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Kawoioa O.0. B3aemonis nanboBux (yHIaMEHTIB 3 TPYHTOBUMH OCHOBAMHU
OpU BpaxyBaHHI 3MIHM >KOPCTKOCTI KOHCTpyKIid OymiBimi. — Kgamidikamiiitna

HAayKOBa Mpallsl Ha MPaBax pPyKOIIHCY.

Hucepraniss Ha 3700yTTS HAYKOBOIO CTyIEeHS JokTopa dutocodii 3a
cnemianbHicTio 192 — ByniBHMIITBO Ta IUBLIbHA 1HXKEHEpIisl, raixy3b 3HaHb 19 —
ApxiTekTypa Ta OymiBHUITBO. — KWuiBChbKkUii HalllOHaJIBHUN  YHIBEPCUTET

OyIIBHUIITBA 1 apXiTeKTypu. MiHICTEPCTBO OCBITU 1 HayKu Ykpainu, Kuis, 2023 p.
OcHOBHHUI1 3MiCT AUCepTaLiiiHOI podoTH

Hucepramiitna poOoTa poO3BUBAE METOAM YHCIOBOTO  MOJICITIOBAHHS
B3a€EMOJIIi MaJbOBOTO (DyHAAMEHTY 13 IPYHTOBHUMH OCHOBAaMH, ii OCOOJIMBICTIO €
BpaxyBaHHsl BIUIMBY 3MIHHM >KOPCTKOCTI HAaJ3€MHUX KOHCTPYKI[H OyaiBesb Ha
dbopMyBaHHS HaNpy>KEHO-IePOPMOBAHOTO CTaHy (PyHIaMeHTIB. MonentoBaHHs 6€3
BpaxyBaHHS >KOPCTKOCTI OJIHIET 13 CKJIaJIOBOi CUCTEMU «OCHOBA — ()yHAAMEHT —
HAJ[36MHI1 KOHCTPYKIIi» MPU3BOIUTE J0 (OPMYBaHHS HEKOPEKTHOTO HAIPYXKEHO-
ne(OpMOBAHOTO CTaHy BCl€l cUCTEMH. Y POOOTI BUKOHAHO JOCIHIIKEHHS BIUIUBY
YKOPCTKOCTI HAJI3€MHUX KOHCTPYKIIIM Ta CTUKIB MK 30IpHUMH 3aJ71300€ TOHHUMU
eJIEMEHTaMH >KUTIOBOTO OYIIMHKY Ha HaIlpyXeHO-I1e(pOpMOBaHUMN CTaH MajbOBOIO
dbynnamenty. IlokazaHo, 1m0 3a JOMOMOTOK 3MIHU KOPCTKOCTI HECYYHUX CTIH
M1JBaJLHOTO MOBEPXY MOMKJIMBO BIUIMBATH Ha Hampy>Ke€HO-Ae(POPMOBAaHUN CTaH

MajbOBOrO (PyHIAMEHTY, TOCATAI0YU TIEPEPO3NOALTY 3yCUIb Y (PYHIaMEHTI.

UuciaoBe MoOJEIIOBaHHS B3a€MOJIIi MAbOBOTO (PYHJIAMEHTY 13 IPYHTOBOIO

OCHOBOIO BUKOHAHO 3a JIOTIOMOTO0 HACTYITHUX Bapi1aHTIB MOJIENI OCHOBH:

1. OnHOBY370BI CKIHYEHHI €JIEMEHTH TOCTIMHOI KOPCTKOCTI, IO
MOJIETIOI0Th Tami. JKOPCTKICTh TaKMX CKIHYEHHUX EJIEMEHTIB BU3HAYA€THCS Ha
OCHOBI TIOJILOBUX BUIPOOYBaHb Majlb CTATUYHUM HAaBAHTAXKEHHSIM a00 HAOIMKEHO
Ha OCHOBI JaHUX PO OTOUYIOUMI Mamto IpyHT. HemomikoM naHOro BapiaHTy €

HEBpaxyBaHHS B3a€EMHOTO BIUTUBY M1 MaJsIMH, IO MPOSIBISIETHCS Y PIBHOMIPHOMY



3aBaHTAXCHHI MMaJlb Ta HE3HAYHUX PI3HUIIH OCIJIaHb IO IUIUTI POCTBEPKY, IO BEe
710 HEJTOOIIHKY 3THHATFHUX MOMEHTIB.

2. I'pynoro o HOBY3/I0BUX CKIHUEHHHMX €JIEMEHTIB MEPEMIHHOI KOPCTKOCTI,
mo 3’e€gHaHi MK CcO0OI0 CTEpKHAMU SIKI  BOJOAIIOTH  KOPCTKICTHUMH
XapakTepucTukamMu Taii. JKOPCTKICTh OJHOBY3JOBHUX CKIHYEHHHUX €JIEMCHTIB
BU3HAYAEThCA AaBTOMAaTUYHO 3a JEKUIbKa 1Tepallii, Ha OCHOBI HACTYIHHX
XapaKTEepUCTUK IPYyHTY: Monayas nedopmanii (E), xoedimienra Ilyaccona (v) Ta
koedirienty mpomopiiiHocTi (k). HemomikoM Takoro BapiaHTy YHCJIOBOTO
MOJICJIIOBaHHs € Te, 10 BUKOPUCTAHHS Malb PI3HOI JOBKHUHU MPHU3BOIUTH O
(bopMyBaHHSI HEKOPEKTHOTO HaIpyKeHO-1e()OpPMOBaHUIN CTaH CUCTEMHU «OCHOBA —
(byHIaMEeHT — HaI3€MHI1 KOHCTPYKIII1».

3. MogentoBaHHsl Tajdli BHUKOHAHO CTEPKHEM, a OTOYYIOUY€ IpPYHTOBE
CEpEeIOBUILE MOJIETIOETHCSA 00’ €MHUMH CKIHUEHHUMU €JI€MEHTaMU MOBEIIHKA SIKUX
OMUCYETHCS MPYKHUMHU 200 HENIHINHO-e(POpMOBAaHUMU 3aKOHAMU JIe(POopMyBaHHS

3 PI3HUMH KPUTEPISIMU MIITHOCTI.

TectyBaHHS METOAMKH YHCIIOBOTO MOJEIIOBaHHS B3a€MOJIl IMabOBOIO
(dyHIlaMEeHTy 3 TIPYHTOBUM CEpeIOBUIIEM Oyle BHUKOHAHO HAa OCHOBI JaHMX
HAaTYpHUX BHUNPOOyBaHb Tpynu Tajdb. [lOpIBHSHHS METOMIB  YHCIOBOTO
MOJICTIOBaHHS B3a€MOJIii TATbOBOTO (PYHJAAMEHTY Ta I'PYHTOBOTO CEPEIOBHINA i3

HAaBaHTAKCHHSM I'PYIIH I1AaJIb I1IOKAa3aJ10 HaCTyrIHi OCHOBHI pe3yiibTaTu.

BukopuctanHs  OJHOBY3JIOBOTO  CKIHYEHHOTO  €JIEMEHTY  MOCTiiHOI
YKOPCTKOCTI TPHU3BOAUTH JO T00pOT KOpemslii MO3M0BKHIX 3yCHIb y Talsax 13
JAHUMU TIOJIbOBOTO €KCIIEPUMEHTY TUIbKM KOJIM Majli HaBaHTa)XeH1 3HAYHO MEHIIIEe
Bl X Hecydoi BenwuuHH 37AaTHOCTI (O6mm3bko 50% Hecydol 3maTHOCTI mai).
[TopiBHSIHHA pO3paXyHKOBUX Ta BUMIPSHUX MO3JOBKHIX 3yCHJIb y HasX MOKa3ye
pi3HULIO B Mexax 25%. Cnia BIAMITUTH, IO TaKUW MIAXiJ B3arajl BUKJIIOYAE
BpaxyBaHHS B3a€MHOTO BIUIMBY MIXK MajisIMH, IO € HEXAapaKTEpHO sl poOOTH
rpynu najib Ta NPU3BOJUTH JO MIHIMAJIBHOI PI3HULI OCIJaHb IUIUTH POCTBEPKY, alie

B CBOIO U€PTy MIPU3BOAUTH 10 HEAOOIIHKH 3TrHHAIOYUX MOMEHTaX y Hill Ta XMOHOTO



KOHCTPYIOBaHHs, 1[0 € HEO0e3MeYyHUM TIpH  peajbHOMY MPOEKTyBaHHI
BIJIMOBIIATbHUX OY/TiBEIb.

3acToCcyBaHHSA TPYNHU OAHOBY3JIOBUX CKIHUEHHHUX €JIEMEHTIB MepeMiHHOI
KOPCTKOCTI, WIO0 MOJAENIOITh Malli MNPU3BOAUTH O 3aJ0BUIBHOI KOPEJsii
MO370BXKHIX 3YCHJIb Yy MaJSX 13 JJAHUMU TOJbOBOTO €KCIIEPUMEHTY 3 PI3HUIICIO B
Mexax 15%. Takuit miaxia gae 3MOry BUSIBUTH 1 MPOAHAIIZYBAaTH MEPEPO3NOALT
3yCWJIb MIXK TIAJISIMHU, aJI€ 32 TaKUM T1AXO0JOM MPOTHO3YETHCS 3aBUIIICHA BEJIMYMHA
pPI3HHUIIl OCIJJaHb IUTMTH POCTBEPKY B TOPIBHSHHI 13 EKCIEPUMEHTOM, IO
MPU3BOIUTH JI0 3aBUIICHUX 3HAYCHB 3rHHAIBHIX MOMEHTIB Y TUIUTI POCTBEPKY.

Buxopucrtanus Mofeni /e TpyHTOBE CEPEIOBHINE NPECTABICHO 00’ EMHUMHU
CKIHYEHHUMHM €JIEMEHTaMH, 13 PI3HUMU 3aKoHaMU Je(QOpMyBaHHS IIOKa3ye
BIJIMIHHICTh Y TIO37IOBXKHIX 3yCHJIISAX B MAJSIX 13 TOJLOBUM €KCIIEPUMEHTOM: JI0 —
20%. MosHa criocTepiratd nepepo3noAil 3yCcuib y rpyni naigb. Takuil miaxia Ao
YUCJIOBOTO MOJICJIFOBAHHSI B3a€MOJIII TMajbOBOTO (PYHJIAMEHTY 13 TIPYHTOBOIO
OCHOBOIO JlIa€ MOXJIMBICTh BpaxyBaTH MOKJIMBE BKJIIOYCHHS POCTBEPKY Y

MePEPO3NOALT HABAHTAKEHD HA TPYHT.

KopekTHe unciioBe MOJIETIOBAHHS KOPCTKOCTI OyliBEIbHUX KOHCTPYKIIH 13
30ipHOTO 3aJ11300€TOHY MOXJIMBE NPH BpaxyBaHHI NPUMUKAHHS OKpPEMHUX ii
eJeMEeHTaMu MDK c00010. BpaxyBaHHSI >KOPCTKOCTI TOPU30HTAIbHUX CTHKIB, IO
3alI0BHEHI PO3YMHOM Ta BEPTUKAJIBbHUX CTHKIB 13 BpaxXyBaHHSM 3aKJIaJHUX JIeTallel
JO3BOJISIE  OTPUMATH KOPEKTHUH HAINpPYXKEHO-Ae(POPMOBAHUNH CTaH CHUCTEMH

«OCHOBa — (PYHJJAMEHT — Ha/I3€MH1 KOHCTPYKIIIi».

BusisieHo, 1m0 BBEAEHHS Y MOJENb HAJ3eMHUX KOHCTPYKLIA 13 301pHOTO
3QJ11300€TOHY BEPTHKAJIBHOIO IIIBA MIDK CTIHOBUMM IIaHEISIMU IIiJBaJIbHOTO
MOBEPXY MNPHU3BOAUTH [0 3MIHM PpO3TATHYTOI 30HM Yy (yHAAMEHTHIH IUIKTI

(pOCTBEPKY) Ta 3MIHHM BEIMYMHU 3THHAIHBHOTO MOMEHTY.

3a 0MOMOTO0I0 3MIHH KOPCTKOCTI HECYUMX KOHCTPYKLIM OYTUHKY MOMIJIMBO
KepyBaTH Hampy>keHO-1e(OpMOBAaHUM CTAaHOM CHUCTEMH «OCHOBa — (PyHJAAMEHT —

HaJ[3¢MHI KOHCTPYKIii». Tak BBeEHHS MOMaTKOBUX HECYYHX 3aJ11300€TOHHUX CTIH



y MiABAJILHOMY I[OBEPCi, TO3BOJIMJIO 3MEHIIUTH 3THHAI0Yl MOMEHTH Yy IUIUTI

pocTBepky 1o 1,5 pasu.

B nepwiomy po30ini BUKOHAHO aHaJI3 ICHYIOUMX TEXHOJIOTINA BIIAIITYBaHHS
nanboBUX (PyHIaMEHTIB Ta METOIIB iX po3paxyHKy. Bu3HadeHO SK BIUIMBA€E

reoMeTpuydHa opma 1 nepepisz naji Ha ii JKOPCTKICTh Ta HECYdY 3/1aTHICTb.

BussineHo, mo He CHIBOQAIHHS IIEHTPIB Barud HECYYHUX KOHCTPYKIIIH,
BIIMOBIHO 1 X JKOPCTKOCTEH Ta (PyHIaMEHTY MPU3BOAUTH 10 HEPIBHOMIPHHUX
ocianb. Takox HeBpaxyBaHHs LIEHTPIB Bard MNPU3BOAUTH 10 HEPIBHOMIPHOCTI

3aBaHTAKCHHA I1aJIb B OKPEMHUX 30HAX.

Y opyzomy po3oini BukonaHo aHaii3 MojeNel TPyHTOBOTO CEPEIOBHUIIA, IO
BUKOPHUCTOBYIOTBCSL ~ JIII  YUCJOBOIO  MOZENIOBAHHS  B3a€EMOJli  MaJIbOBOTO

dbyHIaMEeHTY 13 IPyHTOBOIO OCHOBOIO.

[lokazaHo, 00 MPYKHO-TUJIACTUYHI MOJEIl TIPYHTY € e(EeKTUBHUMU
HETIHIMHUMU MOJCIISIMM, IO JO03BOJISIIOTH PO3PAXyHKOBUM IUIAXOM OTpUMAaTu
KOPEKTHUHN HampykeHO-1e(OpMOBaHUI CTaH CHUCTEMH «OCHOBAa — (PyHIAMEHT —
HaJ3eMHI KOHCTpyKIlii». Kputepit wmimHocTi Kynmona-Mopa ommcye mpykKHO-
MJIACTUYHY TIOBEMIHKY MaTepiajy, J03BOJIsIE OTpUMaTH HAOIMKEH1 pe3ylnbTaTh B
3arajlbHAX BUIMAJKaX HEMHIMHUX PO3pPaxyHKIB TIPYHTOBOI OCHOBH TIPHU OIlIHIII
HECy4yoi 3[aTHOCTi, TOMY IIUPOKO BHUKOPUCTOBYETHCS TIPH  YHUCIOBOMY
MojeNtoBaHHI. Bukopucranus kputepito MinHOCTI Kyrnona-Mopa mae HemoiKu:
CEpEeNHE TOJIOBHE HAMPY>KEHHS HE BIUIMBAE HA MIIHICTb, 110 IPOTUPIYUTH peabHIN
NOBEAIHIIl IPYHTIB TMpU BUINPOOYBAHHSAX; MEpUIIaH 1 KpuUBa PyWHYBAaHHS MJis
3akony Kymona-Mopa MaroTh JiHIHHY (OpMy, Tak IO MapaMeTp MIIMHOCTI (KyT

BHYTPIIIHBOTO TEPTS) HE 3AJIEKUTH BiJl T1IAPOCTATUYHOTO TUCKY.

Y mpemvomy po3oini na 6a3i noab0BOr0 BUIPOOYBaHHS Tpynu 3 9 majib,
OyJ0 BUKOHAHO YHUCJIOBE MOJEIIOBAHHSA B3a€MOJli MalbOBOrO (PyHAAMEHTY 13
IPYHTOBOIO OCHOBOIO 13 BHUKOPHCTAHHSM PI3HUX MOJENEH B3aeMOJli Maib 3

ocHOBOMO. [TopiBHSBIIIM OTpUMaH1 Pe3yIbTaTH 3p00JIEHO HACTYITHI BUCHOBKH.



Busnadueno, 10 3acTOCyBaHHS OIHOBY3J0OBOTO CKIHYEHHOTO E€JIEMEHTY
MOCTIHHOT JKOPCTKOCTI, SIKHA MOJEIIOE TMajli MOXKHA JIOMYCTUTH Y TEPIIOMY
HaOMM>KeHH1 TUTBKM KOJIM Ha Talll IepeaeThCs HaBaHTaXXeHHs, sike MeHIne 50% ii
HECyd4oi 3JaTHOCTI, ajeé B TakoMy BHUINAAKy GyHIaMeHT Oyae MpaIfoBaTu
HepalloHaibHO. TakoX Taka MoOJeldb HE MOXE BPaxOByBaTH NEPEpO3NOALI
HaBaHTAXXEHHS MK MaJsIMU Ta 3MIHY >KOPCTKOCTI I'PYHTOBOi OCHOBH B Ipolieci ii
nedopmMariii, 0 MPU3BOIUTH 10 XUOHOTO MPOEKTYBAHHS 1 MPUUHATTS TaKUX XKe
pIIICHb.

BcraHoBrieHO, 10 BHKOPUCTAHHS TPYNH OIHOBY3JIOBHX CKIHYCHHUX
€JIEMEHTIB MEPEMIHHOI >KOPCTKOCTI, II0 MOJEIIOIOTh Maidi, Ja€ 3MOTy OTpUMAaTh
3a/I0BUIbHY KOPEJISIII0 PE3yJbTaTiB OCiAaHHS MMajib B TMOPIBHSAHHI 13 MOJLOBUM
JTOCHTIKEHHAM (pi3HUIA B cepenHboMy ckianae Oinst 15%). Takwmit migxim gae
3MOTY BHSIBUTH MEPEPO3MNOALT 3yCHUIb MIXK HaJIsIMU Ta 3alPOEKTYBATHU MalbOBUN
(GyHIaMEHT 3 IEBHUM 3aI1acoM.

[TokazaHo, 1110 BUKOPUCTAHHS 00’ €MHUX CKIHUCHHUX C€JIEMEHTIB 3 MPY>KHUM
3aKOHOM Je(hOpPMYBaHHSI y AKOCTI IPYHTOBOTO CEPEIOBHUIIA MPU3BOAUTH 10 100POi
KOpeTsIlli pe3yabTaTiB MOJEIIOBAHHS Y TOPIBHSHHI 13 €KCIIePUMEHTaIbHUMU
JAHUMH SIK TIO3[I0OBXKHIX 3YCHUJIb B MaJIIX TaK 1 OCIJIJaHb POCTBEPKY. BcraHoBiIEeHO,
[0 YKCJIOBE MOJICTIOBAHHS 32 TaKHMM METOJOM JIO3BOJISIE BUSBUTH TIEPEPO3IIOILT
MIDXK ITaJISIMH.

BusHaueHO, 110 BHUKOPHCTAHHS TMPYXHO-TUIACTUYHUX MOJEICH TPYHTY
MPU3BOANUTH JO0 OLIBINOI 301KHOCTI PE3ybTaTiB MOJETIOBAHHS, B MOPIBHAHHI 13
OpY)KHUM 3aKOHOM JedopMyBaHHS Ta 0 Kpamoi KOpemsiii pe3y/ibTaTiB
MOJICJIFOBAHHS 13 TOJIbOBUM BHUMPOOYBaHHSM. BusiBieHo, 10 Takui MiAXiJ aae
3MOTY BHUSIBUTH MEPEPO3MOJIII 3yCHIb MK TaJIsMH, aje PO3paxyHKOBI MO30BXKHI
3ycriuisd OyayTh BIAPI3HATUCH BlJ (DAKTUYHMX, OTPUMAHUX MPU €KCIIEPUMEHTI J0

30%.

Takoxx Oyn0 BH3HAYEHO 3aKOHOMIPHICTb y BH3HA4Y€HI PpO3MOILTY
HABaHT@)XEHHS MK NaIsIMH B 3aJIe)KHOCTI Bl iX pO3TallyBaHHS Yy MHaJbOBOMY

¢dbynnamenti. ToOTO 3HaIOUM cepeHE HABAaHTAXEHHS HA Majio /N MOXHA BUKOHATH



IPOTrHO3 3yCUJUIA, 110 Oyne y Hiii BUHMKATU: y KyToBii nami — 1,15N; y cepenniii

nani — 1,0V; y nenrpanbuiit namai — 0,7N.

3anpornoHOBaHO ~ METOAMKY  YHCIIOBOTO  MOJEJIIOBAHHS  Hamlpy>KEHO-
ne(pOpMOBAaHOTO CTaHy CHCTEMH «OCHOBA — (yHJAMEHTH — HaA3eMHI
KOHCTPYKIIIi», SIKa T03BOJISIE BPaxyBaTH BIUTUB MKOPCTKOCTI HECYUYMX KOHCTPYKILIIH

Ha HaNpyXeHO-1e(OPMOBaHUHN CTaH MaJTbOBOTO (DyHIAMEHTY.

Y uemeepmomy po3oini nns excnepuMeHTaNbHOTO OYIUHKY Oyl0 BUKOHAHO
NOPIBHAHHA HaNpy>KeHO-1e()OPMOBAaHOTO CTaHy NalbOBOTO (PyHIAAMEHTY Ta
BEPTUKAJIBLHUX HECYUUX €JIEMEHTIB MIIBAIBHOTO MTOBEPXY B 3aJICKHOCTI BiJ METOMY
YUCJIOBOTO MOJICJIFOBAHHS B3a€MOJIl MalboBOro (GyHAAMEHTy 13 IPYHTOBOIO
ocHoBoo. Ha crazmii BramToBaHOrO 3a7i300€TOHHOTO Kapkacy OyaiBial Ta
OTOPODKYIOUMX KOHCTPYKIIH Oyiao BHUMIpSAHO (aKTUYHI OCIJIaHHS IUTUTH
POCTBEPKY 1 B MOJAJBIIOMY Ha OCHOBI IMX JIaHMX OyJ0 BUKOHAHO MOPIBHSHHSI
PO3PaxXyHKOBUX 3HaueHb Ta (PaKTUUYHUX BEITUYUH TEPEMIIICHb Yy KOHTPOIHHUX

TOYKax.

[TopiBHSAHHSA (DPaKTHUYHUX 1 PO3PAXYHKOBUX MEPEMILIEHb IJIUTH POCTBEPKY
MoKa3ajao, IO MPOTHO30BaHI PO3PAXyHKOM 13 BHUKOPHCTAHHAM OJHOBY3JIOBHX
CKIHUEHHUX €JIEMEHTIB MOCTIMHOI MOPCTKOCTI nedopmanii € 3aHWKEHUMH Y
1,5 pazu. BusHnadueHo, 1110 3aCTOCYBaHHSI MOJIEN1 13 OJHOBY3JIOBUMHU CKIHUCHHUMU
€JIEMEHTaMHU TOCTIHHOI >KOPCTKOCTI MOJENIOE HampyKeHO-Ie(hOpPMOBaHHI CTaH
NajJboBOr0 (PyHIAMEHTY, SIKHWA SIKICHO BIIPI3HSETHCS HAa KpasxX 1 B LIEHTPaJbHIN
30HI IJIUTH POCTBEPKY, TAKOXK XapaKTep E€MIOPH 3TUHAJIBHUX MOMEHTIB CYTTEBO
BIJIDI3HSIETHCS  BIJl €MIOPU IHIIMX BaplaHTIB  YHUCIOBOTO  MOJIEITIOBAHHI.
Bukopucranus mojeni 13 OAHOBY3JIOBUMHU CKIHUCHHUMH €JIEeMEHTaMM IOCTIHHOI
KOPCTKOCTI IPOTHO3y€E HaWMEHIIl aOCONIOTHI 3HAYEHHS HalpyXeHb Y
BEPTUKAJbHUX €JEMEHTaX, 10 MPU3BOJIUTH JI0 HEJOOLIHKH HAaIMpPYyXEHO-

ne(OPMOBAHOTO CTaHy Ta 3HUKEHHIO HAJIHHOCTI TPOCKTHUX PIIICHb.

Bukopucranus wmojeni mnane 13 TPYNO OJHOBY3JIOBUX CKIHUYEHHUX

CJIEMEHTIB TEPEMIHHOI >KOPCTKOCTI MPOTHO3YE HAMpyKeHO-Ae(OPMOBAHUN CTaH



NajabOBOTO (YHIAMEHTY, SIKUW Ma€e HaOUIbII KUTbKICHI 3HAUEHHS OpJIUHAT EMIopU
3TUHAIOYMX MOMEHTIB y IUIMTI pocTBepKy. [lopiBHSHHSA  (akTHUHHUX 1
PO3paxyHKOBHX OCiJIaHb IUTUTH POCTBEPKY MOKA3aJio, 0 MEPEeMilIeHHs 3a TaKuM
METOZIOM YHWCJIOBOTO MOJEJIIOBAaHHS B3a€EMOJil MalbOBOrOo (GyHIAMEHTY 13

IPYHTOBOIO OCHOBOIO € 3aBUIICHUMH JI0 5 pa3iB.

BukopuctanHs 00’€MHUX CKIHYEHHUX €JIEMEHTIB Yy SIKOCTI IPYHTOBOIO
CepeIoBHUIIla MPOTHO3YE HAIMPYKEHO-Ie(POPMOBaHUI CTaH, MPU SKOMY Maiike
PIBHOMIPHO 3aBaHTAXXYIOThCS BEPTHKAIbHI HECYYl €JIEeMEHTU KapKacy MpU YMOBI,
0 BpPaxOBaHUW KOHTAKT POCTBEPKY 13 IpyHTOM. [lopiBHAHHS (QakTUYHUX 1
pPO3paxyHKOBUX TMEpEMillleHb IUIUTH POCTBEPKY IOKa3ajlo, IO OCILAaHHS €
3aBUIICHUMHU JO 2 pasiB, M0 € JOCTarTHIM IOKa3HUKOM 13 BpaxyBaHHSIM

BiJIMTOBIIaJTbHOCT] KOHCTPYKIIIi.

BcraHoBieHO, 1110 BUKOPUCTaHHS TMOKPOKOBOTO 3POCTAaHHS HABAaHTAKCHHS,
BpaxyBaHHS 3MIiHU KOPCTKOCT1 HAI3EMHUX KOHCTPYKITIH, 110 BIATIOBIa€ peaqbHUM
eTamaM iX 3BEICHHS, 3a PaxXyHOK ITOCTYMOBOi IMOSIBU €JIEMEHTIB MOJeNi Ta
BBEJICHHS OOMEXKEHHS TMO3J0BXKHBOTO 3yCHWIUIS y Majll g0 MeXl il Hecydoi
37IaTHOCTI, JI03BOJISIE OTPUMATH YTOYHEHI 3HAUEHHS HANpYy>KEHHS y BEPTHUKAIbHHUX

HECy4HX eJeMeHTax, 1o Ha 20% MeHII HK 0€3 TaKOro BpaxyBaHHS.

JlocniJiPKeHHsT BIUIMBY YKOPCTKOCTI IMIJBajJbHOTO TOBEpXYy OyaiBenb 13
30ipHOTO  3a7i300€TOHY Ha  HaNpPyXeHO-Ae(hOPMOBAaHMUM CTaH MAJIHLOBOTO
dbyHIaMEHTy TMOKa3ajo, 1[0 3rHHaJbHI MOMEHTH Yy IUIMTI POCTBEPKY UYTJIMBI J10
pO3TalllyBaHHs BEPTHUKAJIbHUX CTHKIB Yy CTIHOBUX THaHelsx. Busmneno, mo
BUKOPHUCTAHHS MOHOJITHUX KOHCTPYKI[IM JJIs CTIH MIJBaJLHOTO MOBEPXY y AKOCTI
BEPTUKAJIbHUX HECYUMX €JIEMEHTIB 3aBXKAU OyAe MPU3BOIUTU A0 MEPEPO3NOALLY
BEPTUKAJIbHUX HANpPY)XEeHb 13 3MEHILIEHHSAM IX TIKOBUX 3Ha4€Hb. TaKox
3aCTOCYBaHHS MOHOJITHUX KOHCTPYKIINA Yy SIKOCTI CTIH MiABaNy MPU3BOJIUTH /10

3MEHIIICHHS €eKCTPEMYMIB Ha €MIOP1 3rHHAIBHIX MOMEHTIB y IUTATI POCTBEPKY.

Pesynbratnn po6oTtn BukoHaHOi acrmipantoM Kamoinoro O.0. B Mexax Horo

JUCEepTalIfHOrO JOCHIUKeHHS Ha Temy: «B3aemopis manpboBux (yHIaMeHTIB 3



I'PYHTOBUMH OCHOBaMH MpHU BpaxyBaHHI 3MIHHU >KOPCTKOCTI KOHCTPYKLIM OyaiBii»
BIIPOBA/KEHI Ha EKCHEPUMEHTaJbHOMY 00 €KkTi: «bBymiBHUITBO >KUTIOBOTO
KOMIUIEKCY IS BIMCHKOBOCIYXXOOBIIIB Ta WIEHIB 1X CciMed 1O BYIL
Maruitoropcekiii, 5 B JlecHsiHcbkoMy paiioni M. Kuesa. 1-1ma yepra OyiBHULITBaY,
JIO3BOJIMJIO  O0OpaTv palliOHAJIBHUN BaplaHT IIJICWJICHHS (YHJaMEHTIB Ta

BCPTUKAJIBHUX HCCYUHX €JIEMEHTIB JaHOIo 6}’I[I/IHI(y

Kntouoei cnoea: manvoBuii  (QyHIAMEHT, YHWCJIOBE  MOJETIOBAaHHS,
OJTHOBY3JIOBI CKIHUEHHI €JIEMEHTH, OO0’ €MHI CKIHYEHHI €JIEMEHTH B SKOCTI
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The main content of the dissertation

This thesis develops methods for numerical modeling of the interaction of
pile foundations with soil foundations; its peculiarity is to take into account the
effect of changes in the stiffness of aboveground building structures on the
formation of the stress-strain state of foundations. Modeling without taking into
account the stiffness of one of the components of the "base - foundation - above-
ground structures" system leads to the formation of an incorrect stress-strain state
of the entire system. The paper investigates the influence of the stiffness of above-
ground structures and joints between precast concrete elements of a residential
building on the stress-strain state of a pile foundation. It is shown that by changing
the stiffness of the bearing walls of the basement floor, it is possible to influence
the stress-strain state of the pile foundation, achieving redistribution of forces in

the foundation.

Numerical modeling of the interaction of the pile foundation with the soil

foundation was performed using the following variants of the foundation model:

1. Single-node finite elements of constant stiffness modeling piles. The
stiffness of such finite elements is determined on the basis of field tests of piles
with static loading or approximated on the basis of data on the soil surrounding the
pile. The disadvantage of this option is the failure to take into account the mutual

influence between piles, which is manifested in the uniform loading of piles and



insignificant differences in settlements along the raft, which leads to

underestimation of bending moments.

2. A group of single-node finite elements of variable stiffness, interconnected
by rods that have the stiffness characteristics of the pile. The stiffness of the single-
node finite elements is determined automatically in several iterations based on the
following soil characteristics: modulus of deformation (E), Poisson's ratio (v), and
proportionality coefficient (k). The disadvantage of this numerical modeling option
is that the use of piles of different lengths leads to the formation of an incorrect

stress-strain state of the "base - foundation - above-ground structures" system.

3. The pile is modeled by a rod, and the surrounding soil environment is
modeled by volumetric finite elements whose behavior is described by elastic or

nonlinear deformation laws with different strength criteria.

Testing of the methodology for numerical modeling of the interaction of the
pile foundation with the soil environment will be performed on the basis of field
tests of a group of piles. Comparison of the methods of numerical modeling of the
interaction of the pile foundation and the soil medium with the loading of a group

of piles showed the following main results.

The use of a single-node finite element of constant stiffness leads to a good
correlation between the longitudinal forces in the piles and the field experiment
data only when the piles are loaded significantly less than their bearing capacity
(about 50% of the pile's bearing capacity). Comparison of the calculated and
measured longitudinal forces in piles shows a difference of about 25%. It should be
noted that this approach generally excludes the consideration of mutual influence
between piles, which is uncharacteristic for the operation of a group of piles and
leads to a minimum difference in the settlement of the raft, but in turn leads to
underestimation of bending moments in it and incorrect design, which is dangerous

in the actual design of critical buildings.



The use of a group of single-node finite elements of variable stiffness
modeling piles leads to a satisfactory correlation of the longitudinal forces in the
piles with the field experiment data with a difference of 15%. This approach makes
it possible to detect and analyze the redistribution of forces between the piles, but it
predicts an overestimated value of the difference in the settlement of the raft
compared to the experiment, which leads to overestimated values of bending

moments in the raft.

The use of a model where the soil medium is represented by volumetric
finite elements with different deformation laws shows a difference in longitudinal
forces in piles with the field experiment: up to 20%. Redistribution of forces in a
group of piles can be observed. This approach to numerical modeling of the
interaction of the pile foundation with the soil base makes it possible to take into

account the possible inclusion of the raft in the redistribution of loads on the soil.

Correct numerical modeling of the stiffness of precast concrete building
structures is possible when taking into account the abutment of its individual
elements with each other. Taking into account the stiffness of horizontal joints
filled with mortar and vertical joints with embedded parts allows obtaining the
correct stress-strain state of the "base - foundation - above-ground structures"

system.

It was found that the introduction of a vertical joint between the wall panels
of the basement floor into the model of above-ground structures made of precast
concrete leads to a change in the tensile zone in the foundation slab (raft) and a

change in the value of the bending moment.

By changing the stiffness of the building's load-bearing structures, it is
possible to control the stress-strain state of the "base - foundation - above-ground
structures" system. For example, the introduction of additional reinforced concrete
bearing walls in the basement made it possible to reduce the bending moments in

the raft by up to 1.5 times.



The first part analyzes the existing technologies of pile foundations and
methods of their calculation. It is determined how the geometric shape and cross-

section of a pile affect its stiffness and bearing capacity.

It is found that the mismatch of the centers of gravity of load-bearing
structures, and, accordingly, their stiffness and foundation, leads to uneven
settlements. Failure to take into account the centers of gravity also leads to uneven

loading of piles in certain zones.

In the second part analyzes the soil environment models used for numerical

modeling of the interaction of the pile foundation with the soil base.

It has been shown that elastic-plastic soil models are effective nonlinear
models that allow to obtain the correct stress-strain state of the "base - foundation -
above-ground structures" system by calculation. The Coulomb-Mohr strength
criterion describes the elastic-plastic behavior of the material, allows obtaining
approximate results in general cases of nonlinear calculations of the soil foundation
when assessing the bearing capacity, and is therefore widely used in numerical
modeling. The use of the Coulomb-More strength criterion has disadvantages: the
average principal stress does not affect the strength, which contradicts the actual
behavior of soils during testing; the meridian and the fracture curve for the
Coulomb-More law have a linear shape, so that the strength parameter (angle of

internal friction) does not depend on hydrostatic pressure.

In the third part, based on the field test of a group of 9 piles, numerical
modeling of the interaction of the pile foundation with the soil base was performed
using different models of pile-base interaction. The following conclusions were

made by comparing the results.

It has been determined that the use of a single-node finite element of
postural stiffness modeling piles can be allowed in the first approximation only
when the load is transferred to the piles, which is less than 50% of its bearing

capacity, but in this case the foundation will work irrationally. Also, such a model



cannot take into account the redistribution of load between piles and changes in the
stiftness of the soil base during its deformation, which leads to incorrect design

and decision-making.

It has been established that the use of a group of single-node finite elements
of variable stiffness modeling piles allows obtaining a satisfactory correlation of
the results of pile settlement compared to the field study (the difference is about
15% on average). This approach makes it possible to identify the redistribution of

forces between piles and design a pile foundation with a certain margin.

It is shown that the use of volumetric finite elements with an elastic
deformation law as a soil medium leads to a good correlation between the
simulation results and experimental data of both longitudinal forces in piles and
raft settlements. It was found that numerical modeling using this method allows to

detect redistribution between piles.

It is determined that the use of elastic-plastic soil models leads to greater
convergence of modeling results compared to the elastic deformation law and to a
better correlation of modeling results with field testing. It was found that this
approach makes it possible to detect the redistribution of forces between piles, but
the calculated longitudinal forces will differ from the actual ones obtained in the

experiment by up to 30%.

A regularity in determining the load distribution between piles depending on
their location in the pile foundation was also determined. That is, knowing the
average load on the pile N, it is possible to predict the force that will occur in it: in

the corner pile - 1.15N; in the middle pile - 1.0N; in the central pile - 0.7N.

A methodology for numerical modeling of the stress-strain state of the
system "base - foundations - above-ground structures" is proposed, which allows
taking into account the influence of the stiffness of load-bearing structures on the

stress-strain state of the pile foundation.



In the fourth part, the stress-strain state of the pile foundation and vertical
bearing elements of the basement floor was compared for the experimental
building, depending on the method of numerical modeling of the interaction of the
pile foundation with the soil base. At the stage of the reinforced concrete frame of
the building and enclosing structures, the actual settlements of the raft were
measured and, based on these data, the calculated values and actual values of

displacements at the control points were compared.

Comparison of the actual and calculated displacements of the raft showed
that the deformation predicted by the calculation using single-node finite elements
of constant stiffness is underestimated by a factor of 1.5. It was determined that the
use of the model with single-node finite elements of constant stiffness simulates
the stress-strain state of the pile foundation, which is qualitatively different at the
edges and in the central zone of the raft, and the nature of the bending moment
diagram differs significantly from the diagrams of other numerical modeling
options. The use of a model with single-node finite elements of constant stiffness
predicts the smallest absolute values of stresses in vertical elements, which leads to

underestimation of the stress-strain state and reduced reliability of design solutions.

The use of a pile model with a group of single-node finite elements of
variable stiffness predicts the stress-strain state of the pile foundation, which has
the largest quantitative values of the ordinates of the bending moment diagram in
the raft. Comparison of the actual and calculated settlements of the raft showed
that the displacements by this method of numerical modeling of the interaction of

the pile foundation with the soil base are overestimated by up to 5 times.

The use of volumetric finite elements as a soil medium predicts a stress-
strain state in which the vertical bearing elements of the frame are almost
uniformly loaded, provided that the raft contact with the soil is taken into account.
Comparison of the actual and calculated displacements of the raft showed that the
settlements are overestimated by up to 2 times, which is a sufficient indicator given

the responsibility of the structure.



It has been established that the use of a stepwise increase in load, taking into
account the change in the stiffness of above-ground structures corresponding to the
actual stages of their construction, due to the gradual appearance of model
elements and the introduction of a limitation of the longitudinal force in the pile to
the limit of its bearing capacity, allows us to obtain refined values of stress in

vertical bearing elements that are 20% lower than without such consideration.

The study of the influence of the stiffness of the basement floor of precast
concrete buildings on the stress-strain state of the pile foundation showed that the
bending moments in the raft are sensitive to the location of vertical joints in the
wall panels. It was found that the use of monolithic structures for basement walls
as vertical load-bearing elements will always lead to redistribution of vertical
stresses with a decrease in their peak values. Also, the use of monolithic structures
as basement walls leads to a decrease in the extremes on the bending moment

diagram in the raft.

The results of the work performed by the postgraduate student
Kashoida O.0O. within the framework of his dissertation research on the topic:
"Interaction of pile foundations with soil bases taking into account changes in the
stiffness of building structures" were implemented at the experimental facility:
"Construction of a residential complex for servicemen and their families at 5
Magnitogorskaya St. in Desnianskyi district of Kyiv. The 1st stage of
construction", allowed to choose a rational option for strengthening the

foundations and vertical load-bearing elements of this building.

Keywords: pile foundation, numerical modeling, single-node finite elements,
volumetric finite elements as a soil medium, joints between prefabricated

structures, stiffness, stiffness control.



