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JlucepTartis npucBsideHa po3poOIli MPUHIIUITIB SKICHOT 1 KUTBKICHOT OLIIHKU
MOJKJIMBOCTI HACTaHHS MTPOTPECYI0Y0ro 00BaJICHHS METAJIEBUX 000JIOHOK
CIeIIaTbHOTO BU]TY.

3micT aucepramii. Y BeTymioOIpyHTOBAaHO aKTyaJIbHICTh TEMH JHCEPTAIlli,
chopMyITHOBAaHO METY 1 3aBIaHHS JOCIIKEHHS, MPEJCTaBICHO HOBU3HY i
NpakTUYHE 3HAYCHHs] OTPUMAHUX pe3yibTaTiB. HaBeneHo BioMocCTi Ipo
arpo0aIlito OCHOBHUX Pe3yJIbTATIB AUCEPTAIlli, KUTBKICTh MyOJTIKaIlii, CTPYKTYPY Ta
o0csr poboTH.

VY nepuomy po3aijii mogaHo aHali3 peTpOCIEeKTUBU Ta TOTOYHUH CTaH
PO3BHUTKY METaJIeBHX 000JIOHOK CIIEIiaTbHOTO BUAY. PO3TIIIHYTO IPUHIIUITOB]
TEXHOJIOT19H1 0COOJMBOCTI BUPOOHMIITBA Ta MOHTAXXY Ta IIPOBEACHO aHAI3
KOHCTPYKTUBHUX PillIeHb JOCIIKYBaHUX KOHCTPYKIiK. [IpoananizoBano poboTH
aBTOPIB, IO 3aiIMAIOTHCS TECOPETUUYHUMH 1 EKCIIEPUMEHTAIBHIUMHU JTOCIIKEHHIMHU
MeTajeBUX 00O0JIOHOK CHEIIaTbHOTO BUAY. 3a3HAaYEHO, [0 CYTTEBUN HAYKOBUH
1HTEpeC BUKIMKAIOTh aHOMAJii Ta KOJArCH, 1110 BiJOYBAIOTHCS MPHU EKCILTyaTaIlii
000JIOHOK, SIK1 TIOCITIIKYIOTHCA.

[TpoBeneno anami3 aBapiiHUX CUTYaIliid i 00BaJIeHh O€3KapKACHUX apKOBUX
CHOpPY/, Ta BII3HAYEHO, 1110 BIIOYBAa€ThCS BTpaTa CTIMKOCTI OOOJIOHKHU, BUXOASYH 3
XapaKTepy Ta NIBUIKOCTI 0OBAJICHHS, BiIOYBAETHCS TaK 3BaHE «IIPOrpecyrouey, abo
«J1aBUHOMO110HE» 0OBaJICHHS.

B xox1 anani3y psay icHyro4Yux Oy/1iBesb 1 00'€KTIB, 110 3BOAATHCS, B OCHOBI

SKUX JIKATh PO3TJISIHYTI apKOB1 CUCTEMHU, OyJIO BCTAHOBJICHO, 1110 HA €Talll



3

BUPOOHHUIITBA 1 MOHTaXXY MOKJIMBI P13H1 HEJOCKOHAJIOCT], HAKOMMYEHHS SIKUX MOXE
CHOPHSTH 3a3HaYeHOMY Kojarcy. Haif0ubu iCTOTHUM 3 IIUX BIPTyaJIbHUX
HEJJOCKOHAJIOCTEH € PO3KPHUTTS IIBA MK KOHCTPYKTHBHUMH €JIEMEHTAMH CUCTEMH,
SIK€ HOCHTbH TUCKPETHUN XapaKTep.

PosrasinyTo npo6iemMu Ta 0COOIUBOCTI TPOTPECYIOUOTO 0OBATICHHS.
Buxonanuit aHaIi3 IeMOHCTPYE HEJOCTATHICTh BUBYCHHS HAIIPY)KEHO -
1e(OpPMOBAHOTO CTAHY JIOCTIDKYEMUX CHCTEM, SIKi €, TT0 CYTi, CKJIaACHUMHU
METaJICBUMHU 000JIOHKAMH, JT03BOJIMB BU3HAYUTH KOJIO HEBUPIIIICHUX MPOOJIEM K
TEOPETUYHOTO, TAaK 1 CKCIIEPUMEHTAIBHOTO XapakTepy. B miomy, icHyroui
JTOCJTIJPKEHHSI PO3TJISAIal0Th a00 OKPEMO B3sITI KOHCTPYKTUBHI €JIEMEHTH — apKOBI
npodini (a6o iX yacTuHM), a00 PparMeHTH, 10 CKIATAIOTHCS 3 HE3HAYHOI KUTBKOCTI
npod 1B, 1110, B IIUIOMY, HE BiIoOpakae mpoCTOPOBY pOOOTY 3a3HAUCHHX
KOHCTpYKIIiK. [TuTaHHs CTIHKOCTI 1 MPOrpecyrouoro (JJABUHOTIOAIOHOT0) 0OBaICHHS
PO3MIISTHYTUX KOHCTPYKITIN, BUXOASYN 3 aHAJI3y aBapifHUX CUTYaIlil, 10
BUHUKAIOTh MIPH €KCIUTyaTallii 03HaY€HUX CUCTEM, € MAJIOBUBYEHUMHU. Y 3B'SI3KY 3
quM, c(hOpMYJIFOBaH1 OCHOBHI 3aBAaHHS IIbOTO JOCIIIIKEHHS.

VY npyromy po3aijii apryMeHTOBAHO JOILTBHICTH AOCTIIKEHHS apKOBUX
MOKPUTTIB CHEI1aTbHOTO BIIY, OCHOBOIO SKUX € Mpodiinb «Uy»-Tumy. 3BaXkaroun Ha
CKJIQJTHICTh MOIIEPEYHOT0 Mepepizy (TeXHOIOTIuHe TopyBaHHs) 3a3HAYCHOTO
apKOBOTO MPOG1II0, Ta BUXOAIYH 3 HEOOX1THOCTI BepudiKaIlii miaxoay
BCTAHOBJICHHS TOTO T€OMETPHUYHUX XaPAKTEPUCTHUK, OyIIO TIPOBEICHO JIa0OpaTOpHE
JOCIIHKeHHSI (Ha HaTYPHOMY 3pa3Ky) 3 BU3HAUEHHS 3TMHAIBHOT )KOPCTKOCTI (110,10
TOPU30HTAIBHOI 0Ci) parMeHTa apKoBOro MpodiTto, 3a 1 MOAaIbII0T BepudiKaii
T€OMETPUYHHIX XAPAKTEPUCTHUK, OTPUMAHUX 32 JJOTIOMOTOI0 PO3PaXyHKOBHUX
KOMITJIEKCIB. Bynu nocmipKeH1 Tpu TUIIA PO3PaXyHKOBUX MOJIETIEH TOCTIIKYBaHUX
KOHCTPYKIIii: MOJIENTb y BUTJISA/II TUTOCKOT apKu (BIATIOBITHO O PEKOMEHIAITIN
HOPMAaTHUBHOI JJOKyMEHTAIli1), MOJIEJb TJIaIK01 000I0HKH (10 BimoOpakana
KOHCTPYKTHUBHY OPTOTPOIIIIO), MOJI€JIb Y BUIJISIA1 peOpUCTOi 000JOHKH (1110
BiloOpaXkasia reOMETPUYHY HENIIHINHICTE). ArTOpUT™M  (PEKOMEHIOBAaHUM

HOPMAaTUBHO-TEXHIUYHOIO TOKYMEHTAIIE€I0) NOCIKEHHS HAIPYKEHO-



nedopmoanoro crany (HJIC) koHCTpyKLii crieniaqbHOTO BUly IONOBHEHUHN
aHaJI30M CTIMKOCTI, IPU LbOMY, BpPaXOBaHO HE TUIbKH CTIMKICTh MJIOCKOT (popMHU
BUTUHY, a i 3TUHAJIBHO-KPYTUIIbHY (POPMY BTPATH CTIMKOCTI. 3a pe3yjbTaTaMu
anamizy HJIC, Ha 6a3i mpocTopoBuX 000JOHKOBUX MOJIENIEH, JOBEACHO MO3UTUBHUI
BILJIUB HAasABHOCTI TOpLEBUX 1 npoMibkHUX Aiadparm Ha HJIC 1 cTiiikicTh 00070HOK
CHELIaJIbHOrO BUAY, 1 IK HACIIJOK, 3p00JIE€HO BUCHOBOK MPO X KOHCTPYKUIAHY
HeoOx1aHIcTh. HasBHICTD qiadparm >KOPCTKOCTI NPU3BOAUTH /10 TAJAIHHS TOJOBHUX
CTUCKAIOUHUX 1 PO3TATYIOUUX HANPYKEHb, B cepeaubomy Ha 50-70%, B 3a1€KHOCTI
Bijl TOBXHHHA OOOJIOHKH, a TAKOXK /10 3MEHIIICHHS BEPTUKAIBHHUX TIEPEMIIICHb, B
cepeaabomMy Ha 63%, minBuIeHHs KoedillieHTa 3anacy CTIMKOCTI.

BincyTHICTh MOKIIMBOCTI BpaXyBaHHS POrPECyr0U0ro oOBaieHHS
PO3TISTHYTUX CUCTEM, CIIOHYKaJIa HEOOX1THICTh IOJATBIIOTO YAOCKOHAICHHS
PO3paxyHKOBUX MOJICIICH.

VY 3B’S13Ky 3 4UM, Y TPEThOMY PO3Ai1i0yJI0 PO3TISHYTO MOAEID IMiBUIIIEHOT
KOPEKTHOCT1 000JIOHKH crieniaibHoro Buay. CkinuenHno-einemenTHa (CE) moaens
BiI0Opakalia BIpTyaJibHY HEJIOCKOHAIICTh Y BUTJISAII PO3KPUTTS IIBA M1XK
CYMDKHMMH apKOBUMH €JI€MEHTaMU, MPU MPUITYIIIEHH] MAKCUMAaJIbHOTO BIIXUIICHHS
KyTa MOJIUIh KOHCTPYKTUBHOTO €JIEMEHTA Bij BEPTUKAIII Ha ~ 3°, 3TiHO TEXHOJIOT 11
BUPOOHMIITBA.

O6ymosnena CE mozenb, BpaxoByBajia aHami3 1e()OpMOBAHOI CXEMU Ta
BitoOpaxkanu pakTUIHy poOOTy BAJIBIIEBOTO 3'¢AHAHHS. Buiesaznadyeni
0COOJIMBOCTI BIAJIOCS pealli3yBaTh 3a IOMOMOTOI0 3aCTOCYBaHHS CIEIIaTbHUX
CKIHUYEHHUX €JIEMEHTIB, a CaM€ T€OMETPUYHO HEJIIHIMHOTO CKIHYEHHOTO eJIEMEHTa
00OJIOHKH Ta JABOBY3JIOBOI'O CKIHUEHHOT'O €JI€MEHTa MPY>KHbOI B'sI31 3 ypaxyBaHHAM
IPAaHUYHOTO 3ycHUIsL. [[J1s1 OIIHKHM KOPCTKOCTI BajbIEeBOTO 3'€JHAHHS, Oyna
noOy0oBaHa aHATITUYHA MOJIEITb IBOX aPKOBUX KOHCTPYKTHBHUX €JIEMEHTIB, SIKi
o0'eHaH1 MiX cO0010 BasblleBUl 3'eHaHHIM. [IpoBeeHo imeHTHdIKaIIIO
KOHTaKTHO1 apu, TOOTO, MO3HAYEH1 30HU, B AKUX MiJ Yac 1ePpOpMyBaHHS Ma€e
BiOyBaTucs KOHTAKT. [Ipu3HaueHo KoeilieHT B3aeMO/Iii, B JaHOMY BUIAKY,

koe(imieHT TepTst «cTanb 1o ctanmi» piBauii  0.8. [IpoBeneno anamiz HIC



3a3HA4YCHOTrO0 (PparMeHTa, IpH SKOMY BU3HAUECHO HOPMAJTbHI HATIPYKCHHS, 1110
BUHUKAIOTh y BAJILIEBOMY 3'€/THAHHI, 1 OTPUMAaHO JaHH1 IOTOHHOI XKOPCTKOCTI, sIKa
MPU3HAYAETHCS CKIHYUEHHUM €JIEMEHTaM OJIHOOT4YHOI B'sI31 y 3a3HAUEHIN
npoctopoBiii CE Mmozeni 06010HKH.

JJIst OLIHKY MOKIMBOCTI BUHUKHEHHSI IPOTPECYI0YOro 00BaJIe€HHS 000JI0OHOK
CIELIaIbHOTO BUY IMIJIEMEHTOBAHO €HEepreTHUHuM miaxia. [{ei miaxin
nependavae irepariiHui mporec, Ha KOXXHOMY KPOIIi TKOTO BU3HAYAIOTHCS
xomnonenTH HJIC, norenuiiinoi eneprii nedopmarnii (ITEJ) ta, sk pe3ynbrart,
OyIyeTbcsl CHEPTETUYHHIA MMOPTPET KOHCTPYKITii (TpocTOpOBa Jiarpama moJs
HIUTBHOCTI oTeHIiiHOT eHeprii negopmarii (LLITE/]) cuctemu, BiAMOBIAHO 10 SAKOI
B MOJAJIBIIIOMY Bi10yBaeThCs BUsiBeHHs KoHIleHTpaTopiB LIITTEJ] — micib
MalOyTHBOTO Kojarncy). [Ipu iboMy, Ha KOXKHOMY €Talli PO3paxyHKY MOCTiI0BHO
30UTBIIYETHCS HABAHTAXXEHHS 1 BpaXOBYETHCS 3MIHA JKOPCTKOCT1 CUCTEMU
(BaspIIeBOTO 3'€THAHHS ), B IpUNYIIEeHH] TTpo icHyBaHHs 3HadeHHs [IEJ]: U = supU,
iCJIsl BU3HAYCHHS SIKOTO, Ha HACTYIHIN iTeparllii BiOyBa€eThCS BIPTYaJIbHHI KOJIATIC.

IMIIeMeHTyouM BKa3aHUM aJrOpUTM, B X011 iTepaliifHoro po3paxyHky B [1K
«Jlipa», Oynu Bu3HaueHi 1 npoaHaiizoBaHi komnoneHTd HJC, a Takox
E€HEePreTUYHHMI OPTPET 00OJOHKH CTIeIiaIbHOTO BUAY. Bi3HaueHo Micts
KOHIICHTpAIIii IUIBHOCTI MoTeHIiiHo1 eHeprii aedopmarnii (II{ITE/) i 3poctanns ii
3HaY€Hb HA KOXKHOMY KPOIll PO3PAXYHKY.

3 MPOBEICHOT0 aHaJI3y 3a3HAYAETHCS, 1[0 HA OCTAHHBOMY KPOIli PO3PAXyHKY
Bi/3HaueHO HapocTanHs 3HaueHHs [1E/]. Ile miaTBepmKyeThCsl HAPOCTAaHHSIM
BEPTUKAIBHUX TMEPEMIIIeHb (MPOTHHIB) TAHOT CUCTEMH, 1 IOCSATHEHHSIM BCE B
OUTBIIIN KUTBKOCTI IBOBY3JIOBUX CKIHUEHHUX €JIEMEHTaX OJHOOIYHOT B'sI31
TPaHUYHOTO 3YCHUIIJIS, B HACIIIOK YOTO BiIOYBAETHCS BUKITFOYCHHS 1X 3 POOOTH.
ToO6To, BinOyBa€eThCS TaK 3BaHE JIABUHOTOI0HE YCYHEHHS B'sI31B, @)K O TPAHUYHOTO
cTaHy, BipTyanbHoro komnancy, [IE]] 3pocrtae i qocsirae Bepxupoi mexi U = supU,
KOJIM Ha HACTYITHOMY KPOIIl CHCTEMA MEPETBOPIOETHCS B MEXaHI13M, 1110 MIATBEPIXKYE

MPUHLIUIIN, TOKJIaIeH] paHilIe.



Takox, B TOTOYHOMY PO3/11, 3aPONOHOBAHO 3aX0AN KOHCTPYKTUBHOT
MOJIEpHIi3allii By3JiB 3'€JHAHHS TOCTIKYBAHUX KOHCTPYKIIiH, 1110 TO3BOJSIOTh
YHUKHYTH TIPOTPECYIOUOT0 oOBajeHHs. /[ mboro, B paMKax 3a3HaYeHHUX
MPUHIIUITIB, TOTPIOHO JOCATTH OUIBII PIBHOMIPHOTO (MPUPOIHOTO) PO3MOALTY
nomiB LIITE/], 1 minimizyBatu I1E]] cuctemu B minomy. CkazaHe CliOHyKae
HEOOXIIHICTh 3a0€3MeUeHHs aJIeKBaTHOI CIIUIBHOCTI POOOTH apKOBHUX
KOHCTPYKTHBHHUX €JIEMEHTIB. 3alIpOIIOHOBaHA KOHCTPYKTHBHA MOJICpHI3aIlis
nependayae BCTAHOBJIEHHSI OOJITOBUX 3'€IHAHb 3 3aJIaHUM KPOKOM (CaMOHapi3HUX
mrypymiB 3 1maitooro I'poiiBepa abo 3akienok 3 mai6oro). Lls moaepHizalis
7103BOJIsIE€ 3a0€3MeUnTH CUIBHICTD Aedopmaitiii 1 TpancpopmyBatu HIIC ob6omonku
cnemianbHoro Buay B HIAC koHcTpyKIii 61M3bKOT 10 CYHUTBHOT peOpucTOi
000JIOHKH, OTPUMABIIIK THM CAMHM JIUCKPETHO-KOHTUHYAJIBHY CUCTEMY.

YerBepTHii po3aia poOoTH npucBsiueHo Bepudikalii (B X011 MPOBEICHHS
MOBHOPO3MIPHOTO HATYPHOTO €KCIIEPUMEHTY) PO3PAXyHKOBUX MOJIEIe 000JI0HOK
CIeIIaJIbHOTO BUY, 3 YPaxXyBaHHSM TOCIIIOBHOCTI 3BeJICHHS  (IIpH poOOTI
KOHCTPYKIII1 10 1 TiCIIs MPOBEICHHS] KOHCTPYKTUBHOT MOJIEpHi3allii).

[IpoBeneHo 3icTaBiaCHHS TaHKUX MEPEMIIICHB JOCIIKYBAaHUX TOYOK
KOHCTPYKIIii Bif] A1 30cepeKEHOT0 HaBaHTAKECHHSI JI0 1 MICIIs TPOBEACHHS
KOHCTPYKTUBHOT MojiepHi3alii. [IpoBeaeHo 3icTaBiIeHHS OTpUMaHUX
EKCIIEPUMEHTAIBHUX JTAHUX 3 TEOPETUIYHUMHU.

3 OTpUMaHMX Pe3yJIbTATIB MOPIBHSIHHS MEPEMIIIEHb KOHCTPYKIIIi 10 1 micis
MOJIEpHI3aIlii, BIA3HAYAETHCS 3HAUYHE 3HIDKCHHS MIEPEMIIIIEHb B CEPEAHBOMY Ha
71,21%, 1110 HAOYHO CBITYUTH MPO MOJIMIIEHHS XapaKTEPUCTUK YKOPCTKOCTI
JOCITIJDKYBAHOT CHCTEMH.

PizHUISM MiX TEOPETUIHUMHU 1 €KCIIEPUMEHTATPHUMHU 3HAYECHHSIMHA
IepeMIIlieHb CKiIana, B cepeaabomy, 10,74%, 1o mae mpaBo BBaKaTH BepHUQiKaIlifo
YCHINTHOIO.

IPsaTuii po3aiyi  npeacTaBiisie pe3yJbTaTH BOPOBAIKEHHS HAYKOBOTO
nociimkenns 8 TOB  «CTPOU THXXUHIPUHT JIEBEJIOTIMEHT», nipu

MIPOEKTYBaHHI 1 Oy1IBHULITBI CTAHAAPTHUX (PI3KYJIBTYPHO-030POBUMX KOMILJIEKCIB.
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KurouoBi ciioBa: 00010HKA CHIEHIaIbBHOTO BUY, CTIMKICTh, MPOrPECYIOUe

0OBaJIEHHs, HAIIPYy>KE€HO-1€(POPMOBAaHUI CTaH.

ABSTRACT

Roman V. Koreniev. Analysis of the possibility of progressive collapse of
metal shells of a special kind. — Qualification scientific paper, manuscript.

Dissertation for the degree of a candidate of technical sciences (doctor of
philosophy) in the specialty 05.23.01 "Building constructions, buildings and
structures™ (19 - Architecture and construction). - Ukrainian State University of
Railway Transport, Kharkiv, 2020

The dissertation is devoted to the development of principles of a qualitative
and guantitative assessment of the possibility of the onset of progressive collapse of
metal shells of a special kind.

The content of the dissertation. The introduction substantiates the
relevance of the topic of the dissertation, formulates the goals and objectives of the
study, presents the novelty and practical significance of the results. The information
on the testing of the main results of the dissertation, the number of publications, the
structure and volume of work is given.

The first section presents an analysis of retrospectives and the current state of
development of metal shells of a special kind. The fundamental technological
features of production and installation are considered and the analysis of design
solutions is carried out. The works of authors involved in theoretical and
experimental studies of metal shells of a special kind are considered. It is noted that
anomalies and collapses of the shells occurring during the operation are of
significant scientific interest, are being investigated.

The analysis of emergencies and collapse of frameless arch structures, and
noted that there is a loss of stability of the shell, based on the nature and speed of
collapse, there is a so-called "progressive", or "avalanche" collapse.

In the course of the analysis of several existing buildings and objects, built

based on which arch systems are considered, it was found that at the production and
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installation stage various imperfections arise, the accumulation of which may, as a
result, contribute to this collapse. The most significant of these virtual imperfections
Is the opening of the seam between the structural elements of the system, which is
discrete.

The problems and features of progressive caving are considered. The
performed analysis shows the inadequacy of studying the stress-strain state of the
systems under study, which is, in fact, folded metal shells, also made it possible to
determine the range of unresolved problems of both theoretical and experimental
nature. In general, existing studies consider either individual structural elements -
arch profiles (or parts thereof), or fragments consisting of a small number of profiles,
which, in general, reflects the spatial work of these structures. The issue of stability
and progressive (avalanche-like) collapse of the considered structures, based on the
analysis of emergencies arising from the operation of these systems, are poorly
understood. In this connection, and formulated the main objectives of this study.

The second section argues the feasibility of studying arched coatings of a
special type, the basis of which is the profile of the “U” type. Due to the complexity
of the cross-section (technological corrugation) of the specified arch profile, and
based on the need to verify the approach to establish its geometric characteristics, a
laboratory study (on a full-scale sample) was carried out to determine the bending
stiffness (relative to the horizontal axis) of the fragment of the arch profile, for
further verification of geometric characteristics obtained using settlement systems.
Three types of design models of the structures under study were investigated: a
model in the form of a flat arch (according to the recommendations of normative
documentation), a model of a smooth shell (reflecting structural orthotropy), a model
in the form of a ribbed shell (reflecting geometric nonlinearity). The algorithm
(recommended by the normative and technical documentation) for studying the
stress-strain state (SSS) of special-type structures is supplemented by a stability
analysis while taking into account not only the stability of a flat bending shape but
also the bending-torsional form of buckling. According to the results of the SSS

analysis, based on spatial shell models, the positive effect of the presence of end and
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intermediate diaphragms on the SSS and the stability of the shells of a special type
Is proved, and as a result, a conclusion is made about their structural necessity. The
presence of stiffness diaphragms leads to a decrease in the main compressive and
tensile stresses, on average, by 50-70%, depending on the length of the shell, as well
as to a decrease in vertical displacements, on average, by 63% and an increase in the
safety factor.

The inability to take into account the progressive collapse of the considered
systems has prompted the need for further improvement of the calculation models.

In this connection, in the third section, a model of increased correctness of a
shell of a special type was considered. The finite element (FE) model reflected
virtual imperfection in the form of opening a seam between adjacent arched
elements, assuming the maximum deviation of the angle of the shelves of the
structural element from the vertical, by ~ 3 °, according to the production
technology. When constructing the indicated FE model, it was assumed that a
geometrically nonlinear finite element of the shell was used to take into account the
deformed scheme, and to display the stiffness of the roller connection, using two-
node finite elements of elastic ties taking into account the ultimate force intended
for modeling the bond that perceives tension or compression. To assign stiffness to
the finite elements of the elastic ligature, in the “Ansys Student”, an analytical model
of two arched structural elements was built that are connected by a roll joint. The
identification of the contact pair was carried out, that is, the zones in which contact
occurred during deformation were identified. The interaction coefficient is assigned,
in this case, the coefficient of friction "steel on steel” equal to 0.8. An analysis of the
SSS of the indicated fragment was carried out, at which the normal stresses arising
in the rolling joint were established, and they switched from them to linear stiffness,
which is assigned to the finite elements of the one-sided model connection in the
"Lira" PC.

An energy approach is proposed to assess the possibility of progressive caving
of shells of a special type. The proposed approach provides for, at each step of the

iterative process, the determination of the components of the SSS, potential strain
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energy (PSE) and, as a result, the construction of an energy portrait of the structure
(spatial diagram of the field of the density of potential strain energy (DPSE) of the
system, following which DPSE concentrators are subsequently identified — places
of future collapse). At the same time, at each stage of the calculation, the load
increases sequentially and the change in the system stiffness (roll connection) is
taken into account, assuming the existence of a PSE value: U = supU, after which,
at the next iteration, a virtual collapse occurs.

Implementing the indicated algorithm, during the iterative calculation in the
"Lira" PC, the components of the SSS were determined and analyzed, as well as the
energy portrait of the shell of a special kind. The places of concentration of the DPSE
and the growth of its values at each step of the calculation are noted.

From the analysis, it is noted that at the last step of the calculation, an increase
in the PSE value is noted. This is confirmed by the increase in vertical displacements
(deflections) of this system and the achievement of an increasing number of two-
node finite elements of the one-sided ligament of ultimate force and their exclusion
from the "work". That is, the so-called avalanche-like elimination of elms takes
place, up to the limit state, virtual collapse, the PSE increases and reaches the upper
limit Uu = supU, when the system turns into a mechanism in the next step, the
principles laid down earlier are confirmed.

Also, in the current section, the proposed measures for constructive
modernization of the connection nodes of the studied structures, which allow
avoiding progressive collapse. To do this, within the framework of these principles,
it is necessary to achieve a more uniform (natural) distribution of the fields of the
DPSE and minimize the PSE of the system as a whole. To do this, it is necessary to
ensure adequate commonality of the work of arched structural elements. The
proposed constructive modernization provides for the installation of bolted joints
(self-tapping screws with a Grover washer or rivets with a washer) with a given step.
This modernization makes it possible to ensure a common deformation, and to
transform the stress-strain state of a special-type shell into a stress-strain state close

to a continuous ribbed shell, thereby obtaining a discrete-continuous ribbed shell.
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The fourth section of the work is devoted to verification (during a full-size
full-scale experiment) of design models of shells of a special type, taking into
account the sequence of construction (during construction work before and after
constructive modernization).

A comparison of the data of the displacements of the studied structural points
from the action of the concentrated load, before and after the structural
modernization was carried out. Also, in turn, the obtained experimental data were
compared with theoretical ones.

From the results of comparing the displacements of the structure before and
after modernization, a significant decrease in displacements by an average of
71.21% is noted, which indicates an improvement in the stiffness characteristics of
the system under study.

The difference between the theoretical and experimental values of the
displacements averaged 10.74%, which gives the right to consider verification
successful.

The fifth section presents the results of the implementation of scientific
research in LLC “STROY ENGINEERING DEVELOPMENT”, during the design
and construction of standard sports and fitness complexes.

Key words: a shell of a special type, stability, progressive collapse, stress-

strain state.
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BCTVYII

Hapa3si B Ykpaini 1oCUTh 4aCTO BUKOPUCTOBYIOThCSI METAJIEBI 00OJIOHKHU
CHEIaIbHOTO BUAY, B OCHOBI SIKUX € METAJIEBUI apKOBUN TOHKOCTIHHHIMA
XOJOAHOTHYTUH Mok, 3a3HaU€H1 KOHCTPYKIIIi MOXKYTb 3aCTOCOBYBATHCS SIK B
SIKOCT1 OCTOBY, TaK 1 B IKOCT1 IOKPUTTS Oy11BEJb 1 CIOPYI.

AKTyaJubHicTh po0oTH. CyTTEBUI IHTEPEC 10 METANIEBUX 000IOHOK
CTeIiaTbHOTO BUIY OOYMOBIICHHUH iX HU3bKOIO BapTICTIO, MOXKITUBICTIO IIBUKOTO
3BEJICHHS 1 BATOTOBJICHHS OCHOBHHMX apKOBHUX KOHCTPYKTUBHHUX €JICMCHTIB B YMOBaX
OymiBEeIbHOTO MailaHYrKa, a TAKOXK MOXIIMBICTIO 1X 3aCTOCYBaHHS Y Pi3HUX
apXITEeKTYPHO-TUIAHYBAJIbHUX PILIEHHIX MPOMHCIOBOTO 1 IIUBUIBHOTO Oy 1IBHUIITBA.

HesBaxkaroum Ha BeJMKY KIJTBKICTh BXKE 3BEICHUX 00’ €KTIB Ta TaKUX, IO
3HAXOAATHCS B IMpoIieci OyTiBHHUIITBA, B IIFOUMX HOPMATHBHHUX JIOKYMEHTaxX Y KpaiHu
YiTKI peKOMEHAIli 010 pO3paxyHKY MOAI0HOr0 BUIY METAIEBUX 000JIOHOK
BifcyTHI. HopmaTuBHa 0a3a 3 MpOEKTYBaHHS PO3TJISHYTHX O0€3KapKacHUX MOKPUTTIB
BIZICYTHS TaKOX 132 KOPJIOHOM, B HOpMax KpaiH €Bpomnu Ta [liBHIYHOT AMEpHUKH €
METOAMKHU PO3PAXYHKY TPAAUIIIMHUX KOHCTPYKIIM 3 TOHKOCTIHHUX XOJOJHOTHYTHUX
npod 1B, ajie Ha 6e3KkapKacHi apKOB1 KOHCTPYKIIii BOHU HE MOITUPIOIOTHCS.
BpaxoByroun 3a3HaueHe BHUIIE, B IOBHIM Mipi 3aCTOCOBYBATH 3apyOiXKHI CTaHIAPTH
JUTSL PO3PAaXyHKY O€3KapKaCHUX apKOBUX MOKPHUTTIB i3 CTaJIEBUX TOHKOCTIHHUX
XOJIOHOTHYTHX PO TIB 3 MONepeyHO-TOPPOBAHUMHU I'PAHSIMHU HE BUSBIISETHCS
MoxxnuBuM. HaykoBwuit inTepec Bukimkae HJIC 3a3HaueHNX KOHCTPYKITiH Ta
(dbopMyBaHHS HOPMATHBHUX PEKOMEHAIIN TIOI0 X pPO3PaXyHKY.

3Ba)kar0uM Ha BUKOPUCTAHHS 3a3HAYCHUX KOHCTPYKIIiK B chepl IIUBLUIHHOTO
OymiBHMIITBA, BAPTO BI3HAYUTH XapAKTEPHY BUCOKY CTYITIHb COIIATHHOT 3HAUYIIIOCTI
1 BIITTOB1TAJIBHOCTI MPH 1X eKCILTyaTarlii, 110 MoB'I3aHa 3 MOKJIMBUM MaCOBHM
CKYITYCHHSIM JIFOJICH MPU MIPOBEICHHI TUX UM IHITUX CYCMUIBHUX 3aX0IiB. TOX
aKTyaJIbHUM € W MATAHHS MIPOTPECYI0Y0ro 0OBaJICHHS 1, BIIMOBIIHO, 3aX0/IiB Ta
MeToAIB Horo 3anobiranns. [lepepaxoBane, B CyKymHOCTI 3 JaHUMH PO aHOMAJTIi Ta
aBapiiiHi CUTYyaIlii MPOTATOM €KCIUTyaTalli 3a3Ha4eHUX KOHCTPYKI[IH, MITBEPIKY€E

aKTyaJIbHICTh 1 CBIITYUTH PO JOLUIBHICTh JOCTIKEHb B 03HAYCHOMY HAIIPSMKY.
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3B's130K po00OTH 3 HAYKOBUMHM NIPOrPaMaMHu, INIAHAMH, TEMAMM.

JHucepTauiiiHa poOOTa BUKOHaHa B paMKaxX TEMAaTUKH Kadenpu Oy 1iBeIbHUX
koHcTpykuid XHYT'X imeni O.M. beketosa 3a 2014—2019 pp.: «HoBi edexktuBHI
KOHCTPYKTHBHI CUCTEMH 3 pallloHaTbHUMU napameTpamm» - Ne JIP 0114U002999;
«Crane0eToHH1 KOHCTPYKLIi 3 palioHaasHUMH napamerpammy» - Ne JIP 0117U000662;
Ta € YaCTHHOIO 10CHiKeHb HaykoBo1 ko XHYMI imeni O.M. bekeroBa
«KoHcTpykiiii 1 MaTepiayiv 1S AKUTIOBUX 1 TPOMaICbKUX Oy/I1BEIIbY.

MeTta po060oTH nosisirae B po3po0Il MPUHIIUIIB SKICHOT 1 KUTbKICHOT OI[IHKU
MOJKJIMBOCTI HACTaHHS MTPOTPECyI0Y0ro 0OBaIeHHS METaIEeBUX 000IOHOK
CIEIIaTIbHOTO BUJTY.

HaykoBa rinmore3a — yJoCKOHaJICHHsI KOHCTPYKIIIM Cy9acHUX METaJeBUX
000JIOHKOBUX MOKPUTTIB CIELIAIBHOTO BUY, IUITXOM HaJaHHsI HEOOX1THOTO pecypcy
pU CIIPUHHATTI HOPMATIBHUX 1 aHOMAJIbHUX BIUTHBIB.

3aBnaHHs NOCJIIZKeHHS
- TIPOBECTH MMOCITIIOBHUN aHaJTI3 HAIIPYKEHO-/1e()OPMOBAHOTO CTAaHY Ta CTIMKOCTI
MeTaJIeBUX 000JIOHOK CIEIIabHOTO BUTY, 3 IMIUIEMEHTAITIEO PI3HUX T1AXOIIB
MOJIETTIOBAHHS;
- PO3POOUTH AITOPUTM MOJICITFOBAHHS 00OJIOHOK CTIEIIaJIbHOTO BUIY, 3
BiTOOpaKeHHSIM KOHCTPYKIIIMHOT HEIHIMHOCTI Ta BIPOBAHKCHHSIM HOBOTO
E€HEPreTUYHOTO MIXOTY JI0 OI[IHKK MOYKJIMBOCTI HACTaHHSI ITPOrPECYIOUOT0
0OBaJICHHS;
- moOyyBaTy i Bepu(iKyBaT CKIHYEHHO-EJIEMEHTHI MO/IeI1 000JIOHOK CIEI[IaTbHOTO
BUJTY, 3 MOKJTUBICTIO BiIOOpaKEHHS HACTaHHS MPOTPECy0YOro 0OBaJeHHS,
IMIUIEMEHTYIOUH PO3POOJICHUI aITOPUTM;
- pO3pOOHUTH KOHCTPYKTUBHI 3aXOIH, 110 TIONIEPEIKYIOTh HACTAaHHS MPOTPECYI0UOro
oOBasieHHs, 1 Bepu(iKyBaTH 3aMPOIIOHOBAHY KOHCTPYKTUBHY MOJICPHI3AIIO
MOBHOPO3MIPHUM HaTYpHUM €KCTIEPUMEHTOM;

00'exT OCTITKEHHS — 0COOIMBOCTI 1IepOPMYBaHHS METAIEBUX 000JIOHOK

CIIeIIaTbHOTO BUTY.
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Ipeamer nocaimxenns — GpaykTyaiii 1epopMyBaHHS KOHCTPYKIIIH 110
JOCIIKYIOThCS, K1 MOXKYTb IPUBECTH JO IPOrPECYIOUOT0 OOBAJIEHHS.

Memoou oocnioxncennsa. B po60Ti BUKOPUCTaHI aHATITUYHI Ta YUCEIbHI METOAN
MeXaHiKu 1e(hOpMOBaHOI0 TBEPAOIO TiJIa, 30KpeMa, METO]l CKIHUEHHHUX €JIEMEHTIB.
[ToOy10BY KOHCTPYKTHBHUX PIIIIEHB PEaIi30BAHO HA OCHOBI €KCIUTyaTallii aJITOPUTMIB,
10 peali3yl0Th YIPABIIIHHS SIKICHUMU 1 KUTbKICHUMH XapakTepuctukamu HJC, 1o
BUHUKA€E B KOHCTPYKIii. EKciepuMeHTanbHe TOCHIIKEHHS ICHYI0UHUX 1
3aIIPOITIOHOBAHOTO KOHCTPYKTUBHUX PIllICHh METAJIEBUX 000JIOHOK CTICIIaTbHOTO BUTY
MIPOBOIUIIOCS Ha JTa0OpaTOPHUX 1 HATYPHUX 3pa3Kax 3 BUKOPUCTAHHSM E€JIEMEHTIB
aBTOMAaTU30BaHOI CUCTEMH HAYKOBUX JTOCIIKEHbB, 110 0a3y€ThCS HA CY9aCHOMY
TEXHIYHOMY 1 iHPOpMaliifHOMY 3a0e3MeUeHHI.

HaykoBa HOBH3HA OTPUMAHHUX pe3yabTaTiB.

Bnepuwe :

- po3po0beHo miaxia GopMyBaHHS pO3PaxyHKOBOT MOJIesi 000JIOHOK CITEIiaTbHOTO
BUJTY 3 YpaxXyBaHHSAM KOHCTPYKIIIHOT HEJIIHIHHOCTI 1 3 MOYKJIMBICTIO BITOOpayKEHHS
HACTaHHS MPOTrPEeCyroyoro 0OBaIeHHS;

- peari3oBaHa IMIUIEMEHTAIlIsI HOBOTO €HEePreTUYHOTO MIAX0Y JJIsI IKICHOT 1
KUTbKICHOT OIIIHKM MOKJIMBOCTI HACTAHHS IIPOTPECy0YOoro 00BaJIeHHS 3a3HAUYEHUX
KOHCTPYKTHUBHUX CHCTEM;

- OTPUMAHO HOBI1 PE3yJIbTATH €KCTIEPUMEHTATLHIUX HATYPHUX JOCIIIKEHb
neOopMaTUBHOCTI METAJICBUX 00OJIOHOK CITCIIAIBHOTO BUTY.

Habyno nooansvuio2o po3eumxy:

- CKIHUEHHO-EJIEMEHTHE MOJICITFOBAHHS HAMPY>KEHO-IE(POPMOBAHOTO CTaHY 0OOJIOHOK
CHEIIaTbHOTO BUY i BCTAHOBIIEHHS OCOOIMBOCTEH iX e OpMYyBaHHS;

IIpakTuyuHe 3HAYEHHS] OTPUMAHUX Pe3yJILTATIB MOJISATAE Y:

- 3aMIPOMOHYBAaHHI CITOCO0Y KOHCTPYKTHBHOI MOJICPHI3AIlil MOKPUTTS CHEI1aILHOTO
BU/TY, 110 3a0e31edye CTIUKICTh O MPOrPeCcyrYoro oOBaJeHHS.

- po3po0IIl AITOPUTMY OIIIHKH MOKJIMBOCT] HACTAHHS ITPOTPECYIOUOTO OOBAJICHHS

METaJIeBUX 000JIOHOK CIEI[1aJIbHOTO BHUY;
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- BIIPOBA/KEHHI iX (pe3yJbTaTiB) B IPOEKTHUI 1 BUPOOHUYMIA UK MIIPUEMCTBA
TOB «CTPOU THXKUHIPUHT JIEBEJIOTIMEHT) npu po3po6ii cTaHIapTHHX
(13KyJIbTYPHO-03JJOPOBUMX KOMILJIEKCIB Y XapKIBChKil 00JIaCTI.

Oco0uctuii BHecok 3100yBaya. Bci OCHOBHI HayKOBI pe3yNbTaTH
JUcepTaliiHoi poOOTH OTpUMaHi aBTOPOM 0coOKUCTO. OKpeMi CKIIa0B1 TEOPETUUHUX
Ta €KCIIEPUMEHTAILHUX JIOCTII)KEHh BUKOHAH1 B CIIBABTOPCTRI, IO BiI3HAYEHO B
HaBEJICHOMY MEpeiKy HAyKOBHX IMyOJiKalii.

Anpobauis po6oru. Pesynbrat podoTtr nonosiganucs Ha I Mixunapoanii
HAYKOBO-TE€XHIUH1M KOoH(pepeHuii «EdexkTuBH1 TexHomori B OyA1BHUIITBI» B
KuiBcbkoMy HalllOHaTBbHOMY YHIBEpCUTETI OyaiBHUIITBA 1 apxiTekTypu (M.Kuis, 28.03
— 29.03.2018p.), MixxHapoaHiif HayKOBO-IpaKTU4HIM KoHepenuii «Ctpareris
PO3BUTKY MICT: MOJIO/Ib 1 MAOyTHE (1HHOBALIHHUMN J1(T)» B XapKiBCbKOMY
HAI[IOHAJILHOMY YHIBEpCHUTET1 MiChbKOTO Tocnoaapctsa imeHi O.M. bekerosa (M.
XapkiB, 12.04 - 13.04.2018 p), Ha 83-ii HAYKOBO-TEXHIYHIM Ta HAYKOBO-METOIMYHIN
KoH(pepeHrlii y XapKiBCbKOMY HaI[IOHAIBHOMY aBTOMOOIBHO-I0POKHBOMY
yHiBepcuteTi (M. XapkiB 13.05-17.05.2019 p), Ha MiKHApOAHIN HAYKOBO-TIPAKTUYHIH
koH(pepenrii «EdexkTuBHI TEXHOIOT1T 1 KOHCTPYKITii B OYAIBHUIITBI Ta apXiTEKTypa
cena. Po3po0Oka iHHOBaLIMHUX MojieNiel ekoroceneHb [Ipukapnarts ta Kapmar» (M.
Hyo6msan 15.05-17.05.2019p); Ha XX MDKHAPOIHOMY HAyKOBO-TIPAaKTUYHOMY (hOpyMi
«Teopis i mpakTUKa PO3BUTKY arpOINPOMHUCIOBOTO KOMIUIEKCY Ta CIITbCHKHX
teputopiit» (M. JIsBiB 17.09.-19.09. 2019p).

Iy6aikanii. OCHOBHI MOJOKEHHS AUCEPTAaIlii 1 pe3yabTaTH AOCITIKECHb
omyOikoBani B 10 gpykoBaHux poOoTax, 9 3 SKMX YBIMILIN B BUJAHHS,
pexkoMennoBani MOH Ykpainu, B TOMy uncii 3 B HAyKOMETpUYHUX 301pHUKAX, |
CTaTTs 32 MaTepiagaMu KOH(EpeHIrii.

CrtpykTrypa Ta o0csir podoTu. Jlucepraliis CKJIaaeThCs 31 BCTYITY, I SITH
PO3ILTIB, 3arajIbHUX BUCHOBKIB, CIMCKY BUKOPUCTAHUX JKEPEN Ta JOJIATKIB.
JHucepraiis BukiaaeHa Ha 198 ctopinkax 1 MicTUTh 118 - CTOPIHOK OCHOBHOTO TEKCTY,
25 - Tabnuip, 80 - pucyskis, 153 - HaiiMmeHyBaHb JlitepaTypu, 6 nogaTkiB Ha 50

CTOpIHKAaX.
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