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oA maxoaiB 10 PO3PAXYHKY MIITHOCTI EJIEBATOPHUX CIIOPY 1 3
YPAXYBAHHSM B3AEMO/III CUJIOC - 3EPHO

VY cTaTTi pO3MIIHYTO ICTOPHYHHI PO3BUTOK KOHCTPYKTUBHUX PIllIeHb CHIIOCHHX Ta OYHKEPHHX CHOPYJ, a TAKOXK €BOJIIONII0 HAYKOBUX
MAXO/IB IO MOJICITIOBAHHS B3a€EMO/II1 CHITy4YHX TiJI i3 KOHCTPYKUiAMH. BinzHaueHo, mo GopMyBaHHs Cy4aCHUX YSIBICHB IIPO PO3IOALT TUCKY
B 3€PHOBHX CXOBHIIAxX Oepe CBiif OYaTOK Bix KIacHYHOI Mojelni SIHCeHa, sika crana GyHIaMEHTOM IS HOJANbLINX JOCTIIKCHb Y ramysi
IHKeHEpPHOI MEXaHIKM CHITy4ux MarepianiB. Ilomampina eBomiomis HOpMAaTHBHOI 0a3sd — Bij HamiOHAIPHMX IHCTPYKIH Ta Taly3eBHX
JIOKYMEHTIB 10 BHMOT €BpOKOJY — CYyIpPOBOMXKYyBajacs BpaxXyBaHHSM YHCICHHHX CKCIEPUMEHTAIBHHX pPE3ylbTaTiB Ta BBEICHHIM
eMITIPHYHUX KOe(ilieHTiB, 0 JO3BOJIIOTh Bil0OpakaTH peatbHi epeKTy, HeIOCTYIIHI JUIs aHAIITHIHHUX PO3B’A3KiB KITACHYHOTO THUITY.

OcobnuBa yBara IpHIiTeHa CydacHIH y3araabHIOIOWiH MoJeli yKpaiHCBKOTO HayKoBI baHHIKOBa, sika IIPOIOHY€E yHiBepCalbHHII
X1 10 BU3HAYCHHS B3a€EMOJIIT «CIOpYyJa—CHIy4e TiI0» 0e3 HEOOXiJHOCTI 4iTKOro pO3MEeXyBaHHs Ha OyHKepH Ta cuiocu. Takuit meTox
J1a€ 3MOTY KOPEKTHIIIIE OMUCYBATH IIEPEXi/iHI PSKUMHU POOOTH CXOBHII| T YHUKATH CIIPOLLCHbD, BIACTHBHUX TPaAULiMHUM migxonam. HasereHo
pe3yNbTaTH HU3KHM CKCIICPUMEHTAIBHUX IOCII/DKEHb, CIPSIMOBAHMX HA BH3HAYCHHS HOPMAJbHUX 1 JOTHYHHX THCKIB Yy PI3HHX PEXHMax
po0OTH — K y CTAaTUYHOMY, TaK i B JMHAMIYHOMY 3aBaHTa)XCHHI, BKJIIOYHO 3 e(eKTaMH IyJbcalliii, HEpiBHOMIPHOTO CIpAILOBAaHHS Ta
JIOKAJIbHHUX IICPEBAHTAKCHb.

OxpeMO BHCBITJICHO Cy4acHi YHCENbHI METOJH aHaIli3y, cepe] SIKHX MeTox AUCKpeTHHX eneMeHTiB (DEM) Ta MeTon CKiHYEHHHX
enementiB (FEM). BkaszaHo Ha cyTreBi BimMmiHHOCTI Mk HuME: DEM [103BOJIsSiE MOZAEIOBATH HMOBEIIHKY OKPEMHX 4YacToK, Toni sik FEM
BifoOpaxkae OeslepepBHE CepeIOBHIE KOHCTPYKIiI, IO 3yMOBIIOE OOMeXKeHHs i cepr 3acTocyBaHHS KoxkHOro Merony. IToxasaHo, 1o
HEePCNEeKTHBHUM € iHTEerpamis LUX IAXOMiB Ta iX MOJAJbIIMI PO3BHTOK y HANpPSMKY y3aralbHEHHS MOJEICH CTaTHYHOrO CTaHy UL
JIUHaMIYHHUX PEXUMIB pOOOTH, 10 I0CI 3aIMIIAIOTHCS HaliMeHII (hopMalli30BaHUMHK Ta HAWCKIIAHIIIMMH JJISl OTIUCY .

Ha i 3pocratouoro aediuuTy moTyKHOCTEH sl 30epiraHHs 3epHa OCOOJIMBY yBary MpPUAUICHO eKCIUTyaTaliffHUM mpobiemam
CHJIOCHHX CHOPY, *KUTTEBHII IUKJI IKHX BHYEPIIAaHO 200 HAONMKA€THCS IO 3aBEPIICHHS. Y TOUHEHHS CyJacHHUX MOJIeNIel B3a€MOIil CUITy4oro
Marepiany 3i CTIHKaMH CXOBHII[ 3MYIIY€E IEPEOLIHUTH TOYHICTh PO3PaXyHKIB JUII MACOBUX CHJIIOCHHX KOPIYCIB 3i 30ipHOTO 3ai1i300€TOHY,
3BEJICHUX 3a 3aCTapLINMHU HOpMaTHBaMy. HOBI pHHKOBI BUMOT'H BUMAraroTh OilIbII iHTEHCHBHUX PEKHUMIB €KCILTyaTallii, 1[0 Mi[BHIY€ PH3HK
IOSIBY TIOIIKO/UKEHb, TPILIMHOYTBOPEHHS Ta aBapiiHUX CHUTYaIiil.

3 MeTor0 MiIBHINCHHS HANIHOCTI IIPONOHYETHCS MHOEIHATH OLHKY HAIpyKeHO-IeOpPMOBAHOTO CTaHy 3i crenudpiyHuMEI
TEXHOJIOTIYHIMH BHMOTaMH IIEBHOTO mifnpueMcTBa. Takuil KOMIUICKCHUHN MiAXiX, SIKAH BPaxoBY€ PEalIbHHIl TEXHIYHUH CTaH CIOPY/IH,
BJIACTHUBOCTI MaTepially Ta PeXKHMH 3aBaHTAKCHHSI, aCTh 3MOT'y ONTHMI3yBaTH PO3MIICHHS IPOIYKIi B IPOLEC] CKIAACHKOrO 30epiraHHs
3epHa if 3a0e3eYnTH parioHaIbHI YMOBH €KCILIyaTallii CHIIOCHHX CHOPY/I.

Kurouosi croBa: Cuitoc, curyde Tiso, 3epHO, HalpyKeHO-Ie(hOpMOBaHUI CTaH, MOJEIb.

The article rewiews the historical development of structural design for silo and bunkers, as well as the evolution of scientific approaches
to modeling bulk material structure interaction. It is noted that the formation of modern ideas about the pressure distribution in grain storages
originates from the classical Jansen model, which became the foundation for further research in the field of engineering mechanics of bulk
materials. The further evolution of the regulatory framework - from national instructions and industry documents to the requirements of the
Eurocode - was accompanied by the consideration of numerous experimental results and the introduction of empirical coefficients that allow
reflecting real effects that are inaccessible to analytical solutions of the classical type.

Special attention is paid to the modern generalizing model of the Ukrainian scientist Bannikov, which offers a universal approach to
determining the interaction of "structure-bulk body" without the need for a clear distinction between bunkers and silos. This method allows
for a more correct description of the transient conditions during filling and discharge conditions of operation of storages and to avoid
simplifications inherent in traditional approaches. The results of a number of experimental studies aimed at determining normal and tangential
pressures in various operating modes - both static and dynamic loading, including the effects of pulsations, uneven operation and local
overloads are presented.

Modern numerical methods of analysis are separately highlighted, including the discrete element method (DEM) and the finite element
method (FEM). Significant differences between them are indicated: DEM allows modeling the behavior of individual particles, while FEM
reflects the continuous environment of the structure, which determines the limitations and scope of each method. It is shown that the integration
of these approaches and their further development in the direction of generalizing static state models for dynamic operating modes, which still
remain the least formalized and most difficult to describe, is promising.

Against the background of the growing shortage of grain storage capacities, special attention is paid to the operational problems of silo
structures, the life cycle of which has been exhausted or is approaching completion. Refinement of modern models of interaction of bulk
material with storage walls forces to reassess the accuracy of calculations for mass silo buildings made of precast reinforced concrete, erected
according to outdated standards. New market requirements require more intensive operating modes, which increases the risk of damage,
cracking and emergency situations. In order to increase reliability, it is proposed to combine the assessment of the stress-strain state with the
specific technological requirements of a particular enterprise. Such a comprehensive approach, which takes into account the real technical
condition of the structure, material properties and loading modes, will allow to optimize the placement of products in the process of grain
storage and ensure rational operating conditions of silo structures.

Keywords: Silo, bulk material, grain, stress-stain state, modelling.
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