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Abstract

In order to clarify the behavior of degraded pipes under seismic events, cyclic four-point bending tests on straight pipe and shaking table
tests using piping system models were conducted. The degradation used in this study were wall thinning or cracks, which were considered
to be caused in piping systems due to the effects of aging. Cyclic bending tests were conducted on straight pipe elements to investigate the
relation between the failure mode and degradation condition. Shaking table tests were also conducted to investigate the influence of
degradation on piping system behavior and clarify the failure mode of degraded piping systems. Through these tests, the failure modes of
aged piping were obtained under varying loading and degradation conditions.

In addition to these experiments, elastic-plastic FEM analysis using ABAQUS were conducted on pipe elements with wall thinning or
a crack. It has been found that the failure modes observed in the tests were well simulated by this analysis. With this analysis, the strain
concentrated point could be predicted and the cause of its generation could be explained by the simulated deformation behavior of the pipe.
In order to predict the piping system’s maximum response under elastic-plastic response, a simple response prediction method was
proposed in this report. This method takes account of the dissipation energy caused by plastic deformation. It has been found that this
prediction method provided a conservative value compared with the test results, but not too conservative a value as an elastic response

analysis.

Key Words : Aging effect, Piping, Cracks, Wall thinning, Shaking table test, Failure mode, FEM analysis,
Simple elastic-plastic response prediction method
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Fig.2.1-1 Geometry of the specimens with SCC.
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(c) Tnitial SCC in SCO7. (d) Tnitial SCC in SC08.
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Fig.2.1-2 Initial shape of SCC in SCC specimens.

200mm & U, EEET 2MME ORI 23 L CakoRk
&4 3010mm & L7z,

ARERAIE, SCCHERK 8 A, EDM irik 9 (&, JRAR
BRIRO A, fE2aBRIK2 ROF 28 2 BUE L 72, K41k
HAFEE BRI FO#@Y Tho.

(1) scc
PR (A M U C O BRER RIS 1 2 A L, il
BEFOA— N7 L—7PIZ 200 K[ ~ 800 My [ 5
AL, SCCEAER SH7-. AR L7=SCCh & L&
LIRS ITERRNORERE (PT) MAETHEL, i
HRE N E B 5 S ZrE SRRl A — %
% X9 BRI OB 2 JiH Lz

SCC ABRAIIFABRKE T, WRRIMRA ZAT > THIH

SCCIZIRZRIE L7z, B2 1-11TREBRIAD IR %,
2. 1-21ZSCCHR sy TE AN HE L 723 B iR o yIHiscC
2NN A

(2) EDM &%
BB T L0 B NI & A8 A Lz, & 28Ik
i, NA360° TRES 43mm (RED 50%) D4
X W R FF ORI L 41K, NA90° &S 4.3mm DIETY
TRAENE L2 D& 2K, SCC& A L= A
TREWLIZbOEIEBELZ. 22T, SCCEH
Z R L 72 EDM & &M E 3B IRIX, SCCO XL 970 H
RE A LEEDM XD X 9 7o N TR & OfE TR D

400
N-) N
o) 5 o
C ! [ ¢
f f ¥ e
% 7777777777777777 B - %Ez
i 1 s
200 200

EDM notch
2.1-3 EDM BRIEDTEIR
Fig.2.1-3 Geometry of the specimens with an EDM notch.
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Fig.2.1-4 Initial crack shapes of EDM notched pipe specimens.
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(d) 60% thinned wall specimen (EC09).

2.1-5 WARBRKDOIIR
Fig.2.1-5 Geometry of the specimens with wall thinning.

®2.1-6 @EERBREOK (EA0L B L TEA02)
Fig.2.1-6 Geometry of the specimens without wall thinning
(EAOL & EA02).
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Table 2.1-1 Specification of the shaking table.

150 m X 14.5m
Weight: 160 ton
Electro — hydraulic
servo control system

Table

Driving system

Actuators 360 ton (90 ton X 4)
Max. model weight 500 ton

Max. amplitude +220 mm

Max. velocity 75 cm/sec

0.55G (with 500-ton model)
/ 2.2G (without model)

DC - 50 Hz

Max. acceleration

Frequency range

Sinusoidal wave
Random wave
Earthquake wave

Input wave types

Load Cell

Loading Direction

2.1-7 4 5l RisE
Fig.2.1-7 Four-point bending test equipment.
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(b) Random amplitude wave.

B2.1-8 ANZEMLEY
Fig.2.1-8 Time histories of input displacement.
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Table 2.1-2 Specifications for pipe element tests.

Name | Material S, S, S, Type of Corlliilai(;ﬁgolz (iilelfect Depth of Internal pressure
[MPa] | [MPa] | [MPa] defect circumference [deg.] defect” (P) [MPa]

SCo1

SC02

SC03

:gg: SUS304 | 311 | 617 | 206 | scc Natural crack Nasural 8

SC06

SC07

SCo08

EMO1

o2 360 0.5t

EMO03

EMO04

EMO05 | SUS304 | 311 617 206 EDM 90 0.5t 8

EMO06 25.73"! 0.49 t"!

EMO07 14.877 0.49 t™

EMO8 16.64" 0.34 "

EMO09 90 05

ECO1

EC02

Eggi 0.5t 1

ECOs | STS410 | 312 | 470 | 157 thmlilng 360

EC06 0

EC07 0.75t

EC08 0.25t 11

EC09 0.6t

EA01 No

Eaos | STS410 | 312 470 157 dofect 0 0 1

* ‘t” denotes the normal pipe thickness

*] Same size as SCC in SCO1

*2 Same size as SCC in SCO03

*3 Same size as SCC in SC07

oos 0O
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A1 B
POl L k<
— : P02
South é! g
I A : Accelerometer
Lol 20150) L : Load Cell
D01 P : Pressure Gauge
A01 D Displ
0° (Top) 0 (T : 151? acement
si (Top) S : Strain Gauge
Ground S18 s12 521 (Hoop & Axial at each position)
270° S1 13 90° 270° 2 $22 90°
S16 ®s14
S15 S23
180° (Bottom) 180° (Bottom)
A-A B-B
(a) Measurement points of SCC specimens.
!
P01 Ié P02
—] ! 1
I
A B
Lo1 k g lé A : Accelerometer
- DOl 5Qi50] 0 (Top) L : Load Cell
South A0 S11 | \ P P : Pressure Gauge
— S21 D : Displacement
Ground S18 812 S : Strain Gauge
S17 13 S24 (Hoop & Axial at each position)
4 S22 C : Crip Gauge
S16 S14 (2ch for EMO1 - EM04 and EMO06,
S15 S23 Ich for EMO05, EMO07 - EM09)
A-A 180 (Bottom)
Co1 (i >> B-B

@l

(b) Measurement points of EDM specimens.

®2.1-9 ZEERHABAFHA (1/2)

Fig.2.1-9 Measurement points of specimens for pipe element tests (1/2).
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D : Displacement
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AO1 B-B S16 Si4 D-D E-E P : Pressure Gauge
— o . 01 D : Displacement
Ground 180 (Bottom, S : Strain Gauge
C-C (Hoop & Axial at each position)

(d) Measurement points of EC08, EC09, EAO1 and EA02.

2. 1-9 ZEERFABREHA (2/2)

Fig.2.1-9 Measurement points of specimens for pipe element tests (2/2).
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2.2 RERRFHR
BERRBRTIE, REIG LICH 2 F 7 2 E R
TR E LNRERZIT - 7. 3BRro BT s 0377
TET 2B ROIRBNVFFIE L RSB 2 R T2 2 & Th
5. BRI EE Z O REER L, b R L
FFONAR Z BADSLARBLE R 0 2 TR & L7z,

2.2.1 FEEERIREHER
2.2.1.1 ABRAOBME

B SRR R L R 10 LIS I E L7, B2, 2-
TZRBRIROIIRZ 7. RBRISIIB(LEEAT 255
ErA) &, HleEEALRWES B0 B) I2ahh,
T UUTHEA L. RERELESWSO T T VMR
LTHY, #5rALEIBORERKITNEEL T D,
HIBLE R BB T L2 BRI R A 3 L Y=
IVRERAO2FIE L LT, £z, Lo 7= DB i

Thinned wall part of 2D_C01
(Elbow1)

Elbow3
Part B

2.2-1 Vbl AR RERAEIR
Fig.2.2-1 2-D piping model for piping system test.

W RE RHBRIRIC OV T O IEER 21T - 72,
fEH U7 Bl/E OME T2 TRFE STPT370 T, BlE N
IFEESE R & AR 100A & L=, WL, SBR{EE ) CH
205y A TIEEFEHER & [Flfk sch80 (A= 8.6mm), {57 B
Tl sch120 (WE 11.1mm) & L7z, 45 BIET~ToOi
BRcdb@Ic i L7z, RBRIEOAHR &AL ST
To@Y ThHD.
(1) #RE{A4 :2D_A01
BALSAE - Bt L
(2) #Br{&4 2D _BO1
FACSAE « EE IR
B2, 2-1127R L7 [ OB 53 0 AR 2 AN
TAC X 0 @HRAIED 50% (KR L, AN %
FfEE L7z,
(3) k4 2D _Col
BALSME © =V AREEA
2.2-1\Z/R L7 ViR 1 % sch40 D= )L7R &3
% IR0 AN A B L7, schd0 DL
ROREIFAFR6.0mm TH Y, WAEIT30% &
D

R2.2-1THRBRIKORHER £ LD ORT. £/, K2 2-
22 EATEMRAT TR O 722D A0l DEAETE & FEf £ —
R d . BBRIARO 1R EARENE — R CTXAE R AL
TR, 2, SOHENEETH Y, HE2REOLA, &K
ISR BEAETDHOFTIVRT ERDN, ZLR2DIETH
IFIERIRECTH T,

2.2.1.2 HFgH

Bl RET IR LT, MRV R i A o —
WL REWEEN A % AWV CIMEER 21T - 72, IR
ERE D 1 REAIEEIE — RO R AR 572, 2.5Hz
~3SHzOWAIE 7 o & B AR LT Lz, B2, 2-
IR T > & B DI FE A BRI & I AT |
NERd. BRI ORI T v X DO L

£2.2-1 Pkl R RBUA KT
Table 2.2-1 Specimens for 2-D piping system tests.
Internal Condition of defect
. A S, S0 | pressure
M 1 P i i
Name ateria [MPa] | [MPa] | [MPa] (P) Type Configuration Defected part
[MPa]
2D _AO01 No defect --- ---
Full circumferential Straight pipe
2D BO1 thinning near the anchor
— STPT370 302 473 158 11 . .
Wall Depth : 0.5t (See Fig. 2.2-1)
thinning Full circumferential
2D CO01 thinning Elbow 1
Depth : 0.3 t*

* ‘1> denotes the normal pipe thickness
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Shaking direction

1st mode : 3.2Hz

2nd mode : 5.7Hz

3rd mode : 14.3Hz

2.2-2 FEEERRBREOKREE— R
Fig.2.2-2 The vibration mode of the 2-D piping model.

T UL B e K 1600Gal F2FE & THE M &, £ A LV
UL TOISEMRZG D & & HITRKR L L TRBR R
BT D ETANEMRY IR LIZ. @RS RRBRKICS
TS INIE L ~L TSRO MERE 24TV, Bk 215
T2 DI TR S IR A K T S8 7.

FRERIR DTy AT IR Z 72 L, WEZAfM L.
PIEIE TR CTORBRAKRT1IMPa & L7, #5% BIZNIE
L (NEBKRZ2 L) TRERZIT o 72, BB CIE, BRI
15 LINER K ORI A H R L2 FER CIREI 5 DA %
“TEH.

2.2.1.3 &t
FEERTIILL T OEE &3 L7z,
(1) REEMHE
(2) FREBRIR D AN
(3) R AANT
4 Wt
(5) SERES R O s L OYE T IO 7

2. 2-4 | FRBRIAR ORI R AR 2B T4 T 500Hz
DY 7Y T JERECINEE LTS, £, 2o, 3R
DRIZICFB DTV RERS 3 K ONAE A 5y O Bl & 41
RaERE L.

Ty itk
500 f-EAE 4

“Foritipo-

0 5 10 Time[s] 15 20 25 30

1000 E

T
500 F

Acc.[Gal]

(a) Time history of input acceleration.

20 :
S H h=0.005
=
3 i
515 A AV h=0.01-
o H
< H
9 ;
E h=0.02
210 ;
Z (T heons
o
=]
S h=0.15 A h=0.10
g s > A
£ h=0.20 \&
=]
& h=0.25 §§
=

0

0 1 2 3 4 5

Frequency [Hz]
(b) Response spectrum (h: damping ratio).
2.2-3 FHEPFCHE RBR TN LI T o & L

Fig.2.2-3 Narrow band random wave used for the piping system
test of the 2-D piping model.
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2.2.2 MIABLERIREIGER
2.2.2.1 HBAEOBE

SRR AR KON 124 BT, SEARELE SRk ik &
AN IR 8 % 06 L 7=, 2. 2-510 R BRIk % 7
T RBRRII AR 2 E0ES (oA, TAR2EE
¥y (B4 B), /LR3I &Ly (B C) D300
BELY, 7TV THES L. SRS RRBR I IIE S
A, B, C3DRNY —DOEEREE & 72> T D, IR
Bl A TN L 7= b4, /LR ERIAl % 72 EDM &
HO2FEF & Uiz, il s SRR & ARk, SEEsy 07
WM ARE S BRBRIRICOWT b IEER AT 72. RE
T DHEEHIHENT ) A 721350 B OBLE O—#RIZ
P EBEAN LT, #45 ClI4a T oORBRKR CHmIHE T L

Elbow2

Crack induced position
(for 3D_D01 & 3D_D02)

i~

Shaking direction

B2.2-5 SCRRCESRERER  SBRAIZIR
Fig.2.2-5 3-D piping model for piping system test.

7.

Bl O MBI E R A A O L SR & AR, B 3R 6
STPT370 & L7=23, P /LR 3R SE8Mf 45 FSGP = /L AR
TR U772 L AR BRI RRUBRAK CI3B ) = /L AR R 4
DIHMENRI > TWD. £72, EDM & 2 &Rk T
V& ZLE A ER Sy OB IC AT L A SUS304 A4 L
72 B ORI 100A, sch80 & L7z, sBRIKD4 ik & A
FEHITLTOHY ThH 5.

(1) #BrIK4 - 3D_A01
BAbSME - Hieie L

(2) R4 :3D_C01
BACSA: - VR 1B L O LR 298 A
2. 251 R L7t VAR T B O VR 2Ey &
FSGPT LR & 3% Z 1T L 0 23 2 fifiE L
72. FSGP = /LR O REITAFR4.5mm TH Y, I
PEIT48% & 72 5.

(3) #REriA4 3D €02
AL - VR 1A
TR 1 ZFSGP /LR ETHZ LIk VAR
48% DA JE P A & e L7z

4) REr{k4 ;3D C03
FALSRAE © VR 2 A
T)LR2EFSGP /LR &35 Z LIC K WA E
48% DA JE I A A& e L7z

(5) #REr{A4 3D DOI
FALS:  EDM &4 oy & 49
B2. 2-5127~ 9 =)L aR L EE O B AE 50 1 e AE
JERD EDM & A4 A L7z, A L7 EDM &
ZDTRIE, B2 1-417R L7~ BERBR K EMO07
ER—BRE L, mREEESZHITE— 2

£2.2-2  VIKEERRR RBK K
Table 2.2-2 Specimens for 3-D piping system tests.
g 5 g Internal Condition of defect
Name Material b4 hd " pressure . .
[MPa] | [MPa] | [MPa] (P) [MPa] Type Configuration Defected part
3D_A01 STPT370 302 | 473 | 158 10 No
defect
FSGP Elbow
Elbow 1
3p coi | (Elbow 1 & Elbow 2) | 54, 452 151 and
/ STPT370 Elbow 2
(Ordinary part)
FSGP Elbow ' o
(Elbow 1) Wall Full mrcumfcr‘entlal thinning
3D_C02 / STPT370 351 452 151 10 thinning | Depth : 0.48 t*2 Elbow 1
(Ordinary part)
FSGP Elbow
(Elbow 2)
3D_C03 / STPT370 351 452 151 Elbow 2
(Ordinary part)
SUS304 (Part A) Partial EDM notch
3D_DO1 / STPT370 311 617 206 Depth : 0.49 t™
(Part B & Part C) Full crack angle : 14.87[deg.] Straight pipe
SUS303 8 EDM near Elbow 1
(Part A & Part B) Full circumferential EDM notch (See Fig. 2.2-5)
3D_D02 ar ar 311 617 | 206 Depth : 0.5 t™
/ STPT370 Full crack angle : 360[deg.]
(Part C) ) )

*1 Value at defected part

*2 ‘t” denotes the normal pipe thickness
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B3 - BT R ORI S T2

Shaking direction
1st mode: 2.58Hz

B FEONIE  WEE—

2nd mode: 6.26Hz

FANED

3rd mode: 8.39Hz

2. 2-6 SCAKECESREBEOREIE—
Fig.2.2-6 The vibration mode of the 3-D piping model.

RIS R & 72 2 5 (Zdh+ 5 m) I — 8 S w7
(6) RER{E4 3D D02

PAbLAt: . EDM & %

3D _DO1 & [7] UAZE O /LR 1T O A HR 4312

2JH EDM WA HEA L7, SZESIIHED

50% & L7-.

T2 222K E R £ LD ORT . £, E2.2-
6 [ [E A MR TR 723D A0l DEAFIRE K & RET—
R Z 7. BRI O LREAREE — R TXER 2 LI
TARIBIU2OHENEETHD. BEREDEE, Kk
KIGHBRAETZDIETARITHY, ZAR2OMIIIE
LR TIT R 14% FRFERVME & 2r o 7.

2.2.2.2 EiEEH

RIS 2B R T /UICH LC, — R KARS)
B AW TIMEFER 21T - 7o IR I IR 0 1
BIRENE— ROBRERIRLT 5728, 1.5Hz~ 3.0Hz DFH;
WT o BPEMER L TER L. B2 2-TIZEBRTHW
TP T 2 B W O NN E RF LR & TRE AT b
NWERT. EERIXZ ORI T X DDA T L
T UL B g K 1800Gal R L & THI M s, A b
UL TOISBENERZ 5D & & BT LU TRER AN
RS 5 E CTAT &YKL=,

BRI FIRKZR 72 L CNEZ AN LZ, NEHE
X, FEARRBR AR KON RER R T 10MPa, &S XK
BRIKT SMPa lZRRE L7, SRR 11 I 20 L 7o 3RBRIA
(3D_A01, 3D CO01, 3D DO1) &2 Tid, sRERAEDkE
L NEK Dm0 % B RS L 7- Rl CIEEhE O A ) & #4&
T IR, Pk 12 FEICHE N LZRERE (3D _Co02,
3D_C03, 3D _D02) Ti¥, WAz L7=%b, B2 .2-7
V2™ LT IR A3 & 79 % & TR & fikfe L 7=

2.2.2.3 A
FERCIILL RO H Z7HAl L 7=,
(1) REhE I
2) BERIAR L OT v — oA g
(3) AR &R 2 OEPBEZEL

goi1s

1000

500

0

-500
-1000

0

Acc.[Gal]

5 10 15 20 25 30 35 40 45 50 55 60 65
Timels]

(a) Time history of input acceleration.

25

20

h=0.005

Magnification of Response Acc.[Gal/Gal]

Frequency [Hz]

(b) Response spectrum (h: damping ratio).

2.2-7 SCARBLRE RRRBR CHEH L 723 I o &7 L
Fig.2.2-7 Narrow band random wave used for the piping system
test of the 3-D piping model.

4 A

(5) aﬁ%%ﬁﬁmmﬁm%;@%ﬁmufﬁ
(6) TR 3IDAEIC 2% =Rt 2
7) ﬂ%mﬁu(%w EABRIEDH)

K 2. 2-8\Z3ABRIE DI R A 7. 2 5134 T500Hz
DY) TR ECTIR LT, £, ek &
DA AR T, 2 OMICRBROFIZICBON TR
Hoy OEENREE LT,



B SRR AN ST AT ST R 552205 2001 410 H

(Top) (Top)
S101 S121

S108 S102
@ S124 S122
S107 S103

e @ 2‘OA

S106 S104

S105
500
L | 50 10
il
i
S 1 m
aom 42V @
(Top) S081
D02
8011 S088 4
/,9\ S082 (Top)
S111
S014 S012  S087a {é} A S083
“ i 1ok
s112
S013 S086 X

S113 A06 S071

o
= fo o i
A0IAY) 50 || —A A3

(Top)
S021

S024 -@- S022 A02 A0S

D03

(from outside of the shaking table)

: Accelerometer

: Crip gauge (for 3D_D01 & 3D_D02)

: Displacement

©e®®®

S023 . .
: Strain gauge (Axial)

: Strain gauge (Hoop)

Op>p o e

V4 : Strain gauge (45deg between axial and hoop)
: Pressure

S061

Y X o " Anchor A-02
A o +++\
S064 ——
S062
i \
8063 H  Er—SHT U E A0 ~A02 LA T

]
BEAY .
S051 AL EAYREFZARICANST, -V &
A HEICHHAY T 5,
S058 S052
S053

A
@ A A B=a
z 1 5057 : I
S056 % 5054 K
A
055 /
S

AnchorA—Ol/} i ‘yh
) d )

(Top)
S031 200 041
s038 4 / s032 S48 A S042
5 N
037 {;%} A S033 S047 A 8043
Ao g
S036 { S034 soa6” § Csoas
$035 S045

2.2-8 SCRBLAE RBBRIR  FHHLA
Fig.2.2-8 Measurement points of the 3-D piping model.
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3. EERFER
3.1 BERHEY
311 ERMAZEE
3111 BRI
HRHBRD 5 b E AU R ORI R EZ RS 1.1-11
EDFEDTORT. ABAD 5 HIEKIEIZ L #iamr L7z
HOIZDOWTIE, SRE@E TIOE L7 B E sy
DR AERPICHFL Uiz, SRR T & OBHER I A
FToXHrTkotz.
(1) SCCHBR{K
8RN L7 SCCRIRIED 55, 4K THIKL
FATIZ VA L7291 SCC 2> B 7 & 2 itk
L, HilL7c., EREEEITHEE LY
SCCIRIIR2. 1-2ic R Lzt B THDH. =4
ESR% OBET A 7 I L D F A~ 25
A Uo7 B3 1 1-1 1 2EER IR SCo1 o
RR I Z 7R, I SCC 2D AN Eh L7
Do To MR, RBREE 2 R L AT 570
WML U8 07 — " BldAE CE AN E
L7z, 3.1, 1-21 SCCRRER A DR HRNT & % 71~
7.
(2) @S 50% G E D EDM & 6t & BBk
(EMO1 ~ EM04)
ETORBEICENT, TRifFE—22 b3
ER T 20510 TR 0 IR LTI RE W & R JE
FINCHER L, 8 L7-. Bl L7-  203%EEo
B A7 K0 B ICHER L, SR A
Lz, B3 1. 1-3ICEMO02 DRI I & 75 g,
FBRCITIETLE & T v & DRI & I Cfifs
L7228, AJJEBIC X DR EDEWVIE A D
Niphotz.
(3) P 90° 50% S D EDM & i) & kR iR
(EMO05, EMO09)
0 B LTI RO PIHIEDM & 2553 08 5 & 2
PR L, BB Lo, SEIEBmO A TR A
7 AL X BRI ~DBHEREIIAE Ui o T,
(4) SCC %Z#ifE L 7= EDM & 246 & Bk
(EM06 ~ EMO08)
AT ORI TEA L7-EDM & 205575 & 2
JHERE L, Bl L7-. SCCRERIA L [FIRE, B
BT X RHoBEBEB TORIRT, %1 7 i
LD AT A~D & WO ZHRIFIFE Ule o T
DL EG, ARER CHGE S /- & JWA & BE OIRIEE
I, oy SR S IE CIL S RO EM, 28 & AU S RE
TILARJEEWT & 72 o7z,

3.1.1.2 ERMNEBREDRELER NS

3. 1. 1-4IZEDMiBRIR D e KA & i £ —
AV N EDOBEMRE RS, 7272 L, EMOLIZAS L~V &R
HCEELTWDLOT, LLFOBRRClExtgst & L. K
T, AREOERI TR TERB I TREE TS E LTA

B3.1.1-1 #IsCcC &b EE (SCol)
Fig. 3.1.1-1 Crack penetration from initial SCC (SCO1).

Thicker wall pipe Test specimen

n ©° SCC induced area
= L o
\ 7 VA AN
T !

\ | | 7N AN 754

Broken position of /

SC02 & SC04 Broken position of
SCO05 & SC06

Broken position of
SCO1, SC03,SC07 & SC08
(Broken from initial SCC)

B3.1.1-2 4 SCC ik & 2L E B AL
Fig. 3.1.1-2 Broken positions of SCC specimens.

B 3.1.1-3 2JE kb ok
(EM02, 428 EDM & 2} & i BRIk)
Fig. 3.1.1-3 Full circumferential break
(EMO02, with full circumferential initial EDM notch).

50
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w
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T
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EMO03 o @
EMO04
EMO5
EMO06
EMO07
EMO8
EMO09
0 I

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Rotation angle [rad]

X 3.1.1-4 EDM RBR{KICH T DI KA NERA &
BRI E— A >~ OREMR

Fig. 3.1.1-4 Relation between max. input rotation angle and

(%3
=1
T

Bending moment [kN-m]

=
T

N NEOOOee

max. bending moment of EDM specimen.
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Heds - B SR ORELICITHE S MR L EMEFEFIEOMIE  WEEH —TAIE

FTIVEENL % [RIHEAG 12, 45 80 1 R B E O (T 200 IR0 B
i E— A MIE L TR LZ. 22T, AE
iz 8, 4 i FRBEE o SN MEREE [, [EMA % ¢,
m— ReAGHIE A P, BBIRICE T 5 e — 2 o b
EMETDHE, ¢ M, IZENENLUTOXNTEIND.

¢=_

20 (3.1.1)
!
Pl
M:7 (3.1.2)
RERIAD K A7 SFF Lzt & — 2 > b DR RAEIE
AFTDOKE T U THI25kN-m 7> 5 40kN-m D #iPHIZ 5y
LTS, 72 LRIEWR CTHifir L72EM03 & EMO51Z,
IEREHE G L 72 EM023 KO EMO09 & EIE RS DT &
720, AJNERIZ L DK IIOENTH Hbivanoiz.
B3. 1. 1-512, IE%E AT 21T - 7= EM02, EM06, EM09
[ZDWTC, IESKIE O/ Colnlfisf & 3B IKR ) &
DR EZRT. EMO2 X288 & &%, EMO06 1% SCC % 5
L7-EDM & %%, EM09 [N 90° DEEE A NT. L
THDHR, B3 1.1-5205, Zh oD EROKE J LR
BORINNZEAEFEEZ G2 TRWEFZ 5.

3.1.1.3 SCC =3 & EDN =L DS F A LLER

EDM ABR{A EM06, EM07, EMOS i, Z#24 SCC
BRI&SCO1, SCO3, SCO7 DRI SCCHIR & Ffffi 7 & R S
&R & RO RS AR TIEHE L 7ZZEDM E /a4 5 L7z
RBRAETHD. 2o ORMBIATIE, BRERE N LKM
DOHARFFM O &7 9 72012, WIE, RERKOME, A
TVEENL, NITEH D GF % [Al—1 U Climf kB 217> 7.
FORER, EHEBICE L EREOEF TS OWA 7
VUL, SCO1 T 108 ¥ 7 /b, SCO1  SCC % #ifiE L 7=
EMO06 T32 %4 7 L Th-o7=. FEEIZ, SCO3 T 12841
27, EMO7 T55% 4 7L, SCO7 TI117%A Z /L, EM08
T108Y A 7 /L & 725 7=. EM06 & EMO7 Tl L 7= SCC
W2k L CEAEBE T2~ 3G O/ 0 I LR M T 5

35

m
o [m]
30 o
K 4
= L 2
g s 0@ ¢
E e &
=) ®
£ 20 o
£ *
g 15 3
Z °
210 5 ® EMO02[]
2L, 0 EMO6 | ]
o® ¢ EMO09
0 1
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Rotation angle [rad]
B3.1.1-5 IELEORIEHEHEEIC IS T 5 ANERAH &
i E— 2 v ~OBf%
Fig. 3.1.1-5 Relation between input rotation angle and bending
moment at amplitude increasing part of Sinusoidal

input wave.

7= D% L, EMO8 TIHIFIERIFREE & 72 o 7=, BIHRS Tl
ZOIEWHE U7 BRI Tl as,  JEREHAATREIC
BT 5 R OBAIAE S FEMEOT B0 H T OENR,
W SCC DSTIRIGIE IR 72 &, &R E BT D ERIC%E
& U 7o i & LIS O B DS & R R IR L 5 2
TWDAREERNEZ DD,

3.1.1. 4 BHERATY

EDM iBRIAD 9 5, 42 EDM & ) & il CIE5%
ZRAWCHT L7 EM02, 72 4 MR CHAT L2
EMO03, PN 90° DOMJEEDM X R ERL, 74 LREE
W THUAT L72 EMO5 @ 3 {KIZHOWT, EARE T BEmbsE
(SEM) Zfi F U7 BlER 217 o 7=, Wi OBETE 1
3.1 1-6 R LIfETHS.

~ 7 iRk E, B3 1 1-TI2R Lz & 51T, sl
L0 EEPER LIS CATEHSA LT D) & EEmk
Wity (LAFERB & 32) Iz, 2o b, v
A LHRIE N Tl L 723K DE /> A 2 SEM TRIZE T 5
&, K31 1-8I2R T X ) IR YRR S L D 5ElKk (A-
1, AT A== a UHEK) &, 1ZEAEREOEBLN:
WEEIR (A2, A R Ly T — K)o 2 RO A
RHICHND Z MRS, K2.1-8bL) IR LT
B BAREEE CHAT L 72 A0 & 2R 5y TR Ok
AN D DL, FKRIRMELLSN DS T A-1 DRk A, fix
KIRMEE /> CA2 DI DR SN DD E B HiD.
PEo T, A-1 & A2 ORI 1 HLAY T v & SRIEN 112 &
BHEGGEREICHY T 5. —J7, 5% CTHiky L7z EM02
D SEM BIEZ4E R TIL A-1 O X 9 el 3580 b7, 4
THY A2 ERBEORLHICTH Y, SEM EESFE R IR
YA I NVEOEFHEREZFFET 52 LT TS ool

Loading

direction

Observation point

8.6 1143 4.
(a) EM02 & EMO3.
3.1.1-6 1 EDM & &R & SEM BL4E A
Fig. 3.1.1-6 Geometry of initial EDM notch and observation point
by SEM.

(b) EMOS.

Dimple area

Fatigue crack
propagation

Initial EDM notch

3.1.1-7 HMERE O~ 7 n A (EMO3)
Fig. 3.1.1-7 View of crack surface (EMO03).
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RINN-2ICERAER L, FHSETRADHRFEM S
7ZFEMIZ £ % S ZERMATHERICEV G oS RHEE
FCOFAMEEE AT, MY CIEIBRFE R & ik LT
RV I LB TERPBEBRT OHMENELNTVD.
—J7, T ARIER AT L7z 2 RI2D W T, SEM#L
BT L B T ZHERTR Sy CHERR S TR A-1 & A2 Ol
X, EM03 C10#1, EM05 C4fl &7 ~7=. b Loz
il OV I LT S R EBICE L7 7 v X ARIEE O
FAFEIICFYS T 5. > C, EBRCTEHEWMETICHEL
TR VIRLED S B, EREAITHE SRR
TEDLRETHY, FEALIRSEAOEFICESENT
WaHEEZLND.

WIZ, SEMBIECHidrt o712 A T A =—3 a3 LR
) BEORRA MLy F V) —ig (SZw) &, EFBRTEDLN
T IR RARELHEPH % b S, da/dN - AK BIfRZ 3R
7. 728, EMO2 22\ Tl SEM 512 X 5 & o1
I NAED EERBOREIL TE o720, EREERK
BEEE L VMR A 7 Vo0 X EERE A FFETE
T2, ZO2% A I DN TS D IRNE & & Sk R 8 &t
JEEET. 2T, ARNTAZ—v 3 VEILTIE, S
L <2 b L T W 0 SRl 2 daldN I L, 2 b
Uy TR CIERSZW % T 2 & LRIEH O 5 KRR 11
XD daldN & Utz Fiz, IESIERREEI AK 1L FUT
K7,

(3.1.3)

Striation(A-1)

Stretched zone
(A-2)

Striation(A-1)

Stretched zone
(A-2)

B 3. 1.1-8 Mifi> SEM #4551 R
(EM03, 552~%37 v 7)
Fig. 3.1.1-8 SEM image of fracture surface
(EMO3, block No.2-No.3).
F3.1.1-2 B, FEM AT, BLOSEMBEN OO - A EBICHE L7z AJI# 0 IR LI
Table 3.1.1-2 Number of loading blocks obtained from tests, FEM analysis and SEM observation.

#2205 2001410 H

ZZT, FO: KEOHIERE Ao : 1EFRIE RN
a: TAEES
ERIGEIEAG 13, R (B.1.2) THOLND K IrbEE
L7z — Ay MEBHREZ TR L TRO . &I, i
LTI DI IREEZR, SRR il & 2o
HOHWRO—HETE/EME LTHEZ, ISHEE L 2%
FEENLELNDAKIZH L, kR TEH 2 LN A MRS
ZRLCEEMELE.

F(E)=1.12-0.231E +10.556% —21.728° +30.39E*  (3.14)

T, E=aWa: EREX, W RE

BIZEAER & Sasaki b DA 7 VR TR R Y 2 &
191 d. X, Ak E DZERAH Sasaki HIZ K 5%
B, BV 5% LI SRR AT 2> 515 547 daldN -
AK FAfRCTh 5. FEHR TR LT BRI Sasaki 512 K 5 56k
FEROERHEHFEEOEPATHY, TRTEREIND. Z
Z T, da/dN IZmm/cycle, AK |ZMPa'm"? Tk 5.

ﬂ=1.76*10‘9 -AK
dN

(3.1.5)

R3. 1. 1-9|2/R7 L7= X 91T, ARZEER CHE AT > 545 5
N X ZURFEHEE I, BEEOWFFECTHE 5L TN D daldN -
AK BB B —E LI AERTHA LZT v & LIRIE
W X o ERREOWENMEAT 254, SHERIC

107

10°L .

: -7/
107k .

5[

107k

2 {Q
210" s

E /

RO

N © Ref.5)

1~ EM02(S) 3
¥ EMO03(S)
* EMO05(S)
® SZW by test ||
; ——SUS304(R=-1)
10 ‘ ‘
1 10 100 1000 10
AK [MPa*m"?]
BO3.1.1-9 2 — 5L RAR S B 1R

Fig. 3.1.1-9 Relation between crack propagation rate and stress

intensity factor range.

Condition of defect Type of Max. Ao Loading times
Name . . **
Type | Full angle | Depth loading [MPa] Test results FEM SEM
. . 1 1
EMO02 360° Sinusoidal 707 (16 cycles) (8cycles) --
EMo03 | EPM 0.5t Random 700 10 2 10
EMO5 90° Random 820 4 2 4

" * <> denotes the normal pipe thickness

** Results from FEM analysis in Chapter 5
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BIERP NN E 5 Z D6 N TV B, AFEBRTE
A L7 EITE OB L TWADT, TD XL H 7R
BRRBBITED LR o T,

3.1.2 BREES L VREERE
3.1.2.1 BRI
HRHERD 5 HIRWELE I L OV RRlE OB R 4
F3.1.2-112 &V £ LD TRT.HMBRIKD 5 HIEIKIKIZ &
VAT L7 b DIZHOWTIE, R E TS L BRI E
ﬁﬂﬁ@ﬁﬁ%§¢ﬁﬁﬁLtqﬁﬁ@??%ﬁﬁ%%% (ECOS. PIEd D 50% Wi SR E)
LU OBIFIC L1 LLF ORAPIEDHERS S 17 Fig. 3.1.2-1 Deformation at thinned wall part caused by ratchet
(1) WA RE25% ~ 60%, PIE 11MPa (EC05, 50% thinned wall with internal pressure).
(ECO01 ~ EC05, EC08, EC09)
PEIZ X VIR U D IRIG I, BERIS
N o, &3 % & 25% MAFRERIE (EC08) T0.30
o, 50%IKAFAER R (ECO1~EC05) T0.450, 60%
WA K (EC09) TO0.58 0, Thotz. Zib
OFRERIAT, ETHATRS T F =y ML
WENEDBE DI, ZOT7F =y MEBHS T
IR 7 Vs S B LT, 3.1.2-11
BCOS DRI &R . 7F =y MO L ORHE Bucklin; deformation Circumferential crack
AROIEIMHEIL 10% ~ 20% & 72o 7=, HifiE
DEN K DWAHTERE D&V ITHER S 178 o
7z, 78k, BCO313, MBRATOREIG Y +—I
JT y TRHCHEHATE R O AR RGO O K75
HIEN DMER LEFR L7272 7 — 2 B 67
notz.
2) WHES50%, NERL (EC06)
WD 72 WA A TIE, SIS PRV IAR 43 A3
Bl N ENZ TV S 2 SRR S B AE LTz, 2
DEJRETEOTEH TERBIAEL, EeoBy
A 7ML RFEBWHICE STz, ZORERND,
PN 0 732\ N P B A8 O BRI B8 3R 8 2 I 2 1
IMEY A 7 WP FEECH D EE2 NS, B Circumferential crack

Ratchet deformation Circumferential crack

®3.1.2-1 7F = v MIE DAY DEE

3.1.2-2 HANERS) T O RER I AT
(EC06, P72 L 50% Ja PR 14¢)
Fig. 3.1.2-2 Buckling deformation at thinned wall part
(EC06, 50% thinned wall without internal pressure).

ongitudinal crack

3.1.2-2 12 EC06 DWHRIRILZ 7R . i J7 1 0 B3.1.2-3 AHRROEFMEELETF = NEF
HMEITHI 20% Ji LTz, (EC07, WIEH Y 75% WP aABR{E)

(3) WA 75%, WE 11MPa (EC07) Fig. 3.1.2-3 Circumferential and longitudinal cracks and ratchet
WHEIC XV A4 U D IS 01, 090 & deformation
Feotm. ZORBRIETIE, B0 R USRI PE B (ECO07, 75% thinned wall with internal pressure).
FHS T T F = v NEBSEEICAE L. S Top

ISP CRGIMICE /P BETH L & b
2, FREE MO 3 BTG & AL
7z. B3.1.2-3|Z ECO7 D g%, E3.1.2-
MBI X BORAN R E RS, TF = ME -
DT DIZHMEIT 30% LA BN L=, E 787
] & R OFAE L5 ORI 1. 1mm ~ 1.6mm /
2D LTz, —J5 100A OB T 11IMPa DN
JE & PRFFT 2 OIZH B NIEIE 1.46mm L7275
L7235, FAFmE LU IcsE L& .

o B3.1.2-4 ECO7 T S 417l s 17 & 2L W7 b o> 58 A= fir f
KBTI S FRAENEICSB T D RIEORD 5> Fig. 3.1.2-4 Position of the longitudinal cracks that appeared in
5, BCO7T TIXNEIZ X DR LKV A 7 VIS5 ECO7.

Loading direction

Longitudinal cracks
Bottom
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WEENRET DR E ot B2 b D.
Pl b, RER CHRR SN NGNS ORI REI,
FF o NELEIET AV OVIESRRE, R, (KA 2L
I EE L L OIRIED 3TRE L 7o 7.
fRAREIZOW T, HFREMA O b O E O K7
TWANSIENL T D 140mm F TN 2 BN S W72 2 iR 1
HEURhol=-, i S FICR BRE /& T Lz, o
LD & DITASIZENL +95mm TEREREE & iRl s &
PG LI RBE oy CE A EIE Lz, K3, 1. 2-5 2 B
faf 17 > 72EA01 ® 140mm A I RF DA R AE R, K3, 1. 2-
6 (ZH# v I LU 24T - 72 EA02 DRHRIR I &2 -7

3.1.2.2 BRAE LS F v FEREDER

W& A L TR BB 217 o 7o 3URIE T, #R0
LHEfFHICHEN T F =y PEREELT. 7F =y MCE
LHAERE R EET S 72010, RBROFI%E T/ ¥ 2%
M LTI By OAMEZ G L7, 2 2T, SBRig 04t

3.1.2-5 140mm AJji§D EA01 DZETE
Fig. 3.1.2-5 Deformation of EAO1 at 140 mm input displacement.

3.1.2-6 WHESE CoEREE (EA02, RRRERA)
Fig. 3.1.2-6 Crack penetration at welding line (EA02, no defect).

40 . ,
2 ® O EC02 A
=7 [ ™ O Eco4
w30 F ¢ O ECOS Input-25mm
?E: 55 A 2~ ECO7 N
g E v v Ecos
520 | N L ECO9 Input-35mm E/ / N
£ 4 4 EA02 /
g5 | b
: v
£
% 10 : ¢
2 54 D
o

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
W all thinning ratio

3.1.2-7 AR LMD B
Fig. 3.1.2-7 Relation between wall thinning ratio and deformation
of diameter.

B LRBATONMEDZEZ &, RBRATOME TR L
MEINEEARE TS, BHEEIIMREIEOBERITIR
3221 X5/ n. W, B SR LIz~ —7 1Tff7
FIOIRECRE, ARE O~— 7 (X7 & B
T 250 (LU FER TG E T 5) OIMREEE R, 1=
72U, ECOLIZ DU TR AT #ifar L~ & e A L
TWbH7D, LUNOREClExgst & L.

ZORNG, #EY R UHEI RO T - BTN
EBICTTF =y NETROTDARNEINT 208, SMBE
{EERITEZZ G AR THEAT MO TR RENT L AD
M. AR TR L2 L 912, EC04, ECOS, ECO8 I
AJIJZENL35mm T, EC02, EC07, ECO9 (F A JJZNL 25mm
T AT o7, 2O ORBRIKO LI G, ik 7
F v NMEERIE, ASI L ULnE U ThILEA &R
ZVNFEERELBRDMEMNH D Z EnNbod. £, HA
£50% DRBERIKTH HEC02 & ECOSDIMEEAL D, I8
WENFE LG, ALV RKRENETF oy NEF
BIIREL R2MANHD L2 5. —J5, EC04 £ ECO5
TIATENLENE L S ATE ORI T B> T D
N, ZO2 OOREBIEMNS, AT OFE TR T
Ty MEFRREITITEE LW EEZZ LS.

F7o, T X ARIER T L7ZEC0412oW T, AJ)
ZERr, W, #7100 JE 1O B O REL R & K
3.1.2-8 177, AHFMOT HORLEE KNG, T
F v NMEBICBERT D E MO A OKASINE, E
W ATIBENLWTE DI KIRNEEF THAL, Do AT
A 7ML DOTHIE, OTHEEE L CEEST LN
T7Fxy NOTHOEME LTRZFEAEFHFEG LTV
W2 ERDbND. T, 7T =y NEENREAET D EAME
BN 2T, BIBORE LTRREN DETONE
KFREEZDZ ENRDND.

t

" WY T TTRYRIITTTIRT
AR s

-20 AN

Input disp. [mm]
o
P
-

0o 15 Time(s] 30 45 60

(a) Input displacement.

10.8 |

0 15 Timels] 30 45 60

Pressure [MPa]

(b) Internal pressure.

£ 2000 pi

0 15 Timels] 30 45 60

(c) Hoop strain at S043H.

3.1.2-8 AOTAHDOTF = v FEH)
(ECO04, 2 [nI A OHA)

Fig. 3.1.2-8 Ratcheting behavior of hoop strain
(EC04, 2nd time loading)
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3.1.2.3 BHE L HBARODER

BB IS D &, RBRIEROKDMET 45 2
EMBZHND. B DWHELE OB TR b m X
FNZH L, 6 UAFELORHT T D= 2R R
(EA02) DB % SO FENEM & 3 5. AR 5
135172 B O FYEMIS KT 251G & A= O BRI
K3.1.2-9 DXL 57D, ECOSIEIBIFN & 72D, ZDfh
OFBRARTITIFIFEIRA &S U TR AIME T3 2 H [ 28
BN TWD. 22T, IR Lz, sRBRicE 65y
(sch80 DELE A L TV A5 AETHAL TS
& LTHMERIR 2T 25480, MARIZEC TR T
DRI~ E R LTV, Z OB % 5 <
BoTWLOTEERIRE DN, WHNENREL 2D L
HPEHEN S TREINH KT L~V LD BT OEAWN
MELL 2D, Tk, HRER ClE e ToRBRE TN
B DSEBMEIIC A DRI L~v T D, PRIV R

1.2
2
£ .
< Y
o
2 e
2]
< 0.8 o
© u
3 [ ]
=l
26l ECO02
£ m EC04 .
g * ECO5
2041 o Ecos
=
S A ECO7
202 | v Ecos
<
~ A ECO09
0 0.2 0.4 0.6 0.8 1

Wall thinning ratio

3.1.2-9 AR L KK TROMER
Fig. 3.1.2-9 Relation between wall thinning ratio and decreased
reaction force ratio.
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r / Eilas
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40 e *35E:;f,{4 rrrrrrrrrrr —,
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Bending moment [kN-m]
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0 005 0.1 015 02 025 03 035 04

Rotation Angle [rad]

B3.1.2-10 [E#Esf—#hifE£— 2> NEALR (EAOL)
Fig. 3.1.2-10 Relation between rotation angle and bending
moment of EAO1.

FTE72I RER  \IC T S L, I S D K313 B
Wb EEZLND.

3.1.2.4 BLHBRAOREERFY

AR BRI I, BRI A 28N & 2 HERHm &,
ANFVBENL % BEBERGICHE NN S B 70 08 B IERESHE 2 F L Cifi
9 D40 R Ll 247 > 7=, BLFHET 217 > 7o il Bk
(EA0L) 1Z2oW\WT, ZFMALHTE—AL FOEEZEEZR
3.1.2-104275 9. BB TIE Smm T ONER A 127 % 40
S, ®3.1.2-10 TIE R AT ENL E COERA &
MiFeE—2A 2 FE2BEMBLORLE. £72, K3.1.2-11(C
B OL A — e — 2 o FBIR &MY K U
AT o T-REBRE (EA02) OB —iiFe— 42 B
AEPTLLOERT. K3.1.2-10 /05, @EEfdE 34 F
F4%70.0375[rad] (AFIZENL 15mm) FREECHMIIC AL =
EWDODD . T A D &, BT O i EAE HHR T
WEANEREREML TH AT E A ML,
BRI D X 9 2R E AR Tos b B AN AN EO I
PR ADEEINT D X 917D, MY IR L C5 5
AT EATE MR T, BRI oo & 5 Znikigidsin g, &
KREFNI AN BN BEDOBEIM LI L TS, 2o X
D IRBG O T, BRI T 0 K LT O B AR
BT TR O NI EA AR S EE T 503, W
PRI A D &t 0 3R U Hfer O SV R — A I Z507 D B
T TE LN N L 10% ~ 20% @V ME 2= L.

Bending moment [kN-m]

Rotation Angle [rad]

E3.1.2-11 EAO01 & EA02 O[ElfEfA —iliiFE— 2 v R

Fig. 3.1.2-11 Relation between rotation angle and bending moment

of EAO1 & EA02.
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3.2 BRERAER
3.2.1 FHEEERAR
3.2.1.1 HEIKiR
Fm L R OB A RS, 2. 1-11TR T, &38R
EOWHRDUTILL T DO K S 127872,

M

2

Bk (2D_A01)

AA — TR TE LN B A IREIEIE3.35H2 T
botz. T2, AL —TIHETEH O N 5K
RO FZIEEEIL0.44% Th o 7o, B LR
VT ORBRIRDISE R Z 571, WL~
NONIEE L CATI L1400, 700, 1300 Gal D
TR % Z 2 smlSEh Uiz, 2 b ORISR
IZBWTC, T8l s ninoiz. £, IHE
B, BRI BIT 23E AT /LR EE 0 H
L, EOWHE O BEREGH A 2 FEi L-fE R, &
HOFREITBO BN T=.
EETRIR P ERERIR  (2D_BO1)

A A — TR TS D - B A IR B OB b
1%, TNFN328Hz, 0.42% Tho7-. Pk
L)L TORBPIE DO IR E R 2 5715, FAMEEK
LUV ONE & i L7z, AJ) 11400, 1200
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TONMRZBEE CTHRYIELL. AL~
1600 Gal @ 22 [8] H OAMRIC BT, 3B KT v
S (100A, Sch120 BT v A3) ArEIc
BT, AT M ERDIAE L, B aiofRRE &
oo TWNAZ L AMRINT-. ZOMWHIL, 7
TS OFE M GRERAIRENISE Co )
E— AL MZE VISR KRE L 2B AKFEH A O
MIER) DT o YRR E B R O BE PR &
DERNFEAL, AHMCEHPERLZDD
LHTEND. B3 2. -1 ICHHR M A . B
EESEEOOT AT — 4 2R Lo & 25,
ATTL~UL1600 Gal TONMHR3EIH L v HHIC R
WEAELTW /- T, ZOWBRITATI L~r
1600 Gal D3 EIH LV 34 LTEB Y, RO
Mo LIk SRR L, 22 8 B ONE Tl
WHC TV RBEICE o - L HEE SN D,

BROT o AENTEE TOMHAR D%, MR A
YL, TOHS~EEEEET S 2 & Tl
BEE2IT- 72, WilE#%, 1600 Gal TOMYE A HEI L
ToAER, 28 MIE ONRIZIS VT /LR 2 OIS
(Fi) ThHuNMeERHoOEBICX D, WNEKDD
ORI HER Sz, S BIRZ MR L, 29
Bl H OMRIZ I TRIGEFTIZ I T S 272 il
FImERMRFEAEL, NWEKOEH AR S,
Z OBEOWARRIN A2 E 3. 2. 1-2 12777,

ELE I L7 50% A2 3 s DV T,
TF vy NERE L TOBHEERS L OHRDHER
ENTN, FHOBEITHR SR>, T
B, TO5L bAE, MBRIEREDHISEICEIV AT

Crack initiation part

3.2.1-1 2D _BO12BJ 5 7 > W iFETOMIR
Fig. 3.2.1-1 Unexpected break of pipe near an anchor on the test
of 2D_BOI.

.

1

K3.2.1-2 x—nR2 ToHXHEH (2D _BO1)
Fig. 3.2.1-2 Penetration of the crack on Elbow 2 of 2D_BO01.
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el =g
== Thinned wall
"~ 1 | straight pipe part

3.2.1-3 2D_BO1 (ZE T DI DI & H
Fig. 3.2.1-3 Bulge of the thinned wall part of 2D _BO1.

K3.2.1-5 =/LR 1 (RN AR) 2B 5 & HEm
(2D_co1)

Fig. 3.2.1-5 Penetration of crack on Elbow 1 (thinned wall elbow)
(a) Crack on side inner surface of Elbow 1. of 2D_CO1.

Penetration part

(b) Crack on side inner surface of Elbow 2. (a) Crack on side inner surface of Elbow 1.

(b) Small crack on side inner surface of Elbow 2.

(c) No crack on thinned wall straight pipe part.

3.2.1-4 2D_BO01 ORGVEE S R
Fig. 3.2.1-4 Penetration test results of 2D_BO1.

K 3.2.1-6 2D _CO1 D2 B LRGBS
Fig. 3.2.1-6 Penetration test results of 2D_CO1.
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Fig. 3.2.1-7 Change of transfer function.
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BE3.2.1-8 HABRERIZET DL

Fig. 3.2.1-8 Waveform at the maximum response.
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B3.2.1-9 ERIEERICET 2IREB DL
Fig. 3.2.1-9 Change of dominant frequency of the maximum

response.
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Fig. 3.2.1-10 Relation between input acc. and response acc..
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Fig. 3.2.1-11 Relation between input acc. and response disp..
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3.2.1-12 e RISAZEL & = VRIS 1 5 O 7450 Bf%
Fig. 3.2.1-12 Relation between maximum response disp. and the

strain at an end of an elbow.
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3.2.1-13 FEBRRE A & MUBINEMT & Ol (2D_A01)
Fig. 3.2.1-13 Comparison to linear response analysis of 2D_AO01.
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Fig. 3.2.1-14 Ratio of ratchet deformation of 2D piping models.
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B3.2.2-1 AR 1ICBIT 297 &% (3D_A0L)
Fig. 3.2.2-1 Fatigue crack at Elbow 1, 3D_AOI.

(a) Crack penetration occurred at  (b) Fatigue crack at Elbow 1.
Elbow 1 during 1850Gal #03
excitation.
X 3.2.2-2 3D _CO1 OHkHEEHE
Fig. 3.2.2-2 Failure mode of 3D_CO1.

(a) S047 side. (b) S043 side.
3.2.2-3 3D _C02 /LR 1 TR SN & HEwmpTORE
FiOZA (1850Gal, 1[nIH DIHE)
Fig. 3.2.2-3 Pipe surface deformation before crack penetration at
Elbow 1, 3D _CO02 (after 1850Gal_#01 excitation test).

(a) S047 side. (b) S043 side.
B3.2.2-4 TR 1ITHIT 9L &% (3D_C02)
Fig. 3.2.2-4 Fatigue crack at Elbow 1, 3D_CO02.

(a) Crack penetration occurred at (b) Leak of water at Elbow 2.
Elbow 2 during 1850Gal_#01
excitation.
3.2.2-5 3D _CO03 OTkIETEfE
Fig. 3.2.2-5 Failure mode of 3D_C03.
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Fig. 3.2.2-6 A line on the pipe surface before crack penetration at
EDM notch, 3D_DO02 (after 1850Gal_#01 excitation
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Fig. 3.2.2-7 Crack penetration occurred at EDM notch during
1850Gal_#02 excitation test.
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Fig. 3.2.2-8 Failure mode of 3D _DO02.
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Fig. 3.2.2-9 Response acc. at Elbow 3 and internal pressure
(3D_D02, 1850Gal_#02).
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Fig. 3.2.2-11 Relation between max. response disp. and range of
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Fig. 3.2.2-12 Relation between input acc. and ratio of elbow
deformation.
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Fig. 3.2.2-14 Ratcheting behavior of hoop strain at side surface of
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Fig.4.2-1 Finite element mesh subdivision.
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Fig.4.2-2 Material property for the analysis.
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R CIZBWTITR A M5 BN LB THEMMIS, /-
R DILA BOBEMIC/R D EETI R IC/RD. DEVE
2EOHT IR L TH A~D IZBWTRATRIC — ool
FREZ->TWD EBXLN, ZOS>OMFREE D
W LERELZEZ TSI bDEELZOND. K
4. 2-13 [JFELAE I bri B3 ASERE STV B IRED, il
WO %ERT. ZORICBWTENREL R DI
NCBIERISHNKREL 2D &RL, EkLZX oI
ZOOHITBEZ o TN D.

4.2-9 MHEEOT Z0AE (ECO5)
Fig.4.2-9 Equivalent plastic strain distribution of EC05.

S SO oD fNF AN E = AL ITERE
WAE U TH25mm DEFZF %5 2 TW5D ECO2 IZH X

TIED. 2FV INODOEF A TIIAE BIZB VTS
BWOOTAIBENRK E2RY, B Lk 2 REEL
BT D A B = X 2T ko TEBICEFIAIC X 2!
BADHEDOLEEZLND.EC06 2R ETHODETNMTE
WTOMIE A B = X A%, ECO5 OFEEITERIT 5.

EZABNIEDR ECO6 IZBI L CidE o7=< B b
WHETERE & 72 5. ECO06 RRBR{KAS 20 ¥+ 7 /L DR % #4&
Z TR OFY B OT B O A 2 B 4. 2-14 [T T,
ZORBIRL DI HON THYBHEOT HOMENRE <
2%, BIZRWT, o B NEEIC IS CRFTH 7 EE
ERFELTWHONRBEIND. UiV A 7 V52 HE
5T LicHmaAmE L L, PRI T LT, K%
T AB By (90° J O 270° il CTRATMIEIRE %
RAESEBICH-TZbOLHEESND.

F 72K 4. 2-151213 5 A~D TOH G A OO BB %
RY. ZDT T T THE B OAAN 13 A 7 LD
WHZ L CWAERDND. DFED 13V A 7 VHTZ0 0k
JEJEAZ I D Wi B FEOIIL AP L ol &
2 & 9. XL TBIROIERD LA EIT S AOEHOT
HARMEA K & 72 0 AMU S B F AN E R/PRAE LT- 2
ENTEEND.
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Fig.4.2-10 Strain of 3directions at B point.
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Fig.4.2-11 Stress of 3directions at B point.
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Fig.4.2-13 Axial stress in compression.

ERHBFEOME EE—

A IED

0.2
0.15
0.1
0.05

Strain
()

-0.05 i
-0.1 j
-0.15
-0.2

10 15
Number of cycle

B 4.2-12 & [ICB T 65 MOT 4 (ECO5)
Fig.4.2-12  Axial strain at each point (EC05) .

B 4.2-14 AHYPEOT A5 (ECO06)
Fig.4.2-14 Equivalent plastic strain distribution of EC06.
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Fig.4.2-15 Axial strain at each point (EC06) .
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4.2.5 RREEHBENER O -EHHE 2

ZF =y NMEW &S BT R A o TR, O
TR Z, EHEEEEZBRE L REOT N E
BRI A= ELEZBND. ZiUT Coffin b AMRE
T2 BEOT HDOIFAEICASE D EHEHFED B LY,
A A 7 VAR FREPMR T T D E VI B HITESH
TWa., EARNZREZF & LTUIOTAIEED HRD
LD G D /NT A —F DATH L, BROTHD
TEAEICPE D JEVEVFEZ B8 LT D, &R, RO 2
DIFEITFE D IR A 7 VI TR E DR N % F R FE
fid5FEELEME LTS,

PR D/XT XA =% DA~ A F—HIZHES b &
EZ BN, OB, RFEH STS410 M DIKY 1 7 V955
¥ 1% Manson-Coffin Hll, & O Basquin 7> 5 kXD X
IR EIND. ZORITHEX TR0 T HHPH A, & UEHT
Fan N DOBARBELND.

Ae,=C,N, " +C,N,™" (4.2.1)

ERUTINT C, 1M 77 SRR, -k, VXIS 57
SREEFREL, C, 1 XYM TR ARAR, -k, 1 RVB MR 77 TR
B THD. AR TITRA TR SN DRI EE
TTkEHE 2 CR o B 72 R FEEH STS410 D FIRFKER Ot
EHWAFEL L.

Ae, =0.6158N " +89.08N, " (4.22)

EXERAWRR, AT —HlLY, EEOE0T
HHRIE A g DZ AL N, Bl D IR S L7356 g
n IR Lo TRKEND.

n N
n=7y. v (4.2.3)

=t Vg

ERizB T, BEOTHEBRENG A =1 [ZeoT-
IR %

F 7z Coffin HIZ X B EIEMETHFED /XT A —4 D,y 13LL
ToXrickans.

D,=— (4.2.4)

EXRICBOTHIIBBOT A&, ep (TUEH DM
IEPEZ KT £ (2 OV TERTR S5 B [9RRER
THONDWEAL Y ()L o TERSND.

100

Ero :ln100—go (4.2.5)

IR B AT TN T BT E M 5 ORI 1 J) FEFE
HeAlhh 2 CoRed BTz bR STS410 DA BLRBRAE 5
£V 1124% & LT,

B A 7 VT F = v MEIFHRE DA E LT Coffin

FRAERERL TV D.
D,+D, =1 (4.2.6)
D, =(n) (4.2.7)

ERICBOT n i3EKE TS, #50 Yo BEE O
M5 ORERRE T HE ST, — M7 g8k Bl o DI,
n% 0.6 T/ LIZMEE SHTWA. FIHITHPE &%) 728
BarRAWENET F =y MNEFRBROMRN G, K
WCHEIC &5 Z8E 8BV TiE, @2)RTRD S
NBEWBE VRS A 7 AV FGNEL D E LT, ZilshH
BB BIET A 27T F = v MEFHMGIHMERE LT,
PUFD2 >0 FEBRAERE L.

HHORBRAT
3Pa* Dy =1 (Pr=02s) g
D, +3D, =1 (D, >0.25)
O R
D,+2\D,D, +D, =1 (4.2.9)

7%, BRI Te TR L2 BE ORAEH 78 7
MOTHRE LTS, £z, Z7BrANy NIZLDAME
MEBEABIATES CRLZEZE20FRIERE LT

Dy RBEIM LTS, T72bb (4.2.7) LT4.2.8) Tl

LRI B RBRIR O BERA 22 O B2 V220
~ 7 R BN LEHE L EERTHD. Lo T
JRPTH 72 B O Rl 2 B4 T& 5 FEM fi#Ticii
5 LRI R EMOFER LR D FITE DR, L L
NHT7F =y MEBOBLEEITH BT, EHIHELZE
TOHENREREERERTHY, Dy x5 Dy O %
T 2 FIXR A E ORI IET A TH D
EEZLND.

Z Z TR 2-16 IZNJED BT S AL TV 720 BCO6 % i
W 2RBRIRICK L, e bEG O RIEA &V R B
[ZDWT, JHBREED /T A—% D (n=0.6) % HEEIC, iE
PEAHFED R T A — 5 Dy %Mt 7 7 v b L7z Dy - Dy
B amd. RBHEIER Lizg 1%, &% A 7B
DEFEOT g OVEEE L >TBY, A 710
Emax & Emin 2R LT, 2 TEST-ETHD.

X HZ 3BT EC05 38 K UVECO7 1220 %A 7 )L E TD,
ZOMDET VL 50 A 7 NVETOIMRIZ LD DDy
MXOBRETHD. OV A 7 VEIXERKRE O - W
B &G del=, 50 ¥4 7L TIERE 1| 71 v 72y
T %. EC05 3 L NECO7 I oW TILER TET 2 £ T
OYA 7 NVEEL, 2047 VETHA L. P, &
ETVOIBREIINIRANC D, , DredH 0% &0, MRS
FEVRAIZZDEZ DT L TWD.

A Bl OFRHT#E R T Coffin 272 L7z b D% EC09 O
F, FTEHIHOFERAXT 22 Lzb 0l EC9 LY
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ECO5 &7 o7c. E-HHOFERAD 2T HOIT
EC05, EC09 (Z/12 T EC07 & EC02 Aiifi7= L TW5.[X
NHIEETE 53 E LT ECO7 (75%A) KT8 EC09
(60%I8A) RERIED Dy FEPML ORI~ 5 < 72
STWDHETHD. DEVAERENET VL, T7F=
v MLV EHEFHOTHBEL 72, Z D5 EETE
FENELS RoTWEZ ERbnd. EBROERTY,
WL D HEE T USRI R CE RBREE L TV

L. TRD BB OER S (TRE OMERIEI & b 2
BHEZDNTA—FTHLEEZLND.

B R OREEZAGITHE O TR Z 2 Rl FIE O IE Wl E—ANED

= A4 2-1 [TEBFER & TR O BRFT 21T > T
5. KFMHDMND EBY D> 025 TREMWNFED L
HEET2HBEOERXI OFERD, BEOLEM
D5 EFFER OB RS R BES RoTnDH L
EZHN5. EBRTIL ECO7 BNk b R HIRICE-TE
D, IEVEEFEOEEN GRS HTWD. EEY 1 7
DFWIEIZ ECOT—EC05—EC09—EC02 DAF [\ % AfEHT
BT 2HHOERAXIITIEFICRIEX TRY, kE
XD 2O L L LT, Z0 Dy- DR AT
HLEFELTRLTND.

1
~ Coffin equation
0.8 T Asada I
\ ~ Asada II
= 0.6 T EC02
04 \ ~ ECO5
=] ~ EC07
0.2 ECO08
RN e AN oo
0 %
0 0.2 0.4 0.6 0.8 1
: />~
e 0.1 ] 7\ I~ AN
o '*\
= %’ ~
0 —_—
0 0.2 0.4 0.6 0.8 1
Df (=¢"*)
® 4.2-16 FRBRIKD Dd - Df #RX]
Fig.4.2-16 Relation between Dd and Df.
F*=4.2-1 B BRBRIR DR G F
Table 4.2-1  Analytical result of each test specimen.
Test specimen name EC02 EC04 ECO05 EC07 ECO08 EC09
Thinned depth 43 43 4.3 6.45 2.15 5.16
(mm)
Frequency input into 20 cycles | 20 cycles
the analysis 1 block 1 block (0.4 block) | (0.4 block)| ! Plock | 1 block
Pattern of input disp.wave [Sine wave| Randor:::}l;phtude Sine wave | Sine wave [Sine wave| Sine wave
Damage rate n
(In the last cycle) 0.545 0.088 0.784 0.305 0.096 0.869
Df (In the last cycle) 0.695 0.233 0.863 0.491 0.245 0.919
Dd (Maximum value) 0.093 0.073 0.106 0.146 0.072 0.114
Destruction number of cycles ) ) } ) ) 36
using the Coffin equation
Destructl(.)n number of cycles ) ) 16 ) ) 25
using Asada I
Destruction number of cycles
using Asada I 12 B ? 8 B 1
Destruction number of cycles
by Experiment 3 x50 5 x50 20 19 7x50 33

= did not reach destruction during 20 or 50 cycles in analysis.
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4.2.6 Shell ETIVIZLZERBTFE

HIEIE TIZBW T, RFTHEAE A 3 2 FlE Ol
ADZANEEBRTHENTE, SH/WBRETOKBELZ
OWEFG TR ZIT O FRHKEZ., 22 TEHELIC
Shell €7 /L% 5 $C, AiiffiE TIKAT > 7T & L 0
HEICFEM L, 7 X AMRIBEDO/RT A Y v o 5l
T 2 R AT

FEMTICEA L T ET LV OIER K R 5 21772 9
7 Fut v 7 Microsoft DFFHH Y 7~ EXCEL
T, EBCEE RIS O YA R—IZiX ABAQUS %, fi#
WHEROHAWETROIRA Nk y v 7T
ABAQUS POST % Z I T ARIEHT DR —o
LLTFY Pty /T EXCEL # W=z
bMb. EXCEL #fff3 5 &, Bz L5 2ET V&0 <
SHIERT DA, —ODETF N EERTIISRITE K
EEZDITTC, ETAMERMEKD Z, (T A—HG
RETHBOETAERICKEAGRTH D, #IT Shell
T VORISR T2 R e Db vt — & —2nIEw
ICHAMTH D4, REFEHTHD.

Shell 7 /VOET N KER 4. 2-17 1277, T VL
L 72 Rl 3T AL 5 R LR BETE 5 4 HiAER
Shell 38 & HIVy, RITFRECNIE, BEBMERATICHEH L7
e 1T _T4221CxH69 5. BS80S 582, EHK
1% 530 T, ECO05 OETF /VEFHET 5 DIZETEE L7z Solid
£V CPU-time C 8hours (HP # J5000 fififl) <& 5
DITXT L, Shell &7 /L1 35min & Solid &7 /L DK 7.3%
ORI THENHED. T OFFRR OB 3@
Db OIRKTZAT 5 3T A —ZfRETICKR LIEFICHEATH
D, E7-Zy 7 DIRWEWS =3 THERAHKS.

Shell &7 /L DI HEMEZ T 5 72912, EC05 D P-§
B —7 % Solid €7 /L& Shell T /LDl HFIZOWTHE
4.2-18 17T . F-H A 7 AEICHT 5 B AOOT I
ONTC, ENEFRHE L OEE 4. 2-19 [Z7RT. &
B AOMEE LT, 1ZEAE-FHLTRBY, ZTOKK
&% Solid &5 /LT 55.4kN, Shell &5 /LT 55.5kN & B

100
£ 50
3 7
=
£ 0 /
= //
8 j
§ -50 4
o~
-100
-50 -40 -30 -20 -10 0 10 20 30 40 50
Disp. (mm)
(a) Solid model.

WA R LTS, OFTHICE L TIE Shell €7 /LC
HDH%, RETRRIET O OF RIS FRHR
RV, oD 2 FROOTHITBE L THHIRW—EA R L
T35,

FEHNEDOE EC06 IZBI L THFEIERIZ, W1 7 %k
VW2t B ESR MEIZ ST, Solid 5 /L & Shell £
FOOEE L L7-M AR 4. 2-20 (2, YA 7 VEISHw
5 A HOOTHIEHONT, ENEFREHELEZKEZR
4.2-21 IzENENAT. MEARKIIOBREIZOVWTHR
W—EERLTEY, ZNOORDLMEA =X L0
#7272 EC06 IZBILTH, FEWITREE DR WFHFERMERN
RENTNWDIERDLND.

PLE X Y Shell 5 /L1 Solid &7 /L & 4= < [RkEDEHT
MRETT I ENbhrol. KAV Shell €7
NTENATIRET NV CTh D4, WEOEREEHT
THEMNHK DA, Shell T 52 BHTHIZRIRIE T M OIG
NROT HITATR L@ AT 28K, L
L Solid &7 /L CatfliZ2 s R iE 2R L, EHEARE Y
DPIRTEINTHE (KT CIEB S LA ), FEFIC
MBI THENRTETHDL EBEZLND.

4.2-17 Shell EFNMIZBITAA v 2

Fig.4.2-17 Finite element mesh subdivision.

100
Z 50
7
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§ =50 —
(=2
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Disp. (mm)
(b) Shell model.

4.2-18 ECO05 (Z#1F % Solid & Shell E7 /LD P-§ 71—
Fig.4.2-18 P- 6 curves of EC05 Solid and Shell model.
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(a) Solid model. (b) Shell model.
B 4.2-19 ECO05 1231725 B O OT AR
Fig.4.2-19  Strain history of EC05 at B point.
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Z 50 A gso A
= i
AL 2. I
-100 -100
0 > II\(I)umberl (S)fcyclgso » 30 ’ ’ IIEI)Hmberl <5>f cyclgs 2 %
(a) Solid model. (b) Shell model.
B 4.2-20 EC06 \Z330F 5 faf FH s T EIEX
Fig.4.2-20 Load point reaction hysteresis of EC06.
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0 02
% o 11111 ] IR WO o o B
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Number of cycle Number of cycle
(a) Solid model. (b) Shell model.
& 4.2-21 ECO06 231D A ROOT AJEEE

Fig.4.2-21 Strain history of EC06 at A point.
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4.2.7 5 03 LRIEROR EREC I 55 & f el

EC04 BERIBIZHWHNTZE 2.1-8 (D) IR T T & A
PRI D IRENZEANAST 2 AR %, 4.2.6 TEF L7 Shell
T NEACTHITZ4T O 2 & CEMIERF OB BB
L.

X 2.1-8(b) LRI UL Z 5 %, ZDMEFZ KB/~
BATESHHET /L% EC04L, /D RA~BITESET2ET
L% EC042 & L. B4.2-22 12D AR ERT.

fEMTAE S & L CR 4. 2-23 |2 EC04, EC041 X% U EC042
OHARLOCRAREOELE ZEIURT. KIZBWTHME
Y1, WEX Y2 #ilcEznEnxtisd 5. Z oD
b, »H5—EUEORETHRELVCRAREOELR R X,
FNUT T Z > TWARNWZ B2 5.

- 4.2-24 23 ODFTND MR BIZRBITH 25H
OOFHERTR, R0F0 250 E S —EELLT OZENL
TG ERET, 7F =y MIBRRIEMNSKEL, &
D EMZ @A TRFCOREZ > TND 2 ENDND.

40 40
2 20 n n n a 20 ﬂ
£ N £ 0 fn WWWMWN%WV“V
20 HIH 220
-40 -40
0 10 20 30 40 50 0 10 20 30 40 50
Number of cycle Number of cycle
(a) EC041. e (b) ECO042.
4.2-22 AT
Fig.4.2-22 Input waveform.
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bt w
) ®
3 8 — Outer diameter
% 130 3.5 ”E Analysis:0°&180°
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Fig.4.2-23 Outer diameter and wall thickness change of each analysis specimen.
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B 4.2-24 HFRRBRIKO B HOO HIEIE
Fig.4.2-24 Strain history at B point for each analysis model.

4.3 RBFMBANZEYT SEEDOMHENT2 (HE)
4.3.1 BFETILEEYE

AEITIE, 2.2.2 TR~ 3 RTlE RABREN DL

W EEFRICHER Y L, ZOHEARIEE AN
BT LB BT 21T o 72, TOXIZRIZ LT=D
ITRFEHE DT NVRE D THY, 2RO & NEEHE
BHEZG 2000 2BETHL. ZhbizzhEhar
IRERE SR RRBRIA 3D-A01, 3D-C01 D /LR 1126 5.
F7-, BERITIT 9.8MPa ORER—KEICH 2 BTV
%. K431 IZERICBIT 2 VR EFEROFHNLE %
AT ET, B43-2 (2B CEVE SRICAT) LIz N
%, B4 331K HBRKO =) LRBRBAAN &R T

FEMTIZB LTI E T VO AL VR HF 21772 5
7V 7aty v /I2iE J-VISION %, FEEICHE 21T
729 YL N—IZi% ABAQUS %, fEMTREROE N &7
WA M F oty 7T ABAQUS POST 2T
VW=,

AIFFETIE, 4.2 FER, 2 DORBRIAEIZ OV TANEIF
R L2 BRI 7R 3 OTHUBME T 21T o 7. #ii07e 3
WICHIBERAT T 5 O TR Z EH L, SBICAN
IR VRERIC L 5 2 D D5 2 ikt 217 -
7.

BARMIZE, B 4.3-3 OFFRIZ LT 3D-A01 Tk 8~

55sec 3T, 3D-C01 Tlk 9~60sec {13 D = /LR EH EARTE
ERiEEME LAARE Lz, R LY 20
Huoxtd 2 =V RBRAA N AR 4. 3-4 1R T
ETFMELTIZREIZT A Y RT A Y w7 20 FiSE
FaeAV BIRE LCOIBmEEBE LT L 2 ET VR
i LS O L7z, E7=PEIC W CIEERIC
Wb L, NEORBIZLVEENESAT
NOIREIEMNZ 5 22 L 912 L. ZEHFEHE 3D-A01 T
1944, 3D-CO1 T 2160, #isi%xi% 3D-A01 T 10545, 3D-CO1
T11669 THD. TNEND A v 2K%EEK 4. 3-5 TR
FHIENE & LIS R B O KENIREIZELL & 5 %,
TEHO=AREIFLTND

FEER AT DB, —/VREICIEBIBAZE N B LM
UV EBETILERD DD, RERICBWCEHUNE
HWThorHEL, QNUVEIMIEL PHRINDZENDLAR
fRFTCIZR LY E— A v FEBEETITHIT 21T 72,
SRPEMERRAT I L7220 4.2 [FlEE Mises DREIR St
(233 < Prandtle-Reuss DI THD. F7= AT L= E
F—2t 42 THH LSO LR 2 EHELE L-BE)
TELE T )V CRRNT 21T o 72
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Fig.4.3-3 Elbow opening-closing displacement.
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Fig.4.3-1 Elbow displacement measurement position.
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(a) 3D-A01. (b) 3D-CO1.
4.3-4  FRENTIC AT Uic = VAR oo B BHZE T B
Fig.4.3-4 Elbow opening-closing displacement input into analysis.

(b) 3D-CO1.

4.3-5 fENTICHER LIc= A REM DA v a2

Fig.4.3-5 Finite element mesh subdivision.

4.3.2 ILKRBEDETHEEAHD XL LBHEREE
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% 4.4-1 FEBRE IR & AT A
Table 4.4-1 Comparison of analytical results and experimental results.
Test specimen. Flaw shape and type Loading condition | Experimental result| Analytical result
Depth Input displacement
Name|MaterialfCrack Type ¢ - Thickness deg Pattern of Disp (mm)x Penetration cycle
test frequency.
+ 50 mm x 71
SCO01{SUS304] SCC - - Sinusoidal (3 blocks
Sblocks
correspond. )
150 y 173
SC07|SUS304f  SCC - - Sinusoidal i (7 blocks
5 blocks
correspond.)
+ 25 mm x
EM02/SUS304] EDM 0.5t 360 Sinusoidal Iblock 8
(Constant region 16
waves)
Rand litud +25 x 69
EM03(SUS304 EDM 0.5t 360 andom amplitude mm (2 blocks
wave 10 blocks
correspond.)
+ 21 mm x
. . 1 block
[EM04/SUS304] EDM 0.5t 360 Sinusoidal . 10
(Constant region18
waves)
Rand litud +35 X o1
EM05/SUS304] EDM 0.5t 90 ancomm amputice mm (2 blocks
wave 4 blocks
correspond.)
. . 44
EMoslsuszod  EDM SCC Crack and qulvaleqt cross section| Sinusoidal + 50 mm x (2 blocks
(SCO1 simulation) 2 blocks
correspond.)
. . 214
EMoslsuszod  EDM SCC Crack and qulvalept cross section| Sinusoidal + 50 mm x (9 blocks
(SCO7 simulation) 4 blocks
correspond.)
+ 35 mm x
. . 1 block
[EMO09|SUS304] EDM 0.5t 90 Sinusoidal . 10
(Constant region 19
waves)
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Fig.4.4-6 Surface crack extension with increasing load cycles (1/2).

gos7 O



4. 4-6 TRHERRIKQ22)

PSR EEATRAETTOI S AR 57 220 5 2001 4 10 4
— Inwall
External wall
60 Initial Crack
ﬁ_\ 100cycles
/ 40 _\\ — — —-150cycles
/ / 36 \ \ — - —--200cycles
// // \\
\
(r. 1t
-80 -60 -40 20 0 20 40 60 80
(d) EMOS.
—inwall
/’/'—_'_‘s.\\ — External wall
Z . -\ N ——— Initial Crack
/ / \ Beycles
/ / i \ —-—--9cycles
/ / i \ —--—-10cycles
Il N
-80 -60 -40 -20 0 20 40 60 80
(e) EMO09.
— Inwall
External wall
o} Initi:l Carav:
= -\ 20cycles
\ — — —-40cycles
//// \\\‘ : __ j:]cycles
cycles
[ [ \
1 L
-80 -60 -40 -20 0 20 40 60 80
(f) scol.
e Inwall
External wall
66 = Initial Crack
= \_\ 60cycles
/ﬂ\\ — ——-120cycles
/ / - \ —-—--150cycles
/ / \ —--—-174cycles
[/ \
NN L
-80 -60 -40 -20 0 20 40 60 80
(g) SCo07.

Fig.4.4-6 Surface crack extension with increasing load cycles (2/2).
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Elastic response
analysis
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ﬂ Ratio of these values

U ﬁ

Vibration energy and dissipation
energy of piping system

l Elasto-plastic analysis ‘ l Modal analysis ‘

Relationship between
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dissipation energy
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response displacement and the
] equivalent damping ratio

Prediction of
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P Relationship between the damping ratio and
the max response displacement

B5.2-1 ARETHRELZHBMESETREDFIE
Fig. 5.2-1 Procedure of elastic-plastic prediction method proposed
in this section.
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ZRD, TONIEREL D HBRTR LT 2R 5.
@ BUE R DE— AT K ORI OIRBISE ST (ARG
TIIRE AT FIVERT) 24T\, BLE ROALNE &,
EAIRENE, skl & RIS E OBIRZ KD 5.

@ 3T R F L EE R ERORE) = R L DL
] DM L & RE RN OB E KD, H2 0
78— MZBVWTRD b HUERINE &R OBfR &
MABDED Z LR HBESERE R 5.

ABFZE TR L 7o 2 &3O R OFE &2 LU R
7.

5. 3 HBMILE FAFEDFTEDFM
5.3.1 JHERI RILXERO 571=H D FEM fiZ4T

/e % DI EINZ B W TR N E T 5 01, Bl
BROPTISABNERT LR, T4, VT a—H, /
ZNDESy EEZBND . RN, BUE R TROKIS 1%
ERETE 2201, 2D ORERFHRTH Y, EHE OE
BB WTEWEENELS Z LidEhARz e EX
LD, BUEFTFICEBIT 2BHEEREOEB = L F &K

#5.3-1 LR OER
Table 5.3-1 Specification of elbows.
Elbow Quter Thickness Bend.mg
Name Diameter (mm) Radius
(mm) (mm)
100A
SCHS80 8.6
114.3 152.4
100A
SCH120 1.1
W]

o
4%’ Input displacement @‘
) )

X 5.3-1 = )LRfEMTET L
Fig. 5.3-1 Analysis model of an elbow.

#&5.3-2 T LARSIBMEANT O A TSR

Table 5.3-2 Input condition of elasto-plastic analysis of elbows.
Elbow Name P(rf/{s}s)l;;e Amplitudtz r(r)nf;)nput Disp.
100A SCH&80 11 5,10, 15, 20, 25,30,35,40
100A SCH120 0 5,10, 15, 20, 25,30

gooel

HDH LRV, IRESE RIS 22058, b b
G582 KD D AT, EEORERICHN LR
L2 TOREMFOWB TR LX %, Wt L <ILFEM
FENTIC LV BB CENIE, [EEORE RERICBIT 51
PEETACHE ) MBIV X 2R ETE DL EEZLND.

22T, =R OmAN TSI X D BT T O
T VX & FEMAENTIC X 0 BE L7=. FEMfi#dT % F2hi L
7~ LR OHEEZ RS, S-1TRT. T ORI R L s-x
VIR, ARFZECIHE R AT O = VAL S R B A
T ONLAREE RIS SN TV DAV R TH D.
Bl ROIREE— RE2EZET L, ZNHDTLARTO
BT HNI T BN TH A Z o, WS
B3 D HIBPEREAT A JEhE L TV D
fitroETFT L2 R5. 3-11TRT. ZOFET VL, /LR
D% 48 43E], dhFmEzE 125% L, = /VERIZE
DR S NTZET LV Th D, /LR OEREIITE & MR
DISEORSOEE R LTV ER>TND. [H
WHITF DR EEETD 2 b VRO T T VL
LTW5. ZOfHTET MR LT, &5. 321053 THIE
FONEN T O TR AL 2 BT L. 7238, ZONELE
BrCAMm LIZNEEZ VTN 5.

FEMfENTIC L 0 o= L ROENETIC L A E
AL AR % K5, 3-21 R~ BEE I L v i S h D =

8.0E+04
B
£
t 0.0E+00
(]
€
o
=
-8.0E+04
-0.15 0.00 0.15
Bending angle (rad)
(a) 100A SCHS0.
8.0E+04
€ I /[U%;
£
© 0.0E+00
(]
€
o
=
-8.0E+04 : : : :
-0.15 0.00 0.15

Bending angle (rad)
(b) 100A SCH120.

5.3-2 = VRO EEN R
Fig. 5.3-2 Load-displacement curves of an elbow.
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FNFL, ZOMEEMAFEONE ORI E L TR 5
TENRTEDL. ANEHTHDBHIEMNSRDBND
Hi A s R L X ORR A 5. 3-8 R T, Z oK
WRT L DT, 2 OBRBPERE TR TFETIEZ oS A
LM R VX OBMRE R TENT A2 L &

Ae=4-(0-4,) (5.3.1)
A, A RO

Ae : T)LIRTOHEEL T R /LX
0 : =/LAROEN T O AL

2.0E+04
L[ o Analysis
15E+04 | —— Approximation
E i
Z 1.0E+04 |
L L
<
5.0E+03 |
0.0E+00 oo
0.00 0.05 0.10 015
Bending Angle (rad)
(a) 100A SCHS0.
2.0E+04
L[ o Analysis
1.5E+04 L —— Approximation

B r
Z 1.0E+04 |
< i
<

50E+03 [

0.0E+00 0O/
0.00 0.05 0.10 0.15
Bending Angle (rad)
(b) 100A SCH120.
5.3-3 TILRDOEHT LT
Fig. 5.3-3 Dissipation energy of an elbow.

THHLT RV & LR il o BI£R 2 23
VOIS
Table 5.3-3 Coefficients of approximation of dissipation energy

#*5.3-3

and bending elasticity of an elbow.

Elbow Name A, A,

100A SCHS80 1.242E5 2.964E-2

100A SCH120 1.989E5 2.511E-2

* The coefficients are calculated by using Nm as the unit

of dissipation.

%2205 2001 4£10 A

fiEHT TRD BT IHELT 2V % %2 B TR/ RIEIC &
VIl LRGSR, /5. 3-SR TR G H v,

PLED X910z, AT Caf Sz A &,
ZORRE L THLNDZIFRINORDEN L F— A
v bR EEM MR A R, £ O EEMIRON
HoOmEE L TER= VR REE Sz, 2O/,
P B L T XL F ORMRSSRD bl 2 & L
5. ZORRRIT, BUESR THIBMEZIES A U 558 O
IREET D00 T — 2 LD,

5.3.2 IREIE— FEEMT

WlhE— R CIHIERIT— FOBERE & & EAED
AR, (5.3.2)RUT L 0 ELERBEORE) =R /LF %K
5. fENTET AL EES5. 3-4 K OES5. 3-5 10757

B 5.3-4 fEHTET NV CEmEblE Ratiig)
Fig. 5.3-4 Analysis model (2D piping model).

5.3-5 fEMrET IV (SLIRELE RkBRIA)
Fig. 5.3-5 Analysis model (3D piping model).
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o : BEAAREEK
E :EEB)= 3%
X, @ KISEENL

m, AR

2R ORBRIR DS H 3 2REE— F IKIREIE— F)
(ZR T D EAIREEL, ©— NEERORERL 2 RS 3-4
WORT. 20— NEE SR TG 1A 2 BT ARE &
D, TOENERERDDLZENTE L. LLEDOFHE K
0, ISEENAARF T 2 E R ERORE = 1L F G5 R
TORBE— FORB=RLF) 2HETLILNTE
%.

5.3.3 IRENGEMEAT

5 BT D IRENE — RORREN &AL AR NI
BB AEOMBRERDDT-DIZ, HEHT HIEH)
E— ROREFHET 2 IREMNT USE AR SVIRET) %
Ehi+ 5. 723, BT VL, AIEOIREE— Nghr &
F—DFET/LERNTNAS.

#5.3-5 L OV 5. 3-6 12 2 FHHH D i BR IR D e RINE AL
BETIVROMMB Y BEL RN OEOLFEEZRT.
TR B0 AL, VRSO ST

L EE O/ R ORI A (BEZ0) K FEH Lz
RRIGER L VROIMMN 0 ORI, RRINEN
AT D1 A 7 VITBWTEMEEIZIC L 0 A4 U i
FNFERDDIZDOMHEE 125,

FIPEETE RS AT D L ELE RO BRI E T 57
ONZ, BIEMITIZ & 2 ER O SRITEE I TR 5 R

LR FEOMIIE s — A I

FAMEISE TR TFE T, BHER ORENEE R
RO FORFTFEIRTEL D & L, BEEREED
ERARDUIHMEEIE L1 E A ER—TH D EWVIIRED
T, BIEORBSE E LTI HF-> T\, KRB,
VM K B IERIE OB 1V X & SR
ELTEREL, MBS CHBHLEEZ THT 5
DTHDH.

IRENSEMNT T, B VRN 0 AEOLROM
W2, WO CISE BN OBMRE RO D Tk, T F L
WA TORRIGERZBELOBEEE LTERTHOT
HD. BIEOT o F NREE, EBESE (HBIEE),
FOIRE) M ORIIRE) (48 1) DRy O ERGHEE LTH#R
FTIENRTEDEEZ, 70X LPEANCEDIRIIGE
(RIGE &) #ROXTELT 5.

X e = o _(?+ B, -exp(-B;-{)+ 34] (5.3.3)
P NI ORI (NS L)
¢ (BRSUEOR )

B,, B,, B,, B, : IrlXD{R%K

X, ¢ RIS

ma;

(04

ST AL A SR B M O AR LS SR BRI AV T2 AT
(Petrik 7 o & L) %R 5.3-6 L OK 5. 3-7T1ZRr9. =
NEDT o F LW a NI UT5E DINE AT s ViR
fE R A B ERin I CToRME Bz, RBRIK R KIG
BTN TR U7 B e OV Z OB TR D BT 4R S &
X5. 3-8 x5k 5. 3-Ti1zrd . 728, BT 245851,
AST & BB R ORISR GET AETH Y, RER
DIRBEZ I DI PEIE, FAES), TR IRE RS
tegEERIMEE D,

#5.3-4  IREFRME
Table 5.3-4 Vibration characteristic.
Pinine Model Fundamental Natural Modal Mass Participation Factor in the Effective Mass
ping Frequency (Hz) M (kg) Excitation Direction m,, (kg)
2D-A01 3.16 623 0.841 524
3D-A01 2.58 391 0.772 302
#5.3-b T REA L L RRINEENMOLE (2D_A01) #5.3-6  T/REAE L RRKINELEMDOLFE 3D_A01)
Table 5.3-5 Ratio of bending angle and max. response displacement Table 5.3-6 Ratio of bending angle and max. response displacement
(2D-A01). (3D-A01).
Elbow No. v (=0/ X (rad/m) Elbow No. v (=0/ X (rad/m)
EL1 0.1848 EL1 0.1082
EL2 0.1833 EL 2 0.0888
EL3 0.1722
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Fig. 5.3-6 Excitation wave and response spectrum for 2D piping
model ( Input level 0.1 G).
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Fig. 5.3-7 Excitation wave and response spectrum for 3D piping
model ( Input level 0.1 G).
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(a) 2D piping model.
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O Response analysis

008 —— Approximation
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Maxresponse displacement (m)
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Critical Damping ratio ¢

(b) 3D piping model.
®5.3-8 BUERABIEOIEEMEDIERL (AT L~UL : 1m/s?)
Fig. 5.3-8 Approximation of responses for piping models
( Input level 1 m/s?).

F5.3-7 FMEEEEORE

Table 5.3-7 Coefficients of approximation of elastic response.

Piping

model B, B, B, B,
2D-A01 | 2.145E-5 | 2.365E-2 | 1.592E1 | 3.802E-3
3D-A01 | 1.685E-4 | 2.387E-2 | 1.471E1 | 6.643E-3

* The coefficients are calculated by using m as the unit of
maximum response displacement and m/s? as the unit of

the input level.

gbe4 0O



Heds - B SR ORELICITHE S MR L EMEFEFIEOMIE  WEEH —TAIE

5.3.4 EMFEELRURKKGEEDFE

HITEE TR LI = VR RN COMMEEIRIC L 5
T R R OB R R ORI = 3L & Ko, &
HT 2#REE— FOSEMELEZRkD D, ZZTHWD
HET VX L 1E, BEROETIVRIZEIT S M X
NEOEFHETHS.

[ AF
4-m-E (53.4)
AE =Y Ae,

AE B SR O VAR N B T ORI KL ¥

Ae, : RGE3 ) THEINABEHERNEL 5
TR O R X

E : K(532)THEINARE = R LF

Rz, KG3D)KRG32) %2 ERICRATHZ LI
XoT, TRAD LI EE R OWE L % IEE AN OB
ELTHRTZLENTE A, ZZTORAT I, MHELE
DA CHB T RNV FXHEORIG L R D E T VROEK R %
RLTND.

zAli'(Vi'Xmax_Am) ch'Xmax_Cz
Cz i _ i

2mom, 0 X, _2~77:~meq~wz-XmaX2
|:|:| C = ZAH Vi G = ZA]i ’AZi:|

(5.3.5)

Y, BTN TOMANY fAE LS RD
I RIGE N DR

o : BAEAIEEK

X, :EERORKRIGEEN

A, A, @ TVRHET LR U OREL

C. C, @ TRIHHT R A OREK

eq

m, AR

LI E O RV R O RISE BRI D 2 E Xk
B, WIBMEISE % TR 5 72 O LU O A
iz, ZoXx, KROCICEY HEs G, O
HRATHY, EEEEAENTLZLERNETHL L
M5, BAHEHRIC L0 Z oSG RAAR T D A ok
WHT L LD BIRRITIE, B L 2T A—2 L L
T MUREH R A S ff L, SRR AR T X, MO &
RHTND.

g oes

B
Xmax :ainput (ézlJrBZ 'eXp(_33 C)+B4]

zcl .Xmax _CZ

- R
2mm, 0 X,

(5.3.6)

¢

Z OUHEHR I, IBPEISEIC I B MR & I
RIGERDOBFR AR T DAL HIEF R TRDOD DT
b5, INENRE e D EBVEETIT L 2 S Mo i
HRT 5. 012, HREARE L 725 LINERITNS 7R
L. FORD, T 2EEOMMRIISLT 1A TRAETS
IRAEZ S 0, LR E LR R L 72 D Bz
F4 13, Microsoft Excel ® Y /L 3—HRE A FI ] L T Z DU
WERZEML, AHINAEZRD D Z &R TE .

5.4 EBHIEETRAER

ATEEIC R L 72 VRS2 T FE 2 D CFR R E R
FRER I S OSLARELE SRR IR IS B T D IR A o Tl 4 52
i L7z, &RBRIRICEB T DI KISE AN & TR R K
S5 A4-TICRBRE R & A by TURT. E7-, ASEETH
DR DI 7= KR BRI O ST L & B 5. 4-212 77,
INBORNTRT L DT, AREEEHIRE THTFE TR
BT e RISE BN B AT L~z 4 5 2L oM
FRLSERTETCWD I NS, £, RISELEN
BOTHRERL, EBRERLD ORERHEERoTVS.
ZORKELTHEUTOZ ERET NS,

O = VAR mE N T EENREN SR D 7R TOH
MR LXRN, BEOLOLY LS 2oTND.
L, mEZEMAEIC R B MR O RIvE )N &
W2 EIC R VAT LHERET, =R TOFHE
EMEHTIZ BV THW D IEI—O0FT %R (1) =7
TOU) CTO2WABUMAKITET 5. 2 AL A K E <
EDHZ LT EY, mARENEITO/E &R R
T OBMRIZEB T DI /L X OBMEIG7AKE < 72
D, X0 ERMEEIGIVTHEAE N EE XN
D.

@ Bl RICBWTHIHELIET 5 X o RSB RETIE, B
BRERDEIIR DL COERI R, B AL
TWbEZEZ N5, BERMIZIE, =/ R TOMMEZE
R ETT-HE, 22 TORMNTORMEIME RS 5 2
LD, FRERBIE L LTOERD AT o AN L,
WY OEDONRT v A L 1ZE D> TL 5. T7bb,
PRPEZSFE A U T B L R I IS A A
LEIRBLTHD. I Kk- T, BUERORKIG
BN R\ DB /LR TORA Y A B D LR AN
Do T D, TARSOEROERIL, HH= ¥
DRI EDLZ LD, RTHITECBNTIOE
IR TE UL RV RIS VIR EEE T TE 5
LEZLND.



B SR A AR A SE T I SR R

I TS B & EBR AR OO N & LT Eo
ZEBRBZLNDN, WIZE 2, BITEO THIFEZE BT
OHEHICELTBEEZNAD Z EICE>C, LV iEfk
PPN E TINS5 B2 b s . BIZ, EFt@
OBEREfRRT 5 Z EnTcaEl, BEREEOFTO
BERDNT o ABA N EBRGENTISERO TN TE S
LRI, VAR OEE FSR 25 5 FRMoR AT~

0.5

@ Excitation test

04 L Prediction

0.3 |

Max response displacement (m)

00 1 1 1

0 5 10 15 20
Input Level (m/s?)
(a) 2D piping model.
0.5
— F @® Excitation test
= [
~ 04 L Prediction
c [
(0]
GE) [
3 03 [ "]
S [
N :
202 [
2 [
5]
Q L
2 L
= 041
X L
(]
=
0.0 | |
0 5 10 15 20

Input Level (m/s?)
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Fig. 5.4-1 Elastic-plastic response prediction.
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Fig. 5.4-2 Equivalent damping ratio by prediction.
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e 6 SC07 .270°ESCO08 1 27¢°

(a) Initial SCC in SCO1. (b) Initial SCC in SCO03. (c) Initial SCC in SCO7. (d) Initial SCC in SCO8.

OA1 sccobOOoOoOonosccoOon
Fig. A-1 Initial shape of SCC in SCC specimens.

OA2 OO0OsccoOOOoooOonoscolm OA3 0000000 O0OEMO2000EDMOOCOOOOMO
Fig. A-2 Crack penetration from initial SCC (SCO1). Fig. A-3 Full circumferential break
(EMO02, with full circumferential EDM notch).

Ratchet deformation Circumferential crack

OA4 [O0O00O0O0OO0O0OOCOOOOCOOECOS,ODOO0OOSOO0OOO0O0MM
Fig. A-4 Deformation at thinned wall part caused by ratchet (EC05, 50% thinned wall with internal pressure).

Buckling deformation Circumferential crack

OA5 0O00000000O0O0OO00OECOBOO0OOOSBOO00000M
Fig. A-5 Buckling deformation at thinned wall part (EC06, 50% thinned wall without internal pressure).



Longitudinal crack

OA6 0O000O0O0OO0O0O0OCOOOCOOOOCOOECO7,O0OOO0O07000000M
Fig. A-6 Circumferential and longitudinal cracks and ratchet deformation (ECO07, 75% thinned wall with internal pressure).

Crack
OA7 140mmO000 EACLIOOODO O0A8 0O00000O0O0O00OO0EAOCOOOOCOMOM
Fig. A-7 Deformation of EAO1 at 140mm input displacement. Fig. A-8 Crack penetration at welding line (EA02, no defect).
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0A10 0002000000 02Db_B01M]
Fig. A-10 Penetration of crack on Elbow2 of 2D_BO1.

OA9 2D BOIOOOOOOOOCOOOOO
Fig. A9 Unexpected break of pipe near an anchor on the test of
2D_BO1.



(a) Crack on side inner surface of Elbowl1.

~ Penetration part

(b) Crack on side inner surface of Elbow2.

(c) No crack on thinned wall straight pipe part.

0A-11 2D BOlO0OOOOOOOOODOOO 0A-12 2D BO1OOOOODOOOOO
Fig. A-11 Bulge of thinned wall part of 2D_BO1. Fig. A-12 Penetration test results of 2D_BO1.

(a) Crack on side inner surface of Elbowl1.

(b) Small crack on side inner surface of Elbow2.

0A-14 2D COlO00D0O0O0ODOOODOO
Fig. A-14 Penetration test results of 2D_CO1.

0A-13 000100000000000000DODO2D_co1m
Fig. A-13 Penetration of crack on Elbow]1 (thinned wall elbow) of
2D_COl.
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O0A15 [00010000000003D_A01
Fig. A-15 Fatigue crack at Elbowl, 3D_AOl.

(a) Crack penetration occurred at Elbow1. during 1850Gal_#03 (b) Fatigue crack at Elbow1.
excitation.

0 A-16 3D ColOOOOOO
Fig. A-16 Failure mode of 3D_CO1.

(b) S043 side.

0 A-17 3D CO200001000000000000D000DO0O0ODOO1850Gal, 1000000
Fig. A-17  Pipe surface deformation before crack penetration at Elbow1, 3D_C02 (after 1850Gal_#01 excitation test).

(a) S047 side. (b) S043 side.

0A18 [0001000000000O3D_Co20
Fig. A-18 Fatigue crack at Elbow1, 3D_CO02.



(a) Crack penetration occurred at Elbow2. during 1850Gal_#01 (b) Leak of water at Elbow?2.

excitation.

0A-19 3D co3p0onopoon
Fig. A-19  Failure mode of 3D_CO03.

0 A-20 3D D20000 EDMODCODOODOOOOOOOODOOODOOODOO0OI850Gal, 1000000
Fig. A-20 A line on the pipe surface before crack penetration at EDM notch, 3D_DO02 (after 1850Gal_#02 excitation test).

0 A-21 1850Gal 20000000000O0O0O0COOOO
Fig. A-21  Crack penetration occurred at EDM notch during 1850Gal_#02 excitation test.

ALERIETHR 3115111
il

Broken point
(a) View from the front. (b) View from the excitation direction.

0 A-22 3D D2O00COO0OO
Fig. A-22  Failure mode of 3D_DO02.
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0A-23 00000 Dd-DfOODO
Fig. A-23 Relation between Dd and Df.
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(a) 3D_AO1. (b) 3D_CO1.

0A24 ([OO0O0O0OOOOOOOODOOOOO
Fig. A-24 Equivalent plastic atrain distribution.





