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UDC 624.012.45

ON THE CALCULATION OF REINFORCED CONCRETE
FOLDED SYSTEMS CONSTRUCTED WITHOUT
FORMWORK

T.N. Azizov, Doctor of Engineering, Professor
Sumy National Agrarian University, Sumy
Odesa State Academy of Civil Engineering and Architecture, Odesa
O.F. Maistrenko, Ph.D. in Engineering, Associate Professor
Odesa State Academy of Civil Engineering and Architecture, Odesa
M.S. Balakan, Student
Odesa State Academy of Civil Engineering and Architecture, Odesa

Modern construction demands solutions that combine architectural
expressiveness with high economic efficiency. Thin-walled folded vaults are an
example of such systems. Special attention should be paid to the technology of
formwork-free construction, where precast reinforced concrete elements serve as
stay-in-place formwork [2].

The primary scientific challenge in designing such systems is the necessity of
discrete modeling. Since the structure consists of heterogeneous sections (precast
concrete and cast-in-place joints), the following problem arises: can such a system
be considered homogeneous, or is it necessary to perform detailed modeling of
each joint? The calculation theory for such shells is based on classical fundamental
works [3, 4].

To address this problem, a series of numerical models was developed using
the LIRA-SAPR software package. The object of study was an inclined folded arch
with the following parameters: span L — from 6 to 18 m; rise f — with a ratio of L/f
= 2+6;
elastic modulus of the joint concrete (Esn) varied within the range of 0.5-E to 1.5°E.

The calculation results demonstrated that internal forces — bending moments
(M), axial forces (N), and shear forces (Q) — exhibit low sensitivity to changes in
the elastic modulus of the joints. Even with a significant reduction in concrete
stiffness within the joint zone (Esn=0.5-E), the deviation of force values from the
homogeneous model did not exceed 2-4%.

This is explained by the membrane behavior of the vault. In shallow arches,
the bulk of the external load is transformed into axial compression (thrust). Since
compressive forces are transmitted across the entire cross-sectional area, a local
change in the deformability of the joint does not lead to a global redistribution of
forces.

The verification of joint strength was conducted according to Eurocode 2 [1].
The critical component of the precast-monolithic system is the contact surface

9
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(interface). The interface shear calculation was performed using the following
formula:

Vv +u-o,+p-f(u-sina+cosa)<05-v-f (1)

It was established that for the considered range of geometric parameters, the
ratio of design shear resistance to the acting design shear force (Vrai/Ved) ranges
from 60 to 74. Such a high safety margin is due to the fact that in arch systems, the
transverse forces (Q) that cause interface shear are minimal compared to the large
contact area between the concrete surfaces.

A comparison between the detailed model (with explicit representation of the
joints) and the simplified beam (frame) model confirmed the validity of the latter.
Applying Saint-Venant's principle allows for the assertion that local stress
disturbances in the joint zones do not affect the overall statics of the system.

This enables the engineer to:

- avoid complex spatial modeling of contact zones;
- utilize standard software modules for the calculation of homogeneous arches;
- significantly reduce the time required for preparing the structural calculation

model.

Conclusions. The study results demonstrate that the stress-strain state of thin-
walled folded vaults is primarily governed by their geometric configuration rather
than the local material heterogeneity of the joints. For the practical design of
precast-monolithic  vaults constructed without formwork, a simplified
homogeneous arch model is found to be entirely sufficient. It has been established
that the contact joints possess a significant excess margin of shear strength
according to the standards [1], allowing them to be treated as rigid interfaces
without the risk of failure along the interface. The identified strength potential
opens perspectives for further structural optimization, specifically by reducing the
thickness of the folded plates or lowering the concrete class for the monolithic
sections.

[1]. EN 1992-1-1:2004. (2004). Eurocode 2: Design of concrete structures. Part 1-1:
General rules and rules for buildings. European Committee for Standardization.

[2]. Azizov, T. N. (2010). Sposib vyhotovlennia prostorovoi zbirno-monolitnoi
konstruktsii [Method of manufacturing a spatial precast-monolithic structure]. Ukrainian
Patent for Utility Model No. 54246. Bulletin No. 20.

[3]. Timoshenko, S. P., & Woinowsky-Krieger, S. (1959). Theory of Plates and Shells
(2nd ed.). McGraw-Hill.

[4]. Bazhenov, V. A., & Pohorelov, V. M. (2010). Teoriia tonkykh obolonok i plastyn
[Theory of thin shells and plates]. Kyiv National University of Construction and
Architecture.

rai = C- fctd
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JO PO3PAXYHKY 3AJMIBOBETOHHUX CKJIAJYACTHUX CUCTEM
BE3 BUKOPUCTAHHS OITAJIYBKH

Haseoeni ocobausocmi  po3paxyHky 30ipHO-MOHONIMHUX MOHKOCMIHHUX CKAAOYACTUX
CKIeninb, wo 36008MbCA 3a MeXHoAozi€l besonanrybonozo @opmyeanns. Ha ocnosi
yucenvrozo mooemosanus y 1K Jlipa-CAIIP nposedeno nopisHanbHull auaniz OUCKpemHux
ma 20MO2eHHUX MoOenell apoK y WUPOKOMY OIana3oHi 2eoMempuyHux napamempis.
Bcmanosneno, wo membpanmuii  xapakmep pobomu cucmemu 3abe3neyye  HU3bKY
YYmMauGicms 6HYMPIUHIX 3YCUb 00 JOKATbHOL HeoOHOpiOHocmi mamepiany weis. [lepesipka
3a €6poK00OM-2 GUABUNA 3HAUHUL 3anaAc Hecy4oi 30amHOCMI KOHMAKMHUX NOBEPXOHb HA
3CY8, WO NIOMBEPOACYE MONHCIUBICIb BUKOPUCHAHHS CHPOUJEHUX CIMPUNCHESUX MOoOeell OISl
NPAKMUYHO20 NPOEKMYBAHHSL.

VJK 539.3
OCOBJUBOCTI PO3POBKH IM®POBUX /IBIMHUKIB
CTPYKTYPHO-HEOJHOPIJHUX MATEPIAJIIB
Bbaoyana L. B.,

Jlyupkuii HaioOHANBHUH TEXHIYHUHA YHIBEPCUTET, M. JIyIbK

CyyacHe BHPOOHHMITBO TIEPEXOAWTH BiJl BUKOPHCTAHHS TOMOTCHHUX
MarepialiB 0 CKJIAQIHUX CTPYKTypHO-HEOJHOPIAHUX CHCTEM: KOMIIO3UTIB,
MOPHUCTHX CTPYKTYp, METaJOKEpaMikKd Ta aJAWTHBHUX MatepiaiiB. [ oJoBHOIO
OCOOJIMBICTIO TAKUX MaTEPiajiB € Te, IO iXHI MAKPOCKOIIYHI BIACTUBOCTI, TaKi SIK
MIIHICTh T4 3HOCOCTIMKICTh KPUTHYHO 3aJISKATh Bl ME30- Ta MIKPOCTPYKTYPH.

Knacuune umcnoBe MOJAENIOBaHHSA, 30KpeMa, Ha OCHOBI Mopenei, 1o
BUKOPUCTOBYIOTBCS METOJ CKIHUCHHHX €JIEMEHTIB, 3a3BHYail yCEepemHIOE
MOKa3HUKH B MeXax JOCIiPKyBaHOTo enieMeHTy. Lle mpu3BoauTh 10 BTpatu
JIOKaJbHUX €(EeKTIB Ta HE MOJMIJIMBOCTI BpPaxOBYBaTH BIUIMB KOHIICHTPATOPIiB
Harpy>XeHb Ta 3apOJUKEHHS MIKPOTPIIIMH, SKi € KPUTUYHHUMU MNpPU CTBOPEHHI
CHCTEM MOHITOPUHTY THNy «uudpoBuil nBiiiHnk». ToMy po3poOka mudppoBux
JMBIHHUKIB JJIsI TaKuX OO'€KTIB MOTpeOye BigXOMy Bill KIACHYHUX CTATHIYHHX
MOIeJiel Ha KOPUCTh 0araTOpiBHEBHX IHTEJICKTyalbHUX AWHAMIUHUX cucTeM [1].

VY po0oTi BHKOPHUCTaHO KOHIICMI0 0araTOpPiBHEBOr0 MOJCNOBaHHS [2],
3riHO 3 sKOI0 LU(POBUI JBIHHWK MOBHHEH OJHOYAacHO (YHKIIOHYBaTH Ha
KUTBKOX TPOCTOPOBO-YaCOBUX MacmTabax: MakpopiBHi (piB€Hb KOHCTPYKTHBHOTO
€JIeMEHTa) Ta Me30-/MIKpOpiBHI (KpUCTAIIYHI 3€pHA, apMYI0Ui BOJIOKHA, TIOPH).

Ha BigmiHy Big cTaTmuHOi MaTeMaTHYHOI MOJENi, JABIHHUK Oe3mepepBHO
aalTyeThCs Ta OHOBIIIOETHCS. Ha OCHOBI NMOTOKOBHMX [NAHUX BiJ IHTErPOBAaHHX
CEHCOpIB (TEH30METpisl, aKyCTHYHA eMicis) abo MepioaunIHOro HEepyHHIBHOTO
KOHTPOJIIO (BHCOKOTOYHAa KOMIT'IOTepHa Mikpo-Tomorpadis, u-CT). IloOynosa
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reoMeTpii mH(POBUX ABIMHWKIB JO3BOJIIE CTBOPUTH TOYHY MU(PPOBY PpEILTIKY
KOHKPETHOTO (hi3MIHOTO 3pa3ka i3 BpaxyBaHHSIM HOTO iHIMBITyaTbHUX NE(PEKTIB, a
He ycepenHeHoi TeopeTwyHOi Moxemi. OCKITbKH TeOMETpUYHa HEOTHOPITHICTH
3aBXKIIM Ma€ EIEMEHT BUIIaJKOBOCTI, apXiTeKTypa U(poBOro ABiHHMKA 0a3yeThCs
Ha CTOXAaCTMYHHUX Ta MWMOBIPHICHUX MOJENSX, a HE JMIIe Ha JKOPCTKUX
JIETepMIHOBaHUX aJITOPUTMaX.

l'onoBHUM Oap'epoM Ha IUTAXY pealtizalii MIKpOCTPYKTYPHOTO MOJICIIOBAHHS
€ KoJocaJbHa OOYMCIIIOBalbHA CKJIAIHICTh: INPSIMUN pO3paxyHOK ITOBEHIHKH
€JIEMEHTA 3 ypaxyBaHHAM KOXKHOTO BOJIOKHA a00 MOPH KJIACHYHUMH YHCIOBUMH
Metonamu, Taki sk MCE motpefye Bemmukux pecypciB. s 3abesnedeHHs poOOTH
IUQOPBHUX ABIHHUKIB y pealbHOMY Yaci MPOMOHY€ETHCS BUKOPHUCTATH TPU KITFOUOBI
HaNpsIMK{ IITYYHOTO 1HTENEKTY:

1. CrBopeHHS CyporaTHHX MOAENeH — MIBUIAKUX INPOTHOCTHYHHUX MOJENe-
anpOKCHUMATOPiB, SKi HABYAIOTHCS HA MACHBI IONEPEAHBO PO3PAXOBAHUX IAHHX
MCE i 3n1aTHI IPOTHO3yBAaTH HANpyKeHO-Ae(GopMOBaHMI CTaH 3a Malli OMDKKH
qacy.

2. HetipoHHi Mepexi - apXiTeKTypu ITMOOKOro HaBYaHHs, y (YHKIIIO BTpar
SKUX Oe3mocepe/iHbO  iHTerpoBaHi (yHmameHTanpHi  Qisuuni 3akoHum  [3].
3arajpHUI BUIIISL LUTbOBOT (GYHKIIT IPH pO3B'si3aHHI 33/1a4 MEXaHIKH CyLiJIbHOTO
CepelOBHUIIA MAE BUTIISL:

L = Lyata + Lppe + Lpc
ne Lga¢q — MOXUOKa HATYPHUX BUMIPIOBaHb JATUUKIB, Lp- — HEB'I3Ka MPAaHUYHUX
yMOB, a Lppp — HEB's13Ka AudepeHIiansHuX piBHIHD pyxy [3]:

L&
Lppg = Nznffij,j(xi) + fi(xi)HZ
=1

Ile mo3Bosie edekTUBHO 00’ €AHYBATH 3allyMiIeHi a00 HEMOBHI JaHi 3 JaTYUKIB i3
TEOPETHIHUMH MOJAETISIMH MEXaHiKH 1e(hOpMiBHOTO TBEpAOTO Tisa.

3. ApromarnyHa CeTMEHTaIlis MIKPOCTPYKTYPH. Buxopucranus
KOMIT'FOTEPHOTO 30pYy IS 3rOPTKOBUX Helpomepex apxitekrypu U-Net [4]
JIO3BOJIUTH TPOBOJUTH aBTOMATHYHE PO3IMi3HABaHHS OKPEMHX BOJIOKOH Ta MOp Ha
3HIMKax Tomorpadii Ta ix aBromMaTH4HOi TpaHcdopMmanii B 00'€MHY po3paxyHKOBY
ciTKy. JlonaTtkoBo citi 3acTOCOBYBAaTH I'eHepaTHBHO-3MaraibHi Mepexi (GANs)
JUISl TeHepallii CHHTETHYHHX BapiaHTiB MIKPOCTPYKTYp TiJl 4ac BipTyaJbHUX CTpec-
TECTIB.

Jns cTHCHEHHS 00'€eMHMX MAacHBIB JaHHUX MIKPOCTPYKTYpPH IO TapaMeTpiB
peabHOrO Yacy MOMHYETHCS arOPHTMH 3HIDKEHHS pO3MipHOCTI Mojeneii [4].

BucHoBku. Po3pobka 1uppoBHX IBIHHUKIB CTPYKTYPHO-HEOIHOPITHUX
MaTepialiB BAMara€ CHHEprii ~ MeTOHiB  OOYHCIIOBAIbHOI  MEXaHiKH,
KOMIT'IOTEPHOTO 30py Ta (Pi3UYHO-OPIEHTOBAHOTO MAIIMHHOTO HABYaHHS.
ITpomoHoBanHwmiA miaXia mepeTBoproe MUMPOBi ABIMHUKHN 3 ITACHBHOTO apXiBy JaHUX
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Ha  JUHAMIYHY  [POTHOCTHYHY  CHUCTEMY, JO3BOJSIFOUM  TEPEeHTH  Bif
KOHCEPBATHBHUX KOE(]IIi€HTIB 3amacy MIiITHOCTI O eKCIUTyaTallil BiAIIOBigadpHIX
KOHCTPYKIiH 3a IXHIM (paKTHIHUM CTaHOM.

1. Virtual, digital and hybrid twins: a new paradigm in data-based engineering and
engineered data / F. Chinesta et al. Archives of Computational Methods in Engineering.
2020. Vol. 27, no. 1. P. 105-134.

2. Geers M. G., Kouznetsova V. G., Brekelmans W. A. Multi-scale computational
homogenization: Trends and challenges. Journal of Computational and Applied
Mathematics. 2010. Vol. 234, no. 7. P. 2175-2182.

3. Raissi M., Perdikaris P., Karniadakis G. E. Physics-informed neural networks: A
deep learning framework for solving forward and inverse problems involving nonlinear
partial differential equations. Journal of Computational Physics. 2019. Vol. 378. P. 686-707.

4. Ronneberger O., Fischer P., Brox T. U-Net: Convolutional networks for
biomedical image segmentation. Medical Image Computing and Computer-Assisted
Intervention — MICCAI 2015. Cham : Springer, 2015. P. 234-241.

5. Kapadia M., Shah S. Digital Twin for Wind Turbine Blades: A Review on
Structural Health Monitoring. Renewable and Sustainable Energy Reviews. 2022. Vol. 156.
Art. 111984,

PECULIARITIES OF DIGITAL TWIN DEVELOPMENT FOR
STRUCTURALLY INHOMOGENEOUS MATERIALS

The paper considers a multiscale modeling framework for Digital Twins (DT) of structurally
inhomogeneous materials (composites, porous structures, cermets). To bypass the heavy
computational limitations of classical Finite Element Method (FEM) analysis at the micro-
level, an integration of Physics-Informed Neural Networks (PINNs), Reduced Order
Modeling (ROM), and computer vision (U-Net) is proposed. The practical case of a carbon-
fiber-reinforced polymer (CFRP) wind turbine blade demonstrates a transition from
conservative design margins to structural health monitoring and remaining useful life (RUL)
prediction based on the real-world condition of the material.
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VK 624.04:004.942

BUKOPUCTAHHSA OIIIA «IJBIP IAPAMETPA»
TA «[IOIIYK PO3B’SI3AHHS» EXCEL B 3AJIAYAX
BYJIBEJIbHOI MEXAHIKH

Baanyk ILT'., K.T.H., 10L.
Opecpka nepkaBHA akageMis OyIiBHHULITBA Ta apXiTeKTypH, M. Oxeca,
banayk I'.IL., k.T.H.
TOB «AJIBATEK FOA», M. Ozeca, gp.balduck@odaba.edu.ua

AxtyanpHicTh BuKOpHcTaHHs onuiid «Ilindip mnapamerpa» Ta «[lomyk
PO3B’s3aHHM TaOJIMYHOTO MpoIecopa Microsoft Excel s IHKEHEPHUX 3aJadax
3yMOBIICHa HEOOXITHICTIO aBTOMATH3allii CKIAAHUX OOYHCICHB, SKi BaXXKKO abo
HEMOJJINBO BUKOHATH TpaauuiiHnmu Metonamu. CyuyacHuii Excel - e He mpocto
nporpama Uit poOOTH 3 YHCIAMH, a TMOBHOIIIHHE CEpEIOBHIIEC I PO3POOKH
aHANIITAYHUX PIIICHb Ta ONTHUMI3aIlil IPOLECIB.

Onrumisalis ckaagHux cucrtem: Haaoyaosa «Ilomyk po3s’szanns» (Solver)
JIO3BOJISIE MPAIFOBATH 3 GaraTbMa 3MiHHUMHE 07HOYacHO [1-4]. BoHa € akTyaipHO0O
JUsl 3aa4  0araTouiboBOI ONTHMMI3alii, A€ HEOOXiJHO 3HAWTH eKCTpeMajbHi
3Ha4eHHs (MiHIMyM a00 MakCUMyM) LiIbOBOI (YHKIII, BpaXOBYIOUH HPH LHOMY
TEXHIYHI YU €KOHOMiuHI oOOMexeHHs. BoHa He3aMiHHA Uil 3HAXODKEHHS
PO3B'I3KIB CUCTEM JIIHIHUX Ta HEJIHIHHUX anreOpaluHuX PiBHSHB, 10 € TUIIOBUM
3aBJaHHSIM TIpU TIPOEKTYBaHHI KOHCTPYKLil abo MopemoBaHHi (i3UYHUX
TIPOIIECIB.

PosrnsHEMO MeTOAWKY BUKOPUCTAHHS IIi€i OMIi HAa MPHUKIAAi pilIeHHS
3aga4i Oy/iBeNbHOI MEXaHIKM — PO3PaxyHKY IUIOCKOi CTEP)KHEBOI CHCTEMH Ha
MIIHICTB Ta Ae(OPMAaTHBHICTS.

Posrmsiremo pamy 3 [5], mns kotpoi mpwuitnsto (puc.l): 1=6 m., H=5 m.;
IIUPHHA TIEPETHHIB pUreist i croska ogHakoBa by=bc=0,2u., BHCOTa mepeTHHY
crosika hc=0,4m.; Bucora mepernny purens (mpu cmiBBimHOmeHHi |/=2l)

hr = hc§/§ . Marepian pamu - 6eTon knacy B25 3 moxynem npyxusocti E=3-107

kH/M?, po3paxyHKOBUM onopoM cTucky Rb=14500 wH/Mm?, po3paxyHKOBMM
onopom postsary Rbt=1050 xH/m?. Ha pamy Ji€ po3HojiieHe HABaHTAKEHHS
=200 xH/m ta cuna F=ql/6.

Po3paxyHOK CTaTHYHO HEBHU3HAYCHOI paMH  3MIIHCHIOEMO  METOIOM
nepeminieHb. [100ynyeMo OCHOBHY CHCTEMY, OJMHHUYHY Ta BaHTaXHY eMIOpH
3rHHAJIBHUX MOMeHTiB. CKiageMo po3B’si3yBasibHe piBHSHHSA (1). Yci po3paxyHKH

BUKOHy€eMO y BUrIsii hopmys B Tabmuanomy mpouecopi Microsoft Excel.
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[Micnsa 3HAXOMKEHHS HEBIIOMOTO Z1, OTPAMYEMO CIMIOPH BHYTPIIIHIX 3yCHIIb
(emropa 3rMHANFHIX MOMEHTIB ITOKa3aHa Ha puc.2).

RETETET VG

F W
700
i H'; 200
Puc.1 Po3paxyHkoBa cxema pamu Puc.2 Entopa M, kHm

MakcuMaibHi 3THHAIbHI MOMEHTH, SKi BHHMKAIOTH B TEPETHUHAX DPHIEIs
max . max .
M =700xHm i croska M. =400xkHm nopunni Gyt MmenmmMMu

BI/IMOBITHUX MOMEHTIB pyitHyBaHHs [6]:

M, = R,W, =8,89 xHu 2
Mc = Rbth =5,6 xHwu (3)
YMOBa MIIHOCTI Ha CTHUCK BHKOHYETHCS, a YMOBa MIIIHOCTI Ha 3TiH HE

BUKOHY€ETBCSL.
Hns  Oimpmiocti  3ami3o0eTOHHMX 0allOK Ta MEPEeKPHUTTIB  TPaHUIHUHA
KOHCTPYKTHUBHHI IIPOTUH CTAaHOBUTS [6]:

[fuel = Y500 =0,08 . (@)

Jns  mepeBipkM TOJOBHOI YMOBH JKOPCTKOCTI CHOPYOM  3HalaeMo
BepTUKanbHe mepeminmieHHs f B cepeamnm purens. [ns 1mporo modyayemo
OJIMHNUYHY E€HIOpY 3TMHAJIBHUX MOMEHTIB JJIsI OCHOBHOI CHCTEMH METOAY CHII
(puc.3) Ta mepeMHOXXUMO ii Ha OTpHUMaHy paHillle enopy 3rHHAILHUX MOMEHTIB!

f =3 M Mige_ 0,031 ©
El

ITepeBipka 3a JOMyCTUMHUM MTPOTHHOM HE BUKOHYETHCSI.
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= \ﬁ\l] b ¢
R

F

LT D
Puc.3 Emropa MI B OCHOBHI CHICTEMH Puc.4 Cxema PaMmH JUT POSpaxyHicy Ha
CTIHKICTD
METOAY CHII
Ckopuctyemock HanOynoBoro «[lomyk pos3B’s3aHHS» Ul BH3HAYCHHSA
BEITMYHMHU PO3IOIIJICHOT0 HABAHTAXXEHHS , IIPH SIKOMY OYIyTb 3aI0BOJIBHATHCS YCi

YMOBH MIITHOCTI Ta Ie(OPMaTUBHICTI. J[JI51 IBOTO PO3B’SHKEMO CHCTEMY PiBHSHB:
RyW, — M >0
max
RyW, =M/ >0. (6)

Va0o~ 20

OTtpumyemo pittensst: npu =2,54 xH/m MakcuMallbHI 3THHAJIbHI MOMEHTH B
max - max
nepernsax puremrst M/ =8,89kHm i croska M e = 5,08 xHa,

f =0,0004 n. Pimenns cucremu piBHAHB (6) MOKIMBO OTPHMATH ITi I0MpPAIOYH

SKICh 1HIIII TTApaMEeTPH CUCTEMH.

Po3B’si3anns HenmiHidHUX piBHsAHB: «Ilindip mapamerpa» (Goal Seek) e
KITACHYHUM METOJIOM JUISl MOUIYKY KOPEHiB piBHAHB THmy F(X)=A, me 3MiHHY X
HEMOYIIMBO BUPa3uTH B sBHOoMY Burisi. Llei 3aci0 mpariftoe 3a MpUHIIUIIOM
iTepalliif, MOCTYNOBO 3MIHIOIOYM 3HAYEHHS BXIJHOI KIITUHKU JOTH,
noku (opMyna, MO0 3aJEKUTh BiJl HEi, HE MOBEpPHE MOTPIOHUI

pe3yJIbTarT.

INepeBaru 1OTO IHCTPYMEHTY MOKAXXEMO Ha MPHKIIAJI PO3PaXyHKY BKa3aHOT
IUTOCKOi CTEep)KHEBOI CHCTeMH Ha CTiHkicTh [5]. [lns oTpuMaHHS po3paxyHKOBOT
CXEMH 3aMiHMMO BIUIMB PO3IIO/UIEHOTO HaBaHTAXXEHHs 30CEpeKEHUMHU CHIIAMH,
npu criBBigHoweHHi F, /F; = 3 (puc.4).

B ocHoOBHIli cucTeMi MeTomy IepeMilleHb OyAyeMO eIopy MOMEHTIB Bil
OJIMHUYHOTO ITIOBOPOTY BBeAEHOI B's13i. Emopa OyayroTecst 3 1onoMororo tabiaump 3
ypaxyBaHHSIM HO3J0BXXHBOTO BUTMHY Bij aii cun F; ta F,. 3a paxyHOK LbOTrO,
piBHsHHSA (1) IEPETBOPIOETHCS

rll(V)Zl =0 (7)
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3HaueHHs. KPUTHYHUX CUJI JOCATAIOTHCS, SIKINO 17(V) MOPIBHIOE HYJIIO.
[Micns BusHaueHHs 1y,(V), 3 ypaxyBaHHAM CHiBBigHOIICHHS [,./l-, piBHAHHS
CTIHKOCTI [Is1 331aHOT IUTOCKOT pamu [5] Mae BUTIISA:
0,8p, (v,) + ¢ (v4) =0. 8
MMicns npuBenennss (yHKUi @ (V) 10 OJHOrO apryMeHTy, OTPUMAEMO
HeJliHiHe PIBHSHHS:

0,8¢,(v,) +¢,(0,49v,) =0, ©)
vigy v(tgv —v)

o MG Btgv(tg /5~ "5)

Tak sk, yci po3paxyHKu Oyiu 3po0JieH] y BUIAI (OPMYT B TaOIIMIHOMY

ne o (v)=

nponecopi EXCel, TO 11151 po3p’s3anns HeniniiiHOrO PiBHAHHS BUKOPHCTOBYEMO
omuito «[ligdip mapamerpa». Bu3HawaemMo IMiMTBOBY (QYHKIIIO SK pIBHIHHI
cTiiikocTi (9), Ta onTEMI3y€eMO 11 IIIIXOM MinOopy 3HaYCHHS V,. OTPUMYEMO v, =
5,094. BusrayaeMo KpUTHYHI MapaMeTpH CHII 32 (POpMYIIOr0

2
F = VZEIC _1’ 038Elca Fl,cr = F /3 = 0’346E1c :

2,cr - 2,cr
h2

OtpumMaHuil pe3yJIbTaT MOBHICTIO CHIBIANAE 3 PE3YJIBTATOM OTPUMAHUM Y [5]
PYYHUM pO3B’SI3KOM (32 JIONOMOTOI0 Mi00pY 3 BHUKOPHUCTaHHSIM TaOJHIb
crieianbHUX (yHKIIH) Ta MPOrpaMor0 po3paxyHKy paMH, HalMCAaHOK MOBOIO
APDL ANSYS.

OOuzBa IHCTPYMEHTa JO3BOJISIIOTH MPOBOAMTH aHAi3 YyTJIMBOCTI, IO /A€
IHKEHEpY MOJIMBICTH MUTTEBO IMOOAYHTH, SK 3MiHA BXIJHAX MapaMeTpiB BILTHHE
Ha KIiHIEBUHA pe3yibTaT NpoekTy. OCBOEHHS LHUX IHCTPYMEHTIB MHEPETBOPIOE
tabmmannit mponecop  Microsoft Excel y noemomimmy mmardopmy s
AQHAIITUKH, MOJCIIOBAHHSA Ta NPUHAHATTA pillleHb, 1[0 BUXOAUTH JAJIECKO 3a
MeX1 mpocTux oOuucienb. Lleit migxim mnepembdavyae CTBOPEHHS
iHTEpaKTMBHUX KepOBaHMX pO3paxyHKiB, SKI 3a CBOIM (DYHKIIOHAIOM
3/1aTHI 3aMiHIOBATH CHEIiaTi30BaHl KOMI'TOTEPHI TPOTPaMH.

[1]. dauyx C. ®. Excel 2013-2016 : naBwanbhuii mocibuuk. TepHomine : Bua-so
THTY imeni IBana Ilymros, 2021. 308 c..

[2]. Ticrynos 1. M. Smart Excel. KepoBani po3paxyHKy : HaBYaJbHHN MOCIGHHUK.
Juinpo : HTY «/lninpoBcbka nomitexHikay, 2026. 265 c..

[3]. Automating Goal Seek with RC Design Functions. Newton Excel Bach, not (just)
an Excel Blog. URL: https://newtonexcelbach.com/.
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[5]. Copoka M. M. ANSYS y 3agayax CTIHKOCTI CTPHXKHEBUX CHCTEM : HaBYaIbHUI
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USE OF EXCEL'S 'GOAL SEEK" AND 'SOLVER' OPTIONS IN
ENGINEERING PROBLEMS

The methodology of using Excel's Goal Seek and Solver options is examined through the
example of a structural mechanics problem — the calculation of a statically indeterminate
plane rod system. The use of these tools allows for the selection of parameters that
simultaneously satisfy the conditions of strength, deformability, and stability. Both
instruments enable sensitivity analysis, which provides engineers with the ability to instantly
see how changes in input parameters will affect the final result of the project.

YIK 614.841.45

BIIJIMB KOHCTPYKTUBHUX ITAPAMETPIB
MNPOTUITIOXEXHUX KAPHU3IB HA OBMEXXEHHSA
INOIIMPEHHA ITOXEKI 330BHI ®PACAAIB BYIIBEJIb

baJjo S1.B., A.T.H., CT. JOCTITHHK
[HCTHTYT NEepKaBHOTO yNPaBIIiHHS T4 HAYKOBUX JOCHIIKEHb 3 IIUBUILHOTO 3aXUCTY
HamioHansHOTO yHIBEpPCHUTETY HUBUIHLHOTO 3aXHCTy YKpainu, M. Kuis
Kosaaumun b.M., acnipant
[HCTUTYT Jiep>KaBHOTO YIPABIiHHS Ta HAYKOBHUX JOCTIPKEHB 3 LUBIJIBHOTO 3aXUCTY
HanionansHOTO yHIBEpCHUTETY IIUBUIFHOTO 3aXUCTy YKpainu, M. Kui

OpHiero 3 HalOIIBII aKTya bHUX MpoOJIeM 3a0e3NeYeHHS OXKEXHOI Oe3IeKn
cydacHUX OyniBenb € 3arnoOiraHHs BEPTHKAJbHOMY IOIIMPEHHIO MOXKEXKI
(acagamMu Ha Buile po3ramoBaHi HoBepxu. OcoOIMBOI akTyaJlbHOCTI JaHa
npobiema HaOyBae JUId BUCOTHHX OYHiBENb, y SKHUX MOIIMPEHHS MOJIYM’ sl 4epe3
(acamHi KOHCTPYKIi MOXE TPH3BOOUTH O CTPIMKOTO PO3BHTKY ITOXKEXi,
pPYHHYBaHHS CBITJIONMPO30pUX KOHCTPYKIH Ta yTBOPEHHS 3aTPO3H KUTTIO JIIOACH.
3HayHWH BIUIMB Ha TIPOLECH TMONIMPEHHS 30BHIIIHBOI TMOXEXi MaroTh
aepoMHAMIYHI XapaKTepUCTHKH (hacary, TEOMETPis MPOTHIIOKEKHUX TMEPEIIKO]
Ta B33a€EMOJISA BUCXIJHOTO TEIJIOBOTO MOTOKY 3 KOHCTPYKTHBHUMH E€IEMEHTaMH
OyniBii.

OnHuM 13 edekTHBHUX 3aco0iB MAcHBHOTrO 3axucTy (QacaiiB OyaiBenb €
3aCTOCYBAHHS IIPOTHIIOXKEKHUX KAPHU3IB, SIK1 JJO3BOJISIIOTH 3MIHIOBATH TPAEKTOPIIO
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pPyxy moiyM’st Ta 0OMEe)XyBaTH TEIUIOBHH BIUIMB Ha BHINE PO3TAIIOBAaHI MOBEPXH,
mo TmpencraBieHo B pobortax [1-3]. Pazom i3 mwmM, e(deKkTHBHICTD TaKHWX
KOHCTPYKILIH 3HAYHOIO MIpOIO 3aJICKHUTH Bill iX TeOMETpHYHOI (OPMH, IITHPUHH
BUCTYITy Ta 3JaTHOCTI 3amo0iraTy SIBUILY MOBTOPHOTO IMPHUENHAHHS MOIYM’s JO
¢acany. IcHyro4i HOPMATHBHI JOKyMEHTH HE MICTSTh AOCTaTHHO OOIPYHTOBaHHX
KPHTEPIIB 00 BUOOPY ONTUMAJIBHUX MapaMeTPiB MPOTHIIOKEKHUX KAPHU3IB, 110
3YMOBITIOE HEOOX1THICTh MPOBEICHHS BiIMOBITHUX JOCIIKEHb.

TakuMm YHHOM, aBTOpaMU IPOBEICHO CEPil0 EKCIIEPUMEHTAIBHUX JIOCIIIKEHb
13 BUKOPHCTAaHHAM CTBOPEHOI ra30-TiAPOIMHAMIYHOI MOJEI MOIIMPEHHS TTOXKEXKi
330BHI (hacamy OymiBii. Y X0.i DOCHIIKEHb OLMIHIOBAINCS: MAaKCUMAaJIbHE 3HAYCHHS
TEeMIepaTypy Ha MOBEpXHi (acaly; IUoma KPUTHIHOTO HPOIpiBy (acany; BUCOTa
30HH KPUTHYHOTO IIPOTPIiBY; CepelHs IMBHAKICTh BHCXIZHOTO MOTOKY; 3HAUCHHS
THCKY B 30Hi (pacaqy; HasBHICTh e()eKTy IIOBTOPHOTO MPHUETHAHHS HOIYM .

JocmipKeHHsT TPOBOAMIMCA I HACTYIHHX THIIB  MPOTHIOXESKHHX
KapHU3iB, Bi3yasi3alilo SIKUX HaBeIeHO B Tabmuii 1.

Tabauys 1. JJocnioocysarni munu npomunotCceiCHux KapHu3ia

®Dacan IIporunosxexuuil kapuu3 | IIpoTunoskexHuii KapHU3
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uprna BHCTyIy KapHH3iB 3MiHIOBajmaca B Mexax Big 0,3 mo 1,5 wm.
Po3paxyHKH BUKOHYBAJIHCS 5K 38 YMOB BITPOBOTO HAaBaHTAXXEHHS 5 M/c, Tak i 6e3
BIUIUBY BITpY.

JocnijpkeHHsT 1MOKa3ajM, IO HaWOiIbml e(eKTUBHUM 3a KpHTepieM
JMHAMIYHOTO 3MCHIIEHHS TeMIIepaTypu B 30HI (hacaqy npu 30UIbLICHH] IUPUHA
BUCTYIly € NPOTUIIOKSKHUH KapHU3 13 OararorpanHoio Qopmoro. HaseHicTh
OaraTorpaHHUX BHCTYMIB i3 NPSIMOKYTHHM Hpo(dijieM I03BOJIIE CTBOPUTH 30HY
HAMMEHIIIOT IIBHIKOCTI BHCXIHOTO TMOTOKY — B Mexax 1,5-1,7 m/c, a Takox
3HM3WTH 3HAYCHHS THCKY B 30HI ¢acanmy mo 4—6 Ila. Ile cmpuse dpopmyBaHHIO
TPAEKTOPIi MOIyM s, 3a SKOi YTBOPEHHS TOUYKH ITOBTOPHOTO NPHUETHAHHS MOIYyM s
1o (acary ctae MaIOMMOBIPHUM.

BcranoBneHO, 10 POTHIIOKEKHUI KapHU3 y (HOPMI «BIHIIIETY» 3a0e3medye
HaOUTBITY BIOHOCHY €(QEKTHBHICTh 32 KPHUTEPIEM MAaKCHMAIBHOI IDIOII
KPUTHYHOTO TporpiBy ¢acamy. Jnst maHOTO THIy KapHH3Y IUIOMIA KPUTHYHOTO
nporpiBy He mepesuinyBana 12 % Bin rutony 3axuifyBaHoro ¢gparmenta dacamy.
OpHouacHoO criocTepiranocs GopMyBaHHs CTaOIIBHOTO aCPOJUHAMIYHOTO MTOTOKY 3
TUCKOM Y 30HI (acaay B mexax 14,5-15,5 [la ta mBHAKICTIO BUCXIAHOTO MOTOKY
3-5 wm/c. Taki xapakTepuCTHKU 3a0e3neuyroTh HaiObIl eeKTHBHE BiBEJCHHS
noym’si BiJl NOBEpXHi (acaay Ta 3MEHIICHHS TEIJIOBOIO BIUIMBY Ha BHILE
posramioBani moBepxu. Ha pucynky 1 HaBeaeHO 3BeACHI MdaHI BiJHOCHOT
e(EKTHUBHOCTI JOCIIHKYBaHIX THITIB POTUIIOKEIKHUX KAPHU3IB.

Mpamuia
BaratorpaHHUK
Tpaneuis
BiHrneTt
3aoKkpyrneHunn

80 1

H

[=)]
o
L

BiaHOCHa e(eKTUBHICTb, %
H
o
.

T T
0.4 0.6 0.8 1.0 1.2 1.4
LLnpuHa KapHU3y, M

Puc. 1. /lani BitHOCHOT e()eKTUBHOCTI JOCIIKYBaHHUX THIIIB
MPOTHUIIOKE)KHUX KapHU3IB
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3a pesympTaTaMHl JAOCIHIIKEHHS BCTAHOBIICHO, IO HAMOLTBII €QEeKTHBHUM
TUIIOM (hacagHOI MPOTHUIIOXKEKHOT EPEIIKOAN € TIPOTHIIOKEKHUI KapHU3 Y hopMi
«BIHTJIETY», SKMH 3a0e3neuye HaWKpalli IIOKa3HUKH 32  KPUTEPIIMHU
TEeMIIEPaTyPHOTO PEKUMY Ta IUIOLI KPUTUYHOTO MporpiBy dacamy. Pasom i3 mum
HAMOLTBITY CTaOUTBHICTE TPOLIECY BIABENCHHS IMONYyM’s Bia TOBepxHi (acamy
3a0e3neuye OaratorpaHHa Qopma KapHH3Y, IO OOYyMOBJIEHO (OPMYyBaHHIM
CIPHUATIMBUX aepOJMHAMIYHUAX XapaKTEPHUCTHK MOTOKY. [IpoBeneHi HOCIimKeHHs
MiOTBEPAMIN CYTTEBHIl BIUIMB TIeOMETPHYHOI (OpMH Ta INMPHHH BHCTYITY
NPOTHIIOKES)KHOTO KapHH3y Ha NPOLECH MOIIUPSHHS IIOKexi 330BHI (acamy
OymiBmi. OTpuMaHi pe3ynbTaTH IO3BOJAIOTH YAOCKOHANWTH TIIXOAH IO
NPOEKTYBaHHS (acaJHUX INPOTUIIOKESIKHUX MEPENIKOA Ta IiJBHIIUTH pPiBEHb
TIOXKEKHOI O3MEKH CyJyacHHUX OyIiBEIb.

[1]. Kovalyshyn B., Ballo Ya., Nizhnyk V., Stylyk I., Kahitin O. (2024). ITepcrnexkruBHi
HampsIMH TIBUIICHHS €(QEKTHUBHOCTI OOMEKCHHS TOMIMPEHHS MOXKEXi MO 30BHIMIHIX
OropoKyBallbHHX KOHCTpyKiisix. [Prospective directions for improving the efficiency of
limiting fire spread along external enclosing structures]. [ToxexxHa 6e3meka. T. 44. C. 20-29
[in Ukrainian].

[2]. Ballo Ya. V., Yakovchuk R. S., Nizhnyk V. V. [et al.]. (2020). JocmimkeHHs
KOHCTPYKTHBHHX IapaMeTpiB IMPOTHIIOKEKHUX KapHU3IB JUI 3armo0iraHHs MOIIMPEHHIO
noexi (acalHUMH KOHCTPYKIiAMH BHCOTHHX OyauekiB. [Study of the structural
parameters of fire-protection cornices for preventing fire spread through fagade structures of
high-rise buildings]. IToxexna 6e3mexa. Ne 37. C. 16-23 [in Ukrainian].

[3]. Himoto K., Tsuchihashi T., Tanaka Y., Tanaka T. (2009). Modeling the trajectory of
window flames with regard to flow attachment to the adjacent wall. Fire Safety Journal. Vol.
44, No. 2. P. 250-258 [in English].

INFLUENCE OF THE STRUCTURAL PARAMETERS OF FIRE-
PROTECTION CORNICES ON LIMITING FIRE SPREAD ALONG
BUILDING FACADES

The influence of the geometric shape and projection width of fire-protection cornices on
limiting fire spread along building facades is investigated. The study considers the
temperature regime, critical heating area, upward flow velocity, pressure near the fa¢ade,
and the possibility of flame reattachment. It was found that the winglet-shaped cornice
reduces the critical heating area, while the polygonal shape provides more stable flame
deflection away from the facade.
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V]IK 614.841.45

YAOCKOHAJIEHHA METOAY OUHIHIOBAHHA
HEBE3INEKHN NIOIIUPEHHA ITOXKEKI BIIl BITPOBUX
EJIEKTPOYCTAHOBOK

Baxo S1.B., A.T.H., CT. JOCJITHUK
[HCTUTYT Jep>KaBHOTO YIPABIIiHHS Ta HAYKOBHX JOCIIJUKEHb 3 IMBUIEHOTO 3aXUCTY
HamioHanpHOTO yHIBEpPCUTETY HUBUILHOTO 3aXHCTy YKpainu, M. Kui
Cepena /I.B., acnipant
[HCTUTYT JepKaBHOTO YIPABIIiHHS Ta HAYKOBHX JOCIIJUKEHb 3 IMBUIEHOTO 3aXUCTY
HamioHanpHOTO yHIBEpPCUTETY HUBUILHOTO 3aXHCTy YKpainu, M. Kuis

CrpiMKHii  pO3BUTOK BITpOBOi eHepreTMkn B  YKpaiHi Ta  CBITI
CYNPOBO/IKYETBCSI 3POCTaHHSIM BHMOT JI0 3a0e3leueHHs MOXKexHOI Oe3rneku
BiTpOoBHUX enekTpoycTaHoBoK (BEY). OcobmiBy HeOe3IeKy CTaHOBISATH MOXKEKI Y
TOHZIONI TypOiHM, SIKI XapaKTepHU3yIOTHCS 3HAYHUM TETJIOBUM HaBaHTAXECHHSM,
CKJIaHICTIO JIKBiaIii Ta MOXKITUBICTIO MONIMPEHHS TOPIHHSI HA CYMIXHI 00’ €KTH.
Y OUIBIIOCTI BUITAJKIB iCHYFOUI HOPMATHBHI IMIIXOMU 0 BU3HAYCHHS OE3IMEYHHX
MPOTHUIIOXKE)KHUX BiJICTaHEH HE BPaxoBYIOTH CHELM(]IKy CIeHapiro «pyHHYBaHHS-
MOXKEXKay, 110 € HAMOLbII HeOe3neuHnM J1ist cydacHuX BEY.

VY pobortax [1-3] mpoBeaeHO KOMIUIEKCHE JAOCIIIKEHHS MPOIECIB PO3BHUTKY
MOXKEX1 Uil PI3HUX THUMIB BITPOBUX EJIEKTPOYCTAHOBOK 13 BHMKOPHCTaHHSM
KOMIT FOTEPHOTO MOJieitoBaHHsl. OCHOBHOIO METOIO JIOCIIZKEHHSI OyJI0 BU3HAUCHHS
3aKOHOMIPHOCTEH! MOIIMPEHHSI TETUIOBOTO BIUIMBY Bij noxkex BEY Ta ynockoHaneHHs
METOJly OLIIHIOBaHHs HeOE3INeKH MOIIMPEHHS MOXKEXI 3 ypaxyBaHHSM BHUCOTHOTO
(haxTOpy Ta KiJIBKOCTI M0’KE)KHOT'O HABAaHTAKEHHS Y TOHIOJII TYpOiHU.

MonenioBanHst ~ mpoBoAwJIOCS IS JBaHAUIMTH  TpyH  BITPOBHX
€JIEKTPOYCTaHOBOK noTy>kHicTio Bix 0,03 MBT o 9,5 MBT. Ilig yac po3paxyHkiB
BpaxoByBanucs: Bucota Oamrtu BEY; KinbkicTh ONMBH y MeXaHIUHIM dYacTHHI
poTOpa, TeMIepaTypa ropiHHS; MIBUAKICTh BITPY, MOMIUPEHHS TEIUIOBUX ITOTOKIB Y
MPOCTOPi, YTBOPEHHS 30H KPUTHYHHMX TEMIeparyp. TpuBaliCTh KOKHOTO €TaIy
MojemoBaHHs ctaHoBmwia 1200 ¢, M0 JO3BOIMIIO OINHUTH AWHAMIKY DPO3BUTKY
MOKEX1 Ta BCTAHOBUTH CTA01TI3aII0 TEMIIEPATYPHOTO PEXUMY. 3a pe3yIbTaTaMu
MPOBE/ICHNX PO3PAXYHKIB OTPIMAHO KapTOrpaMH TEMIEPATYPHHX MOJIB, Bi3yali3alio
TIOTIMPEHHS TOXKEXKi Ta BA3HAYCHO MEXi 30H TETUTOBOTO BIUIMBY BHIe 250 °C.

s rpymu BEY noryskwictio Bix 0,03 mo 0,2 MBT i3 BucoToro omopu 18-38
M Ta KUIbKicTIO oyiBH Bij 12 1o 80 51 BCTaHOBIEHO, 110 cepeaHill TeMnepaTypHuit
pexxuM noxexi nepedyBae B Mexax 580—650 °C. Ilpu 11boMy PO3BHTOK ITOXKEXKI
MaB INPOTHO30BAHUH XapakTep, a 301UIbLICHHS 4Yacy MOJEIIOBAHHS HE BILIMBAJIO
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CYTTEBO Ha pe3ylbTaTd pO3paxyHKiB. BcraHOBIeHO, MmO HaBiTH I
MmanonoTyxarx BEY BinOyBaeThcs (opmyBaHHS HEOE3IEYHOI 30HH TEIIIOBOTO
BIUTUBY, KA IIEPEBUIILY€ PO3PAXyHKOBUH pajiyc pO3IHBY MaIbHOTO.

Jns rpynu BEY noryxaictio Bin 0,5 1o 2,0 MBT i3 Bucororo Oamtu 40—
78 M Ta xinbkicTio onuBu 200-720 51 cepenHiil TeMIEpaTypHUH PEXUM IOKEKI
craHoBUB 620-690 °C. Otpumani pe3yibpTaTH CBig4aTbh Mpo 30UIbIICHHS
IHTEHCHBHOCTI TEIUIOBOTO BHIPOMIHIOBAHHS Ta PO3LIMPEHHS 30HH HEOE3MeyHOro
TEIUIOBOTO BIUTMBY BHACIIIOK 301JbIICHHS KITBKOCTI MOXKEKHOTO HABAHTAXCHHS
Ta BHCOTH PO3TAIyBAaHHS OCEPENKY TOpiHHA. 3a pe3yJbTaTaMH MOJEIIOBAHHS
BCTAHOBJICHO, 1[0 BIUIMB BiTPOBOTO HABAaHTa)KCHHS CIIPHUSE CYTTEBOMY 3MIILICHHIO
30HHM TEIUIOBOTO BIUIMBY Y HAIIPAMKY CyMDKHO PO3TAIIOBaHUX 00’ €KTIB.

Jus rpynu BEY moryxwictio Bix 3,0 o 7,2 MBT i3 Bucororo Gamtu 80—
169 M Ta kimbKicTo oxmBH Bim 1200 mo 2720 1 cepemHs TeMmepaTypa MOMXKExXi
cranoBmna 680-740 °C. OrpuMaHi pe3ynbTaTH TOKa3all CyTTEBE 30iTbIICHHS
pamiyCy TeIUIOBOrO BIUIMBY Ta IHTEHCHMBHOCTI TEIUIOBOTO TOTOKY. byio
BCTAHOBJICHO, 110 A1 BUCOKMX BEY XxapakTepHe MOCHICHHS MPOIIECIB MEPEHOCY
TEIUIOBOI SHEpTii i Ai€l0 BITPOBUX MOTOKIB i TypOyJaeHTHOCTI atmocdepu. Lle
MPU3BOAMTL 10 30IJBIICHHS IUIONI MOTCHIIHHOTO TEPMIYHOIO YPaKCHHs Ta
MI/IBUIIY€ PU3UK BUHUKHEHHS] BTOPUHHUX OCEPEJIKIB 3aiiMaHHsI.

Haii6inbm HeGe3neunum BusiuBcs tun BEY mnoryxaicTio 9,5 MBrT i3
KibKicTI0 onmuBH 10 3800 1. OCOONHMBICTIO JaHOTO CIIEHApII0 € MOXKIUBICTBH
pyHHYBaHHS Hecydoi KOHCTPYKIii TOHJONM Ta MOZAAJbIIE TMAIiHHS MaJAF0uuX
¢parmenTiB KoHCTpyKii. [IpoBeneHe MopemOBaHHS IIOKa3ajo, IO y TaKOMY
BUIAJKy 30Ha TEIUIOBOTO BIUIMBY CYTTEBO NEPEBHIIYE HOPMATHUBHI 3HAYCHHS
Oe3MeyHnX BiIICTaHEeH, a pajiyc MOMHMpPeHHs HeOesneuHoi Temreparypu Buie 250 °C
MOske focsiraté oHaz 60 M. Y pesysbTaTi y3arajJbHEHHS! eKCIEPUMEHTAIBHNX JaHUX
c(hOpMOBaHO 3aJICKHICTh MK KiJBKICTIO ONMBH B MEXaHIYHIM 4acTHWHI poTOpa Ta
paniycoM HeOe3MeYHOT o TeIUIOBOTO BIUIMBY, IO HABEACHO Ha puc. 1.
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Puc. 1. ExciepuMeHTanbHi JaHi yTBOPEHHS HEOE3IIEUHOTO pajiycy
TEMIIEPaTyPHOTO BILIMBY MOXEXI Ta PO3paxyHKOBOIO pajiiyCcy 30HU PO3JIHUBY
najarBa
OTpuMaHi JaHi CBigYaTh, IO PI3HULS 3HA4YeHb BIJCTaHI HEOE3MEYHOTO
pamiyCcy TEIIOBOTO BIUIMBY TMOXEXKI 3 BpaxyBaHHSM BIUIMBY BITPOBOIO
HAaBaHTAXKEHHS Ta pajiyc pO3pPaxyHKOBOIO pO3JMBY B pe3ysbTari peamizaiil
creHapito «PyiiHyBaHHS-TIOKEKa» MOXKE CTAaHOBHTH 110 45 %, 1110 3HAYHO BIMBAE
Ha KIHIIEBUI pe3ysbTaT BU3HAUCHHS OE3MEeYHUX NMPOTUNOXKEKHUX BijacraHel. [Tpu
IIbOMY CJiJl PO3YyMITH, IIO B KOXXHOMY OKPEMOMY pPO3paxyHKOBOMY BHIJIKy
YTBOPEHHS pajiycy TEIUIOBOTO BIUIMBY TIIOXKEXKi CIiJI BpPaxoOBYBAaTH peajbHI
TororpadivHi XapaKTepUCTUKU MICIIEBOCTI Ta MUTOMY TEIUIOTY 3TOPSIHHS TOTO YH
IHIIOTO TWITy OJIMBH, fKa 3HAXOMUThCA B Kopmyci poropa BEY. BpaxyBauus
MUTOMOI TEIUIOTH 3TOpaHHS OJIMBM IIPM BH3HAYEHHI 3HA4YeHHs Oe3neyHol
MPOTUTIOKEKHOI BiZicTaHi Big BEY € KiI0u0BOIO XapaKTEpUCTHKOIO, 0 BU3HAYAE
EHEepreTUYHNI MOTEHIliall IOXKEKHOI HaBaHTaru 00’ €KTy.

[1]. Ballo Ya. V., Koval R. R., Sereda D. V., Neseniuk L. P. (2026). {ocunimkeHHs nporecis
TOIIMPEHHS MOYXKEXI Bill BITPOBOT €JIEKTPOYCTAHOBKH 3a JJOMIOMOTO0 O0YHCITIOBAIBHOT Ta30-
rigpoaunamiku. [Study of fire spread processes from a wind turbine using computational
fluid dynamics]. Komynansre rocmomapctBo MicT. Cepis: Indopmariiini texHomorii Ta
imkenepis. Ne 1(196). C. 277-289. DOI: https://doi.org/10.33042/3083-6727-2026-1-196-
277-289 [in Ukrainian].

[2]. Sereda D. V. Ballo Ya. V. (2024). VigockoHaJeHHS pPO3paXyHKOBOTO METOLY
BU3HAYCHHS MPOTUIIOKEKHUX BIJCTAHEH IUIs BITPOBHX eJEKTPOyCcTaHOBOK. [Improvement
of the calculation method for determining fire safety distances for wind turbines]. IToxexua
Gesmeka. Ne 45. C. 71-80. DOI: https://doi.org/10.32447/20786662.45.2024.09 [in
Ukrainian].
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[3]. Sereda D. V., Ballo Ya. V. (2025). Meroanka JOCIIKCHHS MOMIMPEHHS MOXKEXI Bi
BITPOBOI €JIEKTpOyCTaHOBKH 10 cyMikHuX 06’ekriB. [Methodology for studying fire spread
from a wind turbine to adjacent objects]. KomyHnamsne rocmomapctBo wmict. Cepist:
Indopmamiiini  TexsHomorii Ta  imkemepis. Ne  1(189). C. 377-383. DOL:
https://doi.org/10.33042/2522-1809-2025-1-189-377-383 [in Ukrainian].

IMPROVEMENT OF THE METHOD FOR ASSESSING THE FIRE
SPREAD HAZARD FROM WIND TURBINES

The paper considers the assessment of fire spread hazard from wind turbines to adjacent
objects. An improved calculation method for determining fire safety distances is proposed,
taking into account wind turbine capacity, fire load, nacelle height, and wind effects. The
obtained results can be used to clarify fire safety requirements for the placement of wind
turbines.

YJK.624.193.4

BU3HAYEHHSI YACY YTBOPEHHS NEPIIOI TPINUHU Y
3AJIIBOBETOHHIM CTIMIII

BekipoBa M. M., K.T.H., 101Il€eHT
Opnechka nep)kaBHa akajaeMis OyIiBHHUIITBA Ta apxiTekTypu, M.Oneca

MeTtoo poboTH € onepkaHHs (HopMya IS BU3HAYEHHS Yacy YTBOPEHHS
NepIIoi TPIIUHY Y 3a11300€ TOHHIH CTINI.

PosrmsimaroTbest CTIMKHM, SIKI MarOTh IMOYAaTKOBI HEIOCKOHANIOCTI Y BHTIISAII
MO3aLEHTPOBO JOJAHOTO HABAHTAXKCHHS Ta CTIHKH 3 MOYaTKOBUM MPOTUHOM. [1]

IIpoBogumo aHnami3 (opmy:n, 3a SIKUMH BHU3HA4YarOThCS HAmpyrd B O€TOHI,
apMartypi Ta BUCOTa CTHCHYTOI 30HH. [2]

VY BUNaKy CTIHKH 3 MOYaTKOBUM IIPOIMHOM MAEMO HacTyITHI (GopMyIu.

ou=E F[XO-a][f'O-1], @)
cu=E T[XO-h+a] O], )
o0 =2O0p_p) 1) +p 1], @)

|6
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o7, 0) = “‘I) M(P-r) " ®+R 1], @

o

P
[(P P)f (t)+Pf]+—[f (t)— f]

A y BUMAagKy CTIHKH 3 MO3AlEHTPOBO JOJAHHUM HABAHTAXKEHHSIM MAaeMO TaKi
hopmyiH.

X, (t) = (5)

2bh

ou() =E, [xl(t) a]t’(@, (6)
a;1<t)=Ea’,”—2[x;(t)—h+a]f*(t), ()
70 -207(p—r) 10 +5P] ©
@(t):@[(P—Pa)f*(t)+sP], 9)

P
m0- 2 bh[(P P)f (t)+sP]+—f O oo

6

Lli dopmynu HOCUTH OCTOBIpHI 0 MOMEHTY YTBOPEHHs IeEpIIoi TPILHHH,
TOMY aKTyaJIbHO 3HATH Yac ii yTBOpeHHd t .

[lepma TpinHa YTBOPIOETHCS B HAHOUTBII HANPYKEHOMY TIepepisi (B JaHOMY
BHUIIAJIKY B CEPEAHbOMY 3a BUCOTOI0). CTaHEThCs L€ TOi, KOJIU HAIPYTH B KPaHHiX
BOJIOKHAaX PO3TATHYTOI 30HM OETOHY MOCATHYTH 3HA4YEHHS IIOJJBOEHOI MIIIHOCTI
OeToHy TpH po3TAryBaHHi. L{e € yMOBOIO yTBOPEHHS MEPLIOT TPILMHH.

[InsxoM JesKUX MepeTBOPEHb BIAETHCS OTPUMATH BEJIMYMHY MHPOTHHY B
MOMeHT yTBOpeHHs Tpimman f (t,), sK JUIA CTifKK 3 TOYaTKOBHM MPOTHHOM, TaK
1 Ui CTIMKM 3 MO3alleHTPOBO JI0OJaHMM HaBaHTa)KeHHsAM. B 000X mux BHmagkax
nns sHaxomkenns f (L) omepsxyemo kBaapaTue piBHsHHS. [1]

B,f(t)+Bf(t)+B,=0. (11)

B oTpumanOMy piBHSHHI nepuuii KoedilieHT Mae OJHAKOBUH BUIIIA IS 000X
[IMX BUITAJKIB.

B :h(P—Pa){

bh Pa
I6(P P) hl:|. (12)
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Hpyruit koedimieHT i BUTBHUHA WiEH B bOMY PiBHSHHI MalOTh Pi3HUNA BHUTJIAL.
Jiist CTiKY 3 TOYaTKOBUM TIPOTHHOM MAaEMO.

2
B, :2(F>-F>a){f0.Pa.m

o

bh 1
B, = f,P K' E](hfo-Pa—MﬁRp)—ZP}. (14)

[y

—2thp—P}+%[hfo(2Pa—P -41,R, ], (13)

o0
Jnist cTiiiky 3 3 T03aleHTPOBO A0IaHUM HAaBaHTAXKEHHSM Ma€EMO.

bh
81:2(P—Pa){sPl——2th —P}E(shp 41,R,), (15)

o

b 2
B, =| sSP——4bhR 2P (16)
Iﬁ

[Ticnst BU3HAUEHHS NPOTMHY B MOMEHT IIOSIBM TPIIMHM 3HAXOJUMO 4Yac ii
YTBOPEHHS { .

Jns crifiok 3 TOYaTKOBUM MPOTMHOM Ta 3 TII03allEHTPOBO JOJAHHM
HaBaHTAXECHHSIM, OCTOH SKHX Ma€ IMOB3YYiCTbh, IO IIAMOPSIKOBYETHCA 3aKOHAM
crazkoBoi Teopii cTapiHHs, 4ac yTBOPEHHS HepmIol TPIlMHU ! BHU3HAYAETHCS
HIISIXOM MiA00pY 3 BIIIOBIIHUX BUPa3iB.

Skmo O6eToH CTIHKKM Ma€ MOB3YYiCTh, IO IiIMOPIAKOBYETHCS 3aKOHAM TEOpil
IPY’KHOT CIIaIKOBOCTI, TO BIA€THCSA OTPUMATH (GOpMyIIH Ui BU3HAa4YeHHs t B pasi
JIBOX BUIIAJIKIB, 110 PO3TIISIAIOTHCS.

Jyist CTIMKY 3 TOYATKOBUM MPOTHHOM OTPHUMAHO.

S S it el LA LGN Y 17)
y[1+c(1-r)] o Pl f(g)

I[HH CTiﬁKH 3 3 MO3alCHTPOBO AO0JAaHUM HABAHTAXKCHHAM OTPHUMAHO.

U SR Pl | L VNP (18)
y[1+c(1-r)] cr f(z,)

Sxmo OeTOH CTIMKM € CTapiloyuM MarepialoM 1 Mae€ IOB3YYiCThb, IIO
OINMCYETHCSI TEOPI€I0 CTAPIHHSA, TO 1 B IIbOMY BHUIAJKY BJA€TbCS OTPHUMATH
(dbopMynn U1 BU3Ha4YeHHS t

t :_é.n(u;..n{l_l_ri[&_l}}], (19
oy EA(1-r) r P| f(0)
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B N DU SRS PO ol RO
t = 7In(1+ EA(L—T) In{l ; {f(O) 1}}} (20)

BucnoBku. TakuMm umHOM, Oynu oTpuMaHi (GOpPMYJHM Ui BU3HAYEHHS Yacy
MOSBH TIEPUIOl TPINIMHMA y CTiHIi, OCTOH B SKid MiAMOPIAIKOBYETHCS 3aKOHAM
CIaIKOBOI TeOpii cTapiHHs, TEOpil MPYKHOI CTIAAKOBOCTI 1 TEOPii CTapiHHSA.

[1].Opmnoe AM. BB moB3y4ocTi Ha CTiHKICTh CTMCHYTHMX 3alli300€TOHHUX CTPHIKHIB. /
BynisenbHi koHCTpyKLii. — Bum.10. — K.: Bynisensauk, 1968.

[2] Pomamko B.M. Illogo BH3Ha4eHHS MOMEHTY YTBOPEHHS HOPMaIbHHX TpillUH B
3TUHAJBHUX 3aTi300€TOHHUX eneMeHTax. / BynmiBenmbHi KoHCTpykmii. — Bum.74. — K.
Bynisenpruk, 2011.

ABOUT THE TIME THE FIRST CRACK AT THE SLEEVE CONCRETE
STATION WAS FINISHED

Thus, formulas were obtained for determining the time of appearance of the first crack in a
column, the concrete in which obeys the laws of the hereditary theory of aging, the theory of
elastic heredity, and the theory of aging.

YK 539.3:624.046.3
ON THE BUCKLING OF ROD DUE TO AXIAL TENSION

Bekshaev S.
Odessa State Academy of Civil Engineering and Architecture

The loss of stability in the equilibrium of rod systems has long been well
known and is caused almost exclusively by the compression of their elements. At
the same time, the phenomenon of buckling of a rectilinear rod, under certain
conditions, can also be caused by tensile forces. Some special cases have been
described in the literature [1-4]. The problems considered there were aimed rather
at demonstrating the principal possibility of loss of stability under tension than at
outlining the development of any general theory. Therefore, these studies were
limited to rods with constant flexural stiffness along their length. A rod working as
part of a structure can change its position upon buckling, so that the point of
application and direction of the tensile force do not remain unchanged relative to
the rod. In the announced work, the buckling of a rectilinear rod with flexural
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stiffness varying along its length, caused by an axial tensile force with a certain
method of its application, is considered. The possibility of implementing this type
of buckling for rods in a complex structure is established.

We consider a cantilever rod OL, rigidly fixed at one end and having a
traverse at its free end — an absolutely rigid transverse rod perpendicular to the
axis of the bending rod (Fig. 1). It is assumed that the traverse is perfectly smooth,
which implies that equilibrium of the rod loaded with force P is possible only when
force P and the traverse are perpendicular.

Fig. 1

The differential equation that determines the configuration y(x) of a

deformed rod in a linear approximation, taking into account the inclination of the
force P, has the form

By”=—M (x)=PO(l —x)—P(&f —y),

where
B = B(x) = EJ — bending stiffness of a rod, variable along its length;
| —rod length;

P —the magnitude of the longitudinal tensile force perpendicular to the plane
of the end section L of the rod;
v =y(x) — deflection of a rod in section at a distance x from the clamped

end,
¢ =¢(x) — slope of the section at a distance x from the clamped end;

f , 6 — respectively, the deflection and the slope of the end section L of the

rod;
M =M (x) —bending moment in the section x.
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& — the eccentricity coefficient of the tensile force, which determines the

transverse displacement of its point of application at bending of the rod; it is
accepted that —o <& <1.

By introducing a new variable (bending moment) A =-B¢’ and twice
differentiating with respect to x, we get at a homogeneous equation

M" =(P/B)M )
with corresponding homogeneous boundary conditions
M/(1)=0, M (0)+M’(0) :—%M(I). @)

A qualitative analysis of the resulting eigenvalue problem led to the following
conclusions.
1. For any € in the range —oo <& <1, there is a unique value P, 0<P <o,

for which there is a nontrivial solution M (x) to equation (1) that satisfies the

boundary conditions (2). This value P =P, represents the critical tensile force of

the rod under consideration.
2. As ¢ increases from —oo to 1, P, =P, (&) increases monotonically from

Oto oo.

3. The shortening of a rod clamped at one end, with the corresponding
transfer of the conditions of clamping to the end of the formed shortened rod, leads
to an increase in the critical force, regardless of the law of distribution of bending
rigidity along the length of the rod.

In [4], the behavior of a rod composed of two elastic rods similar to the one
considered above was investigated. Each of these rods is rigidly clamped at one
end and has a traverse at the opposite free end — an absolutely rigid rod element
perpendicular to the axis of the rod. The rods are connected at their free ends using
a slider — a device that equalizes the slopes of the connected end cross sections,
but allows their relative sliding without friction in a direction perpendicular to the
axes of the deformed rods at their connection (Fig. 2).
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At buckling, the rods act on each other with systems of forces distributed over
the contact surface of the perfectly smooth traverses and directed perpendicular to
the traverses. Both systems have resultants applied at some point K on this
surface, which, according to the well-known law of equality of action and reaction,
are equal in magnitude and opposite in direction (Fig. 3).

Fig. 3

This allows us to consider each of the rods as a rod shown in Fig. 2, with the
corresponding value of &. If the point K does not lie on the axis of the
undeformed rod (the dotted line in Fig. 3), it will be displaced from this axis in the
same direction as the end of one of the rods. If this is L, then, as can be seen from

the figure, & >0, &, <0. It was established above that the critical force increases
monotonically with increasing &. This means that the critical force P of the
compound rod satisfies the relations
Po <P<Py,
where B, and P,, are, respectively, the critical forces of the left and right rods at
£ =¢,=0.
Above it was assumed that the clamping of the left end O of the rod is

absolutely rigid. It can be verified that all the stated conclusions remain valid also
for finite clamping rigidity.

[1] H. Ziegler, Principles of Structural Stability, 1st ed. New York: Blaisdell Publishing
Company, 1968.

[2] Yu. M. Bardanov, Kurs soprotivleniya materialov v strukturno-logicheskih schemach,
K.: Vyscha shkola, 1988.

[3] A. Gajewski, R. Palej, Stability and shape optimization of an elastically clamped bar
under tension (in Polish), Rozprawy Inzynierskie. Eng. Trans. 22, 265-279, 1974.
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[4] D. Zaccaria, D. Bigoni, G. Noselli, D. Misseroni, Structures buckling under tensile dead
load, Proc. R. Soc. A 467, 1686-1700. 2011 doi:10.1098/rspa.2010.0505.

IO/10 BTPATH CTIMKOCTI CTPHKHSA BHACJIIJIOK MOT'O
PO3TAT'AHHSA

B pobomi posensidaemvca empama cmitlkocmi  pigHO8ASU  NPYHCHO20 — HCOPCMKO
3aujeMneH020 NPAMONIHIUHO20 KOHCONIbHO20 CMPUNCHA, 3A8AHMANCEHO20 NO3008XHCHLOIO
PO3MASYIOU0I0 CUNOI0, NPUKTIAOEHOT0 00 NONePeyHoi mpagepcu, HCOPCMKO 3aKPIinieHoi Ha
BIILHOMY  KIHYI  CMPUDICHL NEPReHOUKYIapHo 00 tioeo oci. Cnocib6 npukiadanws
PO3MA2YIOUOT Cunu OONYCKAE LIbHE 6i0 mepmsi nepeMiljeHHst Y30084C mpagepcu it mouxu
NPUKTIAOAHHS, @ MAKONC 3MIHY 1T HANPAMKY 8 3aNeHCHOCI 610 NePeMIeHH s BLIbHO20 KIHYsL
cmpuoichs [ Haxuny mpagepcu. Ha 6iominy 6i0 nopisHsHO Hebazamvbox i0oMUX paHiuie
NOCMAHOBOK 3a0a4 NPO 6mMpamy CMIUKOCMI NPAMONIHIUHUX CIPUNCHIB, CHPUYUHEHY
PO3MAYIOUUMU CUNAMU, Y AHOHCOBAHOMY OOCHIONCEHHI He HAKIA0AEMbCA 0OMEHCeHb HA
PO3NOOIN 32UHANLHOI HCOPCMKOCTT CIPUIICHA Y3008 11020 008#CUHU. [{oCTiONCeHHA Mae
MmeopemuyHull Xapaxkmep i CRUPAEMbCS HA AKICHULL AHAI3 NO8EOTHKU PO38 A3KI8 JNIHIlIHO20
OougpepenyianbHo2o0 PIGHAHHA GUSUHY CMpUdiCHA. 3 Memoio cnpoujenHs auanizy 6y6
BUKOHAHULL nepexio 6i0 mpaouyitino2o s Meopii CMPUICHI8 Onucy 0eroOpMosano2o0 Cmany
3 GUKOPUCMAHHAM (DYHKYIL npocuHie 00 QyHKyil 3euHanrbHux momenmis. Lle 0ozeonuno
npusecmu po36’sI3aHHA NUMAHHA 8MPAmMu CMIUKOCMI CMPUdICH 00 po32nsidy 3a0ayi Ha
6]IACHI 3HAYEHHSL OIS NIHIUHO20 OOHOPIOH020 OUhepeHYianbHO2O PIBHSHHSL OPY2020 NOPSOKY
U000 32UHANLHUX MOMEHMIE 30 OOHOPIOHUX SPAHUYHUX YMO8 CneyianbHo20 6udy. Kpumuuni
CUU  BUBHAYAIOMbCA AK  61ACHI  3HAYEHHs 3a0ayi, 01 AKUX ICHYE PO38 A30K
ougepenyianbHo2o pi6HAHHA, WO He OOPIBHIOE MOMONCHOMY HYAIO I 3A0080NbHAE
SpanHudHUM ymogam. Bemanosneno, wo npu nputinamux y pobomi cnoco6ax npukiaoaHHs
PO3MAZYIOUOIL CUNU 3a62ICOU ICHYE I 00 MO20 JC €OUHA KPUMUYHA PO3MAZYIOYA CULd, Npu
AKIU cmpudicenb empadae cmitikicms. AKiCHO onucana 3anedxicHicmb 8eIUYUHU KPUMUYHOT
cunu IO napamempa, WO XaApaKMepu3ye 3MIHY NONOJICEHHS MOYKU NPUKIAOAHHS
PO3MAYIOUOI cunu npu 32UHAHHI cmpudicha. Bemanoeneno maxooic 3pocmants Kpumuunoi
CUU NPU YKOPOYEHHI CIMPUICHSL UTAXOM 8UOANEHHA 11020 YACUHU NOOIU3Y 3aujeMIeHH s 3 iT
NnepeHeceHHsAM Y KiHeyb HOBOCMBOPEH020 CMPUMNCHS. 3ICMABNIeHHSI OMPUMAHUX PE3YTbMamis
i3 00CNIOJCEHHAMU, 8 MOMY YUCTT eKCNEPUMEHMATbHUMY, THWUX A8MOpie, NOKA3AIU, WO
po3enAHymi Y cmammi yMO8U MOICYmMb Oymu peanizoeani Ok CIMPUdICHIE AK eleMeHmis
CKAOHUX KOHCIMPYKYLL.
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YK 004.414.6:628.426.4

EKCIIEPUMEHTAJIBHE BUITPOBYBAHH
KOMBIHOBAHUX CUCTEM HIYMO3AXUCTY

Yymauenko T.B. ,a.T.H.,ipo.
OpecpKuil HalOHATBHUI MONITEXHIYHUN yHiBepcuteT, Oneca
Becnanosa A.B.,a.T.H.,ipo¢.,
Kuum O.L,k.T.H.,q01eHT, JlamkoBcbka O.I1.,K.T.H.,J0LIeHT
Opnechka nep)kaBHa akajaeMis Oy IiBHHUITBA Ta apxiTekTypH, M.Ozeca

Jnst 3HWKEHHS DiBHS IIyMy Ha poOO4YOMYy Miclli MOKHAa BHKOPHCTOBYBATH

pisi meronau. Hampukian, MoxkHa 3MiHUTH rpadik poOOTH 1 BIIIOYUHKY
CHiBPOOITHHKIB, OpraHi3yBaTH poOOTYy B Pi3HUX MPUMILIEHHAX a00 0OMEKHUTH dac
nepeOyBaHHs B rajnaciuBuX 30HaX.OIHAK Yy JESKUX BHIIQJKaX €IUHAM
e(peKTUBHUM CrOCOOOM 3aXUCTy BiJl LIYMy € BHKOPHCTaHHS CIIEI[iaJbHUX
HaBYIIHHUKIB. BoHM TOBHMHHI OyTH mimiOpaHi 3 ypaxyBaHHSM IHIUBIIyalbHUX
0co0IMBOCTEH 1 MPaBUIBHO BUKOPHCTOBYBATHCS IS 3aIIO0IraHHS MTOUIKOMKEHHS
cyxy.Bubip HaBYIIHUKIB TakoX 3alieKUTh Bif crerudiku podortn. Hampuxman,
nepesaya Ta MPUHOM TOJOCOBHX KOMaHJ, a TAKOXX CHELialbHI PyXH Ta PyXH Ha
poboYOoMy Miclli MOXYTh 3HU3UTH e(EeKTHUBHICTH 3ac00iB IHAWBIIyaTbHOTO
3axXHCTy Ta 3pOOUTH BCi BXKHTI 3aX0AW MapHHMHU. BuOip 3aco0iB 3aXWCTy CIIyXy
nependavyae po3paxyHOK pIBHS IIyMy 3 ypaxyBaHHSIM HOro iHTEHCHBHOCTI Ha
OCHOBI MapaMeTpiB IIyMy, MPUCYTHIX HA poOOYOMY MICIli. 3BYKOI30JIAIlisl 3aCO0IB
3aXHCTy CIyXy BKa3zyeTbCs BUPOOHMKAMH B IHCTpyKuii mo ekcruryaranii.Hacrto
e(eKTUBHICTh 3aXHCTy CIyXyHE BIJIOBiac peaybHii epEeKTUBHOCTI 3axXHCTy B
peanbHux ymoBax. Lle moB's3aHo 3 THM, 110 HA BUIIPOOYBaHHSX TECTYHOTHCSI HOBI
3pa3kd. BcraHOBIIEHO, 10 BUKOPHCTaHHS 3aXMCHUX OKYJLSIpIB Ta pecripaTopa
MOX€ 3HM3UTH €(QEKTUBHICTh IIyMO3ariyleHHs HaByIIHUKIB Ha 9 n1b.B iHmomy
JIOCJIIJPKEHHI OyJl0 BHBYEHO BIUIMB OKYJISIPIB, IIAOK Ta JIOBrOTO BOJIOCCS Ha
3BYKOI30JISIIIII0 HABYIIHWKIB. bByno BusBIeHO, MmO HaiOuIbIIMii BIIMB Ha
3BYKOI30JISI111}0 HABYIITHHUKIB HaJla€ KeNKa, 3HWKykouH ii Ha 10 nb.
Takoxx Oyyo BHSBIEHO, II0 BHKOPHUCTAHHS OKYJISIpPiB 200 JOBre BOJOCCS MOXKE
3HU3UTH €()EeKTHBHICTH IIyMO3ariylIeHHs HaBYMIHUKIB Ha 5 nb. Excnepumentn
MIPOBOIMBCS HA BENMKIN TpyI 3acobiB 3axucty.B xomi mepmoro ekcrepumMeHTy
OyJI0O BCTAQHOBJIEHO, 10 BUKOPHCTAHHS 3aXWCHHUX OKYJSIPIB 3 HaBYIIHHUKAMHU
MIPU3BEJIO JI0 3HWKEHHS PIBHA 3aXUCTy HaBYIIHUKIB Ha 14 nb B miama3oHi HU3BKUX
4acToT.

MeToro 1BOTO AOCHIDKEHHS OyJI0 BU3HAYUTH, HACKIJIBKH OJHOYACHE
BUKOPDHCTAaHHS HaBYIIHHMKIB Ta MOOUIBHMX eKpaHiB MO)XXE BIUIMHYTH Ha
e(eKTUBHICTh 3aXMCTy ciayXy. Ha BiaMmiHy Bin momepeaHix mociijukeHs [1-4], B
JaHii poOOTI BUKOPHCTOBYBAJacsi aKyCTHYHA BHIPOOYBaJbHAa YyCTaHOBKa,
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po3po0biieHa cremiadbHO JJIS OIIHKH aKyCTHYHHX BJIACTHBOCTEH 3ac00iB 3aXUCTY
CIIyXy B TOE€THAHHI 3 IEPECYBHUMHU €KpaHaMH, 3MaTHIMH obepTatucs. Kpim Toro,
BUTIPOOYBaHHS BKJIIOYAIH IIHPOKUHN CIIEKTp SK HABYIIHHKIB, TaK i iHIIHX 3ac00iB
IHAUBITya bHOTO 3axucty. JlOCHi/UKEHHS NpPOBOAMIOCS Ha JBOX HOIYJISIPHUX
MOJIETISIX HaBYIIHHKIB, 110 BUKOPUCTOBYIOTHCSI B IPOMUCIIOBOCTI (JUIs Liei 1aHol
pobotn mo3HaueHi sk M1 i M2). Takox Oymu 3anmisHi TPO30pi EKpaHH,
BUT'OTOBJICHI 31 CKJIa, MMOJIiKapOOHATy Ta akpuily. BumpoOyBaHi HaBymIHUKH Oynu
MPOTECTOBaHI 3 BUKOPUCTAHHSIM pI3HUX 3ac00iB IHIMBIIyalbHOTO 3axHCTY,
mpecTaBiIeHuX Ha puc. 1. BuOpaHi OKyJsIpu BiApI3HSIHACSA PO3MipaMu AYKOK, B
TOW Yac sSK BHOpaHi pecmipaTopl BiAPI3HSINACSA KOHCTPYKILIEI MPHUIECTIAX 0
OONMMYYsl €NEMEHTIB 1 THIIOM TOJIOBHHX PEMCHIB, BHKOPHUCTOBYBAaHUX IS
perymoBaHHs. BunpooyBani 313 npencrasneni Ha puc. 2.

r) )
Puc. 1. BunpoOyBaHi HaByIIHHKH a,0 Ta iHII BUIIPOOYBaHi 3ac00u
IHIMBIAyaTbHOTO 3aXHUCTY (B) OJJHOpa30Buil HamiBpecmiparop S1, () 3axucHi
oKkyJsipu Jierki S2, (1) 3axucHa macka npo3opa G, ( e) marnka teruia DR.

BunpoOyBanns npoBonuiics B peBepOpauiiiHiii kamepi, fe OyJo iMiToBaHO
IIyM BUPOOHMYOI AiNbHULI. Y 00’eMi Kamepu BcTaHOBIEHI KojoHkH JBL 4208
(nuB.pucyHok 3a). 3Byku, siki Oynu B wil KiMHATi, Oynu 1nye TydHHMH. BoHun
Oymu cxoxi Ha wyM. Lleil mym OyB BHMIpSHHMH CcHeLiaJbHUM IPHIAIOM-
mymomipom Robotron 00024 (muB.pucyHok 3a). BiH 3HaxoamBcs BcepeluHi
TOJIOBH MaHEKeHa, HaBIPOTH ByX. IIpocTip MiX rojoBOI0 MaHEKeHa i IIyMOMipoM
Oyno 3amoBHeHO crierianpHO0 MHOID SOUDABOND EASY SOUDAL. dpyruii
IIyMOMIp BCTaHOBJICHO 30BHI aKyCTHYHOI KaMepH Ta J03BOJISI€ BUMipPIOBATH PiBEHb
3BYKY BcepenuHi Hei. BumiproBaHHS MPOBOAMINCS B 30HAX aKyCTHYHOI TiHI Ta Ha
IMITPOBi30BaHOMY ~po0OOYOMY MiCIli BcepeiWHi KaMepH. AKyCTHYHA TiHb
CTBOPIOBAJIACS OOCPTOBHUMH EKpaHAMH Tepea Ta 3 OOKiB MaHEKeHa-NpalliBHUKA.
BumiproBaHHS NMPOBOIWINCA B JIBOX CHUTYyalliAX: 3 HaBYIIHHKAaMH 1 3 OIHUM i3
3a3HauCHMUX BHIUIE 3acCO0IB IHAMBIAYaIBHOIO 3aXHCTY CIyXy, @ TaKOX TiIJIbKH 3
HaBYIIHUKaMH 0e3 OyIb-sKnX 3aco0iB 3aXHCTy CiIyXy. B pesynbrari qociimKeHHs
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3'sICyBaHO, 10 BHUMIpSHI PiBHI IIyMy € HEe aOCOMOTHIMH 3HAYCHHSIMH, a BUMipSIHA
BiTHOCHO IBOX ImymoMmipiB . lle o3Hawae, mo MOMIIKAa BUMIpIOBaHb HE3HAYHa,
TOMY IO TIPHJIAH HAJIeXKaTh 10 OIHi€l cepil.

KoncTpykuist kamepu J03BoJisie ekpaHaM odepraTtucs Ha 20 rpaayciB B pi3Hi
Ooku. PisHMI B piBHI 3BYKOBOTO THCKY TiJ HaBYLUIHMKaMH, KOJIM BOHHU
BUKOPHCTOBYIOThCS, BIUIMBA€ Ha T€, HACKUIBKM JOOpE BOHM 3aXHINAIOTh CIIyX
monuHU. [lepeBipeHO KOXHY MOJenb HaByIIHHMKIB Tpuuui. [Ipuctpiid, o
BUKOPHCTOBYBABCS ISl TIEPEBIpKH, BiAmoBinae Bumoram cranaapty ANSI/ASA
S12.42. YV upoMy IpUCTPOI € CIeIiabHi AeTali, SKi IMITYIOTh aHATOMIYHI YaCTHHH
TOJIOBM  JIIONMHM. DBOHM  HamamrToBaHi HAa  IOBTOPEHHA  aHATOMIYHUX
XapaKTEePUCTHUK, 10 XapakTepHi JroauHi. [1ig yac ekcriepuMeHTy He BpaxOBYBaBCs
3MiHa Temreparypu Tina. ll{o B moganemix BHOpOOYBaHHSAX Oyne BHIPaBICeHO.Y
mrymoMmipi  Robotron 00024 nepenbadeHnii MOIyNh CTAaliOHAPHOTO JKUBIICHHS .
3aB/IAKH [bOMY MOXKHA POBOJMTH BUMIPIOBaHHs 0€3 3yNIHOK Ta HE 3aJISKaTH BiJ
3apsay Oatapei.

2

4 1 3
Puc. 2. BumiproBajibHa yCTaHOBKA, [0 BUKOPUCTOBYBAACS AJI BUMIiPIOBaHHS
piBHA 3ByKOBOTO THCKY (SPL) i HaByITHUKaMH, IO HOCSITH y TTOEAHAHHI 3
OKyJsipaMu: | — CTiHKa 3 TUHAMIKOM BHIIPOMIHIOBAYEM, 2 — ITyMOMIp,
pO3TanIOBaHM B MaHEKEHi, 3 — IIYMOMIp, 1[0 PO3TAIIOBAHUH 330BHI, 4 - BaKeli
00epTOBUX €KpaHiB

[[{o6 BM3HAYNMTH BIUIMB KOMOiHALIT Pi3HUX BH/IB HABYIIHHKIB BIUIMBAIOTH Ha
piBEHB 3BYKY ITiJl HABYITHUKAMH, TPOBEACHO CTATUCTHYHHUNA aHaNi3 3a JOITOMOTOI0
HenapaMeTpUIHOTO TecTy BinmkokcoHa. Po3paxyHku Oyiu 3po0JieHi 3a 10IIOMOTOI0
nporpamu MATCAD PREMIUM 11.00.0.00. Ha pucyHky 3a moka3aHo 3MiHY
piBH: 3ByKy (SPL) B pi3HHMX 9acToTaxX, KOJH BUKOPHCTOBYBAJIHMCH HaBYIIHUKHA M1
ta i 313 HamiBmacky S1, okymsipu S2, npo3opy macky G i Temny wmanky DR.
[IpokonTponboBano 3miny SPL, sKmo 3aXxucHHil e€KpaH 3MiHIOBaB IIPOCTOPOBY
MO3UILIO 10 BIJHOIIGHHIO JIO TOJOBM MaHekeHa. [IpM 1poMy BpaxoBaHO THI
Mmarepiany ekpaHy. BunpoOyBaHi CKIIsiHI, aKpHJIOBi Ta MOJIiKapOOHATOBI €KpaHU.
3a pesysnbTaTaMy AOCIi/IB NEPECYBHUX €KpaHiB Haiikpamwmid epexr 3 Ry ta STS
MIPOIEMOHCTPYBAJIM KOMOIHOBAHIIOJIIBiHITIOYTipaIOBl Ta aKPiJIOBI CKIOMAKETH IO
3opieHTOBaHi y mpoctopi mix Haxwiom Ha 70° Ta 120° (mosHaueni
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PVD70,PVDI120, PMAE70 ta PMAEI120

HaBYIIHUKIB M2 Oymo BusABIEHO Oimbmnii BIUMB ekpana PVD70 na

BignoBigHo). [Ipm BHKOpHCTaHHI
piBeHb

3ByKoBoro Tucky (SPL) mix HaBymHukamu. [lo3utnBHA quHaMika 30epira€Tscs Ha
BCIX Jiala3oHax 4acTOT Ta B JESAKMX BHIIAJKaX KPAaTHO MEPEBUIIYIOTH 0a30BHI
3aXMCT HaBYIIHHKIB. AJle CIIiI HPUHHATH JO yBaru CIPSIMOBAaHY 3aJIeXHICTh
€KpaHiB BiJ] MPOCTOPOBOTO PO3TalllyBaHs Ha poOoumid mimpHUII. Lle oOMexeHHsS
JIOTIOBHIOETBCS  (DAaKTOPOM 3aMKHEHOT'O TMPOCTOPY, IO MOXKE NPHUTHIYYyBaTH
BUXIZIHE 3BYKOBE IoJie Ta Moske ¥oro miacuiutu. 11lo 1 € 6a30BuUM Matepianom Juis

MaiOyTHIX JOCHi)KEHB.

PVD120M1

g C2a P
S ~
i ‘.Ill}\ ’r’ \‘::QJ
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(N} -“.~ ’.’ = -
N 3 * - -~ >
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1"" s ~./',
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S1M1
S2M1
GM1

DRM1

Puc. 3. PizHuist Mix piBHAMH 3ByKOBOro THCKY (SPL) y 1/3-0KkTaBHMX cMyrax mif
HaBYLIHUKAaMHU, I1I0 BUKOPHCTOBYIOThCS SIK y o€ qHAHHI 3 iHmmMu 313, Tak i 6e3
Hux: S1MI1 - ogHOpa3oBwii HamiBpecmipaTop,S2M1— 3aXUCHI OKYJIISIPH JIETKi,
GM1— 3axucua macka rpo3opa, DRM1— manka temia , PVD70M1, PVD120M1
— nonikap6oHATOBi eKkpaH, o BeTaaHoseHi mia kyramu 700 ta 120° PMAE70M1,
PMAE120M1— akpisioBi expaHu,Io BeTaHoBIeHi mig kytamu 700 Ta 120°
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1.CEN. EN 458:2016 Hearing Protectors—Recommendations for Selection, Use, Care and
Maintenance—Guidance Document; European Committee for Standardization: Brussels,
Belgium, 2016.

2. Azares, P.M.; Miguel, A.S. Assessing the use of hearing protection in industrial settings:
A comparison between methods. Int. J. Ind. Ergon. 2013, 43, 518-525. [CrossRef]

3. Berger, E.H. Methods of measuring the attenuation of hearing protection devices. J.
Acoust. Soc. Am. 1986, 79, 1655-1687. [CrossRef] [PubMed]

4. Biabani, A.; Aliabadi, M.; Golmohammadi, R.; Farhadian, M. Individual fit testing of
hearing protection devices based on microphone in Real Ear. Saf. Health Work 2017, 8,
364-370. [CrossRef] [PubMed]

EXPERIMENTAL TESTING OF COMBINED NOISE PROTECTION
SYSTEMS

In the workplace, in addition to noise, people may be exposed to other harmful factors. They
therefore wear both hearing protection and other personal protective equipment (PPE).
Incorrect use of this combination may increase the risk of hearing loss. The aim of this study
was to determine whether the simultaneous use of earplugs and other PPE can affect the
effectiveness of hearing protection. The study was conducted in a laboratory setting using
an acoustic test rig. This rig replicated the anatomical shape of the head and was also
equipped with ear simulators. The study was conducted on four models of headphones and
three models of other personal protective equipment. We found that changes in sound
pressure level (SPL) under the headphones when using a half-mask had virtually no
negative impact on the effectiveness of hearing protection; the addition of mobile acoustic
screen systems significantly improves the situation. When combined with mobile acoustic
screens, the worker’s protection increases by 47 dB. This figure exceeds the levels achieved
when using safety goggles with thin arms and half-masks equipped with strap adjustment
mechanisms located on the front of the user’s head.
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YK 621.9.025:519.2

CTATUCTHUYHI METOJM OLIHKHU I TIPOI'HO3YBAHHAA
CTIMKOCTI PIKYYOI'O IHCTPYMEHTA

Yymauenko T.B., 1.1.H. npo¢., Byasyn O.M., k.T.H. non., Jlinryp B.M.,
K.T.H. aon., Muxaiijaos €.I1., k.T.H. g011.
OpechKuil HalliOHATBHUI MOMITEXHIYHUIN YHIBepcuTeT, M. Oneca
Becnanosa A.B., A.1.H. npo¢., Kuum O.1., k.T.H. 1ou.
Opecpka epkaBHA akageMis OyAiBHHUILTBA Ta apXiTeKTypu, M. Oneca

Y cy4acHOMy aBTOMAaTH30BaHOMY BHPOOHHWIITBI HAIIMHICTH pPi3aIbHOTO
IHCTPYMEHTY OJHHWH i3 KIIOYOBHX YHHHHKIB, IO BHU3HAYAIOTh €(EKTUBHICTH
TexHosoriunoro  mpouecy. CraOUIbHICTE  IHCTPYMEHTY Ta  HOro  3HOC
Oe3nocepeIHBO BIUIMBAIOTH HA TOYHICTH OOPOOKH Ta (POPMyBaHHSI CHCTEMAaTHYHUX
noxubok. IlepenuacHuii BuXim IHCTpyMEHTY 3 Jagy abo iforo HaaMipHe
3HOLIYBaHHS NPU3BOJATH JO 3POCTaHHS BilcoTKa Opaky, 30UIbIIEHHS Yacy
NpocTOiB 00NaJHAHHS 4Yepe3 I03aIUIaHOBI IEPEeHACTPOIOBAHHS Ta ITiIBUILEHHS
cobiBapTocTi TpPOAYKIi. VY 3B'SI3Ky 3 [UM pPO3poOKa TOYHHUX METOIB
NPOTHO3YBaHHA CTIMKOCTI IHCTPYMEHTY € aKTyaJbHUM 3aBHAaHHSIM Ui
MAIIMHOOYAIBHOT ramys3i.

Tpagumifini geTepMiHOBaHI METOOM OIIHKMA 3HONIYBaHHS YacTO HE
BPaxoOBYIOTh BUIIAJIKOBUI Xapakrep mporecy pizanHs. Ha mpakTtuii 3HOC pixkydoi
KPOMKH € BHIAIKOBOIO BEJIMYHHOIO, [0 3aJ€XHUTh BiJ HEOJHOPITHOCTI MaTepiaity
IHCTPYMEHTY Ta 3aroTiBlli, Bapialliii peXwMiB OOpOOKM Ta JWHAMIKH CHCTEMH
«BEPCTAT-NPUCTOCYBAHHS-IHCTPYMEHT-/IETAIIbY. CkJIaHiCTh noJssrae y
HEOOXIHOCTI OTpPHMaHHS JOCTOBIPHHX TIIPOTHO3IB 3a 0OMEXEHOro o0csTy
eKCIIePUMEHTAIIbHUX JaHUX.

®Di3uyHUI 3MICT Mpoliecy 3HOCY HANTIOBHIIIE PO3KPUBAETHCS Yepe3 o0y I0BY
ajeKBaTHUX Mojeneil 3Hocy. CTOCOBHO piKY4OTO IHCTPYMEHTY II€ HHTaHHS
Ha0OyBae 0COOJIMBOI aKTyabHOCTI, OCKUIBKH 3HOC PiXKy40i KPOMKH € BHIIa/IKOBOIO
BEJIMYUHOIO, 1[0 IMOCTIHHO 3MIHIOETHCS B Yaci.

OCKITbKY BEMYMHA 3HOCY 3MIHIOETBCS O€3M0cepeIHbO Mij] Yac eKcIuTyaTaitii,
BOHa (QopMye BHUMAAKoBY ¢yHKIil0. B pesynbrari KOXKHOTO OKpEMOro
eKCriepuMeHTy 11 (yHKLis HaOyBae KOHKPETHOTO BHUIJISNY, IO 3BETHCS
peanizaniero. CyKynHICTb TakuX [OCIHIAIB YTBOPIOE CciMeHcTBO (aHcaMOiIb)
peaizariiii, aHai3 SKUX JT03BOJISIE BUSBUTH IIPUXOBaHI 3aKOHOMIPHOCTI MPOIIECy.

Ipaktiuni  gocmimkends [1]  mokasyroors, 0  OUIBIICTE  PDKYYHX
IHCTpYMEHTIB peaiizarii 3HoCy Onm3bki m0 miHiliHUX. [le moB's3aHo 3 THM, IO
MBUAKICTh 3HOCY KOHKPETHOTO IHCTPYMEHTAa 3aHIIAETECS B CEPETHBOMY
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MOCTIfHOIO TPOTATOM YCBOTO Tepiogy podotn. BuxopucraHHs —TiHIHHHX
BHUIIAIKOBUX IIPOLECIB B IKOCTI MaTEMAaTHIHOT MOZEINb OLIJIBHO 3 HU3KH PHYHH:
— MOJIeNTb TOYHO BigOuBae PizuuHy crenn(iky mporecy;

— moTpiOeH MiHIMaTBHUNA 00CAT CKCIICPUMEHTAIBHUX JaHUX JJISI O0UHCIICHHS
JIOCTOBIPHHX XapaKTEPUCTHK;

— CIIPOIIY€EThCS AOCIIKEHHS] HaJIHHOCTI €JEMEHTIB Ta NMPOTHO3YBaHHS iX
pecypey.

AHani3 3HoCcy 3 mMo3uliid Teopii WMOBIPHOCTEH I03BOJISIE OTPUMATH SIKICHY
XapaKTepPUCTUKYy CTaHy IHCTpyMeHTa. XapakTep peanizauiii 0e3nocepenHbo
BinOuBae (pi3MyHI 3aKOHOMIPHOCTI 1 KOPEJIOE 3 PO3IOIIIIOM CTIHKOCTI.

OnHak, OCKIJIBKH Ha 3HOC BIUIUBAIOTH SK MOYATKOBA SKICTh IHCTPYMEHTY, TaK
1 BHIAJKOBI Bapiamii MIBUAKOCTI 3HOUIYBAaHHS, IJIs BU3HAYCHHS JOMIHYIOYOTO
(hakTopa HEOOXiTHO BUKOPUCTOBYBATH 00'€KTHBHI CTATUCTUYIHI METOMH.

Y poOoTi poO3rIIAaaeThCsI METOANKA OIIIHKH CTa0LIBHOCTI Ta 3HOCOCTIHKOCTI
cBepzel 3i MIBHAKOpi3aibHOi crani POMS Ha ocHOBI amapaTy Teopii BHIIQJIKOBHX
¢yHkuiit. OOIpyHTOBYETBCSI 3aCTOCYBAaHHS JIIHIMHUX BHIIQJKOBUX MPOLECIB LIS
OIUCY 3aKOHOMIPHOCTEH 3HOIIYyBaHHs PKY4Y0i KPOMKH, IO JO3BOJISIE CKOPOTHTH
00CSII  eKCIIEpUMEHTAJIbHUX JaHUX TpU 30epekeHHI HEeOoOXIJHOI TOYHOCTI
NPOTHO3yBaHHA. Y JOCIHIIPKEHHI BUKOPUCTAHO KOMIUIEKC CTATHCTHYHHUX METOZIB,
[I0 BKJIIOYAE TEPEBIPKY OJHOPITAHOCTI MOYATKOBOI SIKOCTI IHCTPYMEHTY i3
3aCTOCYBaHHSAM KpuTepito bapTnerra, a TakoXX OLIHKY 3HAYymIOCTi (aKTopiB
3HOLIYBaHHS Ha OCHOBI JucrepciiiHoro amHamizy Ta kpurepito Dimepa [2].
Po3paxyHOK KpUTepil0 CBIJYUTH HPO XOPOLIy 3rojAy EMIPHYHHX MJaHHX i3
TEOPETUYHHUM PO3NOALTOM. TakuM YMHOM, PO3MOALT CTIHKOCTI cBepmia @9 Mm
Moke OyTH ommcaHWid SK ONM3BKUH [0 TramMMa-po3MoNuTy 3 MOXIUBICTIO
HOpMaITBHOI anpokcuMartii (puc.1).
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Hopwmansauii posmonin (p=0,78)

Tl'amma- posmomin (p=0,41)

Cepenns criiikicts T=55 XBmIHH.

BucnoBku. [TpoBeeHiT KOMIUICKCHUIA CTATUCTHYHUIA aHAII3 MIPOIECY 3HOCY
ceepaen @9 MM 3i crani P6MS minTBepauB e(eKTHBHICTh BUKOPUCTAHHS TeOpil
JHIHHUX BHIIQJKOBHX IIPOLECIB 3 METOI OIIHKM HaJIiifHOCTI pi3aJbHOTO
iHcTpyMeHTy. OCHOBHOIO IEPEBarol0 3amnporoHOBAHOTO MiAXOJY € MOXIHBICTh
OTPUMAHHS JOCTOBIPHUX IPOTHO3IB 32 MIiHIMAIBLHOTO 00CATY €KCIICPUMEHTAIbHUX
JaHuX. Y xoni poOOTHM Ha eTami CTaTUCTUYHOTO KOHTPOJIIO 3a JONOMOTOI0
kputepiiB baptnerra, ®imepa, [lipcora Oyno moBeneHO OAHOPINHICTH MOYATKOBOT
AKOCTI IHCTPYMEHTY Ta BIICYTHICTb aHOMAaJFHUX BIOXWIEHb Y TIpoIeci
ekcruryartarii. BcTaHOBICHO, MO eMIIipHYHI JaHi PO CTIHKICTh iHCTPYMEHTY
(cepenniit yac po6oTu noBHicTIO T=55 XB mpu S=14 XB) IEMOHCTPYIOTh BUCOKUI
CTYMiHb 3TOJIM SIK 3 raMMa-po3IOJiJIOM, TaK i 3 HOPMaJbHUM 3aKOHOM (piBEHb
3rauymiocti p=0,78). [IpakTU4Ha MIHHICTH JAOCIIIHKCHHS IOJIATa€ Y MOXKIHUBOCTI
MEePEXo/ay Bil yCEepeOHEHHWX HOPMATHUBIB 10 O0'€KTHBHOIO IUIAHYBaHHS TCPMIHIB
3aMiHM IHCTPYMEHTY 32 YMOB aBTOMarn3oBaHOro BupoOHuuTBa. Lle no3Boise
MIiHIMI3yBaTH pPHU3MK BHUHUKHEHHS OpaKy 4epe3 3aTyIUICHHs pPiKY4ol KpPOMKH;
NPOBOAUTH OO'€KTUBHY €KCIIEpPTH3y SKOCTI BHMTPaTHHUX MarepiaiiB, sKi
3aKyTOBYIOTHCS, BUSIBIISIIOUHM TIPUXOBaHi Ae(EKTH MapTiil.

[1] Chumachenko T., Bespalova A., Knush O. Increasing the Durability of Cutting Tools
through Additional Low-Temperature Heat Treatment after Sharpening. // Materials Science
Forum. —2025. — VVol. 1168. — P. 25-35. https://doi.org/10.4028/p-asup2|

[2] S. sStigler, Fisher and the 5% level, CHANCE 21 (4) (2008) 12.
https://doi.org/10.1080/09332480.2008.10722926

STATISTICAL METHODS FOR ASSESSMENT AND PREDICTION OF
CUTTING TOOL LIFE

The stability of a cutting tool and its wear patterns are key factors determining the
formation of systematic and random errors during machining. Improving tool stability
reduces wear rates, which contributes to maintaining machining accuracy parameters
within tolerances for a long time and reduces equipment downtime associated with tool
readjustment and resharpening. This paper examines a methodology for assessing the
stability and wear resistance of P6M5 high-speed steel drills based on the theory of random
functions. The use of linear random processes to describe cutting edge wear patterns is
substantiated, which allows for a reduction in the amount of experimental data while
maintaining the required prediction accuracy. The study's results allowed for the
establishment of tool life distribution parameters, which allows for a quantitative
assessment of the process reliability and the substantiation of maximum permissible wear
values for improving the efficiency of machining.
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YK 624.138.23:624.012.25

BUKOPUCTAHHS IPYHTOUEMEHTHUX EJEMEHTIB
HAT 3CYBHHUX I 3CYBOHEBE3IIEYHUX TEPUTOPIAX,
CKIAJEHUX JIECOBUMU I'PYHTAMU

Bina C. B., k. 1. H., gon1., SIxiu C. B., K. T. H., 1011,

Mypagasbos O. B, k. 1. H., 101., Ilerpam P. B., k. T. H., 10L.
[onTaBchkuii nep:kaBHU arpapHuil yHiBepcuret, M. [lonraBa

BHacmigok TeoNoTivyHOl MisTIPHOCTI BENHKHX pIYOK pIiBHUHHA YacTHHA
VYxpainu siBisie co00I0 CUCTEMY NIEKITBKOX IUIaTo, O PO3ALICHI JOIMHAMHU PIYOK.
B cBoro uepry, BedMKi IUIATO PO3AUIAIOTHCS HAa MEHINI BHACTIJOK MisJIBHOCTI
MaJliX PivoK, IX HPUTOK, IPKEPEJ Ta THMYACOBUX ITOTOKIB BOAM. 3aryIMOIIOI0YHCH Y
JIECOBI BIAKIJIAMU PIUYKH (OPMYIOTH JOCUTH KPYTi CXWIIM 3 IEpernajgaMu BHCOT Y
JIeKiJIbKa JIECATKIB, @ TO W COTeHb METpiB. 3HaYyHa KPyTH3HA 1 BHCOTa CXHIIB, Ha
SKi BHXOISTH JIECOBI BIOKJIagd, CTBOPIOIOTH iJeajbHi YMOBH IS PO3BHUTKY
3cyBHUX mpoteciB [1]. JomatkoBuM (akTtopom, IO CHpUsie KaTtacTpoiuHOMY
PO3BUTKY 3CYBHHMX MNpOLECIB € MiAHATTA PIBHS I'PYHTOBHX BOJI, BUKIHKaHE SK
MPUPOTHUMH, TaK | TEXHOTCHHUMH (2HTPOTIOT€HHUMH) YNHHUKaMH [2].

[TonTaBcbke JecoBe IIATO € OAHIEI0 3 TEPUTOpiil reosioriuHa OymoBa sSKOI
XapakTepHa U1 IHeHTpanbHOI Ykpainm [3]. 3 mOBepXHI IIIaToO 3ajsraloTh
YEeTBEPTHHHI JIECH Ta JIECOBaHI CYIJIMHKM 3 MPOUIAPKAMHU IIOXOBAaHOT'O TIPYHTY
notyxHictio 10 20 M. IlincTuiaThcss BOHM YETBEPTHHHUMH YEPBOHO-OYpUMH
TJIMHU TBepJoi 1 HamiBTBEpJOi KOHCHUCTEHIi mnotyxHicTio 10-12 M, ski €
BOJOTPHUBOM I TPYHTOBHUX BOA. OCOOIHMBICTIO iH)KEHEPHO-TEOJIOTIYHOI OYy/I0BU
[TonTaBCHKOTO JIECOBOTO IJIATO € HASBHICTH YJIOTOBHUH y TOKPIBIII BOZOTPHUBKOTO
mrapy, KM po3MilryeThcs Ha THOMHI Oam3pko 16—20 M Bix MOBepXHI 3eMIIi.
VIIOTOBUHM MalOTh pI3HOMAHITHI po3Mmipu, ¢opMy Ta HoxojukeHHs [4, 5], ame
XapaKTEepHOIO X OCOOJIMBICTIO € YTBOPEHHS B HHUX HOTOKIB IPYHTOBHX BOJ, IO
PO3BaHTAXYIOTHCS 3 TUIATO HA CXWIM PIYKOBUX JIOJNHH, SIpiB Ta Oajiok. Y MiCIPIX
BUXO/IIB I'PYHTOBHX HOTOKIB 1 PO3BHBAIOTHCS 3CYBHI ITPOLIECH.

[MinBumeHHsT CTIHKOCTI CXWJIiB, 0COOJMBO B YMOBaxX 3a0y/10BaHOI TepHUTOPIi,
HIISIXOM TTOKpameHHs! (Pi3MKO-MeXaHIYHUX XapaKTepPUCTUK IPYHTIB € OJHHUM i3
HaWOUTBIT aKTyadbHUX 3a/Jad TEOTeXHIYHOI iHXKEHepii, IO TOCTalu TMepes
OyniBenbHUKAMU OCTaHHIM dYacoM. [[o cmoco0iB YHUKHEHHS Y NPUITHHEHHS
PO3BUTKY 3CYBIB BiHOCSTBHCS METOAM 3MIIIHEHHS TIPYHTIB PI3HOMaHITHUMH
crocobamu, HaIPHUKIA 32 PaXyHOK TOJIaHHS y TPYHT B’sDKydOi pedoBUHH [6, 7],
a00 > TINBWINEHHS CTIMKOCTI MacWBY IpPYHTY, HaNpUKIaa 3a paxyHOK HOro
apMyBaHHI.
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3HEBOJHEHHS TIPYHTY Ta €JCKTPOXiMiUHE 3aKpilUICHHS aKTyalbHI JIAIIE B
YMOBax BHCOKOTO piBHS IPYHTOBHX BOJI i B JaHWX YMOBaxX NOTPEOYIOTh MOCTIHHIX
3arpar. OKpiM TOTO, EJIEKTPOXIMIUHE 3aKpiIUICHHS MOTpedye 3HadHMX 00'eMiB
MeTany (eNeKTPOAM YW MeTayeBl maii, Tomo). TepmiuHa oOpoOKa BHUKOHYETHCS
OJTHOPa30BO, 3a0€3MeUyl0un YHUKHEHHsS Y MOJabIIOMY IpPOSBY HPOCAJTOYHHX
BJIACTHBOCTEH I'PYyHTY, OJHAK MOTpeOye 3HAYHUX 3aTpaT 1 Ha MPOTUIIEKHICTH BiJ
3HEBOJHEHHS HE BUKOPHCTOBYETHCS Ha MIATOIJIEHUX TEPUTOPisAX. TakuMm dmHOM,
3Ba)KAIOYM HA HEJOJIKH BKa3aHUX METOJIB, OJJHUM i3 HaiOIbII PO3MOBCIOIKEHUX
1 IPOCTUX Yy BUKOHAHHI € 3aKpIIUICHHS IPYHTIB, IO 3IHCHIOETHCS HATHITAaHHAM Y
TPYHT BSDKYYIHX PEUOBUH, a HAHOUIBII JOCTYITHUM 1 PO3MIOBCIOMKEHUM B'SKYIUM €
IIEMEHT.

CtpyMeHeBI TEXHOJNOTii HEOOXiZHO OOEpeKHO BHUKOPHCTOBYBAaTH Ha
3a0yIOBaHUX TEPUTOPIAX, OCKUTBKH CTPYMIiHb DiIUHH, TOJAHUA MiJ 3HAYHUM
THCKOM, MOX€ 3pyHHYBaTH IPYHTOBY OCHOBY ICHYIOUHUX Oy/IiBEIb.

Tomy [t BupilIeHHs MPOOJIEMH 3aKpiIUICHHS IPYHTIB OyJIO aKLEHTOBAaHO
yBary Ha Oypo3MilllyBaibHiii TEeXHONOrIl, 5Ka JO3BOJIIE 3 OJHOrO OOKY
KOHTPOJIIOBAaTH  SIKICTh ~ YTBOPEHHsI  IPYHTOLEMEHTHOI  CyMilll  HUIIXOM
pEryJIIOBaHHS KiNBKOCTI IMPOXOJIB IO JOBXHHI IPYHTOILIEMEHTHOTO EJIEMEHTY,
migbopy HEeoOXimHOT KUIBKOCTI BOAM U Pi3HOT KOHCUCTEHLIi IPYHTY Ta
peryioBaHHsS HEOOXIZHOro 00'€eMy LEMEHTHOrO pOo34MHY. BHKOpHCTaHHS Takoi
TEXHOJIOTIT TaKOK OLTBII HaAIHHO 3a0e3Iedye MOCTIHHICTh MONEPEIHOTO Tepepizy
TPYHTOLIEMEHTHOTO €JIEMEHTY I10 BCii HOro JOBXKHMHI.

BrnamryBanus I'PYHTOLEMEHTHOTO CJIEMEHTY 3a JIOTIOMOT'010
OyposMinryBanbHOi TexHOJNOTII [8] BHUKOHYeThCS OYpOBHM arperaTtom, SKUi
3aMIiCTh IIHEKYy BHKOPHCTOBYE IIyCTOTLIy IITAHTY 3 CIIEIiajJbHOI0 OypOBOIO
HACAaJKOIO 31 CTaIllOHApHUMH JoNaTsIMu (Hoxkamu) (puc. 1).

3aBaSKM PO3MYIIYyBaHHIO IPYHTY BiAOyBaeThCS PyHHYBaHHSA 3B A3KiB MiXK
OKpEeMHUMH HOTO CKJIaI0OBUMHM 4YaCTHHAMH Ta YTBOPEHHS TIOPOXKHHH, SKi Yy
MOJaNbIIOMy  3a0e3NmedyBaTUMyTh  PIBHOMIpPHE  PO3MOBCIODKEHHS  BOJO-
LEMEHTHOro po34uHy. ITicisi BUKOHAHHS PO3MYyIIEHHS y poOody 30HY OypoBOi
HACagK{ Kpi3h BEPTIIOr Ta MyCTOTUITYy IITAHTY TApajieIbHO 3 OIyCKaHHAM (4H
MiHIMAaHHSIM) INTaHTM PO3YMHOHACOCOM HATHITAalOTh BOJO-IIEMEHTHY CYCIEH3IIO.
TakuMm 4YMHOM BiIOYyBa€ThCsS PETEIBHO 3MIITyBaHHS BOJO-IIEMEHTHOTO PO3YHHY i3
IYXKHM TPYHTOM.
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Puc. 1. TexHooris BIamTyBaHHs IPyHTOLIEMEHTHOTO CJICMEHTY
OypO3MIilTyBaTbHUM METOJIOM: a) — BCTAHOBJICHHS OypOBOTO arperatry B pooode
TMIOJIOXKEHHST; 0) — MOYaTOK 3aHYPEHHs IITAHI'M 3 HACAIKOIO B IPYHTOBY OCHOBY 3
OJTHOYACHOIO I0/]a4€el0 3 BOJOLEMEHTHOI CyCIeH3il; B) — JOCATHEHHS He0OXiqHOT

TIMOWHU 3aKPIMJICHHS; T) — MiAHOM IITAHTU 3 HACAIKOIO 3 OTHOYACHUM
3MILIYBaHHSIM IPYHTY 3 BOJOLIEMEHTHOIO CYCIIEH310; ) — BUTOTOBJICHUI
I'PYHTOLEMEHTHHUH €IEMEHT

Penenitypa po3unHy, IO MOJAETHCSI 4Yepe3 INTAHTY, MOBUHHA BPaXxOBYBaTH
BOJIOTICTh IPYHTY 1 MoOXe OyTH BHKOpUCTaHa JJIsi MIJCHICHHS [IPYHTIB,
PO3MIIIEHUX HIDKYE pPIBHA IPYHTOBUX BOA. TakuM 4YHHOM MOXKHA 3pOOUTH
BUCHOBOK TIIPO  YHIBEpCaJbHICTh METOMY 3aKpIIUIGHHS IPYHTOBOI OCHOBHU
IPYHTOLIEMEHTHUMH  €JIeMEHTaM{, BUKOHAaHMMH 32  OypO3MilllyBaJIbHOIO
TEXHOJIOTIEI0, 32 HASIBHOCTI MPOCAIOYHUX 1 CITa0KHX, HACHYEHHX BOJIOO IPYHTIB.

HasiBHICTP y IPYHTOLIEMEHTHHX €JIEMEHTIB JIOCHUTh BHCOKHMX MOKA3HHUKIB 3
TOYKH 30pYy iX BOJOHENPOHUKHOCTI JIO3BOJISIE BUKOPUCTATH X JUISl BIAIITYBaHHS
NpOTUQIIBTPALlIHHOTO €KpaHy, KU Oyne CiIy>KUTH Oap’epoM A IMiA3EMHHX
MOTOKIB IPYHTOBHX BOJI.

3 iHmoro 60Ky, At 60poTHOM 31 3CYBHHMH IPOIECAMH YacTO 3aCTOCOBYIOThH
JIOCUTB TIPOCTI PIMIEHHS y BUMVIAL IPEHAKHUX KaHaB, 3aCUIIAHUX (UIBTPYIOUUM
MaTepianioM (rpaBiem, mebeHeM, IUTakoM ToIo). HemomikoM TakuX KOHCTPYKII €
iX HeIOBrOBIUHICTb, aJK€ 3 YacoM, 3a paxyHOK KoOJbMaTallii, Ii KaHaBH
3aMYJIIOIOTBCSI, MEPECTalOTh BUKOHYBaTH (DYHKIIT JpeHaxy, 110, y CBOIO uepry,
NPU3BOJUTL 10 OOBOJHEHHS HABKOJIMIIHBOIO MAacCHBY IPYHTY 1 HOAAIBLIOMY
PO3BUTKY 3CYBHHX MPOLECIB.

VY naHOMy BWIIAJIKy KOHCTPYKIIO JPEHAXHNX KaHAB MOXKHA BIOCKOHAJIHTH,
BJIAIITOBYIOYM KOXXHY CTiHKY KaHaBH SIK DS IPYHTOLEMEHTHUX €JIEMEHTIB,
BUKOHAHUX Y JIBi YEPTH y IIaXOBOMY MOPSAKY 3 IEPEKPUTTSIM CYCIJTHIX.
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[licns BmamTyBaHHA CTIHOK KaHAaBH IPYHT MK HHMH BHHAMAEThCA a
NOPOXKHUHA 3aCHIIA€TBhCS IPEHYIOUMM MarepiajioM, HanpHkian ImedeHeM. Y
BHUIAJIKY IIOSIBU IPYHTOBUX BOJ BOHH IIEPEXOILTIOIOTHCS y BEPXHIHM YaCTHHI CXHITY 3
BUKOPHCTaHHIM NPOTU(IIBTPALIHHUX EKpaHIB 1 CHPSMOBYIOTBCS y IpPEHaXHI
KaHaBM, a IMICHS BHXOAY 3 HUX Yy MIIHDKXKI CXWIy 30UpArOThCS Y 3JIMBOBY
KaHaJIi3amilo Ui OpraHi30BaHOTO BOJOBiABEACHHs. Taka KOHCTPYKLisl JO3BOJISIE Y
Oynab-sIKMd MOMEHT 3aMIHWTH IeOEHEeBEe 3acUIIaHHA Oe3 INPOBENCHHS 3alBUX
3eMJISTHUX Po0iT. OKpiM TOro MO JOBXKHHI KaHABH JOCHThH JISTKO BCTAHOBHTH IO
3acHMaHHsA MeOCHI0 BEPTUKAIBHI TPYOH IS MOCTIHHOTO MOHITOPHHTY 3a piBHEM
BOJIU Y KaHaBi.

TakuM YMHOM, 3MCHIIUTH PH3UK BHHHKHEHHS 1 MacliTaOH 3CYBHHUX SBUIL,
abo K 1 30BCIM YHHKHYTH iX IIOSIBU MOXXHa 3a paxyHOK BHKOPHCTaHHSI
IPYHTOIICMCHTHHIX €JIEMEHTIB, SKi MaroTh JEKiIbKa MepeBar y MOpIBHSIHHI 3
IHIIAMY 3aX0JJaMH¥ TIPH BIIAIITYBaHHI iX Y TOBIII JIGCOBHUX BiIKJIAiB:

- 3MiHAQ pEIENTYypHd BOJOIEMEHTHOI CyMIlI JO3BOJISIE BHUKOHYBaTH
BJAIITYBaHHS IPYHTOLEMEHTHUX €JIEMEHTIB y TIpyHTaX Oyab-sKOi
KOHCHMCTEHIIIT;

- BIAIUTYBaHHS I'PYHTOLEMEHTHHUX EJIEMEHTIB He NOTpeOye CreuiaibHOro
00J1aIHAHHS;

- 3aJIeKHO BiJ pO3MIlIEHHS CIa0KUX IIapiB I'PYHTY 32 INIMOMHOI MOXKIIMBE
BJIAIITYBAaHHS IPYHTOLIEMEHTHUX €JIEMEHTIB 3MiHHOTO Tepepisy;

- BOJIOHETIPOHUKHI BJIACTHUBOCTI IPYHTOLIEMEHTY JI03BOJISIIOTh
BIIAIITOBYBAaTH SK TPOTHQUIBTpaNiiHI 3aBiCH M1 THMYacOBOTO YH
MOCTII{HOTO 3aXMCTy YJIOTOBHH Bill MOTPAIUISHHS 0 HUX IPYHTOBHX BOJ,
TaK i CTBOPIOBATH JPSHAXHI CUCTEMH JUIsl BiIBEICHHS I'PYHTOBHX BOJI, SKi
HE NOTPeOYIOTh CKIIQJHOTO 00CIyroByBaHHS.

[1]. Aemunmmn M. T. 1992, Cyuacha ounamira cxunié Ha mepumopii Yrpainu (inocenepHo-
2eonociyni ma exonoeiuni acnexmu) (Kuis: Hayxosa nymka), 256

[2].Bida S. V., Kuts O. V. 2015, The influence of groundwater flow effect on changes of
loess soil strength characteristics, Journal of Geology, Geography and Geoecology. Vol.
23 (1), 3-16 (DOT: https://doi.org/10.15421/11152001)

[3]. Benukonuit 10. H., Bixa C. B., Slronbuuk A. M., ITamenko O. 1O., Xurauk B. C. 2012,
Oco6mmBocTi reoMopdororiqaoi Ta reosorignoi Oynosu [loaraBcekoi obnmacti, 36. Hayk.
np. (canysese mawiunobyoysanns, 6yoisnuymeo). 4 (34) T. 2, 50-55

[4].Biga C. B. 2011, OcobmuBOCTI 3CYBHHX INpPOLECIB Ha CXWIAaX pIYKOBHUX MIOJHUH,
byoisenvni koncmpyxyii: misxcgioomuuil nayk.-mexu. 30. 75,2, 371-377

[5]. Engineering geodynamics of Ukraine and Moldova (landslide geosystems) 2012, Vol. 1,
edited by Rudko G. I, Osiyuk V. A., (Chernovtsy: Bukrek), 592

[6]. Axtell P. J., Stark T. D. 2008, Increase in Shear Modulus by Soil Mix and Jet Grout
Methods, DFI Journal — The Journal of the Deep Foundations Institute, Vol. 2(1) (DOI:
10.1179/df1.2008.002)
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USE OF SOIL-CEMENT ELEMENTS IN LANDSLIDE AND LANDSLIDE-
PRONE AREAS COMPOSED OF LOESS SOILS

The paper presents various aspects of the use of soil-cement elements in landslide and
landslide-prone areas composed of Quaternary loess deposits. An analysis of the causes
triggering the development of landslide processes is carried out from the standpoint of the
specific features of engineering-geological and hydrogeological conditions on the slopes of
river valleys. Particular attention is focused on the occurrence of loess deposits over
impermeable strata and on changes in their strength characteristics under the action of
groundwater discharge flows onto slopes, which constitute the primary cause of landslide
development. Methods for improving slope stability using soil-cement elements are
considered, both for the direct reinforcement of the loess deposit mass and for its protection
against the adverse effects of groundwater. The paper presents the technology for the
installation of soil-cement elements of various shapes using the deep soil mixing method,
which enables construction works to be performed in soils ranging from stiff to fluid
consistency. It is also demonstrated that the low permeability of soil-cement allows soil—
cement elements to be used for the construction of cutoff walls and drainage systems. The
indicated application aspects make soil-cement elements fairly versatile in terms of their
use in landslide and landslide-prone areas.

YK 624.042

3BIPHI CTAJIE3AJII3OBETOHHI NIEPEKPUTTA ITLJ
JI€I0 BUBYXY HA MAJIUX BIACTAHSX BIJI HUX

BinsieB ML.A., acnipaHT
KuiBcbkuii HalliOHANBHUI yHIBEepCcUTET OYAIBHULITBA 1 apXiTeKTypH, M. Kuis

JlocnmipkeHHsT TPOBOMMIOCSA Yy JAeKiibka ertamiB. OgHUM 3 HHX CTajlo
CTBOPCHHS JIeTajJbHOI MOJei 30ipHOTO CTane3ali300€TOHHOTO MEPEKPUTTS IO
CTaIeBMM OayikaM 3 KpyiMMH — TiepdopamisiMi  CTIHKM 3 TOJAIBITAM
JOCITIDKeHHAM Ha Jif0 BUOyxy Ha Binctani 0.5M Big moBepxHi mumtu 50 xr
Tpotriny. Ilmutm — 3amizo0eToHHI 30ipHi, 00’€aHAHI 31 CTaJeBUMHU OamkaMu
apMaTypHHUMH TICTISIMH 3 TIOJNAJbIIUM OMOHOJIUyBaHHsA ctuka (Puc. 1).
IlepekpuTTs a1 HOPMalbHHX YMOB CKCIUIyaTamii pO3paxOBaHO HAa KOPHUCHE
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HaBaHTakeHHA SkH/M? i monmatkoBe mocTiitHe HaBaHTaxeHHs 1kH/M2, mo pas3oM i3

Baroro mnuTu ckaagae 4,8xkH/M% PospaxyHok BuKoHaHo srigo EN 1994-1-1
(Espokox 4) [1, 2].

2100

x

Puc. 1. KoHCTpyKTHBHE pillIeHHs OBHICTIO 301pHOTO
CTaJIe3a1i300€TOHHOTO NEPEKPUTTS

Lleii Tan 103BOJIMB AOCHIIUTH XapakTep pyWHYBaHHS 1 BU3HAYUTH OCHOBHI
HaINpsMKHU MiJIBUIIEHHs CTIHKOCTI 10 BUOYXiB. Bysio BcTaHOBNIEHO ABI XapakTepHi
30HM pyiHYBaHHs: 30Ha A — JIOKaJbHOTO PyiHHYyBaHHs mnepekputts i 3oHa b —
BiJJpMBY 3CYBHHX YIOpIiB (CcTaa-00NTiB) cTaneBol OANKH BiJ ITHTH.

. o
» °

- .
3oHa b 3oHa A '* 3oHa b

B e e . T T T R R B o e — —

e P90 0000. 909

Puc. 2. Xapaxrep pyliHyBaHH 3 IBOMa XapakTepHUMHU 30HaMHu A i b

3a pe3yabpraTaMi I[bOTO €Taly HANpsSIMKaMH BIOCKOHAJICHHS 1 I1OJAJIBIIOTO
JOCHI/DKEHHSI BH3HAYEHO PO3PAaxXyHOK MIHIMAIBHMX TOBLIMH IUIMTH  JUIS
BUKIJIIOYEHHs poOUTTA (30Ha A) 1 apMaTypHi MepeMHYKH MK cTan-Ooiramu Ta
nerisMu wintH (3oxa b).

Jlpyroro 4acTHHOIO IOCIHIJKEHHS OYJI0 BHM3HAUCHHS 3aJIC)KHOCTI IIKOBOTO
HaJUIMIIKOBOTO THUCKY Ha IEPEKPHUTTS B 3aJICKHOCTI BiJl KIJIBKOCTI BHOYXOBOI
PEYOBHHHU 1 BiJICTAHI TOYKHM JIETOHAIli BiX TMOBEPXHI MEpPEeKpHUTTA. [IpwiAHATO
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CHpOIIEHHI Monem 0e3 MojemoBaHHS mnepdopamiii i 3amMiHOIO CcTag-O0NTIB i1
apMaTypHHUX TeTelb 3’€JIHaHHSIM MOBepXoHb THIy «bonded» (06’emmami). st
3apsany 50 kr Ha Bigcramsx 0.5, 1.0, 1.5 1 2.0Mm npoBeneHO MOPiBHAHHS MoJemnei 3
PI3HUMH KOPCTKICTHHUME XapakTepuctikamu Ta Metogukamu UFC 3-340-02 [3] i
dopmynamu M. A. Cagoscekoro [4, 5]. Ocranni, Oyayus METOTUKAMH IS
OIBIIMX BIJICTaHEW, OYIKyBaHO IOKa3alM MNepeBHLICHHS 10 9.67 1 5.50 pasis
BignoBigHo. OcoOmuBO Ha HaliMeHmUX Biactanax y 1.0 i 0.5M. Lle miarBepaumo
HEOOXITHICTh OKpEMHUX 3aJIeKHOCTEH JJsi Ha/UIMIIKOBOIO THCKY Ha MalluX
BiICTaHsIX.

Bummii Trck, HalOMBII cTabiIbHI 1 MOCTITOBHI PE3yIbTaTH OTPUMAHO JUIS
MEPEKPHUTTS 1O OaikaM i3 301IbIIeHO0 TOBIMKHOK uTh y 300MMm. Lleit BapiaHT B
MOJANTBIIIOMY BUKOPUCTAHO IIPH MOJICIIOBaHHI BHOYXy 3apsaaiB y 50, 75 1 100 kr Ha
Bigcransax 0.5, 1.0, 1.5 1 2.0M Bix moBepXHi IUUTH. 3aJEKHOCTI HAIITUIIKOBOTO
THUCKY BII BiACTaHI MMOKa3aJl HENIHIHHWIA XapakTep, IO Kpamie OMICYETHCS
CTENEeHEBOI (DYHKIIIO, a 3aJeKHOCTI Bil HAIUIMIIKOBOTO THUCKY — OJMXKYUHA 1O
JHIKHOTO 1 HaBITh MPSIMO TPOMOPLiHHOT0. OCTAaTOUYHUM 1 HaHOILIBII NPUKIIAJTHIM
pe3yabTaTOM IOCITI/KCHHS CTajla ampOKCHMAIlis 3aJIeKHOCTI 0/pa3y Bill JBOX
napaMeTpis uepe3 mMoaudikoBany npuseneny Biacrans Z' (1) Ta aabTepHaTHBHO
HanpsiMy 4epe3 ABYXETaIHy alpOKCUMAIIi0 3aJIE)KHOCTEN Bij BiacTani (2):

P = 03719 Z' —1.034 1)
P = (050 - W — 4.89) - R7150 2
ne:Z' = RY5 /W, R — Bincrans, M; W — KinbKicTh BHOYXOBOi PEUOBHHH, KT.

[1] European Committee for Standardization. (2004). EN 1994-1-1:2004 Eurocode 4 —
Design of composite steel and concrete structures — Part 1-1: General rules and rules
for buildings. Brussels: CEN, 118 p., Current.

[2] Dujmovi¢, D., Androi¢, B., Lukacevi¢, 1. (2015). Composite structures according
to Eurocode 4: Worked examples. Berlin: Wilhelm Ernst & Sohn, 924 p.

[3] Department of Defense (2008). UFC 3-340-02: Structures to resist the effects of
accidental explosions. Washington, DC: U.S. Department of Defense, 1867 p.

[4] BapaGam, M. C., Koctupa, H. O., Makcumenko, B. II., Bapwmin, I. B. (2023).
MojenoBadHs IUMHAMIYHUX HaBaHTaXEHb BMGyXOBOFO THUITY B 3a7a4ax JIOCITI JDKEHHS
MilnHOCTI OyziBenbHUX KOHCTpyKuiit 3 Bukopucranusm I1K JIIPA-CAITP. Hayka Ta
Oy niBHUIITBO, 4(38), 20-27. https://doi.org/10.33644/2313-6679-4-2023-3

[5] Kamurok, O. M., Hikituenko, B. L., Kipaeii, JI. M., TepHoBcbkuii, A. 0., Bpaiiko,
B. B. (2022). OcoGmuBocti mocmimKeHHs OoenpumaciB 3 TepMOOAPUIHUMHU
BUOYXOBHMH pedoBHHAMH. 30IpHMK HAyKOBHX mpamb JlepKaBHOTO HayKOBO-
JOCIITHOTO IHCTUTYTY BHIpPOOyBaHb 1 cepTUdikamii 030poeHHS Ta BilCHKOBOI
texuiku, 1(11), 55-65. https://doi.org/10.37701/dndivsovt.11.2022.07
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PREFABRICATED COMPOSITE FLOORS SUBJECTED TO BLAST AT
SMALL DISTANCE FROM THEM

At first stage research included precisely detailed numerical model of 50 kg TNT charge
detonating at 0.5m from the surface of the 150mm precast slab supported by steel cellular
beams. Composite action (bond) between precast slab and beam is provide by means of
rebar loops protruding from slab. Analysis identified two dominant failure zone: local slab
penetration zone and shear studs detachment zone. Obtained results allowed to determine
two ways of increasing blast resistance: increasing slab thickness and locking rebar loops
with shear stud by special links. Further analyses with 50, 75 and 100 kg of explosives at
0.5, 1.0, 1.5 and 2.0m were performed to compare results with common practices and to
identify relationship between peak overpressure, amount of explosives and distance to
detonation point. UFC 3-340-02 and M.A. Sadovsky formulas for small distances
demonstrated significant pressure overestimation up to 9.67 and 5.50, respectively. Final
result included new overpressure formula optimal from accuracy and simplicity points of
view.

YJIK 658.15:005.934

3ACTOCYBAHHS ®AKTOPHOI'O AHAJII3Y IIPU
ITOPIBHSIHHI IHBECTHHIfIHOi IMPUBABJINBOCTI
BYJIBEJIbHUX KOMITAHIN
BacuaneBa H.C., k.¢p.-M.H., 101I.
OnechKa epkaBHa akajeMis OyIiBHHUIITBA Ta apXiTeKTypH, M. Ozeca
Bacuianes O.b., k.¢.-M.H., g011., laBunos K.A., 6akajaBp
OpecpKuii HaioOHANBHUH yHiBepcuTeT iMeHi [.I. Meunnkosa, M. Omeca

3anpornoHoBaHO HOBUM TMiAXiJ /10 OLIHKM IHBECTHLIHHOI NPHBaOIMBOCTI
MiANPUEMCTB, 3aCHOBAaHMH Ha BHMKOPHCTaHHI METOAIB (HaKTOPHOTO aHANI3Yy.
CyTHICTh MiAXOMy MOJISATae y y3aralbHEHHI MOKAa3HMKIB YCIINIHOCTI BUPOOHUUYOT
TUSTIBHOCTI MiIMPUEMCTB 32 JOMOMOTOI0 METOMIB (aKTOPHOTO aHami3y, IIIo
JIO3BOJISIE 3HAYHO CKOPOTHTH iX KIUJIBKICTH 1 CIIPOCTHUTH NPOLEAYPY MOPiBHSHHS.
Jnst peamizamii mMeTofiB (akTopHOro aHamizy Oyio po3poOieHo MoOiImbHUI
3aCTOCYHOK Ha MOBi mporpamyBanss Dart y moemnansi 3 ¢peiimBopkom Flutter.
Takuii BuOip 3yMOBIEHHH HH3KOIO II€PEBar: BHCOKOIO IIBHIKICTIO PO3pPOOKH,
3pYYHHUM IHCTpyMEHTapieM Juist nodynoBu rpadivnoro inrepdeiicy kopucrysaya, a
TaKOX MOXIIMBICTIO PO3rOPTaHHS 3aCTOCYHKY K Ha MOOUIBHHMX HPUCTPOSX
(Android, i0S), Tak i Ha HacTimpHUX omepauiiiHux cuctemax (Windows, Linux,
macOS). Opnak, BapTO 3a3Ha4YMTH, M0 ekocuctemMa Dart Hapasi He Mae
NOBHOLIHHMX MaTeMaTHYHUX 0i0miorek, noaionux 1o NumPy B Python uu Eigen y
C++. ¥V 3B’sa3ky 3 mmMm, yci HEOOXimHi (QyHKIIOHAIBHI MOZYN st OOpOOKH
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YHCIIOBHX JAaHUX JIOBENOCS po3polisaTu camoctiiHo. Takmit minxin 3abe3medns
MOBHY KOHTPOJIOBAHICTh HAJ TOYHICTIO pO3paxyHKiB. ['padiunuii inTepdeiic
KOpHCTyBaua OyB peanizoBaHHil i3 BUKOPHCTaHHAM 3aco0iB ¢peiimBopky Flutter.
3aBIsIKM  ICKJIAPAaTUBHOMY CTHJIIO OINKCY BI/DKETIB Ta MIATPUMII «rapsdoro
nepe3anycky» (hot reload) BiH mae MoOXIUBICTH OynyBaTh aJanTHBHI Ta
IHTEpaKTUBHI 1HTep(eWCcH, [0 3HAYHO MPUIIBUALIYE IPOIEC TECTyBaHHA Ta
HaJlaro/pKeHHs. Y 3aCTOCYHKY pealli30oBaHO: BBEJCHHS IIOYaTKOBUX JIaHHUX,
BiZIOOpa)KEHHs HAJIAIITYBAaHHS KOXXHOTO METONy, BiJIoOpa)KeHHsS KOXXHOTO eTalry
po3paxyHkiB.Takum 4mHOM, OYJIO CTBOPEHO MOBHO(YHKIIOHATHHHUNA IHCTPYMEHT
IUTS peaizalii MeToiB ()aKTOPHOTO aHali3y, SKHH MOEAHY€E TOUHICT PO3PaxyHKIiB
13 Cy4acHHM KOPHUCTYBAIIbKUM iHTepdeiicoM. 3aCTOCYHOK OyB ampoOOBaHHA NP
MOpIBHAHHI iHBecTHINHOT mnpuBadbmuBocti 30 OymiBeNbHMX KOMIAHIH 3a 5
NOKa3HUKaMH. 3a JOIMOMOTOr0 (paKTOPHOro aHaNi3y BIAJOCS 3aMiCTh 5 IEpBUHHHX
NOKAa3HUKIB OTPUMATH JABA y3aralbHEHHX (akTopa, 3a 3HAYCHHAMH SKUX OYIIH
o0paHi JBi HaOTBII TPUBAOIKMBI OyAiBeNbHI KOMITaHiI.

APPLICATION OF FACTOR ANALYSIS IN COMPARISON OF THE
INVESTMENT ATTRACTIVENESS OF CONSTRUCTION COMPANIES

A new approach to assessing the investment attractiveness of enterprises is proposed, based
on the use of factor analysis methods. The essence of the approach is to generalize the
indicators of the success of the production activities of enterprises using factor analysis
methods, which allows significantly reducing their number and simplifying the comparison
procedure. To implement the factor analysis methods, a mobile application was developed
in the Dart programming language in combination with the Flutter framework. The
application was tested by comparing the investment attractiveness of 30 construction
companies according to 5 indicators. Using factor analysis, instead of 5 primary indicators,
it was possible to obtain two generalized factors, according to the values of which the two
most attractive construction companies were selected.

YK 691.32:620.18:519.24

OCOBJIMBOCTI CTPYKTYPOYTBOPEHHSAA
JUCIIEPCHO-APMOBAHUX TIEKOPATUBHUX BUPOBIB

Buposoii B.M., a.1.H., npo¢., losrans O./1., k.T.H., 1011
Opecbka JieprkaBHA akaieMist OyJiBHUITBA Ta apXiTekTypu, M. Oneca

IMpoekryBanHs OyiBeIbHUX BUPOOIB 1 KOHCTPYKIIH BKIIIOYAE B cebe mporec
LJIECTIPSIMOBAHOTO TPU3HAYCHHS MarepialiB 3 IEBHUMH BIIACTUBOCTSAMHU. B
paMKax ICHYIOYMX IapajurM [pUHHATO, IO IHTErpOBaHI  BIACTHBOCTI
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0araTOKOMITOHEHTHIX MaTepialiB B 3HAYHIA Mipi 3ayie)kaTh BiJ] BIACTHBOCTEH
IHAWBiMyadbHUX KOMIIOHEHTIB. B TOH e Yac BCTaHOBJICHO, IO BKOPIHEHHS B
IKEHEpHY NPAKTHKy igeld Ta METOIIB CHUCTEMHOIO IIXOAY HAar0Th IIiJICTaBH
CTBEPJUKYBATH, 1[0 BJIACTHBOCTI K OKPEMHUX CKJIAJOBHUX, TaK 1 CHCTEMHU B LIJIOMY,
3ajexarb Bifg iX cTpykTypHOro odopmieHHs. [lokasaHo, 1o mHepMaHEHTHHN
IpoLec CTPYKTYpHHUX TpaHchopMaliii Bede J0 CaMO3apo/KEHHs €JIEMEHTIB
CTPYKTYpH, SIKi HE BXOJATH N0 IEpeIliKy BHXITHHMX CKJIAIOBHUX MaTepiajiB, ajie €
BU3HAYaJbHUMHU MpH (HOPMYBaHHI 1X BIacTHBOCTEH. [0 TaKMX EJIEMEHTIB CIij
BITHECTH, SK CBIQYHTh NPOBEICHHWI aHali3, HECYIUIFHOCTI Yy BHUIISAL IIOP,
KaIliIApiB, BHYTPIIIHIX MOBEPXOHb PO3IITY Ta TPIIIUH, SKi € IPUCYTHIMH B SKOCTI
€JIEMEHTIB CTPYKTYpH Ha BCIX pIBHAX CTPYKTYpHHX HeoxHopigHocteil. Tomy
Ba)XXITUBOIO 1 HaraJpHOIO 3a7adeio CIiJ BBa)KaTH 3amady 3 aHaNi3y MEXaHi3MiB
6araToocepeaKoBOro CTPYKTYPOYTBOPEHHS Ha PI3HUX PIBHSAX HEOTHOpPiTHOCTEH 3
METOI0 pEryJIOBaHHS CIIOHTAaHHUMH TIPOIECAaMH  CaMO3apO/KEHHS HOBHX
CJIEMEHTIB CTPYKTYypH ILISXOM HAMpaBJCHOI 3MIHM SKICHOTO Ta KiJIbKiICHOTO
CKJIa/IiB BUXIJIHUX CKJIQ[IOBHX.

B sikocTi 00’€KTiB BUBYEHHs Ta aHalli3y MPHUHHATI AEKOPATUBHI MaTepiaiiu,
BUpOOM Ta KOHCTpyKuii. lle moB’s3aHO 3 TUM, W0 came BOHH (OPMYIOTh
MPOCTOPOBY, COLIaJIbHY, ECTETHYHY Ta XYAOKHIO BHPa3HICTh NOBKULIL. CkiaaHa
reoMerpuuHa (hopMa TakMX BHPOOIB HAK/Iajae IMEBHI BHMOTH [0 Martepiaiis,
OCKINIbKM MaTepiand MMOBHHHI 3a0e3ledyBaTH BHMOTH 0OaraTo()yHKIIOHAIBHOCTI,
€CTeTUYHOI  BHPA3HOCTI, TEXHOJOTIYHOCTI  BHUTOTOBJICHHS,  CTIHKOCTI B
HECHPUATIMBAX yMOBaxX 10 Jii HAaBKOJMIIHBOTO cepenosumma. [locriiiHa 3MiHa
MOTO/IHUX YMOB IIPOBOKY€ BMHUKHEHHS Ta PO3BUTOK BOJIOTICHHX Ta TEPMIYHHX
nedopmariil ycaaku Ta HabyxaHHs. 3HAKO3MiHHI 00’ eMHI Jedopmallii, 0co0ImuBoO y
BUpOOax CKJIAJHOI TeOMEeTpUYHOI (POpMH, MOXYTh HPU3BECTH JIO HEperdacHol
MOSIBU HECYIUIBHOCTEH, 110 CIPOMOXHI CIPUYMHUTH BTpaTy (yHKIIOHATHLHOTO
MPU3HAYCHHS Ta TOPYIIEHHS IUIICHOTO 00pa3y JIeKOpPaTHUBHOTO EIEeMEHTY.
IIpoBeneHnii aHANITUYHUI aHAJi3 JO3BOJIUB BUSBUTH €IEMEHTH, SKi 37aTHI
MiBUITYBATH TPIIMHOCTIHKICTh MaTepiamiB i BUPOOIB 3a paXyHOK MEPepO3IMOIiTy
3HaKO3MIHHUX 00’eMHHX nedopmaniid. Jlo Takux eneMeHTiB (axiBili BiAHOCATH
JICKpPETHY apMaTypy. B Hamomy Bumazaky, aist 30epexeHHS Ta 3a0e3ledeHHs
KOJILOPOBOi TaMM BHPOOIB B SKOCTI JUCKPETHOI apMaTypH HPUHHATI JTyrocTiiiki
CKJISIHI BOJIOKHA Pi3HHUX PO3MIpIB.

JlekopaTWBHI MaTepialid CJIil BBaXaTH PI3HOBUIOM KOMITO3HUIIIHHUX
OyniBeNbHUX MaTepialiB 3 IOJICTPYKTypHOIO OynoBoro. lle o3Hawae, mo B HUX
CHIBICHYIOTh Ta CIIIBIPALOIOTh MIKpPOpPIBEHb, MakpOpiBeHb Ta piBEHb BHPOOY
(xoHCTpyKIIii). [TogiOHa Oy0Ba IPYHTYETHCS Ha MPUHITUIIOBO Pi3HUX MEXaHi3Max
oprasizailii CTpyKTypHd KOXXHOTO piBHA. Ha MiKpOpiBHI peaizyloThCsl MPOIECH
6araToocepeKoBOro  CTPYKTypOYTBOPEHHS 32 paxyHOK HEBPIBHOBAKCHHX
MDKYAaCTKOBHX B3a€EMOJiil. MakpopiBeHb YTBOPIOETHCS 3a PAaXyHOK B3aEMOJIl
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MaTPUIHOTO MaTepiay i3 3amoBHIOBauaMH. MiKpo- Ta MakpOpiBHI 3HaXOIATHCS
M HEBNWHHUM BIUTMBOM TEXHOJIOTIYHHX OO0 €MHHX Jedopmamiii, XapaxTep
PO3IOITY SIKMX 3aJE€KHUTh BUKIIOYHO BiJl TEOMETPHYHHAX XapaKTEPUCTHK BHPOOy.
[IprHIMNOBO pi3HI MeXaHI3MU opraHizauii CTPyKTypH NOTpeOyrOTh Pi3HI MOei
IPY aHaJli31 MPOLECiB CTPYKTYPOYTBOPEHHS Ha KOXXHOMY PiBHI.

BB ckisHoi (iOpu Ha oOprasizailifo CTPYKTYPH HONICTPYKTYpPHHX
MarepiaiB MOYMHAE MPOSIBISITHCS BXXE MPU IIPUTOTYBaHHI cyMimeld — ix 00’eMHa
KIJIbKICTh HE TOBMHHA NPUBOAMTH JIO CAMOBIUIBHOTO YTBOPEHHS CaMOCTiIHHHX
ocepenkiB. Tomy mpu po3poOmi Mozaenel HakiIamadn OOMEXKEHHS IO KiITBKOCTI
NmiHIHHEMX eneMeHTiB. KpiM TOoro BpaxoByBamw, IO Ul SKICHOTO apMyBaHHS
BUpPOOiB ckiagHOi popMu MOTPIOHO BUKOPUCTOBYBATH TiOpuAHY (piOpy mpH pizHHX
CHIBBIIHOIIECHHIX PO3MIpPiB OKPEMHUX CIIEMCHTIB.

Jo yHIKagbHHX OCOONMBOCTEH IUCIIEPCHOTO apMyBaHHS CIiI BiTHECTH
HasABHICTH JIHIHHUX €JIEMEHTIB OJHOYACHO Ha BCiX PIBHAX HEOJTHOPITHOCTEH, IO
O3Ha4yae W0 HpU po3podli Moxeneil Oyab-iKOTO pPIiBHA B HUX MarOTh OyTH
NPUCYTHI JiHIMHI enemeHTH. [Ipu BuOOpI MoOIeNpHHX MaTepiaiiB MOTPIOHO
BUXOJUTU 3 TOrO, IO 3alPONOHOBaHI MOAENI IOBHUHHI JaTH MOJKJIUBICTh
MIpOaHaIi3yBaTH BILJIHB ¢bidpu Ha MpOIIeCH 6araToocepeaKoBOro
CTPYKTYPOYTBOPEHHSI, 3apO/UKEHHSI Ta PO3BUTOK HOBUX €JIEMEHTIB Yy BHUIJIS[L
HECYLIJIbHOCTEW PI3HUX BUJIB, BIUIUB F€OMETPUYHHUX XapPAKTEPUCTUK MaTepialiB i
BUPOOIB Ha PO3IMOMLT TEXHOJOTIYHHX (ITOYATKOBHX, 3aJMIITKOBHX, I'CHCTUYHHX,
HACITIIKOBHUX ) JIOKAJIbHUX Ta IHTETPaJbHUX Je(hOopMaIlii.

BararoBapiaHTHICTP MeXaHi3MiB 0araTooCepeaKOBOTO CTPYKTYPOYTBOPEHHS
noTpedye po3MmupeHHs iHPOPMALIHHOTO MPOCTOPY, IO B CBOIO YEPry, CIIOHYKAE
JO po3poOKM PpI3HUX 3a IPHU3HAUYCHHAM Mopenedl. B 3araspHOMY BHMaaky
MIKPOCTPYKTYPY MOXHA YSBUTH Yy BHUTIAAI JTi0oOHOI mMmomigucrepcHoi Ta
MOJIIMiHEPAJIbHOT BUCOKOKOHIIEHTPOBAHOT CHUCTEMH 3 JIIOQIIHHOIO BHYTPIIIHBOIO
MOBEPXHEIO po3iny. Take ysBISHHS a€ MOXKIUBICTh YPI3HOMAHITHUTH SIKICHUH 1
KIJIBKICHUH CKJIaJ MIKPOCTPYKTYpPH Ta 3aCTOCOBYBATH TIpad)OaHaTITHUYHI METOIU
MIPY aHaJIi31 IPOILECiB CTPYKTYPOYTBOPEHHS 1 CTPYKTYPO-TIEpETBOPEHHS.

B sxocTti gucmepciiHOro cepemoBUINAa MPH CTBOPEHHI (i3UYHUX MOenei
NpUMany piMHU 3 Pi3HOIO B’s3KicTio. Lle 703BONMIO B MIMPOKOMY Jiara3oHi
3MIHIOBATH KOHIEHTPALI0 YacTOK JHUCIepCHOI (a3 Ta BapiloBaTH 3MIHOIO 1X
npupoau Ta po3Mipom. [ aHamizy mporeciB 3apOJUKEHHS Ta PO3BUTKY HOBHX
€JIEMEHTIB Y BUIIISII HECYIITLHOCTEH MPUIHATI IEMEHTHO-BOHI Ta BOJO-TJIMHSIHI
KOMIIO3HUII1 i3 PI3HUMHU BOJO-TBEPIUMH BITHONMICHHAMHU 1 KUIBKICTIO JIHIHHHUX
CJIEMEHTIB PI3HUX CKJIAJIB.

MakpocTpyKTypa MOJETIOBATIACs UITXOM BBEACHHS B MAaTPUYHHUH Marepial
MOJIeTIC 3aloBHIOBAdiB y BUIJIAI KyOiB. B sKocTi MaTpuyHOro Matepiaimy
BUKOPHCTOBYBAJIM BCE PI3HOMAHITTS MOJENEH MIKpOCTPYKTypH. BukopucTans
3aTll0BHIOBAYiB MPOBOKY€ BUHUKHEHHS 3aJIMINKOBHUX JehOpMallii, IO CIIOHYKaI0
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IO 3aCTOCYBaHHsS (DOTONPYKHHUX MaTepianiB (B HAMIOMYy BHIIAIKy CIOKCHIHOI
cvomu EJ[-20) 3 ogHOYacHMM BBEOCHHAM DPi3HOI KiJIBKOCTI AUCKPETHUX JIHIHHUX
€JIEMEHTIB Pi3HOTO CKIIALY.

Sk Bke BiAMIYATIOCs, XapaKTEePHOI OCOOJIMBICTIO JEKOPATHBHUX EJIEMEHTIB 1
BUpOOIB € ix reomerpuyHi ¢Qopmu. Bimomo, mo po3moxin iHTErpoBaHHX
3aJMIIKOBUX  JeopMarii  3aJIeKUTh  BUKIIOYHO  BiJf  IFE€OMETPUYHHUX
XapakTepucTuk. Tomy Oynu NpUHHATI MOIENi IEKOPAaTUBHUX BHUPOOIB pi3HOT
(hopmu IpH NOCTIiHHIH TIIONII MOBepXHi (Oyno npoananizoBano 10 Moxeneit).

[Ipu peamizamii eKcriepUMEHTATBHUX POOIT 3 MOAEISIMA KOHTPOIFOBAJH
3MiHHI B Yaci HACTYITHI TapaMeTpu:

— KIHETHKY YTBOPCHHS AUCKPETHUX CTPYKTYPHUX OJIOKIB (KJIacTepiB);

— SIKICHWI Ta KUTBKICHUH CKJIal KJIacTepiB;

— (pakTanbHy PO3MIipHICTH KIIaCTEPIB;

— TpPaEKTOpIii pyXy YacTOK AUCHEPCHOI (a3m;

— TpPaEeKTOpil0 MepeMillleHb IHAMBIAyaJbHUX KIAacTepiB MpU  KJacTep-
KJIACTEPHUX B3aEMOIISX;

— 3MiHy 00’€My Ta MacH;

— 3apOKEHHS Ta PO3BUTOK HECYIILHOCTEIH;

— YTBOPEHHS CTPYKTYPHHX OJIOKIB;

— PO3BHTOK CITKM HECYIJIBHOCTEH, IX IIMPHUHY PO3KPHUTTS Ta MPOTSKHICTD;

— T0SBY Ta PO3BUTOK JIOKAJIBHUX Ta IHTETPaIbHUX TEXHOJIOTIYHUX AehOopMarlii;

— (OpMO3MiHU 30BHIMIHIX i BHYTPIIIHIX TOBEPXOHB PO3IiIY;

— Koe(ilieHTH TOMKOMKEHOCTI Ta iX 3MiHy B 3aJeKHOCTI Bil CKIaay
Marepianry Ta FeOMETPUYHHIX XapaKTEePHUCTHK.

[MopiBHsIbHA OLIIHKA MapameTpiB Mozeneit 3 (idporo Ta 6e3 Hel nao 3Mory
OLIHUTH POJIb JIMCKPETHOI apMaTypu B Mpollecax CTPYKTypOYTBOPEHHS
JIEKOPaTHBHUX MaTepialiB i BUPOOiB.

Binomo, mo modoO6HI AuCTepcHI CHCTEMH 3/1aTHI CAMOBUIBHO 3MEHIITYBAaTH
HAJJIMIIKOBY TIOBEPXHEBY €HEPril0 MUISXOM 3MEHIICHHS TUIomli Mik(a3zHux
MOBEPXOHb 32 PAaxyHOK O0’€IHaHHA YacTOK IHUCIEpPCcHOI (a3 B CTPYKTYpHI
arperati  (kjmactepw). B3aeMomist  ITMCKpeTHHMX  4YacTOK  3aJISKUTh  BiJ
CHIBBiHOIIEHHS X po3MipiB. ToMy miHiliHI eneMeHTH, pO3Mip SIKMX HabaraTo
OinbIIMi PO3MIpIB BUXIJHUX 3€pPEH, aBTOMAaTHYHO BHCTYIAIOTh B POJII OCEpEJIKiB
CTPYKTYPOYTBOPEHHs. AHaJi3 I0Ka3aB, IIO B pe3yJbTaTi B3a€MOJIH «d4acTKa-
BOJIOKHO» YTBOPIOIOTHCS PI3HI 3a BHJOM CTPYKTypHI aHcamOui. [lo HaiOinbmn
XapaKTEepHUX CJI1JI BIIHECTH HACTYITHI CTPYKTYPHI 00’ €IHAHHS:

— THUIly «TaHTENi» Y BUMAAKY KOJHM JUCKPETHI YaCTKU TPYIMyIOThCS HAa TOPLSAX
BOJIOKHA;
— THUIy «IIAIUTIK», B30BXK BOJIOKHA YTBOPIOIOTHCS KIACTEPH Pi3HUX CKIIAIB;

52



Martepianu X1 Mixkaapo1HOT HAYKOBO-TEXHITHOT KOH(EpeHTIii
AKTYAJIbHI ITPOBJIEMU THXXEHEPHOI MEXAHIKH 20—22 tpasus 2026 poky

— 3MIOIAaHOTO THITy y BHUNAAKY KOIHM KIJIACTEPH YTBOPIOIOTHCS SIK B3HOBX
BOJIOKHA, TaK 1 IO HOTO TOPIISIM.
CriocrepiraeTsCsi TaKOX B3a€MOJIS BOJOKOH MK €000 3 OJHOYACHOIO
B32EMOJIEI0 3 JUCKPETHHMMH 4YacTKaMH. BCTaHOBJIEHO TakKOXX IPHUCKOPEHHS
MPOLIECIB CTPYKTYPOYTBOPEHHS CUCTEM 3 (iOPOO MOPIBHIHO 3 CUCTEMAaMH B SIKHX
BiZICYTHI JIHIMHI €JeMEeHTH, 10 MPOBOKYE MOSBY HECYLIIBHOCTEH B TIIMHSIHHX Ta
HEeMEHTHUX KoMno3ulisx. [losiBa HeCyIIIbHOCTEH, SIK HOBUX €JIEMEHTIB CTPYKTYpH
3MIHIO€ TOAAJIbIII MPOLECH OpraHizalii CTpyKTypu. BimmidueHo, 1110 B AUCIEPCHO-
apMOBaHMX KOMITIO3MIISX IIMPHHA PO3KPHUTTA TpimmH B 5-10 pasiB meHmre
MOPIBHAHO 3 KOMIO3HIIAMH 0e3 TpiluH. PO3BUTOK HECYIITFHOCTEH 32 paXyHOK iX
B32€EMOBIUIMBY Ta B3a€MOJil BeA€ MO YTBOPEHHS CTPYKTYpHHX OJOKiB, mIO
MPU3BOJUTH 10 3MIHM YSBICHHS PO Matepial siK HeTlepepBHE CEPEAOBHIIIE.
[oniOHmit  xapakTep CTPYKTYpPOYTBOpPEHHs 30epiraeTbCsi Ha  piBHI
MakpocTpyKTypH. CriocTepiraerscsi IikaBuii ()CHOMEH BIUIMBY TI'€OMETPUYHHUX
XapaKTEPUCTUK YapYHOK OETOHY Ha XapakTep CTPYKTYPOYTBOPEHHS MaTPHUYHOTO
Mmatepiany. Ile 3akiagae meBHI YMOBH iX B3a€MOJii Ta B3a€EMOJIl Pi3HUX PiBHIB
CTPYKTYpH, OCOOJHMBO 3 YpaxyBaHHSIM OJHOYACHOI TMPUCYTHOCTI JIHIHHKX
€JIEMEHTIB Ha MIKpO- Ta MakpopiBHsiX. BcraHoBieHo BruuB (iOpu Ha posmofin
TEXHOJIOTIYHUX JeopMallii, SK Ha PiBHI MAKPOCTPYKTYPH, TakK 1 Ha PiBHI BUPOOIB.
IMopiBHsUTbHUM aHAI3 [MOKA3aB, 10 BBEACHHS AMCICPCHOI apMaTypH CYTTEBO
BIUIMBA€ Ha TPOLECH CTPYKTYpOYTBOPEHHS, 11O B CBOIO UEPry 3MIHIOE XapakTep
pO3MOANY HecyIiIpHOCTEH 1 modaTkoBHX aAedopMmariii Ha BCIX pIBHIX
CTPYKTYPHUX HEOTHOpimHOCTeH Marepiany i BupoOiB. [IpoBeneHi nocmimu maiw
3MOTy OOIPYHTOBaHO MPU3HAYWTH BUXITHI CKIAJ0OBI MaTepialy TpW BHpIMICHHI
ONTHMI3AIIMHUX 33724 3 OTPUMAaHHS pAI[lOHAJBHUX CKJIAMIB JUI OAEp>KaHHS
JIEKOpaTHBHUX MarepiasiB 1 BHPOOIB 3 MOJINIIEHUMH eKCILTyaTaliiHUMK
BJIACTUBOCTSIMU.

FEATURES OF STRUCTURAL FORMATION
OF DISPERSED-REINFORCED DECORATIVE PRODUCTS

The paper considers the impact of discrete fiber on the processes of structure formation of
decorative materials and products. The unique role of linear elements in the formation of
discontinuities in the form of interface surfaces and cracks, as well as in the distribution of
residual deformations, is shown. The role of discrete fiber in shaping the properties of
materials, products and structures is revealed.
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BILIMB PI3BHUX METOIB MOJIU®IKYBAHHA
ITOBEPXOHb HA INIJIBUIINEHHA AHTU®PUKIINHUX
BJIACTUBOCTEM YOPHUX TA KOJIbOPOBHUX CILIABIB

Boaxkos 0.0., k.T.H., KpaeBcbka K.B., Ph.D., Cy66otin O.B.,
HaunionansHuii TeXHIYHHN YHIBEpCUTET «XapKiBCHKHUN MOTITEXHIYHUI IHCTUTYT», M. XapKiB
Bacuiabuenko O.B., K.T.H.,

HanionanbsHUiA yHIBEpCUTET IUBIIEHOTO 3aXUCTy YKpainu, M. Uepkacu

TenaeHiii CyyacHOTO pO3BUTKY MaTepialiB 1 METOmiB 0OpOoOICHHS
BKJIFOYAIOTH MiJIBUIIEHHS BUMOT 10 JOBIOBIYHOCTI Ta OE3BIIMOBHOCTI JeTanei
MallMH Ta MexaHi3MmiB. Biarak 3poctae morpeda y BIPOBaKEHHI METO/IB
00’eMHOTO MOMU(IKYBaHHSI Ta MOAWU(IKYBAaHHS ITOBEPXHi, 3JaTHUX €()EKTUBHO
MiABUITYBAaTH 3HOCOCTIHKICTH MarepialiB 3 ypaxyBaHHSM OYIKyBaHMX yMOB iX
pobotu. Cepen Takux yMOB MOXYTh OyTH TEpTBHOBi, yOapHi, BiOpamiiHi Ta iHIII
BUJM MEXaHIYHUX HaBaHTa)XKEHb, a TAKOXK 3MIHHI TEMIIepaTypHi Jiarma3oHm.

JlocmimpKeHHsT TpHCBAYEHE BH3HAYCHHIO AHTU(PUKIIHHUX BIACTHBOCTEH
CIIaBIB Ha OCHOBI 3ajli3a Ta CIUIaBIB Ha OCHOBI aJIFOMiHIIO IPH BUIIPOOYBaHHIX Ha
3HOILIYBaHHS IMiCJsl 3aCTOCYBaHHS PI3HMX MiAXOMIB 0 MoaudikyBaHHS IX
noBepxoHb. [Ipore BmMB MeromiB MoauGiKyBaHHS Ha BJIACTUBOCTI CIUIABIB
PI3HMX IpYII, & caMe: KOJIbOPOBHX 1 YOPHHX, HE € OJIHAKOBUM. Tak, HAIpUKIa, 1Jis
HHU3KH KOJIbOPOBUX METAJIB 1 CIUIaBiB (BEHTWJILHOI IPYINH) BUKOPUCTAHHS METOLY
mikpoayroporo okcunayBanus (MJIO) [1] mo3Bonwiio OTpUMAaTH HPOTPECHBHI
pe3yabTaTé IOAO MiABUINEHHSA aHTHPUKIiHOCTI. B TO# ke wac il 4OpHHUX
CIUIaBiB BUKOPUCTAHHS I[bOTO METOAY HE € JIOUUIBHUM Y (i3HMKO-XIMiYHOMY CEHCI
NpoTiKaHHS JaHoro mnpouecy. Ilpore i TakuxX CIUIaBiB JIOUUIBHHM €
BUKOPUCTAHHS 1HIIHMX 3a CBOEIO NMPHUPOJIOI0 1 KIHETUKOIO MPOTIKAHHS METOMIB, SIKi
nependayaroTs nedopMaliiiHuil BIUIMB 3a MEBHUX TeMmeparypHux ymoB [2]. Ciix
3a3Ha4UTH, 10 cepen Takux MeromiB € D3  (ppukmiitHo-medopmaniine
svinHeHHs) Ta D3 (momarkoBe (puKIiitHO-TedopManiiiHe 3MIIHEHHS),
3aCTOCYBaHHS SIKUX TAKOX JIO3BOJISIE OTPUMYBATH IIPOTPECHUBHI PE3yNbTaTH LIOJO
MiBUIICHHS aHTUQPUKITIHHUX BIACTUBOCTEH CTaeH 1 YaBYHIB MPU TTOBEPXHEBOMY
ix o0pobnenni. @pukimiifHO-nedopMallifHI BIUIMB 37aTeH MOAM(DIKyBaTH
CTPYKTypy 1 BIAacTHBOCTI Marepiady 3aBOJKM OJHOUYACHIM [ii JIOKaJIbHOTO
TIACTUYIHOTO Je(hOPMYBAHHS B 30HI 0OMEXKEHOTO HArpiBaHHSI, [0 BUHHUKAE ITiJT 9ac
KOHTaKTYBaHHS IIOBEPXHI 3 BIANIOBITHUM 1HCTPYMEHTOM.

Toxx po3missHEMO, SIK BIUIMBAIOTH 111 /IBA 30BCIM Pi3HMX 32 KIHETUKOIO METOAN
Ha MiJBULIEHHS aHTH(OPUKLIHHUX BIACTHBOCTEH KOJILOPOBHX Ta YOPHUX CIUIABIB
BiAIIOBIIHO. JocmipKkeHHs SIKOCTI MMOBEPXOHb, pe3yabprartu Makpo-,
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MIKpPOCKOIIIYHOTO ~aHai3y, IIOPOMETPHYHHX Ta IHIIAX BHIIB JJOCIHIKCHB,
MOSICHIOIOTh  B3a€MO3B’A30K MK €BOJIIOLIEI0 MIKPOCTPYKTYPH Ta 3MIiHOIO
BIIACTUBOCTEH y 30HI PpuKIiitHO-medopmaniiHOTO Ta (Hi3UKO-XIMIYHOTO BIUIMBY Ha
MOBEPXHi. AHTU(QPHUKIIHHI XapaKTEpPUCTUKH IOBEPXOHb 3pa3KiB IMICISA BIUIUBY
3a3HAYEHUX METOIB JOCIHi/KeHI 13 3actocyBaHHsM MamuHKM Teprss CMII-2 3a
CXEMOI0  «IHMCK—KOJOIKa». TakoK JOCHIPKEHO CTPYKTYpy Ta MOp(QoIorito
poboyoro mapy MmoBEPXOHb, sIKi IPALIOIOTh B Mapax TEPTs 3 YaBYHOM, CTAJUIIO Ta
M/IO-nokpuTTsAM B yMmoBax Oe3 3MallyBaHHS Ta 31 3MalllyBaHHSM JU3EJIbHOIO
OJIMBOIO Ta BOJOIO.

Just crami 65T micna JID/I3 moBepxHi B paMKaX JaHOTO TOCIHIIKCHHS Oyl
MpOBeAEHI BUIIPOOYBAaHHs Ha 3HOLIYBAHHS B Iapi TEpTS 3 YaBYHOM B yMOBax 0e3
3MallyBaHHA, TOOTO B HAaWOUIBII CKIAJAHUX cepel IepepaxoBaHuX. JlaHi
BUNPOOYBaHHA IMOKa3any, mo B pe3ynbrari M3 noBepxHs HaOyna MiABUINCHHS
3HOCOCTIHKOCTI 1 JiHIHHUHA 3HOC ckitaB 0,02 MM mopiBHSAHO 3 0,055 MM y BHMaaKy
6e3 ADA3. Todbro me B 2,75 pasu MeHIe, MOPIBHSAHO 3 JIIHIHHUM 3HOCOM
IIGHTUYHOTO 3arapToBaHoro 3paska i3 crami 650 6e3 JA®P/3. Tox pasom i3
30inbIIeHHAM MikpoTBepaocTti (o 16000-20000 MIla) i 3HOcocCTiiiKOCTI MaeMo
3HauyHe MiJBMIICHHS AaHTHU(QPHUKLUIHHUX BIACTUBOCTEH, L0 € MO3UTHBHUM
(axTopoM ISl MiABMINEHHS TNpane3aTHOCTI BUPOOIB micist MoaubikyBaHHS I1X
MIOBEPXOHb B 3a3HAYEHUI CIIOCIO.

OxpiM TOTO, IUIA TOKPHUTTS, IO OTpUMaHOro Ha crutaBi J[16 BU3Ha4YeHO
KoeimieHT TepTs KOB3aHHA Mpu HaBaHTakeHHi Bix 0,2 no 2 xkH. [Toka3aHa kopHuCTh
BiZ HasBHOI mopucTocTi pododoro mapy MIO-nokputts, sika ckinamgae 5-10 % ta
CHpHs€ YTPUMYBaHHIO 3MallyBaJIbHOT pEYOBMHH B 30HI TepTA. Busueno ¢azosuit
CKJIaJI, TBEPAICTh MOKPHUTTIB. BeranoBneno, mo MAO-TIOKpUTTS Ma€ KpUCTATIYHY
OynoBy, (a3oBHH CKJax BKIOYAE BHCOKOTEMITEPATYpHI MOMUQIKamii OKCHILy
amomiHito (a-Al,O; ta y-Al,O3), mikporBepmicts ckiamae 18000—20000 MIla.
BceranosneHo, mo koedillieHT TepTsS KOB3aHHA map: cipuii gaByn — MJIO-
nokputtst; crams — MJO-mokputts Tta MIAO-mokputrs — MJO-TokpuTTS
3HIKY€eThest o 3HadeHHs 0,01...0,013 B ymoBax 3mamryBaHHs. BusBieHo, 1m0 B
mapi  MO-nokpurts —  MIAO-moKpuTTs  aHTH(PUKIIIHI ~ BIACTHBOCTI
NPOSIBISIIOTECS B YMOBAax 3MallyBaHHS $K OJIMBOIO, Tak 1 Boxoro. Hwusbkuid
KOeQIIieHT TepTs A Napy HOKPUTTA-TIOKPUTTS y BUIMAAKY 3MallyBaHHS BOJOIO
MOSICHIOETBCS. ~ BUCOKMMHM  TiAPOQUIBHUMH  BIIACTHBOCTSIMH OKCHJTHHX
KOHTaKTYIOUMX ITOBEPXOHb, IO JI03BOJSIE PEKOMEH/YBaTH iX J0 BUKOPUCTAHHS Y
MiANTUITHAKAX KOB3aHHs (BKJIAHINAX) TiAPOTYPOiH.

TakuM YMHOM, NpPOAHANi30BaHO NPUYMHHM, SIKI OOYMOBIIOIOTH HHU3BKHN
KoeQillieHT TepTs 3pas3kiB 3 pi3HuUX MarepiamiB. JlocmimkeHO Ta TIOSCHEHO
JIOTUTLHICT, BHKOPHUCTAHHS 3alpOTIOHOBAHMX METOMIB IHXKEHEpii MOBEpPXHi IS
YOPHHUX Ta KOJIOPOBHX CILIABIB.
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[1] O.B.Cy66orin, B.B.Bbinosepos, O.0O.Bonkos, B.B.Cy66orina, B.M. IlleBios.
Opukuiitai BractuBocti MJIO-NIOKpUTTIB Ha aTiOMiHIEBHX cIutaBax. Bicauk HarionansHoro
TexHigHOTO YHiBepcuTeTy «XI1D». Cepist: MariHO3HaBCTBO Ta CATIP. Ne 2. 2022. C. 59-63.

[2] O.Volkov, V. Subbotina, Z.Kraievska, A. Vasilchenko and O. Lyubchenko,
Influence of carbon content on the strengthening characteristics of steels during AFSH.
Solid state phenomena. 1163 (2025) 11-18.

INFLUENCE OF VARIOUS SURFACE MODIFICATION METHODS
ON ENHANCING THE ANTI-FRICTION PROPERTIES OF FERROUS
AND NON-FEATURED ALLOYS

The study is devoted to determining the antifriction properties of iron-based alloys and
aluminum-based alloys in wear tests after applying different approaches to modifying their
surfaces. The results of modifying the surface of 65G steel samples using the additional
friction-strain hardening (AFSH) method and D16 aluminum alloy samples using the
microarc oxidation (MAO) method are considered. It is shown that the combination of
thermal and mechanical or physical and chemical effects initiates significant structural
changes in the surface and near-surface layers of the material. Studies of surface quality,
results of macro-, microscopic analysis, durometric and other types of studies explain the
relationship between the evolution of the microstructure and the change in properties in the
zone of friction-strain and physico-chemical effects on the surface.

VIIK 621.787

CTPYKTYPHI HEPETBOPEHHS I 3BMIHA
BJIACTUBOCTEM CTAJIEN, SIK PE3YJIBTAT
NOJATKOBOI'O ®PUKIINHO-IE®OPMALIIMHOTO
BILINBY

BoJakos 0.0., k.T.H., Cy00oTina B.B., 1.1.H.,
Harmionansauii TexHIYHU yHIBEpCUTET « XapKiBCHKUI MOMITEXHIYHUH IHCTUTYT», M. XapKiB
Bacuabuenko O.B., K.T.H.,
HanionanbsHU yHIBEpCHTET IUBLTEHOTO 3aXUCTy YKpainu, M. Yepkacu
JIioouenko O.B., 1.M.H.,
XapKiBCEKUH HAI[lOHATBHUN MEIUYHHUN YHIBEPCHTET, M. XapKiB

B ymoBax mOCTIHHOrO MiJBUINCHHS BHUMOI JO JOBIOBIYHOCTI Ta

0€3BiJMOBHOCTI MaIIMHOOY/NIBHUX JeTajieil 3pocTae mnorpeda y BIPOBaIKEHHI
TEXHOJIOTIH, 37aTHUX e(QEeKTHBHO MiABHUILYBaTH IXHIO 3HOcocTilikicTe. Ile
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0COOJMBO aKTyaJIbHO JUIA BY3JiB, IO (DYHKIIIOHYIOTH 32 YMOB iHTEHCHBHOTO TEpT,
3HAYHNX MEXaHIYHUX HaBaHTAXEHb 1 3MIHHHX Temmeparyp. ®PpukmiiiHo-
nedopMariifHuii BIUIMB Ja€ 3MOTY IJICCIIPAMOBAHO MOAHM(DIKYBaTH CTPYKTypy i
BJIACTHBOCTI Marepialy 3aBASKH OJHOYACHIH [ii JIOKaJIBHOTO HAarpiBaHHS Ta
wiacTHyHOi aedopmariii B 30HI KOHTakTy. [loeTHAHHS TEIUIOBUX 1 MEXaHIYHUX
YUHHHKIB CHPUYUHSAE TIHOOKY CTPYKTypHY TpaHC(hOpPMAII0 NPHUIIOBEPXHEBUX
mapiB, 1o 3a0e3neyye IMiJBUIICHHS TBEPAOCTi, BTOMHOI MIIIHOCTI Ta OIOpY
3HOIIYBaHHIO.

Oxpemoi yBaru MOTpPeOYIOTH CTaji 3 Pi3HUM BMICTOM BYTJICHIO, OCKUTBKA
XapakTep X 3MIIHEHHS CYTTEBO 3aJICKUTh BiJl XIMIYHOTO CKJIamy Ta BHXiTHOI
CTpyKTypu. BigmiHHOCTI B MeXaHI3Max CTPYKTypOYTBOPEHHS 3yMOBIIOIOTh
HEOOXIMHICTh TPYHTOBHOTO aHANi3y IX TOBEOIHKH 33 YMOB (PUKIIITHO-
nedopMaliitHoro HaBaHTaKCHHS, 30KpeMa 3 BU3HAYCHHSIM BHECKY JedopMamiiHoi
CKJIQI0BOI B 3araJbHUI €()EKT 3MII[HCHHS.

IIpoOnema gedopmariifinoro 3MilHEHHS MarepiaiiB TPUBAJIMN  dac
3aTUIIAETHCS MPEIMETOM HAYKOBHX JOCHTIKEeHb. OCHOBHI MEXaHI3MHU 3MII[HCHHS
METaJiB 1 CIUIaBiB MOJKHA y3arajJbHUTH TAKUM YHHOM:

1. ducrnokariiiiHe 3MIIHCHHS - 3POCTAHHS T'YCTHHHU IUCIIOKAIINA y MpoIeci
IUIACTHYHOI AedopMariii, 110 MiABUIIYE OMip Pyxy Ae(EKTIiB KPUCTATIYHOI IPaTKH
Ta YCKIIaJIHIOE TIoflaNbIy aedopmartito.

2. 3epHOrpaHWYHE 3MIITHCHHS - MOAPIOHEHHS 3epeH, 0coONMMBO eeKTUBHE
OpY  IHTCHCHBHIA IDIACTHYHIA  nedopmarii, ska copuse (OpMyBaHHIO
YIABTPaaPiOHO3EPHUCTHX | HAHOKPUCTAIIYHAX CTPYKTYP.

3. CuHepreTudHa Jist KUTPKOX MEXaHI3MIB 3a BEMKUX CTYICHIB aAedopmarii,
mo 3a0e3medye KOMIDIEKCHE 3pPOCTaHHS  MIIHOCTi, MIKPOTBEpAOCTI Ta
3HOCOCTIHKOCTI.

4. ®a30Bi Ta CTPYKTypHI IIEPETBOPEHHSA, a TAaKOXX TBEPIAOPO3UMHHE M
JUCTIepCiliHe 3MIIHEHHS.

Y pa3i moBepxHeBoro TtepmozaedopMallitHoro oO0poOieHHs (30KpeMa
KOMOIHOBaHOI TepMOMexaHiuHOi 00poOku abo ¢GpukuiiHO-Ae)OpPMAIIIHHOTO
3MIIHEHHS) TEMIepaTypHi TpafieHTH Ta Iudy3iiHI MPOHECH MOXYTh iHIIIIOBATH
(a3oBi mepeTBOpeHHs, YTBOpeHHs KapOimHux (a3 i QopmyBaHHS MiKpo- Ta
HAHOCTPYKTYp. 3a HaJBUCOKHX CTYNEHIB IUIaCTUYHOI Jedopmarii MoXiIHBe
3MEHIIEHHsT po3Mipy 3epeH 1o HaHomaciuTady (1-100 mM). ¥V Takux ymoBax
KJIacuuHa 3anexHicTe Xoiuta-Ilerda Moxke BTpauaTd JHIHHMH Xapakrtep: INpH
HaJIMaJMX pPo3Mipax 3epHa 3MIIIHEHHS 3a PaXyHOK MEX 3epeH 3MEHIIY€EThCs uepes
3MiHy MEXaHi3MiB IUTaCTH4HOI nedopmanii - 30KpeMa aKTHUBALII0 KOB3aHHS IO
Mexax 3epeH abo nndy3iiHO-KepOBAHUX TPOIIECIB.

AHami3 pe3ynbTaTiB  JOCTIDKEHHS JTOJATKOBOTO BIUTUBY  (PUKIiIHHO-
nedopMmartiiHoro ¢akTopy OOpoOJIeHHs TOBEpXHI Ha CTPYKTYpHUH CcTaH i
BJIacTHBOCTI ctaneit mapok 20, 45, Y7 i Y12 mix miero moaatkoBoro (GppuKIiiHO-
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nedopMalifHoro 3MIHEHHS II0Ka3aB, [0 OTPUMAaHHUN OAATKOBO 3MIITHCHHH
MOBEPXHEBUH IIap MOXKE CKJIAAATHCA 3 MapTCHCHTY, SIKHMH 3a3HaB IHTCHCHBHOI
nedopmartii, mo i 3abe3nedye miABAIICHNH piBeHh MiKPOTBEPIOCTI.

BcranoBneno, mo koiau BMicT Bymiento nepesumrye 0,8 % y crami
(dopMmyeThcs Olnbllla KUTBKICTh CTPYKTYpPH 3aJIMIIKOBOTO ayCTEHITY, SKa 3HIKYE
piBeHb TBEPIOCTI, X04a W MOXKE YAaCTKOBO 3MII[HIOBATUCS BHACJIJOK MOAAJIBIIOTO
nedopmyBanHs moBepxHi. Came ToMy B craimi Y12 cmocrepira€rbcs MeHIIa
MOVHA 3MINHEHHS Ta HMKYa MIKPOTBEPIICTh MOBEPXHEBOrO «OLIOTr0 Imapy»
TICIIT Takoro OOpOONCHHS MOBEPXHI HUK y cTani Y7, mis sxoi medopmMariifHumi
BIUIUB Ha HasBHY MAapTCHCUTHY CTPYKTYPY € 3HAYHO €(heKTHBHIIINM.

OnHOYacHO 3 IMM, IIE€ OAHIEI0 BaKJIMBOIO YMOBOIO € CaMe€ TeMIIeparypa
HarpiBaHHSA B mporieci GpuKIiitHO-nedopmaniiHoro BruuBy. HeoOximHo, mob Taka
Temreparypa Oyna HIDKYOIO 32 KPUTHYHY, IIPOTE JOCTaTHHOIO It HaOyTTs
MarepiajloM CTaHy, KOJIM BiH 3[aTeH O HaKJIeNy 0e3 MOLIKOKEHb CTPYKTYPH Ta
CYIYTHIX HPOLECIB, SKi MOXXYTh HPU3BOAUTH JI0 PYHHYBaHHs MaTepiaiy. 3a TaKux
yMOB nedopMaliiiinuii BIUIMB HaOyBae HaHOUIBIIOT S(PEKTHUBHOCTI, OCKUIBKU
MapTEHCHUTHE IIEPETBOPEHHsI Iii Yac IMONEepesHbO IPOBEICHOrO TapTyBaHHS
BiZI0yJI0Cs HAilO1IbII TOBHO.

CrBOpuBIIK HEOOXi/IHI YMOBH JUIs 3MIIJHEHHS [TOBEPXHI y BUpPOOax i3 craiei,
HAaBiTh KOJIK BOHU BXKE 3MII[HEH] TEPMIYHHUM IIUIIXOM, JO MAKCUMAJIbHO MOXJIMBOTO
B TaKUH CIOCiO piBHSA, MOXKHA TOCATTH 1X €()EKTHBHOTO TOJATKOBOTO 3MIIIHEHHS 32
paxyHOK Je¢opMalifHOTO BIUIMBY B II€BHOMY TEMIIEpAaTypHOMY Miala3oHi, 3
peamizaniero edexra Xomma-Ilerda Ta cy03epeHHO-IUCIOKAIIHHOTO 3MIITHEHHS
TIpY KOMIUIEKCHIH Aii 00pOOIeHHS MaTepiaiy.

BusiBneHo, mo nogaTkoBuili BIUIMB (QpHUKIiTHO-IedopMamiifHOTO (QaKTopy
0OpOONICHHS TOBEPXHI peai3yeThCs CIIIPHEM BKIAIOM B KOXHOTO i3
3a3HaYeHUX MeToJiB. lle miATBepIKyeThCS TAaKMMHU 3MiHAMH y CTPYKTYypi Ta
BIACTUBOCTAX MaTepiayliB JOCHIIKEHHS, SK 3ApiOHeHHA 1 (parMeHTyBaHHA
CTPYKTypH Ha 3€pEeHHOMY Ta CyO3epeHHOMY pIiBHAX, [MiJBUIICHHS SK
MIKPOTBEPJOCTI TaK 1 piBHS {HIIMX MEXaHIYHUX XapaKTEPHCTHK y MTOBEPXHEBOMY
mrapi 3pasKiB TOIIO.

3anporoHOBAaHO  PO3LIMPUTH  MOXJIIMBOCTI  3aCTOCYBAaHHS  JIOZATKOBOTO
¢pukuiitno-nedopmaniiiHoro ¢akropy oOpoOJICHHS MOBEPXOHb ISl JJOJATKOBOTO
3MII[HEHHSI, HAaIlPUKJIaJ, Tap TepTs, BUPOOIB IHCTPYMEHTAIBHOI I'PYIH, Ta IHIIUX
BUPOOIB, SIKi ITOTPEOYIOTH IMiJBUIIEHOT TBEPJIOCTI Ta 3HOCOCTIIKOCTI IIOBEPXHI.

[1] O. Volkov, V. Subbotina, Z. Kraievska, A. Vasilchenko and O. Lyubchenko, Influence

of Carbon Content on the Strengthening Characteristics of Steels during AFSH. Solid state
phenomena. 1163 (2024) 11-18.
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[2] O.A. Volkov, Study of heat deformation influence in surface strain hardening of steel by
thermofriction processing. Eastern-European journal of enterprise technologies. 2 5(80)
(2016) 38-44.

STRUCTURAL TRANSFORMATIONS AND CHANGES IN THE
PROPERTIES OF STEELS AS A RESULT OF ADDITIONAL FRICTION-
DEFORMATION INFLUENCE

The article considers the modern view of the influence of the deformation aspect of
processing on the structural state and properties of steels from the point of view of a
combination of thermal and mechanical effects that cause significant structural
transformations in the surface layers of the material. The main mechanisms of strengthening
of materials with the participation of deformation effects are considered and their
characteristics are given.Using durometric studies and using the results of metallographic
analysis obtained earlier, the features of the relationship between the evolution of the
microstructure and the change in properties in the field of influence of surface deformation
are determined. Separate results of the influence of additional frictional-deformation
surface processing are presented and the influence of the deformation component on the
distribution of microhardness in the cross section of steel samples with different carbon
contents is analyzed.

VIIK 624.9

MOJAJBHUMN AHAJII3 BATATOIIOBEPXOBOI BYIIBJII 3
YPAXYBAHHAM OJHOCTOPOHHIX 3B’A3KIB

Kospoga B.O., acnipanTka
HHI «IIpugninpoBchKa Jep:kaBHa akaaeMis OyIIBHHITBA Ta apXiTEKTypH» Y KpaiHCHKOTO
JIepKaBHOTO YHIBEPCUTETY HAyKH i TEXHOJIOTIH, M. JIHIIpo
Boakosa B.€., n.1.H., npo.
JIHIIPOBCHKHIl IepiKaBHUI arpapHO-eKOHOMIUHHH yHIBEpCHUTET, M. J[Hipo

IIpu pospaxynkax OyniBenb Ha CEHCMiYHI BIUIMBH BaKJIMBUM € aJIeKBaTHE
BpaxyBaHHS HEJNiHIITHOT pOOOTH KOHCTPYKIIill TA KOHTAKTHOI B3a€EMOJIi €JIEMEHTIB.
OmauM 13 CrocoOiB  3OIMCHEHHS ILOTO € MOZEIIOBAHHS 3 BBEICHHAM
OJIHOCTOPOHHIX 3B’SI3KiB, SKi JO3BOJISIIOTH BPaxOBYBaTH MOJKJIMBICTH BiJIPpUBY
(byHmaMeHTy Bil OCHOBH ab0 POOOTH ENEMEHTIB JIMIIe Ha CTUCK YH PO3THAT.
Oco0iMBO aKTyalbHHM 1€ € s 3aJad NpsAMOro IMHAMIYHOTO aHajily Ta
JIOCJIJIKCHHS MTOBEIIHKU OyAiBeNb MPU IHTCHCUBHUX ITUHAMIYHUX HABAHTAXKCHHIX

[1].
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3rigro 3 Bumoramum JIBH B.1.1-12:2014 «bByxmiBHUOTBO B CceHcMiYHHX
paiioHax YKpaiHW» IpH PO3paxyHKy OyIiBIi Ha ceficMidHI BIUIMBH HEOOXiTHO
BpPaxOBYBaTH IUHAMIYHI XapaKTEPUCTHUKH, 30KpeMa BIAcHI (OpPMH Ta HYaCTOTH
koJmBaHb [2]. Jnst cknagHUX KOHCTPYKTUBHUX CHCTEM JIONIJIBHIM € 3aCTOCYBaHHSI
IPSMOTO TUHaMIYHOTO METOJY i3 BHKOPUCTAHHSM aKcejeporpaMm pealbHHX abo
CHHTE30BaHMX 3eMyeTpycis [3].

Mertor0 poOOTH € TOCTIHKEHHS BIUTUBY BBEICHHS OHOCTOPOHHIX 3B’53KiB Ha
JMHAMIYHI XapaKTepUCTHKH 0araToroBepxoBoi 3aji300€TOHHOT OyIiBii LUISIXOM
MOPIBHAHHA PE3yJIbTaTiB MOJAIFHOTO aHaJi3y BUXITHOI pO3PaxyHKOBOI MOZETI Ta
MOJIET 3 BBEICHIMH OJTHOCTOPOHHIMH 3B’ SI3KaMH.

Jnst  3miicHEHHS — aHaNi3y  BHKOPHCTaHO  PO3PaxyHKOBY  MOJEINb
6aratonoBepXxoBoi 3a1i300eTOHHOT KapKacHO1 Oy miBii, 300paxeHy Ha puc. 1 [4-6].
[IpocTopoBa >KOPCTKICTH 3a0€3MeuyeThbCcs KOPCTKMM 3 €THAHHSIM pHTENiB i3
KOJIOHAMH Ta JBOMa sApaMu KopcTkocTi. DyHmameHT OynmiBIi € IDIUTHUM.
OCHOBHI XapaKTepUCTUKH OyJiBIIi: po3MipH B IuiaHi — 1858 M, BUcOTa MOBEpXy —
4,2 M, IOBepXOBiCTh — 5 moBepxiB Ta | MiIBaNbHHUN, paiioH OyAiBHULITBA — M.
Huinpo [4-6]. Jlns mocnifpkeHHs OyJI0 CTBOPEHO MBI PO3pPaxyHKOBI MOJECTI Y
nporpamHomy komiuiekci SCAD. Ilepma Monens € BuXiJHOWO, a Jpyra — 3
OJIHOCTOPOHHIMU 3B’ SI3KaMHU.

OOHOCTOPOHHI  3B’S3KM  MOJENIOBAINCH 32 JIOIOMOTOI0  CKIHYEHHUX
eneMeHTiB Tuny 352. Taki eleMEHTH JO3BOJIIOTH BPAaXOBYBAaTH POOOTY 3B’S3KY
JWIIe B OJHOMY HAmpsMKy Ta BHKJIIOYaTH HOro 3 poOOTH NpH 3MiHI 3HAKy
3ycwis. BHKOpHCTaHHS —OJHOCTOPOHHIX 3B SI3KIB  JI03BOJISIE  MOJICIIOBATH
MOXIIMBHH BiJIpUB KOHCTPYKIII BiJl OCHOBH Ta JIOKaJIbHY BTpaTy KOHTAKTy MiX
enementamu cuctemu [7, 8]. Lle 3a0e3medye OUIbII peanxicTUYHE BimoOpaskeHHS
POOOTH KOHCTPYKIIIT ITiJ Yac JMHAMIYHUX BIUIHBIB.

VY pe3ynbTati po3paxyHKiB OTPUMAHO BJIACHI 3HAYEHHS Ta YaCTOTH KOJIMBaHb
JUIA TepIMX JecsaTh (opM, 3a SKUMH CTBOPEHO Tpadiku s TMOPIBHAHHS
pe3yNbTaTiB, MO BigoOpakeHi Ha puc. 2, 3. [TopiBHSIHHS pe3yJIbTaTiB MOKA3ajo, M0
BBEJICHHS OZHOCTOPOHHIX 3B’A3KiB MPHU3BOIUTH A0 301IbIICHHS BIaCHUX 3HAYECHB,
CYTTEBOTO 3HIDKEHHS 4YacTOT BJACHHX KOJHMBaHb, 3MIHM Xapaktepy Qopm
KOJIMBaHb; 3MEHILCHHS 3arajibHO1 >KOPCTKOCTI CUCTEMH.

Jnst meprroi Gopmu KoJMBaHb BiacHE 3HaueHHS 301MbpHIMIOCH Ha 42,5 %.
[Ipn npoMy crocTepira€Tscst 3MEHIIEHHsI 4acToTH Maibke Ha 30 %. Hus apyroi
dopMu KonmBaHB yacToTa 3MeHIIWwIack Ha 20 %, a mia Tpetboi — Ha 14 %.
Haii6inpime 3HIDKEHHS CIIOCTEpIraeTbesl JUIs 4eTBepToi (OPMH  KOJIMBAaHb —
6m3bK0 49 %. nst pemrtn GopM 3HIKEHHS 4acToT nepedyBae y mexax 30-45 %.

3rifH0 3 OTPHUMAaHWMH pe3yJbTaTaMH MOXKHAa 3pOOWTH BHCHOBOK, IO
BpaxyBaHHSI OJHOCTOPOHHBOI POOOTH 3B’S3KiB CYTTEBO BIUIMBAE HA JAWHAMIUHY
MOBEMIHKY KOHCTPYKIIii. I]e TOSICHIOEThCS MOKITUBICTIO JIOKAJILHOTO BUKJITFOUCHHS
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3B’S3KiB 13 poOOTH TpW 3MiHI XapakTepy 3yCWiIb, IO TPU3IBOIUTH IO
TIePEPO3IOALTY JKOPCTKOCTI CHCTEMH.

-
tﬁ% qiTm
'1T ||I ,;I" i EI'

i;i'hl" '||
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IE EE%E - EE_;;E{E’ i' 'EE%E!.}ET

Puc. 1. Po3zpaxyHkoBa cxema [4-6]

I'padixn 3anexxHOCTEH BIACHUX 3HAYEHB 1 YACTOT KOJMBAHb IiJTBEPIUKYIOTH
3arajbHy TEHJICHIUIO IO 3MEHIIEHHS XXOPCTKOCTI KOHCTPYKTHBHOI CHCTEMH IIpH
BpaxyBaHHI OJIHOCTOPOHHIX 3B’SI3KiB. 3HIDKCHHS YacTOT BIJIACHUX KOJIMBaHb
CBITYMTH TPO 301IbIIEHHS e()OPMATUBHOCTI CUCTEMHU Ta MOXKE CYTTEBO BILUTUBATH
Ha pe3yJIbTaTH CEHCMIYHOTO PO3PAXYHKY.

BignoBigHO [0 pe3ysbTaTiB AOCIHIIPKEHHS BCTAHOBJICHO, IO BBEACHHS
OJTHOCTOPOHHIX 3B’S3KIB CYTTEBO BIUIMBAE HA TUHAMIYHI XapaKTEPUCTHKU CUCTEMHU
Ta MPU3BOJUTH JI0 3HWKEHHS YaCTOT BJIACHHUX KOJIMBaHb. HaiiOlnble 3MeHIIeHHs
Y4acTOT CHOCTEpiraeThes Al 4eTBepTOi POpMHU KOJIMBaHb 1 gocsirae maibxe 50 %.
TakuM YMHOM, BHMKODHCTaHHS OJHOCTOPOHHIX 3B’S3KiB JIO3BOJIIE TOYHIiIE
BpPaxoOBYBaTH KOHTAaKTHY HEJIHIHHICTb, MOJIIMBICTh BTPaTH KOHTAaKTy MIiX
€JIEMEHTaMH KOHCTPYKILIii Ta JIOKalbHE BHUKIIOYEHHS 3B’S3KIB 13 poboTH.
Po3paxyHnkoBi Mopneni 0e3 ypaxyBaHHS KOHTAaKTHOI HENIHIHHOCTI MOXYTb
NIePEOLiHIOBATH KOPCTKICTh KOHCTPYKTHBHOI CHCTEMH Ta HE TOYHO BioOpakaTH il
JIMHAMIYHY TTOBEJIHKY .
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MODAL ANALYSIS OF A MULTISTORY BUILDING WITH
UNILATERAL CONNECTIONS

This paper presents a comparative modal analysis of a multi-story reinforced concrete
building for the initial design scheme and a model that takes into account unilateral
connections. The influence of adding unilateral elastic elements on the natural frequencies
and vibration modes of the structure is investigated. The analysis revealed a significant
reduction in natural frequencies and a change in the system’s dynamic characteristics,
indicating a decrease in the spatial stiffness of the model when accounting for the possibility
of unilateral connection behavior.
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VJIK 539.3

YUCJTOBUIM AHAJII3 KOHIIEHTPAIIIl HAITPYKEHb
INOBJIM3Y EJIIITUYHOI'O OTBOPY
B ®YHKIHIOHAJIBHO-TPAAJIEHTHUX IIVTACTHHAX
3 PI3HUX THUIIIB MATEPIAJIIB

I'apr E.JL, n-p ¢iz.-mart. Hayk, npog.
JlHinpoBChKHMiT HallioHaNBHWUI yHiBepcuTeT iMeHi Onecst [onvapa, M. [Hinpo

Tepwoxin b.I., PhD

InctutyT TexuiuHoi MexaHiku HAH Ykpainu i IKA Vkpainu, m. JHinpo

HasBHICTE OTBOpIB, 30KpeMa eNNTHYHOI POPMH, Y TOHKOCTIHHUX €JIEMEHTaX
KOHCTPYKIIH NPU3BOANUTH OO JIOKATBHOI KOHLEHTpamii HampyxeHp [l], mo €
OIHIEI0 3 OCHOBHMX MPUYMH II€PEAYacCHOTO pyHHYBaHHS Ta 3HIDKCHHSA
eKCIUTyaTaliiHOi JOBTOBIYHOCTI KOHCTpYKIii. TpagumiiiHi METOMU IIiIKPIiTUICHHS
KpaiB OTBOpIB YacTo HE 3a0e3MeuyroTh OaXaHOro e(EeKTy MO0 3HIKCHHS
KOHIIEHTpanii  HaIpy>XeHb. Buxopucranss (bYHKI[I0HaIbHO-TPa/IIEHTHUX
Mmarepianie  (@I'M), BIAaCTUBOCTI SIKHX 3MIHIOIOTBCS IOCTYIIOBO  3aBISIKU
BapifOBaHHIO MIKPOCTPYKTYpH Ta/ab0 CKIIajy, 1a€ 3MOry e(heKTHBHO BIUIMBATUA Ha
BeJIMUMHY KoedimieHTa koHueHtpauii Hampyxenb (KKH) [2, 3]. V 3B’sa3ky 3i
3poctaHHsaM poii ®I'M B pi3HUX ramy3sx TEXHIKH, 30KpeMa paKeTHO-KOCMIYHIH,
Ha(TOTa30BiH, CHePreTHUHIi Ta OyAiBeNbHIN cepax, aKTyaJTbHUM € JTOCIHIIKSHHS
HEOJHOPITHUX €IEMEHTIB KOHCTPYKINA 3 METO0 MiABHINCHHS iXHBOI MIITHOCTI Ta
EKCILTyaTaliiHOi JOBTOBIYHOCTI.

VY po6oTi BUKOHAHO KOMIT IOTEpHE MOJIENIIOBAHHS Ta CKIHUCHHOEJIEMEHTHHN
aHaii3 HanpyxeHo-nedopmoanoro crany (HJAC) mnpyxHux toHkux ®OI'M-
IUTACTHH 3 EJINTHIHUM OTBOPOM. J[OCHiIKEHO BIUIMB HAaNpSAMKy Ta IapaMeTpiB
HeomHOpiaHOCTI Marepiany Ha HJIC mmactuH. Po3misHyTO TpM BapiaHTH 3MiHH
Momyist ipykHOocTi T M-mnacTiuHu: TOPU3OHTATBHIH, paTiadbHUA Ta eTINTHIHO-
panianbHUN HaPSIMOK HEOJHOPIXHOCTI.

IToxazano, mo 3actocyBaHHI @I'M i3 3ampONOHOBAaHMM KyCKOBO-JTiHIHHMM
3aKOHOM 3MIHM MO/ MPYXHOCTI Ja€ 3MOTY CYTTE€BO 3HHM3WUTH KOHIICHTPAIIIO
HanpyXeHb NOONMHM3y eJNTUYHOIO OTBOPY B TOHKMX IUTACTMHax. Takuit edekr
JIOCSITAETHCSL 3aBISIKM OCOONMBOCTSIM 3aKOHY HEOJHOPIAHOCTI, SIKMH 3a0e3nedye
NepEepO3IOoIiil HalpyKEHb BiJl Kpal0 OTBOPY B HANpPSMKY OUIBLI <OKOPCTKOD» 00nacTi
OI'M-mnactunu (prc. 1-3), ge xkoedillieHT BiTHOCHOT )KOpCTKOCTI K > 2. OCKiIIbKY ¥
3aMpOIIOHOBAHOMY BapiaHTi 3aKoHy HeomHoOpigHOCTI PI'M-obmacth Mae OUTbIITY
JKOPCTKICTh TIOPIBHSHO 3 OCHOBHHM MAaTepiaJioM TUIACTHHH, II€ TAaKOX CIpHSE
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ICTOTHOMY 3MEHILICHHIO MAKCHMAJIbHUX JieopMaltii — OLIbII HK Y 3 pa3u OPIBHIHO

3 OJTHOPITHOIO TUIACTHHOIO.
O, (MPa) £x10°*
1.46 1.02
1.34 0.94
122 0.85
1.10 0.77
0.98 0.68
0.86 0.60
0.74 051
0.62 0.43
0.50 0.34
0.38 0.26
0.26 0.17
0.14 0.09
0.02 0.01
a) 0)

Puc. 1. Po3noxin inTencuBHOCTI HanpyxeHb o, (a) i Aedopmaniii g (6)

B ®I'M-nyacTuHi 3 eXINTHYHAM OTBOPOM Ta TOPH30HTAIBHOIO HEOTHOPIAHICTIO
£x10"

O} (MPa)
14.78 1.00
13.56 0.92
12.34 0.83
111 0.75
9.89 0.67
8.67 058
7.45 0.50
6.23 0.42
5.01 033
3.79 0.25
2.57 0.16
1.35 0.08
0.12 0.01
a) 0)

Puc. 2. Po3niozin inTencuBHOCTI HanpyxeHs o, (a) i aedopmariii € (6)

B ®I'M-1acTuHi 3 eMNTHYHAM OTBOPOM Ta PaJlialbHOIO HEOTHOPITHICTIO
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T T T 11T T o am | T | ..o
14.84 1.00
13.62 0.91
12.40 0.83
11.19 0.75
997 0.66
8.75 0.58
7.53 0.50
6.32 0.41
5.10 0.33
3.88 0.25
2.66 0.16
1.45 0.08
o 0.23 0.01

a)
Puc. 3. Posnozin iHTeHCHBHOCTI HanpykeHb o; (a) i nedopmaniit g (0)

B ®I'M-miacTrHi 3 eMNTHYHIM OTBOPOM Ta EIINTHYHO-PATiaIbHOK HEOTHOPITHICTIO

Pe3ynbpraTH 4HMCIOBOTO JIOCHIPKEHHS BIUIMBY MEXaHIYHHUX 1 F€OMETPUYHHUX
xapakrepuctuk PI'M-mactuHM Ha KoHueHTpauiro mnapamerpie HJAC nob6nusy
SJINTUYHOTO OTBOPY B TOHKHMX IUIACTHMHAX [OKAa3ald, MO 3aCTOCYBaHHS
3aIIPOIIOHOBAHOTO KYCKOBO-JIHIHHOTO 3aKOHY 3MIiHM MEXaHIYHHX BJIACTUBOCTEH
MaTepiany gae 3Mory cyTTeBo 3MeHInTH Bennunay KKH (Oimemn Hik y 3 pasn), a
TAaKOX BIANOBIMHY IHTCHCHUBHICTh HedopMarmiii MmoOau3y OTBOPY IUIL BCIX
PO3TIISIHYTHX BapiaHTIB HANpPsAMKIB HEOTHOpimHOCTI. BcraHoBnmeHO, MmO s
KO)KHOTO BapiaHTa 3MiHH MOZYJA TPYXHOCTI ICHYIOTh BIIacCHI palioHaIbHI
napaMeTpH HEOHOPITHOCTI.

Opepxani 4yucioBi pesynbratd it OI'M-miacTuH Ta iX TMOPIBHSHHS 3
pO3B’sI3KaMK  JUISl  OJTHOPIZAHOI IUIACTMHM MOXYTh OYTH KOPHCHUMH IIijJi d4ac
PO3pOOJICHHST HOBHX MartepiaiiB i3 3aJaHUMH XapaKTepUCTHKaMHu. BusHadeHi
paIioHanabHI MapamMeTpyu HEOAHOPIAHOCTI Ta OTPUMAaHI YUCIOBI PO3B’A3KH MOXYTh
Oyt Oe3mocepenHbO BUKOPHCTaHI TiJg 4Yac MPOEKTYBaHHA U omTuUMizamii
TOHKOCTIHHMX KOHCTPYKIIM 13 KOHIEHTpaTOpaMH HaIpyXeHb 3 METOI0
MiABUIICHHS IXHBOI HECYYO0i 3JaTHOCTI Ta JOBIOBIYHOCTI.

[lepcriekTHBHUM HANpsIMOM ITOJIANIBIINX JIOCHI/PKEHb € aHali3 BiumBy OI'M y
TOHKOCTIHHUX IUIACTHMHYATO-O000JIOHKOBHX €JIEeMEHTaX KOHCTPYKIH 3 OTBOpaMu
pi3HOi KOH(irypamii Ta NOIIYK palioHaJNbHUX IapaMeTpiB HEOJHOPIAHOCTI,
CIpsIMOBAaHMX Ha 3HIDKEHHS KoHUeHTpanii napamerpis HJC.

[1]. W.D. Pilkey, D.F. Pilkey, Z. Bi. Peterson's Stress Concentration Factors, 4th Edition. —
New York: Wiley, 2020. — 640 p.

[2]. V.S. Hudramovich, E.L. Hart, B.I. Terokhin. Stress concentration around a circular hole
in thin plates and cylindrical shells with a radially inhomogeneous inclusion // Selected
Problems of Solid Mechanics and Solving Methods. Advanced Structured Materials:
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Collected Work. — Cham: Springer, 2024. — Vol. 204. — Chapter 18. — P. 249-264.
https://doi.org/10.1007/978-3-031-54063-9 18

[3]. E.L. Hart, B.I. Terokhin. Methods for reducing stress concentration around holes in thin
plates and cylindrical shells with annular radially inhomogeneous inclusions // International
Applied Mechanics. — 2025. — Vol. 61, No. 3. — P. 359-368. https://doi.org/10.1007/s10778-
025-01359-0

COMPUTATIONAL ANALYSIS OF STRESS CONCENTRATION NEAR
AN ELLIPTICAL HOLE IN FUNCTIONALLY GRADED PLATES
WITH DIFFERENT MATERIAL TYPES

Computer simulation and finite element analysis of stress concentration near an elliptical
hole in thin plates made of functionally graded material (FGM) under uniaxial tension were
carried out. The effects of the direction and variation law of the plate material heterogeneity
on the value of the stress concentration factor was analyzed. Rational parameters of the
FGM plate heterogeneity were found for the considered problems, which allow reducing the
stress concentration factor to ~70%. At the same time, a mechanical effect is observed.: the
use of FGM for a plate with the proposed law of change of the elastic modulus leads to a
decrease in the intensity of both stresses and strains near the hole.

VK 621.924.9

OIIHKA 3HOIIYBAHHSA TEXHIYHOT'O IPOBY IIPU
JAPOBOCTPYMIHHI METAJIEBUX BUPOBIB

I'opuk O.B., 1.1.H., npod., Koaasuyk C.b., 1.T.H., npod.,
bpuxkyn O.M., K.T.H., 101., Pa60oB A.M., acnipant
[MonTaBchKMil NepikaBHUI arpapHHil yHiBepcHTeT, M. [TonTaBa

[Mig crifikicTIO M0 3HONIYBaHHA (MPalEe3qaTHICTIO) TEXHIYHOTO Apo0y CIij
PO3YMITH KUTBKICHY OIHKY 32 OZHHM a00 NEeKiUTbKOMa IMMOKa3HUKAMH CTYIICHS
BIAMOBITHOCTI Jpo0y CBOEMY TPH3HAYEHHIO IPH BHKOHAHHI TEXHOJOTTYHOT
omepamnii JIpOoOOCTPYMHUHHOTO OYHIIEHHS METAJeBUX BHPOOIB BiJl OKHUCHHX
BIJKJTAJICHb | MEXaHIYHMX BKJIIOYCHb. B 3B’S3Ky 3 UM CIiJ BiAMITHTH, IO
IpOOOCTPYMUHHE OYHMIICHHS € OJHUM 3 HaHOUIbII IOIIMPEHUX CIIOCOOIB
CTPYMUHHO-a0pa3uBHOi 00poOku [1-2]. ToMy mpu OMiHIN CTIHKOCTI TEXHIYHOTO
Jpo0y 3HOITYBAHHIO CTIMPATUMEMOCS Ha BiIOMi KpUTEpii OIIHKH IMpare3aaTHoOCTi
a0Opa3uBHUX 1HCTpYMEHTIB [3-4]. Takumm KpUTEpiIMH € HACTYIHi: MHUTOMA
npoxykrueaicts P=Q, /Q, ; nurommii 3Hoc abpasuBy 0=Q,/Q, ; muroma

M2
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IPOAYKTHBHICTh Ha OAMHHIO HopManbHOi cuin K =Q, /F  ra immi. Lli kpurepii
HOB’s13aHi Oe3nocepesibo 3 00°eMoM 3HouIeHoro abpasuBy Q, (Macoro M, ), Ta
3uAToro Merany Q. (M, ) i HOPMaJBHOI CKIANOBOIO CHJIM Ail abpasuBy Ha
00pob6moBany mnoBepxHio F, . IIpakTukoro BCTaHOBIEHO, IO iHTEHCHBHICTH
3HOIIYBaHHA TexHiuyHoro gapo6y U, mpomopuiiiHa Maci apoby Mg,
3aBaHTAXXEHOTO B CHCTEMY JKHBJICHHS APOOOCTPYMUHHOTO anapary. [HTeHCHBHICTh
3HOLIYBaHHS IpoOy BH3HAYAIOTh TaKUM YMHOM. Hexail y mMomeHT wacy t maca
npoby ckmamnana M, ay moment t+At — maca M —AM . To6to 3a gac At maca
Ipo0y 3meHmmnacs Ha Benumauny AM . Bignomenns AM/Ate cepenuboro
iHTeHCHBHICTIO 3HOmyBaHHsA. Ilpm At—>0 Mexa [BOro BiITHOLICHHS
AItl_r’p0 AM /At =dM[dt =U,, i € IHTEHCUBHICTIO 3HOUTYBaHHA Apo0y Y MOMEHT 4acy

t.

OCHOBHUM KpHTEpIEM Ipare31aTHOCTI abpa3sMBHOTO IHCTPYMEHTY BBa)KarOTh
MOKa3sHUK O =1/p, sKWi BCTAHOBIIOE CHIBBIAHONIEHHS MiK 00’ €MOM
BUTpaueHoro abpasuBy Q, 1 o0’emom BupmaneHoro werama Q, . [

JIPpOOOCTPYMHUHHOTO OYHMIIEHHS IiKaBuM Oyme i TpeTiii mokasHWUK K, OCKiTbKH

HOpMajbHa cuila F, mpomopuiiiHa MBHAKOCTI aTakyrouyoi APOOMHKH V 1 KyTy

aTaku « , AKi € TEXHOJIOTIYHIMHU PEXUMaMH IPOOOCTPYMHHHOI 0OPOOKH.

OuiHka mpane3laTHocTi Apo0y 3a MepuMM  KPHUTEpIEM  ITHTOMOIO
npoxyktuBHicTio npouecy ( P=Q, /Q, ) namu poskpurnii B [5]. TyT posrisHeMo
HACTYITHI KpUTEPil CTOCOBHO IPOOOCTPYMHUHHOTO OYHINEHHS CTaleBUX BUPOOIB i
MOB’s3aHi 3 HHUMH JEAKi OCOOJHBOCTI JUHAMIYHOI B3aEMOMIl JPOOMHOK 3
aTaKOBaHOIO MOBEPXHEIO.

XapakTepHUM IIOKa3HUKOM €(EeKTHBHOCTI JPOOOCTPYMHUHHOTO OYMIIECHHS
SBJISIETHCS TIMTOMHI 3HOC adpa3vBHOTO MaTepiany (, SIKMi MOXke OyTH BUP)KEHUN

Y BUIIIAJII HACTYITHOTO BiTHOIICHHS

qzusnt/MM:Mdp/MM ! (1)
ne M, — BTpadyeHa 3HONIYBaHHAM Maca TEXHIYHOTO Npo0y HAa OYMIIEHHA 3a
neskuit yac t edexTrBHOI poOOTH APOOOCTPYMHHHOTO COIUIA, HANPHKIIA[, 32 Yac
crifikocti apoby T ; M, — Maca BHAQJIE€HOr0 MeTally 3 OBEpXHI 00pOOIIFOBAHOTO

BUpOOY 3a ToM ke yac t=T .

3a HaBeJICHWM BiJHONICHHSM MOXHA CYIHWTH, SKa Maca TEXHIYHOTO IpoOy
BHUTPAYAETHCS HA BUAAJICHHS 3 TOBEpXHI 00p0oOIIOBaHOTO BHPOOY ONUHUIN MacH
MeTasry. YWM MeHIe BiIHONIEHHS (|, THM eQeKTUBHINIE IpOOOCTPYMUHHE

OYHIICHHA.
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Peamizamis Bupa3y (1) mpuBOIUTH 10 Takoi KiHIEBOI (GopMyIH BH3HAUCHHS
MUTOMOTO 3HOIITYBAaHHS TEXHIYHOTO APO0Y

q4=28B,,(1-¢°)/Q,dp, (1+¢°)n, @)
ne B, — momaua mpoGy uepes APOOOCTPYMUHHE COMIIO 33 OJMHMINO 4acy, KT;
@=d, ,/d, — xoediuieHT, BU3HAYEHHI SK BiIHOILICHHS IOYAaTKOBOTO JiamMeTpa
JpobuHky d, 10 HMXYe HACTYNMHOTO AiaMerpa d, , MapaMeTPUYHOro PsIy 3a 4ac
epexktuBHOI  pobotm  t=T; Q —  TIOBEpXHEBa  IMPOAYKTUBHICTh

JpOOOCTPYMHHHOTO COIIa; O — BENWYMHA (TOBIIUHA) 3HIMAEMOTO MPUITYCKY ~
mapaMeTpy LIopcTkocti o0poGnenoi mosepxHi R, [6]; p, — TrycruHa

00po0IIIOBaHOTO MeTaly; N — KUIbKICTh LIMKJIIB BUKOPUCTAHHS APOOY.

Tak, HanpuKIag, IPoOOCTPYMUHHE OYMIICHHS 3BApPHUX KOPIYCiB €MHICHHX
arnapariB, BUTOTOBJICHHX 3 JIMCTOBOI HHU3bKOBYyrJeneBoi cranmi 10, 3a HacTymHUX
MOKa3HHUKIB TEXHOJIOT'IYHOTO KOMIUIEKCY: NPOOOCTPYMUHHUI anapaT HarHiTaJlIbHOT
nii 3 emHicTio kamepu 200 1; aGCONMIOTHUN THCK CTUCHEHOTO IOBITPS B Kamepi
amnapary P, = 7 0ap; TexHiuHMH Api0 — cTaneBuil roctpokyTHui 3rigHo 3 JCTY
3184-95, nomep 1,0; miamerp ApOOHMHKH, JOBEAEHOI 1O KPUTHYHOro craHy, d, ,
=0,8 MM, micis N=400 nukIiB; MacoBa mojaavya ApoOy yepe3 ApoOOCTPYMHUHHE

cowo B, =25 kr/xs; ToBmmuHa npunycky 0 ~0,1 mm; noBepxHeBa

IPOYKTUBHICTE jpobocTpymMunHoro comia Q; =0,1 M%/xB xapakTepusyeTbcs,

mpu ¢’ =(d,, /dn)3 =0,82=0,512 i ryctuHi 0OpOGIIOBAHOTO  MeTaly
p, =7800 kr/m®, mapamerpom @ =0,52. Takuii NOKA3HUK CBIMYMTH MPO TE, WIO
Ha BUJaJICHHs Macu MeTany | kr Butpayaersest ~ 0,52 kr TexHiuHOTO ApOOYy.

[MuTomMe 3HOIIYBaHHS TEXHIYHOTO ApPO0Yy XapakTepu3ye EKOHOMIUHICTh i
e(heKTUBHICTh JPOOOCTPYMHHHOTO OYHMIICHHS, Ja€ MOXIUBICTh PO3paxyBaTH
TEXHOJIOTIYHY CO0iBapTICTh APOOOCTPYMHUHHOTO OYHMIIEHHS, BU3HAYUTH TEXHIYHY
XapaKTEePUCTUKY MPUCTPOIO JUIsl BHUAAJCHHS METAJEBOro MUy 3 po0o4oi 30HU
JpOOOCTPYMHUHHOTO OYMIICHHS 1 3BEpPHYTH yBary TEXHOJIOTIB Ha BCTaHOBIICHHS
panioHaJIbHUX TEXHOJIOTIYHUX PEKUMIB APOOOCTPYMiHHS.

[1]. Basdeki M., Apostolopoulos C. The Effect of Shot Blasting Process on Mechanical
Properties and Anti-Corrosive Behavior of Steel Reinforcement. Metals. 2022. 12(2) : 275.
https://doi.org/10.3390/met12020275

[2]. ®isuko-maremaTHuHa Teopis mpoueciB 0OpOOKM MarepiajgiB Ta TEXHOJOTIT
MamuHoOyayBanus: [MoHorpadis]; B 10-tu 1. T. 4: Teopis abpa3uBHOI Ta aaMa3HO-
abpasuBHOi 00poOku MmarepianiB / 3a 3ar. pex. ®. B. Hosikosa, O. B. SkimoBa. Oxeca :
OHITY, 2002. 802 c.

69


https://doi.org/10.3390/met12020275

Martepianu X1 Mixkaapo1HOT HAYKOBO-TEXHITHOT KOH(EpeHTIii
AKTYAJIbHI ITPOBJIEMU THXXEHEPHOI MEXAHIKH 20—22 tpasus 2026 poky
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MIDKBiTOMY. HayK.-TexH. 30. KpormuBaunpkuii : [[HTY, 2017. Bum. 47, 4. 1. C. 72-78.
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wear with the use of laser scanning microscopy. Scanning. 2014, Vol. 36. P.53-63.
https://doi.org/10.1002/sca.21088

[5]. Topuk O. B., Bpukyn O. M., Uepnsik P. €. OriHka nmpane3JaTHoCTi TeXHIYHOTO ApoOy
Opu IpoOOCTPYMUHHOMY OWYMINEHHI METaJeBUX IIOBEPXOHb. [lepcnekmugu i menoenyii
PO36UMKY KOHCIMPYKYIU Ma MEXHIYHO20 CepBicy CilbCbKO2OCNOOAPCLKUX MAWMUH T 3HAPAOL .
36. te3 III Beeyxkp. Hayk.-npakt. kou¢. Xuromup : )KTAK, 2017. C. 64-67.

[6]. Topuk O. B., Koamsuyk C. B., Bpukyn O. M., Yepnsk P. €. IIporrosyBaHHs:d
IIOPCTKOCTI METAJEBHX IMOBEPXOHb JETaled MAIMH IPU APOOECTPYMEHEBOMY OYHILCHHI.
Bichux Odecvroi deporcasnoi axkademii 6ydisnuymea ma apximexmypu. 2016. Bun. 63.
C. 38-43.

ASSESSMENT OF WEAR OF TECHNICAL SHOT DURING SHOT
BLASTING OF METAL PRODUCTS

The issue of assessing the wear of technical shot used in the process of shot blasting of
metal products is considered. It is noted that for the analysis of shot efficiency, it is
advisable to use known criteria for assessing the performance of abrasive tools, in
particular, specific productivity and specific abrasive wear. Particular attention is paid to
the specific wear rate of shot, which determines the ratio between the mass of abrasive
consumed by wear and the mass of metal removed. The influence of the main technological
parameters of shot blasting on the specific wear rate and the possibility of using this
indicator to evaluate the efficiency of the process and determine rational cleaning modes
are shown.

70


https://doi.org/10.1002/sca.21088

Martepianu X1 Mixkaapo1HOT HAYKOBO-TEXHITHOT KOH(EpeHTIii
AKTYAJIbHI ITPOBJIEMU THXXEHEPHOI MEXAHIKH 20—22 tpasus 2026 poky

YK 621.039.7:666.9

TOCJIILKEHHSI OB’€EMHMX JE®OPMAIIIA
TEOLIEMEHTHUX KOMIAYH/IB I3 IMITATOM
BOPBMICHUX PIIKMX PAJIOAKTUBHUX BIIXO/IB

I'ysiii C.I'., K.T.H., C.H.C.
JepxaBHa ycTtaHoBa “[HCTHTYT reoxiMii HAaBKOJIHMITHBOTO CEPEIOBUINA HAIIOHAIBHOT
akazemii Hayk Ykpainu’, M. Kui
Kypcbka T.M., K.T.H., 1011.

Harmionansauii yHiBepcutet “Onechbka noiirexsika”, M. Oneca

Hocmimkenass o0'eMHHX  gedopMmamiii  [MEMEHTHHX  KOMIAYHAIB i3
OOpBMICHUMH pIOKHMH pagioakTuBHUME Bimxomamu (PPB), € xkputmaHO
BOXJIMBUM €TarloM /sl 3a0e3MeueHHs JOBrOCTPOKOBOI O€3IeKH IpU 3aXOPOHEHHI
pamioakTHBHUX MaTepianiB [1-3]. BaxkiuBO BIAMITHTH MAESKI acCHEKTH, IO
BIUTMBAIOThH Ha 00’ eMHI 1edopmariiii, a came:

- ckiuang PPB — BKIIOYEHHS KOHLEHTPOBAHUX COJbOBUX PO3YMHIB (iMiTaTiB)
BIUIMBAE Ha KpHUcTamizamiro. [Ipu oXomopkeHHi iMiTaTiB, SIKi MiCTATh METa- 94
TeTpabopaTH HATPIiIO, BUHUKAIOTH SIBHINA MEPEOXOJOPKEHHS Ta CHOHTAHHOT
KpHCTai3aii, 0 CIPUYHHSIIOTH BHYTPIIIHI HAPYKEeHHsI Ta 00 €MHI 3MiHH;

- BOJOTBepAHE uM BojouemeHTHe Bimuomenus (B/T, B/II) yuMm Buie, TUM
30LTBIIYIOTECS TIOKA3HUKU KaIUIIPHOT MOPUCTOCTI, 3MEHIIY€ETHCS IIUTBHICTD,
MiJBUIIYETHCS BOJOIOTIMHAHHS, 110 B CyMi NPU3BOJUTH JO 30UIBLICHHS
ycaaku Ta 1e(hOpMaTHBHOCTI;

- BUKOpPHUCTaHHS nJ00aBOK (LIIaKiB, ILEOJITYy) Yy BHIJISAI JMCHEPCHUX
HAIOBHIOBAYIB CIIPHAE 3MiHI po3noairy 00’ eMHUX aAedopMalliii;

- IJacTHYHI Ta TpyXHI Jedopmarii — 30UIBIIEHHA  KOHIEHTpAIii
HalOBHIOBAYIB MPHU3BOAUTH JO 3MiHH JKOPCTKOCTI KOMIAYHIIB 3aBISKH
3pOCTaHHIO YaCTKU IIACTHIHUX Je(hOopMaIlii;

- TpIIIMHOYTBOPEHHS — HEPiBHOMipHA KpHCTaJli3allis cojei OopartiB HATPilO B
CTPYKTYpl UEMEHTHOrO KaMEHIO TpPH KOJHUBAHHS TEMIIEpaTyp CIPUYUHSIE
MOSIBY MIKPOTPIIIXH, IO BIUIMBAE HA TEPMETHYHICTh KOMITAYHITY.
BpaxoByrour BHIlIE HaBEJCHI aCMeKTH, Uil 3MEHLICHHS IIKIIJTHBHX

nedopMalliid, a TaK0K BU3HAYCHHS ONITUMAJIBHOTO 00’ €My 3allOBHEHHS METaJIEBUX

KOHTEHHEpIiB KOHIUIIHOBAHUMH PaJiOaKTUBHUMHU BIIXOJaMH, PEKOMEHIYEThCS

BUKOPHCTOBYBATH T'€OIOIMEPH/TEOIIEMEHTH Ha OCHOBI METaKaOJiHy, IIJIaKiB, 30T

3aMICTh TOPTJIAHIIEMEHTY, IO O3BOJIATh 3HM3UTH 00 €MHiI nedopmarii Ta

M IBUIIATH MIITHICTh 3 9acoM y 1,5 — 2 pasu [4, 5].
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VY mpezncraBieHOMY AOCTiIKEHHS HaBEACHI JaHI IMIOAO BIUIMBY iMiTaTy Ha
JIeOpMaTHBHI BIACTHBOCTI KOMIIAyHIIIB HAa T€OIIEMEHTI MOPACHITOBOTOO THITY. Y
AKOCTI  3aTBEp/KyBada BHKOPHCTAIM MEJNEHHH NOMEHHHH mwuiak. Sk
CTPYKTYPOYTBOPIOIOUY T00aBKY — MEJICHUH 11eoiT. SIk OOpBMICHHMIA iMITAT, aHATIOT
PPB 3amnopixcekoi AEC [5], % mac.: Na,B4O7-5H,0 — 36,1; NaNO3 — 7,8; NaOH
—13,0; KOH - 2,1; NaCl - 0,3; Fe;03;— 0,3; H20 — 39,8. [lo cknaay iMiTaTy Takox
Bxoguwnu SrCly'6H.0, CsNOs Ta I1AB, ski B cymi ckmagamu 0,5 %. I'yctuna
imiTaTy cTanosuna 1,54 r/cm®, 3aranpuuii BMicT coneii — 60,2 %.

Onrtumizaliio CKJIajiiB KOMIAyHiB Ha OCHOBI KOMITIO3MLIitHOrO neMeHTy V
TUIly MOPJAEHITOBOTO CKJIaay NPOBOIMIM 3 BHUKOPHCTaHHSM TPH(AKTOPHOTO
CHUMIUICKCHOTO  IIEHTPAIbHOTO IUIAHY ©KCHePHMEHTY B  MaTeMaTUYHOMY
cepenoBumi STATISTICA 12 3 peamizarmieto creniadbHOI KyOidHOI MOJemi, sKa
BPaxoOBY€ HE JiHIHHICT BIUIMBY (paKTOPIB Ha BIACTUBOCTI BHUXiTHHX IapaMeTpiB.
VY skocTi (hakTOpiB BapitoBaHHS 00paHO BMICT: 3aTBEpIXKyBada Ta IICONITY Bill 5 10
15% (daxropu X1 i X2), Bmict imitaty Bix 10 mo 50% (daxrop X3).

3MilnyBaHHS CKJIAJOBHUX KOMIAYHIIB — TE€OLEMEHTY, LUIAKy Ta IEOJiTy
3pificHOBaM 3 migirpituM 10 60°C iMiTaTOM y CIHiBBITHOIICHHSIX, HABEACHUX B
tabm. 1.

Tabmums 1
CkJ1aqi KOMITayH/IiB Ha OCHOBI T€0L[EMEHTY MOPJIEHITOBOTO THITY
(Na20-Al;03-8Si02-15H,0)

Touku nany Komnonenthuii cknan, %
l'eoniemenT | 3aTBepmxyBad Ieomit Imitar
1 70 5 15 10
2 60,01 8,33 8,33 23,33
3 70 15 5 10
4 70 10 10 10
5 40 5 5 50
6 55 10 5 30
7 55 5 10 30

ITokasuuku 006’eMHHX Aedopmariiii ycaakn/po3IMIMPeHHS BU3HAYalIM Ha
KyOnkax po3mipamu 3x3x3 cMm micis iX TBepaHEeHHs mpu Temmeparypax 100°C
npoTsroM 4 rof. (ToYka BiIUTIKY) 10 MPUHHATAM B Y KpaiHi METOTUKAM.
3miHa 3HaUeHb 00’ eMHUX AedopManiil ycaaku/po3MUpPEeHHs B 3aJIS)KHOCTI Bif] yacy
TBEpAHCHHS 32 HOPMAJIBHUX YMOB HaBe/ieHa B Tabi. 2 1 Ha puc.2.
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Taomuus 2
06’ emHi gedopmartii ycaaxkw/po3mupeHHs] KOMIAYH/IIB

Toukn Yac TBepAHCHHS, Oi0

IJIaHy 0 1 2 7 14 21 28
1 0 0 -0,65 0,343 3,129 | -0,965 0
2 0 1,66 0,014 0,984 0,967 0,984 0,645
3 0 -1,29 0 0 -1,29 -0,983 | -0,983
4 0 -1,6 -2,25 -1,297 -2,25 -2,595 | -1,946
5 0 -0,032 0,32 0 -0,65 -0,357 0
6 0 0,299 -0,62 0,065 -0,58 -0,942 | -1,583
7 0 1,235 1,36 1,002 -0,29 0,032 0,646

Sk BumHO 3 maHWX TaOi. 2 i pHC., BCIM CKJIaaM KOMIIAyHIIB IIpUTAMaHHA
3MiHa 00’€MHHUX JeopMalliil ycaaKu/po3UIMpEeHHs Ha MPOTsI31 TEPMiHy TBEpIiHHS
BHACJIIJIOK MPOLIECIB 1 CTPYKTYPOYTBOPEHHS, 1 KPUCTAJi3alii CKIIaIOBUX IMITaTYy.

4
—r71l —12 3 —T14 —715 6 ——717

ov, %

30

T, 110
Puc. 2. 3mMiHN 00’ €MHOT yca Ki/pO3IIMPEHHS KOMIIAYH/IB B 3aJIS)KHOCTI Bij
CTPOKiB TBEpAIHHSA

Crabimnizaris 3Ha4eHb 00’ €eMHUX AedopMalliif ycaaKu CIOCTePIraeThCs MiCs
7 nobu Ta 28 mobu TBEpAHEHHS 1 XapaKTepHa JJIS CKJIaAiB KOMIAyHIiB — T3, T4 i
TS, IO MICTATH B CBOEMY CKJIaJli MiHIMaJIbHY Ta MAaKCHUMaJIbHY KUIBKICTH iMiTaTy —
10 i 50%. [na xommayHay ckiangy T2, mo mictuth 23,3% imiTaTy, XapakTepHa
CTa0UIBHICT 00’€MHOTrO PpO3LIMPEHHS Ha TPOTsI31 BCHOTO MPOMIXKKY dacy
TBEpAHCHHS, a ISl CKJIAAIB KoMmayHaiB 16 1 T7, mo wmictate 30% imitary,
XapaKkTepHUH IposiB cTabibHOCTI 00’ eMHOT AedopmMarii ycaaku.

3 npakTHYHOI TOYKM 30py 4uM Oinbmie OopsmicHoro PPB  Oyze
KOHIUI[IIOBAHO, THM MEHIIEC OyAe 3aqiTHO METaJeBUX KOHTCHHEpIB i3
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BpaxyBaHH;IM 00’eMy 1X HarmoBHEeHHs! KoMnayHa1oM. ONTHMaNbHO, Ha HAII OIS,
€ KOHAWIIFOBaHHS OOpBMICHOTO imiTaTy B KiybKocTi Bix 20 1o 30%.

1. Csunmepckuit B.A., T'myxosckmii B.B., I'myxoBckmit W. B., Jlamkosa T.C.
TexHONOTUH OTBEPXKACHUS JKHIKHX paJUOAKTUBHBIX OTXONOB. SlnepHa Ta paxiauiiiHa
Gesneka, 2019, 1(18), C. 68-74.

2. I'ysiit, C.I'. Oco6aMBOCTI KOHIUIIIOBaHHS YHMapeHUX OOPBMICHHUX pPaliOaKTUBHHX
BIZIXO/IB aJIFOMOCHJIIKATHUMH MaTpHIpsiMu. 30ipHUK HaykoBuX mparp X VIII MixHapomHOT
HayKOBO-TIPAaKTHYHOI KOH(epeHMii «AKageMiuHa i yHIBEpCUTETChKa HayKa: pe3yJbTaTH Ta
nepcrektusmy», 09 — 12 rpynus, [lonrasa: [TonTaBchka nomitexHika, 2025, c. 238-240.

3. I'ysiit C.I', Ilpucsoxkna O.B., I'ysiit O.1. (2024). Exonoro-¢peHoMeHOOTIUHI Ta
MaTeMaTHYHI MiAXOAM TIO0 KOHJWIIIOBAHHIO YNapeHHX PaJiOaKTUBHUX  BIiJAXOJIB.
MixHapoiHa  HAayKOBO-TEXHiUHa KoH(epeHmis “MopaenroBaHHS Ta  ONTHMI3aIlis
oynisenprux kommo3utis” (Ceminap MOBK), 05-06 rpyansi, Oneca, 2024, c. 7-10.

4. Pozko A.M., ®enopenxko 0.I'., OmpxoBuk 10.0., [Tapmumma I'.I1. Mexa minHOCTI
Ha CTUCK KOMIIayHIiB, OTPUMaHUX IIPH LEMEHTYBaHHI BHCOKOCOJBHOBHX OOPBMILIYIOUHX
PPB reononimepuumu 38’ s3yrounmu. ['eoximis TexHoreHesy, 2020, 2, c. 96-101.

5. Rozko, A., Fedorenko, Y. & Guzii, S. Conditioning of boron-containing LRW with
composite binders. Academic Journal Industrial Machine Building Civil Engineering, 2025,
1(64), pp. 130-135.

STUDY OF VOLUMETRIC DEFORMATIONS IN GEOCEMENT
COMPOUNDS CONTAINING A SIMULANT OF BORON-CONTAINING
LIQUID RADIOACTIVE WASTE

This article presents the results of research into the volumetric shrinkage/expansion
deformations of geocement compounds containing simulated boron-containing liquid
radioactive waste. We noted that all compound compositions exhibit changes in volumetric
shrinkage/expansion deformations during the curing period due to processes of structure
formation and crystallisation of the simulant components. The volumetric shrinkage
deformation values stabilize after 7 and 28 days of curing. This is characteristic of
compound formulations T3, T4 and T5, which contain the minimum and maximum amounts
of filler — 10% and 50% respectively. Compound formulation T2, containing 23.3% filler, is
characterized by stable volumetric expansion throughout the entire curing period.
Compound formulations T6 and T7, containing 30% filler, are characterized by stable
volumetric shrinkage. From a practical point of view, the more boron-containing PPV is
conditioned, the fewer metal containers will be required, taking into account the volume of
the compound they hold. In our view, the optimal approach is to condition the boron-
containing filler in quantities ranging from 20 to 30%.
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VJIK 539.3

JNTE®OPMYBAHHS JIOKAJIBHAM HABAHTAXKEHHSAM
BATATOILIAPOBHUX MOKPUTTIB JOPII TA MOCTIB HA
KOPCTKI OCHOBI

I'yprosmii O.I',, k.T.H., Jou., Tuauyk C.O., K.T.H., 10L.
HanionansHuii yHIBEpCUTET BOJHOTO rOCIIONAapCTBA Ta NPUPOAOKOPUCTYBaHH, M. PiBHe

Po3paxyHkn MinHoOCTi Ta JedoOpMaTUBHOCTI PI3HOTO POAY OJHOPIAHUX Ta
HEOJTHOPITHUX KOMIIO3UTHHX, OCOOJIMBO 0araTomapoBHX, IOKPUTTIB 3BOISTHCS 110
OLIHKH X HanpyxeHo-aedopmosanoro crany (H/IC) sk T, o KOHTaKTYIOTh 13
ocHOBOW. e crocyeTbesi po3paxyHKy ITOPOKHBOTO 0araTromapoBOro OAATY Ha
JIOCTaTHBO  JKOPCTKHUX MOCTOBHMX, TYHEJIbHHX Ta IHIIMX KOHCTPYKLIsX
TPAHCHOPTHUX CIOPY/[, 3aXHUCHUX 0araToIIapoOBUX MOKPHUTTIB IJIOCKUX CIEMCHTIB
KOHCTPYKILIH Ta Jeranei, (QyHKIIOHAIFHHUX TIOKPHUTTIB POOOYNX ITOBEPXOHb
pizHOTO 00JagHAHHS, 30KpEeMa eMaJeBHX IOKPHUTTIB KOPITYyCiB XIMIYHUX amapaTiB
tomo. Tomy mocroBipHe Bu3HaueHHs HJ[C OaratomapoBUX IUIAT Ha >KOPCTKHX
OCHOBAxX IPH Mii CTAl[iOHAPHOTO MOIEPEYHOTO HABAaHTAXXCHHS, € aKTyaJbHOM 1
OaraToyHKIIOHATHHOIO 331a4CHO0.

OO0’eqHaHHA MaTepialiB 3 130TPONHMMHU Ta TPaHCBEPCAIBHO-130TPOITHUMHU
(hI3MYHIMH XapaKTEpPUCTHKAMHM B 0araTollapoBHH MaKeT JI03BOJISIE CTBOPIOBATH
6ararodyHkuionansHi koHcTpykiii. HJIC Takux KOHCTpYKILi#, 3Bakarouu Ha ix
CTPYKTYPHY HEOIHOPIIHICTh Ta BIAHOCHO HU3bKY MOIEPEYHY KOPCTKICTh OKPEMHUX
1IapiB, CyTTEBO TMOB’sS3aHMN 3 BIUIMBOM JedopMalliii MOMEPEeYHOro 3CyBYy Ta
nedopmariii monepeyHoro o0TucHeHHA. ToMy akTyasJbHOIO € 3ajjadya YTOUHEHOTO
monemoBanHs HJIC mmut, sika 6 BpaxoByBaia i Buau Aedopmaniit. Bumorn mo
TOYHOCTI HaOJIM)KEHOTO MOJEIIOBAHHS 3aJIe€XKaTh BijJl MPU3HAUYEHHS KOHCTPYKIIi Ta
Gararpox iHIIMX (pakropiB. HeoOxinHOMO € Takox i oniHka toynocti HJAC, orpu-
MaHOTO 3a YTOUYHEHOI0 MoeJuno. [10TpiOHO BigMITHTH, 1110 3aCTOCYBAHHS KJIacH4-
HOI Teopii TUIAaCTUH YU YTOYHEHHX IONEPEYHO-3CYBHUX MOJIENeH MPU3BOIUTE 110
TPHUBIaJIbHO-HYJIbOBOTO po3B’si3Ky aiust HJIC momepeyHo HaBaHTaXXEHUX IUIMT Ha
XKOpcTKii ocHOBi. Bimomi yrtoumeni momeni HJIC [1, 2], mo BpaxoByIOTh
MOTIEPEYHI 3CYBH Ta NONEpeYyHe OOTHCHEHHS, 30PIEHTOBAaHI NEPEBAXXKHO Ha
onucanHsa 3ruHoBoro HJIC, Tomi sk y MIMTax Ha >KOPCTKIM OCHOBI mepeBa)ae
6e33ruHoBa ckiaagoBa HIC. Orxke, moTpibHa po3poOka yToOUHEHOI MOJei, sika 0 3
BHCOKOIO TOYHICTIO omucyBana 0e33rnHoBYy ckianoBy HJIC mumTe Ha >KOpPCTKii
ocHOBI. B po0ori [3] 3anponoHoBaHO rinoTe3u Ta moOyA0BaHa clieliiaibHa MOJCIh
6€33rMHOBOTO JIe)OpPMyBaHHS OJHOPIIHOI Ta MapyBaTOl IUIUTH, KA B IIOEJHAHHI 3
MOJICJUTIO 3THHOBOTO Ae(OpPMYBaHHS Ha€ PE3yJIbTAaTH, IO OJM3bKI 10 TOYHOTO
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TPUBHMIPHOTO pO3B’s3Ky. B pobotax [4, 5] po3riIsHyTI CTPYKTYPHO-KOHTHHYAIbHI
momerni HJIC momepedyHo HaBaHTaKEHHWX IUTUT, B SKHX ifesl ITepaliifHOTO
MozemoBaHHs [3], 3acTocoBaHa JUIS IUTUT HA KOPCTKiH OCHOBI.

MeToro naHoi poOOTH € OIiHKa TOYHOCTI Ta JONUIBHOCTI miaxomiB [3-5] mo
mozemoBanHss HJIC miuutT Ha JKOPCTKIH OCHOBI B 3aJIeKHOCTI Bin (i3uKo-
TeOMETPUYHHUX XapaKTEPUCTHK ILIUT.

VY niHiHHO-TIPYKHIH OCTAHOBII PO3IJISAAETHCS IeOpMyBaHHS MPSIMOKYTHOT
GaraTomapoBoi IUIMTH, fKa OMMPAEThCS HAa JKOPCTKY ocHOBY. Illapu mmutu —
130TPOIIHI Ta TPaHCBEPCATbHO-130TPOITHI, TOBITBHOI, alle CTaJI0i TOBIIUHH. 3aMiCTh
peanbHOi KOHCTPYKIii 6araTomapoBoi wimTH (puc. 1a) MPONMOHYETHCS PO3TISIATH
PO3PaxyHKOBY CXEMy IUINTH, SKa yTBOPEHA CHMETPHUYHOIO IOOYMOBOIO BiZHOCHO
MOBEPXHI KOHTAKTy MaHOl IUINTH 3 OCHOBOWO. [lnmTta Oyme y mpomy BHMAAKy
JBOCTOPOHHBO CHMETPUYHO HABAHTAXKECHOIO BIIHOCHO CEPEAMHHOI MOBEPXHI

IUIMTH, @ TOBIIMHA MUIHTH 30insmuThes BaBoe H =20, (puc. 16). Ilpu mpomy,

KOHTAKT IINIMTH 3 OCHOBOIO BiZ[HOBi,I[a€ YMOBaM MNPOKOB3YBaHH 0e3 TCPTA (pI/IC.
16) )KOpCTKI/Iﬁ KOHTAKT IUIMTHU 3 OCHOBOIO NPOIIOHYETHCA MOACIIOBATH BBCACHHAM

J01aTKOBOi abCOIIOTHO JKOPCTKOK TOHKOro mnpomapky Ny (pue. 1B). Mix

[IapaMy IUTMTH BHKOHYIOTHCS YMOBH JKOPCTKOTO KOHTAKTy Oe3 MpPOKOB3YBaHHS,
NpOTEe BBOJSYM TOHKI IPOIIAPKU Mayoi BiJHOCHOI )KOPCTKOCTI MOXKHa 0e3 3MiH y
MOCTAHOBIII 3324l PO3MJISAATH 1 1HII YMOBH MIXKIIAPOBOTO KOHTAKTY.
3anpornoHOBaHUIA Mi/IX1/] 103BOJISIE ONTUMI3YBaTH PO3IIISIHYTY B [4] yrouneHy
moenb HCJI ruuth, sika cKiaganacs 3 1BoX sikicHO Biaminaux HIIC — 3ruHOBOTO 1
6e33runoBOro. 3ruHoBa ckiagosa HJC 3uukae, ockinbku HIIC B cuMeTpudHiii 3a
CTPYKTYPOIO IUTUTI IIPH ABOCTOPOHHBOMY CHMETPUYHOMY HaBaHTa)KCHHI MOBHICTHO
ommcyethest OezsruHoBuM HJIC. Sk HacmioK, KUTBKICTh HEBIIOMHX (QYHKIIH i,
BIATIOBITHO, TOPAJOK JU(EPEHIIIOBaHHS PO3PaXyHKOBOI CHCTEMH pIBHSHb B
saleaqi ICTOTHO 3MEHILIYEThCA.

1t P=Pn T e
n 1 n —E’-‘
- k = K = =
LI A I s P s T
1 1 a5
0 1 D X;
gy 5| EXITIIRRRRRRY RLELARLRRRRRRY
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Puc.1. BapianTtn ontumizariii po3paxyHKOBOT CXeMH IUTUTH
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(k)

B KouTuHyanbHiii Mogeni [5] KOMIOHEHTH BEKTOpYy HOpPMalbHMX Uy’ Ta

(k)

TaHT€HIiaNlbHUX Ui ' 3MillleHb 0 KOOPJMHATHOI IIOBEPXHi X; X, (puc. 1) mpencrapneni

(k) oK)

CyMaMM JOOYTKiB TilIOTETHYHO 3aJaHHX CTEHECHEBHMX (QYHKIIM Wi, Wi’ TOIEpPEeIHOi

KOOPAMHATH Z Ta WwykaHux QyHKIii ¢, By 1 Vj KOOpAUHATHOI TOBEPXHI X Xo '
k k k - .
u§):z//:gt;(z)yﬁt//é&)s(z)p; t=12; i=12;
k k k k —
u® =vi v @On., v @p. v @D r=13. O

ne nBi GyHKIIl 74 MOJENIOITH BIUIMB MONEPEYHOro OOTHCHEHHS, a BiciM dyHkiii f —
BIUIMB IOIEPEYHOI0 3CYBY B UETBEPTOMY HAOJIKEHHI IO KOXHIM 3MiHHIE Xj, p —
GbyHKIIiA 3a7aHOTO HaBaHTakeHHsA. TyT 1 Hajxami AMQepeHIliloBaHHA M0 X, MO3HAYEHO

HIDKHIMHU THJIEKCaMU TiCIsi KOMH, a TaKOXX BUKOHYETHCS IMIJICYMOBYBAHHS 32 HUKHIMH
IHIEKCaMHU, 10 TIOBTOPIOIOTHCSL.

Jus  oOrpyHTyBaHHsS 00JacTi 3aCTOCYBaHHS 3alpOMOHOBAHUX MOJEIEH B
3aJIeKHOCTI Bil (DI3UUHHUX MapaMeTpiB JOCIIPKYEThCS BIUIMB CHIBBIIHOUICHb MPYKHUX
XapaKTEePUCTHK TUTUTH HA TOYHICTh MOJIEIIEH.

AHanizyBalMch PO3B’SI3KM IS KBAJPaTHOI IUIMTH Ha JKOPCTKIH OCHOBI 3
KkpaifoBumMu ymoBamu Hap’e mix €0 CHHYCOINaJbHOTO HaBaHTAXXECHHS NPH KOB3KOMY
KOHTaKTi (puc. 2). Marepial IIUTH TpaHCBepcaibHO-130TponHuid 3 v =0,3 ; v"=0,1;

v'/E=v'/E"'; a=3h (a=15H ). Moaysi npyxHocTi Ta 3cyBy B ILUIONIMHI i30TpOIIii
E, G, a B nepneHauKyIsipHOMY HanpsmMky — E',G".

HabnmxeHi po3B’si3kd  MOPIBHIOBAINCH 3 TpUBHMipHHUMU po3B’sizkamu (7).
TMoka3aHo, 110 B CyTTEBO TOBCTUX KBaIpaTHUX IuMrax, Hanpuwian 3 a/H =125, npu

spoctanni G /G’ HeoOxiaHo 30iMbIIyBaTH KUTBKICTH QYHKIiI MOMEPEUHOTO 3CYBY: TIPH
G/G'<100 neobximHo nBi QyHKuii 3cyBy Sy =2 y KOKHOMY 3 OPTOrOHAJIBHHX
nanpsivkis Xj ; mpu 100<G/G'<500 — S;; =3+4. IIpu 3pocTanHi CHiBBiIHONIEHHS
E/E’ ueobxinue 36inpmenns inbkocti Gynkuiii nonepeunoro oorucuennst Cy : npu
E/E'<10 nocrathbo Buxopucranus ommoi ¢ymkuii C; =1, mpu 10<E/E’<1000
notpi6Ho 1Bi dyHkuii obtucHenus C; =2. V mmuri 3 cniBigHomennsm a/H =15
HeoOXi/IHa Taka )k cama KUIBKICTh HeBioMux (yHKLiH, Toxi sik B mumti 3 a/H =2,5 €

MOJKJITUBICTh 3MEHIIIEHHS KUTbKOCTI HeBimoMux (yHKIid. BiaMiTiMo, 1m0 MOXWUOKHU IS
Hanpyr oyq Oinbli, HiX 718 3MilleHb U, .
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DEFORMATION BY LOCAL LOADING OF MULTILAYERED
PAVEMENTS OF ROADS AND BRIDGES ON A RIGID FOUNDATION

The stress-strain state (SSS) of multilayered pavements of roads and bridges as multilayered
plates on a rigid foundation investigate by refined models of symmetrical SSS is offered. The
design diagram of a transversely loaded plate is formed by supplementing it with a plate
symmetric about the contact surface with the foundation. The features of SSS pavements of
road and bridges on a rigid foundation under the action of local loads are shown.

VIK 691.32
MIABUINEHHA MIHHOCTI APMOBAHOI'O BETOHY 3A
PAXYHOK MOJIU®IKAIIII KOHTAKTHOI 30HA
KOMIIO3UTHOI APMATYPH

Kmypxo P.A., maricTp

KpuBopi3ekuii HallioHanpHAHN yHiBepcuTeT, M. Kpuswii Pir

CyuacHe OyIiBHHIITBO BHMAara€ BIIPOBA/DKCHHS HOBHUX KOHCTPYKIIHHUX
MmarepialiB, SKi MOEJHYIOTh y c00l BHCOKY MIIHICTb 31 CTIMKICTIO 10 arpecuBHHUX
BIUIMBIB JOBKULIA. OIHUM i3 TakuX pIillIeHb € BIPOBADKCHHS HEMETalIeBOL
KOMITO3UTHOI apMmaTypu. BoHa Mae CyTTeBi nepeBaru Hajl CTaJEBUMH aHAJIOTaMU:
MOBHY KOpPO3iiHY CTIHKICTh, MaJly TYCTHHY Ta BUCOKY MUTOMY MillHicTb. Oco0nnBo
aKTyaJbHUM BUKOPUCTAHHS TaKOi apMarypu € y CUIbCbKOMY OYIiBHHMITBI, i€
KOHCTPYKIIIT 9acTO B3aEMOIIIOTH 13 MiHEpaTLHUMHU JOOPHBAMH, arpeCHBHUMH
CTOKaMH Ta BOJIOTOIO.
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OnHak pe3ylbTaTUBHICTH POOOTH apMOBaHOI KOHCTPYKINI Oe3mocepenHbo
3aJIeKATH BiJl HAIIMHOCTI 34eIUIeHHs apMaTypu 3 OetoHoM. Came aaresis Ha Mexi
pO3IOAITY «IEMEHTHHH KaMiHb - KOMIO3WUTHHI CTPWD)KCHB» € BU3HAYAIBHUM
(axkropom, mo 3abe3neuye CHuIbHY poOOTy MarepiamiB. TpamumiidHi MeTonu
MEXaHIYHOTO 3YEIUICHHS HE 3aBKAW J03BOJAIOTH MOBHOIO MIpOIO peaizyBaTH
MII[HICHUH MOTCHINaA KOMIO3UTIB. Lle MOB’s3aHO 3 HU3BKOI CHEPri€l0 MOBEPXHI
MONIMEPHOT MaTpuii, MO YCKIaAHIOE (OPMYBaHHS MIIHOTO XiMIYHOTO Ta
(hi3uuHOTO 3B’SI3KY 3 POAYKTAMHU TijjpaTariii LeMeHTY.

[Ipobnema miIBUIIEHHS MIITHOCTI apMOBAaHOTO OCTOHY BUPINIYETHCS IIIIXOM
KOMIIIEKCHOTO MiIXOAy N0 mijcuiaeHHs aaresii. [lepmmii HanmpsiMOK - 11e MeXaHiqHa
Mozaudikamis moBepxHi. BoHa BKIIOYAae CTBOPEHHS MEPiOTUYHOTO TMpodino abo
HAHECCHHS MIMaHOTO TOKPUTTS Ha CTPM)KEHb IIe Ha eTari Horo BUrorosieHHs. Le
TO3BOJIIE OCTOHY «3aUilUIATHCS» 32 HEPIBHOCTI apMaTypH, CTBOPIOIOYH OIIip
BUCMUKYBaHHIO. [IpoTe /Uil JOCSTHEHHS MaKCHMaJbHOTO e(eKTy IbOTro
HEJJOCTaTHhO, OCKUIBKM HAaBKOJO MOJIMEPHOrO CTPWXKHS YacTO YTBOPIOETHCS
MOPUCTHH LIap HEMEHTHOTO KAMEHIO 3 HU3bKOIO MILIHICTIO.

Jpyruii, O0inbm mIMOOKKH HANPsIMOK — I€ XIMiYHA aKTUBALis KOHTaKTHOL
30HM. Po3msiiaroTbesi crocobu 0OpoOKHM MOBEpXHI apMaTypu ClelialbHUMU
CKJIJlaMH, SIKI CIPHAIOTH YTBOPEHHIO aKTMBHHUX XiIMiYyHHMX 3B’s3kiB. Taki
MoOAM(IKATOPH JI03BOJSIFOTH 3MIHMTH XapakTep B3aeMOjii Ha MOJIEKYISIPHOMY
piBHi. B pesynprari TBepmHEHHS OETOHY Ha MeXi 3 apMarypor (OpMYEThCS
IIThHA TiOpWAHA 30HA, sIKa MPAKTHYHO He Mae aedekrtiB Ta MikporpimuH. Lle
CYTTEBO MIJBHUIIYE CHIN TEPTS Ta MOJICKYJSIPHOTO TNPUTSTaHHS, IO OCOOJIMBO
Ba)KJIMBO TPU TPUBAJIIH €KCIDTyaTaIlil KOHCTPYKIIIH ITiJT HABAHTa KCHHSM.

BaxxmmBy poins y MiABHUINEHHI MIITHOCTI BiIrpae TaKoX ONTHMI3allis CKIaIy
OeToHy B 30HI apMyBaHHA. 3acTOCYBaHHS MIKPOHAIIOBHIOBAYiB JO3BOJISIE
MaKCUMaJIbHO YIIUIBHUTH CTPYKTYpY LEMEHTHOTO KaMeHI0, 10 Oe3rocepenHbo
CTHKY€ETBbCS 10 KOoMIo3uTy. lle BHKIIIOUae KamijsipHe HAKONMYEHHS BOJIOTH Ha
KOHTaKTHIM MeXi, 10 € KPUTHYHUM JJIsl 3amo0iraHHs aerpajaliii moJxiMepHOTro
CHOJNYYHOTO apMaTypu. TakuM YHHOM, MIIHICTE OETOHY Ha MeXi 3 apMaryporo
CTa€ MOPIBHIHHOIO 3 MIIIHICTIO OCHOBHOTO MacCUBY OETOHY.

[lpakTryHe 3HAYE€HHS NPOBEAEHHUX [OCII/PKEHb IIOJATa€ Yy MOXIHBOCTI
3HAYHOTO CKOPOYEHHS JIOBXXMHHU aHKEpyBaHHS apMarypu B Oeroi. Lle mo3Bossie
€KOHOMHUTH Marepiall Ta CTBOPIOBATH OLIBII KOMIIAKTHI Ta JIeTKi KoHCTpykuii. Kpim
TOTO, MOKpAIeHa aJre3is CHpUsi€ KpamoMy PO3IOIUTy HAlpyXeHb, IO 3MEHIIYE
MIMPUHY PO3KPUTTS TPIMIMH Ta IJBHUIIYE TPILMHOCTIHKICT €JIEMEHTIB. Y
KOHTEKCTI CIJIbCBKOrO OyIiBHHMLTBA II€¢ O3HA4Ya€ MOMOBXKEHHS TEPMIiHY CIIy>KOu
CIIOpYA TBapUHHHIIBKUX KOMIUIEKCIB, CKJIaJiB Ta €JIEMEHTIB 3pOIITyBabHUX
CHCTEM.

OTxe, pe3yabTaTd JIOCHIDKEHHS JOBOMASTH, IO INJIBUIICHHS —ajre3ii
KOMITO3UTHOI apMaTypH 10 IEMEHTHOTO KaMEHIO € KIFOYOBHUM IHCTPYMEHTOM IUISt
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CTBOPCHHS BHCOKOC(EKTHBHUAX Ta JOBTOBIYHUX OyMiBEIHHUX KOHCTPYKIIH HOBOTO
MOKOJIIHHS.

BucnoBku. Ha ocHOBI aHamizy po0iT momo miACHIeHHs aare3ii KOMIIO3UTHOL
apMaTypu MOXKHa 3pOOUTH TaKi BACHOBKH:

1. BusHaueHo, IO OCHOBHHMM 0ap’€poM Uil HIMPOKOTO BIIPOBAJDKCHHS
KOMITO3UTHOI apMaTypd € HEJIOCTaTHsS MIIHICTh KOHTAKTHOI 30HH, SiKa OOMEKye
CHIJIbHY po0O0TYy MaTepialiB y 3ai300€TOHI.

2. BcraHoBneHO, 1O TOETHAHHS MEXaHIYHOTO OOpOOJICHHS MOBEPXHI
CTPWKHIB Ta XIMIYHOI aKTHBAIlil IOJIMEPHOI MATPHUIl TO3BOJSE CYTTEBO
i IBUILINATH CUITH 3YCIUICHHS 3 [IEMEHTHHM KaMEHEM.

3. JoBexeHo, IO CTBOPCHHS IIiTbHOI MIKPOCTPYKTYpH OCTOHY HAaBKOJO
apMaTypHOTO CTPIXKHS 3amolirae Iepea4acHOMY IPOKOB3YBaHHIO apMaTypH Ta
HOKpAIy€e Hecyqy 34aTHICTh KOHCTPYKTHBHUX CJICMCHTIB.

4. BrpoBaJpKeHHs 3allpOIIOHOBAaHMX METOMIB MiJCHIJICHHS ajresii NO3BOJSE
CTBOPIOBAaTH KOPO31MHOCTIHMKI KOHCTPYKIIi 3 MTOJOBKEHUM TEPMIHOM eKCILTyaTallii,
0 € CeKOHOMIYHO BHUTIJJHAM /Il arpapHoro Ta IPOMHUCIOBOTO CEKTOpPIB
Oy/iBHHIITBA.

1. An-Xasapi FO.P. IlinBuimeHHsT MIIIHOCTI apMOBaHOTO OETOHY 3a PaxyHOK IiJICHIICHHS
azre3ii KOMITIO3UTHOT apMaTypH JI0 LIEMEHTHOTo KaMeHIo [TekcT]: muc. ... KaHI. TeXH. HaykK:
05.23.05 / }O.P. An-Xagapi. Xapkis, 2018. 161 c.

2. Cropoxenko, JI.I. 3ami300eToHHI KOHCTPYKIii B He3MiHHiN omamy6mi [Teker] / JLI
Cropoxenko, O.1. Jlanenko. [TonraBa: ACMI, 2008. 312 c.

3. JCTY-H b B.2.6-185:2012 HacraHoBa 3 MpOEKTYBaHHS Ta BHTOTOBIICHHS OCTOHHUX
KOHCTPYKIi 3 HEMETaJIeBOI0 KOMNO3UTHOIO apMmaryporo [Teker]. K.: Minperion Ykpainmu,
2013. 46 c.

ENHANCEMENT OF REINFORCED CONCRETE STRENGTH BY
MODIFICATION OF THE CONTACT ZONE OF COMPOSITE
REINFORCEMENT

The work considers the problem of insufficient adhesion of composite reinforcement to
cement stone, which limits its wide application in construction. The analysis of methods for
strengthening the contact zone is carried out: mechanical modification of the bar surface
and chemical activation of the polymer matrix. The role of concrete microstructure
compaction in the reinforcement zone is shown. The practical significance of the research is
to reduce the anchorage length and increase the durability of structures in the agricultural
and industrial sectors.
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VJIK 539.3
MOIAEJIOBAHHSA ITPOCTOPOBOI'O HAIIPY/KEHO-
JAE®OPMOBAHOI'O CTAHY HETOHKUX IMOJOI'X
OPTOTPOIIHUX OBOJIOHOK 3 BUKOPUCTAHHSIM
METOAY 3bYPEHDb

3eaencbkuii A. I'., 1. ¢.-M. H., npod., Crodoasaniok C. O., 1.T.H., ipog.
IIpnpHinpoBcbka nepskaBHa akageMist OyIiBHULTBA Ta apXiTeKTypH, M. JHinpo

YTouHeHi Teopil pO3paxyHKYy IUIACTHH 1 OOOJOHOK pPO3BHUBAIUCH Y
GaraToumceIbHUX YKPATHCHKUX i 3apyOiKHUX HAYKOBHUX Mparsix, 30kpema B [1-3].
YTouHeHi Teopii 0a3ylOThCSI HA BUKOPUCTAHHI MEBHUX (i3WYHUX 1 KIHEMAaTUYHUX
rinote3. Teopii, sfki He BHUKOPHCTOBYIOTh HISKHX IPHUITYIIEHh YU TiMOTE3, 1
PO3IIIANAIOTE yci KOMIIOHEHTH Hampy)keHo-nedopmoBanoro crany (HIC) sk
(yHKII{ TPHOX MPOCTOPOBHUX KOOPIUHAT BITHOCSTHCS O BapiaHTIB MaTeMaTHYHOT
teopii (MT). EdexkTuBHICTE muX Teopiif 3aJeKUTh BiJA METOIOJOTII OTpHUMaHHSI
TudepeHIiadbHAX PiBHIHb PIBHOBAarW, TOYHOCTI 3aJJ0BOJICHHS TPaHUYHUX YMOB,
METOJIMKH 3BEJCHHS TPaHWMYHMX 3ajad /0 BiAMOBIIHMX KpaloBHX 3a1ad, TOIIO.
Po3poOka BapiantiB MT B OCHOBHOMY TNOB’si3aHa 3 TpalsIMH YKpaiHCBKUX
mexanikis [4—11]. Y po6GoTi [5] po3pobieHo eHeproacMMITOTHIHHUIA METO, a B [ 7,
9, 10] — wmerox B3aemo3B’si3anux piBHAHB. Y [3, 6, 8-11] BuKOHaHI OrsLIH
po3BuTKy Teopiii. Y [12] 3amouarkoBanuii MmeTon 30ypens, a B [13-15] ueit meton
PO3BHHEHHHI 1 y3araibHeHUI B MexaHimi. [l aHI30TPOMHUX HETOHKUX IUIACTHH 1
obosonok Bapianth MT m[pu3BOIATH [0 YCKIAIHEHHUX 1 TPOMI3JIKUX
mudepeHmianbHUX PpIBHSAHB. TOMy akTyadbHUM € pO3po0Ka MaTeMaTHIHHX
METOJIiB PO3B’sI3aHH TPAHUYHMX 3a/ad JUIA [MX €JIEMEHTIB KOHCTPYKHid. Y mii
poboti pospobiieHo MoxenroBaHHA HJIC HETOHKMX IOJIOTHMX OPTOTPOIHHUX
000JIOHOK 3 BHKOpHCTaHHSAM BapiaHTa MT HETOHKHMX TIIOJIOTHX 130TPOITHHX
000JIOHOK 1 MeTOty 30ypeHb i30TPOIHUX BIACTHBOCTEH Marepiaiy.

3 mo3umiii TpPUBHMIPHOiI Teopii TPYKHOCTI pO3TIAAAETHCI HETOHKA
OpPTOTPONHA TIOJNOTa OO0OJOHKA TMOJABIMHOI KPHUBHHHM B TPSIMOKYTHIH cHCTeMi
koopauHat. JIOBiNbHE TOINEpeYHe HAaBAaHTAKEHHS BBAXKAETHCS NMPHUKIAJCHUAM 0
BEPXHBOI 1 HMKHBOI JIMIEBHUX MOBEPXOHb. | paHNYHI YMOBH Ha Oi4HIH MOBEpxXHI
000JIOHKH MOXYTh OYTH JOBUIBHUMH — KiHEMaTHYHHMH, CTaTHYHUMH abo
smimmannmu: MogemoBanast HIC opToTpomHoi 00ONOHKH 3BEACHO M0 ACSIKOT
yCepelHEeHOi  i30TpormHOi  000NOHKM 3  mochiayroumMm — yrouHeHHsm HJIC
OPTOTPONHOI OOOJIOHKM 3 BHKOpHUCTaHHSAM BapiaHTa MT HETOHKMX MOJOTHX
000JI0HOK 1 MeToxy 30ypeHb i30TPOIHHUX BIACTHBOCTEH Marepiany. Baskimso
HiKPECINTH, IO IPONOHOBaHE MOJECIIOBAHHS HE BKIIOYAE SIKMXOCH TilOTE3 YU
npunymens mwoao H/IC. Mogeni HJC posrnsiaatorses sik BapiaHTH 300paskeHb
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komrnoHeHT HJIC Ha OCHOBI 4YacTHHHHUX CyM 3a TomiHOMaMu Jlexanzapa y
HecKiHueHHHX psgax poskinamaHHs H/IC o0omOHKH 3 BHUKOPHCTAHHSIM METOIY
30ypeHb. Po3pobneHo KOMOiHOBaHWH METON, OCHOBAaHHA Ha METOIi MAaioro
napaMeTpa B MO€IHaHHI 3 po3BHHEHHIM ycix komrnoHeHT H/IC i rpaHHYHUX yMOB
Ha OiYHIi MOBEpPXHI y pPAOM 32 IONEPEYHOI0 KOOPAMHATOI IIPH JIOMOMO31
noninoMiB Jlexxannpa. I3 BapianiiiHoro npuHnuny Peficuepa B HabmwkenHi A0-3
oJlep>kaHi pIBHSHHS pIBHOBarn OOOJIOHKM 1 KpaloBI YMOBH B JIOBUIBHOMY
HaONWKeHHI TT0 MasioMy (i3UYHOMY HapaMeTpy & , SKHH XapaKTepu3ye BiTHOCHE
BIAXMJICHHS] OPTOTPOITHUX XapaKTEPUCTHUK Bij i30TponHuX. OTprMaHa peKypeHTHa
crcTeMa B3a€MO3B’s13aHHX Au(epeHLiaIbHIX PIBHSAHBL PIBHOBArk 22-ro NOPSIKY:

I'pannuHa 3aga4a Bapianta MT HETOHKHMX OPTOTPOITHHMX IOJIOTUX OOOJIOHOK
y HaOmmwxeHHi AOQ-3 3BemeHa 10 HECKIHYEHHOI PEKYPEHTHOI IOCIiI0BHOCTI
JMIHIAHAX JBOBUMIPHMX KpaWOBHX 3a7ad s OOOJOHOK 13 OCEpPEeIHCHUMH
I30TPOIIHUMHM ~ BJIACTUBOCTSMH.  [IpaBi  YacTHHM  OTPHUMaHUX  CHUCTEM
mudepeHiadbHUX PIBHSHB 1 KpaioBI yMOBH B JOBITPHOMY HaONMKEHHI 3a
napaMeTpoM & JiHiMHO 3anexats Bix HJC momepennix Habmmxens. OTpumana
cUcTeMa HeOJHOPIAHUX MudepeHIliaJbHUX PIBHIHDb B KOXKHOMY HaONMKECHHI 0 &
MepeTBOPEHA, 1 NMPU MEBHMX YMOBaxX pO3/UICHA Ha JBi: OJHA OIMCY€ BHXPOBHH
KpaiioBuii edekr (6-ro mopsaky) 1 yrountoe BHyTpimmiH HIAC, a ixma
(Heomuopizna 16-ro TOpsIKY) Bu3HAuae B3aeMo3B’si3aHi BHyTpimHiH HJC i3
NOTEHIIAIbHAM KpaiioBuM edekroM. CucTeMa BHXPOBOTO KpaioBoro edekry
pO3/isieHa Ha CHUCTEMY DIBHSHb KOCOCHMETPHUYHOIO (4-ro mopsiaky) 1 piBHSHHS
cuMeTpuuHOro aedopmyBanHs (2-ro nopsanky). Heomuopinna cucrema 16-ro
MOPSJKY 3BelleHa PO3POOJICHOI0 METOJIHUKOIO JI0 3pYYHOI HEOJHOPIJIHOI CHCTEMHU
’AThOX Au(epeHIliaIbHUX PIBHSHD 3 OJTHAKOBHUMU JIIBUMU YaCTHHAMH.

[ToOymoBani gopmu 3aranbHUX pPO3B’sA3KiB OTPUMAHUX pPIiBHSIHb. BuKoHaHI
yucnoBi  gocniypkeHHss HJIC  HETOHKMX TIOJOTMX TPAHCTPOITHHX OOOJIOHOK
YKa3yloTh Ha €()eKTHBHICTh HiIXOMy NMPU HECYTTEBUX BIAXHMICHHSIX OPTOTPOITHUX
BJIACTHBOCTEH Bijl 130TPOIHUX, IPH CYTTEBUX IMOTPiOHI BUILI HAOIMKEHHSI.

Po3spoGiiene mopnemoBannss HJIC moxke OyTH pPO3BHHEHO JUIS 3BEIEHHS
rpaHW4HO{ 3aJa4i JUIs MOJI0roi OPTOTPONHOI OOOJOHKH JI0 TPaHUYHOI 3aj1adi st
TpaHCTpPOMHOi moJoroi OOOJOHKM 3 BHKOPHCTaHHSAM MeToay 30ypeHb
TPAHCTPOITHUX BIACTUBOCTEH, IO MiABUIIIUTH TOYHICT PO3B’SA3KY.

[1] WIepemerse M. I1., Iexex B. JI. K mocTpoeHnI0 yTOUYHEHHOM TEOpUH IIacTHH. WHK.
KypHai. 1964, 4 (3), C. 504-509.

[2] Ambaprymsa C.A. Teopust anuzoTponHbix mwiactud. M.: Hayka, 1967.
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MexaHika KOMIO3UIIHHAX MaTepianiB Ta elneMeHTiB KoHcTpykuiit: ¥V 3 tomax; T. 2, Kuis:
Hayka nymxa, 1983.
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MODELING THE SPATIAL STRESS-STRAIN STATE OF NON-THIN
SHALLOW ORTHOTROPIC SHELLS USING THE PERTURBATION
METHOD
From the standpoint of the three-dimensional theory of elasticity, the stress-strain state of
non-thin orthotropic shallow shells of constant thickness is modeled. The modeling is based
on the reduction of the boundary value problem for a shallow orthotropic shell to a
sequence of corresponding boundary value problems for non-thin shallow isotropic shells. A
variant of the mathematical theory of isotropic shallow shells of arbitrary constant thickness
and the perturbation method are used. All components of the stress-strain state, static and
kinematic boundary conditions on the lateral surface are functions of three coordinates.
They are depicted as double infinite series in a small physical parameter and a transverse
coordinate using Legendre polynomials.The three-dimensional boundary value problem is
reduced to a two-dimensional boundary value problem using the Reissner's variational
principle. The methodology for constructing the equations is such that the boundary static
conditions for transverse loads on the upper and lower surfaces of the shell are fulfilled
exactly. The boundary value problem is reduced to recurrent systems of differential
equations. The order of the systems of differential equations of equilibrium increases with
an increase in the number of terms in the partial sums of the seriess in Legendre
polynomials. A method for solving these systems is developed. The equations of vortex
boundary effects and the equations of internal stress-strain state with potential boundary
effect are highlighted. The forms of general solutions are obtained. Calculations are

performed that substantiate the effectiveness of such modeling.
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YK 519.87:631.41

MOJEJIOBAHHSI BEPTUKAJIBHUX JJE@OPMAIIIN
IPYHTOBUX MACHUBIB Y BATATOIIIAPOBIN
KOHCTPYKIII

3saTiok 10.10., K.T.H., 1011., Ky310 M.T., A.T.H., npo¢., Kymuip B.IL.,
K.(.-M.H., A01.
HanionanbHui yHIBEpCUTET BOJHOTO FOCIIONAPCTBA Ta IPUPOTOKOPUCTYBaHHS, M. PiBHe

MopenoBanus jaedopMalliii IPyHTOBHX OCHOB y CKIali OaraTOIIapoOBUX
KOHCTPYKLIM JOPOXXHBOTO OJIISITY € OJHHM 13 KJIIOYOBHX 3aBJaHb Cy4acHOT
JIOPOXKHBOT ~T€OTEXHIKHM, OCKUIBKM TOYHICTh IPOTHO3YBaHHS  HAIPYKEHO-
JIeopMOBaHOTO CTaHy CHUCTEMH «JIOPOXKHE MOKPHUTTS — OCHOBa» 0E3M0CepeaHbO
BHU3HAYA€ JIOBTOBIYHICTh Ta EKCIUTyaTalliifHy HaIiifHICTP aBTOMOOIIBHUX JOPIT.
Oco0imBy yBary NpUAULIOTh BEPTHKAIBHUM Ie(POpPMALisM, SKi CIPUYUHSIIOTH
HEpIBHOMIpHI OCiTaHHS IMIApiB AOPOKHBOI KOHCTPYKIIi] Ta MOXKYTH IPU3BOJUTH JIO
YTBOPEHHS TPIIIMH, KOMIHHOCTI ¥ ITepe9acHOTo pyHHyBaHHS TOKPUTTS [1].

CyuacHi IOCHIPKCHHSI JEMOHCTPYIOTh HiJBUILCHY YBary J0 MOJAENIOBAHHS
nedopmaniii TpyHTOBUX Mac y CKialai OaraTomapoBHX ITOPOXHIX KOHCTPYKIIH,
30KpeMa B MeKaxX HENIHIMHUX pO3paxyHKOBHUX MOJENei, 10 MiJABUIIYIOTh
TOYHICTh TPOTHO3YBaHHs HampykeHo-iedopmoBanoro crany [2-5]. Otpumani
pe3yJabTaTH  MiATBEP/DKYIOTh  BHU3HAYANbHMNA  BIUIMB  (Di3MKO-MEXaHIYHHX
BJIACTMBOCTEH IPyHTIB Ha (opMyBaHHsS BEPTHKAJIbHUX IEpeMillleHb 1
HEpIBHOMIPHHX OCIZaHb y JIOPOXKHIX CHCTEMaX.

[ligBumieHHEs  TOYHOCTI PO3paxyHKOBHX  OIIHOK  3abe3medyeTnes
3aCTOCYBaHHSIM YHCEIbHUX METOJIIB, HacaMIIEpPe] METOJly CKIHUYCHHHX €JEMEHTIB,
i3 ypaxyBaHHAM HEJIHIHHOTO XapakTepy Ae(OopMyBaHHS IPYHTIB, IO CYTTEBO
BIUIMBAa€ Ha TIIPOTHO3 OCiJaHb 0araTomapoBHX JOPOXHIX KOHCTPYKIIH.
BaxnmuBumu  QakTtopaMu MOJICNIOBaHHS € TaKoXX BOJIOHACHYEHHS, 3MiHHA
BOJIOTiCTh, TPUBAJI T IMKJIIYHI HABAaHTa)KCHHS, 4 TAKOXX CE30HHI BIUIMBH, 30KpeMa
TEeMITepaTypHi KOJIMBaHHS 1 NPOMeEp3aHHs IPYHTIB. [liABHWINEHHS JOCTOBIPHOCTI
pe3yNbTaTIiB  JIOCSATAEThCS ILUISIXOM  YIOCKOHAJICHHS PO3PaxyHKOBUX CXeM i
KOHCTHUTYTHBHHUX MOJIENE IPYHTOBOTO cepepoBuiia [6—8].

He3Baxkatoun Ha 3HAYHWA OOCAT BHKOHAHWX JOCHIDKEHb Yy cdepi
MIPOEKTYBAaHHSA OCHOB JIOPOXKHIX OJNATIB, TpoOJieMa KOMIICKCHOI —OIIIHKH
BEPTUKAIBHHUX JedopMaliii IPYHTOBHX Mac y pealbHHX yMOBaX EKCILTyaTallii
3aJIMINAETBCS  HENOCTaTHbO  BUpimeHoto. Lle  oOrpyHTOoBye HEoOXigHICTH
YIOCKOHAJICHHS ICHYIOUMX MaTeMaTHYHHX MOJeJIed Ta pO3paxyHKOBHX IIJIXOJIB
JUIL  TIABUILEHHS JOCTOBIPHOCTI TPOTHO3YBaHHS poOOTH OaraTtomapoBUX
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nopoxHiX KoHCTpyKIiK [9-10]. V cydacHOMy MOpOXHBOMY OVIIBHHIITBI Ta TpH
MIPOEKTYBaHHI OCHOB OyAiBeINb i 6araTomapoBUX KOHCTPYKIIH JOPOKHBOTO OJSTY
Bce OumbIIOTO 3HA4YEeHHS HaOyBae MOJENOBaHHA aedopmaliiii IpyHTOBHX Mac,
30KpeMa y BEpPTUKAIBHOMY HamnpsMKy. OcoOnmBOi aKTyanbHOCTI 3a3HayeHa
npobiiema HaOyBae B yMOBax IHTCHCHBHOTO TPAHCIIOPTHOTO HaBaHTAXEHHS,
3MIHHOTO BOJTHO-BOJIOTICHOTO PEXUMY Ta CE30HHUX KJIIMaTUYHHUX BIUIMBIB [11].

Bubip BianoBifHOI po3paxyHKOBOiI MOAENI Ta YHCEIHFHOTO METOAY aHali3y
BU3HAYAETHCS 1HIKEHEPHO-TEOJIOTIYHUMU YMOBaMHU MalJaHYHMKa, KOHCTPYKTUBHUM
THUIIOM JOPOXXHBOTO OAATY a00 ()yHZAMEHTY, a TAKOX XapaKTepoM Ta PEeXHMOM
HaBaHTaxkeHHs [12-17].

a a
I
SR ¥ X

s —
L & s 5 4 "(X,Z) .,‘

a <

Z
Puc. 1. Hanpy»xeHHst B To4li (X, Z), 3yMOBJIEHE PIBHOMIPHO PO3MOJICHUM
HaBaHTaXXCHHSM (|, IPUKJIAJICHAM Ha iHTepBai (—a, +a)
MaremaTiyHa MOJens HaHOI 3amadi Oyne ckimamatucs 3 piBHsHE HJIC
TPYHTY, IO 3anucadi y nepeMimeHusx. PiBasuas H/IC rpyHTy y nepemimieHHsIx
3aMHCYIOTHCS y BUTIIS:

d?w,
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BucnoBku. [lopiBHANBHUII aHaANi3 OTPUMAHMX pPeE3yJIbTATIB A PI3HAX
3HaYeHb  TOPU3OHTAIBHOI  KOOPAMHATH X  JAEMOHCTPYE  y3TOMKEHICTbH
PO3paxyHKOBHX 3aJISKHOCTEH Ta BIICYTHICTH PIi3KMX aHOMAaNii ab0 pPO3pHBiB, MO
MIATBEP/KYE YHUCENbHY CTIMKICTh 1 KOPEKTHICTh 3alpONOHOBAHOTO MiAXOIY
MoJieroBaHHs. TakUM YMHOM, 3aIIpOIIOHOBAHUI METOJ] MOZEIIOBaHHS 3a0e3neuye
BUCOKY TOYHICTb 1 HaJiiHICTh BH3HAYEHHS BEPTUKAIBHUX AedopMaliiil IpyHTOBHX
MaCHBIB, aJCKBaTHO BiJloOpaxkae 3MiHy HampyXeHO-Ie()OPMOBAHOTO CTaHY
3aJIeXKHO BiJl TJIMOMHHU Ta IIPOCTOPOBOTO IOJIOKEHHSI HABaHTAXKEHHS, 1 MOXxe OyTH
e(pEeKTHBHO 3aCTOCOBAaHHMI Yy MpPaKTHYHHX IHXKCHEPHHX pO3paxyHKaX OCHOB
JOPOXKHIX KOHCTPYKLIH Ta IPyHTOBHX OCHOB.
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dimensional non-linear soil mousture transport problem / Martyniuk, P.M., Michuta, O.R.,
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[16] The conditions of conjugation in the tasks of moisture transfer on a thin clay inclusion
taking into account salt salutions and temperature / Chui, Y., Martyniuk, P., Kuzlo, M.,
Ulianchuk-Martyniuk, O. // Journal of Theoretical and Applied Mechanics BulgariaOpen
source preview, 2019, 49(1), pp. 28-38 URL:
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MODELING OF VERTICAL DEFORMATIONS OF SOIL MASSES IN A
MULTILAYER STRUCTURE

Modeling of vertical deformations of soil masses in multilayer structures is one of the key
tasks of modern geotechnics, since the accuracy of predicting the stress-strain state of the
subgrade directly determines the reliability and durability of transportation infrastructure.
Particular attention is paid to the analysis of vertical deformations, which influence the
magnitude and non-uniformity of settlements and may lead to structural damage. The paper
summarizes current approaches to soil deformation modeling, including numerical
techniques and the finite element method. Recent studies considering nonlinear soil
behavior, water saturation, load duration, and variations in physical and mechanical
properties are analyzed.
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V]IK624.072
JOCJILIPKEHHSI TA MOJEJIOBAHHSI HAITPYJKEHO-
JTE®@OPMOBAHOI'O CTAHY BA3AJIBTOBETOHHUX BAJIOK

Kapmok LA., A.1.H., nou., Kapnrok M.B. cTya.
Opnecbka fepkaBHa akageMbls Oy/IiBHULTBA Ta apXiTeKTypH

[lpoBeneHO  KOMIUIEKCHE  MOJICNIOBAHHS  CHEUU(IYHOTO  HANpy>KeHO-
ne(OPMOBAaHOTO CTaHy, IO BHHHKAE B 0a3aJbTOOCTOHHHMX Oankax X
HAaBaHTAXXCHHSIM. Y Cyd4acHiil CBITOBIH I1HXXEHEpHIH NPaKTUIl CIOCTEPIraeThes
CTiliKa TEHJEHIIs 0 3aMillleHHs] KJIACHYHOI MEeTaneBoi apMaTypy iHHOBaLiHHUMHU
aHaJIoraMH, 30KpeMa CKJIOIIACTHKOBOIO Ta 0a3ajbTOIIACTUKOBOIO KOMIIO3UTHOIO
apmatypoto. Lli MaTepiaiu 3HaXOATh CBOE KPUTUYHO BAXKJIMBE 3aCTOCYBaHHS ITif
yac 3BEICHHSA Ta EKCIUTyaTalii KOHCTPYKLIH y CKIaJHHX YMOBaxX arpecHBHOTO
30BHIIIHBOTO CEPEIOBHINA, 1[0 XapaKTEPHO Ul 00'€KTiB BOJHOTO TOCIOIAPCTBa,
pO3raly’)XeHHX METIOPaTUBHUX CHCTEM Ta OEpero3axMcHuUX TiIpOTEeXHIYHUX
cnopyz. KpiM Toro, KOMITO3UTH CTalOTh HE3aMiHHAMH TIpH OyIiBHUITBI Cy4acHUX
IH)KCHEPHUX MEPEXk, a TAKOXK EIEMEHTIB ITPOI3HOT YaCTUHN MOCTOBHX MEPEXO/IIB.

KpiM BHHATKOBOI CTIHKOCTI J0 KOPO3IMHHX IMPOIECIB Y XiMIYHO aKTHBHHUX
Cepe/IOBHUINAaX, KOMIIO3UTHA apMaTypa BOJIOJIE IMEPEIiKOM YHIKAIbHUX (i3UIHUX
BJIACTHBOCTEM, cepell AIKUX: Ha/I3BUYaiiHO HU3bKHI KOE(DIl[iEHT TEeIUIONPOBIIHOCTI;
BUCOKI JIeJIEKTPUYHI XapaKTEPUCTHUKH; IIOBHA HEMAarHiTHICTb, IIO CYTTEBO
PO3IIUPIOE TIOTEHIIHHI cepH ii MPaKTHUHOTO BIIPOBapKEHHs. [IpOTsromMm ocTaHHIX
pokiB B YKpaiHi OyJi0 YCHILIIHO HAJAroJKEHO BJacHE MPOMMUCIIOBE BUPOOHHIITBO
Ta po3poOJIEHO BIANOBIAHY HOPMAaTHUBHY 0a3zy y BUINISAI TEXHIYHHUX YMOB Ha
BUT'OTOBJICHHS CKJIO- Ta 0a3ajbTOIUIACTHKOBOI apMaTypu. SIKicTh mi€l mpomykiii
MOBHICTIO BIJIIOBia€ CYBOPHM KPHUTEPisIM MDKHAPOTHHUX CTaHAapTiB. OIHAK,
MONPH TEXHOJIOTIYHY TOTOBHICTH BHPOOHHITBA, ITOBHOLIHHE BUKOPHCTaHHS
KOMITO3UTHOT apMaTypy B peaibHiil OyaiBesNbHIN nmpakTuili YKpaiHu 3aiumiaeTbes
oOMeXeHUM dYepe3 TrocTpuil aediunT (yHIaMEHTAIBHUX eKCIIepUMEHTaIbHO-
TEOPETUYHHX JOCIiIKEeHb. 30KpeMa, OpaKye JaHuX MoA0: (aKTHIHOI MIITHOCTI Ta
KOPCTKOCTI 3THHAJBHHUX €JEMEHTIB; IIOKAa3HMKIB TPIIMHOCTIHKOCTI TaKuX
KOHCTPYKIIH; CHeriali3oBaHUX Jep>KaBHUX HOPMATHUBHUX JOKYMEHTIB i3
npoektyBaHHs.  OCHOBHUM  CTPUMYKOYMM  (akTOpoM Ui aKTHBHOTO
BIIPOBQ/DKCHHSA IMX MaTepialiB € BIACYTHICTh NEPEBIPEHHUX Ta MAaKCHMAJbHO
JIOCTOBIPHUX METOIWK I PO3paxyHKy IXHBOi 3arambHOi Hecydoi 3JaTHOCTI. 3
oMy Ha 1€, aBTOPH INPHUCBATHIM CBOIO pPOOOTY JAETaJbHOMY BHBUYCHHIO
Harpy>keHo-/1eOpMOBaHOTO CTaHy OaJlOK, BHTOTOBJICHHMX i3 0a3anbToOETOHY, 3
ocoOmmBHM (OKyCOM Ha Xapak-Tep CyMiCHOI poOoTH OeTOHy Ta BHYTPIIIHBOT
0a3a1bTOINIACTHKOBOT apMaTypH.

KirouyoBnMH HayKOBUMHM 3aBIaHHSMH OyIIu:
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1. TlpoBenmeHHS TOpIBHSJIBHOTO  aHAJI3y  PE3yNbTAaTiB  TEOPETHIHHX
PO3paxyHKIB MIIHOCTI MOXWJIMX MEpPEepi3iB MOCTIIHUX 3pa3KiB OalloK, M0 MaloTh
apmyBanHs THITY BFRP.

2. IlepeBipka TIMOTE3W IIOAO MOXJIHMBOCTI TOYHOTO  BiITBOPCHHS
pe3yJbTaTiB HATYPHUX EKCIIEPUMEHTIB y HU(POBiii Moedi.

3. BusHaueHHs HaWHOIIBII IMOBIpHOI CXeMH MEXaHIYHOTO pYyHHYBaHHS
0a3abTOOCTOHHUX 0aJoOK 3a JONOMOIOK OOYMCIIOBAJIBHHUX IOTY)KHOCTEH
nporpamuoro komruiekcy «Jlipa-CAIIP».

Y xomi peamizamii HayKOBO-IOCHIZHHUX CKCIIEPHUMEHTIB Ta MOIABIIOT
00po0OKH JaHuX OyJI0 BUKOHAHO TTHOOKUH MOPIBHAJIBHUN aHalli3 peaJbHOl Hecydol
3IaTHOCTI OXHIIUX Tepepi3iB JOCIIAHAX 3pa3KiB i3 THMU MMOKa3HUKaMH, 10 OyIn
OTpMMaHI [UIIXOM KOMI'IOTEPHOTO MOJENMoBaHHA. JlOCHimHMKaM BJayiocs
3adikcyBaTH TOYHI 3HAYeHHS MPOTHHIB, mapameTrpu zaedopmarii OETOHHOTO
MacuBy Ta 0a3aJlbTOINIACTUKOBHUX CTepxHiB. Takoxk Oymu chopmoBaHi Bi3yasnbHi
i30mosisi  po3MOATy TepeMillleHb Ta BHYTDIIIHIX HalpyXeHb Yy Oaikax
Oe3nocepeHbO Tepe]] HaCTaHHAM (a3u pyHHYBaHHS.

RESEARCH AND MODELING OF THE STRESS-STRAIN STATE OF
BASALT CONCRETE BEAMS

Research presents a comprehensive simulation of the specific stress-strain state occurring in
basalt-concrete beams under external loading. The relevance of the study is driven by the
global engineering trend toward replacing traditional steel reinforcement with innovative
composite alternatives, specifically Basalt Fiber Reinforced Polymer. These materials are
critical for structures operating in aggressive environments, such as water management
facilities, irrigation systems, coastal protection structures, and bridge deck components.
Beyond exceptional corrosion resistance, composite reinforcement possesses unique
physical properties: low thermal conductivity, high dielectric performance, and complete
non-magnetic behavior. Despite established industrial production of BFRP in Ukraine, its
implementation in real-world construction remains limited due to a deficit of fundamental
experimental and theoretical research. Specifically, there is a lack of verified methodologies
for calculating the strength, stiffness, and crack resistance of flexural elements.
Consequently, the authors focused on a detailed study of the collaborative performance
between concrete and basalt-fiber reinforcement. The key research objectives included: a
comparative analysis of the strength of inclined sections, verification of the hypothesis
regarding the accuracy of digital reproduction of full-scale experiments, and identification of
mechanical failure patterns using the LIRA-SAPR software package. During the study, a
deep comparison was performed between the actual load-bearing capacity and the indicators
obtained through computer modeling. The researchers successfully recorded precise
deflection values and deformation parameters for both the concrete matrix and the
reinforcing bars. The generated visual isofields of displacement and internal stress
distributions immediately prior to the failure phase provide a robust theoretical foundation
for the development of future state design codes for basalt-concrete structures.
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VIIK 624.04

BILJIMB IOYATKOBOi TEOMETPII HA PE3YJIBTATHU
TOMNOJIOTTYHOI OHTI/IMBAgli ®EPMOBHX
KOHCTPYKLIN

Kipiuenko /1.0., 1.¢.
OnecpKa JiepKaBHA aKkajeMis apXiTeKTypHu Ta OyaiBHUITBA, M. Ofeca
Yucrsakos A.O., 1.¢.
CroBanpkuii TeXHIYHUI yHiBepcuTeT B bpatucnasi, M. bparuciasa
Vuisepcurer Jlinnes, M. Bekmre

Ha cporomuiniHii JeHp B I1HXKEHEPHOMY IIPOEKTYBaHHI Bce OUIBIIOTO
3Ha4YeHHs HaOyBalOTh METOAM, IO CHPSMOBAaHI Ha IJBHIICHHS €()EeKTHBHOCTI
KOHCTPYKIIi MPU OJIHOYACHOMY 3MEHIIICHHI iX MaTepianoeMHocTi. OTHUM i3 TaKUX
MiAXO/IB € TOMOJIOTIYHA OmTHUMi3alisi. BoHa M03BOJIsIE BHKOHATH paIliOHATBHUIN
po3moAiN Marepiady y BKaszaHii oOjacTi i3 ypaXyBaHHAM HaBaHTaXXCHb Ta
rpaHUYHUX YMOB. IIpn 3acToCyBaHHI TOIOJIOTIYHOI OMTHMI3aIlil 0OYMOBIFOETHCS
HEOOXIHICTIO CTBOPEHHS JIETKHX, MII[HUX Ta EKOHOMIYHO e(pEeKTUBHHUX
KOHCTPYKIIH, SKi BIAIIOBIIAIOTh CyYacHHMM BHMOTaM €HEproe()eKTUBHOCTI Ta
CTaJIOT0 PO3BUTKY. B cBOIO wepry, 1ie HeoaHapa3oBO MIAKPECIIOE AKTYalbHICTh
IaHOI TEMAaTHKU.

Tononoriuna onTUMI3allisl 1€ BAXIMBHHA IHCTPYMEHT JUIS HPOEKTYBaHHS
JETKUX Ta KOHCTPYKTHBHO €(QEKTHBHMX KOMIIOHEHTIB, OCOOJMBO B Traiy3i
aJUTUBHOTO BUPOOHHUIITBA. OMHAK BIUIMB BHUXITHOT MPOEKTHOI raiy3i Ha KiHIEBY
ONTHMI30BaHy F€OMETPII0 YacTO iIrHOPYEThCs. B JaHOMY NOCIHIIKEHHI BUBYAETHCS
BIUIMB BHXiJHOI reoMeTpii Ha pe3yibTaTH TOIMOJIOTIYHOI onTHMizamii GpepMoBHX
KOHCTPYKIIi, BHUTOTOBIEHHWX 13 JepeBo-modiMepHoro kommosuty (JITK). Vci
HeoOximui Mexaniuni JIIK BU3HAYAJUCS EKCIEPUMEHTAJIbHUM  IJISIXOM
NPOBEIECHHS BHUIPOOYBaHb HAa PO3TAr Ta 3TWH BIANOBIAHO IO MIDKHApPOIHHUX
cragmaprie  ISO  527-4:2023 ta EN 310:1993 [1,2]. 3a oTpumMaHHMUMH
pesynbratamu Oynu TOOyHOBaHI JliarpamMi «HamnpyXeHHs—aedopMaris» Juis
PI3HMX HaNpsIMKIB HABaHTAXXEHHS BIJTHOCHO OpPI€HTAILlil BOJIOKOH, 0 c(OpPMOBaHi
B miporieci 3D-apyky. OTpumaHi 3aJIeKHOCTI TO3BOJIMIIM BPaxyBaTH OCOOIUBOCTI
MeXaHI9HOI MOBEIIHKN MaTepialy P PI3HUX CXeMaX HaBaHTAXKCHHS.

ExcniepuMeHTanbHI pe3ysbTaTH MPOASMOHCTPYBAIHM HENHIMHHUN XapakTep
poboTH Martepiary, a TaKOX BiAMIHHOCTI y HOTO TIOBEIIHIII TIPH PO3TATY Ta CTHUCKY.
JlaHuii eKCIepuMeHT IMiATBEP/KYBaB aHI30TPOIHI BIACTHBOCTI KOMIIO3HTY,
00YMOBJICHI TEXHOJIOTI€I0 AJWUTHUBHOTO BUTOTOBJICHHS Ta OPIE€HTAINIEI0 MaTepiary
nin vac 3D-gpyky. IloOynosani poGoui niarpamu Oynu BHKOPUCTaHI iist
CTBOpPEHHSI MOjeni, mo Oyja BIPOBa/J)KEHa B YHCEIBHHH PO3PaXyHOK METOJOM
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CKiHYeHHUX eneMeHTiB [3]. ByB BUKOHaHMI aHAaJi3 IBOX MiIXOMIB A0 ONTHMIi3arii
32 OJHAKOBUX T'PAaHMYHHUX YMOB Ta HAaBaHTAXKEHHA A (pepMOBOI KOHCTPYKINi. Y
MePIIOMY ITiXO0/Ii TOTIOJIOTiYHA OTITUMI3aIlisl 3aCTOCOBYBAJIacs 10 BXKE 3a3/1ajeriib
BU3HA4YCHOI KOHCTpYKUii ¢epmu (puc. 1). Y npyroMmy — BHKOPHCTOBYBajacs
CyliJIbHA TpaIeIienoaioHa MPOCKTHA 00JacTh 332 aHAJOTIYHHUMH rabaputamu, B
CBOIO Yepry 3 sKOi mojaajii 0yio 3reHepoBaHo eeKTUBHY (EepPMOBY KOHCTPYKIIIFO.
YucenbHl po3paxyHKH CIIOYATKY MPOBOAMIMCS Ha 0a3i BUKOPHCTaHHS METORY
CKIHYEHHUX eJeMeHTiB y mnporpamHomy cepenosuiti SOFiSTiK, Tomi sk
TOTIOJIOTiYHA omnTHMi3alis BukoHyBanmacs B ANSYS Discovery, mo peami3yBaB
COpPOIIEHUHA TMAXiA 1O METOAy CKiHYEHHX eIIEMEHTIB 13 MOXKIIHBICTIO
iHTepakTUBHOTO aHami3y [4]. BmactuBocti Matepiany JIIK Bu3zHauamucs Moaysiem
npyxxHocti 2295 Mlla, mexero MirHOCTI po3TsaryBanHs 15,3 MIla i koedinieHTOM
ITyaccona 0,244. Y cepenuHi npoyIbOTy JaHe 30cepepkeHe HaBaHTaxeHHs 115 H.

F
-2
"; |
258,8
177 b ] 177,5
31 3488 3.1

355

Puc. 1. Po3paxyHkoBa cxeMa HaBaHTaKEHHOT pepMu
VY mepuioMy BHUNAAKY ONTHMIi3allis BUKOHYBamacs Uil Bxke C(HOPMOBAHOI
(hepMOBOi CTPYKTYpH, IO OOMEXKYBaJI0O MOMIIHBICTH TEPEPO3MOIITYy MaTepiary
Jauuie B Mexax icHyroudoi reomerpii (puc. 2). OTpumani pe3ysbTaTu IOKaszaiu
YaCTKOBE IIOKpAllleHHs e(QeKTUBHOCTI KOHCTPYKIIi, OJHAK 3arajbHa CcXeMma
3aJIUIIMIACH OJIM3BKOIO 10 BUX1JHO.
a) 0)

Puc. 2. Toronoriyna onTumizauis NONepeIHbO0 331aH0i (epMH B
ANSYS Discovery: a) BuxiJjHa MoieNb; 0) ONTHMi30BaHa KOHCTPYKIIist
VY npyromMy BHIIKy TOIOJIOTiYHA ONTHMI3allisl MPOBOAWJIACS B MeEXax
CYLUIBHOT 00JacTi, 110 A03BOJMIO C(OPMYBaTH HOBY KOHCTPYKTHBHY CXEMY
BIAMOBIHO 10 NMPUPOJHUX LIIAXIB Hepelnadi HaBaHTaKeHHS. Y pe3yibrari Oyna
oTpuMaHa OuIbII parioHajdbHa epMeHHa CTpyKTypa (puc. 3).
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Puc. 3. Tomonoriuna onTuMizamis i3 cyninpHOI obmacti B ANSYS Discovery
Jns ouiHkn eQeKTHBHOCTI OTPHMaHUX KOHCTPYKIiii Oymo mpoBemeHO
MOPIBHSUILHUIA aHANI3 X HAMpPyXeHO-aeGopMoBaHoro crany (tabdm. 1).

Ta6muns 1
3nauenns H/IC ontumizoBaHux depm
[TapameTtp ®epma Tpanermis
Maxcumanbhuii nporun T, Mm 3,53 1,09
MaxcumansHi HanpyxeHHS O , MIla 19 13,1
BinnocHi nedopmanii €ax 0,00163 0,00108

B pesynbraTi Oyiio BCTAHOBJICHO, 1[0 BUKOPUCTAHHS CYNUIBHOI 00JacTi, K
MOYaTKOBOI TeoMeTpii, 3a0e3neuye OUIbII pallioHATBHIA PO3MOIIT MaTepiay, Mo
MPOSIBISIETHCS Y 3MCEHIICHHI KOHIICHTPAIid HANpYyXEeHb 1 OUIbII pPIBHOMiIpHOMY
posnoxiny nedopmarii. [lokasaHo, 1110 MaKCUMAIIbHI HAIPY)KEHHS 3MEHIIYIOTHCS
npubm3Ho Ha 30 %, a nedopmanii — 10 40 % mopiBHSAHO 31 3BUYAHOIO (hepMolo.
OTpuMaHi pe3yibTaTH CBiT4aTh IIPO JOMUIBHICTH 3aCTOCYBaHHA CYLIUIBHHUX
NPOEKTHUX oOyacTeil mnpu  TOMOJIOTIYHIM  onTHUMi3amii KOHCTPYKLii A
aJIMTUBHOTO BUPOOHUIITBA Ta OYy/IIBHHUIITBA B I[1JIOMY.

[1]. 1SO 527-4:2023. Plastics — Determination of tensile properties [in English].

[2]. EN 310:1993 - Wood-based panels - Determination of modulus of elasticity in bending

andof bending strength [in English].

[3]. Bendsee M. P., Sigmund O. Topology Optimization: Theory, Methods, and

Applications. — Berlin: Springer, 2003.

[4]. Lazareva D. V., Soroka M. M., Shilyaev O. S., red. M. G. Surianinov. (2020). ITpuitomu

poGotu 3 ITIK ANSY'S npu po3s’s3anni 3amau Mmexaniku. [Methods of working with ANSYS

software when solving mechanical problems]. Odessa. ODABA [in Ukrainian]. 431 p.
INFLUENCE OF INITIAL GEOMETRY ON TOPOLOGY

OPTIMIZATION OF TRUSS STRUCTURES

Topology optimization has become an important tool for the design of lightweight and
structurally efficient components, particularly in the field of additive manufacturing.
However, the influence of the initial design domain on the final optimized geometry is often
ignored. This study examines the influence of the initial geometry on the topology
optimization results of truss structures made of wood-plastic composites.
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VJIK 539.3
JOKAJIBHE 3HOIIIYBAHH/ IIPYKHUX TLJ 3A
KYCKOBO-OJHOPIIJHOI'O KOE®IHICHTA TEPTSA

Kozauok O.I1., K.¢.-M.H., cT. 10ca., Mananuyk H.I., k.¢p.-M.H., cT.H.C.
IHcTuTyT NMpukIagHUX mpodaeM mexaHiku 1 MateMaTtuku im. S1.C. [ligctpuraya
HAH Vxpainu, M. JIbBiB
Maptunsax P.M., a. ¢.-M.H., 1po.

Incruryt mexaniku im. C. I1. Tumomenka HAH Ykpainu, m. Kui

PosrnsiHEMO  KOHTAaKTHY B3a€EMOIII0 JBOX I30TPONHUX INPYKHHX
MiBIPOCTOPIB, IO Mepe0yBaloTh y CTaHI IUIOCKOI Jedopmallii Ta B3aEMOIIIOTh
HiJ Ai€r0 PIBHOMIPHO PO3HOJALICHOTO HAaBaHTA)KEHHS Ha HEeCKiHYeHHOCTI P .
Hikee 3 Ti BBaXaeTbCd HEPYXOMHM, iHIIE PYyXaeTbCsl 3 IOCTIHHOIO
mBuakicTio VB Hanpsmky oci . [Ipuryckaemo, 10 CUIM TePTs. BUHUKAIOT

| | | [ JMIIE B3IOBX TPHOX CHMETPUYHO

l l l l - PO3TAalIOBAaHUX HECKIHYEHHUX CMYT

Pl 1o N

Y, 1=12;3. Ha mepuiii cmy3i

koediuieat Teprs piBHmit f;, Ha
apyriii — f,, a ma tperiit — fy (
f3 = f)). Cwm  Teprs T

MAITOPSIKOBaHI 3aKOHY AMOHTOHA:

T="1y%= fiP, ne P — xonrakrhuit

tick. Ilo3a cmyramu X TepT
BiICYTHE 1 BigOyBa€eThCS TIAAKUI
. KOHTAKT. JocnimkyBaTuMeMo
] l I I | P JIOKaJIbHE 3HOINYBAHHS CIPSHKEHHUX

HOBEPXOHb Y3[OBXK CMYyl X, BHXOASYM 3 MOAesi (QPUKUIHOrO BTOMHOIO

3HOIIyBaHHA AHApeikiBa—Ilanacroka—Yeprern [1], 3rigHO 3 SKOIO CTHpaHHS
PO3MOYMHAETECS HAa THUX IUISHKAX, € CHia TePTS T MEPEeBHUIIyE MOPOTOBE

3HaYeHHS T . BBa)kaeMO HaBaHTA)XEHHS TAaKUM, LIO B MOYAaTKOBUII MOMEHT
qacy t=0 ymoBa T>1T; BHUKOHYETHCS B3IOBX cMyr X;. He oOMexyro4n

3arajbHOCTI, BBRKAEMO, IO CTUPAETHCS JIMIIE BEPXHE Til0. 3aCTOCOBYEMO
JMiHIAHUT BapiaHT MOJIEN, Y IKOMY IIBHUAKICTH 3HOITYBaHHSI JIIHIHHO 3aJICKUTH
BiJl TUCKY

or(xt)/ot=BV[fiP(xt)-19],  [x<d, (1)
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ne r(x,t) — roemuHa 3HoIeHOrO Matepiany; B — crana.

BuxkopucToBytourn po3BHHYTHH y mpamix [2-4] mMeTon, 3amady 3BENH 10
CHHTYJISIPHOTO  iHTerpo-amdepeHniadTbHOro piBHAHHSA BiZHOCHO (yHKIIT
r(xt):

or(xt)  2BfVG ¢ r/(s,1)

ot rc(1<+1)_J;j S—X

ne k=3-4v; G, v — moaysas 3cyBy Ta koediuient ITyaccona marepiany

ds+BV(fiP°°—ro), X|<d. )

Tin. OyHKIIA r(x,t) 3a/10BOJIbHSE TI0YATKOBY YMOBY I’(X,O)z 0 ta YMOBU Ha

miBoMy Kpai mepmoi Ta TIpaBOMy Kpai TpeThoi MAUISTHOK 3HOIIYBAaHHS:

r(-d,t)=0, r(d,t)=0.

VY mpoueci 3HOLIYBaHHS KOHTAKTHHH THUCK Ha CMyrax 2Xj IIOCTYIIOBO
3MeHmyeThbes i mpamye go  To/ fj mpm t—o0. BpaxyeaBmm 1o
ACHMIITOTHYHY TIOBEMIHKY 1 3IIHCHHUBIIM B iHTErpo-gudepeHmiaIbHOMY
piBHsHHI (2) TpaHWYHHMN mepexix mpu t—> 00, oTpuMaeMo piBHAHHA IS
pO3paxyHKy TOBIIMHM 3HOIIEHOro Marepiany  F(X)=r(X,) micas

3aBepIIIEeHHS 3HOLIYBaHHA. 3HAWCHO aHAITHIHNI PO3B’A30K I[bOTO PIBHSIHHS
Ta BM3HAYEHO TOBIIMHY 3HOLIEHOTO Marepiasly i KOHTAKTHHH THCK IiCIIs
MPUIPALIOBAaHHS ITOBEPXOHb.

[1]. Andreykiv A., Panasyuk V., Chernets M. A theory of wear of materials in dry
friction. Soviet Materials Science. 1981. Vol. 2. No 2. P. 153-158.

[2]. Martynyak R.M., Shvets’ R.M., Glod A.V. Running in of moving half spaces in the
case of partial wear of an asperity on the contact surface. Materials Science. 2003.
Vol. 39. No 1. P. 54-63.

[3]. Kozachok O.P. Local frictional wear of an elastic half-space with a regular system
of protrusions. Materials Science. 2023. Vol. 59. No 1. P. 121-128.

[4]. Kozachok O.P., Martynyak R.M., Malanchuk N.I. Contact interaction of bodies
with flat surfaces under local wear along a streak. Strength Mater. 2025. Vol. 57.
P. 939-946.

LOCAL WEAR OF ELASTIC BODIES WITH A PIECEWISE-
HOMOGENEOUS COEFFICIENT OF FRICTION
The contact interaction of two elastic isotropic bodies is considered, taking into
account local wear along a section with a piecewise homogeneous coefficient of
friction. The model of frictional fatigue wear is used, according to which wear begins
when the friction force reaches some critical value. The surface profile and contact
pressure after wear was completed were investigated.
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YK 621.73.011

AHAJII3 JE®@OPMOBAHOI'O CTAHY IIPU
OCAI’KYBAHHI TA ITPOTATI'YBAHHI 3AI'OTOBOK JJIsA
KYBAHHA I'AKIB

Koaicuuxk K./I., acnipanT, Yyxai6 B.JI., 1.1.H., npodecop
HanionanbHuii TeXHIYHUH yHIBEpCHTET «XapKiBCHKHH MOTITEXHIYHUH IHCTUTYTY,
M.XapkKiB,

KyBaHHsI rakiB BeJIHMKOI BaHTaXOIIJHOMHOCTI CYIPOBOIKYETHCS CKIIAJHUM
XapakTepoM Tedil MeTaly Ta HEpIBHOMIDHMM PpO3MOAUIOM  IUIACTUYHHUX
nedopmaniii  [1]. Ocob6amMBO 1e XapakTepHO i KOMOIHOBAaHHMX IIPOIIECIB
0Ca/DKYBaHHS Ta NPOTATYBAaHHS, IKi NIMPOKO 3aCTOCOBYIOTHCS NMPU BHUTOTOBJICHHI
TaKUX TIOKOBOK. Jlnsi aHanizy HampyXeHo-Ae(OpPMOBAHOTO CTaHy 3aroTOBOK
MEPCIEKTUBHUM € TIO€JHaHHs (DI3MYHOI'0 Ta YHCENILHOTO MOJICIIOBAHHS MPOIECiB
nepopMyBaHHS.

Metoro po0oTH € IOCITIDKeHHS PO3MOIINY IUIACTHYHUX AedopMariiii mpu
KOMOIHOBaHOMY OCAaJDKyBaHHI Ta TPOTATYBAaHHI 3arOTOBOK Ui KyBaHHS TaKiB
HIJSIXOM TTOPIBHSHHS Pe3yJIbTATiB (PI3HIHOrO Ta YNCEIHHOTO MOETIOBAHHS.

ExcnepuMmeHTanbHi  JOCHIIKEHHS  BHKOHAHO  METOJOM  (Di3WYHOTO
MOJICTIIOBAHHS i3 3aCTOCYBaHHSM CBHMHIEBMX 3paskiB Mapku Cl, mio
BUKOPHCTOBYBAINCH SK MOJeNbHUN Matepian s crami 20 [2]. JlociimkeHHs
NPOBENCHO HA ITIHAPUYIHUX 3paskax 3i cmiBeigHomeHusM h/D = 1 ta h/D = 2.
Junst anamizy posnoaiiny nedopmailiii 3acTOCOBaHO METOJ] KOOPJIMHATHOI CITKH 3
kpokoM 4x4 mm. [lonepeunuil mepepi3 BHKOHAHO 4Yepe3 LEHTPAIbHY 4YacTHHY
3pa3ka, a KOOpJMHATHY CITKYy HAaHOCWJIM Ha OJHY 3 TMOJOBHH Hepepiy.
OcampKkyBaHHS BUKOHAHO Ha CTymiHb aedopmarii 50 %, micis yoro 3aildicHIOBaIN
MPOTSTYBaHHS 3i cryneHeM jaedopMariii 10 Ta 20% 3a cxeMaMu «I10 KiJIbIIO» Ta
«10 JMOBXHWHI». JINs MiNBUIIEHHS JOCTOBIPHOCTI PE3YJIBTATIB KOXKEH BapiaHT
EKCIIEPUMEHTY  TIOBTOPIOBAIM  Tpu4i. YuceldbHE MOJENIOBaHHS  IIPOLECIB
0Ca/DKyBaHHS Ta MPOTITYBAaHHS BUKOHAHO y TporpamMHoMy kominiekci QForm UK
[3].

Amnaniz gedpopMoBaHOi KOOpAMHATHOI CITKM II0Ka3aB, IO HaiOimbIIa
IHTEHCUBHICTB JleopManiil CHOCTEePIraeThes B IEHTPANbHIA YaCTHHI IIOIEPEYHOTO
nepepizy 3paska, TOAl K y HampsMKy JO KpaiHiX 30H BeluduHA Aedopmariit
3MeHIIYeThCs. [IOpIBHAHHA EKCIEPUMEHTANbHUX Ta 4YHCEIBHUX PE3YNbTATiB
MmoKasajgo MOMIOHWH XapakTep 3MiHH JIOTapuPMidHUX nedopMalii  mpu
OCaJDKYBaHHI Ta MPOTATYBaHHi. J{JIs OMIHKY BiMOBIIHOCTI pe3yabTaTiB (i3HIHOTO
Ta YUCEIHFHOTO MOJCTIOBAHHS BU3HAYCHO KOoedilieHTH 301xkHOCTI. s OubImocTi
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KOMIPOK KOOPIMHATHOI CITKM 3HA4YeHHS KOeQiIieHTiB 301KHOCTI 3HAXOIATHCA B
mexax 0,8—1,2. Ile cBiAUNTE PO TOCTATHIO aJIeKBATHICTh YHCEIHLHOI MOICIT.

w —&— ex eKcll - -* - ex QForm —e— ¢z eKcll === ez QForm
805 © 0,45
E 04 § 044 gomoemes -
IR RS TS _ 2043 ~
S 03 £042 i IR
= 2041 S
E 02 E 04 N
£ o1 0.3
=) £.0,38
s 0 'S 0,37
R B 2,1 3,1 4,1 Tl 2,1 3,1 4,1
Homep koMipkn Homep koMipkn
a) 0)

Puc. 1. I'padikn exciepuMeHTATBHIX Ta YHCENBHUX JOTapH(PMITHIX IehopMariii:
a—ex;0—e

OtpumaHi  pe3yiabTaTH  MIATBEP/KYIOTH  MOXIHMBICT  3aCTOCYBAHHS
nporpamuoro komruiekcy QForm UK mns aHanisy posnoziny aedopmauiit mpu
KOMOIHOBaHMX Mpolecax OCa/DKyBaHHsS Ta NpOTATyBaHHS. BcraHoBieHI
3aKOHOMIPHOCTI  po3nojiny Jaedopmauii MOXyThb OyTH BHKOPHCTaHi IpH
po3pobIeHHi TEXHOJIOTTYHUX NpOLIECiB KyBaHHS raKiB BEJINKOT
BaHTaXXOIJHOMHOCTI.

[1] Altan T., Ngaile G., Shen G. Cold and Hot Forging: Fundamentals and Applications.
Materials Park: ASM International, 2005. 336 p.

[2] Kyxap B.B., Animenko O.C., [Ipucsokanit A.I'. OCHOBH €KCIIEpHMEHTAIBHIUX METO/IIB
JOCHI/DKEHHST TPOIIECiB OOpOOKM MeTaliB THCKOM: HaBu. moci6. Mapiymons: JIBH3
«[IATY», 2019. 235 c.

[3] QForm UK Ltd. QForm — software for metal forming simulation. URL:
https://gform3d.com

ANALYSIS OF THE DEFORMED STATE DURING UPSETTING AND
DRAWING-OUT OF BILLETS FOR HOOK FORGING

The paper presents the results of experimental and numerical studies of combined upsetting
and drawing-out processes used in heavy-duty hook forging. Experimental investigations
were carried out using physical modelling with C1 lead specimens as a model material for
steel 20. The coordinate grid method was applied to analyse the strain distribution in the
billet cross-section. Numerical modelling of upsetting and drawing-out processes was
performed using the QForm UK software package. The comparison of experimental and
numerical results showed satisfactory agreement of logarithmic strain values and
convergence coefficients. The obtained results confirm the applicability of QForm UK for
analysing strain distribution during combined upsetting and drawing-out processes.
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YK 539.3:532.135:544.25

METO/J AHAJIOT'TH Y TEOPII JTMCHEPCHO-
APMOBAHUX MATEPIAJIIB: ®IBPOKOMITIO3UTH TA
PIJIKI KPUCTAJIA

CemenoBa C.B., KoigecunkoB A.B.*, 3arunaiijo 1. B., IIncapenxo O.M.
Opecpka nepkaBHa akageMis OyIiBHHLTBA Ta apXiTEKTypH

Merton aHaNOTii Mocizae 0coOIMBE Miclie B TEOPETHUHIHM (i3UIll Ta MeXaHIIl
CYLUIBHHX CepefoBUIN. Y pOOOTI CHCTEMaTHYHO IPOCTEXKYEThCS TIIIHOOKA
CTPYKTYpHa TOAIOHICT, MIDK TEOpIEI0 TUCIEPCHO-apMOBAHMX MarepialiB,
apMOBaHHMX KOPOTKMMH BOJIOKHaMH TNPHUOJIU3HO OJHAKOBOI JIOBXKHHH, 1 TEOPI€I0
pinkux kpucraniB (PK) — Ha Bcix piBHsAX onmcy: Bin (yHKUiil po3noaidy
opieHTaliil 1 TEH30piB MOPSAKY A0 PIBHSHb €BOJIOLII Opi€HTAIIfHOrO CTaHy,
PEOJIOTIYHUX KOHCTHTYTUBHUX CIIBBIHOLICHB 1 TEPMOJUHAMIUHUX (DYHKIIOHAIIB
BUIbHOT eHeprii. BcraHoBieHo, ae I aHamorii € rauMOOKUME (PIBEHb SIBHOTO
BUTJIISTY PIBHSHB), & JIe — JIUIIE SKICHAMHU.

CraTH4Ha aHAJIOTis IPYHTYETHCS Ha anreOpalyHOMY 3B'SI3KY MiXK TEH30pOM

OpieHTaIi}l BOJIOKOH APYTOT0 HOPSIKY Aj i Q-Tenzopom HemaTuka:

=A —1
Qi=A—3%
10610 Q-TEH30p € GE3CIIJHOI0 YACTUHOI TEH30pa OpieHTalil. DYHKIIT pO3OiTy
opienTaniii Bosokon W (P) i monekyn HPK f(U) e o6'exramu ommoro

. . . . 2 .
MaTeMaTMYHOTO KJacy: OOWjBi BU3Ha4yeHi Ha onuHMYHii chepi S° i
3a/10BOJBHSIOTH yMOBi TapHoi cumetpii i (P) =y (—P) . HonycTumi inBapiantu

2 3 4 .
anonspHoro Tensopa apyroro panry — tr(Q°), tr(Q”), tr(Q") — oxmaxosi mns
000X cHucTeM, 110 OBHICTIO BU3HaYae (opMy (QyHKIIOHATY BUIBHOI €HEeprii.

TepmonnHamiuHa aHasnoris: (yHKIIOHA]T BUIbHOI eHeprii opieHTaliifHOro
CTaHy KOHIIEHTPOBaHOI CyCINeH3ii BOJIOKOH Ma€ Ty caMy CTPYKTYpY, IO ¥ BijbHA
enepris ne XKena juis Hematuka:

f, =2tr(A%)—2tr(A%) +<[tr(A)F,
ne koedirient @ o (¢ — go*) 3MIHIOE 3HAaK IIPU KPUTHYHIHM KOHIEHTpalii BOJOKOH

*
(p — MpsAMOMY aHaJ1031 TEMIICpAaTypu MNPOCBITICHHA HCMaTUKa T . HasBHicTb

. . . 3
KyGi4HOTO uieHa, IO BM3HAYAETHCA HeHynboBMM imBapiantom tr(A°)

aroJIIPHOTO TeH30pa, FapaHTye (a30BUH MepeXiJ] MepIIoro poay MiX i30TPOITHUM
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1 OpieHTamiiHO-BIOPS/AKOBAaHNM CTaHAMH. PiBHOBaXKHE 3HAUEHHS Mapamerpa
MOPSIKY 3HAXOIUTHCS 3 YMOB PiBHOCTI BIIBHUX €HEPTii i CTIMKOCTI:
2
2b . 2b
¢cTan PTQ T
3c 9ac
JIlnHaMiyHa aHayoTis € HaWOiMBII Bpakatoworo. PiBHsuHa Ponrapa-Takepa
IUI TEH30pa OpieHTamii BOJOKOH i piBHAHHA Epikcena-Jlecm mis mupekropa

HEeMaTHKa MalOTh iJICHTHYHY TEH30PHY CTPYKTYPY.
VY cumerpuuHiii TeH30pHIH (opmi piBHsHHS Donrapa-Takepa 3amucyeTbes

A?f = (Wi Ag — AW) + A(Dy Ag + A Dy —2D, Ayy) +2C, B 65— Ay,

Ie V\/ij i Dij — aHTUCHMETPUYHA 1 CHMETpHYHA YAaCTHHH TEH30pa TpajicHTa
mBuaKocTi, A — mapamerp QOpMH BOJOKHA, CI — KoedillieHT B3aeMOJIi MiX
BOJIOKHAMH.

Y IUpeKTOpHOMY HaONMKEHHI (AJ- —>ninj , TIOBHE BUPIBHIOBAHHS) DPiBHSHHS
@onrapa-Takepa 3BoauMThcs a0 piBHsHHS Epikcena-Jlecni 3 igeHTHdikalieo
A< (a;+a,) ! (a;—a,) . 3amuxaroui HaGnMKeHHS /IS TEH30pa YETBEPTOTO
MOPSIKY Ajkl yepes AJ— € aHaJoraMHM HaOJIMKCHHS CaMOY3TOKEHOTO MO

Maiiepa-3ayne y teopii PK.

TeH3zop HampyXeHb CyCIICH3ii BOJOKOH BIATBOPIOE BCI LIICTh HE3AIEKHUX
ujleHiB TeH30pa Hampyxenb Jlecnm 3 igentudixanicro xoedimienris Jlecn ¢;
yepe3 00'eMHy 4acTKy BOJOKOH (0, aCIeKTHE BifHOIIEHHS I 1 mapamerp ¢opmu
A. VYmosa IMaposi s Hematnka O, + Ol =0y — (s, IO BUILIMBAE i3

npuHIumy OH3arepa, Ma€ TEpMOJINHAMIYHUH aHAJIOT Y TEOpii CycIieHsiii.
Oco6muBO TTHOOKOIO € aHAJOTIS MIX JTHUCIIEPCHO-apMOBAaHIM MaTepianoMm i3

(hepoMarHiTHUMHM BOJIOKHAMH 1 CMEKTHYHOIO Me30¢aszoro A. J[umosprHa MarHiTHa

B3a€EMOJiSI MDK HaMarHiYeHUMHM BOJIOKHAMH € aHI30TPOITHOIO:  BOJIOKHA,

posramosani Topens no Topus (@ =0), npuraryrorscs (U ~ —2,u0m2 /),

posramopani iy o mmiy (€ =7/2) — Bimmrosxyrotscs. Ll amizoTpomis €
PYLIIHHOIO CHIJIOK YTBOPEHHS IIAPOBOI CTPYKTYpU 3 MapaMeTpoM MOPSAKY

o i . .
nosuiitnoro sropsakysanns WV, =W, |€"" . Tlopmmii ommc cramy Takoi
CHUCTEMH BHUMAarae JIBOX HE3AJICKHHX IMapaMmeTpiB MOPSIKY: OpieHTaliiHOTO AJ-

(amanor Q-temsopa Hemaruka) i nosuuiiinoro ‘W, (amamor mnapamerpa
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CMEKTHYHOTO  TOpsaKy). DyHKIioHam BUIBHOI  eHeprii  HaMarHideHOTO
(hibpoxoMITO3uTY:

Fo=Fo ot la 19, P19, 1 4L [ (9 -ig,n) e, [Flav,
€ TOYHUM BimoOpakeHHsM (yHKITioHaTY 1e JKeHa mst cmektrka A. KoBapianTHMIA
rpagiear (V —10;N)¥, 3abesneuye 38'130K Mix MO3MLIHHEM i OpieHTaLiHHIM
mapamMeTpamMH THOPSAKY: SIKIIO TUPEKTOP BIIXWISETHCA Bi HOpPMali 0 IIapiB,

BUHHUKAE JOAATKOBA CHEPTis, 0 IParHe yTPUMATH IX NePIeHIUKYIIPHIMH.
CroBnuk Binmosinnoctedi: Q-TeHsop HemaTuka <> TeH30p OpieHTaIil

BOJIOKOH; IIapaMeTp CMEKTHYHOIO TOPSIKY ‘P(—)\Pf; XBUJIBOBUH BEKTOP
0y <> (;; Ttemmeparypa mEpexoAy HEMATHK-CMEKTHK TNA <> KpHUTHUYHA
KOHIIEHTpalis ¢, . Minimizamis ¢yHKIioHaTy Ff sa V', nae piBHsHHS THIY

Tin36ypra-Jlannay, y noHAOHIBChKiH rpanui (| Y, |=const) — piusnus as

JIMPEKTOpa 3 XapaKTEPHOIO «JIOHJOHIBCHKOIO INTUOMHOIO IIPOHUKHEHHSD):

A=yl e ¥ ), & =LTa],

ne & — KopemsuiiiHa JOBXMHA mapamerpa poslapyBaHHs. Ilapamerp

Tins6ypra—Jlanmay Ky = A; [ &, Busnauae tun nepexony: mpu & <1/ V2 -

aHaJjor cMekTHKa Tviy I (piskuii mepexin); npu K; > 1/+/2 — amanor cmexTuka

tumy Il (BuxpoBa ¢asa, mapoBa CTpyKTypa IPOHH3aHA PEIIITKOK TUCIOKALIHHIX
JiHIH, aHaJOr pemiTku AOpUKOcOBa). YHIyNsLiliHa HecTaOUIBHICTH MIApiB IpU
NpUKIafeHiil nedopmamii € B3IOBXK TUPEKTOpa BHHUKAE TP KPUTHIHOMY
3HAYEHHI:

e, ~m°L 1 (B(R?), B;=c|¥[qf,
0 € TOYHMM aHajoroM HectabutbHOCTI Xepinra-Hincona-Xendpixa s
CMEKTHKa A (€c ~ 72'2 K1 / (BRZ) , K1 > L1' Bsm <~ Bf ). Tomonoriuni
nedextn y mapoBiii cTpyKTypi — JucioKaumiidHiI JiHIT 3 BekTopoMm broprepca
b= ndf — € aHaJoraMu JHWCIIOKAIlil CMEKTHKAa i BHUXOpIB HAANPOBITHHKA B

anaiorii me XXena. 30HM pi3Koi 3MiHHM Opi€HTAIlii BOJIOKOH y (iOpPOKOMIIO3UTI
(opienTauiiini cuurymsprocti 3 sapagamu M=%1/2) € npamumu ananoramu
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MUCKITIHAII HeMaTWKa — OOWABa KJIACH CHCTEM MAalOTh OJHAKOBHH IIPOCTIp
2 27y - D2 v

napamerpa nopsiaky RP“ =S8°/¥ , i pynnamenramsny rpyny 7, (YP°) =¥ ,.

Mexi 3aCTOCOBHOCTI aHANOTIi: y PIOKUX KpHUCTalaxX TeIUIOBi (Iykryamii

CyTTeBI 1 poOsATh Teopito JlaHmay numIe SKICHO TOYHOI MOOJIN3Y TEepexony; y
(hiOpoxoMmo3uTax poib (IYKTyamid BigirpaloTh MeXaHIuHI 3ITKHEHHS MK
Bontokaamu (C| -unen), i teopiero Jlanaay € KiNbKICHO TOYHOW. AHAIOTIS He
OXOIUTIOE TIPOIIECiB PYHHYBaHHS Ta JcOOHIUHTY, HEMIHIIHOT TOBEAIHKH MATPHIIi, a
TAKOXX MIKpPOMEXaHIYHUX METOMIB OOYHCICHHS €(PEKTHBHUX MPYKHUX MOIYIIB

(Emen6i, Mopi—Tanaku), mo He MaroTh HpsAMHUX BiamoBimHocTeil y Teopii PK.
3BOpPOTHE MEPEHECEHHsS Pe3yNbTaTiB MOJXKIIMBE: amapar 3aMHKaHb Uil TEH30pa

Ajkl y Teopii (piOpOKOMIO3HUTIB MOKE HAIMXHYTH HOBI ITXOAHM IO 3aMHUKAHb

Q-Tensopuux pisHsHbL y quHamini PK.

THE METHOD OF ANALOGIES IN THE THEORY OF DISPERSION-
REINFORCED MATERIALS: FIBRE COMPOSITES AND LIQUID
CRYSTALS

The paper establishes a deep structural analogy between short-fibre composite theory and
liquid crystal (LC) theory. The fibre orientation tensor Aj and the LC Q-tensor are related

by Qij = Aj -1/ 3§ij . The Landau-type orientational free energy, the Folgar-Tucker

and Ericksen—Leslie evolution equations, and the viscous stress tensors are shown to share
identical tensorial structures. For magnetised fibre composites a double order parameter —

orientational (Aj) and positional (‘Pf ) — reproduces de Gennes' smectic-A free energy
functional exactly, including the covariant-gradient coupling term. The Ginzburg-Landau
parameter K; = /1f /ff classifies the transition type; the Helfrich undulation instability

threshold and Abrikosov-like dislocation lattices follow directly from the analogy. Limits of
applicability and prospects for mutual transfer of results are discussed.
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YK 691.3:519.24

CTOXACTUYHA KIHETUKA CTPYKTYPOYTBOPEHHSA
BAXKYUYUX CUCTEM

CemenoBa C. B.*, KoaecankoB A. B., Ouqiitnuk T.I1., T'exyasn C.1.
Opecbka JiepkaBHA akaieMis Oy JIBHUITBA Ta apXiTEKTypH

JleTepMiHICTHYHI ~ MOJENI  CTPYKTYPOYTBOPEHHSI  B’SKYYMX  CHCTEM
BUSIBIISIIOTBCSL TIPUHIMIIOBO HEJOCTAaTHIMH JJISI OMKCY CIIOCTEPE)KYBaHHMX SIBHUII,
OCKITBKH (QIIyKTyarii Ha Me30- Ta MIKPOPIBHSAX BHU3HAYAIOTH PO3TATYKECHHS
TPa€EKTOpifl CTPYKTYpHOI €BONIOWIi Yy KPpUTHYHHX TouykaX. Peakmii rimpararmii Ta
moJliMepu3allii MpOTIKAIOTh Yy TPOCTOPOBO HEOTHOPIAHOMY CEpeHOBHINI, e
JOKaJbHI KOHIEHTpAIlil pEareHTiB, pO3MOALT TOp 1 TeMIepaTypHE IIoJe
MiATOPSOKOBAaHI  CTATUCTHYHOMY  PO3MOALTY. MAaKpOCKOIMiYHI  BIACTHBOCTI
Marepialy € IHTerpaJbHUMH XapaKTCPUCTUKaMH aHCAMOII0 MIKpOCTPYKTYypHHX
koHGirypauiii. [IpupoaHuM € nepexin 10 KMOBIPHICHOTO ONKCY, 00’ €KTOM SIKOTO €
HE OJTHa TPAEKTOPIsl, @ PO3MOALI IMOBIPHOCTI 10 aHCaMOJIIO CTPYKTYPHHUX CTaHIB.

dazoBuii IpocTip OyLy€eThCS HA OCHOBI KOOPAUHAT MiHKOBCHKOTO — YacTOK

€JIEMEHTIB Pi3HOI TOIOJIOTIYHOT PO3MIPHOCTI: 50 (i3ompoBaHi 3epHa, 0-BUMIpHI),

& (nimiiini arperarn), &, (noBepxHesi enementn, Mixdasui mexi), &, (3B'a3Hi

06'emHi (ha3m). Lli kKoOpaAMHATH 3a10BOJIBHSIOTH HOPMYBaJIbHIN yMOBI (1):
Sta+és+8 =1 §20,()

to6T0 Bektop & =(&,,&,&,,8;)  Mexuth y TPUBMMIPHOMY —CHMIUIEKCI

A2 cV*. Koopanaatn MiHKOBCHKOTO BU3HAYAIOTHCS 3 aHAJI3Y IUIOCKUX HUTI(iB
METOJIOM KJiTHHHOTO JiueHHs (box counting): aist 00'e€KTiB Pi3HOI TOMOJOTIYHOT
MPUPOAN 3QJIEKHICTh KUTBKOCTI KIIITHH BiJ Macmrady N (6) ~ efD nae
epextuHy posmipuicte D, 3 sKoi crepeomoriuHMMH  HepepaxyHKamu
BiIHOBMIOEThC MOBHUH Bektop & . Kokna Ttouka & € A® BiITIOBigae
Mopdostoriuniit koHpirypartii MikpocTpykTypH, a Tpaektopis &(t) — i eomonii
B 4aci.

CroxacTH4yHa JAuMHaMika Yy mpocTopi A® OIUCYETHCSI  CTOXACTHYHUM
nudepenniansuum  pisnsuaam (y cenci Ito) d& = A(E)dt+ B(E)dAW , ne

A(E) — sexrop mpeitdy, B(E) — marpums mudysii, dW — sinepischiuit
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nporiec. ExBiBanentHe piBHIHHS ®Doxkepa—Ilmanka (PIIK) mmg mimsHOCTI

imosiprocti P(&,t) (2):
FEIE AL agaé .,

ne D(&)= B(f)BT (&) — remsop mudysii. YV nauseprentHiit dopmi

0 :—V -J, ne BexTOp IMIBHOCTI MOTOKY iMOBipHOCTI (3):
t p Y p

JLED=AE)pED - ZZ [D.,(f)p(é INE)

1

I'paHnuHI yMOBH Ha MEXi CUMIUIEKCY 8A HOPUPOJHO (HOPMYITIOIOTHCS SIK

BiZICyTHICTh HOPMAJIBHOiI KOMIIOHEHTH MOTOKY: J -n| =0, mo 3abesneuye

oA
30epeXeHHsT HOPMYBaHHS Ta HEBiI'eMHOCTI KoopauHat. CTarioHapHHUHA PO3MOILT
Py (&) Busnauaetsest ymosoro V £ J =0. Edexrusuuii noteHuian crpykrypu
®(&)=—Inpy (&) simirpae pons, ananoriuny sinbHili emeprii [i66ca: iforo

MIHIMYMH BiJIIOBIIAI0Th HAWOUIBII iIMOBIPHUM MOP(OJIOTIYHUM KOHDIrypalisM.

KirouoBoro  ifieero €  TepMOIMHaMiuHa ~ JEKOMIIO3MILS IMOTOKY Ha
MOTEHINabHY (AMCHUIATHBHY) Ta IUPKYJIALIAHY CKIagoBi. BusHavawouu

Y(&, 1) =Inp(&,t)—In py (&), otpumyemo (4)
ot :_p((:’t) D(é)vg\{’(g’t)’ ‘]circ = J _Jpot-(4)

3BakeHa OPTOrOHAJIBHICTH IA3 J oot *deire / PAE =0 rapanrye apurusricts
BHECKIB Yy eHTpomiiiHuii OamaHc. IlIBuakicTe 3pOCTaHHS BiHOCHOI EHTpOIil
Kynb6aka—JleiiGnepa S[p| pel= —j pin(p/ py)d& BU3HAYAETHCS
BUKITFOYHO MOTEHLIAIBHOK CKIIag0BOI0 (5):

o (t) ((jj? ; | pot |

[upkynsmiiina ckmagoBa J

d&=>0.(5)

circ HE BHOCHUTH BHECKY Y dS/dt i omucye
3aMKHEH] «KpyroBi» pyxu y npocropi A° Ge3 3minu BIILHOCHOI eHTpomii. YMoBa

JACTAJIBHOI'O 6anchy \] = O €KBIBaJICHTHA 3HUKHEHHIO J SIKIIO ,Z[eTaJ'II)HI/II/I

circ :
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OanaHc MOPYMICHO — CUCTEMA € ICTHHHO HepiBHOBaXKHOI0. KiIbKiCHIM KpUTEpieM
€ (6):

| ‘]circ | 0 1
————¢[0,1], (6)

=T

circ |

ne kK =0 Bignosinae yncTo noTenmiaNbHIl mUHAMINI (TeTanbHui Gamanc), K =1
— 4uCcTO TWMpKyIsadiiHid. [loTeHmianpHa CcKIamoBa BIAMOBINAE «peaKLiiHO-
KOHTPOJBOBAHMM» IIpOIlecaM, KEpOBaHUM aQiHHICTIO peakIiii Ta TpagieHTaMHu
KOHIIEHTpaLii; HUPKYJsiliHa — KOHKYPSHTHHM PEaKLisAM i3 METISIMH 3BOPOTHOTO
3B'SI3KY, SIKi HE MOXKYTh OYTH ONHCaHi Yepe3 €INHUI TepMOANHAMIYHUH TOTEHITa.

JIns B'SyKydHX CHCTEM pizHOTO ckiamay «ianamadt» notenmiany D (&) mae
XapaKTepHy TOIOJIOTi(0. Y TIllCOBUX cHUCTeMax (POpPMYETbCS €AMHHMN BHpa3HUI
MiHimym mpu mominysamni &,, &;, a K= 1 — jmHamika € mnepeBakHO
nmoTeHIianbHOI0. [{eMeHTHI cuctemu 3 KOHKypeHIiero Mik (azamu CSH-remo,
NOPTIAHAMTOM Ta eTPHHIITOM MalOTh Kilbka JIOKanbHMX MiHiMymiB @D
rinconemMenTHO-mynonaHosi B'sxyui (ILIIIB) xapakrepmsytorsea K ~ 0.3-$0.58.
TeomnoniMepHi CHCTEMH JIEMOHCTPYIOTh HalcKIafHinry Tomosorito Ta K —>1 Ha
MOYATKOBHX CTaJlisIX TBEPIHECHHS.

[MpuHUMO  MiHIMQJIBHOrO BUPOOHMITBA EHTPOMNII y CTOXaCTUYHOMY
dbopmysoBaHHI HAaOyBa€ BHIVIAAY: CTAlllOHAPHE 3aJMIIKOBE BHPOOHHIITBO

enrponii o) = I|J 3 P I(pyD)dE  mimimisyeres  3a 3ajmammx

MaKpOCKOIIYHHX 0OMeKeHb A (CKiaj B'SKydoro, BOAOLEMEHTHE BiHOIICHHS,
temrieparypa). Lle m03BossiE IHTEPNPETYBATH «aJamTaIliioy MaTepialy 0 YMOB
TBEPAHECHHS SK JIOCSTHEHHS CTaHy MiHIMQJIBHOTO 3aJMINKOBOTO BHUPOOHHIITBA

eHTpomii — aHamora MiHiMymMy O 3a Ilpuroxunmm. BapiaGenbHicTh

BJIACTHBOCTEH MIDXK 3pa3KaMH OJHOTO CKJIaay, IO € J00pe BiJIOMHM SBHIIEM,
OTPUMYE TOYHHMH KIJIBKICHMI ONKMC: BOHAa IMOB'S3aHa 3 INUPUHOIO PO3IONLTY

- A3

p(&,t) y mpocropi A°.
3130k 3 GENERIC-dopmanismom (General Equation for the Non-
Equilibrium Reversible-Irreversible Coupling) 103BoJisie HOCIIIOBHO BKJIHOYATH
MeXaHi4Hi, TEIUIOBI Ta XIMiYHI MpPOIECH Yy €QWHYy TEPMOAMHAMIYHO Y3TODKEHY
cxemy. [loTeHmiampHa CKJIAZ0Ba TOTOKY € TPATiEHTHHM TOTOKOM (YHKI[IOHATY

Kynsbaka—Jleiibaepa y METpHLI Baccepmreiina W, :
6t p= —gradwz DKL[ Pl pst] . Ile mpeicTaBNeHHs € MaTEMaTHYHO CYBOPHM i Mae

npsiMy MaTepiajo3HaByy IHTEpHpETalIlilo: CHCTEMa EBOJIIOLIIOHYE TaKUM YHHOM,
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mo0 MiHIMI3yBaTH TPaHCIOPTHI BHTPAaTH y MPOCTOPi A3 pu HaOJNKEHHI 10
CTaIliOHAPHOTO PO3MOILITY.

3anporoHoBaHui (opMami3M BIIKpUBAE MiAXiA [0 IIECTIPSIMOBAaHOTO
YVOpaBITiHHSA CTPYKTYPOYTBOPEHHSIM. BBemeHHS XiMiyHHX NOOAaBOK, IO YCYBalOTh
OIHY 3 KOHKYPEHTHHX peakIiif, 3MeHmye K 1 NepeBOOUTb AWHAMIKY Y
MOTEHIIAIbHANA peXUM 3 TependadyBaHUM IIUIBOBHM CTaHOM. MexaHigHa
aktuganis 36imbmye D(E), mo mossonse monatm Gap'epu Mik JOKaTbHUMH

minimymamu D . 3agaua onTUManEHOro MaTepialbHOTO IU3alHY (OPMYIIOETHCS
AK Tomyk ymoB A, 3a SKHX cTamioHapHuii posmomin ®ITK  HaitGmmkue

*
HaONMKAETBCSL 0 IIIbOBOTO ) (X) , 110 BIAIIOBIJA€ 3aJaHUM BJIACTHBOCTIM

Matepiany. Llelf migXing € KiTbKICHEM 1 MOXe OyTH peani30BaHUIl IMO€JHAHHSIM
MIKPOCTPYKTYpPHOTO aHamizy mnuri¢is, gucenpHoro po3s'szaHas OIIK i meroxis
OINITUMAJIEHOTO YIPABJiHHS CTOXaCTUYHHMH CHCTEMaMH.

STOCHASTIC KINETICS OF STRUCTURE FORMATION IN
CEMENTITIOUS SYSTEMS: FOKKER-PLANCK FORMALISM IN
MINKOWSKI SPACE AND THERMODYNAMIC DECOMPOSITION OF
PROBABILITY FLOWS

A theoretical framework is developed for stochastic description of microstructure evolution
in cementitious binders — gypsum, cement, gypsum-cement-pozzolanic, and geopolymer
systems. Minkowski functionals (volume, surface area, integral mean curvature, Euler—

Poincaré number) serve as phase-space coordinates § € A®. The Fokker-Planck equation

in divergence form governs the probability density p(f,t). The probability flux is

decomposed into a potential (dissipative) component J which drives the system toward

pot °

the stationary distribution, and a solenoidal circulation component J associated with

circ '

non-equilibrium cyclic transformations. Entropy production is determined solely by J pot

while J,.

to classify structure-formation regimes across binder systems and to formulate principles of
targeted microstructure design via control of flux topology in Minkowski space.

characterises irreversible thermodynamic coupling. The framework is applied
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YK 699.812:624.014

OIITHIOBAHHSI MEXAHIYHOI MIITHOCTI
NTHOKOKCOBOI'O IIAPY PEAKTUBHUX
BOT'HE3AXNCHUX MMOKPUBIB 1151 METAJIEBUX
KOHCTPYKIIH

Konna b. 1.

Harionansauit yHIBEpCUTET HUBITFHOTO 3aXUCTy YKpainu, M. Yepkacu

3abe3nedeHHs] BOTHECTIMKOCTI OyAiBeNbHUX KOHCTPYKIiH TIOB’s3aHE 3
HEOOXIHICTIO OOMEXEeHHS BIUIMBY BHCOKHX TEMIEpaTyp Ha HECYdi €lIeMEHTH Mij
yac 1mokexi. [|Jist Iboro 3aCTOCOBYIOTHCS Pi3HiI CTIOCOOM BOTHE3AaXKCTY, BUOIP SIKMX
3aJIeKHUTh Bl Marepially KOHCTPYKIIi, yMOB eKCIUlyaTauii, HEOoOXiZHOI Mexi
BOTHECTIMKOCTI Ta BIACTUBOCTEH 3aXHUCHOT0 MOKpuBY [1,2].

IIuTaHHs BOrHECTIMKOCTI BOTHE3aXHUIIEHUX 3aTi300€TOHHHX, CTAJEBHX Ta
JiepeB’STHUX KOHCTPYKLIi pO3MIISHYTO B HU3LI JOCITipKeHb. st 3a1mi300€TOHHUX
€JIEMEHTIB OCHOBHA yBara IpPHIUISETbCS BH3HAUEHHIO TEMIIEPATYPHOTO CTaHy,
30epeKeHHI0 HECy4ol 3JaTHOCTI Ta MOJIENIIOBAHHIO HECTAI[lOHAPHOTO IPOTPiBY
[1,3,4]. [dusa crameBUX KOHCTPYKIIH BaXXJIUBUM € OOIPYHTYBaHHS KPHUTHYHOI
TEeMIIepaTypH, OCKUIBKM MiJABHUINEHHS TEMIEpaTypH NPHU3BOAWTH OO 3HIDKCHHS
MIITHOCTI Ta JKOpcTKocTi MeTamy [5,6]. OxpeMi HOCHIIKEHHS CTOCYIOTHCS
BOTHE3aXHCTy JAEPEB’SIHNX KOHCTPYKLIH 3 ypaxyBaHHSIM OCOOJIMBOCTEH TOPiHHS
Marepiany Ta poboTH 3axucHOro mapy [7].

Jdnst meraneBux OyZiBEJIbHUX KOHCTPYKIIH TOUIMPEHUH PIlICHHAM €
peakTHBHI BOTHE3axHMCHI NMOKpuBH. [liJ [i€l0 TeMrepaTypu BOHH CIy4YYIOThCS Ta
(hopMyIOTh TOPUCTHI TEIMJIOIBOMAIAHUN Mmap — TIHOKOKC, SKUH 3MEHIIyE
IHTCHCUBHICTh HarpiBaHHA MeTany. EQeKTHBHICTh TaKOTO MOKPHUBY BH3HAYAETHCS
HE JIUIIE KPATHICTIO CITyYeHHSA, a W CTPYKTYPHOIO CTaOUIBHICTIO C(OPMOBAHOTO
mapy, Horo aaresi€ro 10 OCHOBU Ta MEXaHIYHOIO MIIHICTIO.

VY peanpHUX YMOBaXx ITOKEKi MHOKOKC MOJKE 3a3HAaBaTH JIii MOTOKIB rapsaux
ra3iB, JOKaJbHAX MEXaHIYHUX BIUTUBIB, BiOpaliii a0o IMepeMilleHb EJICMEHTIB
KOHCTPYKLii. 32 TakMX YMOB HEJIOCTAaTHS MIIHICTb CIy4YEHOrO IIapy MOe
NPU3BOJUTH 10 HOTO pYHHYBaHHS Ta BIAKPHUTTS OKPEMHX JAUISHOK MeETaJeBOl
noBepxHi. Lle 00yMoBIIOE HEOOXiTHICTH KUTBKICHOTO OLIHIOBAHHS MEXaHIYHOL
CTIHKOCTI TIHOKOKCY SK OJIHOTO 3 TapaMeTpiB Mpare3gaTHOCTI PEaKTHBHOTO
BOTHE3aXHCHOTO MOKPHBY.

HasiBHI MeTOoaM OIIIHIOBAaHHS MIITHOCTI THOKOKCOBOTO IIIapy IEePEeBaXHO
TPYHTYIOThCS Ha JIOKAJIbHOMY 1HJEHTYBaHHI 800 CTUCKAaHHI OKpeMHX MiJSTHOK. Taki
MiIXOAW Mal0Th 3MOTY BH3HAYUTH OIp MPOOUTTIO B TEBHIH TOdUIl, aje He
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TIOBHICTIO XapaKTepU3yIOTh HECydy 3HaTHICTH yci€l MOPUCTOI CTPYKTypH. Y
3B’S3Ky 3 UM IOIIIBHHAM € 3aCTOCYBaHHS METONY PO3IOAUICHOTO CTATHUIHOTO
HABaHTAXXCHHS, SKUH [O3BOJISIE OLIHUTH pOOOTY CIYYEHOTO MIapy Ha ICBHIH
TUTOII.

Jnst 1ocnipKeHHsT TPUHHATO CTUPOJI-aKPHIIOBI BOTHE3aXUCHI HMOKPHUBHU JUIS
METaJIeBUX KOHCTPYKIIH 13 BHUKOPHCTaHHSM pPEAaKTHBHO3/IATHUX KOMIIOHEHTIB
[IDA, TIE ta AI(OH)s. 3miHa iX CHiBBIJHOIIEHHS BIUIMBAE HA IPOLEC CITyYEHHS,
CTPYKTYpY IIHOKOKCY Ta Horo omip pyiHyBaHH!0. 30ibineHHs yacTku [1E cnpusie
IHTEHCHBHIIIOMY CITy9YEHHIO, OJHAK MOJKE 3HI)KYBaTH MIIHICTh miapy. BBeneHHs
Al(OH)s 3abe3nedye dopMyBaHHS OUIBII CTIHKOI CTPYKTYypH 3aBISIKH yTBOPEHHIO
OKCHHOTO KapKacy.

3a pe3ynpTaTaMM JOCIHI/KEHb BH3HAYEHO CIiBBIJHOIICHHS KOMIIOHCHTIB
[I®A : IIE : AI(OH)s = 25 : 15 : 40 mac. %. Taxwmii cxiag 3abe3mnedye moeqHaHHI
CIy4eHHS Ta CTPYKTYPHOI CTaOiIbHOCTI MIHOKOKCOBOTO Imapy. Jlyist 3a3HadeHol
KOMIIO3HIIiT BCTAHOBJICHO 3HIDKCHHS TEMIIEpaTypu MPOJYKTIB ropinHsa y 1,6 pasa,
nepexija Marepiany o rpynu roptodocti I'l ta rpynu nommpenHs noiaym’s 11, a
TaKOX 3MEHIIEHHS AUMOyTBopeHHS Ha 60—65 % no rpynu [[2. 3a moka3HUKamMu
BOTHE3aXMCHOT e(heKTUBHOCTI MOKPUB 3a0e3reuye Mexy Boruecriiikocti R30-R40
NPY TOBLIMHI mapy 1-2 MM.

OIiHIOBaHHS MEXaHIYHOi MII[HOCTI IMIHOKOKCY BHKOHAHO METOJOM
POBIIOIIEHOTO0 HABAHTAXXEHHSI 13 3aCTOCYBAaHHAM CTaHIAAPTU30BAHUX LIUTHHHUX
BaHTaXiB. Takui MiAXix 1103BOJISIE BU3HAYMTH 3ATHICTH CIIYYEHOTO MIapy
CIpuiiMaTH 30BHINIHIA BIUIMB HE B OKPEMiH TOYIN, a Ha IIISHII KOHTAKTY, IO
Kparie BioOpaxae XxapakTep Horo poOOTH ITiJ] Yac IMOKeXi.

Jnst yTOYHEHHS HamNpyXeHO-Ae(OPMOBAHOTO CTaHy 3axHCHOTO Imapy
BUKOHaHO uncenbHe MojaemoBaHHsI B ANSYS Explicit Dynamics. Po3paxyHkoBa
MOJIeNIb BKJIFOYAJla METaJeBY IUIACTHHY, BOTHE3aXHCHUN TOKPHB 1 IIIJIMHHI
BaHTaXi. 3a pe3ynbTaTaMH MOJEIIOBAHHS BCTAHOBJICHO, IO TPH HANPYKEHHSIX
6mm3pko 5000 Ila Ta rpannunii cuii 1,57 H BinOyBaeThcs IOKaIbHE PyHHYBaHHS
niHOKOKCy. Jledopmamii pu 1ipoMy gocsrarots 19,964 mm, mo BigmoBigae BTpari
HeCy4o0i 34aTHOCTI CITy4YEeHOTO Iapy.

[opiBHAHHA  mNeHETpamiHHOrO METOAY 3  METOAOM  PO3MOJIIJIEHOTO
HABaHTA)XCHHS IMOKA3aJI0 BiIMIHHOCTI pe3ynpTariB y mexax Bim 1,14 mo 10,68
pasa, y cepeanboMy — 3,19 paza. HaiiGinbury po30iKHICTh OTpHUMaHO JUIS CKJIAJy 3
IIE 10 mac. % Ta AI(OH)s 20 mac. %, ne xoedinieHT BiqMiHHOCTI craHOBUB 10,68.
Lle migTBepIKye, WO JIOKAJbHE IHICHTYBAaHHS XapaKTEPHU3YE IEPEBa)KHO OIIip
NPOOHUTTIO OKpEeMOi AIISHKH, TOAI SIK PO3MOALIEHE HAaBaHTAXEHHsS /A€ 3MOry
OIIHUTH IHTETPANbHY HECYUy 3/IaTHICTh MMHOKOKCOBOTO MIapy.

TakuM 9MHOM, MeXaHidHa MIITHICTh MHOKOKCY € OJHHUM i3 TapaMeTpiB, IO
BU3HAYAE NPALE3AATHICTh PEAKTHBHOTO BOTHE3aXHUCHOTO TIOKPUBY AJISI METAJIEBUX
KOHCTPYKIIiA. 3amporoHOBaHUN MiIXijd i3 BUKOPUCTAHHAM IIUIMHHUX BaHTaXiB i
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YHCETHHOTO MOJICIIOBAHHS TO3BOJIE KiJTBKICHO OIIHIOBATH CTiHKICTh CIYYCHOTO
mapy 1o pyiHyBaHHA. OTprUMaHi pe3yiIbTaTH MOXYTh OYTH BHKOPHCTaHI IS
OOIPYHTYBaHHSI CKJaJy BOTHE3aXHCHHUX IIOKPUBIB Ta YAOCKOHAJICHHS METOIIB
OIIIHIOBAaHHS 1X EKCILTyaTalliiHOT MPUIATHOCTI.
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ASSESSMENT OF THE MECHANICAL STRENGTH OF THE CHAR
LAYER OF REACTIVE FIRE-PROTECTIVE COATINGS FOR METAL
STRUCTURES

The paper considers the assessment of the mechanical strength of the char layer formed by
reactive fire-protective coatings for metal structures. The use of a distributed load method is
substantiated for determining the integral load-bearing capacity of the intumescent layer.
The influence of the coating composition on the structural stability of the char layer and its
performance under fire conditions is described.

VK 624.3

MNPO AHAJIITUYHY MOJIEJIb 3rHHY IHAPHIPHO
OBIEPTOI INIACTUHHU HA HEOZ[HOPIZ[HIﬁ OCHOBI
Kpyriii FO.C., aA.1.H., npo¢., Cyp’saninoB M.I'., 1.T.H., npog.,
Ilepnepi A.O., k.T.H., 1011., Kapnayxosa I'.C., K.T.H., 101L.,

Bexkmaer O.A., acnipant
OnechKa IepkaBHa akajeMis OyIiBHHUIITBA Ta apXiTeKTypu, M. Ozeca

3amadi 3ruHy TOHKHX IUTACTHH, IO B3a€MOIIIOTH i3 Je(OPMiBHOI OCHOBOIO,
HaJie)KaTh /10 KIACHYHUX 3a/a4 OyHIiBeNIbHOT MEXaHIKM Ta Teopii Mpy»KHOCTI i
MalTh BXKJIMBE 3HAYCHHS NPH IMPOEKTYBaHHI IHXKCHEPHHX KOHCTpYKIiil. st
ONMUCY pEeakiii OCHOBM IIHMPOKO 3aCTOCOBYEThCS MoOJenb BiHkiepa, ska
BCTAHOBJIIOE JIOKAJIbHY 3JIEKHICTh MIX OCIIaHHSIM Ta DEaKIi€0 OCHOBH 1 €
e(eKTHBHOIO TIPH 1HKEHEPHHUX PO3paxyHKax.

Bigomi anamiTH4YHI PO3B’SI3KM 3ajad 3TUHY NPSIMOKYTHHMX IUIACTHH Ha
NPY>KHI OCHOBI OTPUMaHI IIepEeBAXHO ISl BUIIAJIKY CTAJIOTO KoedilieHTa 1mocTelti.
PazoM 3 THM y peaJbHHX YMOBaxX JKOPCTKICHI XapakTepUCTUKH OCHOBH €
HEO/IHOPITHUMH 1 3MIHIOIOTBCS B TUIAHI BHACIIIOK IIPUPOAHOT MIHIMBOCTI I'PYHTIB,
ix mapyBatoi Oys0BH, HEpIBHOMIPHOTO YIIIJIBHEHHS a00 JIOKaJIBHOTO MiJCHUIICHHS.
Y npomy BHIaAKy KoegirieHT mocteni HabyBae 3MIHHOTO XapakTepy, IO CYyTTEBO
BIUIMBAa€ Ha MAaTEMaTHYHy ITOCTAaHOBKY 3aadi: HOTO 3aleXHICTh BiJ KOOpAMHAT
MOPYIIY€E OPTOrOHAJBHICTh 0Oa3ucHUX (QYHKIIH Yy KIACHYHMX poO3KiIagax i
YCKJIQIHIOE TOOYJOBY aHAJITHYHOTO PO3B’S3KY TPAAUIIHHAMH METOJaMH. 3a
TaKMX YMOB TEPEBAKHO 3aCTOCOBYIOTHCS UYWCENBbHI MiIXOMaH, AKi 3a0e3MmeuyroTh
MOXIIMBICTh PO3B’S3aHHs 3aJay 3arajlbHOr0 BUIIIAY, OJHAaK HE JO3BOJSIOTH Y
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sSBHIH (OpMi TPOCTEXKHUTH BIUIMB 3aKOHY 3MiHM KoeQillieHTa TOoCTeNi Ha
HarpyXeHo-eOpMOBaHUH CTaH IUIACTMHH Ta OOMEXYIOTh MOXKJIHMBOCTI
TEOPETHYHOTO y3arajJbHEHHs pe3yibraTiB. ToMy po3poOka aHATITHYHUX MOJeeH
3TUHY NPAMOKYTHUX IUIACTHH Ha HEOTHOPimHIN mpyxkHiii ocHOBiI Bimkmepa, mo
3a0e3MeuyroTh MONAHHS PO3B’s3KY y (YHKIIOHANBHINA (GopMi Ta HO3BOJISIIOTH
Oe3mocepeIHFO BPaXOBYBATH 3MIHHICTh KOCQII[iEHTa MOCTEN, € aKTyallbHOIO 5K 3
TEOPETHYHO], TaK 1 3 MPAKTHIHOI TOYKH 30DY.

ABTOpaMH OCHTIDKEHO 3a7ady PO 3TWH MIAPHIPHO 0O0IepToi MpSMOKYTHOI
mwiactuin  (0<x<a; 0<y<b) cranoi wuIiHIPUYHOI *xKopcTKocTi D, 1o
3HAXOAUTHCS Hiﬂ BIIJINBOM HeHepepBHO-3MiHHOFO NONEpECYHOro HaBaHTAXXCHHA

g(Xx,y) Ta B3aemMojie 3 JBOBUMIPHO-HEOTHOPIAHOIO CYLIILHOIO MPYKHOIO

ocHoBoO Binkiepa (puc.1.).

k(x,p)
k(0,b)

Puc. 1. Po3paxyHKoBa cxema INITaCTHHU Ha HEOTHOPIIHIA MPYKHIH OCHOBI

HeoaHopinHICTh OCHOBH XapaKTEPU3YEThCS KOE(DIIiEHTOM TOCTeNi, SIKUU B
3araJibHOMY BHITJKY MOXKE 33JIJaBaTHCh JOBITHHOIO HEIIEPEPBHOK (PYHKIIEIO ABOX
xoopauaat K(X,y) =Kk,B(x,y) .

3anponoHOBaHO AaHAJITHYHY MOJENb 3TUHY IDIACTHHH, sKa 3a0e3rnedye
MOJJAaHHS PO3B’SI3KY Y BUIIISLIII OTPIHHOTO PSTY

w(X,y) = J_Z( K)* Z:Z,A“rnsmmmnm

n=1 m=1 b
ne K=k, (ab)? / D - Bigomuit 6e3posmipuuit mapamerp. s BH3HAYCHHS
KOe(DIIiEHTIB JaHOTO Psifly OTPUMaHi PEKypEeHTHI CITiBBIIHOIICHHSI.
[Ticnst BU3HaueHHs GYHKII{ MPOTHHIB, JIETKO OTPUMATH KiHIIEBI PO3paxyHKOBI

¢dopmysn Ui IHIIMX NTApaMeTpiB HaIpy>KeHO-1e(OpMOBAaHOTO CTaHY IUIACTHUHH.
30Kkpema, A1 3THHAIbHUX MOMEHTIB MaTUMEMO
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M, = D@E(—K)kii A ((%)2 +,u(%j ]sm%sm%

n=1m=1

o ® 2
M, =DV )55 A 2 (T Jin e Y.
n=1l m=1

ABTOpamMH PO3TIIIHYTO JACKiIbKAa MPUKJIANiB JBOBHUMIPHOI HEOMXHOPITHOCTI
NPY>KHUX OCHOB, Cepe] SKUX JIHIWHO, CTENEHEBO Ta €KCIIOHEHIIaJbHO 3MIiHHI.
OTpuMaHi YHWCEJbHI 3HAUEHHS MPOTHUHIB Ta MOMEHTIB IOPIBHIOIOTBCS 3
BIIOBITHUMH 3HAYCHHSIMH, OTPUMAHUMHU B mporpamHoMmy komriuiekci ANSYS.
[MopiBHsUTLHU# aHAaII3 3aCBIUUB BaJIiHICTH 3aIPONIOHOBAHOT ABTOPCHKOT MOJICIT.

ANALYTICAL MODEL OF BENDING OF A SIMPLY SUPPORTED
PLATE ON A NON-UNIFORM FOUNDATION

Formulas for an analytical model of the bending of a rectangular simply supported plate on a non-
uniform Winkler elastic foundation are presented.

YK 614.841:624.012.45:614.839

CTIMKICTHh MOHOJIITHUX 3AJI30BETOHHUX
BYJIBEJIb IO TIPOT'PECYIOYOI'O OBBAJIEHHSI 3A
YMOB KOMBIHOBAHOI JII TOXEXKI TA
NE®JATPAIIIMHOI'O BUBYXY

Maii6opona P.L., 1.¢.

HarioHaneHMi yHIBEpCUTET LHMBLIBHOTO 3aXUCTy YKpainu, M. Yepkacu

B ymoBax BoeHHHX Aili Ha Teputopii YKpaiHu OyZIiBmi Ta CHOPYAH MOXYTb
3a3HaBaTH aBapiiHUX BIUIMBIB, MOB’S3aHUX i3 TOXKEXKEIO, BUOYXOM, JIOKAIHHUM
MOIIKO/DKEHHSAM HEeCydnX KOHCTPYKIii abo iXx KomOiHOBaHOIO mdiero. Jlns
MOHOJITHHX 3alli300eTOHHUX OyiBeNb BHUPOOHMYOTO TPU3HAYEHHS XapakKTep
TakKuX  BIUIMBIB  JOJAaTKOBO  BH3HAYAETHCS ~ MOMJIMBICTIO  PO3MIIEHHS
BHOYXOIOXEXKOHEOE3MEeUHNX TEXHOJIOTIYHMX TpoueciB. Y 3B’S3Ky 3 IHUM
PO3paxyHKOBE OILIHIOBaHHS pPOOOTH KOHCTPYKTHBHOI CHCTEMM 32 aBapiHUX
CIIeHapiiB € CKJIa/IOBOIO BU3HAYEHHS 11 CTIMKOCTI 0 MPOrpecytodoro oOBaieHHs.

JlokaJibHE MOMIKO/KEHHS OKPEMHX HECYUNX €JIEMEHTIB NPU3BOJUTH JI0 3MiHH
CXEMHM TNepelaBaHHS HaBaHTaxeHb y OyamiBmi. Lle  cympoBomkyeTbcs
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MePepO3IOIIIOM BHYTPIIIHIX 3YCHIbF MK CYMDKHUMH €JIEMEHTaMH, a 32 MEBHUX
YMOB — MOIIMPEHHSAM IOMIKOKCHb HA IHIII YaCTHHM KOHCTPYKTHBHOI CHCTEMH.
[lizxogn mO OLIHIOBaHHS NBOTO BUAY pYHHYBaHHS HAaBEACHO Yy TpaIsiX,
NPUCBSYEHNX  METOAWMKAM  PO3PaxyHKy MpOrpecylouoro  oOBaJieHHA Ta
KOHCTPYKTHBHHM 3aX0JaM I10]10 0OMexeHHs Horo Hacmiakis [1,2].

[porpecyroue 0OBasIeHHs PO3IIIAAETHCS K IPOLEC MOMINPEHHS PyHHYBaHHS
TICIIS JIOKaJIbHOTO ITOIIKO/PKEHHSI OJHOTO a00 KiJBbKOX HECy4Mx ejeMeHTiB. [l
MOHOJIITHHX 3a/1i300€TOHHUX OyIiBEJb I1e Mepedadae BpaxyBaHHSI pOOOTH KOJIOH,
IUTUT TIEPEKPHUTTS, BY3MIB X CHONYYCHHS, YMOB 3aKpIiIUICHHS, XapaKTEPUCTHK
OetoHy H apmaTypW, a TakOX XapakTepy IepelaBaHHS HaBaHTAXKEHb MIiX
eJeMEHTaMH. 3a TOoTpedM po3paxyHKOBa MOJENb MOXKE JIOTIOBHIOBATHCS
ypaxyBaHHSIM B3a€MOIi1 CHCTEMH «IPYHT—(QyHIaMeHT—OymiBis» [3].

Hns ommcy poOOTH KOHCTPYKLIM MPUHHATO MAaTEMATHIHY MOJENb, y SIKii
BPaxOBaHO TEMIICPATYpHHUI BIUTUB IMOXKEXi, 3MiIHY TEIUTO(I3UYHUX 1 MIIHICHUX
XapaKTepUCTUK OETOHy Ta apMmarypd, AehOpMYyBaHHS KOHCTPYKIIH 1 Jito
BUOYXOBOrO HaBaHTaxeHHs [4,5]. BuximauMu mapamerpamMud Momemi €
TEOMETPUYHI XapaKTePUCTHKH KOHCTPYKIIH, Kiac OeTOHY, XapaKTepUCTHKH
apMaTypH, CXeMa apMyBaHHs, YMOBH 3aKpIIUICHHS, TMOCTIHHI Ta THMYacoBi
HAaBaHTAXKCHHS, TEMIEpPaTypHUH pEeKUM TOXKEeXKi N mapamerpu BHOYXOBOTO
BILIUBY.

Po3paxyHOK poOOTH KOHCTPYKIIH 3a YMOB IIO)KEXI BHUKOHYETHCS UeEpe3
MOCTTITOBHE PO3B’S3aHHS TEIUIOTEXHIYHOI Ta MII[HICHOI 3a7ad. Y TeIUIOTeXHIUHIH
3aJjadi BH3HAYAETHCS PO3MOALT TEMIEpaTypH B IepepizaXx 3ali300eTOHHUX
eJeMeHTiB. Y MIIHICHIA 3amadvi mi TeMIepaTypHi IOJII BUKOPUCTOBYIOTHCS IS
KOPUT'YBaHHS XapaKTEpPHUCTHK OETOHy Ta apMaTrypH, IICIs 4Oro BHU3HAYAETHCS
HanpyKeHO-1e(h)OPMOBaHUI cTaH KOHCTPYKUiH [4]. Taka mociiIOBHICT Ja€ 3MOTY
BpaxyBaTH HEpiBHOMIpHE HAarpiBaHHS mepepis3iB, TemiepaTypHi aedopmarii Ta
3MiHy pOOOTH €JIEMEHTIB ITiCJIs TeTJIOBOTO BILJIMBY.

BubyxoBe HaBaHTaKEHHS 3aJAETHCS SIK KOPOTKOYACHUI TUHAMIYHUIN BIUIMB.
VY po3paxyHKOBili MOCTaHOBIII BPaxOBYIOTbCS BEJIMYMHA HAJIHIIKOBOTO THCKY,
30Ha TNPUKJIAJaHHS HAaBaHTaXXEHHs Ta MOMEHT HOro nii BIZHOCHO PO3BUTKY
noxexi. /i BupoOHMYMX OyaiBeNb Taka MOCTAaHOBKA ITOB’S3aHa 3 MOXKIIMBICTIO
BUHHMKHEHHS AeduarpaunifiHuX mporeciB y npuMilieHHsAX. [IutaHHS BpaxyBaHHS
BUOYXOBOTO BIUIMBY Ta IapaMeTpiB KOHCTPYKTHBHOTO 3aXHCTy PO3INIHYTO Yy
npausx [6,1].

JloCTOBIpHICTh NMPHUHHATOTO PO3PAaXyHKOBOTO INJIXOJY HEPEBIPEHO NUIIXOM
3ICTaBJICHHS pPE3YJIbTATIB YWCEIBHOIO MOJCIIOBAHHS 3 JaHUMH HaTypHHX
eKCIIepUMEHTIB. )i TETUTOTEXHIYHOI Ta MIIIHICHOT YaCTHH MOJENi BUKOPHUCTaHO
pe3yNbTaTH BOTHEBHX BHUMNPOOYBaHb MOHOJITHHUX  3ai300€TOHHMX  ILTUT
nepekputTs. IloxmOka BHM3HAUEHHS TEMIIEpaTypHHX IMONIB HE IEpEBHIIyBasa
2,6 %, a moxnOka BU3HAYCHHS TPOTHHIB cTaHOBMWiIa He Oimbie 10 % [4,5].
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Mopnens poboTH 3ami300eTOHHOI KOHCTPYKIIi 3a Iii BHOYXOBOTO HaBaHTa)KEHHS
MEPEeBIiPEHO 3a JAHUMH EKCIEPUMEHTY, y SKOMY 3ali300€TOHHA IUINTA 3a3HaBajia
Iii BUOyXy Macolo 8 KI' y TPOTHIOBOMY €KBiBaJIeHTI Ha BifcTaHi 3 M. PisHHIA Mixk
EKCIIEPUMEHTAIbHUMH ~ Ta  PO3PaXyHKOBUMH  3HAUEHHSMH  MaKCHMaJIbHUX
nepemimieHs nepedysaia B Mexax 10 % [5].

Ha ocHoBi mepeBipeHOi Moneni c(hOpPMOBaHO METOJIUKY OILHIOBaHHS
CTIMKOCTI MOHOIITHHUX 3a71i300€TOHHHUX OYHiBENb J0 MPOTPECYI0YOro 0OBalCHHS.
Mertonuka nepeabadae CTBOPEHHsS MPOCTOPOBOT PO3PaxyHKOBOI Mojeii OymiBii,
3aaHHA THITB KOPCTKOCTI EJIEMEHTIB, XapaKTEPHCTHK MaTepialiB, apMyBaHH,
MOCTIHHUX 1 THMYacOBMX HABaHTa)XKEHb, TEMIIEPATYPHOTO BIUIMBY IIOKEXKI Ta
BUOYXOBOTrO  HaBaHTaXeHHs. Ilicmst 1bOrO  BHW3HAYAETHCS  HAIPYXKEHO-
nedopmMoBaHMiT CTaH KOHCTPYKTHBHOI CHCTEMHM Ta OLIHIOETHCS MOJKIIMBICTB
PO3BHTKY IpOTrpecyrodoro ooBaeHHs [7,8].

[MpakTryHy peanizamifo METOAWKH BHKOHAaHO y TNPOTPaMHOMY KOMILIEKCI
JIIPA-CAIIP Ha npuknaai mecTUIoBepXxoBoi BUPOOHUUOT OYAIBII 3 MOHOJITHUM
3aJ11300€TOHHMM KapkacoM. Y MoJiesli BPaXxOBaHO KOJIOHH, IUTUTH TIEPEKPHUTT,
MPOCTOPOBY pPOOOTY Kapkaca, XapakTepHUCTHKH OETOHYy Ta apMarypH, THIIN
JKOPCTKOCTI €JIEMEHTIB, & TAKOX JIiF0Yi MOCTIHI I TUMYAaCcOBI HaBaHTaKEHHS [7].

VY po3paxyHKOBOMY CIICHApii BILUTHB MOXEKI BPAXOBAHO IIJSIXOM 3HIKCHHS
MII[HICHUX XapaKTePUCTHUK MaTepialiB 3aJIe)KHO BiJ[ TemIeparypu. TpuBaIiCTh
noxexi npuitHaTo 60 xB. I KOHCTPYKIiH, sIKi 3a3HAaBaJH TEIUIOBOTO BILIUBY,
3aJ1aHO 3MIHEHI XapaKTepUCTUKU OETOHy Ta apMarypu. BuOyxoBe HaBaHTa)KEHHS
npuitaaTo piBEEM 15 k[la Ta mpukimageno Ha 60-W XBHIWHI pO3PaxyHKY ITiCIS
BpaxyBaHHS BILUTUBY MOXKEXKI HA MaTepiad KOHCTPYKIi [8].

3a pesynapraTaMH UYUCEIBHOTO MOJENIOBaHHS BCTaHOBJIEGHO, M0 32
HOPMAJIPHUX YMOB €KCIUTyaTalil HPOTHH IUIUT NEPEKPUTTS CTAaHOBHMB 10 6,5 MM.
[Ticns moxexi TpuBamictio 60 XB meil moka3HWK cTaHOBHB 17 MM. 3a ymoB
MOIaJIbINO1 il BUOYXOBOTO HAaBAaHTAXKEHHS MPOTHH HIKHBOT TUIUTH A0OCAT 55,8 MM,
a I BEpPXHBOI IUTMTH 3a()iKCOBAHO 3BOPOTHHI BHTHH BennduHOIO 14,4 MMm. 3a
NPUAHATHX TapaMeTpiB pPO3paxyHKy PYHWHYBaHHS KOHCTPYKIiH HE BCTaHOBJIEHO,
IO CBiAYUTH TpOo 30EpeKEeHHSA CTIMKOCTI KOHCTPYKTHBHOI CHCTEMH IO
MPOTPECYIOYOr0 OOBAJICHHS B MEXKaX PO3TIIIHYTOTO CIieHapito [7, 8].

Jnst yTOYHEHHS BIUIMBY KOHCTPYKTHBHHX pIIlIEHb DPO3IJISIHYTO BapiaHTH
IIECTUIIOBEPXOBOi BUPOOHMYOI Oy[iBiIi 3 pI3HUMH IepepizaMH KOHCTPYKIIH 1
pi3HMM piBHEM MiJCHIEHHS. 3a pe3yiJbTaTaMH pPO3PaxyHKIB BCTaHOBIICHO, IO
HiICWJICHHST MepeKpUTTsl BapTicTio 148 THc. TpH 3abe3neuye pobory OyxiBimi 3
JIOKUILHUMHU MOLIKODKEHHAMHU 10 1 %. Jlyist iHIIMX BapiaHTiB OTPUMaHO €KOHOMIIO
BapTocTi OyniBHHITBA B Mekax 100—400 Tuc. TpH, OJHAK 32 YMOB TOCTiOBHOT Ail
MOXEX1 Ta BUOYyXy [UI1 HUX PO3PaxyHKOBO BH3HAYEHO PO3BUTOK MPOTPECYIOUOTO
oOBaieHHS 3 00cATOM pyiHYyBaHb Bif 6 1o 43 % [1,8].
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Takum uwmHOM, pO3pOOICHMI MiAXix 3abe3medye OIHIOBAHHSA CTIHKOCTI
MOHOIIITHUX 3aJli300eTOHHUX Oy[IiBEeNb IO IPOTPECyIOUoro OOBaJIEHHS 32 yYMOB
KoMGiHOBaHOT il moxkexi Ta aedmarpariiinoro BHOYXy. Moro 3acTocyBaHHs
nependavyae BpaxyBaHHS TEMIIEPAaTypHOTO BIUIMBY Ha OETOH i apmarypy, 3MiHH
HarpyXeHo-1e(OpMOBaHOTO CTaHy KOHCTPYKILiH, mapaMmeTpiB BHOYXOBOTO
HAaBaHTAXXEHHS Ta IPOCTOPOBOI POOOTH KOHCTPYKTHBHOI CHCTEMH OyIiBIIi.
OTpuMaHi pe3yJbTaTH Jar0Th 3MOTY BH3HAYaTH XapakTep 3MIiHH pOOOTH HECYydHX
€JIEMEHTIB 3a aBapifHOTo CLEHapil0 Ta OOIPYHTOBYBATH KOHCTPYKTHBHI pillICHHS,
CIIPSMOBaHI Ha 0OMEXEHHS PO3BUTKY IPOTPECYI0UOro 0OBaICHHS.
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RESISTANCE OF MONOLITHIC REINFORCED CONCRETE
BUILDINGS TO PROGRESSIVE COLLAPSE UNDER THE COMBINED
ACTION OF FIRE AND DEFLAGRATION EXPLOSION

Progressive collapse resistance is considered for monolithic reinforced concrete buildings
subjected to accidental actions. Fire exposure and deflagration explosion affect the load-
bearing capacity and stress-strain state of structural elements. This study examines the
behaviour of monolithic reinforced concrete buildings under the combined action of fire and
deflagration explosion. The calculation takes into account temperature-dependent
properties of concrete and reinforcement, structural deformations, blast loading
parameters, and changes in the structural system during accidental loading.

YAK 539.3

OIITUYHA JIATHOCTHUKA I[Ed)OPMAI_IH?I"HIHOBETOI:IY
METOAOM CTPYKTYPHO-AJAIITUBHOI HUPPOBOI
KOPEJIALII 30PA’KEHD

Mapruniok H. O., acnipant, Mikyaiu O. A., 1.T.H., ipod.
Jlyupkuii HanioOHANEHUH TEXHIYHUHA YHIBEPCUTET, M. JIyIbK

Beryn.  IliHOOeTOH € BaKIIMBOIO CKIIAIOBOIO CydYacHOI OymiBeIbHOT
IHQpacCTPyKTypH 3aBASKH BHCOKMM TEIUIOI3OJLIMHUM XapaKTepHCTHKaM IpH
BiTHOCHO Maniii Ba3i KoHcTpykmiii [1]. BomHowac Mmarepiam Mae BHpakeHO
reTepOreHHy MaKpOCTPYKTYpPY, YTBOPEHY XaOTHYHO PO3MOJUICHUMH MIKpO- Ta
MakKpomnopaMH, o (GOpMyIOTh CKJIAIHI MPOCTOPOBO MIHJIMBI IOy Aedopmartiii.
Ilin nmiero HaBaHTa)KEHb KOXKHA OKpeMa Iopa Ji€ SK JIOKATbHHNA KOHIIEHTPATOP
Hampy>XeHb, MOONN3y SKOTO IHIIIOETBCA MIKPOTPIIIMHOYTBOPEHHA. Tomy
CBO€YAaCHA Ta TOYHA JIarHOCTHKA 30H KOHIEHTpAIii nedopmamii € KIIYOBUM
3aBIaHHSIM HEPYHHIBHOTO KOHTPOJIIO IIOPUCTHX OeTOHiB [2].

Awnaniz nmiteparypu. Meton nudposoi kopemnsnii 300paxens (DIC) € ognum
13 HAHMOTY>KHIIIKMX ONTHYHHUX IHCTPYMEHTIB O€3KOHTAKTHOT'O BUMIpPIOBaHHS ITOJIIB
nepeMinieHs 1 nedopmaniit [3]. Kimacuyni anropuTMn ONTHYHOTO TOTOKY, 30KpeMa
anroputM  PapHebeka, €PEKTUBHO NOAABIAIOTH IHCTPYMEHTAIBHUM IIyM 3a
paxyHOK TJI00aIbHOTO IMPOCTOPOBOrO 3T KyBaHHs. lIpoTe Ha reTeporeHHUX
MOBEPXHSAX TOYHICTh METOMY PI3KO 3HMKYETHCS: OOUUCITIOBAIIbHE BIKHO IIEPETUHAE
TPaHUIIl TTOp Ta TPIIIMH 1 «IEPeTATYe» HeicHyIoUl aedopmarii depe3 mopoxHii
npoctip. /g mogomaHHA [pOrO OOMEXEHHS 3alpONOHOBAaHO CTPYKTYPHO-
amantuBHi agroputmu (SA-DIC), ski 0OMEXYIOTh 3TJIaKyBaHHS BHKIIOYHO B
MeXax CYIUIbHUX MaTepiallbHUX TIOMEHIB [4].
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Meta Ta 3amadi. Meroro poOOOTH € WIABHINEHHS TOYHOCTI ONTHYHOI
IarHOCTUKH Ie(OpMOBAaHOTO CTaHy MiHOOETOHY Ha 0a3i peaspbHOro (i3WIHOTO
excriepuMmenTy. [locraBmeno 3amaui: 1) amanrtyBaté apxitektypy SA-DIC 3
OiHApHMUM MAacKyBaHHSAM I OOpOOKM KiHEMaTHKH IMiHOOETOHHOT Marpui; 2)
MPOBECTH EKCIIEPUMEHT 3 OJHOBICHOTO CTHCHEHHS 3pa3ka IiHOOETOHY 3
BUCOKOPO3/IIbHOIO Bifeodikcamiero; 3) BHUKOHATH KUIBKICHWH TOPIBHSIIBLHUN
aHai3 MoxuOoK KiacuyHoro merony PapHeOeka Ta 3ampoONOHOBAHOTO METOIY
SA-DIC 3a nonomororo TecTy HyJIbOBOI jAedopmanii Ta miJ 4yac aKTHBHOTO
pyHHYBaHHS.

Metonuka i pe3ynbraTd. 3pa3ok miHOOeToHy Mapku D500 posmipamu
42%x47%x23 MM TiggaBald OJHOBICHOMY CTHCHEHHIO Ha TigpaBIidHOMY TIpeci
notyxkHicTio 40 kH. Ilpomec nedopmyBaHHS (iKCyBanH BigeoKaMeporo Y
po3nineHIK 3maTHOCTI 4K (2160%3840 mikcemiB) mpu 60 kaapaX Ha CEKyHIY.
Anroputm SA-DIC peamizoBaHo Ha 0a3i omruuHOoro moToky PDaprHeOeka 3
napamMeTpaMu: po3Mip 0OUHCIIIOBATIBHOTO BikHA — 35 mikcesiB, 4 piBHI mipamiay,
5 irepauiif yrouHeHHs. CTpYKTYpHO-aJaTUBHE 3IJ1a/)KyBaHHsI BUKOHAHO 3 SAPOM
21x21 mikceniB npotsirom 10 irepaniii; GiHaApHY MacKy CTPYKTYPHHUX PO3PHBIB
noOy/ZI0BaHO 32 TPaJi€eHTHHUM aHali30M MOJs MepeMilieHb i3 HOPOrOBUM
3HAQ4YeHHAM Ha piBHI 93-T0 TNepUeHTWIS Ta MOAAJBIIOK MOPQOIOTIYHO
06po0OKoto.

JUi1st oiHKK 06a30BOTO IHCTPYMEHTAIBHOIO IIYMY 3aCTOCOBAHO TECT HYJIBOBOT
nedopmarii (Zero-Strain Test): mopiBHIOBamM J1Ba KaJpu 3paska g0 MOMEHTY
KoHTakTy 3 mpecoMm (kaapu Nel0O Ta Nel50), Tomy Oyme-siki po3paxoBaHi
NepeMillleHHs BBaXXKaJld IHCTPYMEHTAJIbHHM IIYMOM. Y3arajbHEHi pe3yJbTaTH
TECTy Ta aKTHBHOI'O CTHCHEHHS HaBeJleHO y Taou. 1.

Tabmuns 1
[MopiBHsHHES TOYHOCTI anropuTMiB (Zero-Strain Test Ta akTHBHE CTHCHEHHS)
Meton MAE mymy, px |&yy| y Tiomi
dapredek (CTaHAapTHHIA) 0,036 0,0350
SA-DIC (3anpomnoHOBaHHMIA) 0,029 (—19,3 %) 0,0262 (25,1 %)

Ilig gac axtuBHOI craxii crucHeHHA (Kazpu Ne516—Ne2929) cranmapTHUit
Meton PapHebeka uepe3 BENMKE BIKHO YCEPETHEHHS «pO3Ma3yBaB)» BHCOKI
rpamieHTH nedopmamii 3 TPIUH HA CYCIOHI CyIiIbHI OJOKM MiHOOETOHY,
rerepytoun QikTHBHI nedopmamnii mopaaxy 3—5 %, mo Gi3HYHO HEMOXKIHMBO IS
KPHUXKOTO MaTepiajy 3 rpaHHYHOIO JieopMmarieto pyiHyBanHs 61mu3bko 0,2-0,3 %.
Anroput™ SA-DIC ycninHo BUSIBUB I'paHHII pO3PHBIB 1 320JI0KyBaB yCEpEAHCHHS
4yepe3 HHMX, YHAcHiJIOK 4YOro piBeHb po3paxoBaHMX JAedopmaniii y CyHUIBHHX
He3pyHHOBaHMX Oiokax 3MmeHmHMBCS Ha 25,1 % MOPIBHAHO 31 CTaHJApTHUM
ITOPUTMOM.

115



Martepianu X1 Mixkaapo1HOT HAYKOBO-TEXHITHOT KOH(EpeHTIii
AKTYAJIbHI ITPOBJIEMU THXXEHEPHOI MEXAHIKH 20—22 tpasus 2026 poky

AHali3 YyTIMBOCTI IOKAa3aB, IO AITOPHTM € pPOOACTHHM Yy IIHPOKOMY
Jiarma3oHi mapameTpiB: IpH MiHIMAaTbHUX HaJAITYBaHHAX (sapo 7x7, 3 iteparmii)
nokpameHHs ckianae 20,8 %, a mpu 30inpmeHnx mapamerpax (saapo 31x31, 20
itepauniit) — 32,4 %, 10 MATBEPIUKYE CTIHKICTH 3alPOIIOHOBAHOTO MiAXOAY Ta
BIJICYTHICTh KPUTUYHOT 3aJIC)KHOCTI BiJl KOHKPETHOI'O HAOOpy mapaMeTpiB.

BucHoBku. 1. ApXIiTeKTypy CTPYKTYPHO-aJaNTHBHOI HU(PPOBOI KOpesii
300paxens (SA-DIC) BamimoBaHo Ha pealbHHX EKCICPUMCHTAIBHUX JaHHX
npolLecy CTUCHEHHs 3pa3ka miHoOeTtoHy Mapku DS500. 2. Tect HynboBoi
nedopmanii Ha cTarioHapHMX Kaapax JOBiB, IO 3aIPONOHOBAHHH alTrOpUTM
epekTuBHImE (UIBTPYE IHCTPYMEHTANbHUNA IIYM KaMepH, 3HIDKYIOUH 0a30By
noxuOky BuMiproBaHHs Ha 19,3 %. 3. Ilix wac poskpurrs makpotpimua SA-DIC
OnoKye IITy4HEe pO3Ma3yBaHHS TPAJi€HTIB, HIO MO3BOIWIO 3HHU3UTH pPiBEHb
¢ixTHBHUX nedopMmaniii y CyniIbHUX He3pyHHOBaHMX Onokax matpumi Ha 25,1 %
MOpiBHAHO 3 KiacHdHUM anroputMoMm @aprebeka. 4. AmHami3 dYyTIHBOCTI
MiATBEpAUB POOACTHICTh METOAY Y BChOMY JIOCHIIPKYBAaHOMY Jiama3oHi
napameTpis (Bix 20,8 % 10 32,4 %).

1. Zhang L., Wang X., Liu J. Fracture behavior of foam concrete under uniaxial
compression evaluated by digital image correlation. Construction and Building Materials.
2021. Vol. 292. 123432. DOI: 10.1016/j.conbuildmat.2021.123432.

2. Li W, Zhou S., Zhang T. Non-destructive evaluation of porous building materials: a
critical review. NDT & E International. 2022. Vol. 130. 102685. DOI:
10.1016/j.ndteint.2022.102685.

3. Hild F., Roux S. Digital image correlation: from displacement measurement to
identification of elastic properties — a review. Strain. 2022. Vol. 42, Ne 2. P. 69-80. DOI:
10.1111/str.12260.

4. Roux S., Réthoré J., Hild F. Next-generation digital image correlation techniques for
heterogeneous microstructure analysis. Mechanics of Materials. 2023. Vol. 180. 104638.
DOI: 10.1016/j.mechmat.2023.104638.

OPTICAL DIAGNOSTICS OF FOAM CONCRETE DEFORMATIONS BY
STRUCTURE-ADAPTIVE DIGITAL IMAGE CORRELATION METHOD

The paper presents a structure-adaptive digital image correlation (SA-DIC) framework
tailored for kinematic analysis of highly porous foam concrete. The pipeline uses a binary
mask of structural discontinuities that prevents the averaging window from crossing pore
and crack boundaries, thus preserving physically authentic strain jumps. The method was
verified through uniaxial compression of a D500 foam concrete specimen (42%47x23 mm)
recorded in 4K resolution at 60 fps. The Zero-Strain Test demonstrated a 19.3 % reduction
of the instrumental noise floor; during active crack opening the level of fictitious strains
within the intact solid blocks was reduced by 25.1 % compared with the standard Farneback
algorithm. Sensitivity analysis confirmed the robustness of the proposed approach across a
wide range of parameters (20.8 %-32.4 % improvement).
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VIIK 624:04

INPOI'MHHU CTAJIE®IBPOBETOHHUX TA BETOHHHUX
OBOJIOHOK OJJHAKOBOI TOBIIIUHU HA IIOYATKY
TPIINUHOYTBOPEHHA

Cyp'sininoB M.I., MeTiunbkuii B.B.
Onecbka nepkaBHa akaaeMist OyNiBHUITBA Ta apXIiTEKTypH

3a ocTaHHI JAECATWIITTS MOMITHO 3pOCIIO 3aCTOCYBAaHHS HOBHX KOMIIO3UTHHX
marepianiB. Takum Marepianom y OyniBHHUTBI € (iOpobGeroH. DibpobeToH Mae
Oinbm  BuCOKi JedopmamiiiHi i MIIHICHI XapaKTEpPUCTHKUH B IOPIBHSHHI 31
3BM4aliHUM OeroHOoM. [li  XapaKTepUCTHKHM JO3BOJSIIOTH BHKOPHUCTOBYBaTH
($hi0poOeTOH y KOHCTPYKLISX SIKI EKCIUTYaTYIOThCSl B CKJIQJIHUX YMOBaX — TYHeEIsIX,
MOCTax, aepPOJAPOMHUX HOKPUTTSX, MOPCHKHUX CIIOPYAaX 1 iH.

OO00I0HKOBI KOHCTPYKLii 3 OETOHY IIMPOKO 3aCTOCOBYIOTHCA y CY4acHOMY
OymiBHHIITBI 3aBISKH iXHIi BHUCOKIM HECyd il 3MaTHOCTi, IPOCTOPOBiii poOOTI Ta
e(eKTUBHOMY BHUKOPHCTAaHHIO Marepiany. Jlo Takmx KOHCTPYKILIH HajexaTh
MOKPUTTS TPOMUCIOBHX 1 IMBITGHUX OyIiBelb, pe3epByapH, KYIOJNBHI Ta
MITIHAPUYHI 000m0HKH. OTHAM 3 OCHOBHHUX KPHUTEPIiB Ipare3aaTHOCTI 000IOHOK
€ ixHs nedopmaTMBHICTh, 30KpeMa INPOTWMHH, sIKi Oe3rocepenHbO MOB’sI3aHi 3
JKOPCTKICTIO Ta TPIIMHOCTIHKICTIO MaTepiay.

3BuuaiiHuil 0ETOH Mae 0OMEXEHY MIIHICTh IIPU PO3TAITY, IO 3yMOBJIFOE PAHHE
YTBOPEHHS TPILIMH 1, BIANOBIIHO, 3pOCTaHHS MPOTWHIB. 3aCTOCYBaHHS CTaJEBOi
($i0pu 103BOJISIE MIIBUIUTH PO3TATYBAIBHY MILHICTD 1 TPILIMHOCTIHKICTH OETOHY,
M0 OCOOJMBO BAKIMBO IS TOHKOCTIHHHX OOOJIOHKOBMX KOHCTpyKuid[l]. ¥
3B’S13Ky 3 IMM aKTyaJIbHUM € TOpIBHSUIbHMH aHali3 NpOTMHIB OETOHHUX 1
cTaneiOpoOCTOHHUX OOOJOHOK OJHAKOBOI TOBIMMHM Ha CTaiii I[MOYaTKy
TPILIMHOY TBOPEHHS.

Ha nouarky HaBaHTaxXeHHs cranediOpoOeToHHa 00OJIOHKA, K 1 3BHYaliHA
OeToHHa, Ipalioe B TpyXHOMY pexnmi. [Ipore 3aBmsku HasBHOCTI (ibpn
PO3TATyBaNbHI HANpPY>KeHHS! CHPUIMAIOTHCSI HE JHIIEe OSTOHHOIO MaTpHLelo, a W
ctasieBuMH BojiokHamMu [2]. Lle mnpu3BoAWTe [0 TWiABHIICHHS €(QEKTHBHOI
PO3TATYBANBHOI MIITHOCTI MaTepiajy Ta J0 3aTPAMKH MOMEHTY YTBOPEHHS MEPIINX
TpitmmH. Y pe3yibTari 000JI0HKA JIOBIIE 30epirae CyluiIbHICTh Mepepidy Ta OimbIry
JKOPCTKICTb.

Hamu mpoBeneHi  eKCepUMEHTANbHI  JOCTIDKEHHS, y  XOHIi  SKHX
HOopiBHIOBaJIacst ~ poboTa  OOOJOHOK  OAHAKOBOI  TOBLIMHM HAa  IOYAaTKy
TPILIMHOYTBOPEHHS.
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BignoigHo 10 mporpamm BunpoOyBaHb OOOJIOHOK BHTOTOBIEHO 4 Momei
IIUTIHAPIYHOI O0ONOHKH i3 3amizoberoHy (3paskm RC1-RC4) ta 4 momem i3
hibpobetony (3pasku FRC1-FRC4). Bcei 3pa3ku Manm nmoctidiHy noxuay L=2450
MM Ta pajiyc nomepeyHoro mnepepisy R=270 MM, a BapiroBajucsi TOBIIMHA
000MOHKM O Ta pO3MiIpH MONEPEeYHOro mepepizy OOpToBHX ejeMeHTiB b, h.
Topmuna 3pa3kiB ctanoBuia 45, 50, 55, 60 Mm.

Po3znozinene BepTukanbHe HABAaHTAXKEHHS IPUKIIAJCHO 110 YOTHPHOX CMYTa,
mupuHOIO 13 cM kokHa. OOOJIOHKA IIApHIPHO CHHUPAETHCS 3 KYTiB Ha IUIACTUHU
100x100MMm.

B excnepuMeHTax BHKOpUCTaHA cTaneBa (iOpa i3 3arHYTUMH KiHIIMH, IO
BumnyckaeTbes YAO "[10" Crampkanar-Crmyp"" BIiOMOBiZHO 10 €BPONEHCHKOTO
craamapty EN 14889-1: 2006. ®iOpa BUTOTOBISETHCS i3 IPOTY 3 THMYACOBHM
omopom 1150 MIla (1 xmac), 1335 MIla (2 kmac) i 1550 MIla (3 xiac).

CBiTOBHIA JOCBiJ MPAKTHYHOTO 3aCTOCYBAaHHS CBIMYHUTH Mpo Te, Mo (idpa i3
3arHyTUMH KIiHISIMHA TPaKTUYHO HE YTBOPIOE "DKakiB", 0 J03BOJIsIE qOOUTHCS 11
PIBHOMIPHOTO PO3MOJITY 32 00CATOM. Y MPOBEICHUX JOCIIIKSHHIX BUKOPHCTaHA
¢ibpa 2 knacy 3 niamerpom 1 MM.

3 Meroro 3iCTaBJIEHHsI BIacTHBOCTEl OeToHy U cranedibpobeToHy BCi BHIU
BUIPOOYBaHb MPOBOJIMIINCS Ha 3pa3Kax, BATOTOBJIEHUX 3 000X MarepiaiB.

Tabmums 1
HaBaHTa)KeHHS Ta IPOTMHM Ha NOYATKY TPIIIMHOYTBOPEHHS

Oo6omonka | Hasanraxenns (kH) | Iporuau (Mm)
RCI 42,9 1,2
RC2 64,5 0,92
RC3 64,5 0,98
RC4 53,6 3,12
FRC1 64,3 1,17
FRC2 74,9 1,2
FRC3 80,6 2,67
FRC4 104,8 3,42

ExcrnieprMeHTaIbHI 1aHi IOKa3yOTh, MIO:

Ui OeTOHHUX 1 cranediOpoOeTOHHNX OOOJOHOK ONHAKOBOI TOBIIUHH,
reoMeTpii Ta yMOB HaBaHTa)KCHHS MPOTMHU Ha CTaMil MOYaTKy TPIIIHHO YTBOPCHHS
OceTOHHI OOOJIOHKH JIOCSTAIOTh CTaHy TPINIMHOYTBOPEHHS TPH  MEHIIUX
HaBaHTAXKCHHSIX;

PI3HHUIL B MPOTHHAX Ie HE MaKCHMallbHa, ajié BOHA YiTKO TPOSIBISETHCS 1
3pOCTaE MICIs YTBOPSHHS TPIilIHH.

3acTocyBaHHa  cTanediOpoOETOHY  NTO3BOJIIE  30UIBIIUTH  BEITUYHUHY
HaBaHTa)XEHHS NpUOM3HO Ha 3545 %.
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Bukopucranusa craneiOpoOeToHy € e(QeKTHBHHM IUISXOM IIiIBHIICHHS
JKOPCTKOCTI Ta TPIIMHOCTIHKOCTI 0O0IIOHKOBIX KOHCTPYKIIiH.

VY pesynbraTi 060moHKa 3i cTanedidpobeToHy moBIIE 30epirae CymiIbHICTH
nepepizy Ta OUIBILIY >KOPCTKICTH MOPIBHSIHO 31 3BUYaHHOI OETOHHOIO 0OOJIOHKOIO
Ti€l %K TOBIIUHY.

TakuM YMHOM, aHaJi3 MPOTHHIB OETOHHUX 1 CTaNe(hiOPOOCTOHHUX OOOIIOHOK
OIHAKOBOI TOBIIMHM HA TMOYATKy TPILIMHOYTBOPEHHS MOKa3ye OYEBHJIHI IepeBaru
craneiopoOeToHy.

Moro BHKOPHCTAaHHs 03BONAE 3MEHIIMTH Ae(hOPMATHBHICTh KOHCTDYKIIii,
MiABUIOINTHA IXHIO HamilHICTE 1 3a0esmeunTH OiMbII CcTabidbHY poOOTY Ha
IIOYaTKOBHUX cTamisax HaBaHTAKEHHS. N Cy4acHOMY OymiBHUIITBI
ctaneiOpoOCTOHHI  OOONIOHKM MOXYTh  PO3IIANATHCA K  IEPCIICKTUBHA
QIBTCPHATUBA TPAIULIHHAM OCTOHHHM KOHCTPYKIIiSM, OCOONMBO y BHIIAJKaX,
KOJIM BUpIIIAJIbHE 3HAYCHHS MalOTh IIPOTHHH Ta TPIIIUHOCTIHKICTb.

[1]. JTucenko B. M., ITapxomenko O. A. CranediObpoOeTOHHI KOHCTPYKIIii: BIACTHBOCTI Ta
pospaxyHok. — Kuis : KHYFBA, 2014. — 156 c.

[2]. IBH B.2.6-98:2009. BetonHi Ta 3a1i300eTOHHI KOHCTPYKIIil. OCHOBHI TOJIOXKEHHS. —
Kwuis : MinperionOyn Ykpainu, 2011.

DEFORMATIONS OF STEEL-FIBER-REINFORCED CONCRETE
AND CONCRETE SHELLS OF THE SAME THICKNESS AT THE
BEGINNING OF CRACK FORMATION

Comparative analysis of deflections of concrete and steel fiber reinforced concrete shells of
the same thickness at the stage of crack initiation. Four models of cylindrical shells made of
reinforced concrete and four models made of fiber reinforced concrete were manufactured.
All samples had a constant length and cross-sectional radius, while the shell thickness and
cross-sectional dimensions of the side elements varied. The thickness of the samples was 45,
50, 55, and 60 mm. A comparative analysis of the experimental results was performed. The
maximum discrepancy in deflections was determined.
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YK 621.924.9

3MIHA HECYYOI 3JIATHOCTI BETOHHHUX I
®IBPOBETOHHUX OBOJIOHOK ITPU 3MIHI IX
TOBLIUHU
Cyp'sininoB ML.I'., 1.T.H., npod., MeTauubkuii B.B. 1.¢.

Opecpka nepkaBHa akageMis OyIiBHHLITBA Ta apXiTEKTypu

ToHKOCTiIHHI OOOJIOHKH € OJHUMH 3 HaWOUTBII e€(peKTHBHHUX apXiTEKTYPHUX
(opM 3aBISAKM IX 3MATHOCTI MEPEKPHUBATH BEJIHKI MPOIBOTH TPH MiHIMAJbHIN
BUTpaTi Marepiamis. [Ipore, Kirr0ouoBEM (hakTOpOM, IO BU3HAYAE IXHIO HAIHHICTS,
€ TOBILMHA Tepepi3y. Y cyyacHii MpakTuili OyAiBHUIITBA CIIOCTEPITa€ThCs Mepexis
Bil TPagUIIHHOrO 3a7i300eTOHY 10 CcTanediOpoOeTOHy, M0 3yMOBJICHO
HEOOXITHICTIO 3HW)KEHHs BIIACHOI Bard KOHCTPYKIIM Ta MiIBHIIEHHS IXHBOT
TPIIIUHOCTIHKOCTI.

3MiHa TOBIIMHM BIUIMBA€ HAa KOHCTPYKI[IO HENiHIHO, OCKUIbKM BOHA
OJTHOYACHO 3MIHIOE BJIACHY Bary, )OPCTKICTh Ha BUT'HH Ta OIIpP CTUCKAHHIO.

I[Ipu mnpoexkTyBaHHI OCTOHHHX OOOJIOHOK 3MiHa TOBIIMHH Ma€ CyBODi
TEXHOJIOTIYHI Ta KOHCTPYKTHBHI OOMexeHHs. MiHiManbHa TOBIIMHA OCTOHHOT
000JIOHKH OOMEXKeHa HEeOOXiTHICTIO 3a0e3MeUYeHHsT 3aXUCHOTO mapy OeTOHY st
apMartypHuX ciTok. lle npu3BOAWTH 1O TOro, MO KOHCTPYKISl YacTo CTae
«IepeBaXCeHO0». UMM MeEHIIa TOBIIMHA OETOHHOI OOOJOHKM, THM BHINA il
YyTIMBICTh JO BHIIAAKOBHX eKCIeHTpucuTeTiB. [lpm mammx h Oyxgp-ske
BIAXMJICHHS BiJI NMPOEKTHOI OCi CTBOPIOE 3THHAIBLHHI MOMEHT, sikuii OeToH 0e3
¢i0pu He 3naTHUN e(pEeKTHBHO NEPepo3NOAUIUTH. Y 3BHYaWHOMY OETOHI mHpu
JIOCSITHEHHI KPUTHYHOTO HAaBaHTAXCHHS pPYyWHYBaHHS BiOYBa€TbCs MHUTTERO.
301IpIICHHS TOBIIMHM JIMIIE BiITEPMIHOBYE 1€l MOMEHT, ajie He 3MiHIO€ XapaKTep
pyriHyBaHH [1].

CranediOpoOeTOH JEeMOHCTpPYE SIKICHO iHIIY peaklilo Ha 3MiHy TOBIIWHH.
OCHOBHOIO BIJIMIHHICTIO € poOoTa Marepiaiy Hicis MOSBU INEpUIOl TPIMHU. Y
craneiOpoOeToHI MIIHICT, Ha PO3TAr NMpH 3rMHI 3HauHO BuUma. lle mo3Bossie
000JI0HIII BUTPUMYBAaTH MOMEHTH, III0 BUHUKAIOThH MPH 3MEHIIEHHI TOBLIMHU, 03
PU3UKY  pamnToBOrO  KOJAICY. CranediOpobeToH  Mae  BIIACTUBICTB
«IICEBIOIUIACTHYHOCT». [Ipy 3MEHIIEHHI TOBIIMHHM KOHCTPYKIliSl CTa€ OUIBII
THYYKOIO, ajie 3a paxyHok (iObpu BoHa 30epirae 37aTHICTb 10 TMEPEPO3MOIITY
3yCHJIb MK TIEpEeHANpYXEeHUMH IiISHKaMu. Skmo it OeToHy miarpama
(HaBaHTaXEHHS-TIPOTHH) OOPHUBAETHCS IMIKOBO, TO s cTasieiOpoOeTOHy BOHA Mae
moyioruid cragHuii (a0 BUCXiMHWN) XapakTep, IO Ja€ 3amac dYacy Iepen
py#HyBaHHsM [2].
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Jnst  TpoBEOCHHS OCHOBHHX BHUIPOOYBaHb OyJ0 CIIPOSKTOBAHO Ta
BUTOTOBJICHO CITEIialbHUH CTeHN (pHc. 1).

BignmoBigHO 10 mporpamu BHIPOOYBaHB OOOJIOHOK BHUTOTOBJIEHO 4 Monemi
UITIHAPUYHOT 000M0oHKH 13 3amizoberony (3pasku RC1-RC4) ta 4 wmopmenmi i3
¢bibpoberony (3pasku FRC1-FRC4). Bci 3pa3ku Manu mocTidHy J0BXHHY 2450 MM
Ta pajiyc mormepeuHoro mepepizy 270 MM, a BapiroBaJUCs TOBIIMHA OOOJIOHKH Ta
pO3MIpH TOIEPEYHOro Iepepisy OOpTOBHX €IeMEHTiB. TOBIIMHA 3pa3KiB
cra"oBuia 45, 50, 55, 60 Mmm.

Po3nonineHe BepTHKAIbHE HABAHTAKEHHS PUKIIAJCHO 110 YOTHPHOX CMYyTax,

mmprHOI0 13 cM kokHA. OOO0JIOHKA IMIAPHIPHO CHHPAETHCSA 3 KyTiB Ha INIACTUHHU
100x100MM.

Puc. 1. BunpobyBansHuii cTeHR

3MiHa TOBIIMHU B OCTOHHHUX OOOJIOHKAaX OOMEXKEHa YXOPCTKHMH paMKaMH
CTIHKOCTI Ta HOpPMaMu apMyBaHHS. EKCTeHCHBHE 30iJbLIEHHS TOBIIMHH €
MaJloe()eKTUBHUM UYepe3 PIiCT MacH.
Hecyua 3aatHicth OeTOHHHX 000JI0HOK, 30inbimiace 3 96,4 kH no 117,9 kH,

T00T0 Ha 19% a y cranediOpoOCTOHHMX BiNNOBIMHO HECy4Ya 3IaTHICTh

migsummnack 3 128,6 kH no 182,2 kH, to6to Ha 42%.
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Ta6mus 1
Pe3ynpTaTl eKCIepUMEHTAIBHHUX JOCITIIKSHb
Mopenb TosmmuHa, MM Hecyua 3nataicts, kH
RC1 45 96,4
RC2 50 101,6
RC3 55 109,6
RC4 60 117,9
FRC1 45 128,6
FRC2 50 149,9
FRC3 55 167,6
FRC4 60 182,2

[NopiBHSHHS MTOKa3ye, 0 TOBIIMHA OOOIOHKH € KPUTHYHUM ITapaMeTpOM IS
000X THIIIB MaTepialliB, OJHAK CTYMiHb ii BIUIMBY pi3HUN. beToHHI 000IOHKH
XapaKTepU3yIOThCI BHCOKOK YYTJIMBICTIO 10 3MEHIICHHS TOBIIUHH, TOII SIK
(ibpobeToH nO3BOJsAE 30epiraTd HEOOXimMHY HeCcydy 3IaTHICTP HaBiTh IIPHU
TOHKOCTIHHOMY BUKOHAHHI.

31 3MEHIIICHHAM TOBIIUHU (iOPOOETOHHOT 0OOJIOHKH HECyYa 31aTHICTh TAKOK
3MEHILYEThCS, MPOTE IIeH Mpolec Mae MEHII IHTeHCMBHMH Xapakrtep. Dibpa
3a0e3neuye CTPUMYBaHHS PO3BUTKY MIKpO- Ta MakKpOTPIIIMH, IO J03BOJISIE
00o0J10HIII 30epiraTi Mpaue3iaTHICTh HABITh IMICHs MEPEBHILIEHHS PO3TATYBaIbHOT
MIIHOCTiI O€TOHHOT MaTPHIIi.

Bukopucranns GpidbpoOeTOHy € NOLIIBHUM /ISl TOHKOCTIHHUX O0OJOHKOBUX
KOHCTPYKIIH.

OnrtuMizariisi TOBIIMHM 3 ypaxyBaHHSM BJIAaCTHBOCTEH MaTepially J03BOJISIE
MiABUIIUTH €()EKTHBHICTH OOOJIOHKOBHUX CHUCTEM.

30iUIbIICHAS TOBIIMHUA OETOHHOI OOOJIOHKH C€(EKTHBHE JIMIIEC JO IEBHOI
MEXi, TIOKH 3pOCTAaHHS BIIACHOI BAT¥ HE MOYMHAE HiBEIIOBATH MIPHUPICT MIITHOCTI.

CranedibpobeToH M03BOJISIE MPOEKTYBAaTH OOOJOHKM MEHINOi TOBIIUHHU 3
BHIIOI0 €KCIUTyaTaIlifHOI0 HAAIHHICTIO.

30iIbIICHAS] TOBIIMHA Y 3BHYAalfHOMY OETOHI — II¢ €KCTEHCHBHHHU IIIISX,
SIKUH BeJie JI0 MepeBaHTaXKECHHS KOHCTPYKIIIi BIACHOIO Baroio. Y cranediopodberoHi
3MiHa TOBIIIMHU JI03BOJISIE MAHEBPYBATH.
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daxTrdHO, cTanediopodeTOH NO3BOILE CTBOPIOBATH OOOIOHKH, 1e "mpalfoe”
KO)KEH MUTIMETp TOBIIWHH, TOAI AK Yy 3BHYaiiHOMYy O€TOHI 3Ha4YHAa YacTHHA
nepepisy MoXKe 3aJHIIaTHCs 0aJacToM.

[1]. Kapmrok B. M., Koctiok O. I., Copoxmantok B. B. Omip 3ami306eToHHHX Ta
craneiOpoOETOHHMX eIEeMEHTIB 1 KOHCTpYKLiil. — Oneca: BMB, 2015. — 450 c.
[2]. Cemxko O. B., ®ecenko O. A. Biuine qucnepcHOro apMyBaHHS Ha CTIHKICTh Ta
HECyYy 3IaTHICTh TOHKOCTIHHHUX OOOJIOHOK. 36ipHux naykoeux npayv [loamHTY
(Cepin: I'anyseee mawunobyoysanns, 6yoignuymeo). Ilonrasa, 2018.

CHANGE IN THE BEARING CAPACITY OF CONCRETE AND
FIBERCONCRETE SHELLS WHEN THEIR THICKNESS CHANGES

A comparative analysis of changes in the load-bearing capacity of concrete and fiber-
reinforced concrete shells as their thickness varies. Four models of cylindrical reinforced
concrete shells and four models of fiber-reinforced concrete shells were fabricated. All
specimens had a constant length and cross-sectional radius, while the shell thickness and
the dimensions of the cross-section of the side elements varied. The thickness of the
specimens was 45, 50, 55, and 60 mm. A comparative analysis of the experimental results
was conducted. The maximum percentage difference in load-bearing capacity between
concrete and fiber-reinforced concrete shells of different thicknesses was determined.

YK 621.763:621.762.224:621.791.72

FATIGUE ENDURANCE OF PARTS OBTAINED BY
SELECTIVE LASER FUSION OF NICKEL ALLOY
POWDERS

Naumyk V.V., Doctor of Technical Sciences, Professor;
Pavlenko D.V., Doctor of Technical Sciences, Professor;
Kaganovsky O.D.

Zaporizhzhia Polytechnic National University , Zaporizhzhia
Pedash O.0., Candidate of Technical Sciences
JSC "Motor Sich", Zaporizhzhia

In this work, a comparative study of the fatigue performance of samples of

Inconel 718 alloy obtained by selective laser malting with the performance of the
material obtained by traditional methods (hot deformation) was performed to study
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the prospects for the practical application of powder materials in the manufacture
of parts. In the manufacture of samples, powders obtained by the technologies of
vacuum gas atomization of the melt and centrifugal plasma rotation of the metal
workpiece were used. In the course of the research, multi- and low-cycle fatigue
tests were performed. Accordingly, the endurance and limited endurance limits for
a given level of durability were determined.

To determine the endurance limit, tests were carried out in accordance with
the ASTM E466 standard based on 20 million cycles by the method of dynamic
excitation of vibrations in smooth cylindrical samples with a working part diameter
of 6 mm on an electrodynamic vibration stand VEDS-200 in resonant mode.

Low-cycle fatigue tests of samples were performed according to the ASTM
E606 standard at temperatures of 20°C and 550°C, v=1Hz, Ro=0 on a universal
servo-hydraulic testing machine Instron 8862. According to the obtained results,
curves in logarithmic coordinates “Stress amplitude ¢ — Number of cycles Nc”
were constructed, which allowed to determine with sufficient reliability (R?>0.9)
the limit of limited endurance for a given level of durability (1x10%, 5x103, 5x10*
cycles to failure). All samples were subjected to standard heat treatment for the
Inconel 718 alloy. Samples from powder materials were additionally subjected to
hot isostatic pressing before heat treatment.

The results of multi-cycle fatigue tests of a series of standard samples of
experimental variants showed that powder materials provided an endurance limit of
333 MPa, while samples made of deformed material showed indicators of
353 MPa. In this case, the results can be accepted as comparable due to a small
difference in the endurance limit indicators. It should be noted that to improve the
level of the endurance limit of powder materials, it is possible to use technological
operations to improve the surface condition of the samples, since during fatigue
tests their destruction can be initiated by surface defects. In this case, the authors
may propose to improve the surface condition of the samples by using such
technological operations as diamond smoothing of the working part of the samples,
or, for example, their ultrasonic hardening. For this, it is necessary to conduct a
separate series of studies and tests with the selection of rational technological
parameters of the processes.

According to the experimental data obtained during low-cycle fatigue tests,
curves in semi-logarithmic coordinates “Stress amplitude ¢ — Number of cycles
Nc” were constructed, which demonstrated that under the conditions of testing
standard samples at 20°C on bases of 1x10% and 5x103 cycles, higher indicators are
demonstrated by powder materials. It should be noted that an increase in the
amplitude of stresses applied to the samples leads to a decrease in the difference in
durability between deformed and powder materials, and at a certain (1275 MPa)
stress level, samples from powders manufactured using centrifugal plasma
technology are characterized by approximately the same durability test results
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compared to deformed ones, and in samples obtained from gas atomization
powders, the results obtained significantly exceed those obtained in the deformed
material.

A further increase in the test bases to 5x10* shows that the deformed material
provides higher indicators.

Increasing the test temperature to 550°C showed that samples obtained from
gas atomization powders in the entire experimental interval of stress amplitudes
demonstrate results comparable to the deformed material. Calculations showed a
small difference (within 10-12%) in the indicators obtained on standard samples
between all experimental variants.

Thus, the results of multi-cycle and low-cycle fatigue tests demonstrate that
powder materials are able to provide durability at the level of deformed material
obtained by traditional manufacturing technology.

BTOMHA BUTPUBAJIICTb JETAJIEM, OTPUMAHHUX
CEJIEKTUBHUM JIABEPHUM CIIJIABJIEHHAM ITOPOULIKIB
HIKEJIEBOI'O CIIVIABY

Bukonano nopisnsiibne 0ocniodxcenns nokasHuxie emomu 3paskie 3i cnaagy Inconel 718,
OMPUMANUX CENeKMUBGHUM JIAZEPHUM CHIABIEHHAM 3 NOKAZHUKAMU MAMePIany, OmpUMaHo2o
MPaouyitiHuMu Memooamu (2apsuoro degopmayicro).

3a pezyromamamu eunpobysans Ha 6a2aMoOYUKIO8Y Ma MAIOYUKIOBY GMOMY 6CIAHOBIEHO,
wo nopowkogi mamepianu 30amui 3a0e3neuysamu 006208iuHicmb Oemaneil Ha pi6HI
Oehopmosaro2o mamepianiy OmpumMano2o 3a MmpaouyitiHo MexXHOI02IEI0 GULOMOGILEHHSL.

VK 621.311:614.841

HIAXO0AU PI3UYHOI'O 3AXUCTY EHEPT'OOB’EKTIB

Otpom 1O.A., A.T.H., npo., lomakin B.B., Cinko O.B.

HarioHansHui yHIBEpCUTET LIMBIIBHOTO 3aXUCTy YKpainu, M. Yepkacu

Eneproo0’exti HajiexaTh [0 €NEMEHTIB KPUTHUYHOI iH(pacTpyKTypH,
cTabinbHA po0OTa SAKUX BILUTUBAE HA (DYHKIIOHYBAHHS CUCTEM KHUTTE3a0€3MCUCHHS,
MPOMHUCIIOBOCTI, TPAHCIIOPTY, 3B’sI3Ky Ta KOMYHAJIBHOTO TOCHOJapcTBa. B ymMoBax
PaKeTHO-apTWICPIICHKUX YpaKeHb, aTaK YAAPHUMH OC3MUIOTHUMH JIiTATbHUMU
amaparaMy Ta MOIIKOPKEHHS 1HKEHEPHUX Mepek (HI3MIHUN 3aXUCT CHEPTeTHYHUX
00’€KTiB € CKJIQJIOBOIO 3a0e3MeUeHHs iX CTIHKOCTI.
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VY poborti [1] po3rmaHyTO CydacHWI CTaH TOIEPEPKEHHS HaI3BHYANHHUX
CUTYaIliif Ha TEPUTOPISAX YKpaiHH, SKi 3a3HAIH PAKETHO-apTHIICPIACHKUX ypakeHb.
Y nocmimpKeHHI OXapaKTepH30BaHO HOBI YMOBHM BWHHKHECHHS HaJ3BHYATHUX
CHUTYyallilf, MOB’s13aHl 3 TOIIKO/UKEHHIM 00 €KTiB 1H(OPACTPYKTYpH, THKEHEPHUX
Mepex, OyaiBenb i cnopyn. HaBenenuit minxin nependadae BpaXyBaHHs MPSIMOTO
YPaKEHHS Ta BTOPUHHUX HACJIIAKIB, 110 BUHUKAIOTh MICIIS MOLIKOIKEHHS 00’ €KTa.

[MuTaHHSA CTIMKOCTI CHUCTEM XHTTE€3a0€3MEUCHHS PO3IISHYTO y mpami [2].
EnepretiuHi 00’€KTH y IbOMY KOHTCKCTI € YaCTHHOK CHCTEMH 3a0e3MeueHHS
HaceJIeHHA Ta Tepuropiii pecypcamu. IlopymeHHs ix poOoTm BIUIMBae Ha
BOJIONIOCTAYaHHs, TEIUIONOCTaYaHHs, 3B’A30K, pPOOOTY MEIWYHHX YCTaHOB,
TPaHCHOPTHOI iHQPACTPYKTYPH Ta aBapifHUX CIyxKO.

VY po6ori [3] nocmimkeHo OWIHKY HATIHHOCTI OyIiBeNbHIUX KOHCTPYKITIH ITif
BIUIMBOM BHOYXOBHX HaBaHTaKCHb. PO3IrNsgHyTa NpoOJieMaTHKa IOB’s3aHa 3
OOTPpYHTYBaHHSAM 3aXHCHHUX CIIOPYH, SIKi CIPHHMAIOTh KOPOTKOYACHI iIMITYJIBCHI
HABaHTAXCHH, [0 yIAapHOI XBUIII Ta YIaMKOBUH BIUTUB. OMiHIOBaHHS HATIHHOCTI
KOHCTPYKLIHM 32 TaKMX YMOB Iependayae BpaxyBaHHs XapaKTepy HaBaHTaKECHHS,
MIIIHOCTI MaTepiajiB, KOHCTPYKTHBHOI CXEMH Ta TPAHUYHHX CTaHIB.

Y mpangsix [4—6] pO3TNISIHYTO THMTaHHS MOJIENIOBAHHS CHUCTEMH «IPYyHT—
(yHaaMeHT—-OyAiBIs», OLIHIOBaHHS CTIMKOCTI KOHCTPYKLIH Ta 3a0e3neueHHs
pobotu OyniBenb Ha CIaOKuX rpyHTax. J[Jisi 3aXUCHUX CIIOPY €HEprood’eKTiB i
MOJIOKEHHSI  TIOB’s13aHI 3  NepeJaBaHHSAM  HAaBaHTAXEHb BiJ] MAaCHBHHUX
3aJ1i300€TOHHNX €JIEMEHTIB Ha (yH/IaMEHTHY IUIMTY Ta ITPYHTOBY OCHOBY, @ TAaKOX
3 ypaxXyBaHHSAM HEPiBHOMIPHHX OCiJJaHb, JIOKAIIbHUX HABAHTAXKCHB 1 JTUHAMIYHOTO
BIUTUBY.

VY mpami [7] po3mISHYTO BOTHECTIHKICTh BOTHE3aXWICHHUX 3aJ1i300€TOHHUX
KoHCTpyKLii. [licms BuOyxoBoro abo yJIaMKOBOTO TOIIKOKEHHS CHEProod’eKTa
MOXIIMBHH  PO3BUTOK TOXKEXKI uepe3  IOLIKO/PKEHHS  MaclIOHAIIOBHEHOTO
obnajHaHHs, KaOeNbHHX Tpac abo JOMOMDKHHMX TEXHOJIOTIYHUX cHCTeM. Tomy
(i3MYHUN 3aXUCT Mae OXOIUTIOBATH MEXaHIUHY [if0, TeMIIepaTypHUH BIUIUB i
BOTHECTIHKICTh HECYYHX Ta OTOPOJIKYBAIBHUX KOHCTPYKIIIH.

Y poGoti [8] HaBemeHO miaxomu 10 OyHIBHUITBA JApiOHUX 3aXMCHHUX
¢dopTrdikaniiHuX cropyn i3 3ay1i300eToHy. PO3risHyTI KOHCTPYKTHBHI pilll€HHS
NOB’s3aHI i3  3aBOJCHKMM  BUTOTOBJICHHSIM, MOHT@XHOIO  IPHJATHICTIO,
TE€OMETPUYHOIO TIPOCTOTOI0 Ta 3AATHICTIO KOHCTPYKHii CrpuiiMaTH 30BHIIHI
CHJIOBI BIUIMBH.

®i3u4HMil 3aXUCT €HEproo0’€KTiB — CYKYNHICTh KOHCTPYKTHBHHX PillIeHb,
CIPSIMOBAaHMX Ha 3MEHIICHHS HACIIJIKIB NPsAMOro abo HENpsIMOro ypakeHHS
TexHojoriunoro obnamHanHs (puc. 1). Jlo 00’€KTiB 3aXHCTy HallekKaTh CHIIOBI
aBTOTpaHcGOpMaTopH, TpaHCHOPMATOPH BIACHUX MOTPEO, PO3MOMITIBYI IPUCTPOT,
KaOenbHI KaHaIW, CHCTEMHU KEpyBaHHS, PpE3EpPBHI JDKepena >KUBICHHS Ta
JOTIOMIJKHI TEXHOJIOTIYHI CHCTEMH.
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Mertoau diszuyHoro 3axucry

T'abionu (nicok/KaMiHb) Mia3eMHe po3MiuieHHs MoHoniThuit capkodar

Bucokwii MakcumansHuii Bucokmii
Big npsiMoro Bay4aHHs Husbkunit MakcumanbHuin Bucokuii
Ao6pa CknapgHa Ta gopora OonTumansHa
AocTyn 06cnyroByBaHHA YcknagHeHa Maiixe BiacyTHi BinbHuii yepes npoxogun
Husbka CknagHa cucrema Nr Bucoka

Puc. 1. MeTtoau ¢i3HuIHOTO 3aXUCTY

[omkomkeHHs: 00°€KTIB Pi3HOTO (YHKIIOHATBHOTO TPU3HAYCHHS BKa3yHOTh
Ha OOMEXEHHMH Omip JEerKMX OTOpPOKYBAIBHUX KOHCTPYKIIH, TOHKOCTIHHHX
naHesieil 1 MeTaneBux OOOJOHOK BHOYXOBOMY Ta YJIaMKOBOMY BIUIMBY. Jlis
EHepreTU4HOro oOnaaHaHHs (I3UYHUII 3aXUCT CHPSMOBYETHCS Ha OOMEXEHHs
NPSIMOTO KOHTaKTy 3aco0y Ypa)KeHHsI 3 TEXHOJIOIIYHHMM BY3JIOM, 3MEHILIEHHS Jil
yJIaMKiB, JIOKaTi3allil0 MOXJIMBOTO 3aiiMaHHs Ta 30CpPeKEHHS TOCTYIY 0
o0uaiHaHHs JUIst 00CIyroBYBaHHs i aBapiiHOrO pearyBaHHs.

KoHcTpykTHBHI  pilieHHsT (PI3MYHOTO 3aXHCTy €HEpProo0’eKTiB MOXKHA
MOJUTATH Ha KiJbKa rpym. 1o mepuroi HajxexaTh THMYACOBi a00 IIBUAKOMOHTOBAHI
criopyau: rabioHH, OJIOKH, HACHITHI €KpaHH, 30ipHi 3a1i300€TOHHI eneMeHTH. BoHI
3aCTOCOBYIOTbCS JUIsI JIOKUIBHOTO €KpaHyBaHHS oOnagHaHHsA, a ix pobora
BU3HAYAETHCS T'€OMETPIEI0 PO3MILICHHS, BHCOTOIO, Macolo, CTIHKICTIO 10
MepeKuJaHHs Ta 3/1aTHICTIO CIIPUHMAaTH YJIaMKOBHI BIUIUB.

Hpyra rpyma oxoIumoe 3arnuOiieHi Ta HamiB3armOneHi cropyau. Taki
pimeHHs mependavaoTh po3MilieHHS 00JaTHAHHSA HIDKYE PIBHA MOBEPXHI 3eMIl
ab0 B YAaCTKOBO 3ariubOiIeHnx o00’emax. BoHM 3MEHIIYIOTH BiJKPHTICTH
oOiagHaHHSA A0 YJIaMKOBOI [Iii Ta yZapHOI XBWII, aje moTpeOyroTh ypaxyBaHHA
BEHTWJISIIIT, JPEHaXy, MOXKEXKHOi Oe3IMeKH, JOCTYIy IJIs PEMOHTY, MOHTaXY H
JIEMOHTAXY BEJIMKOTa0apUTHOTO 00JIaTHAHHS.

Tperio Tpymy CTaHOBIATH HA3eMHI MOHOJITHI 3aXWCHI CIIOPYIH Y BHTIISAAI
3aJ11300€TOHHUX 000JI0HOK abo capkodaris. J{o Tx ckiany BXOASTh MaCHBHI CTiHH,
MEePEKPUTTS, TEXHOJIOTI4HI IIPOPI3H, BEHTWISLIHHI KaHAJIN, TPOTUIIOKEKHI BIACIKH
Ta J0JAaTKOBI ekpaHH. KOHCTpyKTHBHa cXeMa Takux cHopyn (opmyerscst 3
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ypaxyBaHHSIM BHOYXOBOTO HABaHTa)XCHHS, YJAMKOBOI Jii, MOXIIHBOI MOXEXi,
TEMIIEpaTypHOTO BIUIMBY Ta poOOTH (pyHIAMEHTHOI CHCTEMHU.

OxpeMy TpyIly CTaHOBJIATH KOMOIHOBaHiI pIIIeHHS, y SKAX 3ai300€TOHHA
000JIOHKA TOEJHYEThCS 3 JOJATKOBUMH €KpaHaMH. 3OBHIIIHIA €KpaH 3MIHIOE
YMOBHM B3a€MOJIii 3aco0y ypakeHHS 13 3axHIIyBaHOIO CIOPY/AOI, a OCHOBHA
3aJ11300€TOHHA KOHCTPYKLS CIIpUIIMae 3aIMIIKOBHIA BIUTHUB.

[MpoekryBaHHs (i3NYHOTO 3aXUCTy Iependayae OLIHIOBAHHS ITPOCTOPOBOL
poOOTH BCI€T CIOPY/H, a HE JIUIIIEC OKPEMOT CTiHA 200 MEepPeKpUTTs. 3a1i300eTOHHA
000JI0HKA Tpalioe SIK €JMHA KOHCTPYKTHBHA CHCTEMa, Y SIKiM CTiHH, MEPEKPHUTTH,
(yHmaMEeHTHa TIIMTa Ta BY3IM CIONYYEHHS 3a0€3MeuyloTh CHIPHHHATTS
HAaBaHTAXKEHb 1 IIepefady 3yCWIb Ha OCHOBY. Y pa3i IMIyJIbCHOTO BIUIMBY
BPaxOBYIOTBCSI ~ KOPCTKICTh,  TPINIMHOCTIHKICTB,  XapakTep  apMyBaHH,
aHKEPYBaHHS apMaTypH Ta OMip JIOKAJIbHOMY IPOJIaBIIOBAHHIO.

dyHgaMeHTHa cucTeMa 3a0e3nedye NnepeiaBaH s HaBaHTaKeHb BiJ] 3aXHUCHOT
CHOPYIH Ha IPYHTOBY OCHOBY. MacuBHI 3aJ1i300€TOHHI KOHCTPYKIIii CTBOPIOIOTH
JIOZIATKOBE HABAaHTAXXCHHS, a Jis BHOYXy Ma€ KOPOTKOYACHUH TUHaAMIUHHNA
xapaktep. Po3paxyHOK cucTeMH «crmopyna — (yHIaMeHTHa IUIMTa — IPYHTOBA
OCHOBa» OXOIUIIOE HEPIBHOMIPHI OCilaHHs, poOOTy ClIa0KMX IPYHTIB i BIUIMB
JIOKJIbHUX HABaHTAKEHb.

IMoxexna cknagoBa (i3MYHOrO0 3aXMCTy TIOB’s3aHa 3  HAsIBHICTIO
MAaCIIOHAIIOBHEHOTO O0OJaTHAHHSA, KaO0EeNbHHX Tpac, IONIMEpHOI 130MAIii Ta
JONOMDKHHMX TEXHOJIOTIYHMX CHCTeM. Y pa3i HOIIKOJUKEHHS TpaHcopmaTopa
MOXJIMBE 3aliMaHHS TPaHC(HOPMATOPHOTO Maciia, IMOIIMPEHHS TEIUIOBOTO BIUIMBY
Ha KOHCTPYKLil Ta MOBTOPHE ITONIKO/PKEHHS CYMDKHOTO OOJagHAaHHS. 3axHCHA
CropyJia Ma€ MO€AHYBAaTH KOHCTPYKTHBHY MILIHICTb i3 TIPOTHIIOKEKHHUM IOJIIIIOM,
TUMOBUIAJICHHSM, BEHTHILILIEI0, 300pOM aBapiiHMX BHUTOKIB i BOTHECTIHKICTIO
OCHOBHHX €JICMEHTIB.

Jlyis Ha3eMHHX 3aXHCHUX CIIOpPYa HEoOXiTHO 3a0e3MmedyBaTH eKCIUTyaTaiiHy
MPUAATHICT. 3aXMCHA OOOJIOHKA HE NMOBHHHA YHEMOXJIMBIIOBATH OXOJOKEHHS
o0naiHaHHs, OTJISAJl, PEMOHT, 3aMiHy arperaTiB, MiBEeJeHHS KaOeIbHUX 1 IMUHHUX
3’eqHaHb. KOHCTpYKTMBHE pilleHHS IO€IHYe 3aXxHWCHI (yHKHOii 3 BUMOTaMHu
TEXHOJIOTIYHOI eKCILTyartallii, BKJIIOYaroul BEHTWILIIHI TPOpi3H, 3axHIIeHi
KaHaJIM, IIPOTHITIOMKEKHI BiZICIKH Ta JOCTYII JUIsl aBapiHHUX CIyXO0.

Tun  ¢i3nyHOrO  3aXMCTy  BHM3HAYAETHCS  NPH3HAYEHHSIM  00’€ekTa,
XapaKTepUCTUKAaMHM  OOJIQJIHAHHS, BHJOM MOXJIMBOTO  BIUIMBY, YMOBaMmu
MalJJaH4YMKa, IPYHTOBOIO OCHOBOIO, HasBHOIO 3a0yJIOBOI0 Ta MOXKJIMBOCTSIMU
OyniBeNbHO-MOHT)XHUX po0iT. TuMYacoBi cHOpyAHM 3acTOCOBYIOTHCS — JUIsl
JIOKJIBHOTO eKpaHyBaHHSA, 3ariuOJieH] pIilIeHHs IOB’s3aHi 3 YJAIlTyBaHHIM
3aXUIICHOTO 00’eMy HIDKYE PIBHA 3€MJIi, a MOHOJITHI Ha3eMHi CIOPYId
(hopMyIOTh TPOCTOPOBY 0OOIOHKY HABKOJIO OOJIaTHAHHS.
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@opmyBaHHA (I3UIHOTO 3aXUCTy €HEproo0’eKTa BKIIOYAE BH3HAYCHHS
KPUTHYHHUX €JIEMEHTIB OOIaJHAHHS, BCTAHOBJICHHS MOXIHMBHX BHJIB BIUIUBY,
TMPUAHATTS KOHCTPYKTUBHOI CXEMH 3aXHCHOI CHOPYIH, PO3PAXyHOK BHOYXOBHX,
YJIIAMKOBHX 1 TEMIIEpaTypHHUX HaBaHTaXEHb, IEPEBIPKYy  3ani300€TOHHUX
KOHCTPYKLiH, OLIHIOBaHHS POOOTH (pyHAaMEHTHOI IUIUTH Ta I'PyHTOBOI OCHOBH, a
TaKOX ypaxyBaHHS MPOTHITOKEKHHUX 1 eKCILTyaTalliiHUX BUMOT.

Takum unmHOM, (DiI3MYHHMUA 3aXUCT €HEProoO’€KTIB (OPMYEThCS SIK CHCTEMa
KOHCTPYKTUBHHX PillleHb, III0 OXOIUIIOE CHJIOBE OOJIaJHAHHSA, KaOeNbHI CHCTEMH,
JOTIOMI’KHi TEXHOJIOTiUHi BY3)IM Ta €JEMEHTH KepyBaHHA. Moro crpykrypa
BPaxOBY€ BUOYXOBHH, yTaMKOBHH, ITOXKEKHUH 1 IPyHTOBO-(D)yHIAMCHTHHUH BILIHB.

Jnst 3aXUCTy €HEpreTMYHOTro OONagHAHHS 3aCTOCOBYIOTBCS THMYACOBI
eKpaHyBallbHI CIIOpynW, 3arimuOiieHi abo HamiB3armuOieHi 00’eMH, Ha3eMHi
MOHOJITHI 3a1i3006TOHHI O0OOJMOHKM Ta KOMOIHOBaHI CHCTEMH 3 IJONATKOBUMH
exkpaHamu. KoxHe pimeHHS Mae KOHCTPYKTHBHI, TEXHOJIOTIUHI H eKCIUTyaTamiiHi
OOMEXKEHHS, TOB’sI3aHI 3 yMOBaMHM MaiJaH4YWKa, JOCTYIIOM 10 OOJaTHAaHHS,
MPOTHUIIOKEKHUM 3aXUCTOM 1 p0OOTOI0 PyHIAMEHTHOI CUCTEMHU.
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APPROACHES TO THE PHYSICAL PROTECTION OF ENERGY
FACILITIES

The paper considers approaches to the physical protection of energy facilities under
conditions of rocket and artillery strikes and UAV attacks. Structural solutions are
summarized, including temporary screens, buried structures, reinforced concrete
enclosures, and combined systems. Consideration is given to blast, fragment, fire, and soil—
foundation effects on elements of energy infrastructure.
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HarnioHaneHui yHIBEpCUTET LHMBIIBHOTO 3aXUCTy YKpainu, M. Yepkacu

CydacHi yMoBH (YHKI[IOHYBaHHS €HEProo0’€KTIB  XapaKTepPU3yIOThCS
NOEJHAHHSAM BOEHHHX, TCXHOT'CHHHX, NOXXE)KHHX, BUOYXOBHX Ta EKOJIOTIYHHX
YUHHUKIB HeOe3neku. [IOIKOKEHHS OKPEMOro KOHCTPYKTMBHOTO €JIEMEHTA,
TEXHOJIOTIYHOTO By3Jia a00 1HXKEHEpHOI CUCTEMH MOXE CIIPUYMHHUTH IMOPYIICHHS
poboTH 00’€KTa, PO3BUTOK IIOXKEXKi, BHOYXOHEOE3NEUHy CHTYyalilo, BTpaTy
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€JIEKTPOIIOCTAYaHHS, 3a0pyAHEHHSI HaBKOJIHUIIHBOTO CEPEIOBUINA Ta YCKIATHECHHS
aBapiHO-PATYBAIBEHUX POOIT.

Y pobori [1] mpoaHaizoBaHO XPOHOJIOTII0 TEPOPUCTHIHHUX aTaK IO TEPUTOPIi
VYKpaiHu ynapHUMH O€3NMUIOTHUMHM JITAIbHUMHU amnaparamu y cigdi 2025 poky.
HaBeneni nmaHi BigoOpakaroTh CHCTEMHHH XapakTep 3acTOCYBaHHS yIapHHX
BIIJIA Ta mMacoBaHICTh MOBITPSIHUX aTak Mo 00’ekrax iHdpacTpykrypu. HasiTh 3a
BUCOKOi pe3yJIbTaTUBHOCTI 3aCO0IB HPOTHIOBITPSIHOI 0OOPOHM YacTHHa 3aco0iB
ypaxeHHss abo iX ylaMmKiB MOXe JocsiraT Tepuropii 00’€kTa, (GopMyrouu
3aITUITKOBUH PU3HK UL OYIiBEIB, CIIOPYI 1 TEXHOJIOTIYHOTO 00JIaTHAHHS.

Y po6oTi [2] po3rIsHYTO METOAM MOTEPePKeHHS HAA3BUYAWHUX CHUTYaIlii
TEXHOT'€HHOTO Ta MEIUKO-0i0OTIYHOTO XapakTepy Ha 00’€KTax KpPUTHYHOI
1HPPACTPYKTYpH, 30KpeMa iIeHTH]iKaIifo HeOe3MeUHNX YHMHHUKIB, MOHITOPHHT,
MPOTHO3YBaHHS aBapiHUX CHUTyalill Ta iHKCHEPHO-TEXHIYHI 3aXOIH 3HIKECHHSI
pm3uky. Y mocuimkerdi [3] chopMoBaHO yMOBH iCHYBaHHS MaTeMaTHIHOI MO
NonepeKeHHs Ha/I3BUYaiHUX CUTYyalill Ha TEpUTOPIsX, 3a0pyAHEHNX 3aJIHIIKAMHU
paKeTHO-apTUIIEPIHCHKOTO ypaKeHHs, 3 YpaxyBaHHSAM IEPBHHHHX i BTOPHHHUX
HACJIJKIB BOEHHOTO BIUIMBY, MOB’SI3aHUX 13 TOLIKO/PKEHHSM KOHCTPYKIIIH,
IHKEHEPHUX MEPEK, TEXHOIOTTYHOr0 00T iHaHHS Ta 3a0pYJHCHHSIM TEpUTOPii. Y
poborti [4] HaBemeHO OIHKY pamialliifHOrO BIUIMBY IijJ 4Yac aBapii HA CXOBHIII
BIANPAIbOBAHOTO SIIEPHOTO TMAMBAa Ta OKPECICHO MOUIMPEHHs HeOe3MmeYHuX
YMHHHKIB 3 ypaxyBaHHSAM IIPOCTOPOBO-YACOBHX MApaMETPiB BILIUBY.

IoxexHy HeOe3meKy o00’€KTiB KPUTHYHOI 1HPPACTPYKTYPH PO3TISAHYTO Y
pobori [5]. INomxkomkeHHs oONagHAHHS, KaOCIBPHUX Tpac, PE3epBHUX [HKepel
JKUBIICHHS, TpaHCc(HOpMATOpPHOTO OONagHAHHSA a00 TEXHOJOTIYHHX MPUMIMICHB
MOXe€ CyNpPOBOJKYBATHCS TOPIHHSM 1 TEIUIOBHM BIUIMBOM Ha HECy4i KOHCTPYKIII.
VYHacHiOK [BOTO MOXEKHa CKJIaJ0Ba pPO3IILIIAEThCS SIK OJUH 13 YHHHHKIB
PO3BUTKY  aBapidHOTO  CIEHapil0 TIiCiHsi MeXaHiyHoro abo BUOYXOBOTO
MOIIKO/KESHHS.

VY poboti [6] mpoaHai3oBaHO cTaH 3a0e3nedeHHs] 0€3MeKu TiAPOTEXHITHUX
criopyl. PO3risiHyTO NHMTaHHS MOHITOPHMHTY, BUSIBJICHHS 3arpo3, ONOBILICHHS Ta
3a0e3meueHHsT  CTIMKOCTI  CIOpYJ, 10 MaloTh BAXKJIMBE 3HAYSHHS IS
rizpoeHepreTuuyHux 00’ekTiB. [lopymieHHs poOOTH TakMX CHOpYX MOXe
CYIPOBOJIKYBATUCS TTOEAHAHHAM MEXaHIYHUX, TiIIPOJUMHAMIYHHMX 1 TEXHOT€HHHX
HACIJIIIKIB.

[pami [7,8] npucBsdeHi MeTOUKaM PO3paxyHKY MPOTPecylovdoro 0OBaIeHHs
Ta MPOTrPaMHIN peani3alii OMiHIOBaHHS CTIHKOCTI OyaiBenb. Y MUX JOCIHIKEHHIX
PO3IIISIHYTO ClLEHapii, 3a SKHUX JIOKaJbHE MOIIKOKEHHS KOHCTPYKLii Moxe
MOIMIMPIOBATHCS HA CYMDKHI €JIEMEHTH Ta IPHU3BOAWUTH OO BTPATH IIPOCTOPOBOI
crifikocTi. Y po6oTi [9] yAOCKOHAJIEHO MaTeMaTHYHYy MOJENb TeIutonepeaadi
CHUCTEMH «3aJ1i300€TOHHA KOJOHA—TIEPEKPUTTS», IO TIOB’SA3aHO 3 OIIHIOBAHHIM
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poboTH 3ami300eTOHHUX KOHCTPYKLIH 32 yMOB IiCIAaBapiifHOTO TEIIOBOTO
BILTUBY.

KombinoBauuit 3aXHCT €HEProod’ eKTiB POPMYETHCS SK CHCTEMA IHKCHEPHHX,
KOHCTPYKTHUBHHX 1 OpraHi3aliifHO-TeXHIYHUX PIllIeHb, CIIPSIMOBAHUX HAa 3HW)KCHHS
HMOBIPHOCTI NPSIMOTO TIONIKO/UKEHHST OCHOBHUX TEXHOJIOTIYHMX €JIEMEHTIB Ta
0oOMeXeHHsI BTOPUHHMX HacmijkiB. Jlo ii ckiagy BXOIATh 30BHIIIHIA Oap’epHUit
KOHTYp, Hecydl ¥ OropoKyBalbHI KOHCTPYKIIi, 3acoOM MOHITOPHUHIY,
MPOTHUIIOXKEKHHI 3aXUCT, aBapiliHe pearyBaHHsI Ta ITic/iaBapiiHUI KOHTPOJIb.

3 ypaxyBaHHSIM Cy4acHHX MOBITPSIHUX 3arpo3 30BHIIIHIN KOHTYp MOXe OyTH
MPE/ICTABICHUHM CTaJeBUM KapKacoM i3 CITYaCTHM €KPaHOM, PO3MIIIEHHM HaJ
3aXUILyBaHAM 00’ €MOM. Y PO3paxyHKOBIH CXeMi pO3TIISIAETECS ciTyacTuii 6ap’ep,
PO3TAIIOBAHMIT HA BUCOTi 5 M Haj piBHEM TIEPEKPHUTTS 3aXHCHOI o6onoukn. Horo
MpU3HAYCHHS MOJISrae y 3MiHI yMOB B3aemonii yaapaoro BILIA i3 3axumnryBaHOrO
cropynoto. IIpy KOHTaKTI 3 TEpPEIIKOJOI0 MOXIIMBI MEXaHIYHE IOIIKOKCHHS
enemenTiB BITJIA, BTpara TpaekTOpHOI CTIHKOCTI, 3MIIEHHS TOYKH BHOYXOBOI
B3aeMOJii a00 TUCTAHIIIOBAaHHS BHOYXOBOTO HABAHTAXXCHHS BiJi OCHOBHOTO
MEPEKPUTTSL.

[Tepinii KOHTYp He 3aMiHIOE 3aCO0HM MPOTHUIIOBITPSIHOT 00OPOHH, & BUKOHYE
dyHKIi0 iHKeHepHOro Gap’epa OCTaHHKOI JiHii. Floro 3acTocyBaHHs cpsAMOBaHe
Ha 3MCEHIIECHHS MMOBIPHOCTI MPSMOrO KOHTAKTHOTO YPaKEHHS MEPEKPUTTs abo
TEXHOJIOTIYHOTO oOsiafHaHHA. g BHOYXOBOTO HABaHTaKEHHS BIJCTaHb MiX
TOYKOIO B33a€EMOAIi Ta 3aXHUIIYBAaHOIO KOHCTPYKILIEIO BIUIMBAE Ha piBEHb
HA/UJTMITKOBOTO THCKY, IMITyJIbCYy Ta JIOKAIBHOI [ii yJNaMmKiB, OCKUIBKH IIi
mapaMeTpl 3ajieKaTh BiJ MacImiTaOOBaHO! BIJICTaHi, Mach 3apsmy, TreoMerpil
MIEPEIIKO Ta YMOB BiJOUTTS YAAPHOT XBHUITI.

Jpyruii KOHTYp 3axXHUCTy MPEICTaBICHHU 3aJ1i300€TOHHOIO OOOJIOHKOI. Y
PO3paxXyHKOBIM cXemi BOHa MOXE MaTH BHUIJIAJ MOHOJITHOI KopoOYacToi
KOHCTpYKLii 31 cTiHamM#u ToBIMHOKWO 1,0 M Ta mepekpuTTsM ToBuHOKO 0,6 M.
OcHOBHUMH  (QYHKIIIIMH IIbOTO  KOHTYPY € CHPHHHATTS  3aJIUIIKOBOTO
HAQ/JIMIIKOBOTO  THCKY, OOMEXEHHS NPOHMKHEHHS YyIaMKiB, 30epeKeHHS
MPOCTOPOBOT  CTIHKOCTI CHOPYAM Ta 3aXHCT TEXHOJIOTIYHOTO 00’eMy  Bif
30BHILIHBOTO BILIUBY.

3anizo0eToHHa 000JI0HKa PO3TIISIAETHCS HE JIMIIE SIK MAacUBHUN Oap’ep, a 5K
KOHCTPYKTHBHA CHCTeMa, po0oTa SKOi 3aJIe)KWTh BiJ Kiacy OETOHY, apMyBaHHS,
TPaHWYHUX YMOB OONUpaHHS, (QyHIAMEHTHOI IUIMTH, B3aEMOJIl 3 TIPYHTOBOIO
OCHOBOIO Ta MO>JIMBOTO TEMIIEPAaTYPHOI'O BIUIMBY ITicisl aBapii. ¥ MeXax Takoro
MiX0/My pPO3paxyHKOBHMH CIiEHapiii MoO)ke BKJIIOYATH MOCIHIJTOBHICTH: BHOYXOBE
HABAaHTAXKCHHS, JIOKAIbHE IIOIIKO)KCHHS, pO3BHTOK IIOKEXI Ta IIEPEBIPKY
3JIAIITKOBOT HECYYO1 3JaTHOCTI KOHCTPYKITiH.

TToxexxHa CKIIAZOBa € OKPEMHUM €JIEMEHTOM KOoMOiHOBaHOTO 3axucTy. ITicist
BHOYXOBOTO 200 YIIaMKOBOTO TIOIITKO/KEHHS MOXKITUBE 3aiiMaHHs KabeIbHUX Tpac,
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MacCTWJI, MOJIIMEPHUX MaTepialis, 130I1iil, TpanchopMaTOpHOTO OOMagHAHHS 200
JOMOMDKHHMX CHCTEM. TOMY KOHCTPYKTHBHHUH 3aXHCT Ma€ MOEIHYBATHCA 3 PaHHIM
BUSIBJICHHSAM IIOXKEXKIi, JIOKAJi3aIli€f0 TOPiHHA, OOMEKEHHSIM IOIINPEHHS TUMY i
3MEHILEHHSIM TEMIIEpaTypHOT'o BIUIMBY Ha HECy4i €JIEMEHTH.

Jns  eHeprooO’ekTiB, TOB’S3aHUX 13 TIAPOTEXHIYHUMH  CIIOpYJaMH,
JIOZIATKOBOTO BpaxyBaHHs MOTPeOYyIOTh CTaH Jam0, BOJOCKH/IIB, MAIIMHHKUX 3aJiB,
HACOCHUX CTaHIH, MIAMIPHUX KOHCTPYKWIN 1 cucteM MoHiTopuHry. [lopymenHs
pobOTH LMX ENEeMEHTIB MOXE CIPUYMHUTH TIOEJHAHHS  MEXaHIYHHUX,
TiIAPOJMHAMIYHHAX 1 TEXHOTEHHHX HACTIOKIB. Y TaKMX yMOBaxX 3aXHCHI pIilICHHS
MAalOTh OXOILTIOBATH HE JINIIe 000IOHKY OKPEMOI CIIOPYAH, a i CYMIXHI iIH)KEeHEpHi
CHCTEMH, BiJl IKHX 3aJIC)KNTh Oe3MevHa eKCIUTyaTamnis 00’ exra.

VY pasi HasBHOCTI MOTEHIIIHHO HEOE3NMEYHHX PEUYOBHH a00 BiANIPAabOBAHUX
MarepiajiB cHucTeMa KOMOIHOBAHOTO 3axHCTy Ma€ BKIIOYaTH JIOKATi3aIlio
3a0pyAHEHH Ta miciusaBapiiHUI MOHITOPUHT. Taki 3aX0IU CTOCYIOThCS CIEHAPIiB,
y SAKHX TONIKO/DKCHHS KOHCTPYKIIHA ab0 TEXHOJOTIYHOro  OOJIagHAHHS
CYNPOBOJKYEThCS ~ padialliiHuM, XIMIYHUM 9d  OIOJIOTIYHMM  BILIMBOM.
[TicnstaBapiiHUK KOHTPOJIb Y [[bOMY BHIIAAKY CIPSIMOBAHWII Ha BU3HAUCHHS MEX
HeOe31eYHol 30HH, OL[IHIOBAHHS PIBHS BIUIMBY Ta OOIPDYHTYBaHHS NOAAJIBLIMX Ail
3 JIoKanizalii HacJIiAKiB.

ExoHoMiuHa  CKiagoBa ~ KOMOIHOBAaHOTO  3aXHCTy  MOB’s3aHa 31
CHIBBIIHOIICHHSIM BHTpAaT Ha 30BHINIHIA Oap’epHHUIl KOHTYp 1 MapaMeTpiB
BHYTPIIIHBOI 3aJi300eTOHHOI 000MoHKH (puc. 1). Y pasi mpsMoro KOHTaKTHOTO
BIUIMBY 0€3 30BHIIIHBOTO €KpaHa 3pPOCTAIOTh BUMOIHW /IO TOBIIMHH TEPEKPUTTS,
Macd CHopyad, (yHIaMEHTHOI IUIMTH Ta IPYHTOBOI OCHOBH. 3a HAasBHOCTI
ciTuacToro Oap’epa 4YacTHHa €HEPTii BIUIMBY peali3yeTbcs Ha BiICTaHI BiJ
OCHOBHOI ~ KOHCTPYKIii, a BHYTpIIIHI KOHTYp CHpHHAMAaEe 3aJHIIKOBE
HaBaHTaXKECHHSL.

Y3aranpHEeHa cxeMa KOMOIHOBAHOTO 3aXHCTY €HEProo0’€KTa OXOILTIOE aHalli3
Cy4JaCHHX TOBITPSHHX 3arpo3, BU3HAYCHHS CIEHApiiB ypakeHHA, (PopMyBaHHA
30BHIIIHLOTO 0ap’€pPHOTO KOHTYPY, PO3PaxXyHOK 3alMIIKOBOTO BHOYXOBOTO i
YIIaMKOBOTO BIUIMBY Ha 3alli300€TOHHY OOOJOHKY, MEpEeBipKy CTIHKOCTI HECYYHX
KOHCTPYKIiH, ypaXyBaHHs IOXKEKHOTO Ta TEMIEPaTypHOTO BIUIMBY, OLIHIOBAHHS
poboTH (yHIaMEHTHOI CHCTeMH, OpraHi3alil0 MOHITOPHHIY Ta IliciIsiaBapiifHOTO
KOHTPOJIIO.
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ExoHoMiYHMIA edekT

. g =y

IEH  Bapricrs o6’exTa Ta pusuky (B))

120 MAH rpH — cepegHs PUHKOBa BapTiCTk HOBOrO

asToTpaHchopmaTopa. ﬂ,UI.IIIII:HICTb

+15% go uiHu — BUTpPaTK Ha noricTuky (sara 225 1),

CNeLTPAHCMOPT Ta MOHTAaN.

9-14 micALiB — TepMIH BUrOTOBNEHHA Ta NOCTABKM CniBBigHOwWeHHS 1:6 — BApTICTh 3aXWCTY CTAHOBMTh NALE

HOBOro 06nagHaHHs. h .

32 . . - 17% Bia sapTocTi 0BnagHaHHA.

Kputnunuii gaktop: ¥ nepiog eHeprogediuunty npoctiid

Takol TPVBANOCTi € HENPUMYCTUMUAM. CrarucTuka atak: Bucoka iHTeHcuBHICTb yaapis y 2025—
n . . 2026 pp. pofuTe 3axucT 0BOB'AIKCBAM.

Burpam Ha KaniTaNbHWK 3aXUCT

BeToHHi po6oTu: 8.5 - 10.0 MAH rpH (MoHONITHWIA 3B
o6'emam ~600 m?).

MeTanokoHcTpyKLUii: 6.5 - 8.0 MAH rpH (AeTOHaLIAHWA
ekpaH Ta 6ankn 61/62).

MonTaxc: 3.0 - 4.0 MNH rpH (3aransHobyaiBentHi Ta

MuTTeBa okynHicTe: OaHe BNy4aHHa «Shahed», aynuHeHe
eKpaHoM, NOBHICTIO NOKpUBAE BCi BATPaTH.

CouianeHui edekr: 3anobiraHHa abutkam sig
3HECTPYMMNEHHA perioHy, Aki 3a oGy MOXYTL NEPEBMLLMTI
BapTICTb CNOPYAM.

nyckoHanaroAxysansHi po6otu).
3aransHuii 610pKeT: 18 - 22 MAH rpH.

Puc. 1. TlopiBHSHHS KOHCTPYKTUBHHX BapiaHTiB KOMOIHOBaHOTO 3aXUCTY

Takum 4nHOM, KOMOIHOBaHMH 3aXUCT €HEProoO’eKTIB Mae (OpMyBaTHCS SIK
y3roJDKeHa CHCTeMa IH)KEHEPHUX pillleHb, Y SKil 30BHILIHIA Oap’epHUIl KOHTYD,
3aJi300€TOHHA 3axKCHa OO0OJIOHKA, IPOTHIIOKEKHI 3aXOJM Ta MOHITOPHHT
TEXHIYHOTO CTaHy MPAOIOTh SIK €IMHUN KOMIUIEKC.

30BHIMHIH CiTYaCTH €KpaH 3MIHIOE XapaKTep B3aeMOii 3aco0y ypaxxeHHS 13
3aXHMIIyBaHOIO CIIOPYAOIO Ta TIEPEHOCUTH 30HY BUOYXOBOTO BIUIMBY BiJl OCHOBHHX
KOHCTPYKILiH. 3a Taknx yMOB 3aJli300eTOHHa OOOJIOHKa CIIpUiiMae 3aUIIKOBE
BUOYXOBE, YJIaMKOBE H TEIUIOBE HaBaHTaKEHHs, 30epiratoun (yHKIiIOHATBHY
CTIMKICTh 3aXHIYBAaHOTO 00’ €MY.

3anponoHOBaHUN MIAXiJ PO3MIAAAE 3aXHCT EHEProod’€KTa He SK OKpeme
KOHCTPYKTHBHE IJICHJICHHA, a SK CHUCTEMY 3HIKCHHS HACIiAKIB TOBITPSHOTO,
BHOYXOBOTO, MMOYKEKHOTO Ta TEXHOI€HHOTO BILTUBY.

[1]. Azarenko O., Diviziniuk M., Shevchenko O., Rashkevich N. V., Huz A., Olefirenko O.
(2025). XpoHoorisi TEPOPUCTHYHHX aTaK 10 TEPUTOpil YKpaiHW yAapHUMHU JPOHAMH B
ciuni 2025 poky. [Chronology of terrorist attacks on the territory of Ukraine by attack
drones in January 2025]. Social Development and Security. Vol. 15, Ne 6. C. 175-189. DOI:
10.33445/sds.2025.15.6.17 [in Ukrainian].

[2]. Loboichenko V. M., Diviziniuk M. M., Shevchenko R. I., Fedorchuk-Moroz V. I.,
Rashkevich N. V. (2025). Meroau morepe/keHHs] HAI3BHYaWHUX CHTYAIlili TEXHOT€HHOTO
Ta MEAUKO-OIOJOTiYHOr0 XapakTepy Ha o00’€KTaXx KpUTHYHOI iH(pacTpykTypu 3a
BHKOpHCTaHHs ineHtudikamii Boguux po3umHis. [Methods for preventing technogenic and
medical-biological emergencies at critical infrastructure facilities using identification of
aqueous solutions]. Jlyusk: Bexa-Ipyk. 321 c¢. ISBN 978-966-940-673-6. URL:
http://repositsc.nuczu.edu.ua/handle/123456789/25384 [in Ukrainian].

134


http://repositsc.nuczu.edu.ua/handle/123456789/25384

Martepianu X1 Mixkaapo1HOT HAYKOBO-TEXHITHOT KOH(EpeHTIii
AKTYAJIbHI ITPOBJIEMU THXXEHEPHOI MEXAHIKH 20—22 tpasus 2026 poky

[3]. Rashkevich N., Shevchenko O., Rushchak I., Kradozhon V., Krasnov V. (2025).
@®opMyBaHHA yYMOB ICHYBaHHS MaTeMaTHYHOI MOZENI IONEPEDKCHHS Hala3BHYaliHHUX
CHUTYyalliil Ha TEPUTOPIsIX 3a0pyAHEHHX 3aJMIIKAMH PaKeTHO-apTHICPIHCHKOTO YpasKeHHS.
[Formation of conditions for the existence of a mathematical model for preventing
emergencies in territories contaminated with remnants of rocket and artillery damage].
Social Development and Security. Vol. 15, Ne 5. C. 151-161. DOL:
10.33445/sds.2025.15.5.12 [in Ukrainian].

[4]. Krasnov V. A., Rashkevich N. V. (2025). Ouinka pagiaiiifHoro BIUIMBY MiJ| yac aBapii
Ha CXOBHIIII BiImpanboBaHoro siuepHoro nanuea. [Assessment of radiation impact during an
accident at a spent nuclear fuel storage facility]. Komynansue rocmomapcrso mict. Cepist:
Iupopmartiiini TexHosorii Ta imkenepis. T. 6, sum. 194. C. 74-81. DOI: 10.33042/3083-
6727-2025-6-194-74-81 [in Ukrainian].

[5]. Hryshchenko A. A., Rashkevich N. V., Otrosh Yu. A. (2025). AHaiui3 HOXEKHOT
HeOe3nekn 00’ €KTiB KpUTHUYHOI iHppacTpykTypu. [Analysis of fire hazard of critical
infrastructure facilities]. Problems of Emergency Situations: marepianmn MixHapoaHOT
HayKOBO-TIpakTH4HOI KoH(pepenmii, M. Yepkacu, 14 TpaBms 2025 p. Yepkxacu: HVYII3
Vikpainn. C. 27-28. URL: http://repositsc.nuczu.edu.ua/handle/123456789/25461 [in
Ukrainian].

[6]. Rashkevich N. V., Plotnykov I. V., Otrosh Yu. A., Chuchmai O. M. (2024). Anaui3
crany 3abesnedyeHHs Ge3neku rigporexHidnux cropya. [Analysis of the state of ensuring the
safety of hydraulic structures]. Taspiiicekuit HaykoBuii BicHuK. Cepist: TexHiuni Hayku. Ne
4. C. 314-322. DOI: 10.32782/tnv-tech.2024.4.32 [in Ukrainian].

[7]. Otrosh Yu. A., Maiboroda R. I., Rashkevich N. V., Romin A. V. (2023). docuimkerns
METOJMK pO3paxyHKy mporpecyiodoro o6samenus. [Study of methods for calculating
progressive collapse]. Mexanika ta maremaru4ni meroau. T. 5, Bum. 2. C. 25-40. DOI:
10.31650/2618-0650-2023-5-2-25-40 [in Ukrainian].

[8]. Maiboroda R. 1., Otrosh Yu. A. (2025). TIporpamua peaii3aisi OLiHIOBaHHS CTIHKOCTI
Oyxmisenb 1o mporpecyrouoro obOBaienns. [Software implementation of assessing the
resistance of buildings to progressive collapse]. TIpoGaemu Hax3BUualiHUX cuTyarliid. Ne
1(41). C. 177-193. DOI: 10.52363/2524-0226-2025-41-12 [in Ukrainian].

[9]. Maiboroda R. 1., Otrosh Yu. A. (2025). YmockoHaleHHS MaTeMaTHYHOI MO
TeIIonepe/iadi CUCTEMH «3ali300eTOHHA KOJIOHA—TIepekputTTs». [Improvement of the
mathematical model of heat transfer in the “reinforced concrete column—floor slab” system].
Hayxoswuii BicHuK: LluBinbHHI 3axucT Ta moxkexkHa Gesmeka. Ne 1(19). C. 97-108. DOI:
10.33269/nvcz.2025.1(19).97-108 [in Ukrainian].

COMBINED PROTECTION OF ENERGY FACILITIES

The paper considers combined protection of energy facilities under conditions of military,
technogenic, fire, blast, and environmental hazards. Approaches to the formation of a two-
contour protection system combining an external mesh barrier and an internal reinforced
concrete enclosure are summarized. Consideration is given to residual blast, fragment, fire,
thermal, and technogenic effects on structures and technological equipment of energy
infrastructure.
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YK 614.841.3:621.314

JOCIIIKEHHS TEMIIEPATYPHOI'O PEXKUMY
MHOKEXI HA ABTOTPAHC®OPMATOPAX, IO
BCTAHOBJIIOIOTBHCA B 3BAXUCHUX CIIOPYJAX

HansunkoB P.B., acmipanT, Hizknuk B.B., 1.1.H., npodecop
[HCTUTYT Jep>KaBHOTO YIPABIIiHHS Ta HAYKOBHX JOCIIJUKEHb 3 IMBUIEHOTO 3aXUCTY
HanionansHOTO yHIBEPCHTETY IUBLUIBHOTO 3aXUCTy YKpainu, M. Kuis
Tpury6 B.B., K.T.H., 101leHT
HarionansHuit yHIBEpCHTET HUBLIFHOTO 3aXUCTy YKpaiHu, M. Uepkacu

Ioxexxi Ha TpaHChOpPMATOPHOMY OONAamHAHHI CTAHOBIATH OJHY 3
HaWOUIBIIMX 3arpo3 Ui EHEepreTHYHOl IHQPAcCTPyKTypu. 3a CTaTHCTHYHHMHU
JaHUMHM, OJIM3bKO ITOJIOBHHH TOKEK B €HEPIeTUYHOMY CEKTOpi MOB’s3aHI came 3
TpaHchopmaropami [1].

B ymoBax BoeHHOTO cTaHy TpaHc(opmaTopHe OONamgHaHHS CTaJO OJHIEIO 3
OCHOBHHX IIUIGH BOPOXXKMX yHapiB. 3a mepioJ MOBHOMACIITaOHOI arpecii mo
00’ekTax TpaHCPopMaTOpHOi iH(pacTpykTypu 3aBmaHo Omm3bko 600 ymapis.
BianosigHo 10 [2] TpaHcdopmaTropu po3MIIIYIOTBCS Y 3aXUCHHX criopyaax. s
KOHCTPYKLIH TakuxX CIOPYJ BCTaHOBJECHO BHMOTH IOJO 3a0e3le4eHHs Kiacy
BorHectiiikocti He Hk4e REI 90 3a ymMOB BIUIMBY TeMIepaTypHOTO PEXUMY
BYTJIEBOIHEBO1 TOXKeXKi [3].

Pasom i3 TUM 3acTOCYyBaHHS BYIJIEBOIHEBOI TEMIIEPATypHOi KPHUBOI HE
MTOBHOIO MipOK0 BPaxOBYE CIIEIHU]IKy PO3BHTKY IOXKEKi Y 3aMKHYTOMY IPOCTOPI,
Je OOMeXeHHH JOCTYN KHCHIO CYTTE€BO BIUIMBAE Ha IHTCHCHUBHICTh TOpIHHS Ta
TeMIepaTypHui pexnM. ToMy akTyalnbHUM € JOCH/DKEHHS pealbHOro
TEeMIIEPaTyPHOTO PEKUMY MOXEX1 TpaHc(HOPMATOPIB y 3aXUCHHX CIIOpPYIax.

Jns  TeopernyHOro OOIPYHTYBaHHS MOAM(IKOBAHOTO TEMIEpPaTypHOTO
peKHMY BUKOPHCTAaHO MAaTeMAaTUYHW amapar, 3aCHOBAaHWUM Ha TMOBHIH cUCTeMi
piBHsHb HaB’e-Croxca. bazoBa Mojens MOMOBHEHA MOJETSAMH, SIKi JTO3BOJIAIOTH
BpaxyBaTH T€OMETPUYHI MapaMeTpH NPUMIIIEHH, TeTIo(i3nIHiI XapaKTepUCTHKH
KOHCTPYKIIiH, BIUTUB MPOPi3iB Y 30BHIIMIHIX CTIHAX Ha MPHUTIK KUCHIO Ta BUIAICHHS
MPOAYKTIB TOPiHHSA, IIOKE)KHE HABAaHTAXXCHHSA, IHTCHCHBHOCTI TOPIHHSI Ta
TEIUIOBHIIICHHS.

VY SIKOCTi PO3paxyHKOBOTO CIIEHapil0 NPUHHATO MOXKEXY B 3aXUCHIH criopyai,
e BcTaHoBieHO TpaHchopmarop kmacy AT-750 kB. Ilepenbauanocs, mo
BHACJIJIOK aBapii TpaHC(OPMATOpPHE MACTHJIO BHIIMBAETHCS Ta PO3TIKAETHCS II0
BCii 1o mizyioru npumiineHHs. Po3paxyHkoBa ruroma criopyqu craHoBuia 348
M?, a Bucota — 18 M. Iyt JOCIHiIKEHHST TeMIIepaTypHOTO PEeXHMY BCTAHOBIICHO
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JATYUKHU TeMIlepaTypH Ha piBHAX 1 M, 10 M Ta 18 M Bix piBHS miuiory Ha BiAcTaHi
100 MM Bix mOBepXHi KOHCTPYKITiH.

PesymbraT;  TEOpeTMUHMX  OOCHIPKEHh  IOKa3amd, M0  HaWOUThI
TEeMIIepaTypy CHOCTEPIraloThCsl y BEpXHIM 4acTWHI cropynu, Ha piBHI 18 M, 1o
MOSICHIOETBCSL  MIAHOMOM  rapsiuuX MNpPOAYKTIB TOpiHHA Ta (QOpMyBaHHAM
BUCOKOTEMIIEpaTypHOro auMmoBoro mapy. Came paHi, OTpuMaHi Ha Wil BHCOTI,
BUKOPHCTaHI AJIsl MOJAJIBIIOrO aHali3y TEMIEpaTypHOro pexumy moxexi. Ha
OCHOBI YCEepeIHEHUX 3HAa4YeHb TEMIIEpaTyp MNOOYIOBaHO TEMIEPAaTypHY KPHBY
PO3BUTKY TIOKEKi Ta TPOBENCHO i TOpPIBHAHHA 31 CTaHAApPTHOIO Ta
BYIJIEBOJIHEBOIO TEMIIEPATYPHUMU KPUBUMU [4].

OTpuMaHi pe3ynbTaTH CBiA4YaTh, MO TEMIepaTypa B 3aXUCHIH cCIOpymi
IHTEHCHBHO 3pPOCTa€ HA IOYATKOBOMY €Talll TMOXKEXi, HAOIIDKAIOUHCh A0 PEKUMY
BYTJICBOAHEBOI IOXKEXI, OAHAK micys mpubmm3Ho 30 XBWIMH crocTepiraerbes il
MIOCTYTIOBE 3HIKEHHS. lle MOSICHIOETHCSI BUTOPAHHAM MOXKEXHOTO HaBAHTAKCHHS
Ta 1e(iUTOM KHCHIO B YMOBaX 0OMEKEHOTO MPOCTOPY.

Jns  mepeBipkM  TOCTOBIPHOCTI TEOPETHYHUX Ppe3yJIbTaTiB  HPOBEACHO
eKCIIEPUMEHTANIbHI  JOCHI/DKeHHsT Ha (i3W4Hiil Moneni 3aXUCHOI CIOpY.IH.
OCKIIbKM TIPOBEJECHHS TOBHOMACIITA0HOTO EKCIIEPUMEHTY € EKOHOMIYHO Ta
TEXHIYHO HEJIOUIJIbHUM, BHKOPUCTAHO MeETOJA (I3UYHOTO MOJICTIOBAaHHS 13
JOTPUMAaHHSIM KpUTEPiiB T€OMETPUYHOI Ta IUHaMiuHOi noaidHocTi. Macmitad
Mozeni craHoBuB A=0,23, 1m0 03BONMJIO BHU3HAYUTH TEOMETPHUYHI Napamerpu
MOJENI Ta BIAMOBIAHI TEIIOBI IOTOKH.

Jis MozemoBaHHS MOXEeX1 BUKOPHUCTaHO CTAaHIapTH30BaHE BOTHHMINE KIacy
233B, 3amoBHeHe TpaHCHOPMATOPHUM MACTHIIOM. TemIiepaTypHi BHMiprOBaHHS
MPOBOJAMIINCS 3a JOIOMOTOI0 IT'SITH TEPMOIAp, BCTAHOBIICHHUX IIiJ] HOKPHUTTAM
copymu. ExkcnepuMeHTasbHI pe3ynbTaTH IIATBEPIMIM XapakTep pPO3BUTKY
MOKEXi, OTPUMAHUHU TIiJ] Yac TEOPETHYHUX MAOCHTIDKEHB: IBUIKE IOYaTKOBE
3pOCTaHHS TEeMIepaTypH 3MiHIOBAJOCS YIOBUTBHEHHSM PO3BHTKY IOXKEXKi uepes
3MEHILIEHHS KOHIIEHTPaLlii KUCHIO.

ITopiBHAHHS pe3yNbTaTiB TEOPETHYHUX Ta €KCHEPUMEHTANBHUX TOCIIIKEHb
MoKa3ajgo JOCTaTHIM piBeHb 301KHOCTI. AOCONIOTHI BiIXWJIEHHS CTaHOBWIH
6mmpko 150 °C, BigHocHi — 10 35 %, a cepenHbOKBaJIpaTHYHE BiJXWICHHS —
6mmpko 90 °C. Ilpu mpomy TeopeTMYHAa MOAENb HE BpPaxoByBala CTa/il0
3aTyXaHHS MOXKEXI, [0 CTBOPIOE JOAATKOBUII 3arac OE3IeKH I1iJ] 4ac OLiHIOBAHHS
BOTHECTIHKOCTI KOHCTPYKIIIH.

OTpuMaHi pe3yiabTaTH J03BOJIAIOTH 3POOMTH BHCHOBOK, WIO peaJbHHUN
TEeMIIEpaTYPHUH PEXHUM IOXKEXKi y 3aXHCHHUX CIOpyAax sl TpaHcdopmaropis €
MEHII 1HTCHCHBHHM, HIK pPEXKHUM BYIJICBOJHEBOI TMOXKEXi, SKHA Hapasi
BUKOPDHCTOBYETHCS B HOPMATHUBHHMX JOKyMeHTax. Ha mincraBi mpoBeaeHHX
JIOCITIPKEHb  OOIPYHTOBAaHO MOXUIMBICTh BCTAaHOBJIEHHS BHMOT [0 KJacy
BOTHECTIHKOCTI OTOpOJKYBAIbHUX KOHCTPYKIiW Ha piBHI He Menme REI 45 3
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ypaxyBaHHsIM KoedimieHTta 3amacy 1,2. OrpuMaHi pe3yibTaTH MOXYTh OYyTH
BUKOPHUCTAHI JJIS1 BIOCKOHAJICHHS HOPMAaTHBHO-TIPABOBOI 0a3: y cepi moxekHol
0e3MeKn 3aXICHUX CIOPYA VT TpaHCPOopMaTopiB.

[1]. AnaniTiyni KOBiAKM Mpo MOXexKi Ta iX Hacmigku B Ykpaini 2014-2024 pp. [Analytical
reports on fires and their consequences in Ukraine in 2014-2024]. [HCTUTYT HayKOBHX
JOCHTIPKEHb 3 LUBUIBHOTO 3aXHMCTy HamioHadbHOTO YHIBEPCHUTETY IHBIIBHOTO 3aXUCTY
Vipainu. URL: https://indcz.dsns.gov.ua/statistika-pozhezh (mara 3sepuenns: 10.10.2025)
[in Ukrainian].

[2]. Hesiki muraHHS iHXKEHEPHOTO 3aXHCTy KPUTHYHOI iH(ppacTpykrypu [Some issues of
engineering protection of critical infrastructure]: [locranoBa Kabinery MinictpiB Ykpainu
Bim 26 kBitHs 2024 p. Ne 471. URL: https://ips.ligazakon.net/document/kp240471 (mara
3BepHeHHs: 10.10.2025) [in Ukrainian].

[3]. ACTY-H B EN 1990:2008. €Bpokoa. OcHoBu mpoekTyBaHHs KOHCTpyKiii (EN
1990:2002, IDT) [Eurocode. Basis of structural design]. Yunnnii Bix 01.01.2008. Kuis: JI1
«YxpH/IHI», 2008. 141 c. [in Ukrainian].

[4]. TManbuukos P.P., Hixxuuk B.B. JIOCHiDKEHHS TEMIIEPAaTypHOTO PEKHMY MOKEKI B
3axUCHIN crmopyni ais aBrotpancdopmaropa [Study of the fire temperature regime in a
protective structure for an autotransformer]. Komynansue rocniomapcrso micr. 2025. T. 6,
Burl. 194. Cepist: Texuiuni Hayku Ta apxitekrypa. C. 347-352 [in Ukrainian].

STUDY OF THE FIRE TEMPERATURE REGIME IN
AUTOTRANSFORMERS INSTALLED IN PROTECTIVE STRUCTURES

The paper investigates the fire temperature regime of autotransformers installed in
protective structures. The study considers the influence of limited oxygen supply, room
geometry, fire load, heat release intensity, and heat transfer to enclosing structures. Based
on theoretical and physical modelling, the specific features of fire development in a confined
space are determined. The obtained results indicate that the real temperature regime differs
from the hydrocarbon fire curve and may be used to justify fire resistance requirements for
enclosing structures of transformer protective facilities.
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YK 666.972.17:691.532:541.128
JOCIIIKEHHSA KIHETUKU 'A3OBUAIJIEHHSA B
PO3UHMHOBIM CYMIIII TA BJACTUBOCTEM NP
BUI'OTOBJIEHHI HEABTOKJIABHOI'O I'A3BOBETOHY

Myasrin B. B., k. T. H., 101., [lonoBuu H. M., K. T. H., 10L.
Herpam O. B., k. T. H., 101, Bonnap JI. B., k. T. H., 101.
[MonraBcekuii nep>kaBHUIT arpapHuUid yHiBepcuteT, M. [lonraBa

CyuacHi BUMOTH 10 eHeproe(eKTUBHOCTI OyIiBenb Ta MOTpeOUW MOBOEHHOL
BinOymoBM VYKpaiHH 3yMOBIIOIOTh HEOOXINHICTh pO3MHUPEHHS BUPOOHHUIITBA
e(peKTHBHUX  CTIHOBMX  MaTepiajiB i3  BHUCOKMMH  TCIUIOI30JISIIHHUMHU
BIIAaCTHBOCTSIMM T4 HH3bKOIO CHEPrOEMHICTIO BHUIOTOBJIEHHA. OnHuM i3
MEepPCIEeKTUBHUX ~ MaTepialliB € HEeaBTOKJIABHUN Ta300eTOH, OJHAK HOro
BUPOOHHUIITBO CYMPOBOKYETHCS MPOOJIEMOIO 3a0€3MeUeHHs CTabIbHOT MOPUCTOT
CTPYKTYpH Ta HEOOXimHHX (i3UKO-MEXaHIYHUX BIACTHBOCTEH. (coOIUBOrO
3HA4YeHHs HAOyBa€ JOCIHIIKEHHS KiHETHKH Ta30BUAUICHHA Ta BIUIMBY XiMiYHHX
JI00aBOK Ha MPOIIECH CTPYKTYPOYTBOPEHHS ra300€ToHY.

MeToro NOCHIIKCHHS € BUBYCHHS KIHETHUKU Ta30BHIIIICHHS B PO3YHHOBIH
CyMillli Ta BU3HAYCHHSI BIUIMBY KaJbI[HHOBAHOI 1 KAYCTUYHOI COJIM Ta TEMIIEpaTypu
CYMIIIIi Ha TPOIIEC CITyYyBaHHS 1 BIACTHBOCTI HEABTOKJIABHOTO ra300eTOHY.

Ipomec cmydeHHs PO3YMHOBOI CyMilli BHBYAIM HA  CIHEIIATbHOMY
PO3po0IeHOMY TIPHIIAML 13 CIEKTPOHHUM MOJYJIeM, SIKAW HepeaaBaB iH(OPMAIIiio
Juist 0OpOOJIeHHs Ha IuIaHIIeT i3 o0y joBoto rpadikiB ciyuyBaHHs (puc 1).
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Puc. 1. Cxema npunany aist JOCIHiKEHHs KIHETHKU ra30BUAIIICHHS B PO3YHHOBIH
cymii
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Po3unHHy cymim roTyBamm B JIaOOpaTOPHOMY IIBHAKICHOMY 3MIilTyBadi
TPHUBAJICTIO TEPEMIITyBaHHSA TPH XBWIMHH. [lani BH3HAYANN CEPEIHIO TYCTHHY
PO3YMHHOI CyMillli, a TIOTiM BBOAWJIM 3a3JaJIETib MPUTOTOBICHY OMHJICHY BOIHY
CYCIEH3II0 alTIOMiHI€BOT IMyApH 1 MepeMillyBayii Iie oAHY XBWIMHY. [licns goro
BiZipasy CyMilll BUBaHT@XyBald B METAIEBUH TEIUIOI30JLOBAaHUN IMIIHID,
MONepeTHbO HArpiTHH A0 3aJaHoi TeMmeparypH, MiIBOJWIM MOIUIABOK JI0
PO3YMHHOT CyMillli i TPOBOJMIIM 3aIHC MPOLECY CIYYEHHsI PO3YMHOBOI CyMili Ta
BU3HAYaJM TYCTHHY PpO3YMHOBOi cymimi. Ha pucyHky 2 HaBexeHuil rpadik
KiHETHKH Ta30BHIICHHS B CyMIIITi.
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Puc. 2. I'padik KiHETHKY Ta30BUAIICHHS B PO3YHMHOBIH cyMmiIi

JocnijpkeHHsT KIHETHMKM Ta30BUAUICHHS B PO3YMHOBIM CyMilni 1pu
BUKOPHUCTaHHI Jo00aBku KambluHOoBaHOI coau (Na:CQOs) mpoBommnmcs 3
BUKOPUCTAHHSAM TPUPIBHEBOTO IUIAHY MPOBEIEHHS €KCIEPHUMEHTIB MPH KUTBKOCTI
IBOX (hakTopiB (BHTpara HOOaBKH, Temreparypa cymimii). B sKocTi BUXiZHHX
mapamMeTpiB JOCTIUKYBIM IIOYaTOK CITydyBaHHS, CIyYyBaHHS Ta TPHUBAIICTh
CIy4yBaHH:.

HianasoH BapiroBanHs (akTopiB OyB HacTymHHMM: BUTpara nodasku: 0,3% —
0,6% — 0,9%; remneparypa cymimii: 20°C — 33°C — 46°C.

Jnst aHanizy eKclepUMEHTaJIbHUX JaHUX BUKOPHCTOBYBABCSI INPOTPaMHHNA
komiutekc STATISTICA 12, mo m03BOJMIO OTPUMAaTH pIiBHAHHS perpecii Ta
rpadiuHi 3aJeKHOCTI, SKi BiOOpa’karoTh BIUIMB AOCII/KyBaHUX (hakTopiB Ha
MPOIIEC CITyIyBaHHS POZYMHOBOI CyMiIITi.

BcraHOBEHO aleKBaTHICTh PIBHSHHS perpecii 3a KpUTEPiEM BiAMOBIAHOCTI
®dimepa: po3paxyHkoBe 3HadeHHs kputepito (Fp = 3,35) Oyno MmeHmuMm 3a
tabimyne 3HadeHHS (F = 19,2), mo CBIiAYWTH TPO TPHHHATHICTE OTPHUMAHUX
MaTEMaTUYHUX MOJEIEN.
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3a piBHSHHAM perpecii moOynoBaHO Tpadik 3araJbHOTO BUIVIILY ITOBEPXHI
(yHKIOi{ BiATyKy TMOYaTKy CHyYyBaHHS po3dumHOBOi cywmimi (Pmc.3). Amnamis
rpadigHOl 3aJEeKHOCTI MO3BOJSE BCTAaHOBHUTH, IO MiABHINCHHS TEMIIEPaTypH

cyMinmr Ta 30UIBIICHHS BUTpPATH MO00ABKU CHPHUSAIOTH MPHUCKOPEHHIO MPOIECY
cnyuayBanHs. [Ipn 11boMy MOYaTOK CIydyBaHHS ITPOTiKa€E HAaWIIBUIIE IPU BUTPATI
Na:COs 0,6% Ta Temmnepatypi 45°C, Toni sk mpH 30UIbLIEHHI TEMIEpaTypH 3a

45°C BIA3HAYAETHCS CIOBUIBHEHHS TIIOYATKy CIyYyBaHHA, II0 MOXe OyTu
OB’ A3aHO 3 MPUCKOPEHOIO JIETA3aIlIE€r0 CYMIIIIi.

3n IoyaTok cny4yBaHHS PO3YHHOBOI cyMmimi, ¢

REUS) ADBOWWHEOA WA RnAld HO1BWOLL

I > 800
B <740
Bl < 640
[]<540
[ <440
B <340
<240
Puc. 3. 3aranpHuii BUJ ITOBEPXHI1 (I)YHKI.III BIATYKY NOYATKYy CITy1yBaHH:

PO3YMHOBOI CyMillli Bil BUTPATH KaJIBIIMHOBAHOT COIM Ta TEMIIEPATypH CYMIIIi
Jns mopansmioro anaiizy Oyno BukopucTaHo miarpamy [lapero (puc. 4), 3a
SIKOI0 OYJIO BCTAHOBJICHO IO HAHOLTBIINKA BIUIMB HA MOYATOK CITyYyBaHHS YHHHTh

TeMmeparypa. 3HauMMOCTI KOe(iIlieHTiB PIBHAHHS perpecii Oynm BW3HAuYeHI 3a
kpurepieM CTbIoJieHTa — 5 3HAUMMHX KOeDillieHTiB.

Amnari3 rpadikiB cepeHiX 3HaU€Hb MMOYATKy CIIyIyBaHHS PO3YMHOBOI CyMIIIi
MOKa3ye, 10 HAWIIBHIIIE TIei MPOIeC PO3MOYHHAETHCS MpU Temmepatypi 46°C i
tpuBae 240 cexynz. Lle cBigunTh PO Te, M0 MiABUIICHHS TEMIIEPATYPH aKTUBI3y€E
XimiuHi peakii, BiMIOBITaTbHI 32 Ta30yTBOPEHHS, IO € KIIFOYOBUM (aKTOPOM ISt
e(eKTHBHOTO (POPMYBaHHS MOPUCTOI CTPYKTYPH MaTepiairy.

[Ipu 1pOMY TATBEPIKYETHCS ONTHUMAJIbHA BUTpPATa KaJbIIMHOBAHOI COAM Ha
piBHi 0,6%, OCKUIBKM caMme 3a IbOTO JIO3YBaHHS JIOCATAETHCS OalaHC Mik
MIBUAKICTIO TIPOLIECy CITyYyBaHHS Ta SIKICTIO OTPUMAHOI CTPYKTypHu. 30UIbIICHHS
BUTpaTi KaJbIMHOBAHOI COAM IOHAJ 3a3HAa4YeHE 3HAUCHHS MOXKE IPHU3BECTH 0

HAJIMIPDHOTO 200 HEPIBHOMIPHOTO Ta30BHIUICHHS, IO HETAaTHBHO BILUIMBAE Ha
CTa0UIBHICTH Ta PIBHOMIPHICTH NOPHUCTOT MaTPHIL.
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3n ITouaTok cny4yBaHHS PO3YHHOBOI cymimi, ¢
(2)Temnepatypa cymimi, c() | .-41,27
Temmepatypa cymimi, °c(x) r 14,87433
1LHaZL | 7,344324
(1)BuTpaTa KaJbUMHOBAHOI cOIH (Na,COy), %(L) [ -6,34936
Butpara KaJbIHHOBAHOI coM (Na,CO,), %(K) | 4,560012
;;:,os
OueHka adpcpexTa (abeconioTHoe
3Ha4YeHue)

Puc. 4. [liarpama edexriB [TapeTo novaTky criydyyBaHHs pO3UHHOBOT CyMilli

AHami3 OTpHUMaHUX pe3yNbTaTiB TOKa3ye, MO0 IPOLEC CIydyBaHHI
PO3YMHOBOI CYMIIIIi BiIOYBa€ThCS IIBUAIIC P BUKOPUCTAHHI KayCTUYHOT COH, 3
4acoM MOYaTKy ciy4yBaHHA 150 ¢, y MOPIBHAHHI 3 KAIBIUHOBAHOK COJOI0, IS
Kol 1ed moka3HUK cTaHoBuTh 240-270 c. Ilpu wpoMy ONTUMaJIbHUMHU
napamMeTpamHu Ui IpoIecy CIydyBaHHS € BUTpaTa KajubI[mHOBaHOI coau 0,6% Ta
temrnieparypa 40°C, ananoriuHo mis kayctuanoi comu — 0,6% mnpu Tiit camiid
TeMIeparypi.

JlocmipkeHHs! TIoKa3aliy, 10 3arajbHUi 4ac CIy4yBaHHs PO3YMHOBOI CyMillli
MpU  3aCTOCYBaHHI KaJbIIMHOBaHOI coau cTaHOBUTH 210-240 c, Tomi sk
BUKOPHUCTAHHS KayCTHYHOI COJIM 3HAYHO MOJOBXKYE e mporec 1o 540—600 c. Lle
CBIUUTh TIPO pIi3HY KIHETHKY Ta30BUAUICHHS IPH 3aCTOCYBaHHI 3a3HAYCHUX
JI00aBOK Ta TXHil BIUIMB HA CTPYKTYPY YTBOPIOBAHOTO MaTepiay.

OpHUM i3 KITIOYOBUX BHCHOBKIB JOCII/DKEHHS CTajo Te, L0 3aCTOCYBaHHS
J100aBOK JI03BOJISIE BIIMOBHUTHCS BiJl MONEPEIHBOTO MIITPIBY CyMilli, IO CYyTTEBO
3HWKY€ €HEpreTHYHi BUTpAaTH y BUpOOHMITBI. lle BinKpuBae HOBI MOXXJIHMBOCTI
010 3MEHIIEHHST CO0IBaPTOCTI MPOAYKIIii, CIIPOIIEHHS TEXHOJIOTIYHOTO MPOIIECy
Ta MiABUIIECHHS SAKOCTi KIHIIEBUX BUPOOIB.

BuxopuctanHs po3po0IIeHOTO IPMIIAAy Ta METOAMKH U BUBYCHHS KIHETHKH
Ta30BHIUICHHS B TO€IHAHHI 3 TEPCOHAIBHUMH EIIEKTPOHHO-O0UNCITIOBAIEHIMHA
mammHamu (ITEOM) no3Bomsie onepaTuBHO MPOBOIUTH PO3PAXYHKH, aHANI3yBaTH
OTpHMaHI pPE3ylbTaTH Ta KOPHUTYBaTH CKJIaa ra3o0eToHy. lle mae MOXIHBICTB
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BPaxOBYBaTH XapaKTEPUCTHKH BUXITHUX MarepiajiiB Ta 3a0e3medyBaTd CTaOlIbHY
AKICTh IPOIYKIIi K y TaO0OpaTOPHUX, TaK i y BUPOOHIMINX YMOBAX.

TakuM YMHOM, BHKOPHUCTaHHS 3a3HAUYCHUX TEXHOJOTIYHUX NPHHOMIB
JI03BOJIAE:

. OntuMmizyBaTH KOMIOHEHTHHH CKJaJ BHUXITHOI CyMIMm, IO CHOpHUSE
PIBHOMIpHOMY CITy9yBaHHIO Ta CTabiIbHOMY (POPMYBaHHIO IIOPUCTOI CTPYKTYPH.
. OTpumyBaTH Ta300€TOHHI BHPOOW 3aBTOKIABHOTO TBEPIiHHS 3 Pi3HOIO
CEepeIHBOI0 IYCTHHOIO T 3aJaHUMU Oy IiBeJIbHO-TEXHIYHUMH BIACTHBOCTSIMH.
. 3aBASKM BBEICHHIO CICIiaJbHUX N00AaBOK BIUIMBATH Ha (HOPMYBaHHI
MOPUCTOT CTPYKTYpH TIa300eToHy, 3a0e3neuyroud AOMIHYIOUYHH po3Mip Iop y
Mekax 1-2 MM, L0 IMO3UTHBHO IMO3HAYAETLCS HA TEIIOI3OMSAIIHHMUX 1 MIIHICHHX
XapaKTepUCTUKAX MaTepiaiy.

PesynpraTi mOCHIIDKEHb MIATBEPIXKYIOTh €(QEKTUBHICTH 3aCTOCYBaHHS
PO3pOOIEHUX METOMUK 1 TEXHOJOTIYHUX PIllICHb, O J03BOJISE IMiIBUIUTH SKICTh
ra3o0eToHy Ta 3a0e3MeYUTH HOro eKOHOMIYHY JTOLUUIBHICTh Y BAPOOHUIITBI.

1. Demchenko, O., Shulgin, V., Petrash, R. Experimental study on light concrete
properties using bottom ash of thermal power stations. International Journal of Engineering
& Technology. 2018. Vol. 7, No. 3.2. P. 1-5. DOI: 10.14419/ijet.v7i2.26.14366.

2. Cabrillac, R., Fiorio, B., Beaucour, A., Dumontet, H., Ortola, S. Experimental
study of the mechanical anisotropy of aerated concretes and of the adjustment parameters of
the introduced porosity. Construction and Building Materials. 2006. Vol. 20, No. 5. P. 286—
295. DOI: 10.1016/j.conbuildmat.2005.01.024.

3. Herega, A.N. Physical aspects of self-organization processes in composites. The
structure and interaction of inner boundaries. Nanomechanics Science and Technology.
2013. Vol. 4. P. 17-20.

4, Poznyak, O., Sanytsky, M., Zavadsky, I., Braichenko, S., Melnyk, A. Research
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the non-autoclaved hardening. Eastern-European Journal of Enterprise Technologies. 2018.
Vol. 3, No. 6 (93). P. 39-46. DOI: 10.15587/1729-4061.2018.133272.

5. Pozniak, O., Melnyk, A. Non-autoclave aerated concrete from modified binders
composition containing supplementary cementitious materials. Budownictwo i Architektura.
2014. Vol. 13, No. 2. P. 127-134. DOI: 10.35784/bud-arch.1947.

6. Demchyna, B., Vozniuk, L., Surmai, M. Scientific foundations of solving
engineering tasks and problems. Boston: Primedia eLaunch, 2021. Vol. 19, No. 1. P. 98—
108. DOI: 10.46299/1SG.2021.MONO.TECH.II. ([dspace.lvduvs.edu.ua][1])

7. Kalafat, K., Vakhitova, L., Drizhd, V. Technical research and development.
Boston: International Science Group, 2021. 616 p.
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modern engineering. Boston: International Science Group, 2020. 528 p.

9. Hnes, L., Kunytskyi, S., Medvid, S. Theoretical aspects of modern engineering.
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STUDY OF GAS RELEASE KINETICS IN MORTAR MIXTURES AND
THE PROPERTIES OF NON-AUTOCLAVED AERATED CONCRETE
The study investigates the processes of gas release and pore formation in mortar mixtures
during the production of non-autoclaved aerated concrete. The research focuses on
determining the influence of calcined soda, caustic soda, and mixture temperature on gas
release kinetics, swelling behavior, and the physical-mechanical properties of aerated
concrete. Laboratory investigations were carried out using mathematical experiment
planning and statistical data processing in the STATISTICA 12 software environment. A
specially developed experimental device equipped with an electronic data acquisition
module was used to monitor the swelling process and analyze the onset, duration, and
intensity of gas release. The results demonstrated that the temperature of the mortar mixture
and additive dosage significantly influence pore structure formation and the properties of
the resulting material. The use of chemical additives made it possible to intensify the
swelling process, improve the quality of the porous structure, and reduce energy
consumption by eliminating the need for preliminary heating of the mixture. The proposed
methodology enables optimization of the composition and technological parameters of non-

autoclaved aerated concrete under both laboratory and industrial conditions.

YK 624.014.072

E®EKTUBHHI CIIOCIB MOMEPEJTHHOT'O
HAIIPYKEHHA KOMBIHOBAHUX APKOBUX CUCTEM 3
METOIO SMEHIIEHHA METAJTIOEMHOCTI IOKPUTTIB

BYAIBEJIb

Hocrepnak O.0., k.T.H., goueHT, Cinraiscskuii I1. M., K.T.H., TOIIEHT,

Kynuenko FO.B., k.T.H., nouient, ¥ pazmanopa H.®., acucteHT
Opiecbka JiepkaBHa akaaeMis OyJiBHUIITBA Ta apXiTeKkTypH, M. Oneca

CyvacHMii PpO3BHTOK OymiBeNBHOI Tady3i CYNPOBOMKYETHCS 3POCTAHHAM
BUMOT JI0 €KOHOMIYHOCTI, HaJiifHOCTI Ta pecypcoedeKTHBHOCTI HEeCydux
KOHCTPYKIi. OcOOMMBO aKTyalbHUM € 3MEHIIEHHS METAJIOEMHOCTI CTaJeBUX
MOKPHUTTIB BEJMKHUX IMPOJIBOTIB, IO MOB’SA3aHO 31 3pOCTaHHAM BapTOCTI MeTaly i
E€HEePropecypciB Ta HEOOXiIHICTIO parioHaIHLHOTO BHKOpHUCTAaHHS MarepiamiB [1].
[lepcriekTHBHUM HampsMOM BHpIIIEHHS ITi€] 3a1adi € 3aCTOCYBaHHS KOMOIHOBaHHUX
apKOBHX CHCTeM, €()EKTHBHICTh SKUX BH3HAYAE€ThCA HE 30INBIICHHSM TMepepisiB
€JeMEHTIB, a palmioHalbHOIO (OpMOIO Ta KepyBaHHSAM IX HaIpyKEHO-
JneGopMOBaHUM CTaHOM.

KomOiHOBaHI apKoBi CHCTEMH CKIIAJIAIOTHCS 3 YKOPCTKOI'O BEPXHBOTO IIOSICY,
SKAH TIpalfoe IEepeBaXKHO Ha CTHCK, 1 THYYKOI pELITKH, EJIEMEHTH SKOI
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cupuitmMaroTe po3Tiar. Taka cxeMa 3abesmedye TuQepeHIiifoBaHE BUKOPHCTAHHSI
Marepially: y CTUCHYTHX €JeMEHTaX 3aCTOCOBYETHCS CTalb 3BHYAMHOI MIIHOCTI, a
B PO3TATHYTHUX — BHCOKOMIIHA. lle CTBOpIOE yMOBM AJSI 3MEHIIECHHS BHUTpPAaTH
MeTany 0e3 3HIKCHHS HaJliIHHOCTI KOHCTPYKIII.

[onepenHi nOCHiPKEHHST TMEpeBaKHO OyiMM CHOpPSMOBaHI Ha BHU3HAYCHHS
pauioHaibHOI reoMeTpii THy4Koi peurTku. BcTaHOBIEHO, IO MOJOKEHHS TOYKU
CXOJUKEHHSI CTPHIKHIB ICTOTHO BIUIMBAa€ Ha PO3MOJUT BHYTPINIHIX 3yCHib. 3a
ONTHMAJILHOT TeOMeTpii BCl €JIeMEHTH PEUNTKH NpaloloTh Ha PO3TAT HpH il
PIBHOMIPHO PO3MONIJICHNX IMOCTIHHNX 1 THMYAaCOBHX HaBaHTaXKeHb, IO 3a0e3medye
cTabinpHICTE poOoTH crcteMu. OTHAK pealbHI YMOBH eKCILTyaTalii mependadaroTh
HEpIBHOMIPHI CHITOBI HaBaHTa)XEHHS, II0 MOXYTh BHKIHUKATH CTHCK B OKPEMHX
eneMenTax pemitku [2,3]. Lle 3HMKYe eheKTHBHICTS BUKOPHCTAHHS Marepiamy Ta
YCKJIaIHIOE pPOOOTY KOHCTPYKIil. OTXe BaXJIMBHM HANPSMOM YIOCKOHAJICHHS
KOMOIHOBaHMX apKOBHX CHCTEM € 3aCTOCYBaHHS IOIEPEIHHOTO HANpPYKCHHS, SKe
3a0e3meuye MepeBaKHO PO3TATHYTHI CTaH THYYKHX CJICMCHTIB.

Tpanuuiiiai crocoOM MONEPEJHHOTO HANPY)KEHHS BiJ3HAYAIOTHCS 3HAYHOIO
TPYAOMICTKICTIO Ta NOTPeOyIOTh creliaJibHOro oOnaaHaHHsA. KpiM Toro, BoHHM
301IBIIYIOTh PO3PAXyHKOBI HABAHTAXEHHS 1 CTBOPIOIOTH (DIKCOBaHUIN piBEHb
MOMNEePeHHOr0 HAPYKEHHS, 1110 He BPaXOBYE 3MiHY €KCIUTyaTalliiHUX YMOB.

Y  naHiit  poOOTI PO3MNISHYTO KOHCTPYKTHBHHH Croci0O  CTBOpEHHs
MOMEPETHHOTO HANPYKEHHS HIJIIXOM 3MiHH TIOJIOXKEHHST OJTHOTO 31 CTOSIKIB apKOBOT
cucreMu. KpaiiHii CTOSK TIPONOHYETHCS BHUKOHYBAaTH IIOXWJIMM Ha30BHI 3
MIapHIPHUM 3aKpilieHHsM a0 (yHnamenty. [opu3oHTanpHa CKiIagoBa OIOPHOT
peakii mpu mboMy QopMye HEOOXiIHI pO3TATyBalbHI 3YyCHUIA B pemmiTmi 0e3
3aCTOCYBaHHsS JIONATKOBUX HATSDKHMX MPUCTPOIB. 3alpOIIOHOBAaHE pIlICHHS
3abe3reyye caMOperylibOBaHe MOMEepeIHe HallpyXeHHs. [3 3pocTaHHsIM CHIroBOro
HaBaHTA)XEHHS 301JBIIYIOTECS TOPU3OHTANbHI IEpeMilleHHS PyXoMoi OmopH Ta
KyT HaxwWiy CTOSKa, IO AaBTOMAaTHYHO IIiJBHIIY€ HATAT EJIEMEHTIB PElIiTKH.
KoHcTpykiisi agantyerbess A0 (HaKTUIHOTO HABAHTAXKEHHS 1 MPAIIOE HaHOimbII
eexTuBHO 3a HECHPUSTAMBUX yMOB. JlogaTkoBe mMiIBUIIECHHS €QEKTUBHOCTI
JOCATAETHCS PAIllOHANBHUM BHOOPOM TeOMETpii PEUITKH, KONU JOIYCKaeThCs
MOSIBA HE3HAYHMX CTUCKYIOUMX 3yCWJIb Y OKPEMHX €JIEeMEHTaxX BiJi THMYacOBHX
HaBaHTaXeHb. llomepeHe HaNpyXeHHS KOMIIEHCYE Il 3yCWUIs Ta 3MEHIIYe
HaBaHTAXEHHs y BepxHboMy mosici. [lepepo3mozin BHyTpilIHIX cuil 3abe3neuye
OiNbII TIOBHE BHUKOPUCTAHHS BHMCOKOMIIIHOI CTalli B PO3TATHYTUX €JIEMEHTax 1
3HWDKEHHS] BUMOT JIO TIEPEepi3iB CTHCINX €JIeMEHTIB.

Po3paxyHnkoBuii aHamiz Mokasye, IO 3yCWUIS B THYYKIH penmnrtui Bix
MONEPEHBOTO HAMpPYKEHHS IMEPEBUINYIOTh BIAMOBIAHI 3yCWIIA y BEPXHBOMY
TOSICi, TII0 CTBOPIOE CIIPUATINBI YMOBH ISl peCypco30epiratouoro MpoEKTyBaHHS.
Haii6inpma epeKkTHBHICTh AOCATAETHCS B IBOMPONITHUX 1 KpyIUX OymiBIIsAX, 1€
TOPU30HTAJIbHI CKJIAI0BI OTIOPHHUX PEAKIIiil B3aEMHO BPiBHOBAXKYIOTHCSI.
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[IpakTHyHe 3aCTOCYBaHHS 3aIllPOIIOHOBAHOIO IiIXOAY IO3BOJSE CIPOCTHTH
MOHT@)X MOKPHUTTA, 3MEHIINTH OOCST poOIT i3 HATATY €JIEMEHTIB 1 ITiIBUIIUTH
eKCIUTyaTalliiHy  HamidHICTH  OymiBmi.  BuKopuCTaHHA  KOHCTPYKTHBHO
c(hOpPMOBaHOTO CaMOPETyJIbOBAHOTO MONEPEIHBOTO HANPY)KEHHS € MEPCIIEKTUBHUM
HAaIpsSIMOM YIOCKOHAJICHHSI CTaJICBUX IMOKPUTTIB BEJHMKHX IPOJILOTIB 1 3abe3neuye
3HIDKCHHS METaJIOEMHOCTI Ta MiIBUIIICHHS ¢()EKTUBHOCTI KOHCTPYKIII.

[1] ABH B.2.6 — 198:2014. CraneBi koHcTpykuii. Hopmu mnpoekTyBaHHS. [4HMHHI Bif
2022-09-01]. K.: Minperion VYkpaiam, 2022. 220 c. (JepxaBHi OyniBenbHI HOpMH
VYkpainn).

[2] ABH B.1.2-2:2006. HaBanTaxxenHs 1 BBy, Hopmu npoextyBanHs. — [4nHHI Bix 2007-
01-01]. — K.: Minbyn Ykpainu, 2006. — 75 c. ([depxaBHi OyaiBenbHI HOpMU YKpaiHu).

[3] Singayevsky P.M. Influence of snow loading character on optimal lattice’s geometric
shape of the combined arch system / P.M. Singayevsky, Y.V. Kupchenko, S.M. Chuchmay
/I Zbirnyk naukovykh prats «Visnyk Odeskoi derzhavnoi akademii budivnytstva ta
arkhitektury», Odesa: ODABA, Vol. 70, pp. 75-79, 2018.

AN EFFECTIVE METHOD OF PRESTRESSING COMBINED ARCH
SYSTEMS FOR REDUCING THE STEEL CONSUMPTION OF BUILDING
ROOF STRUCTURES

The research focuses on improving the efficiency of a technical system by refining its
structural solutions and operating conditions. Existing approaches are analyzed, and the
main factors influencing operational performance are identified. Rational operating
parameters are substantiated, and an approach to their optimization is proposed. The
suggested solutions are aimed at improving technical and economic performance and can be
applied in the design, modernization, and operation of relevant structures or equipment.
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OLIIHIOBAHHSI 3AJIMIIIKOBOI MILIHOCTI
3AJI30BETOHHOI KOHCTPy}cuﬂ MICJISA TEILIOBOI'O
BIIJIMBY METOJOM HEPYUHIBHOI'O KOHTPOJIIO

Pamxesuuy H.B., n.¢., nouent
HarionansHu#t yHIBEpCUTET HUBIITFHOTO 3aXUCTy YKpainu, M. Yepkacu
Pamkesuu O.C., K.T.H.
3-it ITIP3 T'omoBHoOro ympasnidas Jep:kaBHoi ciay0u YKpaiHu 3 HaA3BUYAWHUX CHTYAIlil
y XapkiBcbkiit o0macti, M. XapkiB

OO6crekeHHS OyIiBeNMPHUX KOHCTPYKINH TICISA TOXEXI € CKIaI0BOIO
OIIIHIOBAaHHS IX MOJANBINIOI EKCIUTyaTaliifHOI mpumaTHOCTi. s 3ami300€TOHHUX
€JIEMEHTIB TEIUIOBHHM BIUIMB CYIPOBODKYEThCS 3HIDKCHHSAM MIITHOCTI O€TOHY,
PO3BUTKOM  MIKpPOTPIIINH, 3MIHOIO CTPYKTYpH LEMEHTHOTO KaMeHI0 Ta
(opMyBaHHIM JIOKJIBHUX 30H IOLIKO/KECHHS. 332 TaKMX YMOB JIOLIJIBHUM €
3aCTOCYBaHHS METOJIB HEpYHHIBHOTO KOHTPOJIO, SKi JIO3BOJISIIOTH OTPUMATH
iHpopMalil0 Npo CcTaH KOHCTPyKHii Oe3 BigOOpy 3pa3kiB Ta J10JaTKOBOI'O
MOIIKO/KSHHS MaTepiany.

IIuTaHHs OLHIOBAHHSA HACIIAKIB HaA3BUYaMHUX MOAIM Ta MNOIIKOIKEHHS
OyIiBebHIX KOHCTPYKIH PO3IJITHYTO B HU3I[ HAYKOBHX IIpailb. Y JOCIIiIKSHHI
[1] 3ampomoHOBaHO  OpraHi3alifHO-TeXHIYHHM  MiAXix A0  3amoliraHHs
Ha/[3BUYAIIHUM CHTYalisiIM TEXHOT€HHOTO XapakTepy Ha TEPHUTOPIsX, IO 3a3HAIH
paKeTHO-apTWIIEPIHCHKUX ~ ypakeHb, IO  (OpMye  3aralbHUH  KOHTEKCT
OTIepaTUBHOTO OOCTEKEHHS 00’ €KTIB MICIIS aBapifHUX BILTUBIB.

Y mpaui [2] mpoaHanizoBaHO MOXEXHY HeOe3NeKy 00’€KTiB KpPUTHYHOI
IHQpacTPyKTypH, 30KpeMa 3 MO3MLIH MOXIMBHX HACHiJIKIB Uil OyIiBelbHHX
KOHCTPYKIIH.

3 mpobieMaTHKOIO MichsaBapiitHOro oOCTexeHHS MoB’s3aHa poborta [3], y
SKI PO3IIIAHYTO OI[iHIOBAaHHSA IOIIKO/DKEHb OYHIBENBPHUX KOHCTPYKINH Immicis
HaJ3BUYANHOI TOJii Ta HAroJOMEHO Ha MOTpeOi BCTAaHOBIEHHI iX (HaKTHUYHOTO
TEXHIYHOTO cTaHy. Y JocHipkeHHi [4] HaBemeHO MigXiA 1O IHCTPYMEHTAIbLHOT
ineHTudikamii KoH}irypamii ocepeaKky TOXKeXi U1 OIHKH HeOe3meKu
nianpuemcts. [Ipami [5,6] mpucBsiUeHi TepMiYHOMY TIOIIKO/KECHHIO OETOHY Ta
3aCTOCYBaHHIO HEpYWHIBHMX METOJIB Il OLIHIOBaHHSN CTaHy BOTHEM
MOMIKO/DKEHNX OCTOHHMX KOHCTPYKUiM. HaBemeHi NOCHiKeHHS MiATBEPIKYIOTh
JIOLUIbHICTh BUKOPHCTaHHS IHCTPYMEHTAJILHOTO KOHTPOJIIO JUISi BCTaHOBIICHHS
MIPOCTOPOBOT HEOTHOP1THOCTI MOIIKO>KEHHS OeroHy TiCIIst
BHUCOKOTEMIIEPATYPHOT'O BIUIHBY.
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Jis oIiHIOBaHHS CTaHy 3aji300€TOHHOI KOHCTPYKIii 3aCTOCOBAaHO METO[
MPY>KHOTO BiJICKOKY. BuMipioBaHHS BHUKOHYBAIH 110 Ta MichsA 85-XBIIMHHOTO
TEIUIOBOTO BIUIMBY y 28 KOHTPOJBHUX TOYKAX, PO3MIIMICHUX Ha PI3HUX PIBHAX IO
BUCOTI KOHCTpYKLIii. Taka cxema aaja 3MOry BU3HAUUTH 3MiHY MIITHOCTi OETOHY SIK
3arajioMm Io JIMIbOBiH MOBEPXHI, TAK 1 3 ypaxyBaHHSM il POCTOPOBOTO PO3IOILITY.

3a pe3ysnbTaTaMH BUMIpIOBaHb BCTAHOBJIEHO 3HW)KEHHS ITOKa3HUKIB MIiIJHOCTI
Ha BCIX JOCHJUKyBaHUX piBHiIX. CepeHe 3Ha4YeHHS 3a BCI€IO JIMIBOBOIO
MOBEPXHEI0 3MeHImmIocs 3 51,75 mo 48,82 MIla, mo BiamoBinae BTpaTi OJU3BKO
5,66 %. BongHouac 3MiHM Maiu HEPIBHOMIPHHH XapakTep: Mopsn i3 AiISHKaMH
HE3HAYHOTO OCNa0JieHHs OyiM BWABICHI JIOKANbHI 30HH 3 OUIBII BHPaKCHIM
3HI)KEHHSAM ITOKa3HHUKIB.

Haii6inpimi nokanpHi BTpatd gocsramu 17-18 %, 1mo mepeBwIIye cepemHe
3Ha4YeHHS JUI1  BCi€l  JOCHiIKyBaHOl ToOBepxHi. HalmomiTHimi  3MiHK
CHoCTepiraimcs B CepeqHiii Ta BepxHi dacTmHax ImTd. Lle cBimuuTh Tpo
(hopMyBaHHS OCEpeKOBOI 30HH TEPMIYHOTO MOLIKOPKEHHS, a HE NP0 PiBHOMIpHE
3HIKCHHS MIITHOCTI OCTOHY MO BCii IUIOIII KOHCTPYKIIIL.

AHani3 cepeiHIX 3Ha4YCHb 32 BUCOTOIO TAaKOX MiITBEPAMB JIOKaJli30BaHUM
xapakTtep moukomkeHHs. HaitOuibie 3HmKeHHs 0yI0 XapakTepHUM Juist piBHs 1,5
M, 7¢ BoHO craHoBWiIO 7,41 %. Ha iHmuX piBHSAX 3MiHH OyJHd MEHIIUMH, IO
Y3TrOJUKYETBCS 3 Pe3yJIbTaTaMH ITOTOYKOBOT OLIIHKH.

JlonaTkoBOIO JIIarHOCTHYHOIO O3HAKOK CTAJO 3POCTaHHS IPOCTOPOBOL
HEOJHOPITHOCTI MirHOCTI. JI7s Bciel TUIBbOBOi TOBEpXHI KoedillieHT Bapiaril
30umbmmBes 3 16,04 1o 17,98 %, mo BKa3ye Ha MOCHICHHS PO3KUAY 3HAYCHb MiX
OKPEeMHMH KOHTPOJIbHUMH TOYKaMH IICIsI TEIIOBOTO BIUIMBY. Takuil MOKa3HHK
MOX€ BHKOPHCTOBYBATHCS JUIsI YTOUHEHHS MEX TUISHOK 13 MiIBUIICHUM PiBHEM
TOIIKO/DKEHHS.

TakyM YUHOM, METO]] MPYKHOTO BIJICKOKY MOXXE 3aCTOCOBYBATHCS HE JIMIIIE
JUTSL  OpPIEHTOBHOTO BH3HAUEHHs 3aJMIIKOBOI MilHOCTI OeToHy, a W st
MOMEPETHROTO  30HYBAHHS  3aMi300€TOHHMX KOHCTPYKLIH TCIA  TOXKEXi.
[HpopmMaTHBHIMH O3HAKaMHU TAKOTO 30HYBAHHS € JIOKaJbHI MIHIMyMH MIITHOCTI,
TiABUIIICHA BapiaTUBHICTh PE3yJIbTATIB 1 HASBHICTD IPyNH KOHTPOJIBHHUX TOYOK i3
OJIM3bKMMU ITOKa3HUKaMHU OCJIa0JIeHHS.

[1]. Rashkevich N., Shevchenko R., Yeremenko S. (2025). Development of an
organizational and technical method of emergency prevention of technological character on
the territory which was attacked by rocket and artillery impacts. Systems, Decision and
Control in Energy VII. Vol. 595. P. 717-747. DOI: https://doi.org/10.1007/978-3-031-
90466-0_33 [in English].

[2]. Hryshchenko A. A., Rashkevich N. V., Otrosh Yu. A. (2025). Anani3 H0OXeXHOI
HeOe3nekn 00’€KTiB KpUTHUUHOI iH(pacTpykrypu. [Analysis of fire hazard of critical
infrastructure facilities]. Problems of Emergency Situations: marepianu MixHapoIHOT
HaykoBo-mpakTuuHoi KoHdepenuii. Yepkacu: HYI3 Ykpainu. C. 27-28 [in Ukrainian].
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structures after an emergency event]. Problems of Emergency Situations: marepianu
MikHaposHOI HayKkoBo-TIpakTH4YHOI KoH(epeHmii. Yepkacu: HYII3 Vkpaimu. C. 150-151
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[4]. Kharchenko D. V., Zolotarova A. O., Rashkevich N. V. (2025). TactpymeHTansHa
inenTudikanis KoH}irypauii ocepeikKy MOXKexXi Uil OLIHKM HeOe3MeKH MiANPHUEMCTB.
[Instrumental identification of the fire seat configuration for assessing the hazard of
enterprises]. be3neka moanHN y cydacHuX ymoBax: 30ipHUK gonosigeit X VII MixuaapomHoi
HayKOBO-MeTOAM4YHOT  KOoH(pepeHwii  HamioHaIPHOTO  TEXHIYHOTO  YHIBEPCHUTETY
“XapkiBcbkuid MOMiTeXHIYHUH iHCTHTYT”, 45 Tpymnsa 2025 p. Xapkis: HTY «XIII». C.
154-155. URL: http://repositsc.nuczu.edu.ua’handle/123456789/26736 [in Ukrainian].

[5]. Rashkevich N., Otrosh V., Tyshchenko I., Tsvirkun S. (2025). Investigation of thermal
damage and structural weakness in concrete. Key Engineering Materials. VVol. 1028. P. 49—
57. DOI: https://doi.org/10.4028/p-8VVCjl [in English].

[6]. Rashkevich N., Otrosh V., Shyogoleva M., Tyshchenko O. (2025). Evaluation of fire-
damaged concrete structures using the non-destructive testing. Advances in Science and
Technology. Vol. 170. P. 121-129. DOI: https://doi.org/10.4028/p-h5AMzs [in English].

ASSESSMENT OF THE RESIDUAL STRENGTH OF A REINFORCED
CONCRETE STRUCTURE AFTER THERMAL EXPOSURE USING A
NON-DESTRUCTIVE TESTING METHOD

The use of the rebound hammer method for assessing the residual strength of a reinforced
concrete structure after thermal exposure is considered. Based on measurements at control
points, uneven reduction in concrete strength and the formation of a local thermal damage
zone were identified. It is shown that the combination of local strength minima and
increased variability of results can be used for preliminary post-fire zoning of reinforced
concrete structures.
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OCOBJIMBOCTI BIIVIUBY TEMIIEPATYPU
HA CTPYKTYPY TA BJJACTUBOCTI
JETKOILTABKHUX MPUIIOIB

Iporacenxo T.O., Pedposa O.M.}, k.1.H., PeGpos O.10.}, n.1.1.,
Bacuiabuenko O.B.2 k. 1.1, Illeroasosa M.I'.4, k.M 1.
'HauionanbHuii TexHiYHUH yHIBEpPCUTET «XapKiBCHKMIA MOMITEXHIYHUI iHCTHTY T,
M. XapKiB
ZXapkiBChbKUI HAIIOHATBHUIN aBTOMOGITEHO-I0POKHIH YHiBEpCUTET, M. XapKiB
SHauioHanpHu yHIBEPCUTET HUBIIBHOTO 3aXucTy YKpainu, M. Uepkacu
4XapKiBChbKHMIi HAITIOHATBLHU MeIMUHMI yHIBEpCHTET, M. XapKiB

Jus  migBuWmIeHHS HAAIHHOCTI TAasgHUX 3’€QHAHb BHUPOOIB  CydacHOI
€JIEKTPOHHOT TEXHIKH, II0 MPALIOIOTh B YMOBaX 3MIHU TEMIIEPATypHOTO PEXUMY
eKCIUTyaTalii, HeoOXiZIHO MaTu JaHl Npo BJIACTUBOCTI Marepially MNpUIIOIB Yy
poboyomy miamazoni Temiepatyp. OCKUIBKH MPHUIIOT 3HAXOAIATHCS Y chal y BUTJISAIIL
TOHKOTO TMPOIIAPKy, IX BJIACTHBOCTI MOXYTh CHJIBHO BIAPI3HATHCS Bif
BJIACTUBOCTEH MACHBHHMX MAaTEpiaiB.

Hocnimxennto mignaBanuck npunoi [10C-61, I1OIn-52 y Burisai ¢onbsr
toBmuHOKO 100-200 MKkM y pobodomy mianma3oHi Temneparyp (Bix minyc 60 °C mo
mmoc 100 °C), a Takox mapyBaTi KOMIO3HIIHHI MaTepiaiy, Mo SBISIOTE cOO0I0
TPU- 1 IATHIIAPOBI JIMCTH 1 CKJIANAIOTHCSA 31 CBHHINO, IUIAKOBAHOTO MPHUIIOEM
[IOIu-52. V tpumapoBoMy koMmno3uti TomuHa mapy [1OIH-52 mopiBHIoe 30—
40 MmxM, y mstamapoBoMy — 20-30 MkM. 3pa3km  JOCHIDKYBaNHCS 5K Y
BUXIJTHOMY, TaK 1 B BiJ[ITAJICHOMY CTaHaX.

IlpoBenenuii meranorpadiunmii axamiz mpumoie I10OC-61 Ta I10IH-52
MOKa3aB, HI0 1X CTPYKTypa Mae eBTEKTHYHY OY/OBY, OJHAK CTPYKTYPH IPHIIOO
IIOIn-52 y BimbHOMY cTaHi 1 B CKIaai [IapyBaToro Marepiany pi3Ko
BIPI3HAIOTECA. BiaMiHHUM € 1 ix ¢a3oBuid CKiIaj, MmO MiATBEPIKYETHCS
PEHTTCHOCTPYKTYpHUM aHaji3oM. B3aemoangysis KOMIOHEHTIB NPUBOIUTH 10
yTBOpEHHs (a3 TpUKOMIOHEHTHOI crucTeMu In—Sn—Pb.

Y KoMmo3uLiifHOMY MaTepiaii y BUXiZHOMY cTaHi (ITiCIsl ITpOKaTyBaHHS)
CIIOCTEPIraeThCs YiTKa TPaHULS MK CKJIaJOBUMHM IlIapaMH, a TAKOX iICHYe By3bKa
mepexijiHa 30Ha B3JOBX TPaHUIl po3July mapiB. MIKpOTBEpAICTb IIapy, SKUM
IUIaKy10Th, JopiBHIOE 60 MIla, 1ie BuIe, HI>K TBEPAICTb NPHUIIOI0 Y BUIBHOMY CTaHI
(45 MIla). 306igblueHHS MiKPOTBEPAOCTI MOXKHA IOSICHHTH 3MiHOIO ()a30BOro
CKJIa/Ty TIPHIIONO, IO ITiITBEP/KYETHCS PEHTTEHOTPAQITHIM aHATI30M.

HarpiBansst npu 70 °C npuBOAWUTH 10 TOYATKY PO3MHTTS TPAHUIB PO3IITY
mapiB 3a paxyHOK mocwieHHs audysiiiaux nporeciB. HarpiBanus mpu 155 °C
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NPUBONWTH A0 po3iumaBieHHs npumoro (mo1 [10IH-52 T,=117...118 °C);
BinOyBaeThCs IHTEHCHBHA IHUQYy3iifHAa B3a€EMOMIA PO3IUIABY i CBHHIO. J{iTSHKH
HOBHX YTBOPEHHX CIIOJYK TPUKOMITOHEHTHOI cuctemMu In—Sn—Pb HeomnopimHi 3a
po3mipamu, GOpMOIO 1 CKIaoM.

[inBumenns temmneparypu o 185°C mnpuBOIUTHE OO0 TOAANBIIOTO
MPOHUKHEHHS MO TPaHMIIX 3€PeH CBHMHII0O OKPEMHUX YAaCTHHOK DO3ILUIABICHOTO
npunoro. TakuM 4YHMHOM, HarpiBaHHi JO TeMIEpaTyp, IO IEPEBUILYIOTh
TEeMIlepaTypy IUIABJICHHS IUIAKOBAHOTO Iapy, NPUBOAWTH IO JAerpajaii
mapyBaToi CTPYKTYpH KOMIIO3UTa 1 MEPETBOPEHHIO OCTAaHHBROTO B CIUIaB
BIATIOBITHUX KOMIIOHEHTIB 3 T€TEPOT€HHOIO CTPYKTYpOIO IO Iepepizy. Y 3paskax
I’ ITUIIAPOBUX KOMIIO3UIIITHUX MaTepiatiB ITiJ] BILIMBOM TeMIIEpaTypH HarpiBaHHA
MPOCTEXYIOTHCS aHAIOTIYHI CTPYKTYPHI 3MiHH.

Bynu BcTaHOBJNEHI OCHOBHI MEXaHIYHI XapaKTEPUCTHKH MIIHOCTI Ta
IUTACTIYHOCTI JOCHTIDKYBaHUX MatepiamiB. HeoOXimHo BiA3HAYWTH, IMO IS
M’SKHX MPUNOIB 1 KOMIO3UIIIMHUX MarepiaiiB Ha iX OCHOBI Aedopmallisi po3Tsry
HAaBITh IPH KIMHATHi# Temmeparypi € rapsuoro aepopmati€ro (Trep. > 0,5T ).

Xapaxkrepuctuku Minuocti npunoro [1011-52 nopisasuo 3 [TOC-61 npu Beix
TemIiepaTypax BHIpPOOyBaHHs OLIbII HMU3bKI, OJHAK BHCOKHH BMICT IHJiIO Hajae
NpUIOK OiNMbuTly MIacTHYHiCTh. 1i Benuuuna jocarae 80 %, Mo 06YMOBIOE
3actocyBanHsi [1OIH-52 B ymoBax, ne miuactuyHa nedopmaiiis € BUPIMIATEHOKO
XapaKTePUCTHKOI0, HAMPHKIAA, TPH MasHHI MaTepialiB i3 CYTTEBO Pi3HUMHU
Koe(ilieHTaMH TEePMIYHOTO PO3IIUPEHHS, IS MasHHS BUPOOIB, IO IPAIFOOTH
NIPY HETATHBHUX TEMIIEPATypax abo B PeXXHUMi TEPMOLMKIIIOBAHHSI.

XapakTepuCTUKH MIIHOCTI I’ SITUIIAPOBUX KOMIIO3WTIB TPOXH BHIIi, OJHAK
IUIACTUYHICTh MaiXKe y JiBa pa3H HIDKYA, HDK y TPUIIApOBHX. Hu3bKMi piBeHb
IUIACTUYHOCTI  ITSITMIIAPOBUX 3pa3KiB  NPHU3BOJUTH 1O HEIOUUIBHOCTI  iX
BUKOPHUCTaHHS B JaHUX yMoBax ekciuryaramii. [loTpiOHO BimMmiTHTH, IO
XapaKTEePUCTHKH MIITHOCTI MApOBUX KOMIIO3WTIB 3HAYHO MEPEBEPINYIOTh MIIHICTh
CKJIQJIOBUX, IO OOYMOBJIEHO BHUpIIIaJbHUM BIUIMBOM Ha MEXaHIYHI BJIACTHBOCTI
KOMIIO3UTa Mi>K(ha3HUX MOBEPXOHb PO3JLTY Ta IHTECHCUBHUX TU(Y31HHUX MPOIIECIB
y IPUTrpaHUYHUX MIapax. Xodya IUNITACTHYHICTh KOMIIO3UTa Habarato HWXYe, HiX Y
TTOIH-52 i CBWHIKO, BOHA I[UJIKOM 3aJ0BOJIbHSE TEXHOJOTIYHMM BHUMOTraM, sKi
npe’ IBISIOTHCS 10 AaHUX TTPHIIOIB.

Bcranosneno, mo HarpiBanHs Jo0 Temneparypu (70 £+ 10) °C (0,88Tq,
npunoto [10IH-52) y cepenoBuili BOJHIO HE3HAYHO BIUIMBAE HAa MEXaHI4HI
BJIAaCTMBOCTI  KOMIIO3ULIHHOTO Matepiainy. HarpiBanHs pmo Temmeparypu
(155 £ 10) °C y cepenoBuii BoxHio, mo Ha 30-50 °C Buime Ttemmeparypu
miaBieHHs npunoio [TOIH-52 € iMitamiero pexuMmy MasHHA, fAKe, SK IPaBUIIO,
NPOBOIATh NpW Temieparypi, mo mepeumye Ha 30-40°C Ttemneparypy
TUTABJICHHST TpHIo0. Yepe3 HEPIBHOMIPHHH pPO3BUTOK (PA30BUX TMEPEXOiB i
mudy3idHAX TPOLECIB y 3pa3kax IIi€l MapTii CIOCTEPIraeThes MyKe BETUKUN
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PO3KHI 3HA4YCHb YyCiX MEXaHIYHUX XapaKTEPUCTHK. Y MiJIOMY BOHH TPOXHU
3HIDKYIOTBCS, OJHAK iX pPIBEHb 3aJ0BOJBHSIE yMOBaM eKCIUTyaTallii marepiamy,
TOMy JAaHy TEMIIEpaTypy MOXKHa PEKOMEHAYBAaTH SK po0Ody sl BUKOHAHHS
3’eqHaHb KOMIO3UNiHHUM mpunoeM [1OIH-52—Pb MeTonoM masiHHS.

HarpiBannus no temmepatypu (185 + 10) °C y BomHeBOMy cepenoBHIII
MPOBOJIMIIM Ul BUBYEHHS MOJIIMBOCTI BUKOHAHHS IMasHHS NMPH OLIBII BUCOKHX
TeMmreparypax. Bu3HaueHo, IO Take HarpiBaHHs, SKe€ 3HAYHO IIEPEBUILYE
temneparypy IuiaBieHHs [IOIH-52, npu3BOOUTH M0 TMOAANBIIOL Jerpamarii
mapyBaToi CTPYKTYpH KOMIIO3UTa, HE3HAYHOTO 3HIKECHHS XapaKTepHCTHK
MIITHOCTI KOMITO3HTa Ta JI0 CYTTE€BOTO 3HIKCHHS PiBHA INIACTUYHOCTI, IO € JOCHTh
HeOaxaHMM. TakuM YHMHOM, BUKOPHCTAHHS Ul NasHHS JaHUMH IIPHIIOEM
temneparyp Bume 155 °C HegomineHO.

OTpuMaHi eKCIICpUMEHTANbHI PE3yNbTaTH IPOBEICHOTO JIOCIIIKCHHS
JIO3BOJIHIIH:

— oTpuMatd IHGOPMAIIIO IIOA0 3aJEKHOCTI XapPaKTEPUCTUK MIIHOCTI 1
IUIACTUYHUX XapakTepucTuk ¢onbr npunois [10IH-52 i [IOC-61 Bix Temneparypu
BUNPOOYBaHHS, HEOOXIHY JUIsl BU3HAYCHHS HAAIWHOCTI poOOTH MasHUX 3’€THAHBb
B YMOBax IMKJIIYHOT 3MiHU TEMIIEPaTypH;

— BCT@HOBUTH, L0 MEXaHIYHI BJIACTHBOCTI KOMIIO3MLIHHMX MarepiaiiB y
BUTJISIII CBUHIIEBOI CTPIUKH, sKa IUTakoBaHa M’skuM mpurnoem I[1OIH-52, pizko
BiJIPI3HAIOTHCS BiJI BIACTUBOCTEH CKIIAIOBUX MaTepiaiB;

— BU3HAYUTH TEMIIEPATypHI MEXKi MassHHSI KOMITO3HUIIHHUM MaTepiaioM;

— TIOKa3aTH HEJOLUIPHICTh BUKOPHCTAHHS I SITHIIAPOBHX KOMIIO3UTIB Yy
3aJ]aHNX YMOBax €KCILTyaTarlii.

FEATURES OF THE EFFECT OF TEMPERATURE ON
THE STRUCTURE AND PROPERTIES OF LOW-FUSING SOLDERS

The study was conducted on POIn-52 solder in the form of a foil with a thickness of 200 um
and three- and five-layer POIn-52—-Pb composite materials. Data were obtained on the
influence of various technological parameters on the properties and structure of solders in
the free state and in the form of layered composite materials. These data are necessary for
choosing the optimal soldering technology and the possibility of creating compositions
using solders. The influence of the interfacial surfaces of composites and their degradation
under the influence of heating is shown.
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HEJITHIHI E@EKTHU ITPA 3AMEP3AHHI BOJIA B IIOPAX
BYIIBEJIBHUX MATEPIAJIIB

Psi6unkos M.JL., Anexcanapos O.B.2, Anexcanapos M.O.2
Cuuos 10.1.2

1LJTyubkuii HatioHa bHUI TexHiuHUi yHiBepcuTer, JIbBiBChKa BYIL, 75, JIyubk, 43018, Vkpaina
2 XapkiBcbkuii HalionanpHuit yHiBepeutet iM.B.H.Kapasina, YHisepcuteTchka ByiL., 16, Xapkis,
61003, Ykpaina

IMlopu B OeroHi — wLe NPUPONHI MNOPOXKHHHHM, IO BUHHUKAIOTH Yepe3
BUIIAPOBYBaHHS BOJYU Ta MOBITPS B CyMillli, & TAKOXK MOXXYTh YTBOPIOBATHCS Yepe3
HeNpaBUIIbHE YIIUTBHEHHS Y HAQ/UIMIIOK BOJM, i OyBalOTh PI3HHX THIIIB: TEJIEBI,
KaIIApHi Ta MOBITPsHI. X04Ya MOPUCTICTh Hajae OETOHY BIACTUBOCTI (HATIPHUKIIA,
IUTA HI3OPIOBATOTO OCTOHY), Y 3BUYalHOMY OETOHI BOHH MOXXYTH MPHU3BOIHUTH IO
TIOTJIMHAHHS BOJIOTH, 3aMEP3aHHS BOJH, IO PO3MIMPIOETHCS, Ta MIKPOTPILHH, IO
B MIICYMKY pyHHY€ KOHCTPYKIIFO.

AKTyanbHICTh BH3HAYCHHS YMOB PYHHYBaHHs OyIiBEJIbHHX MaTepialliB mpu
3aMep3aHHI BOAM B TOpax MiJ Yac 3MiH IOTOJIM 3yMOBJIEHa HU3KOIO HAyKOBHX,
TEXHIYHHX Ta COLIATbHO-CKOHOMIYHAX UYHMHHHKIB. OuIbIICTh BymaiBenpHHX
MmarepianiB (0eToH, IierJia, KaMiHb, PO3YMHH) MAlOTh MOPUCTY CTPYKTYpY i 37aTHi
norauHaTH Bosory. Ilin 4yac 3HM)KEHHS TeMmIepaTypu BojJia B IOpax 3amep3ae Ta
30UIbIIY€EThCs B 00’ €Mi pUOIU3HO Ha 9 %, 1110 CTBOPIOE BHYTPILIHI HAIPY)KEHHS.
SIkmo  1i  Hampy)KeHHsS TEPeBHUILYIOTh MIIHICTh MaTepiaiy, BinOyBaeTbCs
YTBOPEHHSI MIKPOTPIIIUH 1 MOCTYNoBe pyiHyBaHHs. ToMy BH3Ha4YeHHS yMOB, 3a
SAKAX I Hampy>KeHHS CTalOTh KPUTHYHHMH, € KIIOYOBUM [UIS TPOTHO3YBaHHS
JIOBIOBIYHOCTI KOHCTPYKIIiH.

B nocmimkenni [1] Oynu OIiHEHI PH3WKH IONIKOJKCHHS OYiBEIbHHUX
MmarepiasiB TpH 3aMep3aHHi. byna mnpoaeMOHCTpOBaHA EBOJIOLIS BOAM HPH
3aMep3aHHI B 3aMKHEHMX TMopax. B nocmimkenHi [2] 3anporoHoBaHHMH
KOMIUIEKCHUH TiAXix Ha (aKTOpW TOBrOBIYHOCTI OETOHY B XOJOAHOMY KIIMAaTi.
Cratra [3] noBOAWTH MPOBIAHY PONb YTBOPEHHS JIBOAY B IMopax OyniBeTbHHX
MaTepialiB Ha MPOIeCH iX pyHHYyBaHHS.

MikpoCTpyKTypHUIl aHai3 3aMep3aHHi BOAM B TMopax OeToHy OyB
MpOBEIECHUH B 1ociikerHHi [4]. Po3rsganucs yMOBH BU3HAYCHHS XapaKTEPHUCTHK
MIPY MOPO3HOMY BIUTHBI 3 3aJTy4€HHSM JOCIIPKEHb Ha MiKpPO 1 MAKpOYPOBHI.

BaxnuBuM nuTaHHAM IIpU BUBYEHHI NPOILECIB 3aMep3aHHs BOAM B OETOHI €
JOCIIJDKEHHSI TIPOHMKHEHHS pPIIMHM B MOPHUCTI cepepoBuuia. byna Ttakox
BiJ[3HaUCHA NPHWHIMIIOBA HEIHIHHICTh IUX MPOLECIB 1 3aMpPONOHOBAHI MUIAXHU
pO3B’s3aHHs HEMiHIMHKUX 3amad. CUMYJISIisT MPOXOMKCHHS PIIUHU B OYIiBENbHI
Marepiaiy 3 BpaxyBaHHSM iX IMOPUCTOCTI IPOBOIUTHLCS B AOCIIKEHHI [5].
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MeTta mOCHiKEHHS CKIAJaeThbcd B BpaxyBaHHI HENIHIHHUX eQeKTiB MpH
pPO3B’A3aHHI PIBHAHB TMPY)KHOCTI IUIA TOPUCTUX CTPYKTYP 3 BpaxyBaHHIM
peanpHUX (Pi3UYHUX BIACTUBOCTEH OyIiBENFHUX MaTepiaiis.

Tumnosa CprK_TyPa 10op B 6eTOHAX II0Ka3aHa Ha puc. 1.

: 9;»

. e
Puc.1 Tunosa ctpykrypa nop B 6eToHi

Jnist po3Bsi3Ky 3a/1a4 TEOpii MPYKHOCTI BUKOPUCTOBYBAINCH TPYXKHI MPOLIECH 1
piBHsSIHHS B mOpoXkHWHax. IIpu LOMY BpaxoBYBaJIMCh HENiHINHHI MeXaHi4HI
BJIACTHUBOCTI OyAiBEIbHUX MaTepiajiB, OMICaHi B CTAaTTi, @ TAKOXX METOJa PO3BI3KY
HeNiHIHHUX qudepeHniiHnX piBHIHb. TaK0oX BHKOPHCTOBYBAIKCH IHTEIEKTYalbHI
MiIX0/I CTBOPEHHSI NPAYKI] 3 yMOB CTBOPEHHS Pal[iOHAJIBHUX IapaMeTpiB.

[Ipu Bu3HAYeHHI HeOe3NeYHNX YMOB (DYHKIIIOHYBaHHS Oy AiBEIBHITX
MaTepialliB IpHy 3acep3aHHi BOAX B TIOPaX HEOOXiTHO BU3HAYUTH ITOJIST MEXaHITHIX
Harpy>k€Hb HaBKOJIO MOPH.

YMoBHY popmy nopu OyZeMo p3riisaaTH y BUMIIAAl chepy, HaBaHTaKEHY
BHYTPIIIHIM TUCKOM p. Y TpaauIiiHi{ NiHIHIA TOCTAaHOBII 3a/1a4a 3BOTUTHCS 10
Binomoi 3amadi JIsame . s cepruuHO CUMETPUYHOTO BUMAIKY PiBHSIHHS
pIBHOBaru NpuiiMae BUIJIS]

doy
dr

Jns peanbHuX OyZiBeIbHMX MaepiaiiB 3alieKHICTh MK aedopMauisMu i
HaIpy>KeHHSIMH Ma€ BUPaKeHNI HENHIMHUHA XapakTep.

[ToBHe piBHAHHS Alarpamu (mapaboiuHuil 3aKOH) MOXKe MaTu

BUTIISA

+2(0r— ) =0, &)

2
& £
o'c(gc): fom g_cl_ g_cl 0<ec<éq. (2)
c c

1€ €ci, fem —KOHCTAHTH Matepiay.
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Busnauennsa ymoe pyiinyeéanns npu 3amep3anui 600u
IMorHicTiO chopMynpOBaHa Oe3p0O3MipHa 3a7a4a Ma€ BUTIIS

2
2w+ 2 w2 wR [ Y] ||=0
P P P : ©)

2w/ (1)~ (W'(2)) = —p, W(oe) = 0, w'(20) = 0

Be3po3mipHuii po3B’sS30K MOXKHA ITYKATH y BUTIISAL pAAY 32 00EpHEHUME

[>¢)
CTEIEHIMH patialbHOI KOOpAUHATU: W(p) = Zik .
k=2P
[Micnsa mizctaHOBKH B Au()epeHIliiiHe piIBHAHHS MOXHA OJICPKATH PEKyPECHTHY
(hopMymy I BU3HAYCHHS KOC]Ili€HTIB
Criz BiI3HAYUTH OCHOBHI BIACTUBOCTI KOE(illi€HTIB — TAPHICTB,

nosiHOMiaNbHa 3a1eXKHicTh - Ay, mpomopuiitae P, acuMnTOTHUHMI XapakTep

pany.
bazoBwuii po3Bsa30k Oy/ie MaTH BUTIIS
p  3p° 5p°
+ +
2,02 8p4 16,06
B wiii ¢popmysi nepuunii wieH BU3HAYAa€ PO3BSA30K JIIHIHHOTO DIBHSHHS, THIII
YJICHW BPAaxOBYIOTh HEJIHIHHICTH piBHsHHA. HailOlipll KPUTHYHUM TIPH LBOMY
Oy/Je 30Ha Ha TPaHMINl MOPOXKHHUHHU JIsi p=1. AHami3 BiICOTKOBOTO BHECKY IS
PI3HUX DIBHIB THUCKY IUIA Pi3HUX (PAKTOPIB NEMOHCTPYE JAOCUTH 3HAYHHI BIUTUB
HEJIHIHUX CKJIaIO0BUX.
[ Bu3HAueHHS pealbHUX HANpyXeHb B OCTOHI NIpH 3aMep3aHHI BOAM
HEOOXIHO BpaxyBaTH Ae(opMariii 11y B IMOPOKHUHI.

w(p) = (4)

o

2 a3 04 as 06 a7 as

b

— 40

Puc. 2. 3anexxHicTh MMTOMOTO HHABAaHTAXXEHHS B 1Opi Bix Temueparypu. 1 — merna,
2 — 6etoH, 3 — acdanpToOeTOH
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BpaxoByroun eekT po3mHpeHHs BOIH IIPH 3aMep3aHHI Ha BeIHYNHY Ur=f-a,
MO>KHa CTBEPJIKYBATH

0 52 53 0 - (1=
gC[EJ’_Sp +5p j+ p me (1 2‘/)

2 8 16 Eog—k-t
Puc. 2 nemMoHCTpye€ 3aJIeKHICTh IMTOMOTO THCKY B MOPI P 3aMep3aHHi Bij
TeMIlepaTypu
Kpurepiit nouarky pyiiHyBaHHs IpY 3aMep3aHHI HOPY BU3HAYAETHCS 3 YMOBH

|W'(1)| =1, abo E)+% 2)2 =1

OpepxaHa  3aJIe)KHICTh  JIO3BOJISIE  BU3HAYMTH  HeOE3MEeYHi  yYMOBHU
(yHKI[IOHYBaHHS IPH 3aMep3aHHi BOAU B Iopax Oy/iBEIbHUX MaTepiaiB.

[1] K. Fukui, C. Iba, Development of pore water pressure during freeze-thaw cycles in
weather conditions, Cold Regions Science and Technology, Volume 217 (2024) 104044,
https://doi.org/10.1016/j.coldregions.2023.104044.

[2] S. Guler, Z.F. Akbulut, A comprehensive review of concrete durability in freeze-thaw
conditions: Mechanisms, prevention, and mitigation strategies, Structures, Volume 75
(2025) 108804, https://doi.org/10.1016/j.istruc.2025.108804.

[3] Y.l Fogue Djombou, P. Devillers, S. Corn, E. Garcia-Diaz, Role of ice formation
mechanisms occurring inside stylolite on limestone tilestone frost susceptibility. European
Journal of  Environmental and Civil Engineering, 29(1) (2025) 43-63,
https://doi.org/10.1080/19648189.2024.2368144.

[4] 1S. Mao, Y. Lin, Z. Yue, Microstructural analysis of freeze-thaw degradation in
rubber-modified cement-stabilized crushed stone using X-ray computed tomography,
Materials Science-Poland, v.43, no.3 (2025) 50-63, https://doi.org/10.2478/msp-2025-0029.
[5] Y. Sakai, Simulating water penetration in cementitious materials using pore structures
from mercury intrusion porosimetry, Case Studies in Construction Materials, Volume 22
(2025) e04492, https://doi.org/10.1016/j.cscm.2025.e04492.

NONLINEAR EFFECTS DURING FREEZING OF WATER IN PORES OF
BUILDING MATERIALS

This study investigates nonlinear effects arising during the freezing of water in the pores
of building materials. Porous structures such as concrete, brick, and stone absorb moisture,
which expands upon freezing and generates internal stresses leading to microcracking and
structural degradation. The research focuses on determining the conditions under which
these stresses become critical. A nonlinear elasticity approach is applied to model stress
distribution around pores, considering realistic material properties and the deformation
behavior of ice. The pore is idealized as a spherical cavity subjected to internal pressure,
and a nonlinear differential equation is solved using a series expansion method. The results
demonstrate that nonlinear components significantly influence stress levels, especially near
pore boundaries. A criterion for the onset of material failure is proposed, allowing the
prediction of hazardous operating conditions. The findings contribute to improving
durability assessments of construction materials in cold climates.
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VIIK 614.841

AOCIIUKEHHA PO3IOALTY TEMIIEPATYPU B
3AJII3OBETOHHIU CTIHI ITPK OJHOCTOPOHHBOMY
BIIJIMBI ITOXKEXI

Cinneii C.O., a.7T.H., a011.
HarionanbHuit yHIBEpCUTET MUBITFHOTO 3aXUCTy YKpaiHu, M. Uepkacu

OOpana reometpis (parmMeHTa 3ai300€TOHHOI CTIHH OOIPYHTOBYETHCS
HEeoOXiHICTIO 3a0e3MeyYeHHs] BIAMOBIAHOCTI JOCIIKYBaHOI MOJENI peabHUM
KOHCTPYKTUBHHMM eJIeMEeHTaM Oy[iBeJb Ta yMOBaM IX pOOOTH 3a IOKEKHOTO
BIUIMBY. ['€OMETpUYHY MOJICSIb CTBOPCHO Y reoMeTpudHoMy moayii SpaceClame
nporpamuoro kommiekcy ANSYS WB (puc. 1).

TopmHa ctinu 165 MM TpuifHITa BIIMOBITHO IO BUMOT Ta PEKOMEHIAIIH
[1-3], siKi pernaMeHTyOTh MiHIMAIbHI TEOMETPUYHI ApaMeTpH ISl 3a0e3MeueHHs
3aJaHOTO Kiacy BorHecTidkocTi (Hampukman, REI 150) mpu omHOCTOpOHHROMY

TeHHOBOMy BHJ'H/IBi.
12mm
w 150m™

)/—’

'IFS
i,
>

3000M™

500m™

W
Puc. 1. 'eomerpudHa Mozenb GpparMeHTa 3ani300eTOHHOT CTiHH, IPUHHATA AJIs
YHCEIBHOTO MOJIETIOBAHHS

Bucora ¢pparmenta 3 000 MM BiAMOBiZa€ TUIOBIH BUCOTI TIOBEPXY OyHiBEIb,

10 JO03BOJISIE BpaxyBaTH pealbHI yMOBM pPOOOTH KOHCTPYKILIi Ta Xapakrep
PO3IOITY TEMIEPAaTypPHUX 1 MEXaHIYHHX BIUIMBIB 10 i1 BUCOTI.
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Mupuna momemi 500 MM oOpaHa 3 ypaxyBaHHSIM HEOOXiZHOCTI MiHiMi3arii
KpailoBUX e(eKTiB Ta 3a0e3redeHHs YMOB, HAOMMKEHNX 10 poOOTH HECKiHYEHHOI
TUTACTHHY TIPH [Iii MEXaHIYHOTO HAaBaHTAXXCHHS 1 TEMIIEPATYPHOTO BILIHBY.

[IpuknaganHs TpaHUYHUX YMOB. ISl MOJENIOBAHHS TEMJIOBOI'O BIUIUBY
MOXEeX1 Ha 3aJ1i300€TOHHY CTIHY BHKOPUCTAHO CTaHJAPTHHH TeMIepaTypHUI
pexuM  moxexi BiamoBimHO 10 [4]. Temmeparypa rasoBoro cepemoBHIIA
3ajaBajacsi 3a CTaHJapTHOIO TEMIIEPAaTYpPHOIO KPHBOKO MOXEXi, MaTreMaTHYHEe
IoOaaHHs SKO1 Ma€e BUTJIAO:

9=345-1g-(8-t+1)+20, )
Je t — Jac, 1110 BiApaxoBY€eThCs BiJl MOYATKy BUNPOOYBaHHS, XB.
Ha HarpiTiii moBepxHi KOHCTPYKLII 3a1aHO KOMOIHOBaHMH TEIUIOOOMIH, IO

BKJIIOYa€ KOHBEKTUBHY (pHC. 2a) Ta pamialliitHy ckiaanoBi (puc. 20).
Convection

Radiation Convection 2
Time: 14500 s !

Time: 14500 5 Time: 14500 5

. o, il 2,0 9 9, . 2,
D Convection: 1152,8 °C, 2,5e-005 W/mm?C ' 07 [] convection 2: 20, *C, 9,e-006 W/mm*“C

. Radiation: 1152,8

a) 0) B)
Puc. 2. CxeMa 3a/laHHs TPAHUYHUAX YMOB TEIJIOBOIO HABAHTAXKEHHSI:
a) — KOHBEKTHBHUN TETUIOOOMIH Ha HArPiTii MOBEpXHi; 0) — pamiariiHuin
TEMI000MiH; B) — KOHBEKTUBHUH TEIJIOOOMIH Ha HEHATPIiTil OBEPXHI
KonBekTHBHHMI TEINIOOOMIH OMHUCY€ThCS  KOe(ili€eHTOM — TerIoBimmadi
o = 25 Br/mM2°C, mo BiAmOBiZae yMoOBaM TEIJIOBOTO BIUIMBY IIOXKEXi, a
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TEeMIIepaTypa Ta30BOTO CEpPEIOBHUINA 3MIiHIOETHCS BIAMOBIAHO [0 CTaHZAPTHOI
TeMmeparypHoi KpuBoi mokexi. PamiamidHWA TeIIooOMiH BpaxoBaHO i3
KoedimieHTOM BHIpOMiHIOBaHHS € = 0,7, IO BIANOBiZa€ yMOBaM TEIIOBOTO
BUIIPOMIHIOBAaHHS B II0’KE)KHOMY CEpPEIOBHILL.

Ha nporunexHiil (HeHarpiTiii) moBepXHi KOHCTPYKIii 3alaHO0 KOHBEKTUBHHUI
TEIJIOOOMIH 13 HAaBKOJIMIITHIM cepenoBuieM npu temrnepatypi 20°C ta koedinieHTi
termoBigmaui o = 9 B1/mM2.°C (puc. 2B), M0 BiJNOBia€ yMOBaM MPHPOTHOTO
TEIJIOOOMIHY 3 TIOBITPSIM.

Biuni Ta TopIeBi MOBEPXHI MOJAECNTI IPUHHATO afiabaTHYHIMHU, TOOTO TaKUMH,
yepe3 AKi BiACyTHIH TemmoBuid TmoTiK. Lle OOIpyHTOBYeTbCS THM, IO
JOCHIIKYBAaHUH (PparMeHT pO3IIsIIaeThes SK YacTHHA TPOTSHKHOI CTIHOBOT
KOHCTPYKIIi, A7 SIKOi TEIIOBHI BIUIMB 4epe3 OOKOBI MOBEPXHI € HE3HAYHHM.
Takuii maXig DO3BOJSE BHUKIIOYHTH KpaioBi eekTH Ta 3a0e3MeYnTH yMOBH,
HaOIIDKEH1 10 pOOOTH MPOTSHKHOI CTIHOBOT KOHCTPYKIII.

TakuM 4YMHOM 3a7aHa CcUCTeMa TpPAaHMYHUX YMOB JJIsi PO3B’S3aHHS
TEIUIOTEXHIYHOT ~ 3ajaui  3abe3neuye  ajeKBaTHE  BIITBOPEHHsS  IPOILECIB
Terionepeayi B 3a1i300€TOHHIN CTiHI B YMOBaX MOXEXI1 Ta BiJNOBIIA€ Cy4yacHUM
MiX0oJaM [0 YHWCEJIbHOIO MOJENIOBAHHS KOHCTPYKLIM NpU  TEIIOBOMY
HaBaHTaXCHHI.

CkiHYEHHO-€JIEeMEHTHa ~ MoOJiesib  (parMeHta  3ayi300€TOHHOI  CTiHM
chopMoBaHa i3 3aCTOCYBaHHSM KOMOIHOBAaHOTO MHOXOAY, IO BKIIOYAE
BUKOPHUCTAHHS 00’ €MHUX Ta JiHIHHUX CKIHUCHHHUX €JICMEHTIB.

Beronna wacThHa KOHCTPYKIi 3MO/ENIbOBaHA 3 BHKOPHUCTAHHAM 00 €MHHUX
reKcaeqpalbHAX CKiHYeHHHX eneMeHTiB Tumy SOLID279, mo 3abe3mnedyroTh
KOPEKTHE BIITBOPEHHS TEMIIEPaTypHOTO IOl Ta HalpyXeHO-aehOopMOBaHOTO
CTaHy KOHCTPYKIii B yMOBaX TEpMOCHJIOBOTO BIUIMBY. CTaTHCTHYHI NMOKAa3HUKU
CKiHUEHHO-€JIEeMEHTHOT CITKH TpeJICTaBJIeHi B Tao. 1.

Tun ckinuenHoro | Kinbkicts ckinuennux | KinbkicTs By3iiB
EnemMeHT KOHCTpyKii €JIEMEHTY eJIEMEeHTIB (011.)
(0n.)
Beron SOLID279 1364 7076
Apmatypa niHilHa 120 244
3aranpHa KiJIbKICTh - 1484 7320

Ha mnepmioMy erami [JOCHI/DKEHHS BHKOHAHO 4YHCENIbHE MOJICIIOBAHHS
TEIJIOBOTO BIUIMBY TOKEXi Ha (parMeHT 3ali300eTOHHOi CTIHM 3 METOI0
BH3HAYEHHS PO3IOAUTY TEMIIEPATyPH B KOHCTPYKIIIi.

Ha puc. 3 HaBeneHO PO3MOALT TeMIepaTypy B AOCTIHKYBaHii KOHCTPYKIIl Ha
MoMeHT 4acy 14 400 c¢ nii craHZapTHOTO TEMIIEPAaTYpHOTro pexxumy noxexi. [Ipu
npoMy mouarkoBi 100 ¢ pospaxyHKy Oynu BiZBeOEeHI JUIS BIATBOPEHHS
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MEXaHIYHOTO HAaBAHTAKCHHS 332 HOPMAJIBHUX TEMIIEPATYPHHUX YMOB 0€3 TEIJIOBOTO
BILTUBY.

Temperature
Type: Temperature
Unit: °C

Time: 14500 s

Temperature 2
Type: Temperature
Unit: °C

Time: 14500 s
649,63 Max
605,95
562,27
518,59
474,91
431,23
387,55
343,87
300,19
256,5 Min

a) 0)
Puc. 4. Po3noain Temrepatypu y pparMeHTi 3a1i300€ TOHHOT CTiHA B yMOBax Jii
CTaHAapPTHOT'O TEMIIEPATYPHOI0 PEXUMY Moxexi mpotsarom 14 400 c:
a) — TeMIiepaTypHHil PO3MOIis B GETOHI KOHCTPYKIIiT; 0) — PO3MOALI TeMITEpATYpH
0 apMaTypHUX CTEPIKHIX

1134,1 Max
1029,7
925,16
820,68
716,19
611,71
507,22
402,73
298,25
193,76 Min

TakuM 4YMHOM, 3a pe3yJbTaTaMH NPOBEACHUX YHCENBHHUX JOCIHIIKEHb
BCTAHOBJIEHO, 10 NMpH HaBaHTaxeHHI 60 % BiJ KPUTHYHOI CHIIM, Yac HacTaHHS
TPAaHWYHOTO CTAHy 3a KPUTEPiEM BTpaTH HECydoi 3aTHOCTI CTaHOBUTH 572,65 c.

[1]. EN 1992-1-2 (2004) (English): Eurocode 2: Design of concrete structures - Part 1-2:
General rules - Structural fire design [Authority: The European Union Per Regulation
305/2011, Directive 98/34/EC, Directive 2004/18/EC].

[2]. BS NA EN 1992-1-2: UK National Annex to Eurocode 2. Design of concrete structures.
General rules. Structural fire design.

[3]. Carrascon, S., Robert, F., & Villagra, C. (2023). Some Highlights on the New Version
of EN 1992-1-2 (Eurocode 2, Fire Part). Hormigéon Y Acero, 74(299-300), 223-234.
https://doi.org/10.33586/hya.2023.3096

[4]. ISO 834-1:2025(en) Fire-resistance tests - Elements of building construction - Part 1:
General requirements.
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STUDY OF TEMPERATURE DISTRIBUTION IN A REINFORCED
CONCRETE WALL UNDER ONE-SIDED FIRE EXPOSURE

This study investigates the temperature distribution in a reinforced concrete wall
subjected to one-sided fire exposure using finite element modeling in ANSYS
Workbench. A refined mesh and temperature-dependent material properties were
applied to ensure accurate thermal analysis. The results demonstrate a significant
temperature gradient across the wall thickness, which governs the thermal
response and influences the structural performance under fire conditions.

VK 539.3

JOCIIIKEHHSA HAITPY>KEHO-IE®OPMOBAHOI'O
CTAHY YKPUTTSI ITPU JIi IMITYJIbCHOTI'O
HAUVIMIIKOBOTI'O TUCKY

Cigneii C.O., 1.T.H., 101I.
HarionansHM# yHIBEPCUTET MUBLTFHOTO 3aXUCTy YKpaiHu, M. Uepkacu

Po3paxyHKOBI METO/IM OIHIOBaHHS BIUIMBY IMIYJIbCHHX HaBaHTaKCHb Ha
OymiBenmbHI KOHCTPYKIIi IPYHTYIOTECS Ha BUKOPUCTAHHI CHPOIIECHUX aHATITHIHUX
3aJIOKHOCTEH Ta IH)KEHEpHUX IMiIXOJIB, 30KpeMa CKBiBaJCHTHHX JIHHAMIYHUX
Mozeneit. Taki miaxoan JaroTh 3MOTy BH3HAYaTH OCHOBHI ITapaMeTpH HANPYKEHO-
Je(OPMOBAHOTO CTaHy KOHCTPYKWIA HpH Ail HAATUIIKOBOIO THUCKY BHOYXOBOI
XBUJII T4 MIMPOKO 3aCTOCOBYIOTHCS B HOPMATHBHIN 0a31 i IPaKTHUIIl TPOEKTYBAHHS.

Pa3oM i3 THM, 3aCTOCYBaHHS IIMX METOIB, MPeACTaBIeHUX y poborax [1-3],
CYNPOBOJIKYETHCS MEBHUMH  OOMEXECHHSIMH, 3yMOBIECHUMH  HEOOXiJTHICTIO
NPUHHATTS CHPOIIEHUX NPHITYLIEHb I0JI0 XapaKTepy HaBaHTAXKECHHS, IPAaHUYHUX
YMOB Ta NOBeAiHKM MatepiamiB. Lle, y cBOlo uepry, Moke NPH3BOAUTH IO
3HIDKEHHS TOYHOCTI OLIHIOBaHHS pEAIbHOI pPOOOTH KOHCTPYKWIH mpH  Ail
IMITYJIbCHUX BIUTUBIB.
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UwncenbHEe MOJEIIOBaHHS € OJHUM 13 KIFOYOBUX IHCTPYMEHTIB JOCIHIIKEHHS
peakmii OymiBeNbHMX KOHCTPYKWiH TpH [Oii IMIyJICHHX HaBaHTAXCHb 1
peamizyeTscsi 3 BHUKOPHCTAHHSIM CIICIiali30BaHMX IPOTPAMHHUX KOMILICKCIB,
30kpema LS-DYNA, AUTODYN, ABAQUS Tta ANSYS. Cepen aux LS-DYNA
HIMPOKO 3aCTOCOBYETHCS UISl aHATI3y LIBHIKOIUIMHHUX JUHAMIYHHMX TPOLECIB, Y
TOMY 4uCi BUOYXOBUX BIUIMBIB, 3aBASKH MOJJIMBOCTI BpaxyBaHHs HEJIiHIHHOT
MOBE/IIHKU MaTepiaiiB, KOHTAKTHOI B3a€MO/IIT Ta 3HAYHUX Acdopmarriii [4].

3acToCyBaHHSI YMCEIBHMUX MOJEJeH Ja€ 3MOry JOCIHiKyBaTH HpOLECH
NOIIMPEHHS yOapHUX XBHIb, (JOPMYBaHHS HANPYXCHO-Ie(HOPMOBAHOIO CTaHy Ta
MEXaHI3MH MOIIKOKSHHS KOHCTPYKLIH MPH iMITYJIbCHUX HaBaHTAXKCHHSX.

Y po6oTi pO3rIAHYTO HAWOULTBII HECTIPUATIMBUAN BapiaHT il iMITyJTBCHOTO
HABAaHTKCHHSA, 3a SKOTO HAUIMIIKOBHI THCK HPHUKIANAETHCS OJHOYACHO MO
(POHTANBHOT CTIHH Ta MEPEKPUTTS YKPHUTTA.

Juckperusanisi OSTOHHOI YaCTWHM BHKOHAHA i3 3aCTOCYBaHHAM 00’ €MHHX
rekcaeipajJbHUX CKIHYEHHHX €JIEMEHTIB i3 PEeryJIIpHOI0 CTPYKTYPOBAHOIO CITKOIO,
mo 3abe3rnedyye JOCTaTHIM pIiBeHb TOYHOCTI NpPU BHU3HAYEHHI HAIpPYKEHO-
neopMoBaHOTO CTaHy KOHCTPYKLiI B YMOBaxX JAWHAMIYHOTO HaBaHTa)KEHH:.
BukopucranHsi came TrekcaelpajbHUX €JIEMEHTIB JI03BOJISIE OUIbII KOPEKTHO
BIZATBOPIOBATH HANpPYKEHHI CTaH y MOPIBHSAHHI 3 TeTpaeApaIbHUMU eJIeMEHTaMH,
0coO0JIMBO TIpH aHai31 3a/]a4 i3 epEeBaYKHO PEryJIsIpHOIO reomeTpieto (puc. 1).

.,

a) 0)

Puc. 1. CkiHueHHO-eIeMEHTHA MOJIeIIb YKPUTTS: a) — OETOHHA KOHCTPYKIIis,
3MOIeTThOBAHA 13 3aCTOCYBaHHSM 00’ €MHUX (TBEPIOTIIHPHMUX) €JIEMEHTIB; 0) —
apMaTypHHH KapKac, 3MO/IeTIbOBAaHHUI 3 BUKOPHUCTAHHSM JIIHIHHUX €IEMEHTIB

Bubip Ttumy, po3mipy Ta mapamMeTpiB CKiHYEHHO-EJIEMEHTHOI CITKH
3IIHCHIOBABCS 3 ypaxyBaHHSAM PEKOMEHIAIlH 070 3a0e3MeUeHHsS JOCTOBIPHOCTI
pe3yNbTaTiB JUHAMIYHMX PO3PaxyHKIB, HaBeAeHHX y poborti [5], a Takox i3
ypaxyBaHHSIM HEOOXIJHOCTI JIOCATHEHHS KOMIIPOMICY MiX OOYHCIIIOBAILHOIO
e()EKTUBHICTIO Ta TOYHICTIO PO3PAXYHKY.

Ha puc. 2 HaBemeHo pe3yibTaTH pO3NOALTY 3arajibHUX —Jaedopmarii
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KOHCTPYKLIi YKPUTTI TpU Jii IMIOYIBCHOTO HABaHTAXCHHS Yy BHIBIIL
HA/UJITMITKOBOTO THCKY, IO IMITye BIUIMB BHOYXOBOTO HaBaHTaKEHHS. AHai3
BUKOHAHO 11t MOMeHTY 4dacy 0,05 c, 1o BiAImoBiae 3aBepIeHHIO il IMITyIbCY.

Type: Total Deformation
Unit mm Type: Total Deformation

Ti 2 Unit mm
Cye o 418 Time 3003e0025
Cycle Number: 4186
19,869 Max 26309 v
i 24,607
155 21,53
Haw 18,455
g 15,379
8831 12,303
s.0233 9,2275
44157 61517
2,208 30758
0,00036049 Min 0 Min
Type: Total Deformation
Unit mm
a) Time: 5,0003e-002 5 6)

Cycle Number: 4186

36,258 Max
32,229

28,201

24172

20,143

16,115

12,086

8,0575

4,0289
0,00030636 Min

B)
Puc. 2. Po3nozin 3aranpHAX qedopManiid yKpUTTS IPH Aii iIMITyTIHCHOTO
HaTIIKOBOTO THCKY: a) — 50 kIla; 6) — 75 x[a; B) — 100 kIla

BceranoBneHo, Mo MakCHManbHI JeopMarii JTOKai3yIThCs Y HEHTPaTbHIM
YacTHWHI (PPOHTANBHOI CTiHH, fKa 0E3MOCEPEAHBO CIPHUMAE 0 Ha UTHIIKOBOTO
tucky. Ilpn mpomy Xapakrtep po3nofiny nedopmanii Mae CUMETPHUYHHUN BHTIISI
BITHOCHO IEHTPY HAaBaHTaKEHOI IIOBEpXHi, IO CBIIYHTH NPO KOPEKTHICTh
MOCTaHOBKU IPaHMYHUX YMOB Ta HABAHTAYKCHHS.

31 30iIbIIEHHSM MIKOBOTO 3HAYEHHS HAJJIMITKOBOTO THCKY CIOCTEPIra€ThCs
CyTTEBE 3pOCTaHHS BennmuuHM nedopmamniid. Tak, mis HaBanTaxkeHas 50 kIla (puc.
2a) MakcHMalbHE 3HaYeHHA nedopmamnii craHoBUTh 19,87 MM, mia 75 klla (puc.
26) — 26,31 mm, a g 100 xIa (puc. 2B) — 36,26 Mm.

OxpiM QpoHTaNbHOI CTiHM, aedopMarii TakoX CIIOCTEPIraloThCs y 30HI
MEePEKPUTTS, OJJHAK IX BEJIMYHMHA € MEHIIOIO, 110 TOSICHIOETHCS OUIBII KOPCTKUMHU
YMOBaMH 3aKpiIIEHHS! KOHCTPYKIii Ta IPOCTOPOBOIO pOOOTOI0 YKPUTTS (pHC. 2).

OTtpuMaHi pe3yibTaTu CBiI4aTh PO 3pOCTaHHA AedopMarltiid 31 301IbIIEHHIM
PiBHS IPUKJIAJEHOTO HA/UIMIIKOBOTO THCKY Ta MiATBEP/XKYIOTh BU3HAUAIBHY POJIb
(poHTANIBHOT CTIHM Y CIIPUHHSTT] IMITYJIbCHOTO HaBaHTa>KEHHSI.

Ha puc. 3 HaBemeHO poO3MONUI MAaKCHMAalIbHHUX TOJIOBHUX HANPYXEHb Y
KOHCTPYKIii YKPUTTS TpW Ail IMIOYJIbCHOTO HaBaHTAKEHHS y  BHUTILAL
Ha JIMIITKOBOTO TUCKY Ha MoMeHT dacy 0,05 c.
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Type: Maximum Principal Stress
Type: Maximum Principal Stress Unit MPa

Unit: MPa Time: 5,0003e-002 s
Time: 5,0003e-002 s Cycle Number: 4186
Cycle Number: 4186

3,721 Max
3295

2,8691
24432
20172
1,5913
1,1653
07394
0,31346
-0,11248 Min

2,3749 Max
2,1038

1,8327

1,5617

1,2906

1,0196
0,74849
047743
0,20636
-0,064698 Min

a) 0)

Type: Maximum Principal Stress
Unit MPa

Time: 5,0003e-002 s
Cycle Number: 4186

4,4514 Max
3,9433
34352

0,38673
-0,12136 Min

B)
Puc. 3. Po3noain MakcuMallbHUX TOJIOBHUX HAIlpy>KeHb Y KOHCTPYKIIT
YKPUTTS IIPH Aii IMITyJIbCHOTO Ha UTMIIKOBOTO THCKY Ha MoMeHT 4acy 0,05 c:
a) — 50 xIIa; 6) — 75 kIla; B) — 100 kI1a
BcranoBneno, mo HaWOUTBIN 3HAYEHHS HAMpPY)XEHb 30CEpeDKEHI B
UCHTpaNbHIM 30HI (QPOHTANBPHOI CTiHH, sKa OE3MOCePEeAHBO CHpUIMAE Miro
HABaHTAXKCHHS, 110 Y3TODKYEThCS 3 XapakTepoM JeOpMyBaHHsS KOHCTPYKIIT
(puc. 3).

IIprn mpoMy cmocTepiraeTbCst JOKami3amiss PO3TATYBAIBHUX HANpPYXEHb Y

BUTJISAJII KOHIIEHTPOBAHUX 30H, SIKi MOXKYTh PO3TIISIATHCS SIK MMOTEHIIIHI OCEPEIKH
3apOJUKEHHS TPIIIKH.

[1]. Xuejiao Ma, Deren Kong, Yucheng Shi, Experimental and numerical investigation of
blast loads induced by moving charge explosion. Structures. (2023). Vol. 47. 2037-2049.
DOI: 10.1016/j.istruc.2022.12.042.

[2]. Review of methods for prediction of internal blast loading. (2021). Periodicals of
Engineering and Natural Sciences. 9(2). 534-544. https://doi.org/10.21533/pen.v9.i2.761

[3]. Biggs J.M. Introduction to Structural Dynamics. New York: McGraw-Hill, 1964.

[4]. Li J., Hao H., Wu C. (2017) Numerical study of precast segmental column under blast
loads. Engineering Structures. 134. 125-137. DOI: 10.1016/j.engstruct.2016.12.028.
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[5]. Sidnei, Stanislav & Nozhko, lhor & Rotar, Vasyl & Grygorian, Mykola. (2025). The
Influence of a Finite Element Mesh on the Reliability of the Results of Dynamic Processes
of Armor Penetration of a Steel Plate by a Bullet. Solid State Phenomena. 381. 47-58. DOI:
10.4028/p-0gmX1w.

INVESTIGATION OF THE STRESS-STRAIN STATE OF A
SHELTER UNDER IMPULSE OVERPRESSURE LOADING

This study investigates the stress—strain state of a rapidly erected thin-walled shelter under
impulse overpressure loading using Explicit Dynamics in ANSYS Workbench. Three loading
scenarios with peak overpressure values of 50, 75, and 100 kPa were analyzed. The results
show that increasing overpressure leads to higher stresses and displacements, with crack
formation governed by tensile stresses in concrete.

YIK 624:012

BUJIU ®IGPOBETOHY Y BYJAIBHUIITBI
Cyp'sininos B.M.

Opecbka Jiep)kaBHA akaieMis OyJiBHUIITBA Ta apXiTeKTYpH

UYucneHHi JOCTIJDKEHHS BYEHHMX, NPOBEACHI y pI3HUX KpaiHaX, JOBeNH
e(eKTHBHICTh 3acTocyBaHHs (iOpoOeTOHY y cydacHOMY OymiBHUITBI. JucniepcHe
apMyBaHHS NPHU3BOJMTH JO MiABUIIEHHSA (i3UKO-MEXaHIYHUX XapaKTEPUCTHK
Mmarepiany, OCOOJMBO CTaTHYHAa MIIHICTh Ha PpO3TAT MNpPU 3THHI, SKa MOXeE
MepEeBHIILYBaTH MIIHICTh OETOHHOT MaTpuui B 4-5 pasiB, 3HWKYIOTBCS YCaIKOBI
nedopmarii, MiIBUIYETCS TPIIMHOCTIHKICTE, 30UIBIIYETBECS TEPMIH CIIyKOU
KOHCTpyKUii. | me mameko He Bci mnepeBaru (iOpoOeTOHy, NOPIBHSAHO 3
TpamumiiauM OetoHOM. IllMpoko BHUKOPUCTOBYIOTHCS (HDiOpOOETOHH, apMOBaHi
MICIICBUMH MaTepiajlaMH, II0 BHTOTOBISIIOTECS ab0 MOCTyIHUMH B JTAaHOMY
KOHKpETHOMY perioHi. Take pimeHHS J03BOJISIE 3HU3UTH BapTiCTh OyAiBHUIITBA,
MOKPALIUTH XapaKTEePUCTUKH OETOHY Ta BUKOPHCTOBYBATH €KOJOTIYHO JOCTYIIHI
KoMmroHeHTH. OCHOBHI BHAM (hiOpyW 3 MICIIEBHX MaTepialiB: IETIOI03H1 BOJIOKHA 3
JIEpEeBHHH YH NIEPEpOOIICHOTO Harepy; POCIMHHI BOJIOKHA - [DKYT, KOHOILII, CH3aJIb,
KOKOCOBE BOJIOKHO, 6aMOyK Ta iH.

Are HaWOUIBIIMKA e(EeKT MOCATacThCs NPU BUKOPHCTAHHI YOTHPHOX THIIIB
¢i6pu - GazanbToBOi (puc. 1, a), moninpomnineHoBoi (puc. 1, 6), cranesoi (puc. 1,
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B), CKJIOBOJIOKOHHOI (puc. 1, ). Tun ¢ibpu BuOUpaeThCS B 3aJICKHOCTI Bill YMOB
eKCIUTyaTallii KOHCTPYKIIi.

BazanmpToBa (hibpa BHTOTOBISETHCA 3 PO3ILIABICHOTO 0A3albTOBOTO KaMEHIO
HIJISIXOM TIePETBOPEHHS IbOTO MaTepialy Ha BOJIOKHA, € €KOJIOTIYHUM, HErOPIOYUM
1 XIMIYHO iHEPTHUM MarepianoM. Mae BHCOKY MIlHICTh Ha po3TsiryBaHHs (1000—
1100 MIla), criiikicTs 00 JIy>KHOI Ta KHUCJIOTHOI CEPEAOBHIL, BOTHECTIHKICTH /0
+700°C, He migmaeTbcs KOpo3ii. 3aCTOCOBYETHCS B MIJ3EMHUX Ta TPAHCIIOPTHUX
TYHEJsIX, IApKiHTraxX, 3aXUCHUX eKpaHax, TAPOTEXHIYHUX CIIOpYIax.

[oninpominernoBa ¢ibpa € omHi€r0 3 HAWOUIBII €KOHOMIYHO IOCTYIHHUX i
HAWMpOCTIIINX Yy 3aCTOCYBaHHI. BHUTOTOBIAETBCS 3 TONIMPOIUICHY, SKHA
HarpiBarOTh 1 BHUTATYIOTh B TOHKI BOJIOKHa. Mae HH3BKY IIiUIBHICTB,
MOPO3OCTIHKICTh 1 IUTACTHYHICTD, CTIHKICTh JIO JIy’)KHOTO CEpeJOBHINA, TPHOKIB i
IUTICHSABU, HE MiJNaeThcsl KOpo3ii. 3acTOCOBYeThCS IS OETOHHOI IMiJIOTH,
BUPIBHIOIOUHUX MIAPIB, TPOTYAPHUX MOKPHUTTIB.

CrasneBa (hibpa BUTOTOBJISIETHCS 13 CTalli BUCOKOMIITHMX MapoK. Mae MIIHIiCTh
Ha po3tar g0 1200 MIla, 3HayHO MiJBUINYE yJapHY i 3TUHAIBHY MILIHICTB, CTilKa
JI0 HABaHTAXKEHb, ITiJABUIIYE TPIIMHOCTIHKICTh. 3aCTOCOBYETHCS ISl BIIAIITYBAHHS
MIUIOT, BUTOTOBJICHHS HECYYMX KOHCTPYKIiH, IOPTOBUX Ta aepoOJPOMHHX
MOKPUTTIB.

CkJioBOJIOKOHHA (hiOpa BUTOTOBJISETHCS 3 HAWTOHIIMX HHUTOK JIyTOCTIHKOTO
CKJa 3 OKCHAOM IMPKOHI0, MO J00pe 30epirae CTPYKTypy B IIY)KHOMY
cepenoBuIi. Mae mqyxe Maiy OIUIBHICTB, MIIHICTH Ha po3puB mo 1700 MIla,
THyYka 1 TpyXHa. 3acCTOCOBYETbCS Uil (acaJHUX EJIEMEHTIB, MaJuX
3a7i300C€TOHHUX EJIEMCHTIB, TMaHeJeld Ta OoparopiB, OETOHY 3 IEKOPATHBHOIO
MOBEPXHEI0, y MITYKaTYPHUX PO3UMHAX.

Hacamkinens 3a3Haunmo, mo B Opechkkill Aep>kaBHIN akageMii OyIiBHUIITBaA
Ta apXiTeKTypu Bxke moHaa 10 pOKiB MPOBOMATHCS KOMIUIEKCHI JTOCIHIIKESHHS
MEXaHIYHUX BJAcTHBOCTEH cranediOpoOeToHy Ta 0a3aabTOOETOHY, a TaKOX
BUT'OTOBJICHUX 3 HUX KOHCTPYKIIiii.
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TYPES OF FIBER-REINFORCED CONCRETE IN CONSTRUCTION

Numerous studies by scientists conducted in different countries have proven the
effectiveness of using fiber concrete in modern construction. Dispersed reinforcement leads
to an increase in the physical and mechanical characteristics of the material, especially the
static tensile strength when bending, which can exceed the strength of the concrete matrix
by 4-5 times, shrinkage deformations are reduced, crack resistance is increased, and the
service life of structures is increased. And these are not all the advantages of fiber concrete
compared to traditional concrete. Fiber concretes reinforced with local materials produced
or available in a given specific region are widely used. This solution allows you to reduce
the cost of construction, improve the characteristics of concrete and use environmentally
friendly components. The main types of fiber from local materials: cellulose fibers from
wood or recycled paper; plant fibers - jute, hemp, sisal, coconut fiber, bamboo, etc. But the
greatest effect is achieved when using four types of fiber - basalt, polypropylene, steel,
fiberglass. The type of fiber is selected depending on the operating conditions of the
structure.The Odessa State Academy of Civil Engineering and Architecture has been
conducting comprehensive studies of the mechanical properties of steel-fiber concrete and
basalt concrete for over 10 years, as well as structures made from them.

VIK 624:012

JUCIIEPCHE APMYBAHHSA BETOHY
BA3AJIBTOBOIO ®IBPOIO

Cyp'aninoB MLI'., Kipiuenko /1.O.

Opnecpka epkaBHA akageMis OyIiBHHILITBA Ta apXiTEKTypH

Po3pobxka Ta BupoOHUITBO (hiGpOOETOHIB 32 KOPJOHOM BEIyTHCSA Y IIMPOKHUX
MacmTabax. Y Hamriit kpaiHi 11i MaTepiajay MOKHU II0 3aCTOCOBYIOTBCS Y HEBETUKUX
obOcsrax 1 g OOMEXeHOi KINBKOCTI BHPOOiB. SIK TOKa3ylOTh pe3yibTaTH
YUCIICHHUX JOCIi/KeHb, Cepel ICHYyIYHX BHAIB (iOPOBOJIOKOH OXHUM i3
HaWTepCIeKTUBHIMNX € 0Oa3ambToBe BOJOKHO. IlikaBo, mo mepuri cropobu
3actocyBaTH 0a3ambTOBY (iOpy A QUCTIEpCHOTO apMyBaHHS OeToHy OyIo
3ailicHeHo B Hammii kxpaini — y 1979 poui cniBpobitHuku KwuiBchkoi HaykoBo-
nociigaoi naboparopii AH YPCP Maxosa M. @. ta I'pebentok H. I1. po3pobunn
TEXHOJIOTII0 OTPHUMAaHHS JEIIEBOr0 0a3aJIbTOBOTO BOJIOKHA.

BbazanbroBa ¢ibpa - 11e MOpiBHAHO HOBUI HEOPTAaHIYHHUHN, €KOJIOTIYHO YHCTHH,
BUCOKOC(EKTHBHHUI Marepiai, 3a3BH4Yaii KOPHYHEBOTO KOJILOPY i3 30JI0TaBUM
BiarinkoMm. Ckimagaerses 3 okcufiB SiOz, Al.Os, CaO, FeO Ta mOMIILIOK, KOXEH
KOMITOHEHT BOJIOKHa POOWTH CBii BHECOK Y Ppi3HI BIacTHBOCTI. Sk apmyroumit
MaTepian 0a3albTOBE BOJOKHO Ma€ BHCOKY CTaOiIbHICThH, YHIKadbHI MeXaHidHi
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BJIACTHUBOCTI, KOPO3ilfHY CTiHKicTh, 3a0e3meuye BUCOKY TEIUIO- i 3BYKOi30JIIif0, a
TaKO>X XOPOLIY BOJOHEIPOHUKHICT.

BorrecrTiiiki TKaHWHH, 3iTKaHi 3 0a3aIbTOBOTO BOJIOKHA, BUKOPHUCTOBYIOTHCS
Npy BUPOOHMITBI BOTHE3aXHMCHOTO TEPMO3aXHCHOTO OZSTY Ta IMPOTHUIOKEKHUX
koBJp. Lli BUpOOM B OCHOBHOMY 3aCTOCOBYIOThCS Y MOKEXKHIH, METaypriiHii Ta
BIMCBKOBIH MPOMHCIIOBOCTI. ba3zaibTOBE BOJIOKHO € rapHOIO 3aMIiHOO 1HIIMX BHIIB
apMyIOUHX BOJIOKOH. 3a CBOIMHM XapaKTepUCTUKaMHU 0a3allbTOBE BOJIOKHO Majo
BIZPI3HSIETbCS BiJ BYIJIENIEBOro, ajie KOIUTYE B KiNbKa pasiB jemieBiue. Y
KOMIIO3UTHHX MaTepianax MoO)KHa KOMOIHYBaTH 3 PpI3HUMH CMOJaMHU IS
BUTOTOBJICHHS. KOMIIO3UTIB, NPUIATHUX Ul KOHCTPYKLiifHOTO 3acTtocyBaHHA. o
HUX BITHOCSATHCS JIONATKH BITPSHUX TypOiH, KOHCTPYKIIi KOPIYCiB TPAaHCHOPTHHUX
3aco0iB Ta CyIeH, KOpO3IMHOCTIHKI Ta CTiKi OO THCKY TpyOOIpOBOIM Ta
pe3epByapu I 30epiraHHs, a TAaKOXK IMiIKIaIKA IS TPYKOBAHUX IIIAT.

BazampToBa (Pibpa MOXKe e(EeKTHBHO BHUKOPHUCTOBYBATHUCH y OyIiBHHUIITBI.
Bona migBunrye MinHicth OeToHy Ha BUrMH (10 50%), ynmapHy B'SI3KICTB,
MOPO30CTIHKICTh Ta TPILIMHOCTIHKICTB, 3amo0irae ycaaui. Burpara cranoButs 0,6—
4 xr Ha 1 M cymimii (puc. 1).

—

Puc. 1. bazansro0eToH y Oy iiBHULITBI
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OcHOBHI chepu 3acTOCYBaHHS: MPOMHCIOBI MIIJIOTH Ta CTSHKKH, ¥ TOMY
YHCII, TEIUTi IiJUIOTH, A€ Ba)IIMBO 3aIO0IrTH TPIIIUHAM; JOPOXKHE OYIiBHHUIITBO:
acGarpTOOCTOHHI CyMiIli, JOPOXHI IUTUTH, MOCTH Ta NUIIXOMPOBOJIB; OCTOHHI
BUpOOM: TpOTyapHa IUIMTKA, OOpaIopu, OETOHHI OropoXi, KUIbLS, TPYOH,
KaHaJI3auiiHi cropyau, kadeinbHa Ta TenedoHHA KaHaNi3allis, Mayli apXiTeKTypHI
¢opmu, miHOOETOH Ta ra300eToH; OyJiBeNbHI PO3YMHH Ta INTYKaTYpKH,
TiIICOKapPTOHHI IUINTH; TiAPOTEXHIUHI CHOPYIH; CHeLiabHI KOHCTPYKIIi: KOpITycH
GUIBTPIB  IMMOOUMILEHHS, TEIUIOI3OJLILIMHI Marepianu il TpyOOIpPOBOIB,
VIIiTbHEHHS, BIHCHKOBI CHOPYIH, CEWCMOCTIHKI KOHCTPYKII, pamiomnpo3opi
00'eKTH.

HaliBa)knuBilIMMK IIepeBaraMu BUKOPHCTaHHA 0a3anbToOCTOHY € Horo
BHCOKAa XIMIiYHa CTidKicTh (HE KOpOAye B Iy)KHOMY CEpelOBHINI) Ta
BOTHETPHUBKICTbH, CTIMKICTD A0 TEMIIEPAaTyPHUX ITEPETIaIiB.

TakuM YMHOM, MOXXHa 3pOOMTH BUCHOBOK IPO €(CKTHBHICTh BHKOPHCTAHHS
6a3anpTo(hiOpoOeTOHY B OYMIBHHUIITBI Ta aKTyajbHICTh HAYKOBHX JOCHIIKECHb Y
[bOMY HalpsMKY.

[1]. Zhao, X.; Wang, X.; Wu, Z.; Zhu, Z. Fatigue behavior and failure mechanism of basalt
FRP composites under long-term cyclic loads. Int. J. Fatigue 2016, 88, 58-67.

[2]. Li, T.; Zhu, H.; Shen, J.; Keller, T. Thermophysical and thermomechanical properties of
basalt-phenolic FRP rebars under high temperature. Constr. Build. Mater. 2022, 342,
127983.

[3]. Shi, J.; Wu, Q.; Li, B.; Liu, Y.; Cao, W.; Wang, H. Fatigue bond behavior of FRP-to-
concrete joints with various bonding adhesives. Eng. Struct. 2024, 301, 117311.

[4]. Shi, J.; Li, H.; Cao, W.; Wang, H. Fatigue behavior and bond improvement of the FRP-
to-concrete interface after marine corrosion. Eng. Struct. 2025, 332, 120043.

DISPERSED REINFORCEMENT OF CONCRETE WITH BASALT FIBER

As numerous studies show, basalt fiber is one of the most promising among existing fiber
types. As a reinforcing material, basalt fiber exhibits high stability, unique mechanical
properties, corrosion resistance, provides excellent thermal and sound insulation, and good
water resistance. Basalt fiber can be effectively used in construction. It improves concrete's
flexural strength, impact toughness, frost resistance, and crack resistance, while preventing
shrinkage. The most important advantages of basalt concrete are its high chemical
resistance (it does not corrode in alkaline environments), fire resistance, and resistance to
temperature fluctuations. Therefore, it can be concluded that basalt fiber concrete is
effective in construction and that research in this area is highly relevant.
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YK 691:620.22:001.895:628.4

TPAIUIIMHUMA BETOH TA BETOH 3A TEXHOJIOT'IEIO
3D-IPYKY: HOPIBHSIJIbHUM AHAJII3 TEXHIKO-
EKOHOMIYHHUX ITOKA3HUKIB

Cyxanesuu M.B., 1.T.H., 1ouent, Yaxosn B.A., acmipant
KuiBcbkuii HanioHa BHUH YHIBEpCUTET OyIiBHUITBA i apXiTeKTypH, M. KuiB,

Texnonoris 3D-mpyky ©Oeronom (3DCP) cTpiMKO pO3BHBAa€ThCSA: 0OCST
CBiTOBOTO PHHKY mporHo3yeTrbes moHax 40 mupa USD mo 2030 p. [1]. Boma
BUKIJIIOYAE TPaguLiiiHy omnamyOKy, aBTOMAaTH3ye€ IPOIEC 3BEACHHSA 1 BiAKpHBAE
MOJKJIMBICTh JOBUTPHHUX apXiTeKTypHuUX ¢GopM. s YkpaiHu, ne KPUTHIHOIO €
notpeda y IpUCKOPEHOMY BiTHOBJICHHI 3pYHHOBAHOTO JKHTIIA, TEXHOJIOTisI HaOyBae
CTpATETiYHOTO 3HAYCHHS [2].

IIpore mopiBasaHs 3DCP i3 TpamuiiitHUM MOHOJITHHM OYIiBHHITBOM Y
HAYKOBIH JiTeparypi 4acTo € BHOIPKOBHM — TMEpPEBaXHO HAa KOPHCTH IepeBar
3DCP [3]. CucreMHOro aHami3y MNPHHIWIOBHX BIIMIHHOCTEH Yy pelenTypi
CyMiIlIeH, peoJIOTIYHNX BUMOTaX i IOBHOMY €KOJIOTIYHOMY OanaHci Opakye.

Mema pobomu — yCyHYTH IO TpOTajMHy 4epe3 00'€KTHUBHE
YOTUPHOXBUMIpPHE 3ICTaBICHHS TEXHOIOTIH.

OyHIaMeHTaTbHA BiIMIHHICTE MK TpaauniiHuM 6etoHoM i 3DCP momnsrae y
BAMOTaxX JIO0 MIKPOCTPYKTYPH 1 PeoJIOTiYHOI MOBEMIHKHM Matepiany. TpamuiiiiHmii
0eToH yKiIagaeThes y (hopMy, YIIUIEHIOEThCA BiOpYBaHHSM i HaOMpae MIIHICTD Y
cratnaaoMy crtaHi. ¥ 3DCP cymim nmoBWHHAa OJHOYAaCHO OYTH IPOKAaYyBaHOIO
Yyepe3 TpyOOINpOBi i IMBUAKO TBEPIITH TiCIs yKJIaJaHHS JJIsl yTPUMaHHA (HOpMHU
nrapy 6e3 omanyOoxu [4].

Juss  3a0e3medyeHHs IMX BIACTHUBOCTEH cTaHmapTHi penentypu 3DCP
nependavaoTh MigBUIeHnH BMicT nementy (450-650 kr/m®) — y 1,5-2 pasu
Oimpmre, HiKX y TtuUmoBoMy Oetoni C25/30. OOOB's3k0OBUMH JT00aBKaMHU €:
MiKpokpemHe3eM abo 3oma BuHOCcy (10-20%), TukcoTponHa —J100aBKa,
npuckoproBau  cxormoBanus (1-3%) [51]. [eranpHe mNOpIiBHSHHS CKIaliB
HaBeJeHo B Tabumi 1.

Texnonoris 3DCP BHcyBae HH3KY pPEOJIOTIYHMX BHUMOT, HPHHIUIIOBO
BIZICYTHIX y HOpMaTHBHi# 6a3i Tpamuuiitnoro 6etony (EN 206, IBH B.2.7-176).
Bigkputuii wac (20-60 xB), panHs wminHicte (>= 0,35 MIlla uepe3 20 xB) i
tukcotporist (tau 0 = 0,5-2,5 klla) — Tpu mnapamerpu, IO BH3HAYAIOThH
npuzpatHicTs cymimi st 3DCP 1 € B3aeMHO CynepewIMBUMHU: IPHUCKOPIOBAaY
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CKOpOUY€ BIAKPUTHH Yac i MiABHIIYE PaHHIO MIIHICTB, CymepruiacTugikatop —
HaBITak# [6].

Tabmuus 1

[NopiBHANBHUI aHAI3 CKIaAiB TpaaumiiHOTO 6eToHy Ta 3DCP
[MapameTp cymirmri Tpaguuiiiawii 6eToH 3DCP

BwmicT uementy, kr/m® 280-400 450-650
sanoonern. 0 40 o 4-8

BonmoueMeHTHE BigHOLIEHHS 0,40-0,60 0,32-0,45

MikpokpemHe3eM / 3071a He 000B'A3KOBO 10-20% Bix Macu LEeMEHTY
TuxcorponHa no6aBka He NoTpiOHa 000B's13K0Ba
ITpuckoproBay CXOIUTFOBAHHS 3a moTpeboro 060B's3xk0BHi (1-3%)

Tunosa minnicte R28, MIla 20-50 30-80

Ha BigmiHy Bim TpaaumiiiHoro O€TOHY, A€ KOHTPOJIb 30CepeKCHHHA Ha
CTalifX TPUTOTYBaHHS 1 ymitbHeHHS, y 3DCP kputn4yHMM € HenmepepBHUI
MOHITOPHHT PEOJIOTIYHHX TMapaMeTpiB y TMpoIleci JApPyKy: THCK Yy Hacoci,
TeMIepaTypa CyMilli, TeoMeTpis mapiB (JaszepHuii npodimometp). Po3podistoTees
ML-cucreMn 3BOpOTHOTO 3B'SI3Ky, IO B PEXHMI PEATbHOIO 4acy KOPHUTYIOTh
mojady MPUCKOpIOBaYa i IuracTH(dikaropa 3aleKHO BiJ MOTOYHHX PEOJIOTIYHHX
MOKa3HHKIB [7].

TexHiKo-eKOHOMIYHE TOpIiBHSIHHS BusiBisie 3HauHi nepeBarn 3DCP 3a
TPYIOBHUTpaTaM¥, IIBHIKICTIO 3BEJEHHS Ta BIiIXOJaMH MaTepiaiiB IPH HEBHUX
oOMexxeHHsX [8]. 3BemeHa TaOMUISL 2 MICTUTh TaKOX MOKa3HUKH yTBOopeHHS CO»
JUTE 000X TEXHOJIOTiH OETOHYBaHHS.

Y MoHoJiTHOMY OyJIiBHHUTBI BapTicTh onaimyOku craHoBUTh 20-35% Bin
BapTocTi OeToHHHMX poOiT (s HecrangapTHUX Gopm — 1o 60%). IloBHe
BUKITIOYeHHs onainyOku npu 3DCP no3Bossie peanizoByBaTi CKIAJHI T€OMETPUYHI
¢opmu ©0e3 OyIab-KMX JIOJATKOBHX BHTpPAT MOPIBHAHO 31 CTaHAAPTHUMH
KOHCTPYKLISIMH.

TpamuuiliHa 3B'si3aHa crajeBa apMarypa He Moxe OyTH po3MmilleHa
ABTOMATHYHO Y IIPOLIEC] MOMAPOBOro ApyKy. I10TOUHI pillIeHHS MICTATh: KOPOTKE
BoJIokOHHe apmyBaHHs (PP, craneBi, 6azanbroBi BosokHa 0,5-2%); omiaiiH-
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YKIaJaHHA CTaJeBOTO OpOTy Mix mapamu; FRP-apmatypa 3 aBTOMaTH30BaHOIO
YKIIaJKOI0; TIOCTHANIPYKEHHS depe3 mepen0adcHi KaHaH.

[TomapoBa TEXHONOTIA YKIaTaHHS 3DCP o00yMOBIIOE aHI30TPOMiIO
BIIACTHBOCTEH: MIIHICTD y310BX mapiB Ha 10-20% Buima, HiX mONeEpex, Yepes
HeIOCKOHamCTh MiKmapoBux 30H (ITZ). 3meHmeHHs aHI30TpOMmii JOCATAETHCA
HACTYIIHUMH KPOKAaMH: CKOpOYeHHS dYacy Mik mapamu (5-10 xB), obpoOka
HOBEPXHi, BOJIOKOHHE apMYBaHHSL.

Tabmums 2
TexHiK0-eKOHOMIYHI TIOKa3HUKH Ta BYTJICIEBUH CIIiA: TpaauiiiHe OSTOHYBaHHS Ta
3DCP
IToxa3Huk Tpamuuiiine 3DCP
OeToHyBaHHS
Omary6ka 20-35% BaprocTi poOiT He nmotpi6na
Tpynosurparu 100% (6a30Bi) —60-70%
Yac 3BeneHHs 1 . .
nosepxy (100 N 30-60 pobounx mHIB 7—-14 nuis
Y TBOPCHHS 10-20% 2-8%
Bigxoxis
I'eomeTpuuna JloBinbHa (TOMONOTIYHA
OOMexeHa onaryoKor L
cBoboa hopm ONTUMI3AILis)
CO: (crannaprua 100% (6aza) +10-20%
cymir)
CO: (3DCP +50%
TIPOMHUCIIOBHX 100% (6a3a) —47%
BiIXO/IiB)

Tosna (EN 206, IBH

HopmartusHa 6a3a B.2.7-176)

Dopmyetbes (prEN 12390)

Crangaptaa cymim 3DCP uepes Buimii BmMicT nemeHty renepye Ha 10-20%
o6impme CO, HDK Tpamumiamid OeroH. OpnHak ribpummHa cymim i3 50%
3aMINICHHSAM KJITIHKEpY TNPOMHCIOBHMH  Bigxomamu (3ojMa + 1mmmak  +
MikpokpemuezeM) 3HmKye CO; Ha 47% — mneperBoproroun 3DCP Ha Oimbmn
€KOJIOTIYHy aJIbTePHATHBY HAaBiTh 0€3 ypaxyBaHHS IepeBar IMpH BiIMOBI Bif
omnamyokwu [9].
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Bucnoexu. Texuonoris 3DCP BigpizHsf€TbCS Bixg TpaauiiiHOTO OeTOHY
HacaMIlepe]] peoIoTiYHIMH BUMOTaMH: BiakpuTiii gac 20—60 XB, paHHS MIIHICTHh
>= (0,35 MIla (20 xB), Tukcotpomisa tau 0 = 0,5-2,5 xIla. Ixue 3abesneuenus
BHMMArae IIiIBUIEHOr0 BMicTy neMeHTy (450—650 kr/m%) Ta cucteMu 06OB'I3KOBHX
XIMIYHHX 100aBOK.

T'onoBHi TexHiko-ekoHOMIuHI mepeBaru 3DCP: BigmoBa Binm omamyOku (—30—
50% Baprocti), TpynoBurpatu —60-70%, Bimxomm wMatepianiB —40-60%, uac
3BeneHHs —50-65%.

[Mapanokc CO2 nonaerbcss mpu 3amimeHHl 50% KIIHKepY NPOMHCIOBHMHU
Bimxomamu: CO; 3HmKkyerhcss Ha 47% — 3DCP crae OUIbII EKOJOTIYHUM
BapiaHTOM TOPIBHSIHO 3 TPAAULIIHHUM OETOHOM.

Kurouogi HeBupimeni npodiaemu 3DCP: aBToMaTu3oBaHa iHTErpallist HeCy4oro
apMyBaHHs1, aHizoTpomnist Mix mapamu (10-20%), BigcyTHICTH HOpMaTHBHOI 0a3u
(prEN 12390 y cranii po3po0ku) [9].

s Ykpainu crpareriuaum € noeaHanss mBuakocti 3DCP miist BiMHOBICHHS
)KuTia, BiTum3HsHOI 0asu BFRP-apmarypu (6asanbr) Ta pecypciB 3omu TEC i
NUIAKIB IS 3aMIIEHHS KIIIHKEPY.

[1] Grand View Research (2024). 3D Printing Construction Market Size, Share & Trends
Analysis Report. San Francisco: GVR.

[2] Buswell R. A., Leal de Silva W. R., Jones S. Z., Dirrenberger J. (2018). 3D printing
using concrete extrusion: A roadmap for research. Cement and Concrete Research, 112,
37-49. https://doi.org/10.1016/j.cemconres.2018.05.006

[3] Rahul A. V., Santhanam M., Meena H., Ghani Z. (2019). 3D printable concrete: Mixture
design and fresh properties. Cement and Concrete Composites, 97, 13-23.
https://doi.org/10.1016/j.cemconcomp.2018.12.014

[4] Nodehi M., Mohamad Taghvaee V. (2022). Sustainable concrete for circular economy:
A review on use of waste glass. Glass and Ceramics, 78, 11-12.
https://doi.org/10.1007/s10717-022-00407-3

[5] Mechtcherine V., Grafe J., Nerella V. N. et al. (2018). 3D-printed steel reinforcement for
digital concrete construction. Construction and Building Materials, 179, 125-137.
https://doi.org/10.1016/j.conbuildmat.2018.05.216

[6] Bos F., Wolfs R., Ahmed Z., Salet T. (2016). Additive manufacturing of concrete in
construction. Virtual and Physical Prototyping, 11(3), 209-225.
https://doi.org/10.1080/17452759.2016.1209867

[7] Wang L., Tian Z., Ma G., Zhang M. (2020). Interlayer bonding improvement of 3D
printed concrete with polymer modified mortar. Cement and Concrete Composites, 110,
103571. https://doi.org/10.1016/j.cemconcomp.2020.103571

[9] European Committee for Standardization (2023). prEN 12390-13:2023 Testing hardened
concrete — Part 13: Determination of secant modulus of elasticity in compression
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TRADITIONAL CONCRETE AND 3D-PRINTED CONCRETE: A
COMPARATIVE ANALYSIS Of TECHNICAL AND ECONOMIC
INDICATORS

A systematic comparative analysis was conducted of traditional monolithic concrete and
concrete produced using 3D printing (3DCP), based on four groups of indicators:
composition and mix design; rheological and technological requirements; technical and
economic characteristics of the construction process, environmental footprint. The “3DCP
CO2 paradox” was identified: a standard mixture generates 10-20% more CO: than
traditional concrete; however, when 50% of the clinker is replaced with industrial waste,
the CO:2 level decreases by 47%. The 3DCP technology offers significant advantages in
terms of labor costs (-60-70%), material waste (—40-60%), and construction speed (50—
65%).

YK 624.074

OIIHKA EKCILUTYATAIIIMHOI HATIMHOCTI
CTAJIEBOTI'O KAPKACY JJIs1 CBETJIOITPO30OPUX
KOHCTPYKIUIU TEUIICBKOI'O TOPTOBOI'O IIEHTPY
IO BYJIMIII A. TBAJTYPEJIU/3E, 2

Teapaoscbkuii 1.0O., K.T.H., noueHT, Yyumaii C.M., K.T.H., 10I[eHT
Opecpka epkaBHA akageMis OyIiBHHIITBA Ta apXiTeKTypH, M. Oxeca
Kauninina T.O., K.T.H., 10IIeHT
JlepxaBHUI yHIBEPCHUTET IHTEJIEKTyaIbHUX TEXHOJIOTIH Ta 3B’ 13Ky, M. Oneca

PosrnsHyTa KOHCTPYKIIS CBITIONPO30POTO IMOKPUTTS B IUIaHI Mae ¢Gopmy
oBaly 3 3aranpHMMH Tabaputamu 48,0 x19, 5m. Ilomepeunukm cHopyau
CKIIQMar0Thesl 3 27 apok, mpoiaboTamu Bix 6,73 ngo 19,5m 3 kpoxom 1,75wm.
3 IUTOIIMHU apKH PO3KPIIICHI CHCTEMOIO MEPeXpecHUX 3B'SI3KIB Ta PO3IMipKaMu.
IlepetnH apok, po3mipok Ta 3B'SI3KIB — THYTO3BapHI Npodisi HPSIMOKYTHOTO
nepepizy.

Buxonsun 3 aHadizy HaJaHOTO NMPOEKTHOTO DILIEHHS, apKH CKIJIQJAIOTHCS 3
OKpEeMUX MPSAMONIHIHHUX €JIeMEHTIB (IOBXUHOK 10 2,0M), sKi 3'€MHYIOTBCS MiXK
co00I0 Ha IIMWIbKAaX Yepe3 JBOCTOPOHHI Oi4YHI HaKJIAAKW. 3B'I3KHM LIAPHIPHO
NPUMHKAIOTh JI0 apoOK Yy MICISX pPO3TallyBaHHS OIYHMX HakIaJoK (3'€qHAHHS
€JIEMEHTIB apKU MiX c000I0).

ApKH CIIUpaoThCs Ha 3a1i300€TOHHI KOHCTPYKIIi OCHOBHOTO Kapkacy OyiBii
TOProBOro TEHTPY Ta (IKCYIOThCS 3a JONOMOTroro aHkepiB. Jlo apok yepe3
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KPOHIITEHHN KPIIUIATHCS AQIIOMIHIEBI MIAKOHCTPYKHii Ha SKi CHOUPAIOTHCS
CKJIOTIAKETH.

Puc. 2. Bizyauizaris exeMeHTiB KyIoJja Ta ix 3’€JHaHb

3 MeTOoI0 OIIHKM eKCIUTyaTaliifHOI HaJIiHOCTI CIPOEKTOBAHOTO  KyIoja
OyniBiai TOproBoro mneHTpy OyjiM TpoOBeAEHI pPO3PaxyHKH pPO3PaxyHKOBOI
KOMIT FoTepHOi Mozeni, chopmoBanoi B ITIK «SCAD» Office 21.1.

Ha mincraBi npoBeneHux po3paxyHKIB OyiM CKiIafeHi BiANoOBiaHI TaOmumi 3
pe3yibTaTaMu pO3paxyHKiB (BH3HA4YCHI BHYTpILIHI 3YCHJUIL Ta IPOTHHH, SK
mapaMeTpH KOPCTKICTHUX BIaCTHBOCTEH).

Po3paxyHku criopy¥ BUKOHYBAJIUCh 3 HACTYITHUX NIEPEIYMOB:

- apK¥ CIIOPYIU PO3TIIATAINCS SIK HEPO3Pi3Hi;
- posrisinanocs 3 BapiaHTH pO3PaXyHKOBHX CXEM:
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a) BapianT 1 - [IpocTopoBa po3paxyHKOBa cxema 3 ABOIIAPHIPHAMH apKaMH — JJIs
OTPUMaHHS 3yCHWJIb B apKaxX 3 ypaxyBaHHSAM BIUIMBY IEPEXPECHOI PELIiTKH, a
TaKOX UL OTPUMAaHHS 3yCHIIb Y 3B'A3KaX;
0) BapianT 2 - Po3paxyHKkoBa cxeMma 3 INIOCKUMH JBOIIAPHIPHUMHU apKaMH - JUIst
OTpHUMaHHS 3yCHJIb B apKax 0e3 ypaxyBaHHs BIUINBY IIEPEXPECHOT PEIIiTKY;
B) BapiaHT 3 - Po3paxyHKOBa cxema 3 IUIOCKMMHU O€3LIapHIPHUMH apKaMu — JUIs
OTpPHUMaHHS 3yCWJIb B apKax IpH 3MEHILIEeHIH pO3paxyHKOBIH IOBXHWHI, NEpEeBIpPKU
OTOPHOTO BYy3J1a apKK Ha MOKJIMBICTh CIIPHUHATTSI MOMCHTIB.

Jnst KoXHOT i3 HaBeICHHWX CXEM BHMKOHYBAJIHCH IIEpeBipKa By3na 3'€JHAHHS
€JIEMEHTIB apoK MK COO0I0 Ta OIIOPHOTO BY3JIa.

Puc.3. TIpocTopoBa po3paxyHkoBa cxema (Bapiant 1)
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Puc. 4. Cxema 3 0OkpeMo po3TalroBaHUX apok (Bapiantu 2, 3)

Jli1st po3paxyHKiB 3aCTOCOBYBABCS CJIiIyIOUH MTEPelik HABAHTAXKCHb:

L1 Bnacna Bara MeTanOKOHCTPYKITiit

L2 IocriitHa (BmacHa Bara KOHCTPYKIiH OKPUTTS)

L3 TumuacoBi (CBITHIBHUKH, €IEMEHTH JICKOPY Ta 1HIIL.)

L4 Cuirose piBHOMipHE HABaHTa)KEHHS

L5 Cuiroe HepiBHOMipHE HaBaHTa)KeHHs (30UIBIICHNUI CHIT Ha JIiBif MOJIOBUHI
CHOPYIH)

L6 Cuirose HepiBHOMiIpHE HaBaHTa)KeHHs (30UIBIICHNUI CHIT Ha IpaBii MOJIOBHHI
CIIOpY )

L7 BirpoBe HaBaHTaXeHHS B3ZOBXK OCi Y (+) momepek Copyau
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L8 BiTpoBe HaBaHTa)KEHHS B3I0BXK OCi Y (-) IOTIEpeK CIOpyAH
L9 BitpoBe HaBaHTa)KCHHS B3IOBXK OCi X B3IOBX CIOPYIH.

OCHOBHi BICHOBKH, AKi OTPUMaHi Ha IiJICTaBi BHKOHAHUX PO3PAaXyHKIB.
KoHCTpyKTHBHA cXeMa CIIOpYZAH, sKa 3aKIafeHa y IPOEKTI He Ja€ MOXKIIUBOCTI
OCTaTOYHO BH3HAYUTHCh 3 PO3PAXyHKOBOIO KOMII'IOTEPHOIO MOJICIUII0, TOMY
PO3IIISIAETHCS TPU MOSKIIMBUX BapiaHTH.

ITo Bapianry 1
Koedinientn BukopuctanHs okpemux enemeHTiB apok Cl...C5 3a kpurepiem
CTIMKICTh y IUIONIMHI Jii MOMEHTY IpPH MO3al[CHTPOBOMY CTHUCKY (CTHCHEHHI 3
BUTHHOM) TIEPEBHUILYIOTH JIOITYCTHMI.
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3arajpHi BEpTUKAJIBHI NIEPEMILIICHHS HE NEPEeBUIYIOTh HOPMaTHBHI 3HAYCHHSL.

ITo BapianTy 2
Koeoimientn BukopucTaHHsA okpemux eneMeHTiB apok Cl...C5 3a kputepiem
CTIMKICTD y IUIOMMHI Jii MOMEHTY IpH TO3aIlCHTPOBOMY CTHCKY (CTHCHEHHI 3
BUTHHOM) TIEPEBHLLYIOTh IOITYCTHMI.
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ITo BapianTy 3
KoeiieHTH BUKOPUCTaHHS €JIEMEHTIB apOK HE NMEPEeBUIYIOTh JIOMYCTHMI.

Haii6inpm Omm3pK0r0 1O poboTi AaHOi KOHCTPYKLIi € pillleHHs Kymoia i3
IUIOCKUX JBOIIAPHIPHUX apoK, PO3KPIIUIEHHX 13 IUTONIMHH MepeXpecHUMH
peuritkamu. 3a Takoi pPO3paxyHKOBOI CXEMHM YacTHHA LEHTPAIbHHX apoK Mae
301IbIICH] HAmNpYXEHHs 3a KPUTEPieM CTIHKICTh y IJIOMMHI Jii MOMEHTY HpH
MO3aIleHTPOBOMY CTHUCKaHHI, a THYYKOCTI apoK Yy IUIOIMHI HaHOLIbIIOl
JKOPCTKOCTI NEPEBUIIYIOTh HOPMATHBHY .

VY pO3rIsSHYTHX pO3paxyHKax yci HaBaHTaKEHHS HA apKy IpPHKIAJeHi SK
CHUMETPHUYHI PIBHOMIPHO pO3NOJiyeHi. Po3paxyHKOBIMH € 3ycHIUIs, OTPUMaHi BiJ
HECHMETPUYHHUX CHITOBHX Ta BITPOBHX HABaHTaKEHb.

PimenHst 3'enHaHHS €NEMEHTIB apku Ha OOKOBHX HaKlajkax He 3abesmeuye
HEPO3PI3HICTh KOHCTPYKINii, Mo poOUThH 1i TeoMeTpuyHO 3MiHIOBaHOIO. Hecyda
3IaTHICTh OONTOBHMX 3'€HAHb 3 HABEJCHUMM HAKJIAAKaMH HEIOCTATHA JUIs
CIPUHHSTTS MOMEHTHHUX 3yCHIIb B apKax.
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Y omopHHX By3J7ax apoK BiJCYTHI TOJATKOBI KOHCTPYKTHBHI 3aXO0JH Iepenadi
PO3MIpHUX 3yCHJb. 3a HASBHOCTI TUIBKM aHKEPHHUX OOJNTIB MOXJIMBE 3MHHAHHSI
OeroHy.

Hecyua 3nmaTHICTh €JI€eMEHTIB B’31B MK apKaMH Ta iX KpiIUleHb 3a0e3nedeHa.
Ha nmincraBi HaBejeHMX BHINE BHCHOBKIB 3a pe3ysibTaTaMHd BHKOHaHHX
pO3paxyHKiB ~ HaJaHO  KOHCTPYKTHBHE  pIIIEHHS  [IOAO0  IOCHJICHHS
METAIOKOHCTPYKIIT KapKacy Kymnoiy, sKe 3a0e31e4rniio YMOBU HEPO3PI3HOCTI apoK
Ta Iepefady po3nopy B ONOPHUX By3Jax.

IIpu BciX pO3MIITHYTHX BapiaHTaxX TPaHWYHI TMEPEMIIICHHS BY3JiB KOHCTPYKIIii
KyIIOJIa He NePEeBUILYIOTh HOPMAaTHBHUX 3HAYCHb.

1.JIbH B.1.2-2:2006 «HaBanTaxxenHs Ta BrumBm». K., 2006.

2.]16H B.2.6-198:2014 «Cranesi koHctpykuii. Hopmu npoexryBauus». K., 2014

2. ABH B.1.1-12-2014. «ByzniBHHITBO y celicMiYHUX paioHax Ykpaiam». K., 2014.

3. JIH B.1.2-14:2009. «3araipHi IpHHIMIIH 3a0€3I€YeHHs HaAiHHOCT] Ta KOHCTPYKTHBHOT
6e3nexu OyaiBens, copy[, OyIiBeNbHUX KOHCTPYKIiH Ta ocHOBY. K., 2009.

4. Bapabam M.C., Kip’s3es I1.M., Jlanieako O.1., Pomamnikiza M.A. OCHOBH KOMII FOTEpPHOTO
moaemoBanusa. — HAVY, K., 2018, 216 c.

ASSESSMENT OF THE OPERATIONAL RELIABILITY OF THE STEEL
FRAME FOR TRANSPARENT STRUCTURES OF THE TBILISI
SHOPPING CENTER AT A.TVALCHRELIDZE STREET, 2

In order to assess the operational reliability of the designed dome of the shopping

center building, calculations were carried out using a computational computer
model generated in the SCAD Office 21.1 PC.
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YK 624.074
BIIJIUB (I)YHKUHIOHAJII)HO-I‘PAI[I€HTHOFO HOKPUTTA
HA CTIMKICTb HETOHKHUX AHI3OTPOITHUX
OUJITHAPUYHUX OBOJOHOK ITPU BOKOBOMY TUCKY
Tpau B.M., a.1.H., npo¢., Xopy:xuit M.M., K.T.H., 101L.,
HamionansHuil yHiBepCcUTET BOJHOTO FOCHOAAPCTBA Ta IPUPOIOKOPUCTYBaHHA, M. PiBHE
IMoaBopumii A.B., 1.T.H., npog.,
Warsaw University of Life Sciences, Poland

CyuacHH PO3BHTOK aBiallifHO-KOCMIYHOI TEXHIKH, O€3MUIOTHHUX JIITABHUX i
MiBOJHHUX amapartiB CYHNpPOBOKYETHCS IIOCTIHHMM 3pOCTaHHSAM BHMOT 10 iX
Hecy4oi 3aTHOCTI, )KOPCTKOCTI Ta JOBTOBIYHOCTI IPU OJHOYACHOMY 3MEHIIECHHI
macd. OmHMM 13 e(QEeKTUBHMX KOHCTPYKTHBHUX pIllleHb Ul TaKUX CHUCTEM €
BUKOPUCTAHHS KOMIIO3MUTHHUX OOOJIOHOK OOEpTaHHs, SKi XapaKTCPHU3YIOThCS
BUCOKUMH TIMTOMHMH MIIHICHUMH Ta JKOPCTKICHUMH XapaKTepUCTHUKaMU.
Oco06IMBOrO TOIIMPEHHS HAOYJIH aHI30TPOIHI 0OOJIOHKH, BUTOTOBJICHI METOOM
HAMOTYBAaHHsI, OCKIJIbKM 3MiHa KyTa Opi€HTalil apMyBaJbHHX BOJIOKOH JIO3BOJISIE
[UIECTIPSIMOBAHO 3MIHIOBATH MEXaHIYHI BIIACTHBOCTI KOHCTPYKIII 3aJIe)KHO BiJ
XapakTepy HaBaHTAXKCHHS.

Jnst 000JOHKOBHX KOMIO3UTHHX KOHCTPYKIIH OJHHMM i3 BH3Ha4aJbHUX
TPaHUYHUX CTaHIB € BTpaTa CTIMKOCTI MiA Ai€l0 OOKOBOTO THCKY, IO MOXKE
BUHUKATH 3HAYHO paHille 3a JOCATHEHHS T'paHINYHOI MiHOCTI MaTepiany [1, 2]. ¥V
383Ky 3 IIMM B@XJIHMBUM HANpsSMOM TiJBUINCHHSA e(QEKTUBHOCTI TaKHX
KOHCTPYKLiH € BUKOpHCTaHHS (YHKI[IOHAJIBHO-TpaieHTHUX MatepianiB (PI'M) sk
30BHINIHIX 3aXHCHO-MJCHIIOIOYMX 1IapiB. 3aBAsSKM IUIABHIA 3MiHI  (i3uko-
MEXaHIYHUX XapakTepUCTUK 3a TOBIMHOW OI'M 103BONAIOTH 3MEHIIUTH
KOHIICHTPAI[iI0 MDKIIAPOBHUX HAIPY)KEHB, ITIBUIIUTH >KOPCTKICTh KOHCTPYKIIi Ta
TOKpAIUTH il omip BTpaTi criiikocti [3-5].

Boanouac 3aCTOCYBaHHSA (YHKI[IOHAJIBHO-TPa/IiEHTHUX MOKPHTTIB
CYIIPOBO/IKYETHCSI 301JBLIEHHSIM MacH KOHCTPYKIil, IO € KPUTHYHUM JUIs
aBlallifHO-KOCMIYHMX CHCTEM Ta Oe3MiJIOTHHMX amapaTiB. ToMy akTyaJlbHUM €
BU3HAYECHHS TaKOTO CIHIBBIIHOIIEHHS TOBIIMHHU (DYHKIIOHAIBHO-TPAIIEHTHOTO
mapy Ta 0a30BOi KOMIIO3UTHOI OOOJIOHKH, 3a SIKOro 3a0e3MedyeThcsl HalOimbII
e(eKTUBHE IiIBUILEHHS CTIHKOCT] MPU MiHIMaJIbHOMY HPHUPOCTI MacH.

MeToro poOOTH € TOCIIKSHHSI BIUITUBY BiTHOCHOT TOBIMUHU ()YHKI[IOHAEHO-
TPaliEHTHOTO TOKPUTTS Ha KPUTHYHUH 30BHINIHIN TUCK HETOHKHX aHI30TPOITHUX
MWTHIPUYHAX OOOJOHOK Ta BU3HAYEHHS paIliOHAJIhbHOI TOBIIMHW TOKPHUTTS 32
KpUTEPieEM MacoBOi e(heKTUBHOCTI.

JlocmimkeHHsT BUKOHAHO 13 3aCTOCYBaHHSIM METOAY CKIHYCHHHX E€JIEMEHTIB y
MporpaMHOMY KoMmIuiekci Abaqus Ta aganToBaHOT METOIUKHA PO3PAXYHKY
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CTIMKOCTI HETOHKHX aHI30TPOIHHX OOOJOHOK Ha OCHOBI YTOYHEHOI Teopii
obomoHok THmy Tumomenka—Minmmina [6, 7]. Posrmagamacs HeToHKa
ITiHAPUYHA 000J0HKa NoBXHHOIO L = 1200 MM, pamiycoM cepeanHHOI MOBepXHi
R =600 MM Ta ToBIIHHOO h = 30 MM, 115 sKoi BigHomeHHs h/R = 1/20 BiamoBigae
KJIacy HETOHKUX 000J0HOK (puc. 1). HaBaHTakeHHs 3amaBanocs y BUIIISI
PIBHOMIPHO PO3MOJIJIEHOTO 30BHIIIHBOTO THUCKY.

h CFRP hl"‘GM

W2 | w2
h

Puc. 1. Cxema aHi30TpOIHOT MIIHIPUYHOT OOONIOHKH T1iJ] OOKOBHUM THCKOM

Marepianom 6a30B0i 000n0oHKK TpuitHATO Byriemiactuk T700-12K Carbon
fiber/Epoxy. Sk marepian QyHKI[IOHaJIbHO-TPAIEHTHOTO IMOKPUTTS PO3IJIsanacs
MmetanokepaMmiyHa cuctemMa Al/SiC, mo ckianaetbes 3 alrOMiHIEBOT MaTpuil Ta
KapOiny KpeMHiro. 3MiHa (Hi3UKO-MEXaHIYHUX XapaKTEPUCTHK 32 TOBIIUHOK OI'M-
[rapy OMUCyBanacs JHIMHUM 3aKOHOM po3moainy. s ducensHOI peamizamii
(hyHKIIOHATFHO-TPAlIEHTHUH Map AUCKPETH3YBABCS HA JCCATH KBa3ii30TPOIHHUX
MiAmIapiB 0JHAKOBOT TOBIIWHHU.

Ha mepmomy erami JocmipkeHHS NPOAHATi30BaHO BIUIMB KyTa apMyBaHHS
KOMITO3UTHOT OOOJIOHKM Ha BEJIMYMHY KPUTHYHOTO 30BHIIIHBOTO THCKY.
BcranoBneHo, 1m0 oOpi€HTalis apMyBaJbHUX BOJIOKOH ICTOTHO BIUIMBAa€E Ha
napaMeTpy BTpaTH CTIHKOCTI 00OJIOHKM. 3i 30UIBIICHHSAM KyTa apMyBaHHS
CIIOCTEPIraeThCsl 3POCTAHHS KPUTHYHOTO THCKY, @ MaKCHMaJbHI 3HA4YCHHS IJIs
OaraTomapoBUX CXeM apMyBaHHS JOCATaOThesA mpH Wy =~ 70°. Ilpu npoMy pi3HHIA
MDK MIHIMQJIbHUMH Ta MaKCHUMAJIbHUMH 3HAYEHHSMH KPUTUYHOTO THCKY
CTaHOBUTH Maie YOTUPH pas3u.

[TopiBHSIHHS pe3yJIbTaTiB, OTPUMAHNX METOJOM CKiHYEHHHMX €JIEMEHTIB Ta 3a
aJIalITOBaHOI0 METOIMKOI0 Ha OCHOBI Teopii Tumormenka—MiHTiHA, TIOKa3aj0 ix
J00py Y3rODKeHICTh. MakcuManbHa PO30DKHICTH PE3yNbTaTiB HE IEPEBHUILYE
6,1 %, Mo MATBEPAKYE JOCTOBIPHICTH 3aIIPOMOHOBAHOTO MiIXOAY Ta MOXKIUBICTB
HOro BHKOPUCTaHHS JUIS JOCTI/DKEHHS CKJIAIHUX 0araTrouiapoBUX OOOJIOHKOBHX
KOHCTPYKLiH 13 (yHKIIOHAIbHO-TPaIi€HTHUMH ITOKPUTTSIMH.
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JocmipkeHHs BIUIMBY KUTBKOCTI IIapiB  HaMOTYBAaHHS IIOKAa3aylo, IO
30UIBIICHAS KiMBKOCTI MiAMApiB CIpHse MiABUIECHHIO KPUTUIHOTO 30BHIITHHOTO
THCKY. Lle MOosACHIOEThCS 3MEHIIIEHHSIM MEMOPaHHO-3THHAIBHOTO B3a€MO3B 3Ky Ta
0171 PIBHOMIPHUM HEPEPO3ITIOIIIOM HANIPY>KEHb 3a TOBIIMHOIO KOHCTPYKILIl. s
OararonrapoBux cxeMm apMyBaHHs IpH Ny > 16 mopanbiie 30UIbIIEHHS KilbKOCTI
HiAmapiB MPakTHYHO HE BIUIMBA€ Ha BEJIWYHMHY KPUTHYHOTIO THUCKY, IO CBIAYUTH
npo HaOJIM)KEHHsT KOHCTPYKIIIT 10 KBa3i0JHOPITHOTO OPTOTPOITHOTO MaTepiaiy.

OcHOBHY yBary B pPOOOTI MPHIIICHO JOCHTI[HKCHHIO BIUIUBY BiTHOCHOI
TOBIIUHH (PYHKIIOHATHHO-TpagieHTHOrO mapy hrew/h Ha CTifiKicTh Ta MacoBi
XapaKTepUCTHKH OOOJOHKH. AHaTi3 pe3ylbTaTiB I0Ka3aB, MO0 30LTBIICHHS
ToBIIMHN DPI'M-TIOKpUTTS NPHU3BOAUTH IO CYTTEBOTO IiJBUINCHHS KPUTHYHOTO
30BHIMIHBOTO TUCKY. 30KpeMa, Ipu 3MiHi mapameTpa hrem/h Bix 0 mo 1 kpuTnaaHit
THCK 3poctae Bim 16,5 mo 51,6 MIla. OmHak Take MiABUIICHHS CTIHKOCTI
CYTIPOBOIKYEThCS 3HAYHAM 30UTBIICHHAM MacH KOHCTpYKii — Bixg 209 mo 394 kr.

3 MeTOI OUiHIOBaHHA e(EeKTHBHOCTI BHKOPUCTaHHS (YHKIIOHAJIHHO-
IPaJi€EHTHOTO MOKPHUTTS 3aIPOIIOHOBAHO KOe(dilieHT MacoBO1 e()eKTUBHOCTI, IKUI
BpPAaxOBY€ CIIBBIIHOIIEHHS MIDK TNPHUPOCTOM KPUTHYHOTO HABAHTAKEHHS Ta
MNPUPOCTOM MacH KOHCTPYKUil. 3anpOIOHOBaHUN KPUTEPil JIO3BOJISIE OLIHIOBATH
JOLITbHICTE 3acTocyBaHHs OI'M He juIle 3a MOKa3HUKAMHU MIIIHOCTI YH CTIHKOCTI,
ane il 3 ypaxyBaHHSIM MacOBUX XapaKTepUCTUK KOHCTPYKIIii.

AHani3 OTpUMaHHX pe3yJbTaTiB II0Ka3aB, 10 MAaKCHMalbHE 3HAYECHHS
KoedimieHTa MacoBOi e(EeKTUBHOCTI IOCATAE€ThCS TMPH BITHOCHIH TOBIIHHI
(yHKIiOHANMBHO-TpanieHTHOr0 mapy hrem/h = 0,1. YV 1mpoMy BHIamky MpHpICT
KPUTHUYHOTO 30BHIIIHHOTO THUCKY 3HAYHO BHIIEPEKAE MPHUPICT Mach OOOJIOHKH.
[opanpme 30inpmeHHss ToBmUHN PIM-mapy CynpoBOKYETHCS TOCTYIOBHM
3HIKEHHSAM Koe(ilieHTa MacoBOi €(QEeKTHBHOCTI, OCKUTBKH 30LIBIICHHS MacH
MOYMHAE TIepeBaKaTH HaJl €(heKTOM IIiIBUIIEHHS CTIHKOCTI.

BceranoBieHo, mo HaWOUTBII palliOHaNBHUN Miala3oH BiJHOCHO TOBIIWHU
(hyHKIIOHATBHO-TPAIIEHTHOTO  MOKPUTTA IS JOCHIKYBaHHX  OOOJIOHOK
3HaxoauThCcs B Mexax hrem/h = 0,1-0,3. Came y npomy iHTepBaiti 3a0e3Medy€eThCs
HalOUTbI  e(eKTHBHE CHIBBIJHOMIEHHS MK MiJBUIICHHSIM KPUTHYHOTO
30BHILIHBOTO TUCKY Ta PHUPOCTOM MacH KOHCTPYKIIi.

OtpumaHi pe3ynbTaTH JAOLIJBHO BHKOPUCTOBYBATH IIPU HPOEKTYBAHHI
000JIOHKOBUX KOHCTPYKIIIH aBialliifHO-KOCMIYHOI TEXHIKH, OC3MUTIOTHUX JTIiTaTbHUX
1 IBOJTHUX amapariB, SKi MPAIIOIOTh B YMOBAaX JIii 30BHIITHHOTO OOKOBOTO THUCKY .

[1]. Weaver P. M., Driesen J. R., Roberts P. Anisotropic effects in the compression
buckling of laminated composite cylindrical shells. Composites Science and Technology.
2002. Vol. 62, No. 1. P. 91-105. DOI: https://doi.org/10.1016/S0266-3538(01)00186-5.

[2]. Shen K.-C., Yang Z.-Q., Jiang L.-L., Pan G. Buckling and Post-Buckling
Behavior of Perfect/Perforated Composite Cylindrical Shells under Hydrostatic Pressure.
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EFFECT OF A FUNCTIONALLY GRADED COATING ON THE
BUCKLING OF MODERATELY THICK ANISOTROPIC CYLINDRICAL
SHELLS UNDER EXTERNAL PRESSURE

The paper investigates the buckling of moderately thick anisotropic cylindrical shells
with a functionally graded coating subjected to external pressure. The study is motivated by
the widespread application of composite shell structures in aerospace engineering and
unmanned aerial and underwater vehicles, where high buckling resistance and low structural
weight are critical design requirements.

The objective of the study is to evaluate the influence of the relative thickness of a
functionally graded layer on the critical external pressure of anisotropic shells and to
determine the optimal coating thickness based on a mass-efficiency criterion.

The analysis was performed using the finite element method implemented in Abaqus
combined with an adapted computational approach based on the refined Timoshenko—
Mindlin shell theory. A cylindrical shell made of T700-12K carbon fiber/epoxy composite
with an external Al/SiC functionally graded coating was considered.

The results showed that the fiber winding angle significantly affects the critical
external pressure, with the maximum critical pressure achieved at y =~ 70°. Increasing the
relative thickness of the functionally graded layer leads to a considerable increase in the
critical external pressure but also increases the structural mass. To evaluate the efficiency of
the coating, a mass-efficiency factor relating the increase in critical load to the increase in
shell mass was introduced. The maximum value of this factor was obtained at hrem/h = 0.1.
The optimal relative thickness range of the functionally graded coating was determined as
hrem/h = 0.1-0.3, providing the most efficient balance between stability enhancement and
mass increase.
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YK 624.191: 539.3

BU3HAYEHHSI HAIIPYKEHO-IE®@OPMOBAHOI'O
CTAHY HNIA3EMHUX TYHEJIBHUX CITIOPY /I BIJ A11
BIYHOI'O TUCKY

Tpau B. M., A.T.H., npo¢., IlonBopuuii A. B., 1.T.H., ipo.,
JlitHinekuii B. 1., acmipant
HanionansHuii yHIBEpCUTET BOJHOTO rOCIIONAPCTBA Ta IPUPOTOKOPUCTYBaHH, M. PiBHe

CrtpiMKHH PO3BUTOK TPAHCHOPTHOI Ta IHKCHEPHOI IHPPACTPYKTypH
3yMOBIIOE 1OTpedy y OyIIBHMUTBI MiI3€MHUX TYHEJIbHUX CIIOPY., SIKi
eKCIUTYaTyIOThCS il BIUIMBOM CKJIaJHUX HAaBaHTAXXEHb BiJl IPYHTOBOTO MacHBY,
TPaHCIIOPTHUX IOTOKIB Ta IHIIMX 30BHIMHIX (akTopiB. OIHUM 13 KIIIOYOBUX
YMHHUKIB, [0 BH3HAYA€ HAIINHHICTH 1 JOBrOBIYHICTh TAKUX KOHCTPYKIIH, € Omip
OiYHOMY THCKY IPYHTY, Mif HAi€l0 SKOro (OPMYEThCS CKIaJHUN HAIpPYKEHO-
Je(OpMOBaHHIA CTaH 00OJOHKU TYHEIIIO, 10 MOTPeOye AeTaIbHOTO BUBYCHHS.

biuanii THCK TpyHTY Mae CKJIQJHY MNpHPOAY Ta BKIIOYAE JBI OCHOBHI
CKJIIaOBI — BEPTHKANbHY Ta TOpH3OHTaNbHY [1, 2], AKi BiIpi3HAIOTECA 3a
BEJIMUMHOIO, HANpsIMKOM [l Ta XapakTepoM BIUIMBY Ha KOHCTPYKIIIO.
BeprukanpHa ckiamoBa OOyMOBJIEHa Barol IPYHTOBOTO MacuBY, TOXI SIK
TOPHU30HTAlIbHA BU3HAYA€ThCS yMOBaMH OOKOBOTO DO3IIMPEHHS IPYHTY Ta HOTO
B3aEMOJIIE0 13 TIJ3€MHOI0 CIOpymor. Taka Mdis CKIaJOBHX THCKY, IO
BIJIPI3HSAIOTHCS 32 HAMPSIMKOM, MPU3BOAUTH JO HEPIBHOMIPHOTO PO3MOILTLY
HaMpyKeHb i gedopMariiii y 000I0HII TYHEIIO.

AHaji3 iCHyHYMX WiAXOIB J0 BH3HAYCHHS HANPYyXEHO-Ae()OPMOBAHOIO
crany (HAC) migzeMHHX criopyn mokasye, IO TPaaWIiiHI METOAH, 3aCHOBAHI Ha
KIAaCHYHUX ab0 YTOYHEHHX TEOpiiX pO3pPaxyHKy OOOJIOHOK, HE 3aBXAH
JIO3BOJISIIOTH TIOBHOIO MIPOIO BpaxyBaTH XapakTep poOOTH KOHCTPYKLii Ta
0co0JIMBOCTI po3moiTy iX mapameTpiB HanpykeHo-aedopmoBanoro crany [3, 4].
Bxkazane Mo’ke NPU3BOJWTH JI0 HETOYHOCTEH Yy BH3HAYCHHI HaNpyXeHb Ta
nedopmariii, 1o BIuiMBae Ha Oe3MeKy eKcIulyaraii criopy/a.

Y poboti 3amponoHOBaHO MiaXid, IO 0a3yeTbcs HAa 3acTOCYBaHHI
moiudikanii BapiaumiiiHoro mnpuHuumy Xy — Bacimdy [5] nmo orpumanns
TPUBHMIPHHX CITiBBiIHOIIEHH TE€Opii MpyXHOCTi. BKa3aHi 3a1€KHOCTI 103BOJISIOTH
OLTBII TOYHO omHucaTH PoOOTY MWITIHIAPUYHOT OOOJOHKH TYHEIBHOI KOHCTPYKIIii
mig  giero  OIYHOrO THCKY. 3MEHIIEHHS PO3MIPHOCTI OTPUMaHOi CHUCTEMH
IudepeHIiaTbHuX  PIBHIHL MPOBOJUTHCS TPH  BHUKOPUCTAaHHI  MPOIEIypH
pO3MiIeHHsT 3MIHHMX 13 3aCTOCYBaHHSM aHAJITHUYHOTO MeTomy byOHOoBa —
Tambopkina, a came: BCi KOMITOHCHTH HaIPYKeHO-Ie()OPMOBAHOTO CTaHy
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MIPEICTABISIIOTECS Y BUTIIAAL TOABIHHUX psaniB Dyp’e. [lpu ipoMy B3IOBXK TBipHOL
obomonku pynkuii HAC 3a10BOTBHIIOTE TPAHIIHAM YMOBaM Ha TOPILIX, a TAKOXK
BPAaXOBYETHCS iX MEPIOANIHICTH B KOJOBOMY HampsiMKy. OTprMaHa OIHOBHMipHA
cUCTeMa OJHOPIAHUX JAU(EpPeHLIABHUX pPIBHAHb PO3B’SA3YEThCS YHCEIbHUM
METOJIOM TUCKPETHOI opToroHamizarii [3].

[MpakTiyHe 3HAYECHHS OTPUMAHMX 3 BHKOPUCTAHHSM 3alPOINOHOBAHOTO
MiX0/My pe3yJbTaTiB MOJATae y MOXIMBOCTI X BUKOPHCTAHHS MPU MPOEKTYBaHHI
Ta OYIIBHUITBI MiI3eMHUX TYHEJIbHUX CIIOPY[, IIO CHPUATUME MiJABUILEHHIO IX
HaIIHHOCTI, OE3meKH Ta EePEeKTHBHOCTI EKCIUTyaTalii B YMOBax [ii CKJIAIHHUX
HaBaHTaKCHb. 3aCTOCYBAHHS NMPOCTOPOBOI MOCTAHOBKH 32/1a4i 103BOJISIE OTPUMATH
OimpI TOYHI Ta OOIPYHTOBaHI pPe3yJbTATH, IO JOCTOBIPHIIIEC BigOOPa)karoTh
peanpHy poOOTy KOHCTPYKIIii.

[1]. Zhang, J-L., Schlappal, T., Yuan, Y., Mang, H.A. and Pichler, B. The influence of
interfacial joints on the structural behavior of segmental tunnel rings subjected to ground
pressure. Tunnelling Underground Space Technol. 84 (Feb), 2019: 538-556.

[2]. Young, W.C., Budynas, R.G. Roark’s Formulas for Stress and Strain, vol. 7 McGraw-
Hill, New York, 2002.

[3]. Baxenor B.A. HeminiiiHe nedopMyBaHHs, CTiHKICTh 1 3aKpUTHYHA IOBEIiHKA
aHi3oTponHuX obonoHok: Monorpadis. / baxenos B.A., Cementok M.II., Tpau B.M. K.
Kapagena, 2010. 352 c.

[4]. Tpau B.M. JedhopMmyBaHHsS Ta CTIHKICTh HETOHKHX aHI30TPOIHHX OOOJIOHOK:
Mownorpadis. / Tpaa B.M., [TogBopuwuii A.B., Xopyxwuit M.M. — K.: Kapasena, 2019. 274 c.
[5]. Semenyuk, M.P., Trach, V.M., Podvornyi, A.V. Stress—Strain State of a Thick-Walled
Anisotropic Cylindrical Shell. International Applied Mechanics. 59 (1). 2023.

DETERMINATION OF THE STRESS-STRAIN STATE OF
UNDERGROUND TUNNEL STRUCTURES UNDER THE ACTION OF
LATERAL PRESSURE
The work is devoted to the study of the stress-strain state of underground tunnel structures
under the action of lateral pressure. It is taken into account that the lateral pressure of the
soil includes two main components - vertical and horizontal, which differ in magnitude,
direction of action and nature of the impact on the structure. The vertical component is
determined by the weight of the soil mass, while the horizontal component is determined by
the conditions of the lateral expansion of the soil and its interaction with the underground
structure. The work proposes an approach based on the application of a modification of the
Hu - Wasidzu variational principle to obtain three-dimensional relations of the theory of
elasticity for the calculation of cylindrical shell structures. The specified dependencies allow
a more accurate description of the operation of the cylindrical shell of the tunnel structure
under the action of lateral pressure. The dimensionality of the resulting system of
differential equations is reduced using the procedure for separation of variables using the
analytical method of Bubnov-Galerkin. The resulting one-dimensional system of
homogeneous differential equations is solved numerically by the discrete orthogonalization

method.
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VJIK 539.3

OCOBJIMBOCTI AE®@OPMYBAHHSA CUCTEMUA
EJIEKTPOAIB MI’K IBOMA II’€30EJIEKTPUYHUMMU
MATEPIAJTAMUA

Xoaanen T.B., k. ¢.-m. H., n0u., JIodoga K.B., acnipant

JIHInpOBCHKHMIT HallioHaTIBHUH yHiBepcuTeT iMeHi Onecs ["onuapa, M. [{nimnpo,

Beryn. 3acrocyBaHHS €NEKTPOJIB B €JIEKTPOHHUX IPHUCTPOSIX Bijairpae
KJIFOYOBY POJIb AJIs iX epeKTUBHOTO (DYHKI[IOHYBAaHHS, OCKIJIBKH €JNEKTPHYHI TOJIs
NPUKIANAI0OThCS caMe Yepe3 BHYTpilIHI abo 30BHIMIHI enekTpoan. OcoOiuBo
BOXJIIMBUM € BHKOPHUCTAHHS €JEKTPOAIB Y IO€AHAHHI 3 II €30€IEKTPUYHUMHU
MaTpHIIMH, SIKI MOXXYTh OyTH CTPYKTYPHHMH EJIEMEHTAMHU I €30€JICKTPUIHHX
CEHCOpIB Ta aKTyaropiB. Jly>ke 94acTo eNeKTpOoAH € HabaraTo >KOPCTKIIIMMHU Bix
MaTpHIlb, TOMY 3 METOIO MTOOYJJOBH MaTeMaTHIHOI MO/, HAaHOUIbII MPUHHATHOT
JUISL aHANITUYHOTO JIOCHTI/DKEHHS, IX BBa)KAIOTh aOCOJIOTHO >KOpcTKuMH. lle B
O1NIBIIOCTI BUMAAKIB a/IeKBAaTHO BioOpakae OCHOBHI 0cOONMBOCTI AehOopMyBaHHS
TaKUX KOHCTPYKTHBHHX €JIEMEHTIB.

CyuacHi cepr BUKOPHUCTAHHS I1"€30€JICKTPUYHUX MaTepialiB i BaXKIUBICTH
EJIEKTPOJIIB, 30KpeMa KapOOHOBHX, JIsi CTBOPEHHS €JIEKTPOHHUX IIPUCTPOIB,
npezcTaBieHo B poborti [1]. MeToau AOCTIHKEHHS OIHOPITHUX 11’ €30€ICKTPUIHUX
MarepiaiB 3 TPIL[MHAMH Ta eJIEKTPOJAMH ITPOaHaIi30BaHO B CTaTTi [2].

IlocranoBka Ta MeToA Ppo3B’sA3aHHA 3anavi. PosriasiHemMo cucremy
a0COJIFOTHO YKOPCTKUX ENEKTPOIiB @ < Xy < by, ay, < x; < b, ..., a, < x; < by,
x3 = 0 MK JBOMA HaNMiBHECKIHYEHHUMH KepaMidHIMH IpocTopamMu Xz > 01 x5 <
0. EnexTtpoam MOXyThb MaTH JOBUTBHY [IOBXHHY 1 JIOBUIbHE pO3TalIyBaHHS.
OO6wuaBa HaMiBIPOCTOPH MAIOThH KJIac CHMETPil 6mm i MOJApHU30BaHi y HAIPSAMKY
oci x3 [3]. 3amMkHeHa crcTeMa PiBHAHD I1"€30CTATHKY 34 BiJICYTHOCTI MACOBHX CHX
1 BUTBHUX 3apsilliB y 3aralbHOMY BHITA/IKY OIUCY€ETHCS PIBHAHHAMU [3]:

Oij = Cijri€r — €xijEws Di = ey + XiEis @
‘gij = O.S(Ui‘j + u}"i); Ei = -9, i,j, k,l = 1,3, (2)
N€ U;— KOMIIOHEHTH BEKTOpA MEPEMIIUEHb; O;j, &~ KOMIIOHEHTH TEH30PiB
HampyXeHb Ta nedopmariid; E;— KOMIIOHEHTH BEKTOpa €JIEKTPUIHOTO ToJist;, D; —
KOMITOHEHTH BEKTOpa €JICKTPUIHOI IHIYKIl; ¢ — eJIeKTPUIHUI MOTEHIial, KoMa
O3HaYae MOXIi/HI MO BiANOBITHUM KOOPJNHATHUM 3MIHHHM.

BBa)kaeMo, 110 BCi 30BHIIIHI BIUIMBU HE 3aJI€KATh BiJl KOOPIWHATH X,, TOMY

MO3KHA PO3ILLIATH 3a/1a4dy IWIOCKoi nedopmarii B mwionmsi (X;, x3). To6To MoxkHA
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BRaXatu U, =0, 0,=0, 0,3=0, &,=0, &3=0, E;, =0, D,=0.
’ n . "
Mosnaunmo uepes L = |J ey @k, b) MHOKHHY enekTponis, a wepes L =
(—o0,0)\L. TIIpumycTEMO, IO €JEKTPOXH MOXYTh OyTH EIEeKTPUYHO
3apsDKEHUMHY, 1 CyMapHUI eeKTPUYHUH 3apsij MONEPEevHOro Mepepizy eIeKTpoia
a; < x1 < by, x5 = 0 B wiommHi (X1, x3) mopiBHIOE Doy .
VY po6ori [4] Oy0 OTpUMAHO HACTYITHE TPEACTABICHHS:
uz (%1, 0) = My (xy, 0) + imyyuy (1, 0) = (1) + ¥,F (1), (3)
ne Fj(z) — ¢ynkuii, amamitmyni y Beifft mnommni (x;,X3) 3a BHKIIOUEHHAM
eNEeKTPOMiB. 3 HOTO BUKOPUCTAHHSAM CPOPMYIIbOBaHO 3a1auy Jipixie-Pimana:
F* (1) + ¥ (1) = ugo — mygEqg + imjyugg (=1,3,4) s x; € L', (4)
Ky pO3B’S3aHO AHANITHYHO IPH BIANOBITHHX YMOBaX Ha HECKIHYCHHOCTi. 3
BUKOPHCTaHHAM OTPHMAHOTO PO3B’S3KY 3HAWJCHO aHANITHYHI BUpa3H I
Halpy»KeHb 1 eNEKTPUYHHX 3MILICHb HA TPAaHAX CNCKTPOIB, a TAKOXK IepeMillleHb
Ta EJEeKTPUYHOro MOTEHILialy I03a eJeKTpojamu. s dYHcedbHOI iLmocTpamii
PO3IJITHYTO YacTKOBHH BHUIIQJOK B3aeMO.il Tpbox enekrpouniB. [IpoaHanizoBaHO
BUIAJKK CUJIOBOIO HaBAaHTA)KEHOTO CEPEJHBOTO EJEKTPOoJia Ta ENEeKTPUYHOIO
3apsny Ha HboMy. OTpuMaHo rpadikv 3MiHH HalpyXeHb Ta eJIEeKTPUYHOIO
3MIIEHHS HA BCIX €JICKTPOIaX.
PoGora Bukonana 3a ¢inancoBoi miaTpumku HarioHanssHoro QoHIy

nocrimkens Ykpaiau, rpant Ne 2025.07/0117.

[1]. Parton V. Z., Kudryavtsev B. A.: Electromagnetoelasticity. Gordon and Breach Science Publishers,
New York. 1988. 526 p.

[2]. Sekhar M.S., Veena E., Kumar N.S., Naidu K.S.B., Mallikarjuna A., Basha D.S. A Review on
Piezoelectric Materials and Their Applications. 2023. V. 58, Issue2. 2200130.

[3]. Zhang T.Y., Gao C.F. Fracture behavior of piezoelectric materials. Theor. Appl. Fract. Mech. 2004.
V. 41. P. 339-379. https://doi.org/10.1016/j.tafmec.2003.11.019.

[4]. JTo6oma K.B., Xomanen T.B. BIumMB KOpPCTKOro €neKTpOAa, PO3TAIIOBAHOTO HA MeXi IOALTY
npy)kHOTO GiMatepiany, Ha foro nedopmysanmsi. Mexanika Ta Mmatemariadi Metoqu. 2025. VII/2.
C. 101-115. https://doi.org/10.31650/2618-0650-2025-7-2-101-115.

ON PECULIARITIES OF ELECTRODE SYSTEM DEFORMATION
BETWEEN TWO PIEZOELECTRIC MATERIALS

Plane deformation of two dissimilar piezoelectric half-spaces with a system of rigid
electrodes at the interface is considered. Electrodes can be subjected to a certain load and
an internal electric field and an electric charge can be also specified. Due to the
representation of mechanical and electrical factors through a piecewise-analytical function,
the problem of linear relationship for this function is obtained and analyzed. Due to the
obtained solution, analytical expressions for all electromechanical factors are found. For
numerical illustration, a case of three electrodes is considered. The cases of a mechanically
loaded middle electrode and an electric charge on it are analyzed. The graphs of stresses
and electric displacement on all electrodes are presented.
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VJIK 614.842

BCTAHOBJIEHHS TIAPAMETPIB JJU®Y3Ii BOAU IIPH
3AXUCTI AEPEBUHMU I'' IPO®OBI3YBAJIbBHOIO
CymMimmro

Hanko FO.B., A.1.H., npod., anko O.10., PhD, cr. noc.., nou.

Bbonpapenko O.IL, K.T.H., 1ou., bepanuk O.1O., K.T.H., 101.
KuiBcbknit HanioHa BHUH YHIBepCUTET OyNiBHUITBA i apXiTeKTypH, M. Kuis

JlepeBrHa € OIHMM i3 HAMOUIBII MOMIMPEHHM OYAIBENIBHUM MaTepiajiom,
OCKIJIBKH € TIOHOBJIIOBaHMM OyiBEIbHUM MaTepiajoM Ta Mae 0e3Jliu MO3UTHBHHUX
BiIactuBocTeil. OgHAaK TpW eKCIuTyartamii Mg Jdi€lo atMochepu 3MIHIOETHCS
CTaOUTBHICTh TEOMETPUYHHUX PO3MIPIB Ta CTIHKICTH IO IO YKOJOOJICHHS 1 HAOPsKY,
IO CTIOHYKa€e A0 HEOOXiTHOCTI B IONATKOBiH 0OpoOmi. CuibHA TirpOCKOMIYHICTD
JICPEBUHH 3HAYHO CKOPOUY€E TEPMiH 11 cIyxkO0u.

TakuM YHHOM 3axUCHE OOPOOJEHHS 3HIDKYE YYTJIMBICTH JIEPEBHHH [0
BIUIUBY BOJIOTH Ta OIOJIOTIYHOTO TMIOIIKO/KCHHS Ta pO3IMIHPIOE  cdepy
BUKODHUCTaHHsI OyIiBeNIbHI KOHCTPYKLIT 3 JepeBHMHH. ToMy eKcCIuTyaTaiiiiHa
HaJiHICTh 1 e()eKTHBHICTh JEPEeBHHHU 3aJIeKHUTh BiJ| KJaCy YMOB EKCIUTyaTaril
00’€KTa, a TAKOXK, BiJl SIKOCTI Ta PEaKIiiHOT 3MaTHOCTI 3aXHCHOTO 3ac00y.

3axucT AepeB’sIHNX BUPOOIB HEOOXIAHUIT 1 ISl CHIOPY, SIKI eKCIUTYaTyIOThCs
B PI3HUX TEMIIEPAaTYpPHUX YMOBaX. |HKOJM AJs MiJBUILEHHS PIBHS eKCIUTyaTalil
JIepEeBUHH B YMOBax 3MIiHH TEeMIIEPaTyPHO-BOJIOTICHIX PEXKUMIB
BUKOPHCTOBYIOTHCS BOAOPO3YMHHI KOMIIO3MIII, $Ki JIETKO BHMHBAIOTBCS 3
nepesunu. 11{o mpuBOAUTE 10 MO ’KOJOOJECHHS Ta HAOPSKAHHA KOHCTPYKLIH 1 SIK
HaciJIOK OOMEXEHHS TepMiHy IX eKclulyaramii. 3acTocyBaHHS €KOJIOTI4HO
Oe3reyHNX pEYOBMH Ha OCHOBI cywmimed Macna Ta napadiny noTtpeOye
NPOBEIECHHS JOCII/UKEHb 3 BH3HAUCHHS CTIMKOCTI JI0 YMOB €KCIUTyaTamil
cepenoBuma. OKpiM TOro, mocTae HEOOXiAHICTH BHBUYCHHS MEXaHI3MYy 3aXHUCTy
JIEPEBUHM TaKOIO0 CYMIIIIIIO Big [ii BOJOTH, IO CTa€ HEOOXITHICTIO s
OTpUMaHHS 1H(OpPMAIll PO XapakTep TEOPETHYHHX YSABICHB, SIKi BiIOYBatOTHCS
MIPY eKCIUTyaTallii. o, CyTTEBO OOMEXy€e MacIITa0H i MEPCIIeKTUBH BUKOPUCTaHHS
HaBeJleHnX marepianis [1-5].

ToMy mOCHi/KEHHS, 1[0 HANpaBJICHI HA BU3HAUCHHS MapaMeTpiB Audy3ii
BOJIM IIPY 3aXKCTI IEPEBUHU CYMIIIIIIO Macia i napadiny, € akTyalbHIMH.

VY pesyibrari MOJETIOBaHHS OTPHMaHi PIBHAHHA perpecii Ta noOyaoBaHi
TEpHapHi MOBEPXHI 3MiH BHXIJHOTO IapaMeTpy B 3aJE€XKHOCTI Bi 3MiH (aKTopiB
BapitoBaHHs (puc. 1).

188



Marepianu X1 MixraapogHoi HayKOBO-TeXHIYHOI KOH(pepeHii
AKTYAJIbHI ITPOBJIEMU THXKEHEPHOI MEXAHIKHW 20—22 tpasus 2026 poky

32,04-2,10

81,98-2,04

@1,92-1,98

01,86-1,92

=1,80-1,86

Puc. 1. TepHapHi MOBepXHi 3MiH BUXiTHOTO ITapaMeTpy B 3aJIS)KHOCTI Bifl 3MiH
(akTopiB BapitOBaHHS BUTPATH CyMillIi ipu 00poOiIeHi

PiBHsiHHS perpecii:
Y pospax = 1,877 + 0,008X1 — 0,117X; + 0,123X; X1 + 0,018X; X 2 + 0,073X1X2.(1)

Ha ocHOBI mpoOBeneHOro KOMII'FOTEPHOTO MOJICIIOBAHHS BU3HAYECHO
HalKpalle 3Ha4eHHs OKa3HHKa, 1110 3a0e3euye BUKOHAHHS ITOCTaBIIeHO] 3a/1adi, a
caMe HaliMEHIE 3HA4YeHHsS BOJIONOTJIMHAHHSA JAEPEBUHM, SKE€ OTPUMAHO NpH
BUTpaTi rizpodobdizaTopa 270 r/mM? Ta KiMEKOCTI CKUMUAAPY Y CyMilTi 6;1M3bK0 5%.

ToMy nmociipkeHHS MIOAO BH3HAYCHHS BIACTHUBOCTEH TrinpodobizoBaHiit
JIepeBHHI MPOBOJAWIM y HacTyIHii npomopuii: 72 % omist, 20 % napadin, 5 %
ckunuaap Ta 3 % xnopnapadiH, Ky HaHOCHIM Ha JiepeBHHY (puc. 2). 3araibHa
BUTpaTa rizpodobizaTopa cxnana npubmusuo 270...280 r/m>.

a 6 B
Puc. 2. 3pa3ku as BUNPoOyBaHs HAa IOTJIMHAHHS BOJU JIEPEBUHOIO COCHU:
a — HeoOpoOmeHmit; 6 — 06podrenuit cymimmo rixpododizaTopa Ha OCHOBI JUITHOL
o1ii; B — 00po0ienuii cymimmio rixpodobizaTopa Ha OCHOBI pimakoBoi oii
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[Micns cymiHHS Ta BUTPUMYBaHHS TpOTATOM 12 mi0, 3pa3Ku JEpeBHHHU 3
OTPUMAHUM HOKPUTTSIM BHIIPOOOBYBAJIHCS Ha TOTJIMHAHHS BOJIHL.

Ha puc. 3 HaBenmeHi pe3yibTaTH MOCHIKEHHS IIPOILECY TaIbMyBaHHS
rizpodo6i3aTopoMm Mporecy BOAOIOTINHAHHS 3pa3KiB ICPEBUHU.

3
2,5
= 2

g
2 1,5

&
S

s
< 05
)

1 2 3 4 5 6 7 8 9
Yac eKCcro3uilii, a1io
-— HeOOp O6IeHUH , - HA OCHOBI JIHSIHOT OJIUBH,
E- Ha OCHOBi piNaKOBOT OJIUBU

Puc. 3. Pe3synbraTt BOJONOTTTMHAHHS 3pa3ka Tiapo}ho0i30BaHOi IepeBUHN
MPOTSITOM Yacy €KCIo3uiii roauH: 1 — Buxinuuii; 2 — 2,4; 3 —24; 4 —48; 5 - 72;
6 — 144, 7 -216; 8 - 312; 9 - 480

AHani3 pe3yibTaTiB NPOBEICHUX EKCIEPUMEHTIB OO IOTJIMHAHHS BOIU
JICPEeBHHOIO TIOKa3ye, IO MAaKCHUMAaJbHUH IPUPICT Mach Uil HeoOpoOIeHoro
JiepeB STHOTO 3paska craHoBMB 43,7 %, a mpupicT Macu 3pas3KiB JEpeBHHH, IO
00pobrneHa Tinpodo0i3yBaTFHIMH CyMIlllaMH Ha OCHOBI JIBHSHOT OJii, CTAHOBWB
4,54 %, a Ui cyMinni Ha OCHOBI pirmakoBoi omii — 4,95 %, BiImOBiIHO.

3a METOIAMKOIO 3 YpaxyBaHHSM 3HAueHHS TOBIIMHU IUNBKH 0=0,2 MM
pospaxoBano koe¢inienTn mudysii Bomu uepe3 map rigpodoodizaTopa, a 3a
pIBHSHHSIM KOe(II[IEHT MacolepeHocy Yy JepeBuHi, sika riapodobizoBana,
3HAYEHHS SIKUX IPUBECHO Ha pUC. 4.

1 4
08 -
0,6
0,4 -

0,2 .
0
1 2 3
Tloxa3zHuk: . - mudysist, [} - maconepenoc

3Ha4YeHHS ITOKa3HUKA

Puc. 4. PesynbraTu po3paxyHky KoediuieHta qudy3ii BOAU Ta IHTECHCUBHOCTI
MacoIepeHoCy i/l Yac NOTJIMHAHHS BOAM JIEPEBUHOIO: | — HeoOpoOIIeHa IepeBUHA;
2 — rigpodo0bizoBaHa JepeBUHH CYMIIIIIIO Ha OCHOBI JUISTHOT 0ii; 3 —
rizpodo0izoBaHa JepeBUHHU CyMILIIIIO HA OCHOBI PiMaKoBoi oJIii
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BcraHoBIeHO, 110 3aCTOCYBaHHS MOKPHBY 3 T1podo0i3yBaibHOI CyMilT Ha
MOBEPXHI BUPOOY 3 JIEPEBUHM, 3MEHIIYE y TIoHa ] 12 pasiB mporec audy3ii Boam.
Takuii TOKpWUB y 3HAYHIA Mipi MiABHINYE TEPMIiH eKCIUTyartallii JAepeBUHU Ta
JTO3BOJISIE 3aCTOCOBYBATH ii HA 00 €KTAX 3 MiJBUIICHOI BOJIOTICTHO.

AHaJi3 pe3yabTaTiB CKCICPUMEHTIB 3 TIOTJIHHAHHS BOJHM JCPEBUHOIO TIOKA3YE,
10 MAKCUMATbHHUN MPUPIC MACH Il HEOOPOOIIEHOTO 3pa3Ka IepeBUHH CKIaB 43,7
%, a upupicT Macu 3pasKiB JepeBHHH 00poOneHoi Tinpodo0i3yBasbHUMH
CyMilllaMi HA OCHOBI JIbHSHOI oiii ckiama 4,54 %, 1 mis cyMilni Ha OCHOBI
pinmakoBoi omii — 4,95 % BigmoBigHO. BCTaHOBIEHO, IO 3aCTOCYBAHHS MOKPUTTS 3
rizpododizyBanbHOi CyMilI Ha MOBEpXHI BUPOOY 3 ICPEBUHH YTBOPIOE CTIHKUIt
€NACTUYHUIA 3aXUCHU IIap Ta 3MeHIye npoiiec audy3ii Boau mouaz 12 pasis.

[1]. Y. Tsapko, V. Kyrycyok, A. Tsapko, O. Bondarenko, S. Guzii, Increase of fire
resistance of coating wood with adding mineral fillers, MATEC Web of Conferences, 230
02034 (2018). DOI: 10.1051/matecconf/201823002034.

[2]. Y. Tsapko, A. Tsapko, O. Bondarenko, Research of the efficiency of the fire fighting
roof composition for cane, Materials Science Forum, 968 (2019) 61-67. DOI: 10.
4028/www.scientific.net/MSF.968.61.

[3]. V.D. Nuiiez-Retana, M.A. Gonzalez-Tagle, H. Gonzalez-Rodriguez, M.1. Yaiez-Diaz,
W. Himmelsbach, Prominent wood protection methods, Revista Mexicana de Ciencias
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DETERMINATION OF WATER DIFFUSION PARAMETERS WHEN
PROTECTING WOOD WITH OF HYDROPHOBIZING MIXTURE

The problem of using wood and wood products for building structures is to ensure their
stability and durability during operation within wide limits. Therefore, the object of
research was inhibition of the process of water absorption by pine wood. It was proved that
during the exposure of water to wood, the maximum weight increase for an untreated wood
sample was 43.7%, and the weight increase of wood samples treated with hydrophobizing
mixtures based on linseed oil was 4.54%, and for a mixture based on rapeseed oil — 4.95%,
respectively The mechanisms of the process of water isolation during the transfer of
moisture through the shell have been established, which makes it possible to influence this
process. The obtained dependencies allow us to obtain a change in the dynamics of the
growth of material moisture during exposure to water. It has been established that the
application of a coating made of a hydrophobic mixture on the surface of a wooden product
forms a stable elastic protective layer and reduces the process of water diffusion by more
than 12 times.
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VK 621.396.6

BUKOPUCTAHHA Y MATEMATHUYHOMY
3ABE3IIEYEHHI MEXATPOHHUX MOAYJIIB PYXY
HEPETBOPEHHSA XAPTJII ITPU BIBPOAKYCTHYHOMY
AHAJII3T JUHAMIYHUX PEXKUMIB ACHMHXPOHHHUX
ABUI'YHIB I'YCEHNMYHUX BYAIBEJIbHUX MAIINH

Yosuiok 10.B., YUepeaniuenko ILIL.,
Ocranymenko O. I1., bonpap C.A.

KuiBcekuit HamioHaIpHUH yHIBEPCUTET OYAIBHUNTBA 1 apXiTEKTypH

[IpoBenenuit anami3 BiOpamiii acuHXpoHHHX IBUTYHIB (AJl) TyCeHMYHHX
MaIllMH Y AMHAMIYHUX pexknuMax ix poodoru. Takuii minxia € HOBUM erarnoMm y chepi
JIOCHIIJDKEHHST BIOpOAKyCTHYHHMX MapaMeTpiB eJIEKTPUYHUX MalMH. [CHyrouui
amapar MoJIeJIoBaHHs BiOpawiii mpu po6oti AJl B ycraleHHMX pexuUMax He
JIO3BOJISIE LIJIKOM KOPEKTHO TMPOBOJMTH PO3PaxXyHKH IMHAMIYHHUX pexumiB. o
TaKMX PEXKUMIB BIJHOCATbCS HACTYIHI: pPEBEPC, HECIOJIBaHWI  HaKH]
HaBaHTXXEHHsS Ta iHII. J[MHaMiuHI peXUMH XapakTepHi KOPOTKOTPUBAJICTIO 3
SCKPaBO BUPAKEHUMH ITOYATKOM 1 KiHIIEM, a TaKOX HECIIOJIBAaHWUM ITiABUIIECHHAM
piBHIB BiOpamii Ta mymy. Lli oOcTaBHHH HO3BOJNSIOTH PO3MIANATH TUHAMIYHI
PEXXKUMH Ha OCHOBI TeOpii IMITyJIbCHHUX IIPOLECIB i3 3aCTOCYBaHHSAM BiAIOBIIHOTO
MaTeMaTUYHOTO anapary, sSIKUi BKIIOYa€ i CIIeKTpaIbHI METOAN.

Y nmaHiii po0OTI pO3IITHYTa METOAWKAa PO3PaxXyHKY BiOpPOAKyCTHIHHX
xapakrepuctuk A/l y mpomecax mycky. Jlias po3paxyHKiB OOIpyHTOBaHa M
MIPUIHATAa MOJIENb, IKa 0a3yeThCs Ha MpeacTaBieHHI A/l MEeXaHIYHOIO CHCTEMOIO 3
OJTHUM CTETIEHEeM BITBHOCTI PyXY, fKa 30yIKY€EThCS HETIEPIOAMIHOIO IMITYJIECHOIO
cwitoro. Buxkopucrauns nepersopers @yp’e Ta XapTiii J03BOJIsIE€ BU3SHAYUTH BITJIHMB
KOHCTPYKTUBHUX Ta €JIEKTPOMAarHiTHUX mapameTpiB AJ| Ha BiOpOAKTHBHICTH
OCTAaHHBOTO y MEPEXiTHMUX peXnMax poOOTH i BUPOOWTH peKOMEHIAIii momo iX
BuOOpy. Jlo mux mapamerpiB BiIHOCATbCS aKTHBHI ONOPH OOMOTOK cTaropa i
poTopa, BIAacHI IHAYKTHBHOCTI Ta B3a€MHA IiHIYKTHBHICTH OOMOTOK craTtopa u
poTOpa, MOMEHT iHepLii Mac, 0 00epPTAIOTHCS, BIACTAHb MiXK aMOPTHU3aTOpaMu i
KyT pO3MIIIEHHS Ormop. 3a JIONOMOrOI0 METO/AIB KJIACHYHOTO BapiaumiiHOTO
YHUCJICHHS BU3HA4YeHI peXUMU (QYHKIIOHYBaHHA AJ] T'yCeHMYHMX MamliuH Yy
nepexiiHuX mnpouecax (MycK, rajlbMyBaHHS, peBepC Ta iH.), KOTpl MIHIMI3ylOTb
HeOakaHi KOJIMBHI Tporiecu (iX XapakTepHUCTHKH), M0 HEMUHYyYe BHHHKAIOTHL HA
eramax BXOJDKCHHS (4M BUXOAY) ai y (3) HOPMAaJbHOTO YCTaJCHOTO PEXUMY
poboTH.
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APPLICATION OF THE HARTLEY TRANSFORM IN THE
MATHEMATICAL MODELING OF MECHATRONIC MOTION
MODULES FOR THE VIBROACOUSTIC ANALYSIS OF DYNAMIC
OPERATING MODES OF ASYNCHRONOUS MOTORS IN TRACKED
CONSTRUCTION MACHINERY

An analysis of the vibrations of asynchronous motors (AMs) in tracked machinery under
dynamic operating conditions has been conducted. This approach represents a new stage in
the study of the vibroacoustic parameters of electric machines. Existing vibration modeling
tools for AMs operating in steady-state modes do not allow for entirely accurate
calculations of dynamic modes. Such modes include the following: reverse operation,
unexpected load surges, and others. Dynamic modes are characterized by short duration
with clearly defined beginnings and ends, as well as unexpected increases in vibration and
noise levels. These circumstances allow dynamic modes to be analyzed based on the theory
of impulse processes using appropriate mathematical tools, which include spectral methods.
This paper presents a methodology for calculating the vibroacoustic characteristics of an
electric motor during startup processes. For the calculations, a model has been developed
and adopted that is based on representing the electric motor as a mechanical system with a
single degree of freedom, excited by a non-periodic impulse force. The use of Fourier and
Hartley transforms allows determining the influence of the motor’s structural and
electromagnetic parameters on its vibration activity during transient operating modes and
developing recommendations for their selection.

These parameters include the active impedances of the stator and rotor windings, the self-
inductances and mutual inductance of the stator and rotor windings, the moment of inertia
of the rotating masses, the distance between the dampers, and the angle of the impedances.
Using methods of classical variational calculus, the operating modes of the traction drive of
tracked vehicles during transient processes (starting, braking, reversing, etc.) have been
determined, which minimize undesirable oscillatory processes (their characteristics) that
inevitably arise during the stages of the AC motor entering (or exiting) normal steady-state
operation.
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YK 621.396.6
METOJIN TUHAMIYHOI ONITUMI3BAIIII KEPOBAHOI'O
PO3I'AJIBMYBAHHSI MEXAHI3MIB IIIHOMY KPAHIB 3
MEXATPOHHUMU CUCTEMAMMU YIIPABJITHHS 1TPHA
CKUJAHHI BAHTAXKIB
Yosuiok 10.B., Uepeaniuenxo ILII.,
Ocranymenxko O.I1., Bonaap C.A.

KuiBcbknit HanioHaIBHUH YHIBEpCUTET OyNiBHUITBA i apXiTEKTYpH

Y mpomecax eKCIUTyaTallii pI3HOMAaHITHHX KpaHIB 3 MEXaTPOHHUMHU
CHCTEeMaMH yNpaBiiHHSA (TYCEHWYHHMX ITHEBMOKOJICHUX Ha CHELiaJbHUX MIaci
AaBTOMOOUIBHOTO  THIy  aBTOMOOUIBHMX  3alli3HUYHMX T4  IHIIKX), 13
BaHTa)K03aXOIUIIOIOYMMH OpraHaMy, a caMe TIpeiiepoM, KIIIMIOBUM 3aXBaToOM
EJIEKTPOMArHiToM KIMH 0abo0l0 a TakoXX NP MIBUAKIM YCTaHOBII BaHTa)Xy Ha
OMopy Mae Micle peXUM poOOTH MEXaHi3My MiHOMY IpU SIKOMY BHHHKAE
MHUTTEBE a00 Mai’ke MHTTEBE 3BUIBHEHHS IIJHATOTO BAaHTAXy B PE3yJbTaTi 4OTO
BUHMKAIOTh HEOaXXaHi KOJMBAaHHS caMOl KpaHOBOI CMCTEMH. Y IMX BUMAJKax KpaH
3a3Ha€ y MOMEHT 3BUIBHEHHS BAaHTaXXy ITOIITOBXIB y OIK NMPOTHBArd, Npu IbOMY
BUHMKAIOTh KOJIMBAHHS Ta 3HAYHI AMHAMIYHI HaBaHTaKCHHS Ha €JIEMEHTH KpaHa
1110 MOJKE TIPU3BECTH JI0 BTPATH HOTO CTIMKOCTI. Y CTaTTi 3aNPOIIOHOBAHUN PEXXUM
pyXy KpaHy 1o 3a0e3ledyeTbCsi MEXaTPOHHOK CHUCTEMOIO  YIPaBIIiHHS
BMOHTOBAHOIO Y HBOTO KOTPa JI03BOJISIE CYTTEBO 3HU3UTH KOS(IIi€HT TUHAMIYHHX
HAaBaHTAXXCHb Ta AaMIUNITY/ly KOJIMBaHb IPH CKHJAHHI BaHTAXy 3a PaxyHOK
KEpyBaHHS MPOLIECOM pO3rajbMyBaHHs TajbMa MeEXaHi3My MiIHOMYy KpaHa,
peryJIlOBaHHS  TEPMIHIB  PO3TaibMyBaHHS  BHKOPHUCTOBYIOYM  CIIELiajibHi
€HEeprocuIoBl KpHUTepii SKOCTI TakKMX pyXiB. Y BKa3aHUX KpHTepisix (irypyroTsb
eeKTUBHI MOMEHTH (CHJ Bard KpaHa, CHJ TNPYXHOCTi, CWJI €Heprii, CHi
YTPUMYIOUMX BiJi CHJIM BarW KpaHa) Ta iX MOXiJHI MO yacy BHIIMX Nopsakis. Kyt
TEKy40T0 HaXWIy KpaHy IpU HOTro HaBaHTa)KeHHI BU3HAYAETHCS 13 BUKOPHUCTAHHIM
JMUHAMIYHOT MOJEJi METOJOM pPIiBHOBAard a HOro 3aKOH 3MIHM Yy 4Yaci KU HOro
MOXIIHUX IO Yacy BUIIUX MOPSAKIB MiHIMI3YEThCS 3TIHO METOJIB KIACHYHOTO
BapialiiHOTO YMCIEHHS (i3 3aCTOCYBaHHSM METONYy CIUIAHH-(QYHKIIH 1O 4acy)
INPOTSATOM caM€ TepMiHy TalbMyBaHHS KpaHy. Y pe3ysibTaTi MHpomec 3MiHU
MOJIOKEHHSI CaMOro KpaHy IPHU TaKOMY KEpOBaHOMY CKHJIAHHIO BaHTaXy MOXeE
Oyt ©Oe3 BHHHMKHCHHS JWHAMIYHOTO HAaBAaHTAXEHHS Ta KOJWBAaHb IIPH
3aCTOCYBaHHI BiJMOBIIHUX TIPUCTPOIB MEXaHIYHOT CHUCTEMH YIIPABJIIHHS IS
raciHHd KOJMBaHb BaHTAXOMIIHOMHOTO KpaHa. BuKOpHCTaHHS  MeTOdy
BIpTyallbHUX IepeMillleHb PIBHOCTI pOOIT CHJI YTPUMYIOUMX 1 HEPEKHIA0uMX
JI03BOJISIE BCTAHOBUTH PETYJILOBAHMH TEPMiH PO3raJIbMyBaHHS MEXaHI3My HixHoMYy
KpaHa ITpY CKMJaHHI BaHTaXYy 3a PI3HUX 3HAYCHb MAaCH KpaHa Ta BaHTAXIB.
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METHODS FOR THE DYNAMIC OPTIMIZATION OF CONTROLLED
DECELERATION IN CRANE HOISTING MECHANISMS EQUIPPED
WITH MECHATRONIC CONTROL SYSTEMS DURING LOAD
LOWERING

During the operation of various cranes equipped with mechatronic control systems
(crawler-type, pneumatic-wheeled, mounted on special automotive-type chassis, road-rail,
and others), equipped with load-handling devices—namely, a grader, a grapple, an
electromagnet, a wedge, or a block—as well as during rapid placement of the load onto a
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support, the hoisting mechanism operates in a mode where the lifted load is released
instantly or nearly instantly, resulting in undesirable oscillations of the crane system itself.
In these cases, at the moment the load is released, the crane experiences jolts toward the
counterweight, causing oscillations and significant dynamic loads on the crane components,
which can lead to a loss of stability. This article proposes a crane motion mode controlled
by a mechatronic control system integrated into the crane, which significantly reduces the
dynamic load factor and the amplitude of oscillations during load release by controlling the
deceleration process of the crane hoisting mechanism’s brake, and by regulating the
braking release times using special energy-force quality criteria for such movements. These
criteria include effective moments (crane weight forces, elastic forces, energy forces, and
forces counteracting the crane’s weight) and their higher-order time derivatives. The
current tilt angle of the crane under load is determined using a dynamic model via the
equilibrium method, and its time-varying law—along with its higher-order time
derivatives—is minimized according to classical variational calculus methods (using the
time-dependent spline function method) precisely during the crane’s braking period.

As a result, the process of changing the crane’s position during such controlled load release
can occur without dynamic loading or oscillations when appropriate mechanical control
system devices are used to dampen the crane’s oscillations. The use of the virtual
displacement method, based on the equilibrium of the holding and overturning forces,
allows for the establishment of a controllable deceleration time for the crane’s lifting
mechanism during load unloading for various values of the crane’s and loads’ masses.
Keywords: dynamic optimization, lifting crane, braking torque, dynamic control loads,
crane structure vibrations, load drop, variational calculus, time-dependent spline functions.

UDK 624.04
EVALUATING THE BIODEGRADATION OF WOOD-
POLYMER COMPOSITES THROUGH LONGITUDINAL
PHYSICO-MECHANICAL ANALYSIS

Chystiakov Artem, PhD
Department of Materials Engineering and Physics, Faculty of Civil Engineering, Slovak
University of Technology in Bratislava, Bratislava, Slovakia
Department of Mechanical Engineering, Faculty of Technology, Linnaeus University,
Vixjo, Sweden
Kirichenko Daria, PhD
Department of Building Mechanics, Institute of Civil Engineering, Odessa State Academy
of Civil Engineering, Odessa, Ukraine
Janka Kovacikova, PhD
Department of Mechanical Engineering, Faculty of Technology, Linnaeus University,
Vixjo, Sweden

Wood-based polymer composites (WPC) represent a sustainable class of raw
materials composed of softwood fibres and various polymers, such as polylactic
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acid (PLA), polyurethane, and other fossil-based polymers. Polylactic acid and
lignin, as well as wood fibre, are typically derived from forestry and wood-
processing industry by-products [1]. Due to the natural origin and properties of
their components, PLA-lignin WPCs are biodegradable under specific
environmental conditions.[1]. These characteristic positions these composites as
sustainable alternatives to conventional polymers, potentially reducing the long-
term accumulation of plastics and microplastics. Furthermore, wood-based PLA
composites are suitable for additive manufacturing that includes large-scale AM
applications comparable to traditional WPCs used in the production of furniture
and structural building components.

However, the biodegradation rates of PLA WPCs have not been sufficiently
studied to substantiate claims of absolute sustainability. According to the studies
[2], the biodegradability of polylactic acid is possible under the special temperature
and humidity conditions, which were determined using accelerator methods.
Nevertheless, these properties are insufficient to classify the material as inherently
sustainable, as it is not currently capable of complete decomposition when released
into the natural environment. The addition of wood fibres and lignified cells to the
PLA matrix may improve the biodegradability of the material. Moreover, it is
valuable to access the real-time combustion of the material without using
accelerator methods. Consequently, this study aims to evaluate the decomposition
potential of the wood-based polylactic-acid composite (using the commercially
available composites DuraSense® 3D S50 Flex K and UPM Formi 3D20/19) in a
natural environment in real time without the use of accelerated methods.

The most appropriate method for conducting such an assessment is soil
composting under natural conditions, without exposing samples to any chemical or
physico-mechanical influence to accelerate decomposition. Assessing the
biodegradation of wood and polymers under the natural conditions is most often
carried out by burying samples in open soil or in laboratory conditions, recreating
the effect of a natural environment [3]. The experimental procedure is governed by
the EN ISO 17556:2019 standard [4]. To determine the extent and rate of
biodegradation, the test samples are subjected to periodic evaluation of their
physical-mechanical properties and which are then compared against control
samples.. This comparative approach allows for a conclusion about the progress of
the biodegradation process and an assessment of its rate. Key performance
indicators include changes in mass, dimensions, and density, alongside tensile
strength assessments and microstructural analysis. Within the experiment, wood-
based polylactic-acid composite specimens manufactured using the large-scale
additive manufacturing, measuring 250 % 40 x 4.3 mm (Fig. 1), were produced [5].
For comparative evaluation, in addition to the PLA WPC specimens, similarly
sized wood specimens from pine (Pinus sylvestris L) and specimens on wood fibre
and polyurethane — a potentially non-biodegradable material — were also used. The
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samples were buried in natural forest soil, that had undergone no chemical or
thermal pretreatment, thereby preserving the indigenous microflora and fauna.
The specimens and soil were placed in 30-litre transparent plastic containers to
allow assessing soil moisture and internal processes. Consistent moisture levels
were maintained to support natural biological activity. Basil (Ocimum basilicum)
saplings were planted within each container to serve as bio-indicators of soil
hydration, guiding a precise and appropriate watering regime.

T

Fig. 1. Specimens used for research

As a part of the current experiment, samples are planned to be extracted from
the soil and tested for physical and mechanical properties every three months. It is
planned to determine changes in mass and size, which will allow for the
determination of changes in their density. To characterize the dynamics of
mechanical degradation, tensile strength is evaluated at three-month intervals. For
this purpose, the tensile strength of the control samples was tested at the age of 0
months (before the start of the experiment) and subsequently tested every three
months. To ensure statistical accuracy and mitigate measurement error six samples
were tested in each phase of the test, with the average value then determined.
Additionally, after each three-month stage, the samples are analysed using an
optical and scanning electron microscope to assess changes in pore size
distribution, as well as other microstructural processes. The duration of this
experiment is initially planned for two years; the experiment may be extended if
necessary. Thus, as a result of the experiment, the long-term dynamics of changes
in the mass, size, density, strength and microstructure of PLA WPC samples
subjected to composting will be obtained in increments of 3 months.

[1]. shi K, Liu G, Sun H, Weng Y. Polylactic Acid/Lignin Composites: A Review.
Polymers. 2023; 15(13):2807. https://doi.org/10.3390/polym15132807.

[2]. Ramaux, Johan, Isabelle Ziegler-Devin, Arnaud Besserer, and Cécile Nouvel. 2024. “3D
Printing of Wood Composites: State of the Art and Opportunities.” Polymers.
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[3]. Joanna Barton-Pudlik, Krystyna Czaja, Marek Grzymek, Jacek Lipok. Evaluation of
wood-polyethylene composites biodegradability caused by filamentous fungi. International
Biodeterioration &  Biodegradation, Volume 118, 2017, Pages  10-18.
https://doi.org/10.1016/j.ibiod.2017.01.014.

[4]. EN 1SO 17556:2019. Plastics—Determination of the ultimate aerobic biodegradability
of plastic materials in soil by measuring the oxygen demand in a respirometer or the amount
of carbon dioxide evolved. European Committee for Standardization, Brussels (2019).

[5]. Chystiakov, A., Ziada, O.A.Q., Ahmed, S.A. et al. Experimental Evaluation of
Characteristics in Large-Scale 3D-Printed Structures from Wood-Based Polymer
Composites. Appl Comp Mater 33, 83 (2026). https://doi.org/10.1007/s10443-026-10457-2.

BU3HAYEHHS BIOJIOI'TYHOI'O PO3KJIAAY JEPEBUHHO-
HOJIMEPHUX KOMITIO3UTIB IIJIAXOM OHIHKH 3MIH ®I3UKO-
MEXAHIYHUX XAPAKTEPUCTUK

Lle Oocnidocenns npezenmye aHaniz 0OiON02IMHO20 PO3KAADY OEPEeBUHHO-NOTIMEPHUX
KOMNO3Umis, 30KpeMa mux, wo CKIa0aromuvcs 3 NOANAKMUOHOI KUCIOmMU, JIESHIHY ma
OdepeéHux 60M0KOH. Xoua yi mamepiaru noxoosmv i3 GIOHOGMIOBAHUX Odicepen |
68a0ICAIOMbCsl GIOPOKNAOHUMU 30 NEGHUX YMO8, IXHS PaKMUUHA WEUOKICMb PO3KIAOAHHS 8
NPUPOOHOMY — CEPedOBUWT  3ATUULAEMBCS.  HEOOCMAMHbLO  GUGUEHOI. Y 00CHIONCEeHHT
RIOKpecnoemocst, wo NoaiMepu 3 NOALNAKMUOHOL KUCIOMU 3a36udail  nompe6yions
KOHMPONbOBAHUX MEMNEpamypu ma 801020Cmi 011 epexkmusHoi Oiodecpadayii, wjo
obmedicye  MOJICIUBICMb  g8adicamu  ix abCOMOMHO eKoNoiuHUMU Mamepiaramu. Jlis
supiwenns yici 3a0ayi 3anponoHO8aHO 00620MPUBANIULL eKCNEPUMEHM i3 KOMROCMYSAHHSM
YV IDYHMI 68 NPUPOOHUX YMOBAX I3 BUKOPUCIAHHAM KOMEpYiino2o komnoszumy. Ilepioduuna
OYIHKA (DI3UYHUX, MEXAHIYHUX § MIKDOCIMPYKIMYPHUX 6LACMUBOCHE 00360IUNMb OOCTLOUMU
PO3KIAOAHHs 8 peanbHOMY Haci 6e3 npuckopenux memoois. [lopienanus 3 oepegunoro ma
HeOiopO3KNAOHUMU MAMePIanamu NiOCUTIOE Pe3yTbmamu 00CIIONCEHHSL.

VJIK 539.3
KOHTAKT IIPYKHOTI'O TIUIA 3 ’KOPCTKOIO
MIKPOTEKCTYPOBAHOIO OCHOBOIO 3A BUCOKOI
TEIIJIOITPOBIAHOCTI IHTEP®ENCY

Yymak K.A., K.(p.-M.H., CT.H.C.
InctutyT mexaniku im. C. I1. Tumomenka HAH Ykpaiuu, m. Kuis,

HeiﬂeaﬂbHiCTL TCIJIOBOTO KOHTAKTY CYTTEBO BILJIMBA€ HA TeMnepaTypHi 110JIA

Ta TEPMOHAINPY)XEHUH CTaH T, 110 B3a€EMOAIIOTH. PO3pi3HAIOTH Ba TI'paHW4YHI
BUIAJKK HEIJeaJbHOrO KOHTAKTy CHpsDKEHUX MoBepxoHb [1, 2]: monens
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BHCOKompoBigHoro intepdeticy (HC-type interface) Ta Momens HU3BKOMPOBIAHOTO
inrepdeiicy (LC-type interface), sxa ekBiBasieHTa MOIEMi KOHTaKTHOTO
tepmoortiopy. ITpu mepexoni gepes iHTepdeiic y mepomMy BUNAAKY TeMIeparypa €
HEMepepBHOI0, a HOpMajlbHA KOMIIOHEHTa TEIUIOBOTO IIOTOKY Ma€ po3puB. Y
JpyroMy BUIIaJIKy, HaBIaKH, TEMIIEpAaTypa 3a3Ha€ PO3PUBY, TOII SIK HOpMajbHA
KOMITOHEHTA [TOTOKY 3aJIMIIAETHCSI HENIEPEPBHOIO.

Y 1w mpami  po3mISaeTbes  TEPMONPYKHUM  KOHTAKT — 130TPOIHOTO

HiBIPOCTOPY S, INIOCKA MEXka SIKOTO Mae BHCOKY TTO3IOBXKHIO TEIUIONPOBIAHICTH

k, 3 abCcOMOTHO OPCTKOK i30TEPMIi4HOI OCHOBOK S, (pmc. 1). IMosepxHs

OCHOBH TEKCTYpOBAaHa MEPIOAMYHOK) CHCTEMOK) IIOJIOTUX TYHEJIbHHX BHIMOK
wupran 20 ta rmubuan r(X) (r(X) <<2b, r'(zb+kd)=0, k=0,+1,+2,...).

bavatadbavadiad

q

Puc. 1. Cxema KOHTaKTy Tij

IpyxHe Tino S| NPUTHCKAETHCS IO HEPYXOMOi OCHOBH S, pPIBHOMIPHO

PO3MOAIICHUMH Ha HECKIHYEHHOCTI 3yCHIUIIMH iHTeHCHBHOCTI P . Kpim Toro, B
miBIpocTopi Sq Ha GE3MEXHOCTI 3a[aHO CTAIIOHAPHHUI TEIUIOBUI MOTIK IYCTHHH

Q, CIpAMOBAHUIA B JOJATHOMY HampsMmKy oci Y . [lpumyckaerses, mo B Tim Sy
peaizyeThCsl CTaH IUIOCKOI feopmartii.

BHacmigok MMOYaTKOBOI PEryisIpHOi TEKCTypH MeEXi NPYKHOrO Tina Ha
inTepdelici BMHMKAIOTH IIEPIOAMYHO po3TamoBaHi 3azopu, Bucora h(X) Ta

mupuHa 28 SKMX € HEBiIOMHMH #  3aiexaTh BiJ NPHKJIAJEHOTrO
TEPMOMEXAHIYHOTO  HaBaHTXEHHS. MDKKOHTAKTHI  3a30pH  BBa)KalOThCS
TEIJI0i30JIbOBaHNMH, a 1X IOBEPXHI — BUILHMMH BiJl HaNpyskeHb. be3 oOMexxeHHs
3arajbHOCTI MOKJIaIeMO, 1110 TEMIepaTypa *KOPCTKOT OCHOBH JOPIBHIOE HYIIIO.
Marepian IPY>KHOTO TiNa XapaKTepU3yeThCs KoedilieHTOM
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TEIUIONPOBIAHOCTI A, KOE(DIliEHTOM JiHIHHOrO TEIUIOBOrO PpO3IIMPEHHS O ,
moxaynem lOura E Ta xoedinientom [Myaccona v .

BukopucToByoun MoOjENb BHCOKONPOBIAHOIO 1HTEp(ENCy, KOHTaKTHO-
KpaiioBi ymoBu juis Tina S; wa minii Yy=0 B mexax mepiomy d 3ammumiemo y

BUIJISII:
Ha JUISAHII 3a30py (|X| <a):
oT | &°T(x,0
—}\,E:k%; GW(X,O):O, ny(X,O):o; (1)
3OBHi3a30py(a£|X|£d):
r(x), a<|x<b,
T(x,00=0; o,,(x,00=0, u,(x,0)= 3]

0, b<|x<d.
Tyr T - temmeparypa, Gy, Oyy — KOMIIOHEHTH TEH30pa HamlpyXeHb; Uy —

KOMIIOHEHTa BEKTOpa NepeMillieHb y HapsMKY Oci Y.

3a  jgomomororwd  MeToay  GYHKIiH  MDKKOHTakTHHX  3azopiB  [3],
chopMylIbOBaHy KOHTaKTHY 3aJady 3BEICHO [0 CHHIYJSIPHOTO IHTErpo-
mudepenuiansroro piBHsHHS (CI/IP) 3 sinpom ['inbbepTa BiJHOCHO TemrepaTypu
T(X) =T (x,0) mexi npyxHoro tina

kT"(x)+ J'T(t) cty { (d )}dt— . |x|<a 3)

Ta CHHTYJSPHOTO iHTeraJ'II)HOFO piBasiHasg (CIP) 3 simpom T'inmbOepra BimHOCHO
noxinHoi Bucot 3a3opy h'(X)

jh(t)ctg{”(td X)}dt:R(x)+8[T(x)—TaV]+2Kp, x|<a. @)

Tyt
1 a

b
R(x)z—% j r'(t)ctg{g(t—x)}dt, Ty == | T(t)dt,
—b

-a
K=(1-v?)/E, 8=a(l+v).
[lrixom saminm smimmmx &=tg(nx/d), n=tg(nt/d), oa=tg (na/d) ,
B=tg (ch/ d) tpanchopmyemo CIJIP (3) ta CIP (4) 1o Takoro BUrIIsaY:
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ad ¢ T'(n) e d?> g
kn? o M—§ kn? @(&)

EQMd ReE) + (&)_1943/ 2Kp
g et = g B O

PET"(E)+2ET'(6) +

gl <a; ()

Jc

T n)
2
sdn, @(€) =1+&".
1+n
Po3s’s30x CIZIP (5) otpumano umcioBo merogom kojokaiii [4]. CIP (6)
PO3B’S3aHO AHAIITHYHO, a4 IMMPHUHY 3a30py O, 3HAHAEHO 3 YMOBH IUIABHOTO
3MuKaHHs Oeperis 3a3opy Ha Horo kinmgx (h'(xa) =0).

_Lhrm e L
%&)— j &dnn -loav_n_,';x

Jns imrocTpamii pe3yibTaTiB BBENEMO HACTYIHI O€3pO3MipHI BETUYHHU:
nosepxHeBy Temwronposizmicte K =K /(Ad), ryctury TemmoBoro moToky

J=doq, iurencuBnicth THcKy P=Kp, MakcuMaibHy BHCOTY BHIMOK

=1y /d, niBumpuny Buivox b =b/d, Temmeparypy Mexi npyxHoro Tina

T =a(l+V)T, Bucory sasopie h=h/d, xoopmusary X=x/d. Yucnosi
pospaxynku HaBegeno it p=0.02, g=0.1, k =0.001, 0.01, 0.1, 1.0,
=001, b=04.

Ha prc. 2 306paeH0 PO3MOiT TeMIepaTyps T Ha Mexi mpy»KHOro Tina Sy
Y3I0BX 3a30py JUIA Pi3HUX 3HAU€Hb IMOBEPXHEBOI TEIUIONPOBIIHOCTI k. I'padixu
JIEMOHCTPYIOTh YiTKy 3aKOHOMIpPHICTB: IIO BHILA MOBEPXHEBA TEIUIONPOBIAHICTD,
TO MEHIIHM € TeMIepaTypHe 30ypeHHs. MiHiManbHe 3HAYEHHS TeMIepaTypu T
JIOCSITAETHCS B IIEHTPI 3230y Ta 3MIHIOEThCS HEJIIHIHHO 31 3MiHOIO k.

Brime  noBepxHeBoi  TemtonposigHocTi K Ha  ¢opMy  3azopy
npoimocTpoBaHo Ha puc. 3. [lyHKTHpHa KpuBa BIATIOBiae PO3B’s3Ky 3aaadi 3a

BincytHocTi TerioBoro notoky (§ =0). 3asop Mmae Haiibineury Bucoty h i
mwupuny 2D 3a wmaiimwkuoi mposigrocti (K =0.001). 3i 30inbmenusm K
po3MipH  3a30py 3MCHINYIOTBCS, HAOMIKAIOUUCh OO TPAHMYHOTO BHUIIAAKY

HYJbOBOI'O TCIIOBOI'O IMOTOKY. L[e CBi,H‘II/ITL npo 1€, 1o 3a BHUCOKO1 HOBerHeBO.l.
TeHHOHpOBiHHOCTi BIUIMB TCIUIOBOI'O MOTOKY Ha IIHUPHUHY 3a30PYy CTA€ HEICTOTHUM.
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Puc. 2. Posnonin temnepatyvpi Puc. 3. dopmazasopy

[1]. Benveniste Y. On the decay of end effects in conduction phenomena: A sandwich strip
with imperfect interfaces of low or high conductivity. J. Appl. Phys. 1999. 86, Ne 3.
P. 1273-1279.

[2]. Javili A., Kaessmair S., Steinmann P. General imperfect interfaces. Comput. Methods
Appl. Mech. Eng. 2014. 275. P. 76-97

[3]. Martynyak R., Chumak K. Effect of heat-conductive filler on interface gap on
thermoelastic contact of solids. Int J Heat Mass Transf. 2012. 55, Ne 4. P. 1170-1178.

[4]. Chakrabarti A., Hamsapriye. Numerical solution of a singular integro-differential
equation. ZAMM. 1999. 79, Ne 4. P. 233-241.

CONTACT BETWEEN ELASTIC BODY AND RIGID
MICROTEXTURED BASE IN CASE OF HIGH-CONDUCTING
INTERFACE

The thermoelastic contact between an elastic body and a rigid base in the presence of a
periodic set of thermally insulated interfacial gaps is investigated. The surface of the elastic
half-space has high thermal conductivity. The formulated contact problem is reduced to a
singular integro-differential equation for the surface temperature, which is solved
numerically, and a singular integral equation for the gap height, which is solved
analytically. The effect of the surface conductivity on the temperature distribution, heat
flows, normal contact stresses, and the transformation of the gap is analyzed.
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V]IK 624.04

MPOEKTYBAHHS APOK MIHIMAJIbHOI BATH IO
METOJY TPAHUYHOI PIBHOBATH

Yyumaii C.M., K.T.H., go11., TBapaoBcbkuii 1.0., K.T.H., o011,

Yyumaii O.M., K.T.H., 1011
OnecpKa JiepKaBHA aKajeMis apXiTeKTypH Ta OyaiBHUITBa, M. Ofieca

HeoOximHicTE pO3pOOKH MHUTaHP ONTUMAIBHOTO MPOSKTYBAHHS KOHCTPYKITIH
M0 TPaHUYHOMY CTaHy PIBHOBar#k oOyMOBJIEHA 3allMTaMU 1H)KEHEPHOI MpPaKTHKH,
CTaBUTh 3aJayy CTBOPEHHS e(EeKTHBHUX, EKOHOMIUYHHMX Ta JIETKUX CIOpYI.
3acTocyBaHHS MeToJa TpPaHMYHOI pIBHOBarM B CYKYNHOCTI 3 BHUMOTaMH
ONTHUMI3AIl] SIBJIAETHCS OJHUM 13 NUISXIB pIlICHHS i€l 3aaadi, OCKUIBKH 3a
pPaxyHOK JOCATHYTOrO IpPHU I[bOMY pPalliOHAJHHOTO PO3MOMAIICHHS MaTepialiB i
BUSIBJICHHSI MIIIHOCTI pe3epBiB KOHCTPYKLiH, TIOB’S3aHUX 3 IUIACTUYHUMHU
nedopMamisMi, MOXKJIMBE HAWOUTBHII TOBHE BHKOPHCTAaHHA HECY4ol 3AaTHOCTI
MaTepiamy. B 3anmexHOCTi Bif MiOXOMy ONTHMANIBHUH pe3ylbTaT MOXe OyTH
OTPHMAHO SIK [IUIIXOM IOUIYKY JOLUIBHOCTI PO3TallyBaHHS HABaHTaXXEHb, TOOTO B
(dopMi moBipogHOTO pO3paxyHKy [1], Tak 1 BU3HAYEHHSAM HEOOXITHHUX pPO3MIpiB
KOHCTPYKIi (MPOEKTYBaTbHUI po3paxyHoK) [2,3].

PimeHHs 3agadi ONTUMAJIbHOTO NPOEKTYBAaHHS IO METOLY TIPaHUYHOI
pIBHOBaru apok CUMETPUYHOIO BiJHOCHO IJIOIIMHK apKH MOIEPEYHOr0 MEPETHHY,
HECYYHMX CTaTUYHE HABaHTAXKCHHS B CBOIM IUIomuMHI. PO3paxyHOK BemeThCs MO
HeneopMoBaHiii cxemi 3 ypaxyBaHHSIM IIOBHOTO KOMILJIEKCY BHYTPILIHIX CHIOBHX
¢daxropi (3ruHatoumii MoMeHT M, moB3moBxkHix N Ta momepeunux Q cui).
BuxigHuMHu JaHWUMH SBISIOTHCS MpoiT apku | Ta pisnicTs BimmiTok omop AH,
MOJIOKEHHSI Ta BEJIMYMHU HABAHTA)XEHHs, TUII MOMIEPEYHOr0 MEePEeTUHY (ABOTABD,
KOJIO, 1 T.1.), popMa oci, 110 3a7aeTbcsl PIBHAHHAM 3 TOYHICTIO JIO BapiiOBaHOTO
napaMeTpy |, BiJI BEJIMYMHHU SIKOTO 3aJIeKUTh rabapuTHHH po3Mip apku (cTpina
nigiomy):

p=o(p,n @

Iie, p Ta ¢ — IIOTOYHI KOOPAWHATH TUIOCKOT KPHUBOI.

Bu3HaueHHIO MiUISITAl0Th 3HAYSHHS [L Ta PO3MIPH MOMEPEYHOTO MNEPETHHY,
SKi 3aJOBUTBHATH YMOBH MIIHOCTI Ta MIPUHHATOMY KpPHUTEPil0 ONTHUMAaJIHHOCTI
(MiHIMYM Barvd KOHCTPYKITii).

Braxaroun, mo maTepian apkd OZHOPIAHHN Ta imeanbHO TuracTHUHUH. [Tpu
OJTHOPIZTHOMY Matepiani HalilMeHIa Bara apK{ BIiAINOBiZae MiHIMaJbHOMY 00’emy,
TOMY B TIOJJIBIIOMY PO3IJIIIAEMO 00’ €M apKH
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V= [ Fla. @] Alp,wde (r=12,..,m) @
ne, ar (@) — po3MipH JOBUTBHOTO TOMEPEYHOTO TIEPETHHY 3 KOOPAUHATOIO (,
BHU3HAYAIOYOI0 11 KOMIIOHOBKY;
Fc[ar(e)] — rurorma mepetuHy:
A(, 1) — QyHKIIis, 10 3aJeKUTh BiJi BUOOPY CUCTEMHU KOOPAMHAT (IUIs

2
nonspHuX Koopaunat A(@, p) = \/ [®(p, w)]? + [acbgz,u)] ).

Benunuunu ar(@), 110 BXOISTh B CHiBBimHOIICHHS (2) MOBUHHI 3aI0BUIBHUTH
yMOBaM MIIHOCTI, POJib IKHX B METOJ[i [PAHUYHOI PIBHOBArH BUKOHYE BUPA3:

f[ar((p)'M' N! Q' UT] <0 (3)

IO sIBJIsIE COOOI0 B TPAHUYHOMY CTaHi yMOBY IutacTu4HocTi. Benmnunnu M, Q, N,
mo wmictateess B (3), 3amexaTh BiJ IOJIOKSHHS MEPETUHY Ta BiJ IapaMeTpiB
Ur (G=12,..,k) me, K — cremiHb CTaTHYHOI HEBU3HAYEHOCTI CHCTEMH),
XapaKTepu3ylUul pPIBHOBAXKHE pO3MOAUICHHS BHYTPIIIHIX 3ycmib (CTaTUYHO
MOJKJTUBE TIOJIE):

M =M(p,uy;), N=N(o,uv), Q=0Q(o,1v) (4)

omxke Bupa3 (3) Moxxe OyTH 3alMCaHUi y HACTYITHOMY BHIJISAI:

(o, 1), ar,01) <0 ®)

Skmio cmiBBigHOMIEHHS (5) BUKOHYETHCS B BUJI CYBOPOI PIBHOCTI AJIST BCiX
MEPETHHIB, TO KOHCTPYKLS SIBISIETHCS PIBHO MIITHOIO B TPAaHMYHOMY CTaHi, Hecyda
3/IaTHICTH MaTepialy BHKOPHCTOBYETHCS MOBHICTIO Ta BH3Ha4YeHi mo (5) po3mipu
MIEPETHHIB SBISIOTHCS MiHIMAJILHO MOKJIMBUMH TI0 MIITHOCTI.

Kpim ymoBu wmirmocti (5), Ha posmipu ar(p) MOxyTh OyTH HakmaaeHi
JIOZIATKOBI 0OMEXEHHSsI, HAIPUKIIa/1, KOHCTPYKTHBHOTO XapakKkTepy:

]_‘i(q), a)=0 (i=12..,u) (6)

B Maremarn4HOMY BiJHOLIECHHI NPOEKTYBaHHS apOK MiHIMalbHOI Baru B
BHKJIJICHI} ITOCTAHOBIII TPECTaBIsiE COOOI0 BapialiiHy 3aJa4dy MOmyKy QyHKIIT
ar(p) Ta mapametpiB 1 Ta vj, MiHiMi3youn ¢yHKioHan (2) mpu oomexernsx (5) (i3
CyBOpOIO piBHICTIO) Ta (6). Skmio piBHAHHSA (5) Ta (6) HE TO3BOJIAIOTH BCTAHOBHTH
3B'SI30K MK BU3HAUYEHHMH BEJIMYMHAMHU B SIBHOMY BHIJISII, TO BUKOPHCTOBYETHCS
METO HEeBH3HAYEHHX MHOXHHUKIB.
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BpaxoBytouu, mo migiarerpansua yukuis F(@,u, a,) = F.[a-(p)] A(e,u)
HE 3aNeXduTh Bix noximHux ¢yHKOii &8r, 1 BiamoBimHo, piBHAHHA Efnepa
CIIPOILIYEThCS, OTPUMYEMO HACTYMHY CHCTEMY piBHSHB, PIIICHHS SIKOT Jae
ONTUMAJIbHI 3HAYCHHS XapaKTEPUCTHK, 10 3HAXOSThCS:

aF*

(5, =0
av*

15 =0 0
av*

Aac,

u
Fr = F((p' u, ar) + /101:0(‘/’:.11: Uj!arl O-T) + ZALJ_CL( ar);

i=1
u
Vr=v+ Aolp(‘Pr U, Ujl ar, O-T) + z Aifi( ar) ;
i=1

Ao Ta A; — MHOKHHK Jlarpanxa.
B pesynbTati po3paxyHKy OTpEMAaEMO apKy 3MiHHOTO 1epepisy. Ilpu nbomy
HaBeJIeHE PIllIeHHs] MOXKe OYTH PO3MOBCIO/KEHO HA BUIIA/IOK MTOCTIHHOTO mepepisy.

[1]. Bep6a P.B., Yupac A.A. [ToBepouHast 3a/1a4a pacuera apok Mo COCTOSHUIO NPEEIBHOTO
pasHoBecust. «Liet. mech. rinkinus, JTut. mex. ¢6. «MuHTHCY. BiibHyc, 1969 No2.

[2]. Bepba P.B., Yupac A.A. OnrumaibHOE NPOEKTHPOBAHHE apOK IO MPEAETHLHOMY
pasHoBecuio. «Liet. mech. Rinkinus, JIut. mex. ¢6. «Muntucy. Bunbhyc, 1970 Nel.

[3]. Dctpun M.U. K Teopun onTHMaIbHOTO MPOEKTHPOBAHUS JKECTKO-TUIACTHICCKHIX TLTHT.
HoBrle MeTOABI pacuera CTPOUTENBHBIX KOHCTPYKIHUH, BHII. 2, coopHUK crareit [THUMCK
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DESIGN OF MINIMUM-WEIGHT ARCHES USING THE LIMIT
EQUILIBRIUM METHOD

The need to develop methods for the optimal design of structures based on the limit state
of equilibrium stems from the demands of engineering practice, which calls for the creation
of efficient, economical and lightweight structures. In connection with this, there has arisen
a need to solve the problem of optimal design using the limit equilibrium method for arches
symmetrical about the plane of the arch cross-section, which carry a static load in their
plane. The calculation is carried out using an undeformed model, taking into account the
full range of internal forces (bending moment M, longitudinal forces N and transverse
forces Q).
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V]IK 624.04

PYUHYBAHHSI 3AJII30BETOHHUX EJIEMEHTIB
MNPAMOKYTHOI'O ITIEPEPI3Y IIPU BUT'MHI 3
KPYYEHHAM

Yyumaii C.M., K.T.H. , gou., Uyumaii O.M., K.T.H. , 101l
Opecpka epkaBHA akafeMis apXiTeKTypu Ta OyaiBHUNTBa, M. Oneca

IIpobnema 3MeHIIEHHS BIAcHOI BarW 3ali300€TOHHMX KOHCTPYKLIH CTOITH
nepen OyaiBenbHHKAaM. Bupimryerbes 1 mpoOieMa 3acTOCYBaHHAM MIITHUX
MaTepialiB, JIETKHX 3allOBHIOBAYiB, MPOCTOPOBUX KOHCTPYKIH, a TaKOoX
pPO3pOOKOI0 Ta YTOYHEHHSIM METOJIB pO3paxyHKy, IO MiATBEPIKYIOTHCS
EKCIIePUMEHTAILHUMH JTAHUMH.

Jlo po3poOKu Ta YTOYHEHHS METOMAIB PO3PaxyHKY BIJIHOCSATHCS 3aBJaHHS
EKCIIEPUMEHTAIBHUX Ta TEOPETUUHUX JOCIIKEHb 3113006 TOHHUX €JIEMEHTIB, 110
MPAIIOIOTh HAa CKJIagHI AedopMariii: KOCHH MO3aIlCHTPOBUI CTHUCK, KOCHI BHTHH,
KOCHIl BUTMH 13 Kpy4eHHsM. Taki eJleMEHTH 4acTo 3yCTpIidaloThCsi B INPAKTHII
MPOCKTYBaHHs Ta OyIIBHUIITBA 1 TOMY JOCIIDKCHHSAM iXHBOT POOOTH MPUILISIOCS
1 IPUALISAETHCS BEIMKA yBara.

OnHak crocoOM po3paxyHKy SKi BHKOPHUCTOBYIOTbCS B JaHMH dac LUX
€JIEMEHTIB JyXe Po3'€qHaHi, CIa0d0 MiAKPIIUICHI eKCIIepUMEHTaMH i HEOCTaTHBO
BiTOOpakaloTh AIMCHUI HATIPY>KEHHI CTaH eIeMEHTIB [1] .

B 3a1i300€TOHHMX KOHCTPYKIISIX KPYTIHHS y YMUCTOMY BHIJISAI Maibke He
3yCTpIYaeThCsl, 3aT€ y IMOEJHAHHI 3 BUTMHOM — IyX€ 4acTo. Y TMOpPIBHSHHI 3
BUTMHOM OITp 3aJ11300€TOHHHUX €JIEMEHTIB Kpy4YeHHs iICTOTHO Hipkue. Tomy B psiai
KOHCTPYKIIif, He3Ba)XKal04Md Ha BIJIHOCHO HEBEJMKI MO aOCONIOTHOMY 3HAU€HHIO
KPYTHHX MOMEHTIB, BIUIUB X HEOOXIHO BPaXOBYBAaTH.

ITpuknagamu 3a1i1300€TOHHUX €JIEMEHTIB, 110 BHIIPOOOBYIOTh BUTHH CITIJILHO
3 KpY4YEHHSM, CIIy)KaTb: IIOIJIA, IO 3HAXOAUTHCS IIiJl BIUIMBOM MONEPEYHHX
30BHIIIHIX CWJI, NPUKIANCHUX HA BIJICTaHI BiJ OCi eleMeHTa, Oanka 3
OJTHOCTOPOHHBOIO 3aBaHTA)KEHOIO IIMTOIO Ta iH.

Jocnian nmokasanu, o Npy KpydeHHI 3a1i300€TOHHNH €JIEMEHT B TI0YaTKOBii
cTanii 3aBaHTa)KeHHS, /0 YTBOPEHHsS TPIIIUH, MPALIOE MPYXHO. Y HBOMY
BHHMKAIOTh TOJIOBHI CTHCKAIO4i 1 TOJIOBHI PO3TATYIOYI HANpyTH, CIPSIMOBaHI ITiJ
KyToM 45° mo mo3moBxkHBOI oci. [TosiBa TpimmMH Ta WOTO HAXWJI 3aJ€KHUTh Bif
BEJIMYMHA 1 HANpSMH OCHOBHUX pO3TATYIOUMX HAmpyr. XapakTepHUM €
po3TalryBaHHS TPIIMH IO TBUHTOBHWM JiHisSIM. BHAcHiZOK HEBHCOKOTO OIOpPY
OCTOHY pO3TATYBAHHIO TPINUHH B OCETOHI €JIEMEHTIB, IO CKPYYyIOThCH,
3’ SIBJIAFOTHCSI HA paHHIX CTAIisAX 3aBaHTaxeHHs. [Ticiisq yTBOpEHHS TPIIAH 3YCHILISA
y HanpsiIMKy TOJIOBHUX PO3TATYIOUMX HANpyT, CIpUAMAae apMaTypa, a 3yCHJUII B
HanpsMKy TOJIOBHHX CTHCKalOuuMX Hanpyr — OeToH. PyiiHyBaHHS ejeMeHTa
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HAcTae, KON B PO3TATHYTIH apMmarypi 3'SBISIOTHCS 3HAYHI IUIACTHYHI
MOJJOBXKEHHSA, a CTHUCKAIO4i HAampyrd B TepruepiiHUX YacTHHAX IONEPEIHOTO
nepepisy eeMeHTa I0CITaloTh MEXi MIIIHOCTi OETOHY .

BuruH, mo CcynpoBOMKYETBCS KPYUSHHSM, IpPEICTaBIsiE B 3al1i300€TOHI
SBUILE TyXe ckiaaHe. EneMeHTH NpsMOKYTHOro mnpodiiro, 10 MpamoloTh Ha
BUTHH 3 KPYYEHHsM, eKcliepuMeHTaiIbHo BuBuanu A. A. I'Bo3znes, H. H. Jleccir ,
10. B. Uunenkos Ta iH [2] .

3 eKCHepUMEHTIB, Hecy4a 3JaTHICTh eJIEMEHTa BH3HAYA€ThCS METOJIOM
TPaHWYHOTO DIBHOBArM 3 YPaxyBaHHSAM YTBOPEHHS IPOCTOPOBOi TPIiIIMHH.
PyiiHyBaHHS eneMeHTa BiJOyBa€THCS 3a IIPOCTOPOBUM IIEPEPi3oM; TPH HOTo TpaHi
PO3TATHYTI, a 4yeTBepTa CTUCHYTA. IlepenbadaeTscs, O HA MOMEHT pyWHYBaHHS
HaIpyTH B apMaTypi MOCATAlOTh MeXi IUIMHHOCTI, a OeTOHI CTHCHYTOI 30HHU
MPU3MEHOI MIIMHOCTI. Pe3ynpTaTé OOCHIIKCHP TOKa3aliW, IO 3aJeKHO Bix
CHiBBITHOIICHHS 3HAYE€Hb 3THHANBHOTO M, 1 KpyTHOTO M), MOMEHTIB, a TaKOX
HasBHOCTI momnepedHoi cuwiu Q MOXyTb OyTH pi3HI CXeMHM pyHHYBaHHS, LIO

BIZAPI3HSFOTHCS MOJI0KEHHSIM CTUCHYTOT 30HU [3] :
A's A's A's

a) y 6) B) 3 —

h
h
il

As As As

e - U

Puc.1. 30Hu pyiiHyBaHHS B €JIEMEHTAX MPSMOKYTHOTO Mepepi3y MpH Pi3HUX BUIAX
TIO€/THAHHS KPYTHHX, 3THHAJILHAX MOMEHTIB Ta IONEPEYHNX CHII

1. 3a HasBHOCTI 3rMHAJIBHOTO Ta KPYyTHOTO MOMEHTIB PYIHYyBaHHS e€JIeMEeHTa
BiANIOBila€ cxeMi, HaBeJeHild Ha puc. 1, a. TpimuHa y po3ropTii yTBOpIOE NpsAMy
JiHI0. YMOBa MIIHOCTI Tepepidy 3amucyeThes i3 CIIIBBiJIHOLIEHHS MOMEHTIB
30BHIIIHIX Ta BHYTPIMIHIX CHJI BITHOCHO OCi, 110 MIPOXOJUTH Yepe3 LEHTP TSHKKOCTI
CTUCHYTOI 30HH.

2. XapaktepHa cxema pyiHHYBaHHs y pasi Jii MOMEHTY, IO KPYTHTb, I
MOTIEPEYHO] CHJIH, IIPH BIACYTHOCTI a00 TpM HE3HAYHOMY 3THHAJIBHOMY MOMEHTI,
nmpencraBieHa Ha puc. 1, 6. Ha omuiit i3 OiyHMX TpaHed elneMeHTa BHACIIIOK
TUTMHHOCTI apMaTypH XOMYTIiB PO3KPUBAIOTHCS TIOXWIII TPIIIUHH.

B ymoBax milHOCTI nepepisy npu BU3HaYCHHI MOMEHTY BHYTPILIHIX 3YCHJIb
11010 OC, 110 POXOAUTD Yepe3 LEHTP TSHKKOCTI CTUCHEHOI 30HH, KpIiM apMaTypu
BPaXOBYETHCS pOOOTA PO3TATHYTUX T1IIOK XOMYTIB.
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3. Tperiit BapiaHT pyHHYBaHHS MOXIUBHI NpH MaloMy B TOPIBHAHHI 3
KPYTHHM 3THHAIFHIM MOMEHTOM i KOJH BEpXHS apMaTypa, fKa MOTPaIliie B
PO3TATHYTY 30HY, 3HauHO cjiabma 3a HIkHIO (puc. 1, B). Y mpoMy BHUIAnmKy
pyWHaIlis TOYHMHAETHCS 13 BEPXHBOI 30HH.

4,

[1]. Pacuer xene306eTOHHBIX KOHCTPYKLHIH IpH CIOKHBIX Aedopmanusx./ [Tox pea. M.C.
Tposiuka. M., Ctpoituzaart, 1974. 297 c.

[2]. Kenezo6eronnbie koncTpykuuu. O6uwmi Kype./ Mypaes B.U., Curanos 3.1., Baiikos
B.H., I'ocerpoiinzaar, 1962. 659 c.

[3]. XKenesoberonnsie koHcTpykumu / Ilom pen. Iomsaxosa JLIL., Jleicenko E.®. u
Kysznenogra JI.B. K.: Bumia mkona. ['onoBHoe m3naTenscTBo, 1984. 352 c.

[4]. ABH B.2.6-98:2009 "betonHi Ta 3anizobeToHHi KOHCTpYyKUii. OCHOBHI moJjoskeHHs" 31
3miHOI0 Nel.

FAILURE OF REINFORCED CONCRETE ELEMENTS OF
RECTANGULAR SECTION DURING BENDING WITH TORSION

In reinforced concrete structures, torsion in its pure form is almost not found, but in
combination with bending - very often. Compared to bending, the resistance of reinforced
concrete elements to torsion is significantly lower. Therefore, in a number of structures,
despite the relatively small absolute value of torques, their influence must be taken into
account. The work considers possible variants of the destruction of reinforced concrete
elements depending on the ratio of bending, torques and transverse forces acting in the
beam.

YK 621.787

THEORETICAL JUSTIFICATION OF METALLIC SURFACE
HARDENING BY PLASTIC SHOT BLASTING

Shapoval O. O., Dr. of Tech. Sc., Prof., Kulynych V. D., PhD,
Kulynych S. A., PhD student
Kremenchuk Mykhailo Ostrohradskyi National University, Kremenchuk
Savchenko lu., PhD, Assos. Prof.
University of Customs and Finance, VVolodymyr Vernadsky Str., Dnipro

Enhancing the service life and reliability of metallic components operating
under cyclic loading, wear, and aggressive environments remains a critical
challenge in modern mechanical engineering. Surface engineering methods aimed
at inducing compressive residual stresses are among the most effective approaches
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for improving fatigue resistance and structural integrity without altering the bulk
properties of materials. Such methods are widely applied in aerospace, automotive,
and power engineering industries, particularly for components subjected to high
dynamic loads and strict dimensional requirements.

Conventional shot peening techniques, which employ metallic or ceramic
media, are broadly used to improve surface properties. However, these methods
may lead to increased surface roughness and the formation of subsurface defects,
which limits their applicability for thin-walled, precision, and geometrically
sensitive components. In this context, plastic shot blasting represents a promising
alternative due to its reduced aggressiveness and ability to provide controlled
plastic deformation of the surface layer. This approach is particularly relevant for
lightweight structures, precision mechanical systems, and components requiring
high surface integrity.

Surface strengthening by impact-based treatments has been extensively
investigated, with conventional shot peening (SP), ultrasonic impact peening
(UIP), and laser shock peening (LSP) recognized as the most established
techniques for inducing compressive residual stresses and improving fatigue
performance [1]. Numerous studies have demonstrated that these methods enhance
wear resistance, corrosion behavior, and structural durability through grain
refinement and strain hardening mechanisms [2], [3].

Recent developments, including severe shot peening (SSP) and gradient
peening approaches, focus on optimizing process parameters such as impact
intensity, coverage, and shot size to achieve a balance between strengthening
efficiency and surface integrity [4]. In parallel, numerical modeling and simulation
techniques are widely used to predict stress distribution and optimize technological
parameters of the process [4], [5].

However, the vast majority of existing studies are devoted to rigid media
(metallic or ceramic shot), while the use of plastic particles remains relatively
underexplored. Available research is mainly focused on experimental observations
and specific technological solutions [3], [6], whereas the theoretical description of
wave processes, deformation mechanisms, and stress formation in the surface layer
is insufficiently developed.

This gap highlights the necessity of developing a comprehensive theoretical
framework describing the interaction between plastic shot and metallic surfaces
under high-velocity impact conditions, which is essential for further optimization
and industrial implementation of non-abrasive surface hardening methods. The
experimental studies have been carried out to evaluate the impact of plastic particle
on a metallic surface. When a spheroidal plastic particle strikes a metallic surface,
in the initial phase, the determining factors are not fluid flow phenomena, but
rather the compressibility of the material, which leads to a sharp increase in
pressure.
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The maximum dynamic pressure in this case is given by the equation:
P = pOCVO (1)
Po - initial density of the plastic medium; ¢ - initial speed of sound in

the plastic material; V; - impact velocity.
In the case of relatively low-speed impacts, the shock wave propagation
velocity ¢ can approximately be replaced by the speed of sound in an undeformed

medium, co. However, at sufficiently high values, this simplification becomes
inaccurate, and the shock wave's speed must be determined by accounting for
pressure changes and variations in particle velocity within the medium.

Assuming the surface of the solid body is rigid, the deceleration speed of the

particle equals the impact velocity V. The relationship between the pressure jump
at the wavefront, P, and the wave propagation speed becomes more complex and
involves the medium's thermodynamic properties at high pressures.

At very high pressures, the medium's compressibility must be considered due
to decreasing intermolecular distances. The expression for the wave velocity ¢ can
be written as:

c=cy+ AV 2)
Combining equations (1) and (2), we obtain:
v

Where A is a material constant; for synthetic materials, A typically ranges
from 1.4t01.8.

In equations (2. 3), the value V represents the particle velocity at the shock
front and corresponds to the impact velocity only in the case where the solid can be
considered rigid. As noted earlier, the initial stage of spherical particle penetration
into a metal is elastic.

The behavior of the elastic target can be approximately described by
assuming that a flat stress wave arises in the solid, related to the shock of velocity
V,, defined via:

P = p2C2 VZ (4)
where p,and ¢, - density and sound speed in the target material; V; - particle
velocity in the target (metallic surface).

The jump in particle velocity in the plastic particle is determined by V; =
= VO - Vz.

And is related to the shock pressure by the expression:

P=pc(Vo—V;) ®)

Assuming that the shock wave velocity c is determined by a constant sound
speed Cy, substituting V5 into equation (5) yields the well-known expression:
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coVi
P =15 Q
pP2C2
The duration of elevated pressure depends on the size and velocity of the
impacting mass, as well as the shock wave propagation speed in the striker
material. The high-pressure regime persists until a rarefaction wave reaches
the free surface.
Fig. 1 shows the conditions during the impact of a particle against a
solid surface. The velocity of the particle at the moment of impact is assumed
to be perpendicular to the surface of the body.

Fig. 1. Schematic representation of plastic shot penetration into metal.

Comparison of the values of &, calculated for various materials and
velocities (Table 1) with the initial values of &, at which the quasi-stationary
regime begins, shows that they are close in magnitude.

Therefore, when calculating the stress-strain state in the deformation
zone during the impact of a plastic particle, it is necessary to substitute R into
the corresponding expressions, and to begin the calculation from the

penetration stage corresponding to &.
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Table 1

Dependence of &, from M, during impact of a plastic particle on a metallic
surface (numerator - aluminum alloy, denominator - steel)

Particle Material M,
0,3 0,4 0,5 0,6 0,7
Fluoroplastic 0,080 0,102 0,122 0,141 0,157
0,036 0,048 0,058 0,069 0,078
Polyethylene 0,064 0,083 0,100 0,116 0,130
0,028 0,037 0,045 0,053 0,061
Polystyrene fo 0,059 0,076 0,092 0,107 0,121
0,026 0,033 0,041 0,048 0,056
Polyvinyl chloride 0,050 0,065 0,079 0,092 0,105
0,021 0,028 0,034 0,041 0,046

After time z, which is characteristic of the wave process, quasi-stationary
expansion of the particle begins. It is assumed that the substance of the particle
behaves like a viscous incompressible fluid under conditions of high compression.
In this case, the viscous stresses [y = r exceed the yield strength of the particle
material.

For a quasi-static analysis, it is necessary that the braking time of the particle
be greater than the characteristic wave time.

A similar problem was solved in [5] based on the model of a viscous
incompressible fluid and an elastic medium under unidirectional impact pressure
(Fig. 1), corresponding to acceleration or penetration conditions.

Assuming that the external force is distributed over the surface of the particle

according to the law  P(15,0) = poVEf(0), where f(8) =

cos?0<h <=

- and neglecting surface friction, we find the pressure and
OE <6 <n

velocity fields, define the characteristic expansion angles, the size of the non-

destroyed compact zones, and provide estimates of the impact impulse leading to

complete particle breakup. Omitting derivations, we present some final results and

conclusions.

In most regions of the particle, material flows outward. However, on the side
of applied pressure within the particle, there is a compact head zone with inward
material motion. This region is located in the front sector with a central angle 8
(see Fig. 1).

During the destruction process, the compact zone is preserved. The rest of the
substance slides along the generators of this cone, flying outward in accordance
with the theory of viscous spreading and the theory of elasticity.
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The particle completely disintegrates when the radial displacements

t
0

when 0=0, the expression for determining these total displacements is:
AR(Ro,0)|+|AR (R,
0
For A=2, which corresponds to complete disintegration of the particle,
the critical value of specific impulse is /. = 12u,.
Elastic particles, for example, metallic ones or made of brittle plastics
are destroyed at radial deformation A = 1, which correspondsto /. = 6.
For brittle materials, it is also characteristic that the compact zone is
located in the sector 28 = 90°, where maximum tangential stresses are

observed, and the zone at 8 = g contains tensile stresses, which are the

determining factor in the destruction of brittle particles.

In the vicinity of the critical point 8 = 0, pure compressive stress
occurs. This region is the most "resistant”. The maximum particle velocity, if
the condition Py > o leads to viscous flow, is determined by the
expression:

1
vo= L o o (4”) * 1, where p = 2,5 + 5. ®)

" 8pRy p(2)/3 3M,

From this, it follows that the critical velocity at which destruction occurs
upon collision with a solid surface is determined by the degree of deformation
A, and is inversely proportional to the radius and density and directly
proportional to the viscosity of the particle material.

When plastic shot impacts a hard metallic surface, two loading stages
are observed. The first stage, characterized by elevated pressure, ends
practically at the point of elastic penetration. During the second stage, plastic

deformation mainly occurs, and the pressure P = PoVoz is realized, from
which the required velocity can be determined:

Vo = \/pE: )

where P is the deformation pressure of the surface.

Analysis of equations shows that, in order to achieve moderate work
hardening of aerospace materials, impact velocities in the range of hundreds
to thousands of meters per second are required. Achieving such velocities
using existing equipment with pneumatic, centrifugal, or similar drives is not
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feasible. The only suitable option is the use of impulse-based launching methods,
which are characterized by the instantaneous release of energy.

Under unidirectional loading of the particle during acceleration,
conditions similar to those considered earlier for penetration are realized.
When the applied specific impulse exceeds the critical value, fragmentation
also occurs. Therefore, in this case, expression (9) is valid for determining the
critical velocity. Thus, during the acceleration of a single particle, the maximum
achievable velocity under sudden load application is limited by the critical
velocity. When launching multiple particles, collisions between them occur during
the initial acceleration phase, resulting in crumpling, loss of shape, and destruction.

To eliminate these undesirable effects, the gaps between the particles must be
filled with a fluid whose acoustic impedance is close to the acoustic impedance of
the particle material.

When a pressure wave passes through such a two-phase medium, reflection at
the interfaces is minimal and, accordingly, there is no particle disintegration. The
most promising energy sources are explosives and electric discharge.

The conducted studies confirm the effectiveness of plastic shot peening using
high-speed polymer spheres as a promising method for inducing residual
compressive stresses in surface layers of metallic components. This technique
ensures the absence of subsurface tensile stress peaks, which is a significant
advantage over conventional methods. The results also demonstrate the clear
dependence of residual stress levels on the number of impacts and the
characteristics of the shot material.

Additionally, thermal post-processing significantly reduces residual stresses,
which must be taken into account when using this method in combination with
sensor installation or other temperature-sensitive applications. Therefore, to
maintain the induced stress state, it is critical to avoid heat exposure above 100-
120°C unless controlled stress relaxation is intended.

The use of compact pulse-powered systems for shot acceleration makes the
method mobile, scalable, and potentially suitable for application in constrained
environments, such as internal surfaces and hard-to-reach areas of complex parts.
This opens up broad opportunities for integration into manufacturing and
maintenance processes, particularly in aerospace, automotive, and precision
instrumentation industries.

However, to fully validate the reliability and applicability of this method,
further experimental verification is required under a wider range of material types,
geometries, and service conditions. Large-scale field testing in real-world
operational environments is essential to establish performance durability, long-
term effects, and to optimise process parameters for industrial use.
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TEOPETUYHE OBIPYHTYBAHHS 3MIIHEHHSA IOBEPXHI
METAJIIB IIACTUYHUM JPOBOCTPYMUWHHUM
OBPOBJIEHHSIM

Y pobomi nasedeno meopemuune 0OIPYHMYBAHHA 3ACMOCYSAHHA NAACIUYHOO
OpoOOCMPYMUHHO20 00POOIEHHS K Memo0y 3MIYHEHHs. NOBEPXHI MEMAesUx Mamepianis.
Ipoyec b6asyemvca na bazamopasositi yoapHil Oii NIACMUYHUX YACTNUHOK, WO BUKIUKAE
nokanizoeany naacmuuny oegopmayito ma QOpMYBAHHS CMUCKAIOUUX — 3ATUUKOBUX
Hanpyoicenb Y nogepxwesomy wiapi. Ha 6iomiHy 6i0 mpaoduyiiinux Memoois i3
BUKOPUCIAHHAM ~Memaneoeo abo Kepamiunozo Opody, 3acmoCy8anHs NIACTUYHUX
cepedosuwy 3a6e3neuye 6inbu M KUl Xapakmep 63a€mMo0ii, SMEHUYE WOPCMKICTb NOGEPXHI
ma 3anobicac ymeopeHHi0 NiONOBEPXHESUX MIKDOMPIWUH, WO € BANCTUSUM O
TMOHKOCMIHHUX | 2e0MempUYHO Yymaueux eupobie. Haykosa nosusna nonszae y po3poonenni
meopemuynoi mooeni 83acMo0ii NIACMUYHO20 OpOOY 3 MemAanesol0 NOBEPXHEI0 HA OCHOBI
NONI0MNCEeHb KOHMAKMHOI Mexawiku ma meopii Odegopmayii mamepianie. Bcmarnogneno
3AKOHOMIPHOCE PO3NOOITY HANPYICEHb T Oeghopmayill i3 ypaxy8anHam poii OUCIOKAYIUHOT
cmpykmypu 'y opmyeanni smiynenozo wiapy. Busnaueno rniovosi napamempu npoyecy,
30Kpema weuoKicmv I po3Mip YACMUHOK, mEepoicmv Mamepiany ma mpusanicms
06pobnenns. Ilokazano, wo 3anponoHoeanuil Nioxio € eghekmusHuM 3ac000M NiOBUUEHHS
8MOMHOI  MiyHOCMI 0Oe3 NOpPYWEHHA 2e0MempuyHoi moyHocmi Oemaneli ma Mac
nepcneKxmueu NPOMUCI08020 3ACMOCYBAHHSL.
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YK 621.791.76.044.2

MOJIEJIb JTMHAMIYHOI B3AEMO/Ii TPYBHU TA
TPYBHOI PEIIITKHA

IManosan O.0., A.T.H., npo¢., Bakyaenko P.A., k.T.H., 1oL,
Kyzes 1.0O., cT. BUKII.
Kpemenuynpkuit HallioHaTBHHUN YHiBEpcUTeT iMeHI Muxaiina
Octporpancskoro, M. KpemeHuyk
Kyxap B.B., A.T.H., npod.
Texniunnit yriBepcuter Metinpect [TIOJIITEXHIKAY, M. 3anopixoks

3’emHanHs TPYO 13 TPYOHMMH pemIiTKaMH B TEIUNIOOOMIHHUX amapartax €
OITHUM 13 BIiAMOBINANBEHUX BY3MiB, SKHH BIUIMBA€ HA JOBIOBIYHICTH Ta HAIIMHICThH
eKCIUTyaTallii eHepreTUYHOTO Ta XiMiuHoro oOnaxgHaHHs. [ligBUIeHHS HAaOiHOCTI
OCHOBHOTO €IIEMCHTa TEIUIOOOMIHHOTO amapata — TPYOHHX pemIiToK i3
3aKpIIUIEHUMH TPYOaMH € aKTyaJbHOIO NPOOJIEMOI0 y Tally3sX MalMHOOY IyBaHHS,
[I0 OCBOIOIOTH BHPOOHHIITBO TEIUIOOOMIHHHX amapariB. BaJIMBICTh JaHUX
3’eHaHb Ul pobOTH 0bIanHaHHA 0OyMoOBieHa SK ix KinbkicTio Bix 10% no 10%
3’¢[lHaHb B OJHOMY TEIUIOOOMIHHHKY, TaK 1 HECIPHUITIMBOI KOMOIHAIIEIO
TEIJIOBUX Ta MEXaHIYHMX HABaHTa)XEHb BIUIMBOM Y KOPO3IMHHMX CEepelOBHINAX.
Jlani 00CTaBUHU BUCYBalOTh BUCOKI BUMOTH HE TUIBKH 10 BHOOPY MarepiajiB, ajie
W J0 TEXHOJIOTIH BHMIOTOBJICHHSI 3’€IHAHBb ISl JOCSTHEHHS TPUBAIOTO TEPMiHY
CITy>kOU BCBOTO arperary.

AKTyanbHUM THTaHHIM € PO3po0OKa MOJEeNi TWHAMIYHOI B3aemomii TpyOu 3
TpyOHMMHM pemIiTKaMu, BHKOPUCTaHHS SKOi JI03BOJIMTh BH3HA4YaTH OCHOBHI
napaMeTpy NpoLecy KpiluleHHs TpyO Ui HOBOTO crocoOy 3’emHaHHS TpyO i3
TpyOHMMU penriTKamH.

3anpornoHoBaHO MOJIENb IJIOCKOTO HANpY)KEHOr0 CTaHy CHCTeMH Tpyba —
TpyOHa pemriTka, B SKii BCi NPOLECH B3aEMOAIi, 3yMOBICHI pPIBHOMIpHHUM IO
MOBEPXHI TPYOW IMITYJIbCHAM HABAHTKEHHSIM, PO3TIISHYTI B IUIOmMHI (X, V),
HepreH UKy ISIpHiH oci Tpy6u (prc. 1):

P(t)=Pre'/Q, (1)
ne P, — MaKcuMaibHHil THCK Ha (poHTI yxapHoi xBuii, Ila; t — dac, mo

BiJIpaXOBY€ETHCS Bil MOMEHTY MNpuXoAy (PpoHTY ymapHOi XBWII B JaHy TOYKY
CepelloBUINa, C; @ — XapaKTepUCTUIHHN Jac Craay TUCKY B YIapHil XBHII, C.
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JwHamiuHA TIOBEIiHKA [eTaliei, Mo 3 €IHYIOTHCS, OMUCYETHCS CHUCTEMOIO
PIBHSHB: PyXY, HEPO3PHUBHOCTI, CHEPTeTUYHOTO OallaHCy, 3B’S3Ky HANpPYXKEHb 1
nedopmariii 3a BiIMOBITHIX MOYaTKOBUX 1 TPAHUYHUX YMOB.

Puc. 1. Mogens m1ockoro Harpy>k€HOTo CTaHy CHCTEMH — TpyOHa pelriTka

PiBHAHHA pyXy BH3HAYAOTh 3aKOHOMIPHOCTI PyXY TOYOK CHCTEMH 3QJICIKHO
BiJl BHYTPIIIHIX CHJI — HATIPYT:

i i i|* .
LZIXX +—6TXy +Tﬂ = ,Di&’
oX oy y

O]

| 1 I I
Ty +azyy " yy_zﬁ&‘ :piﬁ;
OX oy y ‘
X = Sxx _(pl +q|)' Iyy = SIyy —(pl +q|)' o = Sbo _(pi +qi)’
me i=12 — mosnadae enement cucremu (1 — TpybGa, 2 — jmomka); X,y —

JICKapTOBi a00 MUTIHAPUIHI KOOPAMHATH; lexv 'yy , 2'99 ,T):y — MOBHI HANPYTH

*
(pamianpHa, OCHOBA, MIMPOTHA 1 JOTWUYHA, BIAMOBIAHO), | — MO3HAYAE WICHH, SKi
BIJICYTHI B JIeKapTOBii CHCTeMi KOOpAWHAT, S XX 1 Syy Sgy — KOMIIOHCHTH

JeBiaTopa Hampyr, [, — TiJpoCcTaTHYHUH TUCK Ta INTYYHA B’ A3KiCTb.
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PiBHSHHS HEpO3PMBHOCTI BHCIIOBIIOE YMOBY CYHUTBHOCTI TiT y TMporeci
nedopMyBaHHI

W ok ok R ©)

— =+
v ox oy y

ne V' — enementapuuii 06’ em.
PiBHsHHS eHepreTmyHOTO OamaHcy BimoOpakae 3akoH 30epeKeHHS
MexaHI9HOI eHeprii mpu AegopmyBaHHi TiN y audepeHnianpHii popmi

I§L:_(p‘H-‘l)"&’LV(Sxxggix +5yy &y + S0 +Txy‘&y)’ )

ne B — MexaHiuHa MOTYXHICTh BHYTPIITHIX CHII B €IeMEHTApHOMY 06’ €Mi;
g\& — OTYXKHiCTh HE3BOPOTHOTO PO3CiFOBAHHS (TMCHITALIiT) MEXaHITHOT eHepril.

PiBHAHHS cTaHy BH3HAUYAIOTh CIIBBIOHONICHHS MDK MapaMeTpaMu
nehOpMOBaHOTO CTaHy.

YMoBa IIacTHYHOI Tewii. BUKOPHUCTOBYETHCS KpUTEpid IUIACTHYHOCTI
Miseca: TpH [IOCSATHEHHI TEH30pPOM HAINpyXeHb KPUTEPIiaJbHOTO 3HAUCHHS
JehopMyBaHHS Ha0yBae CyTO IUTACTUYHOTO XapaKTepy

st+55+53 <2 (/O ©)

ne Y0 — mexa mmnHOCTI IPU PO3TATYBAHHI.

1 — 30BHIIIHS TOBEPXHS TPYOH; 2 — 30BHILIHS TIOBEPXHS TPYOHOI peIriTKu
Puc. 2 — KonTakT TpyOH Ta TpyOHOI pelriTKH

YmoBu kKoHTakTy. KoHTaKkT TpyOm Ta TpyOHOI pemritTku (puc. 2) MOXe MaTH
TUMYaCOBUM Ta JIOKAJIbHUN XapakTep.

Po3B’s3aHHA cucTeMH PpIBHSHb BHKOHYEThCS 3a MeTojoM Binkinca. Ilpn
JIICKpeTH3anii BUKOPUCTOBYETHCS IMBEpreHTHa (GopMma MOXiJHMX, MO0 Oa3yeTbes
Ha HACTYITHHUX BHpa3ax

[F (A )ds N [F(R)ds (6)
C oF . C 1
—=lim=—  —=lim~———
OX A0 A y A0 A
ne F — ¢yHKIis KoopauHaT, mo AudepeHIioeTbess; C — Meka o0macti; S —
JOBXKHHA OyTH, i — BEKTOP 30BHIIIHLOT HOPMAII 0 MEXi.
1. 3aBasku aHaIi3y TPOIECY HE3aJNEHKHOTO PyXy TPYOH MOKHA BCTAHOBUTH

MOMEHT, KOJIN BUKOHYETHCS YMOBa 3iTKHEHHS, (DIKCYIOUM BiATIOBiIHI 3HAYCHHS
(yHKIIA TepeMillleHh Ta IIBUIKOCTEH TepeMillieHHs. BU3HAYarOThCS TaKOX
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3HAYCHHS IIBHIKOCTI CIIIJIPHOTO pPyXy TCIs 3ITKHEHHA. 3HA4YCHHS BCIX IHX
mapaMeTpiB BUKOPUCTOBYIOTHCS SIK TIOYATKOBI NP BHUPIMIECHHI PIBHSAHD CHiIBHOTO
pyxy.

2. KoHTakTHWI THCK BpaxoBYBaJIM y pPIBHSHHI chiipHOro pyxy. Tpy0a i
TpyOHI peIIiTKH 3/1iHCHIOIOTh KOJHMBAJIBbHI PyXH 3 pI3HHM IepiogoM i OyBaroTh
MOMEHTH, KOJM KOHTaKTHUH THCK JOpIBHIOE HyNO. TOMy Ul OIIIHKH HaTATy
yCEepeIHIOBANIN 3HAueHHs (YHKUIH NepeMilleHHs Ta KOHTaKTHOTO THCKY B
iHTEepBaJi 4Yacy, 3HAa4HO OUIBIIOMY, HIX MepioJM KOJHMBAaHb JeTaiuei, IIo
3’€THYIOThCSL.

3. Ilpoumemypa 4YHCENbHOTO pO3B’A3aHHA pIBHAHb pyXy HoJsArana B
MOCJIITOBHOMY BH3HAYEHHI, IIOYNHAIOYH 3 IOYaTKOBUX YMOB, 3HAUCHHS IIBUIKOCTI
B YEPrOBOMY BY3Ii, HMOTIM (YHKIIi IMEpeMilIeHHsS B HAMIBIUIOMY, 1 Tak ax IO
3aKiHYEHHS €Taly BUIBHOTO a00 pO3IUIBHOTO pyxy. 3Ha4YeHHA (QyHKIii
nedopmarii B OCTAHHEOMY IIIOMy THM4YacoBoMy By3ii tN BukopucToByBanmues sx
MOYaTKOBI YMOBH JUIsl BUPIILICHHS PIBHSHb PyXY HACTYITHOTO €TaIly.

[1] Surianinov, M., Shyliaiev, O. (2018). Calculation of plate-beam systems by method of
boundary elements. International Journal of Engineering and Technology(UAE). Vol. 7(2).
P. 238-241. DOI: 10.14419/ijet.v7i2.23.11927 V.
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MODEL OF DYNAMIC INTERACTION BETWEEN PIPE AND PIPE
GRID

The article presents a model of the flat stress state of the pipe - pipe grid system, in which
all interaction processes are caused by an impulse load uniform over the surface of the pipe.
The dynamic behavior of the connected parts is described by a system of equations — motion,
continuity, energy balance, and stress-strain coupling under the appropriate initial and
boundary conditions. The equations of state determine the relationship between the
deformed state parameters. The spherical and deviatoric parts of the stress and strain
tensors are considered. To ensure the plastic flow condition Von Mises plasticity criterion is
applied. Artificial viscosity was used to combat the numerical instability of the solution and
simulate viscous flows. Boundary, initial, as well as contact conditions are given. The
system of equations was solved using the Wilkins model. The stages of deformation are
considered, during the free pipe distribution and at the collision moment. The obtained
model allows calculating the flaring parameters based on numerical methods. Two types of
cells were used for modeling, differing in the number of surrounding holes. Using the
division of the pipe fragment in the radial and latitudinal directions, the minimum and
maximum grid models were obtained. The tension estimate was performed by averaging the
values of the displacement and contact pressure functions over a time interval significantly
longer than the oscillation periods when the parts being joined. A procedure for numerical
solving the motion equations was carried out, consisted of sequentially determining, starting
from the initial conditions, the value of the velocity at the next node, then the displacement
function in the half-integer, and so on until the end of the stage of free or separate motion. A
computational process for determining the deformation function and rate of the deformation
function at time nodes using finite-difference expressions was performed.

YK 614.841.33:373.2

YTOUYHEHHS PO3PAXYHKOBHMX ITAPAMETPIB PYXY
JIITEW JOIKLIBHOIO BIKY MIJI YAC EBAKYAIII TPH
TMOKEKI

IToa0oxoB E.E.

HarioHansHui yHIBEpCUTET LIMBIIBHOTO 3aXUCTy YKpainu, M. Yepkacu

3abe3neueHHs eBakyauii fiTedl i3 OyniBesb 3aKiajiiB JOIIKUIBHOI OCBITH €
OJTHUM 13 MUTaHb MOXKEXKHOT Oe3neku Takux 00’ekTiB. OcOOMMBICTE IMX Oy/iBENb
MmoJiira€ B TOMY, IO IIiJ Yac eBakyamii 3HayHa dYacTWHAa o0cid moTpedye
OpraHi30BaHOTO CYNPOBOAY 3 OOKy mopociux. JliTH paHHBOTO Ta JOIIKUILHOTO
BiKy MalOTh pi3HY IIBUAKICTh MEPECYBAHHS, PI3HUH PiBEHh OPraHi30BaHOCTI PyXY,
a TaKOXX Pi3HY peakxilito Ha CUTHAJ OTOBIIIEHHS Ta 3MiHy YMOB TiepeOyBaHHS.

221



Martepianu X1 Mixkaapo1HOT HAYKOBO-TEXHITHOT KOH(EpeHTIii
AKTYAJIbHI ITPOBJIEMU THXXEHEPHOI MEXAHIKH 20—22 tpasus 2026 poky

VY 4MHHUX MiAXoJax IO PO3paxyHKY dacy eBakyallil mapaMeTpH pyxy HiTeH
JOMIKITBHOTO BiKy YacTO 3aCTOCOBYIOTBhCA SIK y3aranbHeHi. BomHodac peansHa
BIKOBa CTPYKTypa TPYI y 3aKIafax JOUIKiITEHOI OCBITH OXOIUTIOE IiTel paHHBOTO,
MOJIO/ILIOTO, CEPEHBOTO Ta CTAPIIOro JOIIKIIEHOTO BIKY.

[MuraHHs MOETIOBaHHS €BaKyallil JItoAei Mpy MOoXKeXi PO3risifaIocs: B HU3LI
HayKoBUX mpamb. Y poboti [1] JocmifkeHO 3acTOCYBaHHS IPOrPaMHOTO
3abe3neuenHs Pathfinder ans MonemoBaHHS eBakyamii Jroled y pasi HOXKEXI.
Takuii miaxix mae 3MOry BpaxoBYBaTH I'eOMETpil0 Oy/iBil, pO3MILIEHHS JIOJEH,
napaMeTpH iXHbOTO pyXy Ta 0COOIMBOCTI (POPMYBaHHS JIIOACHKUX TOTOKIB.

VY mpami [2] po3TISHYTO eBaKyamilo MaJOMOOUTPHHX TPYH HACENCHHS 3
JKUTJIOBUX BHUCOTHHX OYIOWHKIB TIPH MOXEXi. Y MeXax IIbOTO JOCIIHKCHHS
MOKa3aHO MOIUIBHICTh BpaxyBaHHSA (i3MYHMX MOXJIMBOCTEH IIOAEW Imij dYac
BHU3HAYCHHS TpHUBaJoCTi eBakyarii. [TomiOHMit migxin Moke OyTH BUKOPUCTAHHUH i
JUT JiTel JOIIKITFHOTO BiKy, OCKUIBKH iXHI IMapaMeTpH pyXy 3alexkarth BiJ BIKY,
PIBHS CaMOCTIHHOCTI Ta MOTPEOU B CYIIPOBO/II.

OxpeMi JOCHI/PKEHHsSI MPUCBSYCHI CHCTEMaM OIOBIIICHHS Ta OpraHizaii
eBakyamii JiTeii 3 OcOONMBUMH OCBiTHIMH moTpeOamu. Y poborax [3,4]
PO3IIISIHYTO MHUTAHHS YIOCKOHAJICHHS CHCTEMH OIMOBIIICHHS Ta €BaKyarlil miteil 3
MOPYIISHHSIM CIIyXy y 3aKjaJax OCBITH. Y KX Npalsix yBary NpuaijeHo afanTamii
eBaKyalliiHIX 3aX0/iB 10 0COOIMBOCTEH KOHKPETHHUX IPYII JITEH.

Y po6oti [5] posrmsaHyTO cTaH Oe3mekd NUIAXiB eBakyarii. s eBakyamii
JITEH Ie TOB’s3aHO 31 CTAHOM KOPHUIOPIB, CXOJIB, JBEPHHUX IPOPi3iB, HASIBHICTIO
MEPEIIKO, OCBITICHHSAM 1 3pO3YMITICTIO HANpsAMKIB pyXy. Y IochimkeHHi [6]
PO3TIISIHYTO €BaKyallifo iTed MpH MOXKeXi 3 IrpOBUX MaWJaHYUKIB i3 TOBHICTIO
3aKpUTHM YCTAaTKOBaHHAM. Y pOOOTI BpaXxoOBaHO OCOONUBOCTI PyXy miTeH y
MPOCTOPI 31 CKIATHO0 KOH(DIrypariero ta 0OMeXKeHUMH YMOBaMH ITEPEMIIIICHHS.

VY poborti [7] posrisiHyTO 3a6€3meueHHsT Oe3MeKkn eBaKyailii MaJIoMOOITBHIX
TPYH HaceNeHHS 3a JOTIOMOTO0 MOXKEeXKHUX midTiB. [ Temu eBakyamii miTed 11
mpams € AOTUIHOIO, OCKITBKU TaKOX CTOCYETHCSl OpraHizallii mepeMilieHHs ocio,
SIKi MatOTh OOMEXKEHHS 010 MBUIKOTO CAMOCTIHOTO PYXY.

AwHaii3 HaBeJEHMX JOKEped J03BOJSIE BH3HAUUTH JIEKUIbKA IOJIOXKEHb.
MognemroBanHsl eBakyalii MO)K€ BHKOPHUCTOBYBATHCS MJISI OLIHIOBAHHS dacy
BUXOJy JozeH i3 Oynisini. [lapamerpn pyXy AOLUIBHO NMpUAMATH 3 ypaxyBaHHAM
XapaKTEePUCTUK TPYIH JIFOJeH, sKi eBaKyroroThes. st miTell TOMmKIIBHOTO BiKy L€
nependavae qeTanizalliro napamMmerpiB pyxy 3a BIKOBUMH I'PyTIaMH.

Jnst OUiHIOBaHHS BIUIMBY BIKOBHX HapaMeTpiB pyxXy OyJ0 pO3IISHYTO
MOJIeTIb THIIOBOI JBOIIOBEPXOBOI OymiBII 3aKiady NOMIKUIBLHOI OCBITH. Y Mozeli
BpaxoBaHO NUISTXHU €BaKyallii, eBaKyaIiifHi BUXOJH, PyX BHYTPIIIHIMH CXOAaMH Ta
30BHIIIHIMY BigkpuTHMH cxonamu Ty C3. Yac moyaTky pyXy JIEOJCHKHX TIOTOKIB
MIPUIAHATO 3 ypaxyBaHHSAM POOOTH CHCTEMH OTIOBIlIICHHS.
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MopenoBaHHS BHKOHAHO 3a JABOMA CIHEHApIAMH. Y IEPIIOMY BUKOPHCTAHO
y3arajbHEHI HOPMAaTUBHI 3HAUEHHS IS JiTel JOMIKIIBHOTO BiKYy, Y APYTOMY — JJIS
IiTe 2-3 pOKiB NPUHHATO YTOYHEHI MapaMeTpd, OTPHMaHi 3a pe3ylbTaTaMiu
HaTypHHX JOCIIKEeHb, TO1 K JJIs CTapIlOi BIKOBOT IPYIH iX 3aiuIIeHo 0e3 3MiH.

Po3paxyHkn mokaszany, 10 BpaxyBaHHSI BIKOBHX OCOOJMBOCTEH BILIMBaE Ha
TpuBaicTh eBakyauii. [licis mouarky pyxy ii yac 30umbmmBes 3 81 ¢ mo 110 c,
T00TO Ha 35,8 %, a 3aranpHuil mokasHuk — 3 441 ¢ mo 470 c. Ile cBimUUTH, IO
3aCTOCYBaHHSl OJIHAKOBUX HOPMAaTUBHHMX 3HAueHb JUIA BCIX IITEH NOMIKIJIBHOTO
BiKy MOXE 3aHHXXYBaTH PO3PaxyHKOBUI Pe3yNbTar.

Takxum 9UHOM, ITiJ] Yac OI[IHFOBAHHS €BaKyallii i3 3aKJIa/liB JOUIKLUTEHOI OCBITH
JOIIFHO BPAaxOBYBaTH HE JIMIIE 3arajbHI HOPMAaTHBHI IapaMeTpH pyxy AiTed
JNOUIKUTBHOTO BiKy, a ¥ BIIMIHHOCTI MK OKPEeMHMH BIKOBUMH TpyIIaMH.
YTOYHEHHS TOJsra€ B TOMY, IO UIA IiTed 2—3 pOKiB NMPUHAMAIOTBCS OKpeMi
mapaMeTpu pyxy, BiAMIHHI Bifg mapamerpiB miteli 4-6 pOKiB, 3 ypaxXyBaHHSIM
HIDKYOT IIBUIIKOCTI TepecyBaHHsl, OUTBIIOI 3aJI€KHOCTI BiJj CyHPOBOLY ITOPOCIUX
Ta ocobnuBocTel opraHizauii rpynoBoro pyxy. Ha Bimminy Bin mimxomy, e Bei
JUTH JOIIKUIBHOTO BIKY pO3IJISAAIOTHCS SK OJHA KATEeropis, 3amporOHOBAaHUI
miaxig nependavae nudepeHmianiio po3paxyHKOBUX 3HAa4YeHb 3a BIKOM 1 THUIIOM
UUIIXiB  eBakyauii. Pe3ynpTatm MoOJeNnOBaHHsS MOKa3ajM, IO BpaxyBaHHs
YTOYHEHHUX MapameTpiB ajs Jiteit 2—3 pokiB 30UIbllye yac eBakyauii micis
moyatky pyxy 3 81 ¢ mo 110 c, a 3arameHmit yac — 3 441 ¢ mo 470 c. e cBiquuTs,
1110 BUKOPHCTaHHS OJTHAKOBUX HOPMATHBHUX 3HAYEHb JUIS BCIX AITEH JAOMIKIIEHOTO
BiKy MOXe€ 3aHIKYBaTH pO3paxyHKOBHH pe3ynbTar. [loganbii ToCiipKeHHS BapTO
CIpsIMyBaTH Ha TIPOBEICHHA HATYpHUX €KCHEPUMEHTIB JJsl BH3HAUCHHS
IIBUJIKOCTI, IIIJIBHOCTI Ta MPOITYCKHOI 3JaTHOCTI MOTOKIB JiTel 2—3 i 4—6 pokiB Ha
TOPHU3OHTAIBHUX JAUISHKAX, JBEPHHUX TIpopizax, cxomoBux KiiTkax CKI Ta
30BHIMIHIX cxoaax tuiry C3.
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[2]. Maii6opoma P. 1., Orpomr FO. A., Pamkesna H. B., Menexux P. C. (2023).
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231. https://doi.org/10.33042/2522-1809-2023-4-178-219-231 [in Ukrainian].

[3]. lonokoe E. E., PamkeBuu H. B., Maiibopoga P. I, Orpomr 0. A. (2025).
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ocitTn [Improvement of the warning and evacuation system for children with hearing
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REFINEMENT OF CALCULATION PARAMETERS FOR THE
MOVEMENT OF PRESCHOOL CHILDREN DURING FIRE
EVACUATION

The paper considers the refinement of calculation parameters for the movement of preschool
children during fire evacuation. Scientific sources on evacuation modeling and the safety of
movement routes are analyzed. Based on the modeling results, changes in evacuation time
are shown when the movement parameters of children aged 2-3 years are taken into
account. Directions for further full-scale studies are proposed.
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YK 624.012

JABOPATOPHI BUIIPOBYBAHHSA MO/IEJIEN
OBOJIOHOK I3 3AJII3BOBETOHY TA
CTAJIE®IBPOBETOHY

Cyp'sninoB MLT'., A.1.H., npo¢., Heyros C.II., k.T.H., 1011,
Kopneena L.B., k.1.H., 1011.,
Opecpka nepkaBHA akageMis OyIiBHHULITBA Ta apxiTekTypu, Oxmeca, 65029, YkpaiHa,

Humiagpuyaa o0000OHKa SK KOHCTPYKTUBHHM €IEMEHT € BaXXIIUBOIO
CKIIaIOBOK0 CYy4aCHHX IHKEHEPHHX CMOpYyA. Ii epeKTUBHICTh Ta JOBrOBIUHICTH
BU3HAYAIOTHCS HU3KOK (PaKTOPIB, cepell SAKUX KIIOYOBY POJIb BIIIrparOTh HeCcyda
3aTHICTh, Ae()OPMATHBHICT, Ta TPIIIMHOCTIHKICTh. Bimomo, 10 BBeACHHS
JUCTIEPCHOTO apMyBaHHA y OCTOH [O03BOJSIE CYTTEBO IMIABHIIUTH MIIHICTh
KOHCTPYKLI1, 30UIBIINTH 11 OIip, @ TAKOXK 3a0€3MEUNTH B’ A3KICTh pyHHYBaHHS.

VY pobori [1] mnpoBemeHO mNapamMeTpUuYHHMI aHAi3 CTATHYHOI IMOBEIIHKH
JOBTUX IIWUIIHAPHUYHUX TOHKUX OETOHHUX OOOJOHOK ITiJ| i€ BIIACHOI Baru.
Buxopucrano mnporpamy ANSYS 18 MozentoBaHHS BIUIMBY — IPOJIBbOTY,
[EHTPAIBFHOTO KyTa Ta TOBIIMHU. BHSABICHO, MO 301BIICHHS IIEHTPAIBHOTO KyTa
MPU3BOANTE JIO 3POCTaHHS TPOTHHY, a TOBCTIII OOOJOHKH Kpamie MpPOTHHIFOTH
BTpaTi cTiKOCTi. JJOBTi 0OOJOHKH TEMOHCTPYIOTh OUbIIi AedopMaIliii mopiBHIHO
3 KOpOTKUMHU. Pe3ynbraT 100pe y3roKylThCsl 3 MOINEPEIHIMA MOJEISMH, L0
MiATBEPIKYE TOCTOBIPHICTH BUCHOBKIB.

Onucano OyniBHULTBO ToHKOT 00010HKK JCHYPAR 3i cranediopoberony —
CKJICTIIHHSA 3 YOTHPHOX TimepOONiYHMX TMapaboJoifgiB TOBIMKMHOI 6 cM Ta
nponkotoM 35,5 M [2]. V cTaTTi IetanbHO PO3TISTHYTO MPOIECH: BUGIp MaTepiais,
MPOEKTYBAHHS, MOHT&X ONaTyOKH, YKIaJIaHHSI apMaTypH, TOPKPETYBaHHS, AOTJIST
3a O6eTtoHOM Ta posnanyOka. [lokazaHO eEeKTHUBHICTH BHKOPHCTaHHS CTaJICBHX
BOJIOKOH JIJIs1 320€311eUeHHs] MiITHOCTi Ta TPIIIMHOCTIHKOCTI 0OOJIOHKH.

V crarti [3] 3anponoHOBaHO BOJOKOHHO-OPIEHTOBAHWH YHCENBHHHA METOJ
MOJICTIIOBAaHHSI ~ TIPOTPECHBHOTO  PYHHYBAaHHS TOHKOCTIHHMX  IMJIHJIPUYHUX
00ONMOHOK (MeTaleBHX YH KOMIIO3UTHHX) IIiJ] JI€I0 OCHOBOIO CTHUCKY Ta
3rHHAJILHOTO MOMEHTY. MeTo/ BpaxoBYeE JIOKaJbHY PEaklilo KOXKHOT'O BOJIOKHA,
0 J03BOJIsIE €(PEKTUBHO BU3HAYATH TPaHUYHY MIlHICTE 000soHKH. [lokazaHo
MOJKITUBICTh MOJICITIOBAHHS TIEPEPO3TOIUTY HABAHTAKEHHS MK 3pyHHOBaHUMU Ta
MITMMH  eJleMEHTaMH Ha CTHUCKYBaHid CTOpPOHI Ta BpaxyBaHHS IUIACTUIHOTO
pyWHYBaHHSI Ha PO3TATHYTIH CTOPOHI, IO YacTO ITHOPYETHCS Y YUHHUX HOPMaX.
PesynmbTaTit  YHMCENBbHUX ~ €KCIEPUMEHTIB  IMATBEPKYIOTH  aJeKBaTHICTh
3aIpOIIOHOBAHOTO MiAXOMY.
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PosrmsiHyTO 3acTocyBaHHS cTanedibpobeToHy B TOHKHMX o6ononHkax [4].
[IpoBeneHo eKkcmeprMEHTaNbHI BUIPOOYBaHHS 3pa3KiB OOOJOHOK Ha 3THH,
pe3ynbTaTd SKHX HOPIBHAHO 3 TEOPETHYHHMH MOJCTAMH. BcraHoBIeHO, mIo
CTaJeBi BOJIOKHA 3a0€3MEeYyIOTh PO3BHTOK PO3TATYBAJIBHUX HANpPYKEHb 10 BCIH
IMOWHI TPIIIMHK, 3MEHIIYIOTh LIMPHHY TPIIIUH, MiBHILYIOTH IUIACTHYHICTH Ta
IUKJIYHY TPIIMHOCTIMKICTE KOHCTpYKIiH. Pobora miaTBepKye MOLIIBHICTH
BUKOpDHUCTaHHs  cTanediOpoOeToHy it  TOHKMX OOOJOHOK Yy  HpaKTHI
OyIiBHHIITBA.

JocmimkeHo HeiHiiHI BIaCTHBOCTI MaTepialy Ta BMICT CTaJIeBUX BOJIOKOH Y
JIBOIIAPOBIii OeToHHIN 060soHII moBiitHOT KpuBu3HU [5]. Bukopucrano ANSY'S
JUTI MOJCTIOBaHHS OOOJIOHKH po3MmipoM 36x36 M, Ie HWKHIN IIap 3i CTaleBUMH
BOJIOKHAMH B3a€MOJI€ 3 BEPXHIM IIapoM 3BHYaiHOro GeroHy. IlokazaHo, 1o
HaBiTh y HeMiHIMHIA (a3l OeToH 30epirae 3Ha4YHy 34aTHICTH 1m0 Aedopmarii, a
KUTBKICTh BOJIOKOH CYTTEBO BIUIMBA€E Ha HAaNpY)KEHHS Ta NepeMilieHHs. BpaxoBaHo
MOJKJIMBICTh KOB3aHHS MIX IIIapaMH, 1[0 3MiHIO€ pOOOTY KOHCTPYKII.

AHani3 HAyKOBHX JDKEped TMOKasye, IO Y CYYaCHHX JOCIIIKCHHIX
IWIHAPUYHUX OOOJIOHOK — SIK aHANITHYHHMX, TaK 1 EKCIEePUMEHTAIbHUX —
nepeBakae ypara 0 mpoOiemM cTifkocTi. BomHouac ekcriepuMeHTa bHi POOOTH,
NPUCBSYEHI 3aJ11300€TOHHUM Ta cTajieiOpoOeTOHHUM 000JIOHKAM, 3AIUILAITHCS
nooguHokuMHU. CaMe TOMY Liei HalpsiM TOCHIPKeHb MOXKHA BBaXKATH aKTyaJIbHUM
1 IEPCIIEKTUBHUM JJIsl IOAAJIBILOTO PO3BHTKY.

JUIs  eKCIepUMEHTANBHOTO  ITOCTIDKCHHS OyJiM BHTOTOBICHI MOJENi
MITIHAPAYHUX 0OOJIOHOK BiZIMIOBITHO 110 HOPM [6-8]. 3aranom BUIpPoOYBaHO BiciM
000JIOHOK B YOTHPHOX TOBIIMHAX: 45, 50, 55 Ta 60 MM, 10 1Bi OOOJIOHKH KOXKHOT
TOBIIUHM, OJTHA 3aTi300€TOHHA, Jpyra cTajaediObpodeToHHA. YTBOpIOIOYA TOBEPXHI
00O0JIOHKH € TIBKOJIO paniycoMm 270 MM, TOBXKHHA KOHCTPYKIIT 2450 MM, po3Mipu
O6opTtoBoro eneMeHTy 45MM X 60 MM. YcepeauHi KOKHOTO OOPTOBOTO €JIeMEHTY
3aKJIaJIeHo IO JIBa apMaTypHi cTprkHi niametrpoM 10 mm. OGosoHKA IIAapHIPHO
cnupaetbcss 3 KyTiB Ha mnactuHE  100x100mMM. beroH 3pa3kiB-000J0HOK
npezactaBiaeHnit kaacom C20/25 3a minHicTIo Ha cTUCK. CMyraMu HaBaHTaKCHHS
000JTIOHKa YMOBHO pO3AiUJIeHa HA ITSTh IaHENeH, CTeHA I BHIIPOOYBaHb
npezcTaBiaeHo Ha puc. 1. JlaboparopHi BUIIPOOYBaHHS NMPOBOIMINCS KOMaHIOIO
nocininHukiB kadenp bynisensHoi MexaHikum Ta Omopy MarepianiB Opecbkol
Jiep>kaBHOT akaaeMil OyIiBHUITBA Ta apXiTEKTypH.

Iepen BunpoOyBaHHSM Ha KOXKHY OOOJIOHKY OyJIM 3MOHTOBaHI iHIMKaTOpH
TOAMHHHUKOBOT'O THITy Ta HaKJICEH! TEH30AAaTUMKH Ul BUMIpIOBaHHS AehOpMarlii.
B TpboX cepeaHix maHessX 1HIUKaTOpH Ta TEH30JaTYMKN OPIEHTOBaHI B3JJOBXK BiCi
000JIOHKH, TI0 KpaiHiX MaHeNsIX — 110 HANpsMKY TOJIOBHUX HAIPYXKeHb (pHC. 2).

Jnst  ¢ikcamii TPOTHHIB  BUKOPHUCTOBYBAIW IMPOTHHOMIpH, MO0 Oy
BCTAHOBJICHI BCEpPEAWMHI TMPOJHOTY KOHCTpyKIii. HaBaHTaxxeHHS TOJaBaH
CTYNEHSMH 3 BUTPHMKOIO Ha KOXKHOMY CTYIeHIO 10 XBHIJIMH, TOKAa3HUKU NPHIAiB
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3HIMaJIM IO Ta MICIsA BUTPUMKH. Y TIporieci BHIIpoOyBaHb (pikcyBamacsi mosiBa
TPIIIUH, KiJIBKICTh Ta XapaKTep iXHHOTO PO3KPHUTTS. TIOYATKOBA Ta KiHIIEBa IIMPHHA
PO3KPUTTS TPIilIHH.

B xomi BumpoOyBaHb OynM OTpUMaHi MAacHUBH JaHUX, HA OCHOBI SIKHUX
noOyoBaHi rpadiku 3aneKHOCTI iehopMalliif Ta NPOTHHIB Bi/l HABAHTAXKEHHS.

a)

Puc. 2. Po3ranryBanHs BUMIpIOBANbHUX MPHIAJIiB Ha KPaHIX MaHEIIX
IWITIHAPUIHOT OOOJIOHKH: a — JIiBa MaHeNb, O — MpaBa MaHelb

3a pe3ynpTaTaMu JOCHTIKEHb MOXKHA 3pOOUTH BHCHOBKH, II0 BUKOPUCTAHHS
cTaneBoi GiOpu y ckiiaai OeTOHY il MOJENeH HUITIHIPUIHOI OOOJIOHKH JI03BOJISE
MIIBUIIUTH Hecydy 3matHicth B 1,33-1,54 pasu. Hampuknan, ans o00JI0HKH
TOBIIMHOIO 45 MM Hecyd4a 3JaTHIicTh 3pocia Bixg 96,4 kH s 3amizobeToHHOrO
3paska g0 128,6 kH mis cranedidbpodbeTonHOr0, a HaiibOuIbIIe 3HaueHHs 182,2 kH
3adikcoBaHo s cranediOpoObeToHHOI O0OJOHKM  TOBHIMHOI 60  MM.
BcraHoBneHO, IO JOJATKOBE JWCIEPCHE apMyBaHHs MPAKTUYHO HE BIUIMBAE HA
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MPOTHHU OOOJOHKU. Y Tmporeci BUIPoOyBaHb BCTAHOBICHO, IIO OO MOMEHTY
BTpaTH HECY4Oi 31aTHOCTI B yCiX 000IOHKAX (POPMYBAJIHCS TPILIHHU 3 OJTHAKOBOIO
MOYATKOBOIO MHUPHUHOI0 PO3KpuTTd — 0,05 Mm. [lomampmmid po3BHTOK TPIIIUH
CYNPOBOJ/IXKYBaBCsl 30UIBbIICHHSAM iXHBOI KiHIIEBOI IIMPWUHM, L0 KOPEIIOBAJO 31
3pOCTaHHSIM TOBIIMHM OOOJIOHKM Ta BIJNOBIIHMM MiJBUIICHHAM HECY4ol
3maTHOCTi. Ha#lOinpmii 3HaYCHHS HABAHTAXCHHS, SKE BIAMOBITAaE TMOYATKY
TPILIMHOYTBOPEHHS, 3a(iKCOBaHO Uit 000JOHOK TOBIIMHOIO S50 Ta 55 MM.
3araiibHa KapTHHA PO3BUTKY TPIIIKMH Yy BCIX IOCHTIMHKEHUX 3pa3kax BHSIBHIACS
MOIIOHO¥O.

ExcrniepuMeHTanbHO MiATBEpIKEHO, IO MPH MOPIBHAHHI 3aMi300€TOHHUX Ta
cTanediOpoOeTOHHNX 0OOIIOHOK IOIABaHHS CTAJCBHX BOJIOKOH Y OCTOHHY CyMIIII
3a0e3medye CyTTeBE MiBHIICHHS IXHBOI HECYYOl 3MaTHOCTI Ta TPIIIUHOCTIHKOCTI.
OtTpuMaHi pe3ynbTaTH JIOBOIATH C(PEKTHBHICTh BUKOPUCTaHHS JUCIEPCHOTO
apMyBaHHA Ui TOKPAIICHHS CKCIUTyaTallilHUX XapaKTepPUCTHUK OOOJOHKOBHX
KOHCTPYKLIM Ta MiKPECIIOITh MEPCIEKTHBHICTh LBOI0 HANPSIMKY Y CY4YacHHX
JIOCIIJKEHHSX 1 TPpaKTHULi OyXiBHHUIITBA.

[1]. Ahmed A. Yaseen, Majed A. Khalaf, Fareed H. MajeedMathematical Modelling
of Engineering Problems. Vol. 10, No. 3, June, 2023, pp. 815-820.
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A. Domingo, C. Lazaro, P. Serna. 6th International RILEM Symposium on Fibre Reinforced
Concretes. 2004. P.1143-1152.

[3]. Shen Li, Do Kyun Kim, Qing Quan Liang. Fibre-Based modelling for predicting
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LABORATORY TESTS OF REINFORCED CONCRETE AND STEEL
FIBER CONCRETE SHELL MODELS

For the experimental study, eight models of cylindrical shells were manufactured and tested
in four thicknesses: 45, 50, 55 and 60 mm, two shells of each thickness, one reinforced
concrete, the other steel-fiber concrete. Concrete is represented by class C20/25 in terms of
compressive strength. Before testing, clock-type indicators were mounted on each shell and
strain gauges were glued to measure deformations. Deflections were recorded using
deflection meters installed inside the span of the structure. The load was applied in stages
with a hold at each stage of 10 minutes, the device readings were taken before and after the
hold. During the tests, the appearance of cracks, the number and nature of their opening,
the initial and final width of the crack opening were recorded. According to the results of
the studies, it can be concluded that the use of steel fiber in the composition of concrete for
cylindrical shell models allows to increase the bearing capacity by 1.33-1.54 times. It has
been experimentally confirmed that when comparing reinforced concrete and steel-fiber
concrete shells, the addition of steel fibers to the concrete mixture provides a significant
increase in their load-bearing capacity and crack resistance. The results obtained prove the
effectiveness of using dispersed reinforcement to improve the operational characteristics of
shell structures.

YK 517.98:004.8.

3ACTOCYBAHHA EJIEMEHTIB ®YHKIHIOHAJIBHOI'O
AHAJII3Y B LITYYHOMY IHTEJIEKTI

KpaginoaT .A., I'yna O.B.

Jlyupkuii HanioHANBEHUI TEXHIYHUHA yHIBEpCUTET, M.JIyIbK

CydacHuii pPO3BUTOK iH(GOPMAIIMHUX TEXHOJOTIH Ta CHCTEM INTYyYHOTO
IHTEJIEKTY TiCHO TOB’SI3aHUH 13 BUKOPUCTAHHAM MaTeMaTHYHUX METOiB. OTHUM i3
HaWBaXJIMBIIMX HANPSAMIB Cy4acHOI MaTeMaTHKH, IO 3HaXOAWTh LIMPOKE
3acTocyBaHHS y cdepi MTydHOro iHTenekty, € (yHKIioHampHMH aHami3. Moro
METOJIM BHUKOPHCTOBYIOTHCSI Yy MAIIMHHOMY HaBYaHHI, HEHPOHHHUX Mepexax,
00poO11i curHasiB, KOMI'IOTEPHOMY OaueHHI Ta aHai31 BEIMKUX JaHHX.

OyHKUiOHANBHUIA aHall3 JOCIHIKYE BIACTUBOCTI (YHKIIH, orepaTopiB Ta
NpOCTOPIB HECKiHYeHHOi po3MipHocTi. Came 1 MareMaTH4yHI KOHCTPYKIII
JI03BOJISIIOTH ONMCYBATH CKJIAJHI MPOLECH HaBYAHHS IUTYYHUX HEHPOHHUX MEPEX,
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ONTUMI3aIlif0 MapaMeTpiB Mojesei Ta oOpoOKy iH(opmamii y BHCOKOBUMIPHHX
IPOCTOPaXx.

Hanpuknan, y MammHHOMY HaBYaHHI JaHI 9acTO TOAAIOTHCSA Y BHIULAIL
BEKTOPIB BeJIMKOI po3MipHOCTi. [Iisl IX aHaiIi3y BUKOPHCTOBYIOThCS IIbOEPTOBI Ta
0aHaxoBi NPOCTOpPH, SIKI € OCHOBHMMH 00’e€KTaMu (DyHKLIOHAIBLHOTO aHai3y.
Oco0:1Be 3Ha4eHHs Ma€ IPOCTIp KBaPaTHO-IHTETPOBHUX (QYHKIIN

12(a,b) = {f(0: [ 1f () dx < oo},

OCKiBKM B TAaKUX IIPOCTOpPaX MOXKHA aHAJi3yBaTH CHIHANW, BUKOHYBaTH
00poOKy 300pakeHb, MOJENIOBaTH MOBHI mpouecH. MeToan (yHKIIOHAIBHOTO
aHai3y JO3BOJIIIOTH JOCHI/DKYBAaTH 30DKHICTH aJrOPUTMIB HaBYaHHSA Ta
CTa0UIBHICTh MOJIETICH IITYYHOTO IHTENEKTY.

HeiipoHHi Mepexi TakoX € OCHOBOI CYYaCHOTO MITYYHOIO IHTEJIEKTY.
IIporiec HaBuaHHSA Mepeki (DAKTUYHO € 3amaducio omnTuUMisalii (YHKIIOHATA
noxuOku. OHIE 3 HAWBAXKIUBIIINX 3a71a4 € MiHIMi3allis GyHKIIT BTpar:

n
Jw = i feaw)’

Je:x; — BXimHI JaHi; y; — TIpaBHUIbHI BiANOBiNi; W — MapaMeTpu Mepexi.
OyHKI[IOHATBHAN aHalli3 JOMOMarae IOCTIKYBAaTH BJIACTHBOCTI OIEpaToOpiB
HEHPOHHUX MEPEeXK, aHATI3yBaTH NPOIEC 30DKHOCTI TPATI€EHTHUX METOIB,
3MEHILYBaTH IOXMOKM HaBYaHHs;. 3aBISIKM LIbOMY CTBOPIOIOTBCS e(EeKTHBHI
JITOPUTMH PO3ITiI3HABAHHS MOBJICHHSI, TEKCTIB, 300paXKeHb Ta BiJIe0.

BaxnuBuM TNPHKIIAIOM 3aCTOCYBaHHs (YHKI[IOHAJBHOTO aHAN3y € MEeTOJ
omopuux BekTopiB (SVM). Ileli MeTon BHKOPHUCTOBYETHCS IS Kiacudikarii Ta
nporuo3yBanus gaHux. OcHoBo SVM e sapoBa QyHKITis:

K(x,y) = {px), p(¥)).

Bona no3BOJsie TepeBOMUTH JaHi y MPOCTip OiMBIIOl PO3MIPHOCTI, A€ iX
Jerme po3miIuTH. METOJ OINOPHHUX BEKTOPIB 3aCTOCOBYETHCS y MEIUUHIN
JiarHoCTHIIl, cucTeMax Oe3rnexH, iHaHCOBOMY IPOTHO3YBaHHI.

OyHKIIIOHATBHNN aHaJli3 IIMPOKO BHKOPHUCTOBYETHCS y HHU(MPOBiH 00pobmi
CUTHAJIIB Ta KOMII'IoTepHOMY OadeHHi. J{ns aHamizy 300pa)keHb 3aCTOCOBYIOTHCS
nepetBopeHHs Dyp’e

F@o=j F®eion

Ta BeiBneT-aHami3. Lleil MeTon 103BOJISE BUAUISATH IIyMH, IOKPAITyBaTH SKICTh
300pakeHb Ta po3mizHaBaTH 00’e€kTH. Taki TEXHOJIOTI] aKTMBHO 3aCTOCOBYIOTH y
crcTeMax po3Ii3HaBaHHS 00JIMY, MEIMYHIN 11arHOCTHII Ta pOOOTOTEXHILI.
IMopganpuinii  pO3BUTOK  IITYYHOTO  IHTENEKTy  HEMOXIMBHH  0e3
YIOCKOHAJICHHS MaTeMaTHYHUX METOMIB, cepell SKMX (YHKIIOHANBHUHA aHaii3
3aiiMae OJHE 3 NPOBIAHHX Micub. MOro MeTomu [03BONAIOTH IPAIIOBATH 3
0araTOBUMIpHUMH JaHUMH, aHalizyBaTh (QYHKIII Ta omneparopu, OyIyBaTH
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e(QeKTHBHI aNropuTMH HAaBYAaHHS HEHPOHHHX MepeX. A Ie, 30KpeMa CIIpHuse
PO3BHUTKY MAaIIMHHOTO HAaBYaHHS, KOMII IOTEPHOTO OadeHHSA, 0OpOOKH MPHUPOIHOT
MOBH, CHCTEM IIPOTHO3YBAHHS, IHTEIIEKTyaJbHUX 1HQOPMAIITHAX TEXHOJOT 1.

[1]. Yao J., Mueller J., Wang J. L. Deep Learning for Functional Data Analysis with
Adaptive Basis Layers. Proceedings of the 38th International Conference on Machine
Learning (ICML 2021). 2021. P. 11898-11908.

[2]. Goodfellow 1., Bengio Y., Courville A. Deep Learning. MIT Press, 2016. 800 p.
[3]. Raissi M., Perdikaris P., Karniadakis G. E. Physics-informed neural networks: A
deep learning framework for solving forward and inverse problems involving partial
differential equations. Journal of Computational Physics. 2019. Vol. 378. P. 686-707.

[4]. Muandet K., Fukumizu K., Sriperumbudur B., Scholkopf B. Kernel Mean
Embedding of Distributions: A Review and Beyond. Foundations and Trends in Machine
Learning. 2017. Vol. 10, No. 1-2. P. 1-141.

[5]- Sarkka S., Svensson L. Non-linear Filtering: Functional Analysis and Stochastic
Calculus Approaches. IEEE Transactions on Signal Processing. 2023. Vol. 71. P. 1420-
1435.

APPLICATION OF FUNCTIONAL ANALYSIS ELEMENTS IN
ARTIFICIAL INTELLIGENCE

This paper explores the role of functional analysis as a fundamental mathematical
framework for modern artificial intelligence and machine learning systems. It highlights the
transition from finite-dimensional linear algebra to infinite-dimensional function spaces
(Banach and Hilbert spaces), which allows neural network architectures to be treated as
mathematical operators. The application of the L?(X)space in signal processing is
described, alongside the mathematical foundations of kernel methods and loss function
optimization theory. The utilization of spectral and wavelet analysis in computer vision tasks
is also examined. The paper demonstrates that the toolkit of functional analysis is critically
essential for ensuring the convergence, stability, and theoretical soundness of Al models.
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YK 691.32:625.07

ONITUMIBALIA CKIAAY ®IBPOBETOHY IJIA
KOPCTKOI'O IOPOXHBOI'O O4ATY B YMOBAX
AT'PECUBHOI'O CEPEJOBHMIIIA

3saTiok 10.10., K.T.H., 1011, [Toaimyk O.M., acnipant, ®ypcoBuu M.O.,
K.T.H., Jou., Cynpyswk B.B., k.T.H., 10ou., Pomaniok B.B., k.T.H., 100.

HanionansHuii yHIBEpCUTET BOJHOTO TOCIOAAPCTBA Ta MPUPOIOKOPUCTYBaHH, M. PiBHe

OnHi€l0 3 OCHOBHUX TPOOJIEM )KOPCTKOTO JOPOYKHBOTO OJSTY € pyHHYBaHHS
M Ji€0 BOJIOTH, TEMIIEPATYpHUX KOJMBaHb 1 XIMIYHHUX pearcHTIB. ATpecHBHI
BIUIMBH Ha JXOPCTKHH JOPOXHIA OAir (GOpMYIOThCS M JAI€I0 TMPUPOAHUX Ta
aHTpornioreHHux (QakropiB. CuibHOKMCH cepepoBuma (pH = 3) BuHUMKalOTH
BHACTIJIOK BIUIMBY HMPOMHCIOBUX BHKHIIB, KHCIOTHUX ONAMiB Ta CTIYHUX BOJI.
Cnaboxkucni ymoBu (pH ~ 5) xapakTepHi A TOBEPXHEBOIO CTOKY 3 JOpPIr Ta
IPYHTOBHUX BOJI, II[0 MICTITh OpraHiyHi KucioTH. HerpansHe cepenoume (pH ~
7) npuTaMaHHE NPUPOJHUM BOAAM, OJJHAK HABITh y I[bOMY BUIIAIKy arpecHBHICTh
MOJKe BU3HAUYATHCS HasABHICTIO cynbdaTiB i xiopunis. JlyxHi cepemopuma (pH =~
13) dopmyroTbCcs il BIUIMBOM TNPOTHOXKEJIEAHUX PEAreHTIB, IPOMHCIOBUX
BIZIXOZIIB Ta NPOJYKTIB Tijparaiii ementy. BkasaHi ¢akropu cyTTeBO BILUIMBAIOTh
Ha JIOBrOBIYHICTh OETOHHMX NOKPUTTIB 1 TIOBHHHI BpaxOBYBaTUCh MpHU
NpOEKTYBaHHI ckiany (idpoderony. Lle noTpedye BIOCKOHANECHHS CKIlagy OETOHY
IIISXOM BBEJCHHS e(EKTUBHUX apMylouux 106aBok [1,2, 3].

OcraHHI  JOCHI/DKEHHS  J€MOHCTPYIOTh  €(EeKTUBHICTH  JHMCIIEPCHOTO
apMyBaHHS SK IHCTPYMEHTY KOHTPOJIO TPIIIMHOYTBOPEHHS Ta IiJBUIICHHS
€HEepPronoTrTHHAIIFHOI 3JaTHOCTI 0eTOHy. 30KpeMa, BUKOPHCTAHHS OKPEMHUX THIIIB
¢i6pu (craneBoi, nmosimMepHoi, 6a3aIbTOBOI, CKIISHOT) I03BOJISIE OKPALUTH OKpEMi
MeXaHi4HI XapaKTepUCTHKH MaTepianmy. BomHodac BCTaHOBIEHO, IO JXKOJCH i3
BUJIIB BOJIOKOH He 3a0e3reuye KOMIUICKCHOTO IiABHUINCHHS BCIX SKCILTyaTamiiHUuX
MOKa3HUKIB, OCOOJMBO B yMOBaX arpeCMBHOTO BIUIMBY CEPEIOBHUINA. Y IHOMY
KOHTEKCTI KOMOIHOBaHE apMyBaHHS PO3TIISAAETHCS SIK MEPCICKTHBHAN MiIX1T], 10
JTO3BOJISIE TIOEAHATH TIO3UTHBHI e(peKTH pisHuX THHIB (ibpm Ta 3abe3meunTtn
OaraTopiBHEBHI MeXaHi3M CTPUMYBaHHs PO3BUTKY TpiluuH [4, 5, 6].

MeToro 1aHOTO [OCTI/KEHHS € BCTAHOBJIEHHS 3aKOHOMIPHOCTEH BIUIUBY
KOMOIHOBaHOIO apMyBaHHS Ha MeEXaHIYHI XapaKTePUCTHKH Ta JOBIOBIYHICTH
OeToHy 3a Jii arpeCMBHUX CEPEIOBMIN, a TAKOXX BHW3HAYEHHS paIliOHAIHLHUX
napaMeTpiB  ckiany (iOpoOeroHy, 1m0 3a0e3medyroTh MiJBUILEHHS HOTo
eKCITTyaTaliiHoi HaJiiHOCTI.
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Hakommyennit  mpakTWuHUiI ~ OOCBiN ~— BHKOpHCTaHHSI  (iOpobeToHy
MATBEPIDKYE HOTO BHCOKY €(EeKTHBHICTD y KOHCTPYKIIAX, NI€ BAKJIMBAMH €
MiABUIICHA TPIOIMHOCTIHKICTh, YyJapHa BHUTPHBANICTH Ta IOBIOBIYHICTE.
HaiiGinpmmii  edexT Bix 3acTocyBaHHs crajeBoi (GiOpu  JOCATAaETbCS B
3a7i300€TOHHMX 1 TOHKOCTIHHHX €JIeMEHTaX, a TaKoX Yy CHOpyjAax, IIo
CIpUIMArOTh 3HAYHI JWHAMIYHI Ta IUKIIYHI HaBaHTaXeHHS. J[0 Takux 00’€KTIB
HaJIe)KaTh XBUJIbO3aXHCHI Ta MIOPTOBI CIIOPY/IH, aCPOAPOMHI Ta JOPOXKHI MOKPUTTS,
¢dopTudikauiiHi Ta ceficMOCTiiiKi KOHCTpPYKLii, nami, TpyOompoBoau Ta
pesepByapu [7, 8].

INompu ymcaeHH] NepeBaru AUCIEPCHOTO apMyBaHHs, KOXeH Tull (iopu Mae
MeBHI OOMEXXeHHs, sKi HeoOXiTHO BpaxOBYBaTH NpU MPOEKTYBaHHI Ta
BUTOTOBJICHHI (iOpoOeroniB. Ilpm 3acrocyBaHHi pi3HEX (iOp BaKIUBIM
TEXHOJIOTIYHUM HEIOJIIKOM € CXWJIBHICTh BOJIOKOH JO YTBOPEHHS 3TyCTKIiB
(«ixakiBy») Ta iX HEpiBHOMIPHOTO pO3MOAiUTy B OCTOHHIH cywmim, mo moTpedye
BUKOPDHCTAaHHS ~ CIIEIiaJbHOTO JO3yBaJbHOIO OONAJHAHHS Ta PETENHHOTO
KOHTPOJIIO Tporecy 3minryBanHs [2-8]. OCHOBHI JociiDkeHHs OyJu IpOBEAEH] 3
3aCTOCYBaHHSI MaTeMaTHYHOTO IUIAHYBaHHsS EKCIIEPUMEHTIB [9], 10 J03BOJIHIO
ITOPUTMI3yBaTH BUKOHAHHS JOCIIJIB 32 CXEMOIO, 5IKa € ONTHMAJIBHOI 3 TOYKU
30py K 00CATY €KCIIEpUMEHTAIBHUX POOIT TaK i CTATUCTHYHUX BUMOT.

Jnst nuporo OyB pealli3oBaHuil TpHUpiBHEBU JBoXGakTopHuil ruiaH B2 [10],
3MiHHUMHE (pakTopaMu 0yi0 0OpaHo: BMICT nominporiizeHoBoi ¢piopu, (PF), kr/m3,
(X1 = 2+1 kr/m3), Bmict cranpHOi Qidpw, (StF), kr/m3 (X2 = 40440 xr/m3. VY xoxi
JOCTIKEHb U OI[IHKU BIUIHBY (hiOpM Ha BIACTHUBOCTI OCTOHHHX CyMimIed Ta
OCTOHIB BHUTOTOBJLUTM CTaHIapTHI 3pasku-kyom (10x10%10 cm), mo TBepAiTn
CIOYaTKy Y HOPpMalbHUX yMoBax 28 ni0, a motim Ha 180 1id 3pa3ku 3aHyprOBaIH y
arpecuBHe cepenosumie (kucie (pH=3), myxue (pH=13), cnabokucne (pH=5) Ta
HeTpansHe (pH=7) ) 3anmmaroun s TOPIBHSHHS KOHTPOJBHI 3pasKi.
Busnauyanu MinHICTB IpH CTHCKY 4-0X 3pa3KiB-KyOiB y Biri 28 mi0.

Bubip BMmicty ¢ibpu OyB OOIpyHTOBaHHMH 3 OINIAAY Ha iX ONTHMAalbHY
KIJIBKICTH 3TiAHO MOTEPenHiX NOCHiKEHb Ta OIIAY JiTepaTypHHX Jukepen [1, 4,
8-14]. PyxomicTh cyMmilieil B yciX TOYKax IUiaHy Oyja MOCTIHOIO Ta CTaHOBMIIA
12...15 cM mo ocamui craHmapTHOro KoHyca AOpamca, Ui IBOTO MigOUpaw
HEeoOXiIHy KUIBKICTh M00aBKM cymnepruiacTudikaropa Uil KOXHOI TOUYKH IUIAHY.
Bwmict Bogu Ta TTL-1I/A-II-500 6ymu noctiitaumu (B=135 /M3, [TH=300 kr/m3),
BianosigHo B/II 6yno 0,45. Ilicisa oOpoOKH 1 CTATUCTHYHOTO aHATI3Y OTPUMaHHX
EKCIIEPUMEHTAIBHUX JaHUX Oyiu 1oOyJoBaHiI EKCIepUMEHTaIbHO-CTaTUCTHYHI
MOJIeJ MIIIHOCTI Ha CTUCK JOpOKHiX (piOpoOeToHiB.

ExcriepuMeHTanbHO-CTaTUCTUYHA MOJEIb MIIIHICTD IPU CTHCKY

KT (pH=7)
fTem = 51,68 + 1,85 - x1 + 4,45 - X2 — 0,27 - x1x2 — 0,27 - x12 — 0,83 x2? x22
o)
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Cins (Xnopuan) (pH=5)
fcc,m =50,21 + 2,33-x1 +4,77-x2 — 0,66 X1X2 — 0,16'X12 -0,9 Xzz (2)
Jlyxue cepenosume (pH=13)

fom = 47,9 + 2,85 x1 + 5,65%x2 + 0,12- x1x2 — 0,48x1%2 — 1,03 x2°
®)

Kucnora (pH=3)

feom=41,92+328x1+5,17-x2 + 1,33 - xax2 + 0,88-%x1% — 1,2 x5° (4)

31 30UIbLICHHSAM BMIiCTy crayieBoi (iOpu B JOCIHIKyBaHOMY Jiama3oHi 3a
CTaJIOTO BOJOB’SHKYYOTO BiTHOIICHHS CIIOCTEPIraeThCS MiABUIICHHA MIITHOCTI Ha
3TUH y cepenaboMy Ha 12...16 %. Haiibinbmn BupaxeHui eeKT NOCATAETHCS 3a
MiHIMATBPHOTO BMICTy mojdinpomiieHoBoi ¢(idpu. Ilpm 1OMY BBEICHHS
MOJITPOIIIJICHOBOTO BOJIOKHA B KIJIBKOCTI 10 1,5 Kr/M® mpakTHYHO HE BIUTMBAE Ha
MPUPICT MIMHOCTI, TOAI SK 30UTBIIEHHS Horo mo3yBaHHS mo 3,0 kr/m® 3abesmedye
IoJaTkoBe 3pocTaHHis MimHOoCcTi 10 10 %. AmanoriuHo mo crameBoi (ibpwm,
MaKCUMaIbHUKA €(eKT BiJ MOMIMPOIIJICHOBOIO apMyBaHHS CIIOCTEPITaEThCS 3a
MiHIMaJILHOT BUTPATH 1HILIOTO BUAY BOJIOKHA Ta B’SKYUOTO.

AHai3 oTpuMaHHUX MOJIeIel CBIJUUTh PO HASBHICTH CYTTEBOI B3a€EMOJIIT MiX
(dakropamu. Ilo3UTHBHUN BIUIMB 30UIBIICHHS BMICTY SK CTaJdeBOi, TakK 1
MOJIIPOIIJIeHOBOT (iOpH MOCTYNOBO 3MEHUIYETHCS TPH HAOIMIKEHHI O BEPXHIX
MEX BapilOBaHHs, 110 BKa3ye Ha iCHyBaHHs 00JacTi palioHANBHUX J103yBaHb. s
craneBoi GpiOpu BoHa ctaHOBUTH 80...100 KT/M3, a 111 MoinporniieHoBoi — 2...3
Kr/M°. 3a TakuX CHIiBBIAHOIIEHb MIIHICTH Ha 3ruH jgocsrae 15...17 MIla mpu
MiHIManpHIN BuTpaTi B’spKkydoro Ta 17...20 MIla mpm #oro MakcHMalbHOMY
BMICTI.

BucnoBkn. KoHmenmist cuHeprii KOMOIHOBaHOTO apMyBaHHsS (iOpamu
MOJIATAE B TOMY, 11O BOJIOKHA 3 PI3HUMH MEXaHIYHUMH BIACTHBOCTSIMH, PO3MipaMu
Ta (QYHKIIOHATBPHUM TIPU3HAYEHHSIM B3aEMOJIIOTh y OCTOHHIH MaTpwil OuTbII
e(eKTHBHO, 3a0e3meuyroun KOMIUIEKCHE ITOKPAIIeHHS MIIHOCTI TPH CTHCKY,
PO3TATY Ta 3THHI, a TAKOXX IiABHIICHHS B’SI3KOCTI PyHHYBaHHS Ta JTOBTOBIYHOCTI.
BogHodac 10 OCHOBHUX OOMEXEHb TaKHX CHCTEM HaJeXaThb ITiJBUIIEHA BapTiCTh
peaizariii Ta HeOCTaTHS KiJbKIiCTh MEPEKOHINBUX JOBrOCTPOKOBHUX JOCHIIKEHb,
IO MiATBEPIKYIOTh OTpuMaHi edpexTH. OTpuMaHi pe3yinbTaTH MNOKa3alv, IO
3aCTOCyBaHHS KOMOIHOBaHOTO apMyBaHHS Yy ckiaxi craneBoi ¢idpum Ta
HOJINpOIiaeHoBoi (ibpH crpHse MiJBHUIIEHHIO MIIHOCTI IPH CTHUCKY Ta 3THHI B
YCIX JOCHIPKEHNX CepPeJOBHUINAX MPOTITroM TepMiHy ekcrio3uii no 180 nib.
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OPTIMIZATION OF FIBER-REINFORCED CONCRETE MIX DESIGN
FOR RIGID PAVEMENTS UNDER AGGRESSIVE ENVIRONMENTAL
CONDITIONS
The concept of synergy in combined-hybrid fiber reinforcement is based on the premise that
fibers with different mechanical properties, dimensions, and functional roles interact within
the concrete matrix more effectively, providing a comprehensive improvement in
compressive, tensile, and flexural strength, as well as enhanced fracture toughness and
durability. At the same time, the main limitations of such systems include higher
implementation costs and the limited availability of convincing long-term studies confirming
the reported effects. The obtained results showed that the use of hybrid reinforcement
consisting of steel and polypropylene fibers contributes to an increase in compressive

strength in all investigated environments during an exposure period of up to 180 days.

V]IK 544.77:66.063.6(063)

TOPOLOGICAL GENERALIZATION OF THE LAWS
OF STRUCTURE FORMATION PROCESSES
IN DISPERSED SYSTEMS AND MATERIALS

Trofimova L.E., Candidate of Technical Sciences, Associate Professor
Odessa State Academy of Civil Engineering and Architecture

It is known that building composites (solutions and concretes based on mineral
or organic binders, slips for the production of ceramics, paints and varnishes, and
many similar dispersions) can be interpreted as self-organizing systems whose
evolution in space and time is accompanied by the formation of dissipative
structures. Since most of the above-mentioned systems are characterized by abrupt
phenomena caused by a disruption in the continuity of developing processes of
various types, it is proposed to supplement the synergetic approach to the study of
the features of structure formation with methods of catastrophe theory, which
investigates sudden qualitative restructurings of systems resulting from a smooth
change in external conditions or internal properties. It should be emphasized that
the research program is based on modern concepts and principles of
physicochemical dynamics—a new scientific direction in the physicochemistry of
dispersed systems, developed by N.B. Uriev and his school [1-5].

The traditional method of collecting information necessary for establishing the
patterns of formation, stability maintenance, or destruction of dispersed structures
under dynamic conditions involves constructing and analyzing complete

236



Martepianu X1 Mixkaapo1HOT HAYKOBO-TEXHITHOT KOH(EpeHTIii
AKTYAJIbHI ITPOBJIEMU THXXEHEPHOI MEXAHIKH 20—22 tpasus 2026 poky

rheological curves. The flow curves represent the dependence of the effective
viscosity # on the shear stress P (or strain rate gradient £) and the § dependence on
P under the mandatory fulfililment of the condition of isotropy of structure
destruction in the working gap of the viscometer. Complete rheological curves lgy
(P) of structured dispersed systems were first described in [6] for a 10%
suspension of sodium bentonite and a 20% suspension of natural bentonite.

According to the well-known classification of Bartenev and Ermilova [7],
structured dispersed systems are characterized by the existence of two types of
flow curves. The well-studied rheological curves of type | are characterized by an
unambiguous dependence of viscosity and shear rate gradient on stress. The less-
studied curves of type Il exhibit regions of viscosity or strain rate variation, which
correspond to an ambiguous change in stress: a drop in P over a certain range of
évalues. This anomalous effect is manifested in the S-shaped behavior of the flow
curves. It should be noted that for both types of dependences, the effective
viscosity is always unambiguously determined [7] by the strain rate gradient.

S-shaped rheological curves were obtained by Rehbinder et al. [6] for certain
clay suspensions and investigated by Bartenev and Ermilova [8] within the
framework of their proposed molecular-kinetic theory of non-Newtonian flow (Fig.
1). A similar ambiguous dependence is also presented and explained in the work of
Bartenev, Baburin, and Izykson [9] for an aqueous suspension of cellulose (Fig. 2).
The description of the curves considered is based on the assumption that the shear
flow extends across the entire gap of the viscometer. In this case, the decrease in
shear stress and its subsequent increase with increasing strain rate occurs [1]
smoothly over a wide range of ¢ change.
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Fig. 1. Fig. 2.

Fig. 1. Dependence of the logarithm of viscosity # on the shear stress P for a 10% Na-
bentonite suspension. #o- is the highest viscosity of a practically intact structure, and #m - is
the lowest viscosity of a highly degraded structure

Fig. 2. Dependence of the strain rate £ on the shear stress P for an aqueous suspension of
cellulose (bleached sulfate, concentration 2.1%)
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To further develop our understanding of the patterns and mechanisms of
formation, stability, and destruction of structured dispersions, it is advisable to
supplement the explanation of their anomalous behavior with the features of
coagulation under dynamic conditions using synergetics and catastrophe theory
models. As is well known, synergetics [10-12] studies the processes of self-
organization, the relatively stable existence, and disintegration of structures of
various natures that form in systems far from equilibrium; and catastrophe theory
describes [13, 14] the threshold situations in which dissipative structures arise, are
maintained, and lose stability. Within the framework of this approach, dispersed
systems under dynamic conditions are treated as self-organizing, the evolution of
which in space and time is accompanied by the formation of dissipative structures.
Moreover, the entire diversity of real abrupt changes in the states of such systems
(i.e., their qualitative restructuring), caused by smoothly changing external
influences, is described using a small, finite number of canonical models—
catastrophes.

As noted above, for some systems, a family of rheological curves can be
obtained that are characterized by an increasingly pronounced S-shape with
increasing solids concentration. This tendency, in particular, is clearly observed in
the flow of aqueous dispersions of calcium bentonite (Fig. 3). It is proposed to use
the "ruffle" catastrophe to study the characteristics of shear flow, since the steady-
state curve considered represents the cross sections of this model at fixed values of
¢ (Fig. 3). A catastrophe of this type describes the process under study using a
single state variable (i or ), two control parameters P and ¢, and is represented by
a qualitative model (surface) in the three-dimensional space of these generalized
coordinates. The most interesting property of this surface is the presence of two
fold lines, starting at the so-called cusp point B and forming a bifurcation curve on
the plane of the control parameters P, ¢ — a semi-cubical parabola with a cusp at
point B1. These points correspond [3] to the first critical concentration go, upon
reaching which a spatial structural network begins to emerge and anomalies in the
flow of the dispersed system are observed. Stable stationary regimes geometrically
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Fig. 3. Schematic representation of the dependence of viscosity » of an aqueous
dispersion of calcium bentonite on the shear stress P and the content of the dispersed phase
¢ (“ruffle” model, maximum delay principle): 1 and 2 — “fold” lines; 3 - cross sections of the
model; B — “ruffle” point; 4 - bifurcation curves; B1 - bifurcation point

correspond to points on the surface of the "assemblage™ catastrophe manifold lying
on the upper and lower sheets outside the folding curve, while unstable regimes
correspond to points on the middle sheet inside the folding curve (the
"inaccessibility region,” which can apparently be interpreted as a zone of
unrealizable states of isotropic structural destruction, even with increasing intensity
of external influences).

Thus, the qualitative coherence between the topological model representations
and the known curves (Figs. 1, 2) is quite meaningful, as it leads to the conclusion
that the nature of the relationships under discussion is characterized by a very
specific pattern—a correspondence to the "ruffle” model.
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TOIOJIOTTYHE Y3ATAJIBHEHHS 3AKOHOMIPHOCTEM
MHNPOLECIB CTPYKTYPOYTBOPEHHA B JUCIIEPCHUX CUCTEMAX
TA MATEPIAJTIAX

Po3zenanymi  Oesiki  3aKOHOMIpHOCMI npoyecié  CMpYKMypOYMEopeHHs & OUCHepCHUX
cucmemax ma mamepianax 3 no3uyiti cunepeemuxy i meopii kamacmpog. Bcmanoeéneno,
Wo nosea xapaxmepHux S-31amie Ha peonoSiuHux Kpueux maxux cymiuell inhopmamusHo
ONUCYEMBCA | AHANIZYEMBCA HA OCHOBT cmanOapmHoi modeni «30ipkay. Tloxkasano, wo 3200a
MIDIC eKCHepUMEHMATbHUMU | MOOCTbHUMU PeONOSIUHUMU KPUBUMU NONAAE He uue 6 ix
306HIWHIL NOJIOHOCMI, alle | 8 T0SIUHOMY Y3A2aAbHEHHI.
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YK 691.32:620.1

EKCIIEPUMEHTAJIBHI JOCJIKEHHSA
MINHICHUX TA JE®@OPMIBHUX XAPAKTEPUCTHK
BETOHY TA CTAJIE®IBPOBETOHY

Anpgpiituyk O. B., k.T.H., npo¢., I'pomos J. 0., acnipanTt

Jlynpkuii HallioHATBHUN TeXHIYHHUHN yHIBepCHTET, M. JIyIbK

[Migpumenas MinHICHUX 1 Je(OpPMIBHUX XapaKTEPUCTUK OCTOHY €
aKTyaJIbHUM 3aBJIaHHSM CY4acHOTo OyJiBeJbHOTO MaTepiajo3HaBCTBa, OCOOINBO 3
OISy Ha KPUXKHH XapakTep HOro pyiHYBaHHS Ta HU3bKY MILIHICTh IIPH PO3TATY.
OnHUM i3 NEPCIIEKTUBHUX HANPSAMIB BUPIIICHHS [HOTO 3aBJAHHS € BUKOPHCTAHHS
craneBoi (iOpu, sika CIpHSE CTPUMYBAHHIO PO3BUTKY TPILIMH, MEPEpO3MOALTY
HarpyxeHb y OETOHHIM MaTpHlli Ta MiJBUILEHHIO €HEPrOEMHOCTI pyHHYBaHHS
Matepiany [1-4]. CranedibpoOeToH po3risaacThes K pizHOBHT (HiOpoOeTOHY, 10
MOXE€ 3aCTOCOBYBATHCS y OYy/iBeJbHHX KOHCTPYKISX 3 ypaxyBaHHSIM BHMOT
YMHHUX HOPMATHBHUX JOKYMEHTIB WIOJI0 TPOEKTYBAHHS Ta BUTOTOBICHHS
KOHCTpYKLi# i3 (ibpoderony [5-6]. Ockinpku edekTuBHICTH cranedidbpodeToHy
3aJIEXKUThH BiJl BMICTY apMyBaJIbHOTO KOMITIOHEHTA, BRKJINBUM € €KCIICpUMEHTAIbHE
JIOCHIJDKEHHSI BIUIMBY Pi3HOi KijgbkocTi ¢(iOpu Ha wminHicHi Ta aedopmiBHI
XapaKTEePUCTHUKU OETOHY.

Meroro poOOTH € eKClepUMEHTalbHE JMOCTIUKEHHS BIUIMBY pI3HOTO
00’eMHOro BM™micTy craneBoi ¢iOpu Ha MiLHICHI Ta 1eOPMIBHI XapaKTEpPUCTHKU
OeToHy NUIIXOM TOPIBHSHHS pe3yJbTaTiB BUIPOOYBaHb 3pa3KiB 3i 3BMYAWHOTO
GeronHy Ta cranediopodeTony.

ExcniepuMeHTanbHI  JOCHIIPKEHHS BUKOHYBAIM Yy  HAYKOBO-IOCIIIHIN
OyniBenbHi nabopatopii Jlynpkoro HTY Ha 3paskax 3i 3BHYailHOrO OETOHY Ta
craneiOpobeToHy 3 pi3HUM 00’ €MHHMM BMICTOM cTasieBoi ¢ibpu. s oniHroBaHHS
MIIHICHHX 1 Je(OPMIBHHX XapaKTepHCTHUK OyJl0 BHUTOTOBJIEHO KyOiuHi 3pasku
po3mipom 150x150%150 MM, mwrHIpHYIHI 3pa3kd po3Mipom 150%300 wmwm,
npr3MaTH4dHi 3pa3ku  po3mipom 150x150%x600 MM gms  BumpoOyBaHb Ha
OJTHOOCHOBHH CTHCK, @ TaKOX NpU3MaTh4Hi 3pasku posmipom 100x100x600 mMm
JUIsl BUIPOOYBaHb HA OJHOOCHOBHI LEHTPAIBHUN PO3TAT. 3pa3Ky BUTOTOBIISUIN HA
ocHoBi Oerony kmacy C25/30. i IUCHIEpCHOTO apMyBaHHS BHUKOPHCTOBYBAJIH
aHKepHy crayeBy (iOpy nomxuHOo 50 MM i giamerpoMm 1 MM, sIKy JoxaBaiu 10
6eronHoi cymimi y kinbkocri u = 1,0 %, 4 = 1,5 % ta x4 = 2,0 % 3a 00’emoM.
BooneMenTHE CIiBBIIHOIIEHHS CTaHOBMIIO Onmm3bpko B/ = 0,58.
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BumpoOyBaHHS  3pa3kiB  Ha  OJHOOCHOBHHM CTHCK IPOBOMWINM  Ha
rigpaBnivsomy mpeci IICY-250, a BumpoOyBaHHS NpH3MaTHYHUX 3pa3KiB Ha
OJTHOOCBOBUI PO3TSr — Ha YyHIBEpCaJbHIM BUNpoOyBaibHId Mammui YMM-50.
[Mo3moBxkHI nmedopmamii NPU3MATHIHMX 3pa3KiB Wi Yac CTHCKY 1 pPO3TATY
BHUMIpPIOBAJIM 32 JOTIOMOTOI0 YOTHPHOX IHAMKATOPIB CTPIIKOBOTO THITYy 3 IiHOIO
noginku 0,01 mm ta 0,001 Mm. BumiproBanbHa 06a3a MiXK ONOpaMH iHIMKATODPIB
cranoBmwia | = 310 MM i posTamoByBanacs B LEHTPajJbHiIi yacTHHI 3pa3ka.
OTpuMaHi 3HaAYCHHS HAaBaHTAXXCHB 1 JeopMalliii BUKOPUCTOBYBAJIH TS TOOYIOBH
eKCIIEPUMEHTANIbHUX ~ JlarpaM  «HampyXeHHs-ZedopMmallis»  Ta  aHajizy
nedopmaniiiHoi MoBeAiHKK MaTepiaiy.

Monyne nmedopmamii mpw CTUCKY BH3HAYANM i3 JiarpaM «HAIpYKCHHS-
nedopmanisy y kBasziminiiHomy inTepBami 0,3-0,5 fe, ne fo — makcumanbhe
HanpyXeHHs npu cTucky. lLleld iHTepBan oOpaHO Uit 3MEHIICHHS BILUIMBY
MOYaTKOBOI ~HECTaOITBHOCTI HABAaHTAKCHHSA Ta IIOJAJIBIIOTO  HEJIiHIHHOTO
nehopMyBaHHS MaTepiaiy nepe pyHHyBaHHIM.

3a pe3yapraTamMu BUOPOOYBaHb MPU3MATHYHHUX 3pa3KiB Ha OJHOOCHOBHIA
PO3TST BCTAHOBIICHO, IO BBEACHHS CTaneBOi (iOpU CyTTEBO MiJBHIIYE MILHICTh
Oerony mpu po3Tary. CepenHst MiIHICTE 3paskiB 0e3 (idpu cranoBmia 2,65 MIla.
st cranedidbpoberony 3 BmicToM ¢idpu i = 1,0 % BoHa 3pocia g0 3,29 MIla, mo
BianoBigae npupocty Ha 24,2 %. [Ipu p = 1,5 % wminnicts cranoBuna 4,04 Mlla,
T00TO 30imbIINacs Ha 52,5 %, a mpu 1 = 2,0 % mocsarna 4,15 MIla, mo Biamosinae
pUpocTy Ha 56,6 % MOPIBHIHO 31 3BUYAITHUM OETOHOM.

Awnani3z Jgiarpam «HanpyXeHHs-aehOopMallisl» IpU PO3TATy MOKasas, 1o
3pa3kd  3BUYAHOTO OETOHY XapaKTepPH3YIOThCS MEHIIOW JeOopMaliiHO0
3patHicTIO. BimHocHi nedopmanii npu JOCATHEHHI MaKCHMaJIbHOTO HAIpy>KEHHS
it O6erony 0e3  ¢ibpu  cramoBwiau  0,044-0,099 %o, Tomi sk s
craneibpobeToHHNX 3paskiB mepedyBamu B mexax 0,079-0,135 %o 3amexHO Bif
BMmicTy ¢ibpu. lle cBimuuTh THpO BIUIMB CTaJ€BHX BOJIOKOH HE JHIIE Ha
HiBUILEHHS MIIHOCTI NMpH pO3TArYy, a W Ha 3MiHy Xapakrtepy aehopMyBaHHS
Marepiany.

Haii0inb1r iHTEeHCHBHE 3pOCTaHHSI MIITHOCTI TIPH PO3TSTY CHOCTEPIraaocs npu
30inbIeHHi BMicty ¢iopu 1o p = 1,5 %. [loganeuie nmigBuIeHHS 11 KUTBKOCTI O
pu= 2,0 % 3abe3meymwsio JuIlle HE3HAYHWHA OJATKOBUH MpuUpicT MinHOCTI: 3 4,04
MlIla mo 4,15 MIla, To6To npubmam3Ho Ha 2,7 % mopiBHIHO i3 cepiero pu = 1,5 %.
OT1xe, OCHOBHMH €(EeKT AMCIIEPCHOrO apMyBaHHS NPH PO3TATY HPOSBISETHCS Y
MiIBUIICHHI MIITHOCTI, 30UMbImIeHHI JedopMamiiHol 34aTHOCTI Ta  OibII
MOCTYIIOBOMY XapakTepi poOoTH ctanediOpoOeToHy MOPIBHAHO 31 3BUYAWMHUM
6eToHOM.
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3a pesynpraTamMu BUNPOOYBaHb NPU3MATHYHHUX 3pa3KiB Ha OJHOOCHOBHM
CTHCK BCTaHOBJICHO, 1[0 BBEJICHHS CTaneBoi GpiOpu TakoX BIUIMBAE Ha MILHICHI Ta
nedopMiBHI XapaKTepUCTUKH OETOHY, OJHAK 1€ BIIMB Ma€ HENIHIHHUHN XapakTep.
Cepemnss MimHICTh 3BHYaiiHOTO OeToHy craHoBmwia 29,64 Mlla. J[nsa
crane(ibpoberony 3 BMicToM ¢pidpu p = 1,0 % Bona 3pocna 1o 31,53 MIla, To6T0
Ha 6,4 %. Ilpu p = 1,5 % minnicte nocsarna 39,30 MIla, oo BiAmoBinae mpupocTy
Ha 32,6 %, a mpu p = 2,0 % craHoBwia 38,43 MIla, T006T0 mepeBuIyBana
MOKa3HHK 3BHYaifHOTO OeTOHY Ha 29,7 %, ane Oyia Iemo HIKYOK, HiX A cepii
1,5 %.

Awnaniz gedopmaniii mpu CTHCKY IIOKa3aB, 10 3BHYAHUA OETOH
XapaKTePU3YETBCSL  <OKOPCTKIIIOW»  POOOTOI0 Ta  MEHIIMMH  BiITHOCHUMH
nedopMamissMU TIPH JOCATHEHHI MaKCHMAIBHOTO HaBaHTa)XKeHHs. J[ig 3pas3kiB Oe3
¢i6pu Bonu craHoBuwin 0,8-1,06 %o, Tomi sk A cranedidbpobeTOHy 3pocTanu 10
1,14-1,80 %o 3amexxHo Bim BMicTy ¢iOpu. ILle cBigUWTH TPO MiABHIICHY
nepOpMaTHBHICTE cTanediOpoOeToHy Ta OLTBII IIaBHUN Xapaktep Horo pobotu
i/l CTUCKAJIbHUM HaBaHTaXKCHHSIM.

Monyse medopmariii 3Buuaitnoro 6erony B inTepsani 0,3-0,5 f¢ cranosus y
cepenpomy 35,70 I'Tla. nst cramedidpoberony 3 Bmictom ¢ibpu p = 1,0 %
cepenHe 3HaUYeHHs Moy ctaHoBwio 28,06 I'Tla, mpu p = 1,5 % — 34,13 I'Tla, a
npu = 2,0 % — 27,41 I'lla. Haii6inbi 36amancoBaHi pe3ysbTaTH 3a MILHICTIO Ta
nehOPMIBHUMH XapaKTEPUCTHKAMK HPH CTUCKY OTPHMAaHO I cepii 3 BMicTOM
¢diopu p = 1,5 %.

JlonaTkoBO  MpOaHai30BaHO pe3yidbTaTH  BHUIPOOYBaHb  KyOIUHHX 1
UTIHAPHYHUX 3pa3KiB HA CTHCK. J[st KyOIiuHUX 3pa3KiB cepeHs MIIHICTh 3pocia
3 31,89 MIla nns 6erony 6e3 ¢idopu o 33,56 Mlla mpu u = 1,0 %, no 36,76 MIla
—mpu p = 1,5 % Ta 37,34 MIla mpu p = 2,0 %. 18 mnmiHAPUIHAX 3pa3KiB
BIIMOBiHI 3Ha4YeHHs craHoBWIK 25,49 MIla, 27,33 MIla, 30,75 MIla Ta 31,12
MIla. Otpumani pe3ysbTaTH MiATBEPPKYIOTh HiIBUIIEHHS MIIIHOCTI OETOHY Ha
CTHCK TIPM BHUKOPUCTaHHI cTajxeBoi (piOpH, ofHAK MPUPICT MILHOCTI IIPH MEpexoi
Bix 1,5 % no 2,0 % € He3HaYHKMM.

TakuM 4YMHOM, pe3yNbTaTH EKCHEPUMEHTAJIbHUX JIOCHTIPKEHb IiATBEPIHIH
«TIO3UTHBHHUH BIUIMBY cTajeBoi (iOpy Ha MilHICHI Ta 1e(OPMIBHI XapaKTEpPHCTHKH
O6erony. HaiiGinmpmmii edexT Bif IHUCHEPCHOTO apMyBaHHS BCTaHOBJICHO IIPH
OJTHOOCHOBOMY pO3TATY, Je 30inmbmeHHs BMicTy ¢ibpu qo 1,5-2,0 % 3abe3neunno
CYTT€BE MIJIBHUIIEHHS MIIHOCTI Ta JedopMauifHOl 34aTHOCTI MOPIBHSHO 31
3BUYaiiHUM OeToHOM. BrmuB ¢iOpu mpm cTHCKy MaB HeENiHIHHUH Xapakrtep:
HaWBHUIIY MIIHICTh TPU3MATHYHUX 3Pa3KiB OTpUMaHO pu BMicTi pidpu p = 1,5 %,
Toni SK 30UIbIIeHHs ii KinbkocTi g0 p = 2,0 % He 3a0e3MeYmsIo JA0AaTKOBOTO
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npupocty. Cepen TOCTIHKSHAX CKIIAiB HAHOUTBII panioHaI-HIM MOYKHA BBaYKaTH
BMicT ctaieBoi ibpu u = 1,5 %, ockinbku BiH 3a0e3NeYB 3HAYHE IiIBUIICHHS
MIIIHOCTI TpPH CTUCKY Ta pO3TArYy 0e3 ICTOTHOro 30UIbLICHHS BUTPaTH
apMyBaJIFHOTO KOMITOHEHTa. OTpHMaHi pe3ylbTaTd MOXKYTh OYTH BUKOPHUCTaHI SIK
eKCIIepUMeHTaIbHA 0a3a Ui TMOAAJbIINX OCTIIKEHb IeQOpPMAaTHBHOI POOOTH
cTaneiOpoOCTOHHUX EIEMEHTIB Ta IX YHCEILHOTO MOJICITIOBAHHS.
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EXPERIMENTAL STUDY OF THE STRENGTH AND
DEFORMATION CHARACTERISTICS OF ORDINARY CONCRETE AND
STEEL FIBER REINFORCED CONCRETE

The paper presents the results of an experimental study on the influence of steel fiber
content of 1.0 %, 1.5 %, and 2.0 % by volume on the strength and deformation
characteristics of ordinary concrete and steel fiber reinforced concrete. The study was
carried out on cubic, cylindrical, and prismatic specimens tested under compression and
uniaxial tension. It was found that the addition of steel fibers had the most significant effect
on tensile strength, which increased by 24.2-56.6 % compared with ordinary concrete.
Compression tests also showed an increase in strength. However, this effect was nonlinear.
Among the studied mixtures, the steel fiber content of 1.5 % was found to be the most
effective, as it provided a significant increase in compressive and tensile strength without a
substantial increase in the amount of reinforcing component.
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