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Abstract

The present paper provides plastic limit load solutions of axial and circumferential through-wall cracked
pipes based on detailed three-dimensional (3-D) finite element (FE) limit analysis using elastic-perfectly-
plastic behavior. As a loading condition, axial tension, global bending moment, internal pressure, combined

tension and bending and combined internal pressure and bending are considered for circumferential through-

wall cracked pipes, while only internal pressure is considered for axial through-wall cracked pipes. Especially,
more emphasis is given for through-wall cracked pipes subject to combined loading. Comparisons with
existing solutions show a large discrepancy in short through-wall crack (both axial and circumferential) for
internal pressure. In the case of combined loading, the FE limit analyses results show thickness effect on limit
load solutions. Furthermore, the plastic limit load solution for circumferential through-wall cracked pipes

under bending is applied to derive plastic 7 and yfactor of testing circumferential through-wall cracked pipes
to estimate fracture toughness. Being based on detailed 3-D FE limit analysis, the present solutions are
believed to be meaningful for structural integrity assessment of through-wall cracked pipes.
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Fig. 1 Schematic illustrations for a pipe with (a) a
circumferential through-wall crack and (b) an
axial through-wall crack
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Fig. 2 Typical FE meshes, employed in the present FE
analysis for pipes with (a) circumferential
through-wall cracks and (b) axial through-wall
cracks
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Table 1 Cases considered in the present FE limit analysis
Crack type R/t = a/ VRt O/
Axial crack ‘5, 20 05,1,2,3 -
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Fig. 3 Comparison of the FE limit load solutions for
circumferential through-wall cracked pipes: (a)
internal pressure, (b) axial tension and (c) global
bending moment
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Fig. 4 Yield locus for circumferential through-wall
cracked pipes under combined tension and
bending

BHoA g5 AHDY Z Fo uPL g 19]
o), =5 4 (10)2 Mises F8 ZAd] ¢z}ato]
AFstF FIYRABET} BAld FRae Afe
23 RAEFE AAGTE FHl Aotk

Fig. 4o £ =&dA AEA AT FE 434
g A (1022 F§ A fFdas FAHYe
2 3 ARE Hudt. #9 ol dr=
0.125¢F 059 ¥ 7tA A& nHIRo Rt
& 59 209 7 7R BHE SR} Fig. 40
veld wle} o] R/7h 209 A9 AANE
B2 AR §384 AN A9t & AR83
k. a2y R/ U ASE FE AFF o=
AZ AolE B0y Aol A= ¢ ZHolg
= F#sigd. ol9k Zol Rt 52 BS- AAE
g8 AFD zolg Hole olfE #FE AF &
E A AREE 71E 5 Aol ¥(thin-wall) 7t
Aoz EEHAV] Wi Aoz Azdr. ol
Bol7] 9&A R 10012 7t 012590 AL
o disll FFes AL FHoez £33
Fov 2 ARE Fig 4l 4 e a2
Holl Yebd nho} o] wige] A} FESTE
=FAA AN FE A fFas A
Aol FHol7b dAFA ARt 2y o)
R,/tY B v 85U A $(Fig. 3 Fan)d

uj ¢ AHAch
35 Wiotal 2E2MET SAlo| A2sts

Egst5ed dis] AAE 71E9 35 AFE
Y B¥ -32(membrane stress)™ T -1t

fr & 2 o

o F‘O "|0

=
=5

|

Present FE Results
o R /=20

(a) 8r=0.5

00 02 04 06 08 1.0 12

Present FE Results
o R/20

(b) 8/70.125

Hoop stress dominant

i os i
~
\: 04 Axial stress dominant
0.2
0.0 . R A A
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Miues

m/m,
Fig. 5 Yield locus for circumferential through-wall
cracked pipes under combined internal pressure

and bending

nejstez AFEEH FYRAES} FAO &
S Ao Fgrbedit wHd ey #8
ARe AFug 280 AFL 1A F W)
dzo] Wstel 47 DFBF $e) FPo) 24
23 Agd ANAL 2 A4 5 ok w2
A ol FYRADETL FAC #AEEE B4,

A o] g2 Aol PAE JPL A
oz nashs] AAME AAT Sas

a4 o] FasjojoF G}

Aed vie} o] whep AAFIYIL 58 &
Hol| oz GG A[FE Hol7t 7 A, Fig
3 F3] A (109 AXN" AFsETH FI=A
E7t SA 9 &Ag3te Ao o g8 AFH
Wt FIRRAES FAO FEde A=
g9 5 vk o= Utg FUF dFEF
(equivalent axial tension). 2. 2 #4t3lo] 2L} Fig
5@ W SHol AHAA A9 wiE A
(10022 73 g5 A% fFias FAHS 2
g vlusgeon F Az F A

B uighel] 9@ A5 o] a3 F
AuAEQ FFE A ASode W I
HES] F3dgFs nejsiof gt YT P2
AET}L FAo g3t A AMMHeR I A
HE FEdte AL o 2 sFdAE &
3 Zo] Iy HAAE MU

@=A(p-B) +C(h-D) -1=0 (12)



3AY Fdes FAHNE ol &F RFTE B L24IANT 573

A7NM, p& p=p/pt™ [pf= = A (3) #2)
olml, m& A (p°l B Uk 4 (12 F
E #H¥o2 AEE 4 U+ ¥ eli(admissible form)
oj}.

2l 1209 AF 4~DE W& 2 AA A
AzADE Astd 78 4 Aok

p=1, Lo @m=0, =1 @p=0 (13)
om

npA gt AARALE A (1003 2] (12)0A4 &
T FUEWEI} FLde FAH(p=0)9 71&7]
dpjom o] Zolof gttt ole}t Fo| T FE #HH
< fdea A A9 vwdty Fig 5(b)el
YeRdth =8 BnE Y8 59 $¥o] A
Al Ao g FE A o A Y
Buiith. 2 vehd upep Zol dFure &
gol A Ago] ds] B =EoA AAT
FE AFL f3ex FANY 2 Z dA 5
Rovt Fwel So| AujAQ A Lol T F&
AL v¢ g& 23S AT getd Ul
4ot FYRHETL FEste B, FTE 3Y
o] 24F T AuiAd FFE #AgA 2 (12)
o 22 5 #Ao] HEHolof Tt

4.

—_o

atsh HERL0| FHHE BT

Ak

4.1 ol % 8sts &9
WY ATTEY AF FAdsE FE 4o
T Oed gol Addd

PLRm - 1 (1%5)
Oyt J141.05p

X3 Erdogan¥ th&3 22 g AABHAT

PLRm _ 1 (16
oyt 0.614+0.87542p +0.386 exp(- 2.275p)

Fig. 6& 4384 FANY Axs}t 4 (15) 2
2 (169 2 HIY RoR, p>0.59 Bgol=
2 AR o, 0<p<0.5% FFolE XolE et
WAl ole #dol HE A% (o0, A (15

1 L Present FE Results
. Approximation o Rm/r=5

10}, 0O R /=20

< 08
a

\5'; 06 Folias
E’ ’ Erdogan

04}

0.2

0.0

00 05 10 15 20 25 30 35

» .

Fig. 6 Comparison of the FE limit load solutions for
axial through-wall cracked pipes under internal
pressure

2] (16)¢] Mises 37} obd Tresca 3= FE3}7]
HFolt}t, A B =FdqME FTas FAE
A AHE 0]88t9 Mises FE AL o83 F
ueg AEgd v#de AASALEAS o3
Zol AANEReY ol AR AHAd 3% o]
Well A GA &

PR, 2 1

- (17)
o0 3 1+034p+134p2

g BEFLY A9, £ =TAAE Ul
Agats Agol AT 2adANENE AA

gtk 2y iAoz wigd: T 23
ZREZ FA FAgEe A¢HYE BFEsFol
gt 252 45U BE5LE B¢y
Zol BgaFol did 5 #AFo] AAS oo &
o a8y EWE #EFEY Afde FYRA
Ev Fat5d A SHFE S0l 248 A
o] FFL XA gt et 2 a7)d AA
g 24 AgH ] st FIRAE}L FAl9
ZAg3tE Aedz A48 + o

5. B 2

2 ERAE 349 FEas BANNE 5
Pl AFHY L 4 BEED B Y@
SHRANFNE ANAGS B ERAN Al
A e FHasANS Bol =2 Wl
A& Aol ws ARee, wetd wwe LYY

I el H8E ¢ gk B2 F2EHY Ade
2 Ay H3q9% RsE Febr] AslMe
AA 2d@ASEE ol8dte F2LHE Ao
A Rejste Zol W FoE7] WEe £ =¥
9 Aae F23Y Nde 7oz HHY 3y
a8 dANed SHES CHES T A3



574 ke

Az 49 $ o

®ok ol B %%oﬂﬁ AANE 24 A T
AL Aujg "a‘é’ 2 BaAgFHE Fie 3
o= A8d & glon £3) LBB 4 A T2
o AFe a?_r% TE el i A4Y A w$
Fr-&-8}ct.

Fig. 1()%} 2ol ¢4 FIYZAES Zgse ¢
Fug BE5FE B nejsd G
AFFA Aggeld LHEL dFP)F 554

WANE ol &ate] thed Zo| Fh0

O

J=Jel +Jp1

A71A, LSRR B4 FEQ 2 2P AS

KE ol&std ohg3 o] Fe)h
2|2
R 19)
4714, vie Eob4 el wo|th,
B SHEY 44 4B e TeT 2ol
T8
4y
I = frz,,deA,,ﬂrR ijp,dB (20)
%,
o 7]A,
e (g)=__"0) )= _M6)
npl_”pl(a)_ m 5 () R h(0)
2
h(0)=cos(§) %mﬁ ; h’(a) dh(ﬂ) . h (6?) ddg(zg)
21

2 2007 A @endlA ¢t g 4z iy
123 21 2713%% usiy, o= 2 Ho19 12
2 g=R,6°|t}.

Q74 AERZATA 7.9 = 24 SASF
< o] &3t g3 Zo] Ao} 39

P, 1

o4 P,

_2°p, Jod®

8P, [ba (22)

»

”pl_'

A7, 4= FARY ©
o}

A 2 (4=2Rnt6)°| TF.
A @elAE &+ 9}%

vk} o] AR A

o AR LHBANBE)S) AR =Dt
webd B =2A ANE ANdASEAL 4

QuATE AF57) AT 4 220 H8E F &

EE

..... Miller (Eq. (6))

~-—Present Result

(a) n-factor
R =161.6mm, =32.33mm

R /=5

0.0 02 04 0.6
Oix
6
..... Miller (Eq. (5))
at Present Result
~ (b) yfactor
R:‘J §l 6mm, t=32.33mm
. R =5~
o Of )
<
]
_4 L
. . . .
%0 02 04 06

9/n
Fig. 7 Comparison of 7,; and y based_on the proposed
limit load solution with those based on existing
limit load solution

%
A

o]

Atk A2 FYRAETL Aeate AT
79 w#e] 39, B =844 AN 24
F5d A e A @0 AL gL
APRAATE 78 5 ok

(LA .

oM™ 1 1 0.0720-055
4 M}se 2R,10.0360% -0.550+1
M= [oa> 1 0.072
aMMses [ag R, 0.0720-0.55

Upl ==

23

A (2322 7 APRFAFE 71E9 24
A EFAA A ()2 TH Axel u)mwslo
Fig. 79 e At

AN +3
Ei) BHJ«Ur WY A5dE
wj @l g 24dAEFTAE MEA AU
A7 BFF L Bde sk AT, 7
YEAE, AFstF FYEAET}L FAl 2§
e A, g SARADEA A FEae
sdtrxroz msgien, FUYE #F
Atole wdRte nisgich digel &
3, 7189 A AFUFH 9 o
2E #Fe z‘f°“°ﬂ*1 TEeL A

st AFw

38
#29
g

i



34 fFEes AN E o4 ATTE WMud LA48ANT 575

2 Aolg Uehinh E9 Bgstzol A4
Aol WSIMNE Mises 4% =ol dzd 33
AZg AEA ANSGO o Bl uBe
AL 4988 SANY dsfel Fge A
2y B aad A9 T Ggol g
Hge,

B rEold ANE 2qBAsFAe 4Ras
Aol 7lxe Holmz nlwa Aue Hojdt &
& gon, mebd BEFY Wwe) 2483 2
G ELIEEELIE PR ER R T
Hg9 5 Sirh Ea AA W U A
AP AYRAATE T JaAAE

T

E=EL 200595 Aaadstae Add 9

(1) Wilkowski, G. M., Ahmad, J., Bamnes, C., Broek, D.,
Kramer, G, Landow, M., Marschall, C., Maxey, W.,,
Nakagaki, M., Scott, P., Papaspyropoulos, V.,
Pasupathi, V. and Popelar, C., 1985, “Degraded Piping
Program Phase-11I,” NUREG/CR-4082, USNRC.

(2) Hopper, A., Wilkowski, GM., Scott, P., Olson, R,,
Rudland, D., Kilinski, T., Mohan, R., Ghadiali, N. and
Paul, D., 1997, “The Second International Piping
Integrity Research Group (IPIRG-2) Program — Final
Report,” NUREG/CR-6452, USNRC.

(3) “ASME Boiler and Pressure Vessel Code,” Section
X1, 1992.

(4) Ainsworth, R. A., 1984, “The Assessment of Defects
in Structures of Strain Hardening Materials,”
Engineering Fracture Mechanics, Vol. 19, pp.
633~642.

(5) “R6: Assessment of the Integrity of Structures
Containing Defects,” Revision 4, British Energy
Generation Ltd., 2001.

(6) Huh, N. S., Kim, Y. J,, and Kim, Y. J., 2002, “An
Engineering Method for Non-Linear Fracture
Mechanics Analysis of Circumferential Through-Wall
Cracked Pipes Under Internal Pressure,” Transaction
of the KSME (A), Vol. 26, No. 6, pp. 1099~1106.

(7) Miller, A. G, 1988, “Review of Limit Loads of
Structures Containing Defects,” International Journal
of Pressure Vessels and Piping, Vol. 32, pp.191~327.

(8) “SINTAP Final Procedure,” Brite Euram Project,
BE95-1426, 1999.

(9) “User’s Manual,” ABAQUS Version 6.4-1, ABAQUS,
Inc., 2003.

(10) Shim, D. J,, Huh, N. S,, Kim, Y. J. and Kim, Y. J.,
2003, “Plastic Limit Pressure Solutions for Cracked
Pipes Using 3-D Finite Element Method,” Transaction
of the KSME (4), Vol. 27, No. 1, pp. 26~33.

(11) Kanninen, M. F., Zahoor, A., Wilkowski, G M.,
Abou-Sayed, 1., Marschall, C., Broek, D., Sampath, S.,
Rhee, H. and Ahmad, J., 1982, “Instability Predictions
for Circumferentially Cracked Type 304 Stainless
Steel Pipes Under Dynamic Loading,” EPRI NP-2347,
Vols. 1 and 2, EPRI.

(12) Kastner, W., Roehrich, E., Schmitt, W. and
Steinbuch, R., 1981, “Critical Crack Sizes in Ductile
Tearing,” International Journal of Pressure Vessels
and Piping, Vol. 9, pp. 197~219.

(13) Folias, E. S., 1975, “On the Fracture of Nuclear
Reactor Tubes,” SMIRT III, Paper C4/5, London.

(14) Erdogan, F., 1976, “Ductile Failure Theories for
Pressurised Pipes and Containers,” International
Journal of Pressure Vessels and Piping, Vol. 4, pp.
253~283.

(15) Chattopadhyay, J., Dutta, B. K. and Kushwaha, H.
S., 2001, “Derivation of y Parameter from Limit Load
Expression of Cracked Component to Evaluate J-R
Curve,” International Journal of Pressure Vessels and
Piping, Vol. 78, pp. 401~427.

(16) Roos, E., Eisele, U. and Silcher, H., 1986, “A
Procedure for the Experimental Assessment of the J-
integral by Means of Specimens of Different
Geometries,” International Journal of Pressure Vessels
and Piping, Vol. 23, pp. 81~93.



