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JLI0. I'appunos

HANIPA’KEHHOE COCTOAHUE
BPYCA IPAMOYT'OJIBHOT'O CEYEHUMA,
BBIIIOJIHEHHOT' O U3 MATEPHAJIA IIOPUCTOM CTPYKTYPhI
P YUCTOM U3TUBE

CraThsl TIOCBSIIEHA 33/1aU€ PAlMOHATBHOTO PAaCIpeieNIeHUs] TIOPHCTOCTH TI0 BBI-
COTE CeYESHUsI Harpy>KEeHHOTO dJIeMeHTa KOHCTPYKIIHH HpH 9icTOM n3rube. Perre-
HHE TaKol 3aJadd MO3BOJUT 00ECHEYUTh HEOOXOJMMYIO HECYIYIO CIIOCOOHOCTD
IIPU CHIKCHUU MAaTE€PUANIOEMKOCTH KOHCTpyKIMU. Llenbo uccnenoBanus Biser-
csl pa3pabOTKa METOJUKH PEIleHUs 3aJadd YUCTOro M3ruba Opyca NMpsMOyrolib-
HOT'O NONIEPEYHOr0 CEYEHUs, BHIIOJIHEHHOTO U3 MaTepuaa MOPUCTOH CTPYKTYpbl
C Yy4YEeTOM TEXHHUYECKUX OTpaHWYEHUI MPOU3BOACTBA, M MOIYYEHHUE YUCIEHHOTO
pelIeHus 3aJa4u.

Kawuessle ciioBa: nopucmocms, uucmoiii useub, opyc.

PaccMoTpuM uuCThIi U3rnb Opyca, BBITOJIHEHHOTO U3 MaTepHuaia (CTain) IOpUCTOr
CTPYKTYpHI C IEPEMEHHOM 0 BBICOTE CEYEHHUs MOPUCTOCThIO p . OrpaHuunMcs ciiyda-

€M yHnpyroro He(bOpMI/IpOBaHI/IH, nojiarasg, 4TO0 MaKCUMAJIbHBIC HAIPAKCHHUA B 6py-

Ce G, HE MNPEBBINIAIOT Mpejiesla TeKy4eCTH Marepuana G, . M3BecTHO, 4To ympyras

XapakTepucTuka mMarepuana (Moxynb IOHra E) siBusiercst GyHKIMEH MOPUCTOCTH MaTe-
pHuana. DKclepUMEeHTaJIbHbIE TaHHbIC, OMMCaHHbIe B [1, 2], mpeacTaBieHs! A TOpUC-
TOTO JKeNe3a, U3rOTOBJICHHOro U3 nopoika Mapku IDKM. IlomyyeHHble 1BYCTOPOHHUM
IpeccoBaHUeM B mpecc-popMax OpukeTsl cnekanu mpu temmneparype 1470 K B cpene
BoJOposia B TeueHue 2 4. Ilocne mexaHmueckoil oOpaboTKH 00pasibl MOABEprain OT-
JKWUTY JUIS CHATHSI HakJIeNa B IIOBEPXHOCTHOM CJIO€ M BOCCTAHOBJIEHHS OKHCIIOB, 00pa-
30BaBIIMXCSA B MaTepHaie OT OKOHYAHHS CIEKaHWs 10 3aBepuicHus nurudosanus. OT-
JKUT nipousBoamin npu tremmeparype 1170 K B cpene Bogopona B Teuenue 1 4.

Ha ocHOBe mpeICTaBIEHHBIX BBIIIE SKCIEPUMEHTAIBHBIX JaHHBIX 3aBUCUMOCTH E(p)
U G, (p) MOTyT OBITh IPE/ICTABIEHBI NOTMHOMAMU:

E=a +a,p+asp’; 4))

Or =¢ +C2P+63P2- 2

CritaxwuBas 33JJaHHYI0 (YHKIIUIO METOJIOM HamMeHbIuX kBanpatoB (MHK), koad-
GULUEHTHl a;,c; HaliieM ¢ IOMOLIbI0O MMHHMH3ALHUK OTKJIOHEHHs CIaXKUBaromeH

(hyHKIMHY OT 33TaHHBIX TOYEK B HEKOTOPOM CPEIHEHHTEIPAIIEHOM CMBICIIE.
Koneunsm pesynsraroMm MHK OynyT sBiATbCS 3HaY€HMSA COOTBETCTBUA G , £ mHO-

pucrocTtr B rpannnax ot 0 mo 0.4. MakcuMansHOe 3Ha4€HHE TIOPUCTOCTH BHIOPAHO M3
COO0paXEeHHs TEXHOJIOTHIECKHX BOSMOKHOCTEH 10 H3rOTOBJICHHIO KOHCTPYKIHH.

Ha pwuc. 1 npencrasnens! rpaduku ¢pyskuuii coorsercTBeHHo (1) u (2) mpu 3HaUe-
HUSX K03(PPUINEHTOB, IPUBEICHHBIX B TAOIHIIE.
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Puc. 1a. I'padukn 3aBucumoct Monyns FOHra (a)
¥ HOPMAITbHBIX HANPsDKeHUH (b) OT MOPUCTOCTH
Fig. 1a. Diagrams of Young's modulus (a)
and normal stresses () as a function of porosity

ITomoxum TENCPb, UTO MOPUCTOCTH p MCHIACTCA 110 BBICOTC CCUCHUA ):
p=p(y),0<y<h/2,
IJic y — KOOpAMHATA BBICOTHI MOJIyCeUeHUs Opyca, i — BBICOTa TOTyceueHus Opyca.
Torma E = E(y), T.e. Moxynb FOHra ectb QyHKINS KOOPAMHATHI BBICOTHI ()7) TOTIe-
pedHOro ceueHus opyca.
3amada mu3ruba, TakuM 00pa3oM, CBOIUTCS K 3amade miruba Opyca, BEITIOIHEHHOTO

W3 HEOJJHOPOJHOT0 MaTepuiia ¢ MePEeMEHHOM 10 BBICOTE CEYCHUsI YIPYToi XapakTepH-
ctukoit £ = E(y) M nepeMeHHbIM MPENETIOM TEKYUECTH G =Gy () .
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00603HaYMM M3rHOAIOIIMI MOMEHT Ha Opyce depe3 M. IIpu uucrom u3rube Opyca
COOJIFO/TaeTCs THIIOTE3a MIOCKUX CEUCHHH, T.e. CeUeHHsI mocie AehopMaliii OCTarTCst
TUTOCKUMH U HOPMAJIBHBIMH K OCH Opyca, a TeOMETPUYECKUE Pa3MEPhl HEU3MEHHBIMHU.

CooTBeTCTBEHHO 3aKOHY ['yKa NP pacTsKEHHHU-CIKATUH JUTS U30THYTOrO Opyca or-
peleuM 3aKOH U3MEHEHHUST HAPSHKEHHUH 110 BHICOTE CEYCHHSL:

oc=Fg¢, 3)

rae € =g, — MaKCHMaibHas AeopManus H30THYTOro opyca.

max
Benmunna n3rubaromero MOMEHTa B CEYSHHH OIpEaeTuTCs Mo hopMmyiie
"

2

M:2_[Gbydy, 4)
0

rae b — muprHa MOMEPEYHOTo ceueHus opyca

enp uccnenoBanus — moao0OpaTh TakoW 3aKOH pacmpeneneHus moayist FOura E
U, CJIeI0BATENILHO, TIOPUCTOCTH p TI0 BBHICOTE CEYCHHUS Opyca, YTOOBI MMOJYyYUTh MAKCH-
MaJIBHO BO3MOXKHBIM M3THOAIONIMI MOMEHT IpU OTPaHMYCHHAX Ha HaNpsDKEHHEe
6 <6, U Ha IOPUCTOCTh p; < p < p,.., 3371aBAEMyl0 TEXHHYECKUMHU BO3MOXKHOCTS-

MH [IPOHU3BO/ICTBA.
JlaHHas MOCTaHOBKA SIBISIETCS CIIOKHOM 3a7adeil JIMHEHHOro MpOrpaMMHUpPOBAHMS,
JUIA pelieHuss KOTOPOW HCHOib3yeM NpuOmmkeHHBIH noaxoa. CyTe NpHOIMKEHHOTO
PELICHUs 3aKII0YAETCSI B CIIETYIOLIEM.
PasbusaeM monyceueHue Opyca 1O BBICOTE CCYCHHS HA 1 OIEMEHTOB: )y,

J=1,2,..,n,tAe y; — pACCTOSIHHE OT IOPU3OHTAIBHOI OCH CEYCHHS [0 COOTBETCT-

h
BYIOIIETO CJIOS C IIaroMm, O :2— (puc. 2). B mpenenax Kaxmoro ciost MmojydaeM Bce
n

XapaKTEPUCTHUKU MMOCTOSTHHBIMHU, MEHAIOIIUMHUCS OT CJIOSA K CJIOHO.

gmax
€n Em Pn n
& £ pj j
a
€3 - =
&/ E3, p3 3 =
8/{ E25 p2 N ;gl
E.pi__w| 1F| =

Puc. 2. Cxema pa3bueHus ceueHus Opyca Mo BbICOTE
Fig. 2. Partitioning scheme of a beam cross section along the height
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CoOOTBETCTBEHHO MOIYIUM

yl=8, yj=yj_1+8, j=2,3,...,n.

MakcumanbHbIEe HAPSHKEHUS B CIIOSAX OyyT paBHBI

cj:Ejgjgch, j=1,2,...,n. @)

Mognyns ¥Onra E = E(y;) 3aBUCHT OT PAaCCTOSHMs OT OCH CEYeHUs 1O CIOSL Y,
MIPY 5TOM HMEEM OTPaHUYCHHE 110 HANPSHKEHHUIO!

o<or(y)). Q)

[Tockonbky umeeM E(p), 6,(p) B BuJe 3aBucumocteii (1), (2), To u3 ycnosus (6) mo-

TydaeM
2) ¢ 2
E M+ Gmp+tazp; S teptep;”,

rje 3HayeHus Kod(QOHUIMEHTOB a U ¢ NMPHBEJIEHBI B TabaMIe, p; — MOPUCTOCTh B j-M
cIoe.
CoOTBETCTBEHHO MOJTy4aeM yCIIOBHE JJIsl ONPEENIEHHs p; Ha BEICOTE V.

a —€;¢,  @4E;—¢q

pi+p; + <0. ©)
a38j —C3 (138]- —C3

OO6pamiaeM HepaBeHCTBO (7) B PaBEHCTBO M pelIaeM €ro Kak OOBIKHOBEHHOE KBaj-
paTHOE ypaBHEHHUE, HaXOAs MOJIOKUTENbHBIN KOpeHb. HaliieHHOe 3HaueHHe MOPUCTO-
CTH CIICIYeT COINIACOBATH C YCIOBHEM Py < p; < py,. . B ciydae BbIxoga uckomoro

3HAYCHUS p; 32 yKa3aHHbIC NPEJIEsbl NPHHUMAEM IDAHMYHOE 3HAYCHHE MOPHCTOCTH.
Haiizst nopucrocts p; , Haxoaum £ .

BennunHa n3rnbatoriero MoMeHTa onpenenuTcs 1o Gopmysie

M=~2) cbdy; =2 E;gbdy; . (8)
Jj=1

j=l
B xauectse npumepa npumem h=20 cm, n=20, g, =0.000952381, b =10 cm. Ilomy-

YMM 3HAYECHHE TIOPHCTOCTH JUISl KaXKJOTO AJIEMEHTApHOTO CIIOS U TIPE/ICTaBUM B BHJIE JITIO-
PpBI Ha prC. 3. DIopa pacrpeneNeH:s] HOpMaIBHBIX HANPSHKEHUH N300pakeHa Ha puc. 4.

CyMMapHBIi U3rubaromuii MOMEHT, BOCTIPHHIMAEMBIN OpYCOM ¢ pacrpeeeHHON
0 BBICOTE CEYEHUS MOPUCTOCThIO, Oyaer paBeH 3.01 kHm. CTOUT OTMETHTH, YTO yBe-
JWYEHUE YHUCIIa CIO0eB pa3dueHus Opyca OyAeT MPUBOANUTH K YyTOUYHEHHIO 3HAUCHHS BBI-
YHCJIEHHOTO N3rHOaloero MOMEHTA.

Jlnst OLIeHKM POJTH TIOPUCTOCTH NP M3rube Opyca cpaBHMM 3HaueHHE BOCIIPUHHMMAe-
MOT'0 M3rHOAIOIIEro MOMEHTA B CIIy4ae M3MEHSIONIEHCS 110 BHICOTE CEYEHHS TOPUCTOCTH
C MOMEHTOM B ClTy4ae IOCTOSIHHO# (cpeiHel) HOPUCTOCTH MPH TEX KE Harpy3Kax.

PacuetHble popMyIIBI UIT MOMEHTA OyIyT CIIEeIyIOINe:

Ju1st cpeaHel mopucToCcTu:

_ 2 _
Egp =ay+ayp, +a3p,”, 05 = Ege;,

MY ~2E Y ebdy,;, Q)
Jj=l
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rae E¢, — 3Hayenure Monyns OHra, cooTBeTcTBYIOIIEE CPEAHEN TIOPUCTOCTH P, = 0.33.
J1y1s IepeMEeHHOM MTOPUCTOCTH

Ecp = E(p]) b

n
MP ~2Y Eebdy; . (10)
J=1
B ciny4ae ecin paBHOMEPHO PacHpefClIUTh CPEIHIOK MOPUCTOCTh py, =0.33 1o

BCEMY NOIEPEYHOMY CECUCHHIO, TIOIYYMM MOMeHT paBHbIA 1.844 MHw. Dmiopa HOp-
MaJIbHBIX HANPSDKEHUM B 3TOM CiIy4yae OTpa’KeHa Ha puc. 5.
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Puc. 3. Omropa 3HaueHuit pa-  Pue.4. Dmopa 3Havenuit  Pue. 5. Dmopa  3HaueHmit
IIOHAIBHO nmogoOpaHHOH  HOPMANBHBIX  HANpPsHKEHWH  HOPMATbHBIX  HAIpPsDKEHMI
MOPUCTOCTH NP palMOHANBHO MOA00-  THpM CpexHed MO CeueHHUIo
Fig. 3. Plot of values of pauHOI mopucTocTH IIOPUCTOCTH

rationally chosen porosity

Fig. 4. Plot of values of
normal stresses at rationally
chosen porosity

Fig. 5. Plot of the values of
normal stresses at average
porosity in cross section

AHanu3upys pe3yJsibTar, BUIUM, YTO MOMEHT IIPH U3MEHSIEMOM 10 BBICOTE CEUSHHUS
MOPUCTOCTH BHIIIE, YeM MOMEHT IpHU CpeHel mopucTocTy Ha 63 %.

Takum 00pa3zoM, aHATUTHYECKH TTOATBEPKACHO, YTO MTPH BaAPHLHUPOBAHUHU TIOPHUCTO-
CTH TI0 BBICOTE CEYEHHSI MOXKHO MOBBICHTH HECYIIYIO CIOCOOHOCTH Opyca MpHu ero us3-

rude.
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The article is devoted to the problem of rational distribution of porosity along the height of
the cross section of a loaded structural element at pure bending. We consider pure bending of the
beam which is made of a material (steel) with a porous structure of variable porosity along the
height of cross section. The research is limited to the case of an elastic deformation under the
assumption that the maximum stress in the beam does not exceed the yield stress of the material.
It is known that Young's modulus is a function of material porosity.

The porosity is assumed to be variable along the height of the cross section. Therefore,
Young's modulus is also a function of the height coordinate of the beam cross section.

The problem of bending is reduced to the problem of bending of a beam which is made of a
heterogeneous material with a variable elastic characteristic along the height of cross section and
variable yield stress.

According to Hooke's law, at the tension-compression state of bent beam, the law of stress
variation along the height of cross section is determined, which makes it possible to calculate the
value of the bending moment.

The aim of the study is to select the distribution law of both Young's modulus and, hence,
porosity along the height of beam cross section in order to obtain the greatest possible bending
moment under restrictions on the stress and porosity.

A numerical solution of the problem corroborates that the bending moment is 63% higher at
rationally chosen porosity than that at average porosity. The results of calculations indicate an
optimization of the porosity distribution over the cross section.

Keywords: porosity, pure bending, beam.
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