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Fundamental Study on the Inte grity Assessment
of LMFBR Structures (IIl)

Yasuhide Asada*, Chairman

FCC II Subcommittee |

Nuclear Engineering Research Committee
The Japan Welding Engineering Society

Abstract

This report describes the results of “Fundamental Research on
Structural Integrity Assessment of Fast Breeder Reactor-1” wheh has
been conducted by FCC II Subcommittee of Nuclear Engineering
Research Committee, the Japan Welding Engineering Society under the
contract with Power Reactor and Nuclear Fuel Development Corporation
in a fiscal year of 1988.

This project corresponds to a Phase-II study intending to extend the
results obtained in “Study on Fatigue Crack Propagation Property of Fast
Reactor Structural Materials” conducted during 1988-1986 fiscal years, to
an. establishment of a practical evaluation procedure for structural
integrity assessment of fast reactor components.

It is the purpose of present project to ensure that a creep-fatigue
crack propagation property obtained with test specimens of simple
geometry is applicable to the actual FBR components with more complex
geometries under complicated loading conditions.

For this purpose, a preparatory activity was made with simplified
models simulating mechanical and geometric features of FBR components
to attain accurate determination of crack propagation behaviors and
accurate/efficient computation of J and J’ integrals in actual FBR
components. o
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The study was made with following cases of modeling.

@ Finite plate with a surface crack under membrane and bending

loading.

® Finite plate with a through wall crack at a structural

discontinuity under membrane loading.

® Pipe with a surface crack under bending loading.

@ Elbow with cracks under bending loading.

During fiscal year 1987, each of above models, made of {ype 304
stainless steel, were subjected to the completely reversed cyclic load at
850°C to study the fatigue crack propagation behaviors. The electrical
potential drop method for determining the size of surface crack was
studied. The inelastic analysis was performed to evaluate the J and J’
integrals of each types of the models. Furthermore, a literature survey
was made for the simplified evaluation methods of J and J” integrals of the
structures under complex loading and geometry conditions.

During fiscal year 1988, a series of creep-fatigue with short-hold
time and/or fatigue tests were performed. Furthermore a set of finite
element analysis (FEM) of Boundary Element Analysis (BEM) were
performed to the specimen and the loading conditions tested. Using the
results of analysis and material data, the crack propagation behaviors
were predicted and accuracy of the prediction were examined.

The improvement of the electro-potential method for crack size
measurement was achieved by the electropotential analysis. The
applicability of a symplified analysis method to the models were also
examined.

The main purpose of the third year program is to produce the
experimental data at the FBR operating temperature, namely at 550°C,
and to predict the crack growth behaviors with the help of the J and C*
parameters. The creep-fatigue crack growth experiments were performed
at 550°C on the plates specimens with surface crack under bonding
stresses, and on the pipe shaped specimens under also bending stress. The
fracture parameters were obtained by FEM and BEM analysis of the
tested specimens. As the results of these study, it was proved that the
crack growth behaviors under creep-fatigue conditions could be predicted
using the J and C* integrals along with the crack growth behaviors of the
material.
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However, crack growth behavior under the conditions where the
creep rate of the material is relatively slow has shown the effect of the
stress redistribution at the crack tip. It was found that the crack growth
behavior under such conditions may not be predicted by the above method.
This problem of the crack growth behavior under transient condition is the
theme for the future study.

Additional progress was obtained concerning following items.

1. A FEM method to evaluate the. crack shape using the electro-
potential distribution on one specimen surface was successfully applied for
the surface cracked specimen.

2.  Simplified methods of the J-integral evaluation, which are expected
to be often used for analysis of the actual components have been studied
thoroughly, and were modified so that the methods can be used for the
evaluation of the creep crack growth problems. Some of the methods that
was only useful for the axial problems was modified for application for the
bending problems.

3.  The results of the original and modified simplified methods were
compared with the experimental data and the results of the FEM analysis,
and the accuracy of the evaluation were examined.

Work performed by the Japan Welding Engineering Society under

contract with Power Reactor and Nuclear Development Corporation.

PNC Liaison; Kouji Iwata (Structural Engineering Section, Systems and

Components Division, Qarai Engineering Center)

*: University of Tokyo, Faculty of Engineering, Department of
Mechanical Engineering.
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Table 2.2-1 Experimental conditions of the the third year program

Type of Test

Small Plate 1 [Small Plate 2

Straight Pipel

Straight PipeZ

Dimensions

Btx6dw 8t%80w

8t%165.20D

11t*165.20D

Contrall Hode

Displ. | Load Displ. |Load

|
|

Displacement
Canti-leber B.

i

l
Load
4 pts Bending

Environment

55 0°C,/in Air

Hold Time

5 hrs

Initial Crack
dspect Ratio

Machining:a.=c.=lmm, and crack
growth by fatigue upto a.=2mm

a-/c-=0.9

Materials

fast A7

Institution

HHI IHI FUJI BHK

KHI

|
|
|
!
| cCast Distributed in 1988
|
'1
|

1 TOSHIBA
;

Note:2 or 3 beachmarks should be produced in one tests to clarify the crack ex

tension behavior
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Table 2.3-1 FEM analysis conditions for plate specimens with a surface crack

No. 1 2 3 4
Crack Growth Plate with a
mode surface crack

under bending load

Specimen size §tx 6O¥
Rotation angle

(rad) 0.035
Control Bending Stroke
Temp. (°C) 550
Hold time (hr) 5
Crack size (mm) | 2C=5.24, a=2.0 20= 9.82, a=3.0 | 2C=12.76, a=3.b 20=16.36, a=4.0

26=21 , a=4.b

Analysis Method BEM FEM FEM FEM
Analysis Code Original MARC FINAS MARC
Tnstitute BHK 18I Toshiba MHI




Table 2.3-2 FEM analysis conditions for pipe specimens with a surface crack

No. 1 2 3
Crack Growth Crack growth
mode in pipe
Straight pipe Elbow
Specimen 165.2 (OD) 165.2 (CD) 3.4t
size 11* Elbow Radius
228.6
Loading (kg/mm?) 17 15
Control Load Deflection
Temp. {’C) 550 550
Hold time (hr) 5 5
20=22.6, a=6.5 2C=23.4, a=7 2C=100, a=0.5
Crack size (mm) 2C=25.0, a=8 2C=26.5, a=9 2C=100, a=1.5
2C=100, a=2.0
2C=100, a=2.5
Analysis Method FEM FEM FEM
Analysis Code MARC ABAQUS SIMUS
Institute Toshiba KHI Hitachi




Table 2.3-3 Simplified analysis conditions for plate specimens with a surface crack (1)

No. 1 2 3 4

Crack Growth Plate with a
mode surface crack

under axial load

Specimen size g¥x 25¥

Rotation angle

(rad) 13
Control Axial Load
Temp. (C) : 650
Hold time (min) : 10
Crack size (mm) L 200=b.0, ao=0.5
Analysis Method PNC CEGB CEA Yagawa
Institute Toshiba MHI BHK KHI




Table 2.3-4 Simplified analysis conditions for plate specimens with a surface crack {2)

No. 1 2 : 3 4

Crack Growth Plate with a
mode surface crack
under bending load

Specimen size §tx 6OV

Rotation angle

(rad) | 0.035
Control : Bending Stroke
Temp. (C) 550
Hold time (hr) B
Crack size (mm) 200=2.0, a0=1.0
Analysis Method PNC CEGB CEA Yagawa
Institute Toshiba MHI BHK KHI




Table 2.3-5 Simplified analysis conditions for plate specimens with a surface crack {3)

No. 1 2 3 4
Crack Growth Plate with a
mode surface crack

under membrane and bending load
Specimen size | g*x §0%
Nominal strain (enlm = 0.2
(%) A (gn)s =2 0.3

Control Axial Stroke and Cyclic Bending Stroke
Temp. (C) : 550
Hold time (hr) b
Crack size (mm) 200=2.0, a0=1.0
Analysis Method PNC CEGB CEA Yagawa
Institute Toshiba MHI BHK KHI




Table 2.3-6 Simplified analysis conditions for pipe specimens with a surface crack

No. 1 2 3
Crack Growth Crack growth
mode in pipe

Straight pipe

Specimen ' 165.2 (0D)
size 11*
Loading (kg/mm?) 17
.Control Load
Temp. (C) 50
Hold time (hr) 5
Crack size (mm) 20=22.0, a=h.5
Analysis Method CEGB CEA Yagawa
Institute Toshiﬁa Toshiba KHI
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Table 2.4-1 Chemical compositions of the tested material (SUS 304)
(wt %6
HRE C Si Mn P 1) Ni Cr Co
0.04#® 1.00 2.00] 0.040| 0.030 8.00 | 18,00 0.25 *
! § $ -
B OB 0085l F|8 F|B F|B F| 10.50(2000 | p T | PHEA
SUSF 3044744 0.05 0.60 0.871 0.0261 0.002 8,54 | 18.59 0.12 #EHR‘%HE
SUS 304TP%'=H(1) _ (.05 0.66 1656 0.027 - 0.007 9,06 | 18.92 0.152 j: 53
” {2) 0.05 0.34 1.67| 0.025| 0.005 9.04 | 18.54 0.166 o
TR 0.06 0.57 1.04 | 0.030] 0.004 9,02 | 18.54 — B3z
Table 2.4-2  Mechanical properties of the tested material (SUS 304)
et 5] 0.26F kg /ud | BRRM S kg /ol | HUH ghas |7 FAES] ASTM
’ GS Na
b7y b i =21 =63 =40 =187
SUS 304476
23 54 63 135 4.5
A E Z A
SUS 304TP§H’(D 25 61 62 65 178 6.0
” {2 ! 26 63 60 64 179 6.0
TIvHEf 25.3 61.8 56.6
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Table 3.1-1

Test condition

..+ (TemperaturegStroke rangd Hold time
Material (°C) S (mm) ty (h) Wave pattern TP. No.
18.6 S T FCCII-1
(sesr58) | 0 A Aaah
— (N L
) ke~ FCCII-2
| (2e=0.8%) th L0254z > Beach mark 0.5Hz
SUS304 550
10.3 8
(ae=0.8%) T/\ /\ /\ /\ . FCCII-8
0 -
¥ (vvwwvvv
0.125Hz L Beach mark 0.5Hz FCCII-7

(4e=0.53%)

Electrical potential GL = 2mm

COD GL = 5mm

* §<0 ; Crack opening direction
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x control point

No. 1 2 3 4 5 6 7 8 g [ 10 ] 11
Temp. (°C)| 548|554 | 551 | 551 | 547 | 531 | 550 | 531536 | 544 | 551

Fig.3.1~3 Distribution of temperature
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Fig.3.1-4 DC potential and crack opening displacement measurement
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Fig.3.1-14 Fracture appearance of specimen (Fatigue)
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(a) fracture surface of creep-fatigue
{550°C, ty=5h, A&=18.6mm)

(b) fracture surface of creep-fatigue
(550°C, ty=5h, 48=10.3mm)

Fig.3.1-13 Fracture appearance of specimen (Creep-Fatigue)
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Fig.3.1-15(b) SEM fractographs (Creep-Fatigue, 550°C, ty=5h, 4§=10.3mm)
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Fig. 3.2-12 Fracture appearance of test

specimen
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Table 3.3-1 Test conditions.

T N Pmax Pmin tH
) (Cycles) (kef) (kgf) (h)
416145 +110 -86 0 Precracking
T6 +144 -112
29 +158 =127
- 5 Creep-fatigue
550 93 +178 -137
42 +185 =137
? +120 -83 0 Beach mark
64 +220 -137 5 Creep-fatigue
Load [ Pmax
+
0 \\ //\\ // time
- ‘ Pmin
’ tu
€——

Table 3.3-2 Creep J-integral values calculated by the simplified

evaluation method in the last step of loading pattern.

N a c Adc AJec da/dN|dc/dN
(Cycles) (mm) (mm) (mm) | 9=90°C 6=0C g=90°C 6=0°C

T~12 2.29 4.84 |0.0021 | 1.69%10-2 | 3.82X10-2

36~ — - 0.0032 - - 9.51X1073 | 9.84%10°8

57~59 2.87 5.47 | 0.0042 | 2.41X10 -2 | 7.85%10"2
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(b)by SEM

Fig.3.3-5 Observation of the fracture surface.



Fig.3.3-6 Fracture surface showing the

near the last crack front.

intergranular cracking
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Table 3.4~1 Test condition

Spsg%men Temp;r%’fge Wave pattern H?tlc: t(;g: Loadirg (Egc)lition Be:fu(:ﬁgjntn;ze?s Cgﬁ(l;clil:i
P 0.25Hz +173.5 +18.3 1533
g A ~175.5/+221.5 | +18.5/-24.0 | 34-293
FCC-33 | 550 = | 5 | —180.5/+284.5 | +20.0/-30.0 | 2045355
5 \_ ’ —207.5/+313.0 | +21.9/-33.0 | 356-390
| tu=ohr ~207.5/+32.5 | +21.9/-34.0 | 391456
p
Fec32 | 5%0 I\/AVA\ - 0 £142.0 +15.0 48,050
0.2hHz
(Note) - x of o, is a sign on the crack surface side.

+ FCC-33 Precrack condition ; RT. *16.%sg/m® X89,()0Cycle

* After 33Cycle loaded, fatigue crack was introduced under conditions as below :

550°C, +10.5/-15.6ke/m X60,000Cycle,
990°C, +12.7/—-16.%g/m® X30, 000Cycle

Table 3.4-2 Crack size data

Specimen No. a 2¢ a/ ¢ | E/Fw Notes
1.00 1.97 1.02 - Initial slit size
FCC-33 | 1.27 2.9 0.85 1.295 | Precrack size (Ngl)
(tu=5l.1r). 1.43 4.64 - 0.62 1.445 | Fatigue crack size (N=34)
o am 9.86 | 0.68 | 3.045 | Final crack size
FCC-32 1.00 1.97 1.02 - Initial slit size
(ta=0hr) 436 | 4.21 0.61 - Final crack size
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(b) 550¢, tu=0Ohr (Specimen No. FCC-32) 5mm

Fig. 3.4-4 Macroscopic fracture surface
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Fig. 3.4-5 Appearance of crack surface
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Fig. 3.4-3 Measuring procedure
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3.4-9 Relation between number of cycle and potential ratio
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Table 3.5-1 Values of constants of 2 1/4Cr-1Mo steel at 550°C®

For vacuum For air
C, 1.38x10-2 4.90x10-2
n, 1.87 1.87
C. 1.55 %1079 T.73%10°!°
Ne 1.05 1.05
TR T Ty

o @ AISI304,  Air, B23K, CH-Spec. (7)
= AlS1304,  Argon, 823K, CT-Spec. (14)
o XGCrNi1811, Alr, B23K, CT- Spec.l own
a a XGCrNI1811, Sodium, 623K, €T-Spec.) results
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Fig.3.5-1 Creep crack propagation rate of 30l stainless steel
in argon gas and in air™
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Table 4.2-1 Data of multi-linear stress-sirain curve

(SUS304 550°C)

NO | o (kgf/mn?) e® (%) |H =de /de®(kgf/mn?)
1 9. 89 0. 0 5. 802E04
2 12. 50 0. 005 1. 5866E04
3 15, 00 0. 021 8. 349E03
4 17, 50 0. 051 5. 8640E03
5 20. 00 0. 0965 3. 584E03
6 25, 00 0. 234 2. 326E03
7 30. 00 0. 449 1. 67BE03
8 35, 00 0. 747 1. 291E03
9 40. 00 1. 135 1, 03BEO03
10 45, 00 1.617 8. 580E02




Fig. 4.2-1 Boundary element discretization
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Fig. 4.2-4 Path of J and J’ integral
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"COD (m)

bending moment M (kgf-m)

S.8E2

4. PE-P2~

3. BE2

2. P82

1.ee-22+

8. BE+A0

.PE+OB 2. pE-@2 4.06-22

top surface rotation 6)/2 {rad.)

Fig.4.3-3 Relation between top surface rotation and COD
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2. BE+a1 + -

1.58+01 1

1.8e+31 -

5. BE+HIRA -

Q.PE+02 ; ;
9.pE+20 0. PE-22

top surface rotation &,2 (rad.)

Fig.4.3-4 Relation between top surface rotation and bending moment
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COD (mm)

bending moment M (kgf-m)
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Fig.4.3-5 Relation between time and COD
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Fig.4.3-6 Relation between time and bending moment
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5. ZE-B1 .
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top surface rotation @&,.2 (rad.)
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5. BE-B1 , . .
ABEBL e RRREEREEEERRED ARRRAREEEEEEEES -
::E BB A e Promeeseseenen '{bd; """" -
,E:" E _.:#:"35:
L RLBEBL A 50 [N
‘-;-' i ]
LBEDL -t e R R REREEE
; : O Patht + Path2 ¢ Path3
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Fig.4.3-7 Relation between top surface rotation and J (VCE)
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top surface rotation @2 (rad.)

(b) #=90°

Fig.4.3-8 Relation between top surface rotation and J (Path integral)
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(kef /om/hr. )

J’

(1 f/mm/hir, )

Jl

time(hr.)

(a) #=0°

0. 0E+00 2. QE+ED ! 4.0E+20

time(hr.)

(b) ¢=90°

Fig.4.3-9 Relation between time and J'
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Table 4.3-1 Crack growth rate evaluation

Ady =4xJ* (kg f/tm) 1.50 1.14
AJ. =T Xth*2 (kgf/mm) 1.73x10°2 7.87x1073
Fatigue crack growth rate (m/cycie)

4.0043X1073A J ¢ 1-4435 (upper) 7.23x1073 4.87x1073
da/dN={1.2022X10-3A J ; *-443% (average) 2.15x1073 1.45x 103

3.5737X107¢A J o 1-443% (lower) 6.39x 1074 4.30x 104
Creep crack growth rate (m/cycle)

0.2671A J . °-877¢ (upper) 7.59x 1073 3.81x 1073
da/dN={0.1274A J . ©-877° (average) 3.62x10°3 1.82x10°3

6.0720x 1072A J . °-277° (lower) 1.73x1072 8.67x10~4

1 J=J(at &/2=0.035rad.)
2. J=J (at t=th), th=5 hr.
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Table, 4, 4-1 Workhardening coefficient versus plastic strain

e, | H -
(mm /" m ) (kg /mm*%3)

0.0 58023, §
5. 35389 x10°F 15646. 0
2.13384 x 104 §548. 6
5. 05830 x10°® 5640, 4
9. 49061 x 10 3583, 1
2. 34425 x10°% 2326. 0
4, 49383 x10% , 1677, 9
T. 47367 x 0% 12%0. 5
1. 13481 x10% 1038, 2
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: 237

Total number of elements

:1202

Total number of nodes

Fig. 4. 4-1 Finite element mesh,
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Fig, 4, 4-3 COD versus rotation angtle
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Fig. 4. 4-4 COD versus creep tfme
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J-DASH (kg/MM/HR}

X101

1.4

1.2 C/e}‘.

1.0

0.8

0.6

0.4

0.2

\K

0.6

0.0

.ﬂ

1.0

6=7. 94

2.0 3.0 4.0

TIME (HR)

I
5.0

x 101
1.4

1.2

1.0

0.8

0.6

0.4

0.2 | A

0.0

0.0

b)

Fig. 4. 4-10

-

1.0

g=86. 86

2.0

3.0 4.0
TIME (HR)

J] " —integral versus creep

—123~

5.0

time

~ AVERAGE

PATH 1

—_—

PATH 2

e T} e e

AVERfGE
PATH 1
———

'PATH 2



J=INTEGKs. ¢/MM/HR)

X 102

—_—— e

1.00
J~DASH

0.80

0.50

0.40 N

N

0.20 ~—

0.0 |
0.0 1.0 3.5 5.4 7.2 g 0% 10

ANCLE (DEG.)

Fig. 4. 4-11 J —integral distribution

along the crack front

—124—



4.5 Birr—2 4
4.5 1 mBHE
1) BreFu
BRIy —2 4 izb 3283 hoBRITES a=4m, ¥E €2 =8.18m0H
MTH 5, AHRELDFRBEEITRO 4 £Fig. 4.5 - URT L S 208~ 6 H
GBEZREHOTEFAMELI,
@ Eira-—-FEUJ, C* Ok
BRHT 2 — FIZNMARC Ver K3 2. J B OEEIREE S noBBEC L

h, C* EHORHBIERBIEF L%, W, C* OFHBCHVWE2 Y -7

IRUFEEW = §od e ARDIBOVTHEE ¢ L LTRIEH o nd 2

U—7Rle=B o L DERINBEERN I,

4.5.2 FHRERE

Table 4.5-licvmEBmez, (RIFREERAE—2 v b, BUENRURES
OMBEIGH, HE2 V—-70TH0RERERT,

TR & J B OBIRETFig. 4.5 -2 R, BRI Y2 3 OHEEEER
L7cbDTHBN 2 AOFHRERENEA Y2 A ¥ PizBL Tlable 4.5
-2WRY,

Fig. 4.5 -3BUFig. 4.5 -4 & (Table 4.5-20FBOPER) O —¥ 2
OFBIBATRVS I ~EADHEE S V) -7 0T HOREELERT, /4Fig. 4.5
-SRUFig. 4.5 -6l O L e — £ v F OZELERT,

Fig, 4.5 -T@~INCBNECH W 5 C* WROHEERLRT, Ohobhd
&3, FHHEEROBBRMTHEAREE Ly = SBEc T TaERI N
T3 EEREVED, C* OF 4 V¥ NE%Table 4.5-3IXFRF,

Dot R B0 g h oS R OFEE R £ Table 4.5-40RF, J
RUC™ ORE LTS SAOHEHD S BEAE IO bOERLIED D 3
NADEEHEE A,

B, C* WFig. 4.5 TiRT a~ T oV TOXFERMELNTHY, RE
RUBFEBOBIEERONTHALY, C* ORAbFig. 4.5-25T JOFH
TalEtke =0 " RU° HECREANNEIVLEELONDODT, RARTER
FEROMEL IR aRkUR O 2z0LEHALL,

—125—



Table 4.5-1

fnalysis results (case 4)

|
l‘/aend

i time end i % C.0.D Mises Mises creep
step | inc | rotation moment | stress™ strain™
| (hr) (rad) | (kef - um)! {(mm) (kef /wh) {(—)
0 0.0 0.00175 985.1 i 1.506x10-2 8.71 0.0
1 0.0 [ 0.0056875 3201.2 | 4.897Tx10"%| 18.51 0.0
D 2 1 0.0 {.009625 5046.7 | 8.526x10°%| 24.30 0.0
3 0.0 0. 0135625 6296.3 1.223%x10°2 | 28.48 0.0
4 0.0 0.0175 7228.3 1.593x10-¢ 31 76 0.0
5 0.0 0.021875 8060.2 2.002x10°2 | 34.76 0.0
) 6 0.0 0.02625 8749.8 | 2.412x10-%| 37.32 0.0
i P 7 1| 0.0 0.30625 9348.7 2.821x10°% | 39.57 0.0
8 0.0 0.350 9881.6 3.230x10°% | 41.59 0.0
9 [ 0.1 0.350 | 9821.4 3.233x10°% | 38.13 3.224x107*
® 10 | 0.25 0.350 9735.0 3.238%x10°2 | 85.48 6.146x 104
11 0.475 0.350 9613.7 3.244x10°%| 33.14 9.027x107* |
12 0.8125 | 0.350 9447.6 3.252x10°2 | 31.02 1.193x10°3
i3 1.3325 |0.350 9221.4 3.262x10-2 | 28.97 1.498x 1073
@ 14 | 2.1125 |0.350 8934.7 3.274x1072 | 27.03 1.805x10°2
15 3.2825 |0.350 8587.6 3.287x10-2] 25.12 2.112x10°3
: 16 | 5.0375 I0.350 8187.0 | 3.302><10'2I 23.70 2.412x1073
% at point P below (x=8.08ma, y =0.188em, z =34.%uz)
30
15
@®
s X
3.28 [1.70], 3.20 3.20 |s.70]1.9
8.18
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Table 4.5.-2 J-integral values at representative increments

t=0hr, &= 0.00175 rad (inc=0)

B E A5 B0 172 J 8 4 (Gef/an)

(®) iy {4 Mm@ F i 2@ AG
0.0 | 1.577x10°3 | 1,579x10-2 | 1.580x1073 | 1.577x10"® | 1.571x10-3
21.99 | 1.222x1073 | 1,226x1073 | 1.227x10°2 | 1.227x10°3 | 1,224x10-3
39.38 | 0.980%1072 | 0,990x1073 | 0,992x10~2 | 0,992x103 | 0.991x10~3
53,76 | 0.807x1072 | 0.818x103 | 0.820x10~2 | 0,821x10~2 | 0.821x102
66.53 | 0.690x1072 | 0.701x10~3 | 0.703x102 | 0.704x10~2 | 0.706x10>
78.45 | 0.624x1072 | 0.634x1072 | 0.636%10-% | 0.637x10"° | 0.640%10-3
90.0 |0.602x1073 | 0.613x1073 | 0.614x10~3 | 0.615x10°2 | 0.619%10-3
1/26hBpe-Svk M= 985.1 (kef-m) ¥ B (EE) O B0 LI/ o= 8.71(kel/5m 2)
1/72BBO84 A=1,508%1072 (an)

QT EHIUQW»

t=0hr, 8=0,0175 rad (inc=4)

Fﬁ.ﬁ BEOA _ 172 J- & % (kef/mn)
(°) A2® > 1) @ Tz i®

0.0 [ 0.1010 | 0.1050 | 0.1088 | 0.105 | 0.10%5

.91 0.098 | 0.1028 | 0.1035 | 0.1038 | 0.1040
30.33 1 0.0881 | 0.0924 | 0.0928 | 0.0920 | 0.0930
53.76 | 0.0752 | 0.0788 | 0.07%2 | 0.07%¢ | 0.079%
66.53] 0.0646 | 0.0676 | 0.0680 | 0.0682 | 0.0684
78.451 0.0580 ‘| 0.0806 | 0.0810 |. 0.0813 .| 0.0615
90.0 | 0.0557 | ¢.582 0.0587 | 0.0588 | 0.0592
V2REFE-SE M=7228.3 (kef -um) S BB (Fil) Oy BADMEISS ¢ =31, 76 (ke /ma?)
1/2B0%4 A=1.593%102 (am)

QOO Qw»

t=0hr, 8= 0.0350 rad (inc=8)

Fﬁﬁ BN 1/2 J B % (kef/am)

(°) mQ iy {12 2@ 2@ 2o
A [ 0.0 0.2883 0.2755 0.2762 0,2750 0.2722
B [21.89| 0.2758 0.2831 0.2842 0.2845 0.2846
C |39.38] 0.2502 0.2578 0.2687 0.2690 0.2692
D |53.76] 0.2287 0.2366 0.2375 | 0.2379 0.2387
E [66.53 0. 2000 0.2075 0.2088 0.2095 0.2133
F [78.45] 0.1811 0.1883 0.1898 0.19089 0.1933
G [90.0 0.1748 0.1817 0.1831 0.1845 0.1870

V2B M=0881.6 (kefomm) % ZIEF () DO YIS 0 w=41.59 (kef/m?)
1/2BB0%42 A=3.230x102 (gg)
' ~127~



Table 4.5-3

Calculated results of C*

t=0.475 hr , 6= 0.0350 rad (inc=11)

L E S oA 172 C*  (kef/mn/hr) ‘
(%) iy {e)) by (V4 M@ A2@ 2®
a |11.52] .0.00758 0.00587 0.00369 0.00723 -0. 00693
b |31.14 0.00688 0.00357 0.00081 -0.00224 -0, 00790
c |46.80 0.00562 0.00257 0.00124 0. 00040 -0.00107
d |80.26 0.00426 0.00209 0.00171 0.00150 0.00188
e |72.55 0.00328 0.00195 0.00181 0.00207 0.00476
f |84.24 0.00287 (.00193 0.00188 0.00249 0.00676

1/288 80t v+ M=9613. 7 (kef *mm)
172580542 A=3.244%1072 (mn)

t=0.81256 hr , 6= 0.035 rad (inc=12)

= 0 (R HE) OO OB o n=33.14(kef /mn?)
& 2988 (38 TH) DI U-To T € ©=0.027x1074(~)

By E | BED A 172 C*  (kef/ma/hr) _

(°y| MmO M@ @ 2@ PG
a 111.52| 0.00812 | 0.00527 | 0.00337 [ 0.00202 | -0.00335
b [31.14| 0.00582 | ©0.00320 | 0.00084 | -0.00176 | -0.00694
c |46.80 | 0.00483 | 0.00220 | ©0.00101 | 0.00020 | -0.00119
d |60.26| ©.00369 | 0.00178 | 0.00146 | 0.00130 | 0.00182
e [72.55| 0.00286 | 0.0018¢ | 0.00161 | 0.00182 | 0.00456
f |s4.24] 0.00251 | 0.00169 | 0.00170 | ©.00236 | 0.00646

1/ 28R 8BE-F M=0447. 6 (kef *nm)

t=1.3325 hr , 6= 0.035 rad (inc=13)

# ZU5R (R DI A0 IS/ 0 w=31.02(kef/12n?)
1/2BBO84T A=3.252x10"2(om) S B (FEE) OHEY-J0§4 € ©=1.193x1073(-)

REA DA 172 C*  (kef/an/hr)
(* z® @ 2@ 2@ e
a |11.52] 0.00455 | 0.00428 | 0.00372 | 0.00284 | -0.00063
b [131.14] 0.00468 | 0.00284 | 0.00111 | -0.00111 | -0.00567 -
c |46.801 0.00398 { 0.00185 | 0.00082 | ©0.00007 | -0.00121
d [60.2861 0.00308 { 0.00148 | 0.00121 | 0.00111 | 0.00176
e |72.55] 0.00240 | 0.00143 | 0.00142 | 0.00175 | 0.00425
F 184,24 0.00211 | 0.00144 | 0.00155. | 0.00216 | ©.00509

% ZER (FH) D3-E20H A5 o n=28.97 (kef/mm?)
= 28R () RSN~ A ¢ ©=1,498x1073(-)

1728858k M=9221. 4 (kef +ma)
172801284 A=3.262x1072 (om)
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Table 4.5-3

t=2.1125 hr , 6= 0.035 rad (inc=14)

(continued) Calculated results of C*

B E A MDA 172 C* _ (kef/ma/hr)

(°) Az A2@ P e A2@ A®
a |11.52{ 0.00309 | 0.00314 | 0.00303 | 0.00255 | 0.00089
b (31.14| 0.00354 | 0.00239 | 0.00122 | -0.00051 | -0.00436
c 146.807 0.00312 | 0.00152 | 0.00065 | -0.00004 | -0.00109
d [80.26| 0.00245 | 0.00119 | 0.00088 | 0.00090 | 0.00188
e |72.55 0.00193 0.00117 0.00118 0.00153 0.00379
T 184.24] 0.00171 | 0.00120 | 0.00131 | 0.00193 | 0.00528

1/ 288852V M =8934. 7 (kef * mm)
1/2B80%847 A=3.274%1072 (mr)

t= 3.2825 hr , 0= 0.035 rad (inc=15)

& 2R (RE) O -0 YIEH 0 0=27.03 (kef /mm?)
SR () OH -T2 ¢ C=1.805x10-3(-)

BFE & SO 1/2 C*  (ksf/mn/hr) |

(°) AZD M@ @ by 1) e
a {1152 0.00195 | 0.00211 | 0.00220 | 0.00206 | ©.00144
b [31.14| 0.00252 | 0.00187 | 0.00118 | 0.00000 | -0.00302
c |46.80| 0.00234 | 0.00121 | 0.00053 | -0.00006 | ~0.00090
d 160.26| 0.00183 | 0.00093 | 0.00076 | 0.00073 | 0.00154
e 172,55| 0.00150 | 0.00003 | 0.00097 | 0.00131 | 0.00312 -
f {84.24| 0.00133 | 0.00097 | 0.00110 | 0.00188 | 0.00427

1/ 295 B5E-20 M=8587. 6 (kef *mn)
1/2B%4r A=3.287x1072 (nn)

t=5.0375 br , 8= 0,035 rad (inc=16)

&N (KE) O EAOH S 0 n=25.12 (kef/m 2)
ERE () O LT 5% £22.112x1073(-)

B A B 172 C*  (kef/mu/hr)

) 2@ 29 £2® 2@ RO
a {11.52 0.00113 0.00129 0.00144 0.00145 0.00136
b 131.14 (.00169 0.00135 0.00102 0.00030 -0.00189
c |48.80 0.00169 0.00093 0.00044 -0.00005 -0. 00065
d [80.28 0.00141 0.00071 0. 00053 0.00058 0.00131
e 72.55_ 0.00114 0.00072 0.00078 0.00108 0.00233
T 184.24 0.00102 0.00078 0. 00080 0.00138 0.00312

1/26REt-2Ur M=8187. 0 (kef-mn) % Z488 (51E) DI-EADH EIEH o ne23.70 (kef/mm?)
17280054 A=3.302%1072 {ng) B (RE) DHEY-T0FA € ©=2,412x1073 (=)
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Table 4.5-4

Evaluation of crack propagation rate

(case 4 a=4mm c/ 2 =8.18am)

Iﬁ B | x W | BEH |
AJe=4-J (6=0.035rad (kef /sa) 2.19 1.46
AJe =C* (t=1y) - tu (kef/m) | 1.37x10°% | 1.10x10°2
(%5 & B mA R _ (em/cycle)

(4.0443%X10°% - A J ¢ 144935 (R 117X10°% | 6.98x10°2
da/d= | 1.202X10°- AJe #4095 (pE) | 3.48x10°° | 2.08X10°5

losrxie- A, me B | 1.03x10°* | 6.17x10°*
(7 ) —7 S BEERE) (mn/cycle)

(0.2671 AJ >80 (LB 6.20x10°% | 5.12x10°°
o/ | 01274 A J o © 0170 GPE) | 2.96x10°° | 2.44x10°°

60720 X10-% - A 5. 570 (T LAXI0S | L16X10° |
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Fig.4.5-3
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L4 Crack Opening Displacement

Y4 End moment
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10 ] T ] T
Poo .
e
i 0 |
S
T @
51 i
0 L L — L
0 1 2 ; 3 4 5
time (hrs)

Fig.4.5-6 Relaxation of end moment
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4. 6 BHI-—X5
4. 6. 1 BEFE
(1) BRIENgBIUZEBR
RFTH&IZFig. 4.1-1 (R EHAEPRABA T, SABRIEZES a=4. dmn,
EZLEERc= 10.55m. a/c=0. 430D¥/YEHETE,
(2) ER7 Q74 |
BN SR FEM7RZ 9AMARC (KN—Y3vK2) 25,
(3) HHER |
MARC®D20HAY Y v FER (MARCERSA721) 2HW5,
(4) BHETIN
B EF VL. RS2 ZEL TRITNSO 1127 0LL . Fig.4.6-1 12
%ﬁoﬁﬁ%?wu\Nﬁﬁ747N§XFUv7-VUvF%%%ﬁhfﬁO%
EXRRIE190. BEEBIIO09TH S, BEAIL. T FNDRIICHEIZN L
LTANT S,
(5) BEHENT X — 5 DFEEE
EZFRICH D IBEHOEHEIL. RESHERE (VCE ) L BEHEARDKEX
7Oty -2k ABREENEO_BEOFETIT) ., 2l 7U—THTHIH
MIBRBEAETHET S, RESHEEREIL, MARCIZEFEATWHRBEZH
WBHET., Fig.4.6-2 ICRT3BERICOVWTHRICHSEHmAL . I ETREE
HEMANEBHIELILICLDEHETS. CHLEHANBHRIIZHERNE
FOBNV/10002 BEE T 5., REEIEICL S I, JEIFERBORETRE
LFig.4.6-2 ICRIRBELALLET S, 8. JMy. JTRIDHEIL. SROR
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Fig.4.6-1 Finite element idealization of the specimen with a crack



Fig.4.6-2 Path of J and J' Integral
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Table 4.6-1 Crack growth rate evaluation

AJe =4XJ*? (kg f/om)

2.78 1.60

AJ. =T xth*2 (ke f/mm) 3.95x10"2 1.20x 1072
Fatigue crack growth rate (am/cycle)

4,.0443x1073A J ¢ *-4435 (upper) 1.77x10°% 7.95x 103
da/dN={1.2022x1073A J, *- 4435 (average) 5.26x10°3 2.36x1073

3.5737X107%A J . 1-4435 (|ower) 1.56Xx 1073 7.03x10~4
Creep crack growth rate (mm/cycle)

0.2671A J . °-877° (upper) 1.57X10°2 5.52X1073
da/dN= { 0. 127T4A J . ©- 8770 (average) 7.49x1073 2.63x10°3

6.0720X1072A J . °-877° (|ower) 3.57x 102 1.25x 1073

#1: J=J(at &/2=0.035rad.)
¥2: J'=J (at t=th),th=5 hr.
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COD (mm)

bending moment M (kgf-m)
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Fig.4.6-3 Relation between top surface rotation and COD
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—145—~




(kef/om)

J

{ kel /em)

J

1.0E+00

B.EBL EERRIE EEECREERRREES bewo Bl L

NPEPE | SO FS I MR
L BE-@L |-t . R ¥
TR Al SAAlt prosoeoemenees R A S 0 A A 4
B.OE@L |-

BBEBL |- F e R R -
BEEBLA [
2.0ERL | Se7 . SRTEIETE beeesenianenn R CR TR 2
I = B R e R TR CEEEEEEREE R -

0. 2E+20 . : i ;
@.@E+aa - 2,02 A.GE@

~ top surface rotation @&,2 (rad.)

(a) ¢=0°

5. 0E-01
T S R R proreessrannes ARRERARIERE A AAAAAAEARSR S -
3.BEBLA |- SARAAREEEE AL LAy et -

0. QEBL |- Rt 3™ SRR LLLL L LICEERLELCETES -

e I R R

@. BE+HD ; ; , .
@.dE+aa 2. 0E-B2 A Q-2

top surface rotation @#,2 (rad.)
(b)) ¢=90°

Fig.4.6-8 Relation between top surface rotation and J (Path integral)

—146—



2,560t : ' .

L | R oo """" ﬁ"ﬁa'ﬂ{t"’i-' 'si-a'{r{e'"é' Path3
1.eE-Pl4f------mne- qmeemeseasaa. rommosessans Yrrmesmeae. FrTmeeenens '
: 1.4E-81 4 Bt e J', """""" STTme e
= : : : : :
g 1.26-81] : ;
Sy e
;g 1.8E-91 h
8. PE-P2 -
= 6.0
4. 022 5
2. PE-82 . S L : .
0. 0E+00 . ; : ; j.,aj

0. 0E+00 2. 0E+2d ‘ 4.PE+PR
time(hr.)

(a) ¢=0°

{kef/mm/hr. )

J

8. oE+00 0. E+00 - 4.PE+DD

time(hr.)

(b) ¢=90°

Fig.4.6-9 Relation between time and J'

—147—



HRERER L O
HEEERBRT L ORE - iR L £ LD TTable 4.7-1 iRT, JESMEL. &
BEH - BERIC,rbOTEREXICHL THARME L@@ E 2> TS,
L. as3.5mm DF — RSN TRIEDS — A HBLETAS DOBIEL %>
THY, BROAKMBEEATNE, —F, I BHEE2WTHB L. REFEHT
BRI ENERSED SN EbO0, RETRENRYS — AT EDNTY * 5
KELH->TWB, ChODRITOFLELKITT2EM»S. 3. 1OZAHITHHH
THE (1) TEON-EREOER - RERERE L OB %T- 2.
7.1 SEROEMOLE
Fig.4.7-1 WERB LU TEONL SHBAOEN (ACD) ZHEL TRT.
EEREIL, SEESIHIST 2AFERELUHAFie.3.1-21&k KD, COBEBELE
EEd 2 ACD 2HW . ERER. KXk EHL .
({R$FCcoD MHEINT 25E)
ACOD = COD ({R#§E1) + COD (fRFF%)
({R5RC0D BEADT 2156)
ACOD = 2Xx COD ({R#%71)
BATRERE., 2EMCERERICERLTW3. BifERE. ERERLY
LEFREDOELEZ->THY ., BIEEBPENFAOERDBLEBIAE L L>T .
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(da/dN) = (da/dN). + (da/dN).
(da/dN) e =C (A J )™
C=1.2022%10"2 (1Y)
4.0443Xx10°° (_EER)
3.5737x 1074 (TFRR)
m=1,4435
(da/dN) c=C" (A Je)™
C’ =0.1274 (FHy)
0.2671 (_-FR)
0.06072 (TFFR)
m' =0.877
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Table 4.7-1 Results of FEM Analyses

—QST—

2C Ja Jc J'a J'c - COD Note

(mm} {kgf/mm) (kgf/mm) (kgf/mm-hr) (kgf/mm-hr) {mm)

5.24 0. 254 0.281 1.17 x10°¢8 4.27 x10-° 5.40 x 1072 | J'l Max¥ Min @ ¥
9.82 0.284 0.374 1.57 X 10-8 3.45 x10°8 7.70 10721 J'ENA1~N2A3DEY
12.76 0.413 0.799 1.24 x 1073 3.79 x10°¢% 9.92 x10-%

JEBRAK. BNERRL
16. 36 0.366 0.548 2.20 x107%| 2.74 xX10°*| 1.31 xX107' | NADF

21.10 0.398 0.695 2.40 x10°*] 7.91 x10°¢ 1.54 x10°! J'!ui}\"21~}\"}{30)slziiii.




CRACK OPENING DISPLACEMENT COD (MM)
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U] EXPERIMENTAL RESULTS
A ANALYTICAL PREDICTION
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GO EXPERIMENTAL RESULTS
A ANALYTICAL PREDICTION
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Table 5. 1—-1 Test conditions
TP—No. Temp. Stress range Hold time
(C) (kg/mn? ) (hr)
TP-1
650 +13 0
TP—-2
TP—3 550 +17 5
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Fig.5.1-1 Test specimen
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Fig.5.1-4 Measuring procedure
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Fig.5.1-7 Fracture surface
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Fig.5.1-16  SEM fractographs (1P-3:x350)

—175—



Fig.5.1-13

SEM fractographs
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Table 5. 2—-1 Test condition
Temperature Wave On tu ao/co | Test cycies 1) | Beach mark wave
tx
/ \ 17. Tkgf/mm? 1 ~460 i >
550°C \\J/ bhrs 0.5
R=_1 R= 0 ’ A On
1Cycle:120sec+ty | 18.2kgf/mm? 461~604 1Cycle:60sec
(0.017Hz)

(0.0083Hz)

1)Cycles for beach mark are not included
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Configuration of surface cracked pipe specimen
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(a).Test assembly

Fig. 5.2-6

(b) Sensors at test specimen

Photographs of test apparatus
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Fig. 5.2-7(a)

TP.No.83FCC-1

Macroscopic fracture surface { A O max=17.7kgf/mm? ,550 °C)
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atigue fracture

TP.No. 89FCC-1

Fig. 5.2-7(b) Macroscopic fracture surface { A O max=17.7kgf/mm? ,550 °C)



Fig.

(2) a=5.6mm ( BM : e zone )

5.2-10 SEM fractograph at beach mark zone

—187—



Fig. 5.2-8 SEM fractograph (TP.No.89FCC-1)
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Fig. 5.2-11 Examples of load vs displacement curve
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Fig. 5.2-12 Peak load vs number of cycles
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Fig. 5.2-13 Example of load relaxation during deflection hold
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BT HEOBE%S $ L TTable 6.2-1 ZRT,

BE7OZS A%, A2~ ROMARCSH U < [ZABAQUST & 5.

Fig.6.1-1 OFREEETEHMBEONFELERL TURTOERRE=T->TW
3, FREZZ. WThL2EET7AAYNRITA M vy I7ERT,. JESOFTEEE
AEEIEZEM»S. VAAVFLEOREBHELTEH5EZT-TWVS. EESD
SXOBlE LTy —R208FESEIN%Fig. 6.2-1 IZRT,

JRESOMGRRBEHERE (VCER) RoUCBREEMEEZEN. J' B
S OFEIZBBEAMEDOHEIT - 2.

ERr—A2RGUVRT—-A4TiE. A VAT »FHERESS JHAFTMmD
EREL 2.

Table 6.2-1 FEM analysis conditions for pipe specimens with surface crack

Case No. 1 2 3 4
Analysis MARC ABAQUS MARC ABAQUS
code

Element type 20-node Solid

Number of 438 334 438 334
elements

Number of

integration 11828 9018 11826 9018
points

Number of 2329 1210 2329 1210
nodes

g— & Multi-linear Multi-linear Multi-linear Multi-linear
relation :
J-integral VCE

evaluation Path integration

J'-integral Path integration

evaluation

Institure Toshiba KHI Toshiba KHI
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Fig.6.3-1 Relationship between load and load point displacement
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Fig.6.3-3  Relationship between COD and time

—206—




Fig.6.3-4

Relationship between J-integral and load
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Load (ton)

Retationship between J-integral and load

—208—

(§=90*, CASE-3)

12




J (kgf/mm)
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—+=- vcE
—&— Ppath Integ.
00E+00 ! ] ! ! ] I ] |
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Fig.6.3-6  J-integral distribution along the crack front (P=1.11ton, CASE-1)
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Fig.6.3-7 J-integral distribution aiong the crack front (P=11.1ton,CASE-1)
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Fig.6.3-8 J-integral distribution along the crack front (P=1.11ton,CASE-3)
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Fig.6.3-9 J-integral distribution along the crack front (P=11.1ton, CASE-3)

—212—




J' (kgf/mm/hr)

1.2E-02
Cage—1
—- Path 1
1.0E-02 + A path 2
—5— Path 3

8.0E-03 _%

6.0E—03 -

4.0E-03 -

2.0E-03

0.0E+00 | | | ' ' '
0 1 2 3 4 5 6

Time (hr)

Fig.6.3-10 Time history of J'-integrai (8=90", CASE-1)
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Fig.6.3-11 Time history of J'-integral (8=90,CASE-3)
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Fig.6.3-12 J'-integral distribution along the crack front (t=5hr,CASE-1)
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Fig.6.3-13 J'-integral distribution along the crack front (t=5hr,CASE-3)
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Fig. 6.3-14  J-integral distribution along crack front (Elastie,P=11.1ton)
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Fig. 6.3-15 Relation between Load P and COD
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Fig, 7.1-1 Elbow specimcn
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(b) Yave form of dffectlon controlled creep-fatigue test.

Fig. 7.1-2 Elbow test machine and deflection controlled wave form
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Fig. 7.2-1 Dynamic stress-strain curve for SUS 304 (550°C)



A, Crack front
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Fig. 7.2-2 J -integral path along erack fronl
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Number of nodes . 2099
" Number of elements . 378

Load point

Fig, 7.2~3 Finite elemeni musih
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Elbow pipe frame
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fCrack

Cross section on crack plane

~ Fig. 7.2-4 Finite element mesh and integral path for J-integral



Table 7.3-1 AJL and predicted crack growth rate

Crack | AJ; (da/dN)
Depth | (kgf/mm) | 1072 (mm/c)
a (mm) -

0.5 | 1.16 1.49
1.5 3.63 7.72
2.0 | 4.52 10.6

2.5 | 3.99 8.86

Table 7.3-2 J’ and predicted crack growth rate

Crack | Ave. J’ | (da/dN).

Depth 107° 1077

a (mm)|{(kgf/mm/h)] (mm/c)
0.5 9.53 - 10.8
1.5 | 53.2 | 48.6
2.0 | 118.3 | 98.7
2.5 | 44.4 41,5
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Table 7.3-3 J° {(at 5) and predicled crack growth rate

Crack | J7 at bh | (da/dN).

Depth 1077 1077

a (mm)|(kgf/mm/h)| (mm/c)
0.5 5.91 7.07
1.5 27.7 27.4
2.0 13.5 14,7
2.5 11.3 12,5
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Fig. 7.3-1 Relationships of J-integral and CTOD to crack depth
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| - i
] ’4’ :
P ’:
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.of Pipe
¢ : >
— T in + T

Fig. 8.5-1 Consideration of the inner and outer fiber stresses

t

Fig. 8.5-2 Plate with a semi-elliptical surface crack
subjected to uniform tension

Table 8.5-1 rs for the bending problem

a/t a/c n=1 n=2 n=3 n=4 n=5

0.2 0.2 3.48 3.45 3.39 3.33 3.29
0.2 1.0 0.584 0.719 0.762 0.792 0.819
0.8 0.2 0.138 0.0222 0.0 0.0 0.0
0.8 1.0 0.0147 0.0 0.0 0.0 0.0
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Fig. 8.5-3 J-integral versus crack length (Problem (1))
Fig. 8.5-3 J vs. a (Probiem (1))
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Fig. 8.5-4 Estimation of crack growth (Problem (1))
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Fig. 8.5-5 J-integral versus o . {Problem (1))
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Crack length (mm)
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Fig. 8.5-6 J-integral versus crack length (Problem (2). J':Yagawa)
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Fig. 8.5-7 J-integral versus crack length (Problem (2). J':Ainsworth)

—298—



Crack length (mm)

Crack length (mm)

24.0

20.0 |

12,0

16.0 |

l
o

| 1 T I I 3 1

200 300 400 500 600

100

Number of cycles

S X 4+ VO

a

[«]

s1}

o

fo})

(Average)
(Average)
(Upper)
(Upper)
(Lowef)

(Lower)

Fig. 8.5-8 Estimation of crack growth (Problem (2), J':Yagawa)
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Fig. 8.5-9 Estimation of crack growth (Problem(2). J':Ainsworth)
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Fig. 8.5-10 J-integral versus & . {Problem (2), J':Yagawa)
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Fig. 8.5-11 J-integral versus & . (Problem (2). J':Ainsworth)
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Fig. 8.5-12 J-integral versus crack length (Problem (3). J':Yagawa)
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Fig. 8.5-13 J-integral versus crack length (Problem {3). J':Ainsworth)
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Fig. 8.5-14 Estimation of crack growth (Problem(3). J':Yagawa)
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Fig. 8.5-15 Estimation of crack growth (Problem(3), J':Ainsworth)
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Fig.8.6-1 Comparison in J-integral versus nominal stress
(¢ = 0° ,Problem (1))
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Fig.8.6-2 Comparison in J-integral versus nominal stress
(¢ =90° ,Problem (1))
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Fig.8.6-3 Comparison in crack propagation prediction
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Fig.8.6-4 Comparison in crack propagation prediction
{¢ =90° ,Problem (1))
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Fig.8.6-6 Comparison in crack propagation rate
(¢ =90° ,Problem (1))
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Fig.8.6-7 Comparison in J-integral versus nominal strain
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Fig.8.6-8 Comparison in J-integral versus nominal strain
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Fig.8.6-10 Comparison in crack propagation prediction
(¢ =90° ,Problem (2))
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Fig.8.6-12 Comparison in crack propagation rate
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Fig.8.6-13 Comparison in crack propagation prediction
(¢ = 0° ,Problem (3))

O PNC

O CEGB
A CEA

O YAGAWA
4 PROBLEM(3)
a-N

a (mm)

0 L 1 1 1 1 1 L 1 1 1 1

0 200 400 600 800 1000 1200
Number of oycle N

Fig.8.6-14 Comparison in crack propagation prediction
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Fig.9.2-1  Relationship between J-integral and ioad (CEGB method)
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Fig.9.2-3  Simulation for crack propagation (CEGB method)
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Table 10.3-1 FEM calculation cases

Crack Depth
a/t

| Non-Dimensional

Crack Aspect

Ratio
a/c

Method for
Material
Incompressibility

0.2
0.2
0.2
0.5
0.5
0.5
0.8
0.8

0.2
0.6
1.0
0.2
0.6
1.0
0.2
1.0

—340—

0.8 1.0

SRI/PF method
SRI/PF method
SRI/PF method
SRI/PF method
SRI/PF method
SRI/PF method
SRI/PF method
SRI/PF method |
SRI/PF method |




Table 10.3-2 Fully Plastic Solution &

n=1 n=2 n=3 n=4 n=5 n=7 g
102 0.2 109870 1454 2.146 3.147 4.587 9.585 |
102 0.6 {09977 1717 3.156 6.068 12.92 52.58
102 1.0 |0.7619 1.316 2548 5465 1277 82.21
3.240 6.058 10.13 14.48 17.76 18.37
2.688 5.152 9.853 18.18 31.17 645
2.044 3.918 7725 1524 29.08 76.06
5466 10.76 18.31 26.32 3247 34.08
3.998 8372 16.66 31.19 53.62 1132 |
3.188 6.243 1245 2439 4592 1273 |
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Table 10.3-3 Fully Plastic Solution fi

n=1 n=2 n=3 n=4 n=5 n=7
1.127 1650 2463 3.664 5423 11.75

1.772 3.266 6.414 13.07 2746 1284
1.182 2181 4469 9937 23.76 154.5
1.757 3.536 5915 8.088 9.257 7.955

2.265 4.980 10.21 19.52 33.77 66.15
1749 3.674 7.662 1560 30.00 71.90
0.5050 0.9635 1.504 2013 2350 2.206
6 107880 1.928 4.055 7.707 13.14 29.19 ¢
0 |0.8187 1.832 3828 7.613 1422 3686 |

Table 10.3-4 Fully Plastic Solution f2

N=1 n=2 N=3 n=4 n=>5 n=7
2236 3214 4751 7.042 1044 23.04
1947 3.504 6.786 13.87 29.72 147.7
1.008 2222 4865 11.61 29.89 2158
4422 0034 1475 19.20 2111 17.25
2438 5742 12.01 23.14 40.06 78.26
1409 3.704 8508 1845 37.16 94.49
1.096 9.313 0.3953 0.9581 2.293 3.242

i 0.2831 0.7301 2535 7.034 1530 40.60 |
. 0.5234 1.654 4.320 10.01 20.80 61.39
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Table 10.3-5 Coefficients of interpolation functions
for fully plastic solution f1 and f2

Pj1 P2

Pj3 Pja4

Dis JYL Pj7 Pjs Pjo

3.707x10+0 -6.400x10+0
-6.086x10+0 1.353x10+1
1.583x10+0 2.609x10+0

-2.095x10-1 -1.135x10+0

-2.488x10+1 2.232x10+0
4.580x10+1 -6.897x10+0
-1.978x10+1 -5.746x10+0

2.793x10+0 1.644x10+0

9.002x10+1 1.518x10+1 -7.115x10+1 -6.640x10+1 5.644x10+1
-1.356x10+2 -2.933x10+1 9.531x10+1 1.021x10+2 -7.769x10+1
5.365x10+1 1.294x10+1 -3.424x10+1 -4.482x10+1 3.319x10+1

-2.774x10+0 -1.842x10+0 -5.546x10-1 3.133x10+0 -1.040x10+0

-2.073x10+1 1.726x10+2

3.123x10+1 -2.448x1042

-2.363x10+1 1.487x10+2

1.971x10+0 -1.566x10+1

3.977x10+1 -2.504x10+2

-5.188x10+1 3.643x10+2

6.934x10+1 -1.889x10+2

2741x1040 2.064x10+1 3.383x10+1 1.863x10+0 -4.846x10+1 -1.956x10+1 2.831x10+1 |

~3.776x10+2 -2.745x10+1 5.913x10+2 2.248x10+2 -3.542x10+2
5.399x10+2 3.573x10+1 -8.817x10+2 -3.241x10+2 5.336x10+2

-3.965x10+2 -5.338x10+1 4.930x10+2 2.644x1042 -3.146x10+2




(a)

>
On
I

(b)

Fig.10.2-2 Virtual crack extension
for the global J-integral estimation
in the thickness direction (a) and in the width direction (b)
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Fig.10.3-1 plate with semi-elliptical surface crack
subjected to bending
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Fig.10.3-2 Finite dlement mesh subdivision for aquarter of
theplatewitha semi elliptical surface crack (at=0.2,a/c=0.2)
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Fig.10.3-3 Finite element mesh subdivision for aquarter of
theplatewitha semi elliptical surface crack (at=0.8,a/c=1.0)
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Fig.10.3-4 Local J-distribution along the crack front line
(a/t=0.2,a/c=0.2)
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Fig.10.3-5 Local J-distribution along the crack front line
(a/t=0.2,a/c=0.6)
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Fig.10.3-6 Local J-distribution along the crack front line
(a/t=0.2,a/c=1.0)
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Fig.10.3-7 Local J-distribution along the crack front line
(a/t=0.5,a/c=0.2)
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Fig.10.3-8 Local J-distribution along the crack front line
(a/t=0.5,a/c=0.6)
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Fig.10.3-9 Local J-distribution along the crack front line
(a/t=0.5,a/c=1.0)
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Fig.10.3-10 Local J-distribution along the crack front line
(a/t=0.8,a/c=0.2)

—354—



200 T

n=1
n==2
n=3
n=4
n=5

100 |

Normalized J-integral
B & B ¢ 1

0.00 0.25 0.50 0.75 1.00

Fig.10.3-11 Local J-distribution along the crack front line
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Fig.10.3-12 Local J-distribution along the crack front line
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