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[punsTa k myonukarwn: 20 aprycra 2019 r. HO¥ [MIMHIPUYECKON 000JI0YKH Ha TEMIIepaTypHOE BO3ICHCTBHE TIPOBE/ICH YHCIICHHO-

AQHAIUTHYECKAM METOJIOM M METOJJOM KOHEUHBIX JIEMEHTOB, PEATU30BAHHBIM B IIPO-
rpammuoM koMiuiekce JIMPA-CAIIP. O6onouka COCTOUT U3 TPEX CIOEB: [Ba CIIOS
JKapOCTOMKOro OETOHA U HapY>KHBIW CTabHOW cloit. [Ipu pacyere y4uTBIBAIOTCS Ky-
COYHO-JIMHE}HAsT HEOJHOPOIHOCTh OOO0JIOUKHU, OOYCIIOBICHHAS €€ TPEXCIOMHON KOH-
CTPYyKIIMEeH, U HeMpepBIBHAS HEOIHOPOIHOCTh, BBI3BAHHAS BO3JCHCTBHEM CTAIIOHAD-
HOTO TeMIIepaTypHOro noss. YucneHHo-aHaIMTHYECKUI METOI pacyera Ipe/roiaracT
BBIBOJI pazpernaroriero audGpepeHnratbHOr0 ypaBHEHHs, KOTOPOE PEIIaeTcsi METOA0M

s yumuposanus MIPOTrOHKY, MPETyCMOTpeHa BOZMOXKHOCTh Y4eTa HEJIMHEHHOro Xapakrepa aedopMu-
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Beenenue TOM W3MCHEHHSI CBOMCTB Mareprasia (0eToHa) B 3aBHCH-

MOCTH OT TEMITepaTypbl ¥ C yIETOM €ro (pru3HNIecKoi He-
nuHeriHocTH. B pabote [1] omucan YuciIeHHO-aHATIMTH-
YEeCKHH METOJI PEIlleHUs] TAKOTo THIIA 3a/1a4, HAMH BbI-
TIOJTHEH CPaBHUTENHHBI aHaJM3 Pe3yJIbTaTOB pacdyera
YHCIICHHO-aHATUTHYECKUM METOJIOM M METOJIOM KOHEU-
HBIX AJIEMEHTOB, PEATH30BAHHBIM B TIPOTPaMMHOM KOM-
miekce JIMPA-CAIIP. 3amada permaercs B IOCTAaHOBKE
mwiockoro nedopmupoanHoro cocrosaus ([1J1C) u amst

KoHCTpYKTHBHBIE 37IEMEHTHI B BUJIC TIOJIBIX [HJIMH-
JPOB UMEFOT HIMPOKOE MMPUMEHEHHE B TEXHOIOTMUECKOM
000pyIOBaHNH XUMUYECKOH 1 SHEPIeTHIECKOH MPOMBILLI-
JeHHOCTU. Takue KOHCTPYKLMHU 9acTo paboTaroT B yCIIO-
BUSX IMOBBIIICHHBIX U BBICOKMX TemIlepaTyp. B cratbe
npezyiaracTcsl peleHre 3a1a4l TEpMOYIPYTOCTH € yde-
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U3 JKapoCTOWKOro OETOHa Ha TIIMHO3EMHCTOM LIEMEHTE
(6eron Ne 1) TonmmHO#M 50 MM, CpeIHUIA CIOH U3 JKapo-
CTOMKOro O6eToHa Ha TopTiaHaIeMenTe (0eTor Ne 2) —
100 MM, HapyxHBIH cioil u3 ctanu — 40 mm. BHyTpH
noAIep>KUBaeTCs ocTosiHHas Temneparypa 500 °C.

Pacnipenenenue Temmneparypbl BHyTPH MHOTOCIION-
HOM CTEHKH, MOJY4YEHHOE IPH PELICHUH ypPaBHEHHS
TEIJIONPOBOIHOCTH, MOKa3aHo Ha puc. 1: r1 = 0,55 M,
rn=06wm r=207wm =074 m T, = 500 °C,
T: = 488,99 °C, T> = 3804 °C, T3 = 199,5 °C,
T4=197,3°C, T, =20 °C.
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Puc. 1. PacripeneneHue TemMmepaTypsl B TPEXCIOHHONW 000I0UKe:
1 —6eton Ne 1; 2 — 6eron Ne 2; 3 — cranb
[Figure 1. Temperature distribution in a three-layer shell:
I — concrete Ne 1; 2 — concrete Ne 2; 3 — steel |

W3MeHeHne Ha4yaIbHOTO MOZYJNS YIPYroctu Oe-
TOHOB B 3aBHCHMOCTH OT TeMIIEPATyphl IPUHUMAIOCH
10 TaHHBIM 13 [2].

[Ipu perreHru YrCcIEHHO-aHATUTHYECKUM METO/IOM
JUISL OIMCaHHs HEJIMHEHHOro xapakrepa aedopMupo-
BaHMS OETOHOB MCIOJIB30BAJHCH OIBITHBIE IUAarpam-
MBI 1e(OPMHUPOBAHUS JKaPOCTONKIX OETOHOB, IPUBE-
JIeHHbIe B [2]. B pemeHnu ucnonb3yeTcst quarpamma
Oi — &j, KOTOpasi OIMCHIBACTCS 3aBUCUMOCTBIO C TPEeMs
KOHCTaHTaMH, MPEAJIOKEHHOH B [3]:

Gi = Egl - Ag?. (3)

Bosnukaromas B pe3yibTaTte BO3JEUCTBUS TMO-
BBHIIICHHBIX TEMIIEPAaTyp HEOAHOPOJAHOCTH OETOHA
VUHUTHIBACTCA 3aMEHON KOHCTAaHT F, A M oL Ha QyHK-
i E(T), A(T) n o(T). B pabore [4] mpuBencHBI
¢yaxkumu E(T), A(T) n o(T), O3BOISIONIHE aTITIPOK-
CUMHPOBATh ONBITHBIE JHATPaMMBI 1e()OPMHUPOBAHUS
0ETOHOB, a TaK)Ke MPUBEACH BUJ 3TUX TUATPaMM.

3naueHust ko3 (UIMeHTa JTHHEHHOW TemIepa-
TypHO! medopmaruu st OETOHOB B 3aBHCHMOCTH
OT TeMIIepaTypbl NPUMEHSIIUCH 0 Tabmunam u3 [5],
B 3a/aue MPUHUMAIOTCS 3HAYCHUS 0, COOTBETCTBY-
IOIHe PEXKUMY JUTHTEIHHOTO HarpeBa IMpH MOBTOP-
HOM BO3JICHICTBUY TEMIIEPATYPHI.

2. Metoa pacuerta

B [1] onrcan yncIeHHO-aHATUTUYECKUNA METOJ, pe-
IIEHHS TIOCKOW OCECHMMETPUYHOM 3a/1aull JJIsI TOJICTO-
CTEHHBIX 000JIOYEK U3 (PU3UYCCKU HEIUHEHHOTO pajiu-
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ILHO HEOJHOPOJHOTO MaTepuaia Mpu MPOU3BOIBHBIX
3aBHUCHUMOCTSIX MEXaHMYECKHX XapPaKTePUCTUK OT pajiyi-
yca. B ocHOBY pemrernst nuddepeHITHaIBHOTO YpaBHe-
HUSI OTHOCHUTENIBHO G, MOJIOKEH METOJ IMPOTOHKH C
OTIpE/ICTICHHBIM IIaroM, JJjs ydera (PU3WYecKoi He-
JUHEWHOCTH WCHOJIB3YETCSI METOJ TIOCIeA0BaTENbHBIX
npubmmkenuid. [pu pemennn quddepeHnnaT-HOro
yYpaBHEHUS! MPHHAT MOCTOSIHHBIA mar 4 = 0,005 M,
TO €CTh TPEXCJIOWHAsI 000JI0YKa O0IIeH TONIIMHONI
0,19 M pazbuBaercs mpu pereHrHd Ha 38 KOJBIEBBIX
CJIOEB, KaXJIOMY M3 KOTOPBIX COOTBETCTBYET HA0Op mMa-
pameTpoB E, v U o; IpH ydeTe Qu3nieckoi HeJMHEHHO-
CTHU JUTA KaXKIOTO CJIOS 3a7aeTcs TuarpaMma G; — €;.

Pemenne npu ycnoBuu miockoro nehopMupo-
BAaHHOTO COCTOSIHUSI IIPEAIIONaraeT, YTo MUIUH/D SBIIS-
€TCsl OYeHb JUTMHHBIM U PACCMATPUBAIOTCS HAIPSDKEHUS,
BO3HHKAMOIIHE HA JIOCTATOYHOM YJaleHUH OT KOHIIOB.
MeTtop pelieHrs] aHAJIOTUYHOM 33]]adi ¢ yUYeTOM MeCT-
HBIX BO3MYIIICHHH BOJIM3H KOHIIOB IWJIMHIPA MOAPOOHO
orucaH B [6].

Jl1s1 perieHust JaHHOM 3a1a4y METOI0M KOHEUHBIX
3JIEMEHTOB HCIIOIH30BAJICS MIPOTPAMMHBINA KOMILIEKC
JIMPA-CAITIP. bruia co3mana Monens LUTHHIPA, pas3-
ouToro mo paanycy Ha 38 KOHEUHBIX JJIEMEHTOB, U 3a-
JaHbl 38 THUTIOB JKECTKOCTEH U TEMIIepaTypHas Harpy3Ka
JUTSL K&XKJI0ro KoJblieBoro ciost. [Ipu pemienus miockoit
3a7a4u ObUIA OTPaHWYEHBI MIEPEMEIICHUS BJIOJIb OCH Z
o topuam IpumHapa. [lpu permenny 3amadm Ui KO-
HEYHOTO IMJIMHApPA OCBOOOXAAJICS OT 3aKperuieHHs
OJIVH TOPETI, TIPH 3TOM 00II[ast JIMHA IHIMHIIPA COCTAB-
msta 1,45 M, Tak Kak YMCIIEHHO-aHAIUTHYECKUI pacyer
IOKa3aJl, YTO HaIpsHKEHHS], BO3HUKAOIIE BOJIM3H CBO-
OOJHBIX TOPLOB IMIMHAPA, OBICTPO YOBIBAIOT C YBENH-
YEeHWEM PACCTOSHHUS OT KOHIIA, M Ha PacCTOSHUH 1,5 M
VX BIMSTHHE HECYIIIECTBEHHO.

3. Pe3yabTaThl
Ha puc. 2 mpencrasnena aedopMupoBaHHas 0T
Bo3ZIelicTBIEM TeMrepaTypsl KO-Mozens nmunmuHapude-
CKOM 000JIOUKH.

Puc. 2. lebopmupoBaHHas WIMHAPAYECKas 000I0UKa,
noxyderHas B nporpamme JIMPA-CATIP
[Figure 2. Deformed cylindrical shell
obtained in the program LIRA-CAD]
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Puc. 3. Pacnipenenenye HalpspKeHUH Go 110 TONIIMHE 000JIOYKH:
1 — MMHEHHBIN pacyeT YUCICHHO-aHAIUTHYECKUM METO/I0M;
2 — nuHeWHbIH pacuet metogom K3;

3 — HeNMHEHHBIH pacyeT YUCICHHO-aHAJIUTHYECKUM METOJOM
[Figure 3. The distribution of stresses across the shell thickness:
I — linear calculation by numerical-analytical method;

2 — linear calculation by the FE method;

3 — non-linear calculation by numerical-analytical method]

G,, MIla
50

0 0,5 1 1,5

Puc. 4. Hanpsbkenust 6o BOIM3KU CBOOOHOTO TOPIA MIMHIPA
mpur=0,55mur=0,7m:
1 — TMHEIHBIN pacyeT YNCICHHO-aHAIUTHICCKIM METOI0M, M;

2 — nuHelHbI# pacuer mertogoMm KO B nporpamme JIMPA-CATIP, m;
3 — HeNMHEHHBIN pacyeT YNCICHHO-aHATNTHICCKIM METOIOM, M;
4 — TMHEWHBIH pacyeT YMCICHHO-aHAJIUTHYECKUM METOJIOM, M;

5 — nunelHsbIi pacyet metosoM KO B nporpamme JINPA-CAIIP, wm;
6 — HeNIMHEHMHBIH pacyeT YNUCICHHO-aHAIMTHYECKUM METO/IOM, M
[Figure 4. Stresses near the free end of the cylinder
atr=0,55mand »r=0,7 m:

1 — linear calculation by numerical-analytical method, m;

2 — linear calculation by the FE method in the LIRA-CAD software
program, m;

3 —non-linear calculation by numerical-analytical method, m;

4 — linear calculation by numerical-analytical method, m;

5 — linear calculation by the FE method in the LIRA-CAD software
program, m;

6 — non-linear calculation by numerical-analytical method, m]

Ha puc. 3 nmoka3aHbl HaNPsKEHUS Gp, PACTIPEICIICH-
HBIE TI0 TOJIIIMHE 000104KH TipH z > 1,5 m. Ha puc. 4
MOKa3aHbl HANIPSDKEHUS Go BOJIM3U CBOOOIHOTO TOP-

Ila MWIMHIPA B HAN0O0JIEe HANPSHKCHHBIX KOJBIICBBIX
ciosax 6eroHar=0,55mMmur=0,7 M.

BoiBoabI

Pesynbrarel perieHus 1iockoit 3amauu (puc. 3)
metonoM K3 B mporpamme JIMPA-CAIIP moka3siBaroT
pe3Kue Tepernajpl HanpsHKeHUH B MecTaX CMEHBI Ma-
TepHaa, 00yCIOBICHHBIE TIepepacipeiclIeHUeM Harpsi-
XKEHUH B IOJIb3y MAaTE€pHalIoOB C OOJBLINM MOAYJIEM
YIPYTOCTH, KOTOPBIX HET MPH YHCICHHO-aHATUTHYe-
CKOM pacueTe M He JOJDKHO OBITh B TIOCKOH 3amade
IIPY OTCYTCTBHU AedopMaLuii 1o z.

PesynpTathl pemieHus 3agadd TEPMOYIPYTOCTH
UWIMHIPa KOHEYHOW JIMHBI TIOKA3bIBAIOT 3HAYUTEIb-
HOE pacxoXkKACHNE MaKCUMAIIBHBIX HAIPSHKEHUH BOJIN3H
CBOOOTHOTO TOPIIA MIIHHIPA.

CnHcok JuTepaTypsl

1. Anopees B.H., Ilonaxoea JI.C. ®u3nuecKu HEIUHEH-
HbIE 3a/1a4¥ JIIs1 HEOJTHOPO/IHBIX TOJICTOCTEHHBIX 000JI0UeK //
International Journal for Computational Civil and Struc-
tural Engineering. 2016. Vol. 12. Issue 4. Pp. 36—40.

2. Yuakoe A.B. OCHOBHBIE 3aKOHOMEPHOCTH Jehop-
MHPOBaHHUS OOBIYHOTO M KAPOCTOUKHX OCTOHOB IPH Ha-
TpeBe: JuC. ... KaHA. TexH. HayK. Bonrorpan, 2006. 212 c.

3. Jlykaw I1.A. OCHOBBI HEJIMHEHHON CTPOUTENHFHOU
mexanuku. M.: Ctpoitmszaar, 1978. 208 c.

4. Polyakova L.S., Andreev V.I. Calculation of a non-
linearly elastic three-layer cylindrical shell taking into
account the continuous inhomogeneity caused by the tem-
perature field // IOP Conf. Series: Materials Science and
Engineering. 2018. Vol. 456. 012124.

5. CI127.13330.201 1. beroHHbIe 1 >Kene300eTOHHBIE KOH-
CTPYKLIMH, PEIHA3HAYCHHbIE T paOOThI B YCIOBHSIX BO3ICH-
CTBUIS ITOBBIIICHHBIX M BRICOKUX Temriepatyp. M., 2011. 116 c.

6. Andreev V1., Polyakova L.S. Calculation of non-
linear elastic three-layer cylindrical shell of finite length
with taking into account the continuous inhomogeneity
caused by the temperature field // E3s Web of Confe-
rences. 2019. Vol. 91. 02018.

RESEARCH PAPER

Solution of the axisymmetric problem of thermoelasticity of a radially inhomogeneous
cylindrical shell by numerical-analytical method and the finite element method

Lyudmila S. Polyakova, Vladimir I. Andreev”

Moscow State University of Civil Engineering (National Research University), 26 Yaroslavskoye shosse, Moscow, 129337, Russian Federation

*asv(@mgsu.ru

Article history:

Received: April 27,2019
Revised: July 25,2019
Accepted: August 20, 2019

Abstract

The aim of research is to compare two calculation methods using the example
of solving the axisymmetric thermoelasticity problem. Methods. The calculation
of a thick-walled cylindrical shell on the temperature effect was carried out

by the numerical-analytical method and the finite element method, implemen-
ted in the LIRA-CAD software package. The shell consists of three layers:
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two layers of heat-resistant concrete and an outer steel layer. In the calculation,
a piecewise linear inhomogeneity of the shell due to its three-layer structure and
continuous inhomogeneity caused by the influence of a stationary temperature field is
taken into account. The numerical-analytical method of calculation involves the deri-
vation of a resolving differential equation, which is solved by the sweep method, it is
possible to take into account the nonlinear nature of the deformation of the material
using the method of successive approximations. To solve this problem by the finite
element method, a similar computational model of the shell was constructed in
the LIRA-CAD software package. The solution of the problem of thermoelasticity
for an infinite cylinder (under conditions of a plane deformed state) and for a cylinder
of finite length with free ends is given. Results. Comparison of the calculation results
is carried out according to the obtained values of ring stresses co.

Keywords: inhomogeneity; nonlinearity; concrete; thermoelasticity; cylin-

drical shell
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