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ITpoBe/ieHO UKceIbHE MOJIETIOBAHHS IPOHUKHEHHS YJIaMKy Bij ynapHoro BriJIA B cTaneBi KOHCTPYKIT 3aXHCHHX CIIOPY/ B
yMoBax YKpaiHH. Bu3HaueHO [OCTAaTHIO TOBIIMHY JUIi HEJOMYIICHHS IPOHUKHEHHS YJIAMKY Ul CTajJeBUX JIMCTIB 3
OpOHBOBAHOI Ta HM3bKOJErOBaHOI cTani. BcraHoBiIEHO, 1O 3aMicTh 0araTolmlapoBUX JIMCTOBUX KOHCTPYKLIH 3 OpOHbOBaHOI
cTalli y 3aXMCHHMX CIOpYJaX MOMKIMBO 3aCTOCOBYBaTH OJHOIIAPOBI 3 HM3bKOJIETOBAHOI CTali, IO € B pa3H JCLICBIIOK.
Pe3ynbTaTé 1MX JOCHIIKEHb J03BOJSIOTH 3aCTOCOBYBATH B IPOCKTYBAHHI 3aXMCHUX CIOPY] OUIbII €KOHOMIYHI Ta MEHII
TPYJIOMICTKI /10 BAKOHAHHS KOHCTPYKIIii 3 MEHIIIOK KUTBKICTIO MOHTAXXHUX 3BapHUX 3’ €IHAHb.

Karo4oBi cjioBa: Meroj CKIHYEHHHMX €JIEMEHTIB, JUHAMIYHMH pO3PaxyHOK, NMPOHUKHEHHS, 3aXMCHI CHOpPYAH, JHMCTOBI
KOHCTPYKIIii, OpOHbOBaHA CTaJlb, HU3bKOJIErOBAaHA CTaJIb.

Beryn. B ymoBax BiitHM pociiicbkoi dezepanii npotu YKpaiHU akTyalbHUM € MUTaHHS PO3POOKH
€(pEeKTUBHUX Ta EKOHOMIYHO JOLIJIbHUX KOHCTPYKTHBHHX pIIlIEHb 3aXUCHHUX CIOpYJ 00’€KTIB, IO
MaloTh OYTH 3axXHIICHUMH BiA BiydanHs yaapHux bmJIA 3rigno nepxasuoi konuenuii “Kpaina-
@opreus” [1-3], 30kpema 00’€KTiB KpUTHUUHOI iHQpacTpykTypu. OIiHKa O€3leKku CTaneBuX
KOHCTPYKLIN 00’€KTiB KpuTHYHOI iH]pacTpykTypu [4-5]. TeoperuuHi 0CHOBH pO3paxyHKY 3aXHCHUX
CHOpY/ HAa NPOHUKHEHHsI Oynu po3risiHyTi B [6-11]. B panile npoBeaeHux NOCIHIIPKEHHIX B YKpaiHi
Ta 3aKOP/IOHOM PO3TJISIIANIOCS BIIyYaHHS KyJib CTpiiienbkoi 30poi [12-13]. MopentoBaHHs pyiHYBaHHS
CTaJeBUX KOHCTPYKLiH panime Oyi1o pociimpkeHo B nyoOmikamisx [14-15]. PobGora craneBux
KOHCTPYKLIH MiJ| Ai€l0 AMHAMIYHUX HaBaHTaXXeHb Oyia gociimkena B [16-17]. YucnoBux IoCiipKeHb
II0JI0 BIIy4aHHs yJIaMKiB yaapHux BrJlA paniie He po3risnanocs.

3axucHI KOHCTPYKIIi i3 CTaJieBUX JIUCTIB € BHTiJHI 3 TOYKH 30pYy LIBHIKOCTI MOHTaXy B
MOPIBHSIHHI 13 MOHOJIITHUMH 3aJ1i300€TOHHUMH, ajie TXHIM HEJOJIIKOM € 0araTolIapoBiCTh Ta BEJHKa
KUJIbKICTh MOHT@)KHUX 3BapHUX 3’€/HaHb. bararomapoBi koHCTpyKuii Oynu B pociimkeni B [11, 18-
19]. CopraMeHT TOBIIMH HHM3bKOJIETOBAHUX CTalleii Mae MeHI OOMeXeHHs, HiK OpoHecraneid. 3
BUKOPHCTaHHSIM 3aXUCHHX KOHCTPYKIIH 3 JHCTIB OLIbIIOI TOBIIMHU 13 HU3bKOJETOBAaHOI CTai
MOTEHI[IIHO MOMKJIMBO YHHMKHYTH 0araroliapoBOCTi, 3MEHIIMTH KUIBKICTh 3BapHHX 3’€JHaHb Ta
3MEHILUTH BapTICTh CAMHX JIUCTIB.

Meta ngocaimzkeHHs. BU3HauUUTH MOXIIMBICTD 3aCTOCYBaHHS B 3aXHCHUX CIIOpYIax 00’€KTiB, LIO
MaloTh OyTH 3aXHMIleHI BiJ| BIy4aHHs ylamkiB ynapHux BriJlIA, crajgeBux JIMCTIB 13 HU3bKOJIETOBaHUX
cTajel, a He i3 OpoHecTaei.

Po3paxynkoBa Mogesib. 3aXHMCHa KOHCTPYKILis CKIaZaeTbcsl 31 3BapHUX 0allok, a MiX HHUMH
posramoBaHi 3axucHi Jmuctd (puc. 1). IlpuiiHsATO, WO LS KOHCTPYKIIsS YPaXKyeEThCs YIAMKOM 31
LIBHJKICTIO Ta HANpPSIMKOM, IO BiJIOBIJAIOTh HACHiJKaM MmiapuBy OoioBoi uactuHu BrJIA Tumy
«1laxexn-136y. banku npuiHATI 13 ByrJeneBoi cTaji. 3aXUCHI JINCTU PO3TJISIAAUCS ISl TIOPIBHSHHS 31
HHU3bKOJIEroBaHoi cTaini (i3 TBepIicTio, mo ckiagae 50% BiJg TBEpAOCTI ylaMKa 3a IIKajowo bpinemns)
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abo Oponecraii (i3 TBepaicTio, 1o ckianae 173%
Bil TBEpJOCTI ynaMKa 3a IIKaJIOW bpinemis).
Po3paxyHOK BHKOHaHO METOIOM  CKiHYCHHHX
€JIEMEHTIB B IporpaMHoMy Komriuiekci ANSYS.

®dizuKo-MexaHiyHa Mojeab podoTu cTami i
MeTajleBHX yJaMKiB. [lyisi craneit Oyno npuiHATO
Mmozens JIxoHcoHa-Kyka — emmipudHa MoOzemb
MaTepiajiiB, sKa BUKOPUCTOBYETHCS JUIS OIUCY
MOBE/IIHKM METAJIiB B YMOBAax BEJIHMKUX Aedopmallii,
BHCOKHUX WIBHIKOCTEW nedopMariii Ta miJBUILEHUX
TeMIepatyp. MoJenb ONUCYeTbes PIBHAHHAM I

0,000 0,500 1,000(m) .
e s €KBiBaJICHTHOTO [IACTUYHOTO HAIPY)KCHHS:
Puc. 1. Po3paxynkoBa mozens B cepenoBuii ANSYS G=(A+B€n ya+C ln(é:/éo) (I—Tm ),

Jle € — eKBiBaJleHTHA IUIacTHYHA Jedopmalis; ¢° - HopMasli3oBaHa IMBHUAKICTH MIACTHYHOI Aedopmallii
(BiHOIIEHHS TOTOYHOI MBUAKOCTI Aedopmanii € A0 eTanoHHOI IBUAKOCTI £ ); T " HOpMaJti30BaHa
TeMIiepaTypa, sika BpaxoBye Temneparypy miasineHHs (7)) i KiMHAaTHY (€TaJOHHY) TeMIlepaTypy
Mmatepiany (7,); A — Mexa TEKydyoCTi MaTepiajly B yYMOBaxX KBa3iCTATUYHOTO HABAHTAKEHHS IPU
KiMHaTHIH TemriepaTypi; B — koedilieHT nedopmaliiHoOro 3MIlHEHHS; 7 — IOKa3HUK AedopMaiiiHOro
sminHeHHs:; C — KoeillieHT YymIMBOCTI IO MIBUAKOCTI nedopmaiii; m — MOKa3HUK TEPMIYHOTO
PO3M’AKILICHHS.

Pe3yabraTu po3paxyHky. byno mpoBeneHO po3paxyHOK 3aXMCHOI KOHCTPYKLIi 13 JHCTaMu 3i
au3skoerosadol cragi 0912C ToBIHHOIO 0,837k TA fmax, A€ fmax — MAKCHMAaJIbHA TOBIIMHA JUCTA HA
pHUHKY. Pe3ynbraT po3paxyHKy i3 suctamu TOBIIUHOWO 0,837,,x IOKa3aHO Ha puc. 2. 3 PUCYHKY BHIHO,
IO MPOOUTTS JIMCTA YJIAMKOM BifiOynocs. Pe3ynbTar po3paxyHKy i3 JHCTaMU HaWOUIBILOI HA PUHKY
TOBIIMHU [T0Ka3aHO Ha puc. 3. B 11boMy BUMaaKy npoOUTTS He Big0ymocCs.

Puc. 2. BiayuaHHs yJlaMKa B JIUCT 3 TOBIIMHOIO TOBIIMHO 0,83 7m0k

Puc. 3. BiyuaHHs yJlaMKa B JIMCT 3 TOBIIMHOIO Zmax

OTKe, 3aXUCHI KOHCTPYKIIT MO)KHA BUKOHYBATH 3 OAMHAPHHX JIUCTIB 13 HU3BKOJIETOBAHOI CTAJI.
Jlisi BU3HAYEHHSI €KOHOMIYHOT JOIILHOCTI BUKOPUCTAHHS TAKHX JIUCTIB OYJIO BUKOHAHE MTOPIBHIHHS
BapTOCTiI MaTepiany i3 jucramu i3 OpoHectani. ByB BUKOHaHHUH PO3pPaxyHOK JUIS JIMCTIB 3 TOBILIHHOIO
0,8%max T tnax.

Pesynbrar po3paxyHky mias sucta TOBIIMHOK 0,8f.x MOKkazaHo Ha puc. 4. Yinamok mnpoOuB
3aXUCHUH JTUCT. Pe3ynapTaT po3paxyHKy IS JIUCTA TOBIIUHOIO fy,x TOKa3aHO Ha pHUC. 5. 3aXUCHUM JHCT
He 0YIJI0 MpoOUTO.
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Puc. 4. BiayuaHHs yJiaMKa B JUCT TOBIIMHOI 0,87 13 OpoHbOBaHOT cTami MARS 500

Puc. 5. BiyuaHHs yJlaMKa B JIMCT TOBIIHHOIO fmax 13 OpoHbOBaHOI cTani MARS 500

BucHoBku. B 1iii craTTi Oyn0 npoBeieHO YMCeIbHE TOCTIHKEHHS 3 MOJICIIIOBAHHS IPOHUKHEHHS B
3axMCHI CIIOPY/M 3 CTaJeBUX JIMCTIB ynaMmkiB Bij yaapuux bIlJla, mo € HoBu3HOIO poboru. Panimie
Oynu mpoBesieH] MO/AIOHI JOCIIPKEHHS JIUIIE I0A0 BIY4aHHS KyJb CTpLUIenbKoi 30poi B YkpaiHi Ta
3aKOpAOHOM. B pe3ysbraTi po3paxyHKy BCTaHOBIJIEHO, IO 3aMiCTh 3aXMCHHX JIMCTIB 13 OpoHecrtai
MOXKHa BHKOPHCTOBYBATH JIUCTH i3 HHM3BKOJIETOBAHOI CTaji OUIBIIOI TOBUIMHH, IO € MPAKTHYHUM
3Ha4YeHHsIM poOoTH. Lle 103BoIIsIE 3aCTOCOBYBATH O/IHOUIAPOBI JINCTOBI KOHCTPYKIIT O€3 3BapHUX IIBIB,
SIKi 301JIBLIYIOTh TPYIOMICTKICTb Ta BAPTICTh 3BE/ICHHS 3aXUCHUX CIIOPY/] 8 TAKOX 3HIKYIOTh MILIHICTh
OpoHnecrani B Mmicui 3’eqHanHs. HaBite y Bumazkax, Ae 0araTtoliapoBOCTI YHUKHYTH HE MOXKHa,
MOXIIUBO 3aCTOCOBYBATH KOMIIO3MTHI KOHCTPYKIIIT JIUCTaMU 3 Pi3HUX MapoK cTaii. 3a pe3ylibTaraMu
PO3paxyHKy HeOOXiJHa Ul 3aXHCTY BiJ yaaMmKy yaapHoro Bin briJIA ToBuiuHa 3aXMCHOrO JHCTa 31
crami 0912C B 1,5 pasu Oinbliue, HDK TOBIIMHA 3axucHOro yucra 3i crami MARS 500. PunkoBa
BapTICTh JiucTa 3a 1 T i3 OpoHecTani crajii B 5,52 nmopoxde, HiXK 13 HU3bKOJIETOBaHOI. 3 ypaXyBaHHIM
TOBIIMH BapTiCTh MaTepiaiiB Ha 3axucHi nuctH 31 crani 091 2C Oyze B 5,52/1,5=3,68 pa3u eKOHOMIYHO
BUTiaHima, Hix 31 ctami MARS 500.
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binuk C.1, Jaypose M K., binux A.C., Ilasnoscexuii O.B.
YUCEJBHE MOJEJIOBAHHSI POBOTH JIMCTOBOI CTAJIEBOI KOHCTPYKIIIi BAXMCHOI CITOPY IA T
YAC BJIYYAHHS YJIAMKY BIJ YAAPHOI'O BIIJIA

BusHaueHno, 1m0 B yMOBax BiliHM pocilicekoi ¢enepanii npotu Ykpainu mnpobsieMa BUOOPY €KOHOMIUHMX Ta e(eKTHBHUX
pilleHb IS TPOEKTYBaHHS 3aXMCHHUX CIIOPYJ € aKTyaJbHOI. 3 OMIIsAY JIiTepaTypd BH3HAUEHO, L0 paHillle JOCIiKyBaiacs
poOoTa 3aXMCHUX KOHCTPYKIIH y BUIQJKy BIy4aHHsS KyJb CTpiJIelbKOi 30poi, a BiyyaHHS yJaMKiB Bia ynapHux BnJlIA ne
Ppo3risianocs. 3a3HaueHo, 10 CTaJIeBi JIMCTOBI 3aXUCHI KOHCTPYKIIT € BUTIJTHUMHM 32 PaXyHOK IIBHJKOCTI 3BEI€HHS. 3 MPAKTUKU
MPOEKTYBAHHS 3aXMCHHUX CIIOPY/ BiJOMO, IO yepe3 OOMEKEHICTh COPTAMEHTY JUCTIB i3 OpOHBOBAHOI cTajli HEOOXiTHO
MPOEKTYBATH JIMCTOBI KOHCTPYKLI JBOIIAPOBUMHM. 3amlpoOIOHOBAHO BUKOPUCTOBYBATH OJHOLIAPOBI JIMCTOBI KOHCTPYKLIi
OlIbIIOT TOBIIMHM i3 HU3BKOJErOBaHOI CTalli, 110 Mae€ MEHIIY MilHicTh. [IpoBeeHo YncesabHE MOJAEIIOBAHHS IPOHMKHEHHS
ylIaMKy Bin ynapHoro briJIA B cTaneBi KOHCTPYKIIIT 3aXMCHUX CHOPYJ B yMOBax Ykpainu. [lapamerpu po3mipy, HIBUAKOCTI Ta
Martepiajly yJlamMKy HpUHHATI BinnoBinHO 1o ymapHoro BrJIA, mo 3acTocoByeTbess NMPOTMBHUKOM. BUKOHAHO JUHaMidHHMIt
PO3paxyHOK METOZOM CKIHYEHHHMX E€JIEMEHTIB 3a JIONOMOrow mnporpamHoro xomuiekcy ANSYS. [lns MozemtoBaHHS poOOTH
Marepiayy craimi npuiiHaTo Monenb JxoHcoHa-Kyka — emmipuyHa MOJeib MaTepialiB, SIka BUKOPHCTOBYETbCSA [UISL OIHCY
MOBEJIIHKM MeETajJiB B YMOBaxX BEJIMKUX Jedopmariiii, BUCOKMX IIBHIKOCTEH aedopmalii Ta MiABUIIEHUX TEMIIEpaTyp.
IpoBe/ieHO 1O J{Ba PO3PAXyHKH AJIs PI3HUX TOBILIMH CTaJIeBUX JIUCTIB Uil OPOHBOBAHOI Ta HU3BKOJIETOBAHOI cTali. BusHaueHo
JIOCTATHIO TOBIUHMHY /I HEJJOMYIICHHS TIPOHUKHEHHS yJIaMKy JUIsl CTaJIEBHX JIUCTIB 3 OPOHbOBAHOI Ta HU3bKOJIETOBAHOI CTAJIi.
BcraHoBiieHO, 10 3aMiCTh 0araTomapoBHX JIMCTOBUX KOHCTPYKLIH 3 OpOHBOBAHOI CTaji y 3aXHMCHUX CHOPYJax MOXIIHMBO
3aCTOCOBYBATH OJJHOIIAPOBI 3 HU3BKOJErOBAaHOI CTali, sKi € B pa3d JCLIEBIIMMU 3a BapTICTIO MaTepiaiiB. Pesynpratd 1ux
JIOCJIKEHb JI03BOJIAIOTH 3aCTOCOBYBATH B IPOEKTYBAHHI 3aXMCHHUX CHOpPYZ OUIbII €KOHOMIYHI Ta MEHII TPYAOMICTKI 10
BHUKOHAHHS KOHCTPYKIIIT 3 MEHIIOK KiJIbKICTIO MOHTa)KHUX 3BapHUX 3’€JHAHb.

Karo4oBi cjioBa: MeroJ| CKIHYEHHHMX €JIEMEHTIB, JUHAMIYHMH pO3paxyHOK, NMPOHUKHEHHS, 3aXMCHI CHOpPYAH, JHMCTOBI
KOHCTPYKIIii, OpOHbOBaHa CTaJlb, HU3bKOJIErOBAaHA CTaJlb.

Bilyk S.1., Daurov M K., Bilyk A.S., Pavilovskyi O.V.
A PROTECTIVE SHELTER SHEET STEEL STRUCTURAL BEHAVIOUR NUMERICAL SIMULATION WHEN
HIT BY A FRAGMENT FROM AN IMPACTING UAV

It has been determined that, under the conditions of the war of the russian federation against Ukraine, the problem of
selecting cost-effective and efficient solutions for the design of protective shelters is highly relevant. A review of the literature
has shown that previous studies focused on the behaviour of protective structures subjected to small-arms bullet impacts, while
the impact of fragments from strike UAVs has not been considered. It is noted that steel plate protective structures are
advantageous due to the high speed of construction. From practical experience in the design of protective shelters, it is known
that, due to the limited availability of armored steel plate sizes, plate structures must be designed as multilayer systems.

It is proposed to use single-layer plate structures of greater thickness made of low-alloy steel with lower strength. Numerical
modeling of fragment penetration from a strike UAV into steel structures of protective shelters under the conditions of Ukraine
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was carried out. The size, velocity, and material parameters of the fragment were adopted in accordance with the strike UAV
used by the adversary. A dynamic analysis was performed using the finite element method with the ANSYS software package.
To model the material behaviour of steel, the Johnson—Cook model was adopted—an empirical material model used to describe
the behaviour of metals under large deformations, high strain rates, and elevated temperatures.

Two numerical simulations were conducted for different thicknesses of steel plates for both armored steel and low-alloy
steel. The sufficient thickness required to prevent fragment penetration was determined for steel plates made of armored and
low-alloy steel. It was established that, instead of multilayer armored steel plate structures, single-layer structures made of low-
alloy steel can be used in protective shelters, providing several-fold reductions in material cost. The results of this study make it
possible to apply more economical and less labor-intensive structural solutions in the design of protective shelters, with a
reduced number of welded assembly connections.

Keywords: finite element method, dynamic analysis, penetration, protective shelters, plate structures, armored steel, low-
alloy steel.
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Ilposedeno uucenvhe MOOen08aAHHA NPOHUKHEHHA YIAMKY 6i0 yoapHozo bnJIA 6 cmaneei koncmpyKkyii 3axucHux cnopyo 8
ymoeax Yrpainu.
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A numerical simulation of fragment penetration from an impact UAV into steel structures of protective shelters under Ukrainian
conditions was performed..

Tab. 0 Fig. 5. Ref. 19.
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