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     In order to clarify the behavior of degraded pipes under seismic events, cyclic four-point bending tests on straight pipe and shaking table
tests using piping system models were conducted. The degradation used in this study were wall thinning or cracks, which were considered
to be caused in piping systems due to the effects of aging. Cyclic bending tests were conducted on straight pipe elements to investigate the
relation between the failure mode and degradation condition. Shaking table tests were also conducted to investigate the influence of
degradation on piping system behavior and clarify the failure mode of degraded piping systems. Through these tests, the failure modes of
aged piping were obtained under varying loading and degradation conditions.
     In addition to these experiments, elastic-plastic FEM analysis using ABAQUS were conducted on pipe elements with wall thinning or
a crack. It has been found that the failure modes observed in the tests were well simulated by this analysis. With this analysis, the strain
concentrated point could be predicted and the cause of its generation could be explained by the simulated deformation behavior of the pipe.
In order to predict the piping system’s maximum response under elastic-plastic response, a simple response prediction method was
proposed in this report. This method takes account of the dissipation energy caused by plastic deformation. It has been found that this
prediction method provided a conservative value compared with the test results, but not too conservative a value as an elastic response
analysis.

Key Words : Aging effect, Piping, Cracks, Wall thinning, Shaking table test, Failure mode, FEM analysis,
                      Simple elastic-plastic response prediction method

－　1 －

* ** ***



4. 36
4.1 36
4.2 1 36

4.2.1 36
4.2.2 36
4.2.3 37
4.2.4 39
4.2.5 42

1. 4
1.1 4
1.2 4
1.3 5

2. 6
2.1 6

2.1.1 6
2.1.2 7
2.1.3 8

2.2 11
2.2.1 11

2.2.1.1 11
2.2.1.2 11
2.2.1.3 12

2.2.2 14
2.2.2.1 14
2.2.2.2 15
2.2.2.3 15

3. 17
3.1 17

3.1.1 17
3.1.1.1 17
3.1.1.2 17
3.1.1.3 SCC EDM 19
3.1.1.4 19

3.1.2 21
3.1.2.1 21
3.1.2.2 23
3.1.2.3 24
3.1.2.4 24

3.2 25
3.2.1 25

3.2.1.1 25
3.2.1.2 28
3.2.1.3 29
3.2.1.4 30

3.2.2 31
3.2.2.1 31
3.2.2.2 34
3.2.2.3 35



4.2.6 Shell 44
4.2.7 46

4.3 2 47
4.3.1 47
4.3.2 49
4.3.3 Shell 51

4.4 53
4.4.1 53

4.4.1.1 53
4.4.1.2 J ∆ J 53
4.4.1.3 53
4.4.1.4 53

4.4.2 54
4.4.3 55

4.5 59

1
2
3
3.1
3.2.1
3.2.2
4
5
6
7

5. 60
5.1 60
5.2 60
5.3 61

5.3.1 FEM 61
5.3.2 62
5.3.3 63
5.3.4 65

5.4 65
6. 67
7. 67

67
68
70
71

1 72
2 73



4

220 2001 10

0

1

2

3

4

5

6

19
60

19
63

19
66

19
69

19
72

19
75

19
78

19
81

19
84

19
87

19
90

19
93

19
96

19
99

Comercial Operation Year

N
um

be
r o

f N
PP

C
lo

se
d

C
lo

se
d

51

1960
1970 2001

4 51
3

20
20

30 1999
30 3

60
1)

1
1975 1992

2)

1986 Surry
3)

NRC

IPIRG 4)

5)

6)-8)

NUPEC 12 17
9)

Fig.1-1  Numbers of Nuclear Power Plants in commercial operation (Japan).

－　4 －



5

NUPEC

1971 1973
10)

11)

NUPEC
12)

EPRI
PFDRP 13)

14)

CEA

15)

8 12

4

5

2
3 4

5

13

8
12 16)

AP

1 AP

－　5 －



6

220 2001 10

4 8
9 12

SCC
EDM

SCC EDM EDM
SUS304

STS410

100A sch80 114.3mm 8.6mm
4

100A sch160 114.3mm 13.5mm
400mm

200mm
3010mm

SCC 8 EDM 9
9 2 28

(1)   SCC

200 800
SCC SCC

PT

SCC
SCC

SCC SCC

(2)  EDM

360 4.3mm 50%
4 90 4.3mm
2 SCC
3 SCC

EDM SCC
EDM

8.6 114.3 4.3

90

Loading direction

6.5 37

13

(a) EM01 - EM04. (b) EM05, EM09.

SCC
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Fig.2.1-3  Geometry of the specimens with an EDM notch.
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Semieliptical
EDM notch
  Depth : 4.25 mm
  Width : 21.8 mm

(c) EM06. (d) EM07. (e) EM08.

Semieliptical
EDM notch
  Depth : 4.2 mm
  Width : 12.6 mm

Semieliptical
EDM notch
  Depth : 2.9 mm
  Width : 14.1 mm

SCC induced area 

��
��
��

200 

8.
6 

8.
6

11
4.

3 

13
.5

 

100 100 

SCC induced area 

��
��
��

400

8.
6

8.
6

11
4.

3 

13
.5

 

200 200 

(b) SC05, SC06.

(a) SC01 - SC04, SC07, SC08.
400

400

8.
68.
6 

11
4.

3 

13
.5

200 200 
EDM notch 

400

－　6 －



7

SCC SCC
EDM

(3)

50% 4.3mm
6 75% 2.15mm 60%
3.44mm 25% 6.45mm 1

2

4
4 4

2,400mm 800mm

400

8.
68.
6

11
4.

3

13
.5

400

8.
6

11
4.

3

13
.5

4.
3

100 62.5

37.5

62.5 100

R200

400

8.
6

11
4.

3

13
.5

2.
15

100 62.8

37.2

62.8 100

R200

R200

11
4.

3

62.5
37.5

62.5

400

6.
45 13

.5

R200

400

8.
6

62.5
37.5
62.5

3.
45

11
4.

3

13
.5

(a) 50% thinned wall specimen (EC01 - EC06).

(b) 75% thinned wall specimen (EC07).

(c) 25% thinned wall specimen (EC08).

(d) 60% thinned wall specimen (EC09).

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

EA01 EA02
Fig.2.1-6   Geometry of the specimens without wall thinning
                  (EA01 & EA02).

  4
Fig.2.1-7  Four-point bending test equipment.

Fig.2.1-8  Time histories of input displacement.
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Table 15.0 m  14.5 m
Weight: 160 ton

Driving system Electro – hydraulic
servo control system

Actuators 360 ton  (90 ton  4)

Max. model weight 500 ton

Max. amplitude 220 mm

Max. velocity 75 cm/sec

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

Frequency range DC – 50 Hz

Input wave types
Sinusoidal wave
Random wave
Earthquake wave

Table 2.1-1 Specification of the shaking table.

800
800

800

Anchor

Specimen

Loading Direction

Shaking Table

Load Cell

Displacement meter

Load Cell
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1Hz
26

10

1Hz

46

SCC
EDM 8MPa

11MPa 1

12
SC07 SC08 EM08 EM09 EC08 EC09

(1)
(2)
(3)
(4)
(5)

(6) EDM

500Hz

Condition of defect
Name Material Sy

[MPa]
Su

[MPa]
Sm

[MPa] Type of
defect

Full angle in
circumference [deg.]

Depth of
defect*

Internal pressure
(P) [MPa]

SC01
SC02
SC03
SC04
SC05
SC06
SC07
SC08

SUS304 311 617 206 SCC Natural crack Natural
Crack 8

EM01
EM02
EM03
EM04

360 0.5 t

EM05 90 0.5 t
EM06 25.73*1 0.49 t*1

EM07 14.87*2 0.49 t*2

EM08 16.64*3 0.34 t*3

EM09

SUS304 311 617 206 EDM

90 0.5 t

8

EC01
EC02
EC03
EC04
EC05

11

EC06

0.5 t

0
EC07 0.75 t
EC08 0.25 t
EC09

STS410 312 470 157 Wall
thinning 360

0.6 t
11

EA01
EA02 STS410 312 470 157 No

defect 0 0 11

* ‘t’ denotes the normal pipe thickness

*1 Same size as SCC in SC01   *2 Same size as SCC in SC03   *3 Same size as SCC in SC07

Table 2.1-2  Specifications for pipe element tests.
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Fig.2.1-9  Measurement points of specimens for pipe element tests (1/2).
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Fig.2.1-9   Measurement points of specimens for pipe element tests (2/2).
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(1) 2D_A01

(2) 2D_B01

50%

(3) 2D_C01

1 sch40
sch40

6.0mm 30%

2D_A01
1

1 2 3
1 2

1 2.5Hz
3.5Hz

Condition of defect

Name Material Sy
*1

[MPa]
Su

*1

[MPa]
Sm

*1

[MPa]

Internal
pressure

(P)
[MPa]

Type Configuration Defected part

2D_A01 No defect --- ---

2D_B01
Full circumferential
thinning
Depth : 0.5 t*

Straight pipe
near the anchor
(See Fig. 2.2-1)

2D_C01

STPT370 302 473 158 11
Wall

thinning Full circumferential
thinning
Depth : 0.3 t*

Elbow 1

* ‘t’ denotes the normal pipe thickness

Table 2.2-1  Specimens for 2-D piping system tests.

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

Thinned wall part of B01

Thinned wall part of C01

Weight (200kg)
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2900

Shaking Direc
tion
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4270

Part A

Part B

(Elbow1)
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Elbow3

Thinned wall part of 2D_C01

Thinned wall part of 2D_B01
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Fig.2.2-2   The vibration mode of the 2-D piping model.
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C
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1 2

1 2
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(3) 3D_C02
1
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2
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(5) 3D_D01
EDM

1
EDM EDM

EM07

3000

2600

3000 2600

Elbow1

Elbow2

Elbow3

Crack induced position

Weight (200kg + 60kg)

(for 3D_D01 & 3D_D02)

Shaking direction

Fig.2.2-5  3-D piping model for piping system test.

Table 2.2-2  Specimens for 3-D piping system tests.
Condition of defect

Name Material Sy
*1

[MPa]
Su

*1

[MPa]
Sm

*1

[MPa]

Internal
pressure

(P) [MPa] Type Configuration Defected part

3D_A01 STPT370 302 473 158 10 No
defect --- ---

3D_C01

FSGP Elbow
(Elbow 1 & Elbow 2)

/ STPT370
(Ordinary part)

351 452 151
Elbow 1

and
Elbow 2

3D_C02

FSGP Elbow
(Elbow 1)
/ STPT370

(Ordinary part)

351 452 151 Elbow 1

3D_C03

FSGP Elbow
(Elbow 2)
/ STPT370

(Ordinary part)

351 452 151

10 Wall
thinning

Full circumferential thinning
Depth : 0.48 t*2

Elbow 2

3D_D01
SUS304 (Part A)

/ STPT370
(Part B & Part C)

311 617 206
Partial EDM notch
Depth : 0.49 t*2

Full crack angle : 14.87[deg.]

3D_D02

SUS304
 (Part A & Part B)

/ STPT370
(Part C)

311 617 206

8 EDM
Full circumferential EDM notch
Depth : 0.5 t*2

Full crack angle : 360[deg.]

Straight pipe
near Elbow 1

(See Fig. 2.2-5)

      *1 Value at defected part

      *2 ‘t’ denotes the normal pipe thickness
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Fig.2.2-7  Narrow band random wave used for the piping system
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Fig. 3.1.1-5  Relation between input rotation angle and bending
                   moment at amplitude increasing part of Sinusoidal
                     input wave.

Loading
direction

8.6 114.3 4.3

90

Observation point

(a) EM02 & EM03. (b) EM05.

EDM SEM
Fig. 3.1.1-6  Geometry of initial EDM notch and observation point
                     by SEM.

EM03
Fig. 3.1.1-7  View of crack surface (EM03).

Initial EDM notch

Fatigue crack
 propagation

Dimple area

2
l
δφ =

2
P lM ⋅=
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5
FEM

2 SEM
A-1 A-2

EM03 10 EM05 4

SEM
S SZW

da/dN - ∆K
EM02 SEM

2
2

S
da/dN

SZW
da/dN ∆K

F ξ K ∆σ
a

∆σ 3.1.2
Z

∆K

ξ = a/W a W
Sasaki 5

Sasaki
da/dN -

∆K Sasaki

da/dN mm/cycle ∆K MPa m1/2

(3.1.5)

da/dN -
∆K

Striation(A-1)

Stretched zone
(A-2)

Striation(A-1)

Stretched zone
(A-2)

FEM SEM
Table 3.1.1-2  Number of loading blocks obtained from tests, FEM analysis and SEM observation.

SEM
EM03 2 3

Fig. 3.1.1-8   SEM image of fracture surface
                   (EM03, block No.2-No.3).

( )K F aξ σ π∆ = ⋅ ∆ (3.1.3)

2 3 4( ) 1.12 0.231 10.55 21.72 30.39F ξ ξ ξ ξ ξ= − + − + (3.1.4)

91.76 10da K
dN

−= ∗ ⋅ ∆

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

1 10 100 1000 104

Ref.5)

EM 02(S)

EM 03(S)

EM 05(S)

SZW  by test

SUS304(R=-1)

da
/d

N
 [

m
/c

yc
le

]

∆ K [MPa*m1/2]

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

* ‘t’ denotes the thickness at normal part     ** Results from FEM analysis in Chapter 5 

Condition of defect Loading times Name 
Type Full angle Depth*

Type of 
loading 

Max. 
[MPa] Test results FEM** SEM 

EM02 Sinusoidal 707 1
(16 cycles) 

1
(8cycles) --

EM03
360

Random 700 10 2 10 
EM05

EDM

90

0.5t

Random 820 4 2 4 

* ‘t’ denotes the normal pipe thickness
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(1) 25% 60% 11MPa
EC01 EC05 EC08 EC09

σy 25% EC08 0.30
σy 50% EC01 EC05 0.45σy 60%

EC09 0.58 σy

EC05
10% 20%

EC03

(2) 50% EC06

EC06
20%

(3) 75% 11MPa EC07
0.9 σy

3
EC07

30%
1.1mm 1.6mm

100A 11MPa
1.46mm

EC07

EC05 50%
Fig. 3.1.2-1   Deformation at thinned wall part caused by ratchet
                   (EC05, 50% thinned wall with internal pressure).

EC06 50%
Fig. 3.1.2-2  Buckling deformation at thinned wall part
                   (EC06, 50% thinned wall without internal pressure).

EC07 75%
Fig. 3.1.2-3   Circumferential and longitudinal cracks and ratchet
                    deformation
                   (EC07, 75% thinned wall with internal pressure).

Loading direction 

Longitudinal cracks 

Top 

Bottom 

EC07
Fig. 3.1.2-4  Position of the longitudinal cracks that appeared in
                     EC07.

Circumferential crack Longitudinal crack

Buckling deformation Circumferential crack

Ratchet deformation Circumferential crack
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3

140mm

95mm

EA01 140mm
EA02

EC01

EC04 EC05 EC08
35mm EC02 EC07 EC09 25mm

50% EC02 EC05

EC04 EC05

2

EC04

140mm EA01
Fig. 3.1.2-5  Deformation of EA01 at 140 mm input displacement.

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

Crack

Fig. 3.1.2-7  Relation between wall thinning ratio and deformation
                     of diameter.
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Fig. 3.1.2-8  Ratcheting behavior of hoop strain
                      (EC04, 2nd time loading)
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Fig. 3.1.2-9  Relation between wall thinning ratio and decreased
                    reaction force ratio.

EA01
Fig. 3.1.2-10  Relation between rotation angle and bending
                      moment of EA01.
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Fig. 3.1.2-11  Relation between rotation angle and bending moment
                      of EA01 & EA02.
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(1) 2D_A01
3.35 Hz

0.44%

400 700 1300 Gal
5

3

(2) 2D_B01

3.28 Hz 0.42%

400 1200
Gal 5 1600 Gal

1600 Gal 22
100A Sch120

1600 Gal 3

1600 Gal 3
22

1600 Gal
28 2

29

50%

Crack initiation part

2D_B01
Fig. 3.2.1-1 Unexpected break of pipe near an anchor on the test
                     of 2D_B01.

2 2D_B01
Fig. 3.2.1-2  Penetration of the crack on Elbow 2 of 2D_B01.

Elbow 2
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2

2D_B01
Fig. 3.2.1-3  Bulge of the thinned wall part of 2D_B01.

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

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

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

2D_B01
Fig. 3.2.1-4  Penetration test results of 2D_B01.

Penetration part

Thinned wall
straight pipe part

Elbow 1

1
2D_C01

Fig. 3.2.1-5   Penetration of crack on Elbow 1 (thinned wall elbow)
                     of 2D_C01.

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

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

2D_C01
Fig. 3.2.1-6   Penetration test results of 2D_C01.

Penetration part

2

2
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Fig. 3.2.2-1  Fatigue crack at Elbow 1, 3D_A01.

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

(b) Fatigue crack at Elbow 1.

3D_C01
Fig. 3.2.2-2  Failure mode of 3D_C01.

(a) S047 side. (b) S043 side.
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Fig. 3.2.2-3  Pipe surface deformation before crack penetration at
                    Elbow 1, 3D_C02 (after 1850Gal_#01 excitation test).

(a) S047 side. (b) S043 side.
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Fig. 3.2.2-4  Fatigue crack at Elbow 1, 3D_C02.

(a) Crack penetration occurred at
     Elbow 2 during 1850Gal_#01
     excitation.

(b) Leak of water at Elbow 2.

3D_C03
Fig. 3.2.2-5  Failure mode of 3D_C03.
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Fig. 3.2.2-6 A line on the pipe surface before crack penetration at
                 EDM notch, 3D_D02 (after 1850Gal_#01 excitation
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1850Gal 2
Fig. 3.2.2-7   Crack penetration occurred at EDM notch during
                   1850Gal_#02 excitation test.

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

        direction.

  3D_D02
Fig. 3.2.2-8  Failure mode of 3D_D02.

(a) Response acc. at Elbow3.

(b) Internal pressure.
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Fig. 3.2.2-9   Response acc. at Elbow 3 and internal pressure
                    (3D_D02, 1850Gal_#02).

Crack penetration

Full circumferential break
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Fig. 3.2.2-14   Ratcheting behavior of hoop strain at side surface of
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Table 4.2-1  Analytical result of each test specimen.

Test specimen name EC02 EC04 EC05 EC07 EC08 EC09 
Thinned depth 

( ) 4.3 4.3 4.3 6.45 2.15 5.16 

Frequency input into  
the analysis 1 block 1 block 20 cycles 

(0.4 block) 
20 cycles 

(0.4 block) 1 block 1 block 

Pattern of input disp.wave Sine wave Random amplitude 
wave Sine wave Sine wave Sine wave Sine wave 

Damage rate 
(In the last cycle) 0.545  0.088  0.784  0.305  0.096  0.869  

Df (In the last cycle) 0.695  0.233  0.863  0.491  0.245  0.919  
Dd (Maximum value) 0.093  0.073  0.106  0.146  0.072  0.114  

Destruction number of cycles 
using the Coffin equation - - - - - 36 

Destruction number of cycles 
using Asada - - 16 - - 25 

Destruction number of cycles 
using Asada 12 - 9 8 - 11 

Destruction number of cycles 
by Experiment 3 × 50 5 × 50 20 19 7×50 33 

did not reach destruction during 20 or 50 cycles in analysis. 
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(b) Shell model.

����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
��
��
��
��
��
��
��
��
��
��
��
�
�
�
�
��
��
��
��
��
��
����������
��
�����������������������������������������
��
�
�
�
����������������������������������������������
�
�
�
�
���������������������
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�����������������������������������������������������������������������

��
��
�
�
������������������������������������
��
��
��
��
��
�
�������������������
��
��
������������������������������������������
�
�
�
�
�
�
����������������
��
��
�����������������������������������������������
��
��
��
��
����������������������������������
�
�
�
�
���������������������������������������������������������
��
��
��
��
��
��
�����������
�
�
�
�
���������������������
��
������
��
������������������
�
��
������������������������������
������������������������
��
��
��
��
������
��
��
��
��
��
��
��
��
�
�
�
�
�
�
�
�
�
�
�
�
���������������������������
��
��
��
��
��
��
���������������
�
�
�
�
�������
�
�
�
�
�
�
�
�
��
��
��
��
��
��
��
��
��
��
��
��
��
�������������������������
�
�
����������������
�������������������������
�
�
�����������������������������
�
�
�
�
�
�
�
�
��������������
�
�
��
��
����������������
��
��
�������������������������������������������������������
��
��
�����������������
�
�
�
�
����������������
��
��
��
��
�������������������������������������
��
��
��
��
������������������
�
�
�
�
���������
��
��
��
��
�����������������������������������������������������
��
��
����������������������������
��
��
��
��
�������������
�
�
�
��
����������������������������������������������
��
��
��
��
���������������������������
�
�
�
�
������
�
�
�������������������������������������������������
�
�
�
�
������������������������
��
��
�����������������������
�
�
��������������������������������������
�
�
�
�
�
�
�
�
������������������������
��
��
��
��
��
��
��������
�
�
�
�
�������������������������������������������
�
�
�
�
��������������
�
�
�
�
���������������������
��
��
��������������������������������������
�
�
�
�
�
�
�
�
�
�
������������������
��
��
��
��
����������
��
��
��
��
����������������������������������������
��
��
��
��
��������������������
�
�
�
�
�
�
�������������
��
��
�������������������������������������������������������
�
�
�
�
�
�
�
�
�
�
����������
�
�
�
�
����������
��
��
��
��
���������������������������������������
��
��
��
��
��������������������������
��
��
��
��
��
��
�������������������
�
�
�����������������������������������������������������������
��
��
��
��
��
��
��
��
������������
�
�
�
�
������
��
��
��
��
��������������������������������������
�
�
�
�
������������������
��
��
��
��
����������������������������
�������������������������������������������������

-0.2
-0.15

-0.1
-0.05

0
0.05

0.1
0.15

0.2

0 5 10 15 20 25
Number of cycle

St
ra

in

Axial
��������

Radial

Hoop

-0.2
-0.15
-0.1

-0.05
0

0.05
0.1

0.15
0.2

0 5 10 15 20 25
Number of cycle

St
ra

in

Axial

Hoop

(a) Solid model. (b) Shell model.

EC05 B

Fig.4.2-19  Strain history of EC05 at B point.
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Fig.4.2-20  Load point reaction hysteresis of EC06.
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Fig.4.2-21  Strain history of EC06 at A point.
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Fig.4.2-22  Input waveform. 
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Fig.4.2-23  Outer diameter and wall thickness change of each analysis specimen. 
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Fig.4.2-24  Strain history at B point for each analysis model.
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Fig.4.3-1  Elbow displacement measurement position.
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Fig.4.3-2  Input acceleration in the shaking table test.
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Fig.4.3-3  Elbow opening-closing displacement.
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Fig.4.3-4  Elbow opening-closing displacement input into analysis.

(a) 3D-A01. 

Fig.4.3-5  Finite element mesh subdivision. 

(b) 3D-C01. 
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Fig.4.3-6  Load point displacement-reaction force curve of each model.
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Fig.4.3-9  Strain history of each direction at A point. 
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Fig.4.3-10  Elbow piping analysis model according to4 nodes thick shell model. 
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Fig.4.3-11  Load point displacement-reaction force curve.
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Fig.4.4-1  Example of the transition of J/ Jmax with  

Crack Extension6).

Fig.4.4-2  Flow of the simulation for 

          low cycle fatigue crack propagations.
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Fig.4.4-3  Stress-Strain curve. Fig.4.4-4  Finite element mesh subdivision.

Fig.4.4-5  Comparison of the number of crack penetration cycles in the experiment and analysis.
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Test specimen. Flaw shape and type Loading condition Experimental result Analytical result 

Name Material Crack Type Depth
t Thickness   deg  Pattern of Disp 

Input displacement 
(mm)× 

test frequency.   
Penetration cycle 

SC01 SUS304 SCC - - Sinusoidal  ± 50 mm × 
5blocks 

71 
(3 blocks 

correspond.  ) 

SC07 SUS304 SCC - - Sinusoidal  ± 50 mm × 
5 blocks 

173 
7 blocks 

correspond.

EM02 SUS304 EDM 0.5t 360 Sinusoidal 

± 25 mm × 
1block 

(Constant region 16 
waves) 

8

EM03 SUS304 EDM 0.5t 360 Random amplitude 
wave 

± 25 mm × 
10 blocks 

69 
2 blocks 

correspond.

EM04 SUS304 EDM 0.5t 360 Sinusoidal 

± 21 mm × 
1 block 

(Constant region18 
waves) 

10 

EM05 SUS304 EDM 0.5t 90 Random amplitude 
wave 

± 35 mm × 
4 blocks 

61 
2 blocks 

correspond.

EM06 SUS304 EDM SCC Crack and equivalent cross section 
(SC01 simulation) Sinusoidal ± 50 mm × 

2 blocks 

44 
(2 blocks 

correspond.) 

EM08 SUS304 EDM SCC Crack and equivalent cross section 
(SC07 simulation) Sinusoidal ± 50 mm × 

4 blocks  

214 
(9 blocks 

correspond.) 

EM09 SUS304 EDM 0.5t 90 Sinusoidal 

± 35 mm × 
1 block 

(Constant region 19 
waves) 

10 

Table 4.4-1  Comparison of analytical results and experimental results.
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a EM02. 

b EM04. 

c EM06. 

(2/2)

Fig.4.4-6 Surface crack extension with increasing load cycles (1/2).
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d EM08. 

e EM09. 

f SC01. 

g SC07. 

(2/2)

Fig.4.4-6 Surface crack extension with increasing load cycles (2/2).
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Elasto-plastic analysis 

Dissipation energy 

Modal analysis Elastic response 
 analysis 

Natural frequency 
Effective mass 

Max. response disp. 
Bending angle 

Ratio of these values 

Relationship between 
bending angle and 
dissipation energy 

Vibration energy and dissipation 
energy of piping system 

Equivalent damping ratio 

Relationship between the max. 
response displacement and the 

equivalent damping ratio 

Relationship between the damping ratio and 
the max response displacement 

Prediction of  
elastic-plastic response 

 of piping system

Fig. 5.2-1 Procedure of elastic-plastic prediction method proposed
                in this section.

－　60 －



61

Input displacement 
(-) (+) 

FEM

3
2

3

FEM

FEM FEM

48 12

3.5

FEM

Elbow 
Name 

Outer 
Diameter 

(mm) 

Thickness 
(mm) 

Bending 
Radius 
(mm) 

100A 
SCH80 8.6

100A 
SCH120 

114.3 

11.1 

152.4

Elbow Name Pressure 
(MPa) 

Amplitude of Input Disp. 
(mm) 

100A SCH80 11 5, 10, 15, 20, 25,30,35,40 

100A SCH120 0 5, 10, 15, 20, 25,30 

Table 5.3-1  Specification of elbows.

Fig. 5.3-1  Analysis model of an elbow.

Table 5.3-2  Input condition of elasto-plastic analysis of elbows.
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(a) 100A SCH80.

(b) 100A SCH120.

Fig. 5.3-2  Load-displacement curves of an elbow.
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(5.3.1)

1 2A , A
e

θ
∆

2

(5.3.2)

( )1 2e A Aθ∆ = ⋅ −

0.0E+00

5.0E+03

1.0E+04

1.5E+04

2.0E+04

0.00 0.05 0.10 0.15

Bending Angle (rad)

E(
N

m
)

Analysis
Approximation

0.0E+00

5.0E+03

1.0E+04

1.5E+04

2.0E+04

0.00 0.05 0.10 0.15

Bending Angle (rad)

E(
N

m
)

Analysis
Approximation

Elbow Name A1 A2

100A SCH80 1.242E5 2.964E-2 

100A SCH120 1.989E5 2.511E-2 

* The coefficients are calculated by using Nm as the unit  

of dissipation. 

Table 5.3-3 Coefficients of approximation of dissipation energy
                    and bending elasticity of an elbow.

(a) 100A SCH80.

(b) 100A SCH120.

Fig. 5.3-3  Dissipation energy of an elbow.

Fig. 5.3-4 Analysis model (2D piping model).

Fig. 5.3-5 Analysis model (3D piping model).
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(5.3.2)

max

eq

E
X
m

ω

2 1

2

1

(5.3.3)

1 2 3 4

max

, , ,  

input

B B B B
X

α

ζ

22
max

1
2 eqE m Xω= ⋅ ⋅ ⋅

Piping Model Fundamental Natural 
Frequency (Hz) 

Modal Mass 
M (kg) 

Participation Factor in the 
Excitation Direction 

Effective Mass 
meq (kg) 

2D-A01 3.16 623 0.841 524 

3D-A01 2.58 391 0.772 302 

Elbow No. (= / Xmax)  (rad/m) 

EL 1 0.1848 

EL 2 0.1833 

EL 3 0.1722 

Elbow No. (= / Xmax)  (rad/m) 

EL 1 0.1082 

EL 2 0.0888 

Table 5.3-4  Vibration characteristic.

2D_A01
Table 5.3-5 Ratio of bending angle and max. response displacement
                   (2D-A01).

3D_A01
Table 5.3-6 Ratio of bending angle and max. response displacement
                   (3D-A01).

( )1
max 2 3 4expinput

BX B B Bα ζ
ζ

 
= ⋅ + ⋅ − ⋅ + 

 
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Response analysis

Approximation

Piping
model B1 B2 B3 B4

2D-A01 2.145E-5 2.365E-2 1.592E1 3.802E-3

3D-A01 1.685E-4 2.387E-2 1.471E1 6.643E-3

* The coefficients are calculated by using m as the unit of

maximum response displacement and m/s2 as the unit of

the input level.

0.1G
Fig. 5.3-6  Excitation wave and response spectrum for 2D piping
                 model ( Input level  0.1 G ).

0.1G
Fig. 5.3-7  Excitation wave and response spectrum for 3D piping
                 model ( Input level  0.1 G ).

(a) 2D piping model.

(b) 3D piping model.

1m/s2

Fig. 5.3-8  Approximation of responses for piping models
                 ( Input level  1 m/s2 ).

Table 5.3-7 Coefficients of approximation of elastic response.

ζζζζζ

ζζζζζ
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Fig. 5.4-1 Elastic-plastic response prediction.

(a) 2D piping model.
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Fig. 5.4-2 Equivalent damping ratio by prediction.
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＜添付 2 ＞　実験結果等カラー図版　�

＜要素試験＞　　�（本文P17～P24）�

(a) Initial SCC in SC01. (b) Initial SCC in SC03. (c) Initial SCC in SC07. (d) Initial SCC in SC08. 

図A-1 SCC試験体の初期SCCき裂�
Fig. A-1 Initial shape of SCC in SCC specimens. 

図A-2 初期SCCき裂からの貫通（SC01）�
Fig. A-2 Crack penetration from initial SCC (SC01).

Ratchet  deformation Circumferential  crack

Circumferential  crackBuckling  deformation

図A-3 全周破断の状況 （EM02,　全周EDMき裂付き試験体）�
Fig. A-3 Full circumferential break

(EM02, with full circumferential EDM notch).

図A-4 ラチェットによる減肉部分の変形（EC05,　内圧あり50％減肉試験体）�
Fig. A-4 Deformation at thinned wall part caused by ratchet (EC05, 50% thinned wall with internal pressure).

図A-5 減肉部分での局部座屈変形（EC06,　内圧なし50％減肉試験体）�
Fig. A-5 Buckling deformation at thinned wall part  (EC06, 50% thinned wall without internal pressure).
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Circumferential  crack Longitudinal  crack

Crack

図A-6 周方向及び軸方向き裂とラチェット変形（EC07,　内圧あり75％減肉試験体）�
Fig. A-6 Circumferential and longitudinal cracks and ratchet deformation   (EC07, 75% thinned wall with internal pressure).

図A-7 140mm入力時のEA01の変形�
Fig. A-7 Deformation of EA01 at 140mm input displacement.

図A-8 溶接線脇でのき裂貫通（EA02,　健全試験体）�
Fig. A-8 Crack penetration at welding line (EA02, no defect).

図A-10 エルボ2でのき裂貫通（2D_B01）�
Fig. A-10 Penetration of crack on Elbow2 of 2D_B01.

図A-9 2D_B01におけるアンカ近傍での破損�
Fig. A-9 Unexpected break of pipe near an anchor on the test of

2D_B01.

＜平面配管系試験＞� （本文P25～P30）�

Crack initiation part

Elbow2
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Thinned wall 
straight pipe part

図A-11 2D_B01における減肉部分の膨らみ�
Fig. A-11 Bulge of thinned wall part of 2D_B01.

図A-12 2D_B01の浸透探傷試験結果�
Fig. A-12 Penetration test results of 2D_B01.

図A-14 2D_C01の浸透探傷試験結果�
Fig. A-14 Penetration test results of 2D_C01.

図A-13 エルボ1（減肉エルボ）におけるき裂貫通（2D_C01）�
Fig. A-13 Penetration of crack on Elbow1 (thinned wall elbow) of 

2D_C01.

(a) Crack on side inner surface of Elbow1. 

(a) Crack on side inner surface of Elbow1. 

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

(b) Crack on side inner surface of Elbow2. 

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

Penetration part

Elbow1
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＜立体配管系試験＞� （本文P31～P35）�

図A-15 エルボ1における疲労き裂（3D_A01）�
Fig. A-15 Fatigue crack at Elbow1,  3D_A01.

図A-16 3D_C01の破損形態�
Fig. A-16 Failure mode of  3D_C01.

図A-17 3D_C02　エルボ1で確認されたき裂貫通前の配管表面の変化（1850Gal,  1 回目の加振後）�
Fig. A-17 Pipe surface deformation before crack penetration at Elbow1,  3D_C02  (after 1850Gal_#01 excitation test).

図A-18 エルボ1における疲労き裂（3D_C02）�
Fig. A-18 Fatigue crack at Elbow1,  3D_C02.

(a) (b) Fatigue crack at Elbow1. 

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

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

Crack penetration occurred at Elbow1. during 1850Gal_#03

excitation.
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(a) Crack penetration occurred at Elbow2. during 1850Gal_#01

excitation.

(b) Leak of water at Elbow2. 

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

図A-19 3D_C03の破損形態�
Fig. A-19 Failure mode of  3D_C03.

図A-20 3D_D02においてEDMき裂からのき裂貫通前に配管表面で確認された筋（1850Gal,   1 回目の加振後）�
Fig. A-20 A line on the pipe surface before crack penetration at EDM notch, 3D_D02  (after 1850Gal_#02 excitation test).

図A-21 1850Gal    2 回目の加振中におけるき裂貫通の状況�
Fig. A-21 Crack penetration occurred at EDM notch during 1850Gal_#02 excitation test.

図A-22 3D_D02の破損状況�
Fig. A-22 Failure mode of  3D_D02.

Broken point
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＜詳細解析結果＞� （本文P36～P59）�

図A-23 各試験体のDd-Df線図�
Fig. A-23 Relation between Dd and Df.

図A-24 各モデルの相当塑性ひずみ分布図�
Fig. A-24 Equivalent plastic atrain distribution.

(a) 3D_A01. (b) 3D_C01.
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