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Abstract: This paper describes multi-scale based ductile fracture simulation using finite element (FE) damage analysis.
The maximum and crack initiation loads of cracked components were predicted using proposed virtual testing method.
To apply the local approach criteria for ductile fracture, stress-modified fracture strain model was adopted as the
damage criteria with modified calibration technique that only requires tensile and fracture toughness test data.
Element-size-dependent critical damage model is also introduced to apply the proposed ductile fracture simulation to
large-scale components. The results of the simulation were compared with those of the tests on SA333 Gr. 6 full-scale
pipes at 288°C, performed by the Battelle Memorial Institute.
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Fig. 1 Assumed stress-modified fracture strain models
for ductile fracture simulation
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Fig. 2 Tensile and fracture toughness specimens for
determination of damage criterion: (a) schematic
figures with geometric dimensions (unit:mm)
and (b) FE meshes
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Fig. 4 Comparison of FE damage simulation results from
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determination of stress modified fracture strain
model (damage criterion) using tearing modulus
data
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Fig. 6 Calibration results for ductile fracture simulation:
(a) J-R curves, (b) crack growth versus load line
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Zal vk vl (necking) ©] 5ol LA EE AL
€% 43S Bridgman®] AM¢ uwle} w A}
Rom, B A Age MIFH-ANPE A
2 FHTE-THAHYE JEE Fig 39 A6
o AP FdEA BAE A AdEyY b

2]
< J-R AEE ol &
(4a)ol W& dJ/da AFH}ZE F3u}
o8 = a2y 33 dsto| A Az 47
EA4S Yeldl = Z o] A S (tearing modulus)S
A3 wf AL AR I AFo A= o] AEE
AEEZLE (et &7 Ao &8st

Figure 4% Fig. 1914 7HAs F+ 259 7152

o7 dL JRAES dgAdAEo a
o}t 7HAE Bl it 1°9] Aot AAgk o
Ash= As AT & Jdon A AreEs 2
()¢ Zt.
Gm
er=1722 exp[—l.S—J+0.0095 (2
Ue
a8 s S elA el FAEA AlA
(increment)P}th  AlMbE AFESEHO] wmEr &4
ZEAow RIAFEE)o] AAHT A (ay
ol Eaea el FEEAN At ALgHETUL

Azl AU E] TASIH EAgko] A
AR E=gstd gy dAeke o=
HEoh(A] (3b)). Tt A 84T St
BAHNOE FAAA stEAATHS s
ARl EAREY. ol gk #}AFL ABAQUS
ol A¥3sk= UHARD subroutine F 3 A
Tdsge o AFAHd e 3

el
=
3 23T
oA Felz 5 gtk

W
er
w=YA=0,.=1)

Aw (3a)

(3b)

2=4-0] & (conventional damage theory)<>
A A @b dAEATHw)ol A 1 2 AEA
ol A e A7 EA AAEA
o] gko] @47 wWE Frr AHolwr)

22 AA7|-of&AM A LEARH
oo =93k a7 FEA AA &4
wae) FaAde A @b dAEGge] A%



AT gAY ATFERAL 7S o] 83 AFNE o] EAse a7 L 731
Table 1 Summary of specimen dimensions for full-scale SA333 Gr. 6 pipes at 288°C [13]
Specimen D, t it at O Inner span outer span
(mm) | (mm) (m) (m)
Through-wall crack (4131-7) 273.1 18.3 6.96 - 0.346 1.63 5.94
Surface crack (4115-1) 256.2 17.3 6.90 0.700 0.42 1.63 4.45
Surface crack (4115-2) 272 17.1 7.45 0.710 0.43 3.36 11.5
Surface crack (4131-8) 270.6 15.1 8.46 0.678 0.48 1.63 5.49
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FE mesh with crack growth results for
circumferentially through-wall cracked pipes
(No. 4131-7): (a) FE mesh, (b) crack growth
prediction at crack initiation and (c¢) maximum
load

Fig. 9

(b)

Fig. 10 FE mesh with crack growth results for
circumferentially surface cracked pipes (No.
4115-1): (a) FE mesh and (b) crack growth
prediction at crack pop-through
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