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CraTTs NpUCBAYEHA aHAJITHYHOMY BU3HAYEHHIO NapaMeTpPiB HANPYKeHb Ta
negopmaniii 3a;1i300eTOHHUX €JIEMEHTIB KiJbLEBOIo Iepepisdy, cepea AKHUX
KOJIOHH, CTOSIKU 0onop, Tpyou, nasji. TouHe BupilleHHs1 pIBHSAHb HATNIPYKEHO-
nepopMOBAHOIO CTaHY TMOMEPEYHUX Mepepi3iB KOHCTPYKUiE B Mexax
nepeAyMoOB BUKOHAHO HA OCHOBI PEKYPEHTHOI (popMyJiu sl iHTerpasy BiA
AugepeHUiiHOro 0iHOMY.

The paper is devoted to the analytical determination of stress and deformation
parameters of reinforced concrete elements of annulus section, including
columns, risers, supports, pipes, piles. The exact solution of stress-strain state
equations for cross-sections of structures within initial data is performed on
the basis of recurrence formula for the integral of differential binominal.

To date, there is a fairly wide range of approximate theoretical solutions for
complex engineering problems in the design of buildings and structures. In
the practice of construction there are spread out elements of round and
annulus sections, among which are columns, support risers, pipes and many
other structures. The exact solution to the problem of their calculation
presents scientific value, movement to the knowledge and can serve as a
benchmark for comparison.

The aim of the study is to obtain the analytical solution of integral
dependencies for determining the stress-strain state of annulus cross-section
of elements made of reinforced anisotropic material by the example of
reinforced concrete.

The calculation of the bearing capacity of normal cross sections of structures
made of reinforced anisotropic material involves finding the relationship
between load and deformation. At the same time, the maximum on the
dependence curve of the "load-curvature' corresponds to the magnitude of
the bearing capacity of the structures.
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For the analytical determination of the bearing capacity of columns, risers,
pipes, piles of round or annulus cross-sections, the equations of the stress-
strain state provided in the paper can be used. The solution of two
equilibrium equations of the sections for three unknowns, for example, the
normal force and deformations on the extreme fibers of the cross section, is
possible through selection and verification.

The paper presents analytical dependences obtained for the determination of
the stress-strain state of reinforced anisotropic elements of annulus cross-
section by the example of reinforced concrete in a possible range of changes in
the properties of concrete and steel for any stage of structural load.

KaruoBi cioBa: kiibLeBuil mepepi3, HampykeHO-Ae(OpPMOBAaHMI  CTaH,
peKypeHTHa (hopmyna, iHTerpai, qupepeHinHui O1HOM.

Beryn. Byaisni ta cnopyay noyaTky TPETbOTO TUCSYOJITTS XapaKTePHU3y€EThCS
LIMPOKAM BUKOPUCTAHHAM 3alli300€TOHY. J[oMiHyroue NOJOKEHHA LEMEHTHOIrO
OeToHy B OyAIBHMLTBI MOSCHIOETHCS HAABHICTIO MPAKTUYHO HEOOMEKEHUX
CUPOBUHHUX MAaTepiajliB y 3€MHIi KOpPi, BIAIHOCHO HU3bKOIO 1X BapTICTIO, JOOPUMHU
($13MKO-MEeXaHIYHUMU BJIACTUBOCTAMU 0eTOHY. E(hekTUBHA NiAIbHICTh HAYKOBLIIB 1
NPAKTUKIB MO BIOCKOHAJIEHHIO OETOHIB, KOHCTPYKUINA CHpHsA€ MONIMIIEHHIO iX
(i3MKO-MEXaHIYHUX BJIACTUBOCTEH, 3a0e3neuye iM dijibHe Miclie B OyAiBHULTBI [ 1-
7]. KiHleBMM pe3yJabTaTOM HHM3KM YIOCKOHAJIEHb € palliOHAJIbHE 3aCTOCYBaHHS
O€TOHY B €JeMEeHTaxX 1 KOHCTPYKUisAX OyaoB. I[loegHaHHS MO3UTHMBHMUX SKOCTEH
OeToHy ¥ apMaTypHOi cTaji B 3ali300€TOHHUX €JIeMeHTaxX 3a0e3Meuunio im
MPOBIJHE MICLIE B HECYUHX OYNIBEJIbHUX KOHCTPYKLIAX [6-9].

IMocTtanoBka mnpoOsemu. Ha ChOroaHi iCHye J0BOJII IIMPOKUI CHEKTP
HaOJMMIKEHUX TEOPETUYHUX BHUPIIIEHb ISl CKJIAQJAHUX 1HXKEHEpHUX 3a1ay
po3paxyHKy OyniBenb Ta crnopya [6-11]. B mnpaktuui OymiBHUIITBA JOCUTh
MOIIMPEH] €JIEMEHTH KiIbLEBOTr0 MNepepidy, cepel SKUX KOJOHM, CTOSIKA OTOop,
TpyOu Ta 6arato iHWMX KOHCTpyKUiid [4,5,7,11]. TouHe BupilieHHsa npoliemMu ix
pPO3paxyHKy MpeaCcTaBIis€e HAYKOBY LIIHHICTb, PyX A0 Mi3HAHHA Ta MOXe€E CIIyTyBaTH
€TaJIOHOM 1Sl TOPIBHSHHSL.

Metoro poboTu. MeToro poOOTH € OTpPUMAHHS AHAJIITUYHOTO BUPILICHHS
IHTETpajbHUX 3aJIEKHOCTEH 1711 BU3HAUYEHHS HAMpYy>KEHO-Ae(POPMOBAHOTO CTaHY
KUTbLIEBOTO MEPEPi3y eJEMEHTIB 13 3a1i1300€TOHY.

TeopeTuuHi gociaimkeHHsl. {1 po3paxyHKy Hampyx’eHo-1e(popMOBaHOTO
CTaHy €JIEMEHTIB i3 3a/li300€TOHY, MOLJIBHO BUKOPHUCTOBYBATH KPUBOJIHIAHY
aiarpamy «o-&» 6etony[4,6,8-11]. Po3risitHeMo aHaliTUYHE BUpPILIEHHS PIBHSHb
HanpyKeHO-1e()OPMOBAHOTO CTAHYy HOPMAJbHUX TMepepi3iB  3a1i300€TOHHUX
€JIEMEHTIB B Me&KaX MepelyMOB «eKBiBaJIEeHTHOTrO» Tnepepi3y [8,9].

BpaxoByrouu BulIe3a3Hau€He, PIBHSIHHS HaMpy>KE€HO-I1e(OPMOBAHOTO CTaHy
3a]1i300€TOHHUX €JIEMEHTIB KUIbLIEBOrO nepepisy (auB. puc. 1) MoxHa
NpeacTaBUTH (popmynamu:
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Puc. 1. HanpyxeHo-nedopMoBaHMii CTaH KiJIbLIEBOTO MEPEPi3y;
a - Juis nepwoi gpopmu piBHOBary; 0 - 114 Apyroi opmu piBHOBAry;
1 - nonepeunwuii nepepis; 2 - entopa aedopmailiif; 3 - entopa HanpyKeHb

M =2 a,([N2R=1 (&~ zh) di—
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— [ \2r(h=R+r)=(h=R+r) (& - xh) dh) -y, 1, "
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& — yh - BenuuuHU BigHOCHUX AedopMaliid, MO BiAMNOBIAAIOTh KOKHOMY
NPUIHATOMY 3HAYEHHIO /1 B ME€XKaX BiJ HyJIs 10 2R; TYT ) - KpUBUHA.

Hapeneni piBHaHHs (1) 1 (2) omucyroTh sk mepiny, Tak 1 Apyry (opmu
pIBHOBarv 3ajli300€TOHHMX KOHCTPYKIIM KUIBLEBOrO MOMEPEYHOro TMepepizy.
Pi3HMLA M HUMU BPaXOBY€ETHCS MiICTAHOBKOIO BIAMOBIAHUX MEX IHTETPYBAHHS.

SIK1110 3a3HAYUTH IHTETrpaIn

I, = W*\2Rh—1* dh
i

J, :Jhk\/2r(h—R+r)—(h—R+r)2dh,

TO piBHSAHHS (1) 1 (2) MaTUMyTh BUTJISIL;

N=2[EN,-N,]+X0 A; (3)

s1° 7802

M=2[XM,-M,|+>0,4,h 4)

ae:
N, =aq I:SI(IO_JO)_/?«/(]I_JI):I

N, =a,| & (I,-J,) =25’ (1, =1+ 1" (I, -1, ];

N, =a, [eﬁ (1,~J,)=3xe> (1, J,)+3xe (I, ~J,)- 1 (1, —J3)];
N, =y f (15 =75 );

M =ale(1,-J)-x(1,-J,)];

M, =a, |:‘(312 (11 _J])_zzglz ([2_‘]2)-";[2 (13_‘]3)];

M, =a, [eﬁ (1,—J,) =32 (1,~J,)+3xe (I, - J,)- 1 (I, —J4)];
M, =y 1, (I =J5);
Tyt
Jy=L+(R-r)Ly;
J,=L,+2(R=r)L +(R-r)" L;;
Jy=L+3(R=r)L,+3(R—r)" L, +(R-7r)" L,

Bwpazu nns Ny, Ns, My, Ms ta J,, Js,Js MatOTh aHaJOTI4HY CTPYKTYPY 1 YMOBHO
HE HABEJICH1 uepe3 TPOMI3JAKICTb 3aMucy.

Hnsa k Bim 1 no 5 onepkaHe aHaJITUYHE BUpILIEHHS iHTerpaniB /, Ta L, Ha
OCHOBI peKypeHTHOT opMyJIu I iHTerpany Bia audepeHiiiiHoro 6iHoMa
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I, =-2(2R)" (L, -1, (5)

1ie
. hY2(R=h)h ,
k= ( )k2+2k+3]k—1 (6)
2(k+2)-(2R)+ 2k +4
— — h(2R—h)h
I(;=—i(h ZR\/2Rh—h2+R2arcsinh Rj+ ( - ) (7)
16 R R 4R
BinnosigHo:
L,=-2(2r)" (L. - L) (8)
(S
_ k+1 _ 2_ )
[ = (h=R+n) JRh PR 243, o)
2(k+2)-(2r) 2k +4
_ [pr 12 p2
Lé:—%(h_zR\/Zr(h—R+r)—(h—R+r)2+arcsinh_rj+(h R+r)4]§h W R (10)
r B .

Takum uyMHOM, ojepxkaHl BCi HEOOXiAHI BUPIIIEHHS [Js1 PO3PaXyHKY PiBHSHb
HanpyX’eHo-1e()OpMOBAHOIO CTAHY €JIEMEHTIB KIJIbLIEBOTO MOMEPEUHOTO Mepepi3y,
BUKOHAHMX 3 apMOBaHOro 0etoHy . Ciia MiAKPEeCInuTH, U0 3HAYeHHs KOe(iLli€EHTIB
a, TnpuiiMaroThesl 'y ¢GopMynax 3a AaHUMHU anpoKCHMallli eKclepuMEeHTalIbHOL
MOBHOT JllarpamMu «o-&» 0eToHy, abo 3a pekoMeHaauisamu [8-11].

[TinctaBuBmin y Bupasu (11), (14) BIANOBiIAHI MeXi IHTErpyBaHHS IS
CTUCHEHOI 30HU Mepepizy, MaTUMEMO:

, —R . -R hc 2R—hc hc
IO:—%(}ZCRZ 1/2Rhc—hc+R2a1rcs1nhCR J+ ( ) _ifr

4R 32
(11)
L = —i(w\/zr(hc —2(R+7))=(h, =2(R+7))* +7° arcsinwj+
16 r r
(h,—2R—r) 2 > 3
v~ = S IR(h —R+r)—(h —R+r) -R* ——7 (12)
4r? ‘/ (. )=k ") 32

OCTaTOYHO 3HAYEHHs IHTErpajbHUX BHpPa3iB MiAPAaXOBYIOThCS BIAMOBIAHO 3a
dopmynamu (9), (10), (12), (13).

[TincTaBnsaroun 3HaiaeH1 3HaueHHs /[, 1 J, y piBHsaHHA (7) 1 (8), ogepxkuMo 3a
BigoMuMu nedopmauisiMu & 1 KPUBUHOK } BIANOBIAHI BEJIMYMHU HOPMabHOL
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CWJIM Ta 3TMHAJILHOTO MOMEHTY Y KUIbLIEBOMY Mepepi3i KOHCTPYKUIi, fika MOxe
MaTH TPILIMHU Y PO3TATHEHIH 30H1 OETOHY.

Po3paxyHok Hecydoi 34aTHOCTI HOpMajbHUX Mepepi3iB  KOHCTPYKLIH 3
3a1i300€TOHY Tmependadae 3HAXOKEHHS 3aJ€KHOCTI MiXK HaBaHTAKEHHSIM i
nepopmauismu. [Ipy 1pboMy MakcMMyM Ha KpHBiil 3aJI€XKHOCTI «HaBaHTaKEHHS-
KPUMBHHA» BINOBIAA€ BEIMYMHI HECYUOT 3AaTHOCTI KOHCTPYKLIH.

JIJis aHaMITUYHOrO 3HAXOKEHHS HEeCY4Ool 3/IaTHOCTI KOJIOH, CTOSIKIB, TpYO,
najib KUIbLEBOrO TMOMEPEUYHOro Mepepidy MOKHAa CKOPUCTATUCSH HaBEIECHUMHU
PIBHAHHAMM  HampyxeHo-ae(opMoBaHOro cTaHy. PilleHHa [ABOX pIiBHSAHb
piBHOBaru mnepepizy Npu TPbOX HEBIIOMUX, HANpHKIAA, HOpMaldbHOI cuian N i
nedopmaliii Ha KpaliHiX (iOpax mnepepizy & MOXKIUMBO IIIAXOM H000py 1
nepeBipku. g wporo mnpuiiMaroTbesl (PIKCOBAaHI 3HAYEHHS €; 1 A0OUpaeTbes
BeJIMUMHA €,, fKa 3aJ0BOJIbHSE MpU 3adaHiii TouHocTi ymMoBy N-e=M. Ilpu
BU3HAYEHHI TPAHMYHHUX YMOB BHUXOMSATH 3 MOJOKEHHS, IO MIIHICTh Tepepizy
BBAKAETHCSA BHUUYEPNAHOW, KoJKM AedopMallii 0eToHy abo apMaTypu OOCSTarTh
CBOIX IPAaHUYHUX 3HAUYEHb, & CAME &, = &, A00 & = &,

BucHoBku. Takum 4MHOM, OJepKaHi aHAIITUUHI 3aJ€KHOCTI 711 BUSHAYEHHS
HanpyX’eHo-1e()OpMOBAHOIO CTaHy 3ajli300€TOHHUX €JIEMEHTIB  KiJIbLIEBOTO
MONEPEYHOro Tmepepizy 3 3ali300eTOHY Yy MOXJIMBOMY Jiama3oHi 3MiHM
BJIACTUBOCTE OETOHY 1 apMaTypHOi cTajli Ijisi OyIb-SIKOrO €Taly HaBaHTaXKEHHS
KOHCTPYKIIIT.
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