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Abstract: Under excessive plasticity, the fracture toughness of a material depends on its size and geometry.
Under fully yielded conditions, the stresses in a material near its crack tip are not unique but rather depend
on the geometry. Therefore, the single-parameter J-approach is limited to a high-constraint crack geometry.
The JQ theory has been proposed for establishing the crack geometry constraints . This approach assumes
that the crack-tip fields have two degrees of freedom. In this study, the crack-tip stress field of a fully
circumferential surface-cracked pipe under combined loads is investigated on the basis of the JQ theory by
using finite element analysis. The combined loads are a tensile axial force and the thermal gradient in the
radial direction. Q-stresses of the crack geometry and its loading state are used to determine the constraint
effects. The constraint effects of secondary loading are found to be greater than those of primary loading.
Therefore, thermal shock is believed to be the most severe loading condition of constraint effects .
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Fig. 4 Material property using Ramberg-Osgood
equation
0.0

Evolution of Q parameter with deformation
in crack geometry and hardening parameter
under Tension

J/aco

(a) Q-stress with subjected primary load

0.0

Evolution of Q parameter with deformation
in crack geometry and hardening parameter
Under radial thermal gradient

——= 10 03

-1.5 S B ¥

107
J/ac,
(b) Q-stress with subjected secondary load

Fig. 5 QO-stress depending on crack geometry and
strain-hardening exponent

Aol AHEE BRI S B 240 His
S
=

(Power-law function) % Ef] Ramberg-Osgood 2]

Fok5 3 o

QL
j&

E3stzol 7tel A= L. 1211

ofN

Wethi S th Fig 4ol 2 ATolA Abg
A 240 et 9l

E=¢,+¢,

o (cro) ' (5)
=—4+a| — -

E E )N\o,
A7, €e 9t fpi= 747t '] WIS E(Elastic strain)
I} A4 WA E(Plastic strain)®|th. nd o AEA
Folth. eAget FdEEHoR 77t 75GPat
20MPaS AMESIITE 2AABAE, nd 5 105
7H43dth o 0.002E/005 AMSSISITE ©] e
< 4FHE Fee 7Hdete] do = Asieltk

o
BEwel e e A 9
o =

>
o
1
fz
o
X,

o2
=
b
>
o k1
o "
fz
to &
o

o ol

=
rE
)
o
o )
L e
- 3
)
L
O
- lo
ST
oA rm rir
2 1 o,
olo
)
fz

o
2
ol
ol
ol
=2
o
ro
2
olo
J®
o

B
PL
ofy
-3

Ne 1o
rot

>,

e

o oo
it

i
o
nj

ol
o
o H
-0,
2
ol
28
o 4
-9,
2
Wi

Fakzoll Hl

=oé
An
ol rm
-
I
N2
AL
e
—
A
ol
oL
A
=)
o,

bt of

o #

ol e

oo

i

== o\
0,
offl
>
o
3
ol
X

rr
D
10 JQ:
rO
3£
fT
N
$ rr
of,
$ 5
fol
=
~

Y,
o
il
=
)
Q‘L
32
)
rlr mgl 2£
Z’z‘ ol
BN
_i_ 2
82
i

2
>

7}‘

=
%2
tlo
N o
A
ol
ol
o
m&



1212 ARANE - 7

(Operation ~ starting) =715 118 3}qlth. A4 7 38t

A 4= 58 31938H9 T}

Fig. 62 AWA 274 4 74 o= 77
%ol L=02, 0.5, L02Z 71| trt datgol 7}
A= 2ol diF AaE HolErh Oﬂf‘s}%o} 7}
A 7174 &En TbeiA s Aert BAE o

M Fer B & o-ods HoH, o= 71741 B
of AL Aeurh 4ESY ARl F71ES
gt & shgol TheiA= g2 o]l B
He W AAsE FHol AL olAsHEe] I
o ol B AshAl ol AHgYe] o|kslE
of ogte] o F7keith. @ FACd T s
T4 AEE O AlstEvs SWelA HokS w
2o DAYl otdFe /W X7} Fonw
oE o Atud o FoF vtk 79 golst
FA M, a7t 295 dekTel fJdke] 0-5#
Wste = HEe] ¥ 7.
0.0
n=5 rt=5 a/t=0.1 6/n=1.0
Tension — Radial thermal loaing
-0.3
-12}= = = Lr=0.2 — Thermal loading SN
----- Lr=0.5 — Thermal loading O
—-—--Lr=1.0 — Thermal loading
-1.5 . — .
10" 10° 10” 10"
J/as,
(a) a/t=0.1
0.0
n=5 r/t=5 a/t=0.3 6/n=1.0
Tension — Radial thermal loaing
-0.3
0.6 o ----=--<
o ~
-0.9 R
only tension N
_12 |~ = = Lr=0.2 — Thermal loading
----- Lr=0.5 — Thermal loading
—-—--Lr=1.0 — Thermal loading
-1.5 — —
10" 10° 10” 10"
Jao,
(b) a/t=0.3
Fig. 6 Variation of Q-stress for thermal shock
condition

[e)
= - AaA

Fig. 7¢ FHA x7e Az xHao7 Is5o]
B02, 05, 1002 7|AT7} 714 3450] 7481A
= Z3d dgk A3E HoFr VA skl 7}5]]
A ekt TheiAE ARy $Ad oM =
o7 ¢ AL 0-5¥E Btk ol WA =3
= W gkl TheiA= ARy
A etsol 7oz 59 A
a# ) o] JAE Ux}ElFo] H 7
ojxfstE it Zhel A= AFHY < AE)
A3 71 1 w}a‘r AEEH) TasARS
ok w4 oo} vk W), a7} F55 L3t

A
0 2
of
r¥
&

-
)

oY
e |o pr
G

02
2 4

ofj
E;&ﬂ_%:mloj

N>
uls Nk
BN

W g welz 7
7t 1, p=100] A== Aot 4 %
Az zAve] WaE $)ste] L=1094 daF
A Ao p1.02 AR A B

o
4 N2

in
BN
A

(o]

o
T
— —

0.0
n=5 r/t=5 a/t=0.1 6/n=1.0
Radial thermal loaing — Tension
-0.3
-0.6
o
-0.9
only thermal loaing
R Sl $=0.2 — Tension
B R $=0.5 — Tension R
—-—--B=1.0 — Tension A
-1.5 4 = " -1
10 10 10 10
J/ao,
(a) a/t=0.1
0.0
n=5 rt=5 at=03 6/n=1.0
Radial thermal loaing — Tension
-0.3
-0.6
o4
-0.9
N
only thermal loaing NAN
12}~~~ B=0.2— Tension N \\\
----- B=0.5 — Tension 3\
—-—--B=1.0 — Tension ¥
-1.5 . .
10" 10° 10” 10"
J/ao,
(b) a/t=0.3

Fig. 7 Variation of QO-stress for seismic condition



Qe BE PE 7o) EAGE A
0.0
n=5 rt=5 a/t=0.1 6/n=1.0
Radial thermal loaing + Tension
-0.3
-0.6
o
-0.9
1ol Lr=1.0 — B=1.0 S
“l---p=1.0>Lr=1.0
----- Lr=1.0 + p=1.0
-1.5 3 = -1
10" 10 10 10
J/as,
(a) a/t=0.1
0.0
n=5 r/t=5 a/t=03 6/n=1.0
Radial thermal loaing + Tension
-0.3
-0.6
o
-0.9
ol L1010 '
- == p=1.0 > Lr=1.0
----- Lr=1.0 + B=1.0
15 — — ]
107 107 10™ 107
J/ac,
(b) a/t=0.3
Fig. 8 Variation of (-stress for operation starting
condition

A8 NS AE wY, T sEo] $A
BT UE A4 W F 2de] A

€ 4 e wolvl s
eSS
omo}w A}

A elujgitt, of

f?& Ciacy iﬁ 7701]*11% = % of °J% 735
)

B e N e S L o ¢
;;
E:
= 5
2l
Loy
j%m
lrii
>1
rlm

2 3
.{
L
=]

A5l gt Fx=ol o sl #
Fig. 8 (h)E HH o] ¢ &5
ol¥l A& YS o FEHAA YERdTH

5. 4 =
FA Aw oo $Hge K JE guss
st st wjpMsel olstel AgW 4 9k

o

A5 AaFo) BTl ANAE . 1213
i F2Ee 2/ AsstE Gl 719
s Aol= A K J= dEEE 9EA &
Hge A4 Agol ojelgol FARL B AT
NNE e FRENM BT 5 UE e 7
A zAdAY 7 A $HFS ke ¢
sto] O'dowd St Shin7h AAF 03L& ol &3}
of T4 e RG] walvh

A BAFol AL A 24 Ask Agel
Aol g AW wd] dajEo] AL 4
9 &4 A5 AFuE Fd dole JBE A
Atk =@ BgstFoel AL FREY 7Y
Agel Aol SEge sFel AL 27, @
Aol weh e $E%e HAE Y 5 oY
oho¥ el A3 Bekel AW A7 &
Fol AT A4 sEol WA AL =
Aol H = A%3ee nolm o8 v
S UE A dede @ 5 At PE &
e gatEel A W o aA vehee 9
FA% e gsFel JARE el AAE
AgE 77 AR | Atge BT & 9
oAt

(NRF-2013M2B2A9A03051295, NRF-2007-0056094)

iz
(References)

(1) Irwin, G. R., 1961, “Plastic Zone Near a Crack
and Fracture Toughness,” Sagamore Research
Conference Proceeding, Vol.4, pp. 63~78.

(2) Dugdale, D. S., 1960, “Yielding in Steel Sheets
Containing Slits,” Journal of the Mechanics and
Physics of Solids, Vol. 8, pp.100~104.

(3) Barenblatt, G. 1., 1962, “The Mathmatical
Theory of Euilibrium Cracks in Brittle Fracture,”
Advance in Applied Mechanics, Vol. 7, pp. 55~129.

(4) Wells, A. A, 1961, “Unstable Crack
Propagation in Metal: cleavage and Fracture,”
Proceedings of the Crack Propagation Symposium,
Vol. 1, p. 84.

(5) Rice, J. R., 1968, “A Path Independent Integral
and the Approximate Analysis of Strain Concentration



1214 AXZ - 7]
by Notches and Cracks,” Journal of Applied
Mechanics, Vol. 53, pp. 379~386.

(6) Huchinson, J. W., 1968, “singular Behavior at
End of a Tensile Crack Tip in a Hardening
Material,” Journal of the Mechanics and Physics
of Solids, Vol. 16, pp. 13~31.

(7) Rice, J. R. and Rosengren, G. F., 1968, “Plane
Strain Deformation near a Crack Tip in a
Power-Law Hardening Material,” Journal of the
mechanics and Physics of Solids, Vol. 16, pp.
1~12.

(8) McClintock, F. A., 1971, “Plasticity Aspects of

Fracture,” Fracture: An Advanced Treatise, Vol.
3, pp. 47~225.

(9) Williams, M. L., 1957, “On the Stress Distribution
at the Base of a Stationary Crack,” Journal of
Applied Mechanics, Vol. 24, pp. 109~114.

(10) O'Dowd, N. P. and Shih, C. F., 1991,

M

- HEA

“Family of Crack-Tip Fields Characterized by a

Structure of Fields,”
Journal of the Mechanics and Physics of Solids,
Vol. 39, pp. 898~1015.

(11) O'Dowd, N. P. and Shih, C. F., 1992,
“Family of Crack-Tip Fields Characterized by a

Triaxiality =~ Parameter-I.

Triaxiality Parameter-II. Fracture Applications,”
Journal of the Mechanics and Physics of Solids,
Vol. 40, pp.939~963.

(12) ABAQUS Version 6.13. User’s Manual, 2013,
Dassault Systems Simulia Corporation, USA.

(13) Kim, Y. J, Kim, J. S., Cho, S. M., Kim, Y.
J., 2004, “3-D Constraint Effects on J Testing
and Crack Tip Constraint in M(T), SE(B), SE(T)
and C(T) Specimens: Numerical Study,” Journal

of Engineering Fracture Mechanics, Vol. 71, pp.

1203~1218.



