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Biausinue HaBeCHOI0 MOHTAa’Ka Ha HaﬂpH)KEHHO-I[eq)OpMHpOBaHHOC COCTOAHHC

KapKaca c€eT4aToro KymoJja

E.B. Jleoenn
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Jast uuTupoBaHust

Jlebeov E.B. BrusiHre HABECHOTO MOHTaXa
Ha HanpsHKEHHO-1e(pOPMHUPOBAHHOE COCTOSI-
HHE Kapkaca cerdaroro kymnoia // Ctpou-
TeNIbHAs MEXaHWKa MH)KEHEPHBIX KOHCTPYK-
uuid 1 coopyxenmit. 2021. T. 17. Ne 5.
C. 443-454. http://doi.org/10.22363/1815-
5235-2021-17-5-443-454

AHHOTAaIMs. [Jens — BBITIOIHUTD aHAIN3 HAIPSHKEHHO-AE()OPMUPOBAHHOTO COCTOS-
HMSI KOHCTPYKLIMI CeTYaToro Kymosa cheprdeckoi (JopMbl P HABECHOM MOHTAXE.
Kynon nmeer meraminueckuil kapkac, COCTOALIMHA U3 IIECTH MOBTOPSIOLIMXCS
CEKTOPOB C TPEYTOJIbHBIMH sTueikaMu ceTkH. 110 BbIcOTe ceTyaThli KyIoj Hacuu-
TBIBA€T MATH SAPYycoB. VccienoBaHue MOCBAIIEHO YCTAaHOBJICHUIO 3aBHCUMOCTH
HaIpsHKEHHO-I1e()OPMUPOBAHHOTO COCTOSIHUS NOJHOCTBIO COOPaHHOTO Kapkaca
CEeTYaTOr0 KyIoJia OT MOHTa)Xka HaBECHBIM crocoOoM. Memoowi. Pa3paboTtana
KOMIIBIOTCPHAsA MOAECJb KapKaca CET4aToro KyIroJia HpOCKTHOﬁ CXEMBI U3 CTaJlb-
HBIX JIBYTaBpoB. Ha ee ocHOBe CO3MaHBI MOHTA)XKHBIE MOJENIN HEMOIHOTO KapKa-
ca Ui pa3HbIX cTaauii MoHTaxa. /[ Bcex Mozeneil kapkaca CeT4aToro Kyrmonia
BBIITOJTHECHBI KOMITBIOTCPHBIC PACUCThl Ha HeﬁCTBHC Harpys3kKu oOT COOCTBEHHOIO
Beca €ro crepxkHei. B pesynbrare pacueToB Ha BCEX CTaJUsIX MOHTa)ka OIpejie-
aeHsl nedopmaryy, BHYTPEHHHE YCHIMS U HampsHKeHHs B CTEPXKHAX Kapkaca,
KOTOPbBIE CPABHUBAIMCH C TIPOSKTHOW cXeMoit. Pesynbmamut. TlonydeHs! rpaduku
nedopmanuii, tuarpaMMsl U rpa@ MK MOMEHTOB M HaNPsDKEHUH B CTEPIKHIX
KyNOJIBHOI'O KapKaca Ha BCEX CTAAWSIX HaBECHOTO MOHTaxa. [IpuBeneHsl cpas-
HHUTCJIIbHBIC rpacpmm MOHTQXXHBIX U IPOCKTHBIX HaHpH)KeHHﬁ B CTCPIKHIAX CCT-
YJaToro KyrmoJia. ﬂaHa OLICHKAa MOHTa>XHBIM HAIIPSPKCHHBIM COCTOSTHUSIM Kapkaca,
OTMEUEHA UX HEU30€KHOCTH U BIMSAHHAE HAa HAaYalIbHOE HamnpsHKEHHOC COCTOSITHUE
CEeT4aToOro KymnoJia.

KiroueBble cj1oBa: ceTyaThii KynoJ, METaJNIMYECKUH KapKac, CTCP>KHEBBIC 3JIC-
MCHTBI, HaBECHOMU MOHTaXX, KOMIIBIOTEpHAsA MOACJIb, HANIPSHKCHUSA B DJICMEHTAX
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0000-0003-3926-8701, eLIBRARY SPIN-kox: 5297-2700, Scopus Author ID: 57197822677; evglebed@mail.ru
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The influence of mounted assembly process on the stress-strain state
of the lattice dome frame

Evgeny V. Lebed

Moscow State University of Civil Engineering (National Research University), Moscow, Russian Federation
B4 evglebed@mail.ru

Avrticle history Abstract. The aim of the research — analysis of the stress-strain state of spherical
Received: August 26, 2021 lattice dome structure during mounted assembly process. The dome has a metal
Revised: October 9, 2021 frame consisting of six repeating sectors with triangular grid cells. The mesh
Accepted: October 12, 2021 dome has five tiers in height. The study is devoted to establishing the depen-

dence of the stress-strain state of the fully assembled frame of the lattice dome
on the method mounted assembly. Methods. A computer model of the frame of
the lattice dome made of steel I-beams in its design configuration has been de-
veloped. On its basis, assembly models of an incomplete frame for different
stages of installation are created. For all models of the lattice dome frame, com-
puter calculations were performed for the effect of the load from the own weight
of its bars. As a result of calculations deformations, internal forces and stresses
in the frame bars were determined at all stages of assembly, which were com-

pared with those for the design configuration scheme. Results. Diagrams of de-
formations, moments and stresses in the bars of the dome frame at all stages of
mounted installation are obtained. Comparative diagrams of installation and
design stresses in the bars of the lattice dome are presented. The assessment of
the installation stress state of the frame is given, and their inevitability and influ-
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Brenenmne

Kymona gacto mpuMeHsIOTCS B KauecTBE MOKPHITHI 31aHAi OJ1aroAaps BBIPA3UTEIFHOMY BHELTHEMY OONHMKY.
Kapkachl ceTuaThix METaJUTMYECKUX KYTIOJIOB IPENICTABISIOT CO00H 0oJIee )KeCTKUE MPOCTPaHCTBEHHBIE KOHCTPYK-
TUBHBIE CHCTEMBI 10 CPaBHEHHUIO C PeOPHCTO-KOJIBIEBBIMU KymojdaMu. [103ToMy OHM SKOHOMHYHEE IO Pacxomy
MeTaJlla U IPENOYTUTENIbHEE JUTS IPUMEHEHHS B Ka4eCTBE MOKPBITHIA 31aHui pH OobIKX mposerax [1-3].

CBOIO TIPOCTPAaHCTBEHHYIO (POPMY B pealbHBIX MOKPHITUSX OHU MPHOOPETAIOT B MPOIECCE MOHTaXKa U
B TEUCHUE [UIUTEIHLHOTO BpeMeHH [4; 5]. CHavana NosBJISIOTCS OTAENbHBIE (parMeHThl KapKacoB KyIOJIOB, 3a-
TEM K HUM J00aBJISIIOTCS HOBBIE YAacTH, B PE3yJIbTaTe HAPALIMBAHUS KOTOPBIX IIOCTENEHHO (POPMHUPYIOTCS IMOJI-
HOLCHHBIC ITOKPBITHUS. Ha Pa3HBIX CTAAWAX MOHTa)Xa KaXXJ0I'0 KYIIOJIBHOI'O KapKaca ITOABJIAIOTCA Pa3HBIC KOH-
CTPYKTUBHBIC U PACUCTHBIC CXEMbI, UCTIBITBIBAIOIINUEC OTINYAIOIIHUECA APYT OT ApYyra HAIPAKCHHBIC COCTOSAHUA.

KoHCcTpyKTHBHBIE CXEMBI KAPKACOB CETYATHIX KYIOJIOB W MX MPOJIETHI YacTO OMPEIesIOT CIOCOOBI MOH-
Taxxa MX KapkacoB [6; 7]. Ha BeIOOp cocoba MOHTa)ka KyHOJIOB OKa3bIBAIOT BIUSHUE M Pa3Mephl KOHCTPYKTHB-
HBIX 2JICMCHTOB UX KapKacCOB, OT KOTOPBIX 3aBUCUT BO3MOXKHOCTE BOCIHPUATUSA MOHTAXXHBIX HArpy3ok. HpI/I BO3-
BEACHUH peallbHBIX CETYaTBIX KYIOJIOB HEPEAKO NMPUMEHSJICS HAaBECHOM MoHTax [6; 7]. s Takoro MoHTaxa
COIIPSDKEHHUS CTEP>KHEBBIX AJIEMEHTOB KapKacOB B y3J1aX JOJKHBI OBITh )KECTKHMHU.

JlanHoe ¥ccrenoBanme SBISIETCS PAa3BUTHEM CEPHUH TIPOBEICHHBIX PAaHEE UCCIEIOBAHIN Ha peOpPHUCTO-KOJBIEBBIX
kymonax [8—10]. B ceTyaTpIx Kymonax, Tak ke Kak ¥ B peOpHCTBIX, MOHTaK HABECHBIM CITOCOOOM BBIIOJTHSAETCS OT OIIOp-
HOTO KOHTYpa, KOI'/ja IIOCJICIOBATENIHO YCTAHABIIMBAIOTCS CTEPKHEBBIE 3IEMEHTHI KapKacoB OT HIDKHETO sIpyca JI0 BepX-
Hero. Tak ke Kak 1 B peOpHCTO-KOJIBLEBBIX KYIIOJaX, 10CTIE 3aBEPIICHNUS] YCTAHOBKH CTEPKHEBBIX JIEMEHTOB PACKOCHOTO
THIIA HIDKE PACTIOJIOKEHHOT'O SIPYCa BBIMOJHSETCS YCTAHOBKA 3JIEMEHTOB KOJIBIIEBOTO TOPU30HTATLHOTO KOHTYPA, Pacrio-
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JIOXKEHHOTO BBIIIE. 3aMKHYTOE KOJIBIIO TOBEPX KAKIOIO PACKOCHOTO KPYrOBOTO sIpyca CO3MACT MPOCTPAHCTBEHHYIO
CTEPXKHEBYIO CUCTEMY, BKITIOUAIOIIYIO BCE paHee CMOHTHPOBAHHBIE SIPychl Kyrona. Kaxias Takast cTepyKHeBast chcTemMa
Ha MPOMEKXYTOUHOM CTATUH MOHTaKa 00J1aIaeT JOCTATOUHOM YKECTKOCTBIO 71 BOCTIPHSITHS MOHTAKHBIX HATPY30K.

Tak e Kak u B peOpHCTO-KOJIBIEBBIX KYIOJIaX, PACUCTHBIC CXEMbl YACTUYHO CMOHTHPOBAHHBIX KapKacoB
CETYATHIX KYIOJIOB Ha BCEX CTaIUAX MOHTaXKa, BOCIPUHUMAIOIINE COOCTBEHHBIN BEC, OTIIMYAIOTCS APYT OT JIPY-
ra U OT MPOEKTHOM CcXeMbl. [103TOMY M HamnpsKEHHOE COCTOSHHUE 3JICMEHTOB KYIMOJIBHBIX KaPKAaCOB B MOHTaXK-
HBIX M TIPOEKTHOW cXeMaX TOoxe OTiudarorcs. [lepexom oT oJHON cTaauy MOHTa)xa K JPYroi MPUBOIUT K Tpe-
00pa30BaHUIO PACUECTHBIX CXEM MPOCTPAHCTBEHHOW CTEPIKHEBOW CHCTEMBI KYMOJIBHOTO KapKaca He TOJIbKO H3-3a
TIOSIBJICHUSI HOBOTO SIPYCa, HO U BCJICJCTBUE KOHCOJIBHBIX CXEM PAaCKOCHBIX JIEMEHTOB BEpXHETO sipyca. JIJis Koblie-
BBIX DJIEMEHTOB CETYATOTO KapKaca Takoe mpeoOpa3oBaHHe HE MPUBEACT K CYIISCTBEHHBIM W3MEHEHUSAM Hamps-
JKEHHOTO COCTOSTHHSI, IOCKOJIBKY HE MMPOUCXOUT U3MEHEHUSI X PACUCTHBIX cXeM [9].

MeTtoabl

Jns aHanu3a HaNpspKEHHOTO COCTOSIHUSI KOHCTPYKLMH CEeTY4aTOro KyIojia IpU HaBECHOM MOHTAXKe BBITOJN-
HSUJIOCh KOMITBIOTEpHOE HCclenoBaHue. MccnenoBanue MOCBALICHO YCTAHOBICHUIO BIMSHMS MOHTaXXa Kapkaca
HaBECHBIM CIIOCOOOM Ha HANpsKEHHOE COCTOSHHE IMOJIHOCTHI0 cOOpaHHOTO ceTdaroro Kymousa. [Ipu atom mist
Ka)KI0HM CTaJii HaBECHOTO MOHTaXka METAJNTIMYECKOT0 KyToJa COo3/1aBajach OT/AeIbHAsE KOMIIBIOTEPHAs MOJIENb.

B kauectBe 00BEKTa HCCICAOBAHUS IPUHAT CETYATHIA Kymoi cheprieckord (HopMbl IposieToM 27,5 M 1 BBICO-
Toi 9,1 M, cocTOoAIMI W3 IIECTH MOBTOPSIOUIMXCS CEKTOPOB C TPEYTOJIbHBIMU SUYEHKAMH, TO €CTh CEKTOPUAILHO-
ceruathlii (puc. 1). [1o BeICOTE ceTyarsiii KyIoi HACUUTHIBAET IISITH SIPYCOB, @ TPEYTOJIBHBIE SUEHKN XapaKTepU3yIOTCs
MOXOXKHMH TI0 TabapuTtaM pazmepamu. Bee y3mbl conpsbkeHHs: CTEp)KHEBBIX JIEMEHTOB KapKaca MEeKIy coOOH KecT-
Kre. DIIeMEHTHI KyTIOJIbHOTO KapKaca MPUHATH B BUie MpoKaTHBIX AByTaBpoB | 2011 u3 cramm C245, a ux mmmHa
BapbUpyercs B uHTepBanax 2,9-3,7 M aa konen, 3,6—4,5 M 11t packocoB U 3,2—3,7 M A7 MEPUAHOHAIBHBIX CTEPIK-
Heli (Ha TpaHHIax cekTopoB). KymonmbHeIi kapkac ycraHoBieH Ha kKopoTkue (0,5 M) croiiku u3 nqeyraspos | 30111.

Puc. 1. Kapkac ucciaenyeMoro ceKTopuanbHO-CETYaTOro KyIosa
Figure 1. The frame of the sectorial-lattice dome under study

MoHTaX HCCieayeMoro Kapkaca CeT4aToro Kyrnoyia HaBeCHBIM CIIOCOOOM BBINOJIHSETCS B JIECSTh CTaIUH.
CHavana ycTpauBaeTCsi OMIOPHbIN KOHTYP, Ha KOTOPOM MOHTHPYIOTCSI PACKOCHI TIEPBOTO sIpyca, IIOTOM yCTaHaB-
JIMBAKOTCA KOJIBIEBBIC 3JIEMCHTHI BTOPOT'O ApyCa, Ha KOTOPOM MOHTHUPYIOTCA paCKOCBI BTOPOI'O sApyca U Tak Ja-
Jiee 10 mAToro sipyca (puc. 2).

VCcTaHOBKa CTEPIKHEBBIX AJIEMEHTOB PACKOCHOTO THIA HA KaXKJOM SIPYCE BBI3bIBACT MOSIBICHUE 3HAYUTEIBHBIX
M3rUOAMOIIMX MOMEHTOB. DTO OOBSICHSACTCS TeM, YTO B MOHTaKHOM COCTOSIHMM pa0OTa TaKHX CTEp)KHEH MoXoxka Ha
paboTy KOHCOJIBHBIX HAKJIOHHBIX paMOK. M3-3a pa3HOro HakJIOHa PACKOCHBIX JIEMEHTOB M3MEHSIIOTCS M BEIMUHMHBI MO-
MeHTOB. Ha prc. 3 noka3ana oOmmasi KapTiHa M3MEHEH!H M3ru0aronX MOMEHTOB B CTEP)KHSX CETYATOro KyTojia Me-
PUIMOHATBHOTO HarpaslieHus. Hanbomplime 1o BeMMYHHE MOHTKHBIC MOMEHTBI HAOMIOIAI0TCS B CTEPIKHEBBIX dJIe-
MEHTax KpaiHero sipyca ¥ B 3JIEMEHTaX MPEIbIIyLIEro spyca, U, TaK jKe KaKk U B PeOPHCTO-KOJIBLIEBBIX KyIOJaX, OHH
KOHIICHTPHPYIOTCS BO3JIE y37a KPEIUICHHS! KOHCOJIBHBIX PaCKOCOB K TpebIayIIeMy spycy. MaKCHUMaIbHbIe MOHTAXK-
HbIC M3rMOAIONIME MOMEHTBI B CTEP)KHEBBIX AJIEMEHTaX 110 Mepe HapallMBaHUs KapKaca «IIepeMELIAoTCs» K BEpIIMHE
kynona. Tak ke Kak ¥ B peOpHCTO-KOJIBLEBBIX KyIoax, 00pa3oBaHUE 3aMKHYTOrO KOHTYpa Ha KOHI[aX KOHCOJBHBIX
PACKOCOB 3aKpEIISET X 1e(HOPMUPOBAHHOE COCTOSIHUE U TEM CaMbIM COXPAHSIET MOHTKHBIC HAMPSDKEHHUSI OT U3THOA.
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Puc. 2. Dranbl MOHTa)a KapKaca HCCIIEyeMOro CeKTOPUaIbHO-CETYaToro Kymoa:
. Ce_3 .

-1,6-2;6-3;2-4,0-5e-6;—-T,u—8,x—9;, 71—
Figure 2. Stages of installation of the frame of sectorial-lattice dome:
-1,6-2;6-3;2-4,0-5e-6; -7, u—8,x—-9;, 72— 10
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Pa3Hplii HaKJIOH CTEPXKHEBBIX DJIEMEHTOB PACKOCHOTO THUMA B KAXKIOM Spyce K MEPHIUOHAILHOMY
HaIpPaBJICHUIO TPUBOIUT K Pa3sHbIM BHYTpeHHUM ycuiusim N, My, My. IToaToMy B naHHOM HCCleJOBaHHHU pac-
CMaTPHBAJIMCH JBa THIA CTepXkHEH (puc. 4): pacmoioKeHHbIE B cepeinHe ceKTopoB (1¢ — 5¢) U pacmonoKeHHbIC
Ha TpaHuIle cektopos (1p — 5p).

a

Puc. 3. Dnropbl MOMEHTOB Mx B CTEP)KHAX MEPUIMOHATIEHOTO HAMIPaBJICHHS IIPOSKTHOH CXeMBI («)
1 Ha pa3HbIX 3Tanax (5) MOHTaXa C€TYaTOro KyIroJjia
Figure 3. Moment diagrams Mx in the rods of the meridional direction of the design scheme ()
and at different stages (6) of the installation of the lattice dome

VAVAVAVAVA
NS
AV v.vaAd

HccrenoBanme BBIMOIHSIOCh HA KOMITBEOTEPHBIX MOJIEIISIX KYMOJIBHBIX KapkacoB B mporpamme SCAD [11; 12].
KpurepusiMu HcclieioBaHHN CITYXKHIU JIeOpPMaIlUi yY3JIOB KapKaca CEeTY4aToro Kyrojia W HampsDKCHHS B BbI-
OpaHHBIX CTEPYKHEBBIX 3JIEMEHTaX PACKOCHOTO THIA KaXI0To sipyca, TO ecTh 1¢c — S5c u 1p — 5p.

Tak Kak yCTaHOBKa KOJIBLIEBBIX CTEP>KHEH HE BBHI3BIBAET CYLIECTBEHHBIX M3MEHEHUH BHYTPEHHUX YCHIIMHA
3JIEMEHTOB, TO MOHTa)KHBIE CXEMBI KYIOJBFHOTO Kapkaca OBUIN IMPEACTAaBICHBI KOMIBIOTEPHBIMH MOJEISMH C
KOHCOJILHBIMH 2JIEMEHTaMH PACKOCHOTO THIIA 110 BCEMY KOHTYpPY (CM. puc. 2, 6, 2, e, u, ). 118 BceX MOHTaKHBIX
MOJENe ceyaToro Kymoyia ¥ MOJENU MPOEKTHOW CXEMBl BBHIITOJHEHBI pacyeThl Ha JEHCTBHE HArpy3KH OT COO-
CTBEHHOTO Beca KapKaca C IIeJIbl0 OLCHKH €r0 HaIPsHKEHHO-1e()OPMUPOBAHHOTO COCTOSIHUSL.

HccnenoBanue aehopmaliy KynojibHOro kapkaca f mo sipycam B mporiecce MOHTa)ka MOKa3bIBACT 3aBHCH-
MOCTH, W300paXeHHBIE Ha pHC. 5. 37ech OTpa)kKeHbl BEpTHUKAIbHBIC Ne(pOpMalul KaK MPOrHOBl KOHCOJBHBIX
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CTEP)KHEBBIX 3JIEMEHTOB IIPY HABECHOM MOHTAXKE C yYETOM MX HaKoIUIeHus. M3 rpaukoB BUIHO, YTO MOHTAX-
HBIE Ie()OpPMAaIIIK BO MHOTO Pa3 MPEBBIIIAIOT AehopMalnny KapKaca CeT4aToro Kyrnojia IPOeKTHOW CXEMBI.

0,20
0,00 .‘§ — — * »
S -0,20 —
M 040 >Q:t\‘\ ¢
0,60 0 (e
y 4 \.
-0,80
1 2 3 4 5

Howmepa sipycoB oT OCHOBaHUS KynoJia
Numbers of tiers from the base of the dome

Puc. 5. Beprukanbheie nedopmannu kapkaca kymnosia d = 27,5 M ipu HABECHOM MOHTaXe:
@ — MOHTaXHbIe 1¢ — 5¢; 6 — MOHTaxHbIe 1p — 5p; 6 — poekTHbIe 1c — Sc u 1p — 5p
Figure 5. Vertical deformations of dome frames d = 27,5 m at mounted assembly:
a — for the assembly 1c — 5¢; 6 — for the assembly 1p — 5p; ¢ — for the design 1c — 5c u 1p — 5p

AHanu3 HanpsHKEHHO-Ie(hOPMUPOBAHHOTO COCTOSIHUS KAPKAcOB CETYATHIX KYMOJIOB HA KOMIBIOTEPHBIX MO-
JeJSIX BBINOJIHSUIMCh MHOTHMU HccnenoBaressiMu. Hanbospinee paciipocTpaHeHue MOMyYHINd UCCIEJOBaHMUs, CBA-
3aHHBIC ¢ 3aBUCHMOCTBIO OT pa3MepoB (TipoJieTa u BBICOTHI) [13; 14], ¢ pa3HBIM TeOMETPUIECKIM CTPOSHUEM CETKH
Kymona [15] unm ¢ KOHCTPYKTUBHBIMEH 0COOCHHOCTSIMH, HalIPUMEp JIOKaJIbHBIMU MTOBPEXKICHUSIMH Kapkaca [16].

Kak yxxe ormeuanock aBropom panee [8—10], kapkac Kymosa npu MOHTaXke paboTaeT Ha AEHCTBHE COO-
CTBEHHOT'O Beca, IPH KOTOPOM CTEPIKHEBBIE AIIEMEHTHI MEPUINOHAIBHOTO HAIIPABICHHS MCTIBITHIBAIOT OJHOBpE-
MEHHOE JICHCTBHE yCWIHH CoKaTHs W u3ruba. [1oaToMy HanmpsHKEHHOE COCTOSHHE CTEPIKHEBBIX AJIEMEHTOB pac-
KOCHOT'O THIIa Ha Ka)XKJIOM ApYyce Ha BCEX CTAAMSIX MOHTaXa MOKHO OLIEHMBATh 110 HOPMAJIbHBIM HaIPSKEHUSIM

SNy Py Mya &
A Wi W

Gj

B oTnuune ot MepuANOHANIBHBIX CTEP)KHEH peOpPHCTO-KOJBIEBBIX KYIIOJIOB B CTEPIKHSIX PACKOCHOTO THIIA
ceTyarbix KynojioB (lc — 5¢) oT BepTHKaIbHOM CUMMeETpU4HON Harpy3ku My, # 0, 3a UCKIIIOYEHHUEM CTEpIKHEMH,
PAacIIONIOAKEHHBIX HA IPaHUIax ceKTopoB (1p — Sp).

Pe3syabTarhl

B mpornecce uccnenoBaHuil monydeHsl cBefieHUs o BHyTpeHHHX ycunmuax N, My, My Ha kaxxaom srtame
HaBECHOTO0 MOHTa)ka CETYaTOro KyIoJja, IO KOTOPBIM ONPEACISINCH HANpPSDKEHUS B CTEP)KHEBBIX 3JIEMEHTax
Ic — 5cu 1p — 5p mo popmyre (1). Ha puc. 6 u 7 moka3aHsl 1uarpaMMbl OTHOIIEHUH M3THOAONTNX MOMEHTOB B
CTEpXHIX PACKOCHOTO THIA MPH HABECHOM MOHTaxe M, x K M3rHOaolnM MOMEHTaM B 3THX K€ CTEPKHSIX Mpo-
ekTHOH cxeMbl My x. ['padmueckue CTOIOMKH COOTBETCTBYIOT MOMEHTAM B CTEPXHAX JUIS KaXXIOW MOHTa)KHOU
CXEMBI WIN CTaJu¥ MOHTAXa IO MOPSAKY sipycoB (Bcero 5). OTcyTcTBHE CTOIONKA CBUACTENLCTBYET O TOM, YTO
Ha JaHHOW CTaJlMM MOHTa)ka 3TOTO sipyca eIlle HeT B CMOHTHPOBAHHON YacTH Kapkaca. M3 3Tux auarpamm BHJHO,
YTO MOMEHTHI B CTEPXKHAX KPaHHUX U MPEIBIAYIIHX SIPYCOB B HECKOJIBKO pa3 MPEBBIIIAIOT MPOCKTHBIC, & B OCTAIb-
HBIX, HIOKEPACIIOJIOKEHHBIX SIpycax, OJIM3KN K IPOCKTHBIM.

B ornnuune oT peOpHCTO-KONBLEBBIX KYIOIOB AJS HANPSKEHUH CTEP’KHEBBIX JIEMEHTOB MEPHUIMOHAIIb-
Horo HampasiieHus (1) Hy)KHO TpeACTaBUTh B BUAE CyMMBbI HalpsDKEHUH, BBI3bIBaeMbIX ycmiusaMu N, My, u
HaNpsDKEHUH, BBI3bIBAEMBIX MOMEHTaMH My, TO ecTb

loil =1oinmy |+ [Cimxl - @)

448 ANALYSIS AND DESIGN OF BUILDING STRUCTURES



Jlebedb E.B. CTpouTenbHas MexaHuka UHXEHEPHBIX KOHCTPYKLUMIA 1 coopyxeHuit. 2021. T. 17. Ne 5. C. 443-454

M,X

m,x

O =~ N W b O O
|

1 2 3 4 5
Howmepa sApycoB oT 0OCHOBaHHUs KyIloJIa
Numbers of tiers from the base of the dome

Puc. 6. Benn4unHbl OTHOIIEHHS MOMEHTOB My,x/Mnx TIpu MOHTaske crepikue 1c — Sc:
a — 1-ro sipyca; 6 — 2-To spyca; 6 — 3-To sipyca; ¢ — 4-To apyca; 0 — 5-To sipyca
Figure 6. The ratio of moments Mux/Mnx during the assembly of bars 1c — 5¢:
a —the 1% tier; 6 — the 2™ tier; 6 — the 3™ tier; 2 — the 4" tier; o — the 5™ tier

<
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Howmepa spycoB oT ocHOBaHHUS KyIoJia
Numbers of tiers from the base of the dome

Puc. 7. Bennaunbl oTHOLIEHHSI MOMEHTOB My x/Mux Ipi MOHTaXe cTepikHel 1p — 5p:
a — 1-ro sipyca; 6 — 2-ro sipyca; 6 — 3-r0 sipyca; e — 4-ro spyca; 0 — 5-To sipyca
Figure 7. The ratio of moments Mux/Mux during the assembly of bars 1p — 5p:
a —the 1% tier; 6 — the 2" tier; ¢ — the 3" tier; 2 — the 4™ tier; 0 — the 5" tier
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Puc. 8. I3MeHeHHe HanpshKEHUI |oi| B cTepkHsX 1¢ — 5S¢ o sipycam:
a — |Oyimx| OT M3rubda B KOHCOIBHOM SIPYCE; 6 — |Gy imx| OT U3THOA B IPEIBIAYILEM SIPYCE;
6 — |On,inmy| OT CXKATHSL B IPOCKTHOI CXEMe; & — |Oy,imy| OT H3rHOa B IPOSKTHOMN cXxeMe
Figure 8. Change in stresses |ai| in the rods 1c — 5c¢ by tiers:
a — |oy,imy from bending in the cantilever tier; 6 — |o,,imx from bending in the previous tier;
6 — |On,inmy| from compression in the design scheme; 2 — |,y from bending in the design scheme
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Puc. 9. VI3amMeHeHne HanpshKeHUi |oi| B cTepxHIX 1p — S5p no spycam:
@ — |Oy,imx| OT M3rH0a B KOHCOJIBHOM SIPYCe; 6 — |Oy,imx OT U3rH0a B PEABIAYIIEM Spyce;
6 — |Oninmy| OT CXKATHSL B IPOEKTHOM CXEME; & — |Oyimy| OT H3rHOa B IPOSKTHOMN CXeMe
Figure 9. Change in stresses |ai| in the rods 1p — 5p by tiers:
a — |oy,imy from bending in the cantilever tier; 6 — |o,,im« from bending in the previous tier;
6 — |on,inmy| from compression in the design scheme; 2 — |y« from bending in the design scheme

Ha puc. 8 u 9 nmoka3ansl rpauky W3MEHEHHUS OTACIBHBIX COCTABHBIX YacTel HaNpsbKEHHS COTJIACHO (Gop-
MmyJe (2) B cTepHiIX lc — 5¢ 1 1p — 5p cOOTBETCTBEHHO: B MOHTAXHBIX CXeMax OT My KOHCOJBHBIX WJIN TpeAbl-
JYIIUX SIPYCOB |Gyimx|, B IPOEKTHO#H cxeme oT N, My |Guinmy|, B TPOEKTHO# cxeme 0T My [Ou,imy]-

U3 rpaduxoB puc. 8 u 9 BUIHO, YTO BIUSHIE HAMPSDKEHUH B MOHTAXHBIX CXeMaxX TOJIBKO 0T My KOHCOIb-
HBIX WM MPEABIIYIINX IPYCOB |Gy ivx| IO CPABHEHHUIO C aHAJIOTMYHBIMH HANPSDKEHUSIMU OT My B TPOEKTHOM cXe-
Me |Onimx| Ha oOliee HampsHKEHHOE COCTOSHHE CYIIECTBEHHO BO3pAcTaeT Ha BCeX sipycax B CTEPXKHsX lc — Sc u
1p — 5p. [IpononbHeie cxxumaronye cuiabl N B CTEPIKHEBBIX AJIEMEHTaX MEPHIUOHAIBLHOTO THIIA CETYATOTO KY-
1oJjia IpH Mepexoje OT OJHOW MOHTaXXHOH CXEMBI K IPpyroi BO3pacTaioT MOCTENEHHO U Ha 3aBepliarolleii cra-
UM MOHTa)ka CTaHOBSITcA Onu3kuMu K N B poeKkTHOH cxeme Kapkaca. M3rubaromme MOMEHTBI OTHOCHTEIBEHO
ocH Y B CTEPXKHSX PACKOCHOIO THIA B Iporecce MOHTaxa M,y M3MEHSIOTCS HE3HAuYUTeNIbHO, a 10 BEIMYHHE
OJTM3KM K MOMEHTaM MPOCKTHOM cXeMbl Kapkaca My,y.

[Tockonpky HanOoONbIIME W3rHOAIOIINE MOMEHTHI B CTEP)KHEBBIX AJIEMEHTAX MEPUANOHANBHOTO THIIA OT-
HOCHUTEIIbHO OCH X TPOEKTHOH cXxeMbl M;x BO3HHKAIOT B y3j1aX COIpPSIKEHHS Ha TPAaHHUIE CMEXHBIX SPYCOB,
TO 1O OTHOIEHUIO My x/M;x MOXKHO BBIYMCIHTB YaCTh HAIPSDKCHUH NPU HABECHOM MOHTaXKE, KOTOPasi 3aBUCUT
0T My x ¥ COXpaHHUTCS 10 OJIHOTO 3aBEPIICHNs COOPKHU KYIIOJBHOTO KapKaca, TO €CTh

M,iX |

Gn, i Mx | (3)

|GM,iMX| = M

m,i X

Ecnu B mpaBoii yactu BeipaxkeHus (2) mepBoe ciaraeMoe B3sTh U3 MPOSKTHOW CXEMBI |Gninmy|, @ BTOpOE
3aMEHHTbh Ha |Oyimx| (3), TO moayunM HOpMyIiTy HauambHBIX HAMPSOHKCHUH B CTEPIKHEBBIX DJIEMEHTaX PACKOCHOTO
THTIA TP HABECHOM MOHTa)KE€ KapKaca CeT4aToro Kymoia

IOui| =I0mi nmy | +1Oyinmix 4

Ha puc. 10 u 11 moka3zaHsl AuarpaMMbl CTETIEHH HCITOB30BAHUS MTPOYHOCTH CTEP)KHEH PACKOCHOTO THIIA
B CTEpkHAX 1c — 5c U 1p — 5p COOTBETCTBEHHO KOHCOJIBHBIX M MPEABIAYIINX SIPYCOB MO0 OTHOIIEHNIO HaYaJIbHBIX
CKUMAIOIINX HANpPSDKEHUH K PacyeTHOMY CONPOTHBIICHHUIO CTATH |Oy,il/Ry. 31€ch jke MpuBeIeHbI aHAOIMYHBIC
JIMarpaMMbl OTHOLICHHMS HAIPSDKEHHH K PaCUeTHOMY COIPOTHBIICHHIO CTAIIH JUISl TIPOCKTHOM CXeMBI |Gy il/Ry, Be-
JIMYMHBI KOTOPBIX BRIYUCIISUTHCH 110 (hopmyiie (2), TO eCTh

0il =I0m.i nmy | 1O imx - 5)
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W3 »TEX mmarpamMm BHIHO, YTO B TMPOEKTHOH CXeMe HCCIIEAYyEeMOTO CeTYaTOro KyIoja HAIpsKEHHS OT
COOCTBEHHOTO Beca IPUBOJIAT K UCTIONB30BaHMIO TOIBKO OT 1 10 1,8 % IMpOoYHOCTH CTaIH B CTEPIKHSIX PACKOCHO-
ro TUNa. B MOHTaXXHBIX K€ CXeMax H3-32 HAaYaJbHBIX HAIPsDKEHUH B ITOJABISIONIEM OOJBIIWHCTBE SAPYCOB HC-
MOJNIB3yeTcs yke OoT 2 10 3,5 % TpOYHOCTH CTalld B CTEPIKHSX PACKOCHOTO Thma. TakuM oOpa3om, 3TO CBHUAE-
TEIbCTBYET O CYIIECTBEHHOM H3MEHEHHM HAIpPSKEHHOTO COCTOSIHHS MOJHOCTHIO KYMOJBHOTO Kapkaca Iocie
3aBCPUICHUA MOHTAaXa.

0.04
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(e}
=1 0,02 a
Ry
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Howmepa apycoB oT ocHOBaHHS KynoJa
Numbers of tiers from the base of the dome

Puc. 10. OtHomIeH# e |owil/Ry B cTepxkHAX 1¢ — Sc MpH HABECHOM MOHTa)Ke KyToJa:
a —ipoexTHas cxema |on,i|/Ry; 6 — npemsitymit Apyc; 6 — KOHCOMBHBIH APYC
Figure 10. The ratio |ow,il/Ry in the bars 1c — 5¢ during mounted assembly the dome:
a — the design scheme |ow,i|/Ry; 6 — the previous tier; ¢ — the cantilever tier
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Ry a
0.01 4
0,00 1
1 2 3 4 5

HOMepa APpYCOB OT OCHOBaHUA KYIIOJja
Numbers of tiers from the base of the dome

Puc. 11. OtHomrenue |oui|/Ry B cTepkHAX 1p — 5p Mpu HABECHOM MOHTaXE KyIoJia:
a — ipoekTHas cxema |om,il/Ry; 6 — npemsitymmii Apyc; 6 — KOHCOMBHBII ApYC
Figure 11. The ratio |owi|/Ry in the bars 1p — 5p during mounted assembly the dome:
a — the design scheme |ow,i|/Ry; 6 — the previous tier; ¢ — the cantilever tier
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Howmepa sipycoB ot ocHOBaHUs KyIoJia
Numbers of tiers from the base of the dome

Puc. 12. OTHOWIECHHS HAYAIBHBIX ¥ MPOCKTHBIX HAMIPSKEHUH |Gw,il/|on,i| B cTepkHsx 1c — Sc:
@ — KOHCOJIBHBII SIPYC; O — MPeIbIIYIHIHI Ipyc
Figure 12. The ratio of initial and design stresses |ow,i|/|owi| in the bars 1¢ — 5¢:
a — the cantilever tier; 6 — the previous tier
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Puc. 13. OTHOIIEHNS HAYAIBHBIX U IPOEKTHBIX HANPSHKEHUH |Gw,il/|On,i| B cTepkHsX 1p — Sp:
@ — KOHCOJIBHBIH SPYC; O — MPebITYILHiA Ipyc
Figure 13. The ratio of initial and design stresses |ow,i|/|ox,i| in the bars 1p — 5p:
a — the cantilever tier; 6 — the previous tier

Jlns Oosiee TOUHOM OLICHKH CTEIIEHH BIMSHUS HABECHOI'O MOHTaXKa Ha pa3HbIX CTaIusX Ha padoTy Kapkaca
CeTYaToro Kymoja Ha COOCTBEHHBIH Bec y/noOHee cpaBHUBATH ITOJTydeHHBIE HaualbHbIE HAMPSDKEHUS C MPOEKT-
HBIMHU HanpspbkeHusiMuA. Ha puc. 12 u 13 moka3sanbl rpaKu OTHOIIEHUH HayaJlbHBIX MOHTa)KHBIX HaNpsDKEHUH
|Owi| K HATIPSDKEHUSAM MPOSKTHOM CXEMBI |Opi| B cTepikHSIX Ic — 5¢ U Ip — S5p COOTBETCTBEHHO KOHCOJBHBIX H
TPEIBIIYIINX SPYCOB MOHT@KHBIX CXEM KapKaca CEeT4aToro KyIoja, TO €CTh |Gyil/|oni|. B crepxkmsx 1c — S¢
HayvaJbHbIE HAIPSDKEHUS NMPEBOCXOJAT MPOEKTHblE B MHTepBane oT 1,7 no 3,4 pa3a B KOHCOJBHBIX fpycax U
B uHTepBaie ot 1,4 no 1,8 pasa B npenpiaymux spycax. B crepxusax 1p — Sp HauanabHble HAIPSDKEHUS ITPEBOC-
XOJIAT MPOEKTHBIC B mHTepBajie oT 1,9 10 3,4 pa3za B KOHCONBHBIX spycax u B mHTEpBane ot 1,3 mo 2,0 pasa B
MPEIBIIYIINX Apycax.

3akiaoueHue

Ha ocHOBaHMU M37I0’)KEHHOTO MaTepHajla MOXKHO CAENATh CICAYIOIINE BHIBOIBL:

— B IIPOIIECCE HABECHOTO MOHTaXKa KapKaca CeTYaToro KyIroJja B CTEP)KHSIX PACKOCHOTO THIIA HEN30EkKHO
MOSIBJICHUE MOHTAXKHBIX HANPSDKEHHUH, CYIIECTBEHHO MPEBBIAIONINX MPOSKTHBIE HAMIPSIKEHUSI OT COOCTBEHHOTO
Beca Kapkaca,

— MPUYUHON MOHT&)KHBIX HAINIPSHKEHUH CITYXKUT MOSBICHUE OTHOCHTEILHO OOJBIINX M3TUOAI0NINX MOMEH-
TOB IIPH KOHCOJILHOH YCTaHOBKE CTEPKHEH PacCKOCHOTO THIA Ha Ka)KIOM BHOBb MOHTHPYEMOM sIpyce KyMoJIbHO-
ro KapKaca;

— MOHTaKHbIE HAIIPSKEHUSI OT KOHCOJIBHOI'O M3ruba CTEepKHEH PacKOCHOTO TUIA COXPAHSIOTCS B KYIIOJIb-
HOM KapKace M3-3a KoJjell, 00pa30BaHHBIX YCTAHOBKOW Ha MX CBOOOJHBIX KOHIIAX KOJIBLEBBIX CTEPIKHEH, KOTO-
pble pUKCUPYIOT UX Ae)OpMUPOBAHHOE COCTOSHHE,

— NIpHU BbIOOpE HABECHOTO MOHTAXa JAJISl CETYATHIX KYIOJIOB c(hepUIEecKOr0 OuepTaHus HEOOXOIUMO IpH
MPOCKTUPOBAHHUHU MTPOU3BOJUTH PACUET WX KAPKACOB Ha AKCILTYyaTAIIMOHHYIO HAJIGKHOCTh C YYETOM OCTATOYHBIX
MOHTQ>XHBIX HAIIPSKECHUM;

— B IIEPBOM MNPHONMKEHUN MOHTaKHBIC HANPSKEHUS] B CTEPXKHIX PACKOCHOI'O THUIIA CETYATOro KyIojia
MOKHO YYECTh IIyTEeM YMHOXCHHUSI HANIPSHKEHUH OT COOCTBEHHOTO Beca KYIOJIBHOTO KapKaca Ha MOBBIIIAIOIINE
ko urments ot 2,0 B HUXKHEM sipyce 110 3,4 — B BEpXHEM,;

— TIIpY HABECHOM MOHTaxe Je(opMalii KapKacoB BO3PACTAaIOT B HECKOJBKO pa3 M0 CPaBHEHHUIO C IPOEKT-
HOH CXEMOH, MO3TOMY CJelyeT NpeayCMaTpuBaTh TaKHE€ BHIbl COCAMHEHMS 3JIEMEHTOB, KOTOPbIE CHOCOOHBI
KOMITEHCHPOBATh HETOYHOCTH B PACCTOSHUSIX MEXKTY Y3JIaMH.
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Abstract. The theory of calculating reinforced concrete is analyzed. As we known
reinforced concrete with enormous volumes of application and huge financial
costs, due to the great complexity of its nonlinear properties, has a surprisingly
unscientific theory of calculation, consisting of two parts: short-term and long-
term loading. The work of a number of round tables was devoted to the problem
of errors in the theory of calculating reinforced concrete. The round tables held
at the Peoples’ Friendship University of Russia (RUDN University) on the initia-
tive and under the guidance of famous scientists: V.M. Bondarenko, S.N. Krivo-
shapko, V.V. Galishnikova (the last one took place in 2020) with a large number
of participants of authoritative scientists from Russia and other countries. It is shown
that the theory of calculation of reinforced concrete structures, which are widely
used (with long-term loading all over the world), includes five inconsistent
(among them erroneous) theories, the essence of which and one postulate are set
further. Using the rules of mathematics, the principles of mechanics and the re-
sults of solid experiments, it was revealed that the analyzed theory contains a set
of theories rejecting each other for various purposes, including erroneous ones.

Keywords: theory of concrete creep, superposition principle, instant elastic de-
formations, long-term resistance, reinforced concrete, modern building codes,
Eurocode principles
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Ilybauxyemces 6 nopsoke 06CcyHcoenus.

Penakuus
Teopnﬂ pacuera JKej1e300€e TOHHBIX KOHCprKHI/Iﬁ H NPUHIMAIBI EBpOKOI(a
P.C. Cankaposckuii! ), @, 3ubep?, T.H. Tep-dMmanynabsin’
| Espasutickuti nayuonanvuwviii ynusepcumem umenu JI.H. N'vmunesa, Hyp-Cynman, Pecnybnuxa Kaszaxcman
2Uncmumym Jleiibnuya no mexcoucyuniunapuvim uccredosanusm, bepnun, @edepamusnas Pecnybiuxa Iepmanus
3Poccuiickuii ynusepcumem mpancnopma, Mockea, Poccutickas Dedepayus

tanya_ter@mail.ru

Hcropus cratbu AHHOTaUUs. AHATU3UPYETCS TEOPHsl pacyera HKene300eToHa, KOTOPBIH, MPH TPo-
[Moctynmna B penakuuto: 12 utomnst 2021 r. MaJIHbIX 00beMaX IPUMEHEHHS U OTPOMHBIX (PUHAHCOBBIX 3aTpaTax, UIMEET U3-3a
Jopaborana: 4 oktsiops 2021 r. OOJIBLION CJIOKHOCTH €r0 HEJIMHEWHBIX CBOWMCTB YIMBHUTEILHO HEHAYYHYIO TEO-
[punsTa k myomukaimu: 13 okrsaopst 2021 . puIo pacueTa, COCTOSIIYIO U3 JIByX YacTeW: KPaTKOBPEMEHHOTO H JUTMTEIHHOTO

3arpyxeHus. [IpoOneme 3a0nmyKAeHUII TEOpHUH pacueTa xKele300eTOHa IMOCBS-
mieHa paboTa psija KpyIibIX CTOJIOB, IPOBEAECHHBIX B PoccuiickoM yHUBepcHTETE
IpyXOBl HAPOAOB MO0 WHHUILHMATHBE W IIOJ PYKOBOJCTBOM H3BECTHBHIX YYEHBIX:
B.M. bongapenko, C.H. KpuBomamnko, B.B. 'anumnnkoBoii (mociequuii cocto-
scst B 2020 T.), ¢ GOJIBIIMM YUCIIOM YYaCTHHUKOB, aBTOPUTETHBIX YueHbIX Poccun
n apyrux crpas. [TokazaHo, 4To TeopHs pacuera >kene300eTOHHBIX KOHCTPYKIHUH,
HMEIOIIMX MAacCOBOE IPUMEHeHHe (IpU IJIUTENFHOM 3arpy>KeHHH BO BCEM MHDE),

BKIIFOYAET B ceOs MATh HE COOTBETCTBYIOIIMX JPYT APYTY (CpeAH HHUX OMIMO0Y-
HBIX) TEOPHii, CyTh KOTOPBIX U OJMH IIOCTYJIAT U3JIOKEHBI B pabote. Vcnomb3ys
[paBmiia MaTEeMAaTHKHU, IPUHLAIIBI MEXAaHUKH U PE3YJIbTAThl COIMAHBIX IKCICPHU-
MCHTOB BBISIBJICHO, YTO aHAJIM3UPyEeMasi TCOPHsI COACPKUT HaOOP OTBEPraroLIuX
JPYT Ipyra MOJ0KCHUH Pa3IMIHOrO Ha3HAYCHHS, B TOM YHCIIC OIIHOOYHBIX.

JUIsl THTHPOBAHUSA

Cancaposckuii P.C., 3ubep @., Tep-Omma-
nyunvan T.H. Teopus pacyera xesne300eToH-
HBIX KOHCTPYKLMI U IpuHIuMIbl EBpokona //
CrpourtenbpHas MCXaHHKA HHKCHEPHBIX KOH-

cTpyKimii u coopyxennii. 2021. T. 17. Ne 5. KiroueBble cj10Ba: TEOpus MOJN3YYECTH OCTOHA, MPUHIWIN HAIOXKEHHS, MTHO-
C. 455-465. http://doi.org/10.22363/1815- BEHHBIC yIpyrue aeopMaiuu, JUIMTeIbHOe COMPOTHBICHHE JKelle300eToHa, Co-
5235-2021-17-5-455-465 BpPEMEHHBIE CTPOUTENIbHBIE HOPMBI, TPUHIMIEI EBpokoia

Introduction

Numerous works of Russian and foreign scientists [ 1-8] are devoted to the problem of constructing a theo-
ry of reinforced concrete. Reinforced concrete, with enormous volumes of application and huge financial costs,
due to the great complexity of its nonlinear properties, has a surprisingly unscientific theory of calculation, con-
sisting of two parts: short-term and long-term loading. In the scientific and educational literature, the theoretical
essence of the foundations that make up the calculations of reinforced concrete structures of mass use has not
been studied and described.

Let's give an example of describing one of the main models of the theory of calculation, in sequence from
the moment of creation to the present day (we will consider its essence later):

e reported about the “formation of the so-called plastic hinge,” it is also stated that “the hypothesis of flat
sections is inapplicable;”

e describes “a new principle of considering a section in a state of destruction... Prerequisites have been
created for the development of a general theory of calculation in limiting states, which is a radical change in
the design principles on a new scientific basis;”
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e “The criterion for the exhaustion of the strength of normal sections is the achievement of their limit va-
lues by deformations of compressed concrete or tensile reinforcement in the section of an element;”

e “There is no plastic hinge;”

e “It is allowed to make calculations based on ultimate efforts.”

The theory of long-term resistance does not correspond to the properties of reinforced concrete, contains
a set of errors (including rather crude ones), does not notice them, and declares itself:

e “New advanced... International harmonized format;”

e “The completed mathematical theory of concrete creep, which has received universal recognition;”

e “The problem of the stability of reinforced concrete rods has been solved taking into account... long-
term processes; ...the task is as close as possible to the actual conditions of their work;”

e The theory is based on “a theorem on the general form of a linear functional in a suitable functional
space determined by the requirements imposed on the loading history;”

e “In the process of correcting and updating Euronorms,” this theory should be “included in the main text
of the standards as a guideline for assessing the effect of concrete work over time in all types of structures.”

The work of a number of round tables held at the Peoples’ Friendship University of Russia (RUDN Uni-
versity) on the initiative and under the guidance of famous scientists: V.M. Bondarenko, S.N. Krivoshapko,
V.V. Galishnikova was devoted to the problem of errors in the theory of calculating reinforced concrete (the last
one took place in 2020), with a large number of participants, authoritative scientists from Russia and other coun-
tries. V.M. Bondarenko actively participated (after the approval of the Eurocode) in discussions about the dis-
crepancy between the analyzed theory and the Eurocode [1]. He proposed to discuss the complex problem
“Eurocode — nonlinear theory — standards” in the form of scientific round tables. The leadership of RUDN Uni-
versity supported this proposal, and the first round table on this issue was held in 2016; V.M. Bondarenko took
an active part in it and made a scientific report.

The main questions and opinions of the participants, of all the round tables that took place were caused by
the problem named above: in the scientific literature, in textbooks, there is no description of the properties of
theories mixed in the calculations of reinforced concrete structures, there is no assessment of their compliance
with the properties of the reinforced concrete material and the Eurocode.

The stated analysis of the theory of calculation of reinforced concrete is based on the following circum-
stances:

— the unscientific use of the theory of creep of reinforced concrete in the design of unique buildings and
structures was noted in 2014 by Gordon Clark, president of fib and director of RAMBOLL (Great Britain) [9];

— the current state of the international theory of creep is presented in detail in the publication [10] by
M. Chiorino, 2014;

— mathematical errors of the concrete creep law were revealed by us for the first time in 2015-2016 in [11; 12];

— a detailed analysis of these errors is given in [13; 14];

— the foundations of the theory of a plastic hinge in reinforced concrete are presented in [15].

The features of the analyzed theory

The analysis shows that the theory of calculation of reinforced concrete structures, which are widely used
(with long-term loading all over the world), includes five that do not correspond to each other (among them are
erroneous) theories, the essence of which and one postulate is set out below.

In the theory under consideration, the following are mixed (instead of fulfilling the requirements of
the Eurocode):

(s. 1) — theory of a structure that has no length and has a plastic hinge;

(s. 2) — the theory of an elastic-creeping column with initial deflection, which has unlimited stresses and
deformations, as well as infinite deflections;

(s. 3) — the theory of an infinitely elastic column from the “deformation theory,” erroneously extended to
the area of severe plastic deformations, also with infinite deflections;

(s. 4) — warped Euler problem with critical force depending on eccentricity;

(s. 5) —is a deeply erroneous theory of linear concrete creep.

(s. 6) — the “new” theory is substantiated by an erroneous postulate about the sudden “formation of a plas-
tic hinge.”

The study shows that this scientific theory and each theory individually does not correspond — neither to
the properties of reinforced concrete, nor to the Eurocode.
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The theory of the construction without length and the emergence of a plastic hinge

Here it is necessary to first construct an appropriate theory of elastoplastic stability (and there is no other way):

a) record the o—¢ diagrams for concrete and reinforcement. Reject Eurocode and assume that these dia-
grams have unlimited yield pads (&; —);

b) use (and not reject) the hypothesis of flat sections, and find the values of the main vector and the main
moment of the diagram of normal stresses;

c¢) write down the equations of equilibrium of a compressed column, taking into account the presence of
deflection;

d) consider the geometric aspect of the problem, and associate the edge deformations of the section with
the deflection;

¢) formulate the condition and derive the critical state equation;

f) conduct numerical studies and build critical dependence curves.

Obtaining such curves is necessary for subsequent use in norms and standards, it is due to design tasks:
an ordinary designer will not be able to carry out the scientific research specified in paragraphs a—f.

The behavior of these curves depends on the type of the design diagram of the column [16]. Let's consider
two important cases: a column with initial deflection, longitudinal-transverse bending.

The design diagram of a column with initial deflection forms the basis of the theories (s. 2) and (s. 3), con-
sidered later (Figure 1) within the framework of the linear theory. Here, for clarity of perception, the curves of
critical dependences of elastoplastic columns with initial deflection are shown in Figure 1.

P=Pe/Px|
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Figure 1. Critical dependencies “force — flexibility — initial deflection” for an elastoplastic column

In the case of the second design scheme — longitudinal-transverse bending, the curves of the critical de-
pendences in the elastoplastic stage have a form similar to Figure 1. Let's pay attention to the absence in the giv-
en two cases (different design schemes) of the plastic hinge according to the theory (s. 1)! [17; 18], Figure 2.
In Figure 1, point B, which characterizes the fully compressed section (x = 4, Figure 2), can be referred to the
plastic hinge. In other words, the theory (s. 1) is “fundamentally unsuitable” in the considered calculation
schemes according to the terminology of the developers of the analyzed theory.

About the plastic hinge. To obtain a theory (s. 1), it is necessary to add two actions to the above proce-
dure, a—f:

g) select a special design scheme of the column, Figure 2.

h) carry out a mathematical passage to the limit.

The plastic hinge is the limiting point (/ —0) of the critical states curve (j—; =0, [ is the length, f is

the deflection) in terms of stability for columns made of concrete and steel with an unlimited yield area; in it,
edge deformations reach infinite values; at the limiting point, the zones of plastic tension and compression (satis-

1 SP 63.13330.2012. Concrete and reinforced concrete structures. Basic provisions. Updated edition of SNiP 52-01-2003.
Moscow; 2012. (In Russ.)
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fying the hypothesis of flat sections before the beginning of the passage to the limit) converge. And this local
point, in a very private design scheme, with unrealistic properties of compressed structures, is taken as the basis
for the general theory of calculation of reinforced concrete.
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Figure 2. Column without length, for which a plastic hinge is possible:
a — design scheme; b — cross-section, “ultimate forces” and stress diagram of concrete

About the unreality of properties (the column has no length; the section of the column has the property of
an absolutely rigid body). When passing to the limit, the elastic zone of the section of the column tends to zero,
the plasticity covers the entire height of the compressed zone, and a degenerate model of the column is obtained
in the form of one degenerate section, in which the force distribution system has one degree of freedom, with a
generalized coordinate x, Figure 2.

Thus, the theory (s. 1) has nothing to do with the calculation of real compressed structures, including rein-
forced concrete ones.

The foregoing also shows that under the Eurocode conditions, when the diagrams c—¢ of concrete and re-
inforcement are limited by ultimate deformation (e, €,2), theory (s. 1) does not exist at all®.

Finally, consider the theory (s. 1) for the case of small eccentricities, described in the literature on rein-
forced concrete in a very confusing way. Here the compressed zone with the x coordinate captures a part of
the section of the lower reinforcement 4,, Figure 2, b. In this reinforcement 4, a local plastic hinge is formed,
with a local main vector of forces and a main moment. Expressions for describing the values of the local princi-
pal vector and the principal moment of forces are very cumbersome due to the circular cross-section of the rein-
forcement. This cumbersomeness is overcome by two simplifications:

— the value of the local principal moment of forces in the reinforcement is considered negligible,
see (8.10) in SP 63.13330.2012;

— the formula for the local principal vector is simplified by replacing the circular section with an equiva-
lent section with constant width, see, for example, (8.13) in SP 63.13330.2012.

External attractiveness and apparent simplicity made the main features of the theory invisible (to this day)
(s. 1): *3,

— the column has no length;

— the column section has the properties of an absolutely rigid body;

— endowing concrete and reinforcement with an endless flow area;

— the impossibility of obtaining (clause 1) in any other way, except for the mathematical passage to the limit;

— gives fundamentally incorrect results in structural calculations: qualitative and quantitative. The performed
analysis shows that the theory (s. 1) is unsuitable for calculations of compressed reinforced concrete structures.

2 EN 1992-2 2004. Eurocode 2: Design of constructions.
3 A list of errors is indicated.
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The theory of an elastic-creeping column with initial deflection
and the theory of an infinitely elastic column from the “deformation theory”

In the theories (s. 2) and (s. 3), reinforced concrete is endowed with new fantastic features that reject
the theory (item 1): **,

— there are no cracks in the sections;

— concrete works well in tension and compression;

— concrete and reinforcement are infinitely elastic materials;

— concrete has infinite linear creep deformations under tension and compression (see also (s. 5));

— stresses (in compression and tension) can many times exceed the ultimate strength of concrete and rein-
forcement;

— theories are based on the hypothesis of “insignificant deflections” (in the terminology of S.P. Timoshen-
ko), and in the calculation results the deflection infinitely “increases:”

f(p) —
f(#) — o, f(#) = const,

in general mechanics indicate that with such a contradiction — “the method is unsuitable.” For example, it leads
to the creation of a (non-existent) critical force in flexural compression. In the analyzed theory, it is called “con-
ditional critical force.” In problems of the considered format, as shown by Lagrange and Zhichkovsky (see Fi-
gure 4), this linearization hypothesis leads to incorrect results. In the educational literature, the features listed
under the ** sign are not noticed: there is only a formal indication “to multiply by the coefficient .”

The calculation scheme for these theories is shown in Figure 3.
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Figure 3. Elastic or viscoelastic column with initial deflection:
a — design scheme; b — cross section, unlimited stresses in concrete and reinforcement — no cracks

In theory (s. 2), “the relationship between stresses and strains is established by a formula based on a linear
relationship between stresses and strains and on the principle of superposition.”

8*(1‘):%—50*(1)%61@ (1)

where §(z,1) = E;+ C(t,7); C (1, 7) is the creep measure.

(t)
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Here, and in what follows, the generally accepted designations of the constructed theory with the theory (s. 2)
states: “It is known that in the case when the material of the rod has creep and aging (1), the problem of
the stability of an elastic rod, which has an initial deflection ( y, = f;,) and compressed by a constant force P,

is reduced to solving the equation”

2 % * t 2
d Yy (zx’t)+£ Y (X,t)_ J' y*(x,'c)(%(t’r)dr — d );0 )
dx I\ E() 7 ot dx

The problem of determining the deflection f{¢) is reduced to solving the “Volterra integral equation of
the 2nd kind”

1-&(¢) n o
2IE
where &(1)= Pap([); Pa(t)=nl—2(t); /i (t)=1f%°P-
A0

The critical state of the stability of a reinforced concrete column during concrete creep is determined
by a criterion that is untenable according to the Eurocode and surprising for the theory of reinforced concrete:
the deflection of the middle section of the column increases to infinity (with a constant rate of its growth).
The structure of the formula for additional infinite deflection caused by concrete creep becomes identical to
the structure of infinitely elastic deflection according to the theory (s. 3) (see, for example, formula (8.13)
in SP 63.13330.2012). Only the value of the critical force changes: instead of the short-term critical force of
Euler, the concept of a long-term critical force is used, equal to the Euler force, divided by a coefficient that
depends on the creep characteristics of concrete.

Special attention should be paid to three circumstances in the theory (s. 2, s. 3): **,

— Euler's hyperbola is interrupted at point C (Figure 1), that is, in the CB section of the plastic region,
the concept of Euler's critical force (also a long-term critical force) is a fiction;

— with unlimited elastic properties of compressed-bent columns, the critical Euler force does not exist,
Figure 4, which additionally characterizes the inconsistency of the theory (s. 2, s. 3) from the point of view of
the Eurocode;

— within the framework of any theory of creep, the theory (item 2) is unsuitable for assessing the long-
term resistance of reinforced concrete, since it endows concrete with fantastic properties of infinite deflections,
infinite elasticity and the absence of cracks.
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Figure 4. The relationship between the deflection and the longitudinal force
for the compressed-curved and centrally compressed (e = 0) columns

Each of the theories outlined is true only in its place in the general theory of the calculation of structures.
So the theory (s. 1) is just one of four lines — the boundaries of the region in the particular scheme of loading
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the elastoplastic stability — just one of many schemes in which there are no such boundaries at all (example, Fi-
gure 1). Moreover, in this particular scheme, an ideally elastoplastic material is considered, with an infinite yield
area, that is, it is outside the rules of Eurocode 2 and is an error for the theory of reinforced concrete [13].

The apparent novelty of an unusable theory (s. 1) and its erroneous attractiveness in the forties of the last
century caused decisive actions to be introduced, and for the sake of these actions the essence of the theory of
calculating reinforced concrete was sacrificed, as evidenced by the hypothesis put forward by theory (s. 6) about
the connection of theories (s. 2, s. 3) and theory (s. 1):

“With eccentric compression... the phenomenon of destruction proceeds almost the same as during ben-
ding, and the calculation is based on the same considerations and assumptions.

...In the interests of simplicity of calculation, it is even more desirable than when bending symmetrical
sections, to assume... that the section behaves elastically up to the formation of a plastic hinge.”

So, consider the sequence of jumps from one theory to another. Suppose initially there is a reinforced con-
crete column with the given properties of the bearing capacity. We apply the theory to it (s. 1), we get, after
the execution of the calculation, a greatly overestimated bearing capacity. For this reason, we pass to the the-
ory (s. 3) or (s. 2), replacing the design model of the theory (s. 1) with the design model of the column with ini-
tial deflection. It would be possible to use the theoretical data for the sample in Figure 1, but it doesn't.

The process of loading an infinitely elastic column is considered, at the end of which the cited hypothesis
is extracted and the transition from (s. 3) to (s. 1) is made in the form of the following amazing actions:

— the length of the infinitely elastic column disappears abruptly; there remains only one section with a li-
near stress diagram, without a crack;

— elastic stress diagram, according to Figure 3, instantly turns into a diagram of the stresses of the plastic
hinge, according to Figure 2;

— the initial deflection fy of the elastic column from (s. 3) instantly becomes the specified eccentricity in
the theory (s. 1);

— the arrow of additional deflection of the elastic column f of the theory (s. 3) turns into eccentricity of
the theory (s. 1), which is called additional eccentricity and the appearance of which destroys the theoretical es-
sence of the plastic hinge, described above, as the essence of a column that has no length;

—a “new” scientific essence of the general theory appears in the form of a plastic hinge that has no length,
but has a deflection ¢, + 1 ; the amount becomes the calculated eccentricity eon; in theory (s. 1).

Based on the “new” entity, the bearing capacity of the given reinforced concrete column is again calcula-
ted: the calculation results again overestimate the bearing capacity of the given column. Even more paradoxical
is the combination into one theory of a plastic hinge according to (s. 1) with a time-varying deflection of the the-
ory (s. 2). The “new” scientific essence in this case is an amazing continuous change in the longitudinal force of
the column, which occurs over time, as well as a continuous phenomenon of jumps.

The theory of reinforced concrete in the “new” scientific essence acquires dual properties in many circum-
stances and parameters, which makes it possible to change the meaning of these parameters, to conduct unscien-
tific discussions.

For example, in the theory of a plastic hinge (s. 1), the section stiffness D = EI is not needed. But to “correct”
the analyzed theory of reinforced concrete, the “new” scientific essence allows us to use and distort this concept.

Modified Euler’s problem

In the classical Euler problem on the stability of a column, the theory (s. 4), representing the differential
equation of bending, has the form
2
Dd—zv ——Pv.
dx

As already noted, this equation does not exist in the BC segment according to Figure 1 in the plastic re-
gion. As well as rigidity in theory (s. 1); there is no Euler force either. The “new” scientific entity not only intro-
duces Euler's force that does not exist here, but also distorts its meaning, inventing Euler's force, which depends
on eccentricity eo:

2
Ncr = i ll)z(e())-
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*** _ the general theory is “corrected” by this technique: the critical forces of a reinforced concrete co-
lumn (N,,) under short-term loading, and P, under long-term loading, which are impossible under eccentric com-
pression (see Figure 4), are declared not only possible, but also “undergo evolutionary development” in the form
of an absurd dependence on eccentricity.

Experimental estimates of the results of calculating compressed reinforced concrete structures according
to the analyzed theory, given by well-known scientists in publications in recent years, are £ 50%, indicating that
unscientificness and non-compliance with the Eurocode, in addition to political aspects, give low economic effi-
ciency of reinforced concrete.

The erroneous theory of linear concrete creep

In the theory (s. 5), which is a world theory, the Volterra integral equations representing the creep of con-
crete with its unsteady and non-linear properties have fictitious kernels that violate the prescribed mathematical
order of their construction: as a result, concrete forms an erroneous set of fictitious forces that incorrectly form
creep deformations [11; 13; 14; 19].

We found that all the main provisions of the theory (item 5) grossly violate the rules of higher mathema-
tics, the principles of mechanics. Eurocode requirements and results of solid experiments. Among them: ****,

— the foundation of the theory, its principle of imposition, violates the rules of differentiation of functions.
This violation is accompanied by a crafty justification [2] that “the superposition principle is characteristic of
Volterra's theory:” as a result, erroneous kernels of integral equations are constructed. There are a number of
other ridiculous “mathematical” justifications for this principle;

— “There is no linear creep,” the well-known scientists S.V. Aleksandrovsky testify and P.I. Vasiliev [20],
giving experimental data on Figure 5;

— instantaneous concrete deformations, nonlinear according to the Eurocode, are declared elastic, which is
justified by non-existent experiments;

— the nonstationarity of instantaneous deformations is incorrectly identified with the Maxwell model, and
is described using the superposition principle, introducing an error of up to 300%;

— inadmissible in mechanics, alteration of instantaneous nonlinear concrete properties, creep properties
(minute creep, chain models, fast-flowing creep) is carried out; this leads to the emergence of resistance forces
proportional to acceleration, creates a violation of the principle of independence of the action of forces (the fourth
axiom), distorting the whole theory;

— “algebraization” of the theory of creep rejects the basic equation of Newtonian mechanics, returns to
the level of Aristotle's mechanics; this was repeatedly emphasized by N.Kh. Harutyunyan and S.V. Aleksandrovsky.

Cc(t ,‘C)
CO,I(Z’T)
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Figure 5. Changes in the specific creep strains ratio at different initial stress levels Cs(z, T)
to specific creep deformations at the initial stress level Co,1(, )

In the analyzed theory, one can find more absurd situations when the conditional (for reinforced concrete)
theory (s. 2) of elastic-viscous stability of a compressed bar, with initial deflection, with infinite stresses,
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n’El
/ 2(c+1)
the limiting state of reinforced concrete shells with cracks during prolonged loading. It is included in the me-

with its value of long-term critical force P = , where ¢ = ¢, , becomes the theory for calculating

thodological recommendations, it is under the guise of the elastic modulus £, = (¢ =¢, =2), the limiting

+1
characteristic of the creep of ordinary concrete), it is masked by empirical expressions, which is especially clear-
ly seen from the problem of calculating the structures of the Transvaal Park.

Results

In a number of works, also in the norms, the analyzed theory is preceded by an explanation in the form of
two Provisions: I — that it is necessary to use a nonlinear deformation model (signboard); II — that it is allowed to
calculate on the basis of the analyzed theory (with different names: calculation by limiting forces; calculation by
the stage of destruction or by the principle of plastic destruction; method of limiting equilibrium; method of cal-
culated limiting states).

One of the developers of the norms in 2011 warned that an ordinary designer would not be able to use
Provision I: “The deformation model of force resistance is mainly implemented through computing systems,
so a number of formal procedures arise here, for example, stability, estimation of the solution's accuracy.
The lack of tools is also due to the multi-iteration process of the solution, especially as the acting force ap-
proaches the bearing capacity... The results depend on the correctness of the choice of the initial (calculated)
state diagrams.” Russia joined the WTO and is obliged to comply with the requirements of the Eurocode.

Since the Eurocode prohibits changing its Principles and Rules of Application, and an ordinary designer
will not be able to apply Regulation I, we come to the misconception that Regulation II corresponds to the Euro-
code. In the educational literature in this regard, you can read: “Instead of the hypothesis of flat sections,
the principle of plastic destruction is applied;” “The proposal to determine the bearing capacity by the limiting
(‘plastic’) state for tens of years was ahead of the world practice in this matter;” “In the calculation models of
the Eurocode, there is also a calculation for the ultimate effort” — which misleads specialists. Comparing the na-
tional standard and European standards, A.A. Gvozdev et al. [21] pointed out their significant difference in
the principles and methods of calculation and, in particular, concerning the “calculation of normal... sections,
taking into account the influence of the flexibility of the columns and the duration of the load.”

The unscientific nature of the analyzed theory of reinforced concrete in certain aspects and at different
times was pointed out by authoritative scientists: B.G. Skramtaev, V.M. Keldysh, G.V. Nikitin, A.R. Rzhanitsyn,
G.A. Geniev, P.F. Drozdov, K.E. Tal and others. The average response to criticism sounded evasive:
“The choice of the calculation scheme is determined by considerations of a didactic nature.” After the approval
of the Eurocode, the unscientific nature and inconsistency with the Eurocode of the analyzed theory became
obvious.

The problem of the unscientific nature of the theory of concrete creep is indicated by the negative re-
sults of design practice, including the world experience in the design of unique structures with RAMBOLL
structures (Great Britain) [2]; fib president Gordon Clark warns: “accurate prediction of the impact of creep...
is highly controversial” [9]; we have established the reasons for the unscientific nature of this theory — among
them are mathematical errors and violation of the principles of classical mechanics® [12—14; 19], we also de-
veloped a new nonlinear theory of concrete creep, which has not yet been published, supplementing the ge-
neral theory [22].

The results of the analysis of the theory of calculation of reinforced concrete [23], as well as the essence of
mathematical errors in the theory of concrete creep were reported and discussed at the international symposium
in 2018 in Belgium [24], and at the international conference in 2014 in Moscow [2].

4 ACI 209.3R-XX. Analysis of creep and shrinkage effects on concrete structures. Final draft (Chiorino M.A., Chairm. of Edit.
Team). ACI Committee 209; 2011.
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Conclusion

It is shown that the theory of calculation of reinforced concrete structures, which are widely used (with
long-term loading all over the world), includes five inconsistent (among them erroneous) theories, the essence of
which and one postulate are set further. Using the rules of mathematics, the principles of mechanics and the re-
sults of solid experiments, it was revealed that the analyzed theory contains a set of theories rejecting each other
for various purposes, including erroneous ones.
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OneHka COCTOSIHUSA KOHCTPYKIMIA CYIIIECTBYIOLIEI0 7Ke/1e300eTOHHOI 0 31aHHA
U CIIOCO0BI €ro yKpernJieHust

K.I1. Anxuxapu 22, [ I1. Jlamuuxane”, K. Jlamnuxane”, K. Tumupe

Yuusepcumem Iloxxapui, Iloxkxapa, @edepamusnasn JJemoxpamuueckas Pecnyonuxa Henan
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Hcrtopus cTaTbu AHHOTanus. MOJEepHHU3aIHS — 9TO METO/I, CBSI3aHHBIN ¢ OOHOBJICHIEM, PEMOHTOM
IMocrynuna B pegakuuro: 12 nionst 2021 . 1 YKpeIuieHneM clabod KOHCTPYKLHUH, ITOCTPAJABIIEeH W3-3a JOMOJHUTEIbHON
Jopaborana: 22 aBrycra 2021 r. Harpy3kd Ha Hee, TaKOil Kak 3eMJIETPSACEHHUE, a TAKKe M3-3a HCTEUYCHHS CPOKa
[punsTa k myOmukamuu: 1 oktaops 2021 . ciyx0b1. Lenb rccienoBanust — CPOSKTHPOBATh KeJIe300€TOHHYIO OOLIMBKY 1

OOLIMBKY W3 CTEKJIOIUIACTHKA IS BBIIEAIINX U3 CTPOS KOJOHH CYIIECTBYIOLIETO
3lIaHHS M3-3a TIPUCTPOMKH €llIe IBYX ATaXEeW U CPaBHUTH dPPEKTUBHOCTH METO-
JIOB MOJiepHHU3aluH. TakKe ONMMCBIBAETCS MPOLEeypa MPOSKTHPOBAHUS JKEJIe30-
OETOHHOMW, apMUPOBAHHON YIJIEPOIHBIM BOJOKHOM IMOJMMEPHOI 000JIOUKH ISt
YCUIICHUsI CYILECTBYIOIMX KOJOHH. MccrnenoBanue monesHo it oueHKH 3¢dex-
THUBHOCTH JIByX METOJIOB MOJIEPHHU3ALIUHU OCJIA0JIEHHBIX 3JIEMEHTOB KOHCTPYKIIHH.
CymectByromue 31anusg B Hemaze, cipoeKTUpPOBaHHbBIE C HCIOIb30BAHUEM

JList EUTHPOBAHHS CTaH,E[E\i’pTHLIX SMIMPHYECKHUX MPABUJI, SBJISIOTCS HAHOOJEE YSI3BUMBIMUA TUIIAMH
Adhikari K.P., Lamichhane G.P., Lamichha- 3naHuid. J{7sl yMEHBIICHUS Pa3BUTHS TPEIIUH B MOJACPHU3UPOBAHHBIX KOHCTPYK-
TUBHBIX 3JICMEHTAX PACCMOTPEH BOMPOC O HAJJIC)KAIIeM KOHTPOJIE HaJ CTPOHU-
TEJIHCTBOM, CBSI3aHHBIN C M3ydeHHEM 3JIaHUi mocie 3emierpsicenus. [locne ana-
JIU3a ¥ MPOCKTHPOBAHUS 3/IaHHS BaYKHO CIUTAHHUPOBATH YIIPABICHUE CTPOUTEIb-
CTBOM C Y4€TOM SKOHOMHKH M 0€30MacCHOCTH. B MPOTHBHOM cllyyae 3TO MpHUBe-

ne K., Ghimire K. Case study on structural
health assessment for existing reinforced
concrete building / CtpoutenbHas mexa-
HUKAa WHKEHEPHBIX KOHCTPYKLIHMH U CO-

Opy)KeHHI‘;I, 2021. T. 17 NE 5. C. 466‘478 JAC€T K DKOHOMUYCCKUM l‘lOTepﬂM U 3aTSATUBAHUIO 3aBeleeHI/I$[ HpOeKTa.
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17-5-466-478 COCTOSIHHS KOHCTPYKIIMH, MOJAEPHU3ALIAS

Introduction

Cities located in Nepal of high seismic hazard have large numbers of buildings, which are constructed of
reinforced cement concrete resisting moment frames with infill walls that share common characteristics and
seismic vulnerabilities. Collapses of such structures during recent earthquakes have killed about 3000 people.
The main reason of collapse of such buildings is constructing illegal additional storeys for business purpose.
All cities in Nepal are categorized for type of buildings and legality of maximum floors that should be con-
structed within range of cities by government, but lack of supervision of government, monopoly of contractor
and using of low-quality materials several buildings are constructed within Kathmandu valley and in other major
cities. Secondly, the strong column and weak beam principle is not followed in mostly constructed RC building
being one of the causes of damage and collapse of buildings during earthquakes.

Structures get dilapidated with time for which repairs and reconstruction are not feasible so, retrofitting is
the efficient approach which can be adopted to combat the defiance [1]. Retrofitting is a process of regaining
the strength of deteriorated structural components of existing structures to the sufficient level of safety and pro-
tection against seismic hazards. It is carried out to reduce vulnerability of damage to the existing structure due to
any natural disaster or seismic activity [2].

The inadequacy in strength of structural elements may be result of higher design load, poor workmanship,
design errors or construction deficiencies, deterioration and corrosion or modification of structural system. Also,
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various findings show that old engineering structures do not correspond to the new seismic codes resulting dif-
ference on design requirements now and then. Proper solution implying retrofitting of concrete and masonry
structures can be carried out by following techniques:

1. Previously building had been modeled by Pranay Ranjan and Poonam Dhiman — 4 storey and approximately
2000 sq. feet building in STADD PRO Software to design RC, FRP and SFRC Jacketing of failed columns of an existing
building and to compare suitability of these three methods of retrofitting. Alexander Sichko, Halil Sezen had studied twelve
experimental columns of differing interface conditions and compared across various coefficient values to determine
which value best matches the observed performance. Basically, fiber-reinforced polymers (FRP), RC jacketing using high-
performance concrete (HPC) is also highlighted [3]. Catalin Baciu et al. presented classic and modern retrofitting tech-
nologies for industrial buildings. They also explains the single storey industrial building retrofitting, using four different
intervention options and concluded that all the retrofitting methods presented in paper lead to a more resistant structure,
reducing the seismic risks: lateral displacements decrease, while ductility, bending moment and shear force capacities
significantly increase and so on [4]. Shamim A. Sheikh and Jingtao Liu presents fiber-reinforced polymer (FRP) jackets
research on square and circular column of size 305 and 356 mm respectively with its length 1473 mm. They explain brief
results on the evaluation of the seismic behavior of reinforced concrete columns laterally confined by FRP. Here,
the specimens were tested under lateral cyclic displacement excursions also at the same time it is subjected to a constant
axial compression to simulate seismic forces and the results include the evaluation on amount of FRP-confinement.

2. Different types of retrofitting techniques can be illustrated as follows.

Concrete jacketing (Figure 1). By placing reinforcing steel rebar around its periphery, concreting is widely
adopted, called concrete jacketing. It is for the enlargement of existing structural members like columns and
beams. This method increases the member stiffness and its size [5].

Steel jacketing (Figure 2). Using various steel angles, channels, and bands, jacketing of columns and
beams is done by this technique.

Fiber reinforced polymer jacketing (Figure 3). It is a modern technique for enhancing strength, and this
technique base on composite materials such as carbon and glass fiber reinforced polymer. Using these technique
high-strength sheets retrofitting of structures can be done easily [5].

&
Ng

Figure 1. Concrete jacketing Figure 2. Steel jacketing Figure 3. Fiber reinforced polymer jacketing

Using the above different technique of retrofitting, following advantages and disadvantages can be obtained:
Advantages:

— higher sale price and lower operational cost;

— better return on investment and better rental income;

— improves building quality and reduces risks;

— greater building durability, survivability and functionality;

— improves indoor environmental quality and save energy.

Disadvantages:

— increase in dead load and chances of erosion are high;

— high installation cost;

— if any indication of corrosion in the reinforcement, this technique is not useable;
— bonding between concrete and steel plates may not be proper;

— the production of dust causes health hazards to the public (Figure 4).
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Retrofitting technique

Global technique Local technique

Addition of shear wall
and infill wall,
wall thickening

Beam jacketing

Addition of bracing Column jacketing

Base isolation

Beam and column
joints jacketing

Strengthing
of individual footings

Mass dampers

Figure 4. Different techniques of retrofitting [6]

Statement of the problem and objectives

The commercial building considered for this research is situated in Biratnagar, Nepal. This building was
initially designed to be built up to G+3 storey in approx. 328.63 m? and building have 3 bay in Y direction and
5 bay in X direction. The foundation is 6 feet below the soil and isolated footing is taken in account. The model
building has a staircase and lift system with size 1.6 m by 2.5 m. There are altogether 24 columns in every floor
with rooms having size 4.5 m by 4.7 m, 4.0 m by 4.7m and so on. Seminar hall, lobby, and guest room occupy
other space of the building. The dimensions of columns are 0.5x0.5 m, where as that of beams are 0.30x0.55 m
and secondary beam are 0.3%0.4 m. Slab has a thickness of 6-inch, i.e. 0.15 m. For the initial purposes, (G+3)
storey building with storey height 3 meter for all floor, with plan 24x13 m is taken and load was applied as per
IS code 456:2000 to show that no column failed for 4 storey, i.e. the building passed the design from ETABS 2017.

As the construction phase grows client changes the initial design idea and thus 2 storeys are need to be
added over the G+3 storey building and construct a new G+5 storey building. Thus new G+5 storey building was
then modeled in ETABS 2017 with initial considerations resulting 52 number of columns failed the design due
to increase in load with added storey thus where retrofitting comes in account.

The main aims of this paper are:

— to identify different types of retrofitting technique that are suitable for the structures by studying the na-
ture of failure on structures;
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— to assess a building for its structural data types like grade of concrete used, reinforcement details and
dimensions etc.;

— to analyze the structure according to IS 1893:2016 and to check its functionality, and its structural be-
havior;

— to design the structure with proper retrofitting options for satisfying the design codes and serviceability;

— to identify the deficiency in structural elements such as beams and columns.

Methodology

The six-storied existing commercial building including 2 more stories after previous design was modelled
on ETABS 2017 with load patterns and cases as per IS 875 and IS1893:2016 for a building with commercial
purposes for the study (Tables 1-3). Structure analysis of the structure was carried out using ETABS 2017. Also,
three dimensional models were prepared and the existing building was designed as per the client requirements.
The deficient in reinforcement was calculated for columns that need to be reinforced. Over stressed (o/s) co-
lumns were used for the design of RC jacketing whereas columns with reinforcement deficient were used in
design of CFRP. Furthermore IS 15988'; 2013 code was used for the design of RC column jacketing and
ACI 440.2R-08/ACI-318-05% was used design of CFRP for strengthening of RCC column due to deficiency in
longitudinal steel reinforcement. The methodology we used can be shown in Figure 5.

N
[ Literature review

v

Assessment, case study of the buildings

v

Modeling (in ETABS 2017)
(G+5 storey regular building)

v

SR
\ J

[ Defining and assigning
J
[ y |
Material property defining Section property defining Load
and assigning and assigning defining and assigning

I J
v v

Analysis Analysis
(response spectrum)

(solving numerical)

\ J
|
Results
Area of reinforcement

Figure 5. Methodology flowchart

T

The 3D model diagram of building in ETABS can be seen in Figure 6 whereas the plan of first floor and
the layout of column is shown in Figures 7 and 8 respectively.

U'IS 15988. Seismic evaluation and strengthening of existing reinforced concrete building — guidelines. New Delhi: Bureau of
Indian Standards; 2013.

2 ACI 440.2 R-08. Guide for the design and construction of externally bonded FRP systems for strengthening concrete structures.
American Concrete Institute; 2008.
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Figure 6. 3D modelling of building in ETABS

Figure 7. First floor, plan of building
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Figure 8. Column layout of building

Table 1
Silent features of building, description of model buildings
Parameters Data Unit Remarks
Building type Commercial
Plan Regular
Number of storey G+5
Storey height 3 m
Footing type Isolated
Footing depth 6 feet
Infill wall thickness 230 mm
Imposed load on roof 1 KN/m?
Imposed load on regular floor 3 KN/m?
Floor finish load 1 KN/m?
Lift load 10 KN/m?
Staircase load 4 KN/m?
Wall load 8.4 KN/m?
Size of column 500x500 mmxmm
Size of beam 300%550 mmxmm
Secondary beam 300x400 mmxmm
Slab depth 150 mm
Grade of concrete, fox 25 MPa 1S 456:2000
Grade of steel 500 MPa IS 456:2000
Specific weight of RCC 25
Soil type Soft IS 456:2000
Seismic zone \% IS 456:2000
Zone factor 0.36 IS 456:2000
Importance factor (/) 1.5 IS 456:2000
Response reduction factor, R 5 IS 456:2000
Time period of vibration 0.655 sec IS 1893:2016, T= 0.075h"7
Spectral acceleration coefficient Si/g 2.50 IS 1893:2016
Horizontal seismic coefficient A; 0.135
Poisons ration concrete 0.2
Modulus of elasticity infill, Ex 5310 MPa
Modulus of elasticity concrete, Eec 25000 MPa 1S 456:2000, E. = 5000 fck
Time history ground motion Elcentro
Damping ratio 5 %
Shear wall 250 mm Lift
Angle of friction of soil 30 degree
Specific weight of soil 18 KN/m?
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Table 2 Table 3
Load combinations as per IS 1893:2016 Unit load of materials used
S.N Load combinations S.N Type Value

1 1.5(DL +IL) 1 Reinforced concrete 25 KN/m?

2 1.2(DL + IL £ EL) 2 Brick masonry 19 KN/m?
3 1.5(DL + EL) 3 Screed 21.0 KN/m?
4 0.9DL + 1.5EL 4 Marble 26.7 KN/m?
5 Mosaic finish 23.1 KN/m?
Note: DL — dead load; IL — imposed 6 Plaster 20.4 KN/m?
load; EL — earthquake load. 7 Steel rebar 78.6 KN/m?

Imposed loads are taken as per their function and services as per IS 875:2016 (part 3).
Self-weight of structure components is atomically included in ETABS software’.

Design parameters

A total of 9 columns were needed for the RC jacketing which was carried out by Indian Standard 15988:2013
whereas 43 others were suitable for CFRP design which was carried out by American Concrete Institute 440.2R-08/
American Concrete Institute-318-05. Design example for one column by each method is given below.

Design of RC column jacketing of failed column using Indian Standard Code 15988:2013

Depth of column (D) = 500 mm.

Width of column (B) =500 mm.

Characteristic strength of concrete (f.x) = 25 N/mm?>.

Strength of steel () = 500 N/mm?.

Axial load (Pu) =4790.92 kN.

Moment about X-axis (Mx) =273.10 kN-m.

Moment about Y-axis (Mx) = 251.04 kN-m.

From IS 456:2000 Clause 8.5.1.2 (a) concrete strength shall be at least 5 MPa greater than the strength of
the existing concrete.

Thus, characteristic strength of concrete (f,,) = 30 N/mm?,

Assuming 0.8% of reinforcement we have 4. = 0.8% of Ac.

From Indian Standard 456:2000 Clause 39.3 in Indian Standard Code 15988:2013

Pu=0.4fxAc + 0.67f,As.

So, Ac =326 356.9 mm’.
According to Indian Standard 15988:2013 Clause 8.5.1.1 (e)

A’c=1.5x%xAec.

Thus, 4 ’c = 489 535.4 N/mm’

Assuming the cross section details as B =700 mm and D = A¢/2 = 700 mm.

Jacketing details of cross section are: B = (700 — 500) / 2 = 100 mm, D = (700 — 500) / 2 = 100 mm.

According to Indian Standard 15988:2013 Clause 8.5.1.2 (¢ in Indian Standard Code 15988:2013 ) mini-
mum jacket thickness shall be equal to 100 mm.

Thus, new size of column is B =500 + 100 + 100 =700 mm and D = 500 + 100 + 100 = 700 mm.

Now new concrete area = 490 000 mm? > Ac = 326 356.9 mm?.

Area of steel 4’s = 0.8% x 700 x 700 = 3920 mm?.

According to Indian Standard 15988:2013 Clause 8.5.1.1 (e) Indian Standard Code 15988:2013

As=4/34’s = 5226.677 mm®.

Thus, we provide 4-250 and 12-200, i.e. 5733.416 mm?for the new jacketed section of 700x700 mm.

3 SP 16. Design aids for reinforced concrete to IS. 1980.
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Design of CFRP using American Concrete Institute 440.2R-08/ACI-318-05
for strengthening of RCC column’

Overall depth of column D = 500.00 mm.

Width of column B = 500.00 mm.

Characteristic strength of concrete f.; = 25.00 N/mm?>.
Strength of steel f,, = 500 N/mm?.

Area of steel As =2000.00 mm’.

Gross area of concrete A, = BD = 250 000.00 mm?.
Area of longitudinal reinforcement 4y, = 14 515.00 mm?.
Calculations:

Design of ultimate tensile strength

From Eqn. 9-3 in American Concrete Institute 440.2R-08 we have
fru=Ceffu*» where C,= 0.95 and f7,,-= 3200 MPa,

fru = 3040 MPa.

Design of rupture strain
€ru = Ce€pyr, where Co= 0.95 and &f,»= 0.0155.
€ry = 0.14725 MPa.

Determination of required axial compressive strength
As per Clause 10.3.6.2 in American Concrete Institute 318-05

©P, = 0.8¢ [0.85/c'(Ay — As) + A1),
where ¢ =0.7 (as per Clause C.3.2.2 in American Concrete Institute-318-05)
fc'=0.8fck =20 MPa.

So, eP, =5839.439 kN.

Determination of maximum confining pressure due to the FRP jacket, FL (R&M C-Fiber)
From Eqn. 12—4 in American Concrete Institute 440.2R-08

2EfntsEfe

fi=—%

where Er =220 GPa (modulus of elasticity of carbon fiber),
n =1 no (number of plies of carbon fiber wrap),
ty = 1.5 mm (thickness of one carbon fiber layer).

From Eqn. 12-5 in American Concrete Institute 440.2R-08 we have
€re = Ke€py = 0.00809875 (effective strain level in FRP),

where K, = 0.55 (FRP strain efficiency factor).
From Eqgn. 12-8 in American Concrete Institute 440.2R-08 for non-circular column cross section we have

D =+vb? + h? =707.1068 mm.

Thus, f; =0.007559 = 7.559219 MPa.

4 Wight J.K., Rabbat B.G. Building code requirements for structural concrete and commentary (ACI 318M-05). American
Concrete Institute; 2005.
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Determination of maximum compressive strength of confining concrete, fcc'
From Eqn. 12-3 in ACI 440.2R-08 we have

fcc’ = f,C + Lp]“3~3Kafla
where Wr = 0.95 (as per Clause 12.1 Pg.35 in American Concrete Institute 440.2R-08)

Ag b
Ka=75 G

From Eqn. 12—-11 in American Concrete Institute 440.2R-08 we have

[ 2]

A 34

— g

A 1-p,

c

_pg

1. =25 (min radius at corners), pg = 0.03 (existing longitudinal steel reinforcement ratio).
Therefore

‘;i = 0.443298969

c

K, =0.4432989609,
Thus f..» =30.50536613 MPa.

Verification of ultimate axial strain of the confined concrete €.c, < 0.01
From Eqn. 12—6 in American Concrete Institute 440.2R-08

e 0.45
e, =¢t, 1.5+12KbL‘,( ffJ :
€

c c

where ./ =2 = 0.000952.

Now as per American Concrete Institute-318-05Ec = 4700Vf'c = 21019.03899.
Also, from Eqn. 12—10 in American Concrete Code 440.2R-08:
Shape factor, Kb =5 (5)%5 = 0.443299.
c
Thus, €.c,= 0.006441948<= 0.01 from Eqn. 12—-7 in ACI 440.2R-08.
Hence it is safe.
Now, ZL = 0.377960949
Hence as per Clause 12.1 Pg.35 in American Concrete Institute 440.2R-08 since it is >0.08 it is safe [7].

Axial compressive strength in column after confinement with FRP
From Eqn. 12-1b in American Concrete Institute 440.2R-08 we have

oF, =0.8¢[ 085/ (4, - 4,)+ f,4, |.

OP,=17025.62068 MPa.
Since it is greater than required capacity i.e. 5839.439 MPa Hence OK.
Thus, provide 1 ply of 600 Gsm R&M Carbon-Sheet on periphery with anchor fastener for anchorage.
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Summary

The outcomes of all the columns which required retrofitting either by RC jacketing or CFRP jackets from
the above design example are illustrate in Tables 4, 5 and Figure 9.

Table 4
Detailing of RC jacketing for columns
Column Design Jacketed Reinforcement .
grid Storey Pu, kN Mux Muy C/section provided Jacket rebar Lateral ties
425 8 mm ¢
1C Ground 4523.44 229.78 218.21 700x700 5733.416 ¢ at the rate
12-20¢
of 100 mm c/c
425 8 mm
2C Ground 4790.92 273.1 251.04 700x700 5733.416 N at the rate
12-20¢
of 100 mm c/c
425 8 mm
2C First 3635.72 284.73 347.83 700x700 5733.416 ¢ at the rate
12-20¢
of 100 mm c/c
425 8 mm
2E Ground 2477.38 419.24 210.25 700x700 5733.416 N at the rate
12-20¢
of 100 mm c/c
425 8 mm ¢
2F Ground 1992.31 483.93 193.72 700x700 5733.416 N at the rate
12-20¢
of 100 mm c/c
4-25¢ 12— 8 mm ¢
3E Ground 2452.98 416.45 258.62 700x700 5733.416 ¢ at the rate
200
of 100 mm c/c
4-25 8 mm ¢
3F Ground 1962.27 483.19 237.52 700x700 5733.416 N at the rate
12-20¢
of 100 mm c/c
425 8 mm
4E Ground 2404.31 372.51 307.76 700x700 5733.416 ¢ at the rate
12-20¢
of 100 mm c/c
425 8 mm
4F Ground 1777.81 430.67 284.21 700x700 5733.416 N at the rate
12-20¢
of 100 mm c/c
4250 _12-200
st Lt
- _16-200 ek i ;
50 /s
e e ® & ® 9
] o
= [ o L )
/ & |
@ @

X - SECTION OF EXISTING COLUMN WITH X - SECTION OF REINFORCED COLUMN WITH
REINFORCEMENT DETAILS REINFORCEMENT DETAILS

Figure 9. X-section of existing and reinforced column with reinforcement details
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Table 5
Detailing of CFRP sheets for columns

Column grid Storey Ast required CFRP provided
1B Ist 8226
1C Ist 11 964
1C 2nd 9292
1D Ground 9846
1E Ground 11 575
1E Ist 8579
1F Ground 11 331
2A Ground 9128
2B Ground 10 344
2B Ist 9655
2C 2nd 12 144
2D Ground 11578
2D Ist 10937
2D 2nd 10319
2E Ist 12 178
2E 2nd 10 796
2F Ist 10 921
2F 2nd 9529
3A Ground 9816
3B Ground 10 603
3B Ist 10 438 1 ply of 600 Gsm R&M Carbon-Sheet
3B 2nd 9029 on periphery with anchor fastener for anchorage
3C Ground 10 974
3C Ist 10 927
3C 2nd 9700
3D Ground 12 757
3D Ist 12 064
3D 2nd 10 537
3E Ist 12 790
3E 2nd 11197
3F Ist 11337
3F 2nd 9939
4A Ground 9375
4B Ground 10 375
4B Ist 8790
4C Ground 10919
4C Ist 9320
4D Ground 12 509
4D Ist 10 096
4D 2nd 9131
4E Ist 10214
4E 2nd 8905

Discussion

The design for retrofitting techniques can be implemented as per the building code that is in practice for
the nation and the retrofitting techniques can also vary as per site situation, available materials and properties of
those available materials. For further research, using different methods and techniques of retrofitting, with dif-
ferent codes and practices is recommended from this paper.
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Conclusion

This research primarily was conducted to assess the structural elements and their strength, properties for a
commercial building, which was found to be deficient for its serviceability. Thus, retrofitting measures for
strengthening the structure were implemented in which column concrete jacketing and fiber wrap polymers were
adopted in such deficient column to enhance the strength. The following points are concluded from this research:

1. The structural parameters of the building were assessed by performing non-destructive tests and rebar
detection equipment’s to find out the grade of concrete and rebar diameters and number to verify the in-built
structural drawings.

2. After structural health assessment, extracted data were used for reanalyzing the structure using Finite
Element Program, ETABS 2017, to check whether the structural elements can carry out the desired performance
or not. Most of the columns in ground floor and first floor were found to be deficient in carrying service loads,
thus, retrofitting for those columns was recommended.

3. Concrete jacketing and FRP sheets were two retrofitting techniques that were defined as best suited for
the building structure where columns were subdivided for using a particular retrofitting technique as per their
demand capacity.

4. The design for retrofitting techniques were carried out as per IS codes.

5. For column jacketing, micro concreting with calculated rebar percentage, stirrups size and spacing, an-
chorage was used whereas 600 Gsm R&M Carbon-sheet on column periphery was used for FRP retrofitting
technique.
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in the development of the theory of calculation. Sometimes the calculation theo-
ries are not at all substantiated by experimental research. The experimental re-
search methodology will give a positive effect for the development of a reliable
theory for the calculation of bent reinforced concrete elements along inclined
sections only when it combines the whole variety of influence of the main fac-
tors on the operation of the investigated elements, including the type of loads

applied during testing — evenly distributed or focused, with deep analysis of

For citation the obtained results. In the proposed theory of strength calculation for inclined
Starishko LN. A new direction for calculating sections of bent reinforced concrete elements the relationship in the development
the strength of bent reinforced concrete ele- of the stress-strain state under the action of a load both in normal and inclined
ments along inclined sections with an exam- sections to the longitudinal axis of the elements, up to the destruction of beams,

obtained as a result of experimental theoretical research, is used. This ensures
a close coincidence of the experimental and calculated data, increases the reli-
ability, durability and economic efficiency of structures during their operation.

ple of calculating an experimental beam.
Structural Mechanics of Engineering Con-
structions and Buildings. 2021;17(5):479-499.
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Pacyer mpouHoCTH M3rMOaEMBbIX JK€I€300€TOHHBIX JIEMEHTOB T10 HAKJIIOHHBIM CEUEHHUSM SIBIIIETCS OJHOM
M3 CaMBIX OCTPBIX MPOOJIEM B TEOPHUU Kele300€TOHa Ha MPOTSHKEHUH MHOTUX JACCATUIICTUH. Y3Kas HampaslicH-
HOCTBH OOJIBIIIOTO KOJIMYECTBA SKCIIEPHUMEHTAIBHBIX UCCIIEIOBAHUN YacTO MIPUBOAMT K 3a0ITyKICHHUIO TIPH pa3pa-
00TKE TEOPETHYECKUX OCHOB B METOAMKE PACUETOB OPHEHTHUPYEMBIX Ha PE3YIIbTaThI OTBITOB.

CrnenoBatensHO, YTOOBI YCTAaHOBUTD BIHSHHE KAaKUX-TH00 (aKTOPOB HA MPOYHOCTh HAKIIOHHBIX CEYCHHI
M3rH0aeMBIX JKEJIe300€TOHHBIX 3JIEMEHTOB, HEOOXOAMMO BBITIOJHUTH OOIIMPHBIE SKCIIEPHUMEHTAIEHO TEOPETH-
YECKHUE MCCIIeI0OBaHMSI, 0XBATHIBAIOIINE BECHh CIIEKTP BIUSHUSI BO3MOXKHBIX (DAaKTOPOB M CIIyYaHOCTEH.

Kpamxuii ananuz nekomopulix ucciedosanuii, NPo8oOUMbIX 3a NOCaeoHuUe 2006l 8 Poccuu no uznoscennou
6 cmamve meme. B [1] oTMeuaercs, 4T0O U1 ONpEEICHUS BIUSHUS BHEIIHEH MONEPEYHOM CHIIBI Ha HANpsKEH-
HOE COCTOSIHHE M3TH0aeMBIX Kelle300€TOHHBIX 0ANOK MCITOIF30BaHa aHAIIOTHS MEXIY apKOW ¢ 3aTsHKKOM U Tpa-
EKTOpHEH TJIAaBHBIX COKUMAOIIMX HamnpspkeHuil (apoussiii 3¢dekr). CrnpaBeaanBo oTMEYaeTCsi, YTO OJAHUM U3
OCHOBHBIX PETYJISITOPOB HaJEKHOCTH JKEIe300€TOHHBIX 3JIEMEHTOB SABJISIETCS pacyeTHOE 3HAYCHUE COMPOTHBIIC-
HUS CIBUTY OE€TOHA B HAKJIIOHHOW TPEIIWHE, W U3JaraeTcsl TEOPHs IS PelleHHs YKa3aHHOW MpoOieMbl s Oa-
JIOK 03 TIoTIepeIHON apMaTyphl IO cXeMe apKH C 3aTspkkoi. OHAKO B MPAKTHKE CTPOUTEILCTBA Oaiku 6e3 1mo-
MepeyHoN apMaTyphbl, Kak MPaBmIo, HE IPUMEHSIOTCS (32 UCKIIOUeHHEM OalloK HEeOOIbIIONH BEICOTHI B ITONEpeY-
HOM ceueHNH — /i < 15cm). Mcnonb3oBanne B pacyeTax MoNepevyHOr apMaTypbl BHOCUT CYIIECTBEHHBIE KOPPEK-
TUBBI U YCIIOKHEHHSI B METOJTUKY pacyera.

K Tomy ke, OTHMM M3 MEPBBIX aBTOPOB apOYHOTO METO/Ia pacueTa M3rHOaeMBIX KeJIe300€TOHHBIX 0aoK
M0 HAKJIOHHBIM CEYEHUSIM, KaK C ToNepedHol apMaTypol, Tak u 6e3 uee, ssisercs [.H.M. Kaunu [2], cormacHo
KOTOpPOMY 001as cxema Oallkl COCTOHUT M3 HECKOJBKUX apOK pa3/IeIeHHBIX HAKIIOHHBIMH TPEIUHAMH U B pac-
YETHOW MOJEN pacCMaTPUBASTCS TPU CXEMEI: a) O0Ias apoyHas cxema Oayiku; 0) apodHbIe OMOPHI, 00eCIIeUH-
BaeMble CHJIAMH CILETJICHUS] BHYTPEHHUX apoK; B) apodHbIE ONOPHI, o0ecreunBaeMble XxomyTamu. HecMoTps Ha
HEKOTOPBIE CYIIECTBEHHBIE 000CHOBaHUS (PU3UKO-MEXaHUYECKUX (haKTOPOB, UCIIONB3YEMBIX B pacueTax 1o Me-
ToAay «ApouHOil aHajmorum» paspaboranHoro I'.H.M. Kanu, B HeM mMeeTcs W psI HEIOCTATKOB, B TOM YHCTIE
CBS3aHHBIX C OLIEHKOI paOoThI momepedHoi apMaTypsl. B kanaunarckoit auccepraunu M.H. Crapuimko npuso-
JUTCS TTOAPOOHBIN aHAIM3 YKa3aHHOTO apOYHOro MeToaa, pazpadotantoro I H.W. Kanu.

B skcmepuMeHTanbHBIX HCCIENOBAaHUAX [3] yCTAaHOBJIEHO, YTO C TOBBIIIEHHEM IMPOJOIBFHOTO O0OKaTHS
Oanku ee peakiys Ha MOMEPEeYHOe AUHAMUYECKOe BO3JIEHCTBHE YBETUYUBAETCS HE3aBHCUMO OT CTaJuu paboTHI
MOAATAMBBIX OMOp. [Ipr 3TOM ¢ MOBBIIEHHEM TUIACTHYECKOH COCTABISIONIEH e OpMUPOBaHUS OTIOPHBIX YCTPOMCTB
B BUJI€ KPYTJIBIX MUJIMHIIPOB BPEMs COMPOTHBIICHUS KOHCTPYKLIHWH 10 HAKIIOHHOMY CEYEHHIO 3HAYMTEIHHO yBe-
JUYMBAETCS, TO €CTh JUHAMHYECKOe Ae(OpPMHUPOBAHHE MO0 HAKJIOHHBIM CEUEHHSIM H3TH0AeMbIX KOHCTPYKITHH C
MPOJIOJIEHBIM 00XKaTHEM MPOUCXOIUT OoJiee miuacTUuHO. boprba ¢ XpymkuM paspylieHHeM H3rn0aeMBbIX Kelie-
300€TOHHBIX AJIEMEHTOB 10 HAKIOHHBIM CEYCHHSM TpU JIEHCTBUHM HATPY3KH, OCOOCHHO TPHU MPOCKTHPOBAHHUU
0aJlOK MOCTOBBIX COOPY’KEHHH, SBISIETCS OJHOW M3 BXHEWIINX 3aJad MPH WX NPOEKTUPOBAHHWH. JTa 3agada
pellieHa Py CO3JJaHuHU TPEXOCHOTO TPEIBAPUTENFHOTO HAMIPSHKEHUST apMaTyphl B M3THOACMBIX JKeIe300€TOHHBIX
Oankax TaBpoBOro mpo(uis, BliepBbie BhIModHeHHOTO B onbitax M.H. Crapumko (cM. ganee). OmHako U3 OMbI-
toB mpodeccopa O.I'. Kymmnsik criemyer, 4To BIUSHHE XPYIMKOTO Pa3pylICHUS H3TH0AeMBIX Kelle300€TOHHBIX
3JIEMEHTOB MOXKHO TaK)K€ HECKOJBKO MOHM3UTHh M 3a CUET HCCIeAyeMOH MM KOHCTPYKLWH OMOPHBIX YacTEw.
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[Ipm 3TOM cunTaem, 9To OBUTO OBI MOJIE3HBIM MPOIOJDKUTH BBIIIEH3N0KEHHBIE HCCIIeI0BaHS, BKIFOUas OaIKu ¢
OOJIBIIMMU TIPOJIETAMH CPE3a, YTO OCOOCHHO BaYKHO MPU MPOEKTHPOBAHUU OAIOK MOCTOBBIX COOPYKEHHUH, Y KO-
TOPBIX TIOCTOSTHHO MEHSIETCS JJTMHA MPOJIETa cpe3a MpH ABIKEHUH TPAHCIIOPTHBIX CPeCTB. JKenaTtenpHo ycuiue
o0xaTHst GaJIOK TIEPEeHECTH C IIEHTPATbHOW YacTH MOMEePEYHOr0 CEYeHHUs ONMKe K HIKHEW pacTAHyTOW TpaHH,
4YTO B OOJBIICH CTENEHH COOTBETCTBOBANO OBl PEANbHBIM KOHCTPYKIMSM Pa3pe3HbIX MpPEABAPUTEIBHO HAIpsi-
JKEHHBIX U3TU0AEMBIX KeIe300€TOHHBIX 3JICMEHTOB.

B skcriepumMenTanbHOM paboTe [4] uccrnenoBaHa MPOYHOCTh M3THOAEMBIX JKEIe300€TOHHBIX JIEMEHTOB
C IpoJoNIbHOM apMaTtypoit kiacca AS00 mpu pa3nuyHBIX BHIAX MEPUOINYECCKOTO MPOGUIS apMaTyphl C pas3py-
IIeHHeM OaJlOK TI0 HAaKJIOHHBIM CEYeHHSIM. BEBISBICHBI IPEeNMYIIECTBa HCIIOIB30BaHUS B M3THOAEMBIX Kele300e-
TOHHBIX 3neMeHTax apMmarypbl kmacca A-500 CII (cepmoBHIHBIA YETHIPEXCTOPOHHUN BHUJ MEPUOINIECKOTO
npouiIsl pacTIHYTON apMaTyphl) IO CpaBHEHHUIO ¢ apMmaTypoii kinacca A-500C (cepmoBUIHBIN TBYXCTOPOHHUMN
BHJI TIEPUOTNICCKOTO Mpoduiist). XapakTep pa3BUTHS TPEIIHH Ha OOKOBBIX MIOBEPXHOCTSAX OATOK IMOKA3BIBACT MX
3aBUCHMOCTh OT JJIMHBI Tpoyieta cpe3a a. [lpu 3HaueHusx a = 2hy chopMupoBaBIIHecs TpU pa3pylICHHH
HAKJIOHHBIC TPEIIUHBI B 30HE IEHCTBUS MOIEPEYHBIX CHII JICNIAT ATy 30HY Ha psJ| Moiyapok. bimxke k onope no-
JTyapKu UMEIOT XapaKTepHYIO BBITYKIOCTh. Ilpu a = 1,3/ mpsaMonnHEeHO HaIpaBICHHBIC OT OMOPHI K MECTy
MIPHUJIOKEHHS HATPY3KH HAKIIOHHBIE TPEIIUHBI JENAT MPHOTIOPHYIO 30HY OaJIOK Ha KIMHOBUAHBIE y4acTKu. YacTh
MPOOJIBHON apMaTyphl Ha MPUOMOPHBIX yJacTKaxX OaJOK JJIsi 3KOHOMHHU CTalld, B COOTBETCTBHUH C 3ITIOPOH U3-
THOAIONTNX MOMEHTOB, MTOABEPTATNCH OOPHIBY. CleMyeT OTMETUTh OCOOCHHOCTH PAa3BUTHS TPEIIWH Ha HIDKHEH
rpaHu OayoK B 30HE OOpPHIBA CPEIHEr0 apMaTYPHOTO CTEPIKHS (M3 BCETO KOJNMYECTBA TPEX CTepKHEH D16 mMm).
PacrnionoxeHue TpenMH B BHJIE €1KU C BEPIIMHON y KOHIIA OOPBIBAEMOTO CTEPIKHS M OCHOBAaHHEM B MECTE pac-
MOJIO’KEHUSI COCPEOTOUYEHHON HAarpy3KH, a TaKKe 3HAYMTEIhHOE PACKPBITHE MPOJOIBHON TPEIIMHEI 10 TPO-
JIONTIBHOW OCH YOeIUTENBHO yKa3bIBaeT Ha HATMYUE PAaCcKaIbIBAIONIUX YCHUIIMH B 3Toi 30He. Takoii xapakrep pas-
PYILICHHS OKa3bIBACTCS BO3MOXHBIM JIaXK€ NPU CHIBLHOM IONEPEYHOM apMupoBaHuu. HecomMHeHHO, 0Opa3yro-
TIITUECS TPEIIUHEI CIIOCOOCTBYIOT OCBOOOKICHHUIO OT OETOHA KOHIIEBBIX YIaCTKOB, OOPBIBAEMBIX B 30HE JICHCTBUS
MOTIEPEYHBIX CHJI apMaTypPHBIX CTEP)KHEH, M HApYIICHUIO CHEIUICHHUS C HUM B MPEIeNbHOW CTaaul pa3pyIIeHUs
Oanok. B mponecce ucnpTaHnil 0Ka3anock, 4To 3 PEeKTUBHOCTH CLEMIeHUsI ¢ 6eTOHOM HpoQUiIsi MTOBEPXHOCTH
MPOAOIHHON apMaTyphl aKTHBHO BJIHSIET HA BETMYUHY CHEIUICHUS CTePKHEH, 0OPHIBAEMBIX B 30HE JEUCTBUS T10-
MEPEYHBIX CHIL.

Ha ocHOBaHHMM BBITIOJHEHHOTO 3KCIIEPUMEHTa, C YYETOM YCTAaHOBICHHBIX MPEUMYINECTB, MPU UCIIOIH30-
BaHWU TIPOJIOJIFHOW apMaTyphl, aHAJIN3a 00pa30BaHUs M PA3BUTHUS TPEIIWH, HAMH Pa3pabOTaHbl PpeKOMEHIAINN
0 aHKEPOBKE MPOJIOILHON apMaTyphl.

B [5; 6] n3noxkena cepusi CTaTHYECKUX M TUHAMUUYECKUX UCITBITAHUH JKEIe300CTOHHBIX OAlIOK JIJIsl IPOBEPKU
pa3paboTaHHOTO YKa3aHHBIMH aBTOPaMH HOBOTO METOJa pacyeTa jKelIe300€TOHHBIX OaIOUYHBIX KOHCTPYKITHH 1O
HAKJIOHHBIM ceueHUsiM. C 1IeNTbl0 TIPOBEPKH OCHOBHBIX TMOJIOKEHUH TpeiaraeMoil IMH TEOpUH pacydera IpoBe-
JICHBI CTATUYECKUE U JUHAMUYCCKUE HCITBITAHUS U3rH0aeMbIX JKEIe300eTOHHBIX OaloKk ceueHueM bh = 25x16 cm
B cpeaHel yactu 1 bh = 18x16 cM Ha MpUOTIOPHBIX ydacTkax. [IpomonsHas apmarypa 6anok — 20 12 xmacca A-I.
Konconu 6anok (IpHONOpHBIE YYaCTKH) apMUPOBAIUCH XOMyTaMHu D6 MM ¢ marom 60 MM ¢ Ka)KA0H CTOPOHBI.
Jls OLICHKH BIVSIHHS Pa3BOpPOTa YCHIIMIA B MPOJOJILHOM apMaType (aBTOPhI pacCMaTPHUBAIOT KaK ajJbTepHATHBA
KOHIIETIIIAY CHJT 3aleTUICHHUs) TPEIOKEH CIEeAyIOmni MeTol. B Kakaoi cepun 4acTh 00pas3oB apMHPOBAIN
TPaIUIIMOHHBIM 00pa30oM, TO €CTh MPOJOJIbHAS apMaTypa Ha BCEM MPOTSHKEHUH 3JIEMEHTa HaXOAWIAch BHYTPH
Oerona (0Opasibl Tuna 1), B ocTanbHBIX 3NeMeHTax (00pa3ilbl TUIA 2) MPOJIOJIbHAS apMaTypa KOHCOJIEH pacmo-
Jarajgach BHE OETOHHOTO CEYEHHS. DTO MCKIFOYHMIIO BO3MOXXHOCTh MCKPHBIIEHUS CTEPXKHEHW B 30HE MEpeCceUeHHUs
WX HaKJIOHHOW TPEUIMHOH, a TaK)Ke Pa3BopoTa yCUJIMHA B apMarype M HarenbHoro s¢dekra. B aTux smemeHTax
BMeCTO OETOHA COBMECTHas paboTa C apMaTypoil 00ecIeYrBallach CTAIbHBIMU TTOJIOCAMH, PUBAPEHHBIMHU K ap-
MaType U yTOIUIEHHBIMU B OETOH.

[To u310KEHHOMY YaCTHYHO MaTepHally MOXXHO CYAHUTh O OOJBIINX HEIOCTATKAaX KaK B DKCIIEPHMEHTAIIb-
HBIX MCCIICIOBAHMSIX, TAK H B TCOPCTUYCCKUX:

1) B pa3Mepax MOMepevyHOTO CEYECHUS NCCIEeYEMbIX JIEMEHTOB IIMPHHA ITOTIEPEYHOTO CEUYeHHUsT 00pa3IoB
0OJIbIIIe WX BBICOTHI, IIOATOMY B DKCHEPUMEHTE STO YXKe He OaNKH, a IUTUTHI, U HAPSHKEHHOE COCTOSIHUE B HUX B
30HE JICHCTBUS MOMEPEYHBIX CHJI TIPU ACHCTBUU HATPY3KU OTIMYACTCS. DTO U3JI0KEHO U B YUYEOHUKAX TI0 COTPO-
THBJICHHUIO MaTepHayioB B BeiBome dopmynsl .M. XKypaBckoro mpu ompeneiaeHHN KacaTeIbHBIX HaIPSKCHIIH
npu u3rube, re CKa3aHo, YTO METOJIMKa pacyera paspaboTaHa ains 0ajJoK MPSIMOYTOJIBFHOTO CEYEHHs, KOTIa MX
BBICOTa 0OJIbINE MIMPUHBL. B NpakTHKe CTPOUTENHhCTBA PEKOMEH]IyEMbIE OTHOIIEHUS Pa3MEpOB B MONEPECUYHOM
ceuenun Oayiok cocrasisitoT b/h = 0,25-0,5;
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2) B 9KCIEPUMEHTAILHOW YacTH MpHUHATA caMas Hed(hPeKTUBHAS TSI M3TrHOaeMbIX JKelne300eTOHHBIX Oa-
JIOK TpoAoisHas pabodast apMaTypa u3 ctanu kiacca A-I (kpyrias, riamkas ¢ Maaol MPOYHOCTHIO M OOJIBIION
TUTOMIAIKOM TEKy4YeCTH), pEKOMEHIAINH K TIPUMEHEHHIO KOTOPOH B KadecTBe Hecyllel paboueil apMaTypsl AJs
0aJloK B HOPMATHUBHBIX JIOKYMEHTaX HE CYIIECTBYET;

3) npu ompeneraeHUY 3HAYEHHS TMOMEPEYHON CHIIBI BOCIIPHHMMAeMOM IMPOJOJIBHON apMaTypod mepece-
YEHHOI HAKJIOHHOW TPEHIMHOH (HarelbHOTo 3(dekTa) Henb3sl NpUpaBHUBATh 00pasiiel TUIa 1 u THma 2, Tak Kak
WX KOHCTPYKTHBHBIE PEIICHHS Ha TPHUOTIOPHBIX YYaCTKaX CYIIECTBEHHO OTIMYAIOTCS

4) B BBIBOJIaX IO pe3yJIbTaTaM CTaThH (ITyHKT 4) aBTOPHI MPAaBMIIBHO YKa3bIBalOT «He ymamock qocTaToqHO
OIICHUTH BIIUSHUE PAa3BOPOTa apMaTyphbl, YTO CBS3aHO C OIPAHUYCHHBIM YHCJIOM OIBITOB U MaJbIM MPOJICTOM
cpe3ay. OTHAKO U JPYTUX MPUYUH 3TOMY HEYJa9HOMY IKCIIEPUMEHTY MHOKECTBO.

Kpamxuii ananuz nekomopuix uccireoosanuti, nposooumvix 8 Eepone u CILLA 3a nocrednue 200vt no u3z-
J0dicenHol @ cmamve meme. B [7-9] npuBeneHbl MHOTOYHCIEHHBIE (HAaKTOPBI, BIMSAIONIME Ha 00pa3oBaHUE U
pasBUTHE HAKJIOHHBIX TPEIIMH B M3THOAEMBIX KEIe300€TOHHBIX AJIEMEHTaX, MPOYHOCTh KOTOPBIX 3aBHCUT OT
TEOMETPHUU TPEUINH U €€ KHHEMAaTHKH. B 3KcrepruMeHTanbHON YacTH HCCIIeIOBaHUi YCTAaHOBJICHO, YTO BEPTH-
KaJbHbIC YaCTH KPUTUIECKOH HAKIIOHHON TPEHIMHBI BOCHIPHHUMAIOT OOJTbIIIEE KOJIMYECTBO CIIBUIOBBIX CHII, & TAKKE
YCTaHOBJICHO BJIMSIHUE MHOTHX JIPYTHX (PaKTOPOB.

YacTh OnBITHRIX 00pa3I0B MOBEPraiach NEHCTBUIO PAaBHOMEPHO paclpeielIeHHON Harpy3KH, a Ipyrue —
JIEHCTBHIO COCPENOTOUEHHBIX CHJI. VICTIBITaHMS MPOBOAMINICH HAa BHICOKOM HAYYHO-TEXHHYECKOM YPOBHE C HC-
MoJb30BaHUEM (HOTOMETPUH, ¢ TIOMOIIBI0 KaMep KoHcTpyKiuu D-800, n3o0pakeHne KOTOPBIX aHATHM3UpPOBAIH
nocpencTBoM mporpammHoro obecreueHust VIK 3D. I'eomerpust ombITHRIX 00pa3IioB (pa3Mephl MOMEPEYHOTO
CEeYeHHs, apMUPOBaHKE U Ipyrue GakTopsl) OTBEYaIa peabHBIM KOHCTPYKIHUAM, HCIIONB3YEMBIM B CTPOUTEINb-
HOW MHAYCTpHH. McnbITaHus POBOAWIIKCH C LIEJbI0 MOTYYEeHUS! YTOUHEHHBIX JTAHHBIX 10 00pa30BaHMIO U pa3-
BUTHIO HAKJIOHHBIX K MIPOJOJIBHOM OCH 3JIEMEHTOB TPEUINH U KHHEMAaTUKU B TIPOIECCE Pa3pyIICHUs U3rH0aeMbIX
JKEJIe300€ TOHHBIX AIIEMEHTOB.

OnHako camMH aBTOPHI BHINIEYKa3aHHBIX Pa0OT OTMEYAIOT OOJBIIYIO CIOKHOCTh (PUKCAI[MH YHUKAIBHOTO
JEHCTBUS COBUTONEpeNauH, ONPEASNAIONIer0 MPOYHOCTh Ha CABUT MPH JEHCTBUM MHOTOYHMCICHHBIX (PAKTOPOB
BrusHus. [Ipy aTom B [7-9] He IpUBOAMTCS METOIMKA pacdyeTa MPOYHOCTH M3TH0AEMBIX JKeIe300€TOHHBIX dJie-
MEHTOB Ha CABHT. B mpencTaBiIeHHBIX IKCIIEPUMEHTAaX HEJTOCTATOYHO FCCIIEeIOBAHO BIUSHIS MONEPEIHON apMa-
TYpBI, KOTOpasi UTPAeT CYIIECTBEHHYIO POJIb B KWHEMATUKE Pa3pylICHUH M3ru0aeMbix 3yieMeHToB. OTCYTCTBYET
KOJIMYECTBEHHAs OIICHKA BIIMSHUS CHJI 3alleTUICHHUS IEPOXOBATON MOBEPXHOCTH OEpPeroB B HAKJIOHHOW TPEIIUHE
1 HareiapbHOTo 3¢(deKkTa B MPOAOILHOW apMarype, IepecedeHHOW HAKIIOHHOW TPEIWHONW Ha CABHUTOBYIO TPOY-
HOCTh B 30HE JICWCTBHSI MOTIEPEUHBIX CHII. TeM He MEeHee aHaIu3, OCHOBAHHBIN Ha OIMBITHBIX MOJIEINISX, YUUTHIBA-
oIUX (PaKTUYECKYI0 KapTHHY 00pa30BaHMs U Pa3BUTUS HAKIOHHBIX TPEIIUH U KHHEMATHKY NPU Pa3pyIICHUH,
MOJKET OKa3aTh CYIIECTBEHHOE BIHUSHIE Ha Pa3paObOTKy PacUeTHON MOJIENH M3rH0aeMbIX jKeJIe300€TOHHBIX dJIe-
MEHTOB 110 HaKJIOHHBIM CEYEHHSAM, YTO CIIOCOOCTBYET 00ECIIEUeHHIO IIPOYHOCTH, HaJIe)KHOCTH B AKCILTYaTallud U
JOJATOBEYHOCTH MCCIETYEMBIX KOHCTPYKIIHA.

Jiis Gonee MONHOTO YCTAaHOBIICHHS BIHSHUS OCHOBHBIX (DaKTOPOB Ha HAIPsKEHHO-IEPOPMHpPOBAHHOE
COCTOSIHHE JIEMEHTOB IPH NEHCTBUM HATPy3KH M Ha MX HECYITYIO CITocoOHOCTh ¢ 1973 r., BHavae 8 HUMXKD,
a 3areM B BosoronckoM rocynapcTBEHHOM TEXHHYECKOM YHHUBEPCUTETE, BEAYTCS OOLIMPHBIE IKCTIEPHUMEHTANb-
HBIE HcclenoBaHus (McTbITaHO cBbime 500 m3rudaeMbIX M BHELIEHTPEHHO CHKATBIX JKEJIe300€TOHHBIX 3JEeMEH-
TOB), PE3yJIbTATHl KOTOPHIX YACTHIHO OMYyOIMKOBAHBI Kak B Poccuu, Tak u 3a pyoeskom [10; 11]

Lenv uccnedosanuii — Ha OCHOBE TOJIYYEHHBIX PE3YJIBTATOB 3KCIEPUMEHTAIBHBIX JAHHBIX COBEPILIEHCTBO-
BaTh CYILECTBYIOLIYIO METOIUKY pacyeTa U3rn0aeMbIX JKeJIe300€TOHHBIX 3JIEMEHTOB 110 HAKJIOHHBIM CEYCHUSIM.

MarepuaJibl 1 METOABI

Jlist TpoBeieHrs BhINICyKa3aHHBIX uccaenoBannii B HUMKB HamMu ObUTH M3TOTOBICHBI IPEIBAPUTEITHHO
HamnpsOKeHHBIE OanKku, a Takke Oanku 0e3 MmpeaBapUTelIbHOrO HampshkeHus cedeHueM 15%30 cM, KyOukoBas
MPOYHOCTh OeToHa 4555 MIla. Hanpsraemas, a B HEKOTOpPBIX Oankax HEHampsiragMas, poJojbHas apMarypa:
HkHAT 20 18AT-V, Bepxasas 2010AT-VI, nonepeunas apmarypa 2Q6A-1 ¢ maroMm 3aMKHYTHIX ITOTIEPEUHBIX
CTepXKHEH (XOMYTORB) B MOJIYIPOJIETaX: CHUIIBHOE MONEPEYHOE apMUPOBAHUE — 5 CM C OJHOW CTOPOHBI OalIku U
10 cM — ¢ mpyroif; cpeaHee monepeyHoe apMUpoBaHUe — 15 cM ¢ omHOM cTOpoHBI Oanku u 20 cM — ¢ ApYyroii;
cnaboe nonepedHoe apMupoBanue — 20 ¢cM ¢ OJHOI CTOPOHBI 0aJIKH, a C IPYroi ee CTOPOHBI IoNepedHas apMa-
Typa OTCyTCTBOBasIa. HarsykeHuHe MpoJoiabHONH apMaTyphl BBINOIHSIIOCH HA JJMHHOM CTEHJE, COCTOSIIEM U3
Tpex nuHui (puc. 1). Kaxkmas cepust onmbITHEIX 00pa3moB, HaCUUTHIBarOMIAs M0 6 0aloK, U3rOTOBISIACH HA OT-
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JeNIbHOM JINHUM CTEHJA, YTO II03BOJMJIO BO BCEX 00pasliaXx MMETh OAWHAKOBYIO BEJIMYHHY NPEIBAPUTEIHHOTO
HaIpsDKEHUSI TPOIONILHON apMaTyphl, IPOYHOCTh OETOHA, YCIIOBHUS €T0 TBEPACHUS U IPYTHE XapaKTCPUCTHKH.
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Puc. 1. O6uuii BUI peIBapUTEIbHO HAMPSHKCHHBIX OAJIOK, PACIIONIOKEHHBIX Ha CTEH/IE, M 6aoK 0e3 MpeBapUTEeIbHOTO HANPSHKEHUS,
pacIoyIoKEeHHBIX 3a npezenamu crensa (cnpasa), B onbitax V.H. Crapumuko, npooaumeix B HUMXKbe (doto V.H. Crapumixo)
Figure 1. General view of prestressed beams located on the stand and beams without prestressed located outside the stand (right)

in the experiments of I.N. Starishko conducted in NIIZHB (photo by I.N. Starishko)
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Puc. 2. CxeMa yCTaHOBKH ISl HCIIBITAHHS GaJIOK B ONBITaX aBTOpA CTaThU
Figure 2. Diagram of the installation for testing beams in the experiments of the author of the article Equipment
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banku ucneIThIBaaM Ha JOMKPATHOHW YCTAaHOBKE IByMS CHUMMETPHYHO PACHOJIO0KEHHBIMH OTHOCHTEIBHO
cepeauHbl poJieTa cuiamu (puc. 2).

[Nocne pa3pymienus 0anok ¢ OJHON CTOPOHBI Ha Pa3pyLICHHYIO YacTh OACBAIN OaHIaK M JOBOIMIIM 1O Pa3-
pYLIEHHsI BTOPYIO €€ IOJIOBHHY. VcnblTaHns MOKAa3ald, YTO BBICOTA C)KATOM 30HBI OETOHA HaJl HAKJIOHHBIMH U
HOPMAaJIBHBIMH K TPOJOJIBHONW OCH TPEIIMHAMU C TIOBBIIICHUEM MTPEABAPUTEIHHOTO HANpPsHKEHHUS POIOTIBHOM ap-
MaTypbl BO3pacTaeT, TO €CTh B MPEABAPUTENHHO HAIPSHKEHHBIX KeJIe300€TOHHBIX Oankax OHa OKa3bIBAeTCs OOJb-
II€ M0 CPaBHEHUIO C AHAJOTMYHBIMH Oankamu Oe3 MpenBapUTENbHOrO HampshKeHUs (puc. 3), a clemoBaTeNbHO,
U HEeCyIlasi CIIOCOOHOCTH I10 HAKJIOHHBIM CEUCHHUSM MPEABAPUTEIBHO HAIIPSHKEHHBIX OAJIOK TaKKe BO3pacTaeT.

Ha ocHoBanuu sxcniepuMenTanbHbix uccnenosannii M.H. Crapumko (1973-1976 1r., Biiots 10 1984 1.)
B Poccun B CHUII 2.03.01-84 BniepBbic HaUaau yUYUTHIBAThH BIUSHUE MPEABAPUTEIBHOIO HAMPSKEHUS IPOI0JIb-
HOHM apMaTyphl, PacrojI0’)KeHHOH B PacTIHYTON OT JAEHCTBUS HArpy3KH 30HE OSTOHA, Ha MPOYHOCTH HAKIIOHHBIX
cedeHuil. Pe3ynpraThl HccieI0BaHUN TPOYHOCTH MO HAKJIIOHHBIM CEYEHUSAM IPeBapUTEIHHO HAMPSDKEHHBIX U3-
riu0aeMbIX KeJIe300€TOHHBIX JIEMEHTOB, a TaK)Ke JIEMEHTOB 0e3 MpeIBapUTEeIbHOTO HANPSDKEHHS, U3I0KEHHBIE
B JJaHHOM CTaThe, OMOIHIIOTCS MaTepralaMy, IPUBEICHHBIMU BO MHOTUX MCTOYHHMKAX HMPUIOKEHHOTO CIIMCKa
muTepaTypsl. KpoMe 31eMeHTOB MPSAMOYTONIBHOTO CEeUeHUs, HCCIeT0BaHMs IPOBOIMINCEH TaKXKe M Ha IJIeMEHTaxX
TaBpoBoro npodus [12; 13].

o

Puc. 3. Pa3pyiienne onbITHBIX H3rndaeMbIx sene306eTonHbix 0anok (poro M.H. Crapuiko):
a — C Ipe/IBapUTEIIbHBIM HAMPsHKEHUEM MPOJIOJIBbHOM apMaTypsl (Oaska b-1-2a); 6 — 6e3 npeBapuTeIbHOTO HAPSHKEHUS POAOIIbHON apMatypbi(6anka b-111-2a)
Figure 3. Destruction of experimental bent reinforced concrete beams (photo by [.N. Starishko):
a — with prestressing of the longitudinal reinforcement (beam b-I-2a); 6 — without prestressing of the longitudinal reinforcement (beam b-I1I-2a)

Mertonuka pacyera NpOYHOCTH HAKJIOHHBIX CEUEHUI M3rnOaeMBbIX )KEIe300€TOHHBIX 3JEMEHTOB, H3Jlarae-
Masi B CTaTbe, UMeeT OoJiee 00Ul TOIX0A: yPaBHEHHUS pAaBHOBECHS MOMEHTOB, IPOAOJIBHBIX U IIONEPEUHBIX CUIT
B HAKJIOHHOM CEUCHHH PElIatoTcsi COBMECTHO [14—16]; mpodHOCTh OETOHA CKAaTOW 30HBI OLIEHHBAETCS C YIETOM
pacrpeneneHnss HOpMaJIbHBIX M KacaTeNbHBIX HaNpsDKEHHH W KpUTEpHUsl MPOYHOCTH OETOHa MpH IUIOCKOM Ha-
MpsDKEHHOM cocTosiHUM [17; 18]; cOBMECTHO paccMaTpUBaIOTCs YCIOBUS Pa3BUTUSL HAKIOHHOM TPEILUHBI U pa3-
pylieHus 6eToHa HAJ Hell u Ipyrue paKkToOpEHL.

VYcnoBueM 00pa3oBaHus W MOCIEAYIOUIETO Pa3BUTHS KPUTHUECKONW HAKIOHHOW TPEIIMHBI B H3THOaEMBIX
JKeNe300€TOHHBIX MPEABAPUTENFHO HANPSDKEHHBIX JJIEMEHTaX, a TAaKKe B 3JIeMEHTax 0e3 MpeaBapUTEIbHOTO
HaNpsDKEHUSI, SBISIETCS JOCTHKCHHE HOPMAJIbHBIMHM M KacaTeIbHBIMHU HAaNpsDKCHUAMH HaJl €€ BEPLIMHOM Ipe-
JIENbHBIX 3HAYeHUH U3 KPUTEPHs MPOYHOCTH OETOHA MPH IIOCKOM HAIPSKEHHOM COCTOSHUH.
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YcTaHOBJICHBI KPUTEPUH MTPOYHOCTH OETOHA B KOOPAMHATAX TJABHBIX HANPSHKEHHUH B 007acCTAX, C)KAaTHE -
pactsixenue (puc. 4, a) U KpuTepuii IPOYHOCTH O0eTOHA B KOOpJAMHATAX HOPMAaJIbHBIX M KacaTeIbHBIX HAIpPsIKe-
Huil (puc. 4, 0).

Tak xak KpuTepril IPOYHOCTH OETOHA B KOOPAMHATAX, TIABHBIX C)KUMAIOIINX ¥ TJIABHBIX PACTATHBAIOIINX
HaANPSHKEHUH CYIIECTBEHHO 3aBUCHT OT MPOYHOCTH OCTOHA HA CXKATHE U BEJIMYMHBI HANPSHKCHUH, TO B TajbHEH-
IIMX pacyeTax NPUHAT KPUTEPHUI MPOYHOCTH OETOHA B KOOPAWHATAX HOPMAIBHBIX U KaCATCIIbHBIX HATPSKCHHIA.
Ecim HOpManbHBIE HampsbkeHUST B OETOHE _Orc

CKaTol 30HBI G < Rp, TO COOTBETCTBYIOIINE Rs ¢

UM KacaTellbHbIe HAMPSKCHUS Ty, MOTYT OBITh 1M

TPUHATHI PaBHBIMU kRp:. TIpu U3MEHEHUU Gp B 0.9

npenenax (0,3-0,7) Ry, 3HaueHue k M3MEHSCT- 0,8

Csl HE CYLIECTBEHHO U B CPEIHEM COCTABISICT 0.7

2,2 (puc. 4, 6). KoHeuHBIM 3TArioM pa3BUTHS

KPUTHIECKOM HAKIOHHON TPEIIUHBI CIMTAETCS - MMa
JOCTHIKEHHE €K CEUEHHUS 1101 TPy30M (pHcC. 5). 0.5 R30 n meree / and less
C nansHEHIIIMM BO3pACTAHMEM HArPy3KH B MPe/- 0.4 R40
BapUTENILHO HANpPSDKEHHBIX Oankax, a Takke 0.3 RS0

B HEKOTOPBIX Oankax 0e3 MpeaBapUTEIbHOTO id 260
HAMPSHKEHUS TIPOIOJIBHON apMaTyphl HaKJIOH- '

Hasl TpeIIMHA DPa3BHBACTCS B 30HY YHCTOTO 0,1 Fd
n3ruba Mo TPACKTOPUHU OJIM3KOM K TOPH3OHTA- ‘ R80

a1 (TO €CTh 10 TPACKTOPHUHU TJIABHBIX CXKHUMa- 0% 0,1 020,30405060703051.0 Orp
IONIMX HAMpPsDKEHW), TJC W TMPOUCXOIUT pa3- Rt
pylIeHre OeTOHa CKaTOW 30HBI HAJl HEl, a clie- Txy 6

JIOBATEJIbHO, U MOJHOE Pa3pylICHUE dJIeMEHTa Ret

(puc. 3, a). B GonbmmHCTBE Oaniok 6e3 mpen- 3,0 R=80MMa
BaPUTENILHOTO HAMPSDKEHUS MPOAOIBHOU ap- 20L

Matypbl [19-37] pa3pymieHne MpOUCXOIUT Y !,

MeCT NPUIIOKEHHS Harpy3ku (puc. 3, 6). E
ITockonbky QakTudeckas s3mopa HOp- 070 010203040506070809 150

MaJbHBIX HaINPsDKEHUH B OETOHE CXKATOW 30HBI

KpUBOJIUHEMHasA (pHC. 5), TO B pacyerax mpod-

HOCTH M3ru0aeMbIX BJIEMEHTOB Ha JCHCTBUE  Puc. 4. Kpurepuu npouHOCTH GETOHA MPH MIOCKOM HAMPSIKEHHOM COCTOSHHI

R <30Mn
1,0 | a

OX
R

MOMIEPEYHBIX CHJI, KAaK OTMEYEHO BHIIIE, HEOD- B KOOP/MHATAX HANPSDKEHNH Oy ¢, Opp (@) U Oy, Tyy (6)
XOJMMO YYUTBIBATh BIIMSHUE U KaCaTEJIbHBIX Figure 4. Criteria for the strength of concrete under flat stress
HANPSKEHUI in the stress coordinates Oy, Op.p (@) M Oy, Tyy (6)

Tak kak Ha BepXHEW rpaHU dJIEMEHTa KacaTelbHbIE HANPSHKEHHS PaBHBI HYIIO, TO MpeeNbHbIE HOPMAallb-
HBIE HAPSDKEHHSI IPIHUMAIOTCS PABHBIMH Rj.

G.\;{Gb}SRb N .' _
—_— ] Jl np
N gYXo Txy
Ry
Zb
‘L Na=0a A, | §

Puc. 5. HanpskeHHOE COCTOSIHME HOPMAJIBHOTO CEYEHHUs, IPOXOIALIETO YEPE3 BEPIINHY KPUTHUECKOW HAKJIOHHOW TPELIMHbI
Ipu ee 00pa30BaHUM U Pa3BUTUH
Figure 5. Stress state of the normal cross section passing through the top of the critic inclined crack during its formation and development
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Puc. 6. PacuetHas cxeMa HAKJIOHHOTO CEUCHHUS B pacyeTax MIPOYHOCTH IPH OOJBIINX MPOJIETAX Cpe3a
Figure 6. Calculation scheme of the inclined section in the calculations of strength at large cross-section spans
ov<R
— N.' . Ry
\\ np
3 - ov<Rs Txy
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Puc. 7. PacueTHasi cxeMa HAKJIOHHOTO CEYCHHS B pacyeTax MPOYHOCTH IIPU MaJIbIX MPOJIETax cpesa
Figure 7. Design scheme of the inclined section in the calculations of strength at small cross-section spans

Ms

Mp
M2
M1

IVlCl'C
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\
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05p'0.0|31 Usp*so 0310520y(002) /O's

Puc. 8. [lnarpamMma 3aBUCUMOCTH HAaIPSDKCHUH B ITPOJIOJIBHOM apMaType OT BETMYMHBI M3rHOAIOIIEro MOMEHTA B HOPMAJIbHOM CEUCHUH:
M. — MOMEHT B CTaIiK 00pa30BaHUsT HOPMAJIGHBIX K HPOAOIBHON OCH GAJIKK TPeLIH; M| — MOMEHT B CTa/IUH Pa3BUTHS KPUTHIECKON HAKIIOHHOM TPEIHHBI;
M, — MOMEHT B CTaJIMU Pa3pylLIEHUs 3IEMEHTA 110 HAKIIOHHOMY CE€YEHHUIO; M), — MOMEHT B CTaJIuM Pa3pylIEHHs 3JEMEHTa 10 HOPMAJIbHOMY CEYEHHIO
Figure 8. Diagram of the key dependences of the stresses in the longitudinal steel reinforcement on the value of the bending moments

in the normal section:

M., — the moment at the stage of subjectively forming cracks normal to the longitudinal axis of the beam;
M, — moment in the development stage of a critical inclined crack; M, — the moment at the stage of destruction of the element along the inclined section;
M, — the moment at the stage of destruction of the telemen in the normal cross section
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Hanpasicenue ¢ npooonvHoil Hanpazaemoil apmamype 6 ceyeHun ¢ mpeujuHoll

[Ipu pacuere npeABapUTEIFHO HATIPSHKEHHBIX U3THOAEMBIX KeJe300€TOHHBIX 3JIEMEHTOB B CTaIUH pa3BH-
THSI HAKJIOHHBIX TPEIIUH M MO NPOYHOCTH HAKIOHHBIX CCUCHHH C ONpelesIeHHEM HANpsDKeHUH B MPOIOJIBHOM
HanpsiraéMoi apMaType BO3HUKAIM 3aTpyAHEHHs. PeleHre JaHHOro BOnpoca ObIO0 OCYIIECTBICHO C IIOMOIIBIO
JUarpaMMbl 3aBHCUMOCTH MEXAY HANPsUKEHUSMH B IIPOAOJILHON apMaType Og U BEIMYMHOW M3THOaroIero Mo-
MeHTa Ms, pa3paboTaHHONH HamHM, KOTOpas MPUHUMAETCS B BUJAE JBYX OTPE3KOB MPAMBIX U MMEET IEepesioM B
TOYKE, COOTBETCTBYIOIIEH 00pazoBaHMIO TPeIUH M (puc. 8). B cTamum pa3BUTHS KPUTHUECKOW HAKIOHHOM
TPELIMHBL, B COOTBETCTBUHU C IIPUHATON AMArpaMMOM, HaNPsDKEHUS B IPONOJIBHOI apMaType B HOPMaJIbHOM ce-
YEeHHUH C TPEIUHON ONPEAETAIOTCS U3 COOTHOILIEHUS

00,2 0s1 . My-M
002~ (0sp+30)  Mp—Mcrc

(1

Hanpspkenue B MpoJoibHON apMarype Ogq B HOPMAJIbHOM CEYEHWH B CTaJMM PA3BUTUS KPUTHUECKOH
HAKJIOHHOM Tpelunsl (puc. 8) Haigem, 3ameHsas B (1) yCIOBHBIA NpPENEN TEKyYECTH O, COOTBETCTBYIOLIMM
PacUCTHBIM CONPOTHUBIICHHEM Ry, paspylIaroIiii MOMEHT M, — pacueTHBIM MOMEHTOM M, Toraa

_ Rs—(o5p+30) 5 M=Qc

051 - RS 1 Rg M—Mcrc ’

2

TJIE C — PaCCTOSHUE OT OTOPBI 10 BEPILIMHBI HAKIOHHON TPEIIMHBI B IPOEKIIMH Ha OCh JIEMEHTa (JUTHHA TIpoJIieTa Cpe3a).
[NomepeyHas cuna mpu pa3BUTHH KPUTUUECKOH HAKJIOHHOW TPEIMUHBI () ONMPEICIIIeTCs U3 JIMIOPhI Kaca-
TEJbHBIX HANPKEHUH Ty, B OCTOHE HaJ HOPMAIbHOW TPEIIMHOW B BUJE KBaApaTHOH mapaboinsl (puc. 5). Co-
TJIACHO KPUTEPUIO TPOYHOCTH OETOHA, MPH IFIOCKOM HAIPSDKEHHOM COCTOSIHMU (pUC. 4, 0) B BEpIIMHE HAKJIOH-
HOH TPEIMHBI B 3aBUCUMOCTH OT HOPMAJIbHBIX HANPSHKCHUMH O, KAcaTENbHbIC HANPSKCHUS Ty, = KRp. Torma

Xo 2 2
Q= fo Tauyb dx = ST, bXo = ZkRybEoh,, (3)

TJIE Xy — BBICOTA CXKAaTOM 30HBI OETOHA B HOPMAJILHOM CEUCHUH, MPOXOSAIIEM Yepe3 BEPIINHY HAKIOHHOU Tpe-
o X
MHbL. OTHOCUTEIBHAS BBICOTA CXKATOM 30HBI OETOHA § = h—°
0
[Toacrapisist momydeHHOe 3HaUeHHE () B BeIpaskeHue (2) n o003Hagas

o= ZRbtbhOC; B=1 _Gsp_+3’0; 6 =M — M,
3 Rg
MoJry4ynm
M—akE
o5, = Ry (1 - pH2e). )

Hanpsbkenue B MpoIOIBHOW apMaType B 3TOM K€ HOPMAJIbHOM CEYEHUH B MPEIECIBHOM COCTOSHHU I10
npouHocTH paBHo M. Torna

o5, = Rs (1 - B*=2), (5)

rac M2 = QC - I/I3FH63.IOH.II/II>1 MOMCHT B HOpPMAaJIbHOM CCUYCHHUU B MNPCACIbHOM COCTOSHHUU IO IMPOYHOCTU
HAKJIOHHOI'O CCUYCHUS.

Pacuem uszubaemvix scene300emoOHHBIX IJ1IEMEHNI08 NPAMOYZOTIbHO20 RPOPUIA
6 cmaouu pazeumus KpUmMu4ecKol HaKi10HHOU mpPeujutbl

B cragum pa3BUTHS KPUTHYECKON HAKIOHHOM TPEIIMHBI HEOOXOANMO OIMPENETUTh BHICOTY CXKAaTOW 30HBI
OeToHa HaJ HOPMaJILHON TpeIMHOI xo = oo (B cCE€USHHUHM MO TPY30M), HAIPsDKEHUE B apMaType Gy U OETOHE Gp
B HOPMaJIbHOM CEYEHUH, a TAK)KE BEIMUMHY MONEpeYHOM cuilbl (J. YKa3aHHbIE BEIUYMHBI TOJYyYUM U3 COBMECT-
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HOTO peIeHus 9eThipex ypaBHeHH: (3), (4), a Takke ypaBHEHUH PaBHOBECHS M3THOAIOIIMX MOMEHTOB H IIPO-
JOJIbHBIX CHUJI B HOPMAJIbHOM CCUCHUU!

YM =0; Qc = wopbxy(hy —yxg) £ 05145,(hg — a’); (6)
YN =0; wopbxy+ GélA;p = 0-slAsp, (7

rae w u Y — Ko3pGUIIUEHT TOTHOTH M KOA(DPHUITUEHT, OMPEISIIONTNI MOJI0KEHNE TICHTPa TSHKECTH DITIOPBI
C)KaToW 30HBI OETOHA HaJ] HOPMANBHOW TPEHIMHOMW, PACIIOIIOKEHHOM MO/ BEPIIUHON KPUTHYECKONH HAaKIIOHHOW
TpeLMHBI (110 JTMHUY JIeHCTBUS HArPY3KH WK BOMU3U Hee) (puc. 5).

W3 coBmecTHOTO pemreHust ypaBHeHHi (6) u (7), a Takke ypaBHeHUS (4) U mocie X Mpeodpa3oBaHU MO-
Jy4aeM KBaJpaTHOE YpaBHEHHE

55+ qi5 + P =0, (8)
13 KOTOPOTO
2
= _4 a\" _p.
=2+ (%) - A ©)
B (hopmyie (9):
1 8 1[8,, —
N ‘?(—sRsAspho‘1)+&[§(1+®—M]’ (10)
éa'&
Mp-5152
Pr=—xs (11)
GélAép
= > 12
5 RsAsp (12)

riae B ¢popmynax (6), (7), (10) u (11), a rakxke (14) BepxHUE 3HAKM MPUHUMAIOTCS, KOTJa BEPXHSIS TIPOIOTIbHAS
apMaTypa IUIomaablo Ag, B CTalud PasBUTHS KPUTHYECKOH HAKJIOHHOM TPEIIMH OKAKETCsA CHKATOH, HIKHHE
3HAKH — KOT1a OHA OKaXXETCS PaCTSIHYTOM.
Kak orMeueHo Bbime, K03QQUIMEHTOM Y onpeeNsieTcs PacCTOsSHUE OT IICHTPa TSHKECTH TUTOLIA U SITOPEI
HaIPSKEHUH CKaTUA HaJ HOPMAIbHOM TPEeIMHON 10 BEpXHEH rpaHu C:kaToi 30HBI 6eToHa (puc. 5).
Hanpspkenne B MpoAosibHON HampsiraeMod apMaType, pacloJIOKEHHOW B CKAaToW 30HE, IPUHUMAETCS B
3aBUCUMOCTH OT NPENEJIbHON C)KUMAEMOCTH OETOHA €,,;, M BEIMYUHBI IPEIBAPUTEIHLHOTO HAIPSKEHUS B HEH.

0-.’91 = kieypEg — Glsp~ (13)

W3 ananu3a ONBITHBIX JAaHHBIX MOYKHO MPUHSATH kq = 0,6 PU OTHOCUTENBHBIX PACCTOSIHUSAX OT OMOPHI 10
rpy3a cho < 1,5 u k= 1 nipu cho > 3,5. B mpoMexxyTOUHBIX 3HAYSHHSIX /o 3HAYCHUS Kk, OTPEAEINSIIOTCS 10 HH-
tepniossitu. Hanpsbkenue B cxxatoM OeToHe u3 ypaBHeHHs (7) paBHO

= 1
05145p+05145p

(14)

wbxg

IMonepeunyto cuny Q B CTAAWN Pa3BUTHsI KPUTUYECCKOW HAKIOHHOW TPEIIMHBI (KOTJa OHA JOCTUTACT Ce-
YeHUS MO TPY30M) orpeaeisieM mo ¢popmyire (6).
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Pacuem npounocmu HaKnOHHBIX Ce4EeHUIl RO 08YXDOI0UHOI pACUemHOIl cXxeme

[Ipu pacyere MPOYHOCTH HAKIOHHBIX CEYEHHUH, KAK OTMEUCHO BBIIIE, MIPHUHATA IBYXOJIOYHAs pacdeTHas
cxema. B pacuetHoil cxeme (puc. 6 u 7) I€HCTBYIOT YCUIIHSA:

— B OeToHE BepxHETO 0J10Ka (HaJ BEPIIMHON KPUTHIECKON HAKIIOHHOW TPEITUHBI) MPOIOIBHOE Ny, ITOTIE-
peanoe (p1; B MPOJOIHHON apMaType B MECTe TepeceueHHUs] ee HAaKJIOHHBIM CEeYeHHeM oceBoe N, Mmomeped-
Hoe (Jy; B IoNepeuHol apmartype oceBoe (Jy,; MPOJOIbHAS M MONIEpEYHasi COCTABIIIOIINE CHU 3alleIUIeHus, AeH-
CTBYIOIIUX B HAKJIIOHHOM ce4eHUU N; 1 Oy

— B OeTOHE HIDKHETO OJIOKA (1107 BEPIITMHOW KPUTHUCCKOW HAKJIOHHON TPEIIMHBI) MPOIOJIbHOE Ny, TTOTIe-
peuHoe QOpo; B monepevyHoit apmarype Osw; B IPOJOIBHON apMaType B HOPMaJbHOM CEUCHHU PACTSIHYTOW 30HBI
Ny; TpooNIbHAs W TIONIEpeYHasi COCTABJISAIONINE CHJI 3amervieHus [;, ACWCTBYIONIMX B HAKIOHHOM CEUEHHUH
Ns; 1 Q,. [Ipu 3TOM B pacueTHOMW CXeMe BEpXHETO W HIDKHETO OJIOKOB MPHUHATO COBMECTHOE NEWCTBHE YCHIIHI
Ny = Ny — N;u Qg = Qg+ Os, IPUIIOKESHHBIX B MECTE TIepecedeHus IPOJA0IBHOI pacTIHYTOM apMaTypbl HAKJIOH-
HOU TpewmmHOW. B cTagnu paspymieHus Mo HaKJIOHHBIM CEYEHUSM HEOOXOIMMO OMpPENeNUTh: BBICOTY CIKATOM
30HBI O€TOHA HaJ/l HAKIIOHHOM TPEINHOW X (B CEYEHUH O] TPY30M); JITUHY TOPU3OHTAIBHOM MPOEKIINH HAKIIOH-
HOU TPEUIMHBI Cy U BEJIMUMHY pa3pyliaroeil monepednoit cuisl Q,. [Ipu aToM Xxo OepeTcs U3 cTaguu pa3BUTHA
HAKJIOHHBIX TPEIIHWH, YTO MOJTBEPKIACHO DKCIIEPUMEHTATbHO. 3HAUYCHUS X U Co OTPEAENsieM M3 COBMECTHOTO
pelleHus] ypaBHEHUH paBHOBECHS M3THOAIOIINX MOMEHTOB JIBYX OJIOKOB: BEPXHETO, OTHOCHUTEIBHO TOYKH IIPH-
JIOKEHUSI OTIOPHOW peakiinil (OTHOCHUTENBHO TOUYKH A ), U HUKHETO, OTHOCUTENFHO IEHTPA THKECTH MPOIOITBEHON
apMaTypbl B HOpMaJIbHOM CEYEHHH IO/ Tpy30M (oTHOcuTenbHO Touku O). Torma s BepxHero 0J0Ka U3 ypas-
HeHus XMy = 0 monydum

Q61 c+ st (C - CO) + QSW(C - O'SCO) = N61261 + stl(ho - a,)' (15)

IUIsL HIDKHETO OJ10Ka u3 ypaBHeHus XM, = 0:
Qg3 + Qs 0,5¢¢ = Ng,Zs,. (16)

B Oankax 6¢3 XOMYTOB COBMCCTHAs BCIIMYHNHA HareJIbHOH CHUJIbI B HpO)IOJ'H:HOﬁ apMaTtype U CUJI 3alCIlIC-
HUA IHepOXOBaTOﬁ TMMOBCPXHOCTHU 6eper013 B HaKJOHHOM TPCHIUMHE ONPCACIIACTCA U3 YPAaBHCHUA PaBHOBECHUS I10-
MEPEUYHBIX CHUJI B HUJXKHEM OJoKe:

Qss = Qs, = SkRycb (o — x) = L5Rycb(x0 — ). (17)

JInst coXxpaHeHHsI eJMHON METOAMKH pacdeTa B Oalkax C MONEPeYHOH apMaTypoil BEIWYMHY HAreIbHOTO
> deKra npuHEMAaeM TakoH JKe, Kak U B Oankax 0e3 monepevuHol apMaTypsl, T0 €CTh Qg3 = (g, -

[lozcTaBnss 3HAUECHUS Oy = Ry U Tyy = 2,2 Ry B opmynty (15), nosyunm ypaBHEHHE PABHOBECHS U3~
THOAIONIIX MOMEHTOB JIJIsl BEPXHETO 0J10Ka, KOTOPOE TOCIIe ITPeo0pa3oBaHmil HIMEET BT

c
0,5R,bx? — [Rbho + 1,5Rp; (E - co)] bx + (qgw¢ — 1,5R,:bxy)co —

—0,5¢swc§ + 1,5Rpcbexg F o5, Agp(hg — ') = 0. (18)

YpaBHEeHHE PABHOBECHS M3THOAIONIMX MOMEHTOB ISl HUYKHETO 0JI0Ka OTHOCUTETbHO ToukH O TOCIe mpe-
00pazoBaHMif UMEET BUT

1 1
§be2 — [O,SRb (ho + §x0> — 1,5Rbtc0] x +

2
+0,5RpeXo (ho — 3% ) = 2% — 1,5Ryex0c0 = 0. (19)
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Jns1 onipeneneHust 3HaUSHNH X U € He0OXOMMO BBITIOIHUTD pelieHre ypasaeHui (17) u (18).
Jns mpeaBapuTENbHO HANPSHKEHHBIX M3TH0aeMBIX DIIEMEHTOB 0€3 XOMYTOB (g, = 0 M3 COBMECTHOTO pe-
nrenus ypasHenuit (17) u (18) momyunm KBagpaTHOE ypaBHEHUE JUIS OTIPECeIICHHS BEICOTHI CKaTOW 30HBI OETOHA

Hazg HAKJIOHHOU TpeI].IPIHOﬁ, H3 KOTOpOTro
qs qﬁ
x=2— [T-Pp, (20)

rae
qa = 3ho — X0 + 4,5%’:0; @1)

— 60, Agp(ho—a')

— (gRbt . _
Py =(9 e —3hy + x0) %0 F - (22)

JliMHaA TOPU30HTAIbHOM MPOEKIMKM HAKIIOHHOMN TPEIIUHBI Cy ONMPEACIIICTCS U3 YPaBHEHUS PABHOBECHUS H3-
rH0aoIMX MOMEHTOB B HIYKHEM OJIOKE.

Rb(ho —%xo —%x)
3Rpt

Cop = (23)

HonepeqHaa CHJia B CTaAuU Pa3pyHICHUA MO HAKIIOHHOMY CCUCHHIO OMPCACIACTCS U3 YPABHCHUSA PABHO-
BECHI MOMCHTOB BHCHIHUX W BHYTPCHHHX CHJI OTHOCHUTCIIBHO LICHTPA TAXKCCTU HpOI[OHLHOﬁ apMaTtypbl B HOP-
MaJIbHOM CCUCHHUU IIOJ I'py30M

1

Rpbx(hg—=0,5x)+0,5Rpb(xo—x)(ho—3

Qp =

Xo —%x)ic’cl Fi(ho—a’)

24)

c

Hanpsraemas apmarypa B C)kaToil 30HE B CTaAMU Pa3pyIIEHUS dJIEMEHTa M0 HAKJIOHHOMY CEYEHHIO BBO-
mutes B ypasHeHus (11) u (14) ¢ HanpspbkeHUEM, paBHBIM

op, = eypEs — 0g. (25)

Pe3yabTaTthl 1 00cy:K1€eHUE

PaccMoTpuM pe3ynbTaThl ONBITHBIX M TEOPETUUECKUX UCCIIEIOBAHUI MPOYHOCTH U TPEIINHOCTORKOCTH T10
HAKJIOHHBIM CEYEHHSIM Ha MPUMepe pacueTa MpeBapuTeIbHO HANPsDKEHHOW H3rndaeMoil skene300eToHHOM Oai-
K, ucnbitanHoi E. 3Boiiepom (CILIA) mo pa3paboTaHHOMY HAaMH METOLY.

HcnpIThiBanachk onbITHAs Oaika OpsMOYToasHOro npoduist Mapku S-5 0e3 monepednoit apmarypsl. Cede-
Hue Oanku 15,2x30,4 cMm, ho = 21 cm. XapakTepucTuku npodHoctu OeroHa R, = 43,8 Mlla; Ry = 3,00 MIla.
Hauanenblit Momynb ynpyroctu 6etona Ej, = 4x10* MIla. Hanpsraemas apmarypa Ay, = 2,84 cm?® (1504,9);
XapaKTepPUCTHKM MPOYHOCTH apMaTyphl: Gox = 1462,2 MIla; oy, = 726,9 MIla; E; = 2,109x10° MIla. Paccro-
SIHUE OT OCH OIIOpPHI 10 OCH IpmioxeHHoro rpy3a C = 92 cM. OmnbITHas paspyliaronias HOoIepedHasl cuiia
0,""=70,2 kH.

Pewenue. Pacuer mpouHOCTH M3TMOAEMBIX JKEI€300€TOHHBIX JEMEHTOB M0 HAKIOHHBIM CEUYCHUSIM, paz-
paOOTaHHBIM HaMU, pEIIAeTCs B KOMIUIEKCE CO CIEAYIOIIMMH pacueTaMu, IPUBEICHHBIMH B IEHCTBYIOIINX HOP-
MAaTHBHBIX JOKYMEHTaX:

1. Pacuem npounocmu uzeubaemotl sxcene306emonHol OAIKU No HOPpMAlbHLIM cevenusm. BbicoTa cxaToi
30HBI O€TOHA B HOPMAJIbHOM CE€UEHHH IJIsl onpeaeieHus: M, paBHa
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RA
(o RA,_14622x284 O
Rb  33,8x152

OTHOCHUTEIIbHAS BBICOTA CKATOM 30HBI OETOHA

24
g X 824 (097,
n, 21

OtHocuTeNnbHas TPaHUYHASI BBICOTA CKAaTOM 30HBI OeToHa & onpenensercs mo Gopmyie

08 08 08 _
Sr = e 0,0054_2543_0’31’
1+ s,e 1+ 9
0,0035

8!72

TZI€ €0/ — OTHOCHUTENbHAS eopMalusl B apMaType PacTsIHYyTOH 30HBI, BRI3BaHHAS! BHELTHEW HArpy3Koii, mpu Jo-
CTIKCHHH B 3TOH apMaType HAaIpsDKEHUs, PABHOTO PaCYETHOMY COIIPOTHBIICHUIO;

_ R +400-0,, 1462,2+400-726,9
o E 2,109x10°

N

€

=0,0054,

TIE €5 — IpeeabHas OTHOCUTENBbHAS meopMariis ckatoro oeroHa, mpuauMaemast pasaoit 0,0035.
Ecmu cobmomaercs yemosue & = 0,297'Ex = 0,31, pacueTHOE COMPOTHBIICHIE HANIPATAEMON apMaTyphl R
JIOTTYCKACTCSl YMHOXKATh Ha KOA(PPUIMEHT YCIOBUS pabOTHI Y3, ONIPEeIsseMblii o Ghopmyrie

0,297

ys3=1,25—0,25§=1,25_0,25 =1,01<11.

R B

CremoBaTenbHO, BBICOTA CHKATOM 30HBI OETOHA B NPEIETHHOM COCTOSIHUH 110 HOPMAJIbHOMY CEYEHHIO C
y4eToM K03 UIUeHTa V,3 paBHA

__TaRA, _101x1462,2x2,84
Rb 33,8x15,2

=6,3 cM;

M, = R,bx(h,—0,5x)=43,8x15,2x6,3(21-0,5%6,3) =74 868 MITaxem® (Hx m) = 74,868 xkHwm.
[Monepeynas cuia B IpeAeIbHOM COCTOSIHHH 1O HOPMAJIBHBIM CEYCHUSIM PaBHA

M, 74,868

c 0,9

0, = =81,378 xH.

2. Pacuem no obpazo8anuio HOpMAnbHbIX K BPOOOAbHOU OCU OaKy mpewuH. XapakTepUCTUKa MPUBEACH-
HOT'O CEUCHHS:

A,y =bhtod, =152x30,4+527x2,84=477 cm’,

rIe

E _ 2,109x10°

=5,27,;
E, 4x10*
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5 2
S = a0 = 13230 s g 849,42 7164 s
Yo :Sr_ed:m:ls,ozcm
Ared 477
) 3
Ly =%+bh<§—yo>2 +ad, (v, -a)’ :%+15,2x30,4(¥_15,02)2+5,27X2,84(15a02_9>4)2 =36 074 e,
W ) :I”_ed:M: 2402 CM3; Wp[ :yVVred :1)75)(2402:4203,5 CM3;
re Yo 15,02
Ng =0,,4, =726,9x2,84 = 2064 MIlaxcm’; e, = y,—a =15,02-9,4=5,62 cm;
W 2402
r=¢—=0,8——=4,03 cm.
A 477

red
MowmeHT 00pa3oBaHUs TPEITHH HOPMATBHBIX K OCH OajIKU:

M, =RW,+N, (e, +r)=3,0x4203,5+2064(5,62+4,03) = 32 528 MITaxcw® (Hxm) = 32,528 xHwm.

[Tonepeunas cuiia mpu 00pa30BaHUU HOPMAJIbHBIX K OCH OaJIKM TPEILUH:

M, 32,528
chc - c - 0392

=35,356 xH.

3. Pacuem 6 cmaouu pazgumusi Kpumu4eckou HakIoHHOU mpewunel. B TaHHON cTamuu (Koraa OHa JOCTH-
TaeT CEUYCHUs IO TPY30M) HEOOXOIUMO OMPEICIIUTh: HAMPSHKEHUE B apMaType B CEUCHWH ¢ HOPMAaJILHOM Tpe-
IIMHOHN Oy, BBICOTY CXKaTOW 30HBI OETOHA HaJl HOPMAJIBLHOW TPEIIMHOHN X9 = (olo, HAmpshKeHWE B OETOHE Gp
B HOpPMaJIHHOM CEYCHHMH C TPEIIMHON M BEIMYHUHY ITOTIepedHoi cribl (. YKa3aHHBIE HEM3BECTHBIE HEOOXOIMMO
YCTAaHOBHUTHL W3 pemieHus ypaBHeHud (3), (4), (9) u (14). Ilpu >tom nmpuanMaercs 3Hauenue y = 0,4; K = 2,2;
o' = 0 (Tak KaK B JaHHOM IpUMEpPEe BEPXHSS apMaTypa OTCYTCTBYET).

OnpenenseM HanpspKeHHE B apMaType o1 1o popmyte (4), rie

6., =R (I-p—=
a=RA-P 5 42340

o= %Rb,bhoc = %x 3,0x15,2x21x92 =58 733 MIlaxcem® (Hxm);

_0,*30_ 7269430
Sy, 1462,2

=0,482; §=M,- M, =74 868-32 528 =42 340 Ilaxcm’,

TaK Kak oy = 1248,37 MIIa'R, = 1462,2 Mlla, To npu JOCTUKEHUU HAKIIOHHOM TPEIIMHON CeUEHUs MO Harpy3-
KOH HaInpspKeHUE B HIDKHEH MPOJOIBFHON apMaType He JOCTUTAeT MpeAeTbHBIX 3HAUSHHUH.
OnpenenseM OTHOCUTENBHYIO BBICOTY CKaTOM 30HBI OeTOHA (o 110 popmyie (9)

+0,28 =0,48,

2 . 2
EJO:_&—F q_l_P1 :ﬂ_}_ 0’12
2 4 2
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e

1 8 1 [s 1 42 340
g == 1t ——| 2(1+%)- M, |=— ~1|+
v\ BR,A_h, axk|p 0,4\ 0,482x1462,2x2,84-21

sptisp

1 [42 340

+ x(1+0)—74 868 | =0,018+0,1=0,12;
58 733x2,2| 0,482

M, -p-5+220
’ h, 74 868x0,482—42 340+0

! vkap 0,4x2,2x58 733x0,482

b b

re x4'd = (), Tak KaK BEpPXHsis apMaTypa OTCYTCTBYET.
hO
BricoTa cxxartoit 30HB O€TOHA B CTAAWH PA3BUTHSA KPUTHUCCKOW HAKIIOHHOW TPEIIUHEI paBHA

X, =E,h, =0,48x21=10,08 cm.

[To popmymne (14) onpenensiem 3HAUCHUE Cp.

_ 0.4, 1248,36x2,84

wbx, §x15,2x10,08

=34,71R, = 43,8 MIla.

O,
ITonepeynas cuila B CTaJMHU Pa3BUTHS KPUTHUECKOM HAKJIOHHOM TpemuHbl u3 popMysl (3) paBHa

Qz%katbﬁoho =§><2,2><3 MIla x (100)H/cm* x15,2 cmx 0,48 21 cm = 67,415 kH.

4. Pacuem uccredyemotii banxku 6e3 Xomymog 6 cmaouu paspyuleHus no HakIoHHbIM ceyeHusm. JInminaa ro-
PHU30HTAIBLHOMN TPOEKIMH HAKJIIOHHOW TPEIIMHBI B CTAANH pa3pyleHus no ¢popmyie (23) paBHa

R, (h —lx —zx) 43,8(21—lx10,08—2x0,48)
Tt 33 3 3 1 1
= :84,290Mzc—§h0=92—§x21=850M.

3R, 3x3,0

CnenoBaTenibHO, UCCIeayeMas OaiKka B 30HE JCHCTBUS MONEPEYHBIX CHJI B CTaJUU PA3BUTUS HAKIOHHBIX
TPEIIUH HAXOIUTCS Ha TPAHUIIE MEXK/y PACUECTHBIMU CIIyYasMU JII MaJIbIX U OOJIBIIMX POJIETOB Cpe3a U e¢ He-
CYIIYIO CIIOCOOHOCTH 110 HAKIIOHHBIM CEYEHHSIM MOYKHO OMPEIENATH 110 JIIOOOMY U3 YKa3aHHBIX CIy4aceB.

Tak kak B cTaau¥ pa3BUTHS HAKIOHHOW TPEIIMHBI 0KA3aJIOCh (IIPHHSITO), 9TO Oajlka OTHOCUTCS K OOJIb-
MM TIPOJIETaM Cpe3a, TO MPH JOCTHKSHUHM HAKIIOHHOW TPEUMHON CEYCHHUS MOJ] IPY30M, HaIpsDKEHUE B OETOHE
C)KaToM 30HBI HAJ HEM JOCTUTAET NPENEIbHBIX 3HAYCHUN R

OmpenensieM BBICOTY C)KaTOM 30HBI O€TOHA X HaJl HAKJIOHHOHN TPEITHHOM.

2 2
x:q—;—J%—a =%—1/81f 38,23 =40,65—+/1652,42—38,23 = 0,48 cm,
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e

q, =4,5&c +3h, - x, =4,5><i><92+3><21—10,08=81,3CM;
R 43,8

b ’

66’ A (h,—d
P4=(9ﬁc—3h0+x0)xo— pdy U )=(9>< 3 x92-3x21+10,08)10,08—0 =
R, Rb 43,3

=(56,712—63+10,08)10,08 = 38,23 cm”’.

Paspymarorniyro monepeuHyo CHUIIy MO HAKIOHHOMY CEYEHHIO ompezerseM mo dopmyne (24) kak s
OOJTBITNX TIPOJIETOB Cpe3a

R,bx(hy—0,5x)+0,5R,b(x, - x)(ho - lx0 - Zx] -opA! (hy—a')
QT 3 3 3 1 5P _
P - =

C

43,8x15,2x0,48(21—0,5x0,48)+0,5x43,8x15,2(10,08—0,48)(21—;x10—§x0,48)+0

92

_6634,165+55 434,9
92

=675 MITaxcem® = 67,5 xH,

3axkniouenue no pesynbmamam paciemos. B crimcke IUTEpaTypsl, IPUBEICHHOM B CTaThe, UMEIOTCS Tal-
JIMLBI PE3yJIbTATOB PacyeTa Mo M3JI0KEHHOHW B CTaThe METOAMKE 157 m3rnbaeMbIx xKene300eTOHHBIX JIEMEHTOB
110 HAaKJIOHHBIM CEYEHUSIM, UCIBITAHHBIX Kak B Poccun, Tak u 3a py6exom. IIpu 3Tom 1o 5 6ankam ¢ pa3nndHbl-
MU (U3UKO-MEXAaHUIECKUMHU XapaKTEPUCTUKAMHU, HAMU BBHIMIOJIHEH MOJPOOHBINA pacyeT, Kak U B NMPHBEICHHOM
npumepe pacuera O6anku S-5, ucneitanHoi E.M. 3Boiiepom (CILLA), rae B cpegHeM CXOIUMOCTb OMBITHBIX H
TEOPETHYECKUX PE3YNIBTAaTOB cocTaBisaeT 1,03, To eCTh MPUMEPHO TakKas ke, Kak U B yKa3aHHOM IpUMEDE.

KpaTtkue 1aHHbBI€ 110 HCIBITAHUIO 0AJI0OK TABPOBOTI0 NMpoduIs

Hauunast ¢ 1973 r. 1 no Hacrosimee BpeMsi HaMu HcnbITaHo Oonee 500 n3rmbaeMbIX W BHELGHTPEHHO-
CKATBIX JKeNe300E€TOHHBIX dNIeMeHTOB. M3 Hux 48 0anok TaBpoBoro npoduis (MOAETH MOCTOBBIX COOPYIKEHHIA).
OmHOW W3 MPUYUH HCHBITAHUA OaJOK TaBpOBOTO MPOGUIA CTAT TOT (PAKT, YTO HAa MHOTHX MEXKIYHapOIHBIX
KOH(EpPEHIIMIX U B HAYYHBIX ITyOJIMKAIMsIX, Kak B Poccru, Tak 1 3a pyOeskoM, 00CyKIanHUCh OOITbIINE MPOOIEMBI 0
YCTpaHEHHIO XPYIIKOTO (OMMaCHOTO) pa3pylIeHUs] N3THOAEMBIX Kelle300eTOHHBIX 0aToK (0COOEHHO B MOCTOCTPO-
€HUH) C IPUMEHEHUEM BBICOKOTIPOYHBIX O€TOHOB. I1pr 3TOM TIpH MTOBBIIIEHHHN HECYITIEH CITOCOOHOCTH OAJIOK, 3a CUET
MOBBIIICHHST TPOYHOCTH OCTOHOB, XPYIKOCTh BHE3AITHOTO Pa3pyIICHUs MoBbIIaeTcss. Hamu BriepBbIe B HKCIIE-
PUMEHTaIbHBIX HCCIIEOBAHUSAX TMPOBEACHO HCIBITAHHE M3THOAeMBIX XKeJe300eTOHHBIX 0ajloK TaBpOBOTO IMPO-
Gbuns npu 00HO-, 08YX- U MPEXOCHOM NPed8aApPUMenbHOM Hanpsicenuu apmamypsi (IPOJOILHAS apMaTypa, Mo-
TepedHas apMarypa B pedpe 0ajok W ImornepedHas apMarypa B CKaThIX Toikax) (puc. 9). Oka3anock, 4To 0O4eHb
LHEHHBIM ¥ HEOOXOIUMBIM MpPU MPOESKTUPOBAHUH, CTPOUTENBCTBE M AKCIUTyaTalluy OANOK MPOJIETHBIX CTPOCHUH
MOCTOBBIX COOPYKCHUIl ABISIETCS MPUMEHEHHE OANOK C TPEXOCHBIM MPEABAPUTEIBHBIM HAMPSHKEHUH apMaTyPB.

TpemnHOCTONKOCTh M Hecyasi ClIOCOOHOCTh IO HAKJIIOHHBIM CEYEHHSIM TaKUX OAJIOK 3HAYUTEIHLHO BBIIIE
M0 CPaBHEHHWIO C aHAJOTMYHBIMH OajKaMH TPH OJHOOCHOM NpEJBApPHTEIILHOM HAIPSXKEHWH W TeM Ooliee 1o
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CpaBHEHHIO C OankaMu 0e3 MpeaBapUTEILHOTO HANPSHKEHUS apMaTyphl. TpemuHbl B TaKUX Oankax oOpasyrorcs
nmpu 6OJ'II)H_[I/IX Harpyskax, a IOCJI€ CHATHA HArpys3Ku INUIOTHO 3aKPBIBAIOTCA, PASPYHICHUE NPOUCXOAUT ITJIaBHO
TP HATMYUH OOJBIINX MPOTHUOOB.

Puc. 9. AukepoBka HanpsiraeMoi apMaTypbl IPH ABYXOCHOM €€ TIPEABApPUTEIEHOM HalpshkeHuH (OrKHsIs Oanka)
1 TPEXOCHOM IIpeIBapUTEIbHOM HaNpsDKeHNH (HainbHAs Oanka) B onbiTax M.H. Crapumiko, npoBoaumeix B Bol'TY (Bonoraa)
(dpoto u3 apxusa N.H. Crapmumixo)
Figure 9. Anchoring of the stressed reinforcement at its biaxial prestress (near beam) and triaxial prestress (far beam)
in the experiments of I.N. Starishko conducted at VSTU (Vologda) (photo from the I.N. Starishko archive)

Taxast nmpyxuHUCTas1 paboTa OANOK MPU OTCYTCTBHH XPYNKOTO pa3pylIeHus (KOTja KOJMYECTBO IoIepey-
HOU HampsiraeMod apMaTypbl B pedpe Oanku pusw > 0,9 %) sBnsercst 6e30macHON, HaJeKHONW W JAONTOBEYHOM
B OKCILTyaTaLuH.

3akaouenue

B HEKOTOpBIX 3KCIEPUMEHTAIbHO-TEOPETHUECKUX HCCIEAOBAHUAX MPH COCTAaBICHUHM METOIMKH pacuera
MPOYHOCTH M3rM0aeMbIX KeNe300€TOHHBIX AJIEMEHTOB B 30HE ACUCTBHS MOMEPEYHBIX CHII, B CEYEHHUSIX C HOP-
MaJIBHBIMH K NIPOAOJIBHONH OCH TPELIMHAMHM, PACIIONIOKEHHBIMH B 00JIACTH Pa3pylIeHUs] OETOHA HaJl BEpIIMHON
HAKJIOHHOW TPEIIMHBI, UCIOIB3YETCS TUIOTE3a IIOCKUX CEYEHMI, YTO HE COOTBETCTBYET pe3yJbTaTaM peallb-
HBIX (PU3UKO-MEXaHMUECKHX SIBICHUN MPOUCXOASAIINX B MPOLIECCE UX UCTIBITAHUI.

OmbITHI OKA3bIBAIOT, YTO B MOMEHT pa3pbiBa OE€TOHA PacTSAHYTOW 30HBI, M3-32 HHTEHCHUBHOTO Pa3BUTHS
IUTACTUYECKUX AedopManuii CHIbl CABUra MCKPUBILIIOT ceueHue. llocie o0pa3oBaHMs TPEIIMH MO [UIMHE 3Je-
MeHTa AedopManny, cKaTol M pacTIHYTOH 30H CEUEHHs M BBICOTa C)KaTOW 30HBI MEPEeMEHHBI, a HeHTpanbHas
0cb BOJMTHOOOpa3Ha (Haj TPELIMHAMH OHA MOABIMAETCS, MEXKAY TpEeIlMHAMU oIryckaercs). s cpeqHux 3Haue-
HHUH BBICOTHI C)KaTOH 30HBI OETOHA, PACIIONIOXKEHHBIX HA YYaCTKE MEXAY TPELIMHAMHU M HCIBITHIBAIOIIUX CHUM-
METPHUYHOE BO3CUCTBHE ClIEBa U CIIPaBa, MOXKET OBITh MCIOJIb30BaHA TMIIOTE3a IJIOCKUX CEYEHHH, YTO MpUMe-
HSIETCS B pacyeTax MpornOoB M3rnbaeMbIX Kele300eTOHHBIX neMeHToB (pacuet no ctaguu I1). OnHako pacue-
TBI IPOYHOCTH (pacueT no cranuu III) BeIMONHAIOTCS 10 HanOoJee ONacCHBIM CEYEHUSIM, TO €CTh IO CEYEHUSIM C
TPEUIMHOMN, TJIe THIIOTe3a IUIOCKMX CEYCHUH IaeT CyIeCTBEHHBIE MOTPEUTHOCTH U HE MOXKET OBITh HCIIOIB30BaHa
B pacyeTax MpOYHOCTH.

CrnenoBatenbsHO, pa3padOTaHHAsl HAMU AMarpaMMa 3aBUCHMMOCTH HaNpsDKEHUH B MIPOAOJIBLHON apMarype Oy
OT BETTMYHHBI M3rHUOAOINX MOMEHTOB Ms 10 CEUCHHUIO C TPEIMHON (pHC. §), UCIOIB3yeMas B BBHIMICIIPUBEICH-
HBIX pacyerax, NMPHUHSATa BMECTO THIIOTE3bl INIOCKHX CEYEHHH, a Takke B ordere LleHTpanbHO# 1aboparopuu
teopuu xene3zoberona HUMXb (Mocksa) o teme [-H-4-80. Ha3zBanue ordera «Pa3paboraTs HOBBIE paKTHYE-
CKHE METOJIbl pacyeTa MPOYHOCTH >KeJIe300€TOHHBIX IEMEHTOB IPU ACHCTBUHU MOINEPEYHBIX cH». PykoBomu-
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Teh J1ab0opaTopuu JOKTOP TEXHUUECKHUX HayK, mpodeccop A.A. I'BozneB. Ctpanuns U.H. Crapumko B ykazas-
HOM oT4eTe — 88—164.

[TpeaBaputenpbHOE HANPSHKEHUE MPOJIONIBHOW apMaTyphbl B H3THOAEMBIX JKENE300€TOHHBIX 3JIECMEHTaX Me-
HSIET TPACKTOPHIO TITABHBIX COKUMAFOIIMX HAMPSDKEHUH, YTO MPUBOINT K YBEITHUSHHIO BBICOTHI CoKATOM 30HKI Oe-
TOHa HaJd HAKJIOHHBIMU TpCIIUHaAMU (pI/IC 3), a CJICOOBATCJIbHO, U MMPOYHOCTH 110 HAKJIOHHBIM CCUCHHUAM B HUX
CYIIECTBCHHO MOBBIIIACTCS.

[TpenMyIIecCTBOM H3J0KEHHOTO METO/A pacyeTa W3rH0acMbIX KeIe300€TOHHBIX 3JIEMEHTOB MO HAKIIOH-
HBIM CEUCHHUSM SIBIIICTCS TO, YTO OH BKIIFOYAET COBMECTHOE JICHCTBUE M3THOAIONINX MOMEHTOB U MOMEPEYHBIX
CWJI TIpU NIEHCTBUM HATPY3KH, a TAKXKe IOCIEAOBATEIBHBIN NepeXxo 0T 00pa30BaHUs HOPMAaJIbHBIX TPEIIMH K
00pa30BaHMIO U PA3BUTHIO HAKJIIOHHBIX TPEUIMH U, HAKOHEI], K Pa3pYIICHUIO 3JICMEHTOR.

Pa3paboranHas HaMH METOJIKA pacueTa H3rH0aeMbIX Kelle300€TOHHBIX AJIEMEHTOB 110 HAKIIOHHBIM Ceve-
HUSIM OTpakaeT IeHCTBUTENBHBIC HANPSHKEHHO-Ie(GOPMUPOBAHHBIE COCTOSHUS 3JIEMEHTOB € Hadala uUX 3arpy-
JKEHUSI ¥ IO TIOJIHOTO Pa3pyIIECHUs, YTO 00SCICUNBACT BHICOKYIO CXOIMMOCTh ONBITHBIX M PACYETHBIX Pe3yJIbTa-
TOB, TOBBIIIAET YKOHOMHUYECKYIO 3(QQEKTUBHOCTh, JOJITOBEYHOCTh U HAJEKHOCTh KOHCTPYKIUHA B Tpollecce
CTPOUTENLCTBA M HKCITYaTAIl|H, YTO COOTBETCTBYET TpeOOBaHMAM EBpOIeicKiX HOPM Mo kene300eTony .
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AHHoTanus. AkmyanvHocms. PaccMaTpuBarOTCs KOHCTPYKTHBHBIE PEIICHHUSI HOBOM
CBaliHOH KOHCTPYKLUHM, NPEICTABIAIOEH OO0 MOHOIUTHYIO KEIe300€TOHHYIO
KOHYCOOOPa3HYIO CBalo, 3aKJIIOUYEHHYIO B MIEOHEBYIO 000NIOUYKY M OMHPAIOIIYIO-
sl Ha mapooOpasHoe eOHeBoe ymupeHrue. B xoae uiciaeHHoro ueciueqoBaHus,
IIPOBEEHHOI0 ¢ IPUMEHEHHEM METO0Jla KOHEUHBIX AJIEMEHTOB, BBISBICHO BJIMSA-
HUE TEOMETPUYECKUX MapaMeTpoB IIcOHEBBIX 00pa30BaHHil CBaifHOrO (yHaa-
MEHTa, TAKUX KaK TOJIIIMHA CTEHKH I1eOHEeBOi 000JI0YKH U paguyc 1ieGHEBOro
YIIUPEHUs], Ha €r0 HECYLIYI0 CIIOCOOHOCTD. [lenb uccrne0oanus 3aKI04aeTcs B
CPaBHUTEIbHO-YHCICHHOM aHallM3e HalpspKeHHO-Ie(OPMUPOBAHHOTO COCTOS-
HUsI CBaHHOM KOHCTPYKLMH C Pa3sHBIMH KOHCTPYKTHBHBIMH PEIICHUSAMH, pado-
Talollel B COCTaBe I'PYHTOBOrO MaccuBa. Mamepuansl u Memoovl. YUCIEHHBIN
CTaTHYECKUH aHaNN3 KOHCTPYKIMH MOHOJMTHOTO >K€JIe300€TOHHOTO CBalHOTO
¢yHIameHTa, paboOTarOEro B IPYHTOBOM MAacCHBE, IPOBOJIMIICS C MIPUMEHEHHU-
€M IPOCTPAHCTBEHHON KOHEYHO-3JIEMEHTHON MOJIENM B IMPOrpaMMHOM KOMILIEKCE
CAE-knacca. [Ipencrasiensl pe3ynsmamysl YUCISHHOTO aHAJIM3a HaNpsHKEHHO-
JneOPMUPOBAHHOTO COCTOSTHUS HAOMBHOW MOHOJIUTHOH KeJIe300€TOHHOW KOHY-
co00pa3Hoil cBaM C pa3HOW TOJIIMHOW CTEHKH IIeOHEBOW 000JIOUKU U pa3HBIMU
JaMeTpaMy HIDKHETO [apooOpa3HOro MeOHEBOTO YIIMPEHUs.. AHAIN3 TTOKa3ajl, 9To
M3MEHEHHE YKa3aHHbIX I'€OMETPUUYECKHX IapaMeTpPOB CBAHHOIO (yyHIaMeHTa OKa3bl-
BAET CYILECTBEHHOE BIIMSHUE HA €r0 HECYIIYIO CIOCOOHOCTB ITPY BHEIIHMX CHIIOBBIX
BO3JCHCTBISX. ParuoHanbHBIM BEIOOP yKa3aHHBIX NApaMETPOB MO3BOJIIET S3KOHOMHO
pacxozoBaTh OETOHHYIO CMECh M apMaTypHbIe CTEPXHH, IpeIHAa3HAuYeHHBIE JUIS
U3TOTOBJICHHS. MOHOJIMTHOH >KeNe300eTOHHON HAaOUBHOM CBau, YTO, B CBOIO Ode-
peab, IPUBOAUT K YMEHBIIEHHIO ()MHAHCOBBIX 3aTpaT Ha U3TOTOBJIEHHE CBAHOTO
(byH,L[aMeHTa U BCEro 371aHus B LiesIoM. B nanpHeimmx nccnenoBanusx npeamnosa-
raercs IPOBECTU CPABHUTENbHBII aHAJIM3 YMCIEHHBIX PE3YJIbTaTOB C 3KCIEPUMEH-
TaJIbHbIMH JaHHBIMU, TTIOJTYUCHHBIMU B na60paT0pH1>1x 1 HATYPHBIX YCJIIOBUSAX.

KuroueBble ciioBa: cBast, cBas B hopMe KOHycCa, CBasi KOHUUECKON (GopMBI, CBast
KOHycooOpa3Hoi (opmbl, OypoHaOuBHas cBas, HaOUBHAs CBas, HeCyluas CIO-
coOHOCTh CBau, IeOHEeBast 000I0YKa cBam, HIeOHeBas CBaifHasi OnaxyOKa, HUK-
Hee 111e0HeBOe pacluIupeHue, MapoodpasHoe IeOHEBOE YIIMPEHHE
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Influence of constructive solutions on the stiffness characteristics
of the rammed monolithic reinforced concrete cone-shaped piles
with side and bottom forms from crushed stones
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Article history Abstract. Relevance. The article discusses the design solutions of a new pile
Received: June 17,2021 structure, which is a monolithic reinforced concrete cone-shaped pile, enclosed
Revised: September 21, 2021 in a crushed stone shell and resting on a spherical crushed stone broadening.
Accepted: October 1, 2021 In the course of a numerical study, carried out using the finite element method,

the influence of the geometric parameters of the crushed stone formations of
the pile foundation, such as the wall thickness of the crushed stone shell and
the radius of the crushed stone broadening, on its bearing capacity was revealed.
The aim of the study is to perform a comparative numerical analysis of the stress-
strain state of a pile structure with different design solutions, operating as part of
a soil massif. Materials and methods. Numerical static analysis of the structure
of a monolithic reinforced concrete pile foundation operating in a soil massif was
carried out using a spatial finite element model in the CAE-class software pack-
age. The article presents the results of a numerical analysis of the stress-strain
state of a rammed monolithic reinforced concrete cone-shaped pile with different
wall thicknesses of the crushed stone shell and different diameters of the lower
spherical crushed stone broadening. The analysis showed that changes in the speci-
fied geometric parameters of the pile foundation have a significant impact on its

bearing capacity under external forces. The rational choice of these parameters
allows you to economically use the concrete mixture and reinforcing rods inten-
ded for the manufacture of monolithic reinforced concrete rammed piles, which,
in turn, leads to a decrease in financial costs for the manufacture of the pile
foundation and the entire building as a whole. The next research is supposed to
carry out a comparative analysis of the numerical results with experimental data
obtained in laboratory and field conditions.
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PekoHCTpYyKINIO 1 TIepeIuTaHuPOBKY TPAKAAHCKUX W MPOMBIIUIEHHBIX 3IaHUH (COOpYKEHUI) MOXKHO OT-
HECTHU K YHCITYy BaXXHBIX 3a/1a4 CTpOHTeHBHOfI OTpaciiv, MMOCKOJIbKY UX YCICIIHOC PCIICHUC MO3BOJIACT NPOATIUTH
HaJIeKHOE U Oe30macHoe (DYHKIIMOHMPOBAHUE KOHCTPYKIMU CYIIECTBYIOIIUX CTPOUTEIBHBIX 00BEKTOB. [Ipu 3TOM
M3MEHEeHNe 00bEeMHO-TUIAHUPOBOYHEIX MapaMeTPOB U apXUTEKTYPHO-KOHCTPYKTUBHBIX PEIICHUH IKCILTyaTHPY-
eMBIX 3[IaHWH, BKJIIOYAs YCHJICHHE OTHCIHHBIX BHAOB KOHCTPYKIHMH HAA3eMHON H(WIM) TOM3EMHON YacTew,
JTIOJDKHO OCYIIECTBIIATHCS 0€3 CYIIECTBEHHBIX (PMHAHCOBO-MAaTepHANLHBIX 3aTpaT. B kauecTBe mpumepa MOKHO
MIPUBECTU MPAKTUKY CTPOUTEIBHON PEKOHCTPYKLUUU U MEPEIIAHUPOBKU KBAPTUP B >KUIIBIX MHOTOKBAPTHUPHBIX
nomax. K HUM OTHOCHTCS, B 4aCTHOCTH, HEPEBOJI KUIOTO TIOMEIIEH s B HeKuIoe (MM Hao6opoT)', a Taxke 10-
MOJHUTEIBHOE YBEIMYCHHUE OOIIEH WM KUJIOH IUIOIIAAN KBAPTUPHI B CYIIECTBYIOIIEM MHOTOKBAPTUPHOM JOME
3a CueT MPUCTPOIKH, HAPUMED SPKEPOB U JTomKHit>. JIF060e n3MeHeHne 00BEMHO-TIIAHNPOBOYHEIX apaMETPOB
MOMEIeHnH H(MII) BCeTo 3MaHnus TpeOyeT OT MH)KeHepa-KOHCTPYKTOpa MPHHATHS MPAaBUIBHBIX KOHCTPYKTHB-
HBIX PEIICHUM.
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B manHOM citygae Hamboliee parioHaILHBIM KOHCTPYKTHUBHBIM PEIICHUEM SBIISETCS HAOWMBHOW CBAHBIN
dysnament’ [1-5], ycTaHOBKA KOTOPOTO MOKET U JI0JKHA OCYIIECTBIIATHCS 6e3 TIPHMEHEHH S TKeNoi (cremnua-
JM3UPOBAHHON) TEXHUKH, TIOCKOJIBKY JIIOOBIE YAAphl, COTPSICEHHUS WM COIYTCTBYIOIIME BHOpAlMM MOTYT Hera-
TUBHO OTPa3UThHCS HE TOJIBKO Ha CYLIECTBYIOLIEM (pyHIaMEHTE U IPYHTOBOM OCHOBaHHHM, HO M Ha BCell Hal3eM-
HOU YacTH 3/1aHusl (COOPYKEeHHUs). Y JaYHBIM KOHCTPYKTUBHBIM pellieHHeM OyAeT NpUMEHEHHE HOBOM KOHCTPYK-
MM MOHOJIMUTHOH KeJe300€TOHHOW KOHYC00Opa3HOH cBau co MIeOHEeBOH 000104Koil (omaimyOKoi) U HIKHUM
meOHeBBIM Iapo0o0pa3HbIM paciIupeHneM (yIIMpeHneM) (majee Mo TeKCTY — CBaliHas KOHCTPYKIHS), OPUTH-
HAJIFHOCTh M HOBHM3HA KOTOPOIi MOJATBEpsK/IeHA MATeHTHOI sKcnepTn3oii (puc. 1)*. [puMeHeHe HOBO#H CBaHHOI
KOHCTPYKIHH SIBJISIETCS] pallHOHAJIBHBIM PELICHHEM HE TOJNBKO MPH PEKOHCTPYKIUH CYIIECTBYIOMINX 3MaHUH (cO-
OpYXEHHUH), HO ¥ JUIs1 HOBOTO CTPOUTENBCTBA, B TOM YHCIIE MaJIOdTaKHOTO.

2,3

Puc. 1. MoHonuTHAS 5KeJ1e300€TOHHAS CBasi KOHUYICCKOU (POPMBI:
a — BUJ| CBaM B pa3pese; O — OOLIMI BUJ CBau; 6 — BUJ| CBaM B IUIaHe; / — MPOCTPAHCTBEHHBII apMaTypHbIN KapKac, BRITOJIHEHHBIH B (JopMe KOHYCa;
2 — IpOJOJIbHBIE apMATyPHBIE CTEPIKHU MIEPHOINIECKOr0 pohuiis; 3 — MmonepevHbie CTEPIKHH (XOMYTHI); 4 — IeGHeBOe pacIIHpeHHe OKPYIIIoi (OpMBbL;
5 — JIONIOJTHUTENIBHBIN KPETIeK B BUJIE CTEP:KHEH; 6 — yrpamOoBaHHas 1ieOHeBas 000J104Ka; 7 — OSTOHHBII HAMOJIHUTENb
Figure 1. Monolithic reinforced concrete pile of conical shape:
a — sectional view of the pile; 6 — general view of the pile; 6 — plan view of the pile; / — spatial reinforcing frame made in the shape of a cone;
2 — longitudinal reinforcing bars of a periodic profile; 3 — transverse rods (clamps); 4 — crushed stone expansion of a round shape;
5 — additional fasteners in the form of rods; 6 — rammed crushed stone shell; 7 — concrete mix

JlaHHOE KOHCTPYKTUBHOE pellleHue HAOMBHOM CBaW MO3BOJISET IPUMEHSATD €€ IPH PEKOHCTPYKITUH 31aHUH
(coopyxeHwuit), HaIpUMep TMPHUCTPOUKH TIOMEUICHUH, JTOMKUN U mp. B 3ToM ciydae myivHa cBall IPUCTPOMKHU
(HOBOrO KOHCTPYKTHUBHOTO 3J€MEHTA) JIOJKHA ObITh MEHbIIE [UIMHBI CBAaM CYLIECTBYIOIIEro 3ianus’ [6; 7].
YMeHbIlleHHe IIUHBI U KOJIMYECTBO CBail BO3MOXHO 3a CUET M3MEHEHHs yrila HaKIIOHa KOHycooOpa3HOW cBau
1 YCTPOHCTBA HIDKHETO IMEOHEBOTO paciupeHus (YIIUPEHUs) IO MATOH Keae300eTOHHON cBau, KoTopas ooec-
MEYNBACT BHICOKYIO HECYIIYIO CIOCOOHOCTh B OTJIMYHE OT CBai Apyrux THIOB [8—17]. YcTpoiicTBO mIeOHEBOM
000JI0YKH C yTpaMOOBaHHBIM OKOJIOCBAWHBIM TPYHTOM IIPHIAET CBae OONBLIYIO KECTKOCTh, MIPOYHOCTH U 00ec-

3 IMarent P® Ne 141512. MoHouTHas sKeye300eToHHas cBas-000s10uka Gonpmoro muamerpa / AWM. Canoxuauxos. 2014. Bro. Ne 16.
URL: https://www.fips.ru/registers-doc-view/fips_servlet (gata obpamenus: 12.06.2021); ITarenr PO Ne 154795. Koncrpykius coenu-
HEHHSI BEPXHETO CTPOCHHS ICTAKaIbl C MOHOIUTHOW cBaeii-000nmoukoii / A..Canoxuukos, D.P. Kyxaxmerosa. 2015. brox. Ne 25. URL:
https://www.fips.ru/registers-doc-view/fips_servlet (nata obpamienus: 12.06.2021).

4 Tlarent P® Ne 157318. KoHCTpyKIHs MOHOJNMTHOM keNne300eTOHHOM cBau koHudeckoil gopmel / D.P. Kyxkaxmerosa, A.U. Ca-
noxuukoB. 2015. Bromn. Ne 33. URL: https://www.fips.ru/registers-doc-view/fips_servlet (nara obpamienus: 15.06.2021).

> Memeniox H.C., Hluwxo I®., Conosvesa A.B., I'pysunyes B.B. CBau u cBaiiHble (yHIaMEHTHL: CIIPaBOYHOE nocobue. Kues:
Bynisenbauk, 1977. 256 c.; PexoMeHmanuu mo mMpoOeKTHPOBAHHIO M YCTPOHCTBY OCHOBAaHHMH M (YHAAMEHTOB IPH BO3BEICHUH 3TaHUIMA
BOJIN3M CYIIECTBYIOUINX B YCIOBHUAX INIOTHOH 3acTpoiiku B T. Mockse. M.: Ctpoitmzaar, 1999. 55 c.
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TIeunBaeT SKOHOMHUIO GeToHHOM cMecu® [8; 17]. Kak npaBuiio, mogo0HbIe pelIeH s, IPHBOIAIINE K yBETHICHHIO
TUTOIA/IN TTIOMEUIeHUH, 3P PEeKTHBHO NMPUMEHSIOT PU PEKOHCTPYKIMH KHIIIBIX 3[JaHUH, UMEIOIIUX JI0 TISITH JTa-
JKell BKITFOUUTENBHO, a TaKKe MPH MAIOATAKHOM CTPOUTENhCTBE (MpuycaneOHbie noma) [18; 19].

YcTaHoBKa CBaifHONH KOHCTPYKIIMM CO IIEOHEBBIMH OOpPa3OBaHUSIMHU COIPOBOXKAAETCS YIUIOTHEHHEM —
HaOWBKOI rpyHTa. HaOnBKa 3aKimrouaercss B TOM, 4TO B IPOOYPEHHYIO 10 MPOSKTHON OTMETKH HUJINHAPHYECKYIO
CKB)XMHY MOPLIMOHHO 3aChINaeTcs meOeHb, KOTOPbIH yTpaMOOBBIBaeTCS B HIDKHEH 4acTH CKBaXKHHBI 10 00pa-
30BaHHUS PACIIUpPEHUs MapoodpazHoit Gopmbl. Ilpomomkas MOPIMOHHO MOACKHINATE W BIABIMBATH IIeOCHL B
TPYHT C IIOMOIIBI0 pacKaTdrKa, YCTAHOBJICHHOTO B CKBAKUHY, GOPMHUPYETCS KOHycooOpa3Has ImebHeBas 000-
nouka (omamyOka). 3aTeM B Hee yCTaHaBIMBACTCS MPOCTPAHCTBEHHBIH apMaTYpHBIH METaUIMYECKUil Kapkac,
noBTopsiroIuii hopmy omnanyoku. Kapkac kpemuTcs K cTeHKaM MIeOHEBOW 0OOJOYKH MPH MOMOIIH CIICIHAITb-
HBIX CTEp)KHEH (Kpemeskeil) ¥ B manpHeineM Getorupyercs’ [8; 17]. JlaHHAs TeXHOJIOTHS M3TOTOBJICHUS CBaii-
HOM KOHCTPYKITMH MO3BOJIIET KOHTPOJIMPOBATh pacxo] OETOHHOM cMecH, 10/1aBaeMoil B IeOHEBYI0 KOHYCO00-
pasHylo 000JI0UKY, KOTOPBIH PaBeH reOMETPHUECKOMY 00bEMY YKa3aHHOM 00OJIOUKH.

B [17] npoaHanm3upoBaHO BIHMSTHAEC TEOMETPHUYUCCKHX TTAapaMeTPOB HAOMBHOM KOHIMYECKOM CBaM Ha €€ HECYIIYIO
CIIOCOOHOCTH TTOI ISHCTBUEM BEPTUKAIBHBIX U TOPH3OHTAIBHBIX BHEIIHUX HArpy30K, B YaCTHOCTH BIIMSTHHE €€ yIiia
KOHYCHOCTH Ha HECYIIYIO CIIOCOOHOCTH B OJHOPOAHOM TIeCUYaHOM TpyHTE. [IJisi BHIYMCIUTENHEHOTO SKCTIEpHMEHTa
MIPUHATHI CBAWHBIE KOHCTPYKIMU pa3Hod AnuHbl L; = 1-10 M ¢ Bepxuumu auamerpamu D; = 0,6; 0,8; 1,0 u 1,2 m,
TOJIIIMHOM ¢ CTCHKHM I1IeOHEBOM onanyOku (0005104kH), paBHoi 0,15 M, ¥ AUaMETPOM HIDKHETO ieOHeBoro 1mapa D" Ha
KoHIe cBan 1 M. B XoJie uncieHHOro pacuera BBISBIICHO, UTO MIeOHEBbIe 00pa3oBaHust (000JI0UKa U IIap Ha KOHIIE
CBaW) OKa3bIBAIOT 3HAYHTEIIFHOE BIMSHUE Ha HECYIIYIO CIIOCOOHOCTh MOHOJIMTHOM JKeNe300eTOHHOM cBau. JIOrHuHbIM
MIPOJIOJDKEHNEM YKa3aHHOTO YHCIIEHHOTO HMCCIIEIOBAHMS SIBISIETCS PACCMOTPEHHE HANPSHKEHHO-EPOPMUPOBAHHOTO
cocrostaust (HIIC) cBaifHOM KOHCTPYKITUH C pa3HBIMHU TOJIIIMHAMH ¢; IIIEOHEBOH 000JI0YKY (ONaTyOKH) U JHaMeTpaMu
D" mapa Ha ee KOHIIE.

Lems HacTOSIIETO pacYETHOTO MCCIIEIOBAHUS 3aKITIOYASTCSl B TOM, YTOOBI ONPENENTUTh BIUSHIE Ha HECYIIYIO
CIOCOOHOCTD CBAfHOW KOHCTPYKIMH TOJIIMHBI IICOHEBON OMaryOKy (00O0JOYKHM) U JUaMeTpa HIDKHETo IeOHeBO-
ro mapa (HWKHeTo pacipenust). st JOCTHKEHHs IIOCTaBICHHON LIeJI OBbUIN PEILeHbl CIeNYIOINe 3a0adH:

1) mocTpoeHBI MPOCTPaHCTBEHHBIE KOHEYHO-3JIEMEHTHBIE MOZIENTN CBAifHON KOHCTPYKIMHU C Pa3HBIMU op-
MaMH IIeOHEBOTO 00pa30BaHMS;

2) ompeneNeHo BIUSHUE TOJLIMHBI HIeOHEBOW OOOJOYKH M JHaMeTpa HWKHETO IIeOHEeBOTo mapa Ha
HanpsHKEHHO-1e(hOpMHUPOBaHHOE COCTOSTHIE KOHYCOOOpa3HOH CBAaifHONW KOHCTPYKIIHH;

3) BBITIOJIHEHA CpaBHUTENBHAS OIEHKa Hecylleld crocoOHOCTH KOHYCOOOpa3HOH cBaW C pasHBIMH KOH-
CTPYKTUBHBIMU PELICHHUSIMH.

MarepuaJibl HCCI1€10BAHUSA

Bce marepuanst npunsaTs u3 [8; 17; 20]:

— MaTeprall MOHOJIMTHOH JKeJIe300€TOHHOM cBan — OSTOH TSDKENBIN Kiacca B15 ¢ Momynmem mpomosHON yII-
pyroctu (Moxyns FOnra) £, = 24x 10° MIla (Tabm. 6.1 18), monyieM capura Gp = 0,4 = 0,4x24x% 10°= 9,6><103 Mlla
(11. 6.1.15%) 1 xoadrmmentom ITyaccona v = 0,2 (m. 6.1.17'°), pacuetnoe conpoTuBIeHNe GETOHA T HPENETHHBIX
COCTOSIHHIA TIEPBO#T IPYTIIBI Y K1acce Gerona B15 1o mpouynocty Ha cxatne R, = 8,5 MITa (tabn. 6.8)''; pacyernoe
COTPOTHUBIICHHE OETOHA JUIs MMPEETIbHBIX COCTOSHUI BTOPOI TpyIIHI ITpU Knacce OeTona B15 o nmpodHocTH Ha cxa-
THe Rpser= 11 MIa (Tabm. 6.7)'2, mioTHOCTS Tshkenoro 6eTona pasHa p = 2500 kr/a’ (1. 6.1.1)";

—MaTtepuan s o000J0YKkHd (OmasyOKH) MOHOJHUTHOM IKele300€TOHHOH CBaWl KOHHYECKOU
dopmel — mebens rpynmel «A» no I'OCT 8267 ¢ pasmepamu 40-70 mm (Menkuii me6eHb) ¢ MoOmy-

¢ IMatent PO Ne 157318. KOHCTPYKLMS MOHOIMTHOM *ee300€TOHHOM cBau KoHuueckoi (opmbl / D.P. Kyxaxmerosa, A.U. Ca-
noxHuKoB. 2015. Bromn. Ne 33. URL: https://www.fips.ru/registers-doc-view/fips_servlet (qara oopamienus: 15.06.2021).

7 Tam xe.

8 CIT 63.13330.2011. BeroHHble U *ke€I€300€TOHHBIE KOHCTPYKIMH. OCHOBHBIE MOJIOXKEHHS. AKTYyalu3HPOBaHHAS PENAKLIMSA
CHullI 52-01-2003 ¢ usmenenusimu Ne 1. M., 2015.

9 Tam xe. C. 24.

10 Tam xe.

1 Tam xe. C. 22.

12 Tam xe. C. 21.

13 Tam xe. C. 15.

14 TOCT 8267-93. Ille6eHb 1 rpaBuii U3 IWIOTHBIX FOPHBIX MOPOM JUIS CTPOUTENBHEIX paboT. Texuudeckue ycnosus. M.: Toc-
ctpoit Poccun, 1993.
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neM ympyroctd E = 350 MIla (ta6n. 3.2"%) u xosdourmentom Ilyaccona v = 0,3'%, mmotHOCTS mEOHS
p = 2500 kr/™’ (m. 1)"7;

— IPYHT OJIHOPOJHOTO OCHOBAHHS — MECOK YETBEPTHUHOTO OTJIOKEHHMS, MblieBaThiit'® (KO>(HUIMEnT 110-
puctoctu e = 0,65) ¢ monynem medopmaruu £ = 18 Mlla, yriom BHyTpeHHero TeHus ¢ = 30°, yaAeTbHBIM
cuennenueM ¢ = 4 klla (Bce ykazaHHble XapaKTepHCTHKM NPUHATHI U3 Ta6i. B.1'%) u xosddumnmentom Iyaccona
v=10,3 (tabn. 5.10%°), m1oTHOCTH rPyHTOBOrO OcHOBaHus p = 1400 kr/m* (Tabm.)?'.

Ha cBaifHble KOHCTPYKITUHM pa3HOW (DOPMBI ASHCTBYIOT CIEAYIOIINE HArpy3KH: ropu3oHTaimbHast P = 10 T
(100 kH) u BeprukanbHas (cxnmaromas) N = 100 T (1000 kH)* [8; 17; 20].

MeTtoa uccijieqoBaHus

N uccnenoanus H/IC cBaliHOW KOHCTPYKIMU C TPYHTOBBIM MacCHBOM NpUMeHeHa TpexmepHas (3D)
MOJIeITb, TIOCTpoeHHass B mporpammMHoM komiuiekce FEMAP with NX NASTRAN, peanusyromeM 4uCICHHBINA
METOJ — MeToJ] KoHeuHbIX 31eMeHToB (MKD). Bece koHcTpykTHBHBIE 2neMeHTHl (KD) cBaitHoro ¢ynaameHra
HaOpaHbl 00bEMHBIMH KOHEYHBIMHU 3JeMeHTaMu Tuna Solid [21], mpencTaBisSiomuME IPOCTbIe MHOTOTPaHHUKH
(terpasapsr) [22]. Lllar pa3dbueHnus ceTkr KOHEYHO-3JIEMEHTHONW MoIenu npuHAT paBHbM 0,5 M [8; 17; 20; 21].
B pacueTHOll NpOCTpPaHCTBEHHOW MOJENN TPYHT MPEACTaBIseT COOOW CIUIOIIHOE, M30TPOIHOE, JIMHEHHO-
nebopMHUpPOBAHHOE TENI0, HOAUMHSIONIeecs 0006menHoMy 3akoHy I'yka®® [23]. Pacuer ocaaxu ocHOBaHHS (yH-
JlaMEHTa OmpeaeNsieTcsl METOJOM mnocioiHoro cymmuposanus no CII 22.13330.201 1%*. MeToa KOHEUYHBIX DJle-
MEHTOB I YIIPYTOoro Tella OCHOBaH Ha Mmetone Penes — Purma [24; 25]. YpaBHeHHE paBHOBECHS CHUCTEMBI
HMMEET CIIEAYIOIIHI BUI;

+ H Cmeﬁ

Jx{r}=(P). 0

— MaTpHUIa )KeCTKOCTH cBau, KH/wm;

(Ie.l+1c.

— MaTpHLa KECTKOCTH TpyHTa, KH/Mm; HCCB CM“ — Marpuua

rae HCrp

YKECTKOCTH IIeOHEeBOM 000JIOUKHU U pacmupenus, KH/m; {V} — BEKTOP y3JIOBBIX ITEPEMEIICHHUIA CBaH, MEOHEBOM

000JIOYKH U TPYHTA, M; {P} — BEKTOp BHEIIHUX HATPY30K, IEHCTBYIOIUX Ha cBaro, KH.

PemenneM cuctembl anreOpandeckux ypaBHeHHH (1) SBIAIOTCS KOMIIOHEHTBI BEKTOpa Y3JIOBBIX
nepeMenIeHn i {V}, Ha OCHOBaHHMH KOTOPBIX OMPEAETSIIOTCS BHYTPEHHHE YCHIUS, AeopMalny U HampsKeHHUS

s kaxnoro KO pacuernoit moxenu [24; 25]. B pacderax BepTHKalbHas M TOPU3OHTAIbHAS KOMITOHEHTHI
BHEIIIHEW CHJIbI, AEUCTBYIOIIEH Ha CBato, OBLIN MPUJIOKEHBI B IEHTPE BEEPHON CUCTEMBI Rigid-3JIeMEHTOB THIIA,
Oaromapsi KOTOPOW COCPENOTOUYEHHBIC CHIIBI PacHpeNelsUINCh MO KOHTYPY BEPXHEH IMOBEPXHOCTH CBaW Kak
obwemHoro Tema [21].

PesyabTathl

Jlns wccienoBaHusl BHIOpaHa MOHOJMTHAS JKENe300eTOHHAsS KOHycooOpasHas cBas [UIMHOW L = 2 M ¢
BepxHUM D = 0,6 M 1 HwKHEM d°° = 0,3 M auamerpamu™ [8; 17]. CBast BEIOpPAHHOH JUTMHBI HAIIIA IIHPOKOE
TIPHMEHEHHE TIPH MPOSKTUPOBAHNU MaTOATAXKHEIX 31aHUIA’,

15 Mertoaunueckue PEKOMEH/IAIMH TI0 MOBBIIICHHIO KAYeCTBa JOPOXKHBIX OCHOBAaHU M3 1eOHs pasnuyHbix nopon. Coroz JOPHUN.
M., 1980.

16 Tam xe. C. 14.

17 Tam xe. C. 2.

18 CIT122.13330.201 1. OcHoBaHus 31aHuii U COOPYKeHUH. AKkTyanusupoannas peaaxuus CHull 2.02.01-83*. M., 2010.

19 Tam xe. C. 134.

20 Tam xe. C. 34.

2! Maxapoe E.B., Ceemnaxoe H.J]. CipaBousble TaGIMIIBI BECOB CTPOUTEIBHBIX MaTepuanoB. M.: V3/1-Bo JUTEpaTyphl 110 CTPOU-
TenbCTBY, 1971. 48 c.

22 Canoocnuxos A. 1., Kyscaxmemosa D.P. CriocoObl OTpy»KEHUs, IPOYHOCTHBIE U Je(pOPMALMOHHbIE PaCUeTh cBail. b. u., 2015.
71 c. URL: https://rucont.ru/efd/314524 (nara obpamenus: 15.06.2021).

2 [Joimosuy H.A. Mexanuka rpyHTOB (KpaTKuii Kypc): yueOHHK s By30B. 2-¢ u31. M.: Briciuas mkona, 1973. 280 c.; bepau-
Ho8 M.B., flzynos b.A. PacueT ocHOBaHU# U pyHIaMEHTOB: yueOHOE mocobue. 3-¢ us., ucnp. CII6.: Jlans, 2011. 272 c.

24 CI1 22.13330.2011. OcHoBaHus 30aHUH ¥ COOPYkeHUM. AkTyanusupoBanHas penaxuusa CHull 2.02.01-83*, M., 2010.

25 TOCT 19804.5-83. CBau noJible KpPyIJIOro CEYEHUs U CBaH-000JIOUKH JKEJE300ETOHHBIE LEIBHBIE ¢ HEHANPATaeMOil apMary-
poii. M.: N3marensctBo cranmaptos, 1983; TOCT 19804.6—83 CBaum mosble KpYIJoro CEUCHHS M CBaM-O0OJIOYKU HKeIe300eTOHHBIE
COCTaBHBIC C HEHamnpsraeMoi apmarypoid. Koncrpyknus u pasmepsl. M.: U3narenscTBo cranmaptos, 1983.
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TonmuHa ¢; cTeHKHW 1MIe0HEeBO 000510UKH (omanyOku) mpuHsaTa B auamo3one 0,15; 0,2 u 0,3 M, a pagmyc
HIKHEro 1meoHeBoro mapa — D" = 1; 1,5 u 2,0 M. MaccuB rpyHTa 3a7iai B BuJe Ky0a ¢ pazmMepamu 7X7x7 M
[8; 17; 21]. B Tabn. 1 mpuBeneHB TeOMEeTpUYECKHE MapaMeTphl IieOHeBhIX 00pa3oBaHMii, a B TaON. 2-5 —
pe3ynbTaThl YUCICHHOTO pacdeTa CBaifHON KOHCTPYKLMHU pa3HO#l (POPMBI COBMECTHO C TPYHTOBBIM OCHOBaHHEM.

Tabauya 1
I'eomeTpuyeckue napamMeTpbl eGHEBbIX KOHCTPYKTUBHBIX 3JIEMEHTOB
ITapameTtpsl ITapameTtpsbl IMapameTpsl
Tun meOHeBbIX YJIEMEHTOB Tun meOHeBbIX YJIEMEHTOB Tun meOHeBbIX dieMeHTod
CBau Tonmmuna JAuametp CBan Tonmmuua JAuametp cBan ToammuHa JAuametp
00010uKH #;, M 1mapa D", m 000104KH #;, M 1mapa D", m 000/104KH #;, M 1mapa D", m
1.1 0,15 1,0 2.1 0,20 1,0 3.1 0,30 1,0
1.2 0,15 1,5 2.2 0,20 1,5 3.2 0,30 1,5
1.3 0,15 2,0 2.3 0,20 2,0 33 0,30 2,0
Table 1
Geometrical parameters of crushed stone structural elements
Parameters Parameters Parameters
Type of crushed stone elements Type of crushed stone elements Type of crushed stone elements
of pile  Shell thickness Ball diameter Of pile  Shell thickness Ball diameter Of pile  Shell thickness Ball diameter
ti, m DM m ti, m D m ti, m D m
1.1 0.15 1.0 2.1 0.20 1.0 3.1 0.30 1.0
1.2 0.15 1.5 2.2 0.20 1.5 3.2 0.30 1.5
1.3 0.15 2.0 2.3 0.20 2.0 33 0.30 2.0

[Ipu omHAKOBOM TOMIIMHE CTEHKH MeOHEBOH onanyOku (000109KH) ¢ = const CYIIECTBEHHOE BIUSHHIE HA
YMEHBIICHUE OCAaIKU CBaW, MOJYyYEHHOH OT BepTHKaidbHOW Harpy3kum N = 1000 xH, oka3piBaeT yBennueHue
JMaMeTpa HIDKHETo ImeOHeBoro pacmupenus D;"*P. AHaJIOTMYHO W U TOPU3OHTAIBHOTO CMEIIEHHS A, 10X
neiictueM cunsl P = 100 xH (taba. 5). Ha npumepe Tpex cBailHbIX KOHCTPYKLHH C OAMHAKOBOM TONIIMHOU
meOHeBoi 0obonouku (onamy6ku) ¢ = 0,15 M, HO ¢ pa3HBIMU paguycaMy HIKHETo meOHeBoro mapa D" =1 wm,
D™ = 1,5 M u D5"* =2 M BUAHO, YTO C YBEITHUCHUEM THAMETPA OCAJKA §; YMEHBINACTCS MPUOIU3UTEIHLHO Ha
12-20 %, a BemMUMHA TOPU3OHTAIFHOTO CMeMIeHns A,; yMeHbinanercs Ha 7,7-20 % (tabx. 6). [Ipu ogumHaKOBBIX
JKe TUaMeTpax HIKHETo meOHeBoro mapa D™ = const ToJIInHa CTeHKH Ie0HEeBOM 000I0YKH HE CYIIECTBEHHO
BIMACT Ha YMEHBLICHHE OCAaOKU §; cBau, B mpenenax 2—13 %. 3HauurenbHOe BIMSHWE HA yMEHBILCHHE
TOPU30HTAIBFHOTO CMEMICHHS A,; CBaiHOW KOHCTPYKITMH OKAa3hIBAeT YBEIMYCHHUE TONIIWHEI MIEOHEBON CTEHKH
ti > 0,15 M (tabn. 7). CpaBHUTEIHHO-YMCICHHBIN aHAJIN3 MaKCUMAJIbHBIX NTEPEMELICHUH CBailHON KOHCTPYKIIUU
C pa3HBIMHU NapaMeTpPaMu: AUAMETPOM HIDKHETO IeOHEBOTO pacIIMpeHusl (MK YIIUPEHHS) U TONLIMHOW CTEHKH
meOHeBoi onanyOku (oOonoukn) oT mericTBus BepTHKaNbHBIX N = 1000 kH u ropmszonTameueix P = 100 xH
Harpy30K MpeJICTaBIIeH B Ta0N. 6 1 7.

Ha puc. 2 u 3 uzo0paxkeHsl rpaduky nepeMenieHnii (0caloK) CBaiiHOW KOHCTPYKLMHU C Pa3sHBIMH KOH-
CTPYKTUBHBIMHU PEIICHUSAMHU OT BEPTUKANbHOU cxkumaromeld Harpy3ku N = 1000 kH. C yBennuenueM nuamerpa
HIDKHETo meGHeBoro mapa Dy > D; > Dj; miomaibs ero onupaHusl Ha IPYHT BO3PAacTaeT, TO €CTh MPOUCXOJUT
nepepacrpeeseHie 1aBJIeHn, 0TCI0/Ia U YMEHBIIeHne ocaaku (puc. 2). B 1aHHOM KOHCTPYKTHUBHOM pEIIeHUH
11eOHEBBIN 1Iap HAa HHYKHUM KOHIIE CBaM SIBISETCSI CBOETO POJIa )KECTKUM (HEC)KUMAaeMBbIM) MaTEepPUKOM B cllabo-
CTPYKTYPUPOBAHHBIX TPyHTaX.

C yBenmuueHWEM TOJIIUHEI {1 > f > t3 CTGHKU HIEOHEBOM OOOJIOYKH JOTIOJHHUTENIHLHO YBETUUHUBAIOTCS
BepxHUi D M HWKHUN d OWaMeTphl CBallHOW KOHCTPYKLUHUH M, COOTBETCTBEHHO, IJIOMIAAbL ¢ OOKOBOH mo-
BEPXHOCTH, KOTOpasi 3HAYUTEIILHO BIMSET HA BEIMYMHY OCAJAKHU S; cBau (puc. 3). OmHaKo npH yCcTpoucTBe 1med-
HEBOH 000JI09KK (ONamyOKH) U HIKHETO IIapa YBEIWYHBACTCS PaIUyC 7 YIUIOTHEHHS TPYHTa BOKPYT CBAHOM
KOHYCTPYKIHH.

I'paduxu (puc. 2—5) AEMOHCTPUPYIOT BIMSAHUE HUKHErO M OOKOBOIO INEOHEBOTO PACIIMPEHHUS Ha U3-
MEHEHHUE HeCyllel CIIOCOOHOCTH CBaWHOW KOHCTPYKIMM, KOTOpas 0OyCIIOBIEHa CYMMapHBIM COIPOTHUBICHUEM
TPYHTOBOT'O OCHOBAHUS MOJI CBael M Ha ee OOKOBOI MOBEPXHOCTH.
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Tabauya 2
PesyabTaThl pacyera cBaiiHOi KOHCTPYKIUH ¢ me0HeBOii 060/104K0ii i = 0,15 M

MakcumaibHbie nepemMenmeHust cBaitHOI KOHCTPYKIMH

Tunst Iuamerp mapa
cRaii DM BepTukaabHas ocagka TI'opusonTanbHOE NepeMelieHne
b
si, M oT N=1000 xkH Axi,m ot P=100 xH
s1.1=0,0152 m Ax1.1= 10,0336 m
00152 NS 0.0033
0014z [ | o 000303
0.0133 [ | 0.00287
0.0123 | 0.00266
0.0104 - 0.
1.1 1,0 o005 Y 0.00201
0.00855 - 0.00179
0.0076 0.00158
0.00665 - 000136
0.0057 0.00115
0.00475 - 0.00093
'J\, 0.0038 0.000714
- 0.00285 = 0.000498
i N 0.0019 o : 0.000283
Out KX NASTRAN Case 1 o I OutpUFSSERIX NASTRAN Case 1 '
Defgrmed(ﬂ.mEE):Tutal Translation 0.00035 - Deformed(0.00336): Total Translation 0.0000667
Modal Contour: Total Translation 0 MNodal Contour: T1 Translation -0.000149
512=0,012 m Ax12=0,0033 m
0012 0.00325
00112 0.00304
0.0105 0.00283
0.00262
1.2 1,5 0.002
0.00179
0.00593 0.00158
§ (00523 0.00137
0.00443 0.00116
0.00373 0.000953
0.00299 0.000744
> 0.00224 : 0.000536
. 0.00149
Outpl HlX NASTRAN Case.1 Cutp K1 NASTRAN Case 1 0.000327
Deformed(0.012): Total Translation 0.000747 Deformed(0.0033): Total Translation 0.000118
Elemental Contour: Total Translation 0 Elemental Contour; T1 Translation -0.0000902
s1.3=0,105m Ax13=0,00320m
0.00320
0.00309
0.00288
0.00843
0.00246
0.00719 0
13 2,0 0.00653

Outpj@Q}NX MNASTRAN Case 1

0.000653
Deformed(0.0105): Total Translation i
Elemental Contour: Total Translation )

0.000778
0.000567
0.000357
0.0007146
-0.0000646

Outp DL*WX NASTRAN Case 1

Deformed(0.00326): Total Translation
Elemental Contour: T1 Translation

Tlpumeuanue: BepTUKAIBbHOE TIepeMelIeHIe (0caika CBam) MPEICTaBICHO B BUIC 3arojoBka BekTopa — Total Translation (ITomxoe

TepeMeIeHne); ropuzoaTanpHoe nepemenierne — T1 Translation (Ilepemenienue y3ma mo ocu x).

506

ANALYTICAL AND NUMERICAL METHODS OF ANALYSIS OF STRUCTURES




Kyxaxmemosa 3.P. CTpouTenbHas MexaHuka MHXEHEPHBIX KOHCTPYKLMiA 1 coopyxeHuit. 2021. T. 17. Ne 5. C. 500-518

Table 2
Calculation results of a pile structure with a crushed stone shell 7z = 0.15 m
. Maximum displacements of the pile structure
Types Ball diameter - - -
of piles Dl m Vertical draft s;, m Horizontal displacement
9
from N =1000 kN Axi, m from P =100 kN
s1.1=0.0152 m Ax1.1=10.0336 m
P 0.0033
0.0152 ” ’
0.0142 0.00309 =
00133 no02s7 N
00z3 0.0026R
0.0104 0o
1.1 1.0 0.0095 0.00201 -
0.00855 0.00179 -
0.0076 0.00158 -
0.00 0.00136 -
0o 0.00118
g 0.00475 0.00093 -
p:  0.0038 b 0.000714 -
e 0.00285 0.000498 -
Outp)ﬁlx NASTRAN Cse1 ‘ - e OutpuFgstkl< NASTRAN Case oonozes [ |
Deformed(D.0152): Total Translation o00gs Deformed(0.00336): Total Translation 0.00008e7 ||
Nodal Contour: Total Translation 0. Modal Contour: T1 Translation -0.000149
512=10.012 m Ax12=0.0033 m
001z 0.00325
ootz = 0.00304 =
0.0105 - 0.00283 -
0.00871 0.00262
0.00896
(.00 = p.ooza1 =
1.2 1.5 0.00747 0.002
0.00672 0.00179
0.00598 - 0.00158 -
0.00523 0.00137
0.00448 = 0.00116 =
0.00373 - 0.000953 -
N 4 0.00299 - 0.000744 -
) ‘ - N ! o 0005
Out KIX NASTRAN Case 1 0.00143 = P el 011K 4
utpuFSet: ase B OutpokSetxix NASTRAN Case 1 [ |
Deformed(0.012): Total Translatio_n 0.000747 - Deformed(0.0033): Total Translation 0.000118 -
Elemental Cantour: Total Translation 0 Elemental Contour: T1 Translation -0.0000902
513=0.105 m Ax13=0.0032 m
0.0105 0.00320
\ 0.0098 = 0.00309 -
0.00915 - 0.00288
0.00849 -
0.00246
0.00714 - I -
13 2.0 0.00653 - 0. UDOD_’] -
0.00588 - n.oo1s -
U DD‘?E? 000162
0.00141
sose; B Do0n2 -
n.003z7 - 0.000989 -
A\ 0.00261 0.000778
, [ | [ |
{ 0.00136 - 0.000567
ja* e i DO0TTT ok KX NASTRAN Case | 0.000557
Outpi Al NASTRAN Case 1. 0.000653 . 0.000146
Deformed(0.0105): Total Translation - Deformed(0.00326): Tatal Translation -
. . 0. Elerental Contour: T1 Translation -0.0000646

Elemental Contour: Total Translation

Note: vertical displacement (pile settlement) the Elemental Contour is presented — Total Translation; horizontal displacement
the Elemental Contour — T1 Translation.
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Tabauya 3
PesyabTaThl pacyera cBaiiHOi KOHCTPYKIUH ¢ me0HeBOii 060/10uK0ii i = 0,20 M

MaxkcumajbHbIe nepemMeneHust CBaifHOI KOHCTPYKIMH

Tunsl Inamerp mapa

cBaii map, BeprukajbHas ocaaka Topu30oHTAILHOE NepeMeneHue
b

si, Mm oT N=1000 xkH Axi, Mm oT P =100 kH

521 =10,0148 m Ax21=10,0031 m

0.00305
0.00285
65

La
o

0.00185
0.00164
0.00144
0.00124
0.00104
0.00084
0.000639
0.000438

Outpieuwx NASTRAN Case 1 0.000237

Deformed(0.0031): Total Translation 0.0000354
Elemental Contour: T1 Translation -0.000166

2.1 1,0

Deformedtl].l]l 48): Total Translation
Elemental Contour: Total Translation 0.

522=0,0117 m Ax22=0,00308 m

0oz
n.on

0.00303
0.00283
0.00264
0.00244

2.2 1,5 0.00186

0.00166

0.00147
0.001

0.00107

0.000879

4 0.000684

L X IRIRIREIRIZS p.00zz 0000488

OutpiESetHix NASTRAN Case 1 000147 Out KX NASTRAN Case 1 0.000293

N 0.000733 P! g ase
Deformed(0.0117): Total Translatl_on Deformed(0.00308); Total Translation 0.0000471
Elemental Contour: Tatal Translation 0 Elemental Contaur: T1 Translation -0.0000985

523 =0,00976 m Ax23=10,00306 m

0.00302
n.oozsz
0.00263

23 2,0 0.00185
0.00166
0.00147
0.00127
0.00108

0.000887

0.000693

y avial 0.0005

SKIX NASTRAN Case 1 : OutpESSERIX NASTRAN Case 1 0.000308

Defarmed(0.00976): Total Translation 0.00061 Deformed(0.00306): Total Translation 0.000112

Elemental Contour: Total Translation 0. Elemental Contour T1 Translation 00000813

Tlpumeuanue: BepTUKAIBbHOE IIepeMelieHHe (0CalKa CBan) NPEACTABICHO B BUJE 3aroioBka Bekropa — Total Translation (IToinoe
nepeMelenue); ropusoHransHoe nepemerieHue — T1 Translation (ITepemenienue y3mna mo ocH x).
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Table 3
Calculation results of a pile structure with a crushed stone shell 7z = 0.20 m
. Maximum displacements of the pile structure
Types Ball diameter - - -
of piles Dl m Vertical draft Horizontal displacement
9
si, m from N =1000 kN Axi, m from P =100 kN
521 =0.0148m Ax21=0.0031 m
0.00305 .
0.00285 |
0.0026 o
245
2.1 1.0 0.00185 =
0.00164 |
0.00144 |
0.00124
0.00104
0.00084 =
0.000639 .
] 0.000438 ]
i = ! 0.000237
OutpikSstHix NASTRAN Case 1 OutpUFSstRX NASTRAN Case 1 |
Deformed(0.0148): Total Translation Deformed(0.0031): Total Transltian (0000354
Elemental Contour: Total Translation Elemental Contour: T1 Translation -0.000166
522=0.0117 m Ax22=0.00308 m
0.0117 9 0.00303
0.011 0.00283 -
0.0103 0.00264
0.00953 0.00244 -
SN 100507 000205 B
22 1.5 B (0733 0.00186 =
0.0066 0.00166
0.00567 0.00147 |
§ 000513 0.00127 -
0.0044 0.007107
D% 0.00367 0.00087¢ -
NV q 000293 0.000684
ARSI RS 00022 o0004c0 B
I WAVAVANAN'A ¢ 0.00147 { 0000293 ||
OutpUFBetHlx NASTRAN Case 1 0.000733 OutpuESsERIX NASTRAN Case 1 :
Deformed(0.0117): Total Translation : Deformed(0.00308): Total Translation 0.00005871 -
Elemental Contour. Total Translation 0. Elemental Contour: T1 Translation -0.0000985
523 =0.00976 m Ax23=10.00306 m
0.00302
0.00282 =
0.00263 -
0.00208 -
2.3 2.0 0.00186 .
0.00166 |
0.00147 |
000127 -
000108 -
0.000887 o
=7 0.000693 -
IR, . - Sy . 0.0005 |
OutpuESeERIX NASTRAN Case 1 : OutpUSetlxX NASTRAN Case 1 0.000305
Deformed(0.00976): Total Translation 0.00061 Deformed(0.00306): Total Translation n.ooo112 [ ]
Elemental Contour: Total Translation 0. Elemental Contour: T1 Translation -0.0000813

Note: vertical displacement (pile settlement) the Elemental Contour is presented — Total Translation; horizontal displacement
the Elemental Contour — T1 Translation.
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Tabauya 4

PesyabTaThl pacyera cBaiiHOi KOHCTPYKIUH ¢ me0HeBOii 06010uKo0ii i = 0,30 M

MakcumaibHbie nepeMenmeHust cBaitHOI KOHCTPYKIMH

Tunsl Inamerp mapa
cBaii AaD g BeprukajabHas ocagka T'opu3oHTa/IbHOE IEpeMeleHue
si, M ot N=1000 xkH Axi, m oT P=100 kH
531 =0,0141 m Ax3.1=0,00268 m
004 0.00264
0.0132 = 0.00246 -
0.0123 - 0.00228 -
0.0114 0.00211 -
0.00969 = 0.00175 -
3.1 1,0 0.00881 - 0.00157 -
0.007393 - 0.0014 =
0.00705 - 0.00122 -
0.00616 - 0.00104 -
0.00528 - 0.000866 -
0.0044 - 0.000689 -
0.00352 . 0.000512 .
0.00264 - 0.000334 -
e 0.00176 . 0.000157
OutpUFrSBIRX NASTRAN Case 1 0.000581 || Output NASTRAN Case 1 oo [
Deformed(0.0141): Total Translation - Delormed(0.00268).. Total Translation - -
Elemental Contour: Total Translation 0. Elsmental Conteur: T1 Translation -0.000197
532=0,0114 m Ax32=0,00263 m
0.0114 0.00259
0.0107 = 0.00242 =
0.01 - p.oozz -
0.0093 0.00208
0.00 - 0.00174 [
32 1,5 0.00715 m 0.00157 .
{ 0.00644 0.0014
0.00572 0.00123
0.0050 - 0.0m =
g 0.00429
g 0.00358 = 0.0007: =
Y j oonse v voooese B
X 0.00215 | jh 0.000384 m
OutpubSeeKx NASTRAN Case 1 0.00143 - : 0.000215
Deformed(0.0114) Tatel Translation 0.000715 = Do med(t 0263 Tora) Tronclation 0.0000449 =
Elemental Contour: Total Translation 0. Elemental Contour T1 Translation -0.000125
533 =0,00908 m Ax33 = 0,00256m
0.00908 0.00252
0.00851 - 0.00236 =
0.00794 = 0.00219 -
0.0 i 0o
0.0017
33 2,0 0.0056 = 0.00154 -
0.00511 - 0.00137 -
0.00454 o 0.00121 |
0.003 : 0.00105 -
0.003 | g 0.00 |
0.00284 0.000719 .
n.00z2z7 0.000555 -
0.0017 % 0.000391
vy i 0.00113 i 0.000227 -
Outp =HIX NASTRAN Case 1 Outpl =Kl NASTRAN Case 1 -
Defarmed(D.00908): Total Translation (000567 S Deformed(0.00256): Total Translation (.0000625
Elemental Contour: Total Translation 0. Elemental Contour: T1 Translation -0.000101

Tlpumeuanue: BepTUKAIBbHOE TIepeMelIeHIe (0caika CBam) MPEICTaBICHO B BUIC 3arojoBka BekTopa — Total Translation (ITomnoe
TepeMeleHne); ropuzoaTanpHoe nepememerne — T1 Translation (Ilepemenienune y3ma mo ocu x).
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Table 4
Calculation results of a pile structure with a crushed stone shell # = 0.30 m
- Ball di " Maximum displacements of the pile structure
ypes all diameter - - -
of piles Dl m Vertical draft Horizontal displacement
9
si, m from N =1000 kN Axi, m from P =100 kN
531 =0.0141 m Ax3.1=0.00268 m
0.0141
0.00264
0.0123 ] 0 o0oos ||
0.0114 Qo011 ||
0.00963 = 0.00175 -
3.1 1.0 - -
. . 0.00881 0.00157
0.00793 0.0014
0.00705 - 0.00122 -
B 0.00616 = 0.00104 =
0.00528 - 0.000866 -
0.0044 - 0.000689 -
0.003852 - 0.000512 -
0.00264 - 0.000334 -
Ou A NASTRAN Case 1 - oo [ | Output NASTRAN Case 1 0000157
D P K . 0.000881 Deformed(0.00268): Total Translation -0.0000198
eformed(0.0141): Total Translation - g ] Contour: T1 Translati -
Elemental Contour: Total Translation 0. smental Lontour: ransiation -0.000197
532=0.0114 m Ax32=10.00263 m
00114 0.00259 )
0.0107 0.00242
0.01 0.00225 -
0.0093 0.00208
0.00 0.00174 -
3.2 1.5 0.00715 0.00157 m
0.00644 0.0014
0.00572 00023
0.00501 0.0071 =
[.00429 0.0
4 0.00358 0.00072
‘ 0.00286 01.000554 .
i N 0.00215 7 0.000384 =
. b 0.00143 S ——— 0.000215
OutpUFSstRIX NASTRAN Case 1 A — OutpibSetRi} NASTRAN Case 1 [ |
Deformed(l].mM)..Total Translatl_on . Deformed(D.00263): Total Translation 0.0000449 -
Elemental Contour; Total Translation 0. Elemental Contour: T1 Translation -0.000125
533=0.00908 m Ax33=0.00256 m
0.00908 0.00252
0.00851 0.00236
0.00218
0.00203
n.0017 =
33 2.0 0.00154

SIK i
Cutp =R NASTRAN Case 1
Deformed(0.00908): Total Translation
Elemental Contour: Total Translation

0.00113
0.000567

OutplFsSerl NASTRAN Case 1
Deformed(0.00256): Total Translation
Elemental Contour: T1 Translation

¢ 0.000713

0.00137

0.00121

0.00105
0.0o0

0.000555
0.000391
n.oonza?
0.0000626
-0.000101

Note: vertical displacement (pile settlement) the Elemental Contour is presented — Total Translation; horizontal displacement

the Elemental Contour — T1 Translation.
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Tabauya 5

MakcumaJibHble nepeMellleHusl CBaiiHOH KOHCTpyKkuuu L =2 M
oT ropu3oHTaIbLHON P =100 xH u cxxumaromeii N = 1000 kH narpysku

Juamerp mapa

NPH CJIeIYIOIHNX TOJTIMHAX fiy, M

MaxkcumanbHble nepeMeinieHusi MOHOJUTHOI JKesie300eTOHHOI cBau U 1me0HeBoi 000109KH

Dimp, 3y 0,15 0,20 0,30
Beprukanabnbie I'opuszontainbnbie | Beprukanbubie I'opusonTanbHble | Beprukaabnbie I'opu3oHTaNIBHBIE
Siy M Axiy M Siy M Axiy M Siy M Axiy M
1,0 0,0152 0,00336 0,01480 0,00310 0,01410 0,00268
1,5 0,0120 0,00330 0,01170 0,00308 0,01140 0,00263
2,0 0,0105 0,00320 0,00976 0,00306 0,00908 0,00256
Table 5

Maximum displacement of the pile structure L =2 m
from horizontal P =100 kN and compressive /N = 1000 kN load

Ball diameter

at the following thicknesses #;, m

Maximum displacements of a monolithic reinforced concrete pile and crushed stone shell

D™, m 0.15 0.20 0.30
Vertical si, m  Horizontal A, m| Vertical s; m Horizontal Ax, m| Vertical si, m Horizontal Ax, m
1.0 0.0152 0.00336 0.01480 0.00310 0.01410 0.00268
1.5 0.0120 0.00330 0.01170 0.00308 0.01140 0.00263
2.0 0.0105 0.00320 0.00976 0.00306 0.00908 0.00256
Tabruya 6
CpaBHHTEJbHO-YHCICHHBII AHATN3 MAKCHMAJIbHBIX NepeMellleHN i KOHYc000pa3HbIX cBaii
¢ pasHbIMHU AMameTpamu Di"*P HUKHero medHeBoro mapa
CooTHOIIEHNe MAKCHMAJILHBIX NepeMelleHnii cBaii o Tunam u auamerpam Di"'*P HuKkHero me0HeBOro mapa
TO"mmH? Tunwt Konycooopasnoii ceau
medHeBoit
P P — 1.1-1.2 1.2-1.3 1.1-1.3
(onanyOxm) ti, M Dytap—pytiep DotaP—pyep Dytap—pster
1,0-1,5m 1,5-2,0 m 1,0-2,0 m
Ilpoyenmnoe coomuouienue 6epmuKaIbLHLIX nepemeuienuil si, %
0,15 21,00 12,50 31,00
0,20 20,90 16,50 34,00
0,30 19,10 20,00 20,00
Ilpoyenmnoe coomuouienue 20pu3onmManbHyIX nepemeenuit Axi, %
0,15 7,70 13,50 20,00
0,20 6,70 16,50 14,60
0,30 6,14 16,40 21,50

Table 6

Comparative-numerical analysis of the maximum displacements of cone-shaped piles
with different diameters D**" of the lower crushed stone ball

Crushed stone

The ratio of the maximum displacements of piles by types and diameters D;**" of the lower crushed stone ball

Taper pile types
shell
(formwork) 1.1-1.2 1.2-1.3 1.1-1.3
thickness ti, m lealliDzball DzballiD3ball lealliDsball
1.0-1.5m 1.5-2.0m 1.0-2.0 m
Percentage of vertical displacement si, %
0.15 21.00 12.50 31.00
0.20 20.90 16.50 34.00
0.30 19.10 20.00 20.00
Percentage of horizontal displacements Axi, %
0.15 7.70 13.50 20.00
0.20 6.70 16.50 14.60
0.30 6.14 16.40 21.50
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CpaBHHTeJ’lLHO-'{I/ICJ'leHHBIﬁ AHAJIN3 MAKCUMAJIbHBIX nepememeﬂni’l Konycooﬁpamux cBai

¢ Pa3HBIMH TOJIMHAMM 1e0HeBOi 000/104KH (0NAJIYOKH) 7

Tabauya 7

CooTHoIIEHHEe MAKCUMAJILHBIX NepeMelleHnii cBaii M0 THIIAM M TOJIIIMHE IeOHeBOo 000104KH i

H“aMeTR Tunwt Konycooopasnoil ceau
e0HeBoi
pacumpenust 1.1-2.1 2.1-3.1 1.1-3.1
D", m ti—t 1 h—1
0,15-0,20 m 0,20-0,30 m 0,15-0,30 M
Ilpoyenmnoe coomunowenue 6epmMuUKAnNbHbIX nepemenienuil si, %
1,0 2,60 4,70 7,20
1,5 2,50 2,60 5,00
2,0 7,00 13,50 0,00066
Ilpoyenmnoe coomuowienue 20pu3oHmMAanbHBIX nepemeuenuit Axi, %
1,0 7,70 13,50 20,00
1,5 6,70 16,50 14,60
2,0 6,14 16,40 21,50
Table 7
Comparative-numerical analysis of the maximum displacements of cone-shaped piles
with different thicknesses of the crushed stone shell (formwork) #
The ratio of the maximum displacements of piles by types and thickness of crushed stone #
Crushed stone .
T 1
expansion aper pile Gpes
diameter 1.1-2.1 2.1-3.1 1.1-3.1
D™, m tit2 ht3 h-t
0.15-0.20 m 0.20-0.30 m 0.15-0.30 m
Percentage of vertical displacement si, %
1.0 2.60 4.70 7.20
1.5 2.50 2.60 5.00
2.0 7.00 13.50 0.00066
Percentage of horizontal displacements A, %
1.0 7.70 13.50 20.00
1.5 6.70 16.50 14.60
2.0 6.14 16.40 21.50
0,016
0,015
=
& 0,014
§ \\
-]
g 0013
g 0,012
g 0012 -
g
0,01
\“@
0,009 0,009
1 L5 2
JlmaMeTp HH:KHero mebHeBoro pacmupenus D;, M
==1;=0,15m =B=5=020M =#=13=030M
Puc. 2. I'paduk 3aBUCEMOCTH «OCaIKH — THAMETP HIKHETO MeOHEBOTO PACIIUPEHUSDY
KOHycooOpa3Hoii cBan aimuHOoU L =2 M mpu N = 1000 xH
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Figure 2. The graph of the dependence “settlement — diameter of the lower crushed stone expansion”
of a cone — shaped pile with a length of L =2 m at N= 1000 kN
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—-D;=10m -=wD;=15u —-&D;=20u

Puc. 3. I'paduik 3aBHCUMOCTH «OCAIKU — TONIIMHBI [IeOHEBOH 000104KHU (OmamyOKn)»
KOHycooOpa3Hoii cBau jmuHOi L =2 m ipu N = 1000 xkH
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Figure 3. The graph of the dependence “settlement - thicknes of the crushed stone shell (formwork)”
of a cone-shaped pile with a length of L =2 m at N= 1000 kN
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KOHycooOpasHoi cBau anuHoi L =2 M ipu P = 100 kH
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Figure 4. Graph of dependence of “horizontal displacement — diameter of the lower crushed stone expansion”
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Figure 5. Graph of the dependence of “horizontal displacement — thickness of the crushed stone shell’
of a cone-shaped pile with a length of L =2 m at P =100 kN

Amnanoruunbie TpadUKy 3aBUCUMOCTH CMELICHUH CBAfHBIX KOHCTPYKIHMH OT TOPH30HTAJIBHOM HArpy3KH
P =100 xH npuBenens! Ha puc. 4 u 5. Pa3mepsl quaMerpa HIKHETO MEOHEBOTO MIapa He3HAYUTEIFHO BIIHSIOT
Ha TOPU30HTAILHOE TTepeMenieHe Ay CBal B HAaIPaBJICHUH TIPIIIOKEHHON BHEITHEH critbl P (puc. 4). OnHaKo OHH
OKa3bIBAIOT BIUSHUE B OOJBINCH CTEIICHN Ha MEpEMEIICHUE HIDKHETO KOHIIa KOPOTKOU cBam (3KecTkoi cawm) [17],
TO €CTh YBEIHYCHHE TUaMeTpa MeOHEBOro mapa YMEHBIIAeT cMellleHre Ha KoHie cBau (Tabm. 2—4). Cymect-
BEHHOE BIIMSHUE HAa YMEHBIIIEHHE TOPU30HTAIFHOTO CMEIIeHHUS CBal A,; OKa3bIBaeT yBEJMUCHHE BEPXHETO U HUXK-
HEro IMaMeTPOB CBaM 3a CUET TOJIIIUHEI (¢ > £, > t3) CTCHKH MeOHEBOI 000109KH (omamyOku) (puc. 5).

3akaouenue

1. HoBast koHCTpYKIHS CBaifHOTO (h)yHIAMEHTa HA TIPUMEPE IBYXMETPOBOW CBau ¢ OOKOBBHIMH M HIDKHUMHU
eOHEBBIMU O0Pa30BaHUSIMHU SIBJISICTCS PALMOHATBHBIM M 3KOHOMHYHBIM PEIICHUEM HE TOJIBKO JUIsi HOBOT'O
CTPOUTENLCTBA, HO U JJI PEKOHCTPYKIUHU CYIISCTBYIONUX 3/IaHUH U COOpYKeHUH. BhIOOp ee KOHCTPYKTHBHOTO
pelIeHus 3aBUCUT OT TUTIA TPYHTA U BHEIIHEW HaTrpy3KH.

2. CpaBHUTENBHBIA aHAN3 TIOKA3aJI, 9TO Ha BEPTUKAIBHBIC S, M U TOPH30HTAIBHBIE A, M TIepeMeeHIUs
KOHYCOOOpa3HO#l CBaifHOM KOHCTPYKIUH CYIIECTBEHHOE BJIMSHHE OKa3bIBaIOT €€ T€OMETPHYECKHE U JKECTKOCT-
HBIC MMapaMeTphl, MPUHSTHIC P KOHCTPYHUPOBAHUH, TEXHOJIOTHH MOTPYKEHUsI U U3TOTOBJICHUS, a TaKKe (PH3HKO-
MeXaHWYeCKIe CBOIICTBA MaTEepHaIOB CBAaW M TPYHTA.

3. YBenuueHue HecyIlel CIIOCOOHOCTH CBaW JOCTUTAETCS 3a CUET yBEJIWYEHMS yTiia KOHYCHOCTH, TOJI-
IIMHEI ¢, M IIeOHEeBOW 00004k (omamyOku), nuameTpa D™, M HMXKHEro mEOHEBOTo mapa (HHKHEro pac-
MIUpEHHs M1apooOpa3HOi (POPMBI), a TaKKe IyTeM YIIOTHEHHS TPYHTa B OKOJOCBAaWHOW OONACTH, TO €CTh 3a
CYET CTPYKTYPHBIX H3MEHEHUH TPYHTOBOTO MacCHBa.

4. TeomeTprueckre OCOOCHHOCTH IEOHEBBIX 00pa3oBaHMi (OOKOBOTO M HIDKHETO) MPUBOIAT K JIOTMOJI-
HUTEILHOMY TOBBIIIICHAIO HECYIIeH CIIOCOOHOCTH (PKECTKOCTH) CBaW 3a CUET YBEIWYCHHS IUIOM[AJA KOHTAKTa
C TPYHTOBBIM ocHOBaHWeM. CrieruieHue meOHeBbIX 00pa30BaHUN C YaCTHUIIAMHU TPYHTOBOTO MAacCHBa yBEIHYH-
BaeTcs Onarojapsi yrioBaroil ¢opme, XapakTepHbIM pa3MepaM M IIEPOXOBATOCTH MOBEPXHOCTH INEOHEBOTO
KaMHSL.

5. KonneBoe mapoo6pasHoii medHeBoe 00pa3oBaHNue CBaM CIIOCOOCTBYET PABHOMEPHOMY pacCIpeIeIcHUIO
nasienus p, MIla Ha ocHOBaHHe U 00pa3yeT KECTKYIO TOIJIOKKY (MaTepuk) B cIabOCTPYKTYPHPOBAHHBIX
TPpyHTax.

6. B xome manpHEHIMX WCCIIEIOBAHUN HECYIEel CIOCOOHOCTH KOHYCOOOPa3HOW CBAaWHOW KOHCTPYKITUH
MIPEINOoIaraeTcsl MPOBECTH COMOCTABIIEHUE YHCIEHHBIX PE3YJIbTaTOB C pe3ylbTaTaMH JIaDOPATOPHBIX H(WIIH)
HATYpHBIX DKCIIEPHUMEHTOB, BKIIOYas aHAIN3 TIOBEJCHUS PAacUeTHOW MOJENW TPyHTa 3a IpeieiaMd TEOpPHH
ynpyrocta. OcoOblii MHTEpeC BBI3BIBACT OIpPEEIICHNE JKECTKOCTHBIX M IMPOYHOCTHBIX XapaKTEPUCTHK INeO-
HEBOT0 00pa30BaHMS CBAfHOW KOHCTPYKIIMU TPH €€ TMOPIIMOHHOW 3a0MBKE B TPYHTOBOE OCHOBAaHWE C Pa3HBIMHU
(bU3NKO-MEeXaHHUIECKUMU cBoiicTBamu. [Ipeamonaraercs Takke ONMpeIeTUTh PalHOHAIBHYIO (GOPMY B pa3Mepbl
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OKOJIOCBaWHOM 00J1aCTH YIUIOTHEHHOTO TPYHTA TIPH 00pa30BaHWM MCOHEBOW OOOJOUYKHM M HHUKHETO IIeOHEBOTO
yiupeHust (pacuimpenus) mapooOpa3Hoil (GopMel, KOTOpbIe, KaKk TMOKa3ajl YUCICHHBIH aHalli3, OKa3bIBAIOT
CYIIIECTBEHHOE BIIMSHUE HA HECYIYIO CTIOCOOHOCTh CBAHOM KOHCTPYKITHH.
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AHHoTauus. Akmyanvrnocmo. IIpuMeHeHue 000J04eK B KaueCTBE TOHKOCTEHHBIX
KOHCTPYKLHH JUISl pa3IMYHbIX OTpaciei IPOMBIIIIEHHOCTH BeCbMa pa3HO00pa3Ho.
B aBuacTpoeHHU MUPOKO UCHONB3YIOTCS chepuueckue 000NI0UKY, B HEPTEraso-
JOOBIBAIOIIEH OTpaciay — KPyroBble MITHHAPHYECKUE, B CTPOUTENBHOM OTPacin
Hanu npuMeHenue 6osee 30 aHanutuueckux Gopm obonodek. Bee aneMeHTh
000JI0YeYHBIX KOHCTPYKIMH, 0€3 COMHEHHs, MOJIekKaT Pa3IMYHBIM IIPOYHOCT-
HBIM pacueTaM. Taxxe OTIENBHYIO PONb B HCCICAOBAHHHU 3aHUMAET HKCIECPH-
MEHTaJbHas YacTh, KOTOPAsl MOATBEPIKAACT WIIM ONPOBEPTaeT pacyeTHHIC ypaB-
HEHVS, YTO TOBOPHT O HECOMHEHHOH MEPCHEKTHBE M aKTYabHOCTH MOJEIUPO-
BaHMS HarpykeHHs 00OJIOUEHYHBIX KOHCTPYKUuil. [lens uccredoganus — OUCHKA
COCTOSIHHMSL TOHKOCTEHHOII 00OJIOUKH P TPEXIIapaMEeTpUYECKOM Harpy>KEHUU CHIa-
MH PacTSHKEHUS, CKaTHA U KpydeHus. Memoodwl. IIpencraBieHsl SKCIIepUMEHTAb-
HbIE UCCIEA0BaHUs 10 Je(opMHUPOBaHUIO 000I04EK, IPOBOAUMBIE B TaOOPaTOp-
HBIX YCJIOBHSX Ha OMBITHBIX 00pa3uax u3 cranu 45 TOCT 1050-2013, npuuem
MOJENMPYIOTCSL YCIIOBUSI Harpy>KeHus 00paslia, CX0XKUE C BO3MOXKHBIMHU YCIIOBUAMU
MIPUJIOKEHUS] Harpy30K Ha CYIIECTBYIOLIHE KOHCTPYKUIWH. Pesyromamui. Ilpu-
BE/ICHBI HKCIIEPUMEHTAJIbHBIE TUarpaMMbl 1e(OpMUPOBaHUS MaTepuala odpasua
B Pa3MYHBIX IIOCKOCTSIX, TaHA OIEHKA Pa3BUTOCTH Ae(hOPMUPOBaHHS 000JI0Y-
KU II0CJIE NPUJIOKEHHs Ha HEE COBMECTHBIX YCWIIMH PACTSHKEHUs U KpydeHus,
a TaKKe CXKATHS W KpY4YEeHHs A0 pa3pylleHHs MmaTepuana. s aKkTyalbHOCTH
IPOBOJUMOTO HKCIIEPUMEHTa NOoA00paHa peasbHas KOHCTPYKIHS, KOTOpask IpH
CO3/IaHUM OIIPE/ICICHHBIX YCIOBUI MOXET HCIBITHIBATH COOTBETCTBYIOLIHE
OIIBITHBIE HATPY3KHU.

KaroueBble c10Ba: LUIMHAPUYECKAs 000JI0UKA, CIIOKHOE HATPYKEHUE, HArpy3-
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Experimental study of elastic-plastic deformation
of a cylindrical shell made of steel 45
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Article history Abstract. Relevance. The use of shells as thin-walled structures for various in-
Received: August 29, 2021 dustries is very diverse. Spherical shells are widely used in the aircraft industry,
Revised: October 23, 2021 circular cylindrical shells are used in the oil and gas industry, and more than
Accepted: October 25, 2021 30 analytical forms of shells have been used in the construction industry. All ele-

ments of shell structures are undoubtedly subject to various strength calculations.
Also, a separate role in the study is occupied by the experimental part, which
confirms or refutes the calculated equations, this indicates the undoubted per-
spective and relevance of modeling the loading of shell structures. The aim of the
study is to assess the condition of a thin-walled shell under three-parameter load-
ing by tensile, compression and torsion forces. Methods. Experimental studies on
the deformation of shells carried out in laboratory conditions on prototypes made
of steel 45 GOST 1050-2013 are presented, and the loading conditions of
the sample are modeled, similar to the possible conditions for applying loads to

existing structures. Results. Experimental diagrams of deformation of the sample
material in various planes are given, the development of deformation of the shell
after applying joint efforts of stretching and torsion, as well as compression and

For citation
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shell made of steel 45. Structural Mecha- torsion to the destruction of the material is estimated. For the relevance of
nics of Engineering Constructions and the conducted experiment, a real design has been selected, which, when certain
Buil dihgs. 2021;17(5):519-527. (In Russ.) conditions are created, can experience appropriate experimental loads.
http://doi.org/10.22363/1815-5235-2021- Keywords: cylindrical shell, complex loading, load, deformation diagrams,
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Beenenne

KoHcTpyKkTHBHBIE OOBEKTBHI, BKJIIOYAIOIINE LWIMHAPHYECKHE O0OJOYKH, IIMPOKO NMPUMEHSIOTCS B pas-
JMYHBIX TEXHUYECKUX O0JACTAX: JKEIE3HONOPOKHOM M 3HEPreTHYeCKOM MAIIMHOCTPOCHHH, MOA3EMHOM, IMPO-
MBIIIICHHOM ¥ I'PaXJaHCKOM CTPOMTENILCTBE, aBUAIMM, KOCMOHABTHKE, XUMUYECKOH, HePTAHON U Ta30BOH OT-
pacisx MPOMBIIIIICHHOCTH.

BosIbIIMHCTBO 37€MEHTOB MHXECHEPHBIX KOHCTPYKLHMHI K3 000JOYEK MOIUIekAT PacdeTy Ha MPOYHOCTb.
BBuay CIOXKHOCTH M TPYIOEMKOCTH OINpPEICNICHHUS HANPSKEHHO-Ie()OPMUPYEMOr0 COCTOSIHUS KOHCTPYKIHUH,
00pa3oBaHHBIX U3 000JI0YEK, 3a/1a4a Pa3BUTHS U MCIIOIB30BAHUS COBPEMEHHBIX METO/IOB pacdeTa 000JI04eK sIB-
JSIeTCsl OHOW M3 CaMbIX BaYKHBIX MPOOJIEM CTPOUTENBHOW MEXaHUKHU W MPEACTaBIICT HECOMHEHHBIN MpaKTH4e-
ckuil unrepec [1-6].

3amayn 0 pacueTe IMIMHAPUYECKUX 000JI0UYeK MHOTOTPaHHBI. {5 MH)KEHEpOB OYeHb Ba)KHO 3HATh WH-
(dopmanuio 0 HapsHKEHHO-Ae(OPMUPYEMOM COCTOSTHUH TAKOH CIIOXKHOM CHCTEMBI KaK B YIPYTOi, TaKk U B yIPYyro-
IUIACTHYECKOH cTaauu neopMUpPOBaHHs, BIUIOTH 10 IPEAENbHON HAarpy3Ku. OTa nHGOpPMaLUs IOMOoraeT Ha3Ha-
YyaTh pa3yMHbIE, HAYYHO 00O0CHOBaHHbIC KO3()(UIIMEHTHI 3araca IPOYHOCTH, YTO, B CBOIO OUYEpENb, IPUBOAUT K
9KOHOMHH MaTepualia ¥ MOBBIMICHHUIO Ha/IE)KHOCTH KOHCTPYKIIUH.

Ponp Teopuii miaacTHuecKod yCTOHUMBOCTH AJIS1 HHXXEHEPHON MPAKTUKU B BONPOCAX CHIXKEHHS MaTepHa-
JI0EMKOCTH, ONTHUMAJIbHOTO IIPOEKTUPOBAHUS, HAJIC)KHOCTH U JOJITOBEYHOCTH 000JIOUEYHBIX KOHCTPYKIMM, 0e3-
YCIIOBHO, Tak e BaxkHa [7; 8]. MI3BecTHO, YTO BCE CTalld UMEIOT Majloe YIIPOYHEHHe, I03TOMY, HalpuMep, I
OJTHOPOAHBIX HAINPSDKEHHBIX COCTOSHHM 3a MPEesioM YNPYTrOCTH KPUTHYECKas WHTEHCHUBHOCTH HANPSHKEHUH
3aHmkeHreM Ha 10-15 % paBHa npenenny TeKy4ecTH.

Eme B matuzpecsiTbie ToAbl OBLIO SICHO, YTO B Pa3BUTHH TEOPHM IJIACTUYHOCTH M YNPYIOILIACTUYECKOH
YCTOMYMBOCTH HYKHO HITH ITyTEM HCCICIOBAHHS MPOIECCOB KaK B JOKPUTUYECKOM COCTOSIHUH, TaK 1 B MOMEHT

Stepan V. Cheremnykh, Candidate of Technical Sciences, senior lecturer of the Department of Structures, Tver State Technical University, 22 Af. Nikitina
Naberezhnaya, Tver, 170026, Russian Federation; ORCID: 0000-0002-4620-117X, eLIBRARY SPIN-code: 9323-8370, Scopus ID: 57214785020.
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MOTEPU YCTOWYUBOCTH. BBISICHWIIOCH, UTO B TEOPUU YCTOMYMBOCTH 3a MPEIEIOM YIPYrOCTH HapyIIEHUE €IHH-
CTBEHHOCTH TIPOIIeCcCa HATPYXKEHUS U TOTEpsS yCTOWYMBOCTH MOTYT HE COBIAAATh. 3a MPEICIOM YIPYTOCTH
MIPEXKE BCEro HY)KHO 3HATh KPUTHYECKUE U 3aKpUTHIECKHEe AeopManuu U repemenieHus [9].

MOMEHT TTOTepH YCTOMYNBOCTH CHCTEMEI, TO €CTh CMeHa (DOpPM ee COCTOSIHHMI B MPEACIIEHON TOUKE WU B
TOUKe OM(pypKalMu, COOTBETCTBYIONMIEH COOCTBEHHOMY 3HAYCHUIO, 3aBHUCHUT OT HUCTOpUU HarpykeHws. OTOX-
JIECTBIISISL MapaMeTp Harpy3KU CO BPEMEHEM, MOXKHO JJIS UCCIEAOBAHUS YCTOMYMBOCTH KBa3UCTATHUECKOTO MPO-
1ecca Harpy»KeHHUsl CUCTEMBI UCIOIb30BaTh MOHATHE YCTOMYUBOCTH O JIsmyHOBY. OHAKO TaKO€ OTOXKIECTBIIEC-
Hue OyneT (GopMaabHBIM B TOM CMBICIE, YTO Harpy>K€HHE MOXXHO OCTaHOBUTH, a BPEMSI OCTAHOBUTH HEJB3S.
B TO ke BpeMsi, eciu Harpy>KeHHe OCTaHOBHTBH PaHbIIE, ueM OyIeT JOCTUTHYTA Mpe/eiibHaAsS HAarpy3Ka, COCTOsI-
HUE CUCTEMBI IIPH OTCYTCTBUH MOJ3YyYECTH OYyAET YCTOWYHBBIM, HOO OHA TPU JAIbHEHIIeM YBEIHUEeHUH BpeMe-
HU OyZeT mpeObIBaTh B MaJOW OKPECTHOCTH CBOETO HEBO3MYIIEHHOTO COCTOSHIHS. YUeT HadalbHBIX HECOBEp-
IIICHCTB MOT OBl IPUBECTH K MOJYUYCHHIO 00JIee JOCTOBEPHBIX PACUETHBIX OLICHOK TPAHMIIBI 00JIACTH YCTOUIUBO-
CTH, onpeensiomeii cMeHy gopm coctosHmi [10—-13].

OKcIepruMeHTaIbHbIE JaHHBIE PH HCCIETOBAHUHA TOHKOCTEHHBIX IMIIMHAPUIECKUX 000J0YEK, IOTydeH-
HBbIC yueHUKaMH TBEPCKOW Hay4YHOH IIKOJIBI B 00JaCTH MEXaHUKHU 1e(hOPMUPYEMOTrO TBEPJOTO TeJa MOJ PYKO-
BojictBoM B.I'. 3yOuannHOBa, OKa3aJIM, YTO 3HAUCHUS KPUTHUCCKUX AcPopManuii U IepeMeIleHU OTINYatoT-
csl BeChMa cymiecTBeHHO [6; 14; 15]. CnenoBaTenbHO, HAX0XK/IEHHE KPUTHIECKUX U 3aKPUTHIECKUX aedopmarnit
U IEpEeMEILECHUHN 3a MPEeNEoM YIPYTrOCTH UMEET AJIsl TEOPUHU YCTOMYMBOCTH ompenesstoniee 3HaueHue. Ilepso-
CTEIEHHA TaK)Ke POJIb UCTOPUU HATPYKEHUS BO BIUSHUU €€ HA yCTOWIMBOCTH, TaK KaK OJTHUM U TE€M K€ Harpys-
KaM MOTYT COOTBETCTBOBATh COBEPIIIEHHO pPa3HbIe 1e(pOPMHUPOBAHHBIE COCTOSIHHS CHCTEMBI.

MarepuaJjbl 1 METOABI

Oc000 BaXXHBIM KPUTEPUEM PEIICHHS PA3IUIHBIX 337]a4 CTPOUTEIHPHON MEXaHUKH SBIISIETCS dKCIICPUMEH-
TaJnbHas MPOBEpKa MPUHITHIX MeTonuK [14; 15]. [IpencraBneHHbIM B JaHHOU CTaThe SKCIEPUMEHT BBIIIOJIHEH HA
TOHKOCTCHHOM MUIHHAPUYCCKON 000JI0UKEe M3 KOHCTPYKIMOHHOH yriepoauctoit cramm 45 (FOCT 1050-2013)
MOCTOSTHHOM TOJIIIIMHOM B 1 MM, pagiuycoM CpeAMHHOM MOBEpXHOCTH 15,5 MM U jyinHOM padoueii 30HbI 110 MM.
CeucHre NCIBITHIBAEMBIX 000JI0UEK MTPUBEICHO HA puC. 1.
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Figure 1. Drawing of a cylindrical shell sample for testing
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DKCIepUMEHTATBHBIE UCCIICIOBAaHUS BRITONHUIACH Ha Komiuiekce CH-DBM B maboparopuu ®I'BY BO
«TBI'TY». 3arpy304Hblii MOIYJTb IS TPEXMapaMEeTPHUUECKOTO BO3JEHCTBUS Ha 00pasel] CUION KpydYeHHs, pac-
TSDKEHUS U CKATHs [TOKa3aH Ha puc. 2.
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Puc. 2. 3arpy30uHblii MOJyJIb Puc. 3. Tpackropust nedopmupoBanust 000J0UKH U3 CTATH 45
JUISL TPEXIAPaMETPUIECKOTO BO3ACHCTBHS Figure 3. The trajectory of deformation of the shell made of steel 45
Figure 2. Loading module for three-parameter impact
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Puc. 4. Hunnaapudeckas 0007109Ka U3 cTaid 45 MOCie HCIBITAaHuI
Figure 4. Cylindrical shell made of 45 steel after testing

Busyanuzanus nedopmanuy B yacTUlle Tejla KaKk COBOKYIMHOCTH M3MEHEHHUs1 00beMa M (OPMBI IIpeacTaB-
JISIeTCSI HAM BIIOJHE €CTECTBEHHBIM M YAOOHBIM KaK B TEOPETHUYECKOM IUIaHEe, TaK U B SKCIIEPHUMEHTAIBHBIX UC-
cinenoBanusx [14-16].

DKCIIEpUMEHTAIBHOE MPOCIIKUBAaHIE MCCIEYEMOro Mpolecca Ha Pa3iuuHbIX y4acTKax MO3BOJISIET CMO-
JISNIPOBATh TOTEPI0 YCTOHYHMBOCTH OOOJIOUEYHOTO 3JIEMEHTa CII0KHOM KOHCTPYKITUH, €ro MOBEICHHE B 30HE
YOPYTOIUIACTHYECKUX JIe(hOpMAIIi BIIOTH A0 €T0 MOCIEAYIONIETO Pa3pyIICHHS.

PaccmoTpuM Tpu 3aMKHYTBIE TPaeKTOPHH MOCTOSHHON KPHUBH3HBI, pealu30BaHHBIE B MJIOCKOCTH D1—3
JIEBUATOPHOTO TIPOCTPAHCTBA Jle(hOpMAaIlii, TP BO3IEHCTBIH Ha 00pa3el] 0CeBOM CKUMAIOIIEeH/pacTATHBAIOIICH
CHJIBI M KPYTAIIETO MOMEHTa coritacHo puc. 3. [Ipu mpociexuBaHUM Mporecca cieayeT OTMETUTh, YTO BEPTH-
KaJibHast och D (pHC. 3) XapaKTepU3yeT HarpyKeHue o0pasiia CUjIoN PacTsKCHHS MPH TOJI0KUTEIHBHOM HaIpaB-
JICHUH TPAeKTOpHH (BBEPX) U CUJION CKATHUS NPU HANPABJICHUH TPACKTOPHH BHU3. [ OpH30HTaIbHAS OCh D3 COOT-
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BETCTBYET BO3ACUCTBUIO Ha oOpasew cuiioi kpyueHus. [lpu o6paboTke 3KCIepUMEHTaIbHBIX JAHHBIX IPHHAMA-
JIOCh YCJIOBHE HEC)KMMaeMOCTH MaTepuana [17; 18].

Ha puc. 3 nokazaHa skcriepuMeHTaIbHast TPACKTOPHS, IPEICTABIISIOMAs COOO0M:

e | 3BeHO. 3aMKHYTHIH BUTOK TpaekTopuu 7(1) mpu BO3ASHCTBUY HA MIMHAPUIECKYIO 000JIOUKY CHIIaMHU
KPYYCHHUSI U PACTSDKEHHS B TOYKaxX A—B W BO3BpAllleHHE MMOJ ISHCTBUEM CHIJI COKaTHS M OOpaTHOTO KpydYeHHS
000JI0YKH B UCXOJHOE COCTOSIHUE B TOUKaxX B—A;

® 2 3BeHO. 3aMKHYTHII BUTOK TpaekTopuu 7(2) npu BO3ACHCTBHU Ha WIMHAPHYECKYIO 000IOUKY CHIaMHU
KPY4EHHUS U PacTsDKEHHUS B TO4Kax A—C W BO3BpallEHUE IO IEHCTBHEM CHJI COKATHS M OOpaTHOTO Kpy4deHHs
000JI0UKH B UCXOIHOE COCTOAHME B ToUKax C—4. Ycunus, AeHCTByOIMKE Ha 000JI0YKY Ha BTOPOM 3BEHE Ipe-
BOCXOJAT YCHUJIMS IIEPBOro 3BeHa Ha 25 %;

® 3 3BeHO. 3aMKHYTBII BUTOK TpaekTopuu 7(3) npu BO3ACHCTBHU Ha UIMHAPHYECKYIO 000IOUKY CHIaMHU
KPY4CHUS U PAaCTSDKEHHA B TOUKax A—D W BO3BpallleHHE MOJ ACHCTBHEM CHJI CXKAaTHS M OOpaTHOTO KPy4eHHS
000JI0YKH B UCXOJHOE COCTOSIHUE B TOUKax D—A. Ycunus, IeUCTBYIOMUE Ha 000JI0UKy Ha TPETHEM 3BEHE IIpe-
BOCXOJIST yCUIIHSL BTOPOTO 3BeHa Ha 20 % u Oomnbiue ycunuii nepsoro 3seHa Ha 40 %;

e 4 3BeHo0. Kpyuenue 060109KH 10 TOTEPH YCTOWIMBOCTH B TOUKaX A—F.

MoxeT oKa3aThCs, YTO KOHCTPYKIIMS, YCTOMUYHMBAs Ha MEPBOM JTalle HArpyXEeHUs, CIIOCOOHA IOTEPSThH
YCTOMYMBOCTH HAa BTOPOM dTare cBoero QyHKIHoHUpoBaHus. Ho MaHHBIH cI0KHOMAapaMeTpUIeCKHil OMBIT PH-
MeuaTeJIeH TeM, 4TO 000J0YKa B TCUCHHE IIATH C MOJOBHHON YacOB MPUHYAUTEIBHO MOJIydyalla BO3ACHCTBUS U
TaK kK€ IMPUHYAUTEIHHO BO3BpAIlajIach B UCXOIHOE T€OMETPUIECKOe COCTOsiHNE. Bo3neiicTBue B 30He ympyro-
TUTACTHYECKHUX JeQOopMaIiii TPOXOIUIO B TPU dTara, MPHYEM C KaKABIM HOBBIM ITAllOM Harpy3ka yBeIHYUBa-
nack. Ha yeTBepToM 3Tane 00oJ04Ka Mepelia B 30Hy pa3pyleHHs.

s mpumMepa, 000I04Ka, MOTepsIBILIAs YCTOMYMBOCTD, IPEACTaBIIeHa Ha pHC. 4.

PesynbTarhl

Ha puc. 5 npuBesnena skcnepuMeHTalbHas quarpamMma aeopMupoBaHusl MaTeprana obpasia B IIIOCKO-
ctv 6(3) MpH UCHBITAHUH IO TPACKTOPUU Masloro KpydeHus. [Ipu coHOM Harpy>KeHHH TaKylo MPOCTYIO 3aBH-
CHUMOCTb, KaK AuarpaMma «pacTsDKEHHUSI — CKaTHs», B OOLIEM ciydae Mbl HE MMeeM. YBEIWYCHHUE IapaMerpa
MOJYJIsl BEKTOpa NedopMaliy Ha quarpamme nociie touek B, C u D conpoBOXKAaioch pa3rpy3Koi, HO Mpolece
neGOpMUPOBaHUS OCTABAJICSI AKTUBHBIM YIIPYTOIUIACTHYECKHM.

600

200 }'i
100

0 0,5 1 15 2 25 3

[Stress vector modulus G, MPa|

Moayne Bextopa HanpskeHus O, Mlla

Monyns BekTopa gedopmanuu 3, %
[Deformation vector modulus 3, %)

Puc. 5. Inarpamma nedopmupoBanust 000J09KH B IIIOCKOCTH (D)
Figure 5. Diagram of shell deformation in the plane 6(3)

VYyacTKu HarpyXeHusl U pa3rpy>K€HUsl XOpOILO IMPOCMATPHUBAIOTCS B YBA3KY C SKCIEPUMEHTAIIBHON AHa-
rpaMMoii TpackTopuu nehopmupoBaHus Matepuana (puc. 3). [loteps yCTOHYMBOCTH COOTBETCTBYET TOUke E,
B KOTOPOH TIpeJiesl yCTOMUUBOCTHU Gy = 459 MIla, O, = 1,27 %.

Ha puc. 6 mpuBeneHa cOOTBETCTBYIOMIAS IKCIIEPHUMEHTY JUarpaMMa jae(opMUpoBaHus B MIOCKOCTH G(S)
JUISl CMEILICHHBIX TPAEKTOPUM Pa3IU4HbIX KPUBU3H.
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Figure 6. Diagram of shell deformation in the plane o(S)
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Puc. 7. Tpaekropust IpoeKLUU BEKTOpa HaNpsLKeHUs S1—S3
Figure 7. The trajectory of the projection of the voltage vector S1—S3

Xopouio BHIEH KoJieOaTeNbHbIN XapakTep 3aBUCUMOCTH G(S), KOTOpas He MOXeT ObITh MPUHATA 33 YHU-
BEpPCaJIbHYIO XOTs ObI IOTOMY, 4TO S MHOTO OoJbIIe D (pUC. 5) U €e JUTMHA 3aBUCUT OT KOJIMYECTBA BUTKOB.

Ha puc. 7 noka3zaHna TpaeKkTOpHs MPOSKITMH BEKTOPA HAMIPSHKEHUH S1— S3.

Crabunuzanus mporecca B MPOCTPAHCTBE HANPSHKCHUH Mpou3onuia Ha BTOpoM dTane. OJHON U3 OCHOB-
HBIX IPUYUH TOTO SIBISIFOTCS CTPYKTYpPHBIC H3MEHEHHS, IPOXOIAIINE B MAaTepHale TIPH CI0)KHOM HarpyKeHHU.
[TocnenHee MPUBOIUT K CYIIECTBEHHOMY pa3ipOoOJICHHIO 3€PeH METallla, B pe3ybTaTe 4ero CTpyKTypa CTaHO-
BUTCSI MEJIKO3EPHUCTOM, O0Jiee 0JJHOPOIHON U IJIOTHOM. XapaKTepHO, 4T0 HanOOIbIIUM 3(h(HEKTOM YIpOUHEHHS
001a7ar0T BBICOKOJIETHPOBaHHBIE XPOMOHHUKEIIEBBIE CTaIIH.

Oobcyxnenue

Bo3MokHO, TepBBIMU, KTO 0OpaTHII BHUMaHKE, YTO diJIepoBa Harpyska Jjisi 000J04eK MOXKET OBITh CyIIle-
CTBEHHO MEHBIIIC MaKCUMAaIbHOHN (Mpenena yCTOWYMBOCTH), OBUIM aBUAIMOHHBIC MHKCHEPBI, CTPOUTEIH WU
MAITUHOCTPOUTEIH, JJSI KOTOPBIX MPOOIEMbl MUHHMAIBHOTO BeCa M MAKCHMAIBHOW MPOYHOCTH MMEIOT MEPBO-
cTereHHoe 3HadeHue. [Ipu mpuOimkeHnn K DUIepoBON HArpyske, B CHIIy Hen30€KHBIX HAYaILHBIX HECOBEp-
IICHCTB, Pa3BUBAIOTCS SIBHO 3aMETHBIC BBIITYYUHBI, KOTOPBIE Jaliee MPOAOJDKAIOT YBEIIMYUBATHCS 110 MEPE pOCTa
cokuMaroieil Harpy3ku. [Ipu JOCTHIKCHUN HATPY3KOW MPENeNIbHOTO 3HAYCHHUS TPOUCXOAUT MOTEPS YCTOWYIHUBO-

524 ANALYSIS OF THIN ELASTIC SHELLS



YepemHbix C.B. CTpouTenbHas MexaHuka MHXEHEPHbIX KOHCTPYKLWIA 1 coopyxeruit. 2021. T. 17. Ne 5. C. 519-527

ctu. VIMeHHO 3Ta Harpy3ka, Ha3pIBaeMasl IIpeielIoM YCTOMYMBOCTH, U OTIpesiessieTca B skcnepuMenTe. [loatomy,
UccIieyst yCTOHYUBOCTE 000JI0YEeK HEJOCTATOYHO ONPEACIHTh TOIBKO HX OU(ypKAIIMOHHbIC SMIEPOBBI HATPY3-
k. HeoOxoanMo mccienoBaTh Takke MOCIeOn(ypKaIMOHHBIA MTPOIECC WM MPOIECC BBITyYNBAaHUS C HaYallb-
HBIMH HECOBEPIICHCTBAMH IJIsl OTPEeNeHUs pe/esia yCTOMIUBOCTH U MOJIENUPOBAHMUS TIPOIECCOB ILTaCTHYIE-
ckoro aedopmupoBanus marepuana [19-21].

Ora 3a7a4a pemaeTcs MyTeM MOCTPOCHUS 0OOCHOBAHHBIX ONPEACISAIONINX YPABHCHHI CBS3M MEKIY Ha-
MpsDKEHUSIME U tehopManusamMu. BeiBeieHHbIE YpaBHEHUS IPHOOPETAIOT BCe OOJIbIlIee 3HAYSHHE B CBSI3U C pa3-
BHTHEM CHCTEM aBTOMaTH3upoBaHHOTo TpoektupoBanus (CAIIP) mpm pacuerax 3JIEMEHTOB KOHCTPYKIIUN H
MalIuH 3a npenenoM ymnpyroctu. OIHaKo He MaTEeMaTHKa SIBISICTCS TJIABHBIM B TIOCTPOCHUM MAaTeMaTHUECKHUX
Mozenell mpoueccoB. OmpeAensIonye COOTHOIICHUS! MEXAY HANpsSKEHHSIMH U AeQOpMalusIMA MOTYT OBITh
MPaBIJIFHO BHIPAKEHBI HA SI3bIKE MAaTEMATHKH JIMIIb Ha OCHOBE 0000IIEHNS SKCIIEPHUMEHTANBHBIX HaOII0AeHNH
Y U3MEPEHUH.

O06osioueuHbIe KOHCTPYKIHMHU SIBISIOTCS HanOoJiee paclpoCTpaHEHHBIM OOBEKTOM HCCIIEOBAHMS 3aKOHO-
MEpPHOCTEH TIacTHIecKoro AehopMupoBaHus Marepuaia [22; 23]. DKcrepuMeHTHI 0OBITHO TIPOBOISIT Ha TPYO-
9YaThIX TOHKOCTEHHBIX 00pa3lax, MOABEPraloIuxcsl ACUCTBUIO PACTATHBAIOMINX CHJI, KPYTSIIIUX MOMEHTOB U
BHYTPEHHETO aBIICHUA.

Paspymienue 31eMEeHTOB KOHCTPYKLMM MPOUCXOAUT 3a4aCTyIO0 B MECTaX KOHLUEHTPALMH HANPSKEHUH [22].
[IpenmectBytomiee pa3pymeHHIO HAarpy>KeHUe, KaK MPaBHIIO, SBIAETCS CIOKHBIM, a AeQOopMaluyd — MalbIMH.
CrnokHbIe TIPOLIECCHl HATPYKEHHSI BO3HUKAIOT MPH MOTEPEe YCTOMUMBOCTH, a TAK)KE B OOJBIIMHCTBE TEXHOJIOTH-
YECKUX 33/1a4 KOHCTPYKIMH B IEIOM. 31€Ch MBI PUXOAUM K HEOOXOTUMOCTH TIOCTAHOBKH 3KCIIEPHUMEHTATBHBIX
WCCIIEZIOBAaHUH TIPU CIIO)KHOM HArpy)KeHUU M U3yUYSHHIO TIOBEJCHUS MTPEIETbHBIX MOBEPXHOCTEH I HEJIBIX CII0-
€B TOJTYTIJIACTUYECKOTO COCTOSTHHUSL.

C npakTUyecKo TOYKU 3PEHUS BBIICTPUBEICHHBIN SKCIIEPUMEHT YCIOBHO MOXKET MOJICINPOBAThH MOBEIE-
HHUE OTACIIBHOTO TPyOUaToro IeMeHTa KOHCTPYKIINK BomoHanmopHo# Oamau Lexanysa B [Toxsmre [11; 23-25].
YHUKaTBHOCTH OalllHY 3aKJII0YaeTcs B MCIOIB30BaHUH pe3epByapa st BoAbI B popme Topa. B GamrHe HaxoauT-
cs pesepByap oobeMoM 1560 KyOOMETpOB, pacloioKEeHHBIH Ha BhICOTEe 22 M. /lmaMerp Topa COCTaBiseT 6 M,
OH TOIEPKUBACTCA 64 TpyOaMM, HAKIOHCHHBIMH TOX yrioM 60° K IUIOCKOCTH 3eMJIH. TpyOBI COBHAmarT C
MIPSMOJIMHEHHBIMHU 00Pa3yIONIMMH OHOIIOJIOCTHOTO THITEpOOIon1a BpareHus (puc. 8).

Puc. 8. Bogonanopnas 6amras Llexanysa, [Tonsmma
Figure 8. Ciechanow water tower, Poland
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[TomobHYIO GopMy MOXKHO HAWTH B KOHCTPYKLWHU TPATUPEH, IIUPOKO UCIOIB3YEMBIX Ha OOBIYHBIX JIIEK-
TpocTaHIMAX. Vcronp30BaHue pe3epByapoB MOJAOOHOTO THIIA, B OCHOBAaHUHM KOTOPBIX NMPHUMEHSAETCS JierKas U
OBICTPO BO3BOJMMAsI KOHCTPYKITHUS, ITO3BOJIMIIO HAKATUIMBATH OOJIBIIOE KOJIMYECTBO BOJBL. UTO KacaeTcs WCIIBI-
THIBAEMBIX HArpy30K CTEPKHEBBIMH TPYOUATHIMH AJIEMEHTAMH, TO C JOCTATOYHON CTENEHBbI0 TOYHOCTH OHU MO-
T'yT COOTBETCTBOBATh 3BeHY 1—3 mpu HaOOpe BOJBI B OAIlIHIO, KOT/Ia BO3HUKAET SKCIEHTPUCUTET B CHITy HEpaB-
HOMEpHOI'O PacIpeesIeHUsl BOJSHOTO MOTOKA B LIEJIOM C PACTATMBAHUEM M 3aKpy4HMBaHUEM CTEpKHEH ¢ oJHOMN
CTOPOHBI U CXKATHEM CTEPKHEH C IPYyroi.

3akaouenue

[IpencraBieHHbIH Pe3yabTaT YKCHCPUMEHTAIBHBIX HCCICIOBAHUNA JIe(OPMUPOBAHHUS TOHKOCTCHHOM IIH-
JUHIPUYECKON 000JIOYKH U3 CTamu 45 Mpu BO3MCHCTBUH CHII KPYUCHHUS, PACTSIKCHHUS U CKATUS UMEET 0co0oe
3Ha4YeHHE MPHU MOJAETHPOBAHMS ITapaMeTPOB Pa3pyIICHUS MPOSKTUPYEMBIX U CYIIECTBYIOIINX KOHCTPYKIUH U3
CXOXKUX MaTepuajoB.
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Abstract. Currently, the construction of buildings made of monolithic concrete
and reinforced concrete is becoming increasingly relevant. The use of innovative
technologies, minimum construction time, durability, reliability, the ability to
perform work in various climatic conditions, architectural individuality contrib-
ute to the development of monolithic construction. Concrete and reinforced con-
crete are the main materials of modern construction. The quality of structures
depends not only on the composition of concrete, the amount of portland cement,
the chemical additives used, the water-cement ratio, the quality of fillers, etc.,
but also significantly on the heat and humidity regime of concrete holding. To
ensure the necessary temperature conditions for hardening and strength gain of
concrete, various methods of heating structures are used. One of the methods of
concrete care is thermal processing during the hardening period and the acquisi-
tion of critical or design strength. The aim of the study is to improve the technol-
ogy of erection of monolithic concrete and reinforced concrete structures using
thermal processing of concrete by means of infrared radiation. The technology of
thermal processing of the laid and compacted concrete mixture using infrared
heating and a two-chamber transparent shelter for infrared rays has been devel-
oped. The obtained results permit us to provide conditions for the normal course
of the chemical reaction of hydration, hardening and strength gain. This allows
successfully solve the problems of concreting in the erection of buildings and
structures made of monolithic concrete and reinforced concrete.
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Hcrtopus cTaTbu AHHoTauus. B Hacrosmee Bpems Bce OOJNBLIYIO aKTyalbHOCTH HpHOOperaer
[Moctynmna B penakuuto: 13 utomnst 2021 r. CTPOUTENILCTBO 3JIaHHI M3 MOHOJUTHOTO OeTOHA M keje300eroHa. [IpumeneHnue
Jopab6orana: 20 centsiopst 2021 1. WHHOBAIIMOHHBIX TEXHOJOTHI, MUHUMAIIbHBIE CPOKH CTPOUTENBCTBA, JOJTOBEY-
[MpunsiTa k myonmkammu: 2 okTsops 2021 1. HOCTb, HaJI©KHOCTb, BO3MOYKHOCTh BBITIOJIHEHUS pabOT B pa3iMYHbBIX KIMMATH-

YEeCKUX YCJIOBUSX, APXUTEKTYpHAas HHIUBUAYAIbHOCTD CIIOCOOCTBYIOT Pa3BUTHIO
MOHOJIUTHOTO CTPOMTENBCTBA. BETOH 1 7kene300eToH SABISIOTCS OCHOBHBIMU MaTepHa-
JIaMHM COBPEMEHHOT'O CTpOUTEIbCcTBA. KauecTBO KOHCTPYKIMIA 3aBUCHT HE TOJIBKO
OT cocTaBa 0eToHa, KOJIMUeCTBa MOPTIAHIEMEHTA, IPUMEHIEMBIX XUMUYECKHX
N00aBOK, BOJIOIIEMEHTHOT'O OTHOIICHHMSI, KAUeCTBA HAIOJHUTEIEH U 1p., HO U Cy-
LIECTBEHHBIM 00pa30M OT TEIUIOBJIA)KHOCTHOI'O PEKMMA BbIIEPKUBAHUS OETOHA.
st obecrieueHnst HEOOXOJUMBIX TEMIIEPATYPHBIX YCIOBHUI TBEPICHUS H Habopa
MIPOYHOCTH OETOHA HMCIOJIB3YIOT Pa3iIMYHbIE METOIBI IPOrpeBa KOHCTPYKIIHH.
OnmHUM U3 HUX SIBJISETCS TEIUIOBas 00pa0doTKa B MEPHOJ TBEPACHHUS U IpHOOpe-
TEHHUs KPUTUYECKOM MM MPOEKTHOM mpouHoctH. Llenp uccnenoBanus — cosep-
[IEHCTBOBaHHE TEXHOJIOTHH BO3BE/ICHMS MOHOJHMTHBIX OSTOHHBIX M jKeye300e-
TOHHBIX KOHCTPYKIMH C MCIOJIB30BaHHEM TEIUIOBOH 00paboTku OeToHa mocpea-
CTBOM MH(PaKpacHOTro M3mydeHus. PaspaboraHa TEXHOJOTHS TEIIOBOM oOpa-
0OTKHM yNO)XKEHHOH M YIUIOTHEHHON OETOHHOW CMECH C MCHOJIb30BaHHEM HH(pa-

KpacHOro o0orpeBa M JBYXKaMEpPHOTO MPO3PaYHOro s MH(PAKpacHBIX JTydel

J1s unTHpOBaHMSA
yKpbITHA. [lomydeHHbIe pe3yabpTaThl 00eCeunBalOT YCIOBUS Ui HOPMAJIBHOTO

Svintsov A.P., Cisse A. Thermal processing
of fresh concrete with infrared radiation //
CtpouTenbHas MEXaHHKa HHKCHEPHBIX KOH-
cTpykuuii u coopyxenuit. 2021. T. 17. Ne 5.

MIPOTEKaHUSI XUMHIECKON PEeaKkIHMy THAPATALlUH, TBEPACHUS U Ha0dopa MPOIHO-
CTH, YTO TO3BOJISIET YCIIEIIHO pemaTh 3aJadl OCTOHHPOBAHUS NIPU BO3BEICHUHU
3IAHUH U COOPYKEHUH 13 MOHOJIMTHOTO OETOHA U )Kene300eToHa.

C. 528-537. http://doi.org/10.22363/1815- KuroueBble cjioBa: OETOH, TeMmIeparypa, 000rpeB, HH(paKpacHOE H3ITyueHHe,
5235-2021-17-5-528-537 MOHOJIUTHBIE KeJIe3006TOHHBIC KOHCTPYKITUH
Introduction

Monolithic construction is one of the most promising technologies used in the construction of various
buildings and structures. The emergence of a wide range of new materials and the development of innovative
construction technologies significantly simplify the process of building structures, making it more economical
and faster. One of the methods of concreting is the thermal processing of a monolithic structure during its har-
dening and the acquisition of critical or design strength. For the production of works with the thermal processing
of concrete, several technical solutions and methods of their implementation are used with varying degrees of
adaptation to the peculiarities of concreting technology. Technological, chemical and thermal methods are used
to provide conditions for accelerating the hardening of concrete. The most effective methods of accelerating
the hardening of concrete are thermal methods. In the practice of construction, the most widely used methods
of concreting are: “thermos,” preliminary electric heating of the concrete mixture, electric heating, heating in
the heating formwork, induction heating, concreting in “greenhouses,” steam heating, heat treatment in solar
installations, heat treatment with radio waves, etc.

Concrete maintenance is necessary both in hot, dry weather and in winter. Curing of concrete in a hot, dry
climate is difficult due to the limited availability of water for curing and (or) rapid loss of moisture as result of
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evaporation. It has been established that self-curing chemical additives (water-soluble polyethylene glycol (PEG 400))
are effective in improving the physical properties of concrete, such as water retention, water absorption and per-
meability [1]. The practice of construction in hot climates has established that in the absence of care for freshly
laid concrete during the first day alone, concrete by the age of 28 days gains on average only about 86% of Rag,
in the absence of care during the first two days — about 77%, within five days — about 74%. Concrete that has
hardened in the sun without care, by 28 days, gains no more than 50-55% of the strength at 28 days of age.
It is established that in the conditions of a sharply continental climate, due to cyclic heating during the day to
70 °C and cooling at night to 15 °C and below, there is a shortage of the strength of concrete with an open sur-
face. Concrete of such a construction and at the age of 28 days can have a strength of only about 50% of the de-
sign strength (R2g) [1-3].

Without special technological measures to regulate the temperature of the concrete mass, it is impossible to
ensure the holding mode of the concrete mixture laid in the structure, allowing it to gain critical strength [4; 5].
The paper [6] describes the heat treatment of concrete at the early stages of hydration using radio wave technology.

The state of its moisture content depends on the conditions of concrete holding, which plays a significant role
in the structure formation of concrete. The regularities of changes in the moisture content of concrete during heat
treatment and its effect on the kinetics of concrete strength growth at an early age (1-3 days) and on subsequent
hardening periods have been studied [7]. It is shown that there is a critical value of concrete moisture and a decrease
in its less critical value leads to a suspension of the cement hydration process and to irreversible processes.

Uncontrolled heating rate or excessively high maximum temperatures lead to unfavorable heat treatment
of fresh or young concrete locally or throughout the concreted surface. In addition to affecting the morphology,
an increase in temperature during the hydration process affects the chemical processes of hardening concrete.
Portland cement is a complex system that consists of four main clinker minerals. The product of the interaction
of cement with water is a solidified cement paste with a single structure, however, clinker minerals interact with
the mixing water almost independently of each other, and the hydration activity of minerals decreases in the se-
ries C3A, C4AF, C3S, CS. When studying the mechanism of hydration of portland cement, the influence of all
minerals is taken into account. Considering the process of hydration of portland cement, the influence of C;A
should not be underestimated. Aluminate is the most reactive mineral and instantly interacts with water with sig-
nificant heat release, which causes rapid setting. As result of improper thermal curing, the formation of calcium
hydrosulfoaluminate is possible, which can lead to cracking of the surface and serious damage to the concrete
structure. Under normal conditions, cement paste and concrete mixtures can retain their technological properties
for a certain time. However, there are factors that can change the rate of cement hydration: ambient temperature,
relative humidity, wind speed, specific surface area of the structure, chemical and mineralogical composition of
portland cement, physical and mechanical properties of portland cement, additives, improper heat treatment, etc.
[8—12]. Monitoring and maintaining the temperature regime of hydration allows you to prevent negative phe-
nomena in hardening concrete and significantly improve the quality of concrete.

The subject of the study [3] is to determine the influence of humidity on the development of mechanical
properties of portland cement mortars under various curing modes. It is determined that the well-known maturity
formula, which is a function of the time interval and temperature, is not applicable for a climate with a relative
humidity below 75%. In such climatic conditions, the compressive strength decreases by up to 40% and
the bending strength decreases by up to 30% compared to standard curing.

An experimental study on the prediction of early-age thermal cracks in massive concrete structures in
the tropics is presented [13]. The development of cracks will affect the ability of the concrete structure to with-
stand the design load and will further destroy its integrity and durability [14; 15]. Methods of controlling
the maximum temperature and preventing the formation of cracks in concrete are considered [16—18]. To minimize
the risk of cracking during concreting, it is necessary to apply special measures [19; 20]. Empirical mathematical
models for calculating the strength set of concrete and the analysis of temperature fields in concrete structural
elements have been developed, the problem of temperature deformations of concrete has been solved [21; 22].

The analysis of scientific and technical information shows that many studies are devoted to the study of
the thermal effect on concrete structures. However, many aspects of this problem require further study.

One of the most effective methods of thermal processing of concrete is its infrared heating using gas or
electric radiators. Thermal processing using infrared heating for a daily cycle allows you to obtain about 70% of
the design strength of concrete. The advantage of this method is the possibility of warming up freshly laid con-
crete without re-equipping the equipment, since infrared emitters are mobile and can be installed in any conve-
nient place. The disadvantage of infrared heating with gas burners is the need to create an enclosed space in
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the form of a shelter or tent to protect the gas burners from blowing them out by the wind, which increases
the complexity of its implementation. In addition, when heated by infrared radiation, intensive dewatering of
concrete from open surfaces is observed, which causes additional shrinkage deformations.

The aim of the study is to improve the technology of construction of monolithic concrete and reinforced
concrete structures using infrared radiation, which allows to provide conditions for the normal course of
the chemical reaction of hardening and strength gain. To prevent excessive dehydration of the concrete mixture
during its thermal processing, it is advisable to use a two-chamber covering transparent to infrared rays.

Experimental program

Materials. The design of the concrete mix was carried out in accordance with the requirements of the Rus-
sian standards 27006-86, 7473-2010' [23; 24] and taking into account the requirements of ACI 211.1-91°%.
For the preparation of concrete of class C 16/20, the following materials were used: portland cement Ceml
42.5N, quarry construction sand with a grain size modulus Mg = 2.05, granite crushed stone with a fraction size
of 5-10 mm, granite crushed stone with a fraction size of 10-20 mm, water for mixing. The chemical and mine-
ralogical composition of portland cement Ceml 42.5N is presented in Table 1.

The physical and mechanical properties of portland cement Ceml 42.5N are shown in Table 2.

The presented materials were used for the preparation of a concrete mixture (Table 3).

Table 1
Chemical and mineralogical composition of portland cement
Chemical composition, % Mineralogical composition, %
CaO SiO2 ALO3 Fe20s MgO SO3 NaxO CsS C2S CiA C4AF
65.94 21.70 5.02 4.20 1.25 0.40 0.78 61.0 16.3 6.2 12.8
Table 2 Table 3

Physicomechanical properties of portland cement Composition of the concrete mix for concrete class C 16/20

Indicators Values Raw material Weight per 1 m3
Compressive strength, MPa: Ceml 42.5N, kg 420
— at the age of 2 days 22.8 Sand Mg = 2.05, kg 610
— at the age of 28 days 49.1 Crushed stone 10-20 mm, kg 730
Start of setting, min 175 Crushed stone 5-10 mm, kg 390
End of setting, min 230 Water, L 210
Specific surface, m?/kg 410 Water-cement ratio 0.5

A heat-resistant film based on polyethylene (polyethylene terephthalate) was used to create conditions for
preventing moisture loss by concrete during strength gain. According to the passport data of the manufacturer,
the installed heat-resistant film has the following optical characteristics: transparency for infrared rays — 0.86;
reflection coefficient — 0.07; absorption coefficient — 0.07.

Experimental procedure. The experimental and theoretical method was used in the study. The preparation
of concrete mixtures is carried out according to the recipes presented in Table 3. The preparation of concrete
mixes is carried out in a gravity mixer. Mixing of the materials was carried out until a homogeneous mixture was
obtained. Cubic samples with a size of 70x70%70 mm were made from the resulting mixture in accordance with
the requirements of EN 12390-2:2009°. The number of samples produced in accordance with Table 3 is 27 units.
Concrete class C 16/20.

The samples are laid in three layers in a styrofoam box with a wall thickness of 50 mm. Chromel-copel
thermocouples are installed between the samples. On the open surface of the box, a two-chamber covering is

! State Standard of Russia 27006-2019. Concretes. Rules for mix proportioning. Moscow: Standardinform Publ.; 2019. (In Russ.);
State Standard of Russia 7473-2010. Fresh concrete. Specifications. Moscow: Standardinform Publ.; 2018.

2 ACI 211.1-91. Standard practice for selecting proportions for normal, heavyweight, and mass concrete. Michigan: American
Concrete Institute; 1991. (Reapproved 2002.); Svintsov A.P., Svintsova N.K., Nikolenko Yu.V., Gladchenko L.K. The device for thermal
treatment of concrete mix in monolithic designs. Patent RU 113287 Ul. Byul. No. 4. 2012. (In Russ.) Available from:
https://www.elibrary.ru/item.asp?id=38400227 (accessed: 00.00.0000).

3 EN 12390-2:2009. Testing hardened concrete. Part 2. Making and curing specimens for strength tests. NEQ. 2009.
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installed, made of a heat-resistant film stretched on frames with a thickness of 15 mm, which made it possible to
obtain air chambers of the appropriate size.

Reflector lamp of 500 W was used as the infrared emitters. The amount of heat supplied to the heated con-
crete was determined and regulated according to known methods. The samples are heated under the condition
that the temperature of the concrete on the surface without formwork does not exceed 70 °C.

The experimental verification of the efficiency of infrared heating of concrete using a two-chamber shelter
made of heat-resistant film was carried out in natural conditions with cloudy weather, an outdoor temperature of 8 °C
and a wind speed of 7-8 m/s. The research methodology provides for the experimental determination of the concrete
temperature and its thickness gradient. The layout and shape of the experimental setup are shown in Figure 1.
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Figure 1. Experimental installation for infrared heating of concrete:
a — scheme of the experiment; b — installation photo; / — concrete sample; 2 — heat-insulated box;
3 — two-chamber translucent covering; 4 — infrared radiator; 5 — thermocouples

In accordance with the experimental plan, temperature measurements were performed in concrete samples
with a recording on the coordinate tape of a recording device. The distance from the concrete surface to the in-
frared radiators was determined experimentally, at which the temperature on the concrete surface under
the translucent covering was maintained at 70 & 2 °C. The heating of the irradiated concrete surface located un-
der a two-chamber covering transparent to infrared rays is on average 12.7 °C/hour, with a standard deviation of
2 °C/hour with a confidence interval of +1 °C/hour with a security of a = 0.05. During the period of isothermal
holding of the samples, the temperature of the irradiated concrete surface was maintained in the range from
68 to 71 °C with an average value of 70 °C. The temperature gradient along the concrete cross-section varies
from 1.2 to 0.9 °C/cm per hour with decreasing in the direction from the irradiated surface. The cooling rate of
concrete after switching off the infrared radiator is from 1.4 to 3.7 °C/hour with an average value of 2.4 °C/hour,
the standard deviation is +0.9 °C/hour and the confidence interval is £0.5 °C/hour with security o = 0.05.

Results and their discussion

The creation of appropriate modes that promote the hydration of cement during concreting include tem-
perature control and moisture exchange. The main purpose of concrete care is to preserve, as far as possible,
the saturation of concrete with moisture. Intensive evaporation of water leads to dehydration of concrete, plastic
shrinkage and the formation of cracks. The gradual accumulation of cracks of various sizes and directions leads
to destructive phenomena of load-bearing concrete and reinforced concrete structures and, ultimately, to their
destruction. The effect of an open surface on the relative strength of concrete without taking care of it in the early
stages is calculated by empirical dependence [24]:

Ruets = 92.15 + 166.67 (Cretc — Ras), (1)
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where Ryl is the relative strength of concrete (% of Ras); C. is the relative content of cement in the concrete mix-
ture in fractions of a unit (C. = C/ (S + Cr + W)); C, S, Cr, W — components of the concrete mixture (cement,
sand, crushed stone, water); Rq; is decreasing of the relative strength of concrete (%) depending on the modulus
of the open surface; M, is the surface module in m™', Rys = —1M,.

The analysis of the empirical dependence shows that the change in the relative strength of concrete that
does not have maintenance in the first few days is directly proportional to the relative content of cement in
the concrete mixture and decreasing in proportion to the increase in the modulus of the open surface of the structure.
The higher the relative content of cement in the mixture, the higher the strength of the concrete. The strength of
concrete decreasing by an amount directly proportional to the modulus of the open surface. The amount of water
that the concrete mixture loses, and then the concrete, depends on the temperature and relative humidity of
the air, as well as on the wind speed near the open surface of the concreted structure. In addition, the amount of
water evaporated from the concrete depends on the modulus of the open surface of the structure. Diagrams of
temperature variations of the studied samples are presented in Figure 2.
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Figure 2. Temperature variation of heated samples

The analysis of the diagram shows that during the period of maintenance of a constant temperature on
the irradiated surface, the temperature in the thickness of the samples continues to increase at a rate from 2.6
to 3.1 °C/hour with an average value of 2.9 °C/hour with a confidence interval of 0.6 °C/hour with a security of
a =0.05. Heat preservation on the surface of hardening concrete is an important factor in ensuring normal condi-
tions of hydration of portland cement and preventing the formation of shrinkage cracks. The choice of materials
and the design of the covering is of significant technological importance. The main purpose of the covering
transparent to infrared rays is to prevent excessive evaporation of moisture from the surface of the hardening
concrete.

Concretes subjected to heat treatment under mild curing conditions (60 and 80 °C) gain strength corre-
sponding to the concrete class. This characterizes these conditions as the most favorable for concrete monolithic
structures [7]. A higher heating temperature not only accelerates the evaporation of moisture from the concrete,
but is also one of the reasons for the lack of concrete strength. Figure 3 shows the changes in the strength of con-
crete samples for axial compression.

The analysis of the diagrams (Figure 3) shows that with infrared heating, concrete samples gain strength
unevenly. The strength set has three characteristic periods. In the first 2—3 hours of thermal processing,
the strength set is very insignificant and amounts to 0.1-0.15% of the design value of R,. Heating of the samples
during the next 4-7 hours causes a significant increase in the strength of concrete with an average intensity
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of 15% per hour. During this period, concrete gains 50-60% of the design value of R, Further thermal pro-
cessing is characterized by a slight increase in the strength of concrete samples with an intensity of 0.5-0.9% per
hour. Other researchers have obtained similar results in the thermal processing of hardening concrete in solar
cells [23; 24]. The strength set for the depth of its heating varies by 0.3—-0.6% per 1 cm of concrete thickness.
The relative strength of concrete after heating for 15 hours was 60% R»s. The temperature rise in the concrete
sample was equal to 4 hours, isothermal holding — 9.5 hours, cooling — 1.5 hours. Thus, the concrete sample
gained strength above the critical one.
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Figure 3. Change in the strength of concrete samples for axial compression

Control samples without thermal processing using infrared radiation were placed in a normal hardening
chamber for 28 days. As result of testing of control samples, it was found that the axial compression strength of
the samples at the age of 28 days is on average 26.3 MPa.

Calculations show that the estimated electricity consumption for heating 1 m® of concrete using infrared
radiators and a two-chamber covering is 65-110 kW/hour, which is 15-20% lower than the data available in
the literature sources of scientific and technical information. The results of the study are similar to the data [24]
obtained when heating concrete with solar energy using a coating of two layers of polyvinyl chloride film
stretched on an inventory frame. At the same time, it is noted that the structure of concretes that hardened under
conditions of solar heating through a two-layer transparent covering is close to the structure of concretes that
hardened under normal conditions. It is important to note that, unlike solar heating, the use of infrared radiators
is possible in any cloudy conditions.

The technical solution for heating concrete using infrared radiation is protected by a patent of the Russian
Federation®.

4 Svintsov A.P., Svintsova N.K., Nikolenko Yu.V., Gladchenko L.K. The device for thermal treatment of concrete mix in
monolithic designs. Patent RU 113287 Ul. Byul. No. 4. 2012. (In Russ.) Available from: https://www.elibrary.ru/item.asp?id=38400227
(accessed: 00.00.0000).
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As noted, one of the features of the technology of concreting with infrared heating is the need to create
conditions to prevent the loss of moisture by concrete when gaining strength from an open surface, which causes
intense dehydration and cooling. Several layers of material transparent to infrared rays make it possible to create
a closed air chamber between the layers and reduce the influence of outdoor air (wind) on the temperature of
the laid concrete mixture. The closed air space between the layers of the material serves as a heat insulator from
the outside air, and the closed air space located at the surface of the concrete mixture restrains the outflow of
heat and water vapor from it into the atmosphere. For practical purposes, it is most advisable to use at least two
air chambers (with three layers of transparent material). At the same time, effective heating of the entire surface
of the concrete mixture in a structure with heat transfer along its thickness is provided.

An experimental study of the developed technology for heating concrete using infrared radiation and
a two-chamber covering has shown its effectiveness in the construction of monolithic concrete and reinforced
concrete structures.

Conclusion

To ensure the necessary temperature conditions for hardening and strength gain of concrete, various methods of
heating structures are used. The most effective way to heating the open surface of concrete is the use of infrared
radiation. Based on the presented results, we can draw the following conclusions:

1. To prevent excessive dehydration of the concrete mixture during its thermal processing, it is advisable
to use a two-chamber covering transparent to infrared rays. At the same time, effective heating of the entire sur-
face of the concrete mixture in a structure with heat transfer along its thickness is provided.

2. To prevent the formation of cracks, the maximum curing temperature should not exceed 70 °C.

3. To create conditions to prevent the loss of moisture by concrete when gaining strength, a heat-resistant
film stretched on a frame with a thickness of 15 mm was used.

4. The relative strength of concrete after heating for 15 hours was 60% Ros, which characterizes these con-
ditions as the most favorable for concrete monolithic structures.

5. A technical solution for heating concrete using infrared radiation has been developed, which allows
providing conditions for the normal course of the chemical reaction of hardening and strength gain.
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ocHoBaHuto (SBSB), 3manne ¢ 0OBMHBIME IO BBICOTE M YKOPOUSHHBIMH KOJIOHHAMU
Ha HAaKJIIOHHOM OocHoBaHuH (SBB) u aHanoruyHoe 31aHuE Ha TUIOCKOM OCHOBa-
HUHM C KOJIOHHAMHM OAMHAKOBOH BBICOTHI (SB). JlMHaMHuYeCKHe OTKIMKH 3THX
THIIOB KOHCTPYKLHUHA PACCUUTHIBAINCH U CPABHUBAIKCH JJISI OLEHKH cefcMmde-
CKOH ycTOW4YMBOCTH Kaxaoro 3aanus. CelicMudecKkasi yCTOMIUBOCTD OTpPEeNs-
Jlach CpaBHEHHMEM 3HA4YeHUH cIBHra, aApeida, cMereHus u KodppuuueHTa Kpy-
YeHUs Y OCHOBaHUS. JIMHEWHBI cTaTHYeCKUH METO]] HCIIOIB30BAJICs IS pacye-

Ta ceficMuueckoit Harpy3ku B nporpamme ETABS. 3ameueHo, 4To KOHCTPYKIUU
SBB u SBSB cuinbHO HOABEPKEHBI KPYUEHHUIO 110 CPABHEHUIO ¢ KOHCTPYKLUEH
SB. XKenarensHO HCHONB30BATh AHadparMy *KeCTKOCTH IO IIEPHMETPY HIDKHETO
9TaXka A yJdydlIeHHs CEHCMHMYECKMX XapaKTepUCTUK 371aHMs. IlomydeHHble
pE3yIbTaThl MOTYT OBITh IPUMEHEHBI IIPU IIPOCKTUPOBAHUU 3[aHUN Ha ceilicMu-
YEeCKU aKTUBHOM HAaKJIOHHOM OCHOBAHUH.
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Introduction

During earthquake the seismic waves are more catastrophic to the building constructed with sloping ground
foundation. Due to the terrain and geography, it is most likely that the buildings are constructed on the sloping
ground with foundations at different levels. The buildings constructed in hilly regions are broadly classified as:
(a) step back building (SBB), where the buildings of more than one storey height are constructed in the terraced
land; (b) step back set back building (SBSB), where buildings are constructed in the pure sloping ground; (c) set
back building (SB), where the buildings are constructed on the plane surface prepared by cutting the hill slope.
Figure 1 shows SBB, SBSB and SB type of building constructed in sloping ground. When subjected to ground mo-
tion, such buildings constructed in masonry with mud mortar/cement mortar without conforming to code provisions
have proved unsafe and resulted in loss of life and property [1]. Field reconnaissance of 3500 buildings of various
types, after 2015 Gorkha earthquake, it was found that RC buildings failures were more attributed to soft story,
pounding, shear failure and lack of symmetry in buildings [2]. Such buildings are more at risk, because the column
of the building rest at different levels of the slope, causing irregularities in the structure. Dynamic characteristics
of the buildings on flat ground differ to that of buildings on slope ground as the geometrical configurations of
the building differ horizontally as well as vertically. The natural period of building decreases as the slope of
the ground increases and short column resists almost all the storey shear as long columns are flexible and cannot
resists the loads [3]. Also, the irregular building has the higher time period in linear static analysis [4]. The buil-
dings in the sloping foundation produce the torsional effect as the center of mass and center of stiffness does not
coincide with each other [5]. In addition to the torsion, building in the sloping ground generally experiences the short
column effect which increases the vulnerability of the structures. Similarly with the increase in the column stiffness
the axial force and base shear also increases in the building [6]. The increase in the storey height and number of
bays will also have impact in the shear and longitudinal reinforcement of the structure [7].

A
B

a b c

Figure 1. Different types of building in slope ground:
a—SBB; b—SBSB; c - SB
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Table 1
SBB, SBSB and SB for different storey building

Building type SBB SBSB SB

Plan
for three storey

Elevation
for three storey

Plan
for four storey

Elevation
for four storey

Plan
for five storey

Elevation
for five storey

Earthquake impact have amplified the problem of landslide and erosion in the hilly regions thus all resi-
dential, educational, hospital and commercial buildings in the hilly regions must be analyzed for the seismic
loads. The buildings must be designed to resist the seismic waves to prevent the loss of life and property.
The upcoming section of the paper discuss the seismic behavior of the differently configured buildings on hill
slopes followed by the comparison of seismic behavior of hill buildings with regular buildings on the plane slope.

In this study a RC framed residential building having regular rectangular shape in plan is considered
for analysis. SBB, SBSB and SB building type with three, four and five storey is consider in the modelling.
For the regularity of the structure, the three-storey building consists of three bays in x and y direction, similarly four
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storey building consists of four bays in x and y direction and five storey building consists of five bays in x and y
direction. Center to center distance between the columns in each bay is 3.9 m in both x and y direction, for all
the models consider in the analysis. The plan and elevation of the building considered for the analysis is shown in
Table 1. The RC beams and columns are model as three-dimensions frame elements with centerline dimensions.
The rigid zone factor for beam and column joint are assign as one. The area loads is applied on slabs (model as rigid
diaphragm in each storey), and non-uniform soil pressure is applied to shear walls, which are assign with pier label
in model. Bracing width and thickness is taken same to wall thickness of 230 mm. Foundation is model as isolated
footing in fixed condition at the base, as soil foundation interaction is not considered in present study. Regular
building model was design as per', with torsion consideration, using different load combinations. Normal static and
dynamic load combinations consist of 13 load combinations, to study the torsional effect additional 12 load combi-
nations are adopted by considering the eccentric load combinations, making up of total 25 load combinations.

Numerical modelling

Numerical simulation of the buildings is performed by using ETABS software. Figure 2 shows the 3D dia-
gram of the building considered for the design. Elevation geometry for SBB and SBSB are considered assuming
the 30° slope to the natural level of ground. The buildings are modelled as RC frame structure. M20 grade of
concrete and Fe 500 reinforcement bar is considered in the modelling. The properties of concrete and reinforce-
ment bars used in modelling are as shown in Tables 2 and 3 respectively. Basic parameters of building models
for different storey is shown in Table 4.

Figure 2. 3D model of the buildings considered in the modelling:
a—SBB; b—SBSB; ¢c—SB

Table 2 Table 3
Material properties of M20 grade of concrete Material properties of Fe 500 grade of rebar
Weight per unit volume p 25 kN/m? Weight per unit volume p 76.9729 kN/m?
Modulus of elasticity £ 22360.68 N/mm? Modulus of elasticity £ 2x10% N/mm?
Shear modulus G 9316.95 N/mm? Shear modulus G 76923.08 N/mm?
Poisson ratio v 0.2 Poisson ratio v 0.3
Coefficient of thermal expansion o 5.5%10°¢ Coefficient of thermal expansion o 1.17x107
Minimum yield stress f; 500 N/mm?
Minimum tensile stress fx 545 N/mm?

In the present study, building sole purpose is residential. Table 5 shows the loading and its pattern used in
the analysis as per IS 875 (Part 2): 1987 and IS 1893 (Partl): 2016. In the analysis the soil pressure is applied as
non-uniform loads in the shear wall. The soil pressure on the building demands the shear wall which is consi-
dered in the modelling of the building. Additional analysis is performed in five storey building for the cases with
and without shear wall. The results for the same are discussed in the next section. The load in the shear wall is
applied as per considerations made in Figure 3.

VIS 1893 (Part 1). Criteria for earthquake resistant design of structures. New Delhi: Bureau of Indian Standards; 2016.
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Table 4
Basic parameters of building models for different storey
Parameters Values Unit Remarks
Number of storey 3,45 -
Storey height 33 m For all models consider
Column size for three-storey and four storey building 300%300 mmxmm
Column size for five- storey building 450450 mmxmm
Beam size for three-storey and four storey building 3?312[)2)5 mmxmm
. o 500%300
Beam size for five-storey building (Dxb) mmxmm
Slab depth 125 mm For all models
Shear wall thickness 200 mm For all models consider
Seismic zone Z 14 - Zone factor = 0.36 (IS 1893 (Part 1): 2016)
Importance factor / 1 - AS per IS 1893 (Part 1): 2016
Response reduction factor =5,
Frame system SMRF - as per IS 1893 (Part 1): 2016
Soil type Medium - Angle of friction 30° and unit weight 20 kN/m? [8]
Table 5
Loads considered in the analysis of buildings
Parameters Value Unit Mass source for analysis, % Remarks
Imposed load on floor 2 kN/m? 25 For all cases of buildings
Imposed load on roof 1.5 kN/m? 0 For all cases of buildings
Floor finish 1.0 kN/m? 100 For all cases of buildings
URM infill wall load 10 kN/m 100 External wall load
URM infill wall load 6 kN/m 100 Internal wall load

Soil pressure

Applied as non-uniform loads in shear wall

Due to surcharge

(Rear face)

L

\ 4

\ 4

\ 4

\ 4

\ 4

»-Soil pressure

Basement wall

(Front face)

Y

—

Figure 3. Soil pressure in shear wall

The seismic coefficient method (Lateral static method) is one of the static procedures for earthquake re-
sistant design of structures. Horizontal forces are calculated as products of the seismic coefficients and weight of
the structures. Design parameters depends upon the shear computation, which again depends upon the seismic
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weight and fundamental time period of the structure. Response reduction factor R accounts for both damping and

ductility of structure. The fundamental time period is calculated based on code-based formula. This method is

recommend and specified in various seismic design code, including IS 1893 (Partl): 2016, which is detail below.
The design base shear V;, along any principal direction of a building shall be determined by

V= AnxW,

where A, — design horizontal acceleration coefficient value using approximate fundamental natural period;
W — seismic weight of building.
Also,

Ah — Z X i X S_a’
2" R g
%‘ depends on fundamental time period 7, where T = 0.075h*";

h — the height of building as defined in IS 1893 (Partl): 2016; R — response reduction factor; / — importance
factor; Z — zone factor.
Similarly design lateral force at i floor is given by

i — n 2 B>
j=1 Whj

where Q;— design lateral force at floor 7; W; — seismic weight of floor #; 4; — height of floor i measure from base.

Sa . . . .
where Za is the design acceleration coefficient,

Results and discussions

Analysis of the three dimensions structural models as explained in previous section is completed using
ETABS. The results are analyzed for the dynamic response property and seismic vulnerability associated with
each of the building models are them are studied. The results are presented in the form of table to thoroughly
understand the behavior and draw conclusion for their suitability.

Comparison of base shear. Base shear is the estimate of the maximum expected lateral force that will oc-
cur due to seismic ground motion at the base of the structure and is the sum of all the storey lateral force above.
Base shear depends upon building weight, building stiffness and the distance from the fault. Base shear is direct-
ly proportional to building weight. Building stiffness has the ultimate effect on base shear. Building stiffness
generally represents how flexible or stiff the building is. Greater the flexibility of building higher is the natural
period and lower is the base shear and vice versa. Greater is the base shear if the fault is near the building. Thus,
as shown Table 6, base shear associated with SB building is greater than SBB and SBSB for each storey. Simi-
larly SBB buildings base shear is greater than SBSB buildings. Higher the number of storey greater is the total
design lateral force.

Table 6
Base shear at each floor of buildings
Base shear of each floor, KN SBB SBSB SB
Storey No. x y X y x y
3 154.95 154.95 83.10 83.10 181.65 181.65
Three storey building 2 287.20 287.20 58.52 46.51 335.60 335.60
1 54.79 27.09 24.04 12.47 374.09 374.09
4 120.57 120.57 120.57 120.57 308.41 308.41
o 3 120.57 120.57 120.57 120.57 663.20 663.20
Four storey building
2 11.09 1.14 9.52 1.78 820.89 820.89
1 2.08 0.31 3.86 0.69 860.31 860.31
5 472.36 472.36 472.59 472.59 549.40 549.40
4 702.88 702.88 703.57 703.57 1194.33 1194.33
Five storey building 3 702.88 31.36 416.21 296.45 1557.10 1557.10
2 6.24 4.47 37.32 5.96 1718.33 1718.33
1 1.01 4.47 13.42 3.37 1758.64 1758.64
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Comparison of displacement. Table 7 shows the maximum displacement of each floor of different buil-
ding models. SB shows higher displacement at all the storey, due to seismic force in both x and y direction.
It is due to higher mass associated with SB building, which results in greater lateral force. Similarly, SBB buil-
ding has greater displacement at different storey than SBSB. In addition building height for analysis are taken
from the top most ground level for SBB and SBSB models, which significantly reduces the building height as
per IS 1893: 2016.

Table 7
Displacement at each floor of buildings
Displacement of each floor, mm SBB SBSB SB
Storey No. x y x y x y
3 11.32 7.89 433 2.68 25.34 25.34
Three storey building 2 6.33 333 1.93 1.03 18.90 18.90
1 2.65 1.34 0.21 0.10 8.40 8.40
4 2.83 2.06 2.80 2.05 46.46 46.46
o 3 1.02 0.32 0.99 0.32 39.91 3991
Four storey building
2 0.31 0.02 0.29 0.01 27.28 27.28
1 0.10 0.01 0.03 0.00 11.71 11.71
5 3.555 3.126 3.658 2.304 18.068 18.068
4 2.245 1.843 2312 1.104 16.316 16.316
Five storey building 3 0.525 0.203 0.734 0.169 12.892 12.892
2 0.093 0.03 0.192 0.005 8.382 8.382
1 0.019 0.019 0.017 0.001 3.507 3.507

Comparison of storey drift. Storey drift is the displacement of one level relative to the other level above
or below and when divided by floor height it is called drift ratio, as per codal provision of IS 1893 (Part 1): 2016
clause 7.11, drift ratio should be limited to 0.4%, for building model as bare frame, in analysis. All the buildings
pass the drift category and SB has greater drift ratio compared to others and SBB has greater drift than SBSB as
shown in Table 8.

Table 8
Storey drift at each floor of buildings
Drift of each floor, % SBB SBSB SB
Storey No. x y x y x y
3 0.151 0.138 0.073 0.050 0.195 0.195
Three storey building 2 0.112 0.060 0.052 0.028 0.318 0.318
1 0.080 0.041 0.007 0.003 0.255 0.255
4 0.0550 0.0525 0.0550 0.0526 0.1985 0.1985
o 3 0.0215 0.0093 0.0211 0.0095 0.3829 0.3829
Four storey building
2 0.0064 0.0006 0.0079 0.0002 0.4716 0.4716
1 0.0029 0.0002 0.0008 0.0001 0.3550 0.3550
5 0.0397 0.0389 0.0408 0.0364 0.0532 0.0532
4 0.0521 0.0497 0.0481 0.0283 0.1037 0.1037
Five storey building 3 0.0131 0.0069 0.0164 0.005 0.1367 0.1367
2 0.0022 0.0003 0.0053 0.0002 0.1479 0.1479
1 0.0006 0.0006 0.0005 2.61x10% 0.1063 0.1063

Comparison of permissible torsion factor. Buildings in sloping ground are subjected to torsion during
earthquakes due to their irregular mass and stiffness distribution in horizontal or vertical plane. This torsion
cause excessive shears in members that cause damage to the member, therefore study of torsion for buildings in
sloping ground is very important. According to IS 1893:2016, for torsion factor within the range of 1.5 to 2, con-
figuration should be adjusted to ensure natural period of the fundamental torsional made of oscillation shall be
smaller than those of the first two translation modes and 3D dynamic analysis should be performed. If torsion
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factor exceeds 2, the configuration has to be revised, so a torsion factor below 1.2 for hill areas can be permis-
sible. From Table 9 it is observed that SB buildings are safe against torsion action as every floor of each storey
has torsion factor below 1.2 for both x and y direction. Whereas in both SBB and SBSB buildings values
exceeds 1.2 and even 1.5 especially in middle floor level. For both of these buildings, higher the number of
storey higher is the torsion, also it is observe that torsion is higher in cross-slope direction than in across slope
direction. SBB buildings shows higher torsion factor compare to SBSB, making it more vulnerable against
torsion as detailed in Table 9.

Table 9
Torsion factor at each floor of buildings
Torsion of each floor SBB SBSB SB
Storey No. x y x y x y
3 1.36 1.11 1.5 1.09 1.02 1.02
Three storey building 2 1.54 1.11 1.4 1.01 1.03 1.03
1 1.14 1.11 0.74 1.14 1.03 1.03
4 1.21 1.03 1.20 1.032 1.05 1.05
o 3 1.61 1.05 1.6 1.04 1.05 1.05
Four storey building
2 1.72 1.25 1.41 1.42 1.05 1.05
1 1.19 1.2 1.23 1.33 1.05 1.05
5 1.00 1.05 1.38 1.05 1.05 1.05
4 1.04 1.06 1.56 1.06 1.06 1.06
Five storey building 3 1.51 1.08 1.67 1.14 1.06 1.06
2 1.93 0.98 1.67 1.11 1.06 1.06
1 1.36 0.973 1.21 1 1.06 1.06

From the above comparison of results, it is found that SBB can be fatal than the other buildings in case of
active lateral forces in building due to seismic waves. Short column is the adversely affected member in this
building with higher axial and shear force, demanding more reinforcement. Some of the methods to improve
the seismic behavior of SBB could be to increase the grade of concrete or increase the size of members. The pre-
sent study, however, focus in the action of shear wall along the across slope of building, at periphery of the buil-
ding and bracing using concrete. Figure 4 shows the 3D model using shear wall and Figure 5 shows the 3D mo-
del using bracing considered for analysis and comparison. The results of the modelling are shown in Table 10.

Ba.. | T NRRNIAI

||”
B hae g Illlhll |“|!””
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f__._uill"lll[

Figure 4. Shear wall in SBB:
a — shear wall along earth pressure side only; b — shear wall along whole building
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Figure S. Bracing in SBB

Table 10
Results of SBB with shear wall and bracings
Ste}) l.)ack Shear wall Shear Wal! ) Bracing
buildings across slope only along whole building
Storey x y x y x y x y

1 472.36 472.36 472.36 472.36 472.36 472.36 496.68 496.68
Base shear, kn 2 702.88 702.88 702.88 702.88 702.88 702.88 739.37 739.37
3 702.88 31.36 702.88 702.88 702.88 702.88 739.37 739.37

4 6.24 4.47 92.64 —40.14 83.62 83.45 236.49 42.03

5 1.01 4.47 2.30 -4.24 1.82 0.42 112.51 3.58

1 3.555 3.126 3.428 3.058 3.01 2.835 0.72 0.564

2 2.245 1.843 2.113 1.777 1.712 1.566 0.52 0.372

Displacement, mm| 3 0.525 0.203 0.395 0.16 0.1 0.044 0.239 0.103
4 0.093 0.03 0.048 0.029 0.013 0.009 0.123 0.048

5 0.019 0.019 0.005 0.016 0.001 0.003 0.037 0.017

1 0.053 0.053 0.040 0.039 0.039 0.038 0.006 0.006

2 0.104 0.104 0.052 0.049 0.049 0.046 0.009 0.008

Drift ratio, % 3 0.137 0.137 0.011 0.006 0.003 0.002 0.004 0.002
4 0.148 0.148 0.001 0.000 0.000 0.000 0.003 0.001

5 0.106 0.106 0.000 0.001 0.000 0.000 0.001 0.001

1 1.002 1.054 1.17 1.051 1.105 1.051 1.25 1.03

2 1.04 1.0574 1.24 1.053 1.129 1.053 1.349 1.035

Torsion factor 3 1.512 1.083 1.9 1.063 1.54 1.048 1.89 1.056
4 1.93 0.98 1.77 1 1.091 1.059 1.89 1.091

5 1.36 0.973 1.43 1.032 1 1 1.61 1.214

Shear wall considerably enhance the rigidity and strength of the frame structure, symmetry in position of
shear wall in plan is a key factor to obtain desirable performance of shear wall structure [9]. Arrangement of
bracing and it type affects the seismic performance of building, generally it increases the strength if placed ac-
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cordingly [8; 10]. Form base and storey shear comparison in the present study as shown in Table 10 for SBB
5-story, bracing increases the stiffness of building and thus the base and storey shear of building. Displacement
is significantly reduced by bracing, whereas shear wall across slope resisting earth pressure slightly reduce
the displacement and story drift of the structure in both the directions. The shear wall along the periphery at
the bottom of the structure, not only reduces the storey drift but also is very effective to reduce the torsion factor
than bracing as seen in Table 10. The maximum torsion factor is 1.54 compare to 1.89 by bracing. Shear wall
across slope only in SBB is not sufficient to reduce torsion effectively.

Conclusion and recommendations

This paper has presented the comparative study of the different types of buildings generally constructed
in sloping ground of hilly regions. From the results it is found that SBB buildings is more seismically vulnerable
as compared to SBSB and SB buildings. The short columns is the worst effected structural member during
the seismic load. Top storey displacement in SB buildings are higher than other two set of buildings due to more
mass associated with it then others, which increase lateral force. SB building are less affected by torsion, as they
satisfy the codal criteria of torsion, whereas SBB and SBSB building shows excessive torsion, with SBB buil-
ding having excessive torsion. This study also concludes that the braced SBB and shear wall across slope reduce
the overall displacement is found to reduce the effect of short column effectively and improve the overall seismic
performance of building. Shear wall across the periphery of the SBB is found effective to reduce both drift and
torsion factor in 5-story SBB. Shear wall introduction in periphery of building in SBB has shown grater im-
provement in seismic behavior of building. Thus, for hillside buildings shear wall must be mandatory provided
in the foundation. Shear wall shares the column loads in effective way to reduce the seismic vulnerability associ-
ated with hillside buildings.
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