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Pestome. YV pamkax kouyenyii epexmugnoco posmaxy KIH 3 ypaxyeanusam eenuyunu 3axpummsi
MPIWUHYU OYIHEHO GNIUE 3ANUUKOBUX HANPYICEHb HA 008208IYHICIb OLAHKU MPYyOONpo8o0Yy i3 3068HIULHBOIO
NOBEPXHeB0I0 MPIWUHOI0 Y 38apHOMY uigl. OmpumMaro cucmemy 080X HeNiHIUHUX OupepeHyianbHuX pigHAHb Ois
BUSHAYEHHA 3MIHU 2e0MempPUYHUX NapamMempie MpiyuHu 6 npoyeci 3MiHU YUCIA YUKIIE HABAHMANCEHHA 3
Ypaxy8aHuam Oil 3anuukogux Hanpyxicenv. Ha yiii 0cHOGI 01 KOHKPpemHo20 36apHO20 3 €OHAHHA OOCNIONCEHO
8eNUYUHY 2NUOUHU MPilYuHY | BIOHOWeHHS [T 008CUHU 00 2NUOUHU OISl PI3HO2O YUCHA YUKNIE | DI3HUX pieHIe
3anuuwkosux Hanpysicenv. I106yoosano diazpamu Onsl GUHAYEHHA KPUMUYHO20 YUCHA YUKNIG HAGAHMAICEHHS
GHYMPIWHIM MUCKOM 014 OO0BLIbHUX DIGHIE YCepeOHeHUX No NOGEPXHI MPIWuHU Kilbyegux 3anuuKosuUx
HAnpyiCeHo.

Kniouogi cnoea: 3anuwixosi nanpyosicens, 36apHuil uL08, 6MOMHe PYUHYBAHHS, NOGEPXHe8a Mpiujuna,
006208IYHICMb KOHCMPYKYIL, KOeiyicHm iHmMeHCU8HOCmI HANPY’CeHb.

V. Porokhovskyi, Yu. Porokhovskyi, Yu. Zalutskyi

ESTIMATION OF INFLUENCE OF RESIDUAL STRESSES ON
FATIGUE FRACTURE AND RESIDUAL RESOURCE OF SHELL
STRUCTURES WITH A RING WELDED JOINT

Summary. Geometric inhomogeneities, especially in the firm of pointed crack-like type defects can
influence essentially the strength and durability of metal structures. Therefore, detection and measurement of
such defects without violation the structures integrity, identification of their shape and sizes is one of the basic
problems. The procedure of schematization the detected defects by defects of canonic shape, which are
convenient to describe in corresponding mathematical models, is important in identification of defects for
subsequent utilization of its results to estimate the resource of secure operation of shell machine-building
structures. For pointe defects the cracks of semi-elliptical and throng cracks are the most conservative
schematization.

The work studies a linear part of the shell under internal pressure p with welded joint with internal
surface defect in a ring field joint, which, according to the normative documents, is modeled by a longitudinal
surface semi-elliptical cracks with semi-axes a and c in a circular cylinder. The location of arbitrary point on
the crack contour is given by the angle ¢ (0< @< ).

The durability (residual resource) of operation of welded shell structures depends on the fatigue crack
growth rate caused by external loads and residual stresses, which, in turn induce the stress intensity factors.
Therefore, the work studies the fatigue surface crack growth in a welded joint under pulsing load by internal
pressure p and residual stresses. We assumed that a crack in the welded joint in the shape of semi-ellipse with
semi-axes a and c developed from the internal surface of the pipe.

To determine the stress intensity factor caused by the internal pressure p we used the expression [2].
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The fatigue crack growth rate under cyclic load was determined by Paris equation [7] with regard for
efficient range of stress intensity factor. The solutions of a system of nonlinear equations to determine the crack
growth were found by numerical method.

For particular geometric sizes of the pipe with semi-elliptical crack we calculated the number of
cycles N from initial state in the defect till such for which the condition of static strength is not satisfied.

Numerical analysis was carried out for the pipe part of compressor station made of steel X-70 with
diameter D =219 mm and wall thickness t=7 mm under pulse internal pressure of maximal value

Poa = 4,5 MPa, and the sizes of initial crack in the welded joint were chosen as a, =1mm, c,=1,2a,.

Tes

It was determined that when the value of parameter increased & the number of cycles N, for which

Tes

critical crack depth is reached, decreases. And, besides, it was determined that when the parameter value &
increases the relation of semi-axes c/a decreases, and the shape of semi-elliptical crack approaches is circular
one. If £ =0, then with an error which does not exceed 1%, it can be assured that relation ¢/a with increase of

the cyclic number does not range, that c/a = const.
Key words: welded stresses, welded joint, fatigue fracture, surface crack, structure durability, stress
intensity factor.

Beryn. ['eomeTpuuHi HEOTHOPITHOCTI, OCOOMHMBO Yy BHIJISINI TOCTPOKIHIIEBUX
neeKTiB TPIIIMHOIOIIOHOTO THITY, MOXKYTh iICTOTHO BILTMBATH HA MIIIHICTB 1 JIOBIOBIYHICTH
MeTalleBUX KOHCTpYKLiN. TomMy o/iHi€I0 3 OCHOBHUX 3a/1a4 € BUSBJICHHS 1 BUMIPIOBAaHHSI TaKUX
nedexTiB 0e3 MopyIeHHs MUTICHOCTI KOHCTPYKIIl, ineHTudikaris ix gopm i po3mipis. [l
PO3B’sI3aHHS ITi€T 3a71a4i Ha OCHOBI pe3yJIbTaTiB HAYKOBUX JOCIHIKEHb, IPOBEJICHUX Y PI3HUX
KpaiHax, CTBOPEHO BiMMOBiAHI 3aco0m KoHTpomro. Cepea HUX, 30KpeMa, CIiJI BUIUIATH
KOMIUIEKCH JUIS BHYTPIIIHBO-TPYOHOTO JAiarHOCTYBaHHSI JedekTiB y Timi TpyOu ¢ipmu
Rozen [1].

BaxmuBoro B igeHtu¢ikamii gedekTiB A8 MOAATBIIOTO BUKOPUCTAHHS 11
pe3yJIbTATIB IS OIIHIOBAHHS pecypcy Oe3medHoi poOoTH 000JOHKOBHX MAIWHOOYMIBHUX
koHCTpyKnii (OMBK) € wmeronuka cxemaruzanii BUSBICHHX JAe(eKTiB JaedeKTamu
KaHOHIYHOI ()OpMH, SKi 3pYYHO ONHUCYBATH Yy BIIIOBIIHMX MaTeMaTHYHHX MOJCIX. Jlis
TOCTPOKIHIIEBUX Je(PEKTiB HANKOHCEPBATUBHIIIOK CXEMATH3AI[EI0 € TPIIUHU eNINTHYHOI
¢bopMu, miBemiNTHYHI W HacKpi3Hi. B mitepaTypi po3poOJieHO BIiAMOBITHI IpaBhja Ta
AITOPUTMHU TaKOi cXeMaTu3allii 3ajJeXHO BiJ PO3MipiB Ta po3mimieHHs aedekTy i Horo
Opi€HTAIll BiJIHOCHO TOJIOBHUX HANpyXeHb [2—5] Ta iH. Ilpm mpoMy cimiji 3ayBaKuTH, IO 3
MO3UII PEMOHTY KOHCTPYKIIii 3BaplOBaHHSIM B eKCIUTyaTalliiHUX YyMOBax HaWOLIbII
IIKaBUMH € TTOBEPXHEBI AePEKTH, SIKi MOJICTIOIOTHCS MIBETINTHYHAME TPIIITUHAMH [6].

®opmy.roBaHHA 3a1a4i. Po3risiHeMO NpsMOTiHIHHY AUISHKY 000JOHKH TOBIIUHH f
1 30BHINIHBOTO pajiyca R, M0 3HAXOAWTHCS I Ji€}0 BHYTPIIIHBOTO THCKY p 31 3BapHUM

3’€JTHAHHSAM 13 30BHIITHIM TOBEPXHEBUM JE(PEKTOM Yy KITBIIEBOMY MOHTQ)XHOMY IIIBi, KW,
BIJIIOBITHO JI0 HOPMATHBHHX JOKYMEHTIB, MOJICIIOETHCS MO3/I0BKHBOK TOBEPXHEBOIO
MiBEJINTAYHOIO TPIIIUHOIO 3 MBOCSIMHU @ 1 ¢ Y KPYTOBOMY IIATIHAPI.

[TonosxeHHs JOBUIBHOT TOYKHM HA KOHTYpPI TpIllIMHH 3aaamo udepe3 KyT 0< o <7

(puc. 1). SIkmo kyT @ =0, Toyka Ha KOHTYpi TPIITHHHU 3HAXOJUTHCS HA MOBEPXHi, a SKIIO
@ = m/2, TOUKa 3HaXOIUTHCS HAa KOHTYP1 TPIIIKUHY, IO BiANOBiAa€ MaKCUMaJIbHIH ii TTHOUHI.

47



MEXAHIKA TA MATEPIAJIO3HABCTBO

.
2c
5
%/“ a [\ 7
"
j - )
( Ry | Ry
N ] I

PucyHok 1. 'eoMeTpuuHi mapamMeTpy 0CbOBOT MiBENiNTUYHOT TPILIMHI

Figure 1. Geometric parameters of axial semi-elliptic crack

JIOBroBiuHICTh (3aJIMIIKOBUH pecype) ekciuryaTanii 3BapHux OMBK 3anexuts Bin
MMBUAKOCTI POCTY BTOMHHUX TPIINUH, BUKIMKAHUX JII€I0 30BHINIHIX HaBaHTaXCHb, SKi

CTBODIOIOTh HANIPY)KEHHS O , Ta 3alIMINKOBHX HANpyXeHb O, SKi, B CBOIO depry,
CIIPHYMHSIOTH Koe]illieHTH iHTeHCHBHOCTI Hampysxkenb K| Ta K[® Bimmosimmo. 3aiuimkosi

HaIpyKeHHS MOXKHA BBAKaTH MAIIO3MIHHIMH IIPOTSATOM yCHOTO ITMKITY HaBaHTaXXEHHS. ToMy
iHTepBa 3MiHM KoedillieHTa IHTEHCHBHOCTI HAIPYXEHb BH3HAYAETHCS MAKCUMAJIBHOIO 1
MIHIMAJTLHOIO BEJIMYMHAMHM 30BHIIIHIX 3yCHIIb
_pH _ pH
A](1 - Klmax Klmin °
a CKJIaJ0Ba BiJI 3aJIMINIKOBUAX HAIPY)KCHb BIUIMBAE JIUIEC HAa BEJIMYMHY KOoe]illieHTa acCHMeTpii
LUKy HaBaHTaXXEHHS (B1IHOIIEHHS MIHIMAJIBHOTO JI0 MAKCUMAaJIbHOIO 3HAUEHHSI B LIUKJI1):

H res
R — Klmin — Kl;[nin Kl . (1)
Klmax Klmax + Klres

PosristHeMo picT BTOMHOI TIOBEPXHEBOI TPIMMUHU Yy 3BapHOMY IIBI ITiJT JTi€FO
OyJIbCYIOUOTO HABAaHTAXEHHS BHYTPINIHIM THUCKOM p Ta 3aJHIIKOBUX HAIPYKECHb.
BBaxkxaruMemMo, 1o TpilWHA y 3BapHOMY INBi y (opmi TiBedinca 3 MBOCIMH d 1 ¢
PO3BHBAETHCS 13 30BHILIHBOT TOBEPXHI TPYOH.

Jlnst Bu3HaueHHS KoedillieHTa IHTCHCHBHOCTI HaNpYyXXeHb, BUKIMKAHUX €O
BHYTPIIIHEOTO TUCKY p, BAKOPUCTAEMO BHpPA3, SIKHI 3aJIMIEMO Y BUTIISI [2]

k=g, 7.
t 0

Bupas s obuncienHs KoedillieHTa IHTEeHCHBHOCTI HApyXeHb K|©, BUKIMKAHOTO

2

,I[i€IO 3AJIMINKOBUX HAIIPYXCHb O B> Ma€ BUTILO

wa
, 3
0 ©

*r . . . . .. . . .
Je O, — YCEPEAHEHI IO IOBEPXHI MiBETINTAYHOI TPILMHK 3QJIMIIKOBI HALPYXEHHS O )

res __ __*r
K™ =0,0G,

R, — BHYTpilHi# paziyc obononku; G,, O — koedilieHTH, HaBeaeHi B poOoTi [2].

BpaxoByroun npeacrapnenus (2), (3), Bupa3 ans o0uncieHHs KoediieHTa acuMeTpii
R (1) 3anmmmemMo y BUTIISII
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RH +§res
R = 1 + é;res
Jac
H res
RH _ Klmin . é:res _ !
ST <
1max Imax

[Tpu mboMy JUTSl TPYOH TIiJT IR0 BHYTPIIITHHOT'O THCKY

*r

RH _ Phin . gres _ Oy . (TH _ pmaxRb
- > - H ° max /
Pinax O max

[IIBUAKICTP POCTY TPIIIMHA BTOMH IIiJ JI€I0 IUKIIYHOTO HAaBaHTaXKCHHS
BHU3HAYA€MO, 3aCTOCyBaBINU piBHsHHS llepica [7] 3 ypaxyBaHHSM €(QEKTHBHOTO pO3Maxy
Koe(ilieHTa iHTCHCHBHOCTI HAPy>KeHb

V=B, (AKef )m{ ’

ne By,

2¢ </, (muB. puc. 1); {  — mupuHa 30HU 3BAPHOTO IIBA.

m, — iHBapiaHTHI XapaKTepUCTUKH MaTepialy JJIsl TPILMHK y 3BAPHOMY IIBi, TOOTO

Toxi 3 ypaxyBaHHSIM YMOB Je(OpMYyBaHHS, 3a SKUX Y HAUTJIMONIH TOYII KOHTYPY
TpitmHn (¢ = 77/2) icHye miocka gedopmarisi, a Girst moepxHi Tpyou (¢ =0) peamizyerbes
MePeXiTHUN CTaH MiX IIOCKOIO JIe(hopMaIli€ro Ta IJIOCKUM Halpy>KeHUM CTAaHOM, PiBHSHHS

JJIsI BUSHAYCHHA I_HBI/II[KOCTi pocCTy TplIJ_[I/IHI/I Briu0 i B IMMO3J0BKHBOMY HAIIPAMKY Ha6yBaIOTB
BUTJAAY:

j—; = B,,[ AK, (0.608+0,734R ~0,3408°)]": ©)
j—; = B,,[ AK, (0.743+0,637R —0.388%*)|". (5)

Tyr N — KiTbKiCTh ITUKIIIB HABAaHTAKCHHS.

[louaTkOBi yMOBH 33/1a€MO PO3MipaMu BUXITHOI TPILITUHA

dly—o =dgs  C{y-0 =6+

XapakTepuCTUKU  IHMKIIYHOI  TpilMHOCTIMKOCTI B/,
Marepiaxy TpyOHOI cTanmi Ta ii 3BapHOro 3’€JHAHHS BH3HAYAEMO EKCIEPHUMEHTAJIHHO Ha
OCHOBI BWIIPOOYBaHb, 30KpeMa I 3pa3KiB 3 KpaioBOIO TPINIMHOK y 3BapHOMY IIIBI.
Meromuka BHIpOOYBaHHs 3pa3KiB peajii3oBaHa Ha MAIlMHI JJIsl IUKIIYHUX BHIPOOYBaHb
[J/IMIIy-10 y ®isuko-mexanigaomy iHctuTyTi iM. [.B. Kapnenka HAH Vkpaiau. B
pe3yJIbTaTi OMpaIfOBaHHS EKCIIEPUMEHTAIFHUX JaHWX 3a METOJMYHMMH BKa3ziBKamu |[§]

m{ I KOHKPETHOT'O

OTPMMaHO, IO JUIsl 33(aHOT0 3BapHOro 3’eaHanHs B, =(21,8)7"-107, m =2,12.
Busnaueni XapakTepucTHKM TpilmmHOCTidKocTi B/, m mijcTaBisemMo y

piBHsHHS (4), (5), 1 11 KOHKPETHHX T€OMETPUYHHMX PpO3MIpiB TpyOM 3 MiBeTiNTHYHOIO
TPIIIMHOIO PO3PAXOBYEMO YHCIO IUKIIB N (a00 MPOMIXKOK 4acy) BiJl MOYAaTKOBOI'O CTaHY
neeKTy JI0 TAKOTo, 33 SKOr0 YMOBA CTATHYHOI MIITHOCTI HE BUKOHYETHCS.

YucaoBi pesyabraTH. YuCIOBHI aHami3 MpOBEACHO [UIS JUISHKA TpyOH
KOMIIPECOPHOI CTaHIlil, BUTOTOBIeHOI 31 cram Mmapku X-70 npiamerpom D =219mm i
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TOBIIMHOIO CTIHKH f =7 MM, SKa 3HAXOIWTHCS IIiJT €0 MyJIbCYIOYOT0 BHYTPIITHBOTO THCKY,
MaKcUMaJbHe 3HaueHHs sikoro p,. =4,5Mlla, a po3mipu moyaTkoBOI TPIIIMHN y 3BapHOMY
1IBI BUOMpAIM TakuMuU: d, =1MM, ¢, =1,24q,.

3rifHO 3 pe3yNbTaTaMH JOCITIJDKeHb, TPOBEICHUMH JUIS 3aJaHOTO 3BapHOTO
3’€IHaHHS, JUIsl PIBHSA 3QJIMIIKOBHX HANPYXeHb O 4 =196 Mlla Ta cTaTMYHOrO HaBAHTAXKEHHS

BHYTPIIIHIM MaKCHMaJbHUM TuckoM p,. =4,5MIla nebext y BHUIIAI 30BHIMIHBOI
MiBETINTUYHOT TPIIIMHU JOCATAE JIOMYCTUMOIO 3HaYeHHs JUIsl 11 riubunu a/t =0,57. Tomy

IpU PO3PAaxyHKY JOBrOBIYHOCTI 3a KPUTHYHE MPHUMMEMO Take YHUCIO LHKIIB, 3a SIKOTO
BiJTHECEHA /10 TOBIIMHU TPYOH TTIMOMHA TPIIIMHM JOCITA€E IIUX 3HAYCHb.
Po3B’s13kM cucTeMu HeNHIMHUX PIBHSHB JJIS BUIIEHABEJICHUX 3HAUCHb MapaMmeTpiB

B, m] Ta 1BOX piBHIB MiHIMaJbHUX 3HAYEHb BHYTPINIHLOTO THUCKY p,. =2 Mlla i pizHux

3HaveHb &' MOOYI0BAHO 3 BUKOPUCTAHHIM IIporpamH, Hamucanoi Ha Intel Visual Fortran.
Ha puc. 2 rpadiuno 300paxeHa 3aJeXHICTh BETUYUHU a/f BiJ 4Mcia UAKIIB N I
pi3HMX 3Ha4YeHb ImapameTpa &', IO XapaKTEPHU3Ye BiIHOIIEHHS BEIHYUHH YCEPEIHEHHX 110

NIOBEPXHi TPINIMHA KiNBUEBUX 3AIMIIKOBHX HAINPYKEHb O,y [0 BEIMYMHM MAKCUMAIbHUX
. . H
Halpy>keHb, BUKIMKAaHUX BHYTPILITHIM THCKOM O, .

Sk Gaunmo Ha rpadikax 3i 30LIbLICHHSIM 3HAYCHHS Mapamerpa &'° YHCIIO MUKIIIB
N, 3a IKHX JIOCSITA€THCSI KPUTUYHA TINOWHA TPILIMHH, 3MEHIITYETHCS.

Ha puc. 3 300paxeH0 3MiHY BiJIHOIICHHS MiBOCEH TPIMHU ¢/a 3alIe)KHO BiJ| YHucia
,komu p .. =2Mlla.

[UKJIIB HaBaHTaKeHHs N Ul Pi3HUX 3HAYeHb mapamerpa &'

AHaii3 HaBeJICHWX Ha IIbOMY PHCYHKY KPHBHX IOKa3ye, IO 31 3pOCTAaHHSM 3HAYECHb
napamerpa &' BiIHOUIGHHS ¢/a 3MeHIIyeThbes 1 (GopMa MiBETINTHYHOI TPIIUHA

Tes

HaOnmKaeThes 10 Kpyrosoi. fAkmo £ =0, To 3 moxubkoro, o He nepeBurye 1%, MoxxHa
BBa)XATH, IO BIJHOIICHHS c¢/a 31 3pOCTaHHSAM 4YHKCIa IUKIIB HE 3MIHIOETHCSA, TOOTO

c/a =const .

a/t

’pminzzl
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PucyHok 2. 3anexHiCTh BiIHECEHOI 10 TOBIIMHY TPYOU IMMOMHM TPILIMHY ¢/t BiJl YKMCIa LIMKJIiB HABAHTaKEHHS
N myist pi3HUX 3HaueHb MapameTpa &

Figure 2. Crack depth a/t related to the pipe thickness the number of load cycles N for different values of
parameter [ | '
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PucyHok 3. 3MiHa BiTHOIIEHHS MMiBJOBXWHA TPIIIMHM JI0 i1 TTHOWHA

IJIs pI3HOTO YMCJIa LMKJIIB HaBaHTaXKeHHA N 1 pi3HUX 3Ha4eHb napamerpa ||

Figure 3. Change of relation of crack half-length to its depth c¢/a for different
number of load cycles N and different values of parameter [ ™

BucnoBok. Komu tpimuHa 3HaXOoAWTHCS Ha TMEBHIM BiAcTaHi BiJ ImBa, Jie
3aJMIIKOBUME HATPY)KCHHSIMH MOJXXHA 3HEXTYBAaTH, TO 3 HE3HAYHOIO ITOXHOKOIO MOXKHA
MPUAHATH, [0 BIAHOINEHHS c/a =const 1 JI1 BH3HAYCHHS JOBTOBIYHOCTI 3aMICTh JIBOX
HEJTHIMHUX cucTeM piBHSHB (4), (5) po3B’s3yBaTH TUIBKH OJIHE PiBHSAHHS, 30Kpema (4). Lle
OOTPYHTOBYE 3alpOMOHOBaHMM y poOoTi [9] crocid mporHo3yBaHHS JOBrOBIYHOCTI 3BApPHUX
KOHCTPYKIIIH 3 JeeKTaMu THITY TPIIWH 3 YpaxyBaHHIM IMOBIPHOCTI PO3IMOAUTY eKCILTyara-
MIAHUX YMOB HaBaHTKCHHSI.

Conclusions. Hence, when the crack is at a certain distance from the joint where
residual stresses can be neglected, it can be assumed with insignificant error that relation
c/a =const and to define the durability instead of two nonlinear systems of equations (4), (5)
we have to solve only one equation, (4) in particular. This grounds the way of prediction the
durability of welded structures with crack-type defects with regard for probability of
distribution of operation loading conditions, the way being given in [9].
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