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Abstract

Piping systems used for an extended period may develop degradations such as wall thinning or cracks due to aging.
In this study, pipe element tests and piping system tests for pipes with wall thinning were conducted to clarify the
failure behavior of such piping systems under seismic events. The pipe element tests consisted of displacement-
controlled cyclic bending tests on elbows, while the piping system tests were shake table tests for simply-designed
piping system models. Through these tests, the failure modes of pipes with wall thinning were obtained under several
loading and wall thinning conditions, while the characteristics of the failure behavior of thinned wall pipes under
severe cyclic load was ascertained. In addition to these experiments, elastic-plastic FEM analyses were conducted.
The purpose of the analyses was to produce a reliable analytical model to reproduce the experimental results, and to
establish a method for the life estimation of thinned wall pipes based on the analytical result. As a result, failure areas
were identified and their life estimation obtained at an accuracy of 1/2 - 2 times that of the experimental results for
pipe elements. The failure areas were in general well predicted through analyses of the piping systems, although the

error concerning their life estimation was large in some cases.
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(b) 75% thinned wall specimen (EC07)
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(¢) 25% thinned wall specimen (ECO08)
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(d) 60% thinned wall specimen (EC09)

2.2.1-1  FEAGBRAKDOTZIR
Fig.2.2.1-1 Geometry of the specimens with wall thinning.
400 -
o o

2.2.1-2 {EERBIADBIR
Fig.2.2.1-2 Geometry of the specimens without wall thinning
(EAO1 & EA02).

#2.2.1-1 M O{LFHLK

Table2.2.1-1 Chemical composition of materials.
Material C Si Mn P S
STS410 (EC01~EC04) 0.21 0.18 0.73 0.01 0.006
STS410 (EC05~EC09, EAO1, EA02) 0.20 0.24 0.43 0.019 | 0.002

£2.2.1-2 WM ORI

Table2.2.1-2 Mechanical properties of materials.
Material oy[MPa] o, [MPa] EL.[%]
STS410 (EC01~EC04) 345 509 41
STS410 (EC05~EC09, EA01, EA02) 312 470 38

() TRV, BFRBFE R — L X—YTPDF 77y AL OF T > 0— Rulfg.
http://www.bosai.go.jp/library/pub/technical note/tec_notel.htm
BARIZOVWTREFICHEDEDZ &,
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FEERTIZLLFOIEE % 500Hz OY > 7Y > 7 JE k3T
FHEIL 7=
(1) BRI~ D A NZEAL
(2) &h
(3) WIE
(4) BRARSN KT D13 X O F O B
(5) BN OIS P L OTE S OT A (il Bk
E WA B D —FE)

F/2, Z0ED, RBOAIBICHBNWT /F 21Tk 0B
BREFHHIL 7=,

#£2.2.1-3 IREN B 6T
Table 2.2.1-3 Specification of the shaking table.

Table size 14.5m X 15.0m

Driving system
system

Electro — hydraulic servo control

Table control method Displacement control

Shaking direction Horizontal (one direction)

Excitation force 3,600kN (900kN X 4)

Max. loading capacity 5,000kN
Max. displacement +220mm
Max. velocity 75 cm/sec
. 0.55G (with 5,000kN model)
Max. acceleration

/" 2.2G(without model)

Frequency range DC - 50Hz

Sinusoidal wave ,
Input wave type
Earthquake wave

Random wave,

222 REREEE

HABE B X ORERE OB RER2.2.2-112L0

FEDTRT. B DO> B, EZEPICXOEELZHD

IZDOWTIE, BB E TICE L 2 IER I E R 0 o %= £

HIZHFRE L7z, 25 OBk, MRNEB I ONEM S

DRIFRIZE D ELUF D8 MR I Nz,

(1) PN E25%~60%, HNJF11MPa (EC01 ~EC05, ECO08,
EC09)
NIEIZ X DIHAR A U 2R, BREH 2%
0,89 % &, WARITIE U T0.300,~0.580 L 70> /e,
INsoRBIKT, 2THRTESTIF oy Mk
DEENENE S H, ZO5F v NEEES TR
HA IV ERENEFEL /2. K2.2.2-11ITRFEH 7z
15 & L TECOS 0GR ZRT. IF = v MK
HEEARR DML 10% ~20% E 755> 7=, AJ1I%IE
DEFEWICK D HEHEBREOBEWVWIIHE I NG

(2) AR 50%, NIERL (EC06)
NHE D72 W T, $T IEWIR S D EL
WNHNZHri 2y 2 J/ il g 3564 Uz, 2 D R 2R
BOEHTERNEBL, BROMT 1 7KDY
EEBWICE S 2. ZORRN S, NED IS AR
B ORI RBIT R & 08 DAY 1 7 )V 57 i i
ThHhdEEZLNS. [K2.2.2-2I1TEC06 DIEEIRIT %
INE

73]
A

[ar

Load Cell

Loading Direction

B2.2.1-3 4 [ B E
Fig.2.2.1-3 Four-point bending test equipment.
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(a) Sinusoidal wave
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(b) Random amplitude wave
(2.2.1-4  ANEMILTE
Fig.2.2.1-4 Time histories of input displacement.



SO T 2 2V B WA O TR AR 2 B 5 B BRI T — A 1

(3) W& 75%, NJE 11MPa (EC07)

W &K DIRAERC AL 2 B3 0.90, & 785
7o Z OB TR D IR U 2 WA 4> T
TF v NEABNEEZFICE U, BREITIATE S
TRIAMICEHNEET 2 & & BICEER G O30
FrCHl A M E M FEAEL 7=, [X2.2.2-31ICEC0T DHEE
Wi zRT. BEOAREITF v NEBDZDIT
30% DA B L 7=, E£72, @AM ERHOIEA L /25
S ORJEZ LImm ~ 1.émm 2/ L TWwiz. EHIH
BIROEAWICA Ul SR &l 1 & 2438 BT 1T
BIFL2REDREDH 5, ECOTTIANFEIC K D% &
YA 7 VRS BIEMBEET 2R E B &
BEALND.

PAED 5, ARERBRTHR S NZHNEE OBEBEIL, 5
F v bEEIRS A T IV IR, B, K51 7V
TR R & DIRAED I Lo 7z,

Ratchet deformation Circumferential crack

B2.2.2-1 SF v MTRBEARS DL
(ECO5, WIESH D 50% ik A il B )
Fig.2.2.2-1 Deformation at thinned wall part caused by ratchet

(ECO05, 50% thinned wall with internal pressure).

#2.2.1-4

2B E 12D W T, B 217> 20 D3R E O R
KEFBANEN TdH S 140mm F TLAT 2 BN & 7= A3
BIZAECRho /2720, B BT IR ERK T L. &
DR U #ifif 217> 72 OITA SN £ 95mm T, Gl Bfl &
CHTELE 2 EG L BB CERNEE L .

Buckling deformation Circumferential crack

2.2.2-2 AR T D JRFT R R A TR
(EC06, NJE7RL 50% Jk A e B 1A)
Fig.2.2.2-2 Buckling deformation at thinned wall part
(ECO06, 50% thinned wall without internal pressure).

Circumferential crack Longitudinal crack

2.2.2-3 AAMBRVEGRERE ST v NEE
(ECO7, WL D 75% I8k B A)

Fig.2.2.2-3 Circumferential and longitudinal cracks and ratchet
deformation
(EC07, 75% thinned wall with internal pressure).

[ER=EF 0 N

Table 2.2.1-4 Specimens for straight pipe element tests.

Condition of defect
) S, Sy S Internal pressure
Name | Material Type of Full angle in Depth of
[MPa] | [MPa] | [MPa] . (P) [MPa]
defect circumference [deg.] defect
ECO1
ECO02
345 509 170
ECO03 11
0.5
EC04
Wall
ECO05 STS410 360
thinning
ECO06 0
ECO07 312 470 157 0.75t
ECO08 0.25t 11
ECO09 0.6t
EAO01 No
STS410 312 470 157 0 0 11
EAO02 defect

* “t> denotes the normal pipe thickness
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2.3 B RIREAS
231 RBRNE

AP W78 TlE, BEAMRIIROBELE R OB A 2TF
£9 % Z LIk BB R OIRBIFE OZ L IRESEIT X
LERKEIHEEZIERT 2 2 L2 M E L RS RIRER
Braginl 7z, iERIRDHBR TIE, REE LIRSS
AT AHRE R EHE LR Z T 2. B Tl E
FROARDEA T 2PN OFEHH, A OALE %2 2L S Bl
ERDOIREEFIE LB BN OB ZHFE L . BRI
WO Z RO RS R &, B LD ERE R ONRZ A
DONARBUE R O2FEEZMHEH L 7227, AETIE, 2055,
SERBLE R AR OB EIT DOV TIRRS.

B2.3.1- N AR B E R B R DR &2 R . BBk I3

Weight

77 y,

A
7
18

2l i1

=,.,_,,,
7 "X
\)
.\\\‘

R

(s

\»
L

Elbow1

Shaking direction

(unit:mm)
* Weights of model are modified from reference?, based of the recalculation
results of weights really used.

2.3.1-1 AARRERRAB  HBRETER

WiR1 & Z LS FaA), TIVR2Z2E8E S (B),
TIIVAR3 ZELEy (B C) D3IDhSERIN, 75
CIUTEALE., BALEZSESEMT, TIVRIERITT
WiR2, BLLKIEHEFOEEWATH 2. IREEE RS
BEHREDENWEZ KT 5729, KD WHEEE RIC
OWTHNERBRZHEE L 2. FET LR MEITHN,
WA AETHMAIBIIHLEZEALZBREZMHAL =, &
5 ClE T RTORBRTHBITHEHL 72,

BT U 2B, BRI iR AL E R 2
STPT370, 100Asch80 (4% 114.3mm, P& 8.6mm) & L
T2, PSR S VB R SR A FSGP )L AR &l L
7z. FSGP TV R D LNMAIRIZ4.5mm TH 27290, HHNE
1348% L7 % . WA ZEAT DR, @20 A s D
WEZEIE, TV RICERT2EEICHREL, NEZ
FRID T AR U 72, 2.3.1-212 A TV R A 0 o i TIRIR
ZRT.

(unit:mm)

$2.3.1-2 EAITILARED QTR

Fig.2.3.1-1 3-D piping model for piping system test. Fig.2.3.1-2 Cross section of thinned wall elbows in longitudinal
direction.
#2.3.1-1  VFERERRABR WHBE K
Table 2.2.1-4 Test models for 3-D piping system tests.
. “ “ Internal Condition of defect
Sv Su Sm
Name Material i pressure . Defected
[MPa] [MPa] [MPa] Type Configuration
(P)[MPa] part
3D_A01 STPT370 302 473 158 10 No defect --- -
FSGP Elbow
Elbow 1
(Elbow 1 & Elbow 2)
3D Co01 351 452 151 and
- / STPT370
. Elbow 2
(Ordinary part)
FSGP Elbow . .
Full circumferential
(Elbow 1) Wall .
3D _C02 351 452 151 10 Lo thinning Elbow 1
/ STPT370 thinning “
Depth : 0.48 t
(Ordinary part)
FSGP Elbow
(Elbow 2)
3D CO03 351 452 151 Elbow 2
/ STPT370
(Ordinary part)

*1 Value at defected part

*2 ‘t’ denotes the normal pipe thickness
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BRI DA EFEA LS ERFRUTOBO TH 5.

(1) #Brik% - 3D_A01
oL I (A
(2) Bk 4 1 3D_COl
PG TR I BIETILR 2 WA
K23 1-LIZRLEZZIVAR I BXOTIVER 2 $m %
FSGP T)LR &5 Z &ick D &E BN 2L /-.
(3) ik 4 : 3D_C02
B - TVR 1A
TIIVRIE D ZFSGP LIV R ET 5 2 &2k 0 £
A % R L7z
(4) Bk 4 3D_CO3
HALSA: - TIHVR 2 A
TIVAR2¥E ZFSGP LIV R ET 5 2 &2k 0 2
A R L7z

#223.1-1IGABRR OS2 £ O TORT. /2, K2.3.1-3
IZ[E B BT TRD723D_A01 D EF IREIEK S IREjE— R
RS @R TO - REFIREIEIL2.74H2TH D, —
KREFIRET— R THXRNBRERIZIINRBITTILAR
2OEANERTH D, IWEANRT NIVRNTOFER, R
RROBE, BRISHPRETLIORITIVAITHD, L
A2 DRINTTIVAR 1IN 14% FEENEIC R S 7.

INS ORE RilBARITR U, B KB EH MR 7T O F
BT 5RO KREREGEMEH L TIMRERZTT> 72 IR

BOMARIIR2.2.1-3ITR L2 EB D TH 5. REFIX
B D KEHIREE— ROAZET 2 KD, 1.5Hz~
3.0Hz DAk = > % L 2 ERL U TR L 7=, X12.3.1-4
VWZFEBRTH U 725k 5 > & 2 ik o Jiss B IRy 1 B ik 7B &
INE AR MIVERT . ERIZZ ORFR T > & LD A
NNtk L X)L (8 100Gal F2EET) 6k
1,850Gal £ THIMS &, & AT L ~N)L TOIREIEIR 2 TS
T25EEBIT, RN THBRENHEET2ETANZ
BORLU .

BRI MR K 272 L TIOMPa NIE 2 & L 7z,
MBIRDBHEIE, EHEEICX DN KOIRFMTHE L
72. 3D_A01 BXU3D_CO1 TIZIRM 2 H MR L =5
TIREBDOA N Z#K T80, 3D_C02, 3D_C03 Tl
WEERLZED, K2.31-4R U ZIEEANSK T

+7
E$Z+Y
+X

A

Shaking direction
1st mode: 2.74Hz

2nd mode: 7.21Hz

#3065 2007 4£3 H

% E THRZ fkfe U 7z.

BT, BLERANDOATINEE, ISEMEE, &0
OF B% 500Hz D> 7" > 7 EEECTFHIIL 7=, £7z,
ZDEMZ, TIHRIBXOTIVAR2OEENEEZ JF A
ICKDFHAIL 7=,

232 PRBAGEIE

SERELE R O R A %£2.3.2-110R T . BB DL

HIRIIZLL T D@0 Th - /=

(1) 4Bk (3D_A01)
EZ RGN 5 /5 56 Nk — KE A IRE) T
2.78Hz T > 7z. BRI L X)) Tl Ik O IR & Rk
ERSLED &, SEEL N ONEZEBGL 2. %
DFEFR, ATTNINEE 1,850Gal Nk 14 B H T )L R
L K O BB A N 57 S /W EME L 7z,
2.3.2-1123D_A01 D L)L R 1 OBHEIRIL 2R T .

(2) TR BRTT)LAR 2 EAHERAE (3D_CO1)

1000
500 Eoeereoee gt i o

, Acc. [Gal]
(=}

30
Time[s]

(a) Time history of input acceleration

[
[

[
(=}

—_
w

—_
[}

w

Magnification of Response Acc.[Gal/Gal]

(==}

(=1
S5}
w
~
w

Frequency [Hz]
(b) Response spectrum (h: damping ratio)
B2.3.1-4 RBCHALZBAIRT > 5 LK
Fig.2.3.1-4 Narrow band random wave used for the piping system
test of the 3-D piping model.

3rd mode: 10.16Hz

2.3.1-3 VRRE RHABRAEDORE E— R
Fig.2.3.1-3 The vibration mode of the 3-D piping model.
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EREs BN 556 N2 —KE A IRE) T
242Hz TH > 7z. AFIHNEE 1,850Gal O fin#z 1 [\ H
T X)L ViR 5 1] DFLE S8 2R 12 <VE BRI AE D3
RINT. D%, AJIINEE 1,850Gal O findiz 3 =1 H
CHlG T 5 S 2N EE L /=, K2.3.2-2{23D_C01
DHEEIRWZRT.

(3) TILR 1 AEERIE (3D_C02)
ER s R BN 5556 N2 —KE AR &
2.55Hz TdH - 7=. AJIIEE 1,400Gal DNz 1 [\ H
D& NIV AR G R T CROE MR LD
5Nz, 2D%, AJNINEE 1,850GalD ik 1[5 H O
B EIT, TIVRLD, FITEMDRD 5N D &k
HOEENAXRE THITEADOREENRB DN, &
OBk, 1,850GalOIR3[BIE T, s D <IiE
BINS EANERML . K 2.3.2-3123D_C02 DI
Rz RT.

(4) TIVR 2 AHERAE (3D_CO03)
ERER AR, S E N2 —KE A RE T
2.62Hz &75 -5 7=, AJIHNE#EE 1,400Gal O fiifz 2 (1 H
DdHET, WHZEEAL TWDTIVR2IGIE O id
EAEEE AN <FANFEEL . ZD%, A
HEE1,850Gal DR 1 [E HIZHBNWT, DD TS,
ZZUMNEML 7. [K2.3.2-4 12 3D_CO03 OREHE IR &
INE

BR O —REAIRENENL, REehE ik 5 &, H
WA L AAT DB S (3D_C02 B L UN3D_C03) T6~8%, 8
W 2T D& (3D_C01) TR I3% K T L. 23T,
WADEEIC L DRERORIEME T LD EEZ LN
5.

EHEWETICEL ZFBMEL X)L (A Sk
400Gal LA 1) ofniRmEE, il T20 @\, #AR
BRTA4E~6[m & 7n > /. Bl R QMMM E B IR
SR ST RI2 572, IRIEEL D A TIRY A 7 )V 9718
BIZBELEYA VINEREREET DI LT TERVD, I
5 DFEFRM S, AR &P BRI FRE D AT
THE ZZ DG, tEERITS0%RE ORR N ERET S
ZEIE-T, BBAEOHFEMIIBLUTIEFLEEEA
5N5.

SRS R TIE, 3D COLICHNT, Bk TR
JVIR 1B < BN 2.6° OFREEENFAEL 20,
OEBNARTIHETT IO BBRIIAEChho/. &
B CHERR I N2 B R OBHE IR AT E 0 1O K Z Wil
B C B BT EE Th - 7=,

#3065 2007 4£3 H

[X2.3.2-1 3D_A01 TI)LAR1 BT DI =%
Fig.2.3.2-1 Fatigue crack at Elbow1, 3D_AO1.

[}2.3.2-2 3D _COl TI)LR1IZBITDHEHEH
Fig.2.3.2-2 Fatigue crack at Elbow1, 3D _COl.

(b) S043 side
X2.3.1-3 3D_C02 TILRLIZRIT DI A
(MmN FE4E)
Fig.2.3.1-3 Fatigue crack at Elbow1, appeared on the both side of
the elbow, 3D CO02.

-

2.3.1-4 3D _C03 T)LR2ITHBIT B &
Fig.2.3.1-4 Fatigue crack at Elbow2, 3D _CO03.



M 5 T 21T AR 1 0 B AR AR I 5 2 DR SR 4 8 — o A 1

2.4 fEHTERRRGT
2.4.1 FEEFRITHT 2 FEMIR T

EEERABOMBARZNRE L, BREREEZH W
FEMIARAT 2R L /. T O BRI, BN E AT B EE IS
DNWT, HHLEEOEETEBREREHETES 32
L—a ETFINEBETLHZIETHD.

fEHT O — RIZ ABAQUS 2 L, TNZ N DOiBRIRIC
KU, AT 2 BifiE U 72 55100 78 = RO PE AT 217 o
7. BRI IRMT Cdo 2 72, K2.2.1-41TR U 72 A I ALK
T ORE Ml 2 T L, ISR S N IRIER Tl 26 2
ANUTz BERTAVINT AR v 720 HisiBEZAf
ML~ BUF, ZOEFIZSolidETIL ERT S, £z,
AR SR 2 Z B L CTUAETIVE2IER L, ZArHfE T
RFFL TS, NEIZDWTIIERICHEL EZ2AML,
NIEB &I 202 AN Uz, BEHREUT 1,104, His
136,041 TH O, K2.4.1-1ITRT EB O, BAEDITE
DTN EIERZNMN <7122 KD ITHE L 2.

Y P AT I U 7= 2003 Mises DFRIR G ic D <
Prandtle-Reuss DXL TH 5. F7/=, ANLMEEEEZSE
gLl 2K E U, FEEBTHA L /2 mEWMEE STS410 D
HiEgs R E B I EHAAEML b0 EMH L. =
BRI 21T D B, 8 0% UBE{EIZ & 0 ZRIER O LB A
HEisERBR L O E< 2D I ENBEIND 20, Eikis
REBSU NS AR ZRE L 7. K2.4.1-217 T I 0
MR &2 R T

 Loading point N

Simply supported-£ | [RS8
.: T ?.'..',‘j\:: %
: Ao %L
] ' e ]

2.4.1-1 FEM fRTICHWEZAY > a
Fig.2.4.1-1 Finite element mesh subdivision.

— Analytical —— Experimental - - Experimental
model Monotonic Cyclic

800

600
= —
£ /
g —
£ 400
5
@
g
Pl

200

0
0 5 10 15 20 25

True strain [%]

B2.4.1-2  fEHTICH W72 bR R
Fig.2.4.1-2 Material property for the analysis.

RATRE DS B, ECOSIZDWT, MITickvEsins
IR & KB TR 5 N BE OB IBIR 21K 2.4.1-3 1T
Fedg U CoR g, [, 6=90° -270° 1390° ~270° Flh] (i
MW OWIE THDZ EZ2RT. K2.41-3K0, EBRT
BRINZTT v NERIC X DEEIME ORI
FOE<KHHETETWD ZENDMND. £z, K2.4.1-41C
SR & fEAT O A B R 2, KI2.4.1-512#fwf U T O
03 U BRI 69 % 28k (SR BRfs RASHAT  S D IRy LI E
W) #aR9. EBRTIE 20 U1 7Lk TR IMEN A
WWKTFLTWAHODT, @201 7 ETOIHE%E
1o 7z BB E T % 9 5 & i EA R R B K O #kmr
MK OFEVERLEEICHT 228 & BITEEMICL < —
BLTWBZENDOND. ENOMBKEKD, HTDEIZH
5HDDEDOFERNE SN TN .

ECO05 O ELE Wi T O A4 YEPE O A RAEE D 454 X
(CAFHS RO Ao MK 2K2.4.1-6 /TR [X2.4.1-6
WZBWT, OB 22 I DN TH YO A0 R REE
MRELIRDZEZRLTWVD., A0S, BLEF UL lrim N
W2 7= MBTHYBEIEOT ADRBEMNKENT &b
MBM, RRTIE OGN SHNFAELTBO, MY
LT A O RIEMEISIEIC LB EEGE THT S —D0H
TR DEZEZALNS.

Solid EF V& WMt OfE#RIMEHHEL T,
Shell FE&E HWTEF L, HEMiTEIT->Z. @
FcHh7z0, EFIVOERBLUVEZESE 27> 7)) 70

Loading
direction

(a) Analysis(8=90deg. - 270deg.)

(b) Experiment

X2.4.1-3 ECO5 D4 ¥tk
Fig.2.4.1-3 Deformation comparison of ECO05.
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100 100
Z 50 > Z 50
Y/
= 0 =0 !
g / v 2
§ -50 & g -50
~ 4
-100 -100
-50 -40 -30 -20 -10 0 10 20 30 40 50 -50 -40 -30 -20 -10 0 10 20 30 40 50
Disp. (mm) Disp. (mm)
(a) Analysis. (b) Experiment.
X12.4.1-4  ECO5 O fiif EZ B %
Fig.2.4.1-4 Load-deflection curves of EC05.
100 100

50 Aﬂ!ﬂﬂﬂf\n

o e

"I

. LRI
R

Reaction Force (kN)
o

Reaction Force (kN)
S
—
—
—
—
—
—
—
—

-100 -100
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Number of cycles Number of cycles
(a) Analysis.

(b) Experiment.

X 2.4.1-5 ECO5 BT 2 faf H 5 [ 1 D JE E
Fig.2.4.1-5 Load point reaction force of EC05 for number of cycles.

[2.4.1-6  ECO5 O VDT A 531K
Fig.2.4.1-6  Equivalent plastic strain distribution of ECO05.
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v 22712 Microsoft MFEFHEY 7 I~ Excel &2, FERRIC
EEEITD YV IVN—IT ABAQUS %, fEtiis RO &21T
HRAMTOY > ITIZABAQUS POSTZMHH L 7=.
TERR U7z Shell EF L O EF IV MK 2.4.1-TIRT. £F
IEIZH 72> T, ZBRITIHES RIEE(LNEE T E 5 45
SMIERShell EH 2 L 7z, [, WESHE, MR
B U278 E13 4T Solid £ )L OEMTICHEL 5.
i R0 582, BEFEEIT 530 T, ECO5 Z4#IC S &, Solid
EFIVICHLUK7.3% ORI TEIENEITTE L XD
75077 H2.4.1-8ICF NFN DM ET IV THE 5 N HHE

X2.4.1-7 Shell EF)LITRBITF B A v
Fig.2.4.1-7 Finite element mesh subdivision by shell elements.
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Fig.2.4.1-8 Load-deformation curves of EC05 obtained by Solid and Shell models.
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Fig.2.4.1-9 Strain histories of EC05 at Point B.
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(1) BEEROHDINTTEFH TH HEEMT (KRFTIE
IR BT DHEMTRIFERD D, TIVRED
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e E, EARBSE, WELEHEBIREOMGRE
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(3) WH TR F LERERESEOIRE T 1)L F O RN
5 RE L & IRE LM OB ERD, 2)IBNWT
ROoNTZHEBRELHELOEKREHAGDES
I K OEBEEREEERIET 5.

NEARBLE R 3D A0LICDWT, Z QRN Tl
FEEZHWTRRINEEMEZ THIL MR 2K 2.4.2-2
WRT. MICEEBERSDDODE TORLTWS. £z, &
KIGEBRBTHOBICE S N7z &R O % i = 2
[X12.4.2-312777. 2N 5 OKITRT K DI, AFHBMEIRE
THIFETRD SN BANBEEM &L, AT L XIVITHE
THEDOEMZELSFHRTETNDS I ENDMNS.

25 INETORROELYD

APWIZETI, MR ZATORERZNRE L 28K
WEEBRZIT o/, e, EBRTHESNT -y ZMHEAL
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PRNESRME, 10 BRI K 2 BRI RB D& W iiE i &
FRANTHE L. 72, BERIREGEBKRTIE, HMANDH
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Prediction of
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the max response displacement

in AP research project.

AP FFZEIC BN TR R L 2 MBI SE T RE D

Procedure of elastic-plastic prediction method proposed
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Fig.2.4.2-3 Equivalent damping ratio by prediction.
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3. Bl RIS
31 g

TR D F AT 8 72 IR OB % < F
ETDHIENAMSENTNDEWD, APBIZE THEEL /ziE%
AW ERRBIOMA, RS TIEhE (VR 2H
W B (DU EERR) 2FMEL, EORUE
MK DN ZET HIEDHEBEHEZILETSZL2H
&Lz 25 DERTIE, BN 2N T TEEL /-
Y, EEEOMHERE FTAHUZBAORIRIE L D EMTH
LHTEMEBEZLND. FORD, EEOM A N THA
ZF A U Tz iR FECE 2 AT U, AR O A & ik
BETo 2.

3.2 g EHER
3.2.1 RERHTE
32,11 ARk OBEEE

Hha e el B Tld, itz 200A, sch80 (444% :
216.3mm, NJ5:12.7mm) O, & FE 5 % 355 8 & STS410
OEE R L. 23.2.0-1 106 L 72586 oL #5168
%, R3I2A-2ITHEMIME 2R . #H L 2dhiE odh
£213304.8mm, T MAE0° TH S, HifHT DEHTIEEIC
AT 2728, HE OMiHIZIZ 200A, sch80 DEE % 14
PEU 7= BB R I A U A TR T 2 A & 7213550
BWREL . K321-1ICHBAROBIRE, K3.2.1-28 k&
O3.2.1-3 ICHE T ITEA L A ORIREIRT.
3.2.1.2  RERS:

TR EI G & A & DMK AL &2 R BIKIC AT T %
FAEEZEEL CRA L. @eilEoRa, ihE Tk
TP B O BAUS TR B L W ES &7
DN, ARUFFKTIE, ARSI S5 1A O BT i E %
ZVHGEOWHE¥E ZRE T 572012, mNGH O T

#3.2.1-1 14 DAL R
Table 3.2.1-1 Chemical composition of materials.
Material C Si Mn | P S
STS410
0.17 | 0.20 | 0.50 | 0.01 | 0.002
(ELBO1-ELB04)

STS410
(ELBOS, ELBI_01, ELBO_01, | 0.19 [ 0.25 | 0.82 | 0.02 | 0.004
ELBO_02, ELBM_01)

#3.2.1-2 S A OD R Y L
Table 3.2.1-2 Mechanical properties.

) oy ou EL

Material
[MPa] [MPa] [%]

STS410
362 553 32

(ELBO1-ELB04)

STS410

(ELBO5, ELBI 01, ELBO 01, 351 506 52

ELBO 02, ELBM 01)

FIEIZNA, WA G ROMT R E, 3XLOHEAN & IR
ET BT R (CUFEAN+ m i) o3 fEOmES
ROV 2T 2. 2N S ORERFITHIESE S
T, HAATHE V3 PN BT RS D I > SR I G a2
B&, W, AL, BN SRR O i e
TR E O 2 A REL 7=, K3.2.1-4 BXUX3.2.1-5
T 5T A RS, — I B O R R T, e A ]
ORI 2 >R LTHB O, #lifi G m LM H3R
WRBERMNELCRWE DA Oy ROEN & DR 5
7LV EZEBEENRELTWD, £/2, ZOHEMEEZ M

3.2.1-1 A BRAR o #Y 3E
Fig.3.2.1-1 Geometry of the bend pipe specimens.

BX3.2.1-2  §h77 AR A N0 TR AR
Fig.3.2.1-2  Cross section of thinned wall elbows in longitudinal
direction.
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180°

459
3.8 45

(b) 50% full circumferential (c) 50% partial

4554
454

i
(d) 70% partial

3.2.1-3  AJ5 W IR

Fig.3.2.1-3 Cross section in circumferential direction.
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F U A4 5 7] D # VT 1or B ANRAE S 2 i 2217 5 5, e
MAIOEE TIEIHMTE—A > NOANEHT 20, thE S
3% U THEEmEOEE BT 210l D E—A
CERET AL O BAMMELSLRD. K3.2.1-510R L 2
AT E A FEHT 5 &, BRSBTS E— A
ChERUDE—AZ NOED, WA B TRIL:L,
Tfi A+ T AR B AR TR 1:0.5 & 75 B

AR A TR TIT W, BUBRIR O PRSI 351 2 7
EABREEZ ST 520 0BT, 0.2Hz DIELH S
Wal7noy 7 & LiEks, BEOmEEz &
U7z Tl 0.2Hz D IESL I 2098 &2 1 7 0y &7 & U 7= dlfif
WEZMEH L. K3.2.1-612 21 5 OHE ik EZ2RT. &
BrClE, BRAICHERE O EL R Z KD, &4 Specimen Specimen
EIZR D EME & 72 5 ANEM & TS U . fii#Em E O A G
KO FEM3.2.1-TITRT . X3.2.1-4 TR T HfG 24 E 2 ff
AL THMGET> 2R REAOFHEL LRI,
X3.2.1-6(a) 127~k L 7= IE8X 5 i Z2 Smm A2 5 80mm & T Smm
EwFTANZENSE, LNV TES N ELE
KR SER LU 2Bl 20 H Lz, —7, K3.2.1-512R
U 7o dlifar 2 2 il U = f@ 2l Bk ic D W T, — AW
BN AT 2 IS & 5 B 12 & 0BG U 7= AT
BAfRZMTA L 7. (9 2 $ilifii 26 3B K OB O S [ A3 [FH 1380 -]
CiBRIC OV TIZBA OB BII AN D 5, ZOHETK 1
O 7= 2R O FRERTEITRIN T 2 A ARG ThEE T

(a) In-plane

(b) Out-of-plane (¢) In-plane + Out-of-Plane

304.8

N

1650
1380

Load Cell

-

(b) Dimension of the test equipment and the specimen
B3.2.1-5 —UmfEER  EPN B K O R
i 4L

Fig.3.2.1-5 Test equipment for In-Plane and Out-of-Plane bend

- =50

270

NN
on

Loading directi

ing (Support condition : Pin-Fixed support).

Disp. [mm]

0 5 10 Time[s] 1S 20 25 30 35

(a) Sinusoidal wave with 5 cycles

2333

Disp. [mm]
& &
s o &
%
Ll 1

- . . . 40 Time[s]
(b) Dimension of the test equipment and the specimen

RI3.2.0-4  SRE > SR P LT BT B
Fig.3.2.1-4 Test equipment for In-Plane bending 3.2.1-6  ANEMITE
(Support condition : Pin-Pin). Fig.3.2.1-6 Time histories of input displacement.

(b) Sinusoidal wave with 20 cycles
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DD R Uk 217 - 7=, N+ E b e 2 A4 2 5
RIZDNWTIE, RIS 2 EEHBAENTFELEL RN, T
A HEVF 3 B R O R BB BV RIS B 20 & AN iRl &
L7z,

MBI HEETTWY, 2 ToRBE s U TKREICED
IOMPaDWNEZER L, 7F 2 L L —% THREFU 7=, #i
TR IR DB HRIC £ 0 NIRRT % £ TIKI3.2.1-6 12
RUTHEEE 2R DR UATI U AT OiEd TR
AR L 725G, TORFRTANZEEL, BENS
B A ZINHUNTAN R T S/ ZRTHEMA L 2l
KO ARSI 2 £ LD THI2.1-31TRT.

ELB04 TIZTI)LARHFREITEELD 15° OALETH DM, T
DM DOFABRA TIEFRETEH L D 27° OEEELTWVWS.
FROERT—51%, £ TI00HzDH > 7Y > 7 HEET
gL 7. £z, Z oMz ICB T 2 hER S Ol

EHMEE JF AKX OEFHAIL /.

3.2.1.3 G
FEEHTIEIUTOHEEZEHAIL 2.
(1) FBRIE D AT ZENL e the elb
2 o Load-deflection curve of the elbow
2) wll D = L
@) BBEORAZE Elastic stiffness without wall thinning
G) &I (in the direction to close the elbow)
@) WIE \\\/ //
(5) WEAEE OB, B, 450 HFE0T A el Y./
(6) 1R v LT I Mg EES A T DMl A D, R A TR OV = / |
S - (]
(7)  EESEE O#ET A E KO A g 4/ ;
(it P L) = |
EESNRE OB AW, FEAm, 45° HREOVT A 3 ;
(RS RV, ET A+ gk ) o !
Y -
B3.2.1-8 (Z 5B IA OFHI R 2R T, 728, 1X3.2.1-8 5
WCoRLEEBD, OTHZEHAIL =B WEIE, ELBOI ~ Input displacement [mm]
P_: Collapse Load Level
0, : Determined input displacement
3.2.1-7 FEMEBICANEMDORDH
Fig.3.2.1-7 A schematic illustration of the way to determine the
collapse load level and the input displacement.
#3.2.1-3 M EHRRHE ABR—5
Table 3.2.1-3 Specimens for bend pipe element tests.
Condition of wall | Bending Support Internal Pressure Input disp.
Name Material .
thinning direction condition (P) [MPa] [mm]
ELBO1 No defect 10
50% full
ELB02 10 ~7
circumferential
ELBO03 STS410 50% partial I Pin - Pin 70
ELB04 70% partial 10
50% full
ELBO5
circumferential
ELBI 01 No defect I 185
ELBO 01 No defect
50% full o Pin—Fixed 195
ELBO 02 | STS410 10
- circumferential support
50% fall
ELBM 01 1+0 185
circumferential

*1 : Inplane, O : Out-of-plane
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D00 = cr
LO1 D : Displacement
— o L : Load Cell

Ground P : Pressure gage

b
SBY;1

B2 - B2’

C4-C4 C3-C3 C2-C2

S : Strain gauge  © : Axial, Hoop, and 45deg between axial and hoop
O : Axial and Hoop
(a) Measurement points of specimens for In-Plane bending (ELB01-ELB04)

3.2.1-8  iEERGBASHIA (1/3)

Fig.3.2.1-8  Measurement points of specimens for bend pipe element test (1/3).
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Fixed support

(mfigy

< 0
Cl1
P02 DO1 $ PO1
D00 cr
Lo1 D : Displacement
R I R L : Load Cell

Ground P : Pressure gage

?
SB-1

B2 - B2’

C4-C4 C3-C3
S : Strain gauge  © : Axial, Hoop, and 45deg between axial and hoop
O : Axial and Hoop
(b) Measurement points of specimens for In-Plane bending (ELB0S and ELBI 01)

3.2.1-8  E RGBS (2/3)

Fig.3.2.1-8 Measurement points of specimens for bend pipe element test (2/3).
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D : Displacement
L : Load Cell

P : Pressure gage

C2-C2

S : Strain gauge @ : Axial, Hoop, and 45deg between axial and hoop
O : Axial and Hoop

(¢) Measurement points of specimens for In-Plane bending (ELBO_01, ELBO_02, ELBM_01)

R3.2.1-8  EERBBRRHIA (3/3)

Fig.3.2.1-8  Measurement points of specimens for bend pipe element test (3/3).
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3.2.2 AEREEE
3.2.2.0 fEHMTE L NV & BEIRB

HhAE 2 E G O R AE R 2 £ 3.2.2-11CE D E LD TR
. ABR TR, ARREDF B X HASAIZE DL
TOWEEENHIE TN

(1) NS @ 2B K OE 50% WA (ELBOL,
ELB03, ELBI 01)
0 IR LA BRI SR 5 T 7 ERMFEA L,
HBICE o7z, ERZBICGHBREKZ T — IG5 m T EE
2L, WHICH L TEERE (PT) fiikxirok
EZA, NHEICEAELZZHO N EICEH N
FRIDHKREL, ELNmMITITIZHORE M E
HWMHERINTZ. 2O ENS, ZT56 ORBRIK
T, OBV IRLICKDNTEIZESHFHEE
L, N, SIS TR, EmicE->/-60 &
ZZ25N%. ®3.2.2-112ELBOLIZDWT, &N
D PT A FE R 2R .

(2) mENERG, mAMET, AN+ ST 0 2 50%
WidBkf& (ELB02, ELB05, ELBO 01, ELBM 01)
AT EWETE ORI TF7F oy FERIC
LSO A L, %@ﬁ%%m@%ﬁ%
FBOEMIEZ D, MEERDOER % M5 557 i
U7, ¥3.2.2-2 T ELB02, ELBO 02, isot‘o“
ELBM_02 DR#RIRI 2R . 2156 ORFIEIZ DN
THAEICH LU TPTREZT>72ET A, SEOD,
JEJRAR DA D3 U 7= SR EE S 5 & I 25
OAREBEHNHER I NH, NHEIIZEBICAI
ICERDOFEIIED s NIM o T,

(3) MmN : B85 70% I ELER{R (ELBO04)
A EWHE OWATB S T F v FNHRITE D
BLEANROBMMNELCHE. F oy hOECRNE
EHEMRD ETF v bOEL DBATRS DIBEET
2 HhE ol 5 1] ORI N TR kR R4y TRLE IR D AMb
MRELZo 20, TOHS TRHRIG T SHMn 5
A, B Uz, WAHEICH T2 PT AR T
WNIE DT F v A AL EORE R
SUMNRSI NN, MOAE T EHOIAITE
DHENBMO . K3.2.2-3 |2 ELB04 O FEER% PT f
ERERERT.

2P, mAT E AR LR (ELBO_01) i
DNTIE, AEL NIVITHY T 5 A ST 2L T 300 -1 2
IWETHORLARMZIT DN, RCLOOMNDHEE
WoaroRmMEEICOT NRHABNEAECEZBRET, 1T
ERERENHERINE N OB S TR
=T IH .

RBHFFE T, mRENSEGRIEZHET S22 L %2H
&L TWD7z, KBRS T O =R e Bl i
HYTHEIN TV XD HEWVWAWSRNE Tz

[X13.2.2-1  fl1 8 g S0 il o ran 9 o7 = A

(ELBO1, 2Z PRIGELERA )

Fig.3.2.2-1 Fatigue failure at a flank of the elbow

3.2.2-2

Fig.3.2.2-2

3.2.2-3

Fig.3.2.2-3

(ELBO1, the penetration test result).

ELBUZ

(b) ELBO_02

(c) ELBM_01
FF v MEREMED RFTEEDOHKEB KT
= ZUESE
Fatigue and buckling failure accompanied with ratchet

deformation.

FF v MEBERT DRI E R
(ELBO4, =15 PR Gl Bris )
Fatigue cracks in circumferential direction at ratchet
deformation (ELBO04, the penetration test result).
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Fig.3.2.2-9 Strain time histories of ELB03 at 1st elastic-plastic cyclic load.
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Fig. 3.2.2-11

Strain time histories of ELBO_01 at 1st elastic-plastic cyclic load.
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Fig. 3.2.2-12 Strain time histories of ELBO_02 at 1st elastic-plastic cyclic load.
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X . Strain gauge damaged

ELBM_01 ${¥AMEHEAT 1 [81 B O 09 B g I
Strain time histories of ELBM_01 at Ist elastic-plastic cyclic load.
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X : Strain gauge damaged
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Fig.3.2.2-14 Strain amplitude transition of ELB03 and ELBOS.

3.3 RIEWEPIRCE & SRR AL O i
331 FEEHARE O AT LA

TN E TITHR R/ Rl 2 35 i Tl A IR 22 B on 1
CHEREL 7273, RO AR T TH LA O IRIZT X
DEMTHDLIEMEZLND. TDD, EBEOMHER
BT CHAZTEA L RAZMEE 2 AF L, AR O
T oH AR 2T .

AFULEREZ, KNIRET S > NED, K- BRJIRE
TN EIEE L 7z ik R MEE 54 (DL F EAERARLE &
9 5) Thsd. AFLZEE O/ #K3.3.1-112, #E
B OV S h %% 2 %3.3.1-11C7R T . AFLESEKORER
FEDSE, ERmMIRELLICLDDDEEALGND
BARE 72 MY N5 2 LT 7= 50A ORRE (B B) & 200A
OB (B E) 1I2DWT, JERE &SR 2 K L
7. B3.3.1-2 ICEE B OB KON EIREEZ, B3.3.1-3
ICECE E DONVE R OCNTHAIRE 2 7R T, AFRHICISEE B, E
EBEERBENIEDN TV, K3.3.1-2 B X UK 3.3.1-3
WORLIZDHDIIEER BRI ZREL 2D EDRETH 5.

[%3.3.1-1

ATF U= RER AR E
Fig.3.3.1-1 Obtained pipes with wall thinning produced by

the actual corrosive environment.

#3.3.1-1 AF U EIERARE &
Table 3.3.1-1 List of pipes with wall thinning produced by the actual corrosive environment.
Diameter” Wall thickness” Length Material of . . Duration of
Name . Fluid material .
[mm] [mm)] [mm)] pipe operation (approx.)
34.0
A 34 800 STPT370 Water 4 years
(25A)
60.5
B 3.9 ~930 STPT38 Water and steam 23 years
(50A)
89.1
C 7.6 880 STPT42 Water and steam 23 years
(80A)
114.3 Carbon Unknown
D 6.0 600 23 years
(100A) steel (Water and/or steam)
216.3 Carbon Unknown
E 8.2 ~800 23 years
(200A) steel (Water and/or steam)

* Nominal value
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(a) Outer surface (b) Inner surface

®3.3.1-2 B (50A) OIEPB KON IRE
Fig.3.3.1-2 Outer and inner surface of Pipe B (50A).
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B 3.3.1-4 [l B O AR E ST R
Fig.3.3.1-4 Wall thickness of Pipe B measured by ultrasonic meter.
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R, BB EIWENENICMIMDS S D LN, FricPEHO
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X3.3.1-3 EEE (200A) OFMEB I CHNTEIREE
Fig.3.3.1-3 Outer and inner surface of Pipe E (200A).

m83-85
m8.1-83
m79-8.1
m7.7-79
m75-77
m73-75
07.1-73
06.9-7.1
W6.7-6.9
m6.5-6.7

v&l
s

N
|
a

Wall thickness [mm
~
W

u L

[=1

(=}

[3%]

(=3

[=}
Length in

S

(=]
longitudinal
direction [mm

80
20°F
60
00
40

280°F

320

-

Angle in circumference[deg]

%13.3.1-5 Fi% E O B R 5l R
Fig.3.3.1-5 Wall thickness of Pipe E measured by ultrasonic meter.
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XK33.2-1 TG ERBERERT. KBTI,
AEC_01, MEC_01 & &, #ifaf iZ WA BRIATR S TTF = v
NETEMFEAE L 7=, MEC 01 TlE, 5F = v MEHOURER
2B 7= DERBEERT B TS OIEIE V4RI h 7= 5 F R &
ZAMFEA U=, —F, AEC 01 TIIERE WA 1T = LM%
AL, BELU 7z iR ok 2 1K3.3.2-2 1R T
AEC_0l @ = EWBIL &L, FAMNITHIZ0° OFEHETH >
7. AEC_OLIZMHLZZFREETIE, oL bREDHWN
BB IERI3.3.1-512 R T & 912, 200° HEIDEEETSH %08,
ZHOEBLAE30° BUDBLPHANOHEHETH 5.
AEC 01 O ZHDFNIEI S0 T D > 7=hy, ilreg (7
U7z ELEEME DORIEIZR 6.2mm Td D, 200A OELE
THEIZCEEZN—ZAFDECDZARELD H+HITELS, N
JEIZ L DN—Z SR ELZREEIZRWEZEZ 5N,

AEC 01 & MEC 01 O luig#iniid i Cld, RS 264
T RPN &, BRI T Craed ST U 7= BN

1380
=130 150125 304.8
//‘ \>
Tflinned wall part 7
150

CaRET SR HME LA, AEC_01, MEC 01 &
IR THREN AU, £, BEEEOMEICD
WTIE, kRFWTH D ENWD T EDSDIERMN 2> a7z
®, MEC_01 OB A5 1213 STS410 DEE Z (A L
7emy, Bl E & STS410 O HLFH SR B DfE R % g 2
&, EEBMABE 1T L STS410 Tld, BMRIREE, BIER
& BHIT50MPafRE & W iE & R L7z, AEC_01 & MEC_01
DGR DEWNITIE, REHM S OMIC, ZDXKDREE
MORBEOOMEHEEOEVWNEEL TWDHIENEZS
N, FEHS OEBINMEICHER TSR 2. BEFRE
IZAEC 01 EMEC 01 & T3 -> 720, HBICEETO
BORLEL, TNTN60Y 17 E128H 1 V)L TH
D, ENTNORBEDYIANE DD RGBT S
FMOX S DOEEEET D &, RIEBNEE & B AR
BETHEEMIIREREIRN>ZEELZONS.

(a)AEC 01 (b) MEC_01
(3.3.2-2  FAEPR A BCE B & OB B A BC 7 Al Bk D i $EIR
H
Fig.3.3.2-2 Failure mode of the actual and modified wall thinning
.+ ]
specimens.
B43.3.2-1 SRR AELE B & OB A B & R BRIk D IR
Fig.3.3.2-1 Geometry of the actual and modified wall thinning
specimens.
#3.3.2-1 FTE A ACE B K O AR A B E O B 5 1 B LU R
Table3.3.2-1  Test conditions and results of the actual and modified wall thinning specimens.
. Condition of Wall Loading | Internal Input No. of input
Name Material o . . . Test results
wall thinning | thickness | condition | pressure disp. cycles
Fatigue crack in the
Carbon Actual wall . ] o
AEC 01 o 6.5 mm 60 axial direction at the
- steel thinning )
ratchet deformation
Twist 9.8 MPa | £195mm Fatigue crack in the
Machined full . .
. . - circumferential
MEC 01 [ STS410 | circumferential | 7.8 mm 128 o
- - direction at the end of
wall thinning )
the ratchet deformation

* Minimum wall thickness measured by the ultrasonic method
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Bt EHBG LRSI ENDh o, T =y PR
DIFEEIIE DIIRELZ 25T 720, 2ES50%H A
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4. B RUREhESR
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AL RIREN AR TN 26 9 2 EE Rl B i
LIRENE 2 AW 2Rk Br 2175 2 & T, N O EEDNEL
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IR D B OMBREERL TWiz0, KIFFET
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42 R¥HIE
4.2.1 Bk OB

NEARELE R IRE BRI TR 15 AR 5 SRR 1T AR I 0
TR L 7228, SERRISEE OB T, a8k oR ik &
RENE D IIRIERE S OBR T, W EE T 5288 TH> T
BRI X DEE ROEGICE ST, m&KMICHE O
BIEE CORBZHRTE RN, TD), FR164E
B, SR ITE I, KRG EEERG T 5 2 &2 HIY
EUT, BERRBAROBIRE L X THE RIREH B2 E
a7z, SRk 16 4, SERL 17 RIS U 72l Bk,
AP THEM U 2R E Rl ORIk (K2.3.1-1) %5
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Shaking direction

(a) Out-of-plane bending type model
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ZORBAK EFEE, TILR1Z2EDES G A), TILR
2EEQHS G5 B), TIRIZELHS G5 C) O
3OMBRERIN, 7TV TEALTWS., oA, &
53 BIEMEH U 72l BRAR B MERR LU 7278, 5 Cld 2T o
BRI CHGmIC I U7z,

A BRIV A &R B ik R EREHE STPT370,
100Asch80 ([O4%114.3mm, K/ES.6mm) Z fif L 7=23%, I
IR A V2 BC 55 P e S58B4 FSGP TV R 2 L 7=, £
U7 il R ge i3, m bl B iR, i -+ moh g s A
EBIT, BREZFTINRIBRELE. RBAEOHFRE
B AREEE, BROWRAEHEIZLLTOBED THS.

(1) 1 Fh i 3l B R

(a) ilBr{k% : 3D_All
P Bkl (f@s)

(b) iXBr{K4 3D _Cl12
B . TIVR LA
X 4.2-1(a) IZ7R9 )L AR 1 8% 2 FSGP TV ARITT %
ZEICK VD EABAEERL /2. FSGP LR O NF
AIEIZ4.5mm TH O, BHAREIZ48% Exb. TILR
HI A DWW T, N R i B R & AR, A L
RITEERE T 2 EE TR 1B T & 5 AR DK
MEHZELZ. BRNITILAREHDOOMIBIRIZ
X 2.3.1-2 1R TN R BIE S R TH 5.

(2) TEN A+ AR R BRAR

(a) alBRiRk4 1 3D_A21
P - ksl (f@s)

(b) iXBR{R4 3D _C22
AL - TIVR 1A
4.2-1(b) 127”9 TIVIR 1 884y % FSGP L)L RITT %
ZEIZ X DBAR48% DR A #E L 7=, A
TILARDOEHE S 3D C12 E[FRETH S.

Elbow2
‘ Anchor A-02
Weight S N >
(153kg+64kg)\ NS
Elbowl1 Ii'//\,,""’ I
ow \ s &/‘\‘E/
2,
A7 S
Anchor A-01 \

Shaking direction
(b) In-plane and out-of-plane bending type model

B4.2-1 SEARRCERIRENGAER  ARBURTEIR CERk 16 41 - SERR 17 £ %)
Fig.4.2-1 Configuration of the test models for the 3-D piping system test (2004, 2005).
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Shaking direction

1st mode: 2.52Hz 2nd mode: 7.36Hz 3rd mode: 11.18Hz

B4.2-2 @S ERT R EBRR O IRENE— R
Fig.4.2-2 Vibration modes of the out-of-plane bending type model.

+Z
s
+X

Shaking direction
Ist mode: 2.60Hz 2nd mode: 7.32Hz 3rd mode: 10.7Hz

4.2-3 [N+ ST B O REE— R
Fig.4.2-3 Vibration modes of the in-plane and out-of-plane bending type model.

£4.2-1  VAERERRBR HBRE-E
Table 4.2-1 Test models for 3-D piping system test.

S S s Condition of defect Internal
Name Material Y : Y » | Defected | Bending | pressure
MP. MP T Configuration ™
[MPa] [MPa] [MPa] ype onfiguration part direction [MPa]
* * * N
3D Al | STPT370 | 3187 | 467" | 156" ° - -
defect
STPIST0 1 gpgr | 4g7 | 156" Rl Out-of:plane | 10
(Normal Part) Wall circumferential
3D CI2 L o Elbow]
FSGP Elbow thinning thinning
I >290" 3 Depth : 0.48¢
(Elbow1) P
*] *] *] No
3D A2l STPT370 313 458 153 - -
defect
STPT370 Full In-plane
(Normal Part) 313" 458" 153" Wall circumferential and 10
3D 2 e e Elbowl | Outofplane
FSGP Elbow 283" 358" 119% thinning thinning
(Elbow1) Depth : 0.48¢

*1. From the data of mill sheets. S, was obtained by min(2/3Sy,1/3Su).
*2.'f denotes the normal wall thickness of the pipe.

*3 Material properties of FSGP used for 3D _C12 were not described in mill sheets. Only tensile stress is prescribed by JIS code, and it has
to be over 290MPa for FSGP.

*4 From the results of material testing
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F42-1ITRBARORMEZ2 L&D TRT. RHOBERIE
H1B X OBEEMEELT, STPT370iI2 D W TIE TILARICHH L
REDOI)N > — MEZREKL 2. FSGP ZILRIZDNT
1%, JISHM CIEBIRMEBIZOVWTOARESNTHD,
3D_CI12 il L 7= FSGP T)LAR Tl I )L > — M FEHEME
DFLHEN N - Je 7z DR L T, 3D_C22IZfiH L
7= FSGP T)VR T, Wh&sIiERBEFEmL, TOMR%E
el Tna.,

X4.2-2 B L UK4.2-312, TNTNORBEIRD,
SIREEDBE BD_AIl BXU3D_A21) IZDWT, EH
BT TRD 72 E AR EREE— RZ2RT. HRET
HIRHE— RIZTNTNO—KREHERHE—RTHS. @
NERE, mAAEY, N+ FE 2R O 2 e R O A R
RIZDWNWT, JEL0.5% & L7Z1GDIRE A XY NIVFRNT
WEODRDENZ TR BIOTIVAR2E DRI
HRA2-2ITRT. £42-21TRLZEBD, HERREICH
WTIE, BN RBAETIZTILR 1A, moh il ik
BLOHE AN+ AT B TIETILR2076 > & HIEH
INHDORENWT)VR & FHRE N7z,

422 REREZME

ATTE TR N BE RRB IR ITH U, — Ko KBIRE & %
F W IRER 217 5 72 IRE B T BRIk O — K E A IR
HE—ROAZMNET 2720, AP THEHLZHD &IH
U, 1.5Hz~3.0Hz DS >4 Ak 2@ Lz, EB
THWEIRRIE S > & Lk O I E R LRI &R A X
7 BIVIEKI2.3.1-41ZRL7ZEBDTH S, EhriL, Tk

#£4.222 TIVRITEL B —RIin )]
(1G DIHE AR N IVIRHTHRE )

Table 4.2-2  Primary stress at each elbow

(Response spectrum analyses at 1G).

Bending direction | Primary stress [MPa]
Model
of Elbow1 Elbowl1 Elbow?2
3D A01 In-plane 2021 1671
3D All Out-of-plane 2157 2733
In-plane and
3D A2l 2092 2166
- out-of-plane
For Elbowl :a-a” : S030 T Anchor
A02
b-b’ : S040 T
c-c’ : S050
For Elbow?2 : a-a’” : S080
b-b* : S090
c-¢’ : S100 a
Anchor
A01
a’S(;O_;m

X4.2-6 TI)LVAR1, 2 FHODOOT AaHHIK AL Z

Fig.4.2-6 Strain measurement sections around Elbow1 and Elbow2.
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(a) Section in circumferential direction
T Anchor
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-
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50
(b) Diameter measured section in axial direction

B 4.2-7 BESVEDFHRIALE

Fig.4.2-7 Measurement section of the pipe diameter.
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Fig.4.3-1 Penetration test result of Elbow2, 3D_A1l1l.
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Fig.4.3-2 Surface crack beside the weld line of Elbow1, 3D_C12

(after 1,850Gal #01).
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Fig.4.3-3 Failure mode of 3D CI12 (Elbowl).
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Fig.4.3-4 Surface crack beside the weld line of Elbow1, 3D_C22

(after 1,400Gal_#02).

[X14.3-5 3D_C22 ®#EEHHRMN (ZILAKR1D)
Fig.4.3-5 Failure mode of 3D_C22 (Elbowl1).
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BrRiR, mZERGT BRI, mN A+ S R R R 2 e
?, @itk (L FIEI2 3D _A01, 3D _All, 3D_A2l1)
IZDOWT, AR 20Gal O IiiEIc BT A TI)LR L, T
VAR OEFEICHEMA L 20T AT =N S RO -1EA
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T— A2 MNREEFETERO<BNER 4 >ICHET 2.
INS5ORIZBNT, BEHNIRI4.2-6 1278 L 72 05 A+
Wi, g, TOVR3 OBAIREEMHIZ D DFEAE—
A RTHD. HONFIF, MIZHITE—A> b2, M,
FRCDE—ACNEEK®T S, TILARL, TILH2OH
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Table 4.3-1 Test results of 3-D piping system test.

» Natural frequency | Contents of the excitation test
Condition of defect .
() and damping | by narrow band random wave
Name . - Test results
Type Depth”’ ratio *z(h) at Ist | Max. input acc. Numbf:r of
mode [Gal] input times
20-100 5 * Failure did not occur after repeating
(Elastic level) the excitation test 20 times at
3D All | No defect i f=2.77[Hz] 300 - 700 4 1850Gal input acceleration.
- h=0.0233 1400 2 * A number of small surface cracks
were observed on the inner surface
1850 20 of Elbow2.
20-80 4 * Crack penetrated at the side of the
Wall (Elastic level) weld line of Elbowl1
3D C12 | thinningat 048 1=2.69 [Hz] 700 1 * A remarkable ratchet deformation
- Elbowl h=0.0239 1400 2 occurred at Elbow].
* Cracks were not observed at
1850 2 Elbow2
20-100 5 * Failure did not occur after repeating
/=283 [H7] (Elastic level) the excitation test 20 times at
3D A21 | No defect - 1=0.0169 300 - 700 4 1850Gal input acceleration.
1400 2 * Cracks were not observed at
1850 20 Elbow1 and Elbow2.
20-80 4 * Crack penetrated at the side of the
Wall (Elastic level) weld line of Elbowl1
3D 2 | thinningat 048 f=2.68 [Hz] 700 1 * A remarkable ratchet deformation
- Elbowl h=0.0166 1400 2 occurred at Elbow].
* Cracks were not observed at
1850 ! Elbow2.

*1. 't denotes the normal wall thickness of the pipe
*2. Results of the sinusoidal sweep excitation
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Fig.4.3-6 Applied moment around Elbow1 and Elbow2.
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Table 4.3-2 Applied primary stress at the elbows at 1850Gal input
acceleration calculated by the test result.
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* Under the assumption of fictitious elasticity acceleration at Elbow3.
£4.3-3  VAERERRBRAE —XREAGRDE-E
Table 4.3-3 Natural frequencies at the 1st mode of 3-D piping system models.
Model name Thinned wall elbow Natural frequency at thelst mode
3D _A01 (Sound) 2.78 Hz
In-plane  bending  type 3D _Co1 Elbowl1 and Elbow2 2.42 Hz
model 3D C02 Elbow1 2.55Hz
3D _Co03 Elbow?2 2.62 Hz
Out-of-plane bending type 3D _All (Sound) 2.77 Hz
model 3D CI2 Elbow1 2.69 Hz
In-plane and Out-of-plane 3D A2l (Sound) 2.83 Hz
bending type model 3D_C22 Elbow] 2.68 Hz
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Table5.2-1 Cycle number until leak.
N-exp N-F N-Df
ElbowBO01 179 206 453
ElbowB02 264 56 131
ElbowBO 02 40 12 47
ElbowBM_01 34 19 50
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531 FRATHEST AT O SRR
TableS.3-1 Model configuration and wall thinning

analytical investigation.

condition for

Name Type Elbowl | Elbow2 | Elbow3
3D A01 0 Sound | Sound | Sound
3D CO01 0 Thinning | Thinning| Sound
3D C02 0 Thinning| Sound | Sound
3D_CO03 0 Sound |Thinning| Sound
3D_All 1 Sound | Sound | Sound
3D Cl11 1 Thinning | Thinning| Sound
3D Ci12 1 Thinning| Sound | Sound
3D _C13 1 Sound |Thinning| Sound
3D_A21 2 Sound | Sound | Sound
3D C21 2 Thinning | Thinning| Sound
3D C22 2 Thinning| Sound | Sound
3D _C23 2 Sound |Thinning| Sound

Type 0---Elbowl : In-plane (Fig. 5.3-1(a))
Type 1---Elbowl : Out-of-plane (Fig. 5.3-1(b))
Type 2---Elbow1 : Mixed (Fig. 5.3-1(¢c))
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Fig.5.2-2 S-S Curve (STPT370).
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Fig.5.2-3 Rayleigh damping.
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Fig.5.3-13 The result of static analyses (3D_C12, Elbow1).
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Fig.A4-1 Strain measurement section and local coordinate system.
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Fig.A4-2 Shearing strain at each measurement points and average

of them.
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AS-1 s R 0 K 7 £ (ELBOL, 235 BRI B 5D
Fig.A5-1 Fatigue failure at a flank of the elbow (ELBO1, the penetration test result).

(a) ELB02 (b) ELBO 02 (c) ELBM 01
KA5-2 SF v NEBENES RFTEROREAEDIPCEXLE R

Fig.A5-2 Fatigue and buckling failure accompanied with ratchet deformation.

B AS-3 SFxv NERET ORISR B AS-4  AF L = EIEH AR E

(ELB04, 123115 R kST Fig.A5-4 Obtained pipes with wall thinning produced by the actual
Fig.A5-3 Fatigue cracks in circumferential direction at ratchet corrosive environment.

deformation (ELBO04, the penetration test result).
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(a) Outer surface (b) Inner surface
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Fig.A5-5 Outer and inner surface of Pipe B (50A).
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Fig.A5-6 Outer and inner surface of Pipe E (200A).
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Fig.A5-7 Wall thickness of Pipe B measured by ultrasonic meter. Fig.A5-8 Wall thickness of Pipe E measured by ultrasonic meter.
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Fig.A5-9 Failure modes of the actual and modified wall thinning specimens.

<HERIREEER > (AL P39 ~P48)

A5-10 3D_All T)LAR 2 @B R R
Fig.A5-10 Penetration test result of Elbow2, 3D Al1l.

B A5-11 3D_CI2 T)LR I EHHGEPEICAE Ue R HE & (1850Gal 1 [E] H NiR#)
Fig.A5-11 Surface crack beside the weld line of Elbow1, 3D C12 (after 1850Gal_#01).
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[ A5-12 3D _CI12 OEGRN
Fig.A5-12 Failure mode of 3D C12.

[IAS-13 3D_C22 T)LAR L HEEEHEIC 4 U R EGE =2 (1400Gal 2 [l AR %)
Fig.A5-13 Surface crack beside the weld line of Elbow1, 3D C22 (after 1400Gal_#02).

X A5-14 3D _C22 ORI
Fig.A5-14 Failure mode of 3D_C22.





