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Abstract: The present paper provides the elastic stress intensity factors (SIFs) and the crack opening displacements (CODs) of
a thick-walled pipe with a slanted axial through-wall crack. For estimating these elastic fracture mechanics parameters,
systematic three-dimensional elastic finite element (FE) analyses were performed by considering geometric variables, i.e.,
thickness of pipe, reference crack length, and crack length ratio, affecting the SIFs and CODs. As for loading condition, the
internal pressure was considered. Based on the FE results, the SIFs and CODs of slanted axial through-wall cracks in a thick-
walled pipe along the crack front and the wall thickness were calculated. In particular, to calculate the SIFs of a thick-walled
pipe with a slanted axial through-wall crack from those of a thick-walled pipe with an idealized axial through-wall crack, a slant
correction factor representing the effect of the slant crack on the SIFs was proposed.
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Fig. 1 Schematics of slanted axial through-wall cracked
pipe under internal pressure
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Table 1 Cases considered in the present FE analysis
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Fig. 2 Typical FE meshes for thick-walled pipe with
slanted axial through-wall crack employed in the
present FE analyses

22 Bhe Feteaciy

Fig. 2= Aol ARgH tEAS frehasaA
s Jed Aem S AAdEd ol
At T w3k 'R

fretaisiAl s st A Al wjd A=
EHA Al 45 (Young’s modulus, E)Z+% 190 GPas
g3} o, Poisson’s ratio (V) #SZ 0.39]

aHFATG. wF #E g@de A
agste] AA e 14vre mdE & gBA
feteasds fald HE fIaiEy

2l ABAQUS'E AREsElew 2044
SAT AL ZAAE Q24 (20-nodes  isoparametric
brick reduced integration element, C3D20R in ABAQUS
clement library)s AF&3kSich o4 Ade o4
We weh A7RY ess wdsigon
el

=%k vRe} Fo] ssxos ysks 1yt

o, st wid W] EXeFe FEH=E

Alpoem wj#e] Edd = v Ede] w3

Hato] A 1745l (equivalent tensile

. W3 A (crack-face)ol] 2

e syl Sl Wk 50%
g

S
N
rr to
Lo® g
i 1 oo ;
L >
S
o

=2
o
ofl
o
o

e Al 5=2F COD A&t

shoj) Al (elastic SIF, K)= AAM A5+
fFera s or e FdAHT
d ARV S ol&ste Tt #Zol

N

W

o 0
e
kO

k>

0l0

2

U

= ox
R o

o
=

KR
=

o
o
2

=0 \Jm, F )

b @ e mizp g AR 1523
A7NM, @& VIEdddol® i EEeAE
Rl e]  wddol  as  VEdEdolE

AHastgom, pe @R Asol .

W4 CODOWE FRRasN ol
Fd FAA FAS mE AARS o
gest ol Aolatlnh

[ee)
40 g

) 7

(3)
s Aget vz JETddel
ol Aol gddo] go] AMEEAOH, y=

AR AGASTE vt}
229 3)ld Ee AR BAdAFE R
=

HHWM Y E(plane  strain) XS

Agetel thgut ol Felakith
E' = E 4
Syt )

00 1

O

g A @)% (3)lA vl kel #H-g-sh=
S #(remote nominal stress) &2 TFS-X
A

At

H
My o
S

ox. o
fo o td

M

o” =1 (5)

= o|g3te] TS
e EAlsls AAREZD W o4s
#EFde 4N AS L w4 copE
a7 A A @4 99 Aot adz
A g-wojof gt

3. afl A Z 3}

31 E9E AABSRE SHYAS

2 =woAe FAL el EAste W
ANREFDe] SIS AL AT
qstety] & AAREAE BAAST GE
R B =S

KSlanted :O_OO ,72'41 F G:Kldeulized G (6)
o714, A=A “Slanted’$}  ‘Idealized’™ Z}z}
e ANBEFA] EAGE NI o] 4H)
e BAFAda=a; BT p=p)°] A=
W of ) gk}



- 2
1524 g e %
20 20
Internal Pressure Internal Pressure
R /1=2, p,=0.5 R /1=2, p,=1.0
L5 L5

Pl 152,34 Pl 152,34

Point | Point 2 Point 1 Point 2

0.0 . . . . 00 . . . .
0.0 02 04 0.6 08 10 0.0 02 0.4 0.6 08 10
4 nt
20 20
Internal Pressure Internal Pressure
R /=2, p=20 R /=2, p,=3.0
15 L5

Pp1.15,2,3.4

0.5} Point 1
" point2

=" Point 1 Point 2
00 ! . . ! 00 X . .
00 02 04 06 08 10 00 02 04 06 08 10

nt nt
Fig. 3 Variation of G values along the crack front of a
thick-walled pipe with slanted axial through-wall
crack under internal pressure, R,/t=2
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Fig. 4 Variation of G values along the crack front of a
thick-walled pipe with slanted axial through-wall
crack under internal pressure, R, /t=3
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Fig. 5 Variation of G values along the crack front of a

thick-walled pipe with slanted axial through-wall

crack under internal pressure, R, /t=5

Table 2 Values of the shape factor F for thick-walled
pipe with an idealized axial through-wall crack
(internal pressure)

Rm/t P1 F
0.5 1.209
1 1.570
2
2 2.356
3.022
0.5 1.217
1 1.588
3
2 2.426
3.213
0.5 1.222
1.598
5
2 2.466
3 3.297
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Table 3 Values of slant correction factor G at the inner
surface point of thick-walled pipe with slated
axial through-wall crack under internal pressure
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Table 5 Values of slant correction factor G at the outer
surface point of thick-walled pipe with slanted
axial through-wall crack under internal pressure

pilp2 pilp2

Rt o T T 15 T 2 3 4 Rt | oo P15 T 2 3 4
0.5 | 1.000 | 0.753 | 0.667 | 0.592 | 0.558 0.5 | 1.000 | 0.940 | 0.879 | 0.758 | 0.671
, |1 [ tooo 0510 0391 [0307 | 0275 , [ [tooo 1160 [1.127 [ 0.987 [ 0878
1.000 | 0279 | 0.177 | 0.127 | 0.111 1.000 | 1.563 | 1.505 | 1.245 | 1.064
3 | 1.000 | 0.178 | 0.113 | 0.084 | 0.073 3 11.000 | 1.917 | 1.783 | 1.397 | 1.155
0.5 | 1.000 | 0.674 | 0.580 | 0.516 | 0.464 0.5 | 1.000 | 0.993 | 0.939 | 0.909 | 0.733
, |1 100004390322 [0.245 [ 0217 L [1000 1230 [1.193 [ 1039 | 0.922
1.000 | 0.231 | 0.146 | 0.106 | 0.092 1.000 | 1.628 | 1.531 | 1.237 | 1.050
3 | 1.000 | 0.153 | 0.100 | 0.075 | 0.064 3| 1.000 | 1.931 | 1.746 | 1.339 | 1.096
0.5 | 1.000 | 0.591 | 0.486 | 0.401 | 0.366 0.5 | 1.000 | 1.064 | 1.021 | 0.906 | 0.810
s |1 [1000] 03590250 [0.186 [ 0.164 ¢ |t [ 1000|1332 1280 [ 1099 [0.967
1.000 | 0.182 | 0.119 | 0.089 | 0.078 1.000 | 1.722 | 1.567 | 1.235 | 1.034
3| 1.000 | 0.130 | 0.091 | 0.068 | 0.058 3 | 1.000 | 1.991 | 1.761 | 1.307 | 1.052

Table 4 Values of slant correction factor G at the mid-
thickness of thick-walled pipe with slanted axial
through-wall crack under internal pressure

pip>

Rl m M T 15 T 2 3 4
0.5 | 1.000 | 0.855 | 0.789 | 0.729 | 0.702

, |1 11000 0790 0.689 [ 0.605 [ 0.569
1.000 | 0.676 | 0.526 | 0.418 | 0.379

3| 1.000 | 0.580 | 0.409 | 0.302 | 0.268

0.5 | 1.000 | 0.858 | 0.790 | 0.728 | 0.699

, 1 11000 [0.783 [0.679 [ 0.594 | 0558
1.000 | 0.661 | 0.511 | 0.407 | 0.369

3| 1.000 | 0.566 | 0.396 | 0.292 | 0.259

0.5 | 1.000 | 0.857 | 0.787 | 0.721 | 0.690

s |1 10000769 [0.663 [ 0579 [[0542
2 | 1.000 | 0.637 | 0.492 | 0.392 | 0.356

3 | 1.000 | 0.548 | 0.384 | 0.283 | 0.251
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Fig. 6 Variation of V' values along the thickness at the
center of crack of thick-walled pipe with slanted

axial through-wall crack under internal pressure,
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Fig. 7 Variation of V values along the thickness at the
center of crack of thick-walled pipe with slanted
axial through-wall crack under internal pressure,
R,/t=3
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Fig. 8 Variation of V values along the thickness at the
center of crack of thick-walled pipe with slanted
axial through-wall crack under internal pressure,
R,/t=5
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Table 6 Values of shape factor V' at the inner surface Table 8 Values of shape factor V' at the outer surface
point of thick-walled pipe with slanted axial point of thick-walled pipe with slanted axial
through-wall crack under internal pressure through-wall crack under internal pressure

pilp2
Rit| v T T3 p‘épz T Rolt 1 1 [ 15 ] 2 ] 3 | 4
0.5 | 1177 | 1.052 | 0.994 | 0.940 | 0914 0.5 |1.525 | 1.030 | 0.784 | 0.537 | 0.410
, [ 181174 [1.02 (0893 [0837 2 ; igg; ;gg i;i; ?Zg; g-ggg
2 | 3.184 | 1.980 | 1.452 | 1.048 | 0.897 : : : : :
3| 5.520 | 3.149 | 2.074 | 1.282 | 1.002 3 1815514602 | 2927 | 1622 | 1.126
0.5 | 1172 | 1.040 | 0.977 | 0.918 | 0.889 0.5 | 1.528 | 1.040 | 0.799 | 0.556 | 0.430
1| 1.568 | 1.196 | 1.034 | 0.896 | 0.836 3 L 234711488 ] 1.095 | 0.739 | 0.573
3 2 4970 | 2.842 | 1.886 | 1.122 | 0.817

3.390 | 2.075 | 1.506 | 1.078 | 0.918
3 6.170 | 3.413 | 2.208 | 1.346 | 1.048

3 8.560 | 4.659 | 2.890 | 1.556 | 1.063

05 | 1.168 | 1.027 | 0.959 | 0.892 | 0.858 0.5 1.515 | 1.034 | 0.800 | 0.564 | 0.442

1 1594 | 1.207 | 1.035 | 0.888 | 0.823 5 1 2.322 | 1448 | 1.054 | 0.706 | 0.547

5 ) 3515 | 2.112 | 1517 1 1.076 | 0912 2 5.005 | 2.770 | 1.800 | 1.045 | 0.751

3 8.755 | 4.605 | 2.790 | 1.460 | 0.979

6.520 | 3.519 | 2.246 | 1.356 | 1.051

Table 7 Values of shape factor V" at the mid-thickness of

thick-walled pipe with slanted axial through- B o= eadty|egen ) gl Ttn]
wall crack under internal pressure A9l oz 4859,
pilp2
R/t p - -
‘ 1 1.5 2 3 4 X725
0.5 | 1.266 | 0.966 | 0.828 | 0.701 | 0.642
2 ! 1901 | 1.303 | 1.034 | 0.797 | 0.694 (1) Rahman, S., Brust, F., Ghadiali, N. and Wilkowski, G.,
2 | 4012 | 2401 | 1.674 | 1.094 | 0.864 “ )
1998, Crack-opening-area Analyses for

3 6.805 | 3.849 | 2.477 | 1.434 | 1.048 . . LT
05 11287 10980 1 0.836 | 0.702 | 0.639 Circumferential Through-wall Cracks in Pipes-part I:

1 1927 11313 1 1.037 1 0.794 | 0.687 Analytical M(?d'els, International Journal of Pressure
3 5 4157 | 2438 | 1.678 | 1.084 | 0.853 Vessels and Piping, Vol. 75, pp. 357~373.
3 7'345 4'017 2'534 1'439 1'044 (2) Zahoor, A., 1991, “Ductile Fracture Handbook,”
0.5 | 1.301 | 0.990 | 0.840 | 0.698 | 0.629 Novetech Corp., Gaithersburg, MD, USA.

(3) Ainsworth, R.A., 1984, “The Assessment of Defects

1 1.940 | 1.310 | 1.027 | 0.780 | 0.669 . . . o
5 ) 4245 | 2428 | 1.647 | 1.051 | 0.822 in .Struc.tures of Strain Har.denmg Materials,
Engineering Fracture Mechanics, Vol. 19, pp.
3 7.625 | 4.051 | 2.508 | 1.399 | 1.007 633~642.
(4) Deardorff, A.F., Cofie, N.G,, Dijamco, D.G. and
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