AHOTAIIA

Cyp ’sninoé B.M. Hecyya 371aTHICTh Ta TPINIMHOCTIWKICTE (DIOpOOETOHHUX
KOHCTPYKIIN KUJTBIIEBOTO MEPEPizy.

Hucepranist Ha 3700yTTS HAyKOBOTO CTYIEHS JokTopa ¢urocodii 3a
crietiayipHIicTIO 192 — ByAiBHUIITBO Ta IMBLIBHA 1HXEHepis. — OnechbKa aep)kaBHa
akaziemist OyiBHUIITBA Ta apxiTekTypu, Oxeca, 2025.

JucepraitiiiHe TOCHII>)KEHHS MPUCBAYEHE BUBUYEHHIO HECY4Oi 3/aTHOCTI Ta
TPIIMHOCTIMKOCTI (PIOPOOETOHHUX KOHCTPYKIIM KUIBLIEBOTO TMepepi3y pi3HOTo
MPU3HAYCHHS.

VY Berynmi poOOTH mpuBe/ieHe OOTPYHTYBaHHsS BHOOPY TEMH JIOCIHII>KEHHS,
chopMybOBaHI MeTa Ta 3ajayl JOCTIKEHb, HAYKOBA HOBH3HA Ta MPAKTUYHE
3Haue€HHA pOOOTH, TMpejCTaBieHa ii 3arajibHa XapakTEepPUCTHKAa Ta 3B 530K 3
HAyKOBHUMH MIPOTPaMaMHU.

VY nepmomy po3aiiii quceprailii npeacTaBiIeHUN AETaIbHUN OTJISAl Ta aHaI3
ICHYIOYHUX JIOCTI)KEHb CTOCOBHO OCHOBHUX METO/IIB aHaIi3y HECy4oi 3J1aTHOCTI Ta
TPIIMHOCTIMKOCTI 3a1300€TOHHUX Ta (H1I0pOOETOHHUX KOHCTPYKIIN KUIBIEBOTO
nepepizy. OcoOnuBY yBary NPHUILISETHCS AOCHIKEHHSIM KOJIOAA31B PI3HOTO
MPU3HAYEHHSI Ta BOJOMPOMYCKHUX TPYyO, SK HANUOUIBII TMOIIMPEHUX CIOPY
KUIbLIeBOro mepepidy. BiazHauaiorbes poOOoTHM  ykpaiHCcbkux BueHux O.B.
Annpiituyka, €.M. babuua, M.O. JlaBunenka, B.I. bopmiosa, B.I. KackkiBa Ta
sakopaonaux — A. Szymczak-Graczyk, X. Liu, A. Figueiredo, De la Fuente.

[TinkpecneHo edeKTUBHICTH 3acTOCyBaHHS (PIOPOOETOHY y KOHCTPYKIIISAX
KUIBIIEBOTO Tiepepi3y. JocmikeHHs BITYM3HIHUX 1 3apyO1KHUX BUYECHUX CB1IUYaTh,
o cranediopodbeToH Mae Kpailll (Pi3MKO-MeXaHIuHI BJIACTUBOCTI, HIXK 3BUYANHUN
O0eroH. OnHaK MIMPOKOrO 3aCTOCYBaHHS CTane(hiOpOOETOHHUX KOHCTPYKLIH Yy
BITUM3HSHIN TpakTuill OyAIBHMIITBA Ha CHOTOJHINIHIN JICHh HEMAae€, 10 MOXKHA
MOSICHUTH  HEJOCTaTHIMM  JIOCHIJDKEHHSIMU poboTtu came  (PiOopoOeTOHHUX
KOHCTPYKIIiH; OUIBIIICTh POOIT MPHUCBAYEHO IOCIIIKEHHIO (H13UKO-MEXaHITHUX
BJIACTUBOCTEHN (H10pOOETOHY.

3 TOYKHM 30py OyIiBETHbHOT MEXAHIKM 3rajiaHl KOHCTPYKIIIi € IMTHAPUIHUMU



000JIOHKaMU, METOJIM PO3PAXYHKY SKUX po3polOiieHi B poborax B.3. Bmacosa, A.JL.
[Nonbnenseiizepa, E. Peiiccuepa, O.B. IN'opuka, FO.C. KpyTis Ta 6aratbox iHIIHX.
Po3risiHyTo Takoxk BIANOBIAHY HOpMaTUBHY 0azy Ykpainu, €Bpornu Tta CIIIA.

OCHOBHI aHAJIITUYHI METOAH PO3PaxXyHKy 0OOJIOHOK pO3pPOOJICHI Y MUHYJIOMY
ctomtTTi. [luTaHHs HECydoi 3/IaTHOCTI Ta TPIMIMHOCTIMKOCTI 3alli300€TOHHUX Ta
Gh10poOCTOHHUX UMJIIHJAPUYHUX OOOJIOHOK TMPUBEPTAIOTh yBary BUYCHHX, alie
BUSIBIISIIOTBCS CKJIATHUMH, OCKUTBKH 3aJ11300€TOH Ta (iOp0oOETOH — KOMITO3UIIIHHI
Matepianu. Y 3B'SI3Ky 3 LIUM OCOOJIMBA yBara NpHUAUIAETCS €KCIIEPUMEHTATIbHUM
METOJIaM JOCIIKEHHS Ta KOMIT'FOTEPHOTO MO/ICITIOBAHHS 3 HACTYITHUM YUCEIIbHUM
anamizoM. OfHak myOJiKamii, Kl BIJOOpaXarTh pe3ybTaTH TaKUX JOCIIIKEHb,
Ty’e Malo.

AHani3 JiTepaTypHUX JKepen MOoKas3ye, 0 CHopyaaM KUTbIEBOTO Tepepisy,
BUT'OTOBJICHUM 3 PI3HUX MaTepialliB, IPUILISETHCS BEIMKA yBara, aje (i0poOeToHH1
KOHCTPYKLIi po3IJIAJal0ThCsl HEAOCTaTHBO, TOMY OOpaHMiil B JucepTallii HanpsIMOK
JOCTIIKEHD € AKTYaJbHUM.

Y apyromy po3aijii poOOTH 3alIpOIIOHOBAHO aHAJIITHYHI METOAU PO3PaXyHKY
3a11300€TOHHUX Ta (PIOPOOETOHHUX KOHCTPYKUIN KUIbIEBOI (POPMH MOMEPEYHOTO
nepepizy. Ilepmmit mMeToq — 1€ YHCEIbHO-AaHATITUYHUM METOJ TPaHHUYHHX
eJIeMeHTIB. {151 oro 3acTocyBaHHSI IPOBEAEHO aHAJIOTII0 PO3PAXYHKOBOI CXEMHU
MWTHIPUYHOTO KOJIOAS3S 31 CXEMOIO BUTHHY IPU3MATHYHOT OANKH, IO JEKUTh Ha
CYLIUIbHIN MPY>KHIM OCHOBI.

3 TOYKU 30py OYIIBEIHHOI MEXaHIKHU 3aJl1300€TOHHHUI OMYCKHHUI KOJIOISA3h
UWTIHAPUYHOT (GOpMHU SIBJISIE COOOI0 3aMKHYTY KpPYTOBY HWJIIHAPUYHY OOOJIOHKY
MOCTIIHOT TOBIIMHM, HABAHTAXXEHY MO BCIA MOBEPXHI PIBHOMIPHUM HOPMAIbHUM
TUCKOM. AJNTOPUTM pPO3paxyHKy HE 3aleKHTh BiJl BEIUYUHH 1 HAIPIMY
PIBHOMIPHOTO THCKY, TOMY JUISl 3pYYHOCTI BBaXKAETHCS, 1110 OOOJIOHKA KOJIOAS3 —
1€ KOPCTKO 3aleMJICHA 110 TOPUSX MUTIHAPUYHA 000JOHKA MOCTINHOT )KOPCTKOCTI
1] JI€X0 pIBHOMIPHOTO 30BHIITHBOTO TUCKY. Taky 00O0JIOHKY MOYHA MPEACTaBUTH
OaJIKOBOIO MOJIEIIITIO, TOOTO ICHYE aHAJIOTIA PO3PAaXYHKOBOI CXeMH HMUIHAPUIHOTO

KOJIOAS3SI 31 CXEMOK BUTHMHY MNMPU3MATUYHOI OaliKu, 110 JIEKUTh Ha CYIUIbHIN



npyxHiii ocHoBl. [IpykHa TOBepxHS KpyroBoi MHJIIHAPUYHOI OOOJOHKH,
OOMEKEHOI MO KIHISIX TOPLEBUMH AiapparMamMi Ta HABaHTa)XEHOI BCEOIYHUM
PIBHOMIPHUM 30BHIITHIM THCKOM BU3HAYAETHCS TU(PEPEHITIaTbHUM PIBHSIHHSM, SKE
32 CBO€I0 CTPYKTYpOIO TMPEACTaBIIsi€ PIBHAHHA BUTHHY MPU3MAaTHYHOI OajKu
BIIMOBIHOT  JKOPCTKOCTI, JIe)KA4ol0 Ha CYUUIbHIA TMpyXKHIA OCHOBI Ta
HABAHTAKEHOIO PIBHOMIPHO pPO3MOAUIEHUM HABAaHTAXKEHHSAM Ta MO30BXKHBOIO
ciiiolo. TakuM YWHOM, TMpPY)KHA TMOBEPXHS KPYroBOi IMUIIHAPUYHOI OOOJIOHKH,
0OME)XEeHOT MO KIHISX TOPIEBUMH aiadparMaMu Ta HaBaHTaXEHOI PIBHOMIPHHM
30BHIIIHIM THCKOM BH3HAYA€THCS HEOAHOPIAHUM Au(epeHIiaTbHUM DPIBHIHHAIM
YETBEPTOTO MOPSAKY. [l 1bOTO pIBHAHHA PO3B’SI30K YHUCEIHbHO-aHATITUIHUM
METOJIOM I'PaHUYHHUX €JIEMEHTIB Bxke oTpuMaHo. Ha miacrtaBi mporo po3po0ieHo
JITOPUTM PO3PAXYHKY HUITHAPUIHOTO KOJIOASI3SI METOJJOM IPaHUYHHUX CIEMEHTIB.

Jaini po3po0eHO aHaNITUYHUNA METOJ PO3paxyHKY BOJONPOIYCKHOI TpyOw,
10 OMUPAETHCS HAa 3MIHHY CYIIUIbHY MPY>XKHY OCHOBY BiHkiepa, sikuil nepeadauae
po3KiIalaHHsl (PYHKIIIM, 110 MIyKAaloThCs, B psiau Ta OyB 3ampononoBaHuit 10.C.
KpyTtiem nisi po3paxyHKy Ha 3TMH OaJIOK CTajoi >KOPCTKOCTI Ha HEOIHOPITHIN
IPYXKHIA OCHOBI.

Tperiii po3ain guceprailii NPUCBSIYEHO EKCTIEPUMEHTATBLHUM JOCIIHKCHHIM
3a11300eTOHHUX Ta (iOPOOETOHHUX KOJOIA3HUX Kilelb. OMmucaHO TEXHOJIOTIIO
BUTOTOBJICHHS 3pa3KiB KiJIellb 3 BUKOPUCTAHHIM METAJIEeBOi 3aBOICHKOI OMamyOKH.
[Tepury cepiro 3pa3KiB CKJIaaiu Kbl 13 3BUYaiiHOro 0eToHy. [Ipu BUTOTOBICHH]
KUIeIh APYTOi cepli 70 OeToHy JoaaBaacs crajieBa ankepHa ¢iopa o6'emom 1% Bin
3arajibHOTO 00cATY 6eToHYy. OJJHOYAaCHO BUTOTOBJISUIUCS KOHTPOJIBbHI 3pa3Ku IPU3M
Ta KyOIB i1 BU3HAYeHHSA (HI3UKO-MEXAHIYHMX XapaKTePUCTUK OCETOHY Ta
¢b16pobeTony. Y koxHIN cepii Oyno BUIPOOYBaHO MO IIICTh KOHTPOJIBHUX KYOIB
po3mipom 100x100x100 mMm 1 mo Tpu mpusmu pozmipoMm 100x100x400 mm. Jlis
BUIMIPOOYBaHb KiJellb OyJlI0 3MOHTOBAaHO CIELialdbHY CHJIOBY IutaTopmy,
KOHCTPYKIIisl AKOi 3a0ecnedye pPIBHOMIpDHE HABAaHTAXEHHS Kulelb. Y MpOIEC]
BUNPOOYBaHb (PIKCyBaau HaBaHTaXXEHHS 1 AedopMallii OKpeMUX BOJIOKOH OETOHY,

K1 BUMIPIOBAJIMCA 32 JOMOMOTOI0 1HJUMKATOPIB YaCOBOI'O THUIY, BCTAHOBJIEHUX B



XapaKTepHUX 30HAX 32 30BHIIIHIM IEPUMETPOM KiIbIIs. 3a pyiiHIBHE HABAaHTa)KEHHS
npuiiMaay Ty MOro BEJIMYUHY, TIPH AKIH KUIbIE BTPAvaao 3/[aTHICTh YAHUTH OIIIp
HaBaHTaxxeHHIO. [loOynoBano rpadiku 3MiHM AedopMaliiii Ta MPOTUHIB i JIE€I0
3pocTaouoro HaBaHtaxxeHHs. OJTHOYACHO BiJICTEXKYBaIU YTBOPEHHS, PO3BUTOK Ta
PO3KPUTTSA TPIIMH.

Hecyua 3gaTHicTh (piOpoOETOHHOTO Kbl BUsBUIacs 1,68 pasiB OiIbINOIO,
HDK 3amizo0eToHHOro. [Iporec TpIimMHOYTBOPEHHS Y 3ali300€TOHHOMY KUIbIII
MOYaBCs Ha I'SITOMY CTYNEeH1 HaBaHTaXKEHHsI TPpU HaBaHTaxkeHH1 55,0 kH, 1o ckiano
50% Bix Hecywoi 3matHOCTi. llpy 1BOMY NPAaKTUYHO OJHOYACHO B 30HAX
JIOKJIaJJaHHS 30BHIMIHBOTO HABaHTAKEHHS YTBOpHIKCS 4 TpimuHu. BoHu 3'sBunmcs
Ha 30BHIIIHIN TOBEPXHI, MaJi OJIHAKOBY MOYATKOBY IIUPHUHY PO3KpUTTA 0,05 MM 1
TATJIMCSA TIO BCi BUCOTI KuTbIsl. Ha HACTYMHHMX CTYNEHSX HABAHTAXKEHHS TMOSBY
HOBUX TPIIIUH HE (IKCYBaJIU, KIHIIEBA IIMPUHA PO3KPUTTS ckiana 0,6 M.

[Ipotiec TPIIMHOYTBOPEHHS Y PiOPOOECTOHHOMY KiJIbI[I TTOYABCSI HA CHOMOMY
CTYTEH1 HaBaHTaXXeHHsI Npu HaBaHTaxxeHH1 77,0 kH, mo ckinano 51,3% Big Hecy4oi
3natHocTi. [lpy 1bOMY MpakTUYHO OJHOYACHO YTBOPWJIMCS 3 TpPIINIMHU Ha
30BHIIIHINA MOBEPXHI, K1 TATIUCSA MO BC1M BUCOTI KUIbIls. BCl BOHM Malii OHAKOBY
MOYaTKOBY MUPUHY Po3KpUTTA 0,05 MM 1 kiHIEBY mupuHy po3kputts 0,3 mm. Ha
BOCHOMOMY CTYTIEHI HABaHTA)KEHHS NMpU HaBaHTakeHH1 88,0 kH, 1o cknano 56,8%
BIJl HECY4YOi 3/aTHOCTI, YTBOpWJIMCS 4 TpPIIIMHU HAa BHYTPILIHIA MOBEPXHI, SKI
tsaraucst mo Bucoti (0,3-0,25)h (h — Bucota kinbus). Bei BoHM Maiu OJHAKOBY
MOYaTKOBY WUPHUHY PO3KPUTTA 0,05 MM 1 KiHUEBY IHUPUHY pO3KPUTTS 0,1 Mm.

VY 4erBepromMy po3aiii aucepTailiiiHOi poOOTH MpeACTaBiE€HI pe3yJbTaTu
EKCIIEPUMEHTAJILHOTO JIOCHIKEHHS HECy4doi 3JaTHOCTI Ta TPIIIMHOCTIMNKOCTI
3aJ11300€TOHHUX 1 (PIOPOOETOHHUX MPOMYCKHUX TpyO. BUunpoOyBaHHs TPOBOIUIUCS
y JIBa €Taru: MepIInii eTar — TMonepeHl BUMIPoOyBaHHS HA BIIKPUTOMY MOBITPI,
JpYTHii eTarn — OCHOBHI BUIIPOOYBaHHS y J1abOpaTOPHUX YMOBax. MeToro nepuioro
erarry OyJ0 BHM3HAYEHHS OPIEHTOBHOI HECYy4oi 3JaTHOCTI 3a1i300€TOHHUX 1
b16pobeToHHNX TPYO, a TAKOXK Bi3yalbHE CIIOCTEPEKEHHS XapaKkTepy pyrHHyBaHHS,

HasBHICTh 200 BIJCYTHICTh OOBaJbHOIO PYyHHYBaHHS TPYO 1 XapakTep pO3JIbOTY



OCKOJIKIB, WIO JO3BOJMJIO 3pOOMTH BHCHOBOK IPO MOXJIIUBICTh O€3MEUYHUX
BUIIPOOYBaHb y JIAOOPATOPHUX YMOBAaX Ta HEOOXIMHUX JUIS BOTO 3axomiB. Jlyis
nomnepeHix BUMPOOYBaHb BUKOPUCTOBYBABCS CTEH[, SKUM padime OyJo
po3pobseHO UIsi BUNPOOYBaHb IUIMT. 3pa3Kd NPOMYCKHUX TpyO apMoBaHi
NO370BXHBOIO apMaryporo kinacy A400C niameTpoM 8 MM ([1€B’STh CTPUKHIB IO
BCiil JIOBXXHMHI TpyOH, pO3TalllOBaHI Ha OJHAKOBIM BIJCTaHI OJWH BiJ OJIHOTO).
ToBmuHA 3axuUCHOTO Mmapy ckianae 15 mm. BukopucroByerhes 6eTon kinacy C20/25
(BU3HAYCHUH 3a pe3ybTaTaMH MEXaHIYHHUX BUIPOOYBaHb 3pa3KiB KyOiB 1 MPHU3M,
BUTOTOBJICHUX OJHOYACHO 13 3pa3kamu TpyO). [Ipu BurotosneHHi gpidpoOeToOHHUX
3pa3KiB 10 OCTOHY J0/1aBajacs cTajieBa aHkepHa gpiopa 00'emom 1% Bij 3araaIbHOTO
00’emy OeroHy. /[s1 mpoBeieHHSI OCHOBHUX BUIIPOOYBaHb OYJIO CIPOEKTOBAHO Ta
BUTOTOBJICHO CTeLiadbHUN cTeHA. Posrmsmanucs aBa BUAM TPAaHUYHUX YMOB:
HIapHIpHE CHHUPAHHS TPYOM MO KIHISIX Ta TMPY>KHA OCHOBAa Yy BUIUISl TJIMHU.
[lepenbauena mpu NPOEKTyBaHHI KOHCTPYKLII CTEeHAQy OJOKOBa cHucTeMa
HABAHTAKEHHSA J103BOJIIE BUMIPATHU Jedopmalii Ha pi3HUX PIBHAX MOBEPXHI TpyOu
M BIJCTEXYBaTH IMpOLIEC YTBOPEHHS Ta PO3BUTKY TPIUIMH Ha BCIX eTamax
HaBaHTa)XCHHS 3 MOXJIMBICTIO BUMIPIOBaHHS IIMPUHU iX po3KpUTTI. Ha koxHOMY
eTarni BUTPUMYBAJIM TEBHHM 4ac, HEOOXIMHWM JIsl 3HATTSA TMOKa3aHb MPUOOPIB,
3HAXO/KEHHS 1 (PIKCYBaHHS TPIIIMH, a TaKOX JJIA 3aMipiB JOBXKHUHHU, MIUPUHU X
PO3KPUTTS, BUKOPUCTOBYIOUM TpYyOKy Bpinemnsa. st ycix BUnpoOyBaHUX 3pa3KiB
TpyO HaBe/IeH1 HACTYIIHI BEJTMYMHH: HECYUa 3IaTHICTh Ta HABAHTAXKEHHS, IPU IKOMY
yTBOpWJIACS TepIla TpillMHA, HaBAaHTAKEHHS 3pasKiB MO CTYNEHSX, MOYaTKOBa
HIMPHUHA Ta KIHIEBA IIMPHUHA PO3KPUTTS TpivH. Hecyua 3aaTHIiCTh (G16p0OETOHHOT
TpyOn BusBmiacs B 1,43 pa3iB OUIBIION, HIK 3a1i300€TOHHOI IIPH IIAPHIPHOMY
cnupanHi Ta B 1,47 G11b111010 TPU IPY>KH1M OCHOBI. [Ipn 000X BapiaHTax rpaHUYHUX
YMOB PYWHYBAaHHS 3alli300€TOHHOI TPyOM Maji0 SICKpPaBO BUPAKEHUM KPUXKUN
xapaktep. PyitnyBanus (iOpoOeToHHOT TpyOM Majo B’A3KHM XapakTep; MOBHOTO
pyiHYBaHHS TpyOH HE CHIOCTEpIranocs, KIIbLEBH epepi3 TpyOou nepeTBOPUBCS Ha
eJIiIIC.

VY n'saroMy po3aiii npeacTaBiieH] pe3ynbTaTi KOMITFOTEPHOTO MOJIETIOBaHHS



Ta YUCEJILHOTO aHali3y KUIelb 1 TpyO METOAOM CKIHUEHHUX €JIEMEHTIB y IporpaMmax
ANSYS 1 JIIPA-CAIIP. [Ins BomompomyCcKHUX TpyO pO3IJIIHYTO JIBa BapiaHTU
I'PaHUYHUX YMOB — MIApHIPHE CIHMPAHHS MO KIHISX Ta MPY>KHA OCHOBA y BUIJISII
mMHA. BUKOHAHO TOPIBHSHHS TEOPETHYHUX, €KCIICPUMEHTAIBHUX 1 YHCEIbHHUX
pe3yabTariB. BcTaHOBIEHO PO301KHICTD Y MPOTHHAX 1 HAIIPY>KCHHSX IS KUJIeLb Ta
BOJOTIPOMYCKHUX TpyO 3a pe3ylbTaTaMd €KCHEpPUMEHTY, aHAIITUYHUX Ta
YUCENbHUX po3paxyHKiB. [IpoBeaeHO TOPIBHAJIBHUN  aHaANi3 OTPUMAHHUX
EKCIIEPUMEHTAJIbHUX, aHAITUYHUX Ta YUCETBHUX PE3yJIbTaTiB. Y 3al11300€TOHHOTO
KUTBIISIT MaKCHMaJlbHa PO3ODKHICTh EKCIIEPUMEHTY Ta pPO3paxyHKax METOoJaMu
IPAaHUYHUX 1 CKIHUEHHUX €JIEMEHTIB y MporuHax ckiagae 9,93 %; makcumanbHa
PO301KHICTD Y BeTnurHax HanpyxeHb — 13,33 %. [{ns p16poO6eTOHHOTO KUThLIA 115
po30DKHICTE Oyne BignmoBigHO 9,90 % 1 11,50 %. ¥V 3amizo0etoHHOI TpyOH 3
HIAPHIPHUM CIIMPAHHSM IO KIHIIX MaKCUMaJIbHa PO301KHICTh Y TPOTHHAX CKJIa/1ae
10,72 %; makcuMalnbHa pO30DKHICTh Y BelW4YMHAX HampyxkeHb — 13,05 %. [ns
¢G16pobeToHHOi TpyOH 1 po30ikHICTH Oyne Biamosimno 10,31 % 1 12,67 %.
3aJ11300€TOHHOT TPYOU Ha MPY>KHIN OCHOBI MaKCUMaJbHA PO301KHICTH Y MPOTUHAX
— 9,75 %, y BenmmuuHax HanpyxeHb — 13,89 %. {nsa ¢pidpobdeToHHOT TpyOH 1151
po30ikHICTh Oyae BimmoBigHO 10,28 % 1 14,90 %. VY 3amizo0eToHHOI TpyOM Ha
MPYXKHIA OCHOBI MakCMMalibHa pO30DKHICTh y mporunax — 9,75 %, y BenmnumHax
HanpyxeHb — 13,89 %. [ns ¢iObpobeTtoHHOT TpyOM 118 pO301XKHICTH Oyje
BigmoBigHO 10,28 % 1 14,90 %.

3pobieH0 SKICHY Ta KUIBKICHY OIIIHKY €(EeKTUBHOCTI J0JAaTKOBOIO
JUCTIEPCHOTO apMyBaHHS KOJIOAS3HUX KUJIEI[h Ta BOJOMPOIYCKHUX TPYO.

PesynpTaTi, oTpuMaHi B AaHiil HAyKOBO-IOCHTIAHIN poOOTi, BIPOBAIKEHI B
MPAKTUKY MPOCKTYBAHHA Ta €KCILTyaTallii Oy/iBeib, a TAKOK BUKOPHUCTOBYIOTHCS B
HaBYAJIbHOMY IMPOLIEC] 3aKJIaiB BUIIIOi OCBITH.

KuarouoBi cjoBa: kinbie, TpyOa, 3ami300eToH, (iOpoOETOH, €KCIEPUMEHT,
Hecyda 37aTHICTh, TPIIIMHOYTBOPEHHS, METOJI CKiHUeHHUX eneMeHTiB, ANSYS,

JITPA-CAIIP.



ABSTRACT

Surianinov V.M. Bearing capacity and crack resistance of fiber-reinforced
concrete structures of circular cross-section.

The dissertation on competition of a scientific degree of the doctor of
philosophy on a specialty 192 — Construction and civil engineering. — Odesa State
Academy of Civil Engineering and Architecture, Odesa, 2025.

The dissertation research is devoted to the study of the bearing capacity and
crack resistance of fiber-reinforced concrete structures of circular cross-section for
various purposes.

The introduction of the work provides a justification for the choice of the
research topic, formulates the goal and objectives of the research, scientific novelty
and practical significance of the work, presents its general characteristics and
connection with scientific programs.

The first section of the dissertation presents a detailed review and analysis of
existing research on the main methods of analyzing the bearing capacity and crack
resistance of reinforced concrete and fiber-reinforced concrete structures of circular
cross-section. Special attention is paid to the study of wells for various purposes and
culverts, as the most common structures of circular cross-section. The works of
Ukrainian scientists O.V. Andriychuk, E.M. Babych, M.O. Davydenko, V.I.
Borshchov, V.I. Kaskiv and foreign scientists — A. Szymczak-Graczyk, X. Liu, A.
Figueiredo, De la Fuente are noted.

From the point of view of structural mechanics, the mentioned structures are
cylindrical shells, the calculation methods of which were developed in the works of
V.Z. Vlasov, A.L. Goldenweiser, E. Reissner, O.V. Gorik, Y.S. Krutiya and many
others. The relevant regulatory framework of Ukraine, Europe and the USA is also
considered.

The analysis of literary sources shows that much attention is paid to structures
of annular cross-section made of various materials, but fiber-reinforced concrete
structures are not considered enough, therefore the research direction chosen in the

dissertation is relevant.



In the second section of the work, analytical methods for calculating
reinforced concrete and fiber-reinforced concrete structures of circular cross-section
are proposed. The first method is the numerical-analytical method of boundary
elements. For its application, an analogy is made between the calculation scheme of
a cylindrical well and the scheme of bending of a prismatic beam lying on a solid
elastic base.

From the point of view of structural mechanics, a reinforced concrete lowering
well of cylindrical shape is a closed circular cylindrical shell of constant thickness,
loaded over the entire surface with uniform normal pressure. The calculation
algorithm does not depend on the magnitude and direction of uniform pressure,
therefore, for convenience, it is assumed that the well shell is a cylindrical shell of
constant stiffness rigidly clamped at the ends under the action of uniform external
pressure. Such a shell can be represented by a beam model, that is, there is an analogy
between the calculation scheme of a cylindrical well and the scheme of bending a
prismatic beam lying on a solid elastic base.

The elastic surface of a circular cylindrical shell, bounded at the ends by end
diaphragms and loaded with an all-round uniform external pressure, is determined
by a differential equation, which in its structure represents the equation of bending
a prismatic beam of the corresponding stiffness, lying on a solid elastic base and
loaded with a uniformly distributed load and a longitudinal force.

Thus, the elastic surface of a circular cylindrical shell, bounded at the ends by
end diaphragms and loaded with a uniform external pressure is determined by a non-
homogeneous fourth-order differential equation.

For this equation, a solution by the numerical-analytical method of boundary
elements has already been obtained. Based on this, an algorithm for calculating a
cylindrical well using the boundary element method has been developed in the work.

Next, an analytical method for calculating a culvert resting on a variable
continuous elastic Winkler base has been developed, which involves the expansion
of the functions sought into series and was proposed by Yu.S. Torque for bending

calculations of beams of constant stiffness on a non-uniform elastic base.



The third section of the dissertation is devoted to experimental studies of
reinforced concrete and fiber-reinforced concrete well rings. The technology of
manufacturing ring samples using metal factory formwork is described. The first
series of samples consisted of rings made of ordinary concrete. When manufacturing
rings of the second series, steel anchor fiber was added to the concrete in an amount
of 1% of the total volume of concrete. At the same time, control samples of prisms
and cubes were manufactured to determine the physical and mechanical
characteristics of concrete and fiber-reinforced concrete. In each series, six control
cubes measuring 100x100x100 mm and three prisms measuring 100x100x400 mm
were tested. A special force platform was mounted for testing the rings, the design
of which ensures uniform loading of the rings. During the tests, the loads and
deformations of individual concrete fibers were recorded, which were measured
using time-type indicators installed in characteristic zones along the outer perimeter
of the ring. The destructive load was taken to be the value at which the ring lost its
ability to resist the load. Graphs of changes in deformations and deflections under
the influence of increasing load were constructed. At the same time, the formation,
development and opening of cracks were monitored.

The bearing capacity of the fiber-reinforced concrete ring turned out to be 1.68
times greater than that of the reinforced concrete one. The process of crack formation
in the reinforced concrete ring began at the fifth stage of loading at a load of 55.0
kKN, which was 50% of the bearing capacity. At the same time, 4 cracks formed
almost simultaneously in the zones of external load application. They appeared on
the outer surface, had the same initial opening width of 0.05 mm and extended along
the entire height of the ring. At the following loading stages, the appearance of new
cracks was not recorded, the final opening width was 0.6 mm.

The process of crack formation in the fiber concrete ring began at the seventh
loading stage at a load of 77.0 KN, which was 51.3% of the bearing capacity. At the
same time, 3 cracks formed almost simultaneously on the outer surface, which
extended along the entire height of the ring. All of them had the same initial opening
width of 0.05 mm and a final opening width of 0.3 mm. At the eighth loading stage



at a load of 88.0 kN, which was 56.8% of the bearing capacity, 4 cracks formed on
the inner surface, which extended along the height (0,3-0,25)h (h — ring height).
They all had the same initial opening width of 0.05 mm and final opening width of
0.1 mm.

The fourth section of the dissertation presents the results of an experimental
study of the bearing capacity and crack resistance of reinforced concrete and fiber-
reinforced concrete culverts. The tests were carried out in two stages: the first stage
- preliminary tests in the open air, the second stage - main tests in laboratory
conditions. The purpose of the first stage was to determine the approximate bearing
capacity of reinforced concrete and fiber-reinforced concrete pipes, as well as
visually observe the nature of the failure, the presence or absence of collapse failure
of the pipes and the nature of the scattering of fragments, which allowed us to
conclude that safe tests in laboratory conditions are possible and the measures
necessary for this. A stand was used for preliminary tests, which was previously
developed for testing slabs. Samples of culverts are reinforced with longitudinal
reinforcement of class A400C with a diameter of 8 mm (nine rods along the entire
length of the pipe, located at the same distance from each other). The thickness of
the protective layer is 15 mm. Concrete of class C20/25 is used (determined by the
results of mechanical tests of cube and prism samples manufactured simultaneously
with pipe samples). When manufacturing fiber-reinforced concrete samples, steel
anchor fiber was added to the concrete in a volume of 1% of the total volume of
concrete. A special stand was designed and manufactured to conduct the main tests.
Two types of boundary conditions were considered: articulated support of the pipe
at the ends and an elastic base in the form of clay. The block loading system provided
for in the design of the stand structure allows measuring deformations at different
levels of the pipe surface and monitoring the process of formation and development
of cracks at all stages of loading with the possibility of measuring the width of their
opening. At each stage, a certain time was maintained, necessary for taking
instrument readings, finding and fixing cracks, as well as for measuring the length

and width of their opening, using a Brinell tube. For all tested pipe samples, the



following values are given: bearing capacity and load at which the first crack was
formed, loading of samples in stages, initial width and final width of crack opening.
The bearing capacity of the fiber-reinforced concrete pipe was 1.43 times greater
than that of the reinforced concrete pipe with hinged support and 1.47 times greater
with an elastic base. Under both boundary conditions, the fracture of the reinforced
concrete pipe had a pronounced brittle nature. The destruction of the fiber-reinforced
concrete pipe had a viscous nature; complete destruction of the pipe was not
observed, the annular cross-section of the pipe turned into an ellipse.

The fifth section presents the results of computer modeling and numerical
analysis of rings and pipes by the finite element method in the ANSYS and LIRA-
SAPR programs. For culverts, two options for boundary conditions were considered:
hinged support at the ends and an elastic base in the form of clay. A comparison of
theoretical, experimental and numerical results is made. The discrepancy in
deflections and stresses for rings and culverts was established based on the results
of the experiment, analytical and numerical calculations. A comparative analysis of
the obtained experimental, analytical and numerical results was carried out. In a
reinforced concrete ring, the maximum discrepancy between the experiment and
calculations using the boundary and finite element methods in deflections is 9.93%;
the maximum discrepancy in stress values is 13.33%. For a fiber-reinforced concrete
ring, this discrepancy will be 9.90% and 11.50%, respectively. In a reinforced
concrete pipe with a hinged support at the ends, the maximum discrepancy in
deflections is 10.72%; the maximum discrepancy in stress values is 13.05%. For a
fiber-reinforced concrete pipe, this discrepancy will be 10.31% and 12.67%,
respectively. For a reinforced concrete pipe on an elastic base, the maximum
discrepancy in deflections is 9.75%, in stress values is 13.89%. For a fiber-reinforced
concrete pipe, this discrepancy will be 10.28% and 14.90%, respectively. For a
reinforced concrete pipe on an elastic base, the maximum discrepancy in deflections
IS 9.75%, and in stress values is 13.89%. For a fiber-reinforced concrete pipe, this
discrepancy will be 10.28% and 14.90%, respectively. A qualitative and quantitative

assessment of the effectiveness of additional dispersed reinforcement of well rings



and culverts was made.

The results obtained in this research work are implemented in the practice of
designing and operating buildings, and are also used in the educational process of
higher education institutions.
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