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OIEHKA HAJIEXKHOCTH 110 YCTOMYUBOCTH
HPAMOYTI'OJIbHOM PAMBI, BRIIIOJTHEHHOM U3 IIOPUCTOIO
MATEPHAJIA, HA OCHOBE BEPOATHOCTHOI'O IOAXOJA

[IpencraBieHo pelieHne 3aJa9d yCTOHINBOCTH MPSIMOYTONBHON paMbl. CTOHKH U
pHUTeTb paMbl BBHITOJHEHB! M3 IMOPHCTOTO MaTepHana. 3aKoH pactpeeleHus Io-
PHCTOCTH 110 CEYEHHIO 3aiaH ONM3KUM K panuoHambHOMY. Harpyska cumraercs
ciydailHOM BenuuuHOH. PemeHue 3agaun MOJIy4eHO € KUCIONB30BAaHUEM TEOPUHU
CTALlMOHAPHBIX CIIydaiiHbIX IpoleccoB. [laH CpaBHUTEIBHBIN aHAIN3 HaIeXKHOCTH
1 MaccoBOI'0 pacxojia MaTepualla paM CO CIUIOIIHBIMH M TIOPUCTHIMU CEUEHUSIMHU.
Jlns pemieHus 3ajaud ynpyroro aeopMHpOBaHUS MOPUCTBIX MaTEPHANOB HC-
MONb3yeTCs KJIACCHUYECKasi THIIOTE3a CIUIONIHOCTH C MEXaHUUECKUMH XapaKTepu-
CTHKaMH1 MaTepuasa, CKOpPEeKTHPOBAHHBIMH Ha OPUCTOCTb.

KiroueBble ciioBa: pava, nopucmocmo, yCmoudugocms, 6epOAmMHOCHb, HA0EHC-
HOCMb.

[TopucTele MaTepHa bl NOMYy4YalOT B HACTOSIIEE BPeMsI Bce OOJbIIEe pacipocTpaHe-
HHUE B CBSI3M C LENBIM PSIOM UX CHEHU(HUIECKUX CBOWCTB. ONHUM M3 TaKHX CBOMCTB
SBJISIETCS TIOBBILICHHAS YAETIbHAS MPOYHOCTH 10 CPABHEHHUIO CO CIUIOIIHBIMH MaTepua-
namu. Crienyer Takke OTMETHUTh, YTO MPH pabdoTe KOHCTPYKLMWI NMpH BUAAX HaArpyxe-
HUS, JAIOUIMX HEpPaBHOMEPHOE pacIpesiefieHue HalpshKeHUH 10 CeueHHo (Hampumep,
npu u3rnde), B 30HaX C HU3KMM ypPOBHEM HANpPsDKEHHH 1eJIecO00pa3HO BBITIONHUTH
KOHCTPYKIIHIO C TIEPEMEHHOM M0 ceyeHHIo mopuctocThio [1, ¢.122]. Cneayer 3aMeTUTb,
YTO HalW4Me MOPUCTOCTH B MaTepHaje HapyllaeT OCHOBHOW MOCTyJAaT MEXaHWKH Je-
(hopMHpyEeMBIX TBEPIBIX TEJ — THIIOTE3Y CIUIONTHOCTH. BBIX0I0M M3 CloKUBIIEHCS CH-
TyaIiH SBJISAETCS yCIOBHOE MPHHATHE MTOPUCTOTO MaTepHraja CIUIONIHBIM, HO C KOPpEK-
TUPOBAHHBIMHU Ha MOPUCTOCTh CBOMCTBaMHU [2, ¢.165]. [lonaras B naapHEeHIIEM UCIIOJb-
30BaHME B Ka4eCTBE HCIIOJHHUTEIHHOTO MaTepHaia MOPHUCTYIO CTalb, BBIPa3UM OCHOB-
HYI0 MEXaHHYECKYyI0 XapaKkTepucTuKy (Moxynb FOura) B BUae dopmymsr [1, ¢.122]

2
E=a +a,P+aP", (1)
rae P — mopucTocTs, a KOdQGUIHEHTH g, a,, dy NOMydYeHHI CIeAyIOIHMI:

a; =209285.7143 Mlla,
a, =—535000 MlIla,
ay =321428.5714 Mlla. 2)

Monyns ¥Onra quis crtomrHoro Marepuana paseH E =210000 MITa.

PaccMoTpuM mpsAMOYTONBHYI0 CHMMETPUYHYIO paMy, HarpyXKeHHYIO IBYMs OJIUHA-
KOBBIMHU yCUIHSIMU G , IPHIIOKEHHBIMU B y3JIaX M OPHEHTHUPOBAHHBIMU 10 OCSM CTOEK
pambl (puc. 1). Matepuan pamel — nopucras craib; B, B, — U3rMOHbIE KECTKOCTH

CTOCK U pUTECJId COOTBETCTBCHHO.
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Puc. 1. Cxema Harpy»XeHHsI IOPTAIBHON paMbl
Fig. 1. Loading condition for a portal frame

[Tonaraem, 4ro Harpyska sBIsieT COOOM HOpPMaNbHBIN CTalMOHAPHBIN CITydailHBINA
nporecc. B aTom cimydae Mepoi HaeKHOCTH SABISIETCSA BEPOSITHOCTH TOTO, YTO 33 BpEMs
sKcIuTyaTanuu 1 feWicTBylomas Harpy3ka G HHU pa3y HE IPEBBICHT KPUTHYECKOH, TO
©CTh HAJICKHOCTh M0 YCTOMYUBOCTH OyneT paBHa [3, ¢.58]

T o -
H =exp —j j G f(Gk,,g)dG dt|. 3)
00 !
Jlng HopManbHOTO cTaroHapHoro npouecca G(f) BelpakeHHe (3) NpUMET BUA
To - G, — 2
H =exp{——"5exp _M 4)
2nG; 20

IIpu Harpy3ke G = G,, BO3MOXXHBI IBe (POPMBI IOTEPHU yCTOHUMBOCTU — CUMMET-

pUYHAS © aCHMMETPHUIHAS.

[Ipu peamsHOM MPOEKTUPOBAHUN paM OTMEUEHO, YTO Hambolee BEpPOSTHOH (opmoit
MOTEPH yCTOWYNBOCTH SIBIAETCA aCHMMETPUYHAsi, KOTOpasi B JalbHEHIIIEM MPHHATA 32
ocHOBHYy!0. Criemys [1], 3agagiM KOppensauoHHyIo (yHKIHIO B BUIE

K (1) = oke (cospr +%sin Bl (5)

Ha ocnoBanun (5) BeIpaxkeHue (4) npuMeT B

o2+ [ (G =)’
2n

H =exp
2
20

Q)

Pemas eTepMUHHUCTHYECKYIO 3a/lauy YCTOMUMBOCTH U ompenensas G, , NOACTaBUB

MOCIEHIOK B (6), OMpeAeNuM HCKOMYIO HAICKHOCTh. Y CIIOBHEM TapaHTHU YCTOWYH-

BOCTH KOHCTPYKIIMH 32 BpeMs €€ dKCIuTyaTauuu oyner H > H, ., tne H .. —HOpMa-

THBHaA HAACKHOCTD.
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K pemeHnio neTepMUHHCTHYECKON 3a7adll yCTONUMBOCTH M TMOMCKA KPUTHUYECKON
cuibl Gy, MOOXOOUM C SHEPreTHYECKUX MO3UIMN. ANMPOKCUMHUPYEM aCHMMETPUYHYIO
(dhopmy moTepr YCTOWYMBOCTH paMbl €€ YIPYroi JTMHUEH OT TOPU3OHTAIBLHON CHIlbI (O,
MPUIIOKEHHON K PUTEINIO.

PackpbiBasi CTaTHYECKYIO HEOIPEICIUMOCTh, MOCTPOUM DIIOPY HM3THOAIOUIHMX MO-
MEHTOB OT JieiicTBytotel cuiabl Q (puc. 2).
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Puc. 2. Dmopa m3rudaommux MOMEHTOB OT MONEPETHON HArpy3KH
Fig. 2. Bending-moment diagram due to the shear load

Ha puc. 2
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T T Y e (7
2 2 4B, 11} L b
2B, 12B,
OyHKIUSA H3THOAONIINX MOMEHTOB Ha CTOHKAX MPHU OTCYETE CHU3Y UMEET BHU]
M, :%[ll—klz—zl]. )

OyHKIMS H3rH0AOIINX MOMEHTOB Ha PUTeElie, OTCUUTHIBAEMBIX CIIEBA, IMEET BHU]L
kQ
M, = 5 [, -2z,]. )

[MToTeHnmanpHas SHEPTHS U3rHOa paMbl paBHA

2 L 2
M; dz+.‘2‘M2dz.

2B, 28,

l]
U=2| (10)
0 0
Ioncrasnsas (8) u (9) B (10) u BEIONHAS HHTETPUPOBAHNE, TTOTYYUM
o AN
U==—|-l(l,-kl,) kI, +— |+ ——. 11
4B, \(h —kly)- kL, 3 24B, (1)
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Jlns onpeneneHus BepTUKANBHBIX CMEIIEHUH TOYeK MpMIIoKeHUs cuil G TpeBapu-
TEJNBHO HAaWIeM yToJ MOBOPOTa CTOWKH O . [ 3TOTo IMpHIIOKUM K OCHOBHOH cHcTeMe
€AVHUYHBIA MOMEHT (pUC. 3) B MPOU3BOJILHOM CEUYEHUH Zz U MOCTPOHUM DIIOPY U3TU-
Garomero MomenTa M .

S|

7 W77

Puc. 3. Harpy»xeHue e IMHIIHBIM MOMEHTOM
Fig. 3. Load by a single moment

Jns ompeneneHust yria TMOBOPOTa B CEYCHWH z 3amumieM (opMyly HHTerpania
Mopa

1% _
0=—| M, -Mdz. 12
5] [, (12)
IMoxcrasus B (12) dynknuu M, , M , TIOJTy9aeM
jQ
0
YTO TOCJIC HHTETPUPOBAHUS HaCT PYHKITUIO

2
—%{(ll—klz)z—%}. (13)
1

CootsetrctBeHHO (13) BepTHKaNbHOE MEpPEeMEIICHUE TOYKH MPUIOKEHUS Cuiabl G
paBHO

,—z]-1-dz,

_Uu|._

4 2 727 \273 _ 5
5 =ljezdz _ O J(h -k, k12)11 l_ (14)
2 8312 3 4 20
Pabora, coBepiaemast iByms cuiaMu G Ha TIepeMeEIeHnd O , paBHa
3 4 5
A=2Gé= 0°G (, —kly)| ————— Gkl )l b +IL . (15)
4B1 4| 20

ITonaras G = Gy, u npupasHuBas pabotTy cun G, NOTEHIMAILHON SHEPrUU Je-

(dhopmaruu, morydaemM
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3 232
B |:_11(ll kl,)k, +l3i| KBy

6B,
G, = PR (16)

— k)| (= k) L= |4

(¢ 2)|:(1 2)3 4} 20

st manpHeiinero npuMeM Npouiib HONEPEYHOTO CEYEHHS B BUIE MPSIMOYTOJIbHHU-
ka. [lonaras, 4To HeHTpaJIbHOW OCBIO MpH M3rHOEe OYJET OCh X M YUHUTHIBAs LIEJIECO00-
Pa3sHOCTh YBEJINYEHHS TOPUCTOCTH NPH NPHOIIMKEHUN K OCH X, IIPEACTaBUM 3aKOH pac-
IIpe/ieNIeHNs IOPUCTOCTH I10 BBICOTE CEUYCHNH B BUAE KBaIpaTHOM mapabois! (puc. 4):

4
P=P()(1—h—2y2j. (17)

3I[eCI) })0 — HOPUCTOCTb B IEHTPC TSAKCCTU CCUCHUA, O6YCJ'IOBJ'I€HHEI$I TCEXHUYCCKUMU
BO3MOXXHOCTAMMU IIPOU3BOACTBA.
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b

Puc. 4. Pacnipe/ienieHie MOPUCTOCTH IO BBICOTE CEUCHHUS
Fig. 4. Distribution of the porous along the cross-section

Ha ocnoBanuu (1) u (17) pacnpenenenue moayis KOHra mo BbICOTE MOMEPEYHOTO
ceueHus OyJIeT CIeqyIONINM:

2
EG)=q +az%{1—%y2}+aﬂ% {1—%%} . (18)

[MTapametp B xecTkocTh Opyca npu U3rnde npencTaBuTcs GopMysoi
h

2
B=2b[ E(y)y*dy,
0
YTO ITpY Kcnoab30Bann (18) naer
bh® 5
B:—2(a1+azPO~O.2+a3P0 -0.114285) . 19)



112 3.0. Kpusynuna, W.10. Kanescraa

B kauecTBe mpumepa pacdeTa pacCMOTPUM paMy, 4 KoTopol [, =/, =1 =3 M, ce-

yeHne — kBagpaT bxh =10x10 cm.
Pabouas narpyska G ¢ MmaremaTHyeckuM oxuianmeMm mg; =810 xH. Cpennee

KBaJ[PaTHYECKOE OTKIIOHEHHE HAarpy3ku G, =80 kH.

Matepuan — cTanb IOPUCTOM CTPYKTYPHI € XapakTepuctukamiu (2), £ =0,4.
1 1

[MapameTpsl ciaygaiinoro mporecca: o =0.3—, B =0.4—. Cpok 3KcILIyaTaluu pa-
c c

Mer T =10 mer =315-10° c. HopMaTiBHas HaeKHOCTD H m =0.999.

Pacuer mapamerpa sxectkoctu o gopmyne (19) maet
B =B, =B,, =1713.2863-10° MH- M’

Pacuer kpuTH4eCKOM CUIIBI AJIs1 IOPUCTON KOHCTPYKLIUMU JAaeT 3HAYCHUE

B
l"z"f =1417.46-107 MH.

Gy por = 1.446

Jnst onpeneneHuss HaJeKHOCTH paMbl 110 YCTOMYMBOCTH TIOJICTABUM pacdeTHbIC
JaHHbIE B (hopMyity (6), TTOITydnM

6 2 2 e1m2
H :exp{_ms 10°4/0,32 +0,4 exp{_(l4l7.46 810) }:0_99992

por 2n 2-80°

Hony4ennast HanexHocts H,, =0.99992 > H,

norm = 0.999, TO ecTb dKCIITyaTanu-

OHHasl HaJIeKHOCTh paMbl obecriedeHa.

B kauecTBe CpaBHUTEIBHOTO aHAIM3a PACCMOTPUM Ty XK€ PaMy, HO BBIMOITHEHHYIO
U3 CIUIOLIHOTO MaTepuaia. PelreHue 3Toi 3agaum IpH TeX ke IapameTpax ObUIO MOJy-
4eHo B [4]:

Ebi®

G, . = 7,446ﬂ =7.446 =1448-10° MH.
kr.spl 12 1212

HapmexuocTs uts crmomrHoro mpoduiis cedeHus mo gopmyte (6) Oyaer paBHa
Hg, =0.9999996 > H .., =0.999 .

Kak BuanuM, HafieKHOCTh IOPUCTON paMbl HE3HAUUTEJIBHO HIDKE CIUIOIIHOM, YTO HE
BIIMSIET Ha €€ DKCILUTyaTaluIo.
CoOTHOIIIEHNE KPUTHUECKHUX CHII 00EUX paM ClIeayIolee:

Gkr.por _ 1417.46

=0.98.
Gt 1448
Gkr
JlerepmuHuCTHYECKHE KOI(DDHUIMEHTHI 3a1aca paM paBHEI n,=—-.
1448
no=—2-178,
17810
141
no= M7 s
Y7810

Kax BuIuM, Hannune MOpUCTOCTH CHUXKAET NOKa3aTelIn YCTOHUMBOCTH He Oomee 2 %.
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JI1g OIleHKM CIIpaBeUIMBOCTH HCIONb3YEMBIX PAacUeTHBIX NPHEMOB 3aMEHHM pamy
YCIIOBHOHM CTOWKOH M OTIPENIEIIUM €€ THOKOCTb.
3anmmem Gopmyity Ditnepa 1u1s ycIoBHOM cToiku El = B :

2
T Eﬁ _ 74462
(nd)

12
OTKyJIa moiy4aeM K03 QUIMeHT CBOOOTHOM ITHHBI
2

kr

= =1.15.
M7\ 7.446
I'nbKOCTB YCIIOBHOM CTOWKH paBHA
/ /
y WL
Imin Il
A
B .
rae [, = Z NIPUBEICHHBI MOMEHT HWHEpLUUH ceueHus, A =>bxh — mmomanp

CCUYCHUA.

-3
_1713.2863-10 815.85-10°° .

7 2.1:-10°
A=100 o2 =100-107 o
115300
815.85
100

Haiinennoe sHadenne A =121>4 4 =100, ciesoBarenbHO, IPEUIOKEHHOE perie-

HHE TIPUEMIIEMO.
Kak BuamuMm u3 pacueToB, HaNM4ne MOPUCTOCTHU IIPU HAIJIEKAIIEM €€ BEIOOPE Mpak-

TUYECKU HE CHMXKAET HANEKHOCTH KOHCTpYyKIuH. OIEHUM Tereph MaTepuaIoeMKOCTh
o0enx pam, U 9ero MOJCUYUTAEM IUIONAAb 0P B CEUEHUH TOPUCTOM paMbl
h h

2 2
Ay =b-2[ P(y)dy = ZbE)J(l—};izyzjdy =0.266666bh .
0 0

Ay =b-h — IO B CIUIONIHOTO CCYCHHSL.

Haxonnm mporneHT SKOHOMUH TUIOIIAICH

026666 100 % =26.7% .

or
A% = —Ap -100% =
pl
WTtak, mpu CHIDKEHUU Hecyled ClIOCOOHOCTH PaMbl MOPUCTON CTPYKTYPHI JIMIIb Ha
2 % mMeeM BBIMIPHILI B pacxoe Marepuaia 26.7 %, 4To CBUIETEIbCTBYET O 11e1ec000-

Pa3HOCTH BBIITOJIHCHU S KOHC’I‘pyKIII/Iﬁ 13 NOPUCTBIX MAaTCPUAJIOB.
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Krivulina E.F., Kanevskaya [.Yu. ESTIMATION OF THE RELIABILITY OF A RECTANGU-
LAR FRAME MADE OF THE POROUS METAL IN TERMS OF ITS RIGIDITY ON THE
BASIS OF PROBABILISTIC APPROACH. Vestnik Tomskogo gosudarstvennogo universiteta.
Matematika i mekhanika [Tomsk State University Journal of Mathematics and Mechanics]. 53.
pp- 107-115

DOI 10.17223/19988621/53/10
Keywords: frame, porosity, stability, probability, reliability.

This article is aimed to solve one of the problems of mechanics of deformable solids such as
the analysis of the influence of material porosity on the structural elements under random loads.
The rigidity of the legs and girder of rectangular frame made of the porous material is studied.
The porosity distribution law is specified to be rational. In this case, the porosity distribution is
opposite to the normal stress distribution law due to the bending-buckling. The elements of
rectangular frame are bent during buckling. In the bar cross-section, the stresses are distributed
unevenly. Therefore, it is reasonable to distribute porosity in the same manner. The porosity is
minimum in the region of maximum stress, and, near the neutral axis of the bend, the maximum
porosity is observed. The load is shared symmetrically between the frame legs and is oriented to
the axes of the latter. The effect of random load, whose law of variation corresponds to a random
stationary process, is considered. It should be noted that the presence of porosity in the material
breaks the main postulate of the mechanic of deformable solids that is the hypothesis of
continuity. To solve this problem, it is considered that the porous material is continuous, and its
mechanical characteristics are consistent with the porosity. In particular, Young 's modulus for the
porous material is approximated by power polynomial whose factors are defined by experimental
data processing using the least squares method.

A correlation function is used for the random stationary process that is represented as a
formula for determination of the frame reliability by rigidity of the construction during the
specified operating period. The energy approach is applied to solve the deterministic problem of
the theory of stability and to determine the critical force. An asymmetric buckling is used as it is
the most probable form. The critical load is defined by condition of the equality of deformation
potential energy to the external force energy. Estimation of the frame reliability at the assigned
loads and porosity distribution law is demonstrated numerically. For comparison, the frame made
of a continuous material is considered. Analysis shows that insignificant decrease in the reliability
of the frame porous structure as compared to the continuous structure (about 2%) provides saving
in the material of about 26.7%.

KANEVSKAYA Irina (Saratov State Agrarian University named after N.I. Vavilov, Saratov,
Russian Federation). E-mail ir.kanevskaya@yandex.ru

KRIVULINA Elvira (Candidate of Technical Sciences, Saratov State Technical University named
after Yu.A. Gagarin, Saratov, Russian Federation). E-mail: orifelwi@mail.ru
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