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ABSTRACT

Pressurized piping systems used in nuclear power plants are degraded by the effects of aging, and
defects such as stress corrosion cracking (SCC) or wall thinning may occur in such piping systems. In
order to maintain a plant in safe condition even in the event of a destructive earthquake, it is important to
clarify the effects of degradation on the dynamic behavior and failure modes of piping systems and to
estimate the allowable degradation conditions under seismic loads. However, there are very few studies
on the failure behavior of degraded piping systems under seismic events, though a lot of experimental or
analytical studies have been done for piping systems without degradation.

In this study, a series of experiments and finite element analysis was conducted on pipes and piping
systems with degradation under seismic loads in order to clarify the dynamic behavior and the failure
modes of degraded pipes. The applicability of an analytical method to predict the failure behavior of
degraded pipes under seismic loads was also investigated. Pipe element tests, piping system tests, and
finite element method (FEM) analysis were conducted. Pipe element tests consisted of displacement-
controlled cyclic bending tests on pipe elements with degradation. The degradation conditions considered
in the tests were SCC, electric discharge machining (EDM) notches, or wall thinning. Piping system tests
consisted of shake table tests using simplified piping system models with degradation. The degradation
conditions considered in the tests were wall thinning or EDM notches. FEM analysis was carried out to
reproduce the experimental results. The summary of the results obtained through the study is as follows;
(1) The pipe element tests elucidated the failure mode features which depended on the degradation

conditions or loading conditions. The stiffness of the pipe was affected by wall thinning, but not by
the existence of cracks. The failure modes for thinned wall pipes were affected by the occurrence
of the ratchet,phenomena. The configuration of wall thinning and the type of applied bending load
affects the degree of occurrence of the ratchet phenomena.

(2)  The piping system tests clarified the effects of degradation on the vibration characteristics and the
deformation of the piping system which depended on the degradation conditions and the input
excitation levels. The failure mode of the degraded piping system was mainly due to fatigue failure
at the weakest elbow. Plastic collapse did not occur except for the model with a full-circumferential
deep crack.

(3)  Experimental results showed that the piping systems with cracks can be treated as piping systems
without degradation to estimate the response during seismic events, and the integrity of the de-
graded part can be evaluated from the piping response. On the other hand, the effect of degrada-

tion should be considered to estimate the response of the piping systems with wall thinning, because




(4)

the existencé of wall thinning may affect the stiffness, vibration characteristics, and the failure
modes of the piping systems.

The applicability and the limits of the analytical method to predict the failure behavior of degraded
pipes under high-level cyclic loads were clarified through the FEM analysis. Even if some thinned
wall parts exist on the piping systems, the elastic-plastic dynamic behavior and failure behavior of
piping systems under seismic load can be estimated based on the analytical method. This can be
achieved by putting together the elastic-plastic dynamic analyses on the piping system using a
simplified analytical model and the static analysis on the degraded part using a more detailed ana-

lytical model.
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# 2.2.1-1 8 M D1k ¥ R

Table 2.2.1-1 Chemical composition of materials.

Material C Si Mn P S Ni Cr
SUS304 0.02 0.49 1.10 0.029 | 0.006 | 8.17 18.38
(SC01. SC02. EMO1~ EMO04)

SUS304 0.06 0.51 1.55 0.027 |0.003 |9.21 18.49
(SC03~SC08. EM05~ EMO09)

STS410 0.21 0.18 0.73 0.01 0.006

(ECO1~ EC04)

STS410 0.20 0.24 0.43 0.019 | 0.002

(EC05~EC09. EAO01l. EAO02)

2 2.2.1-2 88 B O B AR A P
Table 2.2.1-2 Mechanical properties.

Material o,[MPa] | o,[MPa] | E1.[%]

SUS304 (scol. SC02, EM0O1~EMO04) 325 593 63

SUS304 (SC03~SC08. EMO5~EMO09) 311 617 64

STS410 (EC01~EC04) 345 509 41

STS410 (EC05~EC09. EAO01. EAQ2) 312 470 38

#2213 REAHTT
Table 2.2.1-3 Specification of the shaking table.

Table size 14.5m X 15.0m

Electro — hydraulic servo control

Driving system
system

Table control method

Displacement control

Shaking direction

Horizontal (one direction)

Excitation force

3,600N (900N X 4)

Max. loading capacity 500ton
Max. displacement £220mm
Max. velocity 75 cm/sec

Max. acceleration

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

Frequency range

DC - 50Hz

Input wave type

Sinusoidal wave , Random wave,

Earthquake wave
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Table 2.2.1-4 Specimens for straight pipe element tests.

s s s Condition of defect Internal
Name | Material ! ! Type of Full angle in Depth of | pressure (P
[MPa] | [MPa] | [MPa] | ¥ & ptiot | P )
defect circumference [deg.] defect [MPa]
SC01
325 593 198
$C02
SC03
SC04 Natural
SUS304 sccC Natural crack 8
SC05 Crack
311 617 206
SC06
SC07
SC08
EMO01
EMO02
325 593 198 360 0.5t
EMO03
EMO04
EMO05 | SUS304 EDM 90 0.5t 8
EMO06 25.73"1 0.49 t™!
EMO07 311 617 206 14.87"2 0.49 t**
EMO8 16.64" 0.34 ¢
EMO09 90 0.5t
ECO01
EC02
345 509 170
ECO03 11
0.5t
EC04
Wall
EC05 | STS410 o 360
thinning
EC06 0
EC07 312 470 157 0.75 t
ECO08 0.25t 11
EC09 0.6t
EAO01 No
STS410 | 312 470 157 0 0 11
EA02 defect

* ‘t” denotes the normal pipe thickness

*1 Same size as SCC in SCO01

*2 Same size as SCC in SCO03

*3 Same size as SCC in SCO07
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(a) SCO1 - SC04, SC07, SCO8.
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(b) SCO05, SCO6.
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Fig.2.2.1-1 Geometry of the specimens with SCC.
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(a) Initial SCC in SCO1. (b) Initial SCC in SCO03.

6 SC07.270° £SCO81 270°

(c) Initial SCC in SCO07. (d) Initial SCC in SCO8.

2212 SCCREBRAEDIE scc ERHBIK
Fig.2.2.1-2 Initial shape of SCC in SCC specimens.
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Geometry of the specimens with an EDM notch

X 2.2.1-3
Fig.2.2.1-3

(2) EMO1 - EM04. (b) EM05, EMO09.
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Loading direction

Semieliptical Semieliptical Semieliptical

EDM notch EDM notch EDM notch

Depth : 4.25 mm Depth : 4.2 mm Depth : 2.9 mm
Width : 21.8 mm

Width : 12.6 mm ‘Width : 14.1 mm
(c) EMO06. (d) EMO07.

(e) EMO8.
22.1-4 EDM iBRAEOEH = HER

Fig.2.2.1-4 Initial crack shapes of EDM notched pipe specimens
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(b) 75% thinned wall specimen (EC07).
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(c) 25% thinned wall specimen (ECOS).
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(d) 60% thinned wall specimen (EC09).
2215 BARBRAEOER

Fig.2.2.1-5 Geometry of the specimens with wall thinning.

400
n
y % | g* 24‘, -
0 T N S R, ,,,*..V.,,E
1 s
! : )
1
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Fig.2.2.1-6 Geometry of the specimens without wall thinning (EA01 & EA02).
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Loading Direction

2217 4 /i THBRERE
Fig.2.2.1-7 Four-point bending test equipment.
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(b) Random amplitude wave.
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Fig.2.2.1-8 Time histories of input displacement.
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D01 P : Pressure Gauge
A01 D : Displacement
R S : Strain Gauge
Ground (Hoop & Axial at each position)
180° (Bottom) 180° (Bottom)
A-A B-B
(a) Measurement points of SCC specimens.
P01 P02
_: —
L01 A : Accelerometer
- D01 L: Load Cell
South A0 s11 e P : Pressure Gauge
< D : Displacement
Ground 518 o, = 512 S : Strain Gauge
S17 %,513 (Hoop & Axial at each position)
N\ 4 C: Crip Gauge
S16 S14 (2ch for EMO1 - EM04 and EMO06,
S15 1ch for EM0S, EMO07 - EM09)
A-A T 180 (Bottom)
Cco1 {6_“}}»_ B-B
Ny
C-C
(b) Measurement points of EDM specimens.
BI22.1-9 EEERMABRAEFASR (1/2)

Fig.2.2.1-9 Measurement points of specimens for straight pipe element tests (1/2).
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D01 05472 - )eS32
A0l ) S18, )) E
— N, o
S17 A : Accelerometer
Ground s L: Load Cell
S16 P : Pressure Gauge
502 - --S01 D : Displacement
180(Bottom) S : Strain Gauge
c-C (Hoop & Axial at each position)
* 8501 & S02 are measured only for EC05, EC06 and EC07
(c) Measurement points of EC01 - EC07.
S64 ‘<€ -
E-F
P01 < P02
31—
-
South
S54 -
S32
L01 A: Accelerometer
D01 L Load Cell
A01 P : Pressure Gauge
s D : Displacement
S02 — — 801 :
Ground 180 (Bottom)s S : Strain Gauge

c-C (Hoop & Axial at each position)

(d) Measurement points of EC08, EC09, EA01 and EA02.

X221-9 EEERKBREFTHES (2/2)

Fig.2.2.1-9 Measurement points of specimens for straight pipe element tests (2/2).
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ANBOELE

Table 2.2.2-2 Number of loading blocks obtained from tests, FEM analyses and SEM observation.

N Condition of defect Type of Max. 4o Loading times
ame * . o
Type Full angle Depth loading [MPa] Test results FEM SEM
1 1
EM02 360° Sinusoidal 707 ( | g --
16 cycles cycles
EDM 0.5t Y ) (Bey )
EMO03 Random 700 10 2 10
EMO5 90° Random 820 4 2 4

* ‘t’ denotes the normal pipe thickness

** Results from FEM analysis described in Chapter 4
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2221 FAScC Z2HMNSDHEE (Sco1)
Fig.2.2.2-1 Crack penetration from initial SCC (SCO01).

i i Test i ,
Thicker wall pipe <> €5t specimen
n © SCC induced area ]
=y ®
\ L NLN
f 1
\ /l | \N 1AW \
Broken position of / f/ Broken position of
SC02 & SCO4 Broken position of SCO1, $C03,SC07 & SCO8
SCO05 & SCO6 (Broken from initial SCC)

2222 HSCCHBRADOERHEBME
Fig. 2.2.2-2 Broken positions of SCC specimens.

M2223 ERBEORR (EM02, &/ EDM &M i)
Fig. 2.2.2-3 Full circumferential break (EMO02, with full circumferential initial EDM notch).
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Fig. 2.2.2-4 Relation between max. input rotation angle and max. bending moment of EDM specimens.
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Fig.2.2.2-5 Relation between input rotation angle and bending moment at amplitude increasing part of
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Loading

direction

Observation point
(a) EM02 & EMO03. (b) EMOS.

2.2.2-7 ¥ EDM & #BIR & SEM BIER X
Fig. 2.2.2-7 Geometry of initial EDM notch and observation point by SEM.

Dimple area
Fatigue crack propagation

Initial EDM notch

B2.2.2-8 TRERMTO Y O4kAM (EMO3)
Fig. 2.2.2-8 View of crack surface (EM03).
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2.2.2-9 WE D SEM BIZEHER (EMO3, #2~%H370v77)
Fig.2.2.2-9 SEM image of fracture surface (EM03, block No.2-No.3).
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Ratchet deformation Circumferential crack

K2231 7Fzv MCKBBABD?OER (EC0S, REDH D 50% HABERAE)
Fig. 2.2.3-1 Deformation at thinned wall part caused by ratchet
(ECO05, 50% thinned wall with internal pressure).

Buckling deformation Circumferential crack

K2232 BARSTORBERER (BEC06, NERL 50% A BRA)
Fig.2.2.3-2 Buckling deformation at thinned wall part
(EC06, 50% thinned wall without internal pressure).




Circumferential crack Longitudinal crack
2233 AAFARVEGREHESF oy bEE (EC07, RED D 75% KN HBE)

Fig.2.2.3-3 Circumferential and longitudinal cracks and ratchet deformation
(ECO07, 75% thinned wall with internal pressure).

Loading direction

2234 ECO7 CHER SN/ AMEHOWE LOFEME
Fig.2.2.3-4 Position of the longitudinal cracks that appeared in EC07.




B2.2.3-5 140mm AJJKFD EA01 DA
Fig.2.2.3-5 Deformation of EAQ1 at 140 mm input displacement.

Crack

223-6 BEBRHTOEREE (BEA02, BEHEREK)
Fig.2.2.3-6 Crack penetration at welding line (EA02, no defect).
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2237 EiRfA—glIFE—A > NEE (EA0LD)
Fig.2.2.3-7 Relation between rotation angle and bending moment of EAQ1.
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2.2.3-8 EA01 & BA02 D[ulinfs — il F & — A > B4R
Fig. 2.2.3-8 Relation between rotation angle and bending moment of EA01 & EA02.
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Relation between rotation angle and bending moment of the nominal wall thickness specimen
and the thinned wall specimens.
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Fig. 2.2.3-10Relation between wall thinning ratio and decreased reaction force ratio.
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Fig. 2.2.3-11 Relation between wall thinning ratio and deformation of diameter.
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K223-12 HOTHDTF v b2EE (EC04, 2 [HHDHAH)
Fig. 2.2.3-12 Ratcheting behavior of hoop strain (EC04, 2nd time loading).
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% 2.3.1-1 8 # O (k% B

Table 2.3.1-1 Chemical composition of materials.

Material C Si Mn P S
STS410 0.17 0.20 0.50 0.01 0.002
(ELBO1~ ELBO04)

STS410 0.19 0.25 0.82 0.02 0.004

(ELBO5. ELBI_01. ELBO_01.
ELBO_02, ELBM_01)

#2312 M OMBOMEE
Table 2.3.1-2 Mechanical properties.

Material oy,[MPa] | o,[MPa] | E1[%] |
STS410 (ELBO1~ELBO04) 362 553 32
STS410 (ELBO5. ELBI_01. ELBO_01, | 351 506 52

ELBO_02. ELBM_01)
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B23.1-1 HHEBBRGEOHE
Fig.2.3.1-1 Geometry of the bend pipe specimens.
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2.3.1-2 Hili 75 A A0 T AR

Fig.2.3.1-2 Cross section of thinned wall elbows in longitudinal direction.
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Fig.2.3.1-3 Cross section in circumnferential direction.
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Load Cell

(a) Schematic illustration.

2333

(b) Dimension of the test equipment and the specimen.

B12.3.1-4 TS 2 32 7 BT P R T AR B A A 2 1
Fig.2.3.1-4 Test equipment for In-plane bending (Support condition : Pin - Pin).
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(d) Dimension of the test equipment and the specimen.
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Fig.2.3.1-5 Test equipment for In-plane and Out-of-plane bending (Support condition : Pin - Fixed support).
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(a) Sinusoidal wave with 5 cycles.
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(b) Sinusoidal wave with 20 cycles.
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Fig.2.3.1-6 Time histories of input displacement.
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C1'
D : Displacement
L. : Load Cell
P : Pressure gage

SC4-1
C4-C4

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).

X23.1-7 HBREEHREBAEFRELA (1/3)

Fig.2.3.1-7 Measurement points of specimens for bend pipe element tests(1/3).
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Fixed support
(ELBI_01

P02

AN
D00 C1'
Lo1 D : Displacement
— b L : Load Cell

Ground P : Pressure gage

SRR

C4-C4

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

(b) Measurement points of specimens for In-plane bending (ELB05 & ELBI_01).

X23.1-7 HEEREABRERA (2/3)

Fig.2.3.1-7 Measurement points of specimens for bend pipe element tests(2/3).
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D : Displacement
L : Load Cell
P : Pressure gage

C4-C4

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

(c) Measurement points of specimens for Out-of--plane bending ( ELBO_01, ELBO_02, ELBM _01).

2317 HIEERRBRAEGAA (3/3)

Fig.2.3.1-7 Measurement points of specimens for bend pipe element tests(3/3).
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2.32-1 HREREETFE Y =R (ELB01. BERGHBRER)
Fig.2.3.2-1 Fatigue failure at a flank of the elbow (ELBO1, the penetration test result).

(2) ELBO2. (b) ELBO_02 (view from the intrados).
(the penetration test result, view from the intrados)

(c) ELBM_01.

K2322 SFzv hEEEZESRIERBOBERLIVEZHER

Fig.2.3.2-2 Fatigue and buckling failure accompanied with ratchet deformation.



2323 JFzvy hEERDIOBEGMER (ELB04. BERGHBRER)
Fig.2.3.2-3 Fatigue cracks in circumferential direction at ratchet deformation
(ELBO4, the penetration test result).
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Fig.2.3.2-4 Diameter deformation ratio of specimens subjected to In-plane bending.
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Fig2.3.2-5 Diameter deformation ratio of specimens subjected to Out-of-plane or
In-plane & Out-of-plane bending.
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X232-6 BANETHBROEEA - IFE—A> MG (A7 70mm 1 EHE)

Fig.2.3.2-6 Relation between rotation angle and bending moment of specimens under In-plane bending

(at 70mm #01 loading).
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V2, -6

0

6=%—2xsin"( ), M =P-l cosf

(a) In-plane bending by Pin - Pin type test equipment.

l

0

l

1

(b) In-plane or/and Out-of-plane bending by Pin - Fixed support type test equipment,

* In this series of tests, /;=1650mm and /,=1560.7mm

K2327 HHMERWEBICBTS2HTFE AL MBLUOERAORKERR
Fig.2.3.2-7 A schimatic illustration of bending moment and elbow deformation angle according to
the type of test equipments.
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Fig.2.3.2-8 Relation between wall thinning ratio and elastic stiffness.
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Fig.2.3.2-12 Strain time histories of ELB03 at 1st elastic-plastic cyclic load.
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Fig.2.3.2-13 Strain time histories of ELBOS5 at 1st elastic-plastic cyclic load.
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Fig.2.3.2-14 Strain time histories of ELBO_01 at 1st elastic-plastic cyclic load.
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Fig.2.3.2-15 Strain time histories of ELBO_02 at 1st elastic-plastic cyclic load.
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Fig.2.3.2-16 Strain time histories of ELBM_01 at 1st elastic-plastic cyclic load.
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#321-1 FHELERBHBRAE-E
Table 3.2.1-1 Test models for 2-D piping system tests.

Internal Condition of defect
. Sy S, S
Name Material pressure . Defected part
[MPa] | [MPa] | [MPa} Type Configuration .
(P) [MPa] (See Fig. 3.2.1-1)
2D_A01 No defect - -
Full circumferential .
D BOI hinni Straight pipe near the
. STPT370 | 302 | 473 158 1 mning anchor
Wall Depth:05¢
thinning | Full circumferential
2D_C01 thinning Flbow 1
Depth: 03t

* ‘¢’ denotes the normal pipe thickness




hinned wall part of 2D_B01

Thinned wall part of 2D _C01 .| X

(Elbow1)

Elbow3
Part B

3211 FEHEERAR HBREBR
Fig.3.2.1-1 2-D piping mode! for piping system test.
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f
0
‘l‘
—
Al
1
100.0

3212 HIERAES ORI

Fig.3.2.1-2  Cross section of thinned wall elbows in longitudinal direction.
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e

haking direction

1st mode : 3.2Hz 2nd mode : 5.7Hz 3rd mode : 14.3Hz

X3.2.1-3 FHEAEERDBREOREE—R
Fig.3.2.1-3 The vibration mode of the 2-D piping model.
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=3 =]
S=88

-1000

o

5 10 Time[s] 15 20 25 30

(a) Time history of input acceleration.

20 ; ! !
15

10 -

Magnification of Response Acc.[Gal/Gal]

Frequency [Hz]

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

321-4 VHEERBBRTHEALZKERT > 5 LN
Fig.3.2.1-4 Narrow band random wave used for the piping system test of the 2-D piping model.
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3.2.2 alBRfE R
3.2.2.1 BEHERRA
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(1) E2BRE 2D_Ao
AA =T RN 5/ 5 NZ—KREFREHEIL3.35Hz THok. £ie, A4 —7
MR TH S N EEB KD RDTZEMELIT0.4% ThHhol, HEHRL )L TR
BRAEOIEEREZR/BLEH L, BBEELXVOMEREL T, AH LR
400Gal. 700Gal. 1300Gal DiNEZEENFN 5 EEML., HEER BT 2I0ER
HE2RELTHRERT L. MRERPICHRBRAEOBBIEZEC Aok, £
7=, EBE ABREOIEMOBEEZYOHL, TONEOBRBHESE (PT) RE
ZEBUZHER, EROREEIRBDSNEN >,
(2) EEMHEHAGRRAE 2D_B01)

AA —TIRN 545 5 N —REFRE L 3.28Hz, EoEELHLIL0.42% THo
7o BEMEER L )V THEREDOREREZIREG Lcd E AT L)L 400Gal. 1200Gal
OifREZENENS BEHE L. TORBRBREDHET 2 ETATIMNEE 1600Gal
DiNRZFEOIR LIz, ZORER, 1600Gal D 22 BIH OIRITB W T, HEED A001
TONEEBIZBNTASFMERNRBEL, BHTiER o TS Z EAHER

SNz, M3.22-1 CZ0EZDOHBERREZRT . ZOT > HEHEHE ORE TR
BRAEDEHISECLIVMITE—AL MR EBZMBCENECYREAD
BEMBEZEINTIY, TOBABEEINSSRNEEL. BARICERL
EhbDEEZLEND, BEMAETEHRLEZVTAZERALAEE A, 1600Gal
TOM{RIBEELIOHARENEL TWE, 2T, TOBBRAHLA)
1600Gal OMIR3EEH LD FBELTBO., MROBOVERLUICKD EHMNERL, 22
BEHOMBETHBICENWREBIZIE > L LERINS.

LROT7 OAMEEICBTAEEBEOD L. WEMEZTOHL., £OEHS G
DEEZBET DL THEZT> 2. MER. 1600Gal TOMIRZ B L /2#s
R, 28EEOIMIRICBNTIIVA 2 O FHEMER (593.2.1-5 28 % S065-5066 D
fLiE, LATFS065 ) THALZROBEICLSDEONIMKREIHER SN,

CHEZ#E L. 29 BIEOMRICBN T, ZOME TR ZHIER L.

WE K OB A Uiz, K3.2.2-2 ICHERREERT . ARBRETEEICEALL




EES0% WAMSITOWTIE, SFzy FEBNFEAEL, HERES 0D
ENEN O TORBIZAE LMo 72, K3.2.2-3 ICTEHBERRNED DERIRKT
ERT,

MBE. 2TOMES L EE RN, \%@Jmﬂb WHE D PT REZEEL
Tzo TORREK3.2.2-41TRF, K3.224 1R LELIIC, SUEBHTHAHT
VR 2 D S065 MINENICBWTIE, SmE& D B IEWE T - 0 il & 2
ENHR I NIz, £z, ERNEBELAE > RO ERE (K3.2.1-5 D S061
) WEBWTHAMICEMARERORENRR SN, 202 NS, TR
2 OEGRERIIANEMNSFREEL, SAEICATCTER, BBICE-EbDEEZ
5N%5. ZORMBRETIZ., TIR1ONEIZBWTHBENCHEH M Z RO FHE LN
WRENZ. 2ES50% BAZEALLBEERS TIE, HAEOES BIZEETH-
N, BEROFREZHERINB ok, BEEFOW S AZZOMBICH T 5
TRIEZRE<ITEHRBLUOWEHBEEZRE L THIYRLRSD. SFz v b

WEDEENBEDPRESRDZ LT, MITEREZNICE DAL BIRHNAE
{7RD, EHVRELRBRNM2EDBODEEIONS,

(3) BhEEREAFEEBRME (2D_C01)
A =T RN 5/ 5N —KREF R 3.22Hz, BELLIZ0.45% THo .
AR L NN TORBREOIGEREEZRB LD &, WBEL LOMELEE
L7z AFIV)L400Gal DINIRZE 10 B, 1200Gal DINEZE 5 EEHEL =5 &
1600Gal TOMIFZZHBE THROR L 2. TOHE. 1600Gal DN 27 HHIZHB W
T, BAMETHS TR TEHRNEB L2, BBRREZR3.2.2-5 1TR7,

AR, ETOMEZYVHLATOPTREZEBLZ. TOMKE, AN
BELEIIRNLOM, BEEETHITIVR2 ODNEICHE W TS BIERICEEH
SROFEENHERINZ, K3.2.2-6 ICPTHREFRRZRT.

3.2.2.2 HEEM EREBEOBE R

ERNSH/SNE—REFRBEIT. BE2RRE 2D _A01) T3.35Hz. EEIHEKA
Bk (2D_B01) T3.28Hz. HIEIBARBRT3.22Hz £720, 2D A0 &EHBL T
2D_B01 TIE# 2%, 2D_C01 TIIH 4% DREFOE T NRD 5Nz, THEHEN S 5
CETRORAMEMETT2720EEZ 5%, 2D_B01 £2D_C01 DBARIZENEN
50%. 30% TH V. 2D_B01 DEAERNKE NN, BHRBEOE TRIZ2D_Co1 DAN
REW, BAZMELEMEBIIKI.2.1-1 CRLEEBOMEREKE ST > 5 A002 EHE




THO, BB CLIORETEIE— AL PDOLANNIZEERETHZEEZ NS,
2D_CO01 DEARIMEBABARBDORE N 2D _B01 DHDL D BENEE B> =D, Hh
BEBTHHAHETHIER, BAZAE L ZEEROMITREL D b RBRERED
- REIEICSA2ZBRREVNEDEEISNSD, 2O ENSL, WEICBIT 2K
WiZ, BEEBCHARS 25X 0bEARIKOLLICEZI2EBERKENEESL
b5,

BEMEAE L OV O IR TR, BRI —ENEHERIC A VRIMENE T T 5201, &
B O HERBEAME T T2, §3.2.2-7(a) KA N INEE & SERIRER - OBEGEE. K
3.2.2-7(b) KEBIRB M OETERZRT, MBRTIRRETROBEL THRERDIHE
i (REBEOHMEN) ZEHEILTWEN, ZORELEMOBRGERER K1Y
AN EHEL, TOYEKEL TERAOEBRBEZED ., £/-. SBREHRD
ETERIE, 2D_A01 OB L X)L OMBTHSNZERIRSH K2R LEE L T, THTE
NOBBREDOEMRL NINZB T2 EBIRH R 2 EEORBETHRL TRDEZHDT
HBH. H3.2.2-7CRLELIIC, BEBEROEBIBEEEIIADIMEEDHEMNE & BHITEK
TU. BRANUVRNTHRBAEL DK 2.8 ~3.0Hz &R0 TW 2, BAAH LRI
BILEEEHET. RERNMRLTHI2BEOMWMERICB T SEERIK & LKT
L1000 ~12% BT LTWiz, REBOBETHEMILTOHBRETRKTH . KA
DHECMBOFEIRRTII RN o . |

B3.2.2-8 ICANINEE EHBAEOFREGEMS TEHHU L AZREMEEE OBEKRZ,
X3.2.2-9 IC AT IEE L BEBMOBEFRERT, K3.2.2-8 BLUOK3.2.2-9ITRT LD
e ARV RIVORENWIMRERTIEERSENEES LVOBRKEEEAMEBITA N MNE
BEOBEMBIIH UIREOHMENMES B3 EAARDEND., Zhid, RBEOBME
ERICHEVWRBI IR ) F—H{BIN D0 EEZ NS, ARBRERTIZ. AHL
NIVEBRKBEOBBRIZBNWT, REKOMETHEM &FK, BAOHECHRE OEFE
MEBIZL2HBEEEEOEROBRVWIIER S NLAD > 2,

3223 NERL

ek 2D_A0l. EEEARRAE 2D _Bo1. HERNKBRMA 2D Co1 TOEEISL
DHNEEMEEZR3.2.2-10 ITRT. ZIT. AREBRLHABREONED SRR D/
BOZEZELD, RBRAOABRTHRLEMBEL TN, K3.2.2-10CR/RLELDIT, @2
HBRETRAREB(NIZ AL, EEBHARBED X O R AR Bk T
WA S ONREBENKREN ENDN S, 2D _B01 T, BAESTIF v MNER

o 8 5 —




LD 10% A EDOAROBMMBHER I N/IZIZENND 5T, 3.2.2.1 THRANZ X125
SROFERHERE N>z, EERAK O/ EE NG, BE O T3 % MlE
EROBDHMENDHD., HFICLVECZBREB A MO T HOEEAMIE % 80 &
TELEDITNEIL o TR EHRINS, —F2D _C01 T, MAMETHZ )
N1 OENFEONREMBEIRN 2% BETHo &,
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32.2-1 2D_BO1iZBTFB7 > HiEETORIE
Fig.3.2.2-1 Unexpected break of pipe near an anchor on the test of 2D_B01.




K 3222 IT)VR2TOEZHEMB (2D_BO1)
Fig. 3.2.2-2 Penetration of the crack on Elbow 2 of 2D_BO01.




Thinned wall
straight pipe part

2

3.2.2-3 2D B0l IXBTBBAED DO 5 &
Fig. 3.2.2-3 Bulge of the thinned wall part of 2D_BO01.



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

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

3.2.2-4 2D _B01 OERHBERE AR R
Fig.3.2.2-4 Penetration test results of 2D_B01.



3225 TRl RATZILER) BT 5E2HEE (2D_C01)
Fig.3.2.2-5 Penetration of crack on Elbow 1 (thinned wall elbow) of 2D_CO01.



t
|

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

3.22-6 2D_C01 DR FEREGHBRAE
Fig. 3.2.2-6 Penetration test results of 2D_CO1.
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3227 ANINEE & BARERSICHBIT 5 ERIBESHR OB G

Fig.3.2.2-7 Relation between the max. input acc. and the dominant frequency at the max. response.
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Fig. 3.2.2-8 Relation between input acc. and response acc..
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Fig.3.2.2-9 Relation between input acc. and response disp..




@ Elbowl In-plane €  Elbow2 Out of plane

* Elbow1 In-plane(Thinned wall) A Straight pipe In plane

B Elbowl Out of plane L. Straight pipe In plane(Thinned wall)

{1 Elbowl Out of plane(Thinned wall) .4  Straight pipe Out of plane

A Elbow2 In-plane <1 Straight pipe Out of plane(Thinned wall)
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32210 FHEHEERJXBRETB TN ELRLE
Fig. 3.2.2-10 Diameter deformation ratio of 2D piping models.
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3.3 MARBLE R
3.3.1 WBRGIE
3.3.1.1 AERIK OBEE

[3.3.1-1 TEKREERZBREOHEREZRT., HBRAEAZIIINR1Z2E0DHS G2 A).
TR 2Z2E50ED B2 B). TILVRIZEOHS I C) O3DILEHERIN, 7
FUVTHEA L, UARERFBARVYEEERHABRELRELRD, H2 A, B, C&
DIRND—DDORERK LB > TS, UKREERTEALZSLEAR. BE TR
WEZIZIINANTEFOEERSICB TS EDM RO 2 EEE L., THEERAR
ERKE, HEMIFOBRVWBERBETONVWTHMEERRZ2T /2. RET 2HLEHF
KREWES A L2350 B O—HIcHz2EA L, B cireToRRAETHEIC
EHL .

HRTHEALUCEER. EANICYEHEERERE AR, SREEHRXZMNAE
STPT370 & L7228, WARMEIRE HRKBZHME FSGP )V AR THRA U7z thEHiR
WHBAETIIRAMER > OBAMENRZL > TS, £z, EDM &M EHRETIX
ZHRHEADERDED AWCERERARXT >V AME SUS304 2HEHA L 72, BEEIX100A.
sch80 Db DEFA L, MBREOHAHELBALZLEEFEILUTOED TH S,

(1) B4 3D _A01
FHlL&t Szl
(2) B4 3D _Co1
Pes&t TR 1 BEIUVTIIVR 2 BA
K3.3.1-1 KRULAETIR1BEIOIIVER 2 2% FSGP TIVKRET S
ZERED2EBAEREL ., FSGP T ADOREIZAF 4.5mm T
bV, WAERIZ48% &725, BRI EZHERD OBKRER3.3.1-21
RY,
(3) #Bk4 3D _Co2
FesktE : TIVR 1 EA
TIR1ZFSGP TINHRETHZLITXDBAR48% OLFARMA % #
'L,
(4) BR{E% : 3D_C03
HALGME 0 TIVER 2 BHA
TILR 2 ZFSGP TR ET BT LI L DHAR 48% O2HFA % M
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L=,
(5) #EE4 :3D_DO1
L5  EDM & (HrER) |
®3.3.1-1 1IZRT TR 1IEFEOEERSTEREHERO EDM %%
ALKk, BALZEDM ERHOBRIET, K2.2.1-4ITRLEEEES
B EM07 ER—BREL, BREHEIZHITE—A 2 MRRA
LB hEm (ZE@+Hm) T—HETH,
(6) HE{E% :3D_D02
$its&H : EDM ZR (ZFEH)
B3.3.1-1 1R TIVR 1 IEFEOEERSICEE EDM ZRHAEEA L 7=,
EFHBESHHNEDS0% &Lz,

£33.1-1 CHRBREDOEEZ T LD TRT, £/, K3.3.1-3 ICEHAHEMRITTRDZ
3D A0l DEIFIREK LR E—FERT, BRERBOBESO—KREFRHEKIL2.74H2
THY, —REFREE— FTIXENBEBIEIINR1BELEIINE 2 OBARNEERTH
%, BERBOHBE., BREANRETZORIIINRLITHD., TIKR2 BTN
PRI 14% BEENEE 2o .

3.3.1.2 IndRGHF

AR THRNZEERETVICH LT, —RIOKRURBEZFEAL TNRERZT-
7o MIRBEEEHBRAED —KBEEFREE—FOBLEHET SLS. 1.5Hz ~3.0Hz DK
WRS D LEEERLUTHEALE, K3.3.1-4 CERTHERALZHRERS > FLED
IEERRERE EBEARY MVERT, ERIZZORHEBRT > FLEDOAN LA
WEBEL X)L (100Gl BEEXT) 2 5HEK 1850Gal ETHEMIE, EAHLN)LT
DISEMRZWMBIZLEDIT,. BRURNVTREBEDNHBTLIETAHNEZEDEL
7z

BRI FERAKZBZLTRNEZAML 2. NEMEZ. BREHRES X OBAR
BRAT 10MPa, ZZfTERBRIAT8MPa ICFRE L=, 3D_A01. 3D_CO01. 3D _DO1iZDW
T ABENHELARKORRE BRAEERL 2R R TRBIAOANERTI®E
A%, 3D_C02. 3D_C03. 3D_D02 Th. RIRAEMER LS & B 3.3.1-4 1257 L7 I A
MR TTHETHRZ#BEL /=,




3.3.1.3 FHAl
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1) WEEMEED L CEM
) RBAEBICT >0 MO RS s
(@) TIVR1 ETIVR 2 OME N LA

@ WHE
(5) BHEHE. dELABEER. 7ONEFEER. YR - MIEEERICBIT 54
KEOEWHFB X TEFRMOT &

(6) TIVIR3MLEICBUT B = RITH T R E L AL
(7)) ZFHRAOEM (ZRHMZHBREOH)

K 3.3.1-5 ICRBREDEBIAZRT. INSIEETS500Hz DY > 7Y > 7 BTN

Uiz, £z, BRedREBIVEHARBRETE, oM BROMBIIS W THER
TOMENEZFRL .
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Elbow2

L

Crack induced position
(for 3D_DO01 & 3D_D02) Shaking Direction

X3.3.1-1 VARERER HSEBRERR
Fig.3.3.1-1 3-D piping model for piping system test.

4.5

8.6
i
+

114.3

10°

X 3.3.1-2 BEERARZ ORIR

Fig.3.3.1-2 Cross section of thinned wall elbows in longitudinal direction.
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+7Z
E$Z+Y
+X

Shaking Dircctioxz\k

1st mode: 2.74Hz 2nd mode: 7.21Hz 3rd mode: 10.16Hz

3313 MAEERAREOKREE— R
Fig.3.3.1-3 The vibration mode of the 3-D piping model.
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S 500 b e £ W . H
Q qVPT)
=
PR S .
<_1“w i i i i i i i i 1
0 5 10 15 20 25 30 35 40 45 50 55 60 65

Timels]

(a) Time history of input acceleration.

20 ....A....V.....V..E...",..,...4,.“. . R

Magnification of Response Acc.[Gal/Gal]

Frequency [Hz]

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

3314 UMFEERHRTEALLEREES > F LK
Fig.3.3.1-4 Narrow band random wave used for the piping system test of the 3-D piping model.
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5024 S022 A0(py) (&) A0s
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> ®
@ : Strain gauge (Axial)
D03 O : Strain gauge (Hoop)
(from outside of the shaking table)
Z A : Strain gauge (45deg between axial and hoop)
l [J :Pressure
Y X 5061 o E‘ 1y Anchor A-02
" F—————fh——|"
S064 =
5062 PP
ik N .
] A J  mr—on7 o hmA-01~a-02 KRBT
WHAY.
051 UEEAYEERZFRCAN T, ~YE
A EMCHIRY ET .
co1 sosg g 5052
5053
@ A A\ [
For 3D_D01 & 3D_D02 S056 8 S054 M :
/ S055
P01 =
Ny o
o =
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S — A |
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) s )
To,
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4 2 4 A 42
5038 503 S0 N S0
7, D
sosmo-(\\)—)-o,; S033 S0474 g ADJ}OA 5043
TN
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IV v 2= EINN
33.1-5 MAKRERHKRE FRIR
Fig.3.3.1-5 Measurement points of the 3-D piping model.
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3.3.2 EBREER
3.3.2.1 BHERM

TARERRBRORBRERE£3.3.2-1 TR, HBRADBBRIITL T D@D T
Hol,

)

(2

(3)

4)

2Bk (3D_A01)

AA—=TMEMNSHE N —KREFIRGEIL2.78Hz TH o /=, HMEEHL XL T
RREOGEREZIME Lz EHBEEL XL OMREE/KL 2, AN NEE
1850Gal BB L NIVINIR 1I3EESK T Lizd & DIVRN 1BERTE (K3.5.1-
512815 S047-5048 DALE, LATF S047 & WD) TRHEAREICSIFZAHDOFRELE
DHEREIN, 14BEEHTEZOH 2N SEEMAMITET EXHNEELZ, K3.3.2-
LTIV 1 ORERAZERT,

TR 1 BLARTIVAR 2 BAEEEAE (3D_Co1)
AA—TENroBEONE—REFRGKIE2.42Hz THo%2. ANMEE
1850Gal DML ~)VINIE 1 B EH TIIVR 1 B S047 flic BN TRESNA KT O
EHFEENER SNz, TO%. ATMEE 1850Gal DI 3 [EH THIHFMIC
EHEHENEBEL/-, K3.3.2-2123D_C01 DHEERAZRT.

TV 1 AR B

A4 —=TME»5 BN REFRSGKIT2.55H2 THoz,. ATMEE
1400Gal DI L X)Lk 1 BEH D &H &2 )V 1 kg s047 Bl CEE S FRMEIC
BB O LN, £z, AJITMEE 1850Gal DR 1 BIHD H &2, TILAR 1
DEAABORHIE (K3.3.1-512H1F 5 S042-5043 DALE, LA S043fEWD) TH
<EHOFEENHERI N, TORBRAEIL1850Gal OINHE 3 B H T S047 RO #hE
BE T A M OEF EHNER L., EREBERLIMREMHEL 272D, S043
ROBERTNS D ERNERB L, 3.3 2-3 CEHERBANICHEAMRINE
RENAREOSESZ, HK3.3.2-4 1CT)VKR1 OBRERRZRT,
TV 2 AR BRI

AA—=—TMEroB/ENE—KREFREEIZ2.62Hz THo=. ATMEE
1400Gal OHBEH L ~)VINE 2 MEOH LTIV R 2 BEAE (M3.3.1-5128F5
S094-S095 DALE, LAF S095 & D) TERENREIZIFEANFEELEZ, TOD
#%, AJIIEEE 1850Gal DINIR 1 B HICHWT I OB Tl G MK s RN E®
L7z, K3.3.2-5i23D_C03 ORRN &R T,
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(5) #85> EDM & &AT &7k (3D_D01)

(6)

AA =T IR 5% 5 Nz —KEH R 2.79Hz THo/z. TORBREKTIE
Uy T =V FEH LU TEDM EROBOEMEZEH L T, EBROEH
MBEHRIL TWAROEMENEM L 2oz, MEZ#E L THRE
ETWESORFMANNSbO LB L TMREZPIELEZ., ZoRBEIIRL
Tk, HEBEL NV OmiREZ, AJMEE 800Gal DH D% 1 [, 1200Gal DH D
213 EERLENHBREITHIBE Lo/, MBRKETH, SREATmZ2Y 072
LTBHRELEEZA, YIHEDM ERM SO XREREITN0.5mm &8> T,
& EDM EZ&{T &Rk (3D_D02)

CORBRETIE, A1 —TMRZTS EHERBICR L EXFICEENEBT
ZBTNND oD, RHBRI Y LEEERL CTEA R K2 kD 2, A
W T > F LMD 5% 5N e—REEREEIZ 2.75H TH o . ASMNE
FE1850Gal DN 1 EEME T Lzd &, EDM ERHE[E LM BITHIGT SE
ENREO—EICIEANFEELZ (K3.3.2-6). EDM ZZIIATIMEE 1850Gal
OMmE2 BE T, K3.3.1-51CB1F 55032 AMNCEB Lz, BBED IR Z b
L7z, BHROBBECLIDAFRICIHNEZEL., 2RABKICE L, EH
B@EAHRNS031 HRANSTNTVSDIR., RBREOTIVR 1EEOERNE
O EAMT TRARS, EFOEALEENEEL TWL D EEZLENS.
B3.3.2-7 I CEHVBRELEZEZORAZE, K3.3.2-8 IC2EBEEORMEBREDR
WMERT, £z, K3.3.2-9 ICZEHPEBELZMRICBIT S TIVR 3 OIEINEE
ENEEORREREEZRT, K3.3.2-905, EREFE®RS~6 Y17 TR
AWK E T &b 5,

BRI T, 3D _A01 BXU3D C01~3D CO3IIDWTIHIIVAL, 2Z2Y0DHL TR

BREMEZEZTo> /2. TOHKE. 3D_ A1 TIHBEHELEBE N oI ER2 ODANBEICE T
WAOBEHORENZD NN, TOMOMBRETIIHE L ZHEUAONTEICE
HoBERRDLNAN-Z, £z, WELZEEONE I, BERERHUMNCEE
DL REBZHORBENRD 5Nk,

ZHERETTICEL BB E L X)VoMiREIEE, f#e2ibAT20 B, BARRE

T4BI~6RERoz, BEROBMBMEGERBEAREI LIRS 2D, NREK
DHTEYS AV INVEFBECELEY A VIR EREET S L@ TERVAN, b
DIERNS, BEEHBRE CHANRBENRBRREOANMEEZZT 2545, iHE RS
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I250% BEORANGEET S EICL> T, RBEOFEMIMN /I UATITETLEEE
Ab5N5,

SEARE RRBATIE, 3D_C01ICBNT, MBI THRIIVR 1 23 < LMK 2.6 &
OBRIGERNEELEZN., ZOLEEPALECET T LRI BEHRIELRZN T,
AEBRICBNTIE, BE50% O2AERHEZM LU ZHBAEN T, HEITHENWEEMR
FEEICETTALOBBERIFETT, ERTHEBSINZEEROBBBREIEME
SEORKENWHEIRIICB T 2EFEBETHo 2,

3.3.2.2 Hb§M LA EOREME

ERMNSESN-@E2RBRE 3D_A01) O—RKREFRKIZ2.78Hz ThHho7z. Th
L, ERFERBREOEFHREEIL. &5 EDM R D EHERE 3D_D01) T 2.79Hz.
£ EDM E& DO Z#HBE 3D_D02) T2.75Hz S EEREHBRELRAE LR >, —
#. DIVR1BERRA 3D _C02) OEEREEE 2.55Hz. TIVH 2 BAREBA (3D_C03)
13 2.62Hz. TR 2 ETEAREBMA 3D_C01) 1d2.42Hz £72 0., B2HBRAEDOEE RS
BUTIERZENETNHN 8%, 6%, 13%E T L. TNHDERNS. FRVEEL THE
EROBAREHRICTFEACEENENZVY, BRANEET 3 LROBEA R
MMETTHZENbho, —HFEREROBENLIEL., R3.3.2-1ITRLELDITERD
BADEECNANDETHO0.01 THok. EHOEZHBRAETEHEREANBREHARAE
EEEAERBELRSEZOR, BEEERARBERLCHSLSALRIDICEROELER
EEORIMEICIZIZEEACEE L VWEDEEZ OGNS, —HFRRARETERINE
BEHEREBEOETIZ. HERLOBACLVEERHXBREORMENMET LD &E
26Nd, BRRBATHERINZEERDEOETESZHRAOEE (FERDH
BRBROMEK) TEELTWSEEZONS, AERTIR., TIHR1. 22hEhzE
BASEZEZREAZHER L TRBERZEBL 220, BAMEOFEME LB RE
BOEBETRICHABEZEVWZEN D > 2,

FHEERBBRERTORRZLDIT, HEEL X)L OMIR TIRHEBRED —H NS
PIRICADRIMEAE T T 52012, REREDEBIRBIBAIMET 5., K3.3.2-10(a) IZ
ATTINEE SRR DRRGE T AR RO EBIRE R & OBfRZ. K3.3.2-10(b) ICEH
BREBBOETEREZRYT., 22T, EBRHKIE, TIVAR 3 AE T U R E g B
D, BRGERADO1TI 70K ELTRDEZ, £z, K3.3.2-10(b) 1&. £DOLD
LU TRDZEMBEL XV OEBIREEZ. 3D_A01 DATIIEE 20Gal D INHRITHB T
LIBBTHRL TRDZ, K3.3.2-10(a) IR L XD 12, PHRETIHBREDOHLE
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B U T 2.5Hz ~ 2.8 Hz BREDBIZ M L T /- BB BB A ST IR EE L RJL D 1Y
INTHEWE T L. 1850Gal D ATIMEE L X)L Tid, 1.8Hz ~2.5Hz BEETETFLTY
5T ENDMND, K3.3.2-10(b) M5, IWREFOETFTEIGIZ, ATINEE L ALK E W
FE, T, BAOEREZNWEFEERENWI ENbM 5B, 1850Gal DA HIEEL R
T3, 3D_A01 TRHADHRB LB L T10% BRERBBMMET LA, £/, ThR1E
FISEA L TW5 3D_C02 BKU 3D €03 T, ETEISIIH15% ~20% THO., T
N2 @A L TS 3D_C01l TRETOMENRETH BB DY AIRE LB L
T HEREBBIINIS%ET L. —HEHEHOEREETH % 3D D01 BLIU3ID D02
DNTHE, BEPHBERIZAS Z SIS REROETIZRD 5N 58K T OEM
BREEHBRAEACEREFAEBETHD, ZHOFEBLVRESICLEEVEIHETE
TR D 7z,

B3.3.2-11 IZAARECE R B O A IEE & TIVR 3 OALBIZB T B IEE MEED
BifR 2R . ATINEE 400Gal L EDBBHE L X)L OMBE T, AFINEE DMK
X LSS I E QEMBEMME< R EANRD 5N, i3, ABREko—ERicH
MEBNREEL, TRICHEVRBI IRV F-—NEBRIN D EEZGNS, T2 [
—DANMEEICKHTBIREMEEDO L) 2RREBMTHETS &, EROEREB
AKTHR2HRALZIEREBETH I, HEZRASEZEZBRETIEEKRED
JREMEEICHEANERVMEE 2o 2. RARBREICBITDEEMEE O BEERBEITH
THERTEHEE. BERBBROBTLAKBAOCORECKEL., HAOHEEMBEICX
LiEVWEE N Mo,

ERTHE, HAERZRAEMEEFEAL T, BRHEAELS TR LBITBITS
MR EMZRDZ, ZOFRBRICLZMBESMEML DREBBEANEMDOEEZT S
JEHDNITIVR I MBIZBITI2RBBICHTI5HREOHMERETH D, UEBHAR
EOIREEMERELT 5. ERTEIARBOEREZLET IR BLOT
VR 2 ORBAZEMBFHEILTWS, ZORBELRRIMEAZHOSRME LBHELR
ORMFHBEGRIOMEORBERAICHRE L2, K3.3.2-121T2h5 OFHHEIEOESR
KZxRT,

X3.3.2-131T. ANMEE ERBREDOBELMEOBRZRT . B3.3.2-111TRLEZA
NIMEE EREMEEOBRERZD, RRAEOKEEMEILLOREI 2D ST
ABREECTIZIERBEOBE 2o/, K3.3.2-14 12, BLEBREE, REMBEENERE
BRI S L L TR W & 72 o ZRAREBRAEIC DN T, TI)VR 3 @ IC BT 5 M %R
EINEE (A03X 1) &, BEEA (DO3X) WHEBEHKD 2% () 2RUEBOED
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B ERT . M3.3.2-14 1R LZLDIT, A03X 1 & DO3X+2 IRIFIZLFIBRICH B = &
NN, K3.3.2-11 EX3.3.2-13 1R U7z, AFIEEE IS 2 52 0 s BE 0 e & i
BEMOBEALOEFIBRREERATOLGRGBOBVIEEL TR b LEZ
5N5, FHEERTIE. K3.2.2-7 R LELSICGRBAEMTHEE L VITBIT3
HHIEHRICELALEEN WD, ANMEEITHT 5EEMEEOER & IGELE
MOBERNEKRTH>IZEZEZA SN DS,

3.3.2.3 BHEOHBEEBES

VARBERBREAOEELSER IR 1 BIOCINR 2 0OEHNHEBLERTH D, &
2HBRAESLIOCBARBRETIEIZOMBAZEE OB VIR LI X 0 % 1505 Mg 5
SHNFEEL, HBCE- T, B2EBRABLIVEARBREIIDONWT, RRADOEX
IREBEAMETIVRN L, 2 OMBEEFAKEEOMRE LD EK3.3.2-150X312/4%, &
T, HIEOHBER ARSI, K3.3.2-121CRLEZLD . —HOREBGETES
NERRAEEFANSBRRKEACERADEEZRN > ZBOELERELTVWS, K, B
DOXRLHZREMEZ, BHEZOEEHEAMEZRL TWa, AIRLEZLD T, &
BEDOKREEMBIBAOEEIEEINZVY, AUEREADRESAICHT 2 iE
DAL AGEIT. BAMELRLBEE L TRERZD., HITHRENEERICAS
LIBRUAVMRICBNTIE, BHAMEOERRIIBE2HEOERED 2 ~3f5&
BOTNBZENOND, ZOKRNS, BERNICBALZHENEET 5. &
ERDOEREHRALZMERIICERT2HEAEAD EEZ 515,

X 3.3.2-16 12, BEABRAEB XTBARBREIIONWT, TIVF1 ETIVKR2 OERA
WEANMEEDOBEBREERYT, 22T, TIVHR1LEINER2OERAL LI, TIVR1
DERAFMAERAGERZ TIVR 2 ORKHBAZHAGRBATRLZDOTH D, BHESR
LRIVIZBITBHEDERE AL, 3D A01 BXU3D _C01 TREHITK1.3 TH-> 7=,
ZOZ&E, EEREBREOTO2 DOMEOCAENRAL THE85E1. @B2dEH
BAHENCADD ST 2 DOMBIIRUCBRTERLTWS I EE2RLTNVNS, —
753D_C02 DEFALIZ 2.3, 3D_C03 DEFALIZ0.6 THo/z, ZDIENS, 22D
HEO-HDHNBALTWSHEL. BEMEBEOEBICHURTHABMEDLE KOS
MRELBDZENDNS, MESLILOMRICBNTIE., WTFNORBREIZDW
THHMEOEHALITITIE—ETHER L TUHA, BIEEL L TR OB A LA
HTREEL, 3D_A01 BLU3D C02 TREFALNKEL, £/23D _C03 TIHLERAL
WS <722 TS, TiabB, 3D_A01 TIEHMERL X))V OBE TEAMITE— X
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FROKRENWINARLD, EF/z, 3D_C02BLU3D_C03 TIHEFNFNRAME DERNK
<o TWVWA., TNEOEBML O, BMIEIEE I3 Rk 0B S &
ROHEERICB IS IEERRNSEML., BEEROEHIEERN TREDEELLS
TOWRPCEPFLTWS ZEEZRBLTWS, —FH, 2EMOME £BA S 7= 3D_Co1
Tl AJIINEE 700Gal DMBETERALNDTMTEMUZES &, 1400Gal BEL U
1850Gal DR TIEMEBBME L )L OIMIRIZENER A LB D T2 HEM,. bbbl
R1ICHTD2TIVR 2 OEBENERICKESBBEMER -, ZHid. KERT
KL 2B L NV OIMRIC K D RENEE T, ABRAED IV A 1 2 E DR A
CEL, RBRANTHESBEHOE(NREID., TIR2 ML TEETHHENEML
Pl TRBRNWNEEZS5NS., K3.3.2-151TRLZKLDIZ, 3D_C02BLU3D_CO3 D
BABEICDOWT, HEBEL N)VOBRBEERARBEIZID_Ccol1 DMELREETHD,
INSOMEDMMEDRMGEL LARENRD 22, s ORBRE TIR—7 A3
HOBWREHETHD2D,. EHALICEENTENZFTLOKRELRNESEOEL
MECEho7TmbDEEZIBENS,

3.3.2.4 RO EE

RERBRAEB LOCRARRAETIE. RROMBICBNTINER 1 BLETILER2 DS
BEFRLUZ., sHUMCEZMEOPREE (HECHRNS 45° OAME) THB. &
RBRAEONEEMEEZK3.3.2-17 1RT . K3.3.2-17 T ORBIIR1EANGHR, 0T
VR 1 EA SR, AZTIVR2EAAR, CETIVR2 AAFHOARELETH 5.
T, BAAMEE. EOCEB-EHAMTERLSNEEZ, EALMEGHE
DHE — I A TR L AR EZERL TS, £, BODODRLEEIREME
2, BHRZOMBEABMEZERLTVS, ZORMS, BEXEAICHEWE NG
OHAEDBBEA L, BN FEONENENTIEMOH D Z &M D. i, HhE
hREAESA SR EEMELABABICRETILLTWS I L2 B L TWS, HAH
BEREBIIARTBENKREL, £/, 3D_Co01OITIVR1OLDIZ. MRAM. @it
FREDITHAENEMTI2H0HH 2D, ZHNEEHEORFECIZITF oy FEENE
BTa-dEELONS. HELEZHELBG LR oM E L TIZBRGLZHED
HTHREENRKE L RDERBH DN, HICHHOBEDOLHBMAL 3D _Co2 Bk
3D _C03 THE. REMmEFICITFEAEARELN R, BABENELERBELTY
D, ZOZENMSBRBRUOEEREDBVWHEICEDTTIHEANS L ENDI 0N
25, BELAMEOBRKYREN A HOAEBEMRIL, #etETHI%. HAME
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T 10 ~12% &72 > 7=,

B4 3.3.2-18 I B 3D_Co1 OBEEL )V 1 [BEH (ASINEE 700Gal) 2B 3 AH
MEEE, TIVR 1 OEMMERA. THVE 1 BARE (So47 /) 2B 3EAFRUS
BORREEBERT., IhS, HEHPTOTHNELNSF oy hREERLT
WBZENLMND, £y SF Yy POTHOEMBERHABRO 7 > 5 ARERICL
DRMHBOBR LM, REEEF—HRICEBLTWOTRARL, KEDH 55
BIEAAR A O KRIBIESE THREL., ZOMOBA THOTAEHRITOAMEL TN

BLENDLND, ZOIENSL, TFzy MRKVRETIHMEE 225G L LR
FETHIENHERMTE S,
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33.2-1 TV 1IIBITHEHEH 3D_A0L)
Fig.3.3.2-1 Fatigue crack at Elbow 1, 3D_AO01.

(a) Crack penetration occurred at Elbow 1 during 1850Gal_#03 excitation.

(b) Fatigue crack at Elbow 1.

K 3.3.2-2 3D_C01 ORIEFERE
Fig.3.3.2-2 Failure mode of 3D_CO01.
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(a) S047 side. (b) S043 side.

3323 3D _C02 L)1 THERBINEZZHEBEMOEEERTOEL
(1850Gal. 1 [EIH DIN#REE)

Fig. 3.3.2-3 Pipe surface deformation before crack penetration at Elbow 1, 3D_C02
(after 1850Gal_#01 excitation test).

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

3.3.2-4 TIIVR1ICBITSEHER (3D_C02)
Fig. 3.3.2-4 Fatigue crack at Elbow 1, 3D_CO02.
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(b) Leak of water at Elbow 2.

X 3.3.2-5 3D_C03 OtEEAE
Fig.3.3.2-5 Failure mode of 3D_CO03.

332-6 3D_DO2ICBWVWTEDM ERHNS D EHBBAIICEERED CHRAIN-MH
(1850Gal. 1 [EIE D k)
Fig.3.3.2-6 A line on the pipe surface before crack penetration at EDM notch, 3D_D02
(after 1850Gal_#01 excitation test).
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[13.3.2-7 1850Gal 2 [EIEH OMIRPITH T2 S HEBEDRKR
Fig.3.3.2-7 Crack penetration occurred at EDM notch during 1850Gal_#02 excitation test.

Broken point

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

3.3.2-8 3D_D02 DREEIRIT
Fig. 3.3.2-8 Failure mode of 3D_D02.
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Full circumferential break

Crack penetration | \
\ |

Time[s] 20 40

(a) Response acc. at Elbow3.

_
(=]
N

000
000 E
000 £~
000 E-

B B O\ 0O =

(=]

Pressure [kPa]

2000 ©

!
Time[s] 20
(b) Internal pressure.

3329 TR BT AHEMEEEEENE (3D_D02, 1850Gal-2 FIH)
Fig. 3.3.2-9 Response acc. at Elbow 3 and internal pressure (3D_D02, 1850Gal_#02).
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(a) Dominant frequency at each input acceleration.
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g -3 @A - p
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= .30 A 3D DOT i s 3
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-35 A | - PRI RSO ST S TR S W VR . 1
0 500 1000 1500 2000

Input acceleration [Gal]

(b) Frequency reduction ratio.

®332-10 ANDMEEEBRGERICBIT2 28RSO R

Fig.3.3.2-10 Relation between the max. input acceleration and the dominant frequency at the max. response.
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33.2-11 AJIINEE & TIVIR 3 2B 3 % 0 E E B %

Fig. 3.3.2-11 Relation between input acc. and response acc. at Elbow 3.

T

Response Acc. [Gal]
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Relative response displacement

(D03X) j
Elbow3 <

Opening-closing in-plane
displacement of elbow

— a—

a : Distance from the center of the elbow
& : Change of the in-plane displacement(measured)
6 : Elbow interior angle

A6 . Elbow deformation angle

— sin! ((5 +2a

2z ) AB =6-90°

max. opening

Deform. angle [deg]

i 3
% max. closing 40
Time[s]

Elbow deformation angle range

33.2-12 RBIEINEESM & TV RHERER A DS

Fig.3.3.2-12 A schematic illustration of the relative response displacement and elbow deformation angle.
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33213 AJINEE & DIV 3 (LBICHB VT B ISE L AL D B4R

Fig.3.3.2-13 Relation between input acceleration and relative respons displacement at Elbow3.
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Relative response accerelation [Gal]

K3.3.2-14 FRSEINEEE & SR B D 2 32 3 U7z M b2 &S AL D BEFR
Fig.3.3.2-14 Relation between the relative response acceleration and the product of the response
displacement multiplied by the square of the dominant frequency.
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Fig. 3.2.2-15 Relation between max. response disp. and range of elbow deformation angle.
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Fig. 3.3.2-16 Relation between input acc. and ratio of elbow deformation.
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9 Elbowl In plane A Elbow2 In plane
O Elbowl In plane(Thinned wall) 2 Elbow2 In plane(Thinned wall)
B Elbowl Out of plane 4 Elbow2 Out of plane
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3.3.2-17 MARECE R BRE DA EE R
Fig. 3.3.2-17Diameter deformation ratio of 3D piping system models.
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Fig.4.2.3-1 Surface crack extension with increasing load cycles (1/2).
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Fig.4.3.3-1 Equivalent plastic strain distribution of EC05.
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Fig.4.3.3-2 Strain of three directions at point B.
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Fig.4.3.3-4 Axial strain at point A - D in Fig. 4.3.3-1 of EC05.
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Fig.4.3.3-5 Axial stress in compression.

= 150 -




SN
SR

[El

K 4.33-6 EC06 DAHHENEDT BT
Fig.4.3.3-6 Equivalent plastic strain distribution of EC06.
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Fig.4.3.3-7 Axial strain at point A - D in Fig. 4.3.3-6 of EC06.
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4.34-1 Shell EFINIZB T B Awa
Fig.4.3.4-1 Finite element mesh subdivision.
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Fig.4.3.4-2 Load - deformation curves of ECO5 Solid and Shell model.
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Fig.4.3.4-3 Strain history of ECO5 at Point B.
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Fig.4.3.4-4 Load point reaction force hystories of ECQ6.
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Fig.4.3.5-2 Outer diameter and wall thickness change of each analysis specimen.
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Half model (ELBO1, ELB02, ELB05)

Full model (ELB03, ELB04)

441-1 FEMMEICHAWEAY >
Fig.4.4.1-1 Finite element mesh subdivision.
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Fig.4.4.2-1 Load - deformation curves obtained through experiments and analyses.
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(a) Test result.

(i) Outside surface. (ii) Inner surface.

(b) Equivalent plastic strain distribution.

(c) Elbow deformation from analysis.

4422 KBRIBFOEBREAKOEGEERE (ELBO1)
Fig.4.4.2-2 Elbow deformation and failure mode obtained through the experiment and analysis, ELBO1.
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(a) Test result.

(i) Outside surface. (if) Inner surface.

(b) Equivalent plastic strain distribution.

(c) Elbow deformation from analysis.

4423 FEREEFOEBRRETEREEE (ELB02)
Fig.4.4.2-3 Elbow deformation and failure mode obtained through the experiment and analysis, ELBO02.
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(i) Thinned wall side. (ii) Nominal thickness side.

(a) Test result.

(i) Thinned wall side. (ii) Nominal thickness side.

(b) Equivalent plastic strain distribution (Inner surface).

(c) Elbow deformation from analysis.

4.4.2-4 RREBFTOEBRUKCHEEHE (ELB03)
Fig.4.4.2-4 Elbow deformation and failure mode obtained through the experiment and analysis, ELB03.
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#4522 EREBHTHONZESHFNH

Table 4.5.2-2 Fatigue lives obtained from experiments and analyses.

Specimen Experimental results’ Analytical results’
EC02 123 31
ECO05 21 15
ECO7 19 16
ECO08 294 323
ECO09 32 19
ELBO1 179 246
ELBO02 316 237
ELBO3 231 189

* Number of cycles of straight pipe element tests (specimens named EC**) include the increasing
and decreasing amplitude cycles in front and behind the constant amplitude cycles.
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Fig4.5.2-1 Relation between D, - D of straight pipe specimens.
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Table 4.5.2-2 Fatigue lives obtained from experiments and analyses.

Specimen Experimental results’ Analytical results’
ECO02 123 31
ECO05 21 15
ECO07 19 16
ECO08 294 323
EC09 32 19
ELBO1 179 246
ELBO2 316 237
ELBO3 231 189

* Number of cycles of straight pipe element tests (specimens named EC**) include the increasing
and decreasing amplitude cycles in front and behind the constant amplitude cycles.
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