaMyBaHHS 3 BH3HAYCHHS ONTHMAJIbHOI KOHCTPYKTHBHOI (OpPMH  3BapHOTO

CTaJIeBOTO ABOTABpa 13 3MIHHOIO BUCOTOIO CTIHKH Ta MOJIMIIL 32 YMOBAMU MIHIMAJIbHUX
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BUTpAT CTajl 1 BHUKOHAaHHA BUMOI JPYroro TIPAaHUYHOIO cTaHy (OOMEXEHHs 3a
MIPOTUHAMU) 3 ypaxXyBaHHSIM BHMOT ONITHUMAJIEHOCTI KOKHOTO Tepepizy.

OTpuMmaHi NOpPaKTUYHI PEKOMEHJAlll JJIsi BU3HAYEHHS TpajJi€eHTa 3MIHHOCTI
nepepi3y 3BapHOro JABOTaBpa 3MIHHOTO MEpepi3y 1 MpY 3MIHHINA TUIBKU MIKMPUHI MOJIULI 1
MOCTIHHIM BUCOTI CTIHKH 1 TOBIIMHI B 3aJI€KHOCTI Bl 0OMEKEHb 3a MIPOTUHAMU.

4, OTpuMaHa HOBI aHAJITUYHI 3aJI€KHOCTI ONTUMAIBHOI BUCOTH IMEpepi3y
JIBOTaBpa 1O JOBXKHHI OQJIKM 3 ypaxyBaHHSM BIUIMBY TOB3OBXHBOI CHIH. Brepiie
BCTAHOBJICHO HOBY 3aKOHOMIPHICTB: JJI €JIEMEHTIB MOPTAIBHUX paM 3 ypaxyBaHHAM Iii
3TUHAJIBHUX MOMEHTIB 1 MOB3J0BXKHIX CHJI 13 CTaJ€BUX JBOTaBPIB 3MIHHOTO MEpepi3y
ONTUMAJIBLHUM PO3MOJLIOM CTajll IO BUCOTI MEpepi3y € 3aKOHOMIPHICTh ONMTHUMATLHOTO
IIPOCKTYBaHHsI TMEPEepi3iB: IJIONIA JIBOX TOJIMIlL JIOPIBHIOE TOJOBUHI IUIONII CTIHKH.
Po3BHHYTI TEOPETHYHI MOJOKEHHS ONTUMAJILHOTO MPOEKTYBAHHS CJIEMCHTIB CTaJICBHUX
MOPTAJIbHUX paM 13 3BapHUX JIBOTABPIB 13 3MIHHOK BHCOTOIO CTIHKM 1 3MIHHOIO
IIMPUHOIO TOJIULIb TPU BpaxyBaHHI Jlii 3THHAJIFHUX MOMEHTIB Ha KIHIX €JIEeMEHTa paMu
Ta TIOB3JIOBXHIX CcWJ. Bupimena 37ada ONTUMAaIBHOTO TMPOEKTYBAHHS 3a METOJIOM
HEBU3HAYEHUX MHOKHUKIB Jlarpanika 3 BukopuctanHaM ymoB Kapyma-Kyna-Takepa 3a
KpUTEpIEM MIHIMAJIBHUX BHUTPAT CTali NPU Jii MOB3IOBXKHBOT CHWJIM 1 KIHIIEBUX
3THHAJIBHUX MOMEHTIB Ta MOCTIHHOMY 3HaueHHs nornepedHoi cwid ( Myn, Myo, , Mxo >
Myn, Mxz>0,15). BB moB370BXHBOT CHIJIM JUISI paM B YMOBaxX MIIIHOCTI MPUWHATO 3a
dbopmyrnoro TumorieHKo-CHHCHKOTO.

5. BcranoBinena TakoX 3aKOHOMIPHICTh BIUIMBY BIJHOIIEHHS KIiHIIEBUX
3TUHAJBPHUX MOMEHTIB Ha BHOIp pailioHadbHOT KOHCTPYKTUBHOI ()OpMH CTaIeBOI OaiKu
3MIHHOTO Tepepi3y: MpH 3MEHIIEHHI PI3HUII MDK 3HAYCHHSMH KIHIICBUX 3THHAJBHHUX
MOMEHTIB - TPAIIEHT 3MIHHOCTI MepePi3y 3MEHITY€EThCA, a BITHOIIEHHS BUCOTH MEpepi3y
HAaWMEHIIIOTO Tepepi3y ABOTABpa 0 BUCOTH Iepepily 30uibiyeThes. [ Bu3HaUEHHS
rpajiieHTa 3MIHHOCTI Iepepi3y MPOBEACH YNCIOB1 TOCTIKEHHS, 00 YHUKHYTH YMOBH,
py SKid HAUOUTBIII HANpPY>XEHHS BUHUKAIOTH B Tepepizax, Je He Aii MaKCUMadbHUU
3TUHAJIbHUI MOMEHT.

6. [linTBep/>KeHa MOCTOBIPHICTh OTPUMAHUX pPE3YyJbTaTiB Ta PO3pPOOJICHOL

(d13MKO-MaTeMaTUYHOT KOHTHUHYAJIbHOI MOJIEJIl MIITHOCTI €J1€MEHTa MOPTAIbHOT paMu

10
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3BapHOIO JBOTaBpa 3MIHHOTO Mepepi3y MpH [li 3TMHAJbHUX MOMEHTIB 1 MOB3J0BXKHIX
cui. OTpuMaHi pe3yabTaTy J0CTaTHRO JOOPE CIIBMAIAIOTH 13 3HAUCHHSIMU ONTUMATbHUX
KOHCTPYKII[I{ €JIEMEHTIB paM OTPUMaHUMU B poOOTaX IHIIUX BIIOMUX aBTOPIB.

7. Pe3ynpTaTd BUKOHAHMX JOCHIUKEHb IOKa3ylOTh, II0 BHUKOPUCTAHHS
CTaJieBUX OalioK 13 3MIHHUM IEpepi3oM CTIHKM 1 MOJIMII Ja€ €KOHOMIIO CTajl 10
12%...19% niopiBHSIHO 3 6aJIkaMu MOCTIMHOTO Nepepizy. ExkoHOMist MeTaTy 10CsATaeThCs 3a
PaxyHOK J0JJaTKOBOi MOXKJIMBOCT1 PO3MOAUIATH CTalb M0 AOBXKHUHI 0aJOK BIAMTOBIAHO A0
HaIpPYKEHO -e(OPMOBAHOTO CTAaHY MPHU ONTUMATBLHOMY PO3IMOALICHI CTali M0 BUCOTI

KOXHOTO Tepepizy.
ABSTRACT.

Dzhanov L.V. Rational Steel Beams with Variable Web Height and Flange

Width — qualification research work submitted as a manuscript..

Dissertation for the degree of Doctor of Philosophy in specialty 192 Construction and
Civil Engineering (19 — Architecture and Construction) — Kyiv National University of
Construction and Architecture, 2025.

The dissertation is devoted to determining rational designs of beam elements of
frames and structures made of welded I-beams with variable web height and flange width.

Chapter 1 provides a review and analysis of scientific data presented in the
literature regarding the search for optimal and rational web heights of steel I-beams with
constant and variable cross-sectional areas..

Based on the review of inventions and new designs of steel frames for buildings of
various functions in Ukraine and abroad, the general trends in the development of metal
structures for multipurpose buildings are identified. It is confirmed that the main directions
of sustainable development in steel construction worldwide are the use of rational steel
structures with optimized steel consumption, high manufacturability, and minimized
transportation costs. Such structures include building frames made of welded and

expanded I-beams with constant or variable cross-sections.
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Examples from leading companies producing variable cross-section steel frames,
as well as research from scientific schools of Kyiv National University of Construction
and Architecture and other universities and research institutes in Ukraine, demonstrate that
one of the key approaches to reducing steel consumption in mass- used steel frame
structures is the use of welded I-beams with variable cross-sections, where both web
height and flange width vary. However, comprehensive studies in this area remain
insufficient.

The current scientific state of research is presented for welded steel I-beams with
variable web height, expanded I-beams with perforated webs of both constant and
variable height, corrugated web beams, and beams with flexible webs. The effectiveness
of using variable cross-section profiles as elements of steel frame buildings and structures
is highlighted. The feasibility of manufacturing cost-efficient welded I-beams with
variable cross-sections using automated production lines and robotic equipment is also
noted.

Furthermore, this chapter reviews methodological approaches to the design of
rational steel beam-type frame structures at all design stages, and surveys methods for
determining the optimal cross-section of welded I-beams and variable-section frame
elements. It is shown that the initial design phase, where alternative design options and
optimal beam configurations are explored, plays a critical role. In this context, analytical
methods for optimal design remain relevant and significant.

A review of the design criteria for optimal steel beam elements is presented,
emphasizing that the primary criterion remains the minimization of steel consumption.
General approaches to modeling and optimal design methods for welded steel I-beams are
reviewed. It is noted that both continuous and discrete design approaches are equivalent
and may complement each other at different design stages of steel structures. Due to the
relatively simple boundary conditions of support in spatial frame systems, the continuous
modeling approach is identified as the most widespread and efficient method for the

optimal design of steel I-beam elements.
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It is also stated and substantiated that the most common methods for the optimal
design of welded steel 1-beams are nonlinear programming methods using Lagrange
multipliers and the Euler—Lagrange method.
The analysis of other authors’ research has provided the basis for formulating
the main research objectives of this dissertation.

Chapter 2 considers a new class of steel beams with variable flange width, web
height, and web thickness. The chapter is dedicated to selecting the optimal and rational
topology of variable cross-section steel beam elements used in frame structures of
building frameworks. The beam is assumed to be laterally restrained out of the loading
plane by a system of horizontal and vertical bracings, which prevents the loss of flexural
stability and minimizes the emergence of bimoment stresses from restrained torsion due to
accidental eccentricities in the application of external static loads between the horizontal
bracings. These additional stresses from restrained torsion are considered in the working
design either through detailed structural steelwork or by applying additional coefficients.
It is also assumed that no loss of stability occurs due to longitudinal forces that may arise
from the inclination of the axis of the variable cross-section element. Local stability of
the web and flange is considered ensured by the element’s cross- section, and, where
necessary, vertical stiffeners are used to ensure the web’s local stability.

A welded steel I-beam of symmetrical cross-section, composed of variable cross-
section upper and lower flanges connected by a web of variable height and thickness, is
modeled for optimal design. The variable cross-section I-beam is restrained at the
supports and along its length. A continuous model is developed for the optimal design of
a welded variable cross-section steel 1-beam, where the web height, web thickness, and
flange width are considered as design variables. The problem of determining the optimal
structural form of the variable cross-section steel I-beam is solved using the method of
Lagrange multipliers as a nonlinear programming problem with the criterion of
minimizing steel consumption. The gradient of cross-section variation is determined
based on the requirement to satisfy strength conditions at each cross-section along the

beam.
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The problem of optimal beam topology for a welded variable cross-section I-beam is
solved under bending strength conditions in two cases. The first case considers
variation of web thickness along the beam length while maintaining constant web
slenderness. The second case is formulated for determining the optimal topology of a
welded I-beam with variable web height and flange width, and variable web thickness.
The problem is solved in a generalized form using nonlinear programming with
Lagrange multipliers, where the design variables include the web height, flange width,
and web thickness, and the objective is to minimize steel consumption. The Karush—
Kuhn—Tucker optimality conditions are also applied. New analytical relationships are
obtained for the optimal web height of a welded I-beam with variable cross-sectional area
and flange width, as a function of the degree of cross-section variability and the
distribution of the bending moment. The validity of these analytical expressions for
determining the optimal web height of steel beams with variable cross-sections is
confirmed, including transitions to I-beams with constant web height and flange width..
Numerical sensitivity analyses of the obtained solutions were conducted with respect
to different loading schemes. A procedure is proposed for determining the gradient of
variation in web height and flange width under combined action of uniformly distributed
loads and concentrated forces. Using a cantilever beam as an example, it is shown that
under combined loading, the maximum stresses do not necessarily occur at the cross-
section with the maximum bending moment, but may appear elsewhere. Numerical
investigations were performed to determine the gradient of variation in flange width
and web height of the I-beam with constant web thickness under static loading from a
combination of uniformly distributed and concentrated loads. The minimum gradient
values were established at which the strength condition is satisfied for every cross-section.
The results of these investigations are presented, and the optimal values of the gradient of
variation in web height and flange width under constant web
thickness are identified.

Chapter 3 is devoted to the investigation of the optimal structural form of a welded
steel beam with a symmetrical cross-section, featuring variable web height and variable

flange width, under the constraints of the second limit state—compliance with
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deflection limitations. The problem is formulated using a continuous modeling approach
based on the Euler—Lagrange method as a nonlinear programming problem, considering
strength requirements for each cross-section and aiming to minimize steel consumption.
New analytical relationships are obtained for determining the optimal height of a welded
steel I-beam with variable web height and flange width at the cross-section where the
maximum bending moment occurs, while satisfying the specified deflection

limits.

Chapter 4 presents studies on the practical application of welded steel I-beams with
variable web height and variable flange width. The focus is on the rational selection of the
cross-section and the optimal structural form of a portal frame element made of a welded
I-beam with variable web height and flange width, taking into account the effects of
bending moment and axial force under a relative eccentricity of my>15. The in-plane
stability of the variable cross-section girder is considered using the Timoshenko-—
Yasinsky method. Local stability of the web and flanges is ensured by maintaining the
appropriate flange width-to-thickness ratio and by providing stiffeners, while the global
out-of-plane stability of the frame element is ensured through constructive measures,
including the arrangement of vertical and horizontal bracing elements.

The formulated nonlinear mathematical programming problem (4.5) is described in
the space of geometric variables of the cross-section of the variable 1-beam element—
namely h; , A;, tw; —Wwith constraint functions corresponding to strength conditions for
each cross-section. It is assumed that shear force strength constraints are inactive, as are
the local stability constraints for the web and flange. The design criterion is the
minimization of steel consumption for the frame element. The optimization problem is
solved using the method of Lagrange multipliers with the application of the Karush—
Kuhn—Tucker (KKT) optimality conditions.

A new analytical formula is derived for the optimal web height of the I-beam along
the length of the frame element, accounting for the influence of axial force..

To determine the cross-sectional variation gradient, numerical studies are

performed. In these studies of a portal frame element, the bending moment is assumed
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to vary linearly. The gradient of cross-section variation is determined based on the
satisfaction of strength conditions in every section. It is established that for welded I-
beams with variable web height and flange width, there exists a limiting value of the
variation gradient beyond which the strength conditions are no longer satisfied, and this
limit depends on the ratio of the bending moments applied at the two ends of the beam. A
relationship is established between the ratio of end bending moments and the selection of
the rational topology of a variable cross-section steel beam: as the difference between the
end moments decreases, the variation gradient also decreases, and the

height ratio of the smallest section to the maximum section increases.

Another important outcome is the confirmation that the optimal height of a variable
cross-section steel I-beam, determined based on strength under maximum bending
moment, defines the primary rational structural form of each beam element within the
entire portal frame.

The reliability of the obtained results for optimal cross-sectional height is confirmed
through the developed physico-mathematical continuous model of a portal frame element
made of a welded variable cross-section I-beam under the action of bending moments and
axial forces. The results are in good agreement with the optimal designs reported in the

works of other authors.

The practical significance of the conducted research and the obtained new
scientific results lies in establishing regularities for selecting the optimal structural form
of welded steel 1-beams with variable web height and flange width. Furthermore, the
newly derived analytical expressions allow for the direct determination of the optimal
section height at the initial design stage based on the two limit states where the maximum
bending moment occurs. The developed methodological approach and the results of
numerical studies enable the assignment of the optimal gradient of variation for the web
and flange dimensions under the two limit states along the element’s length, depending on
the applied internal forces. This facilitates the design of a rational welded I-beam
configuration as a structural component of a frame system, taking into account the effects

of both bending moments and axial forces..
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Keywords: steel structures, beam strength, limit states, optimal design, welded steel
I-beams with variable flange width and variable web height and thickness, mathematical
modeling of steel structures, system of differential equations, Lagrange multiplier
method, Euler—Lagrange method, static loading, steel frames, steel frameworks,
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