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Binsinue y3/710BBIX CONMPSKEHUH HA YCHJIHA B 3JIEMEHTAX MeTAJINYeCKOro
KapKaca pedpHCTO-KOJIbIEBOr0 KymoJia ¢ y4eToM Pa3Horo KoJn4ecTBa
MOJEPKUBAKIIUAX €r0 KOJIOHH

E.B. Jleoenn

HanmonanbHblii nccnenoBarebckuii MOCKOBCKUH TOCY IApCTBEHHBIH CTPOUTENbHBIN YHUBEpCHTET, Mockea, Poccuiickas @edepayus
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INoctynuna B pepakuuio: 25 HosiOps 2024 .
Ipunsra k myonukamu: 20 saBaps 2025 .

AnHoTanus. MccnenoBanoch BIMSHHE y3JI0BBIX CONPSIKEHUI Ha BEITMYMHBI BHYTPEHHUX YCHIIUH B 3JIEMEHTaX METalIH-
4eCKOro KapKaca peOpUCTO-KOJIBIIEBOrO KyINoja, B TOM YUCIIE U IPH Pa3HOM KOJIMYECTBE IOJAEPKUBAIOIIUX €r0 KOJOHH.
ITpu 3TOM CcoxpaHsnack HUKINYECKas CUMMETPHsI KOJIOHH 110 BCEMY KOHTYpY Kymoia. Bce aneMeHThl KynonbHOro Kapkaca 1
KOJIOHHBI TIPUHSTHI U3 CTANBHBIX TPyO. OOBEKTaMM HCCIIENOBAHNUS CIY>KHIIH KYTIOJIbHBIE KapKachl, KOTOPBIE OTIINYAINCH JPYT
OT JIpyra KakK pasHbIMH Y3JIOBbIMH COIPSIIKCHHUAMH, TaK U PA3HBIM KOJIUYCCTBOM IMOJJCPKUBAIOMIUX €0 KOJIOHH. Kynona
HUMEIOT OJJMHAKOBOE FE€OMETPHUECKOE CTPOECHUE U pa3Mephl, OJIMHAKOBBIE CEUEHUS OJHOTUIIHBIX 3JEMEHTOB KapKaca U BOC-
TIPUHUMAIOT OIMHAKOBBIE HArpy3Kku. VccienoBanust IPOBOAMINCH MOCPEACTBOM PACUCTOB KOMITBIOTEPHBIX MOJENeil KapKa-
coB. Mozenu ¢ pa3sHbIMHU Y3JIOBBIMH CONPSKEHUSIMU TIOJTy4EHBI OCTENIEHHBIM IPE0OpPa30BaHNEM W3HAYAIbHO HAa3HAUYEHHBIX
IHApHUPHBIX Y3JIOB B )KCCTKHC, 4 PA3HOC KOJIMYECTBO KOJIOHH CO3/1aBaJIOCh PErYIAPHBIM UX YIAJICHUEM U3 I/ICXOI[HOI‘/II KOM-
IBIOTEPHON MOzienH. B mponecce pacueToB onpenensyiuch BHyTpeHHHEe ycuiuss N u M B 21eMeHTax KapKacoB BCEX MOJe-
JIeH, KOTOpBIE CPAaBHUBAIKCH MEXTy co00i. [TomydeHbl cpaBHUTENBHBIC THarpaMMbl BHYTPEHHUX ycuiauid N 1 M B srieMeH-
TaxX KapKacoB MCXOJHOW M BCeX MpeoOpa3oBaHHBIX Mogelneil. /laHa oneHka paboThl AJIEMEHTOB peOPHCTO-KOJIBLEBBIX KYIIO-
JIOB C Pa3HBIMU Y3JIOBBIMU CONPSIKEHUSMH Il KAPKACOB C Pa3HBIM KOJIMUYECTBOM KOJIOHH. Ilo pesymbraTam uccienoBaHus
OTMEYCHBI 3HAYNTEIbHBIC N3MEHEHHUS M3THOAIOINX MOMEHTOB M B HI)KHEM KOJIBIIE M IPOAOIBHBIX CHJI N B KOJOHHAX.
[Ipuuem xapakrep U3MEHEHHS YCUIMHI 3aBUCUT OT BUJA Y3JIOBBIX CONPSIKEHUI.

KiroueBble cJIoBa: KOMITBIOTEpHAsT MOJICIb, MEPUAMOHATIBHBIC peOpa, BEpXHEE KOJBIO, HIDKHEE KOJIbIIO, KOJIOHHEI, IIap-
HUPHBIC U JKECTKHE y3IIbI, CTATHIECKUI pacueT

3asBJjeHue 0 KOH(INKTe HHTepPecoB. ABTOp 3asBIIET 00 OTCYTCTBUU KOH(IMKTAa HHTEPECOB.

Jas mutupoBanns: Jlebeos E.B. BiusHue y3I0BBIX CONMPSHKCHUN HA YCHIIUS B 3JIEMCHTAX METAUTUYECKOro Kapkaca ped-
PHCTO-KOJIBLIEBOTO KYIOJIa C YYETOM Pa3HOTIO KOJMYECTBA MOAJCP)KUBAIONINX €ro KoJIoHH // CTpouTenbHast MEXaHUKa WH-
JKeHEPHBIX KOHCTPYKIui 1 coopyxkernit. 2025. T. 21. Ne 1. C. 3—17. http://doi.org/10.22363/1815-5235-2025-21-1-3-17
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Influence of Joint Type on Member Forces in Metal Ribbed-Ring Dome Frame
Taking into Account Different Number of Supporting Columns

Evgeny V. Lebed
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Abstract. The influence of the type of joint on the internal forces in the elements of the metal frame of a ribbed-ring dome,
and specifically considering different number of supporting columns, was studied. In this respect, cyclic symmetry of the
columns along the entire contour of the dome is preserved. All elements of the dome frame and the columns are made of
steel pipes. The objects of the study were dome frames, which differed from each other, both in different nodal connections
and in different numbers of supporting columns. The domes have the same geometric structure and dimensions, the same
cross-sections of the same type of frame elements and carry the same loads. The study was performed by analyzing
computer models of the frames. Models with different joints were obtained by gradually converting the originally assigned
hinges into rigid connections, and variation in the number of columns was implemented by regularly removing them from
the original computer model. In the calculation process, internal forces N and M in the frame elements of all models were
determined, which were compared with each other. Comparative diagrams of internal forces N and M in the frame elements
of the original and all transformed models are obtained. The behavior of the elements of ribbed-ring domes with different
nodal connections for frames with different numbers of columns is evaluated. According to the results of the study,
significant changes in bending moments M in the lower ring and axial forces N in the columns were noted. Moreover, the
nature of these changes depends on the type of nodal connection.

Keywords: computer model, meridional ribs, upper ring, lower ring, columns, hinged and rigid nodes, static calculation
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1. BBenenue

Metannnueckue Kynojia IUPOKO MPUMEHSIOTCS B KadyeCTBE MOKPBITHH 371aHUN BO BCEM MHpE H3-3a
BBIPA3UTEIBLHOCTH T€OMETPHUECKON (OpMBI M HAJEKHOCTH TAaKMX KOHCTPYKTHBHBIX cuUcCTeM. braromaps
IIPOCTPAHCTBEHHOM JKECTKOCTH M KOHOMHUYHOCTH pacxofa MeTajla OHM 3aHUMAIOT BEIyIee MECTO CPEar
OOJIBIIETIPOJICTHBIX MPOCTPAHCTBEHHBIX MOKPBITUH [ 1-3].

['eomeTpuueckue cxeMbl KapKacoOB METAJUIMYECKUX KYTIOJIIOB 3aBUCAT OT MEPEKPHIBAEMBIX MPOJIETOB U
Ha3Ha4yeHus 31anHus [4; 5]. Hanbomnee mpoCcThIMU 11O T€OMETPUIECKON CXEME CUUTAIOTCS PeOPHUCTO-KONIbIIEBhIE
kyrnona. Ho maxe B peOpHUCTO-KONBIEBBIX KYIOJIaX BO3MOXKHBI PAa3JIMYHbIE TEOMETPUUYECKHE CXEMBI, CBSI-
3aHHBIE C YHCJIOM CEKTOPOB MO OKPY>KHOCTH U SIpycOB 1O BbicoTe. Kpome Toro, BaskHbIM (paKTOpOM paboThI
KyIOJBHOTO KapKaca CIYKHT KOJIMYECTBO MOAJEPKUBAIONINX MX KOJOHH. OT 3TOrO 3aBUCIT CTaTWYecKas
cXeMa BCEro KapKaca 34aHus 1 BHYTPECHHHE YCHIIMS B 3JIEMEHTaX KyIMOJbHBIX KapKacoB, HO Kakue-Tn0o cBe-
JIEHUS] 10 CPAaBHUTEIBHOMY HCCIIEOBAHUIO PabOThl METAJUIMYECKHUX KYTIOJIIOB, OMUPAIOIIMXCA HA pa3HOe
KOJIMYECTBO KOJIOHH, B OTKPBITOM TMeYaTu OTCYTCTBYIOT.

OOBIYHO KOJOHHBI B peOPUCTO-KOJIBIEBBIX KYIOJIaX PacIoiararoT Moj KaKIbIM MEpUINOHAIBHBIM peo-
pom. OzHaKo MpH OONBLIOM YHCIIE CEKTOPOB MM pedep B KyMOJIbHOM KapKace Takoe KOHCTPYKTHBHOE pe-
IICHHE MOYKET OKa3aThCsl HEYAOOHBIM 1O Pa3HBIM MpUYMHAM. B 3TOM ciydae MCTONB3YIOT MEHbIIEE KOJIU-
YEeCTBO KOJIOHH IO CPaBHEHUIO C YHCIIOM MEPUIAMOHAIBHBIX pedep, YTO MPUBOIUT, KaK MOKA3a0 MPeIbITy-
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IIee McciaeoBaHue aBTopa [6], K M3MEeHEeHHIO padoThl KyToJia U, KaK CIeICTBHE, H3MEHEHHIO BHYTPEHHUX
YCHJIMH B AJIEMEHTaX KyHOJBHOTO Kapkaca. DTO ke MCCIeJOBaHUE MMOKA3allo, YTO, HECMOTPS Ha CXOJCTBO
xapakrepa jaedopmarnuii Kyrmosja, ¢ yMEHbIIEHHEM KOJIMYEeCTBA KOJOHH IOJ] KyIOJIOM HPOHMCXOJHT CYIIe-
CTBEHHOE yBEJIMYEHHE MPOTHOOB KYIIOJIHHOTO KapKaca.

HccnenoBanus CTEPKHEBBIX CUCTEM KYMOJIBHOTO THIA B PA3JIMYHBIX KOMIBIOTEPHBIX MPOrpaMMax BbI-
MOJHSJIMCh MHOTUMH Y4YeHBIMU. Hampumep, aHaIM3upOBaNOCh HANPSDKEHHOE COCTOSHHE KYMOJBHBIX Kap-
KacoB IPU U3MEHEHUHU €T0 TeOMETPUYECKHUX MapaMeTpoB [7], MpU pa3HBIX OTHOIIEHUSAX BBICOTHI KYyTIOIa
K IMaMeTpPy JJISl Pa3HbIX IPOJIETOB [§], MpH BKIIOUYEHUH B pab0Ty KUPIUYHOTO OTPAXKICHHS B siUeiiKax Kap-
Kaca MEeX]ly CTaJIbHBIMU peOpaMu U KoJbIamMu [9], mpu pa3HbIX OTHOLICHHSIX BBICOTHI KyIOjia K IHaMETpPy
U pa3HbIX CeYeHUsX >aeMeHTOB [10], mpu pa3HO# BBICOTE MO CPAaBHEHMIO C MPOJETOM KYIOJIBHOTO KapKaca
co cBs3simu [11]. Panee aBTOpOM BBINOHSIIOCH CPAaBHUTEIBHOE HUCCIIEIOBAHNE PEOPUCTO-KOIBIEBBIX KYIIO-
JIOB MIPH Pa3IMYHBIX KOJMUYECTBAX CBSI3€H M pa3HbIX pazMepax BepxHero kombia [12; 13]. [IpeacraBineHHbIi
37IeCh MaTepHall aBTOPOM TIOJIyYeH B IOJIHOM COOTBETCTBHH C OOIIEHPUHATHIMH MPHHLIUIIAMU HCCIIEI0BA-
HUI aHAJIOTUYHBIX COCTOSHUN CTEP)KHEBBIX CUCTEM.

Kpome Toro, MOTyT HCHONB30BaThCsl PA3IMYHBIE BUIBI COMPSHKEHUH 3JIEMEHTOB KYIOJIBHBIX KapKacoB,
YTO TAKXKE BIUSAET Ha BHYTPEHHHE yCWIHA. BIHsHHME KECTKOCTH Y3JIOBBIX CONPSDKEHHH Ha HaNpsHKEHHOE
COCTOSIHUE KyTToJ1a 3aTpoHyTO B [14]. B 9TO# cTaThe mpencTaBieH CpaBHUTENbHBINA aHAJIN3 MTOJIOTOTO CTaNb-
HOTO KyTIOJIa peOpUCTO-KOJIBIIEBOTO THIa nuameTpoM 41 M u BeicoToit 7 M. Kymon HacuuteiBan 20 pedep
u 10 xonern, onupancs Ha (QpyHIAMEHTHI HEMOCPEICTBEHHO KaXKIBIM MEPUAMOHAIBHBIM PeOpOoM (KOJIOHHBI
OTCYTCTBOBaJIM). B KauecTBe KOJEI HCIOIb30BAINCH MPOTOHBI, HA KOTOPBIX YCTPOCHA CTEKIISTHHASI OOIIIMBKA.
Paccmotpens! 8 Moperneit 3Toro kapkaca, pa3IHYaroIMXcsl KaK 10 HCIOIb30BaHUIO JIBYX TTOIXOJ0B K pacyeTy
(JTMHEWHOW CTAaTWKU M HEIMHEHHOTo aHaju3a), TaK U M0 BUIY COEAWHEHHS (C KpeIuIeHHeM KoJjell K pedpam
u 0e3 kperuteHus ). [TosicHeHN T 0 KOHKPETHOW MHTEPIIPETAI[H COCAMHEHHI B KOMITBIOTEPHON MOJIENN HET.
B wactu mozeneit B paboTy BKIIIOUEHa OOIIMBKA, a B YaCTH — JIMaroHaIbHBIE CBSA3M BO BCEX cekTopax. Mc-
CclIeZIoBaHMEe MPOBOAMIOCH C HCTONb30BaHueM nporpamMmbl Autodesk Robot Structural Analysis Professional
2022. B myOnukanuu npuBeIeHbI 1e(pOpMUPOBAHHBIE CXEMBI KYIOJa, SIIOPHI YCUIINN U U30TIOJIS HAIpsIKe-
HUI, a TaKKe YUCIOBbIe TAOIHIIBI U TOYEUHbIEe rpaduku ycuuid N, M 1 HanpsokeHu# B aneMenTax. OnHako
B BBIBOJaX IPEJCTABICHA TOJHKO KOHCTATAIUS MOJTYYCHHBIX NAaHHBIX 0e3 X 0000UmIeHHUs M KaKuX-TH00
PEKOMEH AU,

2. MeToanl

C 1enbio BBISICHEHHUS 3aBUCHMOCTH BO3ZHHUKAIOIUX yCwinii N U M B aneMeHTax peOprcTO-KOIbIIEBOTO
KyToJia OT BUZA Y3JIOBBIX CONPSKEHUH M OJHOBPEMEHHO OT KOJIWYECTBA MOIICP)KHUBAIOIIMX €r0 KOJOHH
BBITOJTHSUIMCH JTAaHHBIE KOMITBIOTEpHBIE MCCIIE0BaHMs. B KauecTBe 0OBEKTOB MCCIIEAOBAaHHUS paccMaTpHBa-
JIMCh KapKachl, KyIoJjia KOTOPBIX OMHPAIOTCS HA pa3HOE KOJIMYECTBO IUKINYECKH CUMMETPUYHBIX KOJOHH.
Bce kynona xapakTepu3yroTCcs OIMHAKOBON T€OMETPHUECKON CXEMOW, OAWHAKOBBIM MPOJETOM M BBICOTOU,
OJIMHAKOBBIMH CEUEHHSIMH 3JIEMEHTOB, BO3/ICHCTBHEM OJMHAKOBBIX HArpy30K, HO pa3HbIM BHJIOM Y3JIOBBIX
COIPSDKEHUN 3JIEMEHTOB JIpYT ¢ ApyroM. Jliis 3Toro ObUT 3alpOEKTHPOBAH KyIOJ MCXOTHOTO KapKaca ¢ KO-
JIOHHaMHM TIOJ KaXIbIM MEPUIHOHAIBHBIM peOpoM, KOTOPBIH MOCJE pacdeTa C YMEHBUICHHBIM YHCIOM KO-
JIOHH KOPPEKTUPOBAJICS 110 pa3MepaM CEYEHHUH FIIEMEHTOB.

OOBEKTOM TSI KICCIIEIOBAHMSI CITYXKIIT KapKac peOpHCTO-KOIBIIEBOTO KyTona chepudeckoil hopMbl ¢ pa-
JINYCOM KpHUBHU3HBI 23 M, cocTosimii u3 36 pebep u 7 komner. Takum oOpazom, KyIoJl pas3zieneH pedpaMu Ha
36 cextopos. lnamerp HuxkHEro konbiia 39,3 M, nnametp BepxHero Koibla 5,0 M, BEICOTa KYIIOJIBHOTO Kap-
kaca 11 m. Kynon onupaercs Ha K0lOHHBI BEICOTON 7,0 M, KOTOPBIX B UCXOJJHOM KapKace HaCYUTHIBAETCS 36.
Bce anemeHTsI Kapkaca COOpYKEHHS € KyIOJIOM MPHHATHI O pe3ybTaTaM MpeIBapUTEIBHOTO pacueTa Ha
9KCILTyaTallMOHHBIC HAPY3KH U3 AJIEKTPOCBAPHBIX MPSIMOIIOBHBIX TPYO: MepuIroHabHbIe pedpa — O 530%9,
BepxHee Koo — O 530%9, mmwkHee kombio — O 630%20, ocransHbie Kojbiia — O 273X7, KOJIOHHBI —
0 402x10.
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KoMnprotepHast Mozienb 3TOro Kapkaca sBIsUIach MCXOAHOM AJis uccienoBanus. Ha ocHoBe ncxomHOM
MOJIEJIA CO3/1aHbl MOJIEJIM C YMEHbIIEHHBIM KOJIMYECTBOM KOJIOHH MOCPEICTBOM UX PETYISIPHOTO yAaJeHUs
U3 UCXOIHOM KOMIIBIOTEpHOM Mozenu (puc. 1, a). OTIMUUTENbHBIM IPU3HAKOM 3THX MOZEJEH IpyT OT Apy-
ra sIBIISUIOCH YUCIIO CEKTOPOB MEXIy KOJOHHaMH. B mcxomHol mozpenu (HanOoJjbliee YUCIO KOJIOHH) OHO
Obu10 paBHO 1, 3atreMm — 2, 4 u 6 (puc. 1, 6—2). MccnenoBanusi BRINONHSINCH HA KOMIIBIOTEPHBIX MOJEISIX
KapKacoB € peOpUCTO-KOIbLEBBIM KynosioM B mporpamme SCAD Kak NpPOCTPAaHCTBEHHBIX CTEPHKHEBBIX
cucteM [15; 16].

Bo Bcex cxemax BepxHee (COEIUHUTENBHOE) KOJbIO, HUKHEE (OMOPHOE) KOJIBLO U MEPUAMOHAIIbHBIE
pelpa LenbHBbIE, T.e. Bce 36 COCTABIAIOIIMX CTEPKHEH KoJell U 6 COCTABISAIOIIMX CTEPXKHEH Kax1oro pedpa
COEIMHEHBI PYT C ApyroMm xkecTko. OMOpHBIE Y31l BCEX KOJIOHH kecTkue (3aaenka). Coenunenus pedep
C BEPXHUM U HWKHHUM KOJIbLIAMU, COEIUHEHHS KOJIOHH C HUYKHUM KOJIBLIOM M COEMHEHHS POMEXKYTOUHBIX
KoJIell ¢ peOpaMu B Pa3HbIX cXeMaxX ObLIM PAa3IMYHBIMU — OT IIAPHUPOB B JBYX IUIOCKOCTAX IO JKECTKUX
B JIBYX ITOCKOCTSIX (puc. 2).

Puc. 1. Cxembl KynOJIBHBIX KAPKAaCOB C Pa3HBIM YHCIIOM CEKTOPOB MEXK/Ty KOJIOHHAMU:
a — 1 cexrop; 6 — 2 cexTopa; 6 — 4 ceKTopa; 2 — 6 CEKTOPOB
W ¢ 1o 4nuk: Bemonneno E.B. Jlebenem
Figure 1. Models of dome frames with different number of sectors between columns:

a — 1 sector; 6 — 2 sectors; 6 — 4 sectors; 2 — 6 sectors
Source: made by E.V. Lebed
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Puc. 2. CxeMsl KapKacoOB € pa3HbIMHU Y3JIOBBIMU COIPSIKCHUAMMU:
a — IIAapHUPHbIE; 6 — JKECTKHE
M c 1o 4Huk: BemoaneHo E.B. Jlebenem

Figure 2. Models of frames with different nodal connections:
a — hinged; 6 — rigid
Source: made by E.V. Lebed

B mporecce nccnenoBanus paccMaTpUBAIUCh TATh KOMOWHAIIUN Y3JIOBBIX COINPSDKEHUN, YCIOBHO
Ha3BaHHBIX BUIaMu comnpspkennit — I3, 112, 1111, XK1, XK2. Onucanue BUI0B NpUBEACHO B Tadmuie. Pas-
pemenue noropota UY 03HavaeT HAIMYWE MapHUPA B HOPMAIHHOM HAMPaBICHUH K KYTIONY, a pa3pelicHue
noBopota UZ — Hajuyue mapHUpa B TAHTCHIIMAIFHOM (KacaTeJIbHOM K KyTIOJTy) HaIllpaBJICHUH.

Tabnuya / Table
Paspemennsi noBopoToB B y3J1aX Pa3sHBIX BUI0OB CONPS/KEHUM /
Rotational degrees of freedom in nodes of different joint types
B HaumeHnoBaHue conpsi:kenuii 3jieMenToB / Element joint name
M
conpsiKeHust / PeGep ¢ Bepxuum Pebep ¢ HusKHUM Ko10HH ¢ HIZKHEM IIpomexyTOUHBIX
Joint type KOJIBLIOM / KOJIBLIOM / KOJIBLIOM / KoJIell ¢ pedpamu /
Ribs to upper ring Ribs to lower ring Columns to lower ring Intermediate rings to ribs
= OceofoaeHWe YrnoBkx cEAZEH = OcEofotaeHME YrioBLx CEAZEH = OcEofotaeHME YrioBLx CEAZEH = Oceofoigerue yrioeex ceazel
FHsenl— FYsen2— FHsenl— FYsen2— FHsenl— FYsen2— CEEE— e E—
I3 I ux I~ Uk = ux I~ Uk [~ Ux I~ Uk [T UR I~ U
I uy v L M Uy Moy v Moy e
7 uz [ uz L ¥ uz v Uz [ uz v uz ¥ uz
= Oceofomgerue yrnosex ceazel = OceofoXueHMe yrnoee: ceazes = OceofoMueHMe yrnoee: ceazes = OcEofotaEHME YrNoBLK CEAZEH
~Ysen1— ~Ysen2— ~Ysen1— ~Ysen2— FHsenl— FYsen2— ~Heen1— ~Ysen2—
12 X I~ ux (WAL I~ ux ™ U I~ ux (WAL I~ ux
RO I~ Uy IR ¥ Uy 7 Ly I~ Uy v Uy W Uy
e Uz oz iz ¥ Uz v Uz |z v Uz W Uz
-~ OceofioxaeHue Yrnosklx cEAZEHR ~ OceofiotaeHWE YrnoBk: cEAZEHR ~ OceofiotaeHWE YrnoBks: cEAZEHR ~ OceofiotaeHWE YrnoBk: cEAZEHR
FekRE = [P palEEyl— FEemEg— FalEEyl = FEemE— palEEyl— FEemEg—
111 | s I~ U [T UR ] 1 [T UR I~ U [T UR RS
iy I ur oy W our Iy I ur oy Cour
I uz [ uz ] (i ¥ uz ¥ vz [ uz ¥ vz ¥ uz
= Oceodo#aeHue Yrioskex ceAzel = OcEofoHaeHWe YrioBsx ceAzel = OcEofoHgeHWe YrioBsx ceAzel = DceofoNaeHue Yroesl: ceAzed
FHseni— FYsen2— FHsenl— FYsen2— FHsenl— FYsen2— FHsenl— FYsen2—
K1 I ux | (UF [~ ux ] (U [~ ux | (UF [~ ux ] (U
Rl iy L iy ] L iy ] Ui iy
iUz [ uz I uz W Uz W Uz [ uz W Uz W Uz
= OcentosaeHne yrnose: ceazes = OceofoXueHMe yrnoee: ceazes = OceofoXueHMe yrnoee: ceazes = OceofoXueHMe yrnoee: ceazes
~Ysen1— ~Ysen2— ~Hzen1— Ysen2— ~Hzen1— Ysen2— ~Hzen1— Ysen2—
W2 U I ux [ ux I ux [ ux I ux [ ux I ux
R I~ Uy TR I~ Uy TR I~ Uy TR I Uy
iz I uz oz I uz oz I uz oz I uz

Mpumeuanue: O6o3znauenus nosoporoB UY, UZ B ckpunmorax coorBercTByIoT UX, UY mi1s cedeHui 21eMeHTOB /
Notes: The rotation designations UY, UZ in the screenshots correspond to UX, UY for the cross sections of the elements

U ctounuk: BemoineHo E.B. Jlebenem / S o ur ¢ e: made by E.V. Lebed
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PacueT xapkacoB pOU3BOAMIICS HA COBMECTHOE JEHCTBHE HAIPY3KU OT BECA OIPaKJAIOIINX U HECYIIHUX
KOHCTPYKIIMH, a TakKe HECUMMETPHUHOI CHErOBOM HArpy3KH, JeiicTByIomei ¢ ofHOl cTOpoHk! Kymona! kak
HauOoJee BIUATEIHHON M0 CPABHEHHUIO C CHMMETPUYHON. Bee Harpy3ku nmpukiiaabiBaIuCh B y3/Iax KapKaca.

B npomecce pacuetos onpenensiuch BHyTpennue ycumus N, M, M, B snemenTax KapkacoB BCex

mozenelt. [IpudeM 1y cpaBHEHHs yCHIIHN MeX Ty coOOi BBIOMpAICh X MaKCUMaJIbHbIE 3HAUYCHUS B Hau0o-
Jiee Harpy>KeHHBIX IEMEHTaX MEPUANOHAIBHBIX PeOep, BEPXHETO KOJIbLa, HUJKHETO KOJIbLIAa M KOJIOHH.

3. Pe3yabTaThbl

W n3MeHeHne BHUa y3JI0BBIX CONPSKCHUM 3JIEMEHTOB UCCIIEAYEMOrO KapKaca, U PEryIspHOE yAaleHUE
KOJIOHH U3 MCXOJHON KOMIIBIOTCPHOI MOJEIH NPUBOIAT K H3MEHCHUIO BHYTPeHHHUX ycumuit N, M ., M,

IPUYEM B Pa3HBIX JIEMEHTAX 3TO IPOUCXOIUT HO-PA3HOMY.
B BepxHeM Koiblie KyIojia ¢ YBEIMYEHHEM UYHUCIIa CEKTOPOB MEXTY KOJIOHHAMHU NPOAOJIbHBIE CUIIBI N

CYIIECTBEHHO HE M3MEHSIOTCS MPH PAa3HbIX BHJAX Y3JIOBBIX conpspkeHui (puc. 3). M3rubaromme MOMEHTHI
Mx 3aBHCAT OT BUJA Y3JIOBBIX CONPSDKEHHMI W BO3PACTAIOT C YBEJIMUYEHUEM YHUCIIA CEKTOPOB MEXY KOJOH-
Hamu (puc. 4). Uzrubaromue MOMEHTHI My U3MEHSIOTCS MaJio B 3aBUCIMOCTH OT BUJA COTIPSDKCHUN U TIpe-
TEpIIEBAOT HEOOBIINE N3MEHEHHS C YBEIIMUCHUEM YHUCIIa CEKTOPOB MEXy KOJIOHHAMU (pHC. 5).

300
12345

£ 200 -
=
4
Z 100 1

O-

1 2 4 6

Yucio ceKTOPOB MEK/TY KOJIOHHAMH /
Number of sectors between columns

Puc. 3. MakcumanbHble ycunus N B BEpXHEM KOJIbliE KyIoja. Bumbl conpsbxeHuit:
1—13;2 —I112; 3 — I11; 4— K1; 5 — K2
W cTounuk: BemonneHo E.B. Jlebenem
Figure 3. Maximum forces N in the upper ring of the dome. Joint types:
1 —1I3;2 —1I12; 3 — II1; 4 — XK1; 5 — K2
Source: made by E.V. Lebed
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Puc. 4. MakcuManbHble MOMEHTBI My B BEpXHEM KOJIbLIE KyIoJia. Buabl conpsikeHmid:
1—1I3;2 —I112; 3 — I11; 4— K1; 5 — K2
M ctounuk: Bemonneno E.B. Jlebenem
Figure 4. Maximum moments Mx in the upper ring of the dome. Joint types:
1 —1I3;2 —1I12; 3 — II1; 4 — XK1; 5 — K2
Source: made by E.V. Lebed

! CIT 20.13330.2016. Harpysku u Bo3zeiicTBus. AkTyanusuposanHas pegakuus CHull 2.01.07-85". Mocksa : MuncTpoit
Poccun, 2016. 80 c.
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Puc. 5. MakcumanbHble MOMEHTHI M, B BEpXHEM KOJIbIle KyIoyia. Buabl conpspkeHuit:
1 —1I3;2 —1I12; 3 — II1; 4 — XK1; 5 — K2
M ctounuk: Bemonneno E.B. Jlebenem

Figure 5. Maximum moments M, in the upper ring of the dome. Joint types:
1 —1I3; 2 — 12; 3 — [I1; 4 — XK1; 5 — K2
Source: made by E.V. Lebed

B MepunnoHanbpHBIX peOpax Kyrolsia ¢ YBEIMYEHUEM YHCIIa CEKTOPOB MEXKIY KOJOHHAMH MPOIOJIbHBIE
cwiibl N yBEeJIMUUBAIOTCA, HO MO-pa3HOMY IIPH Pa3HBIX BUAAX Y3JIOBBIX comlpsibkeHuil (puc. 6). M3rubaromue
MOMEHTHI My CyIIECTBEHHO 3aBHUCST OT BHJA Y3JIOBBIX CONPSIKEHUN M MPAKTUYECKH HE U3MEHSIOTCS C yBe-
JMUYEHHEM 4HuciIa ceKTopoB (puc. 7). M3rubaromue MOMEHTHI M)y HEMHOTO U3MEHSIOTCS B 3aBUCUMOCTH OT
BUJIA CONPSDKEHUH M HE3HAUUTEIIbHO U3MEHSIOTCS ¢ YBEJIMUEHHEM YHCIIa CEKTOPOB (puc. §).
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Puc. 6. MakcumanbsHble ycunust N B MEpUANOHAIBHBIX pedpax Kymosa. Busel conpsoxeHuit:
1 —1I3;2 —1I12; 3 — II1; 4 — XK1; 5 — K2
M ctounuk: Bemonneno E.B. Jlebenem
Figure 6. Maximum forces N in the meridional ribs of the dome. Joint types:
1 —13; 2 — 12; 3 — [I1; 4 — XK1; 5 — K2
Source: made by E.V. Lebed
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Puc. 7. MakcumanbHble MOMEHTHI My B MEPUANOHAIIBHBIX pedpax Kymosa. Buael conpsokeHuii:
1 —1I3;2 —1I12; 3 — II1; 4 — XK1; 5 — K2
M ctounuk: Bemonneno E.B. Jlebenem
Figure 7. Maximum moments M. in the meridional ribs of the dome. Joint types:
1 —13; 2 — 12; 3 — [I1; 4 — XK1; 5 — K2
Source: made by E.V. Lebed
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B HiKHEM (OIOPHOM) KOJIBIIE KyIOJia YBEJIMUYEHUE YKCIa CEKTOPOB MEXKIy KOJOHHAMM MaJlo BIUSET
Ha MPOAOJIbHBIE CHIIBI NV, a pa3Hble BUJbI Y3JIOBBIX CONpsDKeHUI BIUAIOT (puc. 9). M3rubaromme MOMEHTBHI
My v M) 3aBHCAT OT BUJA Y3JIOBBIX CONPSIKECHUM U CTPEMUTENIBHO BO3PACTAIOT C YBEIMYEHUEM YHCIIA CEK-

TopoB (puc. 10, 11).
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Puc. 8. MakcumanbHble MOMEHTHI M), B MEPUANOHAIBHBIX pedpax Kynosa. Bussl conpsoxeHuii:
1 —1I3; 2 — 12; 3 — [I1; 4 — XK1; 5 — K2
U ¢ 1ounuk: Bemonneno E.B. Jlebenem
Figure 8. Maximum moments M, in the meridional ribs of the dome. Joint types:
1 —1I3; 2 —1I12; 3 — II1; 4 — XK1; 5 — K2
Source: made by E.V. Lebed
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Puc. 9. Makcumaneubie ycunusi N B HIDKHEM KOJIbLie KymoJa. Buasr conpsoxeHmii:
1 —I3; 2 — 11125 3 — 1I1; 4 — XK1; 5 — K2
M ctounuk: Bemonneno E.B. Jlebenem

Figure 9. Maximum forces N in the lower ring of the dome. Joint types:
1 —I013; 2 — 1012; 3 — 115 4 — XK1; 5 — K2
Source: made by E.V. Lebed

B xononHax, noasiep>KuBarOLIIMX KyoJj, C YBEIMUYEHUEM YHCIIa CEKTOPOB IPOAOJIbHBIE CHIIBI N OXKUAA-
€MO KpaTHO YBEJIMUYMBAIOTCS MPONOPLHOHAIBHO U3MEHEHNIO PACCTOSHUS MEX]y KOJJOHHAMU M HE 3aBUCAT
OT pa3HbIX BUJIOB Y3JIOBBIX conpsbkeHuit (puc. 12).

W3menenne n3ruOarommx MOMEHTOB My IPOUCXOANUT TOIBKO JJISi KOHKPETHBIX BUJOB Y3JIOBBIX COMpS-
JKEHHM, 1 UIMEHHO JIJIsl HUX XapaKTEPEeH POCT C YBEIMUYEHUEM YHCIa CEKTOPOB MEX 1y KojJoHHamu (puc. 13).
XapaxkTep M3MEHEHHUsI M3TUOAIOIIMX MOMEHTOB M) C YBEIMYEHHEM YHUCIIa CEKTOPOB aHAJOTHYEH, T.C. JJIs
KOHKPETHBIX BUJI0B Y3JIOBBIX COINPSKEHUH, OTHAKO BETMYUHBI M), HE3HAUUTENbHEI (puc. 14).

10 ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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Puc. 10. MakcumanbHble MOMEHTHI My B HIXKHEM KOJIbIie Kynosna. Bunsl conpsoxenuit:
1 —I3;2 —1112; 3 — [I1; 4 — XK1; 5 — K2
U ¢ 1ounuk: Bemonneno E.B. Jlebenem
Figure 10. Maximum moments M in the lower ring of the dome. Joint types:
1—I03;2—I12; 3 — 014 — XK1; 5 — K2
Source: made by E.V. Lebed
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Puc. 11. MakcumanbpHbIe MOMEHTHI M), B HUKHEM KOJIbIIE KymoJia. Buabl conpspkeHuit:
1 —1I3;2 —1I12; 3 — II1; 4 — XK1; 5 — K2
W ctounuk:Bemonneno E.B. Jlebenem
Figure 11. Maximum moments M, in the lower ring of the dome. Joint types:
1 —1I3; 2 — 12; 3 — [I1; 4 — X1; 5 — K2
Source: made by E.V. Lebed
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Puc. 12. MakcumanbHble ycrnust N B KOJIOHHAX MO/ KyIoJIoM. BT conpsikeHmii:
1 —1I3;2 —1I12; 3 — II1; 4 — XK1; 5 — K2
M ctounuk:Bemonneno E.B. Jlebenem
Figure 12. Maximum forces N in the columns under the dome. Joint types:
1 —1I3; 2 — 12; 3 — [I1; 4 — X1; 5 — K2
Source: made by E.V. Lebed
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Puc. 13. MakcumasnbHble MOMEHTHI My B KOJIOHHAX MO KynoJoM. Buzbl conpspkeHuii:
1 —113; 2 —112; 3 —II01; 4 — XK1; 5 — K2
U ¢ 1ounuk: Bemonneno E.B. JIlebenem
Figure 13. Maximum moments M; in the columns under the dome. Joint types:
1 —113; 2 —12; 3 —1I1; 4 — XK1; 5 — K2
Source: made by E.V. Lebed
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Puc. 14. Makcumanbsable MOMEHTHI M) B KOJIOHHAX MOJT KymoJIoM. Buabl conmpspkeHunit:
1 — I3; 2 —1112; 3 — [I1; 4 — XK1; 5 — K2
U ¢ 1ounuk: Bemonneno E.B. Jlebenem
Figure 14. Maximum moments My in the columns under the dome. Joint types:
1 —I3; 2 — 11125 3 — [1; 4 — XK1; 5 — K2
Source: made by E.V. Lebed
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ITpuBeneHHBIE BbIIE AUArpaMMbl OKA3bIBAIOT, YTO HauOONee CYIIECTBEHHbIE U3MEHEHHUS NIPU YBEIU-
YEHUU KOJIMYECTBA CEKTOPOB MEKY ONOpaMHM KyI0Ja IIPETEPIEBALOT:

— NPOAOJIbHBIE CUJIBI N B KOJIOHHAaX U B peOpax;

— n3rubarole MOMEHTHI Mx B HU)KHEM KOJIBLIE, KOJIOHHAX U BEPXHEM KOJIBIIE;

— n3rubarole MOMEHTHI My B HUKHEM KOJIBLIE.

JIiis KONMYECTBEHHOW OLEHKH OSTHX HM3MEHEHHI mocTpoeHsl rpaduku ortHomeHu#t N; /Ny, ..,

M i [M o > My, / M || max - 371€Ch MHJIEKC i COOTBETCTBYET CXEME KapKaca C YHCJIOM CEKTOPOB 2, 4 Wit

6, a UHACKC lmax — 03HayaeT, YTO BCE BEIWYMHBI CPABHUBAIUCH C HAMOOJBIIMMH CPEINU Pa3HBIX BUIOB
Y3JI0BBIX COTPSDKEHUI 11 CXEMBI KapKaca ¢ OTHUM CEKTOPOM MEXKTy KOJTOHHAMHU.

[Ipononbubie cuiibl N B KOTOHHAX YBEIMYMBAIOTCS B CXEMaX C YHCIIOM CEKTOPOB MEXKIY OMOpaMH Ky-
mona 2, 4, 6 B cpenrem B 1,93, 3,69, 5,24 paza cooTBeTCTBEHHO (puc. 15), a B MepUIMOHANBHBIX pedpax —
B cpexHem B 1,06, 1,49, 1,91 pa3a coorBercTBeHHO (pHc. 16).

Nzrubaromyie MoMeHTHI My B HIPKHEM KOJIbIlE MHOTOKPATHO YBEJIMUMBAIOTCS B CXEMaX C YHCIOM CEKTO-
POB MeXIy oropamu Kynoia 2, 4, 6 B cpeanem B 2,04, 7,20, 15,16 paza coorBercTBeHHO (puc. 17). A B ko-
nonHax ang X1, K2 stu momentsl yBenuuuBatotcs B cpeaHem B 1,06, 1,33, 2,20 paza coOTBETCTBEHHO
(puc. 18) u B Bepxnem kousblie ans 111, K1 onn yBenmuupatorcs B cpenneM B 0,92, 1,05, 1,84 pasa coor-
BeTCTBEHHO (puc. 19).

Nzrubaronme MmomeHThl My B HrbkHeM koublle s 1111, XK1, K2 yBenmuumBaroTcst B cXxeMax ¢ 4MCIOM
CEKTOpPOB MexX1y ornopamu kynona 2, 4, 6 B cpeasem B 0,90, 3,43, 9,48 paza, a nns 13, 12 — B 1,03, 1,16,
3,22 pa3a cooTBeTcTBEHHO (pHc. 20).

|
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Puc. 15. Otromenne N; / Nimax B KOJIOHHAX IOJ KynoJioM. Bujiel conpsokenmi:
1—113;2 —1I2; 3 —II1; 4 — XKI1; 5 — X2
M ¢t o4Huk: Beimonueno E.B. Jlebenem
Figure 15. Ratio N, / N|max in the columns under the dome. Joint types:
1 —I3;2 —1112; 3 — [I1; 4 — XK1; 5 — K2
Source: made by E.V. Lebed
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Puc. 16. Otnomenne N, / N|max B MEPHIMOHAIBHBIX peOpax. Bumsl conpsuxennii:
1—1I3;2 —1I2; 3 —II1; 4 — XKI1; 5 — K2
M ctounuk: Bemonueno E.B. Jlebenem
Figure 16. Ratio N, /N, .. in the meridional ribs of the dome. Joint types:
1 —I3;2 —1112; 3 — [I1; 4 — XK1; 5 — K2
Source: made by E.V. Lebed
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Puc. 17. Otnowenne M ; / M | max B HIDKHEM KOJIbLe. BUBL CONPSDKEHUI:
1 —I3;2 —1112; 3 — [I1; 4 — XK1; 5 — K2
W ¢ 1o 4nuk: semonneno E.B. Jlebenem
Figure 17. Ratio M ; / M | max in the lower ring of the dome. Joint types:

1 —13; 2 —112; 3 —II01; 4 — XK1; 5 — K2
Source: made by E.V. Lebed

M, 2 4 /5'
M imax 1 t—/i’/ 3
1 E:.“;:.—“"—"d P

1 2 4 6

YHUCII0 CEKTOPOB MEKTY KOJIOHHAMHE /
Number of sectors between columns

Puc. 18. Otnomenne M ; / M | max B KOIOHHAX IO KyIOJIOM. Buisl compsikeruil:
1 —TI3;2 —1I02; 3 — I01; 4 — XK1; 5 — K2
M ¢ 1o 4Huk: Beimonueno E.B. Jlebenem
Figure 18. Ratio M | ; / M | max in the columns under the dome. Joint types:
1 —1I03;2 — 112; 3 — 15 4 — KI1; 5 — K2
Source: made by E.V. Lebed
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Puc. 19. Orrourenne M / M | hax B BEPXHEM KONbIe. BHIbI COMPsDKCHMUIA:
1 —I3;2 —1112; 3 — [I1; 4 — XK1; 5 — K2
M ¢ 1o 4nuK: BeimonHeHo E.B. Jlebenem
Figure 19. Ratio M ,; /M ..« in the upper ring of the dome. Joint types:
1—1I03;2—1I12;3 — 014 — XK1; 5 — K2
Source: made by E.V. Lebed
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Puc. 20. OtHomenue M i / M

1 —1II3;2—112; 3 —111; 4 — XK1; 5— X2
U ¢ touHuk: Bemonneno E.B. Jlebenem

Figure 20. Ratio M yi / M

1 —113; 2 —1I12; 3 — 1II1; 4 — XK1; 5 — K2
Source: made by E.V. Lebed

ylmax B HMOKHEM KOJIBLIEC. BI/IHBI COHpSI)KeHPIfII

y1max in the lower ring of the dome. Joint types:

4. 3akrouenue

B pesynbraTe MpoBeEHHOr0 UCCIEI0BAHUS MOXKHO CEaTh CIEAYIOLINE BEIBOABIL:

1. PazHble Bubl y3JI0BBIX COMPSDKEHUN 3JIEMEHTOB PEOPHCTO-KOJIBIIEBOTO KYIIONA JIPYT € APYTOM B COUe-
TaHUU C YMEHBIICHHEM KOJIMUYECTBA MOAJEP)KUBAIOIINX €ro0 KOJOHH M3MEHSIOT BHYTPEHHHE YCHIIUS B 3Je-
MEHTax Kapkaca coopy:keHus. CTereHb 3THX U3MEHEHHI HEOJMHAKOBA B Pa3HbIX 3JEMEHTaX.

2. Haubornee cymiecTBeHHbIE U3MEHEHUsI IPOIOJIbHBIX CUJI N BO3HUKAIOT B KOJOHHAX HE3aBUCHUMO OT
BU/Ia Y37I0B U B MEPHIMOHAIIBHBIX peOpax MpHU MApHUPHBIX Y371aX ¢ Pa3pelIeHHbIM IOBOPOTOM B TAHI'€HIIH-
aJIbHOM HalpaBJIeHHH.

3. Haubonee cymiecTBeHHbIE U3MEHEHUS MU3TMOAOIUX MOMEHTOB My U My NpyU yBEIMYEHUH KOJIHUYE-
CTBa CEKTOPOB MEX/y ONOpaMH KyIloja IPOUCXOJSAT B HUKHEM (OIOPHOM) Koiblie Kynona. [Ipuuem Benu-
YMHBl MOMEHTOB My TIPH YBEJIMUEHUN PACCTOSHUS MEXy KOJIOHHAMH B 4EThIpe U Oojee CEKTOPOB BO3pac-
TaI0T MHOTOKPATHO B CX€Max € MIAPHUPHBIMU y3JIaMH IIPH MAaKCUMaJIbHOM Pa3peleHnH TI0OBOPOTOB, a BEJU-
YUHBI MOMEHTOB M) BO3pacTalOT B HECKOJIBKO pa3 B CXeMaxX € JKECTKMMH y3JIaMM [P MUHHUMAJIbHOM pa3pe-
IIEHUH TIOBOPOTOB.

4. OTHOCHUTENBHO HEOOJBIINE N3MEHEHUS M3rHOAIOIIUX MOMEHTOB My B KOJIOHHAX IpHU yBETUYEHHU
KOJINYECTBA CEKTOPOB MEKAY ONOpaMU KyIojia IPOUCXOIAT IPH MHUHUMAJIBHOM pa3pelieHud MOBOPOTOB U
B BEPXHEM KOJIbIIE ITPH BCEX BU/AX y3JI0B, KpOMe a0CONIOTHO kecTKUX. IIpu 3ToM BelTM4MHBI MOMEHTOB B
KapKacax C pacCTOSHUEM MEXKy KOJIOHHAMM B UEThIpe U 00jIee CEKTOPOB B HECKOJIBKO pa3 MEHBILE MO CPaB-
HEHMIO ¢ HUXKHUM KOJIBLIOM.

5. Jlns BBISACHEHUS XapakTepa W3MEHEHHs BHYTPEHHUX YCHJIMH B MPOMEXYTOYHBIX KOJIbLAX KyIOJa
Clle[lyeT yUUThIBaTh UX paboTy Mexay peOpaMu 1o 6allouHON cxeMe Ha KOCOM M3rubd OT paclpeneaeHHON
Harpys3KH.

6. /1151 KynosnoB ¢ 4uciaoM pedep, KpaTHO NMPEBBIMIAOIIMX KOJIUYECTBO KOJIOHH, IIPH BCEX BUAX pac-
CMOTPEHHBIX CONPSIKEHUI Y3JI0B CEYeHHE ONOPHOTO KOJIbIIA CIIEAYyeT TaKKe KPaTHO YBEJIMYMBATh U3-32 €r0
paboTHI Ha U3THO.

7. Ilpu IpOEKTUPOBAHUHU MPEANOYTEHUE CIIEeIyeT OTIaBaTh CONPSIKEHUSAM 3JIEMEHTOB PeOpUCTO-KOJIb-
[IEBOT0 KYIIOJIa C MUHUMAJIbHBIM KOJIMUECTBOM ILAPHUPOB WM 0€3 HHUX, a B CONPSKEHUH KOJIIOHH C OHOp-
HBIM KOJIBIIOM, Ha000pOT, MmapHupaM. He pekoMeHayeTcs MpoeKTUPOBATh KYyIoJla ¢ PEKO MOCTAaBICHHBIMU
KOJIOHHaMH, KOTJIa B IIPOMEXKYTKE MEX/y KOJIOHHAMH OKa)KyTcsi 0osee Tpex pedep.

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLI 15



Lebed E.V. Structural Mechanics of Engineering Constructions and Buildings. 2025;21(1):3-17

Cnucok JuTepaTypsl

1. Typ B.1. KymnonpHbIe KOHCTPYKINH : (popMo0oOpa3oBaHue, pacyeT, KOHCTPYHPOBAHKE, MOBBIIICHHE d(PPEKTUBHOCTH.
Mocksa : U3gatensctBo ACB, 2004. 96 ¢. ISBN 5-93093-249-2

2. Kpusowanxo C.H. Mertaiueckue peOpHCTO-KONBIIEBBIC U CETYATO-CTEPKHEBBIC 000510uku XIX — repBoii MoJI0BH-
Hbl XX-r0 BekoB // CTpouTebHas MEXaHHKa MHKEHEPHBIX KOHCTPYKLHiA 1 coopyxenuit. 2014. Ne 6. C. 4-15. EDN: SYZJFN

3. Kpusowanko C.H. K Botipocy 0 nMprMeHeHHH MapaboIndecKux 000I09eK BpalleHus B cTpouTeasctse B 2000-2017
ronax // CtpouTesnbHas MEXaHWKa WHXKEHEPHBIX KOHCTPYKUMIA 1 coopyxenuid. 2017. Ne 4. C. 4-14. https://doi.org/10.22363/
1815-5235-2017-4-4-14 EDN: ZHAIXB

4. Kysueyoe B.B. Meranmndeckne KOHCTPYKIIMH: CIIPABOYHHUK MPOCKTHPOBIINKA: B 3 ToMax. T.2 : CranbHBIe KOH-
CTPYKLMHU 31aHU# U coopykeHuit. Mocksa : U3n-so ACB, 1998. 512 c. ISBN: 5-87829-081-2

5.Jlebeosw E.B., Anykaes A.IO. BonplienposeTHble METaJUIMUECKHE KYIIOJIbHbIE TOKPBITHS U UX Bo3Benenue // Ctpou-
TeNbHAs MEXaHWKa WHXEHEPHBIX KOHCTPYKIHHA U coopykeHnid. 2018. T. 14. Ne 1. C. 4-16. https://doi.org/10.22363/1815-
5235-2018-14-1-4-16 EDN: YOJITL

6. Jlebeow E.B. PaboTa MeTaLIMYECKOTO KapKaca peOpUCTO-KOJIBIIEBOIO KYTOJIa IPH YMEHBIIICHUHN KOJIMYECTBA MMOIep-
KUBAIOUIMX €ro KoJoHH // CTpouTelbHasi MeXaHWKa MH)KEHEPHBIX KOHCTPYKLM u coopyxkenuid. 2024. T. 20. Ne 1. C. 14-26.
https://doi.org/10.22363/1815-5235-2024-20-1-14-26 EDN: YPWZQU

7. Anuj C. Analysis and design of steel dome using software // International Journal of Research in Engineering and
Technology (IJRET). 2014. Vol. 03. Issue 03. P. 35-39. https://doi.org/10.15623/ijret.2014.0303006

8. Chacko P., Dipu V.S., Manju P.M. Finite Element Analysis of Ribbed Dome // International Journal of Engineering
Research and Applications (IJERA). 2014. P. 25-32. ISSN: 2248-9622

9. Jasim N.A., Saleh LS., Faleh S.K. Structural Analysis of Ribbed Domes Using Finite Element Method // International
Journal of Civil Engineering Research. 2017. Vol. 8. No. 2. P. 113—-130. URL: https://faculty.uobasrah.edu.iq/uploads/publications/
1644004697 .pdf (accessed: 15.08.2024)

10. Anu J.S., Preethi M. Parametric Analysis of Single layer Ribbed dome with Diagonal members // International
Research Journal of Engineering and Technology (IRJET). 2017. Vol. 04. Issue 08. P. 870-877.

11. Eldhose M., Rajesh A.K., Ramadass S. Finite Element Analysis and Parametric Study of Schwedler Dome Using
ABAQUS Software // International Journal of Engineering Trends and Technology (IJETT). 2015. Vol. 28. No. 7. P. 333-338.
URL: http://www.ijettjournal.org (accessed: 15.08.2024)

12. Jlebeowv E.B. BnusiHue cBsi3ell Ha HANPsHKEHHOE COCTOSIHUE KapKaca peOpHCTO-KONIbIeBOTo Kymoma / CTpouTeabHas
MeXaHHKa WHXEHEPHBIX KOHCTPYKIMH U coopyxeHuid. 2022. T.18. Ne 5. C.417-427. http://doi.org/10.22363/1815-5235-
2022-18-5-417-427 EDN: MVUUGT

13. Lebed E.V. Influence of the size of the upper ring on the stressed state of the ribbed-ring metal dome // Ctpou-
TeNbHAsE MEXaHWKa MHKEHEPHBIX KOHCTPYKIMH 1 coopyskeHuid. 2023. T. 19. Ne 5. C. 450-458. http://doi.org/10.22363/1815-
5235-2023-19-5-450-458 EDN: DTILTG

14. Jeleniewicz K., Jaworski J., Zéltowski M., Izabela Uzieblo 1., Stefanska A., Dixit S. Steel ribbed dome structural
performance with different node connections and bracing system // Scientific Reports. 2024. Vol. 14. Article no. 14013. https://
doi.org/10.1038/s41598-024-64811-0 EDN: DXKSNY

15. Kapnunosckuii B.C., Kpuxcynog 2.3., Manapeuko A.A., Ilepenomymep A.B., Ilepenvmymep M.A. SCAD Office.
Boraucnurenbubiii kommieke SCAD. Mocksa : Mza-Bo ACB. 2006. 592 c. ISBN: 5-93093-289-1 EDN: QNMHYR

16. I'opoodeyxuii A.C., Eszepos H./]. KommbroTepHbie Moaenu koHcTpykimid. Kues : M3n-Bo ®akr, 2005. 344 ¢. URL:
https://dwg.ru/dnl/1952 (nara obpammenus: 15.08.2024)

References

1. Tur V.I. Dome Structures: Morphogenesis, Analysis, Design, Increase In Effectiveness. Moscow: ASV Publ.; 2004.
(In Russ.) ISBN 5-93093-249-2

2. Krivoshapko S.N. Metal ribbed-and-circular and lattice shells from the XIXth until the first half of the XXth
centurie. Structural Mechanics of Engineering Constructions and Buildings. 2014;(6):4—15. (In Russ.) EDN: SYZJFN

3. Krivoshapko S.N. On application of parabolic shells of revolution in civil engineering in 2000-2017. Structural
Mechanics of Engineering Constructions and Buildings. 2017;(4):4—14. (In Russ.) https://doi.org/10.22363/1815-5235-2017-
4-4-14 EDN: ZHAIXB

4. Kuznetsov V.V. Metal Structures. In 3 vols. Vol. 2. Steel structures of buildings and constructions. Reference book
the designer. Moscow: ASV Publ.; 1998. (In Russ.) ISBN: 5-87829-081-2

5. Lebed E.V., Alukaev A.U. Large-span metal dome roofs and their construction. Structural Mechanics of Engineering
Constructions and Buildings. 2018;14(1):4-16. (In Russ.) https://doi.org/10.22363/1815-5235-2018-14-1-4-16 EDN: YOJITL

16 ANALYSIS AND DESIGN OF BUILDING STRUCTURES


https://doi.org/10.22363/1815-5235-2017-4-4-14
https://faculty.uobasrah.edu.iq/uploads/publications/1644004697.pdf

Ilebedb E.B. CtponTensHast MexaHuka MHXEHEepHbIX KOHCTPYKLMA 1 coopyxeHnit. 2025. T. 21. Ne 1. C. 3-17

6. Lebed E.V. Behavior of metal frame of ribbed-ring dome with decrease in number of supporting columns. Structural
Mechanics of Engineering Constructions and Buildings. 2024;20(1):14-26. (In Russ.) https://doi.org/10.22363/1815-5235-
2024-20-1-14-26 EDN: YPWZQU

7. Anuj Ch. Analysis and design of steel dome using software. International Journal of Research in Engineering and
Technology (IJRET). 2014;03(03):35-39. https://doi.org/10.15623/ijret.2014.0303006

8. Chacko P., Dipu V.S., Manju P.M. Finite Element Analysis of Ribbed Dome. International Journal of Engineering
Research and Applications (IJERA). 2014;2248-9622:25-32.

9.Jasim N.A., Saleh L.S., Faleh S.K. Structural analysis of ribbed domes using finite element method. International
Journal of Civil Engineering Research. 2017;8(2):113—130. Available from: https://faculty.uobasrah.edu.ig/uploads/publications/
1644004697 .pdf (accessed: 15.08.2024)

10. Anu J.S., Preethi M. Parametric Analysis of Single layer Ribbed dome with Diagonal members. International
Research Journal of Engineering and Technology (IRJET). 2017;04(08):870-877.

11. Eldhose M., Rajesh A.K., Ramadass S. Finite Element Analysis and Parametric Study of Schwedler Dome Using
ABAQUS Software. International Journal of Engineering Trends and Technology (IJETT). 2015;28(7):333—338. Available
from: http://www.ijettjournal.org (accessed: 15.08.2024)

12. Lebed E.V. The influence of bracing on the stress state of the ribbed-ring dome framework. Structural Mechanics
of Engineering Constructions and Buildings. 2022;18(5):417—427. (In Russ.) http://doi.org/10.22363/1815-5235-2022-18-5-
417-427 EDN: MVUUGT

13. Lebed E.V. Influence of the size of the upper ring on the stressed state of the ribbed-ring metal dome. Structural
Mechanics of Engineering Constructions and Buildings. 2023;19(5):450-458. http://doi.org/10.22363/1815-5235-2023-19-
5-450-458 EDN: DTILTG

14. Jeleniewicz K., Jaworski J., Zottowski M., Izabela Uziebto 1., Stefanska A., Dixit S. Steel ribbed dome structural
performance with different node connections and bracing system. Scientific Reports. 2024;14:14013. https://doi.org/10.1038/
s41598-024-64811-0 EDN: DXKSNY

15. Karpilovskiy V.S., Kriksunov E.Z., Malyarenko A.A., Perel’'muter A.V., Perel’'muter M.A. SCAD Office. Computer
system SCAD. Moscow: ASV Publ.; 2006. (In Russ.) ISBN: 5-93093-289-1 EDN: QNMHYR

16. Gorodetskiy A.S., Evzerov 1.D. Computer models of structures. Kiev: Fakt Publ.; 2005. (In Russ.) Available from:
https://dwg.ru/dnl/1952 (accessed: 15.08.2024)


https://faculty.uobasrah.edu.iq/uploads/publications/1644004697.pdf
https://doi.org/10.1038/s41598-024-64811-0

CTPOMTENBHAS MEXAHUKA UHXEHEPHBIX KOHCTPYKLIMIA U COOPYXXEHUIA -
STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS

VHAEHEPHBX KOHCTF
" KEHHI

2025.21(1). 18-25

ISSN 1815-5235 (Print), 2587-8700 (Online)
HTTP:/JJOURNALS.RUDN.RU/STRUCTURAL-MECHANICS

AHATTUTUYECKME N YNCNEHHBIE METOOBI PACYETA KOHCTPYKLIMA
ANALYTICAL AND NUMERICAL METHODS OF ANALYSIS
OF STRUCTURES

DOI: 10.22363/1815-5235-2025-21-1-18-25
UDC 624.012.45
EDN: ICPTTG
Research article / HayuHas cTatbs

Experimental Study of High-Temperature Exposure Effect
on Reinforcement-Concrete Bond in Corrosion-Damaged Reinforced Concrete

Ashot G. Tamrazyan™, Dmitriy S. Baryak
Moscow State University of Civil Engineering (National Research University), Moscow, Russian Federation
P« baryakd@gmail.com

Received: September 15, 2024
Accepted: December 23, 2024

Abstract. The object of this study is the bond between reinforcement and concrete after exposure to high temperatures and
corrosion, which is critical for assessing the durability of reinforced concrete structures. The analysis of scientific sources
revealed that at temperatures above 300°C, the bond deteriorates due to thermal expansion of the reinforcement, degradation
of the cement matrix, and crack formation. Simultaneously, corrosion reduces adhesion and weakens mechanical interlocking,
accelerating concrete deterioration. However, the combined effect of these factors remains insufficiently studied, and the
existing bond models do not fully account for their simultaneous impact. In this experiment, concrete specimens with
AS500C reinforcement were subjected to electrochemical corrosion and heated to 400°C. Pull-out tests revealed a significant
reduction in bond strength, attributed to the destruction of the adhesive layer and changes in the interaction mechanism:
in unheated specimens, the bond was ensured by plastic deformations of concrete, whereas in heated specimens, it was
maintained by friction against corrosion products. Comparison with previous studies on the influence of temperature,
reinforcement types, and heating rates confirmed the consistency of the results and clarified the role of pre-existing
corrosion. The obtained experimental data not only validates the existing studies, but also extends them by incorporating the
effect of pre-corrosion, which was previously considered in a limited scope. The findings can be used to predict the
consequences of thermal exposure, assess the residual strength of structures, and develop restoration methods.
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Annotanusi. OOBEKT UCCIIEAOBAHMS — CILEIUICHIE apMaTyphl ¢ OETOHOM TIOCIIE BO3JEHCTBHUS BRICOKHX TEMIIEPATYp U KOp-
PO3UH, YTO MMEET KI0YEBOE 3HAUEHHUE JJIS OLEHKH JOJITOBEYHOCTH XKeJIe300€TOHHBIX KOHCTPYKIMI. AHAIN3 HAyYHBIX
HMCTOYHHMKOB TOKa3al, 4yTo mpu Temmeparypax Boime 300 °C cremieHne yxyamaeTcs 3a c4eT TePMUIECKOro PacIIupeHs
apMaTypsl, AeTpajaliil IIEMEHTHOTO KaMHs 1 0O0pa3oBaHus TpemuH. OTHOBPEMEHHO KOPPO3US CHIDKAET aAre3uio U 0ciad-
JISIeT MEXaHWYEeCKOe 3allelUIeHHe, YCKOpss paspylueHue O0etoHa. OHAKO KOMIUIEKCHOE BIHMSHUE STHX (AKTOPOB M3Y4EHO
HEJI0OCTaTOYHO, & CYIIECTBYIOIINE MOJENH CIEIUICHUS] He YYUTHIBAIOT WX OJHOBpEMEHHOE BO3NeHCTBUE. B paMkax skcre-
PUMEHTa HCCIICA0BATINCH OCTOHHBIC 00pa3iibl ¢ apmarypoii AS00C, moaBeprHyThIC 3JIEKTPOXUMHUYCCKON KOPPO3MU M HArpe-
Thie 10 400 °C. UcnpiTaHus Ha BBIAEPTMBAHUE apMaTypbl BBISIBUIM 3HAUUTENILHOE CHIDKEHUE CLICTICHUS, CBI3aHHOE C pa3py-
IICHUEM aJIre3MOHHOTO CJIOS W M3MCHEHUEM MEXaHU3Ma B3aMMOJCHCTBHS: B HEHATPETHIX 00pasnax CIeIiecHre o0ecneyn-
BaJIOCh TUIACTHYCCKIMH JE(POPMALIUAMHE, TOTAa KaK B HATPETHIX 00CCIIEYNBAIIOCH TPEHUEM O MPOIYKTHI Koppo3uu. CpaBHe-
HHUE C TPENBIIYIIAMH HUCCICIOBAHUIMHI, PACCMATPUBAIOIINMHI BIUSHUAE TEMIIEPATyphl, TUIIOB apMaTyphl H CKOPOCTEH Harpe-
Ba, MOATBEPIIIIO COTIIACOBAHHOCTH PE3YJIFTATOB W IMO3BOJIMIO YTOYHUTH POJb MpPEenBapUTEIbHON Kopposun. [lomydeH-
HBIE SKCIIEPUMEHTAJIBHBIE JAHHBIE HE TOJIBKO MMOATBEPKAAIOT CYIIECTBYIOIINE HCCIEAOBAHMUS, HO U JOTIONHAIOT HX 32 CUET
ydeTa MpeABapUTEeNIFHON KOPPO3UH, YTO paHee pacCMaTpPHBAIOCh B OTPaHIMYEHHOM o0beMe. Pe3ynsTaTel MOTYT OBITH UCIIONb-
30BaHbl AJIs1 IPOTHO3UPOBAHUS MTOCIEACTBUI TEPMUUECKUX BO3ACHCTBUM, OLICHKU OCTATOYHOM MPOYHOCTH KOHCTPYKLUH U
pa3paboTKy METOJI0B BOCCTAaHOBJICHHSI.

KaroueBbie ciioBa: aare3us apMaryphl, HeCcyllas ClIOCOOHOCTh, TPEUIUHBI, TPOCKATh3bIBAHKE, YCIOBUS IKCILTyaTaIlHH,
HaTIPSDKCHUS CIETUICHUS, IIaCTHIecKue eopManny, HarpeB

3asBienne 0 KOHGINKTE MHTEPECOB. ABTOPHI 3asBIISIFOT 00 OTCYTCTBUHM KOH(IMKTA HHTEPECOB.

Bkanapn aBropoB: Tampazan A.I'. — HaydyHOE PYKOBOJCTBO, KOHLICIILIUS UCCIIE0BaHMs, PELICH3UPOBAHUE U PEIAKTUPOBAHUE;
bapsk J].C. — 0030p muTepaTyphl, MOArOTOBKA U MPOBEJCHUE 3KCIIEPHUMEHTA, 00pabd0TKa pe3yIbTaTOB, BEIBOIBL.

Jdasi uutupoBanusi: Tavwpazan A1, bapsx /[.C. DxcriepUMEeHTaIbHbIE UCCIEA0BAHUS BIUSIHUS BEICOKOTEMIIEPATYPHOTO BO3-
JISMCTBHS Ha CLEIUICHHE apMaTypbl U OETOHAa B KOPPO3MOHHO-TIOBPEXKICHHOM Xese300eToHe / CTpouTesbHas MeXaHUKa
WHKEHEPHBIX KOHCTPYKIMH 1 coopykeHnit. 2025. T. 21. Ne 1. C. 18-25. http://doi.org/10.22363/1815-5235-2025-21-18-25

1. Introduction

The bond between reinforcement and concrete is a key factor that ensures the combined action of
reinforced concrete as solid material [1]. Violation of this bond leads to crack formation, reduction of
structural stiffness and decrease of load-bearing capacity. Various models based on experimental data and
theoretical studies have been developed to calculate the reinforcement-concrete bond strength.

The main parameters affecting the bond between reinforcement and concrete:

e Strength characteristics of concrete: axial tensile strength, concrete composition, presence of micro-
cracks.

e Type and geometry of reinforcement. These are mainly diameter, shape.

e Type of load: static, dynamic, cyclic.

e Reinforcement confinement: reinforcement ratio and the influence of stirrups.

Tampazan Awom I'eopeuesuuy, dnen-xoppecnonneHT PAACH, 10okTop TeXHHYECKHX HayK, 3aBeAyIOLIni kadeapoil kene300eTOHHBIX 1 KaMEHHBIX KOH-
cTpykuuid, HanponaneHblid uccnenoBarenbekiii MOCKOBCKHI rocynapcTBeHHbIN crpoutenbHblii yHuBepeuter (HUY MI'CY), Poccuiickas ®deneparms,
129337, r. Mocksa, SIpociasckoe mocce, A. 26; eLIBRARY SPIN-kox: 2636-2447, ORCID: 0000-0003-0569-4788; e-mail: TamrazyanAG@mgsu.ru
EBapsak /Imumpuii Cepzeeguy, acnupanT KadeIpbl xKeIe300eTOHHBIX W KaMEHHbBIX KOHCTpYKIHH, HallmoHanbHBIH HcclieoBaTenbekuil MOCKOBCKHH ToCy-
JlapcTBEHHBI cTpouTenbHblid yHuBepeuter (HUY MI'CY), Poccmiickas ®enepams, 129337, r. Mocksa, SpocnaBckoe moccee, 1. 26; eLIBRARY SPIN-kox:
5571-5554, ORCID: 0000-0003-1349-0590; e-mail: baryakd@gmail.com
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e Operating conditions: temperature and humidity conditions, corrosion and other external factors.

The following methods of calculating the bond stress are considered:

1) The model of M.M. Kholmyansky [2]. The proposed methodology of bond stress calculation is
based on experimental studies:

In(/+as)
1=B———/,
[+as

. . . € . .
is the coefficient determined by tests; a= is the coefficient dependent on bond

max

where B=e- T,

length / and maximum slip Smax.
2) CEB-FIP Model Code 90'. This model describes the relationship between bond stress T and slip s
over several diagram regions:

o
s
Tmax | — | > 0<s<s;;
51
7= J Tmax> $; S£85<8,;
5§85 < .
Tmax + (T, — Tmax ) , 5, <8<85;
8375,
Ty 5> 85,

where Tmax i1s the maximum bond stress; 17 is the residual bond stress; s1, 52, s3 are the slips at the key points
on the diagram.

3) Modification of CEB-FIP [3]. The model accounts for the nonlinear behavior of the downward
branch of the diagram:

o
s
Tmax ( j 4 s< Smax 4

max

]
N
Tmax > S >S5 max -
Smax

4) ACI Committee 318*>. The American Concrete Institute proposes a model relating bond stress fi
to normal stress G:

2u
Jb = On + fadh>

where 6, =6, +0 +06.,,¢ 15 the normal stress including concrete confinement o, stirrup reaction o and
transverse stress Geonf; foqn 1S the bond stress due to adhesion.
5) Y. Tian et al. [4]. This bond model includes three stages:

xS, 0<s<s;
Tor TE (S —Ser)s  Ser <SS 8y,5
T, T K(s—=s,), 8, <8<,

T 5>,

o

where T, Tr, s« and s, describe the characteristics of bond stress and slipping at different stages.

U CEB-FIP Model Code 90. Available from: http://www.tocasa.es/zona2/CEB_FIP_model code 1990 ing.pdf (accessed:
22.07.2024).

2 ACI Committee 318, Building Code Requirements for Structural Concrete (ACI 318-02) and Commentary (318R-02).
American Concrete Institute. Farmington Hills, MI; 2002.
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Corrosion of reinforcement is one of the most significant factors affecting the bond between reinforce-
ment and concrete. It causes destruction of the adhesive bond, changes in the geometry of the reinforcement
and weakening of the mechanical interlocking.

Empirical models are proposed by various researchers for quantitative analysis of the relationship
between the bond and the degree of corrosion:

1) J.G. Cabrera [5]. The model describes the decrease in bond stress as a function of the degree of
corrosion (n):

R, =1-5.6n,

where R: is the relative bond strength (in fractions of the original), » is the degree of corrosion;
2) K.D. Stanish, R.D. Hooton, S.J. Pantazopoulou [6]:

R, = 1-3.5n;

3) Y. Yuan, S. Yu, F. Jia [7]. The model takes into account the effect of concrete cover layer ¢ and
reinforcement diameter d :

R, =1—(10.544— 1'5560}1;

4) Y. Auyeung, P. Balaguru, L. Chung [8]:
Exponential relationship model:

-32.51n .
R =e n

5) L. Chung, S.H. Cho, J.H.J. Kim, S.T. Yi [9]:
R,=0.01592"10¢ R <1.0.

The analysis of the existing models of reinforcement-concrete bond shows that most of them are based
on geometric, mechanical and chemical characteristics of materials, as well as external factors such as
corrosion of reinforcement. These relationships allow to give a reasonable approximation of the bond
strength under normal service conditions and in the presence of corrosion damage. However, temperature
effects, especially under conditions of short-term or long-term exposure, remain a poorly studied aspect,
despite their significant influence on the strength characteristics of reinforced concrete structures [10; 11].

Although a number of studies have examined the reinforcement-concrete bond behavior after exposure
to high temperatures [12; 13], these studies mainly focus on individual aspects, such as the effect of
anchorage length [12] or fiber reinforcement of concrete [13], but do not provide a comprehensive picture
of the effect of different temperature regimes on the bond. Similarly, studies [14; 15] consider the dynamic
behavior of the bond during heating, but their methodologies do not allow to fully describe the behavior of
the reinforcement under real service conditions

In addition, a number of publications are devoted to the investigation of the reinforcement bond under
specific conditions, such as the use of steels with high corrosion resistance [16] or the influence of high-
strength reinforcement [17], which is certainly important, but does not solve the problem of comprehensive
analysis of the temperature effects. Thus, despite the available studies, currently, there is insufficient
experimental data to evaluate the reinforcement-concrete bond subjected to short-term or long-term heating
in detail, which emphasizes the relevance of this study.

Despite the existence of general approaches to the evaluation of temperature effects on materials, there
are no accurate empirical relationships that allow to take into account the effect of heating on the bond.
Moreover, the failure mechanisms under such conditions, including adhesion failure and loss of mechanical
interlocking, have not been sufficiently substantiated experimentally. This complicates both the development
of new design solutions and correct prediction of service life of reinforced concrete structures subjected to
thermal effects.
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Figure 3. Specimens after testing:

22

Figure 1. Test specimens:

a — not exposed to heating;
b — exposed to heating

S o urc e: photo by D.S. Baryak

Figure 2. Experimental setup
with a test specimen
S o ur c e: photo by D.S. Baryak

a — reinforcement;
b — concrete prisms

S ource: photo by D.S. Baryak

2. Methods

In this study, the influence of heating to temperatures of about 400°C on
the reinforcement-concrete bond was experimentally evaluated. The purpose
of the experiment was to study the failure mechanism of the test specimens
and to determine the characteristic relationships between temperature and
bond stress. The experimental procedure included reinforcement pull-out tests
from concrete specimens subjected to different levels of heating. The pull-out
tests were performed on the Instron 3382 electromechanical universal testing
machine (manufacturer: Instron, city: Norwood, country: USA) with a
maximum load capacity of 100 kN, equipped with the Bluehill control
system and providing high accuracy of measurements due to electronic
control of load and deformation. Heating was performed using the SNOL
7.2/1100 laboratory muffle furnace (manufacturer: AB UMEGA GROUP,
city: Utena, country: Lithuania) with a maximum heating temperature of
1100°C, operating temperature range of +50° to 1100°C and temperature
accuracy of £1°C. The data obtained allowed not only to determine the
degree of influence of temperature on adhesion, but also to identify the key
degradation mechanisms, which can serve as a basis for further improvement
of the existing models.

The experiment was conducted at the premises of Moscow State
University of Civil Engineering (National Research University). AS00C grade
steel bars of 400 mm length and 8 mm diameter and B25 grade concrete
cubes were used for specimen fabrication. The working length of rebar in
contact with concrete was 40 mm (equivalent to five rebar diameters). The rest
of the rebar was isolated from the concrete using plastic tubing. The general
view of the specimens before testing, the experimental setup and the
specimens after testing are shown in Figures 1-3. Electrochemical attack
method was used to create corrosion damage. The specimens were placed
in plastic containers filled with 5% NaCl solution. Using a DC stabilizer,
a positive charge was applied to the rebar and a negative charge was applied
to the solution. Electrochemical corrosion was conducted at a constant current
strength of 0.5 A for 60 days. As a result, bars with a corrosion percentage
of 12% in terms of rebar diameter and 23% in terms of cross-sectional area
were obtained.

Sample preparation

Two groups of specimens were prepared for the experiment:

1. Control group: unheated specimens.

2. Damaged rebar group: heated specimens.

3. Results and Discussion

During processing of the experimental data, the averaged values were
obtained, which were used for plotting the graphs of the relationship
between the displacement of the free end of the reinforcing bar and the
magnitude of the applied load. The results are summarized in Table, and
also in Figure 4.

As a result of experimental data processing, it was found that for the
specimens before heating, the average value of the reinforcement-concrete

ANALYTICAL AND NUMERICAL METHODS OF ANALYSIS OF STRUCTURES



TampassH A.l"., bapsk [.C. CTpouTenbHas MexaHuka MHXEHEPHbIX KOHCTPYKLMiA U coopyxeHuit. 2025. T. 21. Ne 1. C. 18-25

bond strength is 24.47 MPa, while after heating to a temperature of 400°C this value decreases to 17.38 MPa.
Thus, heating of the specimens leads to a 28.96% decrease in bond strength, which indicates a significant
influence of temperature on the adhesion properties of rein-forcement and concrete.

The maximum value of bond strength before heating was observed in specimen 7, which was equal to
30.80 MPa. After heating, the maximum value of bond strength was recorded for specimen 10, which was
equal to 21.71 MPa. The minimum value of bond strength for the specimens before heating was 19.83 MPa
(specimen 2), and 8.88 MPa after heating (specimen 11).

Table
Results of the experiment on determination of bond strength
No ‘ Maximum force, KN | Bond strength, MPa Average bond strength, MPa
Samples before heating
1 21.03 20.91
2 19.93 19.83
3 22.74 22.62
4 2291 22.79
5 27.19 27.05 24.47
6 25.78 25.65
7 30.96 30.80
8 23.95 23.82
9 26.90 26.76
Sampoles after heating
10 21.82 21.71
11 8.92 8.88
12 20.19 20.08
13 22.57 22.45
14 14.74 14.67 17.38
15 12.11 12.05
16 19.73 19.63
17 18.53 18.43
18 18.61 18.51
S ource: made by D.S. Baryak
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Figure 4. Graph of experimental results
S ource: made by D.S. Baryak

AHANUTVYECKME W YACTEHHBIE METO[IbI PACYETA OBONTOYEK KOHCTPYKLIWI 23



Tamrazyan A.G., Baryak D.S. Structural Mechanics of Engineering Constructions and Buildings. 2025;21(1):18-25

The obtained results indicate a critical decrease in the reinforcement-concrete bond strength under the
influence of temperature. This is consistent with studies [12—14], where the decrease in bond strength
at temperatures of 350—400°C was 25-40%, confirming the significant effect of heat on the degradation
of adhesion properties of reinforcement and concrete. In [15], it was observed that the heating rate has
a significant effect on bond degradation, with moderate heating rates used in this study giving comparable
results to those reported previously. In addition, data from [16; 17] indicate that the use of corrosion-
resistant reinforcement partially compensates for the temperature-related bond loss, but this study shows
that with standard A500C reinforcement, temperature effects lead to bond degradation regardless of the
corrosion layer. Thus, the obtained experimental data not only confirm the existing studies, but also
supplements them by taking into account pre-corrosion, which was previously considered to a limited
extent. This emphasizes the relevance of the work and its contribution to the study of the influence of
temperature on the bond between reinforcement and concrete.

4. Conclusion

1. The tests showed a 30% decrease in the reinforcement-concrete bond strength after heating to 400°C
relative to unheated specimens. This confirms the significant influence of temperature on the adhesion
properties of corrosion-damaged reinforcement.

2. The analysis of the stress-displacement plots shows that heating leads to a decrease in the ultimate
stress and changes the nature of the system behavior. For heated specimens, an earlier drop in stress after
the peak is observed, which indicates a decrease in the load capacity.

3. In unheated specimens, the bond with concrete is provided by plastic deformations of concrete
between the protrusions of the reinforcement surface profile. In heated specimens, this interaction is
weakened and the bond is more dependent on friction against corrosion products, resulting in a sharper bend
in the graph at the point of maximum load.

References

1. Tamrazyan A., Avetisyan L. Comparative analysis of analytical and experimental results of the strength of compressed
reinforced concrete columns under special combinations of loads. MATEC Web of Conferences. 5th International Scientific
Conference on Integration, Partnership and Innovation in Construction Science and Education, IPICSE 2016. 2016:01029.
https://doi.org/10.1051/matecconf/20168601029 EDN: YVACDT

2. Kholmyansky M.M. Contact between reinforcement and concrete. Moscow: Stroyizdat Publ.; 1981. (In Russ.)
https://djvu.online/file/J6CjJaV IndKBO0. Available from: https://djvu.online/file/J6CjJaV1ndKBO (accessed: 21.07.2024).

3. Cruz J.S., Barros J. Modeling of bond between near-surface mounted CFRP laminate strips and concrete. Computers
and Structures. 2004;82:1513—1521. https://doi.org/10.1016/j.compstruc.2004.03.047

4. Tian Y., Liu J., Xiao H., Zhang Y., Mo Q., Shen J., Shi J. Experimental Study on Bond Performance and Damage
Detection of Corroded Reinforced Concrete Specimens. Advances in Civil Engineering. 2020:7658623. https://doi.org/10.1155/
2020/7658623 EDN: ZZMGBB

5. Cabrera J.G. Deterioration of concrete due to reinforcement steel corrosion. Cement and Concrete Composites.
1996;18(1):47-59. https://doi.org/10.1016/0958-9465(95)00043-7

6. Stanish K.D., Hooton R.D., Pantazopoulou S.J. Corrosion effects on bond strength in reinforced concrete. 4CI
Structural Journal. 1999;96(6):915-921. https://doi.org/10.14359/765

7.Yuan'Y., YuS., Jia F. Deterioration of bond behavior of corroded reinforced concrete. Industrial Construction.
1999;29(11):47-50. (In Chin.)

8. Auyeung Y., Balaguru P., Chung L. Bond behavior of corroded reinforcement bars. ACI Materials Journal. 2000;
97(2):214-220. https://doi.org/10.14359/826

9. Chung L., Cho S.H., Kim J.H.J., Yi S.T. Correction factor suggestion for ACI development length provisions based
on flexural testing of RC slabs with various levels of corroded reinforcing bars. Engineering Structures. 2004;26(8):1013—
1026. https://doi.org/10.1016/j.engstruct.2004.01.008

10. Tamrazyan A., Avetisyan L.A. Experimental and theoretical study of reinforced concrete elements under different
characteristics of loading at high temperatures. XXV Polish—Russian—Slovak Seminar “Theoretical Foundation of Civil
Engineering.” Procedia Engineering. 2016:721-725. https://doi.org/10.1016/j.proeng.2016.08.232 EDN: YUVYJL

24 ANALYTICAL AND NUMERICAL METHODS OF ANALYSIS OF STRUCTURES


https://doi.org/10.1155/2020/7658623

TampassH A.l"., bapsk [.C. CTpouTenbHas MexaHuka MHXEHEPHbIX KOHCTPYKLMiA U coopyxeHuit. 2025. T. 21. Ne 1. C. 18-25

11. Tamrazyan A.G., Baryak D.S. Temperature analysis of corrosion-damaged compressed reinforced concrete elements
under fire exposure. Innovations in Construction: Proceedings of the International Scientific and Practical Conference.
Bryansk: Bryansk State Engineering and Technology University, 2024. p. 255-259. (In Russ.) EDN: NQOMVV

12. Das A., Bosnjak J., Sharma A. Post-fire bond behaviour of reinforcement in concrete considering different bonded
lengths and position of rebars. Engineering Structures. 2023;296(1):116908. https://doi.org/10.1016/j.engstruct.2023.116908
EDN: APIFDI

13. Li X., Lu C., Cui Y., Zhou L. Study on the bond properties between steel bar and fiber reinforced concrete after
high temperatures. Structures. 2023;49:889-902. https://doi.org/10.1016/j.istruc.2023.02.005 EDN: GCCACV

14. Liu C., Qiu Z., Zhang S., Yan L., Miao J., Zheng C. Experimental Study on Dynamic Bond Behavior between
Reinforcement and Concrete under Fire. Journal of Materials in Civil Engineering. 2024;36(6). https://doi.org/10.1061/
JMCEE7.MTENG-17655 EDN: BNAZEX

15. Banoth I., Agarwal A. Bond between deformed steel rebars and concrete at elevated temperatures. Fire Safety
Journal. 2024;145:104133. https://doi.org/10.1016/j.firesaf.2024.104133 EDN: BBBGXS

16. Albero V., Hernandez-Figueiredo D., Roig-Flores M., Melchor-Eixea A., Piquer A. High-temperature effects on
bond behavior between concrete and corrosion resistant steel reinforcements. Construction and Building Materials. 2024,
447:138086. https://doi.org/10.1016/j.conbuildmat.2024.138086 EDN: IGLTCT

17. Abuhishmeh K., Hojat Jalali H., Ebrahimi M., Soltanianfard M.A., Correa C.O., Cornejo J.S. Behavior of high
strength reinforcing steel rebars after high temperature exposure: Tensile properties and bond behavior using pull-out and
end beam tests. Engineering Structures. 2024;305:117730. https://doi.org/10.1016/j.engstruct.2024.117730 EDN: KBGQND


https://doi.org/10.1061/JMCEE7.MTENG-17655

CTPOMTENBHAS MEXAHUKA UHXEHEPHBIX KOHCTPYKLIMIA U COOPYXXEHUIA N

CTPOMTEAGHAR MEXAHHKA
MHAEHEPHbX KOHCTPYKLMA

STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS o

2025.21(1). 26-36

ISSN 1815-5235 (Print), 2587-8700 (Online)
HTTP:/JJOURNALS.RUDN.RU/STRUCTURAL-MECHANICS

DOI: 10.22363/1815-5235-2025-21-1-26-36
UDC 624.04:69.04:531.011
EDN: JMKCQ
Research article / HayuHas cTatbs

Fracture of Wedge-Shaped Body Under Compression

Leonid Yu. Stupishin!", Konstantin E. Nikitin'“®, Alexander V. Masalov®

"Moscow State University of Civil Engineering (National Research University), Moscow, Russian Federation
2Southwest State University, Kursk, Russian Federation
D4 niksbox@yandex.ru

Received: November 28, 2024
Accepted: January 25, 2025

Abstract. The aim is to study the fracture process of a wedge-shaped body during compression. A large number of researchers
have turned to the classical solution of the elasticity theory problem of the loaded wedge-shaped body, but the problem of a
supported wedge of a finite shape still has no analytical solution. The authors conducted a study of the failure mechanism of
such bodies by both computational and experimental methods. To carry out the numerical analysis, the implementation of
the progressive limit state method at critical levels of strain energy in the form of the force method was used, in combination
with the method of approximation of continuum by an equivalent truss. The equivalent truss model of the wedge used here
clearly demonstrates the process of removing structural members due to them reaching limit states. The technique of
progressive limit states, based on the consecutive identification of “weak links” in the structure, in which the limit state
occurs first, made it possible to construct fracture models of the considered body. The results of the performed analysis are
presented in the form of fracture models of wedge-shaped bodies. The failure mechanism of wedge-shaped bodies was also
investigated by experimental methods. Wedge-shaped gypsum specimens were compressed at the tip of the wedge and
brought to fracture. The differences between the obtained fracture patterns and the classical results known from the theory
of elasticity obtained for infinite wedge-shaped bodies are shown. A comparison of experimental and numerical results is
performed, and a conclusion is made about the real fracture patterns of wedge-shaped bodies with a supported part.
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AnnoTtanus. L{ens — uccrenoBanue mporecca paspymieHus Tejia KIMHOBUAHOM (GopMbl ripu cxxatud. K pelenuio kiaccu-
YeCKOW 3a[auil TEOPHH YIPYTOCTH O HArPYKEHHH TeNa KIMHOBHIHOW (OpMBI BO3BPAILAIOCH OOJIBIIOE KOJIUYECTBO HCCIIe-
JoBaTeNel, OHAKO 3a/a4a 00 OMepToM KIIMHE KOHEYHOW (OPMBI aHATUTHIECKOTO PEHIeHHs He MMEET 0 CHUX Mop. ABTO-
paMu IPOBEJCHO UCCIIEOBaHKE MPOLIECCa PA3PYLICHUS TAKUX TeJl KaK paCU€THBIMH, TaK U SKCIIEPUMEHTAIbHBIM METOJIaMHU.
Jlng mpoBeeHnsT YHCICHHOTO aHAIN3a OblIa HCIIOJB30BaHA Peai3ays MEeToJa IIPOTPECCHPYIONMIETO IPEAETHHOTO COCTOS-
HUS HAa KPUTHYECKHUX YPOBHSIX dSHEpruu nedopmanud B (opMe METOAA CHJI, B COUCTAHUU C METOJOM CTEP>KHEBOH aIlpoK-
CUMaluu KOHTHHyyMa. Vcrnosibp3oBaHHas 37€Ch IUIOCKAsl CTEP)KHEBas MOJEIb KJIMHA HArJSAHO JAEMOHCTPUPYET IMpOoLEecC
YAQJIEHUs CBA3EH KOHCTPYKLUU BCJIECACTBUE HACTYIUIEHUS B HUX IPEICIIBHOIO COCTOSIHMS. MeToIuKa IpOrpecCUpyouiero
MIPEEeNEHOTO COCTOSIHUS, OCHOBaHHASI Ha ITOCIIEIOBATEIHFHOM BEISBICHUH «CIAOBIX» CBA3EW B KOHCTPYKIINH, B KOTOPHIX B
MEPBYIO OYepeab HACTYNAeT MpeleIbHOe COCTOSIHUE, MO3BOJIMIIA MOCTPOUTh CXEMBI Pa3pyLIeHHs] pacCMaTpUBAaEMOro Teja.
[IpencraBneHbl pe3yIbTaThl BHITOJHCHHOTO aHAIN3a, B BUJIC CXEM Pa3pyLICHHUS TeJl KIMHOBUIHON (opmbl. XapakTep pas-
PYLICHHS TN KIMHOBHAHON (OPMBI TaK K€ MCCIIEIOBAJICS IKCIEPHUMEHTAIBHBIMU MeToaaMu. OOpa3nbl U3 THUIICa KIIMHO-
BHUJHOHN (hOpMBI OBUTH MOJIBEPTHYTHI CXKATHIO B BEPINUHE KIIMHA, M IOBEJCHBI 10 pa3pymicHus. [loka3aHbl OTIIMYHS MTOJTyYa-
€MbIX (l)OpM paspymi€Husd OT KJIIACCUYCCKUX PE3YJIbTATOB, U3BECTHBIX U3 TCOPHUHU YIIPYT'OCTHU, MMOJTYUCHHBIX IJIs GGCKOHG'-IH]:-IX
KIMHOBUAHBIX TeJl. BEHIMONHEHO CpaBHEHHME HKCIEPHMEHTANBHBIX W YHCIEHHBIX PE3YJIbTAaTOB, M CICIAHO 3aKIIOUEHHE O
peansHBIX (hopMax pa3pymIeHHs KIMHOBUIHBIX TEJI C OMOPHOH YacThIO.

KaroueBble c1oBa: npeaenabHbIE COCTOSIHNS, KPUTHUECKUE YPOBHH 3HEPTUH, (hopMa pa3pymIeHHs, SKCIIEPUMEHTAIbHbIE
HCCIIeI0BaHUSL, KIUH

3agBienne 0 KOHGINKTE HHTEPECOB. ABTOPHI 3asBIISIFOT 00 OTCYTCTBUHM KOH(JIMKTA HHTEPECOB.

Bxaan aBTopoB: Cmynuwun JI.FO. — Hay4HOE PYKOBOJCTBO, KOHIICTIIINS MCCIICIOBAHIS, Pa3BUTHE METOHOIOTHUH, UTOTO-
Bbl€ BBIBOIBL, Hukumun K.E. — 4uclieHHas peanu3anusi, pacdeTHas 4acTb HccieaoBanus; Macanos A.B. — dKcepUMEH-
TaJabHas 4acTh UCCIIEAOBAHHS.

s murapoBanus: Stupishin L.Yu., Nikitin K.E., Masalov A.V. Fracture of wedge-shaped body under compression // Ctpou-
TeJIbHAasE MEXaHUKa WHXKEHEPHBIX KOHCTPYKuuil u coopyxkenunit. 2025. T. 21. Ne 1. C. 26-36. http://doi.org/10.22363/1815-
5235-2025-21-1-26-36

1. Introduction

Analytical solutions to the problem of determining the stress-strain state of an infinite wedge compressed
by a force applied at its apex are known [1]. However, the classical solution to the elasticity theory problem
of a wedge-shaped body does not allow to take into account the support conditions of a finite-length wedge
in analytical form. Solving the problem, for example, by the finite element method leads to a solution, which
refers to the known results for an infinite wedge. On the basis of this solution, using one of the strength
hypotheses, it is possible to estimate the strength of the wedge in contact problems, when the fracture of the
top of the wedge is the only option. Experimental results showing that this is not always unambiguous will
be given below.

Cmynuwun Jleonuo FOnuanoeuy, TOKTOp TEXHUUECKHUX Hayk, podeccop kKadeapsl CTPOUTENBHOM U TeOpeTHIEeCKOil MeXaHUKH, IHCTHTYT HPOMBIIIICH-
HOT'O U TPa)}IaHCKOI'0 CTPOUTENbCTBA, HaloHabHbIH HcciieoBaTenbCckuii MOCKOBCKHI rOCYIapCTBEHHbIH CTPOUTENbHBIN yHUBEpcUTeT, Poccuiickas
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Commonly used structural design problem settings are mainly based on the Lagrangian formulation.
Research approaches to nonlinear problems of large strains in solid mechanics in thermomechanical
formulation [2], nonlinearity of materials with voids [3], and brittle materials [4-6] are being actively
generalized. New three-dimensional models and variational formulations of behavior in the elastoplastic
stage of deformation are proposed [7; 8]. The stress-strain state of structures with cracks is investigated [9],
and on the basis of numerical implementation of variational problem settings [10; 11] methods of analysis
of various models of material behavior are constructed [ 12—14]. There is a great interest in the development
of energy-based approaches for the calculation of brittle media with imperfections [15; 16], strength
evaluation of orthotropic and anisotropic materials [17; 18]. Identification methods based on information on
the entropy of strain energy are being developed [19].

Despite the scope of problems, the classical approach has a number of limitations. The model under
consideration is always limited to the specific given load, and a reaction response is obtained, which does
not cover possible actions on the structure. As a consequence, it is impossible to determine its full
(maximum) and residual bearing capacity. An attempt to cover all possible load cases of structures within
the framework of the Lagrangian approach leads to the necessity to solve an infinite chain of problems,
which is infeasible even taking into account the capabilities of modern computer software.

According to the current design codes, limit states are not allowed to occur in the elements of the
structure. But in reality, after reaching the limit state in one of the cross-sections or in the element as a whole,
the load-bearing capacity of the structure, generally, is not lost. Thus, in statically indeterminate systems the
forces are redistributed and the structural model changes. Such systems lose bearing capacity only when
they become unstable. Most of the calculation methods used are oriented to the normative approach and do
not allow to take into account the effects of force redistribution.

The use of an approach to the problems of analysis and design, which is based on the theory of critical
strain energy levels of structures [20-23] proposed by one of the authors of [24], allows to overcome the
above difficulties.

Limitation in the results obtained using classical methods of elasticity theory and structural mechanics,
based on the Lagrangian formulation for the problem of wedge-shaped body failure, force to use new
approaches to solving this problem.

In this paper, the failure mechanism of a wedge-shaped body was investigated from the standpoint of
progressive limit states. The calculation methodology was based on the variational principle of critical strain
energy levels of the structural system. The results obtained using this technique allow to estimate the full
load-bearing capacity of the wedge and reveal its fracture pattern.

Experimental studies of brittle wedge-shaped specimens were performed to validate the results obtained
by the proposed calculation method. For these specimens, the first approximation results obtained according
to the plane wedge model were used. The experiment was carried out by bringing the specimens to fracture,
when they were separated into parts. The fracture patterns were recorded at different stiffness of the loading
plate of the testing machine.

The results of numerical and experimental investigations were compared, and a conclusion is made
about the real fracture patterns of wedge-shaped bodies with a supported part.

2. Materials and Methods

2.1. Computational Methods

The condition of the critical state of the strain energy of the structure, according to the variational
criterion of critical energy levels, is written in the form:

8U(x)=0; DU, (%) =1 T'(x) =0. (1)
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Here, U is the strain potential energy of the structure; y is the extrema of generalized displacements and
forces (parameters of the problem). The first equality in (1) represents the condition of minimum internal
strain potential energy of the structure in the state of self-equilibrium (self-stress). The second one is the
condition of orthonormalization of the problem parameters. The third describes the boundary conditions.

The critical state condition of the structure in the form of the force method [22] is expressed as:

[L]{s®}=[ 1" {50}, @)

where [L] is the flexibility matrix of the structure; {5®} is the vector of variation of amplitudes of
generalized reaction forces in all directions of the degrees of freedom of the structure for self-stress states,
represented by a set of orthonormal functions; [XL] is the eigenvalue matrix, which signifies unit nodal

displacements of the structure.
According to the solution of the eigenvalue problem (2), the vector of maximal nodal displacements
of the structure is calculated:

{Z = M [{8®rc} 3)

Further, the values of vector (3) of maximum displacements can be used to find strains or internal
forces in the elements:

{Smax}:_[A]T{Zmax}; 4)
{N}=—[Clemd- ()

Here, [C] is the internal flexibility matrix; [ 4] is the static matrix of the structure.

In order to investigate the deformation process of a structure up to its fracture, the methodology of
progressive limit states proposed in [21; 22] is used. At each stage of this technique, problem (2) is solved
by the method of critical energy levels to determine the extreme parameters of the deformed structure. This
allows to identify the elements in which the limit state is reached first (“weak links”). These elements are
eliminated from the model, and the procedure is repeated for a new, corrected model. The investigation of
the process of elimination of the “weak links” is completed after formation of an unstable system. This
moment is considered to be the moment of structural failure, when the load-bearing capacity is exhausted.

In this study, the continuum is modeled by truss elements, so reaching the limit state in weak links is
treated in the traditional way as in tension-compression truss members. The ultimate forces are found at
each stage of the analysis by the maximum values of the internal forces in vector {N}.

The methodology described above was implemented in the “CLE” computational software for structural
analysis developed by the authors of [23]. This software is currently being actively developed and tested by
solving various design problems (including [20-22]). It includes: a module for the preparation of initial
data; modules for solving problems on the basis of the method of progressive limit states, on the basis of the
method of critical energy levels; a module for processing and output of calculation results. The results
presented below were obtained using this software.

A structure in the form of a plane triangular wedge fixed along the entire length of the base is considered
further. The thickness of the wedge in the model was assumed to be constant.

The model of this wedge-shaped body was created using the equivalent truss method [25]. According
to the adopted approach, the continuum of the solid body is replaced by an equivalent regular hinged truss,
the parameters of which were adjusted such that the strain of the cells of this structure corresponds to the
strains of the corresponding regions of the original continuum system. A fragment of this truss system is
shown in Figure 1.
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The stiffness values of the members of the structure were determined using the formulas:

E4 :%th; (©6)

Edy=—biE. %

42

Here, b is the size of the truss cell; ¢ is the thickness of the modelled body; E is the elastic modulus

of the modelled body.
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Figure 1. Regular truss structure for approximating the continuum of a deformable body
S ource: made by K.E. Nikitin

2.2. Experimental Materials and Methods

Experimental studies for validation of the computational method results included preparing specimens,
their testing under a load applied at the apex and recording the fracture pattern of the specimens.

Gypsum mortar was used for specimen preparation. The technology of making gypsum castings is
relatively simple and allows to obtain specimens with low labor intensity and cost. Gypsum mortar consisted
of G4 grade gypsum according to the GOST 125-2018 Interstate Standard® and water according to the
GOST R 51232-98 State Standard*, in force in the Russian Federation, in 1:1 ratio by weight. A JKD-500
scale (JADEVER, Taipei, Taiwan) with 0.1 g sensitivity and 500 g measurement limit was used for the
preparation.

The formwork was made of KIM TEC SILICON 101E silicone sealant. Plastic models of specimens in
the form of a cone, pyramid and prism were 3D-printed as a mold-forming base for their preparation (Figure 2).

Fracture tests of finished gypsum specimens according to GOST 125-2018 were performed on
PGM-100MG4 small-size hydraulic test press (SKB Stroypribor, Chelyabinsk, Russia).

The specimens were loaded in two ways: with direct load transfer from the metal plate of the press to
the top of the specimen and through a rectangular pad made of 10 mm thick drywall, 70x70 mm in size.

The loading rate was 0.3—0.5 kN/s. The loading process was videotaped during the test.

3 GOST 125-2018. Gypsum binders. Specifications. Moscow: Standartinform Publ.; 2018. (In Russ.)
4+ GOST R 51232-98. Drinking water. General requirements for organization and quality control methods. Moscow:
Standartinform Publ.; 2008. (In Russ.)
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Figure 2. Plastic models of test speciments used for the preparation of formwork
Source: made by A.V. Masalov

3. Results and Discussion

Using the above calculation methodology, by consecutively traversing a chain of limit states, and
eliminating the “weak” elements at each stage, the wedge fracture pattern was obtained, shown in Figure 3.

A A A A A A=A \Av <

Figure 3. Unstable truss structure, which models a wedge with a sharp top at the moment of its fracture
S o urce: made by K.E. Nikitin

The fracture of the model started with the elements located on the inclined faces of the wedge, below
the centerline of the triangle closer to the supported part of the wedge. It can be argued that the propagation
of the link elimination band resembles the classical analytical solution for an infinite wedge. The truss
model was formed in such a way that the mechanical and geometrical characteristics of the members are the
same. Therefore, the results of the analysis did not show the crushing process of the top of the wedge, which
occurs in the experiment. This was done intentionally, because in the first formulation of the problem, it was
necessary to reveal the aspects of the propagation of extreme values of strain energy under self-stress
conditions, which are dictated by the geometry of the body and support conditions.

In contrast to the classical solution of the elasticity theory problem of the plane semi-infinite wedge,
the obtained solution takes into account the conditions of the wedge supported at the base. At the same time,
the qualitative pattern of stress distribution along the radius of the circle centered at the point of load
application is preserved. But the solution for an infinite wedge implies a decrease in stress with increasing
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distance from the apex. For a supported wedge of finite length, this pattern changes. In [1], the possibility of
obtaining a solution for the case of a restrained wedge base is discussed, but the solution to this problem is
not given. The exact analytical solutions of such a problem with supports is not known by the authors.

If the load is considered as a force applied at the top of the wedge, then in reality the load is transferred
to the wedge not at a point, but through a surface of a particular area. At the beginning of loading, the load
transfer area is small, but as the magnitude of the load increases, this area increases due to crushing of the
wedge top. This is due to the fact that the hardness of the metal plate of the testing machine is much higher
than the hardness of the wedge material. The result of this process is clearly shown in the photographs of
the tested wedge-shaped specimens (Figure 4).

[

Figure 4. Test results of the specimens of the first group, brought to fracture
Source: made by A.V. Masalov

Without changing the mechanical and geometric characteristics of the model, the model of a wedge
with a truncated top was considered (Figure 5). As a result of the analysis, fracture patterns that qualitatively
repeat the pattern for the sharp-top wedge were obtained. In general, the fracture pattern of the truncated
wedge does not differ much from the fracture pattern of the wedge with a sharp top, but the fracture band
extends to the lower supported part. The results of the analysis for one of the versions of the truncated
wedge are shown in Figure 5.

Figure 5. Unstable truss structure, which models a truncated wedge at the moment of its fracture
S o urce: made by K.E. Nikitin

For validation of the results computed for self-equilibrated wedge-shaped bodies by the method of
critical energy levels, experimental studies of wedge-shaped specimens were carried out. Specimens of
conical, pyramidal and prismatic shape were tested. All specimens were compressed by a force applied to
the apex. Part of the specimens (the first group) was tested with load transfer directly from the steel plate of
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the press, which has significant hardness. The other part of the specimens (second group) was tested with
load transfer through a drywall pad, which brought the hardness of the specimen and the loading plate to the
same order of magnitude. This decreased the stress concentration and reduced crushing of the material near
the apex. The loading was carried out up to the moment of fracture of the specimen, its separation into
disconnected parts, after which the fracture pattern was recorded.

The experimental results of the specimens of the first group are presented in Figure 5. The second
group — in Figure 6.

Figure 6. Test results of the specimens of the second group, brought to fracture
Source: made by A.V. Masalov

The tests of the specimens of the first group showed that, firstly, the sharp tip of the specimens is
crushed. After this process stops, longitudinal vertical cracks appear, separating the specimen into parts of
almost equal volume. Crushing occurs due to the concentration of stresses at the apex. This is due to the
significant difference in the hardness of the testing machine plate and the material of the test specimen.

The fracture pattern of the specimens of the second group (with smoother load transfer to the specimen)
has changed qualitatively. The crushing zone of the compressed top of the specimens decreased. Examination
of the shapes of the fractured specimens revealed similar fracture patterns, which are summarized in Figure 7.
The beginning of fracture of the specimens was characterized by a ring or semi-ring thread-like crack, at the
moment of formation in the middle part of the conical bodies of a droplet-shaped rigid part, which “squeezed
out” the peripheral parts. As a consequence of this process, longitudinal inclined cracks of the separating
peripheral parts were opened.

The droplet-shaped rigid core
Cracks

LT~
~—o
-~

Figure 7. The shape of the rigid core forming inside the body
S ource: made by L.Yu. Stupishin

As can be seen, this fracture pattern is qualitatively similar to the fracture pattern obtained by calculation
using the method of critical energy levels.

The fracture does not look axisymmetric in the photos due to the uneven load transfer through the test
machine plate, even more so when using the drywall pad. The non-ideal structure of the gypsum model should
also be taken into account, due to difficulties related to mixing with water and uneven setting of the mixture.
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4. Conclusion

1. The results obtained by the computational and experimental methods have shown that the classical
solution of the elasticity theory problem of the infinite wedge is used only in contact problems, but is not
applicable to the case of a supported wedge. Stress distributions having outlines of circle segments centered
at the apex of the wedge, characteristic of this solution, are qualitatively true in the vicinity of the tip of the
wedge. Moving away from the apex, the stresses decrease sharply, which is related to the absence of the
supported part of the wedge, since an infinite model is considered.

2. Support reactions at the base of the wedge significantly affect the change in the strain distribution.
The study of the model of a supported wedge under self-stress conditions shows significant differences in
the stress-strain state of the wedge. The obtained results reflect the objective relationship between the strain
distribution, the geometry and the wedge support conditions.

3. The conducted experimental studies confirmed that, qualitatively, the wedge fracture pattern is close
to that obtained by application of the variational criterion of critical energy levels.

4. Application of the equivalent truss method within the framework of the theory of critical strain energy
levels of the structure allows to obtain a more reasonable fracture pattern of the wedge. This allows to use
this methodology for solving complex problems in the theory of elasticity, when classical computational
methods do not always provide a correct picture of reaching limit states.

The purpose of further research is to improve the technique of testing specimens from in terms of
smoothing the load transfer to the specimen; to expand the range of tested materials. The calculation method
should also be refined in terms of the possibility of taking into account stress concentration near the special
points of the deformed body. Thus, it is necessary to refine the model of wedge-shaped body, representing it
as a spatial model with variable mechanical and geometric characteristics. It is necessary to refine the
boundary conditions on the supporting surface of the wedge-shaped body and the interaction with the base.
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Annoranmsi. ToHKHE 000JIOUKH CO CPEAMHHBIMH LWJIMHIPUYECKUMH U KOHMYECKUM HOBEPXHOCTSIMH IOJIB3YIOTCS HanOO0IIb-
el nmomyssipHoCThI0. I[IocTpOoeHO MHOXECTBO COOPYKEHHUH 000JI0YEUHOTO THMa B ()OpME IMOBEPXHOCTEH BpaIICHUS U I10-
BEPXHOCTEH IepeHoca, Al KOTOPBIX UMEETCs] HECKOJIBKO JICCSITKOB KPUTEPHUEB ONTHMAIBHOCTH. PaccMOTpeHbI THIepOosH-
YecKre, MapaboIMuecKue, HUTUNTHYECKIE U KPYTOBble IIMHAPUIECKUE CBOBI HA MPSIMOYTOIBHBIX IUTaHaX, ISl KOTOPBIX,
KaK IT0Ka3aJI0 TIIATeJIbHOE M3yUYECHHE OIlyOINKOBAaHHBIX HCTOYHHKOB, OTCYTCTBYIOT CPABHHUTEIIBHBIE PACUETH Ha IPOYHOCTD,
YCTOIYHMBOCTD U AMHAMHUKY, XOTS apXUTEKTOPBI YK€ TBITAIOTCS PACIIMPUTH HOMEHKIIATYPY CPEAWHHBIX TOBEPXHOCTEH JIHHEH-
YaThIX 000JIOUEK HYIEBOW IayCCOBOI KpUBHU3HBI Ha NMPSIMOYTOJILHOM IUIAHE 33 CUET TOPCOBBIX MOBEpXHOCTEH. MccnenoBansl
MSTh TOHKUX IWIMHIPUYECKUX 000JI0YEK, OYEPUCHHBIX MO aJIredpandeckuM IOBEPXHOCTSIM BTOPOTO MOPSJIKA C Pa3HBIMHU
00pa3yIoyMH TNIOCKUMH KPUBBIMU. V3ydeHO HamnpshkeHHO-Ae(hOPMUPOBAHHOE COCTOSHHUE THITEPOOJIMUECKOT0, napadoiu-
YECKOT0, JUIUITUYECKOTO M KPYrOBOTO LIJIMHAPHUECKUX CBOAOB Ha NMPSIMOYTOJBHBIX IUIaHaX OT JACHCTBUSI CTAaTUYECKOM
Harpy3Kkd THIIa COOCTBEHHOTO Beca IpU OJJMHAKOBBIX pa3Mepax B IUIaHE, OJMHAKOBBIX CTPEN HOIbEMa, TOJIIMH U KOHCTPYK-
TUBHBIX MaTe€pHasoB 000JOUYEK, TO €CTh BHIIOJHEH CPaBHUTEIBHBIN pacdyeT. YCTaHOBJICHO, YTO HaMMEHbIINE (MaKCHMAallb-
HbIC) TaHTCHIMAIbHbIEC HAIPSHKEHUS] BOSHUKAIOT B AJUIHIICOMIATEHON 000JI0UKE C HETIONHBIM ITOJIy3JUIMIICOM, a HauMEHbIINE
(MakcHManbHbIC) U3THOHBIE M CyMMapHBIC HAIPSDHKCHHUSI BO3HUKAIOT B TMAapa0OIMYeCcKOd IMIMHAPHYECKOH 000JI0UKe, UTO
MOATBEP)KIAIOT PE3YIbTaThl PAacyETOB, PAHEE BBHINOIHEHHBIX HCCIEAOBATENSIMU 110 aHAJUTHYECKOW O€3MOMEHTHOH TEOPHH.
CrnenoBaTenpHO, B CTPOUTEIBHBIX KOHCTPYKIMSX JKEIATEIbHO MCIOIb30BaTh JUIUIICOMANbHBIE HIINHAPHYECKHE 000-
JIOYKH C HETIOJIHBIM TOJIY3JTUIICOM B MOTIEPETHOM CE€UYeHUH. B HacTodIee BpeMs MPaKTHYECKH BCE 3aa4M CTPOUTENbHON
MEXaHHUKH 000JIOYEK PELIAtOTCS YHCICHHBIMA METOAAMH, TO3TOMY Ul PEIICHHs [TOCTaBICHHON 3a1auu OB BEIOPAaH METOJ
KOHEYHOTO 3JIEMEHTA B ITePEMEIICHUIX.
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Determination of Optimal Cylindrical Shells in the Form of Second-Order Surfaces
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Abstract. Thin shells with cylindrical and conical middle surfaces are most popular. Many shell-type structures have been
built in the form of rotational and translational surfaces, for which there are several dozen optimality criteria. Hyperbolic,
parabolic, elliptic, and circular cylindrical roofs with rectangular base are considered, for which, as evidenced by thorough
literature review, there is no comparative analysis of strength, stability, and dynamics. Nevertheless, architects are already
trying to expand the classification range of ruled middle surfaces of zero Gaussian curvature with a rectangular base by
including torse surfaces. Five thin cylindrical shells outlined by second-order algebraic surfaces with different generating
plane curves are studied. The stress-strain state of hyperbolic, parabolic, elliptic and circular cylindrical roofs with
rectangular base subjected to static load of self-weight type is investigated. The roofs have the same dimensions of the base,
the same height, thickness and structural material, that is, a comparative calculation is performed. It is established that the
smallest (maximum) membrane stresses occur in the ellipsoidal shell with an incomplete half-ellipse, and the smallest
(maximum) bending and equivalent stresses occur in the parabolic cylindrical shell, which is confirmed by the results
of previously performed calculations using the analytical momentless theory. Therefore, it is recommended to use
ellipsoidal cylindrical shells with an incomplete half-ellipse in cross-section for building structures. Currently, almost all
problems of structural mechanics of shells are solved by numerical methods, therefore, the displacement-based finite
element method was chosen to solve this problem.

Keywords: algebraic surfaces of the second order, thin shell, hyperbolic cylindrical shell, parabolic cylindrical shell,
circular cylindrical shell, elliptic, cylindrical shell
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1. Beenenue

Jlo HacTOsAIIEro BpeMeHU caMble BOCTPeOOBaHHBIE TOHKHE O0O0IOUYKH — 3TO LMWJIMHAPHUYECKHE, KOHHU-
yecKre 000JI0YKH 1 000s10uky BpamieHus [ 1]. Mctopuro u3ydeHusi, pa3BUTHs U YCIICITHOE TPUMEHEHHUE 1TH-
JUHAPUYECKUX 000JIOUEK B CTPOUTEIHCTBE BO BCEM MHUPE MOXHO OTCIEAUTH MO OOIIMPHON TEXHUYECKOH
muteparype. st cTpouTenscTBa pa3HOOOPA3HBIX 3IaHUN U COOPYKEHHH IMITMHAPUICCKON (HOPMBI IpUMe-
HSIOTCS Pa3JInYHbIE MaTePUaIbl, TAKAE KaK METaJLJI, KUPIIMYHAS KJIa/IKa 1 KeIe300eTOH.
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[Tonck MaTeMaTHUecKUX METOIOB aHAIIM3a C IEIHI0 BO3BEACHNUS IIMIMHAPHYECKUX 000I04eK Hadall Mpo-
BonUThCS HaumHast ¢ 1920-x rr., B ocooennoctr B ['epmannu [2]. B 1928 1. B 'epmannu Bo @pankdypre-Ha-
Maiine ObLTO BO3BEICHO 37JaHME PHIHKA C TIOKPBITHEM, COCTOSIIUM U3 MapajieIbHO COBMEIIEHHBIX TOTY-
IIJTHH/POB, SBISIOMIEECS SPKUM MIPUMEPOM SKCIPECCHOHUCTCKON apXUTEKTypbl Toro Bpemenu [3]. Mcnan-
CKH apxuTekTop W umkeHep Omyapao Toppoxa (Eduardo Torroja) Taxke MCIOMb30BaNI MAJIHHIPHYECKUE
000JI0YKH B €r0 MPOoeKTax [4]. ApXUTEKTYPHO BBIPA3UTEIBHBIC IIMIIMHAPHUECKAE CBOMIBI M3 KUPITUIHOHN KiIaI-
KH, pa3paboTaHHble ypyrBaiickuMm urxeHepoMm Dnaano Juecre (Eladio Dieste), oObeqMHUBIINM CBOMCTBA
KeJe300eTOHa U KUpIT4Ia, TIOCTpoeHb! 110 Beel FOxkuoit Amepuke [5; 6]. Ctarbs [7] 3HAKOMHT C apXUTEKTYP-
HBIMU nocTkeHusIME KomymOnn XX B. HaunHas ¢ 1946 1., paccMaTpuBarOTCs HECKOIBKO 3IaHHHA C KeJIe30-
OETOHHBIMH IWJIMHIPUYECKUMHU MOKPBITHSIMHU, YaCTh U3 KOTOPBIX AKCILTyaTUPYIOTCS 10 cux mop. B 1951 .
ucnanckuii nmxenep Pemnke Kannmena (Félix Candela) paccuntan u W3roTOBWII CBOIO TIEPBYIO UTHHHYIO
MWIHHIPAYECKYI0 000109KY /Ut Kpbi AnbMaceHa (Almacén) B [Tuze [8].

B cootBeTcTBHY € 3ampocaMu MPAKTUKU OBUTH pa3paOOTaHbl pa3InYHble aHATUTUYECKHE, ITOTyaHaIU-
TUYECKHE M YMCIIEHHBIE METO/bI pacuyeTa TOHKOCTEHHBIX M TOJICTBIX, OTHO- U MHOTOCIOWHBIX 000JI0YEK U3
¢bu3nUecKn JTMHEHHBIX M HEJIMHEHHBIX KOHCTPYKLIMOHHBIX MaT€pHajoB. BTN COCTaBIEHBI COOTBETCTBYIO-
M€ BBIYUCIUTENbHBIE KOMITBIOTEPHBIE IIPOTrPaMMBbl, oberdaronye padoTy mpoeKTHpoBIIUKOB. [Ipencras-
JIeHbl pa3HOOOpa3Hble KPUTEPHU ONTHMAIBHOCTH JUI MPOEKTUPYEMbIX TOHKHX oOomouek. Lmmmuapude-
CKHEe 000JI0YKH MPOCKTUPYIOT U CTPOST OOBIYHO B (hopMe NEeHCTBUTENBHBIX alTreOpandecKuX MUITHHIPHYIE-
CKHX IOBEPXHOCTEH BTOPOTO TOpSIKA (IUIMITHYECKAas, KPyrosasi, runepoonndeckas U mapaboiamyecKkas
[WIMHIPHYECKUE TIOBEPXHOCTH).

B [9] cobpana u npoananuzupoBaHa HH(GOpMAIHS O MOBEJCHUN HMINHAPHIECKUX 000T0UEUHBIX KOH-
CTPYKIMHA TPU PA3TUYHBIX YCIOBHUIX HArpy>KCHHS W PaOOTHl B MAIIMHOCTPOHUTEIHHON MPOMBIIIJICHHOCTH.
Hmeercss MHOTO CPaBHHUTENBHBIX PACYETOB HAa MPOYHOCTH, YCTOHYMBOCTD M KOJIEOAHUS HMIMHAPUYECKUX
000J104€K, OYepUEHHBIX M0 anredpandyecKuM MOBEPXHOCTSIM BTOPOTO MOPs/IKA, HO BCE PACUEThl MPOBOAM-
JUCH TSl TOHKUX oOojouek oxuoro tumna [10; 11]. B [12] paccmarpuBaeTcs pa3BUTHE TEOPUU YCTOHIHBO-
CTH IWJIMHIPUYIECKHX 000JI0YEK, JaeTcs 0030p TEKyIIEro COCTOSHHMSA M TEHACHIUH JUIs JalbHEHIINX HC-
CJIEJIOBAaHUN IHJIUHAPUICCKON 000JI0YKH, MUPOKO HCIIONB3YeMOH B pealbHOM MamuHOCTpoeHuH. B [13]
JUIS METAJUIMYECKUX [UIMHIPUYECKUX KOPIYCOB IPH BO3/IAECHCTBUU B3PBHIBOOIACHONW HArpy3KH HPEAIOKeH
WHHOBAIIMOHHBIM KPUTEPUH pa3pylIeHUs, YUUTHIBAIONIUIN BiusiHUEe BpemeHu. B [14] npeacraBneno uccie-
JIOBaHUE C HCIOJIb30BAaHUEM YHCICHHOTO MOJEIHMPOBAHMS TOHKOCTEHHOTO IMIMHIPHUYECKOTO pe3epByapa
NIPY Pa3IMYHBIX B3PBIBHBIX HArPy3KaX, YUYUTHIBAIOLIEEC YPOBEHb BHYTPEHHEH KUIKOCTH M TOJIIIUHY CTCHOK.
B [15], npumensist Teoputo oboouek ¢ nedopMarueii cipura TpeTbero mopsiaka Pemmu, mpuBeneHb! dnc-
JICHHBIE PEe3yJbTaThl, OKA3hIBAIOIINE BIMSHAE TEOMETPHUECKUX MapaMeTpOB, CBOWCTB MaTepuaia, aedex-
TOB, TEMIIEpaTypsl, BUJOB HArpy30K Ha HEIMHEHHYIO PEaKIMIO CHCTEMBl Ha M3rH0 W MOCIEIYIONIyIO Je-
dbopmaruo IHIMHIPHYECKHX 00oouek. B [16] paccmarpuBaeTcss BOSMOKHOCTD MOTyYEHUST ONTHMATEHOM
KOHCTPYKIIMU METAUTMYECKON IMIMHAPUIECKON 000I0YKH P KOMOWHUPOBAHHOM BHEIIHEM HArpy>KeHHH,
UCTIONIb3YsS. MHOTOIIETICBOM KPUTEPHIl ONTUMAIbHOCTH, YJAOBIETBOPSIOMINI YCIOBHIO MaKCHUMAJIBHO IOIY-
CTHMOW OCEBOM M KOJNBIEBOW MPOYHOCTH MPHU MUHUMAIBHON MacCe 3aKpEIUICHHBIX [IMHAPOB. L{enpro uc-
cnenoBanud [17] saBnsieTcs U3ydeHUE BIMSHUS CBOMCTB Marepuana M KOHCTPYKTHBHBIX MTapaMETPOB Ha H3-
U0 IUIMHIPUYECKIX TOHKOCTEHHBIX 000JI0YEeK 0] IeHCTBUEM BHEIIHETO I'HIPOCTAaTUYECKOTO JABJICHUS U
ompeJielieHNe ONTUMANBHBIX XapaKTePUCTUK JUIsl BO3MOXHOCTH JlalibHEWIero mpoexkrtupoBanusi. B [18]
MPOBE/ICH YMCIICHHBIN aHaN3 COOCTBEHHBIX KOJICOAHWH IMIMHIPUYECKON O0OO0IOUKU € Pa3IMYHBIM IIOTIe-
PEUYHBIM CEUEHHEM M MOKa3aHO, YTO HeCyIasi CIOCOOHOCTh KPYIIIOW IMIMHIPUIECKON 000I0UYKH HAMHOTO
BBIIIIE, YEM Y IPSIMOYTOIBHOM MMIMHAPHYECKON 000I0UKH.

Leap uccienoBaHusi — ¢ TIOMOIIBI0 IPOTpaMMHOTO Komruiekca [19] Ha 6a3e MeTomxa KOHEYHBIX dJIe-
MeHTOB [20] ompenenuTs mapameTphl HapsKEHHO-e(OPMHUPOBAHHOTO COCTOSIHUS JIBYX SJUTUNITHYECKHX,
KPYTOBOH, THIIepOOIMYECKOl U apaboNIndecKol UINHIPUIECKUX TOHKUX 000JI04€K, UMEIOIINX OMHAKO-
Bble TabapuTHBIE (IIPOJIET U CTPEILy MOJbeMa) pa3Mephbl, OCTOSHHbBIE TOJIIIUHBI U (PU3UKO-MEXaHUYECKUE
XapaKTepUCTUKH KOHCTPYKIMOHHOTO MaTepuajia 000J04YeK, MOJABEPKEHHBIX JIEHCTBUIO OAMHAKOBOM CTa-
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TUYECKOW BHEIIHeH Harpy3ku. CpaBHHUBAs MOJYYCHHBIE PE3YJIbTaThl PACUETOB, MOXKHO CJENIaTh BBIBOJBI O
BBIOOpE ONTHUMAJILHOW MIJIMHAPUYECKON 000709KH B (hopMe anredpanieckoil TOBEPXHOCTH 2-TO TIOPSIKa,
a TaKXe COMOCTABHUTH IMOIyUYEHHBIC PE3YyJIbTaThl B IMIIMHAPUYIECKONH 0000uKe ¢ mapabonnyeckor oOpasy-
foleil kpuBo# ¢ BeiBoamMu yuenoro B.B. Hosoxkuiosa [21].

2. MeTtonpbl

Bynem paccmarpuBarh TOHKOCTEHHbBIE 000JI0UKH, IPEICTABICHHBIE HA pUC. 1-5, ¢ pa3Mepamu B IU1aHe —
dxL, mmapuHort d = 2 ¢, ¢ =5 M, mmmHON L = 10 M, BBICOTOH /4 =4 M, TONIUHONW § CM, HaXOMSAIIUECS IO
JeficTBUEM COOCTBEHHOTO Beca KOHCTPYKIMH MPH yCIOBHUHU IMIAPHUPHO-HENOABIKHOTO OMUPAHHS B OCHO-
BaHUU CO CIEAYIOUIMMH XapaKTepUCTUKaMHU Marepuaia obonouek: Moayib ynpyroctu E» = 30018,6 Mlla,
ko3 unment Ilyaccona v =0,2.

B Jlapabonuueckas yununopuueckas obonouxa (puc. 1)

yv

Ob6pasyromas mapadona / Generating parabola
h
y=ax?; a=—=0,16
c
Puc. 1. [TapaGonnyeckas HUIMHAPUYECKAs 000JI0UKa
M c1ou4Huk: Bemonneno B.H. iBanoBbIM
Figure 1. Parabolic cylindrical shell

S o urce: made by V.N. Ivanov

B Inaunmuyeckan YuauHopuueckan 0oonouxa (puc. 2)

Ob6pasyromas nonyssuiaic / Generating half-ellipse

X =acosu,y =bsinu,a=c=5b=h=4

Puc. 2. Dnnuntryeckas IUIMHAPUYECKas 000JI0UKa
U ctouHuk: Bemonneno B.H. VIBaHOBBIM

Figure 2. Elliptical cylindrical shell

S ource: made by V.N. Ivanov

B JaunmuyecKkas WUauHOPU4ecKas ¢ ceKmopom noaynnunca (puc. 3). Dopma ycedeHHOTO AILIUI-
ca ompenensieTcs Tpems mapamerpamu a, u, 0. OQUH U3 mapaMeTpoB 3a7aeTcs, IBa JPYTHX OMPEIENIIOTCS
B COOTBETCTBHH C TTapaMeTpamu ¢, h. [Ipuanmaem mapamerp u0 = 1/6.

40 ANALYSIS OF THIN ELASTIC SHELLS



Wearos B.H., Anéwuna O.0., [lapuoHos E.A. CTpouTenbHas MexaHnka UHXEHEPHbIX KOHCTPYKLMIA 1 coopyxeHuit. 2025. T. 21. Ne 1. C. 37-47

y ! -

|

: h

|
/ ! —r |®
/ | 4 \
/ I< A
( : \ YO

|

L B Ly __ ¥

O6pa3zytomas cexrop nonyasuunca / Generating half-ellipse sector

x=acosu;y=bsinu;a= =5,77;b=1#=8
—sinu

Cos i

Puc. 3. Dnnuntudeckas HUJIMHAPUYECKAs 000JI0UKaA C CEKTOPOM IMOJTY3JUTUIICA
M ¢ 1ou4Huk: Bemonneno B.H. iBanoBbIM

Figure 3. Elliptic cylindrical shell with a half-ellipse sector
S o urce: made by V.N. Ivanov

B Jlununopuyueckasn n0GEPXHOCHIb ¢ CEKMOPOM OKpysHcHOcmu (puc. 4)

y i
|

Oopa3syromas okpyxHOCTh / Generating circle
_ ?+h?

x=acosu;y=asinu;x2+y2:a2;c2+(a—h)2=a2;c2—2ah+h2=0, S =5,125;

uy = arccos < = 0,221=12,7°
a

Puc. 4. unuaaprdeckast TOBEPXHOCTH C CEKTOPOM OKPYKHOCTH
U ctouHuk: Bemonneno B.H. iBaHOBBIM

Figure 4. Cylindric surface with a circle sector
S ource: made by V.N. Ivanov

B [unepoonuueckas yuiuHOpuieckas nosepxnocms (puc. 5)

X o
O6pa3zytomas runepboisa / Generating hyperbola

u=1;, a=1736,b=

=4,26

x=achu;y=bshu; a+h=achuy; a= ;
chuy —1 shu,

Puc. 5. l'nnep6osnueckas UJIMHIPUYCCKAS TIOBEPXHOCTh
M c1ou4Huk: Bemonneno B.H. iBanoBbIM

Figure 5. Hyperbolic cylindrical surface
S ource: made by V.N. Ivanov
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AHanu3 HanpspKeHHO-Ie(OPMHUPOBAHHOTO COCTOSIHUS 00051049eK (puc. 1-5) BBIMOIHIETCS ¢ TOMOUIBIO
nporpamMmMbel SCAD Ha 6a3ze MeTo1a KOHEYHBIX 3JIE€MEHTOB B IepemenieHuax. [ kaxmoil 00o10uku Oblia
CO3/IaHa KOHEYHO-3JIEMEHTHAsI MaTeMaTHyeckas MOJIeNIb ¢ pa30MEHUEM Ha YeThIPEXYTroJbHbIE KOHEUHBIE 3J1e-
MeHTHI (KD) mo KpuBOMMHEHHBIM KOOPAMHATHBIM JTMHHUSAM MTOBEPXHOCTH B HAIpaBIIEHHH BIOJIb 00pa3yro-
el — KPHUBOJIMHEHHAsT KOOPAWHATHAS JIMHUS U U BJIOJb Harpasisiomeid — v. KoarmuecTBo KOHEUHBIX 3i1e-
MEHTOB B pacueTHOH cxeme 00omouku Ha puc. | — 1240, na puc. 2 — 2400, na puc. 3 — 1760, Ha puc. 4 —
1880, na puc. 5 — 3200.

3. Pe3yabTarhbl U 00CyXKIeHUE

Ha puc. 6-10 npencraBineHsl pe3ysbTaThl pacyeTa paccMaTpUBaEMbIX TOHKHX 000JIOUEK. AHAIN3 MOMy-
YEHHBIX PEe3yJIBTaTOB HaNpsHKEHHO-1e()OPMUPOBAHHOTO COCTOSHHUS TISATH UCCIIEAYeMbIX oOomouek (puc. 1-5)
IMOKa3bIBACT, YTO B HUX IIpHU I[eﬁCTBPIPI Harpy3kKu Tuliia COOCTBEHHOTO BECAa BO3HUKAIOT B OCHOBHOM COKMMa-
IOIIHME HAMPSDKCHUS C JIOKAIBHBIMU PACTATHBAIOLIMMU HAMPSHKCHUSMHU B DJUIMITHYECKON MIMHAPHYECKON
oboouke (puc. 7), KPyroBoi HMWIMHIPUIECKOH 000s104Ke (pUC. 9) U THIIEPOOTUYESCKON MITNHAPHISCKON
obonouke (puc. 10) Boonb oOpasyroieil kpuBoil. Bronp Hanpasistomei 060104ek BO3ZHUKAIOT KaK CKMMa-
IOIIHE, TAK U PACTATUBAIOIINE HOPMAJIbHBIE HATIPSKCHUS C YBEITUUYEHUEM YHCIOBBIX 3HAYCHUH CKMMAIOIINX
HAITPSHKCHUI B HIKHUX YaCcTAX 000JI0YEK B 30HAX OMOP.

3.1. Ilapabonuueckasn yununopuieckas 000104Ka

Brosb KOOpAMHATHOM TMHUK 4 TIPU JACHCTBUM 3aJJAHHOTO THIIA HATPY3KH B MapaboNuecKon IHINHIIPH-
yecKoii 060710uKe (pHC. 6) UMCIIOBbIE 3HAUEHNUS HATIPSUKEHNH 6(N,) pu cxkaTuy — ot —3,63 10 —28,26 /M.

-28,26 |-25,18 -5,38 |-4,61
25,18 |-22,1 -4,61 |-3,84
=221 |-19,02 -3,84 |-3,07
N -19,02 |-15,95 3,07 |23

-15,95 |-12,87 23 |-1,54
-12,87 |-9,79 -1,54 1-0,77
-9,79 |-6,71 -0,77 |0

N -6,71 |-3,63 0 0,79

Hanpsxenns o(N,), /m> / Hanpsoxenus o(N,), /m* /
Stress o(N,), t/m’ Stress 6(N,), t/m?
-0,07 [-0,06 -0,02 -0,01
-0,06 [-0,04 -0.01 -0.01
-0,04 [-0,02 -0.01 -3,89¢-003
-0,02 |0 -3,89¢-003 |0
0 0,02 0 3,43e-003
0,02 (0,03 3,43e-003 0,01
0,03 (0,05 0,01 0,01
0,05 (0,07 0,01 0,01
W3zrubaromuii MOMeHT M, T-M/M / Wsrubaromuii MomeHt M, T-M/M /
Bending moment M,, t-m/m Bending moment M,, t-m/m

Oo6mas nepopmupoBaHHas cxema / Jedopmanuu B HONepeyHOM HalpaBiIeHUH /
The general deformed scheme Deformation in the transverse direction
Puc. 6. ITapabonuyeckas uIMHAPHUIECKas 000I04Ka
W c1ouHuk: BemonHeHo O.0. AnémmHoi
Figure 6. Parabolic cylindrical shell
S ource: made by O.0. Aleshina
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B11011b KOOPIMHATHON JUHUH V UMCJIOBbIE 3HAYEHUS HANPSKEeHHi npu pacTsokerun ot 0,79 10 0,00 /M2,
npu cxaruu ot 0,00 10 —5,38 T/M* ¢ nokanumzanuel B onmopHHIX 30HaX. IlepeMelneHus B BepXHe 30He
000JI0YKH TI0 BEPTHKAII OKOJIO 1 MM.

3.2. Dnnunmuveckan yuauHOpudecKkas 060104Ka

Bronb koopauHaTHOW JTMHUU ¢ TIPU IEUCTBUM 33JJaHHOTO THUIA HATPY3KH B IIMITUYECKOW LIUITUHIPH-
geckoil 06omouke (puc. 7) YHCIOBbIE 3HAYEHHs HANpskeHu o(Ny) npu cxatuu ot 0,00 g0 —38,30 /M,
TpH pacTsxeHuu ot 26,89 1o 0,00 T/M?, ¢ noKkamu3anueil MAKCMMAIbHBIX PACTATMBAIOIINX M CKUMAIOIIMX
HaNpsDKEHUH B KPAeBBIX KOHCOJIBHBIX 30HAX 00071049KH. Boibh KOOPAMHATHOHN JIMHUH V YHCIIOBBIC 3HAYEHUS
HanpsxkeHuit npu pactskeun ot 1,70 mo 0,00 /M, npu cxaruu ot 0,00 10 —4,00 T/M> ¢ noKanu3anuei
B ONOPHBIX 30Hax. [lepeMerienus B BepxHeil 30He 000JI04KH 10 BEPTUKAIN OKOJI0 11 MMm.

Sy 383 |-30,64 4 ]-333
/ -30,64 |-22,98 -3,33 |-2,67

\ -22.98 |-15,32 -2,67 |-2
-15,32 |-7,66 -2 -1,33
T 766 |0 133 [-0,67

/ 0 8,96 -0,67 |0
\ 8,96 17,93 0 0,85

17,93 26,89 0,85 |17
Hanpsokenns 6 (N,), T/m / Hanpsokenus 6 (V,), T/m? /
Stress 6 (V,), t/m’ Stress o(N,), t/m?

-0,46 |-0,37 -0,1 [-0,08
-0,37 |-0,28 -0,08 [-0,06
-0,28 [-0,19 -0,06 |-0,04
-0,19 |-0,09 -0,04 {-0,02

20,09 |0 20,02 |0
0 0,11 0 0,02
0,11 (023 0,02 (0,05
023 (0,34 0,05 10,07

Usrubaromuii MoMeHT M, T-M/M / Usrubaromuii Moment M, T-M/M /
Bending moment M,, t-m/m Bending moment M,, t-m/m

Oo61as nehopMupoBaHHas cxema / Hedopmanuu B MOIEpPEeYHOM HaNpPaBICHUH /
The general deformed scheme Deformation in the transverse direction

Puc. 7. DinmnrTadeckas MUIHHAPUYICCKas 000JI04Ka
W c 1o uHuk: BemonHeHo 0.0. AnémmHoit

Figure 7. Elliptic cylindrical shell
Source: made by O.0. Aleshina

3.3. Dnnunmuyeckan YUIUHOPUUECKASL C CEKMOPOM ROTYITIUNCA

Brons koopauHATHOW JIMHUU ¢ TIPU JEHCTBUHM COOCTBEHHOTO BeCa KOHCTPYKIMH B ITVJIMHIPUYECKON
000JI04Ke ¢ TOIYDJUIUIICOM B TONEPEYHOM CeueHHHU (puC. §) YHCIOBbIC 3HAUYCHUS HANpsHKeHUH o(Ny) mpu
cxaruu oT —5,41 1o 21,19 T/M* ¢ nokanuzanuell MaKCHMAIbHBIX HATPSKEHHH B OMOPHBIX 30HAX 060-
JO0YKH. Bonp KOOpAMHATHOW JIMHUM V YHUCIIOBBIE 3HAYEHUs HANpsDKEHUH npu pacTsbkeHuu ot 0,42 1o
0,00 /Mm%, ipu cxxatuu ot 0,00 10 —3,85 T/M? ¢ NoKanu3anyel B OMOpHBIX 30HaX. [lepeMenienus B BepxHeii
30HE 000JI0YKH 110 BEPTUKAIH OKOJIO 1,7 MM.
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Figure 8. Elliptic cylindrical with a half-ellipse sector
S ource: made by O.0. Aleshina
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Puc. 9. Hunuaaprdeckas TOBEPXHOCTH C CEKTOPOM OKPYKHOCTH
W c1ounuk: Bemonaero O0.0. AnémuHoi

Figure 9. Cylindric surface with a circle sector

S o urce: made by O.0. Aleshina
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3.4. Quaunopuueckas noGepxHoCmy ¢ CEKMOPOM OKPYHCHOCHU

Bronb koOpauHATHON JIMHUM U TIPU ACWCTBUM COOCTBEHHOTO BECAa KOHCTPYKUUH B IMJIMHIPUYECKOM
0005I04Ke ¢ OKPYKHOCTBIO B MONEPEYHOM CeueHUH (puc. 9) 4ucioBbie 3HAUYCHUS HaNpsOKEHUH o(N.) mpu
cxkaruu ot 0,00 10 —26,02 T/M? ¢ nokanu3anuel MakCUMAIbHBIX HANpSKEHHH B OMOPHBIX M KOHCOIBHBIX
KpaeBBIX 30HaX 000J10UKH, NpHu pacTsxeHun ot 8,20 10 0,00 T/m? ¢ KOHIIEHTpaIHeil B KOHCONBHBIX KPaeBhIX
30HaX HIDKHEH 4acTh 000I0UKU. BIoabs KOOpIMHATHOM JIMHUH V YHCIIOBBIC 3HAYCHHS HANPSHKEHUH MIPH pac-
taxenun ot 0,95 1o 0,00 /Mm%, npu cxaruu ot 0,00 1o —3,94 T/M? ¢ NoKanu3anuell B OMOPHBIX 30HAX.
[Tepemernienus B BepxHei 30He 000JI0UKH MO BEPTUKAIN OKOJIO 5,2 MM.

3.5. I'unepoonuueckasa yununopuieckas o60104xka

Bnonbs kxoopauHATHOM TUHUH U TIPH IEHCTBUU COOCTBEHHOTO Beca KOHCTPYKIIMH B TUIIEPOOTNIECKOM
MUIMHAPUYECKo obomouke (puc. 10) ducioBbie 3HaUeHUs HampspkeHud o(N,) mipu cxatuu ot 0,00 mo
—31,88 T/M? ¢ NoKanu3aluMel MaKCHMMaIbHBIX HANPSKEHUH B KOHCONBHBIX KPAEBbIX 30HAX HMKHEH yacTu
060104KH, TIpH pacTssxeHuu oT 8,21 10 0,00 T/M? ¢ KOHLEHTpalUeH B KOHCOJIBHBIX KPAaeBbIX 30HAX BepXHEH
yacTu 000JI0YKH. BIonbs KOOpAWHATHOMN JIMHUYU V YKCIIOBbIE 3HAYCHHS HANPSDKEHUH MPH PacTSHKEHUH OT
1,04 o 0,00 /M2, npu cxaruu ot 0,00 mo —5,46 T/M? ¢ OKaJHM3aIeil B onopHbIX 30Hax. [lepemernenus
B BepXHEH 30HE 000JI0YKH MO0 BEPTHKAIIN OKOJIO 2,1 MM.

== 31,88 [-26,57 546 | -4.68
-26,57 |-21,25 -4,68 [-3,9
21,25 |-15,94 39 |12
-15,94 [-10,63 312 [ 234
TS 10,63 |-5,31 2,34 [-1,56
531 |0 -1.56 |-0,78
0 41 -0.78 |0
41 [821 0 1,04
Hanpsxenus 6(N,), T/m?/ Hanpsxenus o(N,), T/m?/
Stress o(N,), t/m> Stress o(N,), t/m?
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0,14 [-0,09 0,03 [-0,02
0,09 [-0,05 0,02 [-0,01
20,05 [0 20,01 [0
0 0,04 0 0,01
0,04 0,09 0,01 [0,02
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0,13 [0,17 0,03 |0,04
W3zrubaromuii MoMeHT M, T-M/M / Wsrubaromuii MomeHt M,, T-M/M /
Bending moment M, t-m/m Bending moment M,, t-m/m
P \
O6mas neopMupoBaHHas cxema / Jedopmaruu B OMEPEYHOM HaIpaBICHHH /
The general deformed scheme Deformation in the transverse direction

Puc. 10. T'unepOonuyeckas HUIMHIPUYECKas 0007I04Ka
W c1ouHuk: BemonHeHo O.0. AnémmHoi
Figure 10. Hyperbolic cylindrical shell
S ource: made by O.0. Aleshina
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BriepBrie nmpoBeieH CpaBHUTEIBHBIN pacdeT MSATH TOHKAX 000JI09eK Ha JICHCTBHE CTAaTUICCKOW HATPY3KH
THUIa COOCTBEHHOTO Beca. Bce Tumbl 000104eK MMEIOT OJJMHAKOBBIE Ta0apUTHBIE pa3Mephl: pa3Mephl B IUIaHE,
BBICOTY U TOJIIIMHY OOOJIOYKH.

YCTaHOBIIEHO CIEAYIOIEE:

1. Haumenspime (MakcHMaibHbIC) TAHT€HIMAIbHBIC HANPSHKEHNUS BOHUKAIOT B AJUIMIICOMIABHON 000-
JIOYKE C HEMOJIHBIM MOy JUIAIICOM.

2. HaumenspIme (MakcUMalIbHBIE) N3TMOHBIE M CyMMapHbIe HAPsHKEHHUS BO3HUKAIOT B MApaboIMyecKoi
WTHHIPAYECKON 000JT0UKE.

3. CymmapHbie (MaKCUMaJIbHBIC) HAMPSDKEHHS B AJUTHTICOUIATEHON 000JIOUKE ¢ HETIOIHBIM Oy JUTHIT-
COM TIPEBBIIIAIOT HANIPSDKEHUA B Tapabonudeckoit obomouke Ha 25 %.

4. N3ruOHble M CyMMapHble (MaKCUMAaJTbHBIC) HAPSHKEHUS B APYTHX THITAX 000T0UEK 3HAYUTEITHHO Tpe-
BBIIIAIOT AaHAJIOTHYHBIC 3HAYCHUS B TTapaboINueCcKON IMIMHIPUIECKON 000II0UKe.

4. 3akJoueHue

B pesynbrare nmpoBeIeHHOTO UCCIIEI0OBAHUS CIIEyeT OTMETUTH CIEIYIOLIee.

1. Onpenenensl mapaMeTpbl 00pa3yOMUX KPUBBIX HUIMHAPUYIECKUX 000JI04EK, 00eCeUynBAIOIIUX 3a-
JTaHHBIE Ta0apUTHI 0O0IOUKH.

2. IIpoBeneHsl pacyeTsl HMIUHAPUIECKUX 000JIOUEK C MATHIO TUIIAMU 00Pa3yroNIMX KPUBBIX HA JICH-
CTBHE COOCTBEHHOTO Beca 000JI0UKH.

3. IlokazaHo, 4TO B IWJIMHAPUUYECKON 000JI0uKe ¢ mapabosinyeckoil o0pasyromieil KpUBOi BO3HUKAIOT
HauMEHbINNe (MaKCUMaJbHbIE) HAMIPSDKEHUS, YTO TIOATBEPkKAaeT BeIBOABI yueHoro B.B. HoBoxuiiosa.

4.B CTPOUTECIIbHBIX KOHCTPYKIUAX TAKIKC MOT'YT UCIIOJIB30BATHCA SJUITUIICONAAJIbHBIC MUJIMHAPHUICCKUC
000JI0YKH € HETIOIHBIM IOy IIITUIICOM.

5.B MUITUHAPUICCKUX 000JT0UKaX C ITOJHBIM TMOJYJJIJIMIICOM BO3HUKAKOT 3HAYUTCIIBHBIC OIMOPHBIC HOP-
MAJIBHBIC K TOBEPXHOCTH pC€AKIIMH, YTO HPHUBOJUT K YBCIMICHHUIO I/IBI‘I/I6aIOHII/IX MOMCHTOB.
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Annotanusi. [ToBepXHOCTHBIE CJIOM OOBIYHO CJII0KEHBI OTHOCUTEIBHO PBIXJIBIMH IPYHTaMH, 3HAUUTEIBHO OTIMYAFOLMMHUCS
10 CEHCMHMYECKUM XapaKTEpUCTUKaM OT Ooiiee TIyOoKux cioeB. M3-3a 3Toro okasbiBaeTcs 3aTpYAHUTEIBHBIM IIPUMEHSTh
00I1yI0 MCXOJHYIO CceiicMUYecKylo MH(OPMAINIO, HE YYUTHIBAIONIYIO JIOKAJIbHBIE HHKXCHEPHO-TEOJIOIMYECKHE yCIOBHSI.
B obmem ciydae ceficMudeckoe BO3/ACHCTBHE 3aJ1a€TCS B BHJE CIIEKTPOB MAaKCUMAaJbHBIX PEAKIMH Ui CKaJIbHBIX WIN
XKECTKHX TPYHTOB. /Iy y4eTa JOKaJIbHBIX I€OJIOTHIECKUX YCIOBUH MPUMEHSIOTCS IONPaBOYHbIE TPYHTOBbBIE KO3 duIm-
€HTBI, KOTOpBIC HE BCETAA NPaBHIbHO ONMHCBHIBAIOT yCHWIIEHHE KojeOaHWi. [l MosTydeHns] aHaINTHIECKUX 3aBUCHMOCTEH
WCTIOJIB30BAJICSL METOJI PEIICHUs 3a/a4 TEOPUH YIPYTrOCTH, OCHOBAaHHBIA Ha CBOWCTBax m300paxeHns Pypre GUHUTHBIX
¢byHnkuuii. Mcmons3ys TeopeMy B3aMMHOCTH, OIpeeIeHb IepeMeNieH s CBOOOHON MOBEPXHOCTH OT Harpy3KH Ha IpaHuLe
paszena, KoTopas 3amaeTcs nanaromei BoHoH. OnrcaHsl criocoObl 3aaHnsl HCXOAHBIX CEHCMIYECKUX BO3JCHCTBUIN B CO-
BPEMEHHBIX HOPMATHBHBIX JOKYMEHTaX Pa3HbIX CTpaH. Pa3paboTaHa MeTOMKa, TO3BOJISIONIAS YIUTHIBATh BIMSHUE MATKUX
CJIOEB TPyHTa Ha HapaMeTpbl CIEKTPOB MAaKCUMaJbHBIX peakuuil. [lomydyeHo BblpakeHue i Kod(pQUIMEHTOB yCHIIEHUS
CIEKTPOB MAaKCHMAJIbHBIX PEaKkIUi B MOBEPXHOCTHBIX CJIOSIX TPYHTOB, IMO3BOJIsIONICE 00JIee TOUHO OLCHUBATH JIOKAJIbHBIE
WH)KEHEPHO-TEOJIOTMYECKUE YCIIOBHs, YYHUTBIBAs pe30HaHCHbIE 3(dekTsl Konebanuii moBepxHocTu. [IpuBeneH mpumep
omnpeneneHus ko3 duimeHToB ycnineHus kojneOaHnii rpyHTa 11 TPYHTOBBIX yciaoBuid Cupuiickoit Apabckoii PecriyOmukw.

KaioueBble cjioBa: celficMUYecKne BO3ICHCTBHUS, CIOMCTBIC TPYHTHI, CIIEKTPBI OTBETOB, CHEKTPBI Dyphe, KO3 PHUIUECHTHI
YCHIICHUS
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Estimation of the Influence of Surface Soil Layers
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Abstract. Surface layers are usually composed of relatively loose soils that differ significantly in seismic characteristics
from deeper layers. This makes it difficult to apply general initial seismic information that does not take into account local
geotechnical conditions. In general, seismic effects are given in the form of maximum response spectra for rocky or rigid
soils. To take into account local geological conditions, soil correction factors are used, which do not always correctly
describe the amplification of vibrations. For obtaining analytical relationships, the problem-solving technique of the theory
of eclasticity based on the properties of the Fourier image of finite functions was used. Using the reciprocity theorem,
the displacements of the free surface from the load at the interface, which is given by the incident wave, have been determined.
The methods of setting initial seismic effects in modern norms documents of different countries are described.
A methodology is developed that allows to take into account the influence of soft soil layers on the parameters of the
maximum response spectra. The expression for the amplification coefficients of the maximum response spectra in the
surface layers of soils is obtained, which allows to estimate the local geotechnical conditions more accurately, taking into
account the resonance effects of surface vibrations. An example of determining the amplification coefficients
of ground vibrations for the ground conditions of the Syrian Arab Republic is given.
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1. BBenenue

B coBpeMeHHBIX HOPMAaTHBHBIX JOKYMEHTaX Pa3HBIX CTPaH MCXOIHOE CEHCMUYECKOe BO3/IECHCTBHUE 3a-
JTAeTCs B BUJE IBWKCHUS «CBOOOIHOTO TIOJIS CKAITBHOTO WJIM JOCTATOYHO JKECTKOTO rpyHTa [1; 2]. DTOMYy
JBUYKEHUIO COOTBETCTBYIOT CIVIQ)KEHHBIE CHEKTPbl MAKCUMAJIBHBIX peakLuil (CIEKTPhl OTBETOB), AOCTATOU-
HO KOHCEpBaTHBHBIE JJIsl yUeTa HEONPEACIEHHOCTEH BO3MOXKHBIX OyIyIIUX CEHCMUYECKUX BO3ICHCTBUM.

[Tpu mocTpoeHn CIIEKTPOB OTBETOB YUUTHIBACTCS BIMSIHIE MECTHBIX TPYHTOBBIX YCIOBUH Ha (hopMy
Y [TapaMeTPhl PACUETHBIX CIIEKTPOB. Kak mpaBuilo, MArKHe MOBEPXHOCTHBIE CIION I'PyHTA U3MEHSIOT CIIEK-
TPaJIbHBIA cOoCTaB [3], MpH STOM YBETUYMBAIOTCS aMIUIATYABI U MPOAOIDKUTEIFHOCTh KOJEOaHUN TPYHTA
(puc. 1). [Ins yyeTa 3TOro yCUJICHUs TPYHTBI MOAPA3AEIATCS Ha KaTeTOpUU B 3aBUCIMOCTH OT CKOpOCTeil pac-
MPOCTPaHEHUS MOTIEPEUHBIX BOJH | JUIS KaXKIOW KaTeTOPHH OMPEACIISIOTCS OTPaBOYHbIE KOAD(UITUEHTHI.

Pexomennyercs: «Ilpu yueTe MECTHBIX TPYHTOBBIX YCIOBHUS CTPOUTEIBHON TUIOIMIAAKE OOBIYHO YUUTHI-
BAIOT MaTepuall ITyOWHOU JI0 HECKONBKHX COTeH (pyToB (00b1uHO) — 30 M — Oosiee WM MeHee pacrpo-
CTpaHEHHOE 3HaYeHHE» .
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Ilecok / Sand

Cnanerr / Shale

Kopennas mopona / Rock

Yckopenus /
Acceleration

Puc. 1. Ycunenue konebaHuil B IOBEPXHOCTHBIX CJIOAX IPYHTa

W ¢ 1ounuk: Bemonneno LA, Xycceiitn

Figure 1. Amplification of vibrations in surface soil layers
S ource: made by Sh.A. Hussein

B 4acTHOCTH, B €BPOIEHCKIX HOPMAaX 0 PacyeTy CoopyKeHHil Ha ceiicMocToiikocTh EN 1998—1: 20042
IPYHTBI OJPA3eIIsA0TCs Ha cienytomue tiunsl: A, B, C, D, E, S1 u $2. OnHa U3 OCHOBHBIX XapaKTEPUCTUK
IpyHTa — 3TO CKOPOCTh PacIpOCTPaHEHHs MOMEPEYHOIN BOJIHBI — BOJHBI cABHUTA. I pyHTHI THHA S1 Mk S2 —
9TO OTJIOKEHUS, COCTOSIIUE MU coneprKamue cioid He MeHee 10 M U3 MATKUX IJIMH CO CKOPOCTSIMH pac-
npocTpaHeHus nomnepeyHbix BoiH MeHee 100 m/c. JIs KaKaoro Tura rpyHTa Mpu MOCTPOSHUU PacCUeTHBIX
CIEKTPOB PEAKIMH 331at0TCs MONPABOYHbIE KOI(D(DUIIEHTHI.

08

Makc. yckopeHue Ha nosepxHocT = 0.16g /
Max. Surface Acceleration =0.16g

e
S

= [loBepxHocTk / Surface
===== KopeHnran nopoga / Rock

Tun rpyHTa S4/ S4 Soil Profile

o
»
—

CrextpaneHoE yoEopeHne, g /
Spectral Acceleration, g

S
.

Tlepuop, cex. { Period, sec

Puc. 2. Pacuernsiii cnekrp peakuuii NEHRP 1998
M CHEeKTpHI peakimii Loma Prieta Ha yyacTkax
C IIyOOKUMHU MATKHMHU CJIOSIMU I'PYHTOB

Figure 2. Calculated spectrum of reactions NEHRP 1998

and spectra of Loma Prieta reactions in areas
with deep soft soil layers
Ncrounuk/Source:
ICC IBC (2003): International Building Code. 2003.

URL.: ttps://archive.org/details/gov.law.icc.ibc.2003/
page/ 193/ mode/2up (accessed: 12.08.2024)

Cpe):[Hﬂﬂ CKOpPOCTb HOHGpG‘-IHOfI BOJIHBI V(55 HOJDK-

Ha OBITh BEIUHCIIEHA B COOTBETCTBHH C BBIPpAXKCHHUEM

30
V5,30 =—h’ (1)

Z,-=1,N*i

Vi

rae hi 1 vi 03HauaroT TOJILUHY (B METpax) U CKOPOCThb
pacnpocTpaHeHusl MONepeyHol BOJIHBI (C YPOBHEM Je-
dopmanuit casura 107 unm Menbiue) ans i-i dpopma-
[IUH WIH CJIOS IIPU OOIIEM KOJIMYECTBE CII0eB V.

JUis MI0Iaf0K ¢ TPYHTOBBIMH YCJIOBUSMM, XapaK-
TEPU3YIOIUMHCA HAIMYMEM OJHOIO WM OOOMX THUIIOB
rpyHTa S1 Wwin S2, PEKOMEHAYETCS BBIIOIHATH CHELH-
aJIbHbIEe JONOJHUTENIbHBIE HCCIEeI0BaHUs Ul Ompese-
JIEHUS [TapaMeTPOB CEICMUYECKUX BO3JEHCTBU.

ITpu 3emnerpsicenuu Loma Prieta 1989 r. cnextpsl
koje0aHui B pallOHaX C MOIIHBIMU MSTKHMHU CIIOSMHU
IPYHTOB CYIIECTBEHHO MPEBBICHIIN CYLIECTBYIOIIUE B TO
BPEMSI pacueTHbIE CHEKTPHI (pUC. 2), UTO MOOYANUIO BBe-
CTH KaTeTrOpHIO TPYHTOB [, 1JIs1 KOTOPBIX TpeOyeTcs cre-
LHUAJIBHBIA aHAJIU3 BMECTO YINPOIIEHHOIO, YYHUTBIBAO-
mero 30-MeTpoBYO TOJIIITY.

2EN 1998-1. Eurocode 8: Design of structures for earthquake resistance. 2004. URL: https://www.phd.eng.br/wp-content/

uploads/2015/02/en.1998.1.2004.pdf (accessed: 12.08.2024).
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2. UcxonHble ypaBHeHUs] M1 000CHOBAHHbIE YIIPOIIIEHH S

Juddepennmanbupie ypaBHEHUS IBUKEHUS CIUIOMIHOM CPEAbl UMEIOT Cieayonuii Bua [4]:

XSU(“;{,,{)"'H(“,‘J +uj,i)—6ij =0;

Gij,i_piij:_f}; i,j,k:1,2,3,

e A u L — mapamerpsl JIsIM3; p — IJIOTHOCTh MaTepHaia cpensl; O

npui=j, §;; =0 npui#j.

ij

[To nmoBTOpsIOIIMMCS HHACKCAM MOIPa3yMEBAETCsl CYMMHUpPOBaHHE.
[IpoauddepenupoBaB BeipakeHue (2) x; U NOACTABISSA MOTYUYSHHbBIC BHIPAKEHUS ISl HANPSOKEHU B
ypaBHeHUs (3), MOJy4UM ypaBHEHUS] TEOPUU YIIPYTOCTU B IEPEMEIICHUSX:

nu +(7\‘+M)ui,jj —pii; =—f;

i,j=1,2,3.

— cumBon Kponekepa 9§, ;

2)
3)

Il
—_

4)

Tak xak PacCTOAHNA OT UCTOYHUKOB SCMHCTPHCCHI/Iﬁ a0 CTpOHTeHBHOﬁ IIomaaK1u BCIMKH (nopﬂzu(a
JCCATH M COTHHU KI/IJ'IOMCTpOB) [5] celicMMYeCKHEe BOJHBI MOXKHO CUMTATh IIJIOCKUMHU, YTO CYIICCTBCHHO

ynpoiaet auddepeHimaibHble ypaBHEHUS.

BBuny Toro, 4ro BpeMs mpuxoa Npoa0iIbHBIX U MOMEPEYHBIX BOJH OTIIMYAETCS, BO3IEHCTBUS MTPOAOIIb-
HBIX ¥ IONEPEYHBIX BOJIH MOXKHO paccMaTpuBaTh HE3aBUCUMO (puc. 3).
Bonnbl, renepupyeMbie B HCTOUHUKE, PACIIPOCTPAHSIOTCS BO BCEX HANpPaBICHUSX, POXOS CKBO3b CIOU
rpyHTa, OTpaXkaroTcs, IpeaoMisitoTest U Tpancopmupyrores. CornacHo 3akoHy CHemna [6], myTh pacrpo-
CTpaHEHUs! CTAHOBUTCS MOYTH BEPTUKAJIBHBIM MPU JOCTHKEHUH MOBEPXHOCTH 3eMiH (puc. 4). [Toatomy
OyzeM paccMaTpHuBaTh BOJIHBI, MA/IAI0LINE BEPTUKAIBHO Ha TOPU30HTATIbHBIE CIIOH.

Bpewms / Time —

Surface
| } i i
P
Puc. 3. Tunnynas celicMorpamma, puKcHpyromas
TpoI0TIbHBIE (P-BOJHEI), TIOTIEpeYHbIe (.S-BOIHEI)

U MOBEpXHOCTHBIE (Surface) BOJIHBI
W ¢ 1o unwuk: Bemonneno LA, Xycceiin

Figure 3. Typical seismogram recording longitudinal
(P-waves), transverse (S-waves) and surface waves
Sour ce: made by Sh.A. Hussein

P- npogonbHble BomHbI / longitudinal waves
Sy-ronepeyHble BEpTUKAMLHO MONSPU30BaHHbIE BOSHbI / ,_1_,
transverse vertically polarized waves S -

SH — NonepeyHble ropuU3oHTanbHO NoNAPU30BaHHbIE BOMHbI / 7 'Sy

transverse horizontally polarized waves /1

Sy P ///
* — e — — —
S

Puc. 4. Tpaekropus pacripoCTpaHEeHUsT CEHCMHUYECKUX
BOJIH OT UCTOYHHKA JI0 IOBEPXHOCTH
W ¢ 1o unuk: Bemonneno LA, Xycceiin

Figure 4. Trajectory of seismic wave

from the source to the surface
S ource: made by Sh.A. Hussein

O003HaYMM BEPTHKAIBHYIO KOOPJUHATY X1 = X ¥ TOPU3OHTAIBHYIO X2 = ). [IpH Takux 000CHOBaHHBIX
HPEATIONIOKEHUSAX BMECTO CUCTEMbI YpaBHEHHH (4) MOXKHO HCIIOIb30BaTh YPaBHEHHE

azuy o’u
=p
ox?

Yy

or’

u

I OITMCAaHUA paCIIpOCTPAHCHUA IMOIICPCYHBIX BOJIH CABHUI'a U YPABHCHHC
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u o%u
% 6
PRy ©)

(A+2u)

JUTSL ONIMCAHMST PACTIPOCTPAHEHUSI IPOOJIBHBIX BOJIH.

B nanbHeimem OymayT paccMaTpHBAThCS TOJIBKO MOMEPEYHBIC BOJHBI, MOITOMY JUIss 0003HAYCHUS T10-

MIEPEYHBIX MEepPEMEIIeHUI OyIeT HCII0Ih30BaThest 0003HaYeHHE u 6e3 HHAEKCOB. TakuM 00pa3oM, u — ropH-

30HTAJILHOE MIEPEMEIIIEHIE YaCTHIl TPYHTA, X — JIOKAIbHAsI BEPTUKAIbHAST KOOPAMHATA C HAYaJIOM KOOPIH-

HAT Ha BEPXHEH TPaHMIIEe BEPXHETO CIIOSL:
0%u B 0%u

el (7)
[Ipu oueHke mapaMeTpoB BOJIH, PACIIPOCTPAHSIONIMXCS B TPYHTAX, HEOOXOJUMO YUUTHIBATH AeMII(PH-
poBanue [7; 8]. Kak moka3piBaloT MHOTOYHCIIEHHBIE HCCIIEIOBAHUE, PACCETHUE SHEPTUH MPU JUHAMUYECKOM
Harpy’>KeHHH TPYHTOB XOPOIIO OMKCHIBAETCS YACTOTHO HE3aBUCHUMBIM THCTEPE3HCHBIM AeMII(UPOBAHUEM
[9-11].
Koappunment nemndupoBanus, onpeaensonuii BHyTpeHHEee TPEHUE NP UKINIECKUX HarpyXeHHU-
X, 3aBUCUT OT OTHOUICHHUS PACCESTHHOM YHEPTUH K MOTEHIIMAIBLHOM SHepruHn (puc. S5):

E

5= 27I2n ’ ®

rac Ep — SHCpPIus, paCCCsIHHaA 3a OAUH LUKII, En — MOoTCHUUAJIbHAA SHCPIruA, COOTBCTCTBYIOIIAA aMIIJIU-

Tyne nedopManum 3a TOT Ke MUK, & — OTHOCUTEIbHBINA K03 dUImeHT aemMindupoBaHusl.

KacarenbHble HanpspkeHus, T/
Shear stresses, T

T,Y

1 E

i

Ep /—wr

[fﬂ/ Cngurossle nepopmarmn, Y /

Shear strains, Y

’.2 \
ZX

E
é P

T 2mE,’

Puc. 5. Cxema ans onpenenenus nemndupoBanus (MeTs TucTepesrca)
U c 1o unuk: Bemonneno LA, Xycceiin

Figure 5. Schematic for damping determination (Hysteresis Loop)
S ource: made by Sh.A. Hussein

3. AudpepenuuaibHoe ypaBHeHHe KoJIeOaHUI BEPXHEro ¢JI0sl PyHTa
U MOJIyIIPOCTPAHCTBA B 00001EHHBIX (PYHKIMAX

Jlnis nanbHENIIero aHaiau3a BOCIOJIb3yeMCsl METOJIOM pEIleH s 3a/1a4 TEOPUH YIPYTOCTH, OCHOBAaHHBIM
Ha cBoiicTBax u3zo0paxeHnit dypre GUHUTHBIX QyHKIUH, npeanoxenHsiM E.H. KypOarkum B 1995 1. [12].

Onpenenenue: QuuumnvlMu GYHKYUAMU HAZLIBAIOMCI DYHKYUU, MOICOECHBEHHO PABHbIE HYIO 6HE
02PaHUYeHHO20 UHmMepsand.
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3.1. Ypasenenue ona eepxnezo cnosn

Jns nonyuenus ¢punutHOiM dynkimu U (x,t) Ha unrtepsane (0; 4) ymHoxum dyHkumio u(x,t) Ha

¢byHkIMI0, paBHyto eauHuie npu 0<x</h u paBHyIO HyJIO BHE 3TOT0 MHTEPBaja, KOTOPYIO MOXHO Tpe-
CTaBUTh B BUJI€ PA3HOCTHU JBYX CTYINEHYaThIX GyHKUMNA X3BUCaiiia:

U(x,t):u(x,t)[e(x)—e(x—h)}. 9)

®unnrHas dynkius U (x, t) coBnagaer ¢ GpyHkuuer u(x, r) Ha uHTepBane 0<x </ M TOXKIECTBEHHO

paBHa HYJIIO BHE 3TOr0 MHTEpBaJIa.
JBaxner npoauddepenimponas npousseacHue (9) mo npocTpaHCTBEHHOW KOOPIWHATE, TIOTYIHM

azU(x, 1)
ox>

_ azgij’ ’)[e(x)—e(x—h)]+u(o, 1) (x)-

—u(h, )& (x—h)+u'(0,6)8(x)—u'(h,t)d(x—h). (10)

Hcnons3ys Beipaxkenue (10), mpencraBuM ypaBHEHHE KojeOaHHM BEpXHEro cjos IpyHTa B Bujae ¢u-
HuTHOU Ha uHTepBase (0; /) GyHKIIH

2’U, 19U / 1
ale _E at2l =1, (0,1)3 (x)+u—1171(0, 1)8(x)-

—uy (b, z)ﬁ'(x—h)—uirl(h, £)8(x—h), (11)
1

rae u, (x, t) — ropU30HTAJIbHbIC IIEPEMEIICHNs YaCTHIL TPYHTa BEPXHEIO CII0sl; /i — TOJIIMHA CIIos; [, —
. Y .
MOJIyJIb CIBHTA TPyHTa; [}, = [— — CKOpPOCTb PacIpOCTPaHCHHUsI BOJIH CABUTA B CJIOE; P,— IUIOTHOCTh
1

rpynta; T, (z, t)=pu'(z,¢t) — KacaTenbHbIC HANPSDKEHUS B ci1oe rpyHTa; §(z) — nensra dynkims Jlupaka;
d'(z) — mpousBonHas aenbTa GyHKIMM JIupaka.
B mpaBbIX yacTsAX, 3alMCAHHBIX TAKUM 00Pa3’OM ypaBHEHMH, HAXONATCS (YHKIHH, ONPEIECIAIONINE

Harpy3KkH U IIepeMeEIICHHU.
[Tpumenus npeobpazoBanue Oypbe M0 BpeMeHN U MIPOCTPAHCTBEHHOM KoopauHarte K (11), momydanm

i1 (v, m){v2 —m—;} =—(iv)i (0, m)+ML1%1 (0, ®) +

(i) (b, ©) e —“ifl (h, w)e™. (12)
1

Nzobpakenne Oypbe GyHKIINH MEpeMeeHN OTPEEISIIOTCS BEIPAKCHUSIMHE

()i, (0,0) + %, (0,00) + (iv) i, ()€™ — 17, () ™

i (v, 0)=- H . H . (13)
(O]

vie =

B
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B ypaBuenuu (13) ¢pynkuums L:tl (v, ®) npexncrasmser coboit uzobpaxerne Pypbe GUHUTHON BYHKIHH,
MI03TOMY B COOTBETCTBUU ¢ TeopeMoil Bunepa — [1anm — IlIBapua [13—15] ona nomkHa ObITh HETIOH.

Teopema Bunepa — Ilanum — IllBapua no3BonseT Aoka3aTb JPYTyr T€OPEMY, YCTaHABIMBAIOLIYIO
CBSI3b MEX/]ly 3HaYECHUSAMH (YHKIMI Ha rpaHUIaxX 00JIACTH TeopeMy O TpaHMYHbIX QyHKuusax [13], koropas
YTBEPIKJIAET, YTO ISl TOro uTo6b! GyHKius U (v, ®) GblIa Hesoif, HeoBX0AMMO YTOObI YHCIUTENb AETUICS
Ha 3HaMeHareJb 0e3 OcTaTKa.

Janee ucnons3yercs Teopema besy, yTBep/Iarolias, 4To OCTaTOK OT JeJICHHs TIoIMHOMA P (V) Ha OJHO-
aieH (B JaHHOM CiIydae Ha (Vv — v, ) paBeH 3HaYeHHIO IOIMHOMA 1pH V =v;. OctaTok oT aenenus P (v, ).

Takum 00pa3om, HEOOXOAUMO HANWTH KOPHU 3HAMEHATEs, IIOACTaBUTh B BBIPAKCHUE IS YUCIUTENS U

®
NpUpaBHATH K Hymo. Hynu 3namenarens: v, , =+— . [IpupaBHuBas ynciaurens Beipaxenus (13) k Hymo Ha
1275y
1

HYJIAX 3HAMCHATCJIA, IIOJIYYUM [IBA YPABHCHUA!

Iy i
—[iﬁﬁ}il (0,0)+ 1%, (O,m)+(z’§jﬁl (ho)e? L3 (ho)e” =o;

1 My 1 Ky
(zﬂ}al (0.0)+ =1, (o,w)-("g}% (hoje ™'~ Lt (haje ™' <o (14
B, ) By K

[puBeneM ypaBHEHHs K Oolee ynoOHOMY BUJIYy, YMHOXHB BCE WICHBI YPABHEHHUI Ha MOILYIb CIBHUIA U
paszenuB Ha (io):

s %, (0,® 3 i2h % (hw) ok
_plﬁl”‘l(0’03)+%+91[31”1(h,OJ)eB1 _%eﬁl =0;
~ T 0,0) - -2 7 h,(!) _i%
plBlul(O’w)"-g_plﬁl”l(haw)e b —Me P —o. (15)

(iw)

[Tpu TakoM mpencTaBICHUN YPaBHEHHH B BBIPAKECHUSX MOSBISIOTCS aKyCTHYECKHE KECTKOCTH P,

(iw)

OT KOTOPBIX 3aBUCAT MapaMETPhI MMPCIIOMJICHHBIX U OTPAXXCHHBIX BOJIH.

3.2. ¥pasnenue ona nonynpocmpancmea

Jns nonydenus auddepeHaabHoro ypaBHEHUs], ONMCHIBAIONIET0 KojaeOaHus TpyHTa Ui MOIyIpo-
CTpaHCTBa B BHJE (DYHKIUH, TOXKJICSCTBEHHO PAaBHOM HYJIO NpU X < /i, TOTHA X = /I — KOOpAMHATA TPAHUIIBI
BEPXHETO CJIOS U MOIYIIPOCTPAHCTBA, BOCIOIB3YEMCS CIEAYIOIUM BbIPaKEHUEM:

°U(x,t) 0%u(x.t , '

a)ﬁf ) ”gif 10— h)]# ()8 (x— )+ ' () (x— ). (16)
Hmeem

P uy (x,1) 1 9Py (x,t , 1

”azx(f )_E ”;t(f )=u2(h,t)8(x—h)+u—2‘cz(h,t)8(x—h). (17)
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[TpumenuB npeodpazoBanue Oypbe M0 BpeMeHN U TPOCTPAHCTBEHHOM KoopanHaTe K ypaBHeHuto (17):
~ 032 . 1 .
—ii2 (v, 0)| V2 == | ==(iv)it, (h,®) ™ +—7, (h,w)e™. (18)

B% My

N3o6paxenus Oypre GyHKINN IEpeMEIICHHIA OTPEICTISIOTCS BRIPAKEHUEM

(i) ity (ho)e + L%, (ho)e

2 (V,0)=- (n!jz : (19)
2
v

_BT
2

[Tomy4nM 3aBHCHMOCTB JJISl KACaTEJIbHBIX HANPSHKCHUH U NEPEMELICHUI Ha IPaHULE MOIyIPOCTPaH-
ctBa. [l 3TOrO mpupaBHsEM UYMCIAUTENb yYpaBHEeHUS (19) K Hyl0 IpH OJHOM M3 KOpPHEW 3HaMeHarelns.
Otmernm, 4To0 TpH ydere aemiduposarus (mapamerp B kommiekcHsrit, B =B (1+i§) xopHH 3HaMeHaTels

HE JIe)KaT Ha IeHCTBUTEIILHOW OCH, a PAcCIIOJIOKEHBI B BEPXHEH M HIKHEH MOTYTUTOCKOCTAX (pHC. 6).

+ Im(v)

Puc. 6. Cxema pacnosioxeHus noiarocoB ypaBHeHHs (19) Ha KOMIIIEKCHOH rutockocT V

W c1ounuk: Bemonneno HIA. Xycceitn

Figure 6. Schematic of the location of the poles of equation (18) on the complex plane
S ource: made by Sh.A. Hussein

JI1s TOXKIECTBEHHOTO PAaBEHCTBA HyNIO (YHKIHMH IepeMeIeHud u, (x,) JUIS yIpyroro MoIyIpo-

®
CTpaHCTBa NpU X < /1 HEOOXOAUMO MPUPABHATH YUCIUTENb BhIpaskeHus (19) nymto npu v=——. [Ipu Takom

yCIIOBHH He OyleT MOJoca B BEpXHEH MOIYIUIOCKOCTH, IO3TOMY u, (x,®), ONpeaenseMas HHTerpajioM 110
KoHTYpy Cr, OyzeT paBHa HyIt0. M3 3TOr0 yCcinoBus cieayer

T, (h,0) =i B3p, -1y (h,). (20)

[oncrasnss Beipaskenue (20) B (15) 1 yunTsiBasi paBeHCTBO HANPSHKEHUN U NEpeMEILEHU Ha TpaHuLe
cpel, MOoIy4uM

5 % (0, y i2h ) i2h
—pB (0703)+M+9131”1 (h,(o)e B +p2[32u2(h,0))e P =0,

(iw)
% -i% i
plﬁlﬁl(O,m)+%—plﬁlﬁl(lq,w)e B +p,B1, (h,0)e b=, 21
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[Tomy4yennsie ypaBHEHHSI TTO3BOJISIOT ONPENCIIUTh IIEPEMEIICHHS Ha TPaHUIle pa3zesia cpesl OT Harpys-
KM Ha BEPXHEH CBOOOJHON MOBEPXHOCTH U 3aTE€M, HCIIOJB3Ysl TEOPEMY B3aUMHOCTH, OTPENEINUTh TepeMe-
HICHUS] CBOOOIHOM MOBEPXHOCTH OT HArPYy3KM Ha TPaHHUIIE pa3/iena, KOTopas 3a/1aeTcs M arolieil BOTHOM.

Hns pemenust cuctemsl ypaBHeHui (21) Bocnonbs3yemcs npaBmwioM Kpamepa, B KOTOpOM pelieHue

o o D
CUCTEMBI YPABHCHHUHN OIIPEACISICTCA C UCIIOJIB30BAHUEM ONPEACTIUTEIICU: V) = ?k OHpCI[CJ'H/ITCJ'II) CHUCTCMBbI

ypaBHEHUN UMEET CIEIYIOUINI BU:

h

. @ O
. (O (O ()

i—h i—
—pBy piBe Pt p,B,e b
—zB—h iB—h —iB—h iB—h
D= o o =pBi|pBile T —e™ |=pByle ™ +e™ || (22)
% %
By 1

Py —| piBe —p,B,e b

Onpenenurenb, TOTYYEHHBIH 3aMEHON AJIEMEHTOB CTOJIOIA HEM3BECTHBIX CBOOOAHBIMU UJICHAMMU:

7,(0,0)
B 1 : .
D = ) g Bl00) (23)
0B _11(0,03)) (io)
i (io)
B pesynbrare umeem
i, (1) = ~24(0.0) (24)

3.3. Teopema s3aumnocmu

Teopema B3anMHOCTH, BIiepBbie chopmynupoBanHas bertu B 1872 r. u BriocneAcTBUH H0KazaHHas Pa-
neem B 1873 1. (cM. [5]), IIUPOKO UCTIONB3YETCS B PA3IMYHBIX HAYYHBIX OOJIACTSIX: B aKyCTHUKE, DIIEKTPOTEX-
HUKe, TeOpuH ynpyroct. CyliecTBYIOT pa3iuyHble (JOPMBI 3TOTO MPHUHIUIA, YCTAHABIMBAIOLIETO 3aBUCH-
MOCTh MEXy HCTOYHHMKAaMH BO3MYIICHUI U PEakMsIMHU Ha 3TU BO3MYIIEHHUS. A B HaIlleM ciydae Hanbosee
yI00HOM cunTaeM (GOPMYITHPOBKY TEOPEMBI, H3IOKEHHOU B padorax [13—15]:

Ecnu npunoxcennas 6 nekomopoti mouke P oepanuuennoii HeoOHOpOOHOU aHU30MPONHOT YNpy2oll cpe-
Obl COCPEOOMOYEHHAS CUNLA, UMEeIOWasl Hanpaegienue & U 6peMeHHYI0 3a8ucumocms f{(t), cosoaem 6 nekomo-
poti opyeoti mouke Q cmeujeHue, KOMNOHEHmMA KOMopoz2o 8 Hanpaesienuu P pasua u(t), mo npunodxicenue
motl dice camou cunvl f(t) 6 mouxe Q 6 nanpasnenuu P gvizoeem cmewenue ¢ mouxe P, npoexyus komopozo
Ha Hanpasgienue o cosnaoaem c u(t).

B cootBercTBUU € 3TOI TeOpeMoii BrIpaxkeHue (24) nepenuiieM B BUIE

-2%, (h,®)

i, (0,0) = (25)
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VYuuThIBas 3aBUCUMOCTb MEX1y HalpsHKEHUAMHU U niepeMerieHusaMu (20), noayyum

2p,B,i, (h, 03)
i2r L9
pBy| e —e

i (0,w) =

- - (26)
i—h —i—h
+pByf P ve P

Bripaskenune 1i1st ko puIIMeHTa, YIUTHIBAIONIETO BIMSHUE TTOBEPXHOCTHOTO CJIOSl HA MapaMeTphbl BOJH,
[a/IaloNIMX Ha TPAHUILY pasjielia cpell, OIpeiesieTcsl BBIpaKeHnEeM

(0)) — ﬁl (0’ (D) 2p2B2 (27)

K((l)) — 1:71 (O’ 0‘)) — 2p2l32 ) (28)

{pzﬁz cos 2 p+ ipB, sin 2 4 +}
B, B,

Ecnu B BhIpaxkeHuu (28) NONOXKUTH PAaBHBIMH HYIIO WIEHBI, COOTBETCTBYIOLINE OTPAXKEHHBIM OT CBO-
O0IHOM MOBEPXHOCTH BOJIHAM M HE YYHUTHIBATH CABHUTI BO BPEMEHHB, BhIpakeHHe (28) mpeBpaTutTcsi B XOpo-
110 U3BECTHOE ypaBHEHHE Llennpuria, onuchBarolee pacnpoCTpaHEHUE BOJIH Yepe3 TPaHmIly JBYX Cpel ¢
pPa3HbIMH aKyCTHUECKHUMH CBOMCTBAMU:

Ko PoBy 29
[P2B, +piBi] @

4. Pe3yabTarbl

4.1. 3asucumocmu KoIghpuyuenmos ycunenus Koiedbanuil om napamempos
KOPEHHOIl nOpoObl, NOGEPXHOCMHO20 C10A ZPYHIMA U MOIUUHBL C10A

[IpuBenem rpaduku, XapakTepu3yrolue 3aBUCUMOCTH KO3(P(PUIIMEHTOB yCHIIeHUs KonebaHui OT ma-
paMeTpoB KOPEHHOM MOPO/IbI, TOBEPXHOCTHOTO CJI0SI TPYHTA M TOJIIMHBI CIIOSI.
Ha puc. 7 npeacraiensl rpadMKy JUIst TPYHTOB CO CJIEAYIOIINMH XapaKTepUCTUKAMU:

— IapaMeTpPbl HYKHETO CJI05, KOPEHHOH MOpoabl p, = 2000 KO/MC; B, = SOOcelK; £=0,05;
— IapaMeTpPbl BEPXHETO CII0S P = 1600kr/Mm>; B, =200m/c; £=0,25.

Ha puc. 8 npeacrasnens! rpaduky A7t TPYHTOB CO CIEAYIOMIUMH XapaKTePUCTUKAMHU:

— IIapaMeTPbl HIYKHETO CJI05, KOPEHHOH MOPoAkI p, = 2000 Kr/M°, B, = 800%, §=0,05;
— [apaMeTpbl BEPXHETO CIIOSL P, = 1500 kr/m°, B, =120m/cek, £=0,12;

— IIapaMeTPBbL BEPXHETO CII0s P = 1650 kr/m°, B, =200m/cek, £=0,12;

— IapaMeTpbl BEpXHEro cinost P, =1800 Kr/M?, B, =400m/cex, £=0,12.
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—h=10M == h=30Mm essssssh=50m

1,8
1,6

1,4
1,2

0,8
0,6
0,4
0,2

0,1 Iepuon, cek. / Period, sec. 1

Puc. 7. I'paduku ko3 duirenToB nepenaun Konedbanuii K
Ul HOBEPXHOCTHBIX CJI0€B IpyHTa ToamuHaMu 10, 30 u 50 m
W ¢ 1o u nnk: Bemonneno LA, Xycceiin

Figure 7. Graphs of vibration transmission coefficients K

for surface layers of soil thicknesses of 10, 30 and 50 m
S ource: made by Sh.A. Hussein

B1=120 m/cer =« == (2=200 m/cer munnnns $3=400 m/cer

3,5

2,5

1,5

'..'l—
-,

llll.llln.... ol Y
e LT T T P P Pt 1 1 |

01 Tlepuon, cex./ Period, sec. 1

Puc. 8. I'paduku ko3 duirenToB nepenaun Koiaedbanuii K
JUTSI TIOBEPXHOCTHBIX CJIOEB IpyHTa TonuuHon 30 M

W ¢ 1o unnk: Bemonneno LA, Xycceiin

Figure 8. Graphs of vibration transmission coefficients K
for surface layers of soil thicknesse 30 m
S ource: made by Sh.A. Hussein

4.2. IIpumep onpeodenenusn Ko3gpuyuenmos ycuienus Koiedanuil zpynma
ons ycnosuii Cupuiickoui Apaockoit Pecnyonuxu

B Cupuiickoii Apa6ckoit PecniyOnuke npu pa3paboTke HalMOHAJIbHBIX HOPM B T€UEHHE MHOTHX JIET
B KauecTBe 0CHOBBI Hcnoib3oBaics Equneiit Ctpoutensubiii konekc UBC. [lo3nHuee nocie nosiBieHus B
2000 r. nocaeaneit Bepcun UBC ucnonssyercs Mexaynapoausiii Ctpoutensusbiii Konexe IBC.

B cootBercTBHM ¢ MexayHapoIHbIM cTpouTeIbHBIM KojiekcoM IBC Best TeppuTopus CTpaHsl pasesne-
Ha Ha PETHOHBI, B KOTOPBIX 3a/laHbl MAaKCUMaJIbHbIE YCKOPEHMsI Ha KOPEHHBIX Noponaax. MakcumaiabHbIe
YCKOpEHHS ONPEACIISIOTCS U3 YCIoBHs 2 % C BEpOATHOCTBIO Henpegviuienusa B TeueHue S50 jer.

31BC, International Building Code Council, Washington, DC, 2015. URL: https://codes.iccsafe.org/content/IBC2015P4
(accessed: 12.08.2024).
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Jnst Ka)KI0TO PEerroHa, B COOTBETCTBUH ¢ JokyMeHToM IBC, 3aiatoTcst 1Ba 3HaUCHHS CIIEKTPOB MAKCHU-
MaJIbHBIX YCKOPEHHUH B IBYX KOHTPOJIBbHBIX ToUKaxX. OJHO 3HaU€HUE MaKCUMAJILHOTO PACYETHOIO YCKOPEHUS
JUIS1 MaJIBIX TIEPUOMIOB Ss ¥ BTOPOE 3HaUYECHUeE IS TIepuoia, paBHoe 1 cekyHe Si.

OTH yCKOpEHHs, IPUBEICHHBIE HA KapTaxX CEHCMHUYECKOTO pallOHMPOBAHUS, COOTBETCTBYIOT YCKOPEHH-
M Ha KOPEHHBIX MOPOJax, MO3TOMY JUIS y4eTa JIOKAJbHBIX MHKEHEPHO-TeOJOTHYECKUX YCIOBHH HEOOX0-
JIUMO HCIOJIb30BaTh MONPaBOYHbIE KOA(DHULIUEHTHI.

Ha puc. 9 npencraBieHsl CieKTpbl MAKCUMAJIbHBIX YCKOPEHUH, B KOTOPBIX HCIIONIB3YIOTCS pacueTHbIE
CHEKTPBI, ONIPEACIISIEMbIE BEIPAKECHUSIMH

2 2

Spe =— a Sy ==S:
Ds 3 MS D1 3 M1

Sys=F,Sg u S, =F,S,. (30)
S N -
4 KonTtponsHsle 3HaueHus neproos / Control values of periods
T = Spi
- P Sps
Sps
: To= 0,27}
: T, — 3amaercst Hopmamu / Set by standards
|
_______ ISy,
SDI : 1
1 ! IK
1 : |
S5 | t K
| 1 ! 1
! 0,4Sp : YS!/ T ! SDlTL/TZ
! ! : ! N
>
To Ts 1,0 T, Tlepuon, cex. / Period, sec.

Puc. 9. CriekTpbl MakCUMaIIbHBIX peakiuii (yckopenuil) mo Hopmam IBC
Figure 9. Maximum reaction (acceleration) spectra according to IBC norms

Ucrtounux/Source: IBC2015.
IBC, International Building Code Council, Washington, DC, 2015.
URL: https://codes.iccsafe.org/content/IBC2015P4 (accessed: 12.08.2024)

Otmerum, uto F,; — KOA(PPUIMEHT, YUYUTHIBAIOMINI yCUICHNE KoJieOaHMi B 001aCTH TTOCTOSIHHBIX MaK-
CUMAJIbHBIX YCKOPEHHH, a Ko uuueHT Fy, yUUThIBaeT yCcuieHne KoieOaHuil B 00JacTi MOCTOSHHBIX MaK-
CHUMaJIbHBIX CKOPOCTEH Ha CHEKTpe, MPEICTABICHHOM Ha TPEXKOOpAUHATHOM criektpe [16; 17]. lnst rpanuig
3TUX 00JlacTe MPUHATHI CAeAyoIIue 0003HaueHUs: Maiblid (short) mepuon Ss , mepuon, paBubiid 1 ¢ S
u iponoiukuTensHbIN (long) mepuon Si.

OnpesenuM Mo KapTaM celcMUYecKoro paifoHnpoBanus’ paioH, B KOTOPOM PaclonoKeH ropos Anern-
1o, cleayioue napameTpsl: Ss = 1,254 — mMakcuManbHOE YCKOpEHHe Al MajblX nepuoaos; S1 = 0,363 —
MaKCUMaJIbHOE YCKOpPEHHE IS ITepHo/ia, paBHOTO 1 C.

B kadecTBe mpumepa NOCTPOUM CIIEKTP MAKCUMAIIbHBIX PEaKIUi U1 paifoHa AJIeTIo sl CTPOUTENb-
HOM IJIOUIa/IKK C TPYHTOBBIMHU YCIOBUSMH KaTeropuu «C» ¢ MOIIHOCTBIO MOBEPXHOCTHOTO 105 30 M.

Ucnonb3ys rpaduku, npeacTaBieHHbIe Ha pucC. 8, HaiiieM KOd3()UIIMEHTHI, yUUTHIBAIONINE JTOKAIb-
HbI€ TPYHTOBBIC YCIIOBHSI M 3HAUEHHS CIIEKTPOB PEAKIMA B KOHTPOJNBHBIX Toukax: F,=1; Fr=1,5;
Sys =F,S¢=1-1,254 u S,,, =F,5,=1,5-0,363-0,5445.

Tak kak (yHKLIHS CHEKTpa MAaKCUMAJbHbBIX peakiuil Ha uHtepBaie Ts < T < T; ompenensercs BbIpa-

S
KEHUEM S = % , 3HAYEHME MaJIoro nepuozaa I OMpPeesIeHO CIAESAYIONIM 00pa3oM:

4 Syrian Arab Code for Reinforced Concrete +Accessories. URL: https://civteam.wordpress.com/2012/02/17/ (accessed:
12.08.2024).

CEMCMOCTOMKOCTb COOPY)KEHAW 59



Kurbatskiy E.N., Pestriakova E.A., Hussein Sh.A. Structural Mechanics of Engineering Constructions and Buildings. 2025;21(1):48-61

7, = S _ 05445

= =0,434cek.
Syus 1,254

JUInTenbHbBIN NEPEXOAHbIN NEPHUOL 3a1aeTcsl HOpMaMu, npumeM 1; = 8 ceK. 3HaueHHe CIIEKTpa B KOH-

» SM]
TPOJIBHOM TOYKE S; OIPENEISAETCS BBIPAKEHUEM S :T' Jns nepuonoB T >7, (yHKIMS CIEKTpa MaKCH-
!
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Figure 10. Spectrum of maximum reactions
S ource: made by E.N. Kurbatskiy, E.A. Pestriakova, Sh.A. Hussein

5. 3akJiloueHue

1. Pazpaborana MeToaMKa, MMO3BOJISIONIAS YYUTHIBATh BIMSHHE MATKHX CJIO€B I'PYyHTA Ha MapaMeTpsl
CHEKTPOB MAaKCUMAJIbHBIX PEAKIIHIA.

2. B xauecTBe UCXOIHBIX YPAaBHEHUN UCIIOIb3YIOTCA YPAaBHEHUSI MEXAaHUKHU CIUIOUIHBIX CPEJl, COBPEMEH-
HBII anmapar 00001meHHbIX QyHKINN U mpeoOpa3oBanne Oypobe.

3. Bce maremaruueckue npeoOpa3oBaHMs BBIIOIHAIOTCS HA OCHOBAHUU JOKa3aHHBIX TEOPEM, UTO MO3-
BOJISIET TIOJTYYUTh aHAJIMTUYECKHE BhIpKEHUS (PYHKIIMHA TIepeMeneHnii, CKOpOCTeH, YCKOPEHUH, CIIEKTPHI
®dypbe U CEKTPbl MAaKCUMAJIbHBIX pEeaKIMi Ha TPaHMIIaX CJI0EB U Ha J1I000i riyOuHe.

4. ITomy4eno BeIpaskeHHE JJIs1 KO3()(UIIMEHTOB YCHUIICHHUS CIIEKTPOB MAaKCHMAJIbHBIX PEaKIil MOBEpX-
HOCTHBIMHU CJIOSIMHM TPYHTOB, MTO3BOJISIIOLIEE OOJIee TOYHO OLIEHUBATH JIOKAJIbHBIE MHKEHEPHO-T€OJIOTUUYECKUE
YCII0BHA, YUUTBIBASA PE30OHAHCHLIC YCUIICHU KoseOaHuit IMOBCPXHOCTH.

5. IlpuBeneH npuMep NOCTPOEHHsI CIIEKTPOB MaKCHUMAaJIbHBIX PEAKIMH, YUUTHIBAIOLINMN JIOKAJIbHbIE UH-
KEHEPHO-Te0JIOTHYECKHE YCIO0BUS JUIsl paiioHa Asennio Apabekoit Cupuiickoit Pecrry6muku.
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Aunoranusi. VccnenoBanie HamnpaBieHO Ha OLIEHKY MEXaHWYEeCKUX XapaKTEePUCTUK OeToHa, MOIU(PHUIMPOBAHHOTO YIIbTpa-
JCTIEPCHBIMH TTOPOIIKAMH, IIPOU3BEICHHBIMH U3 CTPOHUTEIIBHBIX OTXOJ0B METOIOM TOHKOTO romouia. st TOCTHXKEHUS! LIen
OBUTH M3TOTOBJICHBI U MCIIBITAHBI 00pa3Ibl OETOHA C PA3IMYHBIM COACPXKAHUEM YJIBTPAIAMCIEPCHBIX MOPOIIKOB B IIEMEHT-
HOH Marpulie. MexaHndeckrue cBOMCTBa 00pa3I0B OLEHUBAIMCH O TIOKA3aTelsIM IIPOYHOCTH Ha CXKATHE U MOJYJIIO yIIPYTo-
ctu. VcnipITaHus MPOBOMIIACEH Ha 00pasnax 0eToHa, BRICPKaHHBIX B TeueHue 7, 14, 21 u 28 cyT, ¢ MOCIeayOIIM aHAI!-
30M CpeIHUX 3HAYCHHUN TPEeX M3MEPEHUH I KaKIOH BpeMEHHOH TOUKH. Pe3ynbTaTsl HCCIeI0OBaHHS [TOKa3ad, 9TO OETOH-
HBIE CMECH, COJIEp KaIINE YIbTPaIUCIIEPCHBIC OPOIIKH, 00JaAal0T YIy4ICHHBIMH MEXaHUYECKUMHU XapaKTepUCTUKAMU
[0 CPaBHEHHUIO C KOHTPOJIBHBIMU oOpaszuamu. ONTHMaIbHOE COACP)KAaHUE YIbTPATUCIEPCHBIX MOPOIIKOB COCTAaBIJIAET
20 % ot maccel 1ieMeHTa. [IpoYHOCTh Ha C)KaTHE TaKuX OSTOHHBIX 00pa3loB uepe3 28 nHel TBepACHHs MPEBOCXOAMUT KOH-
TPOJbHbIE 3HaYeHUs Ha 46 %. DTO CBUIETENBCTBYET O BO3MOXKHOCTH HCIIOJIB30BAaHUS YJIBTPAIUCIEPCHBIX MOPOIIKOB IS
MOBBILICHUS SKCIUTyaTallMOHHBIX KayeCTB OETOHHBIX KOHCTPYKLMI. B pamkax sKcliepUMEHTaJIbHBIX HCCIEAOBAHUM ycTa-
HOBJICHO, YTO pa3Mep, KOHIIEHTPALHUs 1 XMMHUECKHI COCTaB YJIbTPaAUCIEPCHBIX YaCTHIl CYIIECTBEHHO BIIUSIOT HA MEXaHH-
YyecKre CBOMCTBa OETOHHBIX cMecel, MOJU(UIIMPOBAHHBIX YIBTPaIUCIICPCHBIMU IIOPOLIKAMHU CTPOUTEIBHBIX OTXOIOB.

KiioueBble cj10Ba: GETOH, YIbTPaJUCIEPCHbIC OPOIIKH, CTPOUTEBHBIE OTXO/bI, OUTHIH KUPIIUY
3agBienne 0 KOHGINKTE HHTEPECOB. ABTOPBI 3asBIISIIOT 00 OTCYTCTBUU KOH(IMKTA HHTEPECOB.
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Effect of Ultrafine Additives on Mechanical Properties of Concrete

Marianna Yu. Malkova!“®, Alexander S. Gorshkov'",
Alexander N. Zadiranov?"”, Evgeny A. Larionov!

'RUDN University, Moscow, Russian Federation
2 Academy of State Fire Service EMERCOM of Russia, Moscow, Russian Federation

Pl marianna300@yandex.ru

Received: November 11, 2024
Accepted: January 30, 2025

Abstract. The study is aimed at assessing the mechanical properties of concrete modified with ultrafine powders produced
from construction waste by fine grinding. To achieve this goal, concrete samples with different contents of ultrafine
powders in the cement matrix were prepared and tested. The mechanical properties of the samples were assessed in terms
of compressive strength and modulus of elasticity. The tests were carried out on concrete samples aged for 7, 14, 21 and
28 days, followed by an analysis of the average values of the three measurements for each time point. The results of the
study showed that concrete mixtures containing ultrafine powders have improved mechanical properties compared to
control samples. The optimal content of ultrafine powders is 20% of the cement weight. The compressive strength of such
concrete samples exceeds the reference values by 46% after 28 days of hardening. This indicates the possibility of using
ultrafine powders to improve the performance of concrete structures. Experimental studies have shown that the size,
concentration, and chemical composition of ultrafine particles significantly affect the mechanical properties of concrete
mixtures modified with ultrafine powders of construction waste

Keywords: concrete, ultrafine powders, construction waste, broken brick
Conflicts of interest. The authors declare that there is no conflict of interest.

Authors’ contribution: Malkova M.Yu., Zadiranov A.N. — the rationale and concept of the study; Gorshkov A.S. — performing
experiments; Larionov E.A. — experiment data processing.

For citation: Malkova M.Yu., Gorshkov A.S., Zadiranov A.N., Larionov E.A. Effect of ultrafine additives on mechanical
properties of concrete. Structural Mechanics of Engineering Constructions and Buildings. 2025;21(1):62—70. (In Russ.)
http://doi.org/10.22363/1815-5235-2025-21-1-62-70

1. BBenenue

Jns yaydmeHus 3KCIUTyaTallHOHHBIX XapaKTepUCTUK OETOHAa B €ro COCTaB BBOAAT PAa3IMYHOTO poja
nobaBku. Kak oTMedaroT MHOTHE HCCIIE0BaTeNd, WCIOIb30BAaHHE YaCTHUI] YIBTPAIUCIIEPCHBIX Pa3MepoB
JUTsE MOIU(UIIMPOBaHKSI OETOHHON CMECH CYIIECTBEHHO YIy4YIIaeT €€ MEXaHUYeCKHEe CBOMCTBA. JTO CBs3a-
HO C BBICOKOW PEaKIIMOHHON aKTUBHOCTBIO YJIBTPAJAMCIEPCHBIX YacTHUI], KOTOpas 00yCIOBICHA 3HAYUTEIIb-
HOM ylenbHOM TUIOMIaIbI0 UX MOBepXHOCTH [ 1-5].

Bce Gonbliiee BHUMaHKUE B TEXHOJIOTUSAX U3TOTOBIICHHS OETOHA YAETSETCS MCIIOIb30BaHUIO HaHOMATe-
puanoB. B mpou3BOICTBE HAHOPa3MEPHBIX MAaTEPHAJIOB HCIIOJB3YIOTCS OKCHIBI METAJJIOB, YIJIEPOIHBIC
HAHOTPYOKH ¥ BojiokHA. [lomynsproit u 3pdexTruBHON MUHEpaTbHON JOOABKOM I M3TOTOBIEHHS OETOHA C
BBICOKUMH JKCIUTYaTal[HOHHBIMH XapaKTEePUCTUKAMU SIBIISIETCS. HAHOKPEMHE3EM, CIIOCOOHBIN 3HAYMTEIHHO
YAYYIIUTh MEXaHUYECKHE CBOMCTBAa OETOHA Oaronapsi CBOSH MyIIIOJAHOBOW aKTUBHOCTU M CBEPXTOHKOMY
pasmepy uactull [6—8]. Kak moka3pIiBalOT pa3nuyHbie HAyYHBIE UCCIIEIOBAHMS, BBEICHIE HAHOKPEMHE3EeMa
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B OCTOH IIPUBONIUT K MOBBIIIEHUIO IPOYHOCTH HA cxxarue [9—11], yBenmu4eHNIO MPOYHOCTH TIPH PACTSKEHUHN
u u3ru6e [5; 12—-13] mo cpaBHEHHIO C TPATUIIMOHHBIMU OCTOHHBIMH cMecsiMU. B [14] ycTaHOBIIEHO, YTO
ONTHMAJIbHOE CO/IepKaHUE HAaHOKpeMHe3eMa B OETOHE 3aBHCHT OT pa3Mepa YyAelbHON MOBEPXHOCTH €ro
YacTUL. YBEJIWYECHHE pa3Mepa YIeIbHOW MOBEPXHOCTH HMPUBOAMT K YIYUIICHHIO XapaKTEPHUCTUK OeToHa
Onarozaps 3aroJTHEHUIO UMEIOIINXCS B OETOHE MyCTOT M MOBBIIICHUIO ero IoTHocTH. Mccnenosarenu [15]
JI0Ka3aJiM, 4YTO YMEHbBIICHUE pa3Mepa HAHOUACTHI] CIIOCOOCTBYET YBEIMUEHHUIO MPOUYHOCTH OETOHA C HAaHO-
n00aBKaMH.

OpHako BOMPOC ONTHUMAJIBLHOIO MPOLIEHTHOTO COAEPaHHMs HAaHOPa3MEPHBIX YACTHUI] IIPU 3aMEHeE lie-
MEHTa B OETOHE OCTAeTCsl OTKPBITHIM M TPeOyeT AaabHEeUIero u3y4eHus. B ciydae TpaauinoHHBIX OETOHOB
aBTOpHI [16] cooburmu, uro godasnenue 0,25 % nanowactur SiO2 yBeTHYHIIO IPOYHOCTH OETOHA Ha CXKa-
e u U3rud nocne 28 e tBepaeHus Ha 10 u 25 % cootBercTrBenno. Mccnenosarenu [17] usyuanu Biaus-
HUE HAaHOKpPEMHEe3eMa Ha MPOYHOCTh CaMOYIUIOTHSIONIMXCS 0eToHOB. HaHOKpeMHe3eM HCIOonb30Baics s
YaCTUYHOM 3aMeHbl leMeHTa B KoHueHTpauusax 0,5; 0,7 u 1 %. Pe3ynprarel ucnslTaHU HAa IPOYHOCTH MPU
cxartud B Bo3pacte 7, 28, 90 u 365 aHel mokasaiv, YTO HAWIYYIINE TIOKAa3aTeNd IOCTUTAIOTCS TIPU 3aMeHe
0,5 % 1nemeHTa HAHOKPEMHE3EMOM, HE3aBHCHMO OT BO3pacTa MCIBITYeMbIX 00pasuoB. MccnenoBanue [18]
MI0KAa3aJIo, 4TO BBeIeHUE 4 % HaHOKpEMHe3eMa OT MacChl IEMEHTa 00ECIIeUNBACT ONTUMAIILHOE YITyqlICHUE
MEXaHMYECKUX CBOHUCTB CaMOYTIIOTHSIOIIUXCS OETOHOB.

Hecmotpst Ha MOJIOKUTENBHBIE PE3YJIBTAThI, MTOMYYEHHBIE TIPH MCIIOIb30BaHUN HAHOMATEPHAJIOB B CTPO-
UTENIbCTBE, PSAJI UCCIIEAOBAHUI BBISBHII, YTO MX MPUMEHEHHUE B IPOM3BOJICTBE OETOHA HE BCEra MPUBOIUT
K 3HAYUTEIBHOMY YITy4YIICHUIO MeXaHn4ecKuXx cBoicTB. CornacHo [19], ucnonszoBanue nano-SiO2 1 nano-
TiO2 mpHu M3rOTOBIEHUH LEMEHTHBIX MACT U CTPOUTENLHBIX PACTBOPOB HE MPOAEMOHCTPHUPOBAIO CYIIe-
CTBEHHOTO TOBBIIICHUS TPOYHOCTH IpH cxkatuu. Kpome Toro, HekoTopbie aBTOphl [20] OTMETHIIN HETaTHB-
HOE€ BIIMSIHHME BBICOKMX 103 HAHOKpPEMHE3eMa Ha MPOYHOCTh OETOHA, YTO OOBACHSIOCH MPOOIEMaMHU JIHC-
NIEPrUPOBAHUS U arperaTUPOBAHUEM YaCTHUII.

MHorue uccienoBarean OTMEYA0T, YTO MIPUMEHEeHHe 0OoJbIIoro koauuecTBa Hanoyactul SiO2 (Oonee
5 % 3aMeHUTENS LIEMEHTa) MOXKET MPUBECTU K HETaTUBHOMY BO3/IEHCTBUIO HA MEXaHMUYECKHE CBOWCTBA Lie-
MEHTHBIX MarepuanoB [21-22]. 3To MoxkeT ObITh 00YCIIOBIEHO BBICOKOH Y/IEIBbHOM MOBEPXHOCTHIO HAHOYA-
ctunl SiO2, 9TO COCOOCTBYET MX arioOMepaliy U yXyIIIaeT AUCIIepTUpOBaHKe B IIEMEHTHOM mMarpule [23—
24]. Anst paBHOMEPHOTO paclpeesieHHsi HAHOYACTHUI] MOTYT IMOTPEOOBATHCS CIICIIUATIEHBIE METOBI JHCIIEP-
THPOBaHUs, TAKKE KaK YJIbTPa3BYKOBOE MEpEeMEIINBaHKUE, YTO 3HAYUTEILHO YBEIMYMBACT 3aTPaThl Ha M3T0-
TOBJICHUE HAHOIUCTICPCHBIX MOAU(PHUKATOPOB [25-26].

B mensix moBblmeHus: SKOHOMHUYECKON 3((HEKTUBHOCTH OETOHA B €r0 COCTaB BBOAST MHHEPAJIbHbIC
J00aBKH, MOTyYEHHBIE U3 MMPOMBIIUICHHBIX OTXOMO0B [27]. OTXOIBI TEIUIOBBIX dJIEKTPOCTAHINI, TAKHE KaK
30JIOIIUIAKOBBIE OTXOJIBI U 30J1a-YHOC, SIBJISIOTCSl OJHHUMHU U3 HanOoJiee MacCOBBIX BUAOB BTOPUYHOTO CHIPHSI.
B [28-29] o0ocHOBaHa TeXHUYECKask BOZMOKHOCTh M KOHOMUYECKAs 11€JIeCO00Pa3HOCTh HMCIIOIb30BAHUS
30JIBI-yHOCA B KauecTBe J00aBKH K IIEMEHTY, a TaK)Ke BO3MOXXHOCTH TOBBIIICHUS €€ aKTUBHOCTH 3a CYET
npoIecca MeXaHOAKTHUBAIIHH.

B mnocnennee Bpems OBUIO MPOBENEHO 3HAYMTEIBHOE KOJIMYECTBO MCCIENOBAHUI MO M3YYEHHUIO BO3-
MOXXHOCTEH HCIIOIb30BAHUS OTXOIOB U MOOOYHBIX MPOAYKTOB METAJUTyprUIeCKOM MPOMBIIUIEHHOCTH B Ka-
gyecTBe 100aBOK K 1eMeHTy [30]. MeTtamtypruueckue nuiaku o0iagaroT MyniojJaHOBBIMU CBOMCTBAMH, YTO
JIeNIaeT WX MEePCHeKTHBHBIMU MaTe€pHajaMH U HCIIOJIb30BaHUS B IMPOM3BOACTBE LIEMEHTa WM OETOHA.
MHoOruMu aBTOpamMu M3y4eHbl BOZMOKHOCTH IPUMEHEHUS TPaHyITHPOBAHHBIEX JIOMEHHBIX IIJIAKOB B Kade-
CTBE TOHKOMOJIOTOW aKTUBHOW MHHEpaJIbHOM 100aBku Kk OeTony [31-33].

Mexay Tem pa3iu4yHbIe BUIbI CTPOUTENBHBIX OTXO/IOB, TaKHE KaKk 00U KUpIHYa, MPECTABISIOT OO0
LIEHHOE ChIpbE, KOTOPOE MOXKET ObITh 3(h(HEKTUBHO MCIOIB30BAHO B MPOU3BOACTBE OeToHAa. bonbmMHCTBO
CTPOMTENBHBIX KUPIUYEH COEpKaT B CBOEM COCTaBE AMOKCH] KPEMHHUS U ITIMHO3EM, YTO MO3BOJISIET OTHE-
CTH MX K MYLIIOJaHOBBIM MarepuajaM, KOTOpbIE MpH B3aUMOJEHCTBHU C BOJAOH B IpOIECCe TUApATALUU
MPOSIBIISIIOT CBA3YIOMIMKA 3PPexT u crnocoOcTBy0T 0oOpazoBanuto rens C-S-H. VMcnonb3oBanue mopoIikoB
MYIIIOJIAHOBBIX MaTepUAJIOB B MIPOU3BOJICTBE OETOHA MOBBIIIAECT €T0 MPOYHOCTHBIE XapaKTepucTuku. Pamm-
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OHAJIbHOE MCIIOJIb30BaHKE MOJJOOHOTO poja MaTepruaIoB CIOCOOCTBYET CHHKEHUIO UCTOIICHUS TPUPOIHBIX
MHUHEPAIbHBIX PECYpCOB M YMEHBUICHHUIO 00BEMOB OTXOI0B, HANPABIIEMBIX Ha MOJIHUTOHBI. Pa3zpaboTka HO-
BBIX COCTABOB O€TOHA C MPUMEHEHHEM YJIbTPAIUCIIEPCHBIX aPMUPYIOIUX J00ABOK, MOTYUYEHHBIX U3 CTPOU-
TEJIbHBIX OTXOJOB, IO3BOJIMT YMEHBUIMTH PacXo] LIEMEHTA, IPU 3TOM B 3HAYMTEIBHOW CTEIECHU 3alUTHB
OKPYKAIOIIyI0 CPe/y, CHU3UB OOIIYyI0 CTOMMOCTb KOHCTPYKIIMU H ITOBBICHB €€ I0JITOBEYHOCTb.

AHanu3 nuTepaTypHbIX MCTOYHHMKOB II0Ka3ajl, YTO BBEAECHUE B COCTAaB OCTOHHOW CMECH AUCHEPCHBIX
apMUPYIONIUX T00aBOK ITO3BOJISIET CO3AaBaTh HOBBIE BH/IbI BHICOKOIIPOUHBIX OETOHOB C YIyUIIEHHBIMH 3KC-
TUTyaTallMOHHBIMH CBOMCTBaMU. MeXaHHYeCKHe XapaKTePUCTUKH MOTU(PHUIMPOBAHHBIX OSTOHHBIX cMecei
3aBUCAT OT XUMHUYECKOIO COCTaBa, CTPYKTYpbl, pa3Mepa U OObEMHOM OJIM ATUX KOMIIOHEHTOB B OOILEH
Mmacce 6etoHa. [Ipu 3TOM GoJiee BBICOKHE Pe3yibTaThl JEeMOHCTPUPYIOT TOHKOUCTIEPCHBIE J0OaBKH, CII0CO0-
CTBYIOIIME JOCTH)KEHHIO MaKCHMAJIbHOM IJIOTHOCTH YMAKOBKU cMecH. Takasi ONTMMHU3MPOBAaHHAS yIaKOBKa
YacTUL IPUBOIUT K (POPMHUPOBAHUIO Oo0Jiee MIOTHOH CTPYKTypbl OE€TOHA, 4TO, B CBOIO OYEpE/lb, YIIyUIlaeT
€ro MEXaHU4YEeCKHE CBOMCTBA.

Ha ocHoBanum ananu3a HaydHOW JMTEpaTyphbl CIeNaH BBIBOA O II€JIECOO00PAa3HOCTH HCHOJIb30BaHHS
JUCIIEPCHBIX 100aBOK, MOMYYEHHBIX U3 OTXOJOB CTPOMTEIbHOM NMPOMBIIIICHHOCTH, B YACTHOCTU KUPIIUY-
Horo 009, B KauecTBe MOIU(UKATOpOB OETOHHON cMecH. [ moATBEpKACHUS 3TONW THIOTE3bl IPOBEICHBI
KOMIUIEKCHBIE HCCIICIOBaHUS, HANpPABICHHbIC HA M3Y4YCHUE BIUSHHUSA JAHHBIX JOOABOK HAa MEXaHHMYECKUE
xapakrepuctuku O0etoHoB. Lleap mcciefoBaHus — H3yYeHHE MEXaHMYECKHX XapaKTePHUCTHK OETOHOB,
MOIM(UIMPOBAHHBIX YIBTPAAUCIEPCHBIMHU MTOPOILIKAMH CTPOMUTENBHBIX OTX0/10B. B pamkax mccienoBaHus
PacCMOTPEHBI CTPOUTENBHBIE OTXOJbI, IPEICTABIISIONIAE CO00H 00¥ Kuprudei, GOopMHUPYIOIIHNACS TIPH JIe-
MOHTAKE JKUJIBIX U IPOMBIIUIEHHBIX 3AaHUNA U COOPYKEHHI.

2. MeTtonnl

B kadyectBe Moamdukatopa OeroHa ObLI BeIOpaH ynbTpagucrepcHbiidi mopomok (YIT), momyyeHHbIH
MyTeM TOHKOTO M3MEJIbYEHHs] 00pa3loB CTPOUTENbHBIX OTXOMOB. JlJIs MpOBENEHUsI HCCIeIOBaHUM OUTHII
kupnud (Opak mpoM3BOACTBA) MOABEPrayics IpOOIECHHUIO B IIAPOBON MEJIbHHUIIE U MTOCIEI0BATEILHOMY IPO-
CEHBAaHMIO Yepe3 psjl JabopaTopHBIX CUT ¢ sueiikamu pasmepom 1,5; 0,63; 0,315; 0,08; 0,045 u 0,026 mm
Ha BUOpocToe. [[1s u3MenbueHus: CTpOUTENbHBIX OTXO0A0B MPUMEHSIACh MEJIbHMIIA IApOBasi ABYXIIO3HIIU-
onnas WiseMix BML-2 (nmpousBozactsa ¢pupmer Daihan Scientific), npeanasHadeHHas 1j1sl TOTYUYSHHS MeEI-
KX (pakiuii 00padbaTeiBaeMOTO MaTepraa.

Tabnuya 1/ Table 1
Marepuan 1,151 nojyyeHusi MoaupuKaTopoB 0eTOHHOI cMecH
Material for obtaining concrete mix modifiers

O06auuoBouHbli kupnuy riaaakuid bpaep 0,7 NF (o6pazen Ne 1)
00O «TJ] BPAEP» (Poccuiickas ®eneparnust) /

Braer 0.7 NF smooth facing brick (sample No. 1)

“TD BRAER” LLC (Russian Federation)

amotHeii kuprny L1B-5 (o6pazen Ne 2)

Bornanosuueckoe OAO «Orueynops (Poccuiickas @enepanust) /
SB-5 fireclay brick (sample No. 2)

Bogdanovich “Ogneupory” JSC (Russian Federation)

Oo6munoBounsiit kupmud M 200 1NF (o6pazern Ne 3)
Kenesnoropckuit kupruaHsiid 3aBox (Poccuiickas ®enepartst) /
M 200 INF facing brick (sample No. 3)

Zheleznogorsk Brick Factory (Russian Federation)

U ¢ T o 4 Hun k: BemonHeHo M.JO. ManbkoBoii, A.C. I'opikoseiv, A.H. 3agupanossiM, E.A. JlaproHOBBIM
S o urce: made by M.Yu. Malkova, A.S. Gorshkov, A.N. Zadiranov, E.A. Larionov
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B naGoparopHbIX ycnoBusxX ObLIO pa3paboTaHO W MPOTECTUPOBAHO HECKOIBKO COCTABOB OETOHHBIX
CcMecei, TTOTYYeHHBIX IyTEM YaCTUYHOM 3aMEHBI IEMEHTA Ha pa3uyHble NpoueHTHbIE nonu Y/II, momyden-
HBIX ITyTE€M U3MENBICHUSI OTXOJI0B KUpIUYEH pa3HbIX Mapok (Tadum. 1). s MoaudunupoBaHus eMEeHTHON
cmecu Obu1 BoIOpan Y/III camoii menkoi u3 nomydeHHbIX ¢pakuuit (—0,045+0,026 mm). DToT BBIOOP 00Y-
CJIOBJICH HauOOJIBIICH TUIONMAIbI0 PEAaKIIHOHHON MOBEPXHOCTH JAHHOW (PPAKIUH, YTO MOTECHIMATIBHO YITyd-
IIaeT XapaKTepPUCTUKN KOHEYHOTO MaTepuraa.

Jia onienku BnusiHust Y/II CTpOUTENBHBIX OTXOJOB Ha MEXaHUYECKUE CBOMCTBA LIEMEHTHBIX PacTBO-
POB OBLTH U3rOTOBJIICHBI U UCHBITAHBI HA MIPOYHOCTH 00pa3Ibl KyOudeckoi popMbl ¢ ITUHOM pedep 70 MM.
OO0pa31bl U3rOTaBIMBAIN M UCIIBITHIBATIHN CEPHSAMH IO 5 MITYK B KaKIA0H. beToHHas cmech JUIsl MPUroToBIie-
HUS KOHTPOJIBHOTO 0Opasiia Obuta coctaBieHa 0e3 gobasnenus Y/II. B octanbHbIX 00pa3iax 1eMeHT ObLT
YaCTUYHO 3aMEHEH Ha pa3nuynble gonu YT amis noimydeHuss HaHOMOAU(UITMPOBAHHBIX COCTABOB OETOHA.
C 1enpio0 KOPPEKTHON OTeHKH BimssHUSA 100aBok Y/II1 Ha MexaHW4deckne cBOCTBa OE€TOHA BCE CMeCH OBLITH
MIPUTOTOBJIEHBI C OJIMHAKOBBIM COOTHOIIIEHUEM BOJIBI, BSKYIIIETO W 3anoaHUTENEH (Tab. 2).

Tabauya 2 / Table 2

Cocras 6eToHHOIi cMecH B nepecuere Ha 343 cm® (00beM 06pa3ua Kyouueckoii popMbl ¢ JIHHOI pedpa 70 Mm)
Composition of the concrete mix in terms of 343 cm? (volume of a cubic sample with edge length of 70 mm)

. Beton 6e3 no6asox YII (B22,5) — | beron ¢ no6asiennem YIL, % or maccbl uemenra /
CocraB 0eTOHHOII cMecH /

C iti KOHTPOJIbHBI 00pa3en / Concrete with the addition of ultradisperse
omposition Concrete without UDP powder (UDP), % by weight of cement
of the concrete mix .
additives (B22.5) — control sample 10 20 30 35 50
VIl / UDP, % 0 14,4 28 42,8 50,4 72,0
Hewenr (111 500), r / 14,0 1296 | 1152 | 1010 | 936 | 720

Portland cement (grade 500), g
Iecoxk, r/ Sand, g 236,7 235,6 224 218,0 223,6 240,0

Ile6ers 520 mm, T/
Crushed aggregate 5-20 mm, g

Bopga, r/ Water, g 58,0 58,0 58,0 58,0 58,0 58,0

W ¢ tou4Huk: BeinonaeHo M.1O. ManbkoBoii, A.C. T'opuikoBeiM, A.H. 3agupanoBsim, E.A. JlapuoHOBBIM
S o urce: made by M.Yu. Malkova, A.S. Gorshkov, A.N. Zadiranov, E.A. Larionov

378,0 381,2 386,6 391,0 383,0 360,0

s ompeneneHnss MEXaHWYECKHX CBOMCTB 3aTBEpAEBLICTO OeToHAa OBLIM MPOBEICHBI MCCIIECAOBAHHS
MpPOYHOCTH 00pa3noB Ha cxarue. [I[poYHOCTh MpH CXKATHH SIBISIETCS KITIOYEBBIM MapaMeTpPOM, OTpa)karo-
MM MEXaHUYEeCKUE CBOMCTBA OETOHA, MOCKOJIBKY OHAa TECHO CBSA3aHA C MOKa3aTeNsiMU IPOYHOCTH HA U3TUO
u pactspkenue [34]. McnplTanus OCyImIeCTBISUICH HAa 00pasiiax, BeICP)KaHHBIX B TeueHue 7, 14, 21 u 28 cyT
B TpeX MapajieNbHBIX cepusix. B xome aHamm3a HCoabp30BaIiCh CPeIHNE 3HAYCHUS U3 TPEX U3MEPEHU.

3. Pe3yabTarsl U 00CyxK/IeHNE

Pesynbrarhl nccinenoBaHus MPOYHOCTH OETOHA HA CXKATHE B CPABHEHHU C KOHTPOJIBHOW CMECHIO B pas-
JUYHBIE BO3PACTHBIE MIEPUOIBI IPEACTABICHBI B Ta0J. 3 ¥ HAa PUCYHKE.

AHanu3 NOTYYEHHBIX JAaHHBIX IMOKA3bIBACT, YTO MPOYHOCTh OETOHA HA C)KAaTHE MOBBIMIACTCS C YBEJIH-
YeHHEM BPEMEHH BBLICP)KKU TPH JI000M cozaepkaHuu Moaudumupyonmx nodasok Y/IT. Ota TenaeHms
HaOII0aeTCsl BO BCEX BO3PACTHBIX IPYMIAX, YTO CBUAETENBCTBYET O CTAOMIBLHOM IMOBBIIIEHHH MPOYHOCTH
Oerona. B Bo3pacte 28 aHeil MPOYHOCTH Ha CXKaTHE JOCTUrAeT CBOEr0 MAaKCHMaJjbHOTO 3HAUEHUS MpU HUC-
IBITAHUH BCEX 00pa3loB. YIIyYIlIeHHE MEXaHHYECKUX CBOMCTB OETOHHBIX 00Pa3Il0B MOXXHO OOBSICHUTH BBI-
COKOM TUIOTHOCTBIO YMAaKOBKH YIBTPAJUCIIEPCHBIX YAaCTHUIl B CTPYKType OETOHA, YTO CIIOCOOCTBYET YBEIH-
YeHHUIO KOMIIAaKTHOCTH M TIPOYHOCTH Marepuaia. Kpome Toro, Gomblas miomais MOBEPXHOCTH YABTPAIHC-
MEPCHBIX YaCTHUI[ CIIOCOOCTBYET MHTEHCHU(PUKAIMN XUMHUYECKHX pEaKLMi, YTO MPUBOIUT K 0Opa30BaHUIO
JIOTONIHUTENbHOTO KonnuecTBa C-S-H rens. DTOT renb yNmiaoTHSET M yKpEIUIsSeT TPaHUlly pasfesia Mexay
3aIOJTHUTENIEM U IIEMEHTHBIM TECTOM, YTO TAKXKE CIIOCOOCTBYET MOBHIIICHUIO TPOYHOCTH OETOHA.
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Tabnuya 3 / Table 3
Pe3yabTaThl HCnIbITAHMIA 00pa3oB 0eToHAa Ha cxkaTue Yepe3 7, 14, 21 u 28 cyT
Results of compression testing of concrete samples after 7, 14, 21 and 28 days
Bpems BblIep:kkH o0pa3ua, cyT / Sample curing time, days 7 14 21 28
O6pa3usl 6eTona / Concrete Samples Hanpsi:kenue, MIla / Stress, MPa
Kontposbhslii o6pasern, Ne 0 / Control sample, No. 0 14,4 17,9 19,2 25,101
Ne110 % YAITNe 1/ UDP No.l 31,888 37,676 39,776 43,332
Ne 120 % YAIT Ne 1/ UDP No. 1 36,869 39,048 41,742 46,112
Ne 130 % YAII Ne 1/ UDP No. 1 34,332 38,894 41,231 45,759
Ne 135% YAII Ne 1/ UDP No. 1 15,686 19,881 22,226 24,665
Ne'150% YAIT Ne 1/ UDP No. 1 15,421 19,001 21,042 23,215
Ne 210 % YAIT Ne 2 / UDP No. 2 19,688 27,62 29,433 32,540
Ne 220 % YAIT Ne 2 / UDP No. 2 27,531 32,32 36,06 39,400
Ne 230 % YAIT Ne 2 / UDP No. 2 19,433 23,98 29,14 32,261
Ne235% YAII Ne 2 / UDP No. 2 19,674 25,09 29,32 32,531
Ne 250 % YAII Ne 2 / UDP No. 2 15,441 20,012 2322 25,078
Ne 3 10 % YAITI Ne 3 / UDP No. 3 19,995 25,02 27,34 29,021
Ne 320 % YAIT Ne 3 / UDP No. 3 24,606 30,01 32,98 36,615
Ne 330 % YAIT Ne 3 / UDP No. 3 18,872 23,87 26,44 28,595
Ne 3 35 % YAII Ne 3 / UDP No. 3 17,331 22,30 25,21 27,078
Ne 350 % YAIT Ne 3 / UDP No. 3 11,24 14,36 16,02 17,225

U ¢ 1o 4 Hu k: BemonHeHo M.JO. ManbkoBoii, A.C. I'opiikoseiv, A.H. 3agupanossiM, E.A. JlapoHOBBIM
S o urce: made by M.Yu. Malkova, A.S. Gorshkov, A.N. Zadiranov, E.A. Larionov
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CpaBHHUTENIBHAS JUarpaMMa IPOYHOCTH Ha cyKaThue o0pas3loB OeToHa ¢ 100aBICHUEM
10, 20, 30, 35 u 50 % YIT Ne 1, YIIT Ne 2 u Y JIIT Ne 3 o cpaBHEHHIO C KOHTPOJIBHBIM 00pasiom Ne 0 /

Comparative diagram of compressive strength of concrete samples with the addition
of 10, 20, 30, 35 and 50% UDP No. 1, UDP No. 2 and UDP No. 3 compared to control sample No. 0

1 ¢ 10 4 H u k: BeimonHeno M.IO. ManbkoBoii, A.C. TopikoBsiM, A.H. 3agupanossiM, E.A. JlapuoHOBBIM
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B pesynpraTe aHanusza JaHHBIX WCHBITAHWNA OETOHHBIX OOpa3llOB HA MPOYHOCTH, MPOBEIEHHBIX B BO3-
pacrte 28 CyTOK W MpPEACTABICHHBIX B CBOAHOM Talia. 3, OBLJIO YCTaHOBIIEHO, YTO KIIIOYEBBIM (DAKTOPOM,
OTIPEICTISIONIUM TIPOYHOCTh OCTOHA TPU CKATHH, sBIsieTcs KoHneHTpamnus Y/I1 B cocraBe OeToHHOH cMme-
cu. MakcumasnbHbIe TTOKa3aTeNld MPOYHOCTH ObITH TOCTUTHYTHI npu BBeneHnu Y/IT B xomuectse 20 % ot
MAaccChl IEMEHTA.

[Ipu nanpHelimem noBwieHNH conepkanus Y/I1 B Gerore ObUIO OTMEYEHO MEHEe 3HAYMTEIHbHOE YBe-
JMYEHHNE TIPOYHOCTH OETOHHBIX 00Pa3llOB Ha C)KAaTHE IO CPABHEHHUIO C KOHTPOJIBHBIM 00pa3lioM, a B ciiydyae
npesbimenns coaep:xanus YII 6onee 50 % oT mMacchl 1leMeHTa MPOYHOCTHBIE XapaKTEPUCTUKU HA CXKaTHE
CHIDKAIOTCSI OTHOCHTENIFHO KOHTPOJIBHOrO oOpasna. Takoe CHMKEHHME HKCIUTyaTallHOHHBIX XapaKTepHUCTUK
MOXeT OBITh 00BsicHeHO n30bITKOM Y/III, KOTOpOE MPUBOIUT K arJoMepanuy U HelIOCTaTOYHOMY JHCIIEPTH-
poBarmro yactun Y/II1 B meMeHTHOW MaTpwuile, 9TO CrocOOCTBYeT 00Opa30BaHHWIO B MaTpPHIIE CIIA0BIX 30H,
MPUBOIINX K CHIKCHHIO MpouHOCTH OeroHa [35]. CHMKEHHE MPOYHOCTH TaK)Ke MOXKET OBITh BBI3BAHO
ocaxxnenneM C-S-H renst Ha NOBEpXHOCTH arjIOMEpUPOBAHHBIX YacTHIl, YTO MPEMATCTBYET B3aUMOJEH-
CTBHUIO YaCTHUI BHYTPH arjioMepara C 3epHaMH LIEMEHTa M BO3MOKHOCTH BCTyIIaThb C HUM B XHMHYECKYIO
peaknuio. CrienoBarenbHO, MPU yBeTUYeHUH Kodd¢uimenta 3amemienns nementa Ha Y/II cBeime 20 %
HaOJI0TaeTCsl yMEHbIIICHHE YPPEeKTa yBEIMISHHS POYHOCTH OETOHA BILIOTH /IO OTPUIIATEIIBHOTO 3HAYCHHMS.

i IpoBepKH THMOTE3BI O BIUSHUU pa3smepoB Y/III Ha mpodHOCTH OETOHA TPOBETH HCCIEIOBAHUE
obpasuoB ¢ nobasnenuem 20 % Y/III Gonee kpymuoit ¢paxmum (—0,08+0,045 mm). C 3Toii nenpio ObuUH
3aJIUTHI U MCTIBITAHBI HAa TIPOYHOCTH 00pasibl Kyomdeckoi Gopmbl ¢ amnHOM pedbep 70 MM, 0OBeTMHEHHBIC
B CEpUM MO 5 WTyK. Pe3ynprarel UCHBITAHWA MPOJEMOHCTPUPOBANIA, YTO BBEJICHHE B COCTaB LEMEHTHOMN
cmecu Y/IT kpymao#t dpakmun (—0,08+0,045 MM) He TOIBKO HE 00ECTeYnBaeT MOBBIMICHUS TPOYHOCTHBIX
XapaKTepUCTHK OETOHHBIX 00pa3loB, HO, HAOOOPOT, MPUBOJAUT K CHHIKEHHIO MX HMPOYHOCTH IO CpaBHE-
HUIO C KOHTPOJIBHBIM 00pa3Iiom.

CHmXeHue SKCIUTyaTallMOHHBIX XapaKTePUCTHK, BEPOSITHO, OOYCIOBIEHO KPYIHBIM pa3MepOM YacTHI]
MUKpoapMmupytomero Hanoigautens (Y/II), 9To nmpensaTcTByeT uxX NPOHUKHOBEHHUIO B MEJIKHE MOPHI OETOHA.
Kpome toro, mopomiku 6osee KpymHOH (pakiy yMEHBIIAIOT IUIONIA b PEAaKIIHOHHON MOBEPXHOCTH, TEPAs
CBOIO PEaKIMOHHYIO0 CIIOCOOHOCTh M TIPEeBpaliasCh B HHEPTHBIE 3aMOTHUTENHN [36]. DTO criocoOCTBYET yBe-
JMYEHHIO TIOPUCTOCTH OETOHA M CHUKEHHUIO €T0 IMIPOYHOCTH Ha CHKAaTHeE.

Ora TEHIEHLMs CBUAETEILCTBYET O TOM, YTO IPHU IMPOYUX PABHBIX MApAMETPax MEJIKOIUCIEPCHBIE
VY]III, obecrieunBas Gojiee pa3BUTYIO IUIOMIA L MOBEPXHOCTH MPH 33aJJaHHONW Macce, HHIYIHPYIOT 00pa3oBa-
HHE OOJIBIIIETro YKCiIa 3apOJIbIIeii, CIOCOOHBIX YYacTBOBAaTh B XUMHUUECKHX PEAKLHUIX, YTO NMPUBOJIUT K CHH-
’KEHHIO KOHILIEHTPAIMX TIOp B OETOHE U MOBBILICHUIO €TO TUIOTHOCTH.

4. 3akJoueHue

Pazpabotanbl cocTaBbl OETOHHBIX CMeceH, COJep)KalluX B KayeCcTBE CHENMaTbHOM 00aBKM YIbTpa-
JCTIEPCHBIE OPOLIKH CTPOUTENbHBIX Kupnuuel gppakuuu (—0,045+0,026 mm).

1. Ycranosneno, uto npumenenue Y/II1 B cocraBe 6eTOHHOI cMecH 00YyCIIOBIMBAET 3HAYUTEIILHOE Ka-
YECTBCHHOC YJIYUHICHUEC UX (1)I/I3I/IKO—MCX3HI/I‘ICCKI/IX CBOMCTB IO CpPaBHCHHIO C TPAJUIIUOHHBIMU COCTABaMM,
oOecrieunBasl JOCTM)KEHHE OCTOHHBIMM OOpa3llaMu IOKa3zaTesiell NMPOYHOCTH Ha CKaThe B JMala3oHe
36,615-46,112 Mlla, kosddunmenta ynpyrocta — B quanazone 47,84-51,70 I'Tla.

2. Hamnyumme mexannyeckue mokaszarenu 6erona odecrneurnBaer qobaska k mementy 20 % Y/II. TIpou-
HOCTh Ha C)kaTHe OETOHHBIX 00pa3loB, conepxamux 20 % Y/II, yepe3 28 nHel BBIIEPKKU MPEBbIIIAET
KOHTPOJIbHBIE 3HauYeHus Ha 46 %.

3. Ucnonws3oBanue 6oisiee BricOkuX n03upoBok Y/III (6onee 35 % 3aMeHuTens 1ieMeHTa) TPUBOAUT
K HEraTUBHOMY BO3/JIEWCTBUIO HA MEXaHWYECKUE CBOMCTBA OETOHA, YTO MOXKET OBITh CBA3aHO C arjoMepanuen
YJIBTPAJUCIEPCHBIX YACTHUL, IPENSATCTBYIOLIEH HX PABHOMEPHOMY PACIpPECIICHUIO B IEMEHTHON MaTpULE.
y.III)TpaI[I/ICHepCHI)IC IMOPOMKKU CTPOUTECIBHBIX OTXOIOB O6J'IaI[aI-OT 3HAYUTCIIbHBIM IIOTCHLOHWAJIOM OJIA
yIy4IIEHHs YKCIUTyaTallHOHHBIX CBOMCTB OETOHHBIX KOHCTPYKLUH. X IpUMeHEeHHe HallpaBlIeHO Ha MOBbI-
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HICHUE MEXaHUYECKHUX CBOMCTB OETOHA. KpOMe TOI'0, UCIIOJIb30BAHUEC JAHHBIX IMOPOMIKOBLIX MarepraioB CII0-
CO6CTByeT COKpAIICHUIO TPOU3BOACTBCHHLIX U3ACPIKCK HA U3IOTOBJICHUC CTPOUTCIIbHBIX H3,I[eJ'IHI>i, qT0 06y-
CJIOBJIMBACT UX SKOHOMHYCCKYIO HCJ’ICCOO6p33HOCTB.

Cnucok autepatypsl / References

1. Smith J., Cusatis G., Pelessone D., Landis E., O’Daniel J., Baylot J. Discrete modeling of ultra-high-performance
concrete with application to projectile penetration. International Journal of Impact Engineering. 2014;65:13-32. https://doi.org/
10.1016/j.ijimpeng.2013.10.008

2. Abbas R. Influence of nano-silica addition on properties of conventional and ultra-high performance concretes.
Housing and building national research center. 2009;5(1):18-30. Available from: https://sid.ir/paper/649683/en212qw
(accessed: 22.09.2024)

3. Rong Zh., Sun W., Xiao H., Jiang G. Effects of nano-SiO, particles on the mechanical and microstructural properties
of ultra-high performance cementitious composites. Cement and Concrete Composites. 2015;56:25-31. https://doi.org/10.1016/
j.cemconcomp.2014.11.001

4. Schrofl Ch., Gruber M., Plank J. Preferential adsorption of polycarboxylate superplasticizers on cement and silica
fume in ultra-high performance concrete (UHPC). Cement and Concrete Research. 2012;42(11):1401-1408. https://doi.org/
10.1016/j.cemconres.2012.08.013

5. Ravindra K.D., Henderson N.A. Specialist Techniques and Materials for Concrete Production. Thomas Telford Publ.;
Thomas Telford Ltd; 1999. ISBN: 978-0-7277-2825-8

6. Zhang P., Wan J., Wang K., Li Q. Influence of nano-SiO, on properties of fresh and hardened high performance
concrete: A state-of-the-art review. Construction and Building Materials. 2017;148:648—658. https://doi.org/10.1016/
j.conbuildmat.2017.05.059 EDN: YETSVO

7. Bjornstrom J., Matic A., Borjesson L., Panas I. Accelerating effects of colloidal nano-silica for beneficial calcium-
silicate-hydrate formation in cement. Chemical Physics Letters. 2004;392(1-3):242-248. https://doi.org/10.1016/j.cplett.
2004.05.071 EDN: KEDYZN

8. Zhao Z.Q., Sun R.J.,, Xin G.F., Wei S.S., Huang D.W. A Review: Application of Nanomaterials in Concrete. Applied
Mechanics and Materials. 2013;405-408:2881-2884. https://doi.org/10.4028/www.scientific.net/ AMM.405-408.2881

9. Morsy M.S., Alsayed S.H., Agel M. Hybrid effect of carbon nanotube and nano-clay on physico-mechanical properties
of cement mortar. Construction and Building Materials. 2011;25(1):145—-149. https://doi.org/10.1016/j.conbuildmat.2010.06.046

10. Rong Zh., Sun W., Xiao H., Jiang G. Effects of nano-SiO; particles on the mechanical and microstructural properties
of ultra-high performance cementitious composites. Cement and Concrete Composites. 2015;56:25-31. https://doi.org/10.1016/
j.cemconcomp.2014.11.001

11. Atmaca N., Abbas M.L., Atmaca A. Effects of nano-silica on the gas permeability, durability and mechanical
properties of high-strength lightweight concrete. Construction and Building Materials. 2017;147:17-26. https://doi.org/10.1016/
j.conbuildmat.2017.04.156

12. Mohamed A.M. Influence of nano materials on flexural behavior and compressive strength of concrete. HBRC
Journal. 3016;12(2):212-225. https://doi.org/10.1016/j.hbrcj.2014.11.006

13. Schrofl Ch., Gruber M., Plank J. Preferential adsorption of polycarboxylate superplasticizers on cement and silica
fume in ultra-high performance concrete (UHPC). Cement and Concrete Research. 2012;42:1401-1408. https://doi.org/10.1016/
j-cemconres.2012.08.013

14. Alhawat M., Ashour A., El-Khoja A. Influence of using different surface areas of nano silica on concrete properties.
AIP Conference Proceedings. 2019;2146(1):020007. https://doi.org/10.1063/1.5123694

15. Sanchez F., Sobolev K. Nanotechnology in concrete — a review. Construction and Building Materials. 2010;
24(11):2060-2071. https://doi.org/10.1016/J. CONBUILDMAT.2010.03.014 EDN: NAKRSB

16. Sobolev K., Flores 1., Torres-Martinez L.M., Valdez P.L., Zarazua E., Cuellar E.L. Engineering of SiO» nanoparticles
for optimal performance in nano cement based materials. In: Bittnar Z., Bartos P.J.M., Némecek J., Smilauer V., Zeman J.
(eds.) Nanotechnology in Construction 3. Berlin, Heidelberg: Springer; 2009. p. 139-148 https://doi.org/10.1007/978-3-642-
00980-8 18

17. Zaki S.1., Ragab Khaled S. How nanotechnology can change concrete industry. In: Ist International Conference
on Sustainable Built Environment Infrastructures in Developing Countries. Oran, Algeria. 2009;1:407—414. ISSN 2170-0095

18. Nazari A., Riahi S. The effects of SiO, nanoparticles on physical and mechanical properties of high strength
compacting concrete. Compos. Eng. 2011;42(3):570-578. https://doi.org/10.1016/].COMPOSITESB.2010.09.025

19. Senff L., Hotza D., Lucas S., Ferreira V.M., Labrincha J.A. Effect of nano-SiO, and nano-TiO; addition on the
rheological behavior and the hardened properties of cement mortars. Materials Science and Engineering. 2012;A 532:354—
361. https://doi.org/10.1016/j.msea.2011.10.102

CTPOUTENLHGIE MATEPUATTB! M USMENNS 69


https://doi.org/10.1016/j.ijimpeng.2013.10.008
https://doi.org/10.1016/j.cemconcomp.2014.11.001
https://doi.org/10.1016/j.cemconres.2012.08.013
https://doi.org/10.1016/j.conbuildmat.2017.05.059
https://doi.org/10.1016/j.cplett.2004.05.071 EDN: KEDYZN
https://doi.org/10.1016/j.cemconcomp.2014.11.001
https://doi.org/10.1016/j.conbuildmat.2017.04.156
https://doi.org/10.1016/j.cemconres.2012.08.013

Malkova M.Yu. et al. Structural Mechanics of Engineering Constructions and Buildings. 2025;21(1):62-70

20. Hosseini P., Booshehrian A., Madari A. Developing concrete recycling strategies by utilization of nano-SiO»
particles. Waste and Biomass Valorization. 2011;2(3):347-355. https://doi.org/10.1007/s12649-011-9071-9 EDN: VEZHBS

21. Senff L., Hotza D., Repette W.L., Ferreira V.M., Labrincha J.A. Mortars with nano-SiO, and micro-SiO, investigated
by experimental design. Constr. Build. Mater. 2010;24:1432—1437. https://doi.org/10.1016/j.conbuildmat.2010.01.012 EDN:
OEJPTD

22. Najigivi A., Khaloo A., Iraji Zad A., Abdul Rashid S. Investigating the effects of using different types of SiO»
nanoparticles on the mechanical properties of binary blended concrete. Composites Part B Engineering. 2013;54:52—58.
https://doi.org/10.1016/j.compositesb.2013.04.035

23. Kong D., SuY., DuX., Yang Y., Wei S., Shah S.P. Influence of nano-silica agglomeration on fresh properties
of cement pastes. Constr. Build. Mater. 2013;43:557-562. https://doi.org/10.1007/s12633-021-01598-z

24. Haruehansapong S., Pulngern T., Chucheepsakul S. Effect of the particle size of nanosilica on the compressive
strength and the optimum replacement content of cement mortar containing nano-SiO,. Constr. Build. Mater. 2014;50:
471-477. https://doi.org/10.1016/j.conbuildmat.2013.10.002

25. Kim J.J., Rahman M.K., Al-Majed A.A., Al-Zahrani M.M., Reda Taha M.M. Nanosilica effects on composition
and silicate polymerization in hardened cement paste cured under high temperature and pressure. Cem. Concr. Compos.
2013;43:78-85. https://doi.org/ 10.1016/j.cemconcomp.2013.07.002

26. Zyganitidis 1., Stefanidou M., Kalfagiannis N., Logothetidis S. Nanomechanical characterization of cement-based
pastes enriched with SiO, nanoparticles. Materials Science and Engineering B. 2011;176(19):1980. https://doi.org/10.1016/
j.mseb.2011.05.005

27. LiL.G., Zhu J.Y., Kwan A.K.H. Combined usage of micro-silica and nano-silica in concrete: SP demand, cementing
efficiencies and synergistic effect. Construction and Building Materials. 2018;168:622—632. https://doi.org/10.1016/
j-conbuildmat.2018.02.181

28. Barabanshchikov Y., Usanova K. A Cementless Binder Based on High-Calcium Fly Ash, Silica Fume, and the Complex
Additive Ca(NO3), + MgCl: Phase Composition, Hydration, and Strength. Buildings. 2024;14(7):2121. https://doi.org/10.3390/
buildings14072121 EDN: HUHIAZ

29. Mohammed B.S., Adamu M., Liew M.S. Evaluating the effect of crumb rubber and nano silica on the properties of
high volume fly ash roller compacted concrete pavement using non-destructive techniques. Case studies in construction
materials. 2018;8:380-391. https://doi.org/10.1016/j.cscm.2018.03.004

30. Shi C., Qian J. High performance cementing materials from industrial slags — a review. Resources Conservation
and Recycling. 2000;29(3):195-207. https://doi.org/10.1016/S0921-3449(99)00060-9

31. Nazari A., Riahi S. The role of SiO nanoparticles and ground granulated blast furnace slag admixtures on physical,
thermal and mechanical properties of self compacting concrete. Materials Science and Engineering A. 2011;528(s 4-5):
2149-2157. https://doi.org/10.1016/j.msea.2010.11.064

32. Chithra S., Senthil Kumar S.R.R., Chinnaraju K.The effect of colloidal nano-silica on workability, mechanical and
durability properties of high-performance concrete with copper slag as partial fine aggregate. Construction and Building
Materials. 2016;113:794-804. https://doi.org/10.1016/j.conbuildmat.2016.03.119

33. Shobeiri V., Bree Bennett B., Xie T., Visintin P. Mix design optimization of concrete containing fly ash and slag
for global warming potential and cost reduction. Case Studies in Construction Materials. 2023;18:¢01832. https://doi.org/
10.1016/j.cscm.2023.¢01832 EDN: CZMPWZ

34. Nesvetaev G.V., Kuzmenko T.G. On the ratio of flexural and compessive strength of cement concrete. Ingineering
journal of Don. 2023;(8):304-316. (In Russ.) EDN: KCHUVU

Hecsemaes I''.B., Ky3omenxo T.I. O COOTHOLIEHUH IPENETIOB MIPOYHOCTH LEMEHTHHIX OETOHOB HAa PACTSDKEHUE IPH
nsrube u cxxatuu // UmxenepHsiid BectHuk JloHa. 2023. Ne § (104). C. 304-316. EDN: KCHUVU

35. Haruehansapong S., Pulngern T., Chucheepsakul S. Effect of the particle size of nanosilica on the compressive
strength and the optimum replacement content of cement mortar containing nano-SiO,. Construction and Building
Materials. 2014;50:471-477. https://doi.org/10.1016/j.conbuildmat.2013.10.002

36. Givi A.N., Rashid S.A., Aziz F.N.A., Salleh M.A.M. Influence of 15 and 80 nano-SiO, particles addition
on mechanical and physical properties of ternary blended concrete incorporating rice husk ash. Journal of Experimental
Nanoscience. 2013;8(1):1-18. https://doi.org/10.1080/17458080.2010.548834


https://doi.org/10.1016/j.mseb.2011.05.005
https://doi.org/10.1016/j.conbuildmat.2018.02.181
https://doi.org/10.3390/buildings14072121
https://doi.org/10.1016/j.cscm.2023.e01832

CTPOMTENBHAS MEXAHUKA UHXEHEPHBIX KOHCTPYKLIMIA U COOPYXXEHUIA <

CTPOTEABHAS MEXAHHKA
VHKEHEPHbIX KOHCTPYKLIHA

STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS oo

2025. 21(1). 71-80

ISSN 1815-5235 (Print), 2587-8700 (Online)
HTTP:/JJOURNALS.RUDN.RU/STRUCTURAL-MECHANICS

SKCTTEPUMEHT ANbHBLIE NCCNENOBAHWNA
EXPERIMENTAL RESEARCH

DOI: 10.22363/1815-5235-2025-21-1-71-80
UDC 69.058.8
EDN: JBRCPR
Research article / HayuHas ctatbs

Applicability of Strain Gauge Methods for Experimental Determination
of Operating Stress of Construction, Road
and Agricultural Machines Attached to Tractors

Aleksey F. Rogachev'*“™, Anatoly A. Karsakov'"”, Anatoly A. Martynov'

''Volgograd State Agrarian University, Volgograd, Russian Federation
2Volgograd State Technical University, Volgograd, Russian Federation

P4 rafr@mail.ru

Received: November 15, 2024
Accepted: January 15, 2025

Abstract. The operating stress of construction, road and agricultural machines is determined during experimental and
factory tests using force sensors. The aim of the research is to improve the methods of experimental determination of
horizontal forces transferred by mobile implements using strain gauges combined with the elements of fastening of
technological machines. The stress-strain state and deformations of measuring strain gauges at their different arrangements
on strain gauge pins of circular cross-section are considered. When determining the horizontal load on the vehicle with the
use of pre-calibrated strain gauge pins, it was experimentally established that the mentioned strain gauges can additionally
react to the vertical load, which leads to the emergence of systematic errors in estimating the horizontal load. To eliminate
this, it is proposed that before the main calibration of the horizontal force sensors, it is necessary to pre-determine the
position at which the calibrated strain gauge will not respond to the vertical force, by rotating it relative to the longitudinal
axis and then ensuring fixation in this position. The influence of axial forces on strain gauge pins, picked up by the strain
gauges, can also lead to distortion of the stress field in the body of the strain gauge. Taking into account this influence on
the strain gauge pins requires additional experimental studies.
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AnHoTtamms. CuiioBasi HarpyXeHHOCTb CTPOUTENIBHBIX, JOPOKHBIX U CETbCKOXO035HCTBEHHBIX MAIIMH ONPEEIISIETCS] BO BpeMs
9KCTIEPUMEHTAILHO-TTPOM3BOACTBEHHBIX HCIBITAHUN C MCIOIb30BaHNEM JATIYMKOB ycuinid. Llens uccnenoBanns — cosep-
IIEHCTBOBAHUE METO/IOB IKCIIEPHUMEHTAIILHOTO OIPE/IENICHHs] TOPU30HTAIBHBIX YCHIINH, IepeaBaeMbIX B MOOMIIBHBIX arpe-
rarax ¢ NPUMEHEHHEM TEH30METPUUYECKUX TaTUMKOB, COBMEIIAEMBIX C 3JIEMEHTaMM KPEIJICHUS TEXHOJIOTHYECKUX MAaIllH.
PaccMoTpeHs! HanpskeHHO-Ae(GopMHUpyeMOe COCTOSTHHE | Ae(hOpMALIH H3MEPUTENBHBIX TEH30PE3UCTOPOB MPH PA3THUHBIX
CXeMax MX PacIoI0XKEHUs Ha TEH30METPUUECKUX Mablax Kpyrioro ceueHus. [Ipu onpeneneHnu ropu3oHTaIbHON Harpys-
KM Ha TPAHCIOPTHOE CPEJCTBO C MCIIOJIb30BAHUEM ITPEABAPUTENILHO KAMOPYyEMBIX TEH30METPUYECKUX MaJbLEB SKCIEPH-
MEHTAJIbHO YCTaHOBJIIEHO, YTO YIOMSHYTbIE TEH30PE3UCTOPBI MOTYT NONOIHUTENBHO PEarnpoBaTh M HA BEPTUKAIBHYIO
HarpysKy, 4TO IIPUBOAUT K MOSBJICHUIO CHCTEMAaTHYECKUX TTOTPEIIHOCTEN MPH OLIEHKE TOPH30HTAIIbHON Harpy3ku. [ist ycrpa-
HEHUS! ATOTO SIBJICHUS MPEUIOKEHO Iepe] IPOBEICHHEM OCHOBHOM KalMOPOBKH TaTYHMKOB TOPU3OHTAIBHOTO YCHIIUS TIPE/I-
BapUTEIBHO ONPEEIUTh IOJIOKEHUE, IPH KOTOPOM KannOpyeMblil TEH30[aTUUK HE OyIeT pearnpoBaTh Ha BEPTHKAIBHOE
YCHIIHE IyTEM €ro MOBOPOTa OTHOCUTENHHO MPOAOJIBHOM OCH C HOCIEAYIONMM obecriedeHreM (DPUKCAllUK B 3TOM IIOJIOXKE-
HuM. BiusiHue OCeBBIX yCHIINM HA TEH30METPUUECKUE MaNblLibl, BOCIPUHUMAEMBIX TEH30PE3UCTOPAMH, TAK)KE MOXKET IpU-
BOJIUTH K NCKAKEHUIO IOJIS HANIPSDKEHUH B TeJle TeH30Majblia, yueT BIUSHUS KOTOPOro Ha TEH30METPHUECKUE MaJIbIlbl Tpe-
OyeT npoBeAEHHS JOTOIHUTEIBHBIX SKCIIEPUMEHTAIBHBIX NCCIIEIOBAHHH.

KnrodeBble cj10Ba: CTpOUTENIBHBIE U JOPOKHBIE MAIlIMHBI, TOPU3OHTATbHAS HArpy3Ka, Harpy>kKEHHOCTb, SKCIIEPIMEHTAIBHOE
ornpeneseHne, TCH30METPUIECKHUE MaJIbIIbl
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1. Introduction

Operating stress and efficiency of construction, road and agricultural machines [1; 2] are determined
during experimental and factory tests, for which they can be equipped with force [3; 4], displacement,
acceleration sensors, etc., which are part of data measurement systems [5—7].

The use of multi-purpose measuring instruments for determining operating stress of elements of such
implements [8] changes their operating interaction pattern, which introduces errors in the measurement of
forces, in particular, horizontal forces, the most important for traction and energy calculation. Such data
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measurement systems for assessing operating stress of various joints of mobile implements are based on
fundamental methods of engineering mechanics [9], theory and experimental evaluation of stress of shells
[10; 11] and other experimental and theoretical methods [12—14].

For experimental determination of operating stress of construction, road and agricultural machines,
equipment, tractors, the use of special rig equipment [15], soil channels [12], the application of similarity
theory methods to determine traction resistance of the attached technological machine [16], artificial
intelligence (AI) algorithms [17] and other modern approaches [18; 19] are known. However, when measuring
devices are combined with structural elements of the implements, negative effects may occur not only due
to anisotropy of their materials [20; 21], but also as a result of the geometric inaccuracy of attaching strain
gauges on the surfaces of force-measuring elements [18].

Therefore, experimental methods of determination of operating stress of construction and agricultural
tractor attachments remain insufficiently investigated, including in terms of the applicability of force sensors
combined with the elements of attachment of the implements, and require further experimental research and
theoretical substantiation.

2. Methods

To measure internal forces, the strain gauge [22], which is a thin metal lattice inside a dielectric
(Figure 1, a), has become widespread. Strain gauges are glued onto the tested part (one, two or four
functional) and are connected by a bridge circuit according to Figure 1, 5. When the resistance of resistors
R1, .., Ra is equal, the voltage between points C and D will be 0 and, accordingly, the current flowing along
the diagonal C — D will also be equal to zero.

Figure 1. Structure and connection of strain gauges:
a — strain gage conductors; b — bridge connection diagram
S ource: made by A.A. Karsakov

When the tested part is loaded, it is deformed (stretched or compressed) and the strain gauges are
deformed, which leads to a change in their electrical resistance. By measuring the value of current flowing
along the diagonal C — D or the voltage in it, it is possible to determine strain € of the part, as well as normal
stress

oc=¢FE, (1

where 6 is the normal stress of the part, N/m?; € is the strain of the part; £ is the normal elastic modulus of
the material of the part, N/m?.
The arrangement of strain gauges on an axially loaded part is shown in Figure 2.
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Figure 2. Arrangement of strain gauges on a part under axial loading
S ource: made by A.A. Karsakov

In pure axial tension, strain gauges R1 and R4, fixed strictly parallel to the longitudinal axis of the bar,
are stretched during loading with force P, and their resistance will increase. In turn, strain gauges R> and R3,
which are oriented perpendicular to the longitudinal axis of the bar, are partially compressed, and their
resistance will decrease. At a sufficient distance from the point of application of force P, the stresses at any
point of the cross-section of the bar will be the same and will be determined by the expression

c=P/ A, (2)
where P is the magnitude of the applied force, N; 4 is the cross-sectional area, m?.

Strain €:

e=¢-E, 3)

where E is the normal elastic modulus, m?*/N.
The case of loading a bar by moment M (Figure 3) is considered below.

Ay b~
A R

amm  ®
AT Rs

Figure 3. Model of loading a bar by moment M
S ource: made by A.A. Karsakov
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In the case of bending of the bar under moment M, strain gauges R1 and R4 are fixed parallel to the
longitudinal axis of the bar. In the process of loading, their resistance will decrease, while gauges R and R3
are parallel to the longitudinal axis of the bar from the opposite side and their resistance will increase.

The stresses at the gauge attachment points are determined by (4), and they will be the same across the
top and bottom faces.

MY
o=
J

z

; 4

where J_ is the moment of inertia of the cross-section with respect to Z-axis; Y is the coordinate of the point

of measuring normal stress; M is the magnitude of the bending moment.

3. Results and Discussion

Circular strain gauge pins are sometimes used as force sensors during testing, installed at the joints of
individual parts (Figure 4).

The transferred forces can act in three directions: horizontally Pu, vertically Py and laterally Pr,
whereas only one, for example horizontal P, is required (Figure 5). For this purpose, the longitudinal axes
of the strain gauges must be parallel to each other and lie in the same centerline plane and be located at the
same distance “a” from the supports.

i 2
Ry R

Pu

R; Ry a

NN I P,

Figure 4. Diagram of forces acting on the strain gauge pin when installed at the junction of the parts
S ource: made by A.F. Rogachev

The distribution of normal stress from horizontal Pr and vertical Py forces is shown in Figure 5.
The highest stress from the horizontal force Pr will be in the locations where the strain gauges are attached
(points 1 and 2). In these locations, the stress from the vertical force Py is equal to zero, while the vertical
force Py will not affect the readings from the horizontal force Pn. The lateral force Pr will cause the same
strain of all four strain gauges, which will also not affect the readings from the horizontal force Pu. At the
same time, in reality it is difficult to provide geometrically accurate attachment of the strain gauges.
In addition, due to the anisotropy of the strain gauge pin material caused by preliminary thermal treatment
and elastoplastic deformation, its physical properties vary at different points, which leads to changes and
distortion of the real stress diagram.

This requires correcting the axial positioning of the strain gauge pin in the supports. For this purpose,
a mark is made on the end of the pin, and the pin is installed in the rig such that the mark is positioned
vertically. The strain gauge pin is loaded vertically. Then it is rotated several times around the longitudinal
axis ¢ and a graph of the relationship between of the mV signal and the angle of rotation ¢ is plotted (Figure 6).
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Stress distribution from bending force Py

A
@ Stress distribution from bending force P

On

Figure 5. Distribution of normal stresses from horizontal Py and vertical Py forces
S ource: made by A.A. Karsakov

mV
5. ¢
2.5=4

Figure 6. Plot of relationship between mV signal and rotation angle ¢
S ource: made by A.A. Karsakov

Figure 7. Installation of the strain gauge pin Figure 8. Method of adjusting the angle
in the found position and locking it against rotation of installation of the strain gauge pin in the “zero”
relative to the longitudinal axis position using a pull bar of variable length
S ource: made by A.A. Karsakov S ource: made by A.A. Karsakov
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After that, the position of the strain gauge pin at which the signal is equal to zero is found. In this
position, it is installed in the actual rig and secured against rotation (Figure 7).

Another way of correcting the angle of the strain gauge to the “zero” position is shown in Figure 8.

The pin is mounted in the support with the possibility of its rotation around the longitudinal axis.
A lever is welded to the pin and an additional pin is welded to the support. A pull bar of variable length is
installed between these two pins. By changing the length of this bar, the required “zero” position is found.

In addition to the investigated influence of vertical load on strain gauge pins when determining
horizontal forces, it is possible that axial forces are also picked up by the strain gauges. Their emergence is
possible during measurements in factory conditions and leads to distortion of the stress field in the strain
gage pin body. This can cause additional error when measuring the horizontal force, which is difficult to
estimate by numerical methods, such as FEM [23; 24]. In this regard, taking into account the influence of
axial forces on strain gauge pins requires additional experimental and theoretical studies, including the use
of various modern methods [25].

Thus, technical solutions allowing to practically eliminate the revealed undesirable phenomenon of
mutual influence of different components of the total load acting on the strain gauge pin, when measuring
the horizontal load, are proposed.

4. Conclusion

The conducted study allowed to draw the following conclusions about the aspects of application of
strain gauge devices for determination of operating stress of implements.

1. During the experimental determination of the horizontal load on the vehicle from the side of the
implement, using pre-calibrated strain gauge pins, it was found that the strain gauges of the pins can
additionally react to the vertical load, which leads to the emergence of systematic errors in the estimation of
the horizontal load.

2. To eliminate this disadvantage, it was proposed that before the main calibration of the sensors of the
horizontal force, which is transferred to the transport machine from the side of the implement [26], it is
necessary to pre-determine the position at which the calibrated strain gauge device will not react to the
vertical force. This is performed by rotating it relative to the longitudinal axis and ensuring its fixation in
this position afterwards (Russian Federation patent No. 2800400).

3. The influence of axial forces on strain gauge pins, which may emerge during measurements and are
picked up by the strain gauges, leads to distortion of the stress field in the body of the strain gauge pin. This
may cause additional error when measuring the horizontal force, which is difficult to estimate by numerical
methods. In this regard, taking into account the influence of axial forces on strain gauge pins requires
additional experimental studies.
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