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RATIONALE METHODOLOGIES CALCULATING J-INTEGRAL FOR THROUGH-
WALL CRACKED PIPES LOAD BY COMBINATION FORCE, BENDING MOMENT
AND PRESSURE. PART:II

Posensinymo epanuuni cmanu mpy6 i3 HACKPIZHOK KOAOB0H0 MPIWUHOK DIZHUX PO3MIPI6 ma Chi6GIOHOWEHb CepeoHbO2O
padiyca 0o mosugunu it cminku npu 0ii KOMOIHOBAHO20 HABAHMAIICEHHS MUCKOM, CUNIOI0 A NONEPEUHUM MOMEHMOM, W0 8i0n08ioae
NPaKmuyHuUM nompeoam niOnpuemMcme enepeemuynozo npo@inio. Poskpuma esonioyis memooie po3paxyHKy npyHCHO-NAACTHUYHOO
DPYUHY6anns mpyou iz mpiwunoio neped pytinysauuam. Ilpusedeno knacugikayiio memooie usHA4eH s SPAHUUHO20 CIAaHy mpyo i3
mpiwunamu. JJano oOIpynmosanutl amaniz iCHylOUUX Memooux eusHauenHs J-inmespany ma pegepecux HanpyxtceHv, udineHi
cymmesi nepesazu 0OHUX Memodie Hao iHwumu. B uucenvHux po3e’sskax 3a0ay mexauiku pyuHy8auHs Ons mpyod i3 HACKPI3HOIO
KOJI080I0 MPIWUHOIO 8 YMOBAX 2PAHUYHO20 HABAHMAIICEHH 3ACHOCO8AHO npozpamuuti komniekc Abaqus v.6.10 3a niyensicio
Dpaiibypcvrozo yuisepcumemy. Ilpusedeno pesynemamu po3paxyukie J-inmezpany 01 060X muni¢ mpyo i3 HACKpi3HUMU
mpiyunamy 3a 12-ma pisHUMU MemOOUKaMu, Wo 3aCmOCO8VIOMbCs Y NpPoGioHux kpainax ceimy. I[lpueedeni 6 cmammi Oami
OMPUMAHO 05l SPAHUNHO20 CMAaHy mpyou npu O0OHOGAKMOPHOMY HABAHMANCEHHI 32UHAIOUUM MOMEHMOM, d MAKOdIC Npu
0OHOUACHIU Ol 6HYMPIUWHBLO20 MUCKY | 32UHAIOU020 MOMEHMY.

Knuouosi crosa: mpyb6a i3 Hackpiznoio Ko1068010 mpiunoio, meyis nepeo pyuHyeanHAM, SPAHUYHUI CIMAH,, 3ATUKOS]
Hanpyscenns, J-inmezpan.

Beryn
[epmre oGuucnenHs J-iHTerpany it MPYKHO-IUIACTUYHOTO PYHHYBaHHS TPyOM 3 TpimMHOIO Oyno 3pobieHe
3axyp i Kanninen [1]. Po3po6nenuii Pic ta in. [2], Tak 3BaHuWil M- (dakTopHUN MeTOJ OYJIO 3aCTOCOBAHO JUIsl OL[IHKU

TPaHUYHOTO CTaHy 3pa3ka TPyOH MPOCTOI NBOBHUMIPHOI TEOMETPii 3 OKPYXKHOIO HACKPI3HOI TPIIIUHOK MpH
3ruHanbHOMY MoMeHTy. B metoai [Tapic Ta Tana [3], sikuit 6a3yeTbest Ha koHIenii [pBiHa, BBeleHa KOPEKLIis JOBXKUHA
TPILIMHY. 32 JAHOI0 METOJUKOI0 PO3PAaxXyHKY 3aJIeKHICTh BEIMYMH 3THHAIBHOIO MOMEHTY 1 KyTa PO3KPUTTS TPIIIUHA
NPOTOPIIiiHA CMIBBITHOIIEHHIO MIXK MPY>KHOIO 1 IUTACTHYHOI0 XapaKTEPUCTUKOIO MaTepiaiy.

Tak 3Banuii meron LBB.NRC (Knekep Ta iH.[4]) ocHOBaHO Ha KoHuenuii 3MminHeHHst Matepiaiy. ITicns
eKCIIEPUMEHTAIbHUX ~ BUNPOOYBaHb pYyHHYBaHHS TpyOu 3 TpimmHOw0, npaniBuuku iHcturyty GE/EPRI nns
3HAXOJDKEHHS IUIACTHYHOI KOMIIOHEHTH J-iHTerpaiy 3ampornoHyBainu HoBuii meroq LBB.BCL2 , Bimomuii, sk
LBB.ENG?2 [5] na naunuii yac. Bci Buiieza3HaueHi MeToau oO4MCIEHHs J-iHTerpany OCHOBaHI Ha 3aCTOCYBaHHI 1) -
KOHIIEII].

IpotsiroM mepiony uacy 3 1986 mo 1987 poki, 6yB 3HaiineHuil iHIIMiT MeToa BU3HAYeHHs J-iHTerpamy. Moro
3anpornonyBana kommadiss General Electric Company (GE), sixka ¢girancysana Electric Power Research Institute (EPRI)
[6-8]. Hauumii meron, mo orpumaB HazBy GE/EPRI, 0a3zyerbcs Ha CKiHUEHHO-EJIEMEHTHHUX PO3B’SI3KaX HENiHIMHUX
KpalloBHX 3a/1a4 MEXaHIKU PyIlHYBaHHS Ta 3aCTOCOBYETHCS IJIS OLIHKH CTATUYHOTO 3MILHEHHS IUTACTUYHUX KOMIOHEHT
J-inTerpany Ta IHIIMX BiJMOBIIHUX MapameTpiB Aedopmariii.

J-iHTerpan B Npy KHO-IUIACTUYHOMY BHUIAJKY, YMOBHO IOAUIATHCS HA ABI CKIAaOBl. J, - OPYXKHY CKIaJOBY Ta

J |, - INIACTUYHY CKIIAJIOBY.

J=J,+J, (1)

JliHifiHy, TpYXXHY CKJaJOBy, MOXHa BHU3HAYUTH 3 MEXaHIKM pYHHyBaHHs 13 KoeQillieHTa IHTEHCHBHOCTI
HanpyxeHb K; 3a ¢opmynoro (2). B miteparypi nocuTh 0araTo TOYHUX METOJIB I OOYUCIEHHS KoedilieHTa
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IHTCHCUBHOCTI HampykeHb [22, 23], ToMy B maHiii cTaTTi MH HE pPO3MIIIAEMO IIi METOAW Ta HE TPHBOIAMMO
HOPIBHSUIBHOTO aHAIII3y.

S @)

OcHoBHi TpyAHOLI B 004KCIICH] J IHTerpaily NOJSrar0Th Y 3HaXO0KEHHI IIACTUYHOI CKIafoBoi J, .

[MopiBHsUTEHUI aHaNi3 METOMIB IJisi 3HAXOJKCHHs J-iHTerpany, mo Oynu 3rajmaHi Buile, MoOyIOBaHO Ha
po3paxyHKax pedepecHHX HampyKeHb Uil TPY)KHO-IUIACTUYHOTO pPYyHHYBaHHA TPyOHM 13 TpIIMHOIO Tiepen
pyiiHyBaHHAM 32 dpopmynoro (3). SAxy B 1984 pomi 3anpoBagus AHIBOPT [21] a1 Tin 3 nedexTamu.

Oy = Qchy , 3)

Jc Gy - I'paHuld TeKy‘{OCTi MaTepiany, Q - JIiIO‘Ie HaBaHTaXCHH:, QL - T'PaHUYHC HABAHTAKCHHS IIPU AKOMY B HETTO

CIUCHHI BUHUKA€E TUIACTUYHHNA KOJIaIC.
Host Bu3sHadeHHs J inTerpany i3 o, B [9] icHye Binoma dopmyia (4)

=Tl )
Je napamerp L, BusHauaeThes 13 (5)
6}”8
L =L (5
c

Dyukuito L, MoxHa 3HaiTH 3a Gpopmyioro (6)

1
> %
E- Sl'ef n l Lr ’ Gref

(6)
Gref 2 E N Sref

S(L)=

®opmyuna (6) cipaBeuBa Ha IPOMikKy 0 < L, < L™,
L™ =05[(oy +K,,)/cy |, (7)
pe K, - MakcHManbHE OCBOBE PO3TATYHOYE 3YCHIULSL, €., - ILIACTHYHA KOMIIOHCHTA Je()OpMyBaHHs, siKa Oeperbes 13
Aiarpamu Ae(opmallis-HalpyKeHHs MaTepially IPH BIAOBIHHX HANPYXCHHSX G, -

Mera

Mertot0 CTATTI € MPOBE/CHHS aHaNi3y iICHYIOUMX METOAMK BH3HA4YeHHs J-iHTerpay Ta pedepecHux HamnpyX eHb
[24], xnacudikariiss METOAIB BU3HAUCHHS! TPAHUYHOTO CTaHy TpyO 3 TpimmHaMu (‘JMIT Joary’) mpu KOMOIHOBaHOMY
HAaBaHTAXXCHHI BICHOBOIO CHJIOIO, MOMEHTOM, BHYTPIIIHIM THCKOM Ta BH3HAuYeHHS E€(QEKTUBHOCTI METONIB 3a
pe3yibTaTaMi TPOBEACHUX PO3PAaXyHKIB J-iHTErpaigy Juii TpaHMYHOTO CTaHy JBOX THIIB TPYO i3 HACKpi3HUMH
TpillMHAMK TpyOW mNpW il BHYTPIINIHBOTO THCKY 1 3TMHAIOYOTO MOMEHTY 3a 12-Ma pI3HUMH METOIMKaMH, IO
3aCTOCOBYIOTBCS y IPOBITHHUX KpaiHax CBITY.

Cxema TpyOH i3 HACKPI3HOIO KOJIOBOIO TPILIMHOIO 300pakeHa Ha puc.l. CepenHiit paaiyc mo3HayaeThes, sk R

m?

KyT PO3KpUTTS TpiuHu 20, noBkuHa TpimmHM 2a=2R, 0. Tpyba

_l:@/-’ HAaBaHTQ)XCHA 3TMHAIOYAM MOMEHTOM M 1 BICBOBOIO PO3TATYIOYOIO
) cmioo P .
Jocaimxenns
Tpiumsa Knaccudikariro METO/IiB JUTSt BH3HAYEHHS IPaHUYHOTO
A HaBaHTXKEHHS] TPYyOW 13 HACKPI3HOIO TPILIMHOIO MPOBEIEHO 3a CIOCOOOM

BU3HaueHHs J-iHTerpany. B mepuuiii rpymi METO/IiB 3aCTOCOBYETHCS MPSMHIA
crocid po3paxyHKy J— Hrerpamy, a B ApYrill Tpymi 3acTOCOBYETHCS
HenpsiMAH  crnoci® Horo oOYMCIIEHHST 3a JIOMOMOTrOI0  ITONEPEIHBOTO
PO3paxyHKy pedepecHUX HanpyeHs 3a hopmyiioro (1).
[Ipsami meroam, mo npuBeneHi B Tabmumi |, KiacudikoBaHi MO
Ha3BaM aBTOpIB Ta IHCTHUTYTIB, A€ BOHH OysIu po3poOieHi, Ta MaroTbh
obmacTi 3acTOCyBaHHS ITUX METOIB. [lepmum i3 METOmIB Iy 3HAXOKCHHS
_6 v a__ J-inTerpamy mnms TpyOMm i3 HACKpI3HOI KOJOBOIO TpIilIHHOIO OyB
R P pospobmenmii Ilapic-Tama [10] (1983). Kuexep ta im.(1986) [11]
3anpornonyBaiu Okl yaockoHanenuit meroq (LBB.NRC). 3a ocHoBy OyB
B3atuii merox Ilapic-Tanma, ane BBeJeHA HOBA 3aJIEKHICTh 3THHAIOYOTO
MOMEHTY BiJ KyTa, sIKa IPOIMOpIiiiHa 3aJI©KHOCTI MPYXKHOI 1 MIACTUYHOT
KOMITOHEHT 3anexHocti Pam6epr-Ocryt. bproct (1987) i3 3anponoHoBaHUM

M 1]

Puc. 1. 'eomeTpuuni napamerpu Tpyou
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meronoM (LBB.ENG?2) 3acHoBano Ha 1 -(akropHomy minxoai. Takixami [12], va Bigminy Bin Bprocra, 3anponoHyBaB

BUKOPHCTOBYBaTH iHIII anpokcumMyroui ynkuii Fy 1 Fi[13] mns merony (LBB.ENG2). [Iporsirom aesikoro nepioay, 0yB
3HAWJCHUN IHIIMIA METOoN BH3HAaueHHs J-iHTerpamy. 3ampononoBanuii General Electric Company (GE), ska
¢dinancysana Electric Power Research Institute (EPRI) [6-8], meTon micraB HazBy GE/EPRI (1988). Bin 6a3yethcs Ha
YHUCETBHUX PO3B’SI3KaX METOJOM CKIHUCHHHX €JEMEHTIB HENMHIMHUX PiBHSHb MEXaHIKH pPyHHYBaHHS JJs CTATUYHOTO
3MIITHEHHS! TUIACTUYHUX KOMITOHEHT B OIIIHKaX J-iHTerpamy Ta iHIIMX BiANMOBIOHMX mMapamerpiB aedopmarnii. Ha tax
3BaHUX AIPOKCHMYIOUHX / -QyHKIISX MOKa3yloTh 3B’130K J-IHTErpajy Bill MPHUKIAIEHOTO HaBaHTaXEHHs. €auHe, 10
BapTo OyJI0 OM HATOJOCUTH TaK, Ii¢ Te, mo B MeTon EPRI Oyna momaHa KOMITOHEHTa HABAHTAXKCHHS T TUCKY. PaxMaH
3aIpONOHYBAB CBIM MIAXI/ I aHAITHYHOrO BU3HA4YCHHS /i - (yHKIi# [14] ocCHOBaHOTO Ha arpoKCHMAIlii YUCETbHUX
PO3B’sI3KIB METOJIOM CKIHYEHHHX elieMeHTiB. DokceH Ha ocHOBI Meroly Paxmana 3aifiCHUB ampokcuUmariio /-
(GyHKUIH 17151 KOMOIHOBAHOTO BUIIAJKy TAKOX BKJIIOYAIOYH THCK [15].

Hemnpsimi MeToaM BU3HAuUeHHsI J-iHTerpaiy 3a JOMOMOTOI0 MOMEPETHHOr0 PO3PAXYHKY pedepecHuX HampyKeHb
O,y 3aCTOCOBYIOTHCS B HOBHX NCPXKABHMX CTAaHIApTaX HPOMHCIOBO PO3BHHYTHX KpaiH CBITY. Ix xapakrepuctuka

MPUBE/ICHA HIDKYE.
Merton, 10 3aCHOBAaHO HA 3acTOCYBaHHI mapamerpy L, Ta pospoOnenuil Jlaxam, yBiHIIOB B OpHTaHCHKI

cranaapty [16]. Takaxamn BUKOpUCTaB JJs 3HAXOIKEHHsS pedepecHHX HanpyKeHb I'PaHUYHI BEMYHHU CHJIH, 110
orpumani B EPRI, Ta ix crnpomene konBepryBaHHs ix B J-iHterpain [17], ToOTO KnacMyHMi migxix oTpuManuii B [3].
3Ha4YHUIl BHECOK Yy BU3HAYCHHI IPaHUYHOTO HaBaHTaKeHHs 3poOuB Kim, B3sBIIM 32 OCHOBY TpaHUYHI HaBaHTa)KCHHS
EPRI, moMHoxuBmM ix Ha onrtuMmizyrody ¢yHKmif0 Y. B amepukancekomy crammapti APl 579 [18] rtakox

3aCTOCOBYETBCS METOJ] BH3HAUYEHHS pedepecHHnX HampyXeHb Ul PI3HMX BUAIB 1 KOMOIHAIii CHIOBHX (DaKTOpiB
TPaHUYHOTO HAaBaHTAXXEHHS. MeTo I 3HaXOKEHHS pe)epCHUX HAIIPY>KEeHB IS Pi3HUX Ae(eKTiB, TPIMIMH 1 B TOMY YHCITI
KOJIOBOT HACKPi3HOI TpimuHU onricaHo B cTatTi Opunsika [.B., M0 3acTOCOBY€THCS B aTOMHI €HEPTEeTHIII.

HafiBaxxnuBimi xapakTepUCTHKH METOMAIB BU3HAUEHHs J-iHTerpamy, Ta oOJIacTh iX 3aCTOCYBaHHS HaBelIEHI B
Tabumni 1.

Ivmimayitini modeni mpybu 3 mpiwunamu npu SPAHUYHOMY HABAHMAICEHHI. 3a JOTOMOTOI HPOrPaMHOTO
komiuiekcy ABAQUS [19], Oyno po3poOiieHO MpocTOpoBi iMiTaliiiHi Moaeni TpyO i3 TpimuHamu. Y BCIX MOJEISIX
BUKOPHCTOBYBaacsi OJJHAKOBA KUIBKICTh CKIHYEHHHUX eneMeHTIB - 5184 tunmy C3D20R (20-tu By3noBi cremianbHi
enemenTH [19]). Kinbkicts By3niB — 25154 (puc.2). I'eomerpuuni po3mipu 4-x imiTaniiiHux Moaenei TpyO HaBeneHi B
Tabuuui 2.

TpyOu i3 TpimMHaMM HaBaHTA)XEHHI PI3HUMH CHIOBMMH (DaKTOpaMH — THCKOM, 3THHAIBHHM MOMEHTOM Ta
OCHOBOIO CHJIOIO SIKa BHHHUKA€ B pe3yJbTaTi BHYTPIIIHBOTO THCKY. JleTanbpHimIe nmpo MozaemoBaHHs B [24]. Marepian
TpyOu - aycteHiTHa cTanb 14550 i3 anpokcuMartiero 3anexHocTi gedopmartiss — HanpyxkeHHs 1o Tamy Pambepra-OcryTta
(8). I3 xoedinienramu o =3.83, n=4.9, o, =240 . I'panung Texy4docti Marepiary 240 MIla.

s=3+ﬁo{£j (8)

Jns KoHBepTyBaHHS pedepecHHX HamnpyXeHb y J-iHTerpan nilicHa KpuBa HampyXeHb-gedopmaris, ska
BIJINIOBila€ BHUIE3a3HayeHUM mnapamerpam Pambepra-Ocryra moOynoBaHa 3a maHnMmu Tabmuni 3. BHyTpimmHil THCK
3aJ]aBaBCsl MPOTIOPIIIIHO PO3TATYIOUNM HAIPYXEHHsIM 1 topiBHIOBaB 10% Bi rpaHUIli TEKy4OCTi.

Ta6mums 1
Kuacudikania meroaiB Bu3HauYeHHs1 J-iHTerpajay

Ne Hassa Migxig HaBaHTaxeHHst Jiana3on napamerpis

Tumn [pumitka | N | M | p |KomGiHoBane| Rm/t o/n n
1 Paris, Tada (1983) Paris/Tada | CTOD - | e |- - - 0.0625...0.25 -
2 Brust (1987) LBB.ENG2 | CTOD - o | - - - - -
3 Takahashi (2002) LBB.ENG2 | CTOD e o | o - - - -
4 Kumar, German (1988) GE/EPRI o o | o N+M+p 10 0.0625...0.5 2...10
5 Rahman J-sol (1997) GE/EPRI o |o | o N+M-+p 5..10 0.0625...0.5 | 1...10
6 Klecker et al. (1986) LBB.NRC - | e |- - - - -
7 Zahoor (1989)+Takahashi | GE/EPRI CMOD o | o N+M 10 0.0625...0.5 | 2...10
8 Foxen, Rahman (1999) GE/EPRI CTOD o | o | o N+M-+p 5...20 ]0.0625...0.125 | 2...10
9 | Kim (2001) FAD ?E:CT ob | * [+ | e | Nemp 10 0..0.5 1.7
10 Takahashi (2002) FAD RS o | o | o N+M+p |[1.5...100 0...0.5 -
11 API 579 (2001) + (2007) FAD RS o | o | o N+M+p - - n.a.
12 Oryniak (2009) FAD RS o |o |0 N+M-+p - - n.a.

0 - miB kyta Tpimman; CTOD = (crack tip open displacement); RS = Pedepencui nanpyxenns (Reference stress); PL = I'pannuna
mwiactayHa cuia (Plastic limit load); RL = 3anumkosa cuna (Reference load); Lr = [Tapametp Lr; n.a. = He 3acTOCOBY€ThCS
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UwcenbHI po3paxyHKH MPOBOAMIINCS Ha mporpamMHoMy komiuiekci ABAQUS. 3rymieHHs CiTKH B YOTHPH pasd
Jaiu pe3ynbrat J-interpany Ha 0.2% iHIIMHA, 9UM OpH CITLH, OXapaKTepH30BaHil Bullei. Ane B 5 pa3iB NPOBOIMBCH
JIOBIIIe po3paxyHOK (84 xB). ToMy BUKOPUCTOBYBAIKCS MOJIEINI 3 TIONIEPEHBOT YaCTHHH.

J-interpan OpaBcst B LieHTpajbHIM Toull Mo 10 KOHTYpY, Tak SIK Pi3HHILS MK BOCBMHM, JIEB’ITHM Ta JECATHM
KOHTYpIB cTaHoBmia He Oinbiie 1%. [Ipu po3paxyHky J-iHTerpany BUKOpUCTOBYBajHCs pekomeHnanii bpykc [20].

PesynbraTn oOumciens 3a pisnumu ananitnuyaumu  ( Ilapic i Tana, Bproct, Takaxami LBB.ENG2, Kymap i
I'epman,Paxman, Knekep, 3axyp, ®okcen, Kim, Takaxami FAD, amepuxancekuii crangapt AIll 579, Opunsk)ra
YHCeJILHUMHU METOAMKaMH HaBeJleHI Ha rpadikax (puc.2-9), reoMeTpuuHi faHi TpyO Ta Marepiany HaBeJeHi B TaOJIUIISIX
2 ta 3 BianmosigHo. Ha rpadikax 6, 7, 8, 9 300pakeHi KpuBi J-iHTerpaxy npu oJHOYACHIN Aii BHYTPIIIHBOTO THUCKY 1
3THHAI0YOT0 MOMEHTY.

Ha posrmsryTrx rpadikax 2-5 300pakeHi kpuBi J-iHTerpady mpu ogHO (paKTOPHOMY HaBaHTAXKEHHI 3STHHAIOUUM
MOMEHTOM, a Ha pUCYHKaX 6-9 BiIMOBiTHO Py KOMOIHOBAaHOMY HAaBaHTAXXCHHS TPYO 13 TPIIIMHOIO.

AHaNI3YI0YHM OTPHUMaHI pe3yNbTaTH MOXHA CKa3aTH, IO IS OAHO(AKTOPHOTO BUNAAKY HABAHTA)XKEHHS, METOIH
EPRI, API 579, Kim, Opunsixk ta Takaxamn (puc.2-5) 30irmucs abo HECYTTEBO BIIPI3HSIOTHCS OJAWH BiJ OJHOTO.
Bigomo, mo meton EPRI moGynoBanuii nuisixoM ampokcumarii eKClepUMEHTaIbHUX JTaHUX. TOMY MOXHA 3a3HAYUTH,
mo merogu APl 579, Kim, Opunsik Ta Takaxami IaroTh pe3ysbTaTHd TOYHINI /0 EKCIEPUMEHTaIbHUX METOJIB
opurancekoro iHctutyTi GE/EPRI. KpuBa J-iHTerpany, oOuucieHa Ipyu YUCENbHOMY PO3PaxyHKY Ha MPOTrPaMHOMY
KOMIUIEKCI Abaqus, JIeKUTh 3HAYHO HIKYE 32 BCI, BHIIE3a3HAYCHI METONU Ta CYTTEBO BiAPI3HIETHCA BiJ
eKCTIEPUMEHTAIbHUX JaHUX.

[Tpn KOMOIHOBaHOMY HaBaHTaKEHHI ITPAKTHYHO BCI METOAW JTAJIM BEJIMKY pO30DKHICTD. X04Ya MOXKHA BIAMITHTH
Meton Paxmana, sSIKuii 1aB OLIbII TOYHIIINI pe3yNbTaT B MOPIBHSHHI 13 IHIIUMH METOJaMH ITPH KOMOIHOBaHOMY

Tabmums 2 Tabmums 3
I'eomeTpuuHi po3mipu Tpyo ®@i3n4Hi XapaKTePpUCTHKH ayCTeHITHOI cTaai 14550
Ne | Buyrpimmiii | Tosumna | nosxuna | Posmip c [MPa] e[] c [MPa] e[
paniyc, MM CTiHKH, TPillUHH, 0 0 480 0.1411
MM rpax 50 0.0003 490 0.1559
100 0.0006 500 0.1719
1 120 12 570 45° 150 0.0012 510 0.1892
200 0.0029 520 0.2078
250 0.007 530 0.2279
2 120 12 570 90° 300 0.0154 540 0.2495
310 0.0179 550 0.2728
320 0.0207 560 0.2977
3 120 12 >70 120° 330 0.0238 570 0.3244
340 0.0274 580 0.353
4 60 12 570 90" 350 0.0313 590 0.3836
360 0.0358 600 0.4163
370 0.0407 610 0.4511
380 0.0461 620 0.4883
HABaHTAXCHHI I BCIX THIIB TpyO i3 medexkramu 390 0.0522 630 0.5279
(puc.6-9), ane Haxamb JlaB CHIIbHY MTOXUOKY TPH O/IHO- 400 0.0589 640 0.5699
(dakTopHOMY HaBaHTaKeHHI. SIk 6auyuUMO, 10 i B I[BOMY
umaaky meromu API 579, Kim, Opunsk ta Takaxarmri 410 0.0662 650 0.6147
MOKAa3aly He3HAYHE BIIXUICHHS BiJ] €KCIIEPUMEHTAIBHUX 420 0.0743 660 0.6621
manux EPRI, xoua mertom Kim maB camuii HHU3BKHI 430 0.0831 670 0.7125
pe3ynbTar B TOPIBHSHHI 13 EKCIIEPUMEHTALHUMHU 440 0.0928 680 0.7658
nmanumu EPRI, ane y Bcix i}lmnx BHITAJKaX, METOJ K'iM 450 01034 690 08223
MOKa3aB 3HAYHO HAOJIKEHUI pe3ysbTaT 10 Pe3yJIbTaTiB,
OTPUMAaHUX TPH  YHCEIBHOMY  pO3paxyHKy  Ha 460 0.1149 700 0.8821
nporpaMHoMy KomIuiekci Abaqus. 470 0.1275
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BucHoBkn

1. Sk 3a3Hauanocs BuIlle, MPsIMi METOIM JUTA BU3HAUCHHS J-IHTErpaty Ha JaHui yac € 3actapizumu. Hanpuknan,
metoa inctutyty ELECTRIC POWER RESEARCH INSTITUTE - GE/EPRI, 6yB ctBopenuit y 1988 porii.
[Inaxom ekcneprMeHTiB, e panime Oymu crBopeHi merogu LBB.ENG2 (1987p) ta merox Paris/Tada
(1983p).
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2. icns 2000 poky modany CTBOPIOBATHCS HOBI METOH, SIKi OCHOBaHI Ha MIIXOl ‘JNIMIT JToaqy’ Ta IOKa3yoTh
KapTUHY MII[HOCTI HABaHTa)XEHOT TPYOH 13 TPILIMHOIO B IiJIOMY. 3a/a4ua ‘JiMIT J10axy’ 3HalTH rpaHUYHUN CTaH
KOHCTpyKLii i3 nedexrom. [lepeBarn Takoro miaxody mnepen BU3HAYCHHsIM J-iHTerpainy, a ocoOJIHMBO iOro
IUIACTUYHOI KOMIMOHEHTH o4eBuiHI. Tak, sK NpykHa KOMIIOHEHTa BHBOJWUTHCS 13 iHTerpany Paiica, To
IJIACTHYHA KOMIIOHEHTa, J0 IIbOr0 O3HAYCHHS HE BIiANOBimae, TOMy MH HE MOXEMO HEIO BOJOMITH i
XapaKTepU3yBaTH HEIO IPAHNYHUI CTaH KOHCTPYKIIIT Y PUIAMATH 32 SAKYCh MIIHICTHY XapaKTePUCTHUKY.

3. 3a pesynbTaramu poOOTH 3a3HAYMMO, IO JJIsl BU3HAUCHHs J-iHTerpany Ajis TpyOH i3 KOJOBOIO TPILIMHOIO HE
iCHy€e YHIBEpCaJbHOTO METONY MJS PO3pPaxyHKy IUIACTHYHOI KOMIIOHGHTH. Pe3ynbTaTd OOYHCICHb B
MIPOTPaMHOMY KOMITICKCI Abaqus 3HAYHO BiIPi3HAIOTHCS Bl EKCIICPUMEHTAIBHUAX JaHWX, X0Ya iHII METOAU
TaKOX JAJTM MOXHOKY BiJl €KCIIEPUMEHTAIBHUX IaHHX, allc BOHU HE 3aJOBOJBHSIIOTH MPAKTHYHOI OTPeOU B
TOYHOCTI Ta YHIBEPCAJIbHOCTI.

4. B sxocTi pekoMeHAaniif HeoOXiTHO 3a3HAYUTH, IO IS BU3HAUCHHS TPAHUYHOTO HABAaHTAXXCHHS KOHCTPYKITIH
TpyO 3 TPIIIMHAMH HE BAPTO KOPUCTYBATHCS METOJAaMH, TOOYI0BaHUX AJIsl 00UKCIIeHHs J-IHTerpay, a 6axxaHo
3aCTOCOBYBATH HOBI METOIM, 110 TO0Y10BaHI Ha peepecHUX HAMPYKEHHSIX.

5. Jlns BU3HA4YEHHS MPY>KHOI KOMIIOHEHTH J-iHTEerpairy MO)KHA KOPUCTYBATUCS PI3HUMHU MeToaamu [22, 23], BoHH
JIAI0Th TOYHI PE3YIbTATH.

6. He Bapro mepepaxoByBaTH pedepecHi HampyxeHHs B J-iHTerpan, 00 ¢opmyna (6) € yHIBEpCalbHOIO 1 HE
30BCIM HIJIXOIUTH JI0 PI3HUX BUMAJKIB reOMETpii Ta HaBaHTaXEHb [UIsl KOHCTPYKIIH 13 TPIIIUHAMH.

Annomayun. Paccmompeno npedeivbHvlie COCMOSAHUSL MpYObl CO CKBO3HOU KPY2080U MPEuUHOl PA3HBIX PASMEPOS U COOMHOUEHUT
cpedHez0 paduyca K MOIWuUHe ee CMeHKU Npu Oelicmeul KOMOUHUPOBAHHO20 HAZPY3KU OasleHuem, CUIol U NONepeyHbiM
MOMEHMOM, YMO COOMEEMCmayem npaKkmuieckum nompeoHoCmam npeonpusamuil snepeemudeckoeo npoguns. Packpeima s6onoyus
Memooo08 pacuema ynpyeOniacmu4ecko2o paspyuienus mpyovl ¢ mpewunol neped paspyuwienuem. Ilpusedena knaccugpuxayus
Memo006 onpedenenus npeoenbHo20 COCMOoAHUs mpyd ¢ mpewunamu. [ano 060CHO8AHHBIN AHANU3 CYWECMBYIOWUX MEeMOOUK
onpedenenus J-unmezpana u pegepecnux HanpsadtceHull, ebloeneHbl Cyujecmeennble nPeuMymecmsea 00HUX Memooos nao opyeumu. B
MHO2OYUCTEHHBIX PEULEHUAX 3a0aAY MEXAHUKU PASPYUEHUA MPYO CO CKBO3HOU KPY2080ll MPEeuuHOl 8 YCIOBUAX NPeOeb Ol Haepy3KU
npumenen npoepammuslil komniexc Abaqus v.6.10 no auyensuu @paiibypcvroco yuusepcumema. Ilpusedenvi peszynvmamul
pacuemos J-unmezpana Ons 08yX Munog mpyb co CKEO3HbIMU MpewuHamu no 12-10 pasiuuHbiMu MemoouKami, KOmopbvle
NPUMEHAIOMCS 8 6e0VyUx cmpanax mupa. Ilpusedennvle 6 cmamve OaHHble NOIYHEHbl 05l NPEOeNbHO20 COCMOAHUA Mpybbl npu
00HOAKMOPHOU Ha2pY3Ke U3UOAIOWUX MOMEHMO8, d MAaKdice Npu OOHOBPEMEHHOM OelCmeuu GHympeHHe2o0 O0asneHus U
uzeubaroujeco MoOMeHma.

Kurouesvie crosa: mpy6a co ck03HOul KpY2080t MpewuHoll, medb nped paspyuleHuem, npeodeibHoe COCMOsiHUe, 0CMAamOoYHble
Hanpsxcenus, J-unmezpai.

Abstract. We consider boundary conditions of through-wall cracked pipe of different crack sizes and ratios of mean radius to
thickness of wall under the action of combined loading pressure force and the cross point, which corresponds to the practical needs
of enterprises of the energy profile. The author reveals the evolution of methods for calculation of elastic-plastic fracture with a
crack pipe before demolition. Classification of methods of determining the limit of pipes with cracks. Given a reasonable analysis of
existing methods of determination of J-integral and reference stress highlighted some significant advantages over other methods. In
numerical solutions of problems of fracture mechanics for the pipes with continuous circular crack in the limit load applied software
package Abaqus v.6.10 license Freiburg’s University IWM. The data which calculated of J-integral for the two types of pipes with
cross cracks in the 12 different methods used in leading countries. The data obtained for the limit of pipe with one the factor loading
bending moment, as well as the simultaneous action of internal pressure and bending moment.

Keywords: through-wall cracked pipe, leak before break, limit load, reference stress, J-integral.

1. Zahoor A, Kanninen MF. A plastic fracture mechanics prediction of fracture instability in a circumferential cracked pipe in
bending — Part I: J-integral analysis. J Press Vessel Technol 1981; 103:352-8

2. Rice JR, Paric PC, Merkel JG. Progress in flaw grown and fracture toughness testing. ASTM STP 1973;536:231-45.

3. Paris PC, Tada H. The application of fracture-proof design methods using tearing-instability theory to nuclear piping
postulating circumferential through-wall cracks. NUREG/CR-3464; 1983.

4. Klecker R, Brust F, Wilkowski GM. NRC leak-before-break (LBB.NRC) analysis method for circumferentially through-wall

cracked pipes under axial plus bending loads. NUREG/CR-4572;1986.

Brust FW. Approximate methods for fracture analysis of through-wall cracked pipes. NUREG/CR-4853; 1987

6. Kumar V, German MD, Wilkening WW, Andrews WR, deLorenzi HG, Mowbray DF. Advances in elastic-plastic fracture
analysis. EPRI NP-3607; 1984.

(92

7. Kumar V, German MD, Shih CF. An engineering approach for elastic—plastic fracture analysis. EPRI NP-1931; 1981.
8. Kumar V, German MD. Elastic—plastic fracture analysis of through-wall and surface flaws in cylinders. EPRI NP-5596; 1989
9. Zerbst U, Shodel M, Webster S, Ainsworth R. Fitness-for-Service Fracture Assessment of Structures Containing Cracks.

2007.-295 p.

10.  P.C. Paris and H. Tada, The application of Fracture Proof Design Methods Using Tearing Instability Theory to Nuclear
Piping Postulating Circumferential Through Wall Cracks, NUREG/CR-3464, September 1983

11.  R. Klecker, F.W. Brust and G. Wilkowski, NRC Leak-Before-Break (LBB.NRC) Analysis Method for Circumferentially
Through-Wall Cracked Pipes Under Axial Plus Bending Loads, NUREG/CR-4572, May 1986.

123



BicHuk HauioHanbHoro TexHiuHoro yHiBepcutety YKkpaiHu «KMiBCbKMI NONiTEXHIYHMIA IHCTUTYT»

12. Takahahi Y. Evaluation of leak-before-break assessment methodology for pipes with a circumferential through-wall crack
part I: stress intensity factor and limit load solution. Int J Press Vessel Piping 2002; 79(6):385-92.

13.  Lacire MH, Chapuliot S, Marie S/ Stress intensity factors of through wall cracks in plates and tubes with circumferential
cracks. ASME PVP 1999;388:13-21.

14.  Rahman S. Probabilistic fracture analysis of cracked pipes with circumferential flaws. Int J Pres Ves Pip 1997;70:223-36.

15.  J. Foxen, S. Rahman. Elastic-plastic analysis of small cracks in tubes under internal pressure and bending. Nuclear
Engineering and Design 1999; 75-87:197

16.  Laham Al. Stress Intensity Factor and Limit Load Handbook. British Energy Generation Ltd. 1998

17. Takahashi Y. Evaluation of leak-before-break assessment methodology for pipes with a circumferential through-wall crack.
Part II: Jintegral estimation. Int J Press Vessel Piping 2002;79(6):393-402.

18. American Petroleum Institute API 579, Recommended Practice for Fitness for Service.

19.  ABAQUS version 6.10 User’s manual. RI: Hibbitt, Karlsson & Sorencen Inc.2010

20. W. Brocks and 1. Scheider // Numerical Aspects of the Path-Dependence of the J-Integral in Incremental Plasticity //
Technical Note GKSS/WMS/01/08

21. Ainsworth R.A. The assessment of defects in structures of strain hardening material / Engng Fract. Mech.-1984.- V.19 .-P.
633-642

22.  Laham Al Stress Intensity Factor and Limit Load Handbook. British Energy Generation Ltd. 1998

23.  Lacire MH, Chapuliot S, Marie S/ Stress intensity factors of through wall cracks in plates and tubes with circumferential
cracks. ASME PVP 1999;388:13-21.

24.  Kpuwyx M.I., p-p.rexH.Hayk, mpod., Opunsak A.l. OOIpyHTYBaHHS METOAMK PO3paxyHKy J-iHTerpamy s TpyOu 3
HACKPI3HOIO MOMIEPEYHO0 TPILIMHOKO MPH KOMOIHOBAaHOMY HaBaHTaXKEHHI CHJIOI0, MOMEHTOM 1 ThckoM. Yactuna:l. / BicHuk
HTVYYVY "KIII". Cepis mammuoOyayBanus, 2012, Ne.64, p.76-81

REFERENCES

1. Zahoor 4, Kanninen MF. A plastic fracture mechanics prediction of fracture instability in a circumferential cracked pipe in
bending, Part I: J-integral analysis. J Press Vessel Technol 1981; 103:352-8

2. Rice JR, Paric PC, Merkel JG. Progress in flaw grown and fracture toughness testing. ASTM STP 1973;536:231-45.

3. Paris PC, Tada H. The application of fracture-proof design methods using tearing-instability theory to nuclear piping
postulating circumferential through-wall cracks. NUREG/CR-3464; 1983.

4. Klecker R, Brust F, Wilkowski GM. NRC leak-before-break (LBB.NRC) analysis method for circumferentially through-wall
cracked pipes under axial plus bending loads. NUREG/CR-4572;1986.

5. Brust FW. Approximate methods for fracture analysis of through-wall cracked pipes. NUREG/CR-4853; 1987

6. Kumar V, German MD, Wilkening WW, Andrews WR, deLorenzi HG, Mowbray DF. Advances in elastic-plastic fracture
analysis. EPRI NP-3607; 1984.

7. Kumar V, German MD, Shih CF. An engineering approach for elastic—plastic fracture analysis. EPRI NP-1931; 1981.

8. Kumar V, German MD. Elastic—plastic fracture analysis of through-wall and surface flaws in cylinders. EPRI NP-5596; 1989

9. Zerbst U, Shodel M, Webster S, Ainsworth R. Fitness-for-Service Fracture Assessment of Structures Containing Cracks.
2007, 295 p.

10.  Paris P.C. and H. Tada, The application of Fracture Proof Design Methods Using Tearing Instability Theory to Nuclear
Piping Postulating Circumferential Through Wall Cracks, NUREG/CR-3464, September 1983

11.  R. Klecker, F.W. Brust and G. Wilkowski, NRC Leak-Before-Break (LBB.NRC) Analysis Method for Circumferentially
Through-Wall Cracked Pipes Under Axial Plus Bending Loads, NUREG/CR-4572, May 1986.

12. Takahahi Y. Evaluation of leak-before-break assessment methodology for pipes with a circumferential through-wall crack
part I: stress intensity factor and limit load solution. Int J Press Vessel Piping 2002; 79(6):385-92.

13.  Lacire MH, Chapuliot S, Marie S. Stress intensity factors of through wall cracks in plates and tubes with circumferential
cracks. ASME PVP 1999;388:13-21.

14.  Rahman S. Probabilistic fracture analysis of cracked pipes with circumferential flaws. Int J Pres Ves Pip 1997;70:223-36.

15.  J. Foxen, S. Rahman. Elastic-plastic analysis of small cracks in tubes under internal pressure and bending. Nuclear
Engineering and Design 1999; 75-87:197

16. Laham Al. Stress Intensity Factor and Limit Load Handbook. British Energy Generation Ltd. 1998

17. Takahashi Y. Evaluation of leak-before-break assessment methodology for pipes with a circumferential through-wall crack.
Part II: Jintegral estimation. Int J Press Vessel Piping 2002;79(6):393-402.

18. American Petroleum Institute API 579, Recommended Practice for Fitness for Service.

19.  ABAQUS version 6.10 User’s manual. RI: Hibbitt, Karlsson & Sorencen Inc.2010

20. W. Brocks and 1. Scheider. Numerical Aspects of the Path-Dependence of the J-Integral in Incremental Plasticity . Technical
Note GKSS/WMS/01/08

21.  Ainsworth R.A. The assessment of defects in structures of strain hardening material. Engng Fract. Mech, 1984, V.19, P. 633-
642

22.  Laham Al Stress Intensity Factor and Limit Load Handbook. British Energy Generation Ltd. 1998

23.  Lacire MH, Chapuliot S, Marie S/ Stress intensity factors of through wall cracks in plates and tubes with circumferential
cracks. ASME PVP 1999;388:13-21.

24.  Kryshchuk M., Oorynyak A. Journal the National technical university of Ukraine “KPI”. Series of engineering, 2012, no.64,

124

p.76-81





