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TEPMIHOJIOT'TYHI TPOBJIEMU OKPECJEHHSI MOJIEPHICTCBKOI
APXITEKTYPU NOYATKY XXI CTOJIITTA

Anapymko T.B., aciiipanr,

taras.v.andrushko@Ipnu.ua, ORCID: 0009-0003-9520-6123
Hayionanvnuii ynisepcumem «JIvgiscvka nonimexuixkay
Byi. C. bangepu, 12, m. JIbBiB, 79000, Ykpaina

AHoTania. XBWIsi MOJIEPHICTCHKOr0 (POPMOTBOPEHHS, K€ CTaJI0 JOMIHYIOUMM B YKpaiHi 3
2010-x pokiB, AOCI 3aIHUIIAETHCS MATOBUBUEHUM SIBHUILEM 1 HEMAa€ JOCTATHHOI TEOPETHYHOI 0a3u
JUIsL CBOTO IMO3ULIOHYBAaHHS B CKJIAJHINA KapTUHI TEHICHIIM MPOeKTyBaHHSA. Xoda Takoro poiy
apxiTektypa Oyyia 00’€KTOM 3alliKaBJeHHs 0araTboX IOCIHIIKEHb, iX Pe3yJbTaTH 4YacTO MAaIOTh
CyNepeuMBUNA XapaKTep 1, MEeBHOIO MIPOI0, YCKIQJIHIOIOTh CTPYKTYpPHU3AIli0 I[bOTO SBUINA HA PiBHI
Teopii apxiTekTypu. JlaHa crernudika TakoK XapakTepHa 1 JUIsl TEPMIHOJIOrII, SKa BIA3HAYAETHCS
3HAYHUM PI3HOMAHITTSM Ta BapilaTUBHICTIO TPAKTYBAaHb.

VY cTaTTi HaBOAUTHCA MEPENiK OCHOBHUX TEPMiHIB, SIKI BUKOPHCTOBYIOTh JJIsl OKPECIEHHS XBHJI
MoOJIepHICTChKOT apxiTekTypu Mexi XX — XXI cromniTh, HaJaHO iIM aHANITUYHY XapaKTEPUCTHKY Ta
OLIHKY 3 TOYKH 30pY BIIHNOBIAHOCTI HPUPOJI SBHUINA, KOTPEe BOHHM JAETEpPMiHYIOTh. B pe3syibrarti,
OKpECJIEHO KUIbKa MPUHIUIIOBUX MIAXOIIB A0 BUPILIEHHS MPOOJIEMH TEPMIHOJIOTIYHOTO PI3HOMAHITTS
Ta BUJIUIEHO HAMOUIBII BiINOBIAHI BU3HAUCHHS, SKI MAalOTh YHIBEpPCAIbHHHA XapakTep. 3a OCHOBY
JAHOTO MIXOJy B3SITO YCBIIOMJIEHHSI TOTO, II0 B KAapTHHI SKa CKJIAlach ICHYIOTh J[Ba CIIOCOOU
y3arajJbHEHHs, KOTPl IPYHTYIOThCS Ha: a) Cpo0ax 3HAWTH METa-TepPMiH, L0 3JaTHUI aKyMyJIIOBaTU B
co0l Bci ICHYIOUl 1 — TaKMM YHMHOM — BUPIIIMTH TpoOsieMy MOHSTIHHOI Aucrepcii; 6) crpobax
BUOY/yBaTH YITKUM JIAHIIOT TOCIIJOBHUX SIBHIL, KOTP1 IOB’S3aHI MDK COOOI0 JIIaIeKTUYHUMHU
MPUYMHHO-HACTITKOBUMH 3B ’SI3KaMH. TakoX Yy CTaTTi TPHIUICHO YyBary TaKUM TIOHSTTSM SIK
HEOMOJIEPHI3M, TIEPMOJIEPHI3M Ta albTepMO/IEPHI3M, O3HaYaIbHI XapaKTEPUCTUKHU SIKUX B HAMOUIbII
MOBHIN Mipi BIIMOBIIAIOTH €()EKTUBHUM IIIJISIXaM TEPMIHOJIOTIYHOTO Y3arajJbHEeHHS.

Kpim TOro, posrisHyTa mnpoOiieMaTHKa 3aralbHOTEOPETHYHOTO PiBHS IMOB’s3aHa 13 OUIBII
BY3bKHMMH HAIPSIMKaMH, CepeJl IKUX XBUJIS HOBOT'O MOJIEpHI3MY B 0araTbox MicTax YKpaiHu, 30KpemMa
Huinpi, JIeBoBi Ta Kuei. HaykoBo BMOTHBOBaHa KBastiikallisi TEpMiHOJIOTII BiJIKpUBAE MOXKIUBICTD
OUTBII YITKOTO BH3HAYEHHS KPHUTEPIiB OIIHKK I[IHHOCTI LUX CTPYKTYp Ta MNPOEKTHUX pIllIEHb 3
MaiiOyTHIM TIOTEHIIIAJIOM BiJHECEHHS iX N0 O00’€KTIB CHAANIMHA Ta ABTCHTUYHUX CBiTYCHb
MOKOJIIHHEBOI YHIKaJIbHOCTI.

KawuoBi ciaoBa: MoaepHi3M, HEOMOJEpHI3M, Cy4yacHa apxiTeKTypa, apXiTeKTypHa
TEPMIHOJIOT1s, apXiTekTypa novyarky XXI cTomrTrs, mi3Hii MOJEpHI3M.

Beryn. 3HauHe pi3HOMAHITTS SIBUIL CYyYacHOI apXITEKTYPH Ta MIMPOKUH IUTIOpali3M HaAyKOBOTO
JMCKYPCY Malld CBOIM pe3yJIbTaTOM He JIMIIE 3HAYHUH PO3BUTOK TEOPETUYHOI KOHIENTYyasi3alii THX
YM 1HIIUX TEHJEHIIIH, aie TakoX 1 po301KHICTh y iX TPaKTyBaHHI, B TOMY YHUCJI1 1 TEPMIHOJIOTTYHOMY.
MogaepHi3M, K SBHIE, caMO IO cO0l Mae IIMPOKUI CEHC — y BHIAJIKy OKpecsieHHs enoxu Hooro
qacy, Ta BY)XKUHHA — y TOMY pa3si, KOJH TOBOPATH MPO HANpPsSM y apXiTeKTypHOMY (pOpMOYTBOpEHHI.
Bigrak, Be BiJ caMOro Mo4arKy, Yy TEOPETHUYHIM IUIOUIMHI, MUTAHHA NPO BU3HAYEHHS MOHATTA
,,MOJIEpHI3MY” TPYHTOBaHO Ha JBO3HAYHOCTI, a/DKE BIPOJOBXK PO3BUTKY CYyYacHOTO (MOJEPHOTO)
CYCHUIBCTBA BUHHUKAIM 1 3MIHIOBAJIHCH 0arato (pOpMOTBOPYHMX KOHIEMIIN, sIki HE Oyl TOTOXHI
,,MOJIEpHI3MY” y CTHIIICTHYHOMY ceHci. Uepe3 e y mpodeciiiHiii Ta HayKOBii JiTepaTypi BUHHKIIO
IHTepIpeTaLiiiHe po3MaiTTs, PO3BUTOK SKOTO JIMILE YCKIIA{HIOBAB aHATITUYHY KapTHHY.

['enepyBaHHS YHIKaJbHHX TEPMIiHIB Ta BiJCYTHICTH YHi(iKamii BHACIIAOK TUTIOPAJIiCTHYHUX
MPUHIMIIB cy4dacHOi (axoBoi pedrekcii, mpuBenn A0 TOro, IO TOSBA YEProBOi XBHIII
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MOJICPHICTCHKOTO apXiTEKTYpHOTrO (OPMOTBOPEHHS HE OTPUMAJIO YITKOTO TEPMIHOJIOTIYHOTO
TIIyMaueHHs. 3aMiCTh HbOTO BUHUKJIO PsIi aBTOPCHKUX OKPECIEHb, SKI YaCTO MalOTh CIIOHTAaHHUN
XapakTep 1 He MAKPITUICH] TiaIeKTHYHUMH apTyMEHTaMHU.

['onoBHOIO TIPOOIIEMOIO CTajla TMOB’s3aHICTh (a00 HE MOB’S3aHICTh) CY4aCHOTO MOJEPHI3ZMY
kiHI XX mouatky XXI CT. 13 JOCBIIOM KPUTHKH Cy4acHOI apXiTEKTypH MOCTMOIEpHICTaMH, KOTpa
CTOCYBajiach He JHIIE CyTO (pOopManIbHUX ,,CTHIICTHYHUX CTOPIH MOJAEPHICTCHKOTO MOp(oreHesy,
aje csaraiga Oinblie TIMOOKMX acrlekTiB cBitormsanmy HoBoi mo0u, sK Hampukiam JIiHIHHOT
,,TIPOTPECUBHOI” KapTHHU CBITY. JlaHa cTaTTs € crpo0or0 aHATITUYHOT pedIeKcii TePMIHOIOTIYHOTO
PI3HOMAHITTS, IO CKJIAJOCh JOBKOJIa MOJEPHICTCHKMX TeHAeHIIH Mexi XX-XXI cromite, ska
3aBEpILYETHCS BHCHOBKaMH, 100 (opMmyBaHHA Oinbln HaaidHOI iHTepmperariiiHoi 0a3m ix
TEOPETUYHOI0 BU3HAUECHHS.

AHani3 ocTtaHHiX Tkepen Ta nyOJikauniii. IlutaHHsS TEpPMIHONOTIYHOTO BH3HAYCHHS
MOJIEPHICTCHKOI apXiTeKTypu modatky XXI CTONITTA 3aIMIIA€ThCS AUCKYCIHHUM 4Yepe3 3HAauHy
BapiaTUBHICTh TPAKTyBaHb y HAyKOBOMY AHcKypci. CydacHa MOJEPHICTChKA MapaaurMa 3a3Haia
CyTTEBUX 3MiH, 3YMOBJICHUX COIIAJIbHO-CKOHOMIYHUMHU TpaHCHOPMAIIIMH Ta KPUTHKOIO,
c(hOpPMOBAHOIO B MeXaX MOCTMOACPHI3MY. JlOCIiKEeHHS IEMOHCTPYIOTh PO30IKHOCTI B TiAX0AaX:
oaHi aBropH, Taki sk K. ®pemnron [1] Ta A. KonkixyH [2], po3risaaroTh MOJACPHI3M sIK IIPOIIEC i3
YITKUMH MOP(OJIOTIYHUMH XapaKTePUCTUKAMH, SKi TEPEOCMHUCIEHI y 3B’S3KYy 3 HOBHMHU
COIOKYJIbTYpHUMU peainismu. Ha mpotuBary, 3. bayman [3] 3anpoBamkye KOHIEIIIO ,,IUTAHHOTO
MOJICpHI3MY”’, TIAKPECIIOYr ananTtamiro GopMu 10 yMmMOB riobamizamii Ta iHdopmariitHoro
CYCHIBCTBA, 1110 BiIKPUBAE HOB1 IHTEPIIPETAIlIiHI TOPU30HTH.

Y MIKHapOAHOMY KOHTEKCTI 3HAYHUI BHECOK Y TEOPETH3ALII0 MicCisl IOCTMOAECPHUX TEHICHIIIH
3poouu T. Bepmyiier [4] Ta P. Ban nen Akkep [5], siki 3arponoHyBajii TEPMiH ,,METAMOJICPHI3M’” ISt
OIMCY CHUHTE3Y MOJEPHICTCHKOI PAIliOHATBHOCTI 3 MOCTMOJIECPHOIO ipoHiero. OMHAK I KOHIICTIis
3aJIMIIAETBCS  a0CTPAKTHOK JUIA HPSAMOIO 3aCTOCYBaHHA B apXITEKTYypHIH TEpMIHOJOIT 4epes
BIZICYTHICTB YiTKMX Mopdosioriunux kpurepiiB. Ha npotusary, nocnimkenns Jpx. Apmitamka [6] ta T
JlumoBenpKoro [7] akIeHTYIOTh Ha ,,[IIEepPMOICPHI3MI” K BIIOOpaKEHHI TEXHOJOTIYHOTO MPOTPECY,
aJie IrHOpYIOTh JIOKAJIBHI crieludiku, 30kpemMa B KpaiHax CxinHoi €Bporu.

BaxxnuBum erarnom y pO3BUTKY IUCKYCii CTald poOOTH, MPUCBAYEHI HEOMOAEpHI3My. b.
YapkoBcbkHii [8] posriisigae HOro sk MpUpOIHUI PO3BUTOK KIACHYHOTO MOJIEpHI3MY, Toi Ak E. Jle
Jla ®yenrte [9] TpakTye 1me sBHINE Yepe3 NMPHU3MY ECTECTHYHOro Kamitamismy. HesBaxarouwm Ha
PO301XKHOCTI, 00UIBa MIAXOAU MiAKPECTIOITh HEOOXITHICTh IHTErpamii HOBHX COLIOKYJIBTYPHHUX
KoHTekcTiB. OkpeMy yBary mpuBepTac KOHIEMIis ampTepmonepHisMmy H. Byppio [10], ska
MIPONIOHY€ CUHTE3 INI00ATbHUX TEHJCHIH 13 TOKaJbHUMHU 1IEHTHYHOCTSIMH, TPOTe i1 3aCTOCYBaHHS
JI0 apXITEKTYPH 3aJTUIIAECTHCS MapTIHATLHUM.

B ykpaincbkoMy KOHTEKCTI aHaii3 mpaupb P. @pankia [11] ta A. [laBniBa [12] Bka3zye Ha
BUKOPHCTAHHS TEPMiHY ,,HEOMOJEPHI3M” JUIsl OTHCY apXiTekTypHuX 00’exTiB JIbBoBa 2000-2020-x
POKIB, Jie TIepeBa)kae iHAYCTpIaTbHUN MiHIMANI3M 13 CUMBOJIKOIO MOCTPAASHCHKOT TpaHchopMartii.
[TomiOHI Termentii, 3riguo 3 gociimkenasmu K. Cyxapescbkoro [13], xapakrepHi i s Kuesa ta
JlHinpa, A€ CydYacHI >KUTJIOBI KOMIUIEKCH TMOE€IHYIOTh €BPOMNEWCHKI CTaHIApTH 3 eJIeMEHTaMHU
IHAYCTpIaJIbHOT CIIa IIIHH.

[Tpore OinblIiCTh mMpalk 30Cepe/DKEHI Ha MOPQOJIOTIUHMX XapaKTEPUCTHUKAX, ITHOPYIOUH
IMOLIMI  aHaJ3 COILIOKYJIBTYpHUX mepeayMmoB. Hampuknaa, nocmimxenHs @Opemnrona [1] Ta
Konkixyna [2], X049 1 pO3KpPHUBAIOTH EBOJIIOLII0 MOJIEPHI3MY, HE BPAaXOBYIOTh BIUIUB IH(PPOBUX
TeXHOJOri Ha (opmMoTBOpeHHA. Lle cTBOprO€ HEOOXIAHICTH KOMIUIEKCHOTO MIAXOMY, IO 1HTErpye
CTUJIICTUYHI, TEXHOJIOT14H1 Ta COLIAJIbHI ACTIEKTH, 1110 € OCHOBHHUM 3aBJIaHHSAM JTAHOT'O JOCIIJHKEHHSL.

Meta craTTi TOoNITaE 'y CHCTEMAaTH3allll TEPMIHOJOTIYHMUX TIAXOIB N0 BHU3HAYCHHS
MOJICPHICTCHKOI apXiTeKTypu mnoyarky XXI CTOMITTS HUIAXOM KPUTUYHOTO aHAI3y ICHYIOUHMX
KOHIIETIIi# Ta popMyBaHHs YHI(IKOBAaHOI IHTEpIIPETAILIITHOT MOIETTi.

3aBnanna jgochaimkenHs. Cuctemartmsallisi Ta y3arajlbHEHHS JDKEpenbHOI 0asu, 1110
CTOCY€ETbCS HEOMOJICPHICTCHKOI TEHJCHINI 3arajoM, BU3HAYCHHS METOIOJOTIYHUX IMiJIXOMIB 0
BHUBYCHHS HEOMOJICPHICTCHKUX SIBUII y pi3HUX (hopMax MaTepiaibHOi KyJbTypu modatky XXI
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CTOMITTA. JlOCHIPKeHHsI ClipsIMOBaHE Ha HAJaHHS HAyKOBO OOTPYHTOBAHOTO TIIYMauy€HHS TEPMIHY
,,HEOMOJIEpHI3M” SIK BIIIMOBIIHOTO J0 CyYaCHHX apXiTEKTYPHHMX TEUii, OKPECICHHS XapaKTepHHX
CBITOIUISITHUX, (DOPMOTBOPYMX Ta IHIIUX PHC, IO TBOPATh (EHOMEH HEOMOJEPHIZMY, TCOPETHIHE
MO3MIIOHYBAaHHS LUX TEHACHLIH y KOHTEKCTI ICTOPUYHOTO PO3BUTKY apXiTEKTypH, 30KpemMa
MOTNEPEIHIX TPOBIIHUX HANpsSMKIB Ta TeHIeHHin. KpiM Toro, mociipkeHHS Mae Ha MeTi
3aMpONOHYBATH TEPMIHOJIOTIYHY, IHTEPIIPETALiHY Ta KYJIbTYPOJIOTIYHY MOJENb 1IHTerpamii sBuIa
HEOMOJIEPHI3MY y HAayKOBHUIl JAMCKYypC Ta MAacoBy KyJIbTYpY, a TaK0XX OKPECIUTH IEpPCIEKTHUBHI
napaMeTpu MHIOAO MOJANBIIOI eKCIUTyartalii Ta 30epeXeHHS CHAJAUIMHA HEOMOAEPHI3MY SIK
apXITEeKTYPHOTO SIBUIIA, 1110 MaTepiaiaizye aBTCHTUYHUN CBITOTJISA MICBKOTO colliymy modatky XXI
CTOJITTSI.

Marepiaim Ta MeToguKa IOCTigxKeHHsA. JIOCTIDKEHHS TPYHTYETbCS HAa KOMIUIEKCHOMY
aHaJi31 HAyKOBUX JUKEPET, sIKi OXOIUTIOIOTh Pi3HI aCMEKTH apXiTeKTYPHOTro ()OPMOTBOPEHHS MOYATKY
XXI cromitrs. OCHOBHUM MarepiajioM CTald Mpalli, 110 PO3KPHUBAIOTH €BOIOIII0 MOICPHI3MY Ta
foro iHTeprperalii B ymMmoBax iHopmariitHoi 1o6u, 30kpema nociimkerns T. Bepmynena, P. Ban
neH Akkepa, I'. JlunoBenpkoro, a TakoXX poOOTH YKpaiHCHKMX HAayKOBLIB, 30CEpEIKEHI Ha
JOKaJbHOMY KOHTEKCTI [4, 5, 7]. EMmipuuny 0a3y CKiIaiau onmucH apXiTekTypHux o0’ ekTiB 3 Kuesa,
JIvBoBa Ta JlHimpa, sIKi UIIOCTPYIOTH CHHTE3 I1HAYCTPIaJbHOTO MIHIMAII3My 3 CY4YaCHUMH
TeXHonorisMu. s aHamizy TEpMIHOJIOTIT 3aCTOCOBAHO MOPIBHSUIBHO-ICTOPUYHUN METOJ, IO
JI03BOJIMB BHSIBUTH KJIFOYOB1 BIJIMIHHOCTI MK TOHSTTSIMHU ,,HCOMOJCPHI3M”, ,,FiepMoJIepHi3M”™ Ta
,MeramoiepHi3M”. CeMaHTHYHUI aHalli3 JONOMIT BUOKPEMHUTH Crenr(iKy KOXKHOTO TEpPMiHa, TO1
SIK KeHC-CTaal OKpEeMHUX CIOpY[ (HANpUKIAl, JbBIBCBKUX JKUTIOBUX KoMiuiekciB 2010-X pokiB)
CTaB OCHOBOIO Ui UTIOCTpamlii TEOPETHYHHUX IMOJIOKEHb. BaxJmBy poib  Bigirpanu
MDKJIMCHIUTUIIHAPHI TIX0M, 30KpeMa IHTerparlisi COIIOJOTIYHUX Ta KYJbTYPOJOTIYHUX METOIB,
110 JI03BOJIMJIO TPOAHAITI3YBaTH apXiTEKTYpHY (GOpPMY SIK BiTOOpaKEHHS CYCHUTBHUX 3MiH.

PesyabTaTn pocaimkenb. CydacHa apXIiTEKTypHa TEPMIHOJOTIA, IO  CTOCYEThCA
MOJICPHICTCHKUX TeHJAeHLiH mouatky XXI cTomiTTs, (GOpMyeTbCsS MiJ BIUIMBOM CyHEpEUSIMBHX
IHTepIIpeTalii, ki BiJOOpa)kaloTh SK E€BOJIOLII0 KJIACHUYHOIO MOJIEPHI3MY, TaK 1 pajuKalbHUN
poO3puB i3 Horo JOKTpUHAMHU. LI TuXOTOMIs BUHHMKA€E yepe3 TNTMOMHHI COLIOKYJIBTYPHI 3pYLICHHS
iH(popMaLiiHOT 100M, € TEeXHOJOTIYHUM mporpec, riiodanizaiiiiHi MpoLecu Ta Kpusa JIIHIHHOTO
MPOTrpecUBi3MY TpPaHC(HOPMYIOTh TPAAULINAHI paMKU apXiTeKTypHOro MucieHHs. OpHieo 3
LEHTPaJbHUX TMpOoOJeM € BIICYTHICTh KOHCEHCYCY IIOJI0 TOrO, YM € CydacHl MpaKTUKU
MIPOJOBKEHHSAM MOJIEPHICTCHKOTO MPOEKTY, HOTO TpaHchopMaIli€ro, Y1 MOBHOILIHHUM BiJIX0/10M BiJl
HbOro. Taka HEBU3HAUEHICTh MOPOJKY€E MapajesibHe ICHYBaHHS HU3KU TEPMIHIB, KOXKEH 13 SKHX
HaMaraeTbCs OXOIMUTH HOBITHI SIBHIIA, alle >KOJEH HE JOCATae CTaTycy YHIBEpCAIbHOTO dYepes
(bparmMeHTaIlio TEOPETUIHOTO OIS Ta PI3SHOCTIPSIMOBAHICTh METOIOIOTIYHUX IT1IXO/IIB.

LI TepMiHOJIOTIYHA PO3MAITICTh IPYHTYETHCSI Ha JBOX NMPOTUIIEKHUX CTPATETisIX IHTEpIpeTartii.
3 omHOTO OOKY, CIPOOU 3HANTH MeTa-TepMiH (Ha KIITAJT ,,METaMOJIEPHI3MY”’ 200 ,,rinepMoaepHI3My )
BiI0OpaXaroTh MparHeHHs 70 CUCTeMaTu3allii pi3HOMAHITHUX TEHJEHIIN NUIIXOM iXHBOTO 3BEICHHS
JI0 CIIJIBHOTO KOHIETITYaIbHOTO 3HAMEHHWKA. 3 1HIIOTO — aKIEHT Ha JIOKaJhbHUX KOHTEKCTaX i
criepiyHUX yMOBax (popMyBaHHS apXiTEKTypHHX MPAKTUK BeJe JI0 MOSBU BYy3bKOCHEIIali30BaHUX
BH3HAYEHb, 1110 MiJIKPECITIOIOTh YHIKAIbHICTh OKPEMUX SIBUILL, aJie YCKIIAJHIOIOTh iXHE IHTETPyBaHHS B
3arajbHy TEOpPETHYHY MOJIeJib. Taka JABOMIPHICTb CBIUUTH PO Te, IO Cy4YacHa apXiTeKTypHA Teopis
nepedyBae y CTaHi Mepexojy, /e KJIaCHuHl1 KaTeropii BTpayaroTh CBOIO BU3HAYAJIbHY CHJTY, a HOBI LIIe
He HaOyaM JOCTaTHBOI KOHIENTYaJIbHOI YITKOCTI. Y 1bOMY KOHTEKCTI KIIFOYOBHUM BHUKIMKOM
3aJTUIIAETHCS TTOETHAHHS KPUTUYHOI CIAJKOEMHOCTI MOJIEPHI3MY 3 1HHOBAIllIWHUMH MMiXOAaMH, III0
BIJIMOBIAAIOTh TUHAMILII CyYaCHOTO CBITY, JIe apXiTeKTypa CTa€ He JIUIIE BiJOOPaKEHHSM COLIATbHUX
3MiH, a f aKTUBHUM YYaCHUKOM IXHBOT'O KOHCTPYIOBAHHS.

Heomonepni3m HaifyacTile TpakTyeTbcs sIK cHpo0Oa BIJHOBUTH PpAIliOHANBHICTh Ta
(hyHKITIOHAJI3M KJIACHYHOTO MOJIEPHI3MY, aj€ 3 ypaXyBaHHSIM BHKJIHMKIB iH(oOpMalliiHoi 1o6m. 3a
b. YapkoBcekuM [8], ueit Tepmin BinoOpakae MOBEpHEHHS 10 IHAYCTPiaIbHOTO MiHIMaTi3My, IPOTE
3 IHTErpaIli€r0 CUMBOJIIYHUX €JIEMEHTIB, 110 BIAMOBIAAIOTH riaobanizoBaHoMy cBiTorisiay. E. Jle Jla
@yente [9], HaBmaku, HAroJjoIIye Ha 3B 3Ky HEOMOEPHI3MY 3 €CTETHKOIO KamiTali3My, Je
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apXITEKTypa CTa€ IHCTPYMEHTOM MapKETUHTY, a (hopma MmiamopsAKOBY€EThCsI JioTili puHKY. [TomiOHa
JIBO3HAYHICTh MIJKPECIIOE, M0 TEPMiH ,,HEOMOAEPHI3M” MOXE OJHOYACHO BiACHIATH [0
CTHJIICTUYHOI CIaJIKOEMHOCTI Ta COIIaIbHO-€KOHOMIYHOTO KOHTEKCTY, IO YCKJIAIHIOE MOTo
OHO3HAaYHe BHKOpHcTaHHS. Lleli HampsMOK akTyanmidye 3B’SI30K MDK  IHIYCTpiaJlbHUM
MIHIMaJTI3MOM 1 CyYaCHHUMH TEXHOJIOTISIMH, JAEMOHCTPYIOUM 3MIaTHICTh aJanTyBaTH palliOHaJbHI
MPUHIUIH JI0 BUKJIMKIB T700a1i30BaHOT0 1HPOPMAaLIHHOTO CYCIIbCTBA.

I'inepmonepHizm, 3anponoHoBanuit Jx. Apmitamkem [6] ta I'. JIunoBeubkuM [7], akieHTye
Ha TEXHOJOTIYHIM JeTepMiHOBAHOCTI apXiTEKTypu. BIiIMIHHICTH BiJ KJIACHYHOTO MOJEPHI3MY
MOJISITa€ B TOMY, 110 (PYHKITIOHAIBHICTh TEIEp BU3HAYAETHCS HE Jnie Gi3MIHUMH MTOTpedaMu, a i
IU(GPOBUMH TEXHOJOTISIMH, AKi (OPMYIOTH HOBI BUMOTH 1O mpocTopy. Hampukian, KoHIemIis
»pO3yMHOro w™icta” (smart city) mnepenbavae interpamito loT-nmpuctpoiB y OymiBmi, 110
TpaHnchopmye ixHi GyHKLUIT 3 yTHiIiTapHUX Ha KoMyHiKaTHBHI [14]. I[IpoTe KpUTHUKH HATOJIONIYIOTh,
IO TINepMOJCPHI3M ITHOPY€E KyJIbTYpHUH KOHTEKCT, 3BOASYM apXITEKTYpy [0 TEXHIYHOTrO
iHCTpyMeHTY, 11030aBIeHOro CUMBOIIUHOTO 3MicTy [15]. Moro koHuenTyanbHa OCHOBA MOJISTAE B
MePEOCMUCIICHH] (YHKIIIOHATBLHOCTI 4Yepe3 npu3My IMGpPOBUX I1HHOBAIIKA, IO TpaHchopmye
apXiTeKTypy B IHCTPYMEHT KOMYHIKAIil M’k TEXHOJIOTI€I0 Ta CyCIIJILCTBOM.

Mertamonepnism, Bucynytuii T. Bepmyienom [4] ta P. Ban men Axkepom [5], mpomonye
paIMKaTbHO iHIMH TiAxix. IXHs Te3a Mpo ,,KONMBAHHSA MK iPOHI€I0 TA IMPICTIO” HAMATA€ThCA
oA0JIaTH O1HAPHICTh MOJIEPHI3MY Ta MOCTMOJEPHI3MY, IMPOTIOHYIOUH T10pUIHY MOJEIb, 1e hopma
MOEJHY€E PAliOHANBHICTh 3 eMoUiiHicTI0O. OAHaK apXiTeKTYpHI KPUTHKH 3a3HA4Yar0Th, IO L
KOHIICTIIIsl 3aHaJTO a0CTpaKTHA JJIsi IPAKTUYHOTO 3acTocyBaHHs. Sk 3ayBaxye K. @pemnron [1],
METaMO/IEPHI3M He MPOIOHYE YITKUX MOP(HOJIOTIHHUX KPUTEPIiB, IO POOUTH HOTO MapriHAIEHUM Y
npodeciinomy nauckypcei. Ll xonmeniris, xou i abCTpakTHa, BIAKPUBAE MOMKJIIUBICTh CHHTE3Y
palioHaJIbHOCTI MOJIEPHI3MY 3 €MOIIIMHICTIO TOCTMOJIEpHY, (POPMYIOUH HOBUH THUI apXiTEKTypHOI
pediekcii, mo BUXOIUTh 32 MEXi OIHAPHUX OTTO3HIIIH.

AnbrepmoaepHi3m, nomynspusoanuii H. Byppio [10], HamaraeTbes iHTerpyBaTH JOKajbHI
1IEHTUYHOCTI B TJI00aIbHUM KOHTEKCT, MMPOTIOHYIOUN apXITEKTYpY SK ,,TPaHCHAIIOHAJILHUN CTHIIb .
Leit miaxix ocoOiMBO akTyaldbHUN Ul MOCTPAISHCBKUX KpaiH, Ae MojaepHicTchki 00’ ekt 2000-
2020-x poKiB 4acTO MOETHYIOTH IHTEPHALIOHAIBHI (POPMHU 3 BIJCHMIIAHHSAMH O MICIIEBOI iCTOpIi.
[Ipote, six 3a3Hauae 3. bayman [3], anbTepMOAEpHI3M PU3UKY€E CTATH MOBEPXHEBUM E€KJIEKTU3MOM,
1ie GOpMaIbHI €IEMEHTH PI3HUX KyJIbTYp 3MIIIYIOThCS 03 IIHO0KOr0 OCMHUCICHH. Moro 3HaueHHs
MOJISiTae B MOIIYKY OaJlaHCy MIXK YHIBEpPCAJi3MOM 1 JIOKQJIi3MOM, IO OCOOJMBO aKTyajJbHO IS
PETiOHIB 13 CKJIAIHOIO0 ICTOPUKO-KYJIBTYPHOIO CIAIIIMHOI0, JI€ apXITEKTypa CTA€ HOCIEM T1OPHIHUX
1IEHTUYHOCTEN.

[Ti3Hiif MOAEpHI3M K TEPMIH 3aJIMIIAETHCA HANUOUIBII CynepewInBUM. 3 OJHOrO OOKy, BiH
BUKOPUCTOBYETHCS JJISI OMUCY MPOJOBXKEHHS TPaauLii ,,repoidHoro” MojepHizMy XX CTOMITTS, 3
iHImoro — kpuTHKH Ha Kmrtant @. J[xeiimicona [16] po3rismaoTe HOTO SIK CUMIITOM KYJIBTYPHOT
iHepuii, e apxiTekTypa BTpadae 3B’s130K 13 cyuacHicTio. Y. JDkenkc [17] y cBoiil mpari
,Postmodern and late modern: The essential definitions” oxpeciioe mi3Hiit MoaepHi3M sk (a3y,
Konu (hopManbHa CTPOTICTh MOJAEPHI3MY IE€PETBOPIOETHCS Ha JOIMY, BTpadyaioyd 3B’SI30K 13
colllaIbHUMU 3MiHaMu. BopHowac, BiH MiAKpeciroe, M0 Mi3HIH MOJEPHI3M CTaB pEakIi€l0 Ha
HaJMIpHY KpPUTHKY MOCTMOJEpPHI3MY, HaMaralo4uch 30€perTd pamioHaJbHICTh SK OCHOBY
MpoeKTyBaHHA. Ll 1BO3HAYHICTH MIAKPECHTIOE, IO TEPMIHOJIOTIS TIOCTIHHO OajmaHCye MixX
BU3HAHHAM CIaJKOEMHOCTI Ta KOHCTATAII€I0 PO3PHBY. MOro KpHTHYHE MepeOCMICIIEHHS BKa3ye Ha
HEOOXIAHICTh THYYKOCTI B IHTEpHpeTalii CHaJliMHU MOJEpHI3My, 1€ (opMalibHa CTpOTICTh
MOEHYETHCSA 3 /1Al TAIl€l0 J0 COLIOKYIBTYPHHUX 3MiH CYy4aCHOCTI.

BucnoBku. CyuacHa apXiTeKTypHa TEpPMIHOJOTIS, IO CTOCYEThCS MOJCPHICTCHKUX
TeHeH1 mouaTky XXI cTomiTTs, nepedyBae y cTaHi MOCTIHOTO nepeocMucieHHs. Lle 3yMmoBieHo
SK TJIMOMHHUMH COIIOKYJIbTYPHUMH 3MiHaMH 1H(GOpMAIiiHOT 100H, TaK 1 KPUTHUKOI KJIACHIHOTO
MOJICPHI3MY, sIKa 3aJIMIINIIA 3HAYHUH CIi/1 y TeopeTHuHi# tuomuHi. JlociikKeHHs: JeMOHCTPYE, 110
KJIFOYOBOIO TIPOOJIEMOIO € BIJICYTHICTh KOHCEHCYCY IMOJO0 0a30BUX IMOHATH, IO MPU3BOAHUTH IO
napajeabHOro iCHYBaHHS HU3KU TEPMiHIB — Bij ,,HEOMOJEPHI3MY 10 ,,IiIIepMOAEPHI3MY”’, KOKEH 3
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SKUX aKIEHTY€ OKPEMi aCIeKTH SBUIIA.
["0J10BHUM pE3yIbTaTOM aHAJi3y € BUSBICHHS JABOX MPOTHICKHUX MIAXOJIB A0 TEPMIHOJIOTII:

Mera-TepMIiHOJIOTIYHMI — CHOpOOM CTBOPUTHU yHIBEpCalbHE TIOHATTS (HANpHUKIAL,
,»,METaMoJIepHi3M”), 31aTHE IHTETPyBaTH PI3HOMAaHITHI TEHAEHII.
KoHTtekcTyanbHO-cienuiyHuid — aKIEHT Ha JIOKAJbHUX OCOOJIMBOCTSIX, IO BHUMAarae

BBE/ICHHSI JIOATKOBHX BU3HAYEHb (HA KIITAJIT ,,I0OCTPAASHCHKUI HEOMOACPHI3M”).

[lepmmii miaxin, Xo4 1 aMOITHUH, CTHKAEThCA 3 MPOOJEMOI0 HAAMIPHOTO Yy3araJibHEHHS. SIK
nokazanu gociimkenas T. Bepmynena [4] Ta P. Ban nen Akkepa [5], ,,MeTaMofepHI3M™ 3aHIIIAETHCS
a0CTPaKTHOI KOHIIETII€E0, SKiH Opakye 4iTKuX MopdosoriyHux KputepiiB. Ha mportuBary, Tepmin
,,HeoMoJiepHi3M” (y TpakTyBaHHi b. YapkoBcbkoro [8]) IeMOHCTpY€E 31aTHICTh MO€IHYBATH ITI00aJbHI
TEHJICHIIIT 3 KOHKPETHUMHU apXiTEeKTYPHUMH MPAKTHKAMH, HATPUKIIAI, 1HAYCTpiaIbHUA MIHIMATI3M 13
CHMBOJIIKOIO Cy4YacHOro Kamitanizmy. OJHAaK 1 TyT BUHHMKA€E CYNEPEWIMBICTh: YM € HEOMOAEPHI3M
MPOJIOBXKEHHAM MOJAEPHI3MY, YU PAJUKAIbHUM BIAXOAO0M BiJl HHOr0?

Jpyruii miaxia, 3acHOBaHMI HA aHANI31 JIOKaJhbHUX KOHTEKCTIB (HANPHUKIAA, JbBIBCHKI
*)uTinoBl koMmruiekcn 2010-x pokiB [11]), migkpecatoe HEOOXiIHICTh BpaxyBaHHs ICTOPUYHUX Ta
couianbHuX uYMHHHKIB. Tak, y CximHiii €BpoIli HEOMOAEPHI3M YacTO TOEIHYE €BPOIEHCHKI
CTaHJAPTH 3 BIICWIAHHAMM [0 HOCTPAISHCHKOI CHAALIMHM, IO POOMTH HMOro BIAMIHHHUM BI1J
3aximHux aHaiuoriB. Lle miarBepmxkye tesy 3. baymana [3] mpo ,,[TIMHHICTE” CyYaCHHMX SIBHII, /€
ryo0asi3allisi He CKaCOBYE€ JIOKAJIbHY YHIKAIBHICTD, a IEPEIUTITAETHCS 3 HETO.

BaxmMBuM acmekToM € TakoXX TEeXHOJOriuHa JeTepMiHOBaHICTh. KoHmemmii Ha KmTair
,rimepMojepuizmy” [6] akueHTyroTh Ha poii mu(POBHX IHHOBAIiH, MpoTe iXHiM BIUIKB Ha
apXITEKTypy 3aJHIIAETHCS HEOJHO3HAYHUM. 3 OIHOTO OOKYy, TEXHOJOTIl BIIKPUBAIOTH HOBI
MOXTMBOCTI 711 (DYHKITIOHAJIBHOTO BJAOCKOHAJICHHS (HAINPUKIAI, ,,pO3YMHI” OYiBI), 3 1HIIOTO —
PHU3UKYIOTh 3BECTH apXITEKTypy 10 TEXHIYHOI YTHIIITAPHOCTI, 1030aBIE€HOI CUMBOIIYHOTO 3MICTY.

Y 11b0My KOHTEKCTI ITPOIIOHYETHCS JBOPIBHEBA TEPMIHOJIOTIYHA MOJICTIb:

3aranbHuil piBeHb: BUKOPUCTaHHS TEPMiHY ,,HEOMOJEPHI3M™ IJIs OMHUCY T100aNIbHUX TEHICHIIIH,
10 MOEIHYIOTh PaIllOHANIBHICTD KIIACHYHOTO MOJIEPHI3MY 3 BUKJIMKaMH 1H(opMaIiitHo1 106H.

Crienudiunuil piBeHb: BBEIEHHS IOJATKOBUX KBami(ikaTOpiB (HAMpPHUKIAM, ,,periOHATbHUMA
HEOMOJIEpHI3M”,  ,,TEXHOJOTIYHMM  HEOMOJEpHI3M™)  Ais  aHami3y  JIOKaIbHHX  abo
BY3bKOCTIEL1a/1130BaHUX MPAKTHUK.

Taka Mozens J03BOJISIE YHUKHYTH K HaJMIpHOi (parMeHTaiii, Tak 1 HEMpOAYyKTUBHOTO
y3aranbHeHHs. Hanpukiaz, apxitektypa JIbBoBa 2000-2020-x pokiB Moxe OyTu KiacudikoBaHa K
,»CX1THOEBPOTIEHCHKIIT HEOMOJIEPHI3M™’, IO BPAXOBY€ ii MOCTPAASTHCHKUN KOHTEKCT 1 CHHTE3 13
€BPONENUCHKUMU CTaHAapTaMHU.

TepmiHonoriuHi mpobseMu B JOCHIIPKEHHI MOJIEPHICTCHKOI apxiTekTypu mnoyatky XXI
CTOJITTS BiIOOpaXKaroTh CKJIATHICTh CaMOl €MOXH, JIe TEXHOJIOTI4HI, COLIaIbHI Ta KyJbTYPHI 3MIHU
MePEIUTITAalOThCS. 3apOTIOHOBaHA MOJIENIb HE € OCTATOYHUM PIIIEHHSM, ajie BIIKPUBAE MIISAX IS
noJlayIbIIoro Jianory. KirodoBUM 3aBIaHHSIM 3aIMIIAE€THCS MOEJHAHHS TEOPETHYHOI THYUYKOCTI 3
MPAKTUYHOIO KOHKPETHKOIO, IO JO03BOJUTH apPXITEKTYpHIM TepMIHOJIOrIT BIAMOBIIATH JWHAMILI
CY4YacHOTO CBITY.
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TERMINOLOGICAL ISSUES IN DEFINING MODERNIST ARCHITECTURE
OF THE EARLY 21ST CENTURY

Andrushko T.V., postgraduate,
taras.v.andrushko@Ipnu.ua, ORCID: 0009-0003-9520-6123
Lviv Polytechnic National University

S. Bandera St., 12, Lviv, 79000, Ukraine

Abstract. The wave of modernist architectural design, which became dominant in Ukraine
since the 2010s, remains an understudied phenomenon, lacking a sufficient theoretical foundation
for its positioning within the complex landscape of contemporary design trends. Although this type
of architecture has been the subject of numerous studies, their results often present contradictory
perspectives, complicating the structuring of this phenomenon within architectural theory. This
specificity is also characteristic of the terminology, which is marked by significant diversity and
variability in interpretations.

The article provides a list of key terms used to define the wave of modernist architecture at the
turn of the 20th and 21st centuries, offering an analytical characterization and evaluation of their
correspondence to the nature of the phenomenon they describe. As a result, several fundamental
approaches to addressing the issue of terminological diversity are outlined, and the most appropriate
definitions with universal applicability are identified. The proposed approach is based on the recognition
of two main methods of generalization: a) attempts to find a meta-term capable of encompassing all
existing concepts, thereby resolving the issue of terminological dispersion; b) efforts to construct a clear
chain of sequential phenomena interconnected by dialectical cause-and-effect relationships. The article
also focuses on such concepts as neomodernism, hypermodernism, and altermodernism, whose defining
characteristics most fully correspond to effective paths of terminological generalization.

Furthermore, the discussed theoretical issues are linked to narrower directions, including the
wave of new modernism in various Ukrainian cities, such as Dnipro, Lviv, and Kyiv. A
scientifically motivated qualification of terminology opens the possibility for a clearer definition of
criteria for evaluating the value of these structures and design solutions, with the potential for their
future recognition as heritage objects and authentic testimonies of generational uniqueness.

Keywords: modernism, neomodernism, contemporary architecture, architectural terminology,
architecture of the early 21st century, late modernism.
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WAYS OF REPRESENTING THE PERFECT BEING
IN ARCHITECTURAL AND DESIGN OBJECTS IN THE CONTEXT
OF THE INTERACTION OF THE PRESENT AND THE SPACE OF PRESENCE
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Abstract. The article deals with the topic of assigning connotations of ideal existence to spaces by
means of architecture and design. Being at the intersection of various fields of knowledge such as
philosophy, psychology and architecture, this issue is of great importance for contemporary design due
to the ever-growing competition between different concepts of organizing the environment, which
occurs through the assignment of associations with ideal existence. The latter is often used as a
marketing technique to assign added market value to architectural objects (for example, when choosing
the name of residential complexes or service facilities). To a large extent, they are also related to the
development of immersive presence technologies, which make us think about the authentic
understanding of the concept of "reality".

The scientific novelty of the study is due to the use of a specially developed method of
communicative and dispositional generalization of architectural and design objects created to
represent sacredness, power, idyll, and celebration. All of them are analyzed from three points of
view: a) determining the content of the message that architecture is trying to convey to the audience
about itself; b) the content of the narrative that serves as the basis for creating an architectural style
or manner; c) the characteristic features of architectural and design elements involved in the
construction of such an environment.

A significant part of the study was carried out by grouping the selected material according to the
content of the messages to the occupant about himself, as well as the nature of the subjective experience
of the "ideal" that was actually obtained. In the context of the former, the following ways of
conceptualizing the "ideal™ message of a space to the person who is in it were identified, namely: a)
architectural and design representation of the ideal is formed by elements that focus attention on
themselves, but do not provide for the possibility of personal involvement or complicity; b) the
architectural and design representation of the ideal is formed with the help of elements that, in addition
to serving as accents for concentrating attention, provide mechanisms of personal involvement and
participation; c) elements symbolizing the ideal are an integral part of the environment of personal
involvement, in which attention is focused on different objects, all of which, however, are parts of a
single space of ideal presence.

Such an analysis made it possible to outline the mechanisms for providing the architectural
environment with connotations of ideal being, based on project modeling within a conditional range, the
extreme points of which are: on the one hand, a state of complete separation, within which the "ideal" is
perceived as unattainable "external™ and, on the other hand, a state of such close integration of the "self-
image" into the semantic field of the "ideal" that can lead to inflation of the subjective experience of the
"ideal” and its leveling.

Based on the above data, a theoretical approach to the methodology of constructing the subjective
impression of an ideal presence by architectural and design methods is formulated, namely: a)
formulation of an ideological and poetic narrative that can be assigned individually to each person
present; b) search for an appropriate semiotic program that can express the narrative as a visual structure
that gives the environment a unique identity associated with the "ideal"; c) providing this semiotic
program with architectural interpretations in the form of objects with a meaning that is understandable
to the person present.

Keywords: architecture, design, designing, representation, ideal, connotation, environment, space.
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Introduction. The problem of architectural and design representation of the category of ideal
being and ideal presence has played an important role in the development of material culture
throughout the history of the world. It is based on the issue of subject-spatial means that play the role
of communication aimed at outlining the narrative concept of the ideal, as well as determining the
relationship between it and the person who encounters it. Thus, there is an interest in determining the
structures of the experience of the perfect, which is formed through presence in a certain space. The
key concept of "ideal presence” in this study is understood as the subjective existential experience of
the perfect, which stems from interaction with a specially organized environment.

These data can be important for further experiments related not only to the creation of the
physical environment, but also immersive spaces of presence formed through virtual and augmented
reality technologies [1]. The latter are characterized by a shift in attention from the priorities of
optimizing the maintenance of biological existence inherent in modernism to the needs of
consciousness and the motives that make the latter stay in a particular spatial environment. The
availability of such knowledge will make it possible to create architectural and design spaces of
high competitive quality that will meet the needs of a highly informative living space that has
developed in the context. The intended goal is to create a theoretical model that will make it
possible to operate the mechanisms of exchange of symbolic qualities between the present and the
space of presence, for which the key role is played by the categories of the ideal. In this case, the
research basis is the historically formed four key areas of project activity related to the
representation of the ideal, namely the environment of sacredness, power, festivity, and idyll.

Publications and sources analysis. The problem of representation of the ideal has a deep
tradition in the history of architecture and art, both in the pre-modern era and in the period of
modernity, being part of the explanation of the value of architectural form. Within the framework of
the methodology proposed in this article, the focus is primarily on architectural and design solutions
that are related to the above-mentioned aggregates and are characterized by the desire to represent a
state opposite to the everyday. Thus, important categories here are the concepts of emotional
attachment and affect, certain reasons why certain material objects acquire a connection with the
ideal. In this sense, it is worth mentioning the works of D. Carmichael, J. Hubert et al. [2], L. Jones [3],
E. Bastey [4] and others. The architectural and design expression of the ideal based on the exceptional
natural and artistic qualities of the environment can be traced in the studies of L. Horton [5],
M. McClung [6], C. Daswet [7], C. Robinson [8], N. Yazdani and M. Lozanovska [9] and others. It
is also worth noting the studies that examine the phenomenon of attention and various ways of
maintaining it, for example, in the works of G. Doke [10] and G. Frank [11]. The connotation of
ideal presence is associated with the state of festivity, which can be traced in the studies of
K. McRae [12], I. Bose [13], and others. In addition, it is worth considering a number of studies
dedicated to semiotic representation in architecture, in particular the works of B. Curtin [14],
F. Bellentani, M Panico [15], and others.

Despite the relatively large number of possible scientific sources that can be used to study the
topic of architectural and design representation of ideal being and ideal presence, the source base is
largely dispersed among various fields of knowledge and research areas that are narrowly focused.
This makes it possible to talk about the need to form an interdisciplinary discursive field that will
include sociological, philosophical, and psychological components in addition to architectural and
design.

The goal of the article is to theoretically outline the ways of representing perfect being in
architectural and design objects in the context of the interaction of the present and the space of presence.

The object of the article. The study of the affective side of the perception of the environment
artificially created by means of architecture and design is closely related to the content of the
material culture of the information age, which is designed to impress and communicate, as well as
to rethink the place of the individual in an ever-changing living space. In this regard, the main task
of the study is to reveal the interdependence of the means by which the space is assigned
connotations with the ideal on the one hand and the integration of the present's own "self-image"
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into the space thus created. It is assumed that this will make it possible to develop theoretical
provisions about the types of spatial experiences that, in a broader perspective, will become part of
an applied design strategy aimed at achieving individualized and targeted environments that will
have a higher degree of competitiveness and will be able to increase the added value of design and
practical products (both public or residential spaces and immersive environments that are
developing as a result of the progress of multimedia and digital technologies).

The materials and methodology of the study are based on the analysis of architectural and
design samples related to the representation of sacredness, festivity, power, and idyll, which, in
their own way, contain connotations of ideal being and ideal presence. The author's own method of
communicative and dispositional generalization is aimed at determining the relationship between
this kind of environment and the person who is in it, with attention to such aspects as: the nature of
the message of the space containing connotations with the ideal being of the occupant; the content
of the narrative through which this message is embodied in material objects; rhymes inherent in the
architectural and design elements that make up the space.

Results and discussion. The development of architecture within a highly informationalized
society has its own patterns, which are not always directly related to the predictions and innovations
that were introduced into the theory and practice of construction by postmodernists. The rethinking
of architecture as a language, which was associated with complexities and contradictions in the
1960s and 1970s [16], in the 2010s and 20s faced the phenomenon of information singularity and
the redundancy of the flow of data and impressions, which led to the revival of modernist and non-
modernist aesthetics [17]. However, it can be argued that these processes were most likely just an
instinctive reaction not only to the complication of the "language™ flow, but also to the return to the
concept of individual interpretation of abstract geometric form, which is the basis of modernist
tectonics. Thus, there is a process of attracting ambiguity and personalizing the interaction of
elements artificially created by means of architecture and design with their observers. This
ambiguity and personalization has been intensified by the development of immersive presence
spaces, which have created conditions for the competition of different realities, and thus the search
for means to make some offers more competitive than others. As a result, there was an interest in
the category of ideal presence and its subjective experience.

The selected historically developed sets of spaces of sacredness, festivity, power, and idyll,
which contain connotations with ideal presence, are analyzed from three points of view: a) the
nature of the message to the occupant about himself; b) the content of the narrative that materializes
this message in the form of living space; c) characteristic features of architectural and design
elements involved in the construction of the relevant environment. The following objects served as
analytical material: the space of the Burning Man festival, the space of the Coachella music festival
in Indio (USA), the Tomorrowland electronic music festival (Belgium), Oasis Theme Park in Doha
(Qatar), the futuristic architectural composition Prologue and Promise by Robert McCall, and the
Escorial ensemble (Spain), Acropolis in Athens (Greece), pyramids at Giza (Egipt), Xalima Island
House by Martin Ferrero Architecture, Aqua Dome celebratory presence space on the Icon of the
Seas cruise ship (Royal Caribbean), Hagia Sophia in Constantinople (Turkey), Mount Kaitlas in
Tibet (China).

To implement the method of communicative and dispositional generalization, two stages were
used, namely: a) initial systematization of objects, regardless of which historical aggregate they
belong to, according to the nature of the space's message about who is in it; b) determination of the
peculiarities of the subjective experience of ideal presence, depending on how the space of coldness
interprets the person present.

The analysis carried out within the framework of the first stage has shown that the first stage,
which is devoted to the study of the main element of the representation of the ideal, has identified
the following ways of its conceptualization, when in certain cases it: a) is the main element of
attention, but spatially distanced without the possibility of providing ideal qualities to the observer
or the subject; b) playing the role of a leading spatial accent and object of concentration of attention
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is also combined with the possibility of assigning to the presence the ideal qualities represented by
the elements of space, while the conditions of distance between both parties are preserved; c) is an
integral part of a complex and diverse spatial environment in which the representation of the ideal
and its subjective experience are not distanced but are an integral constant of presence, and
therefore a situation may arise when the quality of ideality loses its identity.

The existence of these three ways of reflecting the ideal presence in architecture and design
creates the basis for a deeper understanding of the interaction between the communication of space
to the presence of information about itself, which is the main communicative basis of the
environment created with the help of material objects. This raises the question of whether the
difference in the nature of presence also indicates a difference in the experience of perfection. To
find an answer to this question, it is necessary to analyze the peculiarities of visitors' stay in all three
of the above-mentioned types of communication with architectural representatives of the ideal and
their observers. Despite the theoretically predicted tendency of spaces of ideal presence to be static,
in each case, visitors engage in a certain program of movement that can reveal the essence of their
perceptual activity. In the studied samples, the most sedentary behavior is observed at a distance,
when attention is focused on a single distant object associated with the ideal. Such structures are
oriented towards a more passive form of presence, where the source of perfection is at a distance
that allows its perception, but still creates spatial separation. In this case, the message received by
the observer is unidirectional, which probably significantly limits the possibility of experiencing
ideality as a personal experience. Although this statement requires further clarification, it is worth
emphasizing that it is inherent in spaces with a structural hierarchy, where the ideal is perceived as
something external that only declares its existence. Thus, the concept of ideal presence here means
being in the presence of the ideal. This, in turn, does not correspond to the subjective experience of
"here-being", which is characterized by a personalized nature. It is noteworthy that architectural and
artistic environments that demonstrate only the presence of the perfect are often characteristic of
spaces of power or authority in archaic or authoritarian social systems (in such cases, the message is
usually static and one-dimensional). At the same time, these statements cannot be considered
conclusive at this time, as it is possible to assume that in some cases the unilateral notification also
contains or implies information about the attendees themselves.

Environments of the second type, which are characterized by a combination of the remoteness
of the object of focus and the possibility of personal involvement, play an important role in
exploring the spatial aspects of the structure of the experience of the perfect. Since they are
designed not only for being in the presence of the perfect, but also for at least partial association or
integration with it, the set of architectural and artistic means is usually much wider and their
functionality is more diverse. An example is the specificity of the formation of the space around
Hagia Sophia in Constantinople, which is a complex multilayered system of symbols and
connections that are associated with both the representation of the ideal and the mechanisms of
providing the inhabitants with a connection to it. In the architectural sense, it is a representation of
a certain material metaphor of the quintessence of being, which, on the one hand, can exist on its
own, but on the other hand, can be accessible to the integration of each individual. In this regard,
there is a connection between the self-awareness of the person who is there and the symbolic
identity of the environment, which contains connotations with the ideal. Thus, the symbolic value is
constantly maintained, and space is provided for its participants. Probably, this mechanism is a kind
of continuation of the Eastern Christian concept of man as a "kingdom in himself", which requires,
first of all, the representation of the "kingdom™ or "kingdom as such”, which is then appropriated by
the audience through a number of special mechanisms, including those expressed through
architectural and design means.

The third type, characterized by the diversity of the environment, where attention is focused
on different objects within a single tops of ideal presence, reflects the concept of ideal presence as a
subjective experience to the greatest extent. It is mostly associated with festivity and idyll, but in the
latter case it is more of an imaginary possibility than a real practice.
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For example, the Xalima Island House project is a combination of idyll and eventual utopia,
in which the "external” and "internal” dispositions of ideal presence are equally accessible. The
design solution prioritizes recreational and leisure activities and, to a much lesser extent, those
related to the everyday processes of maintaining biological existence. Although the program of
using the relevant dispositive is traditional for villas and luxury estates, their excessive number and
scale, combined with a large private surrounding area occupying a separate island, makes this object
an example of providing the environment with connotations of ideal presence, which implies its
subjective perception as its own "here-being" (dasein). The architectural expression of the structure
of the experience of the perfect in this case is also constructed as a state of wide choice of personal
interaction with various parts of the environment, the variability of which exists not in itself, but as
a set of potential possibilities of changing choices.

The communication of space to the present in this type of environment actually corresponds
to the entire space of presence, or, in other words, the visitor seems to be inside it. At the same time,
the example of Xalima Island House demonstrates that this condition can probably lead to a loss of
the sense of subjective experience as related to the perfect. This also leads to the possibility of
devaluing the experience of being and denying presence as ideal or even acceptable.
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Fig. 1. Fig. 1. Examples of dissociative (left), associative (center) and leveling (right) tips of ideal
presence

The three types of interaction (Fig.1), Pyramid of Giza is an example of dissociative type of
ideal presence — the representative of the ideal is alienated and inaccessible to the present in terms
of scale and character (left). The religious and palace ensemble around Hagia Sophia in
Constantinople is an example of associative type of ideal presence — the representative of the ideal
spatially separated, but providing the possibility of personal involvement — (center). Oasis Theme
Park in Doha is an example of leveling type of ideal presence — the representatives of the ideal
constantly surround the present and cease to be perceived as such (right).

The three types of interaction (Fig.1), presented and previously analyzed can be characterized
as a concentric arrangement of elements of the poetic and tectonic structure of the environment.
However, in each case, this structure manifests itself differently. In the first case, there is a physical
separation between personal-spatial communication and the environment of presence, which
emphasizes the inaccessibility of the former. In the second case, all parts of the concentric levels are
interconnected but remain separate. Finally, in the third case, personal-spatial communication is
often a complex structure that combines various methods of objectifying presence, but the distance
between the architectural and symbolic representative of the ideal and the occupant is either
significantly reduced or absent. This classification can be seen as a kind of hierarchy of
involvement, where the lowest level is characterized by a clear separation of the present from the
perfect, and the highest level is characterized by complete mutual integration. However, as
mentioned earlier, even this type, despite its great potential for achieving the fullness of personal
existential experience, can lead to a dulling of the perception of the ideal presence, which, in turn,
will require its restoration, probably through observation as something external. In this case, it
becomes necessary to use the first type and create a presence that is perfect, but remote and
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inaccessible (or limitedly accessible).

The hierarchical principle of evaluating all three types can be reinterpreted as a cyclical one,
where each type replaces the other, maintaining the subjective experience of ideal presence at a high
level. The two extreme points of this process are as follows: a) the state of personal separation from
the perfect, which is perceived as unattainable "outside"; b) a state in which, after the complete
integration of the self-image into the ideal presence, the existential experience of perfection is
inflationary and banalized.

Both states are not ideal presence as a subjective personalized experience, although they are
related to the notion of the perfect and the unreal. To return to the ideal presence, the first state must
move towards the second, and the second towards the first. This is how the mechanism for
constructing the environment of ideal presence is formed, which probably requires several stages of
change. Their purpose is to ensure that the environment perceives the perfect message and
maintains it at the required level.

In this context, it is also necessary to analyze three types of conceptualization of spatial-
personal communication. In dissociative environments, the perfect message focuses not on the
person, but on the object that embodies perfection. The person present feels separated from it, and
the message about him/herself is based on emphasizing weakness and dependence. As a result, the
"self-image™" of the person in question may be profaned and devalued. At the same time, this
opposition leads to the search for ways to move from dissociation to association, which is realized
in the second type of conceptualization.

One of the areas for further research is to analyze the mechanisms of leveling the experience
of ideal presence at the moment of maximum integration of the "self-image™ with existential
perfection. In this context, it is worth noting that the state of inflation of existential experience is
most often traced in the environments of certain idylls, festivals, and holidays, which are
characterized by stereotypic and behavioral canonization. At the same time, they should not be
viewed as unambiguously negative phenomena, as they can contribute to the confirmation of the
value of one's own self-image through the realization of integration into an ideal presence.

Conclusions:

1. Three ways of communication of architectural and spatial objects containing connotations
of perfect being with the observer/resident are outlined. A material form dedicated to the
representation of the ideal can be in the following communicative modes in relation to the present:
a) to be the main element of attention, but spatially distant, without the possibility of attributing
ideal qualities to the observer or the occupant; b) playing the role of the leading spatial accent and
object of concentration of attention is also combined with the possibility of attributing to the
occupant the ideal qualities represented by the elements of space, while the conditions of distance
between both parties are preserved; c) it is an integral part of a complex and diverse spatial
environment in which the representation of the ideal and its subjective experience are not distanced
but are an integral constant of presence, and therefore a situation may arise where the quality of
ideality loses its identity.

2. It has been determined that spatial-personal communication, which informs about the
perfect, associates it with the person in different ways and only in some cases creates an ideal
message about him or her. In this context, the predictable practical steps that should form the basis
of the theoretical concept of the formation of spaces of ideal presence are: a) determining the poetic
content of the ideal message of the space about the occupant in accordance with the socio-cultural
context as the basis of spatial-personal communication; b) searching for the appropriate semiotic
language, signs and associative images that express this message in the visual dialogue of the
environment with the occupant, providing for the assignment of space properties that contain
connotations with the ideal; c) giving this visual language a material form in the form of spatial
objects, the meaning of which will be clear to the audience.
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CIIOCOBM PENPE3EHTAIIIL JOCKOHAJIOT'O BYTTS
B APXITEKTYPHHUX TA TU3AMHEPCHBKNX OB’EKTAX
B KOHTEKCTI B3AEMO/II IPUCYTHBOI'O I MPOCTOPY MMPUCYTHOCTI
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Hayionanvnuii ynisepcumem «JIvgiscoka nonimexmixay
Byn. C. bangepu, 12, m. JIpBiB, 79000, Ykpaina

AHoOTalisg. VY cTaTTi pO3IIIAZAEThCS TEMaTHKa MPUCBOEHHS MPOCTOpaM KOHOTAIii 3
11eanbHUM OYyTTSIM 3aco0aMu apXiTEeKTypH Ta AW3aliHy. 3HaXOIMYUCh Ha CTUKY PI3HUX Tally3eu
3HaHb TaKHX K (inocodis, MCUXOJOTis Ta apxXiTeKTypa, JaHa MpoOJieMaTHKa Ma€ BaXKJIMBE
3HAYEHHS ISl CY4acHOTO MPOEKTYBAaHHS 4epe3 MOCTIMHO 3pOCTar0dy KOHKYPEHIII0 MK PI3HUMH
KOHIICTILIISIMU OpraHi3alii cepeoBHUIla, KOTpa BiJOYyBA€TbCs uepe3 NMPUCBOEHHS il acoriariii 3
ineansHuM  OyTTsiM. OcCTaHHE, YacTO BHKOPHUCTOBYEThCS SK MApKETHHIOBUI TNpHIHOM IS
MIPUCBOEHHS apXiTEKTypHUM 00’ €KTaM JOJaHOI pUHKOBOI BapTOCTI (HAMPUKIIAA MpU BUOOPI HA3BU
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YKUTJIIOBUX KOMIUICKCIB a00 3akjiajiB 0OCITyroByBaHHs). Y 3HA4HIN Mipi, BOHU IMOB’s3aHI TaKOX 3
PO3BUTKOM TEXHOJIOT'1H IMEPCUBHOI MPUCYTHOCTI, KOTP1 3MYIITYIOTh 3aMUCIUTHCh Ha/l aBTCHTUYHUM
PO3YMIHHSM TOHSATTS «PEATBHOCTI.

HaykoBa HOBH3Ha HOCHIIKEHHS OOYMOBJIEHA BUKOPUCTAHHSM CIEIabHO PO3pOOIEHOrO
METOJly KOMYHIKaTUBHO-TUCIO3UTHUBHOIO Y3arajibHEHHs apXITEKTypHUX Ta JU3allHEPCHhKUX
00’€KTiB, CTBOPEHHMX Ul pemlpe3eHTalii CaKpalbHOCTI, BIaaW, iAWl Ta cBsATa. Bcl BoHHM
MPOaHaIII30BaHi 3 TOYKHU TPHOX TOYOK 30pY: a) BUSHAUCHHSI 3MICTY MOBIJOMJICHHS SIK€ apXiTEKTypa
HAMaraeTbcsl IepefaTd MPUCYTHHOMY PO HBOTO caMoro; 0) 3MICTy HapaTHBY, SIKHH CIyXKHTb
OCHOBOIO CTBOPEHHSI apXITEKTypPHOTO CTHJII0 YM MaHEpH; B) XapaKTEPHUX PHUC apXITEKTypPHUX Ta
JM3aHEPCHKHUX €JIEMEHTIB, KOTpi OepyTh y4acTh Y KOHCTPYIOBaHHI TAaKOTO CEPEIOBHIIIA.

3HayHy YaCcTUHY AOCIIIKEHHS MMPOBEICHO 3a JIONIOMOTOI0 IPYITyBaHHS BUOpPAHOTrO Marepianry
3a 3MICTOM MOBIJOMJICHb TepedyBauy MPO HHOTO CaMOT0, & TAKOXK 32 XapaKTepOM CyO’€KTHBHOTO
JIOCBIy «1JI€aIbHOT0» KOTpUH OYB peajibHO OTpUMaHUK. B KOHTEKCTI MEepmIoro BU3HAYEHO Taki
CrocoOM KOHIIETITyalli3allii «iJJealbHOT0» MOBIJOMIICHHS IPOCTOPY TOMY XTO B HhOMY TiepeOyBae, a
came: a) apxiTeKTypHa Ta Ju3allHEepCcbka perpe3eHTallis 1/1ealbHOro (OpPMYETHCS 3a JOIOMOTOI0
€JIEMEHTIB, KOTpi, (OKYCYIOTh yBary Ha co0i, aje He mepeadaydaroTh MOXKIHBOCTI OCOOHCTOTO
3aJlydeHHsT 4Yd CcHoiBydacTi; 0) apxiTeKTypHa Ta AW3allHepChKa penpe3eHTallis i1ealbHOro
(dopMyeThCSI 3a JOTMOMOTOI0 EJIEMEHTIB, $KI KpIM pOJII aKUEHTIB Ui KOHIEHTpamii yBaru
nepeadavarTh MEXaHI3MH OCOOMCTOrO 3aJydyeHHs Ta CIIBy4acTi; B) €JIEMEHTH, KOTpi
CHUMBOJI3YIOTh i7lealibHEe € CKJIaJ0BOI0 YaCTUHOIO CEPEIOBHUINA OCOOMCTOTO 3aTy4YEeHHS, B SIKOMY
yBara (OKyCyeTbCsi Ha pI3HMX O0’€KTaX, BCl 3 SIKUX, NPOTE, € YACTMHAMU €IMHOTO IPOCTOPY
11eabHOT MPUCYTHOCTI.

Takuii aHami3, JaB MOMJIMBICTH OKPECIUTH MEXaHI3MU HAJAHHS AapXITEeKTYpHOMY
CepeIoBUIIly KOHOTALIN 3 i/IealIbHUM OYTTAM, SKUN IPYHTYETHCS Ha MPOEKTHOMY MOJICIIOBaHHI B
MeXaxX YMOBHOIO Jiama3oHy, KpalHIMH TOYKaMH SKOrO €: 3 OAHOro OOKy — CTaH MOBHOI
BIJJOKPEMJIEHOCTI, B paMKax SIKOTO «iJieaJibHE» CIPUUMAEThCSA SK HEIOCSKHE «30BHIIIHE» Ta, 3
IHIIIOTO OOKY — CTaH TaKoi TICHOI iHTerpalii «s — o0pa3y» y CEeMaHTHYHE T0JIe «i/IeaTbHOTOY, STKUM
MOJKe TMPUBECTHU A0 1HPIALIT CyO’€KTUBHOTO JOCBIAY «iJI€albHOr0» Ta MO0 HiBETIOBAHHS.

Ha ocHOBI HaBeneHHMX BHUINE JTaHUX, CPOPMYITHOBAHO TEOPETHUYHHMM MIAXIT O METOIUKH
KOHCTPYIOBaHHSI CyO’€KTHBHOTO BpaXEHHS 1Jl€aJIbHOI MPHUCYTHOCTI  apXiTEeKTypHUMH Ta
TU3alHEPCHKUMHU METOJIaMHU, a came: a) (OpPMYJIIOBaHHS 1A€MHO-TIOETUYHOIO HApaTUBY KOTPH
MOke OyTHM MpPHUCBOEHUN 1HIUBIAyaJbHO KOXXKHOMY MpPUCYTHbOMY; O)  TOIIYKH BiJIOBITHOI
CEeMIOTHYHOI TPOTpaMH, KOTpa 37aTHA BHPA3UTH HApPATHB SIK Bi3yallbHY CTPYKTYpy, KOTpa Haaae
CEpeIOBUINY YHIKAIBLHOT 1IGHTUYHOCTI TOB’A3aHOI 3 «iJ€albHUMY; B) HAJaHHS Iii CeMIOTHYHIN
MporpaMi apxXiTeKTypHHMX IHTEpIpeTamiii y BUIJISAL 00’€KTIB 13 3pO3yMUIMM JUIsl HPUCYTHBHOTO
3HAYECHHSIM.

Kuio4uoBi ciioBa: apxiTekTypa, 1u3aiftH, TPOSKTYBaHHs, pEIpPEe3eHTallis, 1ieabHe, KOHOTAIi,
cepeaoBuIIIe, TPOCTIp.

Crarts Haginnuia qo penakmii 18.02.2025
This work by Frankiv R.B. is licensed under CC BY 4.0
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ON PERTURBATIONS OF BUCKLING MODES OF ROD SYSTEMS CORRESPONDING
TO MULTIPLE CRITICAL FORCES WHEN THE POSITION OF CONSTRAINTS
CHANGES
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Abstract. The article is devoted to the study of the influence of the position of supports of rod
systems containing longitudinally compressed elements on their critical forces and the
corresponding forms of buckling. Many issues related to the design and operation of such systems,
in particular ensuring their stability, require taking into account the features of these forms, in
particular the location of their nodes, extreme points, etc. Of special complexity is the case of a
multiple critical force, for which the buckling mode is not uniquely determined, since an infinitely
many buckling modes correspond to a multiple critical force. In the proposed work, for the case of a
concentrated deformable or absolutely rigid hinged support, it is studied how, with a small
displacement of the support, two simple critical forces are formed from a multiple critical force, and
two uniquely determined buckling forms are formed from the corresponding infinite set of forms. In
this case, significant use is made of analytical and qualitative methods of the theory of stability of
rod systems, in particular, well-known theorems on the influence of imposing constraints on their
critical forces, as well as previously established relationships determining the derivatives of the
critical forces with respect to the coordinates determining the positions of the moving supports.
Analytical expressions are proposed that allow one to describe the buckling modes formed after a
small shift of the support in one direction or another, from which, in particular, it follows that on a
moving support the angles of slope of the rod axis for these forms at the same value of the support
reaction are numerically equal, but opposite in direction. The conclusions of the article are
demonstrated on specific examples of two-span prismatic rods compressed by a longitudinal force
constant along the length. In one of them, the position of the deformable intermediate support varies
with absolutely rigid end supports. In the other, the intermediate absolutely rigid support moves
when one of the end supports has a finite rigidity. In both examples, at a certain value of the rigidity
of the deformable support, the main critical force becomes twofold and the rod can lose stability in
an infinite number of configurations. Direct calculations performed for these cases show that the
shift of the intermediate support leads to the effect described in the article and confirm its results.

Keywords: stability, critical force, buckling mode, perturbation, constraint, change of
position.

Introduction. Ensuring reliable operation of engineering structures requires systematic
monitoring of their operational characteristics. For structures containing longitudinally compressed
rods, some of the most important characteristics are critical forces and the corresponding buckling
modes (forms of buckling). They are determined by the entire set of mechanical and geometric
parameters of the structure, and it is very important for the designer to be able to control their
behavior in connection with certain changes in these parameters. In particular, they depend on the
mechanical characteristics and spatial distribution of the constraints existing in the structure. In the
proposed work, the relationship of critical forces and corresponding buckling modes with the
position of concentrated hinge supports that reinforce the elements of rod structures is investigated.
The case of the influence of support displacement on multiple critical forces is especially studied.
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Analysis of recent research. One of the ways to increase the stability of engineering structures
is to increase their critical forces (hereinafter referred to as CRF), at which buckling of their
compressed elements occurs, through the installation and rational placement of constraints [1 — 9]. In
this case, the maximum increase in CRFs is often achieved when their multiplicity is achieved
through the introduction of additional supports. To do this, the introduced supports must be located
exactly at the nodes of the corresponding buckling modes (hereinafter referred to as BM). In this
regard, the task of accurately determining both CRFs and BMs, to which extensive literature is
devoted [1, 10, 11], is of great importance. At the same time, since the optimal placement of
supports cannot always be practically realized, it is important to be able to estimate the result of
deviation of the position of the introduced support from the theoretically optimal one. Such
problems are the subject of perturbation theory [11 — 15] and can be studied using the general
methods developed in it. However, this may leave out important information that reflects the
specifics of a particular engineering problem. Therefore, it is important to consider in detail all the
features and clearly identify the influence of specific perturbations on the practically important
geometric and mechanical characteristics of the studied engineering objects. For a perturbation in
the form of a small shift of a concentrated support, these issues in relation to a wide class of rod
systems are considered in the article [7], where expressions are presented for the derivatives of the
CRFs with respect to the coordinates that determine the position of the supports, both for the case of
simple and multiple CRFs. These expressions make it possible to estimate, in a linear
approximation, the perturbations of the CRFs as a result of the shift of supports. The question of
perturbation of BMs was not considered in [7]. The BMs corresponding to simple CRFs change
continuously when the position of the support changes and, to a first approximation, we can assume
that they are preserved with small shifts. A more complex problem of perturbations of the BMs
corresponding to multiple CRFs is considered in the proposed work.

The purpose and objectives of the study. The goal of the proposed work is to determine the
buckling modes of a rod system that are formed by a small shift of a concentrated hinge support that
reinforces any of its rods, provided that the corresponding critical force before the shift was
multiple and an infinite number of buckling forms corresponded to it. Analytical representations of
these forms are sought, allowing us to study and compare their geometric features.

Materials and methodology of the study. The study uses the main results of the
mathematical theory of stability of linear elastic rod systems [1], in particular the expansion of their
deformed configurations in terms of their buckling forms. A feature of the work is the systematic
use of the qualitative results of this theory, describing the effect of introducing constraints and
variations in their location on the critical forces of the systems under study [7].

Research results. Preliminary results. This section presents the main results and uses the
notation of the paper [7]. We consider a system consisting of straight rods subjected to a
compressive longitudinal load arbitrarily distributed along their length. The presence of areas free
from compression is allowed.

Notations and assumptions. The following notations and assumptions are used below:

S — an elastic rod system, including specified elastic and rigid constraints that connect points
of the system to the ground or stationary bodies.

s _a system formed from S with the imposition of one additional constraint.
y= y(M) — displacement (configuration, form) of the system — is a function of point M,

which determines the position of point M of the deformed system (in the undeformed state y=0).
It is assumed that the vector y(M) is perpendicular to the axis of the undeformed rod. It is

assumed that with the appropriate choice of coordinate system, the configuration is completely
determined by the scalar function y(x), where the coordinate x of the point M is equal to the

distance measured along the axis of the corresponding rod, y(x) is the numerical value of the
displacement of the point M having the coordinate x.

Modern construction and architecture, 2025, no. 11, page 22-32

23



24

BUILDING STRUCTURES

q :q(M) — load — a function of point M , which determines the external force applied to

point M ; it is assumed that the forces g applied to the rod of the system are perpendicular to the
axis of the rod.
(a,y) —work of load g=0q(M) on displacement y=y(M). If (q,y)=0, they say that the
load g is orthogonal to the form vy, or that the load q is applied at a generalized node of the form y .
—Cy — a linear operator that determines the internal forces acting on points of the system in
position y(M ) (including the reactions of elastic and rigid constraints belonging to the system that

connect it to the ground). The "-" sign reflects the usual property of elastic structures — to generate
reactions that counteract the deformation that caused them.
Ny — linear operator defining external forces acting along the axis of the corresponding rod

of the system. These forces form a system of couples acting on the elements of the system and
arising as a result of their turn at displacement y =y (M ). On segments of the system that do not

turn or bend at this displacement (y =const.), Ny = 0.

(Ny,v)=(Nwv,y) — work of forces of the system Ny, corresponding to configuration y, on

displacement v . In particular, for a rod of length 7, compressed by a unit axial force constant along
its length:

l
(Ny,v):J.y’(x)v’(x)dx. (1)
0

Here and below, the prime denotes the derivative with respect to the coordinate.

It is assumed that forces Ny do not cause tension anywhere, but there may be segments free
from compression, where Ny = 0. Therefore always (Ny, y) >0.

The equation:

(C-PN)y=0,
expresses the equilibrium conditions of a system under the action of systems of forces —Cy and
P-Ny, where P is a parameter called the compressive force. Its nontrivial solutions v,, v,, ...,
existing for a discrete set 0< K < P, <... of values of P, constitute a set of BMs, each of which v,
corresponds to its own value P, called CRF,

(C-PN)v; =0.

The forms ©; are determined up to a constant factor, which is chosen so that the
normalization conditions (ij,vj)zl are satisfied. In addition, the orthogonality relations also
hold:

=] = (Nvi,vj):O.
These relations make the forms v,, v,, ... convenient for constructing a basis in the space of

configurations of the system S, but in the general case, in particular at the presence of segments
free from compression, these forms are not sufficient to represent an arbitrary configuration as their
linear combination and they should be supplemented with forms w,, w,, ... in which all compressed

segments do not turn and for which Nw, =0.

If there are no internal hinges in the system and there is at least one external fastening, the
configuration of the system, compressed by force P, caused by an arbitrary transverse external load

q:q(M), with completeness and an appropriate choice of normalized forms w,, can be
represented in the form of an expansion:
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4,7
y=2(q,wj)wj+2%vj. ()
-
If the load q= q(M) is a concentrated shear force applied at a point with coordinate s and

directed towards positive y(x), the corresponding scalar representation of the form (2) takes the
form:

()= Sy (5)ee, ()4 2 2o (). ®

Perturbations of the CRFs at small shifts of a point support. If the system S® is formed from
S by introducing an elastic or absolutely rigid point hinge support at a point with coordinate s,

then, as was noted in [4, 7], the derivative of a simple CRF of the system s equal to P,
regardless of its number in the spectrum of CRF, is equal to:
P _, RY(s) @)
s (Ny,y)
where R is the magnitude of the reaction of the moving support, positive when it acts in the
direction opposite to the positive deflections y(x).

A multiple CRF corresponds to an infinite set of BMs, the dimension of which is equal to the
multiplicity of the CRF. Therefore, the expression in equation (4) loses its meaning due to

uncertainty y’(s). If in this case the support turns out to be in the node of each of the BMs of the

system S corresponding to P, and the multiplicity of P in S® remains the same as in S, then, as
follows from considerations of [7], P’ =0, and equation (4) remains valid, because when the system
S™ buckles under the action of force P along any of the corresponding forms R=0.

If the installation of a support in the node s, of each of the BMs v, of the system S

corresponding to its CRF equal to P, of multiplicity r (in S), r>1, led to the formation in S of
a new form vy corresponding to the same CRF (in this case R=0), equation (4) becomes
inapplicable because in this case, the shift of the support leads to the appearance of two different
simple CRFs P, and P,, B <P, <P, , the derivatives of which (one-sided) at s = s, are determined
by the relations ([7]):
' 2
Pb'+Pa'=2Ry—(S°), Pb'P;:—R—Zv;f(sO), (5)
(Ny.y) (Ny,y) 5=
where the notation has the same meaning as in equation (4), v,,(X), v,,(X), ...,7, (x) are

the BMs of the system S  corresponding to its CRF equal to PR,

00 (S0) = U (Sg) = -+ =7, (S5) =0.

Perturbations of the BMs corresponding to multiple CRFs. If, when installing a support of
appropriate rigidity in a node s, of the form v, (x) corresponding to the CRF P, its multiplicity
has increased, R") =P, a new BM appears, which was not in S and which, according to
equation (3) may be determined by the relation ([7]):

v (S
y0)=R| Ty (), (0 + 3 2, 39 ®
i P =R

where R is the magnitude of the reaction of the introduced support, positive when it acts in

the direction opposite to the positive deflections y(x). Note that in the expansion in equation (6)

there are no members containing the BMs vk(x) of the system S that respond to B,. The
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orthogonality condition (Ny, v, ) =0 follows from this.

When the support shifts from s, to s, the multiplicity of P, in S® decreases and two new
CRFs P, and P,, P, <R, <P, appears, the larger of which in accordance with equations (3) and (6)
corresponds to the BM:

-R ij(S)wj(X)+Zsj—(sF2 v; ( ka, )y (x

2k By a

which in the limit at s — s, takes the form:

ya ( P, zvkj Ukj (7)
where P, is the one-sided derivative of P, Wlth respect to s, calculated at s=s, from

equations (5), y(x) is unperturbed (before the support shift) BM of the system sY, determined by
equation (6).
The perturbed BM corresponding to the smaller CRF P, is determined similarly,

Yo (X )+— z 0y (S0) 04 (X (8)
b j=l

From (5), (7) and (8) the equality follows:
y;(so)+ Yo (So)zo'
which means that on a moving support the angles of slope of the rod axis for the forms vy, (x)
and vy, (x) at the same value of the support reaction are numerically equal, but opposite in

direction.
Note also that y, (x) and y,(x) from (7) and (8) satisfy the orthogonality condition

(Nya’ yb ) = 0 )
Forms y,(x) and y,(x) give an enough accurate representation of the BMs of the system

s® if s is close enough to S,- At s#s, CRFs B, and P, are simple and their derivatives must

satisfy equation (4), established for simple CRFs, i.e. following equalities must be satisfied:

) 65 s:so_ (Nyaaya), o 65 s=5, (Nybayb)
To verify the validity of the first of them, we note the validity of the following relations:

Ya(so) Z v (10)

a j=L
From equation (5) next relations follow:

S (s) =R Ry(s)=(w) EE

Pa’ 2
whence:
RY.(s,)=R +—lev )Pb'-lzrp“l—(Ny, y)P =(Ny, Y)P iy (11)
From equation (7) takl:lgjinto account orthogonality (Ny,vkj ) =0 it follows:
(NY. Yo)=(Ny, y)+ Pﬂ,zZv =(Ny,y)- (Ny,y)%=(Ny, y)P“I%a,P”'- (12)
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Comparing equations (11) and (12), we get the first of the equalities:
2Ry, (s,) . 2Ry; () o
Tl pr, 0 o pr
(NY,.Y.) (NYs ¥s)
in full accordance with equation (4). The second one is established in the same way.
We will demonstrate the results obtained using examples.
Example 1. A rectilinear prismatic rod (see Fig. 1) of length 7, hinged at the ends on rigid

supports and compressed by a longitudinal force constant along the length, is supported by an
elastic hinged support in its middle, which is the node of the 2nd BM.

P

e 0,5/ Q%f Z?L
4 .

2
Fig. 1. Arod having a double main CRF at c=c, = 167;35]
. . . 16n°EJ . . .
With a support stiffness coefficient equal to c, = i where EJ is the bending stiffness
. . . An°EJ

of the rod that is constant along the length, its main CRF becomes double and equal to the 7

2nd CRF of a single-span rod. It corresponds to two linearly independent BMs, defined by the
equations ([10]):

1 (¢ . (2rX
U, (X)=—,/=sIn| — |, 13
()= 2 sin| 2] 13

. [ 2mX) 27X A . /
sin + . —, if x < —,
14 ¢/ | 167°EJ 2

= (14)

y(x)= {Sin[ZR(i_x)}Zn(Z—x)}_ £ ol ov<

/ 167°EJ " 2

The form v, (x) is shown in Fig. 2 a), y(x) —in Fig. 2b). In all figures, the distance from

the left end of the rod is plotted along a horizontal line and is indicated in fractions of 7. Vertically
3

at R=1.

in Fig. 2 b) ordinates y(x) are shown in fractions of

0 0.2 0.4 .6 0.8 1

*EJ

a) b)
Fig. 2. BMs of the rod shown in Fig. 1, corresponding to its main double CRF

Constant coefficients in equations (13) and (14) are determined by normalization conditions.
The form v, (x) satisfies the condition:
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l

(sz,vz):jvf(x)dx:l. (15)

0
The form y(x) corresponds to a reaction value of the intermediate support equal to 1. In this

case:

30
128 r*(EJ)"
The forms v, (x) and y(x) also satisfy the orthogonality condition:

(Ny.y)= [y (x)x=

Nyv2 Iy dx 0.

Due to symmetry of y(x) on the intermediate support y'(¢/2)=0 (see Fig.2b)), from
where, according to equation (5) equalities follow:
o __prIRE(2)] _[0h(4/2)] _167°E

o Ny J(Nyy) VB2

They correspond to two perturbed BMs:

10906+ 57 00 =y (5 L T e 1)

\/’£5/2
- y(x)_sﬁanJ % (x)= y(x)_16n3EJ

e (22

167°EJ /
The forms y, (x) and y, (x) are shown in Fig. 3 a) and 3 b) respectively.

0.25 0.25

a) b)

Fig. 3. Perturbed BMs of the rod shown in Fig. 1, corresponding to its main double CRF
when the support shifts in the limitat s > s, =4/2;a) -y, (x), b) - y, (X)

Example 2. A two-span rod (Fig. 4) of length 7, supported at the ends on hinged supports,
one of which is absolutely rigid and the other deformable, is compressed by a longitudinal force
constant along the length.

P

>
4

Fig. 4. A rod having a double main CRF at c=P,/(¢-a)
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It has a double main CRF equal to the 2nd CRF P, of a single-span rod supported at the ends
on absolutely rigid hinge supports, provided that the absolutely rigid intermediate support is located
in the node of the 2nd BM of this single-span rod, corresponding to P,, and the stiffness coefficient
of the end deformable support is equal to c= Pz/(z—a), where a is the coordinate of the

intermediate support, equal to the distance of the node of the 2nd BM of the single-span rod from
the rigid end support.

This CRF corresponds to two linearly independent BMs, one of which vz(x) is the BM of a
single-span rod supported at the ends on absolutely rigid hinged supports which corresponds to its
2nd CRF equal to P,, and the second is the semi-curved one ([2, 3, 9]) and is determined by the
equalities:

0, if x < a,

u(X):{ v,(X)- 0, (a)(x-a),if a <x </

The form u(x) for a prismatic rod of a constant bending stiffness is shown in Fig. 5 a),

(16)

where the ordinates are indicated in fractions of E\/g according to the definitions of
T

equations (13) and (16) and normalization of the form v, (x) by equation (15).

Fig. 5. BMs of the rod shown in Fig. 4 for a prismatic rod of a constant bending stiffness;
a) —semi-curved u(x), b) — y(x) orthogonal to v, (x)

Unlike the previous example, the forms v, (x) and u(x) are not orthogonal. Therefore, to

determine the perturbations of the CRFs and BMs, we form their linear combination:
y(x)=10,(x)+ru(x), (17)
which will be orthogonal to v, (x) at

In this case, as calculations show,

p
(Ny,y)=[y?(x)dx =270} (a)(£-a)— (1 +1).

0

The form y(x) for a constant bending stiffness is shown in Fig. 5 b) in the same units as
u(x) inFig. 5 a).

Since when the rod is buckled according to the form v, (x) , all support reactions are equal to
zero, when buckling according to the form y(x) they will be the same as when buckling according
to the form ku(x), in which the left end support is not loaded, and the two remaining reactions
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form a couple in which the reaction of the end support is equal to R(f) = cy(() , and the reaction of
the intermediate support is equal to:
R=R(a)=—cy(¢)=crv,(a)(/—a)=PAv,(a).
Moreover, since u'(a)=0, from equation (17) it follows that y'(a)=v,(a). This allows us

to write down the equations (5) in the form:
2

! ! 2q N’
R+P=T0 Pbpa:—q?, (18)
where g =Ruv, (a)=PBAvy (a), Y =(Ny,y).

From equation (18) we find:

1-v1+Y
q Y

2 1-V1+Y , ,
= Py (a)T , R/ =Prv}(a)

1++/1+Y
—Y .

The corresponding perturbed forms according to equations (7) and (8) are determined by the
equalities:

P’ =

a

Y, (%) =Y ()= (L V1Y o, (1) ¥ (%)= Y (x)+(VB+Y ~1), (x). (19)

In the case of a rod of a constant cross-section:

vz(x)zl\/zsin(%j, h=-2, Y=5,
m\2 l

and perturbed BMs y, (x) and y, (x) calculated according to equation (19) take the form shown in
Fig. 6 a) and 6 b) respectively.

I ! ! /—\ y | | | |
0 2 . 0.6 0.8 1 0 0.2 0.4 ! 0.8 I
4 4
a)

b)

Fig. 6. Perturbed BMs of the rod shown in Fig. 4, corresponding to its main double CRF
when the intermediate support is shifted in the limitat s —s, =//2; a) - y, (x), b) - y, (x)

All calculations in the examples are performed on the basis of known exact analytical
expressions for the influence functions of compressed prismatic rods with constant bending stiffness
along the length [10].

Conclusions. The results of the article allow, in addition to the perturbations of critical forces
caused by small displacement of supports, to obtain information about the appearing buckling forms
of rod systems, as well as to establish some of their geometric features. This information can be
used in solving various problems related to the design and operation of such systems.

The study made it possible to better understand and quantitatively estimate the influence of
changes in the position of constraints on the critical forces and forms of buckling of rod systems.
The use of the results presented in the article will make it possible to increase the efficiency of the
design and operation of engineering structures containing elements operating under conditions of
axial compression. It can be suggested that the ideas and results used in the article can be applied in
the future when solving more complex problems of control and optimization of the mechanical
characteristics of various engineering structures.
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ITPO 3BYPEHHS ®OPM BTPATH CTIMKOCTI CTPUKHEBUX CUCTEM, SKI
BIAMOBIIAIOTh KPATHUM KPUTUYHUM CUJIAM, IIPH 3MIHI TIOJIOKEHb
B’SI3EN

Bbexmaes C.41.,

s.bekshayev@gmail.com, ORCID: 0000-0002-5752-5321
Ooecwvra Oeporcasna akademisa OyOiGHUYMEa ma apximexkmypu
Byq. Jlinpixcona, 4, m. Oneca, 65029, Ykpaina

Anortania. CTaTTd NPUCBAYCHA MOCHIPKCHHIO BIUIMBY PO3TAIIyBaHHS OINOpP CTPHKHEBHUX
CHUCTEM, 110 MICTATH MO3/I0BKHBO CTUCHYTI €JIEMEHTH, Ha X KPUTHYHI CUJIU Ta BiAMOBIAHI hopMH
BTpaTu CTiikocTi. baraTto nmuTtanp, MOB'SI3aHUX 3 MPOEKTYBAHHSAM 1 €KCIUTyaTalli€l0 TaKUX CHUCTEM,
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30KpeMa 13 3a0e3MeUCeHHSIM 1XHbOI CTIMKOCTI, BUMAraroTh ypaxyBaHHS OCOOIMBOCTEH mux (opwm,
30KpeMa pO3TallyBaHHs iX BY3IiB, TOUYOK €KCTpeMyMiB Ta iH. OCOOMUBY CKIIAJHICTh MPEACTABIIIE
BUIAQJIOK KPaTHOI KPUTHYHOI CHJIH, 7S SIKO1 (hopMa BTpaTH CTIMKOCTI HE BU3HAYEHA OJHO3HAYHO,
OCKIUTBKM KpaTHIM KPUTHYHIN CHIII BIJIMOBiAa€ HECKIHUEHHA KUIbKICTh (popM BTpatu cTiliKocTi. Y
3ampoIOHOBaHIA poOOTI JUIsi BHUNAAKY 30cepekeHoi nedopMoBHOT ab0 aOCONMIOTHO KOPCTKOI
HIApHIPHOI OMOPH BUBYEHO, SIK MIPHU MAJIOMY 3CYBi ONOPHU 3 KPaTHOI KPUTUYHOI CHIIM yTBOPIOIOTHCS
JIBI TIPOCTI, a 3 HECKIHUEHHOI MHOKHHU ()OPM YTBOPIOIOTHCS JIBI OJHO3HAYHO BU3HAYCHI (HOPMHU.
[Ipy 1BOMY CYTTEBO BHUKOPUCTOBYIOTHCS AHANITUYHI Ta SAKICHI METOOM Teopii CTIHKOCTI
CTPWKHEBUX CHCTEM, 30KpeMa, BIJOMiI TEOpPEMH IpO BIUIMB HAKJIAJaHHS B'A3€il Ha IX KPUTUYHI
CWJIH, 2 TAKOX BCTAHOBJICHI PaHIIIe CITIBBITHOIICHHS, 110 BU3HAYAIOTh MMOXI1/IHI BiJI KpUTUYHUX CHII
[0 KOOpJAWHATaM, $KI BH3HAYAIOTh I[OJIO)KEHHS OMNOp, L0 MEPEeMINIyIOThCS. 3ampONOHOBAHO
aHAJIITHYHI BUPA3H, K1 J03BOJIIOTH OMMCATH 3HOB YTBOPEHI (OPMH NPH MaluX 3CyBax OMOPH B
TOH 4M 1HIIUHI OiK, 3 IKMX, 30KpeMa, BUIIJIUBAE, 10 Ha OTIOPI, 110 MEPEeMIIIYEThCS, KYTH HAXUITy OCi
CTPWXXHA JUIA IHMX (OpPM IpPU OJHOMY 1 TOMY K 3HAUEHHI peakiii OMOpH YMCENBHO PiBHI, aie
MPOTUJICKHI 3a HaNpsIMKOM. BHCHOBKM CTaTTi MpPOJEMOHCTPOBaHI Ha KOHKPETHUX MPHUKIAIaX
JIBOIIPOTOHOBUX MPHU3MATUYHUX CTPUXKHIB, CTHCHYTHUX MOCTIHHOIO MO JOBXHHI TO30BXXHBOIO
cwiol. B oIHOMY 3 HUX BapilO€ThCS MOJOXKEHHS MPOMDKHOI OMOpH, IO AePOpPMY€EThCS, MpU
abCOIIIOTHO KOPCTKHUX KpaifHixX oropax. B iHIIOMyY nepeMilry€eThest MPOMiXKHA a0COTIOTHO JKOPCTKA
OI0pa, KOJM OJHA 3 KpalHIX OMOp Mae CKIHYEHHY >KOPCTKiCTh. B 000X mpukiazax mnpu neBHOMY
3HAYEHHI KOPCTKOCTI JIe()OPMOBHOI OTIOPH OCHOBHA KPUTHYHA CHJIA CTA€ IBOKPATHOIO i CTPUIKCHD
MOXE BTpayaTH CTIHKICTh MO Oyab-fKiii 3 HECKIHYEHHOT MHOXXMHU KoHOirypamiit. [Ipsmi
00YMCIICHHS, BUKOHAHI JJIS MX BUIMAJIKIB, MIOKA3yIOTh, 110 3CYB MPOMDKHOI ONOPU MPHU3BOIUTH 10
e(eKTy, OMUCAHOI0 y CTaTTl, Ta MIATBEP/KYIOTH ii pe3yJbTaTH.

KarwouoBi cioBa: CTiiiKicTh, KpUTHYHA cWia, (opMa BTpaTH CTiliKocTi, 30ypeHHS, B’s3b,
3MiHa MOJIOKEHHS.
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PRACTICAL ANALYSIS METHOD OF
REINFORCED CONCRETE FRAME STRUCTURES
WITH CONSIDERATION OF CREEP AND CRACKING IN CONCRETE
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Abstract. The article is devoted to enhancing the practical method of reinforced concrete
frame structure analysis with consideration of the creep and cracking processes in concrete. The
proposed method is based on the usage of a linearized diagram of a bending moment and curvature
relationship for reinforced concrete bending elements. The formulas for evaluation of the bending
stiffness of reinforced concrete elements with consideration of creep and cracking of concrete are
given. The proposed formulas are based on the linear creep theory that assumes a linear relationship
between stresses and elastic deformations as well as between stresses and creep deformations. The
algorithm for drawing of linearized diagrams "bending moment vs curvature™ for reinforced
concrete elements of rectangular cross-section with consideration of creep and cracking is
described.

The analysis of portal reinforced concrete frames used in the experimental research of other
authors was made to verify the proposed practical method. Experimental research provided tests of
frames by the short-term loads for the definition of the bearing capacity and by the long-term loads
of the different intensities. According to geometrical dimensions, reinforcement schemes, and
materials properties of the experimental frames the linearized diagrams "bending moment vs
curvature™ were drawn with the usage of the proposed algorithm. Tables with the comparison of
bending moments values obtained by the analysis results with values obtained during experimental
research are given. Statistic analysis of the ratio of theoretical values of bending moments to
experimental values at the action of short-term and long-term loads shows good agreement with
differences less than 10%.

Keywords: reinforced concrete, creep, cracking, bending moment, curvature.

Introduction. Concrete, which is the main component of reinforced concrete structures, has
physical and mechanical properties that change over time and under the influence of the applied
load. Consideration of a concrete creep plays a particularly important role in determining and
predicting the stress-strain state of building structures during the restoration, reconstruction and
decommissioning of construction facilities. Thus, the development and improvement of practical
methods for the analysis of reinforced concrete structures that are applicable for consideration of the
processes of cracking and creep in concrete is an important task.

Analysis of Recent Research. The work of many scientists has been devoted to the study of
the effect of concrete creep on the stress-strain state [1-12].

Modern works distinguish between the following concrete creep theories:

— The theory of aging.

— The theory of elastic inheritance.

— The theory of hereditary aging.

According to the aging theory, creep deformations depend on stress levels and time. It is
assumed that the creep curves corresponding to the loading at different ages are parallel to each
other.
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The theory of elastic inheritance assumes complete reversibility of creep deformations. In
addition, according to this theory, the elastic modulus of concrete has a constant value and does not
depend on the age of the concrete. Therefore, the theory of elastic inheritance can be used only for
the analysis of structures made of "old" concrete.

The theory of hereditary aging is a combination of the above-mentioned aging theory and elastic
inheritance theory, which allows us to characterize the creep processes of concrete most completely.

The contemporary normative documents [13, 14] regulate the determination of only the
maximum creep rate at a constant stress level. In this case, it is assumed that creep depends on the
duration of the load, concrete class, open surface modulus, and cement class.

Purpose of Research. The purpose of this work is to study the effect of creep and cracking in
concrete on the bending moment-curvature diagrams and to improve the analysis method of
reinforced concrete frame structures using bending moment-curvature diagrams that allow
considering the effect of creep and cracking in concrete.

Research Method. The linear creep theory based on linear relationships between both
stresses and elastic strains and between stresses and creep strains is adopted in this paper to consider
the influence of time on the physical and mechanical properties of concrete.

In analysis of reinforced concrete structures with creep and cracking consideration, the
stiffness of their elements, and thus the behavior of the structure under load, depends on the
distribution of internal forces and their changes over time (t-to).

In this paper, it is assumed:

t — is the current age of concrete for which the stress-strain state of the structure is determined;

to — is the age of concrete at the time of load application.

The time starts from the moment the concrete begins to harden. The term "age of concrete”
means the time interval from the beginning of concrete hardening to the considered time (t or to).

The stiffness of reinforced concrete structural elements in the case of bending under the
proposals outlined in [2, 3], can be determined by the following formulas:

— in the absence of cracks in the concrete:

B™(t)=E, (t)1,, 1+ p, pa () (1+o(t1,))

(o)) [t pra (O o(th))]

where B(t) is long-term bending stiffness with the creep consideration of bent reinforced concrete

element under the action of the long-term load at the moment of time t;

Ec (t) is the elasticity modulus of concrete at the moment of time t;

Ired is the reduced moment of inertia of the reinforced concrete element cross-section;

pt is a reinforcement ratio, equal to the ratio of the reinforcement area to the area of concrete,
but no more than 0.02;

p1 Is the factor that characterizes the geometry of the cross-section, position of
reinforcements and stress state;

a (t) is the ratio of the reinforcement elasticity modulus to the elasticity modulus of
concrete;

o (t,to) is creep coefficient;

— in case of cracks in the concrete:

. B™(t)

B; (t)1+(p(t’t0)£ﬂl+ﬂz('\&0£cn,

where BL'(t) is long-term bending stiffness with the creep and cracking consideration of bent
reinforced concrete element under the action of the long-term load at the moment of time t;
p1 and f2 are factors that depend on cross-section parameters;
Merc is a value of the bending moment that causes the first crack;
ML is the bending moment caused by long-term loads.

1)

(2)
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The following algorithm for drawing bending moment-curvature diagrams with consideration
of the creep and cracking processes is proposed in this article:

1. The following parameters are used as initial: class of concrete C; amount of air involved v;
the specific weight of cement dough in the concrete mixture Pr; relative humidity of the
environment W; the design value of reinforcement compressive strength Rsk for the first group of
ultimate states; the elasticity modulus of reinforcement Es; height h and width b of the cross-
section; constant values ¢k=0.5 and k=1 applied according to the recommendation [15]; a
parameter fo that characterizes the curvature of the stress curve in the compressed zone of concrete.

2. The open surface modulus Mo is calculated according to the given shape and dimensions
of the cross-section by the following formula:

Mo =1, (3)
where u is the perimeter of the cross-section that corresponds with the open surface;
A is a cross-sectional area.

3. According to the applied initial parameters, the table parameters are evaluated from the
reference tables given in the recommendation [15] coefficients vk and v. that depends on the class of
concrete in terms of compressive strength; dimensionless coefficient ke for concretes with coarse
aggregate and for fine-grained concretes with quartz sand; parameter s that characterize the
influence of elastic properties of aggregate in concrete; coefficient &3. that depends on the humidity
of the environment; coefficients y, y1, and & that depend on the modulus of the open surface;
coefficient d that depends on the time of sample loading and the modulus of the open surface.

4. The physical and mechanical properties of concrete at the age of t and toare calculated:

— the cubic strength of concrete fCckcupe(t) that is determined in accordance with the
recommendations [15] and is based on the strength corresponding to a given class of
concrete at the age of t = 28 days by the following formula:

23 t-28
fe  (t)=|1+ : C 4
o (1) [ 55+C t+llj )
— the initial elasticity modulus of concrete by formula:
400sf e (1)
E — ck,cube ) 5
() P+ f2 e (1) ©)

ck ,cube

5. The following geometric properties of the cross-section are determined: the ratio a(t) of
the concrete elasticity modulus Ec(t) to the reinforcement elasticity modulus Es; the cross-sectional
area Ared(t) of the reduced section; the first moment of the reduced section Sreda(t) concerning the
axis passing through the lower edge of the section; coordinate of the gravity center of the reduced
section Yyred(t) concerning the axis passing through the lower edge of the section; moment of inertia
of the concrete section concerning its central axes lco; moment of inertia of concrete section lc(t)
concerning the central axis of the reduced cross-section; moments of inertia of the reinforcement in
the stretched Is(t) and compressed Is’(t) zones; moment of inertia of the reduced section Ired(t)
concerning its central axis; coefficient that characterizes the geometry of the cross-section of the
element, the location of the reinforcement, and the stress state pa(t); reinforcement ratio of the
cross-section pr.

6. The creep rate of concrete at age t under load applied at age to is calculated by the
formula:

1 1

C(t.ty) “EW) EQ@ +C" (0,28)&,.5,.Q(t,) f (t—t,), (6)

where CN(0,28) — is the ultimate value of the creep rate of concrete loaded at the age of 28 days
after curing in natural conditions, calculated by the formula:

CN (0, 28) =Kk, {%} ()
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Q(to) — is a function that considers the influence of the concrete aging on the creep rate,
evaluated by the formula:

Q(t))=c, +dexp(—1t,); (8)

f(t —to) — is a function that considers increasing the creep rate with time, evaluated by the
formula:

f(t—t,)=1-kexp[ -7 (t-t,)]- (9)

7. The bending moment at which cracking processes are beginning in the reinforced
concrete element at age t is calculated:

M, (t) =W, () f (1), (10)
where Whpi(t) — is the elastic-plastic section modulus;
fetk — IS the characteristic value of the concrete strength in tension.
8. The ultimate value of bending moment that can withstand the cross-section of a
reinforced concrete element at age t is calculated:

|\/|u (t) _ fck,prism (ztib:min (t,to) + RskAsc I:h —c— Xmin (t,to ):I, (11)

where fekprism(t) — is the characteristic value of the prismatic compression strength of concrete at the
age t that can be defined by the formula (4) with the usage of the characteristic value of
the prismatic compression strength of concrete fekprism at age t= 28 days instead of
concrete class C;
Xmin(t,to) — is the minimum height of the compressed zone of concrete;
c — is the concrete cover of reinforcement in the tension zone.

9. The long-term bending stiffness with creep consideration B*(t) of a reinforced concrete
element is calculated by formula (1).

10. The long-term bending stiffnesses with creep and cracking consideration BL*(t) of a
reinforced concrete element are calculated by formula (2). In this case, the stiffnesses at values of
long-term bending moments ML = Merc(t) and ML = Mu(t) are calculated.

11. The ultimate values of the element curvature are calculated using the following formulas:

_ |vlcrc _ Mcrc _ Mu(t)
ATE TR PR

12. Based on the obtained values of the ultimate bending moments Mecrc(t), Mu(t) and
curvatures yi, 2, x3, @ bending moment-curvature diagram is drawn.

Results of Research. To verify the proposed practical method for consideration of creep and
cracking processes in concrete, the authors compared the analysis results with the experimental data
obtained at the Kyiv National University of Civil Engineering and Architecture by A.Y.
Barashikov, L.A. Murashko, and G.M. Reminets [5]. These experimental studies contain
information about the testing of U-shaped reinforced concrete frames, the design scheme of which
is shown in Fig. 1. There were the following series of frames: RP2s tested by a single short-term
load to failure; R0.25 and RO0.5 tested by the long-term load of different intensity.

The frames had the following design dimensions in the axes: height H = 1125 mm; span
length L = 1500 mm. The beam had a cross-section of 120 x 170 mm, and the column had a cross-
section of 120 x 135 mm. Class A-11 reinforcement with yield strength oy = 338 MPa and elasticity
modulus Es = 213000 MPa was used to reinforce the frame. The columns are reinforced by two rods
with a diameter of 10 mm near the inner face and two rods with a diameter of 14 mm near the outer
face of the cross-section. The beam is reinforced by two rods with a diameter of 14 mm near the
bottom and top faces of the cross-section. In this case, the top reinforcement was located only above
the supports on a section of 500 mm in length.

(12)
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Fig. 1. Design scheme of frames RP2s, R0.25 and RO0.5:
a — scheme of reinforcements; b — columns cross-section; ¢ — beam cross-section

Samples of the frame RP2s were tested under a single short-term load until failure at the age of
28 days. The prismatic strength of concrete at the time of testing was fcds = 36.2 MPa. The test
samples were loaded with two concentrated forces applied at a distance of 500 mm from the
columns axes. The load was applied to the frame in steps of 5 kN.

Samples of frames R0.25 and R0.5 were used to study the effect of long-term action of load
respectively of 10 and 20 kN, applied at the age of 28 days. The duration of the load was up to 293
days.

For the opening of the static indeterminacy of the experimental frames, the force in the
tightening was measured using a flat dynamometer. Based on the experimental values of the force
in the tightening H, the values of the support Msup and span Msp bending moments were calculated.

The bending moment-curvature diagrams drawn following the algorithm described above
were used for the analysis of the experimental frames. The corresponding diagrams for the designed
cross-sections of the columns and beam are shown in Figs. 2 and 3.

1”1 kNm
10+

8__

6,,

] 6 7 8 o 2101m

Fig. 2. Bending moment vs. curvature diagram for the column elements

Using a program compiled in the computer mathematics system MATLAB, according to the
algorithm for determining the stress-strain state of reinforced concrete frame structures proposed in
[5], the above-described reinforced concrete frame RP2s was calculated at each load stage. Table 1
shows a comparison of the experimental values of bending moments with the theoretical ones
obtained by analysis with the usage of the bending moment-curvature diagrams drawn according to
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the proposed methodology. The table also shows a statistical assessment of the distribution of the
ratio of the experimental and theoretical values of bending moments Mexp/Mteor.

AM., kNm

157

12+

9__

] < ¢ 210 1/m
Fig. 3. Bending moment vs. curvature diagram for beam elements

Table 1 — Comparison of experimental and theoretical values of bending moments
in the frame series RP2s [5]

P, kN H™®, Mgy Maeny M My MSTen MY

’ kN m m My m m Mg
2 0.298 0.336 0.3513 0.9556 0.6643 0.6487 1.0240
4 0.476 0.533 0.6715 0.7937 1.467 1.3285 1.1043
6 0.796 0.892 1.0072 0.8856 2.108 1.9928 1.0578
8 1.200 1.344 1.343 1.0007 2.656 2.657 0.9996
10 1.961 2.196 1.6787 1.3082 2.804 3.3213 0.8442
15 2.678 2.999 3.1516 0.9516 4.501 4.3484 1.0351
20 3.352 3.754 3.9478 0.9509 6.246 6.0522 1.0320
25 4.360 4.883 47715 1.0234 7.617 7.7285 0.9856
30 5.670 6.350 5.5655 1.1410 8.65 9.4345 0.9168
35 6.010 6.731 6.4334 1.0463 10.769 11.0666 0.9731
40 7.118 7.972 7.2438 1.1005 12.028 12.7562 0.9429
45 8.000 8.960 8.6582 1.0349 13.54 13.8418 0.9782

50 9.860 11.043 13.957

Sample mean, My 1.016 0.991

Sample variance, Dy 0.017 0.005

Sample coefficient of variation, Cy 0.129 0.069
Confidence interval upper limit 1.087 1.028
(at P =0.95) lower limit 0.945 0.954

Also, using the compiled program, the analysis of the experimental frames R0.25 and R0.5
was performed at load duration of up to 293 days. For frames R0.25, the analysis was performed at
a constant load of 10 kN, and for frames R0.5 — 20 kN. Tables 2 and 3 show a comparison of the
results of the experimental research and theoretical values of bending moments obtained by the
proposed methodology, as well as a statistical assessment of the distribution of the ratio of
theoretical and experimental values of bending moments Mexp/Mteor.
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Table 2 — Comparison of experimental and theoretical values of bending moments
in the frame series R0.25 under the long-term load of P = 10 kN [5]

tdays T Mfﬁrp: kN '\"53%;; kN "\\A/'_f 55;; kN '\"53;' kN I\'\;:p
0 1.74 1.95 1.6787 1.162 3.23 3.3212 0.973
13 1.72 1.93 1.6665 1.158 3.23 3.3335 0.969
27 1.65 1.85 1.6585 1.115 3.28 3.3415 0.982
41 1.63 1.83 1.6532 1.107 3.27 3.3468 0.977
55 1.63 1.83 1.6494 1.109 3.27 3.3506 0.976
69 1.63 1.83 1.6466 1.111 3.27 3.3534 0.975
83 1.62 1.81 1.6446 1.101 3.28 3.3554 0.978
97 1.62 1.81 1.6430 1.102 3.29 3.3570 0.980

111 1.62 1.81 1.6418 1.102 3.28 3.3582 0.977
125 1.62 1.81 1.6409 1.103 3.28 3.3591 0.976
139 1.62 1.81 1.6402 1.104 3.28 3.3598 0.976
153 1.61 1.80 1.6397 1.098 3.27 3.3603 0.973
167 1.61 1.80 1.6393 1.098 3.27 3.3607 0.973
181 1.61 1.80 1.6390 1.098 3.26 3.3610 0.970
195 1.60 1.79 1.6388 1.092 3.26 3.3612 0.970
209 1.60 1.79 1.6387 1.092 3.26 3.3613 0.970
223 1.60 1.79 1.6386 1.092 3.24 3.3614 0.964
237 1.59 1.78 1.6386 1.086 3.24 3.3614 0.964
251 1.59 1.78 1.6386 1.086 3.24 3.3614 0.964
265 1.59 1.78 1.6386 1.086 3.24 3.3614 0.964
279 1.59 1.78 1.6387 1.086 3.24 3.3613 0.964
293 1.59 1.78 1.6388 1.086 3.24 3.3612 0.964
Sample mean, My 1.103 0.972

Sample variance, Dy 0.000409 0.000034
Sample coefficient of variation, Cy 0.0183 0.0060
Confidence interval upper limit 1.112 0.974
(at P =0.95) lower limit 1.095 0.969

Conclusions:

1. A practical model of reinforced concrete elements that considers the creep and cracking
processes in concrete is proposed.

2. An algorithm for drawing linearized bending moment-curvature diagrams considering
creep and cracking processes in concrete is formed.

3. A MATLAB program for drawing linearized bending moment-curvature diagrams
considering creep and cracking processes in concrete has been developed.

4. A program in the computer mathematics system MATLAB for the analysis of reinforced
concrete frame structures considering concrete cracking has been improved for concrete creep
consideration.

5. Results of analysis made by the proposed methodology coincide with the results of
experimental research of other authors, with difference of up to 10%.
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Table 3 — Comparison of experimental and theoretical values of bending moments

in the frame series R0.5 under the long-term load of P = 20 kN [5]

HER ML MEGN MBS MPg MPy M
t days kN m m Mo m m M

0 3.85 4.31 3.9478 1.092 6.02 6.0522 0.995

13 3.73 4.18 3.8903 1.074 6.11 6.1097 1.000

27 3.73 4.18 3.8471 1.087 5.87 6.1529 0.954

41 3.72 4.17 3.8156 1.093 5.85 6.1844 0.946

95 3.69 4.13 3.7919 1.089 5.85 6.2081 0.942

69 3.65 4.09 3.7734 1.084 5.87 6.2266 0.943

83 3.64 4.08 3.7589 1.085 5.88 6.2411 0.942

97 3.62 4.05 3.7474 1.081 5.9 6.2526 0.944

111 3.57 4.00 3.7381 1.070 5.82 6.2619 0.929
125 3.56 3.99 3.7305 1.070 5.8 6.2695 0.925
139 3.55 3.98 3.7243 1.069 5.81 6.2757 0.926
153 3.48 3.90 3.7193 1.049 5.87 6.2807 0.935
167 3.49 3.91 3.7151 1.052 5.86 6.2849 0.932
181 3.48 3.90 3.7116 1.051 5.85 6.2884 0.930
195 3.41 3.82 3.7087 1.030 5.92 6.2913 0.941
209 3.41 3.82 3.7063 1.031 5.92 6.2937 0.941
223 3.41 3.82 3.7043 1.031 5.92 6.2957 0.940
237 3.41 3.82 3.7027 1.032 5.92 6.2973 0.940
251 3.41 3.82 3.7013 1.032 5.92 6.2987 0.940
265 3.41 3.82 3.7001 1.032 5.92 6.2999 0.940
279 3.41 3.82 3.6992 1.033 5.92 6.3008 0.940
293 3.41 3.82 3.6984 1.033 5.92 6.3016 0.939
Sample mean, My 1.059 0.944
Sample variance, Dx 0.000592 0.0003
Sample coefficient of variation, C, 0.0230 0.0197
Confidence interval upper limit 1.069 0.952
(at P =0.95) lower limit 1.049 0.936
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NPAKTUYHUA METO/I PO3PAXYHKY _
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AHoTanisg. CrTaTTs NpPUCBAYCHA BJIOCKOHAICHHIO TPAKTHYHOTO METO/a PO3PaXxyHKY
3113006 TOHHUX PaMHUX KOHCTPYKIIIH 3 ypaxyBaHHSAM IIPOIIECIB MTOB3YYOCTI Ta TPIIIMHOYTBOPECHHS
B OeToHi. 3ampornoHOBaHMI METOJ 3aCHOBAaHMI Ha BUKOPUCTAHHI JIHEAPU30BAaHUX Jlarpam
B3a€MO3B 3Ky MDK 3TMHaJIbHUM MOMEHTOM Ta KPUBHU3HOIO 3aJ1300€TOHHOIO €JIEMEHTY, IO
3ruHaeThes. HaBeneHo ¢opMynu s BH3HAYCHHS 3THHAIBHOT JKOPCTKOCTI 3alli300€TOHHUX
€JIEMEHTIB 3 ypaxyBaHHSAM IIOB3Y4OCTI OETOHY Ta TPIIIMHOYTBOPEHHS B HHOMY. 3alpONOHOBaHI
(dbopmMyu 6a3yrOThCS Ha TEOPii JMiHIHHOT MOB3YyYOCTI, KA Mependavae JTiHINHY 3aJeKHICTh K MiX
Halpy>XeHHAMHU 1 TPYyXKHUMH AedopMaIisiMH, TaK 1 MDK HampyXeHHAMH Ta JaedopmarisMu
noB3y4yocti. ONUCaHO alNropuT™M NOOYAOBU JIiHEAPU30BAHUX JiarpaM «3THHAJBHUA MOMEHT —
KpUBH3HA» AJIs 32113006 TOHHUX €JIEMEHTIB MPSIMOKYTHOTO MONEPEYHOro Mepepisy 3 ypaxyBaHHAM
MOB3YYOCT] Ta TPIIMHOYTBOPEHHS.

s Bepudikarii 3armpornoHOBaHOTO MPAKTUYHOTO METO/1a BUKOHAHO po3paxyHkH I1-momiOHoi
3ai300€TOHHOI pamMH, II0 BUKOPUCTOBYBAJIACh Yy EKCHEPUMEHTAIBHUX JOCIIIKEHHIX 1HIINX
aBTOpiB. EkcriepuMeHTanbHI AOCHIHKEHHS Tependadand BUIPOOYBaHHS paMH KOPOTKOYACHUM
HaBaHTAXEHHAM JUIS BHU3HAUEHHS HECydol 37aTHOCTI Ta TPHUBAJIMM HABAaHTaKEHHSAM PIi3HOT
IHTEHCUBHOCTI. 32 JJOTIOMOT'0I0 HaBEIEHOTO AJITOPUTMY Ha I1ICTaBl FEOMETPUYHUX PO3MIpPIB, CXEMU
apMyBaHHA Ta BJIACTUBOCTEH MarepiajiiB JOCIITHMX paM MoOYyJIOBaHI JIiHEApH30BaHI Jiarpamu
«3TUHAILHUI MOMEHT — KPUBH3HA» JIJISl €JIEMEHTIB PaMHOI KOHCTPYKIIii, IKi BHKOPUCTOBYBAIIUCH B
MOJANBIINX po3paxyHkax. HaBemeHi TaOnMili TOPIBHSAHHA 3HAa4eHb 3THMHAJIBHUX MOMEHTIB,
OTpUMAHUX 3a pe3ylbTaTaMH pO3PaxXyHKIB, 13 3HAYEHHSAMU OTPUMaHMMM IiJ 4ac
eKCIePUMEHTANBHUX JOCTiKeHb. CTaTUCTUYHUN aHaji3 BIAHOIIEHHS TEOPETHMYHMX 3HAYEHb
3TUHAJIBHUX MOMEHTIB JI0 €KCHEPUMEHTAIbHUX, SIK MPU KOPOTKOYACHIM, Tak 1 MpH TpUBamiil ii
HaBaHTAaXEHHS BKa3ye Ha 100puii 30ir 13 pizHunero menie 10%.

KurouoBi cjioBa: 3ami300€TOH, TMOB3YYICTh, TPIIIUHOYTBOPEHHS, 3TUHAJIBHUM MOMEHT,
KpUBH3HA.
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Abstract. Mathematical modeling is currently the basis for approximate methods of
calculations and determination of the stress-strain state (SSS) of structures under temperature
effects. It allows numerical finite element (FE) methods to obtain valid solutions to many complex
problems in cases of force and temperature loads acting on statically indeterminate reinforced
concrete structures, including taking into account plastic deformations and non-stationary three-
dimensional temperature fields.

The article describes the main stages of explicit modeling of reinforced concrete protective
structures under power loads and thermal problem features, based on the capabilities of the LS-
DYNA software package. The algorithms of mathematical modeling with a detailed step-by-step
justification of the applied dependencies of the explicit method are described. It is indicated that the
correct choice of interaction criteria and substantiated models based on the analysis of the structure
allows obtaining adequate results of the numerical experiment, confirmed by other researchers.
Dependencies are given that allow calculating the function values at a future time step using already
known function values at the current step and its derivatives. The calculation of the FE node speeds
using the explicit method of integrating dynamic equations is performed using an expression that is
an explicit numerical method for solving the dynamic equations. A basic expression is given for
calculating the accelerations of FE nodes when performing approximation of time derivatives using
the finite difference method.

For a complete set of FE, the fundamental possible displacements of nodes, the generalized
equation of conservation of energy of a solid deformable body, which is discretely imposed on the
FE mesh, are taken into account.

For the case of temperature loads in fire mode, an approach to solving a thermal problem is
presented. It is shown that a substantiated methodology using elements of explicit and implicit
methods allows one to correctly solve the posed thermal problem, taking into account the nonlinear
deformation of the materials of the reinforced concrete protective structure and spatial temperature
fields from the external temperature load.

Key words: explicit integration method, fire load, hexahedral finite element, reinforced
concrete structures, thermal problem.

Introduction. The solution to the problem of determining the stress-strain state of reinforced
concrete protective structures under the influence of force and temperature loads, variable in time
(from fire and local heating by lasers, etc.) is impossible without the use of approximate numerical
methods. At the present stage, two classes of them are used: explicit and implicit.

The main difference between them is how the new value of the function at the next point is
calculated. Explicit methods are characterized by the calculation of new values of a function solely
through the known values of the function and its derivatives at previous points, ease of
implementation, which does not require solving systems of equations, and less stability for rigid
systems, that is, systems with different time scales. Therefore, explicit methods may require a very
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small integration step to ensure accuracy. The main one of this group is the Euler method. Such
methods are used to solve simple systems of differential equations.

Analysis of the latest research and publications. Recently, many software packages (LIRA,
LS-DYNA) have successfully implemented implicit methods for solving problems with dynamic
loads, including temperature loads from fire, seismic loads, etc. For this purpose, new finite
elements [1-3] and algorithms implemented in domestic and foreign computer programs are being
developed. In mathematical modeling of thermal problems using implicit methods, a new value of a
function is calculated from an equation that includes both known values of the function at previous
points and an unknown value at the next point. Such methods are much more complex to
implement, since they often require solving a system of nonlinear algebraic equations at each
integration step, but they allow non-stationary spatial temperature fields to be modeled with
sufficient accuracy [4]. In this case, a solution is obtained for rigid systems of differential equations,
for which the main criterion is to ensure process stability with lower accuracy. An example of the
implementation of both classes of methods under the action of temperature and force loads is the
LS-DYNA software package, which allows solving a large group of problems of contact interaction
of solid deforming bodies [5-7].

Objective of the work. Using the capabilities of the LS-DYNA software package, develop a
version of a substantiated mathematical model of a reinforced concrete protective structure to
determine its SSS when concrete with cracks and reinforcement beyond the yield point operate
under conditions of emergency force and temperature loads.

Research methodology. An example of the practical application of the capabilities of the
specified complex is the solution to the problem of determining the fire resistance limit of the wall
of a reinforced concrete storage facility for spent nuclear fuel. A numerical experiment was
conducted for the most dangerous cross-section of a precast reinforced concrete structure, the
concrete of which was modified with a complex additive Berament A2 [8], which reduces the
amount of free water in the pores and increases the protective properties of the material (Fig. 1).
Finite element modeling was performed for the fragment and the initial data and parameters of heat
exchange processes were specified.
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Fig. 1. Fragment of a reinforced concrete load-bearing wall of a protective structure:
a — the most dangerous cross-section of the wall; b — reinforcement diagram of the dangerous
Ccross-section

The selected size of the FE and their number ensure high performance of calculations without
reducing their accuracy. When specifying the external load, explicit integration methods were used,
and when specifying the fire load, a thermal problem was solved.

Results of the study. The LS-DYNA complex includes several resolvers with an explicit type
of integration over time. This method of mathematical modeling allows for the numerical solution
of differential equations or other mathematical models based on the calculation of function values at
individual points in time or space.

For the Euler method with one variable (y'=f(t, y)), the value of the function y at the next step
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(t+h) of integration is determined through the known values of the function at the previous step (t)
and its derivatives with respect to time and the function at this point according to the expression [9]:

Yn+1 = Yn + h-f(tn yn), Q)

where: yn+1 is the function value at the future time step; yn is the function value at the current time
step; h is the time step; tn is the time at the current time step; f(tn,yn) is the function value f at the
point (tn,yn), which is known.
The value of yn+1, at the next time step (tn+1 = ta + h), is calculated in four intermediate steps
k1, k2, ks and ks and is determined as follows:
calculation of ki:

klzh' f(tnYn)1 2
calculation of ko:
h k
K, =h-f(ta+—,yn+-1), 3
(th ) Yn 5 ) (3)
calculation of ka:
h k
k,=h-f(th+—,yn+-2), 4
(th ) Yn 5 ) (4)
calculation of ka:
k.=h-f(t,+h,y,+k,), (5)
final calculation:
yn+1=yn+é-(k1+2k2+2k3+k4), (6)

where: h is the time step, tn is the time at the current step, yn s the value of the function at the current
time step, f (t, y) is the function defining the differential equation, ki, kz, ks, ks are intermediate steps
that help in calculations.

The calculation of the velocities of the nodes of the FE using the explicit method of
integrating dynamic equations is performed using the expression [9-12], which is an explicit
numerical method for solving the equations of dynamics:

Y05 _ (un+1 _ un)/Atn+0.5 ML = " 4 ANHO5,,n+05, @
The displacements of the nodes FE are calculated using the expression:
Xn+1 _ XO n un+1. (8)

Calculation of the accelerations of the nodes of FE when performing the approximation of
time derivatives is the basic expression of the finite difference method:

Q= (Vn+0.5 —Vn_O'S)/Atn _, 05 _\,n-05 +Atnan’ ©
When using the expressions written above, equation (1) takes the form:
Ma"=F" F"=) (F—F"). (10)

! e=1

When solving a system of linear algebraic equations, the acceleration of nodes FE is
calculated by inverting the matrix M:
a"=M7F" (11)
The time step calculation at this stage is carried out using the Courant-Friedrichs-Lewy
number, calculated using the expression:

.
At < Atgpir = min é ’ (12)
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where: c. is the value obtained from the dependence: Ce =N Ee/pe ; le is the spatial step of the
applied FE mesh.

Mathematical models of dynamics and SSS of the structural system are implemented in the
calculation scheme, which takes into account the displacements of a rigid deformable body (RDB),
simultaneously with the motion of the deformable one from the time t = 0 to a given time t. In the
diagram, the RDB in the initial state is marked as Q0. In the initial position, the boundary surface of
the body is designated as I'0. At a given time t, the current position and geometric configuration of
the RDB is designated by Q with the boundary surface denoted by I'. During the period of motion
of a body with the initial configuration Q20 from the initial position to the position and configuration
Q, existing at the current time, a certain point, having the corresponding set of coordinates X in the
initial state and belonging to the region Q0, will move and be localized in the region Q0 with a new
set of coordinates x.

In order to describe the dynamics of the RDB interaction, the basic equation of motion (Fig.
2) taking into account a set of conservative laws of dynamics is adopted in accordance with the
works of Belichko, Bailey, etc. [1-4]. Taking into account the accepted notations, the equation of
the impulse balance, adopted as the basic one, has the form:

ojji+p-fi=p-X, (13)
where: aij, i is the Cauchy stress tensor of RDB at a given point; p — is the density of the material of

RDB at a given point; p-Ti are the external forces applied to the body at a given point of RDB;

' is the acceleration of a given point RDB.

X3

X3
Initial
position

N

0

X/ 98y
/

/

-

Fig.2. Initial and current position of a solid body deformed during motion

The equation of conservation of RDB mass is written as a dependence:
p-det(J)=pg, (14)

where: po is the density of the material in the initial state at a given RDB point; det(J) is the
determinant of the predicted tangent matrix.
The equation for the energy balance law is written in terms of kinetic energy and potential

internal energy, the sum of which is equal to the sum of the work of external forces.

pint _ pkin _ pext _pheat (15)
Kinetic energy can be determined by the expression:
in d
pk =o.5ajpv-vdg. (16)
Q

Internal energy is calculated by the relationship:
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PEr [y phd2 + v-tdr
) .

According to the works [1-4], in the absence of a source of thermal energy, the form of the
energy conservation equation is as follows:

(17)

iJ',ovvint +(0.5pv-v)dQ = Iv-pbdQ+ .|.v~td1“. (18)
dt O i
The energy balance equation taking into account the deformation of RDB takes the form:
- int oV, aVj
=0.50j;| — +—
PW ij |:8XJ aXi :|‘ (19)

The limiting conditions for the limitation of the motion of RDB It are written in the form:
oijnj =ti(t), (20)
where nj is the normal to the limiting surface of RDB, which is necessarily directed outward.

To set the limit conditions for the deformation parameters on the boundary surface of RDB,
we write the expression:

Xi(Xt)=%(t) (21)
In contact interaction between RDB, we write down the given boundary conditions:
(Gij+ _Jij_) n;=0. (22)

For bodies interacting with each other, their current state on virtual displacements ox; can be
written in the form of a work balance equation:

[lo s +0y;-p f]sda+ [logn, - t]axdr+j o7 —o; ) n,exdr =0.
Q Ty

Expression (18) takes on its final form [1-4] after wrltlng the sum of the virtual values of
work, which is equivalent to zero, and carrying out the appropriate transformations:

IIO Xié‘xidQ-l-J-O'ij'jé‘XidQ I,OféXdQ It&xdl“ J.t §X,dF 0
Q Q Iy Ie .

(23)

(24)

The finite element approximation of the main equations of dynamic interaction is
implemented using a dependence that describes the interpolation process within the internal limits
of the FE space of parameter distributions in the following form:

X (X,t) =% (X(&,m.0)t Z¢ EmEX(L). (25)

where m is the number of nodes corresponding to the type and shape of FE; ¢ is the shape function
in parametric form (parameters & 7, £); xi is the current coordinate of the FE node on the
corresponding axis.

For virtual displacements of a mechanical system for FE, the potential energy is determined
from the equation:

M= [ p (OFdQ+ ja,, dQ- [p fiofdQ- [tofdr
Q. Qe Qe I, ;

=t S

For the complete set of FE [2], the principle of possible displacements is taken into account.
In this case, the general equation of conservation of energy of the RDB, discretized onto the FE
mesh, is written by the expression:

(26)

where
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en
Y| [p %@fdQ+ [ojdfd- [p fidfdQ- [tdfdr (=0 27)
e=1 Q, Q. Q. T, .
In matrix form, expression (24) takes the following form:
Y| [PN'NadQ+ [BTe d2- [pN'b d2— [Nt dr [=0, (28)
e=l| q, Q, Q, T,

where: N is the matrix of parametric interpolation functions corresponding to the shape and type of
the FE; is the stiffness matrix; o is the stress vector; a. — is the acceleration vector of the FE nodes;
b is the loading vector; t is the traction force vector..

Eight-node FE massive hexahedral type SOLID (Fig. 3) are adopted for modeling the
behavior of reinforced concrete structures from the PC base. The equation for determining the
coordinates of the nodes of form (26) for a given FE has the form:

8 .
X (Xt)=%(X(Em.8)t)= "2 4;(Em.C X (1) 29)
j=1 ’
where g is the parametric function of the form for the j-th node of the FE of a given type:
¢j =0.125(1+ & 1+ J1+ <25 ), (30)
X; X3
Node| ¢ n ¢
1 o DS |
2 1 -1 -
3 1 1 -1
4 -1 1 -1
5 S 1
6 1 -1 1
7 1 1 1
8 -1 1 1

Fig. 3. Geometry of a hexahedral FE of the SOLID type with eight nodes

Parameters &, 7, {j are adopted in accordance with the calculation scheme.
The interpolation matrix for this type of FE has the following form:

# 0 0 ¢ 0O --- 0 O
N(E7.¢)=|0 ¢ 0 0 ¢ - ¢ O (31)
0O 0 0O O - 0 &
The expression for the stress vector is written as: .
o= (5 x Oy Oz Txy Tyz Tx )T. (32)

This approach allows taking into account the plastic deformation of the power component of
thermal and power loads. To obtain a complete picture of the SSS of a reinforced concrete
protective structure, a heat engineering problem is solved.

Method for solving the thermal problem. To solve the problem of temperature distribution of
parts of structural systems under the influence of standard fire temperature conditions, a non-
stationary differential equation of thermal conductivity is used in the form:
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where: ¢(0) is the specific heat capacity of concrete, depending on the temperature 8 ; A6 is the
thermal conductivity coefficient of concrete, depending on the temperature &; o(6) is the density,
depending on the temperature 6.
Approximation of the differential heat conduction equation using the FE method is performed
using the dependence [5, 13-16]:
[Ce] {6e} + [Ke] {0e} = {Qe}. (34)

he components of the approximation equation are determined by the following dependencies:

Heat capacity matrix of the FE: [Ce] = p-Cp I {N}dV.
\

Thermal conductivity matrix of the FE: [Ke] = J [B]"[D] [B] dV.
\

Temperature interpolation matrix in the FE volume: [B] = {L}{N} 6.
Average temperature in the volume of the FE: 8= {N}T {0e}.
Vector of temperature indicators in the nodes of the FE: {0Oe}.

A 0

0
[Dl=|0 4 0
Matrix of thermal conductivity coefficients: 0 4 .

0
0
Vector differential operator: {L} = {ax 6y 62}

The matrix of heat flows on the faces of the FE: {Qe} = qw J. {N}ds.
S

Vector operator of interpolation of parameters in the volume of the FE: {N}.

To approximate the non-stationary differential equation of heat conductivity (34) for
determining temperature indicators, a system of non-linear algebraic equations is used, which are
written in matrix form as the expression:

[KI{0e} = {Qe}, (35)
ne: [K] is the matrix of equivalent thermal conductivity, depending on all thermophysical
characteristics: specific heat capacity, thermal conductivity coefficient and density of materials of
parts of structural systems.

Then the system of algebraic nonlinear equations (35) in the most general form:

PO} = {Qe}, (36)

where: {P(6)}is a vector that determines the conditions of internal heat flows in the nodes of the FE
and is written according to the values of the heat flux density on the faces of the FE.

The root systems of algebraic nonlinear equations (35) are calculated by iterative procedures
of the Newton-Raphson method [2, 3, 5, 10, 13-16]. The purpose of performing these operations is
to minimize errors and violations. Symbolically, this algorithm can be represented as follows:

{®} = {Qe} — {P(9} — {0}. @37)

The implementation of the Newton-Raphson method becomes possible when using a
truncated Taylor series with a permanent calculation of the error vector remaining in the remainder.
This method of implementation allows solving linear algebraic systems of equations to obtain a
numerical value at a given iteration step. Under these conditions, the system of equations (37) is
written as a matrix equation:

[KQ‘”]{AG(J)} = {Q(‘)}— {P(‘)}_ (38)
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In compliance with the method described above, we perform equilibrium iterations (i=1, 2, 3,
...). The result of performing these mathematical operations are new temperature values at the
current step, which is achieved by calculating in accordance with the dependence:

B0} = o)+ {a00} (39

The process of performing iterations continues until an acceptable convergence is achieved,
meeting the requirements of the established accuracy of the results. Equation (38) contains the
coefficients of the tangent matrix [Kr]. The data are calculated using the expression:

[k$2]= (@L | (40)

d{6}

To write the vector {®} as a truncated Taylor series, the expression below is applicable:

@)= @ }+ K fao®} (41)

i i i-1

where: {Ae()}: {9( )}+ {9( )} is the temperature increment vector for further iteration.

Equation (40) contains {Q®}, which is a vector of heat flux values in the FE nodes, which are
calculated by overwriting the new values of the external heat flux vector. The latter is set by adding
the corresponding temperature increment determined by the specified fire temperature regime and
the specified heat exchange coefficients {Qon}. When using these data, the following components
are updated: the equivalent thermal conductivity matrix [K], which depends on the temperatures
determined at the previous integration step; the equivalent vector of internal heat flux values at the
FE nodes {P(6)},obtained by updating the equivalent thermal conductivity matrix. The parameters
are updated by numerical integration of the vector over time using the Euler method according to

the dependence:
{en+1}_ {en } = Atn (1_ g){en }+ Atng{én+1} (42)

where: Atn is the integration step over time;
¢ is the Euler exponent for the selected integration scheme (the Crank-Nicholson scheme), equal
to 0.5.
The matrix of equivalent thermal conductivity [K] is expressed, taking into account the
application of this scheme, by the dependence:

K]- rleJrlk.]

(43)

To update the vector of boundary heat fluxes {Q(6&)}according to the Crank-Nicholson
scheme, the following dependence is used:

{an»:{oe}ﬁ%ﬂce]{[mn}—[&]{en}

When setting the boundary value problem of heat conductivity, the third-order limit
conditions and the standard fire temperature regime were used [17, 18]. Based on the results of the
numerical experiment on heating a reinforced concrete wall for 180 minutes under the standard fire
temperature conditions, the results of temperature distribution in the wall of the protective structure
were obtained. Thus, the fire resistance limits of the reinforced concrete wall of the storage facility
accepted for the research were determined.

Regularities of changes in the fire resistance limit of a reinforced concrete wall depending on
the loading and mass fraction of the Berament A2 additive were established. The graphs identified
patterns are given at Fig.4. The graphs of the identified patterns are presented in Fig. 4. They show
that the patterns expressing the dependence of the fire resistance limit on the mass fraction of the
Berament A2 additive and the load level are linear.

(44)

.
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Fig. 4. Graphs of the dependence of the fire resistance limit of a reinforced concrete wall on:
a — load factor; b — mass fraction of the additive to concrete Berament A2

In this case, the dependence of the fire resistance limit of a reinforced concrete wall on the
mass fraction of the Berament A2 additive is proportional, and the dependence of the fire resistance
limit of a reinforced concrete slab on the load level is inversely proportional.

Scientific novelty and practical value. Developed on the basis of the capabilities of the LS-
DYNA software package and substantiated mathematical models and algorithms for taking into
account the features of the action of emergency thermal power loads on reinforced concrete
protective structures, models of the operation of reinforced concrete components with plastic
deformations in the reinforcement and cracks in the concrete under the action of such loads allow us
to determine the stress-strain state of the structure until the plastic state is reached.

As a result of the experiment, it was established that the fire resistance limit for the boundary
state of the thermal insulation capacity does not occur during the established time, and the fire
resistance limit for the bearing capacity at a load level of 0.4Qmax for a reinforced concrete wall
was 276 min. The regularities of the dependence of the fire resistance limit of a reinforced concrete
wall on the load level and the mass fraction of the Berament A2 additive were revealed, which are
linear in nature, and its fire resistance increases with an increase in the mass fraction of the additive
from 0 to 2.4%.

Conclusions. The above-stated substantiated methodology using explicit and elements of
implicit methods allowed us to correctly solve the problem, taking into account the nonlinear
deformation of reinforced concrete structure materials and spatial temperature fields from external
temperature load. This approach allows simulating emergency dynamic temperature and force loads
on protective structures, such as a drone strike followed by an explosion and others.
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TEMIIEpaTypHHUX BIUTMBaX. BOHO 03BoJsie uncenbHUMH MeToaamH ckiHdeHHuX enemeHTiB (CE)
OTpUMaTH OOIPYHTOBaHI pPO3B’SI3KM 0araTbOX CKJIAQAHMX 3a7ad y BHUMNAAKax il CHIOBHX Ta
TEeMITIepaTypHUX HaBaHTa)XCHb HA CTATUYHO HEBU3HAYCHI 3a11300€TOHHI KOHCTPYKIIii, B TOMY YHCII
3 BpaXxyBaHHsM IUIaCTUYHMX JAedopMariiii Ta HecTallioHapHUX TPUBUMIPHHUX TeMIIEPATypHUX IOJIiB.
B cTatTi onrcaHi OCHOBHI €Tamy MOJICIIOBAaHHS SBHUM METOIOM 3113006 TOHHUX 3aXHUCHUX CIIOPYI
IIPU CUJIOBUX HABAHTAKEHHSAX Ta OCOOJIMBOCTI TEIUIOBOI 3a/1adi, siKi 0a3yl0TbCs HAa MOKIMBOCTSIX
nporpamaoro komruiekcy LS-DYNA. OmnmcaHo anropuTMH MaTeMaTHYHOTO MOJCTIOBAHHS 3
JIeTaJbHUM MOKPOKOBHM OOTPYHTYBaHHSM 3aCTOCOBAHHMX 3aJIE)KHOCTEH SBHOTO MeTony. BkasaHo,
10 TpaBWIBHUN BHUOIp KpUTEpiiB B3aeMOii Ta OOIPYHTOBAaHMX MOJENIECH Ha IiJCTaBl aHAI3y
KOHCTPYKIIi [103BOJISiE OTPUMATH aJIeKBAaTHI pPE3yJNbTaTH YHCEIBHOTO EKCIIEPUMEHTY, SKi
MIITBEP/UKEHI IHIIMMH JOCTiAHUKaMHu. HaBenmeHi 3aieXHOCTI, SKI JI03BOJISIOTH OOYMCITIOBATH
3Ha4YeHHs (YyHKILII Ha MalOyTHHOMY KpPOLli Yacy 3 BUKOPUCTAHHSAM B)K€ BIIOMHUX 3HA4€Hb (PYHKIIIi
Ha MOTOYHOMY Kpomi Ta ii moximHux. Po3paxyHok mBuakocteil By3miB CE mnpu BuUKOpUCTaHHI
SIBHOTO METOJly IHTE€TpyBaHHS JUHAMIYHHUX PIBHSIHb BUKOHYETHCS 13 3aCTOCYBAHHSM BUPA3y, SIKUH €
SBHAUM YHUCIIOBUM METOJOM pPO3B’S3Ky piBHSAHb JIuHaMmiku. HaBemeHo 0a30Buii Bupa3 uis
po3paxyHKy mpuckopeHb By3iniB CE 3a yMOB BHKOHaHHS ampoKCHMAIlii IMOXiJTHUX 32 YacoM
METOJIOM KIHIIEBHX Pi3HHIIb.

Hns moBHoro Habopy CE BpaxoBaHO NPUHIMUIOBI MOXIIMBI TEpPEMIIIEHHS BY3IiB,
y3arajbHEeHE pIBHSIHHA 30epexeHHs eHeprii TBepaoro aedopMiBHOrO Tina, SKe TUCKPETHO
Haxmanene Ha citky CE.

Jns Bumanky aii TeMIiepaTypHHUX HaBaHTAKEHb B PEKHMMI TOXKEKI HABEACHO MIiAXIT 110
BUPILICHHS TEIUIOBO1 3a1a4i. [lokazaHo, 1o BUKIIaJeHa OOIPYHTOBaHA METOMKA 3 BUKOPUCTAHHSIM
€JIEMEHTIB SBHOTO Ta HESIBHOI'O METOJIB JI03BOJISIE KOPEKTHO PO3B’S3aTH IOCTABIIEHY TEIJIOBY
3alady 3 BpaxyBaHHSIM HENIHIMHOTO JedOopMyBaHHS MaTepiamiB 3alli300€TOHHOI 3aXUCHOI
KOHCTPYKIIi Ta NPOCTOPOBUX TEMIIEPATypHHX TIOJIIB BiJ 30BHIIIHBOTO TEMIIEPATYpPHOTO
HaBaHTAXCHHSI.

Kawu4oBi cjoBa: sBHHH METOJIl IHTEIPYBaHHs, MOKEKHI HABAHTAXXCHHS, T'eKcaeIpaabHHIA
CKIHYEHHHH eTIEeMEHT, 3al1i300€TOHH1 KOHCTPYKIIii, TETJIOBa 3a/1a4a.

Crartsa Haniina g0 penakiii 16.02.2025
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Y0o0ecovra depacasna axademis 6ydisnuymea ma apximexmypu
By Jlinpixcona, 4, m. Oneca, 65029, Ykpaina

AHoTanisg. OcTaHHIM YacoM Yy MPaKTULl OyAIBHULITBA BCe OLIbIIOT MOMYIIpHOCTI HAOYBarOTh
OararomapoBi KOHCTPYKI[i 3aBISKH CBOId EKOHOMIYHIA e(EeKTHBHOCTI, IO B Cy4YacCHHUX
€KOHOMIUYHUX YMOBAax BiJirpa€ MEpLIOPSAHY pPOJib. 3HAYHMNA pe3epB MiJBUIICHHS €()EeKTUBHOCTI
BUKOPHUCTAHHS TAKMX KOHCTPYKLIA — BUKOPUCTAHHS HE3HIMHOI onanxyOku. OQHUM 13 HOIyJIIPHUX
BUPOOHMKIB HE3HIMHOI OnanyOKH i3 TpicKoleMeHTHHX IuT € komnadis VELOX, Bupobu sxoi
3HAWUIIUIM CBOE IIUPOKE 3aCTOCYBAHHS y MAJIONOBEPXOBOMY OyIIBHUUTBI. TpPiCKOLIEMEHTHI IJIUTH —
L€ JIePEBHO-LIEMEHTHO-OCTOHHI KOMITIO3MIIi B «HE3HIMHIA OmamxyOLi» — CHHTE3 HaTypalbHUX
MaTepiajliB — KaMEHIO Ta JIepeBa B Cy4aCHOMY BUIJISIL.

Mertoto 1i€l CTATTI € AOCTLKEHHS poOOTH GaraTomapoBUX IUIUT MEPEKPHUTTSI, BUTOTOBIICHUX 13
3aCTOCYBAaHHSM €JIeMEHTIB He3HIMHOI onanyOoku VELOX, 3a [ii cTaTUYHOrO HAaBaHTaKEHHS IpU
PI3HMX BapiaHTaxX KpiluleHHs onanyOku. BunpoOyBaHHS NOCHIAHUX 3pa3KiB MPOBOAMIN 10 TIOSBH Ta
PO3KPHUTTS HOPMAIBHUX TPIIIMH Y HIDKHINA PO3TATHYTIH 30HI O€TOHY a00 /10 MEePEBUINCHHS 3HAYCHHS
NPOTMHY KPUTHYHOTO 3HaueHHs. Ha mijcTaBi eKCriepuMEHTaTbHUX Ta YMCENbHUX JaHUX OTPUMAHO
3HAYEHHS pyHHIBHUX HaBaHTa)KeHb Ta JePopMaLliil y TOCTITHUX KOHCTPYKIISIX.

VY mpomeci npoBeNeHHS BHUIPOOYBaHb PYHHYBAaHHS JOCITIHUX 3pa3KiB BigOyBasiocs 3a
KIITACHYHOI0 CXEMOIO PYWHYBAaHHS 3THHAJIBHHUX EJIEMEHTIB 3 pO3ApOOJICHHSM OETOHY CTHUCHYTOI
30HM Ta YTBOPEHHSAM HOPMAJBHHUX TPIIIMH. 3a pe3yJbTaTaMu BUIPOOyBaHb BU3HAYEHO BEIMYHHU
BIIHOCHUX JiehopMaliiil KpaiHIX CTUCHYTHUX Ta PO3TATHYTHX BOJIOKOH IUIUTH, @ TaKOX JAedopMarlii
Ha Mexi matepianiB (6erony Ta VELOX), 3HaueHHs nporudis. [ToOyioBaHo BiAnoBiaHI rpagiku.
BuzHauena Hecyda 3MaTHICTh IUIMT, BUTOTOBJIGHMX 13 3aCTOCYBAaHHSIM €JIEMEHTIB HE3HIMHOT
omanyOku VELOX 3 pi3HMMH BapiaHTamMH KpIiIJIeHHS TPICKOIEMEHTHOI TUIUTH (JIOCIiTHI 3pa3Ku
[12, T13), nepeBumIniIa HeCydy 3JaTHICTH 3aii300eTOHHUX IUIUT (MapkyBaHHs I11) Ha 10 Ta 50 %
BIiJITIOBITHO.

3acTocyBaHHS Ha TMpPaKTUIl 0araTromapoBUX KOMIUIEKCHUX KOHCTPYKIINH BHMarae
MOJJAJIBIIOTO MPOBEACHHS EKCHEPUMEHTAJIbHUX JOCHIPKEHb 332 LM HaNpsIMKOM, IO JIO3BOJHTH
3HAXOJIUTU ONTHUMAaJIbHI KOHCTPYKTHBHI PIIIEHHS IS CHOPYJ 13 3aCTOCYBaHHSIM KOHCTPYKIIIH
TaKOTO THITY.

KurouoBi ciioBa: OaratomapoBi mepekpuTTs, He3HiMHa onanyoka, VELOX, pyiiHiBHE
HaBaHTAXCHHSI, TPOTHHH, BITHOCHI AedopMarlii.

Beryn. Baxkko ysiBUTH cydacHe OYIiBHUIITBO 0e3 3ami300€TOHY. 3ami300€TOHHI KOHCTPYKIIIT
BUKOPUCTOBYETHCS IpU OYAIBHMULITBI KMTJIA, TPOMAJCHKUX OyIiBeNlb Ta CIOpPYJH, HPOMUCIOBOMY
OymiBHHLITBI, €(EKTHBHOMY OCBOEHHI TIiJ3€MHOTO MPOCTOPY, TPAHCIOPTHOMY OYIiBHHIITBI,
3BE/ICHHI OYy/IiBeJb Ta CIIOPY/I, 110 BU3HAYAIOTh BUTIIS MICHKOT apXiTEKTYpH.

OctanHiM yacoM HaOyBalOTh AaKTyaJIbHOCTI OararomapoBl KOHCTPYKLIi, 3aBISKH CBOIl
€KOHOMIUHIN e(eKTUBHOCTI. 3aBISKH JOLIIBHOMY BUOOPY Ta CKJIaJy OKPEMHX ILapiB MOXYTb OyTH
CTBOpEH1 OaraTolapoBi NaHelNl 3 BIAMIHHUMU CTaTUYHUMHU Ta KOHCTPYKTHUBHMMHM BIIACTUBOCTSIMHU.
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3anexxHo Big GOpMH TONMEPEYHOro Iepepidy, MaTepiaiB Ta BHAIB OONMUpaHHS ICHY€ BeIHKa
Pi3HOMaHITHICTh KOMOIHAIIIHHIX MOXJIMBOCTEH. BiacTiBOCTI OararomapoBux naHesnei nepeBaxHo
3ayIekaTh BiA OynoBW ixHiX mmapiB. CHuIbBHUMH JJi1 OUTBIIOCTI OaraTromrapoBUX TaHeNeH € Taki
BIIACTHBOCTI SIK: BEJIHMKA Hecyda 3JaTHICTh MPH HEBEJHKIii BIACHINM Ba3i, BUCOKAa BTOMHA MIIIHICTh
NPy 3MIHHMX HABAaHTAKCHHsX, J00pa 3BYKOI3OJAIISl Ta TEIJIOI30JAIISl B TOPIBHSIHHI 13
OJTHOPITHUMHU TIaHEJISIMU 32 OHAKOBOI MacCH 1 JKOPCTKOCTI.

bararomapoBi KOHCTPYKIIii MOYTb 3aCTOCOBYBAaTHUCS JUISl PI3HUX KOHCTPYKTHMBHHUX CHUCTEM
OyniBenb. Ilpu BHKOpUCTaHHI TEPEKPUTTS 3 TUIMTHOK HE3HIMHOK ONATyOKOK CTBOPIOETHCS
CBO€pI1/IHA 3a/11300€TOHHA LIKapayIa, o MONepeHbO YKIalaeThes Ha onopu. L mxkapanyna mae
OpIEHTOBaHI JOTOPU BHITyCKM apMaTypd 1 Ha Hel ykjiamaerbcs OeToH. Taki mepekpurTTs, M0
3aCTOCOBYIOTBHCSl Y IMBUIBHOMY Ta MPOMHKCIOBOMY OYIIBHHIITBI, MOEIHYIOTH IepeBaru 30ipHOT
KOHCTPYKIIii (TPUCKOPEHUI MOHTaX MPU BUKOPUCTAHHI JIETKOTO BAHTAXKOI IHOMHOTO 00JIa THAHHSI,
CTBOPEHHIO IJIAJIKUX CTeJb, 10 HE NOTPeOyIOTh JOAATKOBOIi IUTYKATypKH) Ta MOHOJITHOT
KOHCTpYKIii (Oyab-sika (hopma MEepeKpUTTS B IUIaH1, IPUXOBaHI OaKK Ta KOMYHIKaIlii).

AHali3 ocTaHHIX a0c/iKeHb. J[OCTDKEHHIO poOOTH 0araTtomapoBUX IUIMT TMEPEKPUTTS
NPUCBSIYEHO JOCTATHIO KUIBKICTh HAYKOBHX poOIT sik B Ykpaini [1-7], Tak i 3a kopgoHom [8-14].
3HayHUN pe3epB MiJABULICHHS €()EKTHBHOCTI BUKOPUCTAHHS TaKUX KOHCTPYKLINH — BUKOPUCTAHHS
He3HIMHOI  omanmyOku. OpfHUM 13 MONYJSIpHUX BUPOOHMKIB HE3HIMHOI omamyOku i3
TpiCKOIIEMEHTHHX TUIUT € KoMmaHiss VELOX, BupoOu sikoi 3HAHIIUIM CBOE MIUPOKE 3aCTOCYBAHHS Y
MaJIONIOBEPXOBOMY OY/[IBHHIITBI.

VELOX [15] — mepeBHO-1IEMEHTHO-0CTOHHI KOMITO3HIII B «HE3HIMHIN OMaayOIi» — CHHTE3
HATypaJbHUX MaTepiajiiB — KaMEHIO Ta JepeBa B Cy4aCHOMY BHIJIAMI. TEXHOJIOTiS MOHOJIITHOTO
nomoOyaiBHUIITBA B He3HIMHIM onanyOui VELOX po3poGnena B ABcTpii, 1e Halysia HIMPOKOTO
nomupeHHs. Tpicka aepeBHMHHM HETBEpIUX IIOPiJl, BHUIOTOBJIIEHA 3 BIIXOAIB JepeBOOOPOOHOT
IIPOMHCIIOBOCTI — BUXIJIHUM HaTypaJlbHUIl Marepiai JUIsl BUTOTOBJIEHHS TPICKOLIEMEHTHMX IUIUT.
MownouiTHe OyaiBHUITBO 3a cuctemMoro VELOX 3abe3neuye ieanbHe NO€eIHAHHS TEIUI0130II0I0YNX
Ta TEIJIOAKyMYJIOIOUMX BIIACTHBOCTEH, BOHA JO3BOJISIE OyIyBaTH IMIBHIKO Ta 0e3 3aCTOCYBAaHHS
Baxkoi TexHiku. llle oxHa mnepeBara — OaraTroBapiaHTHICTh BHMKOPHUCTaHHS MaTepiayiB Ta
koHcTpykuii VELOX Ha OynuMHkax pi3HOI TIOBEPXOBOCTI, JIETKUX JayHUX OyAHHKAaX,
TOCHOJAPCHKUX CHOPYJaxX, PEKOHCTPYKLIi Ta peMOHTI Oy/IiBelib, MAHCApIHUX MOBEpXax.

[IpoBeneHuit aHami3 CTaHy Ta TEHJEHIIM yJAOCKOHAJEHHsS OYIBHHUIITBA 13 3aCTOCYBaHHSM
TaKoi TEXHOJIOT11 TTOKa3ye HeOOX1IHICTh HOTO MOJAIBIION0 PO3BUTKY Ta BJIOCKOHAJIECHHS.

Mera pocaigxeHHsi. MeToro cTarTi € JOCHIKEHHS poOoTH OararomapoBUX —IUIAT
MEPEKPUTTS, BUTOTOBJIEHUX 13 3aCTOCYBAaHHSIM eJeMEeHTIB He3HiMHOi onanyoku VELOX, 3a mii
CTaTMYHOT0 HaBaHTA)KEHHS MPH PI3HUX BapiaHTaX KPIMJIECHHS oNnaayOKH Ta MOPIBHIHHS OTPUMaHHUX
3Ha4YeHb PyHHIBHUX HaBaHTaXEHb Ta Ae(opMalliil y JOCIITHUX KOHCTPYKIISX.

Metoauka pociaigxenb. B nabGopaTtopHux ymoBax Oylid TpoBeAeHI BHUIPOOYBaHHS
MOHOJIITHHX 3a1i300eTOHHUX TUIUT [16] 3 po3mipamu niepepizy 900x150 mm 3aBmoBxkku 2000 Mm
(umuty 3 MapkyBaHHSM [1-1) Ta aHAMOTIYHUX HUM TUIHT 13 3aCTOCYBaHHSM €JIEMEHTIB HE3HIMHOI
omanyoku VELOX, 3akpimuieHoi 10 HMXKHBOI rpaHi miuT (IUIMTH 3 MapkyBaHHsaM I1-2 ta II-3).
Posmipu enementiB VELOX — 450x35 mMm. [locmimHi 3pa3ku apMyBaJIMCs IO3J0BXHBOIO Ta
norepeyHoro apmatyporo J8A400C. BukopucToByBanmcs JABa THIIM aHKEPYyBaHHSA TPIiCKO-
neMmeHTHHX UT VELOX: s mumat I1-2 B SKOCTI aHKEPIB 3aCTOCOBYBAIMCS IIYPYIH IO JEPEBY
3.5x2.5 MM, a B mmrax I1-3 BukopucToByBaBcs rincokapToHHuit npodine CI60, miomia nepepizy
SIKOTO OpPIEHTOBHO JIOPIBHIOE IUIONII TOMEPEYHOTO Tepepi3y apMaTypHOTrO CTPMXHA D8 MM  (TIpH
IIbOMY TilCOKapTOHHUU TPodinp OyB 3aKpITUICHHH 3a JOMOMOTOI0 CaMOpi3iB, BCTAHOBJICHHX Y
1axoBOMY NopsiKy). JlocimiHi 3pa3ku HaBeACHO Ha puc. 1.

Ha eramax BuroroBineHHs Oynu TpoBeAeHI  BHUMpPOOyBaHHS  MaTepiaiiB,  IIO
BUKOPUCTOBYIOTBCSI TIPH BUTOTOBJICHHI JOCITITHUX 3pa3KiB 0araromapoBUX IUIHT I BU3HAYCHHS
iX (i3uKO-MexaHIYHUX BiacTHBOCTEH (TpickoreMeHTHUX muT VELOX, apMaTypHHUX CTPHIKHIB, a
TaKOX 3pa3KiB OETOHY).
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CxeMy BHUMpOOYyBaHb 3pa3KiB HaBeJAeHO Ha puc. 2. JlocmiaHi 3pa3ku BUIPOOOBYBATHUCS SIK
mapHipHO-00mepTi. B siKOCTI pyXoMoi HIapHipHOT OMOPH BUKOPUCTOBYBABCS METAJEBHH KaTOK,
BCTAHOBJICHUA MDK JBOMAa IUIACTHHAMHM IS 3amoOiraHHs Tpolecy 3MHUHaHHs. SIK IIapHipHO-
HEPYyXOMi OMNOpPH BHUKOPHUCTOBYBAIMCS KOB3aHKH, B SKHX HE OYJO BUIBHOTO IE€PEMIiLCHHS.
HaBaHTa)XeHHS MepenaBajioch 3a JOMOMOTOI0 JOMKpara 4epe3 METajeBy TpaBepCcy CTYNCHSIMHU IO

5 kH koHa 3 BuTpuMkoro 1o 10 xB.

B mporeci BunpoOyBaHb BU3HAUYAIUCS HASBHICTH MPOIECY 3MHUHAHHSI B TPICKOIIEMEHTHIN
IUTMTI Ha OIopax, MPOTHMHM OararomapoBoi KOHCTPYKLIi B cepeqHbOMY MO ii JOBXKHHI Hepepisy,

BIIHOCHI Jiehopmaltii BEpXHbOI Ta HI)KHBOI I'paHi 0araTomapoBoi IUIMTH Ta Ha MEX1 MaTepiaiB.

BurnipoOyBaHHs IOCHIAHUX 3pa3KiB MPOBOJMIUCS O TOSBH Ta PO3KPUTTS HOPMAIBHUX
TPIIMH Yy HIDKHIN pO3TATHYTIN 30H1 0€TOHY a00 10 MEepPEBUILCHHS 3HAYCHHS BEIMYUHU TPOTHUHY B
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Pe3yabTaTH aociikeHb. Y Ci IUTHTH y TIPOIIeCi BUIPOOYBaHb 3pyHHYBAIKCS 32 HOPMAJIBHUM
nepepizoM. PyiiHyBaHHS BiqOyBaocs 3a KIIACHYHOIO CXEMOI0 PYWHYBaHHS 3TUHAIBHUX €JIEMEHTIB 3
pO3apOo0IeHHSIM OETOHY CTHCHYTOI 30HH Ta YTBOPEHHSIM HOPMAajdbHUX TpimuH. Y TaOmmmi 1
HaBE/ICHO CepeHi 3HAYCHHS PyHHIBHUX HaBaHTakeHb ais mut [1-1, T1-2, I1-3.

Tabmuus 1 — CepenHi 3HaUeHHS pyHHIBHUX HaBaHTAKEHb

Mapicysanns PyiiniBHe HaBaHTaxeHus Fu, kH Fu/ Rt *
IUTUT
-1 45 1,0
I1- 2 50 1,11
I1- 3 70 1,55

* — B sakocti Fu'"! npuiiHATO cepeHe 3HAYEHHS PYHHIBHOrO HaBaHTAKEHHs 11 M I1-1.

3a pesynpTaTaMu BUIIPOOYBaHb BHU3HAUYEHO BEJIMYMHU BIJHOCHUX Jedopmauiid KpaiHix
CTHUCHYTHUX Ta PO3TATHYTHX BOJOKOH IUIMTH, a TaKOX Jedopmaliii Ha Mex1 MarepiaiiB (OETOHY Ta
VELOX), 3HaueHHs NPOTUHIB y LEHTpaibHil 30HI. Pe3ynbTatu y BUIMISAlI BIANOBIAHUX TpadikiB
HaBEJEHO Ha puc. 3...5.
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BucHoBku:

1. IIpoBeneHi ekclepUMEHTaIbHI AOCTIIKEHHSI POOOTH OaraTolmapoBUX IUIUT MEPEKPUTTS,
BUTOTOBJICHHX 13 3aCTOCYBAaHHSAM elleMeHTiB He3HiMHOi omanyOoku VELOX, 3a gii craTuuHOrO
HaBaHTKCHHS MPU PI3HUX BaplaHTax KPIIUICHHS OMAIyOKH JUIsl 3a0€3MEeUeHHs CIIBHOI poOOTH 11
mapy 3 TUIOM OETOHY 3 METOIO OI[IHKH MOYIJIMBOCTI 1 pOOOTH SIK €JIeMEHTa MePEeKPHUTTS.

2. PyiiHyBaHHS JOCHIJHHX 3pa3KiB BiOyBajocs 3a CXEMOI0 pYyHHYBaHHS 3THHAIBHHX
€JIEMEHTIB 3 pO3APOOJEHHSAM OETOHY CTHUCHYTOI 30HM Ta YTBOPEHHSM HOPMAaJbHUX TPILIUH. 3a
pe3ynbTataMu BUIIPOOYBaHb BU3HAYEHO 3HAYEHHS BITHOCHUX JAedopmarliil KpaiHiX CTUCHYTHUX Ta
PO3TATHYTHX BOJIOKOH IUTUTH, a TAaKOX JedopMallii Ha Mexi MatepianiB (6erony Ta VELOX).

3. Hecyua 31aTHICTh IUIMT IEPEKPUTTS 3 BUKOPHUCTAHHSM CIIEMCHTIB HE3HIMHOI ONAITyOKH
(mapkyBanHg 12 ta [13) nepeBuiye Hecydy 3JaTHICTh 3a1i300€TOHHUX ILIUT (MapkyBaHHs I11) Ha
10 ta 50 % BignoBigHO. 3HA4YEHHS MPOTMHIB Yy LEHTPAJIbHINA 30HI IUIUT NPU MaKCUMAaTbHHUX
HAaBaHTA)XCHHSX MAIOTh TOPIBHSHI 3HAYCHHS.

4. 3acTocyBaHHSI Ha TIPAKTHII 0AaraTonapoBUX KOMILICKCHUX KOHCTPYKITIH BUMArae moJaibIoro
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Abstract. In recent years multilayer structures have become increasingly popular in
construction practice due to their cost-effectiveness. In today's economic climate, this factor plays a
crucial role. A significant reserve for increasing the efficiency of such structures is the use of fixed
formwork. One of the most popular manufacturers of fixed formwork made of wood chip cement
slabs is VELOX. The company's products are widely used in low-rise construction. Wood-cement
slabs are wood-cement-concrete compositions in ‘fixed formwork’. It is a synthesis of natural
materials — stone and wood — in a modern form.

The purpose of this paper is to study the performance of multilayer slabs made using VELOX
fixed formwork elements with different options for its fastening. The load was static. The tests of the
prototypes were carried out until the appearance and opening of normal cracks in the lower tensile zone
of concrete or until the deflection exceeded the critical value. Based on the experimental and numerical
data the values of destructive loads and deformations in the experimental structures were obtained.

During the tests the destruction of the prototypes occurred according to the classical scheme of
destruction of bending elements with the fragmentation of the concrete of the compressed zone and the
formation of normal cracks. Based on the test results the values of relative deformations of the extreme
compressed and tensile fibres of the slab and the deformation at the interface of materials (concrete and
VELOX), deflection values in the central zone were determined. The corresponding graphs were
constructed. The bearing capacity of the slabs made using VELOX fixed formwork elements with
different options for fixing the aggregate-cement slab (prototypes P2, P3) exceeded the bearing capacity
of reinforced concrete slabs (marking P1) by 10 and 50 %, respectively.

The practical application of multilayer complex structures requires further experimental
research in this area. This will make it possible to find optimal design solutions for structures using
structures of this type.

Keywords: multilayer floors, permanent formwork VELOX, breaking load, deflection, relative
deformations.
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Abstract. A methodology for conducting experimental studies of the bearing capacity and
crack resistance of well rings is proposed. Reinforced concrete elements of annular cross-section are
used in many engineering structures, such as wells for various purposes, pressure and non-pressure
pipes, power line supports, water towers, etc. There are a number of problems in the production and
operation of such reinforced concrete structures. First of all, these are technological problems that
arise during the manufacture of products due to the difficulties of installing the annular spatial
reinforcement frame in the design position. And at the operation stage, especially when it comes to
wells, the main problem is crack resistance and the associated moisture resistance. An effective way
to solve these problems is dispersed reinforcement of concrete with steel fiber. Assessment of this
effectiveness requires additional research, primarily experimental. Such researches are very few,
primarily aimed at studying well rings.

A special power platform design was developed and manufactured for testing. It was established
that the nature of the ring deformation under the action of a load uniformly distributed along its
perimeter can be divided into three stages. At the first stage, up to the load level corresponding to the
beginning of crack formation, a linear dependence of the deformation of concrete fibers is observed.
The magnitudes of relative deformations are practically the same. At the next two stages of loading, a
sharp change in the rate of growth of deformations occurs. The load of the second stage increases by
35%, while the deformations due to the opening of cracks increase by 1.3 times. At the third stage — the
stage of destruction — the load decreases (falls) by 4%, and the deformations increase almost twice,
again due to the opening of already existing cracks. The results of the study provide an opportunity for
further assessment of the influence of dispersed reinforcement of concrete with steel fibers on the
bearing capacity and crack resistance of well rings.

Keywords: well ring, concrete, steel fiber concrete, experiment, stand, bearing capacity,
deformation, crack resistance.

Introduction. Reinforced concrete elements of circular or annular cross-section are used in
many engineering structures, such as wells for various purposes, pressure and non-pressure pipes,
power line supports, water towers, etc. There are a number of problems in the production and
operation of such reinforced concrete products. The main ones are technological problems that arise
during the manufacture of products due to the difficulty of installing the annular spatial
reinforcement frame in the design position. And at the operation stage, especially when it comes to
wells, the main problem is crack resistance and the associated moisture resistance. It seems that an
effective way to solve these problems is dispersed reinforcement of concrete with steel fiber [1, 2].

Analysis of the latest research and publications. Methods of research of concrete and fiber-
reinforced concrete wells are the subject of many publications [3-9]. A special place is occupied by
wells of cylindrical shape, which from the point of view of structural mechanics are long cylindrical
shells. And the main research is devoted to theoretical issues of determining the bearing capacity
and crack resistance of such shells. We note the works [10-13].

Design and calculation of wells is regulated by relevant regulatory documents. In our country,
this is DSTU B V. 2.6-106: 2010 [14]. In several countries of the former USSR — Armenia,
Kazakhstan, Kyrgyzstan — Interstate Standard [15]. In European countries — EN1992-1-4 [16].

Experimental studies of well connecting rings are covered very little, and this small review
indicates that this area of work is relevant.
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Purpose of the work. The purpose of the work is to develop a methodology for conducting
experimental studies of well rings for subsequent assessment of the influence of dispersed
reinforcement of concrete with steel fiber on their bearing capacity and crack resistance.

Materials and research methods. The samples were made of concrete and fiber-reinforced
concrete. The amount of steel fiber in fiber-reinforced concrete is 1% of the product volume.
Preliminary tests were carried out on prisms and cubes, measuring 100x100x400 mm and
100x100x100 mm, respectively, aged for 28 days. Two groups of prisms and cubes were made.
One was made of ordinary concrete (with large aggregate sizes up to 10 mm) of class C20/25 and
the second was made of anchor steel fiber. Each group consisted of nine samples. The prisms and
cubes were made in accordance with regulatory documents [17]. The research used methods of
mathematical statistics, experimental methods of mechanics, and the strain gage method.

Research results. The research was conducted on two series of circular rings. The first series
consisted of rings made of ordinary concrete of class C20/25. When manufacturing the rings of the
second series, steel anchor fiber was added to the concrete in a volume of 1% of the total volume of
concrete. This volume of fiber was determined as optimal in the process of previous research.

For concreting the ring specimens factory-made metal formwork was used. The height of the
rings is H =70,5cm, the outer diameter is d, =83cm , the inner diameter is d, = 70cm . The wall

thickness is 0 =6,5cm (Fig. 1).
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Fig. 1. Sample preparation: metal formwork and sample
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To test the rings, a special force platform was mounted, the appearance of which is shown in
Fig. 2.

Fig. 2. Force platform for testing

The load is applied to the ring under study 1 in two mutually perpendicular directions, which
is carried out by two hydraulic jacks with a capacity of 2.500 kNm? and is controlled by exemplary
dynamometers 3 of the Tokar system of similar capacity. Uniform loading of the rings in height is
ensured by four vertically arranged traverses 5 (Fig. 3).

During the tests, the load, which is simultaneously applied in two mutually perpendicular
planes, and the deformations of individual concrete fibers were recorded. The load was applied in
steps of 0.1 from the destructive one, the value of which was determined in the process of previous
trial tests. Each load step was followed by a five-minute hold. The process of crack formation was
monitored between the load steps. The deformations of individual concrete fibers were measured
using time-type indicators with a division value of 0.001 mm. The deformation measurement base
was 24 cm. Indicators were installed in characteristic zones around 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.

Fig. 4 presents the relative deformations of four indicators located in the load transfer zones,
i.e. in the locations of the traverses (Fig. 3). From the results presented in Fig. 4, it follows that the
readings of all indicators located in the middle part of the ring, from the beginning of the load to the
failure, change practically according to the same law (synchronously). The latter indicates the
uniformity of the load along the perimeter of the ring.

The nature of deformation, shown in Fig. 4, can be divided into three stages. At the first stage,
up to the load level of 36 kN, which corresponds to the beginning of crack formation, a linear
dependence of the deformation of concrete fibers is observed. The values of relative deformations
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are practically the same. At the next two stages of loading (Table 1), a sharp change in the rate of
growth of deformations occurs (the angle of inclination of the curves changes significantly). The
load of the second stage increases by 35%, while the deformations due to the opening of cracks
increase by 1.3 times. At the third stage — the stage of destruction — the load decreases (falls) by 4%,

and the deformations increase almost twice, again due to the opening of already existing cracks.
1

P
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Fig. 3. Power platform diagram:
1 — concrete ring; 2 — hydraulic jacks; 3 — dynamometers; 4 — transfer rods; 5 — channels reinforced
with plates; 6 — guide rod (channel)
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Fig. 4. Graph of the dependence of relative deformation on load

Table 1 — Relative deformation indicators

Load, kN Indicators performance

1 2 3 4

0.00 0.00 | 0.00 | 0.00 | 0.00
5.50 170 | 1.80 | 1.60 | 0.83
11.00 240 | 417 | 3.20 | 2.50
16.50 4.05 | 6.25 | 5.50 | 4.17
22.00 5.10 | 820 | 7.40 | 6.88
27.50 740 | 9.80 | 9.10 | 8.54
33.00 8.30 | 13.75]13.60 | 11.30
38,50 |11.8015.40)17.10]13.75
44.00 |16.70 | 18.30 | 25.00 | 22.92
49.50 |24.10 | 22.08 | 34.10 | 30.00
55.00 | 30.00 | 28.20 | 35.00 | 45.00
51.40 | 55.00 | 46.10 | 60.20 | 75.80

Conclusions. Thus, a methodology for conducting experimental studies of the bearing
capacity and crack resistance of well rings has been proposed. It has been established that the nature
of the ring deformation under the action of a load uniformly distributed along its perimeter can be
divided into three stages. At the first stage, up to the load level corresponding to the beginning of
crack formation, a linear dependence of the deformation of concrete fibers is observed. The
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magnitudes of relative deformations are practically the same. At the next two stages of loading, a
sharp change in the rate of deformation growth occurs. The load of the second stage increases by
35%, while the deformations due to the opening of cracks increase by 1.3 times. At the third stage,
the stage of destruction, the load decreases (falls) by 4%, and the deformations increase almost
twice, again due to the opening of existing cracks. The results of the study provide an opportunity
for further assessment of the influence of dispersed reinforcement of concrete with steel fibers on
the bearing capacity and crack resistance of well rings.
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Oamtu Tomio. IcHye psnx npoOseM y BUPOOHHMITBI Ta eKCIUTyaTallli TakMX 3alli300€TOHHUX
KOHCTpyKIii. Ilepmr 3a Bce, 1€ TEXHOJOTiIUHI MpoOJeMH, SKI BUHHKAIOTh NPU BHUTOTOBJICHHI
BHpOOIB uepe3 TPYIHOINI BCTAHOBJICHHS KUIBLIEBOrO IPOCTOPOBOrO apMaTypHOro Kapkaca B
MIPOEKTHE TOJOXKEHHS. A Ha eTaml eKcIulyaralii, 0COONMBO SKIIO 1€ CTOCYETbCA KOJIOAS3IB,
OCHOBHa IpoOJieMa — TPINIMHOCTIMKICTh 1 IOB’SI3aHAa 3 HEK BOJOrOCTIiHKICTh. E(deKTUBHUM
Croco0OM BHpIIIEHHS IUX MPOOJIeM € JAUCIIEPCHE apMyBaHHs OeTOHY crajieBoro (ioporo. Ominka
Takoi e(peKTUBHOCTI MOTpeOy€e JTOAATKOBUX JIOCIIKCHb, HacaMIlepe]l CKCIIEPUMEHTAIbHUX. Takux
JOCTIKEeHb, HacaMmIepe ] CIpsIMOBaHUX Ha BUBYEHHS KOJIOJS3HUX KiJIellb, TyKe MaJo.

Jns BumpoOyBaHb Oyna po3poOiieHa Ta BHUTOTOBIEHA CIielliajbHa KOHCTPYKIISl CHJIOBOI
mnatdopmu. BcranoBneHo, mo 3a XapaktepoMm Aedopmarii KUTbLS MM JI€0 HaBaHTa)KCHHS,
PIBHOMIPHO PO3MOJIIJIEHOTO MO0 HOTO MEPUMETPY, MOKHA BUIUIUTH TpH eTanu. Ha mepuiomy erami
70 pIBHA HAaBaHTAXEHHs, 110 BIAMOBIJAE MOYATKy TPIUIMHOYTBOPEHHS, CIIOCTEPIra€ThCsl JiHIMHA
3aNeXHICTh AedopMallii BOTOKOH OeToHy. BenuunHu BimHOCHHUX AedopmMariiii mpakTUIHO OJTHAKOBI.
Ha nBox HacTymHHMX cTamisx HaBaHTaXEHHS BiAOyBae€TbCs pi3ka 3MiHA MIBUIKOCTI 3POCTAHHS
nedopmariiii. HaBaHTakeHHsT Jpyroro cTymeHs 3poctae Ha 35%, a gedopmariii BHACTIIOK
PO3KpUTTS TpimMH 30uIbHIyIOThCA B 1,3 pasu. Ha Tpertiit cramii — cragii pyilHyBaHHA —
HaBaHTAXCHHsI 3MEHITYeThes (manac) Ha 4%, a gedopmariii 30UTBITYIOTECS Maiike BABIYi, 3HOBY XK
TaK{ 32 PaXyHOK PO3KPHUTTS BXXE HASBHHUX TPIIIUH. Pe3ynbTat MOCTiKEHHS JAl0Th MOXKIIUBICThH
JUISL TIOAAJIBIIOI OI[IHKY BIUTUBY JMCIIEPCHOTO apMyBaHHs OeTOHy cTaneBuMH (idpamMu Ha Hecydy
31aTHICTH 1 TPIIHHOCTINKICTD KOJIOJSI3HUX KICIIb.

KurouoBi cjioBa: xonmojs3He Kinblie, 0€TOH, cTanediopoOeToH, eKCIIEPUMEHT, CTeH]I, Hecyda
3/1aTHICTb, eopMallis, TPIIIUHOCTIUKICTD.

Crarts Haginnura no penakmii 19.01.2025
This work by Surianinov V.M. is licensed under CC BY 4.0
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Abstract. The article presents the results of experimental studies on the load-bearing capacity
of concrete specimens reinforced with a fiberglass shell under axial loading. Cylindrical concrete
specimens were reinforced with strip fiberglass reinforcement (SFRP) using a developed winding
technology and layer-by-layer bonding with a polymer binder.

The main focus is on studying the influence of lateral pressure, created by the fiberglass shell,
on the strength and deformation characteristics of concrete. The experiments demonstrated that the
use of a fiberglass shell significantly increases the failure load. For concrete of class C16/20, the
failure load increased from 100 kN (without the shell) to 980 kN (with a 4 mm thick shell), which is
9.8 times higher. A similar increase in strength was observed for concretes of other classes (C25/30,
C32/40, C50), with the failure load for C50 concrete increasing by a factor of 5.2.

It has been established that the intensity of strength gain depends on the concrete class;
however, at high levels of lateral pressure (above 80 MPa), the strengthening coefficient (o) becomes
nearly identical for all concrete classes (o = 1.85). This indicates the similarity of concrete behavior
in a fiberglass jacket to its behavior in steel jackets, with the added advantage of fiberglass’s high
corrosion resistance.

The deformation characteristics of the specimens were also studied. It was shown that the
fiberglass jacket not only enhances strength but also improves the deformation properties of concrete,
making it more resistant to longitudinal and transverse deformations.

The obtained results confirm that glass fiber-reinforced concrete can be considered a promising
structural material for the construction of highly loaded structures. The developed technology for
strengthening concrete with a fiberglass jacket opens new possibilities for creating lightweight,
durable, and long-lasting structures with low metal consumption and high corrosion resistance.

Keywords: fiberglass jacket, concrete specimens, load-bearing capacity, lateral pressure,
deformation characteristics, strengthening coefficient, corrosion resistance.

Introduction. The relevance of research on strengthening concrete structures with fiberglass
jackets is driven by the need for modern, lightweight, strong, and durable materials capable of
withstanding high loads and operating in extreme conditions. The advancement of technologies and
the implementation of composite materials open new opportunities for creating innovative and
reliable structures.

The behavior of fiberglass in concrete structures requires detailed study. Experimental data on
the influence of fiberglass jackets on the load-bearing capacity and deformation characteristics of
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concrete will help develop recommendations for design and construction.

Analysis of Recent Research and Publications. The works of Miiller H.S. and Haist M. [1-2]
are dedicated to studying the behavior of concrete under triaxial compression using composite
materials. The researchers confirmed that fiberglass jackets significantly enhance the strength of
concrete, especially under high levels of lateral pressure.

Schmidt-Dohl F. and Rostasy F.S. [3] investigated the durability of concrete structures
strengthened with composites in aggressive environments. Their results demonstrated that fiberglass
provides high corrosion resistance, which is particularly important for bridges and coastal structures.

Teng J.G. and Chen J.F. [4] developed a methodology for calculating the strength of concrete
columns confined with composite jackets, considering different types of loads.

Fukuyama H. and Matsuzaki Y. [5] designed new types of fiberglass jackets with improved
mechanical properties, allowing an increase in concrete strength by 50-70%.

The studies conducted by Shui Liu and Xin Wang [6] describe the behavior of concrete columns
with combined reinforcement.

The research by Ruitian Xu [7] and Duc Q. Tran, S.M.ASCE [8] demonstrates that the use of
CFRP-PVC tubes and steel elements significantly improves the mechanical properties of columns,
including their load-bearing capacity and deformation resistance. The advantages of such a design,
including lightweight properties, corrosion resistance, and high strength, are also highlighted.

The studies by Chen Chen and Hai Fang [9] show that the use of spiral FRP mesh ties
significantly enhances the mechanical properties of concrete columns, including their strength and
ductility. The advantages of FRP materials, such as high strength, corrosion resistance, and
lightweight properties, are discussed, making them an attractive option for construction applications.

The research conducted by Mostafa Habibpour [10] demonstrates that an increase in the number
of FRP layers and their elongation degree significantly improves the mechanical properties of
columns, including their strength and deformation resistance. The benefits of using FRP materials for
reinforcing reinforced concrete columns, such as high strength, corrosion resistance, and lightweight
properties, are also discussed.

The works [11, 12] indicate that hybrid reinforcement (steel-GFRP) combines the advantages
of both steel and GFRP reinforcement, providing high strength, ductility, and corrosion resistance.
Columns reinforced solely with GFRP exhibit high corrosion resistance but may have limited
ductility. Traditional steel-reinforced columns demonstrate high strength and ductility but are
susceptible to corrosion.

The conducted review and analysis of both domestic [14, 15] and foreign [1-13] scientific
publications have shown that the crack formation process in solid bodies can be controlled. The
physical laws governing crack propagation suggest that it is possible to slow down and even stop a
rapidly growing crack. The process of crack deceleration should be associated with the energy
consumption of fracture. It is known that at low crack propagation speeds, the energy required for
plastic deformation at the crack tip is significantly high, while as the speed increases, this energy
decreases in inverse proportion to the square of the speed. This makes it possible to control the crack
development process. If the crack is slowed down, the forces required for its further propagation
increase, and additional energy is needed to accelerate it to the level required for the relaxation of the
elastic impulse. If plasticity reaches a certain threshold level, which depends on stress and crack
length, fracture ceases.

Overall, the properties of concrete with indirect reinforcement in the form of spirals or solid
steel jackets have been significantly studied. However, the mechanism of concrete failure under
triaxial compression has not been fully explored. Therefore, the task of determining the load-bearing
capacity of a concrete core reinforced with a spiral or a solid steel jacket remains relevant. Solving
this problem should contribute to the development of new structural solutions, particularly fiberglass
columns.

Purpose of the study. To study the effect of a fiberglass jacket on the load-bearing capacity
and deformation characteristics of concrete specimens under axial loading, as well as to assess the
effectiveness of using fiberglass strip reinforcement (FSR) for strengthening concrete structures.
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The tasks of the research:

To conduct tests on concrete specimens reinforced with a fiberglass jacket to determine their
load-bearing capacity under axial load.

To investigate the relationship between the ultimate load and the intensity of lateral pressure
created by the fiberglass jacket.

To compare the strength of concrete specimens of different strength classes (C16/20, C25/30,
C32/40, C50) with and without a fiberglass jacket.

To analyze longitudinal and transverse deformations of the specimens depending on the
magnitude of axial stress and lateral pressure.

To determine the dependence of the reinforcement coefficient (o) on the concrete class and the
jacket thickness.

Materials and Research Methods. A column design was proposed, consisting of a concrete
core and a pre-stressed fiberglass jacket. This column design is characterized by its relatively low
weight, low metal consumption, and high corrosion resistance.

The column is a concrete cylinder, around which fiberglass strip reinforcement (FSR) is wound
using the spiral-cross winding method at a specific angle. The winding process follows the previously
described technology, ensuring optimal structural performance.

To determine the load-bearing capacity of concrete specimens encased in a fiberglass jacket
under axial compressive loading, experimental studies were conducted. The reinforcement of
concrete cylinder specimens was carried out by wrapping them with fiberglass strip reinforcement
(FSR) on specially designed winding machines, with each layer bonded using a polymer adhesive
(ED-20 resin).

A total of 10 test series were conducted, in which the concrete class (ranging from C16/20 to
C50) and the thickness of the fiberglass jacket (reinforcement percentage) were varied u= AS%T | A-

100%) &, = 1,0; 2,0; 3,0; 4,0 mm, diameters of concrete cores D=80; 120 mm, length of samples

1=130; 400; 1200 mm.

Application of Axial Compressive Load and Experimental Procedure. The axial compressive
load was applied stepwise using a hydraulic press P-125. Most specimens were tested until failure.
Longitudinal and transverse deformations were measured using dial indicators and resistance strain
gauges. The failure of short elements encased in a fiberglass jacket was primarily caused by the
rupture of the fiberglass in the circumferential direction.

Experiments aimed at determining the effect of the fiberglass jacket thickness on the failure
load of concrete cylinders were conducted using specimens with a diameter of 60 mm and heights of
400 mm and 130 mm. These specimens were wrapped with fiberglass strip reinforcement with a
tensile strength of 800 MPa. A total of 60 specimens were manufactured using four different concrete
classes: C16/20, C25/30, C32/40, and C50.

The specimens were cast in vertical metal formwork, and the concrete mix was prepared using
cement grade 500. To facilitate fixation in the winding machine, a 2 cm diameter central channel was
incorporated into the specimens. After winding the fiberglass reinforcement, these internal channels
were filled with mortar of the same composition.

The loading process was conducted in 50 N increments, and at each loading stage, boundary
and transverse deformations of the specimen were measured.

The stress-strain state of the concrete core confined in a continuous fiberglass jacket formed by
winding fiberglass strip reinforcement is illustrated in Figure 1.

The stress-strain state of the concrete core will be fully determined if the contact pressure (pk)
is found. The value of p« is determined based on the compatibility condition between the deformation
of the jacket and the concrete core. The jacket layer is assumed to be unidirectional.
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| fiberglass
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Fig. 1. Stress-Strain State of the Concrete Core Confined in a Continuous Fiberglass Jacket

Figure 2 illustrates the stress-strain state in the jacket layer, where axis 1 coincides with the
fiber direction. The orientation angle of the reinforcement tape winding is shown in the rotated axes,
and the reinforced layer exhibits anisotropic properties.

1
Fig. 2. Stress-Strain State in the Jacket Layer

Research Results. Tests conducted on 400 mm-high specimens showed that when the diameter-
to-height ratio was 1:5, it was not possible to determine the full load-bearing capacity of the concrete
confined in the fiberglass jacket. The specimens failed due to longitudinal bending. The heterogeneity
of the concrete in the specimens likely caused eccentric loading effects as they approached failure load.
Consequently, in subsequent tests, the specimen height was reduced to 130 mm.

The graphs in Figure 3 illustrate the dependence of failure load on lateral pressure intensity
(fiberglass jacket thickness). The graphs indicate that lateral pressure created in the concrete core by
the fiberglass jacket significantly increases the failure load for all tested specimens.

For C16/20 concrete specimens without fiberglass jackets, the failure load under axial compression
was F = 100 kN. However, for similar concrete specimens with a 4 mm-thick fiberglass jacket (lateral
pressure p = 80 MPa), the failure load increased to 980 kN, meaning a 9.8-fold strength increase.

A similar strength enhancement was observed for concrete specimens of other classes. For
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example, for C50 concrete specimens, within a lateral pressure range of p = 0 to 80 MPa, the failure
load increased by a factor of 5.2.

These test results highlight an important conclusion: Encasing the concrete core in a fiberglass
jacket reinforced with fiberglass tape significantly enhances the axial compressive strength of the
specimens.

The rate of strength increase depends on the concrete class. In this regard, concrete specimens
confined in a fiberglass jacket share similarities with steel-reinforced concrete specimens.

In addition to high mechanical strength, the fiberglass jacket exhibits excellent corrosion
resistance, making it superior to steel jackets in terms of durability.

During the testing of all specimens, longitudinal and transverse deformations were measured.
These measurements served two main objectives:

To study the effect of lateral pressure intensity on the deformation of the specimens.
To analyze the mechanical properties of concrete under confinement.

\F, kN
1400+
1200 -
1000
800
600 -
400 1

[ S P

0 20 40 60 80 p.-MPa
Fig. 3. Dependence of the ultimate load p on the intensity of lateral pressure at the ultimate state:
1 — Concrete class C16/20; 2 — C20/25; 3 — C32/40; 4 — C50

The dependence of longitudinal &, and transverse &, deformations of centrally compressed

concrete cylindrical elements on the magnitude of axial compressive stress was studied using
specimens with a diameter of 8 cm, made from concrete classes C16/20, C25/30, C32/40, and C50.
Fig. 4 presents the typical deformation graphs obtained from tests on C16/20 concrete specimens.

The efficiency of a steel jacket is commonly evaluated using a coefficient, which, according to
different authors, varies. Some researchers suggest that this coefficient is not a constant value, with
its range fluctuating between 1 and 5.

The coefficient for fiberglass-reinforced concrete specimens was determined using the
following formula:

Ar -0y

(04

where:
F, — ultimate load of the specimen with the jacket;

Fy = Ay - f.r — ultimate load of the concrete core (without the jacket);
F, — F, —force carried by the specimen in the ultimate state due to the effect of the jacket;
A; — cross-sectional area of the jacket;

fi — strength of the reference concrete without the jacket;
o, — ultimate tensile strength of the jacket material.
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Fig. 4. Graphs of longitudinal &, and transverse &, deformations of centrally compressed concrete

cylindrical elements with a fiberglass jacket:
1 -5 layers of LSPA; 2 — 10 layers; 3 — 15 layers; 4 — 20 layers

Based on the research results, it was established that the coefficient o depends on two main
factors:

The lateral pressure p, exerted on the concrete by the fiberglass jacket. The class of concrete.

The strength of the jacket is determined by the magnitude of lateral pressure ppp exerted by the
jacket in the ultimate state, which was calculated using the formula:

)
P =0y 7

where:

o, — ultimate tensile strength of the fiberglass reinforcement;

r — radius of the specimen cross-section;

o — wall thickness of the fictitious tube.

The dependence of the coefficient o on lateral pressure was determined based on test results of
specimens with a diameter of 8 cm. The magnitude of the lateral pressure exerted by the jacket was
varied by adjusting the number of layers of fiberglass tape. The coefficient a was determined for
specimens made of four concrete classes: C16/20, C25/30, C32/40, and C50.

The dependence of coefficient a on lateral pressure p is shown in Fig. 5.

The dependence of coefficient a on the concrete class is observed only in jackets of low
strength, where o ranges from 1.8 to 2.7 (Figure 5). As the jacket strength increases, this dependence
almost disappears, and the coefficient a stabilizes at approximately 1.85 for all tested specimens.

The theoretical dependence of the strength enhancement coefficient (o) on the level of lateral
pressure, which aligns with experimental results and allows for the prediction of the behavior of
concrete confined in a fiberglass jacket under various load types, is calculated using the following
formula:

Fo
Ap-or’

From the graph (Figure 5), it is evident that at high levels of triaxial compression, different
materials tend to exhibit a similar failure pattern, whereas at low compression levels, their failure
characteristics can vary significantly.

a = 8,91p~ 0358 —
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Fig. 5. Dependence of the effectiveness coefficient () of the fiberglass jacket on lateral pressure (p):
1 — Concrete class C16/20; 2 — C20/25; 3 — C32/40; 4 — C50

Conclusions:

1. It has been established that the use of a fiberglass jacket significantly increases the load-
bearing capacity of concrete specimens. For example, for C16/20 concrete, the failure load increased
from 100 kN to 980 kN (by a factor of 9.8) when a 4 mm-thick jacket was applied.

2. The rate of strength increase depends on the concrete class. At low levels of lateral pressure,
the strength enhancement coefficient (o) varies from 1.8 to 2.7, depending on the concrete class.
However, at high pressure levels (above 80 MPa), this coefficient becomes nearly identical for all
concrete classes (o = 1.85).

3. Deformation studies have shown that the fiberglass jacket not only enhances strength but
also improves the deformation properties of concrete specimens, making them more resistant to both
longitudinal and transverse deformations.

4. The fiberglass jacket demonstrates high mechanical strength and corrosion resistance,
making it more advantageous compared to traditional steel jackets.

5. A theoretical relationship between the strength enhancement coefficient (o) and lateral
pressure has been derived, confirming the experimental data and allowing for predicting the
behavior of concrete confined in a fiberglass jacket under various loads.

6. The research results confirm that fiberglass-reinforced concrete (GFRP-confined concrete)
can be considered a promising structural material for highly loaded structures, due to its high
strength, low weight, and corrosion resistance.
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AHoOTaliAg. Y cTaTTi NpeACTaBiICHI Pe3ysbTaTH €KCIEPUMEHTAIbHUX JOCHIKEHb HECyuoi
3MATHOCTI OETOHHMX 3pa3KiB, MOCWICHUX CKJIOIUIACTUKOBOIO O0OWMOIO, TpU Jii OCHOBOTO
HaBaHTAXEHHA. DeTOHH1 3pasKu-UWIHAPU OyiaM apMOBaHI CTPIYKOBOIO CKJIOIUIACTUKOBOIO
apmatypoto (JICITA) 3 BUKOpUCTaHHSM pO3pOOJIEHOI TEXHOJOTiT HaMOTYBaHHS Ta MOLIAPOBOIO
OOKJICIOBaHHS MOJIMEPHUM CIIOJyYHHM.

OcHOBHY yBary NpUIUIEHO BUBYCHHIO BIUIMBY OOKOBOTO THCKY, IO CTBOPIOETHCA
CKJIOTUTACTHKOBOIO  000HMOIO, Ha MIIHICTh Ta jAedopMarliiiHi XapaKTepUCTUKH OETOHY.
ExcnepuMeHTH TOKa3aiy, 10 3aCTOCYBAaHHS CKJIOIUIACTUKOBOT 000HMM 3HAYHO MiABUIIY€ pyiHIBHE
HaBaHTaxkeHHs. [{ns Getony kiacy C16/20 pyiiHiBHe HaBaHTakeHHs 30umbmmiiocs 31 100 kH (06e3
o6oiimMun) 10 980 xH (3 o6oiiMoro ToBIIMHOIO 4 MM), 110 y 9,8 pa3u BHIEe. AHAJIOTIYHE 3pOCTAHHS
MIITHOCTI criocTepiranocs st 6eToHiB iHmuX kiaciB (C25/30, C32/40, C50), mpu oMy aJis OETOHY
kiacy C50 pyiiHiBHE HaBaHTa)XEHHS 3pOciio B 5,2 pasu.

BcraHoBieHo, 110 1HTEHCUBHICTh HApOCTaHHS MILHOCTI 3aJI€KUTh BiJl KJlacy OETOHY, MpoTe
MIPU BUCOKHUX PiBHAX OiuyHOTO THCKY (moHan 80 MIla) koedirieHT mocuieHHs (0.) CTa€ MPAKTHYHO
OJTHAKOBMM JUI BCiX KiaciB Oetony (a =~ 1,85). Lle cBiUMTh MpO CXOXKICTh MOBEIIHKUA OETOHY B
CKJIOTIJIACTHKOBIM 000#iM1 3 HOro MoBEAIHKOIO B CcTajeBUX 00o0iMax, aje 3 NepeBaror0 y BUIJISII
BHCOKOI CTIMKOCTI KOPO31iHOT CKIIOIIACTUKY.

Takox mocmimkeHo nedopmariiiiHi XapakTepuCcTUKH 3pa3kiB. [lokazaHo, 10 CKIIOTUTACTHKOBA
o0oiiMa He TIIBKM MiJBHIIYE MIIHICTh, ajie W Mokpaurye aedopMalliiiHi BIAaCTUBOCTI OETOHY,
poOastun Horo OLIBII CTIHKUM JI0 MO30BXKHIX Ta MOMEPEeYHHX Aeopmariiil.

OtpuMaHi pe3ylbTaTH MiATBEPPKYIOTh, IO CKJIOIUIACTOETOH MOXE pPO3IJIIIaTUCs K
MEepCHeKTUBHUN MaTepiai Juisi OyJIIBHUIITBA BUCOKOHABaHTaXEHUX criopy.l. Po3polieHa TexHoioris
MOCUJICHHS! OETOHY CKJIOITACTUKOBOIO 00OMMOIO BiIKPHBAE HOBI MOKJIMBOCTI JUIsSl CTBOPEHHS JIETKHX,
MIITHHX Ta JIOBFOBIYHUX KOHCTPYKIIIH 3 HU3KOIO METAJIOEMHICTIO Ta BUCOKOIO KOPO31HHOIO CTIHKICTIO.

KurouoBi ciioBa: ckioruiactukoBa o6oiima, O€TOHHI 3pa3Ku, Hecyda 37aTHICTh, O1YHE THUCK,
nedopMaliitHi XxapakTepUCTUKH, KOe(ILI€HT MOCUIICHHS, KOPO3iiiHa CTIHKICTb.
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Abstract. The issues considered in the article are related to the determination of the combined
effect of mechanochemical activation of Portland cement and its consumption, ground quartz sand,
superplasticizer (hereinafter SP) and amorphous microsilica (hereinafter MS) on the strength and
abrasion resistance of concrete. The effect of partial replacement of Portland cement with ground
quartz sand was studied, the consumption of which in the mixed binder varied in the range from 0 to
40%. The consumption of MS in the mixed binder varied in the range from 0 to 10%, and the
consumption of SP —from 0 to 1% of the Portland cement mass. The consumption of Portland cement
in the concrete mix varied in the range from 350 to 450 kg/m3. The activation period of the binder
was 180 sec. The obtained experimental results indicate the possibility of varying the recipe and
technological factors to increase the strength of concrete and reduce the consumption of Portland
cement in the concrete mix.

The obtained experimental data indicate a significant effect of mechanochemical activation of the
mixed binder on the strength of concrete. Of the listed factors, the greatest effect on the compressive
strength of concrete is exerted by the consumption of ground sand and SP in the mixed binder. The
addition of ground quartz sand (40%) to the mixed binder causes a decrease in the strength of concrete
from 35.1 MPa to 22.5 MPa (by 35.9%) at the grade age. An increase in the consumption of SP (up to
1%) in the mixed binder causes an increase in the strength of concrete from 17 MPa to 28 MPa (by
64.7%) at the early stages of hardening and from 35.1 MPa to 49.7 MPa (by 41.6%) at the grade age.

The use of MS (10%) in the composition of the mixed binder provides a relatively insignificant
increase in strength (6.5%) at the early stages of curing and (4.6%) at the grade age compared to the
control.

The use of mechanical activation provides an increase in concrete strength by 62.4% (at the
early stages of hardening) and 25.1% (at the grade age) compared to the control. The combined effect
of mechanical activation (180 sec), addition of ground quartz sand (40%), MS addition (10%) and an
increase in the consumption of SP (1%) in the composition of the mixed binder (Portland cement
consumption 350 kg/m3) causes an increase in the compressive strength of concrete (8, ), a decrease
in concrete abrasion from 0.33 (40% ground sand) to 0.21 g/cm? and a decrease in Portland cement
consumption from 350 kg/m? (control) to 189 kg/m? (by 46%).

Keywords: mechanical activation, Portland cement, ground quartz sand, superplasticizer,
microsilica, concrete.

Introduction. Portland cement remains the most expensive component of concrete
manufacturing technology, which is explained by the peculiarities of its production. In this regard,
ways to reduce the consumption of cement in the composition of concrete, provided that the specified
strength is ensured, are becoming increasingly relevant. A promising method for improving the
physical and mechanical characteristics of hardened composites is the mechanochemical activation
of a mixed binder using active and inert mineral additives. The issues considered in the article are
related to determining the combined effect of both the mechanochemical activation of a mixed binder
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and the consumption of Portland cement, ground quartz sand, SP and MS in it on the strength and
abrasion of concrete based on it.

Analysis of the latest research and publications. One of the key tasks in the technology of
producing mixed cements is to create optimal combinations of Portland cement with mineral
additives. The presence of mineral additives in the composition of the mixed binder increases the
potential of concrete based on it. [1-3]. In this regard, the replaceable part of Portland cement with
mineral additives [4, 5] contributes to both the economic efficiency of concrete production and the
production of concrete with improved properties [6-8].

Various methods have been created to improve the properties of mortar and concrete based on
it [9], among which the use of mechanochemical activation of the binder is promising [10, 11].
Among the existing methods for activating the hydration processes of cement compositions, high-
speed turbulent mixers are widely used [12]. Activation in a turbulent mixer helps to increase the
mobility of the mixture, which allows to reduce the amount of mixing water.

The use of surfactants in the technology of manufacturing resource-saving construction concretes
helps to reduce the excess of mixing water, which leads to an increase in the strength of concrete based
on them [13-16]. The use of such ultrafine additives as MS contributes to a denser packing of concrete
components due to the microscopic size of its particles [17]. The addition of MS to a mixed binder
increases adhesion and reduces the porosity of the contact zone of the filler with the binder [18].

It is expected that the use of mechanochemical activation of a mixed binder with the addition of
ground quartz sand, MS and SP will lead to a decrease in the consumption of Portland cement while
simultaneously increasing the strength and reducing the abrasion of concrete based on it.

Objectives and tasks. The aim of the work is to determine the effect of mechanochemical
activation of a mixed binder in the presence of SP on the compressive strength and abrasion resistance
of concrete.

Materials and research methods. The mobility of the concrete mixture on the mixed binder was
taken as such that it provided a cone settlement of 3-4 cm. Quartz sand was ground to a specific surface
of 300 m?/kg. The activation of the mixed binder compositions was carried out in an aqueous medium,
in a turbulent high-speed mixer for 180 sec.

Portland cement PC 11/A-K(SH-V)-500R (specific surface area 505 m?/kg) was used as a binder.
Polycarboxylate superplasticizer Relaxol — Super PC was used as a surfactant. Ground quartz sand
(specific surface area 300 m?/kg) and MS (specific surface area 20.000 m?/kg) were used to replace
cement. Concrete mix on non-activated binder (Portland cement consumption 350 kg/m®) without
addition of ground quartz sand, SP and MS was used for control. The composition of concrete mix
(control) included Portland cement (350 kg/m®), quartz sand from Mkr = 2.5 (720 kg/m®) and crushed
granite of fractions 5-20 mm (1235 kg/m?).

The separate and combined influence of mechanical activation of mixed binder, consumption of
Portland cement, ground quartz sand, SP and MS in it on the strength of concrete was estimated by
testing concrete cubes with an edge of 10 cm for compression at the age of 3, 7 and 28. The influence of
the presented factors on the abrasion of concrete was estimated by testing concrete cubes with an edge
of 7.07 cm on the abrasion circle LKI-2 at the age of 28 days of hardening.

A four-factor planned experiment was conducted to determine the effect of variable factors on
the strength of samples and abrasion. The plan of the four-factor experiment and the compositions of
concrete mixtures (per 1 m® of concrete) for making samples is presented in Table 1.

Research results. Table 1 shows the variable factors of the four-factor experiment, namely: a)
Portland cement consumption in concrete mix — X1 (400+50 kg/m?®); b) ground sand consumption in
mixed binder — Xz (20+20%); ¢) MS consumption — X3 (5+5%); d) SP concentration — X4 (0.5+0.5%).
The choice of factors is associated with the possibility of ensuring the strength of samples above 35 MPa.

According to the compositions of concrete mixtures given in Table 1, concrete cubes with an
edge of 10 cm were tested for compression at the age of 3, 7 and 28 days of hardening. The
experimental plan and the strength indicators of concrete for compression (responses) are given in
Table 2.
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Table 1 — Four-factor experiment plan and concrete mix compositions (per 1 m3 of concrete)

Factor levels Portland Ground Quartz Granite
Comp. cement quartz sand crushed MS, SP,
numb. | X1 [ X2 | X3 | Xa kg/m? ’ sand, kg /mg stone, kg/m® | kg/m®
kg/m® kg/m®

1 o000 304 80 705 1205 16 1.52
2 - - - - 350 0 720 1235 0 0
3 -+ |+ |+ 189 140 720 1235 21 1.9
4 + | - |+ |+ 405 0 690 1165 45 4.05
5 + |+ | - + 270 180 690 1165 0 2.7
6 + |+ | + - 243 180 690 1165 27 0
7 0|+ | - 240 160 705 1205 0 0
8 0| - |+ - 360 0 705 1205 40 0
9 0| - | - + 400 0 705 1205 0 4
10 + 10| - - 360 90 690 1165 0 0
11 - | 0| + - 252 70 720 1235 28 0
12 - 10| - + 280 70 720 1235 0 2.8
13 +]1-10 - 427.5 0 690 1165 22.5 0
14 -1 +] 0 - 199.5 140 720 1235 10.5 0
15 - -] 0| + 332.5 0 720 1235 17.5 3.32
16 + | -] - 0 450 0 690 1165 0 2.25
17 -+ | - 0 210 140 720 1235 0 1.05
18 -1 -]+ 10 315 0 720 1235 35 1.58

Table 2 — Experimental design and compressive strength of concrete
at the age of 3, 7 and 28 days

Responses
Comp.
numb. R&ou, MPa RM .., MPa
3days | 7days | 28 days | 3 days | 7 days | 28 days

1 23.7 33.2 45.8 33.7 | 453 56.6
2 17 23.2 35.3 275 | 35.2 43.8
3 15.5 224 33.8 25.3 | 337 41.6
4 36.9 48.5 65.3 456 | 61.8 77.7
5 20.8 27.1 42 322 | 42.8 52.6
6 12.7 21.3 32.5 244 | 321 40.3
7 12.1 19.2 27.1 213 | 276 335
8 19.4 26.3 40.9 30.5 | 40.7 50.4
9 33.1 41.2 55.7 379 | 515 65.4
10 17.9 24.8 37.3 279 | 371 45.7
11 12.4 21.9 32 243 | 321 40.6
12 22.1 29.8 42.7 31.2 | 413 50.5
13 20.9 28.9 45.6 342 | 432 55

14 8.7 15.3 23.4 17.7 | 22.8 28.7
15 27.2 34.2 50.2 40.1 | 48.6 60.1
16 30.4 39.9 58.2 414 | 52.6 67.8
17 14.1 22.6 29.5 195 | 30.2 36.4
18 25.6 33.8 47.5 35.6 | 45.1 56.4
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Note: R, — compressive strength of concrete on non-activated binder on the 3rd, 7th and 28th
day;

RM ., — compressive strength of concrete on mechanically activated binder on the 3rd, 7th and
28th day.

Experimental statistical models reflecting the influence of variable composition factors on the
compressive strength of concrete at 28 days of hardening, on non-activated (1) and mechanically
activated (2) binders, are presented on the models:

REQNE28 = 458 + 5.3X1 — 0.0X? — 0.6X1X2 + 0.2X1X3 + 1.0 X1X4 (1)
—8.1X2 - 1.4X2 +0.3X2X3 — 1.5X2X4
+1.1X3 + 0.1X2 +0.1X3X4
+6.9X4 — 3.7X2

Rmech28 — 56 6 + 6.4X1 — 0.4X% — 0.1X1X2 + 0.4X1 X3 + 1.6 X1X4 (2)
—~8.9X2 - 2.3X3 + 0.3X2X3 — 1.0X2X4
+1.7X3 - 0.4X3 +0.4X3X4

+ 8.0X4 — 4.0X%

Note: Rmech28 _ strength of concrete based on mechanically activated binder, MPa; RE9Rt28 —
strength of concrete on non-activated binder, MPa.

The analysis of mathematical models (1, 2) show that, according to the values of the coefficients
for the variable factors, the greatest influence on the compressive strength of concrete for the grade
age of hardening is exerted by the consumption of ground sand and SP in the mixed binder.

The effect of the amount of ground sand and the concentration of SP on the strength of the
concrete is confirmed by the experimental data, which are graphically reflected in Fig. 1, 2 (factor X1
is at level -1).

For concrete on non-mechanically activated binder at the age of 3 days, Fig. 1, an increase in
SP consumption from 0 to 1% (factors X1, X2 and X3 are at level -1) ensures an increase in concrete
strength from 17 MPa to 28 MPa, i.e. by 64.7%. At the age of 7 days, an increase in SP consumption
contributes to an increase in concrete strength from 23.1 MPa to 35.1 MPa, i.e. by 52%. At the brand
age, there is an increase in concrete strength from 35.1 MPa to 49.7 MPa, i.e. by 41.6%. This allows
us to state that the use of SP provides the greatest (of the factors used) increase in concrete strength
at the early stages of hardening. For more distant hardening periods, the effect of SP on concrete
strength decreases and does not exceed 41.6% at the age of 28 days.

An increase in the consumption of ground quartz sand in the binder causes a decrease in the
strength of concrete. For 3-day-old concrete on a non-mechanically activated binder, Fig. 1, an
increase in the consumption of ground sand from 0 to 40% (factors X1, X3 and X4 are at level -1)
leads to a decrease in the strength of concrete from 17 MPa to 9.4 MPa, i.e. by 44.7%. At the age of
7 days, an increase in the consumption of ground sand leads to a decrease in the strength of concrete
from 23.1 MPato 17.1 MPa, i.e. by 26%. At the grade age, an increase in the consumption of ground
sand leads to a decrease in the strength of concrete from 35.1 MPa to 22.5 MPa, i.e. by 35.9%. Thus,
it can be stated that the greatest impact on the decrease in the strength of concrete due to the
introduction of ground sand into the binder occurs at the early stages of hardening.

An increase in the MS consumption in the binder causes an insignificant increase in the concrete
strength. For 3-day-old concrete on a non-mechanically activated binder, Fig. 1, an increase in the
MS consumption from 0 to 10% (factors X1, X2 and X4 are at the level of -1) provides an increase in
the concrete strength from 17 MPa to 18.1 MPa, i.e. by 6.5%. At the age of 7 days, an increase in the
concrete strength is observed from 23.1 MPa to 24.3 MPa, i.e. by 5.2%. At the grade age, the increase
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in concrete strength due to the introduction of MS does not exceed 4.6% (from 35.1 MPa to 36.7 MPa).

a) b)

Rcom, MPa

65 45
40

35

Rcom, MPa
N w
ol o

N
o

15

10

1, days T, days

Fig. 1. The influence of curing time on the strength of concrete:
a, b — content of ground sand in the binder 0 and 40%, respectively, content of microsilica 0%;
¢, d — content of ground sand in the binder 0 and 40%, respectively, content of microsilica 10%;
--------- — solution on mechanically activated (for 180 sec) binder;
------ — solution on non-activated binder (control);
1, 2 — superplasticizer consumption 0 and 1% respectively (from the mass of the cement)
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Fig. 2. The influence of the consumption of ground quartz sand and the concentration of SP in the
binder on the compressive strength of concrete at 28 days of age:
--------- — solution on mechanically activated binder;
------ — solution on non-activated binder (control)

Mechanical activation of the binder leads to an increase in the strength of concrete. It should be
noted that the use of mechanical activation of the binder allows to increase the intensity of hydration
processes and significantly increase the strength of the final product. This allows to do without
additional methods of increasing the strength of concrete during the strength gain process [19]. The
effect of mechanical activation for old concrete, Fig. 2, is on average 22% increase in strength
(compared to the strength of concrete on a non-activated binder). For 3-day-old concrete, Fig. 1, the
use of mechanical activation for 180 sec (factors X1, X2, X3 and Xa are at level -1) provides an increase
in strength from 17 MPa to 27.6 MPa, i.e. by 62.4%. At 7-day age, mechanical activation provides
an increase in concrete strength from 23.1 MPa to 35.3 MPa, i.e. by 52.8%. At grade age, an increase
in concrete strength is observed from 35.1 MPa to 43.9 MPa, i.e. by 25.1%.

The experimental data shown in Fig. 1, 2 indicate that the combined action of mechanical
activation of the mixed binder, the introduction of SP and MK into its composition causes an increase
in the strength of concrete from 35.1 MPa (control) to 41.7 MPa (activation, factors X2, X3 and Xa

are at level 1), i.e. by 18.8%, and reduces the consumption of Portland cement from 350 kg/m3 to
189 kg/m?® (by 46%).
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As for the influence of variable factors on the abrasion of concrete, in accordance with the
compositions of concrete mixtures given in Table 1, a test was carried out on concrete cubes with an
edge of 7.07 cm on an abrasion circle at the age of 28 days of hardening. The experimental design
and average values of concrete abrasion are shown in Table 3.

Table 3 — Experimental design and concrete abrasion

Mechanical activation of mixed
Factor levels Control .
com. mass of samples, g mass of samgllggeg
num. X1| X2 |Xs|Xa| before after Abras";”’ before after Abrasmz)n,
: : g/cm : . g/cm
abrasion | abrasion abrasion | abrasion

1 0[0]O 826 819 0.15 838 832 0.12
2 - - - 808 797 0.22 817 807 0.2
3 S+ |+ |+ 822 810 0.24 836 825 0.21
4 + | - |+ |+ 816 811 0.11 824 820 0.09
5 + 0+ | - |+ 820 809 0.21 829 820 0.17
6 + |+ |+ ] - 821 808 0.25 827 826 0.21
7 0O+ |- |- 817 802 0.3 822 810 0.25
8 0 -1+ - 807 799 0.17 816 819 0.15
9 0f-1-1|+ 814 807 0.14 818 813 0.11
10 [ +]0 | - | - 805 796 0.19 813 805 0.16
11 | - |0 |+ ]| - 833 822 0.23 845 834 0.22
12 | -]0 | - |+ 808 798 0.19 821 812 0.17
13 [+ -]0] - 808 800 0.17 816 809 0.14
14 | - | +|0] - 828 811 0.33 840 827 0.27
15 | -] -0 ]|+ 812 804 0.16 822 815 0.14
6 |+ -1]-10 801 793 0.15 809 803 0.12
17 | - |+ -1]0 824 810 0.29 831 818 0.26
18 | - | -]+10 815 806 0.18 818 811 0.15

Experimental statistical models reflecting the influence of variable composition factors on the
abrasion resistance of concrete on the 28th day of hardening, on non-activated (1) and mechanically
activated (2) binders, are presented on the models:

Geont28 =151 - 2.8X1 + 1.5X% — 0.5X1X2 — 0.3X1X3 + 0.1 X1 X4 (3)
+4.5X2 + 3.7X3 — 0.3X2X3 — 0.7X2X4
~1.2X3 + 0.3X3 —0.2X3X4
—3.1Xa + 1.0X2

GA°t28 = 12.3 - 2.9X1 + 1.8X% — 0.5X1X2 + 0.0X1X3 + 0.1 X1 X4 4)
+3.7X2 + 2.5X3 — 0.3X2X3 — 0.3X2X4
~0.9X3 + 1.1X3 —0.3X3X4

—2.9X4 + 1.2X2

Note: G328 _ abrasion resistance of concrete on mechanically activated binder, g/cm?; Geont28
— abrasion resistance of concrete on non-activated binder, g/cm?.
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Analysis of mathematical models (3, 4) show that, according to the values of the coefficients
for the variable factors, the greatest influence on the abrasion of concrete at the grade age of hardening
is exerted by the consumption of ground sand (Xz). The influence of individual variable factors (X,
X2, X3 and Xa) on the abrasion of concrete at the grade age of hardening in the minimum and
maximum zones both on the mechanically activated mixed binder and on the non-activated mixed
binder is presented in single-factor graphical dependencies, Fig. 3.

4 35 36 36 36
32 32 32 w\ 32
E 28 28 28 Max 28
)
o 24 max 24 24 24 max
N max
£ 20 _ 20 20 20
o min . .
16 k 16 min 16 min 16 min
12 12 12 \K 12 \k
8-1 0 +1 8 -1 0 +1 8-1 0 +1 8 -1 0 +1
Xl XZ X3 X4-
b) 36 36 36 36
32 32 32 32
E 28 28 28 E—’ 28
(@)
o 24 24 24 max 24
e} maXx
?{,j 20 max 20 max 20 20
16 : 16 16 16 min
min mih min
12 k 12 12 / 12
x
8.4 0 +1 8.1 0 +1 81 0+ %1 0 +1
X1 XZ X3 X4-

Fig. 3. The influence of variable factors (X1, X2, X3 and Xa4) on the abrasion of concrete:
a — solution on non-activated binder (control);
b — solution on mechanically activated (for 180 sec) binder

An increase in the consumption of ground sand from 0 to 40% (of the cement mass) in the mixed
binder causes an increase in abrasion in the maximum zones from 0.22 to 0.34 g/cm? (control) and from
0.2 to 0.3 g/cm? (mechanical activation for 180 sec). In the minimum zones, an increase in the
consumption of ground sand in the mixed binder causes an increase in abrasion from 0.11 to 0.17 g/cm?
(control) and from 0.09 to 0.15 g/cm? (mechanical activation for 180 sec).

The second factor influencing concrete abrasion is the consumption of Portland cement (X1) in the
mixed binder. An increase in Portland cement consumption from 350 to 450 kg/m? in concrete causes a
decrease in abrasion in the maximum zones from 0.34 to 0.28 g/cm? (control) and from 0.3 to 0.23 g/cm?
(mechanical activation 180 sec). In the minimum zones, an increase in Portland cement consumption in
concrete causes a decrease in abrasion from 0.16 to 0.11 g/cm? (control) and from 0.14 to 0.09 g/cm?
(mechanical activation 180 sec).

The next factor in terms of impact on concrete abrasion is the concentration of SP (X4) in the mixed
binder. Addition of SP to the composition of concrete mix has a useful compacting effect and allows to
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reduce the number of pores in the finished concrete. The use of SP makes it possible to reduce the use
of fibers and modifiers to increase resistance to abrasion (the effect is achieved both from the combined
use of some of them) [20, 21]. An increase in the concentration of SP in the mixed binder causes a
decrease in abrasion in the maximum zones from 0.34 to 0.27 g/cm? (control) and from 0.3 to 0.24 g/cm?
(mechanical activation for 180 sec). In the minimum growth zones, the concentration of SP causes a
decrease in abrasion from 0.16 to 0.11 g/cm? (control) and from 0.15 to 0.09 g/cm? (mechanical
activation for 180 sec).

The last factor influencing the concrete abrasion is the consumption of MS (X3) in the mixed
binder. An increase in the consumption of MS in the mixed binder causes a decrease in abrasion in
the maximum zones from 0.34 to 0.32 g/cm? (control) and from 0.3 to 0.28 g/cm? (mechanical
activation for 180 sec). An increase in the concentration of SP in the minimum zones causes a
decrease in abrasion from 0.13 to 0.11 g/cm? (control) and from 0.11 to 0.09 g/cm? (mechanical
activation for 180 sec).

Thus, the use of mechanical activation and mineral additives allows one to obtain a more
uniform and compacted structure of the binder, which helps to improve the resistance to abrasion of
concrete.

Conclusions:

1. The combined effect of mechanical activation (180 sec), addition of ground quartz sand
(40%), MS additive (10%) and increase in SP consumption (1%) in the composition of the mixed
binder (Portland cement consumption 350 kg/m®) causes an increase in the compressive strength of
concrete from 35.1 MPa (control) to 41.7 MPa (by 18.8%) and reduces Portland cement consumption
from 350 kg/m? (control) to 189 kg/m® (by 46%). The reduction in Portland cement consumption
occurs (mainly) due to the introduction of ground sand into its composition (up to 40%), the negative
impact of which on the strength of concrete is compensated by the use of mechanical activation and SP.

2. The combined effect of the above factors in the composition of the mixed binder (portland
cement consumption 350 kg/m?) causes a decrease in concrete abrasion from 0.33 (40% ground sand)
to 0.21 g/cm?. The greatest influence on concrete abrasion at the grade age of hardening is exerted by
the consumption of ground sand in the composition of the mixed binder, which is compensated by
the combined effect of other factors (mechanical activation, MC and SP).
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AHoTania. Po3risHyTi y cTaTTi NUTaHHS IOB’S3aHI 3 BU3HAUYEHHSM CYMICHOTO BIUIUBY
MEXaHOXIMIYHOI aKTHBalii MOPTIAHIIEMEHTY Ta HOro BHUTPATH, MEJIEHOro KBAapIIOBOTO IICKY,
cyneprutactudikaropy (B mogansiomy CIT) Ta amopdHOro MikpokpemMHe3eMy (B onansimomy MK)
Ha MIIHICTh Ta CTUPAHICTh OeToHy. JlocmimKyBaBcs BIUIMB YAaCTKOBOI 3aMiHH MOPTIAHILIEMEHTY
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MeJIEHUM KBapIIOBHM ITiICKOM, BUTpaTa KOO y 3MIIIAHOMY B’SKy4OMY BapiroBajacs B Jiama3oHi Bif
0 10 40%. Burpara MK y 3mimanomy B’sbkydoMy BapitoBasiacs B Aianasoni Bif 0 no 10%, a Butpara
CII - Bin 0 no 1% macu nopTianauemMeHTy. Butpara noptinananeMenTy y ckiiaai 6eTOHHOI cyMili
BapiloBanacs B mianasoni Bin 350 g0 450 xr/m°. Tepmin akTuBamii B'sikydoro ckiagas 180 cek.
OnepxkaHi eKCHEPUMEHTAIBHI Pe3yJIbTaTH CBIMUATh MPO MOXIIHMBICTH BapilOBAaHHS PEIENTYPHO-
TEXHONOTIYHUX  (PAaKTOpiB JUIs MIABUILEHHS MIIHOCTI OETOHy Ta 3HIDKEHHS BHTpaTH
MOPTJIAHIIEMEHTY B CKJIaJ{l OETOHHOI CyMiIIIi.

OpepxaHi eKCIIEpUMEHTANIBbHI JJaH1 CBIAYATh MPO 3HAYHHUN BITMB MEXaHOXIMIYHOT aKTHBAIIil
3MIIIAHOTO B’SDKYYOTO Ha MIIHICTH OeToHy. I3 mepepaxoBaHux (hakTOpiB HAWOLIBIINI BIUIMB Ha
MIIIHICTh O€TOHY Ha CTHCK Hajae BuUTpara meneHoro micky ta CII y ckiaai 3MilaHoro B’sKydoro.
JloGaBka MeneHoro kBapioBoro micky (40%) 10 ckiamy 3MIIIAHOTO B’ SKYYOTr0 BUKITUKAE 3HUKCHHS
MinHOCTI O6etony 3 35,1 MIla mo 22,5 MIla (na 35,9%.) B Mapounomy Bimi. 3poctanns surpatu CII
(10 1%) y ckiazi 3MIiIIaHOTO B’SDKYYOTO0 BHKJIMKAE IMTiIBUINCHHS MilfHOCTI 6eTony 3 17 MIla no 28
Mlla (na 64,7%) Ha pannix TepMmiHax TBepAHeHHs Ta 3 35,1 Mlla no 49,7 Mlla (na 41,6%.) B
MapouyHoMmy Biti. Bukopucranus MK (10%) y ckiani 3MimaHoro B’sKy4oro 3a0esnedye BiIHOCHO
HE3HAYHE 3pOCTaHHs MiHOCTI (6,5%) Ha paHHIX TepMiHax TBepaHEHHS Ta (4,6%) y MapouyHOMY Billi
B ITOPIBHSHHI 3 KOHTPOJIEM.

Bukopucranas mexaHoakTHBalii 3abe3mnedye 3pocTaHHA MilnHOCTI OetoHy Ha 62,4% (Ha
paHHIX TepMiHax TBepAHeHHs) Ta 25,1% (y MapoyHOMY Billi) B MOpPiBHSAHHI 3 KOHTposieM. CymicHa
nist mexanoaktuarii (180 cex), mobaBku MeneHOTo KBapmoBoro micky (40%), nobasku MK (10%)
ta 30unbmenns Butpatu CII (1%) y ckiazai 3mimanoro B’sbKy4oro (BUTpaTa noprianaueMeHTy 350
Kr/M%) BUKIMKAa€e 3pOCTaHHS MiHOCTI 6GeToHy Ha ctuck 3 35,1 MIla (xouTtpoms) 1o 41,7 MIla (na
18,8%), 3HkeHHs ctupaHocti 6etony Bin 0,33 (40% wmenenoro micky) 10 0,21 r/cm? Ta 3HMKeHHS
BUTpATH NOPTIaHIEMenTy 3 350 kr/M° (koHTpoIb) 10 189 kr/m® (Ha 46%).

KirouoBi cioBa: MexaHOAaKTHBallis, MOPTJIAHILEMEHT, MEJEHUH KBApIIOBHM ITICOK,
cynepriactugikaTop, MIKpOKpeMHE3eM, OETOH.
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Abstract. The article presents an analysis of the influence of the amount of polypropylene fiber,
cement and polycarboxylate-type superplasticizer on the strength characteristics of concrete for rigid
road surfaces and transport structures. Portland cement PC 11/A-Sh-500R-N, polypropylene fiber
Baumesh with a fiber length of 36 mm and a diameter of 0.68 mm, and polycarboxylate-type
superplasticizer MC-PowerFlow 3200 were used.

A 3-factor experiment was conducted in which the following composition factors were varied:
the amount of Portland cement, 300 to 380 kg/m?3; the amount of polypropylene fiber Baumesh, 2.5
to 3.5 kg/m?; the amount of superplasticizer, 1.0 to 1.6% of the cement mass. The compressive
strength of fiber-reinforced concretes was determined at the age of 3 and 28 days, and the tensile
strength at the age of 28 days. All studied concrete mixtures had equal mobility class P2.

The influence of varied factors on the W/C ratio of mixtures was assessed. The amount of
Portland cement has the greatest influence on this indicator. Increasing the dosage of superplasticizer
from 1.0% to 1.6% allows reducing the W/C ratio by 8-24%. The amount of polypropylene fiber has
a limited effect on the W/C ratio.

The amount of Portland cement has the greatest influence on the compressive strength of the
studied fiber-reinforced concretes. When the dosage of binder is increased from 300 kg/m? to 380
kg/m?, the strength of fiber-reinforced concretes at the age of 3 increases by 74-80%, the strength at
the project age increases by 38-47%. Increasing the amount of superplasticizer provides an increase
in compressive strength at an early age by 10-12%, at a project age by 12-14%. Increasing the amount
of reinforcing fibers from 2.5 to 3.5 kg/m? at a high content in the mixture of binder and plasticizer
does not significantly affect. By increasing the amount of fiber at a low amount of cement and
superplasticizer, the early and project compressive strength of fiber-reinforced concretes increases
insignificantly.

By increasing the dosage of the binder to 380 kg/m3, the tensile strength of fiber-reinforced
concretes increases by 9-12%. A similar increase in tensile strength at bending is achieved by
increasing the dosage of the superplasticizer from 1.0 to 1.6%. The nature of the influence of
polypropylene fiber on this strength indicator is nonlinear. An increase in strength by 9-12% is
observed with an increase in fiber dosage from 2.5 kg/m?® to 3.0 kg/m?® both at high and low amount
of binder and superplasticizer. It has been established that in general, from the point of view of
achieving the highest compressive and tensile strength when bending, it is rational to introduce
Baumesh polypropylene fiber in an amount of about 3.0 kg/m?® and MC-PowerFlow 3200 additive in
an amount of 1.5-1.6% of the cement mass.

Keywords: road surface, polypropylene fiber, superplasticizer, strength, planned experiment.

Introduction. Disperse reinforcement is a well-known method that allows to improve the
properties important for concrete road surfaces and transport structures. Due to the use of fiber, it is
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possible to reduce the thickness of road surfaces without losing their bearing capacity and increase
the service life. The use of disperse reinforcement allows to improve the tensile strength, frost
resistance and wear resistance of concrete, which has a positive effect on the durability of road
surfaces and transport structures [1-3].

The crack resistance characteristics of dispersed reinforced concrete (fiber concrete) are
significantly different from conventional concrete. Dispersed reinforcement helps to reduce the risk
of cracking [4-8], which is one of the main causes of the failure of concrete structures. The fibers are
distributed in the volume of concrete, which holds individual structural blocks together and prevents
the expansion of cracks. Cracks occur at the maximum load level, they have a homogeneous
distribution in the matrix structure and develop with a smaller opening compared to regular concrete
[9]. This shows the effectiveness of the use of dispersed reinforcement in road pavement and transport
structures and the relevance of research aimed at the development of fiber concretes for the transport
industry.

Analysis of recent research and publications. As shown in [10-12], dispersed reinforcement
provides a reduction in shrinkage that occurs during the hardening process of concrete. This is especially
important for large areas where significant cracks can occur, for example, hard coatings. According to
the results of research [13], the relative deformation index of the studied samples of concretes dispersed
reinforced with polypropylene fiber in comparison with concrete without fiber is reduced by 26%. In
addition, the stabilization of shrinkage deformation of concrete with dispersed reinforcement is reduced
to 22 days, and for unreinforced concrete this process lasts 32 days.

Disperse reinforcement provides increased resistance of fiber concrete to aggressive
environments, such as salt solutions, moisture, low temperatures. Basalt and polypropylene fibers are
chemically inert, so dispersion-reinforced concrete with this composition is used in construction
where high corrosion resistance is required [13-16].

The use of reinforcing fibers increases the tensile strength and impact toughness of concrete,
making it more resistant to mechanical loads, improves the workability of the concrete mixture, which
allows achieving better density and uniformity in the material. Depending on the type of dispersed
reinforcement, the compressive strength indicators increase by an average of 12% compared to
concrete without fibers, and the tensile strength indicators increase by 35% [10, 17].

When constructing rigid road surfaces, steel, polypropylene, basalt and glass fibers are most
actively used for dispersed reinforcement of concrete today [1, 3, 5, 13, 18-21]. Thus, in the studies
of L. Y. Dvorkin [22] on the assessment of the influence of basalt fiber on the strength characteristics
of concrete, an increase in the tensile strength of concrete by 55% and an increase in compressive
strength by 16% were recorded. In the work [23] using polypropylene fiber, a slight increase in the
compressive strength of concrete was noted, and the tensile strength during bending with the
introduction of 1 kg/m? of polypropylene fiber increased by 40%.

Previous experimental studies of the properties of fiber-reinforced concrete [24, 25] have shown
that the use of dispersed reinforcement with polypropylene fiber allows to increase the tensile strength
of concrete in bending and the corrosion resistance of concrete in fact no less than the use of steel
fiber. At the same time, from an economic point of view, the use of polypropylene fiber is much more
expedient.

However, in previous experimental studies, the issue of changing the efficiency of fiber use
when varying the amount of cement and superplasticizer was not studied. This is important
considering that the work of dispersed reinforcement in the structure of the composite material
significantly depends on its adhesion to the cement-sand matrix [26].

The objective of this study is to determine the effect of the amount of polypropylene fiber and
polycarboxylate-type superplasticizer on the strength of concrete for hard road surfaces and transport
structures.

Materials and Methods. The following materials were used for manufacturing fiber concrete:

— Portland cement PC I1/A-Sh-500R-N produced by YuGcement (branch of PJSC Dykerhoff
Cement Ukraine);

— Baumesh polypropylene fiber manufactured by LLC "BAUTEKH-UKRAINE" with a fiber
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length of 36 mm and a diameter of 0.68 mm;

— polycarboxylate type superplasticizer MC-PowerFlow 3200 manufactured by MC-
Bauchemie Miiller GmbH & Co. KG (Germany);

— granite crushed stone of fraction 5-20 mm,;

— washed quartz sand with a particle size modulus of 2.5.

The experiment was conducted according to the optimal 3-factor 15-point plan [27]. The
following factors of the composition of fiber-reinforced concrete for hard road surfaces and transport
structures were varied:

— X1, amount of Portland cement, 300 to 380 kg/m3;

— X2, amount of Baumesh polypropylene fiber, 2.5 to 3.5 kg/m?;

— X3, amount of superplasticizer MC-PowerFlow 3200, 1.0 to 1.6% of the cement mass.

This choice of variable factors and the range of their variation was due to the results of previous
experimental studies of the properties of fiber-reinforced concretes [24, 25].

To determine the compressive strength of concrete, cube specimens measuring 10x10x10 cm
were tested according to [28], and to determine the tensile strength during bending, beam specimens
measuring 10x10x40 cm were tested.

The plan of the implemented 3-factor experiment and the compositions of the studied fiber-
reinforced concretes are given in Table 1.

Table 1 — Experimental plan and compositions of the investigated fiber-reinforced concretes

S Factor levels Concrete composition, kg/m?
= 5 5 . S g o = ) S
S £ 2 SR> £ S 3 SR>
= <} - = = ] k7] - S = = 5
3 v s S5 2 L0 b i=l = < o5 =
g = S 5 o = q o =5
8 t T oS = = = = o =

QO_ m © 8 8 (@) LL @© 8
1 -1 -1 -1 300 1115 895 2.5 3 150
2 -1 -1 1 300 1115 910 25 4.8 125
3 -1 0 0 300 1115 905 3.0 3.9 137
4 -1 1 -1 300 1115 890 35 3 154
5 -1 1 1 300 1115 905 3.5 4.8 134
6 0 -1 0 340 1110 850 25 4.42 138
7 0 0 -1 340 1110 840 3 3.40 148
8 0 0 0 340 1110 848 3 4.42 137
9 0 0 1 340 1110 856 3 5.44 132
10 0 1 340 1110 847 35 4.42 138
11 1 -1 -1 380 1105 809 25 3.8 147
12 1 -1 1 380 1105 820 2.5 6.08 138
13 1 0 0 380 1105 814 3 4.94 142
14 1 1 -1 380 1105 808 35 338 148
15 1 1 1 380 1105 818 35 6.08 139

Results of the Study. During the experimental studies, data were obtained on the compressive
strength at the age of 3 and 28 days, the tensile strength at the age of 28 days of fiber-reinforced
concrete samples for hard road surfaces and transport structures, as well as W/C mixtures of equal
mobility, which are given in Table 2.
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Table 2 — Compressive strength at the age of 3 and 28 days (MPa), tensile strength in bending at the
age of 28 days (MPa) and W/C of the mixtures of the tested fiber-reinforced concretes

Compo- Compressive strength at| Compressive strength at | Tensile str_ength when W/C
sition No. |the age of 3 days fek.cubes | the age of 28 days fek.cubezs bending fc
1 20.43 43.13 6.00 0.500
2 30.77 54.33 6.00 0.417
3 27.71 58.67 6.10 0.457
4 30.24 50.87 5.50 0.513
5 32.30 44.00 6.20 0.447
6 30.77 61.67 5.40 0.406
7 36.58 58.13 5.40 0.435
8 42.91 66.73 7.22 0.403
9 43.28 66.33 7.60 0.388
10 41.48 65.73 6.55 0.406
11 49.40 71.47 6.60 0.384
12 45.43 71.53 8.00 0.363
13 42.40 62.13 6.50 0.374
14 41.53 66.00 6.45 0.389
15 46.60 66.80 6.35 0.366

Since all the studied concrete mixtures had the same mobility class P2, their water consumption
and W/C ratio depended on the composition of the fiber concrete. According to the data obtained at
15 experimental points, an experimental-statistical (ES) model [27] of the influence of composition
factors on the W/C of the mixture was constructed:

W/C = 0.405 —0.046x1 +0.010x:2 —0.004x1x2  + 0.013x1x3
+0.005%2  + Ox2? +0.002x2x3 (1)
—0.024x3  + 0.006x3?

According to this EC model, single-factor diagrams were constructed, reflecting the influence
of 3 varied composition factors on the W/C index of mixtures in the zones of extremes (the largest
and smallest values of the index), shown in Fig. 1.

AW/C \

0.52

0.50 1l 11 |

0.48 - . -

0.46 - . - \

0.44 - i i

0.42 - . -

0.40 -\ . -

o w1 N N S

300 340 380 2.5 3.0 35 1.0 1.3 1.6

Cement Fiber Baumesh Superplasticizer

Fig. 1. Influence of varied composition factors on W/C mixtures of equal mobility in the zones of
minimum and maximum values
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Their analysis shows that within the factor space of this series of experiments, the amount of
Portland cement has the greatest influence on the level of the W/C index of equal mobility mixtures.
The content of the superplasticizer additive, due to its water-reducing principle of action, exhibits a
similar effect in terms of the scale of the W/C reduction in the minimum zone, and in the maximum
zone, when the dosage is increased from 1.0% to 1.6%, it reduces the W/C from 0.51 to 0.44. The
amount of polypropylene fiber has a limited influence on the W/C index.

Early strength is important for concretes of hard road surfaces and transport structures. This
indicator largely determines the shrinkage of concrete and the possibility of carrying out subsequent
technological operations [3]. The influence of varied composition factors on the early compressive
strength of fiber-reinforced concrete at the age of 3 days is described by the EC model (2), according
to which single-factor dependences of the influence of factors in the zone of extrema are constructed

(Fig. 2).

foccubes (MPa) = 39.00 +8.69x1  —2.03x12  —2.94x1x2  + OX1X3
+ 0X2 + 0X2? + 0X2X3 2
+2.31xs  + 0x3?

A fck.cubeS h

54

50 - ] ]
46 A -\\ -//
42 ] |
38 - ] ]
34 ] ]

30 - 1 .

26 i i / | /

o X, —" X, b—" X

300 340 380 2.5 3.0 35 1.0 1.3 1.6
Cement Fiber Baumesh Superplasticizer

Fig. 2. The influence of varied composition factors on the compressive strength of fiber-reinforced
concrete at the age of 3 days in the zones of minimum and maximum values

As can be seen from the diagrams, the amount of Portland cement has the greatest influence on
the value of the fekcubes indicator. Increasing the dosage of the binder from 300 kg/m? to 380 kg/m?
increases the early strength of the studied fiber-reinforced concretes by 74-80%. The increase in the early
compressive strength with an increase in the amount of superplasticizer is linear and within the factor
space of the experiment provides an increase in this indicator by 10-12%. Increasing the amount of
reinforcing fibers from 2.5 to 3.5 kg/m® with a high content in the mixture of Portland cement and
plasticizer leads to a slight decrease in the fck.cubes indicator, which can be explained by the difficulty of
uniform distribution of fibers in a highly filled binder and admixture-modified concrete mixture. With
an increase in the amount of polypropylene fiber in the zone of minimum values, that is, with a smaller
amount of cement and superplasticizer, the early strength, on the contrary, increases insignificantly.

The influence of varied composition factors on the compressive strength of fiber-reinforced
concrete at the age of 28 days fck.cune2s describes the EC model (3), according to which single-factor
dependences of the influence of composition factors are constructed (Fig. 3).

foccurezs (MPa) = 63.72  +891x1  —4.61x1> +0xiXx2 = 0xiXa
+ 0x2 + 0x2? — 2.20%2X3 (3)
+156x3 =+ 0x3?
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Fig. 3. The influence of varied composition factors on the compressive strength of fiber-reinforced
concrete at the project age in the zones of minimum and maximum values

Analysis of the EC model (3) and the diagram shows that the strength of fiber-reinforced
concretes at the project age of the samples increases to the greatest extent with an increase in the
amount of Portland cement. This effect is nonlinear and changing the dosage of the binder from 300
to 340 kg/m® has a greater effect than from 340 to 380 kg/m3. Increasing the dosage of the
superplasticizer within the factorial space of the experiment while reducing the water consumption
of the mixture also linearly provides an increase in the strength index by approximately 12-14%. The
introduction of polypropylene fiber at a dosage of the binder at the level of 300 kg/m? and a low
content of the superplasticizer additive, as in the case of early strength, retains a linear character and
reveals an increase in strength by 8%.

The influence of varied composition factors of fiber-reinforced concrete on the tensile strength
of the material at the age of 28 days fci is described by the EC model (4), according to which single-
factor dependences of the influence of composition factors are constructed (Fig. 4).

fak (MPa) = 6.68 +0.36x1 =+ Ox1? +0xix2 £ 0X1X3
+ 0x2 —0.48x2? + 0X2X3 4
+0.37xs =+ 0xa?

For road surfaces, the tensile strength in bending is one of the most important physical and
mechanical indicators [7, 13]. By increasing the dosage of the binder to 380 kg/m® both in the
minimum and maximum zones, the tensile strength of fiber-reinforced concrete in bending increases
by 9-12%. A similar increase in the tensile strength in bending is achieved by increasing the dosage
of the superplasticizer from 1.0 to 1.6%. The nature of the influence of polypropylene fiber on this
strength indicator is nonlinear. The increase is observed with an increase in the dosage of fibers from
2.5 kg/m® to 3.0 kg/m?2 both at high and low amount of binder and superplasticizer.

Thus, the analysis of the influence of the amount of polypropylene fiber and superplasticizer on
the strength of concrete for hard road surfaces and transport structures showed that, in general, from
the point of view of achieving the highest compressive and tensile strength during bending, it is
rational to introduce Baumesh polypropylene fiber in an amount of about 3.0 kg/m® and MC-
PowerFlow 3200 additive in an amount of 1.5-1.6% of the cement mass.
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Fig. 4. The influence of varied composition factors on the bending tensile strength of fiber-
reinforced concrete in the zones of minimum and maximum values

Conclusions and Prospects for Further Research. As a result of experimental studies, data
were obtained on the change in the strength indicators of concrete for hard road surfaces and transport
structures depending on the amount of polypropylene fiber and polycarboxylate-type superplasticizer.

It was established that changing the amount of Baumesh reinforcing fibers within the factor space
of the experiment does not significantly affect the compressive strength of fiber-reinforced concrete.
An increase in the amount of polypropylene fiber from 2.5 to 3.5 kg/m? at a binder dosage of 300-
340 kg/m® and a superplasticizer additive content of 1-1.3% causes an increase in compressive
strength by 4-8%. With the maximum amount of binder and superplasticizer, an increase in the
amount of fiber above 2.5 kg/m?, on the contrary, slightly reduces the compressive strength of concrete.

The tensile strength of fiber-reinforced concrete during bending is expected to increase with an
increase in the amount of Portland cement. The increase in the amount of superplasticizer also has a
positive effect on the value of fox. At the same time, increasing the amount of fiber from 2.5 to 3.0 kg/m?®
also effectively increases the tensile strength of concrete in bending. This effect is observed both at high
and low amounts of binder and superplasticizer.

In the future, it is planned to investigate the wear resistance and frost resistance of fiber concretes
modified with a superplasticizer additive, and also, taking into account the analysis of the obtained
experimental data on the compressive and tensile strength in bending, it is planned to determine the
possibility of increasing the efficiency of using reinforcing polypropylene fibers by changing the mixing
conditions at the stage of preparing the mixture.
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BILIUB KIJIbKOCTI OJIMPONIJIEHOBOI ®15PU I CYNIEPILJIACTUDIKATOPY
HA MIIHICTBb BETOHIB JKOPCTKHX JOPOXHIX ITIOKPUTTIB
TA TPAHCIIOPTHHUX CIIOPY [
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AHoTanif. Y cTaTTi HaBeIEHO aHali3 BIUIUBY KIJIbKOCTI NOJIIPOIiIEHOBOI (p10pH, [IEMEHTY 1
cynepruiacTu(ikaTopy MOJIKapOOKCUIIATHOTO THIY Ha MIIHICHI XapaKTePUCTUKH OETOHIB IS
AKOPCTKHUX JIOPOKHIX MOKPUTTIB Ta TPAHCMOPTHUX cHOpy[. BukopucToByBaiuch NOPTIaHALEMEHT
1L II/A-II-500P-H, noninponinenosa ¢idpa Baumesh 3 10BxkuHOIO BOJIOKOH 36 MM 1 AiaMeTpoM
0,68 mm, cyneprutactudikatop noiikapookcunarnoro tumy MC-PowerFlow 3200.
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[TpoBenenwuit 3-x pakTOPHUI EKCIIEPUMEHT, Y SKOMY BapiOBAIKCS HACTYITHI (PaKTOpH CKIIaIy:
KiIbKiCTh TOpTianaueMenty, Big 300 1o 380 kr/m®; kinpkicTs mominpomninenosoi ¢ibpu Baumesh,
Bin 2,5 1o 3,5 xr/m>; KimbKicTb cyneprutactudikatopy, Bix 1,0 mo 1,6% Big macu meMeHTy.
Busnavanacs minHicth GpiOpoOeToHiB Ha CTUCK Y Bili 3 Ta 28 116, MILHICTh Ha PO3TAT MPH 3THHI Y
Bimi 28 cyTok. Bei mocmimpkyBaHi 0€TOHHI CyMilTi MaJid piBHY pyxoMicTh [12.

OuineHo BIUIMB BapiiioBaHuX ¢akropiB Ha B/L] cymimei. HailOinpmmii BruiMB Ha JaHUMN
MOKa3HUK Ma€ KiJIbKICTh MOPTIaHALIEMEHTY. 30UIbIIEeHHS J03yBaHHA cynepiacTudikaropy 3 1,0%
1o 1,6% nozsosisie 3um3utH B/L] Ha 8-24%. KinbkicTh mominporniaeHoBoi Gidopu Mae oOMexeHuH
BB Ha B/LI.

KinbKicTh HOPTIIAHIIIEMEHTY Ma€ HAHOUTBITUI BIUTMB HA MILHICTh JOCIIKeHUX (i0poOeTOHIB
Ha ctuck. [Ipu 36inbmenHi 103yBanns B’ sxydoro 3 300 kr/m> 10 380 xr/m minHicTs Gib6pobeTOHIB
Ha 3 o0y 30umbmIyeTbesi Ha 74—80%, MIIHICTE y TPOEKTHOMY Billl 30iabInyeThes 38—47%.
301bIIeHHS KIJTBKOCTI cymepIiacTudikaTopy 3ade3mnedye 3poCcTaHHs MIITHOCTI Ha CTHCK Y PAHHBOMY
Bili Ha 10-12%, y npoektHOMYy Billl Ha 12—14%. 301bLIeHHS KUIBKOCTI apMYyIOYHX BOJIOKOH 3 2,5
710 3,5 Kr/M> IpM BUCOKOMY BMICTi y CyMillli B’SKY4Oro Ta miuacTu(ikaTopy BIUIMBAE HE CYTTEBO. 3a
paxyHOK 30UIbILIEHHS KIJIbKOCTI (hi0pu MPU HEBUCOKIHM KUIBKOCTI LIEMEHTY Ta CynepIiacTudikaropy
paHHA 1 IPOEKTHA MIIHICTH (GiOPOOETOHIB Ha CTHCK HECYTTEBO 3POCTAE.

3a paxyHOK 301IbIIEHH] 103yBaHHA B sKy4oro 10 380 kr/m> MilHicTh (pi6poOETOHIB Ha pO3TAT
IIpH 3THHI 3pocTae Ha 9—12%. AHanoriyHe 3pOCTaHHS MILIHOCTI Ha PO3TST MPU 3THHI JOCATAETHCA
mpu 30UIbIIEHHI J03yBaHHS cynepractudikatopy 3 1,0 mo 1,6%. Xapakrep BIUIMBY
MOJTIIpOIiJIeHOBOT (iOpH Ha Iiel MOKa3HUK MIITHOCTI € HeMiHIHHUM. [ligBuIenHs MirHoCTI Ha 9—
12% crocTepiraeThes Mpu 3pOCTaHHI J03yBaHHs BOJOKOH 3 2,5 kr/M° 110 3,0 kr/M3 K IpU BUCOKMX
TaK 1 IPH HU3BKUX KUIBKOCTSAX B’SDKYYOTO Ta cynepruiactTudikaTopy.

BcraHoBIeHO, 10 B MUJIOMY 3 TOYKU 30pY JOCSTHEHHS HAHOUIBIIOI MIITHOCTI HA CTUCK 1 Ha
PO3TAT MpH 3THHI palllOHAJILHUM € BBEICHHS NOIINponiieHoBoi ¢p16pu Baumesh y kinbkocTi 651136K0
3,0 kr/m® Ta no6aBku MC-PowerFlow 3200 y kimbkocTi 1,5-1,6 % Big Macu rieMeHTY.

KiarouoBi cjioBa: 10poKHE TOKPHUTTS, MoJjinporijiieHoBa (ibpa, cymepruiacTudikaTop,
MIIHICTb, TNTAHOBAHUI €KCIIEPUMEHT.

Cratrs Hapinuia no penakmii 23.02.2025
This work by Kroviakov S.O., Hedulian D.Yu., Hedulian S.1. is licensed under CC BY 4.0
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JOCIIIPKEHHSA TA EKCHHEPUMEHTAJIBHO-CTATUCTUYHE MOJIEJIOBAHHSA
BILIMBY CKJIALY HA MOPO3OCTIHKICTH ®IBPOGETOHIB TIOKPUTTIB
ABTOMOBUIBHHUX JOPIT
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AHoTania. B ximiMatnyHuX ymoBax YKpaiHM HaWOLIbIIMM JE€CTPYKTHBHHUM BIUIMBOM Ha
CTPYKTypy OETOHYy JKOPCTKMX TOKPUTTIB aBTOMOOUTBHHMX JOPIT € TOBTOPIOBaHI ILHKIU
3aMOpO’KYBAHHS Ta BiJITAIOBaHHS.

VY w1iit poboTI eKCIIEPUMEHTATIBHO JIOCIIIKEHO €(PEeKTUBHICTh BKIIFOUEHHS BOJIOKOH JUCIIEPCHOT
apMaTypu Ui IIIBUIIEHHS MOpPO30CTIMKOCTI (hiOpoOEeTOHIB, MOIM(IKOBAHUX IIACTUPIKATOPOM.
BukopucToByBajucss GeTOHHI cymimn 3 BMicToM nopriaanaueMenty Bin 300 kr/m® mo 380 kr/me.
JlucniepcHe apMyBaHHS MPOBOMMIIA 3a JOMOMOIOK CHHTETHYHHX MakpoBosiokoH Fiber X Mesh 3
OPIEHTOBAHOTO KOMOJIIMEPY MOJIMPONUIEHY Y BHUIVISAI CKPYYEHHMX >KOPCTKHUX BOJIOKOH JOBXKHHOIO
39 mm. Bmict i6pu Bapirosases Biz 0 10 3,0 kr/v®. BeTorni cymimmi mogudikysamu miactudikatopom
Ha 0a3i jirHocynbgonaty Sika® Plastiment®-1230. Bmict mactugikaropa BapitoBascs Bif 0,6 110
1,0% Big macu uemeHnty. Ckiagy €KCHEPUMEHTAIbHUX CyMILIEH KOPHUTYBalIMCS 3 BpaxyBaHHSIM
HeoOximHocTI 3a0e3nedyeHHs iXx piBHOi pyxomocti S1 (mpu OK = 2-3 cm). ExcnepumenraibHi
JOCITiKSHHS TTPOBOAMIIHA 32 3-X ()aKTOPHUM ONTUMAITBHAM TITaHOM.

Busnauanmucst po3mipH, Maca Ta MIlHICTh Ha CTUCK KOHTPOJIBHHX 3pa3KiB (piOpoOETOHIB Ta 3pa3KiB
TTICTIsT 3aMOPOXKYBaHHS Ta BiATarOBaHHs. Pe3ynbTaTi eKCIepUMEHTAThbHUX JaHHUX AT MOYITUBICTh
OLIHUTH BIUIMB CKJIaJy OETOHHUX CyMillled Ha MOPO30CTIMKOCTI IIEMEHTOOETOHHUX IOKPHTh.
Pesynprati mokazanu, mo (GiOpoOETOH BUTITHO BIAPI3HSAETHCS BiJ] HEAPMOBAHOTO OETOHY, MarO4H
npuban3Ho Ha 50 IMKIIB OUIbLIy B MOPIBHSAHHI 3 HUM MOPO3OCTiHKiCTh. IIiBHIEHHS KiTbKOCTI
mwiactugikaropom Sika® Plastiment®-1230 3 0,6 go 0,9-1,0% Bix Macu IEMEHTY TaKOXX IMO3UTHBHO
BILUIMBAE Ha piBEHb MOpo30cTiiikocTi. [Tpnbian3Ho Ha 50 MKITIB MiABUIILY€THCS MOPO30CTIHKICTH OETOHIB
TpH 36iIBIIEHH] 03yBaHHS TopTIanHIeMenTy 3 300 10 360-380 kr/M°. OTpuMaHi eKcriepuMeHTaTbHi
pe3yJIbTaTH JAl0Th MiJCTaBy 3pOOMTH BHUCHOBOK, IO JMCIEPCHE apMyBaHHS Ta MOIU(IKYBaHHS
TIaCTU(IKATOPOM OETOHIB IPArOTh ICTOTHY POJIb B 1X 3@THOCTI YMHHUTH OIIip MOPO3HOMY PYHHYBaHHIO
NP BUKOPHUCTaHHI B JOPOXXKHbOMY OyAIBHMLTBI. EKcreprMeHTalbHO-CTaTUCTUYHE MOJIEIOBAHHS
JI03BOJIIIIO OOpaTH ONTHUMaJbHI CKIagu MoaugikoBaHoro ¢idbpodeToHy. BukopucranHs OETOHIB 3
TaKMMH CKJIQJIOM JIO3BOJIMTh ~ OTPUMYBAaTH  BHCOKY TEXHIKO-€KOHOMIUHY €(EeKTUBHICTb IIpH
BUKOPUCTaHHI B IEMEHTOOETOHHHUX TTOKPUTTSIX aBTOMOOUIBHUX JIOPIT.

KiarouoBi cjoBa: TOKpUTTA aBTOMOOUTBHHMX Jopir, MoaudikoBanuii (HidpodeToH,
noJiinporisieHoBa ¢idpa, MOPO30CTIHKICTb.

Beryn. B ocranHii yac Ha aBTOMOOUIBHHMX J0porax YKpaiHM 3MIiHMBCA CKIaJ PyXy Ta
TIIBUINUAJIACS BaHTAXOIHOMHICTh aBTOTpaHcmopty [1]. TlepcriekTHBHMM y BiJMOBIIHOCTI 110
CY4acCHOTO TEXHIYHOTO CTaHy JOPOXKHIX KOHCTPYKIH, (PaKTUYHOro CKjaxy, IHTEHCHBHOCTI Ta
JUHAMIYHOCTI pyXy TPAHCIOPTHUX TIOTOKIB € OYyIIBHUIITBO aBTOMOOUIBHUX JOpIT 3
[IEMEHTOOCTOHHUMHU TOKPHUTTAMU. Benukuii BIWB Ha JOBrOBIYHICTH 1 Mpane3JaTHICTh
[IEMEHTOOETOHHUX TOKPHUTTIB HAJAIOTh KIIMATHYHI yMOBHU. BiIbIIICTH TepuTOpii HAIIOI KpaiHU
3HAXOAMUTHCS B MOMIPHO-KOHTHHEHTAJIFHOMY KIIIMaTi, 3 M'KOI0 3UMOIO 1 3 MIHJIUBOIO IOTOJOI0.
[IpoBeneHuit aHami3 KIIMaTUYHUX YMOB [2], @ TaKOXK pO3paxoBaHi JOPOKHBO-KIIMAaTHYHI Tpadiku
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JUTSL OKpEeMHX 00JIaCTeH, MOKa3alH M0 MPOJAOBXK BECHSIHO-OCIHHBOTO TEPIOAY, CIIOCTEPIraroThCs
YacTi Ta 3HaYHI Mepenagy TeMIeparyp BiJ MiHyCOBHX 3HAa4YeHb JI0 MMO3UTHBHHUX 1 Ha3aJ. 31aTHICTb
OCTOHHMX TOKPHUTTIB BUTPHUMYBATH TEBHY KUIBKICTh HUKIIB MOTEPEMIHHOTO 3aMOPOKYBaHHS Ta
BIITAIOBaHHA y BOJOHACHMUYEHOMY CTaHi 0e3 3HaYHMX IMOIIKO/DKEHb Ta Jedopmalii BHYTPIIIHBOT
CTPYKTYpH KOHCTPYKIIi XapaKTepU3YEThCSA MOPO3OCTIMKICTIO OeToHIB. Tomy HOCTiIKEHHS
MOPO30CTIHKOCTI € BaXKJINBUM ITOKA3HUKOM SIKOCTi JKOPCTKUX MOKPUTH aBTOMOOUTBHHX JIOPIT.

AHAaJIi3 ocTaHHIX J0CTiIzKeHb Ta MyOaikanii. [cHye nekiibka OCHOBHUX NMPHYUH 3HUKEHHS
MOKAa3HUKIB MOPO30CTIHKOCTI OeToHy. OCHOBHMI TMapameTp, IIO BILUIUBAE HA MOPO30CTIHKOCTb —
MOPHUCTICTh OeToHy. UnM OiibIle MOpOXKHEY Y MIK3EPHOBOMY IPOCTOPi, TUM BHUIA WMOBIPHICTH
pyHHYBaHHSI MaTepiaiy IMicis 3aMOpPOKYyBaHHS Ta BiATaioBaHHS. Boja, moTpamisiioun BCEpeauHy
OETOHHOI KOHCTPYKLi, IEPEeXOAUTh B 1HIIUI arperaTHUi CTaH, pO3IUPIOIOYNCH TpUOIn3HO Ha 10-
12%, mo pyiHye BHYTpPIIIHIO CTPYKTypy. BomHOUYac 3HMKYETbCS MIIHICTh OETOHY Ta 3/1aTHICTDH
BUTPUMYBATH IMHAMIYHI BIUIUBH. TOMY IIpH IPOEKTYBaHH1 CKJIa 1iB OETOHIB HEOOX1AHO MPAarHyTH 110
3MEHIIICHHSI TOPOBOro Tmpoctopy B OetoHi [3, 4]. IcHye TakoX IHIIMM METOJ IIiJIBHUIICHHS
MOpPO30CTIHKOCTI — 3aCTOCYBaHHS HOBITPSBTAryrouux 100aBok. IIpore sk mpaBuiao npu ix
BUKOPUCTAaHHI 3HWKYETHCA MIITHICTb OETOHY.

[Ile onuH Ba)KIMBUI IapaMeTp, 110 BIUIMBA€E HA CTIMKICTh 1O YAaCTUX MEpemnaiiB TeMIepaTyp —
BOJIOHETIPOHHUKHICTh. UMM BHIIMH 1ed mapaMeTrp, TUM MEHIIE BOJOTU MOTPAIUIE BCEPEIUHY
KOHCTPYKIIIT SIK Ha CTafil TBEPIHHI, TaK 1 MiJl Yac MOJAIIBINOI eKCITyarali. BianoBigHo, YuM MEHIIe
BOJIOTH, TMUM HIDKYE HMOBIPHICTH TMpOMeEp3aHHs OETOHY Ta MOPYLICHHS MUIICHOCTI BHYTPILIHBOI
CTpyKTypH [5, 6]. SIK moka3aHo y JOCIiKEHHSX, MpoBeacHuX mix kepiBaumnroM C.0O. Kposskosa [7],
e(eKT BUKJIMKAHUH BiJl BUKOpHCTaHHS (DIOPH y KOMILIEKCI 3 PallioHAIbHOIO KUTBKICTIO TIacTUdiKaTopa
MO3UTHBHO BIUIMBAE Ha PO3MOJUI MOp y OETOHI 3a po3MipaMu, IO Y CBOK 4YEpry IO3UTHBHO
MO3HAYAETHCSI HA MOPO30CTIMKOCTI (piOpOOETOHIB MO BIHOMIEHHIO 10 OETOHIB.

OtpumaHHs OETOHIB CTIMKMX JIO 3HAKO3MIHHMX TEMIIEpPAaTyp VYCHIIIHO BHUPIIIYETHCS
BUKOPHCTAHHAM JKOPCTKUX OETOHHUX CyMillel, MOIH(IKOBAaHUX KOMIUIEKCHUMH J100aBKaMy Pi3HOTO
(dyHKIIOHATBHOTO Mpu3HaYeHHs. CyMiCHE BHKOPHCTaHHS IUIACTU(IKATOPIB Ta MOJIMPOMIJIEHOBOI
¢i0pu 3HIKYE TOPUCTICTH Ta MIJABUIILYE BOJOHENPOHUKHICTH LEMEHTHOrO KaMmeHro. Pasom 3i
30UIBIIEHHSIM KJIacy OETOHYy 3a MOPO3OCTIMKICTIO TIJBHIIYIOTHCS ¥ 1HIN (PI3UKO-MEXaHIuHI
xapaktepuctuku [8, 9]. BaxnuBuM nuTaHHAM npu OYyJIBHUITBI IIEMEHTOOETOHHHMX IOKPHTTIB, €
€KOHOMIisI HAOLTbIII BUTPATHHX 32 BapTICTIO MaTepiaiiB Mpu BUPOOHUITBI OETOHHUX cyMillli. ExoHoMmis
LIEMEHTY Y BHUPOOHUIITBI OETOHY JOCSTa€ThCs YAOCKOHAJIEHHSIM IPOEKTHUX pilleHb. [loTyXHUM
3ac000M 3HIKEHHS BUTPAT LIEMEHTY € XiMiuH1 100aBKU. Tak, BUKOpUCTaHHS IIaCTU(DIKATOPIB 103BOJISE
3MEHIIIUTH BUTpaTH IIeMeHTY Ha 15...20% Ge3 moripiieHHs BIacTuBocTeil 6eToHy [7]. 3HauHa eKOHOMIs
LIEMEHTY MOXKe OyTH JOCATHYTA IPU ONTUMI3ALl] CKJIa/1iB OETOHHUX CyMIIIEH.

KommniekcHe 3acTocyBaHHS BKa3aHUX M[UIAXIB MOXXE 3HAYHO TOKPAIIUTH SKICTh Ta
JIOBTOBIYHICTh OETOHHHX MOKPUTTIB aBTOMOOUIBHUX JIOPIT, IO €KCIUIyaTYIOThCS B KIIMaTHYHUX
YMOBax 3 3HAKO3MIHHUMH TEMIIEpaTypaMu.

MeTor0 1aHOro AOCJHIIKEHHSI € aHaji3 BIUIUBY ckiany (iOpoOeToHy Ha MOPO30CTIMKICTh
LEMEHTOOETOHHOTO TOKPUTTA. 3aBJaHHSIMM JOCHIUKeHHs Oyiu: po3poOka, opraxizaumis Ta
MIPOBEJICHHS €KCIIEPUMEHTY 3 BUBUEHHSI MOPO30CTIHKOCTI MOAM(iKOBaHUX OETOHIB Ta (piOpoOETOHIB
3 MOJINPOIIEHOBOIO (iOpOI0; OIiHKA BIUTMBY CKJIa/ly 6€TOHIB Ta piOpOOETOHIB HA MOPO3OCTIHKICTB;
BUOIp ONTUMAJIBHUX CKJIAJI1B MOPO30CTIMKUX O€TOHIB Ta (h10poOETOHIB.

Marepiasim Ta MeToAuKAa AOCTiIKeHHs. B ekcrnepuMeHTaJbHOMY JOCHIKEHHI MpH
pO3paxyHKy cKiamiB OeToHHHX 1 (iOpoOETOHHUX CyMmillel BpaxoBaHI BUMOTH Ta YyMOBH
MPOEKTYBAHHS TOPOXKHBOTO OASTY KOpcTKoro tuiy [10].

Jliis mpuroTyBaHHs €KCTIEPUMEHTAIBHUX CyMiliel Bukoprctano nmopmianainementT CRH ITL IT/A-
111 500 P-H. KinbKicTb IeMEHTY B eKcriepuMeHTi BapitoBanocs i 300 10 380 kr/m°. B sikocTi KpymHOro
3aIOBHIOBAaYa BUKOPHUCTAHO MIeOiHb (pakiiii 5-20 MM, a B IKOCTI JpiOHOTO 3aITOBHIOBA4Ya BUKOPHCTAHO
KBapLOBUI MICOK 3 MoxayiaeM KpymHocti 2,4. JlucriepcHe apMyBaHHS BHKOHAHO CTPYKTYPHUM
CHUHTETUYHUM MakpoBoJOKHOM Fiber X Mesh 3 opieHTOBaHOTO KOMOJIIMEpY MOJIMPOIJICHY Y BUTJISII
CKPYYEHHX KOPCTKUX BOJIOKOH JIOBKUHOIO 39 MM, 00pOOICHUX CHICHIAIbHIM CKJIAJIOM, SIKHIA TIOJIIIIITY€E
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aaresito 3 6eToHHUM po3unHOM. BmicT ¢hibpu BapitoBascs Bix 0 o 3,0 KI/MS, 110 TO3BOJTHIIO OTpUMAaTH
Cepilo HeapMOBAHUX €TATIOHHMX 3pa3KiB. [liBUIIEHHS Yyacy 30epekeHHsI PyXJIMBOCTI OETOHHOI CyMiIti
3a0e3MeuyeH0 BUKOPUCTAHHAM IuiacTu(dikaropa Ha 0asi JirHocynbdonary Sika® Plastiment®-1230.
Bwmict mmactudikaropa BapitoBascs Big 0,6 1o 1,0% Bix Macy ieMeHTy, 110 BiIIOBI a0 PEKOMEHIAIIISIM
BUPOOHMKA J00ABKH. 3 BpaxyBaHHSIM BHMOT ISl BIAINTYBAHHS JKOPCTKHX JOPOKHIX ojsri [11-13],
PYXOMICTb Beix OeToHHUX cyMiteit Oyma piBHoro S1 (mpu OK =2 — 3 cm). Ckitaim eKcriepuMeHTaTbHIX
CYMIIIEH KOPUTYBAINCS 3 BpaXyBaHHIM HEO0OX1THOCTI 3a0€3MeUYeHHS X PIBHOT pyXOMOCTI.
ExcriepuMeHT POBOIUBCS 332 ONTUMAIBHUM 15-TH TOYKOBUM 3-X (akTOpHHM IuiaHoM [14].
[Inan excriepuMeHTy 1 ckinaau 15-Tu gociimkeHux 0eToHiB 1 GpiOpoOeTOoHIB HaBeAeH! y Tabmuii 1.
[lepexin Big HATYpHUX O KOJOBAaHUX 3HAYCHb PiBHIB BapiiioBaHUX (haKTOPIB BUKOHAHO 32 TUIIOBOIO

MIPOLIEYPOIO.

Tabnung 1 — [1lnan ekcnepuMeHTy 1 CKJIaJH TOCIHKEHUX OeTOHIB 1 pi6poOeToHIB

PiBHI (baKTOpiB Ckitan 6eTOHy (KF/ M3)

., = = 28| & = | 28
¢ = B S = . g | £+
2| oE |wE2|02Q 2| E | 5 | &2 29| =
S | ¥z |Wex|RegE| = g S | ex| g& S
= = S5 2 g = = = | 5| 2E =

a. = S 7 a. = | &%

L E| S A
1 -1 -1 - 825 0 1,80 132
2 -1 -1 1 840 0 3,00 118
3 -1 0 0 300 1230 833 15 2,40 123
4 -1 1 -1 815 3,0 1,80 138
5 -1 1 1 829 3,0 3,00 126
6 0 -1 0 792 0 2,72 138
7 0 0 -1 784 1,5 2,04 142
8 0 0 0 340 1210 788 15 2,72 136
9 0 0 1 793 1,5 3,40 132
10 0 1 0 788 3,0 2,72 136
11 1 -1 -1 751 0 2,28 149
12 1 -1 1 760 0 3,80 142
13 1 0 0 380 1190 752 15 3,04 146
14 1 1 -1 746 3,0 2,28 153
15 1 1 1 753 3,0 3,80 147

Sk BuHO 3 TabsHI 1, 171 JOCATHEHHS PiBHOT pyXOMOCTi BCix 6eToHHUX cyMmimei S1 (mpu OK
= 2 — 3 cM) ckiag OeToHy Ta TOJOBHE BMICT BOIM 3MiHIOBaNHCS. Hampukian, ans CKiIamiB 3
MiHIMaJbHUM BMICTOM IIEMEHTY 1 BIICYTHICTIO aucriepcHoro apmyBanHs Nel Ta No2 mpu 3pocTaHHi
KiTBKOCTI TicKy B cKai cymimi 3 825 kr/m® 1o 840 kr/m° 36inbinenHs mIacTH(iKyI0uoi 106aBKH 3
1,8 xkr/M® 1o 3,0 kr/M® 103BOIISIE BMEHIIUTH KiTBKICTh BOIH B cymimi 3 132 a/m® 1o 118 /M2, To6TO
3abesneuye 3HmwKkenHs B/1]. 36inbmenns xinskocti ¢ibpi 3 1,8 xr/m® 10 3,0 xr/m® (ckmagm Ne 3-Ne 5)
BUKJIIMKA€ HEOOXITHICTh 30LMBIICHHS KITbKOCTI BOAM. 30UIbIIEHHS KUTHKOCTI IIEMEHTY B CKJaji
cymimmi (3 300 kr/m® mo 380 kr/m®) BuKIMKae 3MenmIerHs B/1] mpy KOpUryBaHHI KilbKOCTi MEOEHIO
3 1230 xr/m® 0 1190 xr M/3, Ta BMicTy Ticky B cepenuboMy 10 751 kr/m® — 760 kr/m°. Hanpuxnan,
B ckai Ne 14 mpu MmakcuMansHOMY BMicTi Gi6pi 3,0 kr/m° Ta MiHiMansHOMY BMicTi mactudikaTtopa
2,28 kr/m°, BMicT Bomu ckiamae 153 /M. HasBHICTD B CKJIaJaxX BEJIMKOI KiJIBKOCTI BOJM MOXKE
HEraTUBHO BIUIMHYTH Ha MOPO3OCTIMKICTb, TaK SK IpPH TBEPAIHHI OyJie YTBOPIOBATHCS BEIUKa
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KUTBKICTD KaIJIAPIB, IO B CBOIO YEPTY, 301IBIINTH BOJOMOTIMHAHHS Ta 3MEHIIIUTh MOPO30CTIMKICTb.
Tomy BayKIMBHUM € BU3HAUEHHS PalliOHATIBHOI KITBKOCTI MIacTU(IKATOPY 3 TOUKH 30pYy 3a0e3MedeHHs
MiHIManbpHOTO B/I] cymimmi.

JlocmimpkeHHsT MIITHOCTI JaHUX O€TOHIB 1 hiOpoOETOHIB MPOBOAMUIIOCH MiJ] KEPIBHUIITBOM TIPO(.
C.O. KpossikoBa [15, 16]. Ha manomy erami poOOTH Aas BCiX AOCTIIKEHHX CKIaaiB OCTOHIB i
(biOpoOETOHIB BHU3HAYAIUCS MOPO3OCTIMKICTh BiAMOBIAHO 10 [17]. JIas MOCHIKCHHS MMOKAa3HUKIB
MII[HOCTI Ha CTHUCK BHMIOTOBJIUIMCH 3paskKu-KyOW 3 moBkuHOIO pebpa 100 mm [18]. 3pasku
BUNPOOYBasucs cepisiMu. Macy 3pa3kiB BU3HaueHO 3 moxuokoro He Oinbiie 0,1 %. KonrponbHi 3pa3ku
OeToHy mepes BUMPOOYBaHHSIM Ha MIIHICTh, & OCHOBHI 3pa3Ku Iepel] 3aMOpPOKYBaHHSIM, HACHYECHO
BoJI010 Temmepatyporo (18+2)°C. [l Hacu4eHHs 3pa3Ku 3aHYPIOBAI Y pinuHy Ha 1/3 iX BUCOTH Ha 24
TOJI, TaJTi PiBEHb PIAMHM ITiABUIIYIOTH 0 2/3 BUCOTH 3pa3Ka 1 BATPUMYIOTh Yy TAKOMY CTaHi 1e 24 roj,
TICIISt 9OTO 3pa3Ky MOBHICTIO 3aHYPIOIOTh y piIMHY Ha 48 roJi TAKUM YMHOM, 1100 piBeHb piAuHH OYyB
BUIIMI 3a BEPXHIO I'paHb 3pa3KiB HE MeHIIE HiK Ha 20 MM. Y TPOMDKHHIA CTPOK BHMIPOOYBaHHS
KOHTPOJIIOBAJIM CTaH 3pa3KiB: 3'BIICHHS TPILIUH, BIIKOJIB, 3JIyIIyBaHHA MOBEpXHi. 3'ABJICHHS
3a3Ha4yeHuX Je(EeKTIB MiJ Yac eKCIePUMEHTY He BHSBICHO. Yac BUTPUMYBAHHS, MPH OJHOYACHOMY
3aMOpOKYBaHHI B MOPO3HJIBHIM Kamepi 3pa3KiB CKIaaB 4 roji, pO3MOpPOKyBaHHS — 4 TO/I.

Pe3yabTaTi gocaimkenn. [1in yac ekcriepuMeHTaIbHUX TOCIIKEHb BUMIPIOBAIM JIaH1 1100
PO3MipiB, Macu Ta MILIHOCTI Ha CTUCK KOHTPOJIBHUX CKJaliB OeToHIB Ta (iOpoOETOHIB 3 pi3HUM
BMICTOM ILIEMEHTY, TOJIiNpomniieHoBoi GiOopu Ta mnactudikaropy. beToHr 3 MiHIMaTBEHOIO KUIBKICTIO
¢i0pu 1 1ractugikaTopy MaiM MEHIIy MIIHICTb Ha CTHUCK Ta HaiOinmpmry ii BTpary micis
3aMOpOXYBaHHSI Ta BiATalOBaHHS. BIiANOBIIHO XapaKTEepU3yBAJIMCS MEHIIOK MOPO30CTIHKICTIO.
JlucriepcHe apMyBaHHS 301IbIIYE CTIHKICTh CTPYKTYpH OCTOHIB 10 3HAKO3MIHHUX TEMIIEpaTyp.

Y Tabnuii 2 HaBeACHI OTpUMaHI Pe3yibTaTH BU3HAYEHHS MOPO30CTIMKOCTI JTOCHIIKEHHUX
6eToHiB 1 (hiOpoOeTOoHiB.

Tabmuis 2 — Mopo30CTIHKICTh JOCTiKeHUX O0eTOHIB Ta (hiOpoOeToHIB

PiBHi (hakTopiB o

2 23| 2

g = 8| S9| £
2l oF [0f2|02% 28
ol < = <2 X | < g 5 o 8
& g 5| BE 2,
3 gl S| &

< I e ¢ B

1 -1 -1 -1 100
2 -1 -1 1 150
3 -1 0 0 150
4 -1 1 -1 150
5 -1 1 1 200
6 0 -1 0 150
7 0 0 -1 150
8 0 0 0 200
9 0 0 1 200
10 0 1 0 200
11 1 -1 -1 150
12 1 -1 1 200
13 1 0 0 250
14 1 1 -1 200
15 1 1 1 250
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3a pe3ynbTaTaMy JOCTIDKEHHsS MOOy1oBaHa TPU(PAKTOPHA €KCIIEPUMEHTAIBHO-CTAaTHCTHYHA
mozensb (1), rpadiuna iHTepIpeTalis sSKoi MoKa3aHa y BUTJISAAI BIUIMBY (PakTOpIiB y 30HI MiHIMYMY i
Makcumymy (puc. 1).

F (muxmn) = 191 +30x1  + 11x2? + Ox1X2 =+ OX1X3
+ 25X — 14x2° + 0x2X3
+25x3 — 14x3? 1)
. 280 ]
- 260 ] —] ||
é 240 1 _/"' /’ ‘/’_’_,.f'
H 220 — [ [~
5 200 T -
% 180 -
§100 | [ [ = ~
=
80 _ L ) i L _
300 340 380 0 1.5 3.0 06 0.8 1.0
MOPTIAHANEMHT. kr/Mm? (idpa Fiber X Mesh. kr/n’ ractabikaTop Sika®,

% BLI MAcCH IIeMeHTY

Puc. 1. Bus ckiany 6eToHiB Ta hi0poOeTOHIB HA MOPO30CTIMKICTh Y 30HI EKCTPEMYMIB

AHaui3 miarpam J03BOJIIE€ CKa3aTH, 110 3MiHa BMicTy meMeHTy Bix 300 mo 320 KI/M°® BHKJIHKAE
HE3HAYHe 3POCTAHHS MOPO3OCTiHKOCTi. 36inblieHHs BMicTy memeHTy 10 380 Kr/mM° mpU3BOAMTH 10
301IBIIEHHS MapKH OETOHY 3a Mopo3ocTikikicTio Ha 50-70 nukimiB 1 Mae HarOLIbIIME BruTUB. [IpoTe, 3
€KOHOMIYHOT TOTJIsiTy, 1€ He e(eKTUBHMI CIociO KepyBaHHS BIACTUBOCTSMH OETOHIB, TOMY IO B
YMOBAaX BEJIMKOI MaTepialoMICTKOCT1 Oy IIBHUIITBA aBTOMOOLTBHUX JJOPIT HETATUBHO BILUIMHE HA BAPTOCTI
o0'ekty. BBenenns (iOpi 30utbITye Mopo3ocTiiikicts Ha 50-60 mukoiB. [Ipudomy, edekT Bia BMICTY
(ibpu HOCUTB He NiHiMHUIT XapaKTep i MifBUILEHHS 1i y cKilai moHas 2,8 Kr/M3 NpakTHYHO He 30iIbIIye
MOPO30CTIHKICTh. AHAJIOTTYHUHN XapakTep Mae 3MicT mactudikaTopa. Sxmio npu 3miHi BMicTy Bijg 0,6
1o 0,9 % Bim Macu HEMEHTY MOpPO3OCTIHKICTh 30umbIIyeThest Ha 50-60 HMUKIIB 3aMOpPOXKYBaHHS Ta
BiJITAlOBAaHHSI, TO MMOJAIBIIIE 30UIBIICHHS JT03yBaHHs TUIACTH(IKATOPA MPAKTHYHO HE TIO3HAYAETHCS HA
MOpO30CTiiKOCTi. L{e roBOpUTH PO BUCOKY €(heKTHBHICTH 3aCTOCYBaHHS MOJIMPOIiIeHOBOi (Hhidpu Ta
rtacTrdikaTtopa JJIs BUPIMICHHS 3a/1a4i i JBUILCHHS JIOBrOBIYHOCTI OETOHIB TOPOKHIX TIOKPHUTTIB.

3a pesysbTaTaMu JOCITIPKEHHS, BUKOPUCTOBYIOYM KyOidHY Jiarpamy (puc. 2), 3alporoHOBaHO
parionansHi  ckmamyu  (BibpoOeToHiB i3 monimpormineHoBoro (i6poro y Kimekocti 2,5 Kr/mM® Ta
iactudikatopoM y KimbkocTi 0,9%, siki MOXKyTb OyTH BUKOPHUCTaH1 JJIsl IIEMEHTOOCTOHHHUX MTOKPUTTIB
aBTOMOOUTBHHUX JIOPIT.

BpaxoByroun He0THO3HAYHHI BILTUB CKJIaly O€TOHHOI CyMillll Ha TIOKa3HUKU SKOCTI OETOHY
BpaxyBaHHAM €KOHOMIYHUX YNHHHUKIB, [0 CTAHE TEMOIO IMOJANIBIINX JOCIiIKEHb.

BucHoBku. 3a TpupaKTOPHUM ONTUMAIFHUM IUIAHOM BHKOHAHO EKCIIEPUMEHTAJbHE
JOCTIPKEHHST MOPO30CTiiikocTi OeToHiB 1 (hiOpPOOETOHIB KOPCTKUX JOPOXKHIX TOKPHUTTIB,
0COOJNMBICTIO SKOTO OyJ0 KOPUTYBaHHS CKJIAIIB CyMimeil 3 BpaxyBaHHSM HEOOXiTHOCTI
3a0e3neueHHs iX piBHOI pyxoMocTi. HaiiOinpImii BIUIMB Ha piB€Hb MOPO30CTIHKOCTI OETOHIB HajJae
KiJTbKiCTB IOpTIaHAIEeMeHTy. 36iIbIIeH s foro BMicTy y ckmazi 3 300 1o 380 kr/m® 36inbmye piBeHb
Mopo3ocTiiikocTi Ha 50-70 HUKITIB.
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Puc. 2. BB BapiiioBanux (pakTopiB CKJIay HA MOPO30CTIHKICTb JOCTIKEHUX OCTOHIB Ta
¢$16pobeToHIB

3a pesynbTaTaMH aHaJi3y PO3PaxOBaHO! E€KCIIEPHUMEHTAIBLHO-CTATUCTHYHOI MOJENi MOXKHA
3pOOUTH BUCHOBOK, 110 HAWOLIBITY KUIBKICTh ITUKJIIB 3aMOPO’KYBAaHHS Ta BiJITalOBaHHS 0€3 BTpaTH
MIIHOCTI Ta Macu OuIbIl BU3HAueHOi cTaHgapTtoM (250 HMKIM) BUTPUMYIOTH OETOHM NpHU
MaKCHManbHiil kisbkocTi emenTy 380 kr/m3, BMicTi nosinponinenosoi ¢pi6pu Fiber X Mesh — 2,5-
3,0 kr/m® Ta mnacTudikaropy Ha 6a3i mirHocynsgonaTy Sika® Plastiment®-1230 — 0,9-1,0 % Bix
MacH IeMeHTy, mo Oyxae Biamosimatu mapii F250. Brume ¢ibpu Ta mmactudikatopa HOCUTH HE
niniltEM XapakTep. Beenenns ¢iopi Bix 0 10 2,8 kr/M° 36imbIIy€e MOPO30CTiHiKicTh Ha 50-60 THKITIB.
36inbmends BMicty ¢iopu Bix 2,8 kr/m® g0 3,0 mpakTHYHO He 36iNbIIye MOPO3OCTIHKICTb.
AmnanoriyHuit Xxapakrep Mae 3mict mactudikaropa. [Ipu 3mini BMicTy no6asku Big 0,6 10 0,9 % Bix
MacH LEMEHTY MOPO30CTIMKICTh 301nblIyeThes Ha 50-60 HUKIIIB 3aMOPOXKYyBaHHS Ta BiJTalOBaHHS.
[onmanpme 30inbIIeHHS 103yBaHHS IUIacTU(ikaTopa NPAKTUYHO HE IIO3HAYAETHCS HA
Mopo3ocTiiikocTi. OTpuMaHi pe3ynbTaTd IOKa3ylOThb BHCOKY €(EKTHBHICTh 3aCTOCYBaHHS
nominpornigeHoBoi  ¢Gidpu Ta TIactudikaropa SK TEXHOJOTIYHUX TMPUHAOMIB  IiJBUIIECHHS
MOPO30CTIMKOCTI OETOHIB.
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ANALYSIS AND EXPERIMENTAL STATISTICAL MODELING OF THE
COMPOSITION EFFECT ON THE FROZEN RESISTANCE OF FIBRE CONCRETS FOR
ROAD PAVEMENTS
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'Finohenov O.1., graduate student,
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Abstract. In the climatic conditions of Ukraine, the most destructive effect on the structure of
concrete pavements of hard roads is the repeated cycles of freezing and thawing.

In this work, the effectiveness of the inclusion of dispersed reinforcement fibers to increase the
frost resistance of plasticizer-modified fiber-reinforced concrete was experimentally investigated.
Concrete mixes with a Portland cement content of 300 kg/m®. to 380 kg/m® were used. Dispersed
reinforcement was carried out using Fiber X Mesh synthetic microfibers made of oriented
polypropylene copolymer in the form of twisted hard fibers with a length of 39 mm. The fiber content
varied from 0 to 3.0 kg/m®. The concrete mixtures were modified with a lignosulfonate-based
plasticizer Sika® Plastiment®-1230. The plasticizer content varied from 0.6 to 1.0% of the cement
weight. The compositions of the experimental mixtures were adjusted considering the need to provide
their equal mobility S1 (at OK = 2 - 3 cm). Experimental studies were conducted according to a 3-
factor optimal plan.

The dimensions, weight, and compressive strength of the control samples of fiber-reinforced
concrete and samples after freezing and thawing were determined. The results of the experimental
data made it possible to assess the effect of the composition of concrete mixtures on the frost
resistance of cement concrete pavements. The results showed that fiber concrete compares favorably
with unreinforced concrete, having about 50 cycles more frost resistance compared to it. Increasing
the amount of Sika® Plastiment®-1230 plasticizer from 0.6 to 0.9-1.0% of the cement weight also
has a positive effect on the frost resistance level. The frost resistance of concrete increases by about
50 cycles when the dosage of Portland cement is increased from 300 to 360-380 kg/m®. The obtained
experimental results make it possible to conclude that the dispersed reinforcement and plasticizer
modification of concrete play a significant role in their ability to resist frost damage when used in
road construction. The experimental and statistical modeling allowed selecting the optimal
compositions of modified fiber concrete. The use of concretes with such compositions will allow
obtaining high technical and economic efficiency when used in cement concrete pavements of
highways.

Keywords: road pavement, modified fiber concrete, polypropylene fiber, frost resistance.
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BOTI'HETPUBKICTD TA INOXKEKOBE3SIIEYHICTD EKO-APBOJIITOBETOHY
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Y0o0ecovra depacasna axademis 6ydisnuymea ma apximexmypu
Byq. Jlinpixcona, 4, m. Oneca, 65029, Ykpaina

AHOTalig. Y cTarTi pO3MIISIHYTO BOTHECTIHKICTH 1 MOXKEXHY Oe3rneKy apOosiToOeToHy —
CYy4acHOT'0 €KOJIOTTYHOTO OY/IIBEIBHOT'0 MaTepiaiy, IO MO€EIHYE BIACTUBOCTI OETOHY Ta JACPECBUHHU.

Mertoro pocinipkeHHsT OyJl0 BU3HAYEHHS PIBHSA HOTro CTIHKOCTI IO BHCOKHX TEMIIEpaTyp Ta
MOXTHBOCT] TIABUIIECHHS MOXKEXHOI Oe3neku muisixoMm monaudikamii ckiaaxy. ExcnepumeHTanbHi
BUIIPOOYBaHHS MIPOBOJIMIIKCS B JTaOOPAaTOPHUX YMOBAX i3 BUKOPUCTaHHSAM T'a30BOT0 MaJIbHUKA, L0
cTtBoproBaB mosym’st temmeparyporo 1400°C. 3pasku po3mipom 500x500x100 MM BUTpUMYBaIH
BOTHEBUi BIUMB npoTsaroM 120 cexyHn i3 ¢ikcariero 3MiH noBepxHi KoxkHi 30 cekyHna. JlocmimkeHns
MPOBOAMJIOCS SIK JIJI1  3BMYAHOTO €KO-apOOMTOOETOHY, Tak 1 IS 3paskiB, 0OpoOJIeHUX
1oJ1i(pyHKIIOHATEHUM MO/ (IKaTOPOM.

Pesynbratu eKcriepuMeHTy ToKasalid, o HeoOpoOeHn apOoIiTOOSTOH HAJIGKUTD /10 KJIacy
Boruectiiikocti I'l, He miaATpUMy€e TOpPiHHSA, ale 3a3HA€ MEBHUX TEPMIYHHUX MOLIKOKEHb.
MaxkcumarnpHa rIHOMHa 00BYTIICHHS CKJlajla MEHIEe 1 MM, IO CBIYUTH PO HOTO BHCOKY TEPMIiUHY
CTIMKICTB Yy  KOPOTKOCTPOKOBOMY  BIUIMBI ~ BOTHIO. BogHowac  3pasku,  00poOiieHi
o yHKIIOHATEHUM MOAU(IKATOPOM, HE TIOKa3aIu 03HAK OOBYTJICHHS Ta MOXYTh OyTH BiJIHECEHI
1o kiacy I'0 — Heroprounx marepiais.

OTpumaHi pe3yibTaTH MiATBEPUKYIOTh €(PEKTHBHICTh 3aCTOCYBaHHS MOMI(PYHKIIOHATBHUX
MonuGiKaTOpiB JUIs TMIIBUIIEHHS BOTHECTIMKOCTI apOoniToOeToHy. 3aBASKH MPOCOYCHHIO
MOAM(BIKaTOPOM aHTHUIIPEHH] BIIACTUBOCTI MOIIMPIOIOTHCS HAa BCIO TOBIIMHY MaTepiaiy, 10 poOUTh
fioro OibII Oe3meyHUM /1711 OyAiBHUIITBA (hacaliB Ta IHIIMX KOHCTPYKIIHN 3 IMiIBUIIIEHUMH BUMOTaMU
710 TIOXKEKHOT OE3TEKH.

[IpakTHyHa 3HAYYIIICT JOCIIKEHHS TOJISATAE Y MOXJIMBOCTI BIPOBAKEHHS apO0IITOOCTOHY
3 MOKpAIICHHMMHU aHTHITIPEHHUMHU BJIACTUBOCTSAMHU Yy cydacHe OyJIiBHUITBO, IO CIPUSTHME
TTIIBUIIICHHIO PIBHS MOXKEXHOT Oe3reku Oy 1iBens. e 103BOMUTh YIOCKOHAINTH HOPMaTHBHY 0a3y Ta
CIPUATAME TIOIIUPEHHIO €K0-apOOIITOOETOHY SIK TEPCIEeKTHBHOTO Oy/IiBEILHOTO Matepiary 3
MOKPALICHUMH TI0)KEK03aXUCHUMHU XapaKTEPHUCTHKAMHU.

Kiro4oBi cjoBa: ap00s1iTOOCTOH, BOTHECTIMKICTD, TTOJKE)KHA Oe3IeKa, HeTOPIOYHA MaTepial,
noJTipyHKIIOHATBHUI Motu(ikaTop, OyIiBebHI KOHCTPYKIii, BOTHEBI BUITPOOYBaHHS.

Beryn. ApOoniToOeTOH € OJHUM 13 MEepPCHEeKTUBHUX OyAIBEIbHUX MaTepialiB, M0 MOEAHYE
BHCOKY MIIHICTh, HU3bKY TEIIONPOBIHICTh, €KOJOTTUHICTh Ta JTOCTYMHICTh. 3aBASKH MOEJHAHHIO
JIEPEBHUX HAMOBHIOBAadiB 13 IIEMEHTHOIO OCHOBOIO, € Marepiajl IIMPOKO 3aCTOCOBYETHCS Y
KUTI0BOMY OyaiBHMLTBI. OjHaK, HE3BaXKAlOUM Ha YHUCIIEHHI MepeBard, Horo moxexHa Oe3neka
3aJIMIIAETHCS BAXKIMBUM (DAaKTOPOM ISl PO3MIMPEHHS C(hepr BUKOPUCTAHHSI.

VY naniif poOOTI MOCHIHKEHO BOTHECTIMKICTh apOOITOOCTOHY IIISXOM EKCIEPUMEHTAIBHOTO
BUNPOOYBaHHS BIUIMBY BHCOKHX TemriepaTyp (1400°C) Ha 3pasku matepiaiy, sIKi MICTSTh OKpiM

BIXO/IiB IEpEeBOOOPOOKH, IEMEHTY, BaIlHa, 111e i Tiapodo6izatop Ta noiiyHKIOHATBHUN MOTU(IKATOD.

Le#t ¢akTop 3HAYHO TMOMIMIIY€E AHTUIIIPEHHI BJIACTUBOCTI €KO-apOOJITOOCTOHY B TOPIBHSHHI 31
3BUYaHUM apOomitoOeToHOM. JleTanmpHimuMil ckiaa eko-apoonitoderony € «Hoy-xay» aBTOpiB.
[IpoananizoBaHO CTYMiHb MOLIKO/HKEHHS MaTepialy 4depe3 BU3HAUEHI IHTEpPBAJIU Yacy Ta BU3HAUYEHO
KJIac BOTHECTIMKOCTi. BukopucTanHs momiyHKIIOHATBHOTO MoAu(DIKaTOpa T03BOJSE MiABUILUTH
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BOTHECTINKICTh MaTepiamy a0 kinacy I'0, 1o poOuTs HOro HErOprOYXUM Ta MPUAATHAM JIJIS 3aCTOCYBaHHS
y (hacagHuX cHCTeMax Ta IHIIMX KOHCTPYKIIAX 13 MiABUIICHUMH BUMOTaMH JI0 TIOXKEKHOT OE3IMEeKH.

Pe3ynbraTu gaHOrO 1OCHIKEHHS MOXKYTh OyTH BUKOPHCTaHI AJIs1 BIIOCKOHAJIEHHS HOPMATUBHOI
0a3u 1070 3acTocyBaHHs apOomiToberoHy [1], a TakoX IUIsi PO3POOKHM HOBUX TEXHOJOTIH HOTO
Moau(ikariii, CnpsMOBaHUX Ha ITiIBUIIICHHS MTOKEXKHOI Oe3MeKHu Oy MiBeTbHUX KOHCTPYKITii [2, 3].

AHaJii3 0CTaHHIX JocJizKeHb Ta myoJikanii. OcTanHI JOCTIKEHHS Y cdepi BOTHECTIMKOCTI
ap60iTO0EeTOHY 30Cepe/KEH] Ha MOKPAIIEHH] HOTO MOKEKHUX XapaKTEPUCTHUK Yepe3 MOIUBIKaIliio
CKJIaay Ta BUKOPHCTAaHHS aHTHUIIPEHHUX 100aBOK. Exo-ap0oiiToOeTOH € cyyacHUM OyiBEIbHUM
MarepiajaoM, M0 MOEIHYE BUCOKY MIIHICTh 13 €KOJOTIUYHOI Oe3meuHicTio. OQHUM 13 KIFOYOBHUX
napaMeTpiB JJIsl HOTro 3aCTOCYBaHHS B Oy [IBHHUIITBI € BOTHETPUBKICTh Ta MOXKEX00e3Me4HicTh [4, 5].
XKaprosebkuit C.B. nocnigxyBaB 3acTOCyBaHHA BOJHMX BOTHE0103aXMCHMX PpEYOBUH IS
LEJTI0JI030BMICHUX MartepiajiiB, IO A03BOJISE€ 3MEHIIUTH iXHIO TOPIOYICTh Ta MiJABULIUTU CTIHKICTh
1o 3aiimanHs [4]. Y cBoill momepenHid poOOTI BiH pO3IVISIaB €KOJOTIUHI aCleKTH BOTHE3aXHCTY
JIepEBUHH, TMIATBEPKYIOUHN €()eKTUBHICTh KOMIUIEKCHUX aHTHITIPEHHUX 3ac00iB [5].

KoBanbcpkuii B.M. aHanizyBaB BOTHECTIHKICTh apOOJIITOOCTOHY B Cy4acHOMY OY/IiBHMIITBI,
BKa3yl0Ud Ha HEOOXIAHICTh MOKPAIIEHHS WOTro TepMIYHOI cTabiinbHOCTI [6]. IBaneHnko O.I1. y cBOiX
JOCITIJKEHHSX JOBIB, 1110 3aCTOCYBaHHS CIEI[IaIbHIX aHTUIIPEHHUX T00aBOK 3HAYHO 3HUKYE PHU3UK
3aiiMaHHs apOOIITOBUX MaTepialiB [7].

[TorepeHi AOCIIHKEHHS HAIIIOTO aBTOPCHKOTO KOJIEKTHUBY Ta KoJier [2, 8] miaATBep Ky 0Th, 110
BUKOPUCTAaHHS MOM(PYHKIIOHATRHUX MOJU(BIKaTOpiB Ta TiApodoOU3aTOPiB 3HAYHO ITiJIBHUIILYE
BOTHECTIHUKICTh ap0oJiTOOETOHY, 3a0€3MeUyt0ur HOro BiNOBIIHICTh HAWBHIIUM KJIacaM MOKEXKHOT
Oe3MeKH.

BbazoBuM cTangapTom, 110 periaMeHTy€e METOAM BUIIPOOYBaHb Ha BOorHecTiHKicTh € JICTY EN
1363-1:2023 [9]. HopmatuBai mokymentu JICTY EN (2014, 2016, 2024) BCTaHOBIIOIOTH Cy4acHi
BHUMOTH JI0 BUIIPOOYBaHb HAa BOTHECTIMKICTb, 1110 CIIPHSIE€ BIOCKOHAJIECHHIO Oy 1IBETbHUX KOHCTPYKLIN
i3 BUCOKMMH aHTUITIpSHHUMH BiiacTuBocTsmu [ 10, 11].

BigMinHicTh €k0-apOoIiTOOETOHY Bil apOOIITOOETOHY B TEXHOJOTI HOro BUPOOHMITBA Ta
Moau(iKaIlii KOMIIEKCHUX BIJIXO/IIB IEPEBUHU MO YHITIOHATEHUM MOIM(DIKATOPOM, SIKHI 3a0e3meuye
TiApo¢oOHi, aHTUITIPEH] BIACTUBOCTI Ta OI0JIOTIYHY CTiiKiCTh eko-apOoniTodeTony [12-16, 8].

Merta pocaigkeHHsi. MeTol0 [TaHOrO MAOCHIDKEHHS € BHU3HAYEHHS PIBHS TEPMOCTIMKOCTI
apOoIITOOETOHY Ta MOXKIIMBOCTEH MiJBUIIIEHHS HOT0 MOXKEXHOI O€3MeKH UIIXOM MOAU(IKALIT CKIady.
OcobnuBa yBara NMpUAUISETHCS aHaANI3y BIUIMBY BHCOKHX TEMIIEpaTyp Ha CTPYKTypy Marepiaily Ta
€(EeKTUBHOCTI 3aCTOCYBaHHS MOJI(YHKIIOHATEHUX MOAN(DIKATOPIB AJIsl HOKPAIIEHHS! BOTHECTIMKOCTI.

Marepiain Ta MeToaMka aochaifkeHHsl. Jlis AOCATHEHHsS 1i€i MeTH Oynu HpoBeIeHI
eKCIIepUMEHTaIbHI BUITPOOYBaHH B TaOOPAaTOPHUX YMOBAX 13 BUKOPUCTAHHSAM Ia30BOT0 MAJIbHUKA,
KU cTBOproBaB mosyM’st temmepaTryporo 1400°C. 3pa3ku eko-apOoaiTOOETOHY pO3MipOM
500x500%100 MM miggaBanucs BOTHEBOMY BIUIMBY IpoTsroM 120 cekyHn, a iXHil cTaH ¢ikcyBaBcs
koxH1 30 cexyH. Takuii miaxia J03BOJIUB AETATbHO NMPOAHATI3YBAaTH AUHAMIKY 3MIH MaTepiairy Il
BIUTMBOM €KCTPEMaJIbHUX TEMIIEPaTyp.

JlocnipkeHHsT OXOIUTIOBAJIO SIK 3BHYAMHUI €K0-apOomiTOOETOH, Tak 1 3pa3KH, MOBEPXHBO
MOIM(IKOBAHOTO €KO-apOOIITOOETOHY, IO a0 3MOTY TOPIBHATH IXHIO TEPMOCTIMKICTH 1 OLIHUTH
e(eKTUBHICTh 3aIIPOITOHOBAHUX yIOCKOHAIEHb. AHAIII3 OTPUMaHHX PE3YJIbTATIB CIPHsIE pO3pOOLI HOBUX
peuentyp apOoiTOOETOHY 3 MOKPAIICHUMH XapaKTEPUCTUKAMH, IO MiJABUILYE HOTO MOXKEXHY Oe3neKy
Ta JIOBrOBIUHICTH. Lle 0cOOMMBO BaXKIIMBO U1 Cy4acHOTO OY/IIBHUIITBA, JI€ BOTHECTIMKICTh KOHCTPYKIIIH
€ OJTHMM 13 KITFOUOBHX (haKTOPiB 3a0e3medeHHsI OE3MEKH KHUTIOBHX Ta MPOMHUCIOBUX 00’ €KTIB.

JlocniakeHHsT TPOBOAMIIMCS Ha BOTHEBOMY CTEeHJI jaboparopii BUNpoOyBaHb OyIiBEIbHHUX
matepianie TOB «kMAECTPO TEXHOJIOI'Ti», M. KuiB, 3 BUKOPUCTAHHSIM ra30BOIr0 NMaJIbHUKA, 10
3a0e3mnevyBaB BILTUB BIIKPUTOTO MOIyM s Temmeparyporo 1400°C.

MeTtoauka BKJIIOYANa Taki €Tamy: 3pa3Kd 3aKpiIUIIOBAJIM Y BHUIIPOOYBalIbHIM YCTaHOBIN Ta
MiIaBalid BIUTMBY Ta30BOTo (hakena. BrummB mosmym's 3aiiicHioBaBcs mpoTsaroMm 120 cekyHna i3
¢dorodikcariiero 3MiH moBepXxHi KokH1 30 cCeKyHI.
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PeectpyBanucst Taki mapamMeTpu: Bi3yajdbHI 3MiHM TOBEpXHI (OOBYIJICHHS, CITydyBaHHS,
YTBOPEHHS TPIIIMH); TTIMOWHA TMOIIKOMKEHHS (32 JONOMOTOI0 MiKpPOMETPHUYHOI'O BUMIPIOBAHHS
TicIIs BUMPOOYBaHb) Ta Yyac 3aiiMaHHs (SIKIO MaB MICIIE).

Bornectiiikicth KOHCTpYKIIil B EBpocoro3i Bu3HavaeThcs 3a crangaptoM ISO 5659 sxomy
BianosigaroTh BiTuu3HsHI JJCTY EN 1363-1:2014, ICTY EN 1364-1:2014, ICTY EN 1363-1:2023
tomo [9-11]. [lochimkeHHS NpPOBENEHI METOIOM KOHTPOJIHOBAHOTO TEPMIYHOTO BIUIMBY 3
BUKOPUCTaHHSAM ra30BOI0 MajJbHUKA, 1O JO03BOJWIO BUZHAYUTH PIBEHb BOTHETPUBKOCTI MaTepiaily
Ta MOYJIMBICTH MOTO 3aCTOCYBaHHS Il 30BHIITHLOTO (pacagHoro o3mobiaeHHs [17].

Jlst BunpoOyBaHHS Ha BOTHETPUBKICTh OyB BUTOTOBJICHUH 3pa3zok po3mipom 500%500%100 mm.
HlineHicTh 3pa3ka 450 kr/ky0 M. 3pa3ok OyB BuTpumanuii 60 1i0 y npuMileHHi 3 Temrepatyporo 24°C
Ta BOJIOTICTIO MOBITPsA 65-70%. ITicns yoro 3pa3ok OyB OKaHTOBaHHIA IIBEJIEPOM 3 OLIMHKOBAHOI CTali,
3 OJHI€] CTOPOHM MOBEPXHBO OOPOOIJICHUH MOMi(YHKIIIOHATHPHUM MOJU(IKaTOPOM Ta MOMIIIEHUNA Ha
CTEHJl BOTHEBUX ICIMTIB. BorueBuii BIUIUB 3a/1aBaBcs Ia30BUM NAJILHUKOM B LIEHTp 3pa3Ka Ha IPOTs3i
120 ¢ 3 poTodikcariero uepes koxHi 30 ¢. Temneparypa ¢akena razoporo naisauka 1400°C.

Pe3yabTaTi Ja0cCaizKeHHs. AHami3 OTpUMAaHMX JAaHUX 3aCBIAYMB, IO 3BUYAWHHHA €KO-
apOOIITOOETOH Ma€ HEJIOCTATHIO TEPMOCTIHKICTh MPH BIUIMBI BUCOKHMX TemmepaTyp. Yike micis 60
CEeKYHJ] BUIIPOOyBaHb Ha HOTO TOBEPXHIi 3’ ABJSUIMCS MIKPOTPIIIMHY Ta MEpIIi 03HAKK OOBYTJICHHS,
110 CBIIYUTH MPO MOYATOK JecTpykuii marepiany (puc. 1). Ilpu 30inbpmienHi yacy BBy g0 120
CEeKyHJ Bii0Oysiocs 3HauyHE pyHHYBaHHS CTPYKTYpH: 3 SIBHJIMCS TJIMOIII TPINIMHUA, a YacTHHA
MOBEPXHEBOr0 IIapy BTpaTwia HuTicHICTh (puc. 2). Lle miarBepmkye, 1m0 TpaaULIAHUA CKIan
ap00J1iTOOETOHY Ma€ HU3bKY CTIMKICTH 10 BUCOKOTEMIIEPATypPHOTO HABAHTAKEHHSI.

Boanodac 3pa3ku mOBEpPXHbOMOAM(IKOBAHOTO €KO-apOOIMITOOETOHY MPOAEMOHCTPYBATIH
CYTTEBO BHIIYy TepMOCTiHKicTh. HaBiTh micis MOBHOrO LUKIY BHMIIPpOOYBaHb BOHM 30eperiu
LUTICHICTh CTPYKTYpH, a KUIBKICTh TPIIIMH Ta CTYHiHb OOBYIJICHHS OYyJH 3HAYHO HIDKYMMU
MOPiBHSHO 3 HeMoaudikoBaHuMH 3pa3kamu (puc. 3). Lle cBimuuTh Mpo ePEeKTUBHICTH 3aCTOCYBAHHS
CHeIiaJIbHUX JIOMIIIOK Yy IMiIBUIIEHHI BOTHECTIMKOCTI apbomiTOOETOHY.

Otpumani pe3ynbTaTH MiATBEPKYIOTh, MO0 MOAM(IKALisA CKIaay eKo-apOoIiToOeTOHY
CHellaJIbHUMHU J100aBKaMU JI03BOJISIE 3HAYHO MOKPAIIMTU Horo moxkexHy Oesmneky. Lle BinkpuBae
HOB1 MOKJIMBOCTI /I BUKOPUCTAHHSI TAKOT'O MaTepiany y OyJIBHUITBI )KUTIOBUX, IPOMHUCIOBUX Ta
KOMEpIiHHNX 00’€KTiB, /I MiJBUIEHA BOTHECTIHKICTh € KPUTHYHO BaXJIMBUM (pakTopom. Takum
YUHOM, YJOCKOHAJIEHHS CKJIaJy €Ko-apOoMiTOOeTOHYy € TMEepCHeKTUBHUM HAIMpsIMKOM JUIs
3a0e3neueHHs 0e3MeUHuX Ta €KOJIOT1YHO CTaIuX OyiBEIbHUX TEXHOJOT1H.

Ha puc. 4 BumHo, mo micns BorHeBoro BIumBy 120 cexynn (1400°C) 3pasku exo-
apOosiTobeToHy 6e3 A0JaTKOBOi 0OpOOKH MaroTh HECyTTeBE (MeHIIe 1 MM) MOLIKOJKEHHS BIVIUO
MaTepialy, a 3pa30oK 3 JIOJJaTKOBHUM OOpOOJEHHSAM MOJi(yHKIIIOHAIEHUM MOJIU(IKaTOPOM
(uactkoBuit anamor ®CI-1) [5] He Mae MOMIKOIKEHb e€KOo-apOosiToOeToHy. Mae Mmicie MmydeHHs
1oJ1i(pyHKIIOHAILHOTO MOU(IKaTOpa 3 OTPUMAaHHSAM KapoCTilKuX cdep pizHoro aiametpy [12].

Puc. 1. I[oBepxHi 3pa3kiB ek0-apO0IIiTOOECTOHY 0 iCTIMTIB
(6e3 06pobOKkH Ta 3 06pOOKOIO MOMIPYHKIIIOHATHHIUM MOAU(PIKATOPOM)
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Puc. 2. 3pa3zku HeoOpoOIeHOTr0 eK0-apOoIITOOETOHY
gepes 30, 60, 90 Ta 120 cexyHn BIuMBY ra3zoBoro dakery 1400°C
a—30cek, 6 — 60 cex, B—90 cexr — 120 cex

Puc. 3. 3pa3ku 06pobieHoro nomidyHKIiOHATBHUM MOAN(IKATOPOM €K0-apOoIiTOOETOHY
gepe3 30, 60, 90 ta 120 cexyna BrummBy razoBoro daxeny 1400°C
a—30cek, 6 —60 cex, B—90 cexr — 120 cex

Puc. 4. 3pa3ku exo-ap0OoiiToOeToHy micis BorHeBoro BBy 120 cexkyna, 1400°C

BucnoBku. Exo-ap0oiiTOOETOH MPOIEMOHCTPYBAB BUCOKY CTIHKICTh JIO BIUTUBY BHCOKHX
TeMmIepaTyp Ta Moke OyTH KiacHu(iKOBaHHMM sIK MaTepiall Kiacy BOTHecTIMKocTi I'l, ockinbku He
MiATPUMYE TOPIHHS Ta Ma€ OOMEKEHY 3AaTHICTH 10 00BYTIECHHS. JlociKeHHs oKa3alu, 1o MicIs
KOPOTKOTPUBAJIOrO BIUIMBY BigkpuToro BorHio (1400°C) marepian He pO3MOBCIODKYE MOJIyM s, a
MakcHUMallbHa TIMOWHA TOUIKO/KEHHS CTaHOBUTH MeHme 1 mM. Lle cBiguuTh Hpo AOCTATHIO
TEPMOCTIHKICTh MaTepially, IO J03BOJISE 3aCTOCOBYBATH MOTO y KOHCTPYKIISIX 13 MiABUIICHUMHU
BHMOTaMH JI0 OXKEKHOT Oe31eKn. 3aB/IsSKU 31aTHOCTI BUTPUMYBATH BUCOKI TeMIIepaTypu 0e3 BTpaTu
MEXaHIYHUX BJIACTUBOCTEH, MaTepias 3a0e3reuye cTablIbHICTh 1 HAAIHHICTh KOHCTPYKITIA HaBITh 3a
eKCTpeMaJIbHUX yMOB. lle BiAKpuUBa€ MOXKIMBOCTI Ui HOro IIMPOKOTO 3aCTOCYBaHHS Yy
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MMPOMHCIIOBOMY Ta KOMEPIIHHOMY OyAIBHUIITBI, CHPHSIIOYN ITIBUINCHHIO 3arajbHOl Oe3MeKu 1
JOBroBiuHOCTI 00'ekTiB [18].

3acTocyBaHHsI MOJI()YHKITIOHAIBHOTO MOM(iKaToOpa 3HAYHO ITABHUIINY€E BOTHECTIHKICTh €KO-
ap6omitoberony. OOpoOJeHI 3pa3Ku MPOJEMOHCTPYBAIM IOBHY HETOPIOYICTH 1 MOXYTh OyTH
BitHEeceHi 7o kiracy [0, 1110 J03BOJIsIE 3aCTOCOBYBATH iX Y (pacaIHUX CHCTEMaX Ta IHIIHMX Oy 1IBETbHUX
eJIIEMEHTaX, JIe TOXKEKHa Oe3leKa € KPUTHYHO BaXIMBOIO. Llel edekT mocsraeTbes 3a paxyHOK
YTBOPEHHSI Ha TMOBEPXHI MaTrepialy TEPMOCTIMKOro Imapy, 0 MEepelIKoKae AOCTYIy KHUCHIO Ta
MiHIMI3y€ TEIJIOBHH BIUIMB Ha BHYTpimHI mapu.[4] Mexaniuni Ta (i3MuHi XapaKTepHUCTUKU
ap06osiToO6eToHy OyJau MperIMeToM JIOCHiIKEHb, B SKUX OyJIO BHUSBIECHO, 10 apOoiiTOOETOH Mae
HU3bKY IIUIBHICT TA XOPOILI TEIUIO130JIA11iHI BIACTUBOCTI, ajie 10ro MexaHiuHa MII[HICTb € HU)KYOIO
MOPIBHSHO 3 TPAAUIIHHUMU OyJiBEIPHUMH Marepiajiamu, 1o OOMeXye HOro BHUKOPUCTAHHS B
HECYYMX KOHCTPYKISIX, ajieé poOWTh HOro MPUAATHUM JJII HEHECYYHMX CTIH Ta 130JISIIHHUX
3actocyBaHb [19].

OpHuM 13 KII0YOBHX (DaKTOPIB MIABUILEHHS aHTUIIIPEHHUX BJIACTUBOCTEN €KO-apOOIITOOETOHY €
BHUKOPHUCTAHHS CTIELIaJIbHO PO3p001eHoro gy xHoro riapodoodizatopa [1I'K-50M-4. 3aBnsiku rimbokomy
MPOHUKHEHHIO B CTPYKTYpy Martepially, Ieii KOMIIOHEHT 3abe3nedye piBHOMIPHHHA PO3MOILI
BOTHE3aXMCHUX BIIACTUBOCTEH MO BCii TOBIII OETOHY, IIO 3HAYHO IMOKpAIIly€e HOro TEPMOCTIHKICTb.
[IpocoyeHHsT JEpEeBMHHOIO HAMOBHIOBAYa Ta MIHEPAIbHUX CKJIAZOBHX CIpUsE€ YTBOPEHHIO
TepMOCTaOUTLHUX 3B’ SI3KIB, sIKi 3a1100iratoTh pyiHYBaHHIO CTPYKTYPH MPHU i1 BUCOKUX TEMIIEpaTyp.

OTtpumani pe3yJbTaTd MiATBEPKYIOTh €(PEKTUBHICTh 3aCTOCYBaHHS MOAM(]IKOBAHOTO €KO-
ap6oiTo0eTOHy y OYIIBHHMIITBI TMOXKEKOCTIMKMX KOHCTPYKIii. OJHAK, BUCHOBKH JTOCIIIXKCHHS
MaloTh MONEPEIHE PEKOMEHAallliiHe 3HaYeHH Ta NOTPeOYIOTh MOAAIIBILIOT IEPEBIPKU BIAMNOBIIHO 11O
MiKHapoaHux cranaaptis [SO 5659, a Takox HanionansHuX HopMaTtuBiB JJCTY EN 1363-1:2014 ta
JCTY EN 1364-1:2014 [10, 12].

MaiibyTHi  AOCHiUKeHHS OyIyThb 30CEpeIKeHI Ha BJOCKOHAJICHHI PpEIeNnTypu eKo-
apOoIiTOOeTOHY, ONTHMI3aIlii TEeXHONOTil HOro BHPOOHHIITBA Ta MPOBEACHHI cepTH(IKAIIHHIX
BUTIPOOYBaHb IS MIATBEPIKESHHS HOTO BiMOBIHOCTI HAMBUIIMM KJIacaM BOTHECTIMKOCTi. 30Kpema,
B)XJIMBUM HAlpsIMOM € JIOCHI/DKEHHS IOBFOTPUBAJIOTO BIUIMBY BHCOKHMX TEMIIEpaTyp Ta MOXIMBOCTI
BUKOPHCTaHHS MaTepialy B YMOBaX pealbHUX MOXKEXHUX HaBaHTaXeHb. Lle 103BOIUTH yI0CKOHAIUTH
HOPMaTUBHY 0a3y Ta CIpHUATHME TIOMTUPEHHIO €KO-apOOIITOOETOHY SIK IMEPCIIEKTHBHOTO OYIIBEIIBHOTO
Marepiay 3 HOKpaIleHUMH M0KEeK03aXUCHUMH XapaKTepPUCTUKAMH.
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Abstract. The article examines the fire resistance and fire safety of arbolite concrete —a modern
eco-friendly building material that combines the properties of concrete and wood.

The aim of the study was to determine its resistance to high temperatures and the possibility of
enhancing fire safety through composition modification. Experimental tests were conducted in
laboratory conditions using a gas burner producing a flame at 1400°C. Samples measuring
500x500%x100 mm were exposed to fire for 120 seconds, with surface changes recorded every 30
seconds. The study included both untreated arbolite concrete and samples treated with a
multifunctional modifier.

The results showed that untreated arbolite concrete belongs to fire resistance class G1, does not
support combustion, but undergoes certain thermal damage. The maximum charring depth was less
than 1 mm, indicating high thermal stability under short-term fire exposure. Meanwhile, the samples
treated with a multifunctional modifier showed no signs of charring and were classified as class GO—
non-combustible materials.

These findings confirm the effectiveness of using multifunctional modifiers to improve the fire
resistance of arbolite concrete. Due to the modifier impregnation, fire-resistant properties extend
throughout the entire thickness of the material, making it safer for use in facades and other structures
with high fire safety requirements.

The practical significance of this study lies in the potential application of arbolite concrete with
enhanced fire-resistant properties in modern construction, contributing to increased fire safety in
buildings. This will allow improving the regulatory framework and will promote the spread of eco-
arbolite concrete as a promising building material with improved fire protection characteristics.

Keywords: arbolite concrete, fire resistance, fire safety, non-combustible material,
multifunctional modifier, building structures, fire testing.
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Abstract. Rapid filters are important in technological schemes for purifying natural waters. They
provide the required water quality, useful capacity of water treatment plants, as well as required technical
and economic value. One of the main structural elements of filters is the wash water drainage system.

The authors outlined the basic requirements for diverter systems, namely, uniform collection
of wash water from the filter area and prevention of entrainment of the filter medium during washing.
The article discusses two design options that fully meet these requirements: horizontal gutters with
inclined meshes on their upper edges and porous polymer concrete pipes. The article provides data
indicating that inclined grids and porous polymer concrete prevent grains of filter medium with a size
of 0.5 mm from penetrating. Such medium is most commonly encountered in filtration structures of
domestic drinking water supply systems.

An experimental comparison of porous and mesh devices in systems for removing wash water
from rapid filters was carried out by comparing their relative coefficients of hydraulic resistance.

It has been established that the coefficients of hydraulic resistance of polymer concrete and
mesh initially increase with further stabilization. At the same time, their maximum relative values

differ significantly from each other: coefficients of hydraulic resistance for polymer concrete C =
5.4; for mesh £ = 2110.

The result of the conducted experiments shows that the head loss in polymer concrete during
filtration under conditions of suspended medium is approximately four times lower than in the mesh due
to the clogging of mesh cells with sand particles, confirming the advantages of porous polymer concrete.

Keywords: porous structures, mesh devices; rapid filter, hydraulic resistance coefficient.

Introduction. Mesh and porous structures are widely used in water supply facilities. Water
intake and treatment facilities are the main elements in the water supply system, ensuring the
reliability and cost-effectiveness of systems, as well as the required water quality [1]. Therefore, the
water supply system must be effectively shielded from various pollutants entering it from the source,
including algae, sediments, plankton, debris, as well as juvenile fish [2-5].

For preliminary mechanical water purification from debris, water intake structures are equipped
with meshes (flat or rotating), as well as porous cartridges [6]. In water intake wells, mesh or porous
filters are installed in sandy aquifers to collect water from underground sources [7]. To retain algae
and plankton in water treatment plants, drum meshes and microfilters are used [8], as well as porous
tubular structures [9].

Rapid filters are essential in the technological systems of water treatment plants that provide
domestic and drinking water supply to towns. Their operation significantly influences water quality,
useful capacity, and the technical-economic value of the water treatment plant [10].

The filter operates as follows: during filtration, raw water moves from top to bottom, passing

Modern construction and architecture, 2025, no. 11, page 115-122

115


mailto:mon2369@ukr.net

UTILITY NETWORKS AND FACILITIES

through the filter medium, being collected by the drainage-distribution system, and then directed to
further facilities.

During backwashing, water flows in the reverse direction from bottom to top, is distributed evenly
over the filter area by the filter's drainage system, passes through the filter medium, and is discharged
outside the filter using wash water collection systems. It should be noted that the filter medium is
weighed during backwashing, and smaller particles get in the upper part, often leading to their
entrainment. According to the operation data of rapid filters, load loss can reach 10-15% annually; it has
to be systematically replenished, thus increasing operating expenses and, consequently, the water cost.

In this regard, one of the main structural elements of rapid filters, which determine their regular
technological operation and economic indicators, is the backwash water discharge devices [11],
which are subject to the following requirements:

v" Uniform collection of backwash water from the filter area.

v" Sufficient mechanical strength.

v" Prevention of load entrainment.

v" Absence of progressive clogging with suspension and loading.

v" Reliability and durability.

v" Cost-effectiveness.

Porous and mesh devices have been found to have wide applications in the operational practice
of rapid water purification filters.

Let us consider designs for draining wash water from rapid filters with horizontal gutters, the
edges of which are equipped with inclined meshes and a system of porous pipes (Fig. 1).

a) b)
Fig. 1. Diagram of wash water drainage structures:
a — horizontal gutters with inclined meshes; b — porous pipes:
1 —filter media; 2 — drainage; 3 — loading level during filtering; 4 — level of suspended load during
washing; 5 — water level during backwashing; 6 — mesh; 7 — porous pipe

Porous polymer concrete can be used as the material for manufacturing porous pipes. It is
composed of gravel or crushed stone and epoxy resin of the "ED — 16" or "ED — 20" brand with a
polyethylene polyamine hardener, approved by sanitary authorities for use in domestic and drinking
water supply systems. This material has high strength characteristics, increased chemical resistance
to aggressive water treated with reagents, and prevents biofouling during extended periods of
operation. As can be seen from Fig. 1, when washing the filter, meshes and porous pipes are partially
immersed in a layer of suspended loading, and therefore they should not allow particles of the filter
material to slip through and prevent them from being carried away outside the filter.

To achieve this, the mesh cell sizes should be selected 0.1 mm smaller than the minimum
diameter of the filter media grains, which in domestic drinking water supply systems typically
measure 0.5 mm and are commonly encountered in water purification practices. Therefore, the mesh
cell size should be approximately 0.4 mm.
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The particle size of the filler of porous polymer concrete, which is located in the suspended layer
of media (to ensure its non-collapsibility), is determined based on the size of the particles of the filter
media according to the corresponding ratio derived in the study [12]. D'av/dmin =5 —7.5. D'av is an average
diameter of porous polymer concrete filler. dmin is the minimum diameter of the filter media.

In order to achieve the task, the thickness of the porous polymer concrete layer can be chosen
in the range of 25-30 mm. Therefore, for media with a minimum particle size of 0.5 mm, the average
diameter of the porous polymer concrete filler will be 2.5 — 3.5 mm, corresponding to an average pore
diameter of 0.7-1.3 mm, although it may be slightly larger. This assumption is based on the fact that
the direction and cross-section of the pore channels vary chaotically throughout the thickness of the
porous polymer concrete. It prevents the penetration of media particles into the porous layer. This is
one of the main advantages of porous materials compared to the use of mashes, where the openings
must be smaller than the size of the retained particles.

The above confirms that the choice is relevant of structures and comparison of their hydraulic
characteristics during operation are relevant.

Goals and Objectives. This research aims to compare the dynamics of clogging between
porous concrete and mesh, ensuring the non-collapsibility of particles with a size of 0.5 mm used in
filtration structures.

Materials and Methods of Research. The studies were conducted on a laboratory setup
consisting of a pipe with a diameter of 50 mm and a height of 300 mm (Fig. 2). The setup was filled
with quartz sand with a particle size of 0.5-1.6 mm, and a drainage disk made of porous polymer
concrete was placed at the bottom. The lateral surface of the setup was equipped with an inspection
window with glass to observe the media level.

Water was supplied from bottom to top at an
intensity of 15 I/(s-m?). During this process, the media
was suspended, and the test sample was fully
immersed in the suspended layer.

Water drainage was carried out through the
samples onto a fine sieve to control the amount of sand
passing through them. The test samples were
fabricated in a metallic frame with a diameter of
40 mm and a length of 50 mm, in two variants. In the
first variant, they were filled with porous polymer
concrete with filler sizes ranging from 2.5 to 10 mm
and a thickness of 25 mm. In the second variant, they
were equipped with a metal mesh with cell sizes of
0.45 mm and a wire thickness of 0.16 mm. The water
4 filtration speed through the samples was 2.7-3.0 cm/s,
which corresponded to the data from the tests.

The experiments were conducted in two stages.
In the first stage, the initial hydraulic characteristics of
the samples made of porous polymer concrete and
mesh were studied. In the second stage, their clogging by suspended media particles was investigated.
As shown in [13, 14], the coefficient of hydraulic resistance of porous polymer concrete can be
determined from a single-term power formula:

Ah = C§nv2'”Vf ", (1)

Fig. 2. Scheme of the laboratory setup:
1 — inspection window; 2 — test sample;
3 — level of suspended media; 4 — drainage

Ah — pressure loss in a porous sample, cm;

on — sample thickness, cm;

v — kinematic viscosity of water, cm?/s;

Vi — filtration speed, cm/s;

C — the coefficient, which depends on the granulometric composition of the filler of polymer
concrete and the degree of density of its packing (the coefficient C also takes into account the clogging
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of pores by sand particles);
n — exponent, which can be taken equal to 1.67 (at Reynolds numbers Re= Vid /v =15-200).
The following formula [15] was used to determine the coefficient of hydraulic resistance of the
mesh &:

Ee= kRefpr. (2)

This formula is valid under the condition 50< Re<10®, where kre is the coefficient determined
from the graph [14] depending on the Reynolds number.
&pr 1S the coefficient determined by the formula:

Gr=13(1-f)+ @ f-1)?, (3)

f is the ratio of the total area of all openings in the mesh to the cross-sectional area of the test
sample. Y fop/fsemp = 0.4. Then &pr =3.08.
When Re < 50, the coefficient &c can be obtained using the formula [14]:

= 22/Re + &r. (4)
The Reynolds number is determined by the formula:
Re = Wopow/v (5)
Wop IS the velocity in the openings of the mesh, in cm/s, which is determined by the formula:
Re = Vsempfremp ©)
X fop

Vsemp IS the water filtration rate through the sample (2.7-3.0), in cm/s; ow the wire thickness
(0.016 cm); o the coefficient of kinematic viscosity of water in cmz/s, assumed depending on the
water temperature (when tw = 10°C, » = 0.0131).

Thus, the Re number will be 8.2 — 9.2, therefore, to determine the initial resistance coefficient
of the grid &o, one should use the expression (4):

&0 =22/8.2+3.03=5.72.

Results of the Research. Initially, the hydraulic characteristics of samples made of porous
polymer concrete and mesh were studied to obtain initial coefficients of hydraulic resistance. The
experiments were conducted in a laboratory setup (Fig. 2). The results of the experiments are
presented in the graphs (Fig. 3 and Fig. 4).
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Fig. 3. Dependence of pressure loss on filtration rate in polymer concrete

It should be noted that the experimental study of the hydraulic characteristics of the mesh was
carried out in the range of filtration speeds of 7 — 32 cm/s (Fig. 4), which is significantly greater than
in the range under study. This was due to the fact that in a given speed range of 2.7 — 3.0 cm/s, the
pressure loss in the grid did not exceed 1 mm, which created a significant measurement error.

The next stage of experimental research involved comparing the clogging dynamics with sand
between porous polymer concrete and the mesh. For this purpose, the laboratory setup was loaded
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with quartz sand ranging in size from 0.5 to 1.6 mm. The tests were conducted sequentially, first with
the mesh sample and then with the polymer concrete sample. When water was supplied from bottom
to top, the loading was approximately 40% weighed down.

A necessary condition for the experiment was the positioning of the samples within the layer
of suspended load and maintaining the specified filtration velocity. Simultaneously, control over the
sediment transport was carried out.
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Fig. 4. Dependence of pressure loss on filtration speed in the mesh

The dynamics of changes in the coefficient of hydraulic resistance of porous polymer concrete,
denoted as C, over time were analyzed by the dependence C = C/Co=f (t). Co is the initial coefficient of
hydraulic resistance. The variation of the mesh resistance coefficient (denoted as &) over time was
tracked by the dependence & = &/&=f(t). The results of the experiments are presented in graphs (Fig. 5
and Fig. 6).

Ceo

i at
3 f"\’”\‘
2//

0 50 100 150 200 250 300
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Fig. 5. Variation of polymer concrete resistance over time

The analysis of the obtained results allows us to conclude that the relative coefficients of
hydraulic resistance of porous polymer concrete and the mesh initially increase, followed by
stabilization, and further growth is not observed: in the first case, after 150 minutes of filtration, and
in the second case, after 200 minutes of filtration. There was no loss of filter media in both cases.

At the moment of stabilization, the values of the resistance coefficients significantly differ from
each other and are as follows:
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— For polymer concrete: C =5.4.
— For the mesh: & = 2110.
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Fig. 6. Variation of the mesh resistance coefficient over time

It should be noted that the growth of coefficients C and & at the initial moment of time occurs
unevenly: the coefficient & reaches significant values already in the first minutes of filtration. This is
due to the fact that the suspended load is pressed against the mesh by the water flow, sharply
increasing its resistance (& = 1100). In the subsequent stages, there is a relatively smooth increase in
the coefficient &, which is associated with the fact that the finest sand particles get lodged in the mesh
cells. This fact was visually confirmed at the end of the experiment. It was observed that some sand
remained trapped in the mesh cells. The increase in the resistance coefficient of porous polymer
concrete is attributed to some penetration of load particles into the pores of the filler; however, this
increase is substantially lower than that observed in the mesh.

On the graph (Fig. 7), the change in head losses in porous polymer concrete and the mesh is
shown depending on the volume of filtered water at a filtration rate of 2.7 cm/s.
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Fig. 7. Relationship between pressure losses and water volume:
1 —in the mesh; 2 — in the polymer concrete

As can be seen from the graph, the pressure loss in the mesh exceeds the pressure loss in
polymer concrete by approximately 4 times.

Conclusions:

The hydraulic resistance of samples made of porous polymer concrete was studied for filler
sizes ranging from 2.5 to 10 mm. It was established that the relationship between pressure losses in
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the samples and velocity can be described by a single-term power formula, which was used to develop
engineering calculation methods.

The dynamics and extent of clogging of porous polymer concrete and the mesh with sand have
been studied. It was found that the hydraulic resistance coefficients of polymer concrete and the mesh
initially increase, followed by stabilization. However, their maximum relative values significantly
differ from each other:

— For polymer concrete: C =5.4.

— For the mesh: & = 2110.

As a result of the conducted experiments, it was found that the pressure losses in polymer
concrete during filtration under suspended load conditions are approximately four times lower than
those in the mesh. Visual observation confirmed that the mesh cells become clogged with sand
particles. This confirms the advantages of porous polymer concrete.

The task of further research is to develop an engineering methodology for calculating advanced
porous structures of filtration facilities and their industrial testing.
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Y0o0ecvra oepacasna axademisn 6ydisnuymea ma apximexmypu
Byq. linpuxcona, 4, M. Ozneca, 65029, Ykpaina

2Biticbkosa akademis

Bys1. @oHTaHCKKA nopora, 10, M. Oxeca, 65009, Ykpaina

AnoTtanis. [IIBuaki GUIbTpH € BaXXIMBUM €JIEMEHTOM Y TEXHOJIOTIYHHUX CXEMaX OYMIICHHS
MpPUPOJHUX BoJA. BoHM 3a0e3nedyroTh HEOOXIAHY SKICTb BOJU, KOPUCHY TPOTYKTUBHICTH
BOJIOOYMCHUX CIOPYJ Ta TE€XHIKO-€KOHOMIUHI MOKa3HUKU. OIHUM 13 OCHOBHUX KOHCTPYKTHBHUX
€JIEMEHTIB (PUTBTPIB € CUCTEMHU BiJIBEICHHS IIPOMUBHOI BOJIH.

ABTOpaMu cpOpMyJIbOBaHI OCHOBHI BUMOT'HY JI0 B1JIBITHUX IPUCTPOIB, a Came — pIBHOMIPHUIL 301p
MMPOMHUBHOT BOJM 3 TUIONI (ibTpa Ta 3amobOiraHHs BUHECEHHS (QIIbTPYHOUOTro 3aBaHTAKEHHS TPH
NPOMHUBAHHI. Y CTaTTi PO3IJISHYTI J1Ba BapiaHTH KOHCTPYKIIH, SIKI IIIJIKOM BiJMOBINAIOTH LIUM
BUMOTaM: TOPU30HTANIBHI KOO0, HAa BEPXHIX KPOMKaX SIKUX BCTAHOBJIEHI MOXUIII CITKH ab0 MOpHCTi
noJiiMepOeTOHHI TPYOH.

3a3HayaeThCs, M0 CITKH Ta TPyOM MpPHU MPOMMBAHHI YAaCTKOBO 3aHYPEHI B AP 3BAXKEHOTO
3aBaHTa)XEHHS 1 CTUKAIOThCS 3 HAHOLIbII APIOHMMHU YaCTHHKAaMH, IO MiJBUIIYE WMOBIPHICTH X
BuHEeCeHHs. HaBoasAThCs maHi, 10 3a0€31MeuyroTh 3ano0iranHs MPOHUKHEHHIO 3epeH (QUTBTPYIOYOTO
3aBaHTaxeHHs KpymnHicTio 0,5 MM, ska HaidacTime 3ycTpidaeThCsl y (QiIbTPYBAIBHUX CIOpPYIaX
CHCTEM T'OCIIOIaPChKO-ITMTHOTO BOIONIOCTaYaHHS Yepe3 MOXMIIi CITKH Ta MOPUCTHH MOJIiMEpOETOH.

BukoHaHO eKCleprUMEHTalIbHE 3ICTAaBICHHS MOPHCTUX Ta CITYACTHX MPHUCTPOIB y CHCTEMax
BiJIBEJICHHSI TIPOMUBHOI BOJIM 3 MIBUAKUX (QIIBTPIB MUISIXOM MOPIBHSHHS 1X BIATHOCHHX KOE(]IIli€HTIB
TiIpaBIigYHOTO Onopy. BcTaHoBieHO, M0 KOe(ILIEHTH TiAPaBIIYHOIO OMOpPY MOJIMEpOETOHY Ta
CITKM CIOYATKy 3pOCTal0Th, a MOTIM HacTae ctabimizamis. Ilpum mpoMy iX MakcHMaibHI BiJHOCHI
3HAYEHHS CYTTEBO BIJIPI3HAIOTHCS OJMH BiJI OJTHOTO: IS ojiiMepoeTona — 5,4; mis citku — 2110.

B pesynbraTi mpoBeneHUX IOCIiAIB BCTAHOBJICHO, IO BTPATH HAMOpPY B MOJIMEPOETOHI TpH
¢GUTbTpYBaHHI B YMOBaxX 3Ba)KEHOTO IIapy NMPHOIU3HO B YOTHPH Pa3W MEHINE, HIK y CITII depe3
3aKJIMHIOBAHHS CITOK YaCTMHKAMH ITICKY, IO MATBEPKYE TIEPEBAru MOPUCTOTO MOJIIMEPOCTOHY .

Kiro4yoBi cjioBa: mopucTi KOHCTPYKIIi, CITYACTI MPUCTPOI, IMBUIAKUA (GIIBTP, KOedImieHT
T1APaBIIYHOTO OTOPY, MICOK.

Crarrs Hanidinuia go penakumii 08.01.2025
This work by Progulny V., Grachov I., Maslii O. is licensed under CC BY 4.0
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BHUMOTI'HA JIO O®OPMJIEHHSA CTATEN
y 301pHUKY HAyKOBHUX Ipalb
“CyyacHe OyAiBHHITBO Ta apXxiTeKkrypa”

Ho omnyOmikyBaHHs y ¢axoBiid 30ipili HayKOBHX TIpallb  NPUHMAIOTHCS paHile He
oIy 0JIiKOBaHI HAyKOBI CTaTTI, 13 3a3HAUYEHOIO HID)KUE TeMATHKOIO MyOJTiKamiii:

. ApxiTekTypa.
. ByniBenbHI KOHCTpYKITii.
. ByniBenbHI MaTepiany Ta TEXHOJIOTI.

. [mkeHepHi Mepexi Ta o0a HaAHHS.

1
2
3
4. T'igpoTexHiYHE Ta TPAHCIIOPTHE Oy MIBHUIITBO.
5
6. OcHOBHU Ta (hyHIAMEHTH.

5

. Texnooris Ta oprasizaiis OyAiBeJIbHOTO BUPOOHUIITBA.

CrarTs NOBHHHA BiNIOBIIATH TeMaTHLi 30ipHUKA, My0JiKyBaTHCS BIeplle i BKJIKYATH TaKi
eJleMeHTH:

* aKTYaJbHICTh Ta IOCTAHOBKY IPOOJEMH Y 3arajibHOMY BMIJIAJI, ii 3B'I30K 13 BaXKJIMBUMHU
HAYKOBHUMHU YU MPAKTHUYHUMH 3aBJIaHHIMU;

* aHaNI3 OCTAHHIX MOCIKEHb 1 MyOJikamii, y SKWAX TNPEICTaBICHO BHUPIIICHHS IaHOI
npobieMu 1 Ha sIKi CHUPAETbCS aBTOP, BUIUICHHS HEBUPILICHUX paHillleé YacTUH 3arajbHOoi
POOJIEMH, SIKAM TPUCBSIIYETHCS JIaHa CTATTS,

* (hopMyIIFOBaHHS METHU CTATTi (MOCTAaHOBKA 3aBJIAHHS);

* BUKJIQJ] OCHOBHOI'O MaTepialdy JOCHIUKEHHS 3 MOBHUM OOIPYHTYBaHHSIM OTPHUMaHUX
HAYKOBHUX Pe3YJIbTaTIB;

* BUCHOBKH 3 JIAHOTO JIOCITI/KEHHSI 1 TIEPCIIEKTUBY MOJAJIBIIIOT0 PO3BUTKY Y TAHOMY HATIPSIMKY;

* CITUCOK JIiITepaTypHu.

3arajbHi BUMOIH 10 0(DOPMJICHHSI TEKCTY

CratTi mojaroThCs B eNeKTpoHHOMY BUrIsial ¢ainom Word 97 — 2003 B ¢opmari .doc. Ha3pa
(ailmy Mae MICTUTM HOMEp TeMaTHKH ITyOiikaiii Ta Mpi3BUIIE MEpUIOro aBTopa (Hampukiaa, S5
IBanoB.doc).

CraTTi IoAar0Thesl YKPaiHCHKOIO Y aHTJIIMCHKOI0 MOBOIO 1 IPYKYIOTHCSI MOBOIO OpPUTIHATY.

TexcToBa 4acTMHa CTaTTi HaOMpaeThcs Ha apkymax ¢opmary A4 mpudrom Times New
Roman 12 nT uepe3 oguHapHUi 1HTEpBa, BUPIBHIOETHCS 110 MIUPHHI CTOPIHKH, TOJS IO 2 CM 3 YCIX
60kiB, ab3auHuii Biactym — 1,0 cm. O0csr cratTi 7-16 MOBHMX CTOPiHOK pa3oM 3 aHOTALIAMHU.

CrpykTypa cTaTTi:

— indexc Y/IK (BUpIBHAHO IO JiBOMY Kpaio ©Oe3 a03alHOro BiJACTYIY, HpPOMHUCHU,
HaMBXUPHUN);

— Ha3zeéa cmammi (BIALCHTPOBaHA, yCi JITEpHd NPOMHCHI, HAMIBXUPHI, NEPEHOCH He
JIOTTY CKaIOThCS);

— npi3zeuue, iHiyianu 6cix agmopis, HAyKOGUUl CHMYyNiHb, 64eHe 36aHHs (BUPIBHSHO IO
[IPaBOMY Kparo, MPi3BHUILE — HAMMBKUPHUN; CTYIIHb 1 3BaHHS — PSIIKOBH);

— HO6HA HA364 6UULO20 HABYATILHOZ0 3aKAAdy uu opeauizauii (KypcuB, BHUPIBHSHO IO
MPaBOMY Kparo; SIKIIO aBTOPH 3 PI3HUX HABYAIBHUX 3aKJIAiB, TO KOXKEH aBTOP 3 OKPEMOTO PS/IKA);
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— enexkmpona nowma (BUPiBHSIHO 10 IPaBOMY Kparo Ta mops yHikaneauit Homep ORCID);

— anomayii 0o cmammi (a03alHUI BiJCTYII, Ha3Ba HAIIBXUPHA, aHOTAIlll THITYThCS JABOMA
MOBaMH: YKPaiHCHKOIO 1 aHTJTIHCHKOIO.

Texct mepiioi aHOTaIlil MUIIETHCS MOBOIO OCHOBHOT'O TEKCTY CTaTTi Ta NMOBMHEH OyTH He
MeH sk 1800 3HaKiB.

TekcT npyroi aHoTallii, SIKIO BUIAAHHS HE € IMOBHICTIO aHIJIOMOBHHM, KOXKHA ITyOJIiKallis HE
AHTJIIHCHKOI0 MOBOIO CYIIPOBOIKYETHCSI aHOTAIIEI0 aHMTIMCHKOK MOBOIO 00csrom He MeHII sik 1800
3HAKIB. SIKII0 BUIaHHS HE € MOBHICTIO YKPaiHOMOBHUM, KOXKHA ITyOJIiKallis He YKPaiHCHKOI0 MOBOIO
CYNPOBOKYETHCS AHOTAIIEI0 YKPATHCHKOI MOBOIO 00Ocsrom He meHm sik 1800 3makiB. [lpyra
AHOTAILisl PO3MILIYETHCS B KiHIII CTATTI MICHIS CIIUCKY JIITEPAaTypH Ha aHTJIICHKIN MOBI.

JIBi aHOTa1ii NOBHHHI KOPOTKO MOBTOPIOBATH CTPYKTYpYy CTATTi, IO BKJIKOYA€E BCTYII, METY,
METOIUKY, pe3YyJIbTaTH, BUCHOBOK. MalllMHHUN ITEpeKIIa]l He J03BOJIAE€THCH.

— Kuouoei cnoéa (MDKDAAKOBHMI iHTEpBal HE pPOOMTHCH, ab3amHMl BiACTYI, Ha3Ba
HaMIBXHUPHA, TEKCT KJIFOYOBUX CITiB HE OlbIle 6—8 CIIiB).

Ha3pa crari, npi3Buiie i iHimiagam, HAyKOBUH CTYyIMiHb, BU€HE 3BaHHS, MiCIIe POOOTH, aHOTAIIis
1 KJTFOUOBI CJI0BA — MOBTOPIOIOTHCS YKPATHCHKOIO TA aHTIIIHCHKOI0 MOBaMH.

Mix psakamu 3 iHAekcoM Y /JIK, Ha3Bor cTaTi, Mpi3BUIIEM aBTOPiB, aHOTAIli€l0, OCHOBHUM
TEKCTOM 1 TEpeNiKOM JIiTepaTypH, JITepaTypol0 Ha AaHIMIIKWCHKIH MOBI Ta JAPYrol0 aHOTAII€I0
OJIMHAPHUI 1HTEPBAJL.

— OcHO6HUIL meKcm cmammi.

CtpyKTypa OCHOBHOTO TEKCTY CTaTTi 3rimHO 3 moctaHoBoro BAK Vkpainu Ne 7-05/1 Bin
15.01.2003 p. (bronerenr BAK Vkpaiau Nel, 2003 p.) moBuHHA MaTu Taki HEOOXiAHI €IEeMEHTH
(nazeu cmpykmyphux enemenmie 6 mexcmi cmammi ROMPIOGHO 6UOLIUMU HANIEIHCUPHO):

— BCTyl (IIOCTaHOBKA MPOOJIEeMH Yy 3arajlLHOMY BUTIISAAI Ta 1 3B’S30K 3 BaKIWBUMU
HAyKOBUMH YU MPAKTUYHUMU 3aBJaHHIMH);

— aHaii3 OCTaHHIX JpKepen AOCTKEHb 1 MmyOiKaiii, y SKHX 3al04aTKOBAHO PO3B’sI3aHHS
npobinemu (GakaHo, mo0 1e OyB aHalli3 OCTaHHIX NyOmikamii y (axoBHX >XypHanax) 1 Ha sKi
OMHPAETHCSI aBTOP, BUJAUICHHS HE PO3B'SI3aHUX paHINIe YaCTHH 3arajbHOi MPOOJIeMHU, SIKHM
MPUCBSIYETHCS CTATTS,

— TIOCTaHOBKA METH Ta 3aBJaHHs ((opMyITIOBaHHS METHU Ta 3aBIaHb JIOCII)KECHb);

— MarepiaiM Ta METOIM JOCHIDKeHHs (ONMHC BUKOPHCTAHUX MaTepiajiiB Ta METOJIB
JOCTIKEHHS TPOOJIEMH, 1110 PO3TIISIAETHCS Y CTATTI);

— OCHOBHHUU MaTepiasl 1 pe3yabTaTH (BUKJAJ OCHOBHOTO Martepiany JOCTIHKEHHS 3 TMTOBHUM
OOTPYHTYBaHHSIM OTPUMAaHUX HAYKOBUX PE3yIbTATIB);

— BHUCHOBKHM (HayKOBa HOBW3HA, HAYKOBE Ta MPAKTHYHE 3HAYCHHS Pe3yJIbTATIB JOCIiIKEHHS,
MEPCIEKTUBH MMOATBIINX HAYKOBUX PO3POOJIEHB);

— Jimepamypa (BIIUEHTPOBAaHA, HAMMIBXKUPHA; MOCUJIAHHA B TEKCTI MOJAIOTh Y KBaJpPaTHUX
AykKax [2]; crucok iTepaTypy HaBOAWUTHCS BiAMOBIAHO MOPSIKY MOCHIAHb y TeKCTi 3rimHo 3 JICTY
8302:2015 Ta 3anmcyeThCs B CTOBITYMK; HanmcaHHs «Jxepena indopmarii», «[lepemik miteparypm» He
JAomycKaeTbesi). biOmiorpadiuHuii CIMCOK HABOJWTHCSA MOBOKO OpHTIHATY Ta TPAHCIITEPYEThCS.
KinbKicTh IOCHIIaHB HA JIITEpATypHI PKEpesia y CTaTTi MOBUHHO OyTH He MeHIe 15 mkepen. OcobmmBa
yBara npuAUTS€THCS CY4aCHUM aHTJIIOMOBHHM CTaTTSM, 30KpeMa iHaekcoBanux WS abo Scopus.

— oioniozpaghiunuii cnucox (References). Jlins BiATBOpPeHHs YKpaiHCHKMX BJIACHUX Ha3B
3ac00aMHU aHIMINHCHKOI MOBM TpH MeEpeKsajai MyOsikalii aHTIHCHKOI0 MOBOIO 3aCTOCOBYETHCS
TpaHchiTeparis. HalimeHyBaHHs opraHizaiiid Ta yCTaHOB, II0 HE TEPEKIAJaOThCS Ha aHTIIHCHKY
MOBY, TaKOX TPaHCIITEPYyIOThCs. TpaHcmiTepallis Npi3BUILl aBTOPIB BUKOHYETHCS 3aJISKHO BiJl MOBU
OpHTiHATY JpKepena BianosinHo 10 BuMor [loctanoBu Kabinery MinictpiB Ykpainu Bix 27.01.2010 p.
Ne 55 «IIpo BnopsiaKyBaHHS TpaHCIiTepallii ykpaiHCbKoro angasiTy JaTuHULeo». bidmiorpadiuamii
CIIUCOK TIOBMHEH Oytu odopmieHnid 3 BukopuctanHsm ctwisi |EEE STYLE 3rigo 3
«MiXHapOJHUM CTHJIEM LIMTYBAHHS Ta MOCUJIAHHS B HAYKOBUX poboTax», Kuis, 2016.

Taénuyi cnin BUKOHyBaTH B pemaktopax Word 6e3 3anuBanns. Koxxna Tabmuisg mae OyTu
Ha/IpyKOBaHa 3 BIJNOBIJHUM 3arojlOBKOM Ta HyMEpAIli€lo IiCIs MEepIIOro MOCHJIaHHS Ha Hei.
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[Iupyna Tabnuier HE TMOBWHHA IepeBUIyBaTH Mois cTopiHku. [pudTt B Tabmuill MOBUHEH
BIJNOBiJATH MIPUQTY CTATTI.

@opmynu maioTh OyTH BHKOHaHI B pemaktopi ¢dopmyn Equation 3.0 un MathType 3
BUKOPHCTaHHAM TUIbKH 3aranbHonpuiiHaTux wmpudriB (Times New Roman; Symbol). Koxna
(dhopMyia HAOUPAETHCS K ONUH 00’ €KT, HyMmepallis Gopmys apabCbkuMH IU¢paMu CripaBa B TyKKax
BUPIBHSHA 110 UIMPHHI CTOPIHKU.

Pucynku (miarpamu, (oTo), MOAAIOTHCA y YOPHO-OUTOMY, KOJHLOPOBOMY BapiaHTi abo y
rpajamisx ciporo KOJIbOpPY Iiciis MEepPIIOro MOCUIaHH Ha HHUX; MAlOTh OyTH 3TPYIOBaHi Ta SIBISITH
coboro ouH TpadiuHuii 00’ €KT; MaTH HyMepallito Ta MiJM1uc MOo3HAYeHHS OCh KoopAuHaT. Posmipu
MiANKCIB HA PUCYHKY MOBHHHI Bignosigatu mpudty Times New Roman 12 nr.

Pa3om 3i crarTero moaaThHCA:

— BIJIOMOCTI Mpo aBTopa (aBTOpPChKa MOBIAKA): MpI3BHINE, iM’s, MO OATHKOBI (IIOBHICTIO);
BUCHE 3BaHHS, BUCHUI CTYIiHB; MOCaja, MicIle poOOTH; KOHTAKTHI aJpecH il TenedOHH; MOIITOBa
ajZipeca, Ha Ky HaJICUJIaTH MPUMIPHHK 301pHUKA

— peleH3is Ha CTaTTIO, SIKIIO aBTOPOM € acmipaHT Oe3 CIBaBTOPIB 3 BUCHUM CTYIEHEM Ta
BYCHHM 3BaHHSIM.

Cratri, IKi He BiANOBiIAI0TH HABEeJEHUM BUMOIaM, 10 PO3IVIsAy He IPUIHMAIOThCS.

[Togani MaTepiany miUsITalOTh JOIATKOBOMY PEIEH3YBaHHIO YWiICHAMHU peAKoJIerii abo MpoBiAHUMU
¢axiBUgMH 3a HAYKOBUMH HalpsMaMd, TOMY MOXYTh OYyTH TIOBEpHEHI aBTOpaM Ha
JOOIPALFOBaHHS.

OcrarouHe pileHHs o0 myOmikauii cTaTTi NpuiiMae peJakiiiina Kouerist BUJaHHs.
BinxwuieHuii opuriHai He MOBEPTAETHCA.
OmnuaTa 3MIHCHIOETBCS TUTBKU TICIIS MATBEPKCHHS IPUHHSTTS CTATTI 10 IPYKY.

Bapricte myOmikamii crarti 1100 rpn. 30ipHUK BHXOAWTH 4 pa3d Ha PIK IIOKBAPTAIBHO, B KiHII
KOJKHOTO KBapTaiy. CtaTTi HEOOXiJHO HajcuiaTH 10 | Yucia OCTaHHBOTO KBapTaly (HANpUKIA,
SKIIO 30IpHUK BUXOJIUTH B KIHILIl YEpBHS, TO CTATTI MpUiMaroThes 10 | dyepBHA). Ale mpuiloMm craTteit
MOXe€ 3aKIHUUTUCH PaHillle BKa3aHOTO TEPMiHy, SKIIO Oy1e HabpaHO HEOOXiJHY KUJIbKICTh CTOPIHOK.

Marepiam HaaCHJIATH 32 apPecoro:

Penakuist «CyuacHe OyZiBHUIITBO Ta apXiTEKTypa»
Opnecbka eprkaBHa akazeMis OyIIBHULITBA Ta apXITEKTYpH,
Byn. linpuxcoHa, 4

M. Oneca, 65029, Ykpaina

KonTakTHa ocoba: AHTtoHrok Hazist PomaniBHa

ten. po6. (048) 70-00-608

e-mail: visnuk_odaba@ogasa.org.ua
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Hentp HTTM no Ab, xonx 21028281,
M®O 320478, P/p UA 103204780000026009924861812 B ITAT Ab «Ykprazoank»,
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[Ipocumo micnst BiAmpaBieHHS MarepiaigiB 00OB’s3KOBO 3areiedoHyBatu abo 3B’s3aTHCA
€JICKTPOHHOIO TIOIITOIO, III00 YIEBHUTHCS B OTPMMAaHHI MaTepialliB Ta PIICHH] peJaKIiitHOT Koyerii
1010 My OJiKaIii cTaTTi.
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