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Table 2.2: Relationship between 3 and Py
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Table 3.1: Design Parameters

00 (mm) | 76.3,114.3,139.8

00 (mm) 5.2,6.0,7.0

00 (MPa) 0,5,10
0000 (mm) 1025
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Table 3.2: Curvature of elbow
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76.3 95.3 63.5
114.3 152.4 101.6
139.8 190.5 127.0
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Table 3.3: Design parameters (Variable : Outer diameter)

000 000 Cov | Oooo
00 (mm) | 76.3,114.3,139.8 | 0.05 | 0000
00 (mm) 6.0 005 | 0OOO

0000 (MPa) 215 005 | 000000

0000 (mm) 102.5 0.1 0000
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Fig. 3.4: Reliability index for different outer diameter
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Table 3.4: Design parameters (Variable : Thickness)

000 ooo | Ccov| Dooo
00 (mm) 76.3 005 | D0OOO
00 (mm) |526.0,70| 005 | 0000

0000 (MPa) 215 005 | 000000

0000 (mm) | 1025 0.1 0000

0o3900oooboooobobobooboo s.ooooobobboobooboooobooo

24



Q === {2 =5.2
== {5/2=6.0
b= R E=7.0

E I (mm)

Fig. 3.9: Reliability index for different thickness

1.00E+00
1.00E-01
1.00E-02
1.00E-03
1.00E-04
1.00E-05 == {R[E=52
iﬁg;g == {7/2=6.0
1.00E-08 e HRE=7.0

1.00E-09
1.00E-10

Pf

ZE 1 (mm)
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Fig. 3.13: Partial safert factor (Thickness : 7.0mm)

oboboboboboboobooboboobobobobobobobobobobobobo

goooo

3.3.3 UUOooobobogo

gobooooboobooooboobooboooboobooooOooobooooobooon
ooo0o0o00oooocovooooooo ss000o0oooooooo 32000000000

ooooooooo

Table 3.5: Design parameters (Variable : Pressure)

000 00O | COvV | O0OoO0O
00 (mm) 76.3 | 005 | 0OOO
00 (mm) 60 | 005 | 0OOO
00 (MPa) | 0510 | 0.05 | 0000

0000 (MPa) | 215 | 005 | 000000

0000 (mm) | 1025 | 0.1 nfululn

03140000000000000D0000 31500000000000D0O000O00O0O
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Fig. 3.17: Partial safert factor (Pressure : 5MPa)
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Fig. 3.18: Partial safert factor (Pressure : 10MPa)
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Fig. 3.19: Relationship between beta and PSF of yield stress (Variable : pressure)
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Table 3.6: Design parameters (Variable : Curvature)

000 000 | cov | OO0
00 (mm) 763 | 005 | 0O0OO
00 (mm) 60 | 005 | O0OOO

0000 (MPa) | 215 | 0.05 | 000000

0000 (mm) | 1025 | 0.1 0ooo
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Fig. 3.20: Reliability index for different curvature
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Fig. 3.21: Probability of failure for different curvature
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Fig. 3.24: Partial safert factor (Curvature=2xouter diameter)
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Fig. 3.25: Relationship between beta and PSF of yield stress (Variable : curvature)
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Table 3.7: Ratio of curvature/outer diameter
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76.3 1.25 0.83
114.3 1.33 0.89
139.8 1.36 0.91
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Fig. 3.26: Stress distribution (Outer diameter : 76.3mm)
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Fig. 3.27: Stress distribution (Outer diameter : 114.3mm)
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Fig. 3.29: Reliability index for different outer diameter (Curvature : 100mm)
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Fig. 3.30: Probability of failure for different outer diameter (Curvature : 100mm)
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Fig. 3.31: Reliability index for different outer diameter (Pressure : 10MPa)
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Fig. 3.32: Probability of failure for different outer diameter (Pressure : 10MPa)
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Fig. 3.33: Reliability index for different thickness (Pressure : 10MPa)
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Fig. 3.34: Probability of failure for different thickness (Pressure : 10MPa)
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Fig. 3.35: Distribution profiles of normal distribution and Weibull distribution
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Table 3.8: Partial Safety Factors for different distribution type
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oooo 8.00 x 1076 1.30 x 1078
00 PSF 1.06 1.13
OO PSF 1.02 1.04
00 PSF 1.02 1.05
oooo PSF 1.46 1.22
00 PSF 1.13 1.30
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Table 3.9: Outer diameter and thickness for Sch40 pipe

00 (mm) | OO0 (mm)
76.3 5.2
114.3 6.0

0000000000000000000000000000000000 1.55,,(= 187.5MPa)
goboooooooooboooooboboooooboooobobobo 310000

Table 3.10: Parameters for max stress 1.55m (Sch : 40)

No. | 00 (mm) | 00 (mm) | 00 (MPa) | OO0 (mm)
1 76.3 5.2 0 2.45
2 76.3 5.2 ) 2.09
3 76.3 5.2 10 1.72
4 114.3 6.0 0 2.31
) 114.3 6.0 5 1.91
6 114.3 6.0 10 1.47

OO0O0O0ONo3000O0OOO0O AODBOOOO 1.720m00000000000OCCOOOODOLOO

gbooobOoboooobob siiotobooboboooooboboooobooooooboon
oo00oo00ooooOooooOoooog covoo 31nlgooooooooooooooooo
0 215MPa 0000
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Table 3.11: Distribution type and COV
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Fig. 3.39: Probability of failure (Sch : 40)

goooboosodnon

gboobooosoooboooboboboobooooooboobobo sooboboooooo
oooood

Table 3.12: Outer diameter and thickness for Sch80 pipe

00 (mm) | OO0 (mm)
76.3 7.0
114.3 8.6
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Table 3.13: Parameters for max stress 1.55,, (Sch : 80)

No. || 00 (mm) | 00 (mm) | OO (MPa) | D000 (mm)
1 76.3 7.0 0 2.53
2 76.3 7.0 5 2.23
3 76.3 7.0 10 1.93
4 114.3 8.6 0 2.25
) 114.3 8.6 5 1.96
6 114.3 8.6 10 1.65
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Fig. 3.40: Probability of failure (Sch : 80)
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Fig. 4.1: Idea of earthquake response spectrum
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Table 4.1: Control points for Ohsaki’s spectrum

gooogo A B C D E

M | Rkm) | Ta | Sa | Ts | S5 | Te | Sc | Tn | Sp | T | S
6.0 5.0 002122010 15 [ 0.14 | 21 | 0.80 | 21 | 2.0 9
7.0 10.0 0.02 1052020 | 12 [ 040 | 25 | 1.20 | 25 | 2.0 | 20
80| 250 |0.02]028]035] 4 06030150/ 30|20/ 28
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Fig. 4.3: Flowchart of seismic wave formation
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Fig. 4.4: Envelope curve of seismic wave
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Fig. 4.5: Expample of simulated seismic wave
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Fig. 4.6: Response spectrm of simulated seismic wave

4.3 U0O0OOOOOOUOobObOOoOoOd

4.3.1 0OO0O0OU

goooo

uboobooboobooboobob sboboboboobooboobooobOooboan
obobgooboobooobooboboob saboooooooboobobobDobooooobobOoo
oboboobo420000000000000000000000000 "6.3mmO00000O
095.3mm0O00 114.3mm 0000000 1524mm 0000000 STPT3700 00000000
200GPa0 0000 215MPal 00 7.86g/cm® 0 0 00

Table 4.2: Parameters for dynamic analysis
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Fig. 4.7: Piping model by pipe element
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Fig. 4.8: Seismic wave (Magnitude : 6 , Epicenter distance : 5km)
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Fig. 4.9: Seismic wave (Magnitude : 7 , Epicenter distance : 10km)
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Fig. 4.11: Elbow displacement measurement position
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Fig. 4.12: Displacement time history (Magnitude : 6 , Epicenter distance : 5km)
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Fig. 4.13: Displacement time history (Magnitude : 7 , Epicenter distance : 10km)
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Fig. 4.14: Displacement time history (Magnitude : 8 , Epicenter distance : 25km)
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Table 4.3: Maximum displacement of dynamic analysis

oo o0.01 oo o0.05
ooopooo | 00763 |00 1143 | 00 v6.3 | OO 114.3
6.0 2.77 1.56 1.12 0.67
7.0 5.64 2.87 2.40 1.30
8.0 3.94 1.74 2.73 1.41
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Table 4.4: Statistical parameters for dynamic analysis (Failure mode : yielding)

ooo ooo COV | DOoOoo
00 (mm) 76.3 | 114.3 | 0.05 0o0O
00 (mm) 52 | 6.0 | 0.05 oooo
00 (MPa) 0,5,10 0.05 0oo0O
0000 (MPa) 215 0.05 | 000000
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Fig. 4.15: Probability of Failure for yielding (Damping : 0.01)
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Fig. 4.16: Probability of Failure for yielding (Damping : 0.05)
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Table 4.5: Table of Probability of Failure for yielding (Damping : 0.01)

00 76.3mm 00 114.3mm
oDoooooo 0o o 005 |00 10 0o o 0o 5 0o 10
6.0 474 x 107t | OO oo 4.55 x 1077 | 4.73 x 107* | 5.65 x 1072
7.0 0o 00 00 00 o0 oo
8.0 00 00 0og 1.22x107° | 444 x 1073 | 2.75 x 107!

Table 4.6: Table of Probability of Failure for yielding (Damping : 0.05)

00 76.3mm 00 114.3mm
0oooooo oago od s oo 1o ooo od s 0o 1o
6.0 231 x 10710 | 1.92 x 1077 | 4.48 x 107° 01 2.44 x 10719 | 1.57 x 1076
7.0 3.82 x 1072 | 4.05 x 107! oo 228 x 107 | 1.46 x 107° | 4.68 x 103
8.0 4.00 x 101 00 00 243 x 1078 | 6.08 x 107° | 1.48 x 1072
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Fig. 4.17: Idea of shakedown
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Table 4.7: Statistical parameters for dynamic analysis (Failure mode : shakedown)

ooo ooo (610)% oood
00 (mm) 5.2 1 6.0 0.05 good
00 (MPa) 0,5,10 0.05 oood

0oo0 (MPa) | 215 0.05 | 000O00OD
0000 (GPa) 200 0.05 0ooo
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0000000000000 00000000000000000 (000000000000 0.5
00)000000000000000000000000000000000000 4180000
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Fig. 4.18: Probability of Failure for shakedown (Damping : 0.01)
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Fig. 4.19: Probability of Failure for shakedown (Damping : 0.05)
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Fig. 4.20: Time history of Mises stress
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Table 4.8: Table of Probability of Failure for shakedown (Damping : 0.01)

00 76.3mm 00 114.3mm

00ooooo oo o oo 5 0o 10 0o o oo 5 0o 10
6.0 3.60 x 1076 | 5.25 x 10~* | 1.11 x 1072 x x x
7.0 1.0 1.0 1.0 1.01 x 107° | 4.62 x 1073 | 9.71 x 1072
8.0 1.82x 1071 | 3.87 x 107 | 7.06 x 107! x x x

Table 4.9: Table of Probability of Failure for shakedown (Damping : 0.05)

00 76.3mm 00 114.3mm
onoooooo 0ooo oos5 o010 |000| 0065|0010
6.0 X X x X x x
7.0 x 1.39x 1076 | 6.31 x 107* | x x x
8.0 1.20 x 1076 | 3.94 x 107* | 8.54 x 1073 x x x
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Fig. 4.21: S-N Curve
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Fig. 4.22: Model for fatigue analysis
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Table 4.10: Cumulative damage

00 OMPa | 00O 5MPa | OO 10MPa
ooooooo 464 457 449
ooooo 1.22x107°% | 1.17x 107% | 1.05 x 107

cooooooOoooooooooo0ooooOoOobo pgooooOooooOoOoDbDooOoo

Table 4.11: Pseudo beta for fatigue

00 OMPa | OO 5MPa | OO 10MPa
oooopg 4.22 4.23 4.25

00000000 pDO0O0O0 pO0O00C0O0OUDOOOODOOODOD (26)0 00000000
ooo p,O000O0O0 DOOOOOODOOOOOO

B=-o"1(D) (4.11)
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Fig. 4.23: Response spectrum for simulated seismic wave
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Fig. 4.24: Result of frequency response analysis
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Fig. 4.25: Variety of maximum displacement
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Fig. 4.26: Variety of damage
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Table 4.12: Average and standard deviation of maximum displacement and damage
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goo

call calc_param(N,pm1,pm2,pm3,pm4,mean,sigm,type)

g O oooobooon gooooood
N oo oooooon oo
pml10 pm4 oo (00O) mput oo gooobooboood

mean o0 (@o) ooo oo
sigm 00 (@o) 0ooo 00
type Ooo (0O0) 0000 0o

oooDOoOg : INIT

oo
gbooobOoboooobobooooobooooon
ooo

call init(x,mean,N)

00 O 00000000 |00000000
x |00 (@o) 0 000
mean | 00 (00) 000 00
N 00 0ooooo 00
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oo

0000000000000 0000000 p00000000O00OO0 (227000000 0OO

oooood

gbobooboobooooboboooooboo

goo

call calc(N,x,mean,sigm,type,ul,u2,u3,ud)

gooobooooo

go

gboboooooooboboboboboboobbbobobooooboboboooooo

goooo
goo

: CALC

0o O 0ooooooo oooooooo
N oo oooooo oo
x 0o (oo) ooooooo ooooo
mean | 00O (00) ooo ooooooooo
sigm | OO (00O) oooo oooooooooo
type | 000 (D0O) oooo oo
wlOuw4 | OO (DD) |OOOOOOOOO oo

oooooo

: susonokinji,LSF ,GLSF, HLRF ,ndtr

call susonokinji(N,x,mean,sigm,type,ul,u2,u3)

: SUSONOKINJI

00 O 0ooooooo 0oooooooo
00 0oooooo 00
x 0o (@o) 0ooooo 00
mean | 00 (00) 000 ooooooooo
sigm | 00 (0O) 0000 0000000000
type | 00O (00) 0000 00
wlOud | OO0 (0D0O) (000000000 00

OO0O000O0O000 : lognor,gumbel,weibul
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oo

goooog

: LOGNOR

oboboobOobooooboooobobooooobooo

goo

call lognor(x,lambda,zeta,mean,sigm)

oo

ao O gbooooood gboooood
X oo goooo oo
lambda | OO | OOD0OOCOOO A oo
zeta o0 | 00Dboogo ¢ go
mean | OO oono obooooooo
sigm oo oono oboooooooon
oooooO0o : GUMBEL

boboobobooboobooboobobooooobooo

goo

call gumbel(x,u,alpha,mean,sigm)

gbooooboooog

g

00 O oooooooo oooooooog
X od ooooo od
u OO0 | 0000000 wu od
alpha | 00 | 0000000 « oo
mean | 00O ood ooooooooo
sigm | 00O oono oooooooooo
: ndtrinv

ooooboo0o : WEIBUL

obooobOobOOoooobooooboOobooooobooo

goo

call weibul(x,w1,k1,yl,mean,sigm,i)
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gbooooboooog

g

od O oooooogo ocooooood
X od ooooo od
wl oo ooooooo 00
k1 od ooooooo od
yl od ooo od
mean | 00 ooo coooooooo
sigm | 00O ooo oooooooooo
i oo 0 oooooog : -1
: ndtrinv
gooood : LSF

ooooooboooooon

goo

call LSF(N,xx,fval)

g

00 O 00000000 | 00000000

N 00 00oo0oo 00

xx |00 (00) 0oooo 00

fval 00 0 00000000
000000 : GLSF

gboooooboooooon

goo

call GLSF (N xx,gval)

00 O 0oooooooon 00000000

N 00 00oo0oo 00

xx |00 (00) 00000 00

gval | DD (ODO) 0 0000000000000
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oo

HL-RFOODOO (0 (27)00000000000000

goo

call HLRF (N,pdi,xi,fval)

oooooo

: HLRF

g O gooooood gboooood
oo oooood oo
gooooboooboo
pdi |00 (0D0) |O00O00OOOOOO go
gboooobooobob (ooboboobog
xi 00 (0oD) gooooao gboooao
fval oo obooooood oo

OCO00000ndtr000000000D0OCO00O00ODOO0O00O000ndtrinvdO00O0ODOO
gbooooOoboooobobooooobooon

A2 OJ00O00OOOO0OODOODODbOOOOODO

j430000000000bO0000O00bO00OOO0ODbOO0ObOOOOOobOObObOOoOOobO0OOn
0000000000000 CODOC00ODO INUTOO meanssigm,type0 000000 LSFOOO
gogooobooobod

oooooooobooooooodoooooooooooboooooooooooooooooo
0000000000000 (o000 oooooo)ooooo00 (http://www.math.sci.hiroshima-
w.ac.jp/ m-mat/index.html) 000000000000 00O0OO

oooooo : INPUT

oo
0000000000000 0000000000000 A10O0DOO0O0O0O0 INPUTOOOOO
oooooobooooo

oooooo : DIST

oo
(0,1))D00000wWO0O00UC0OD0O00ODO0O0ODO0O0OOO0Ox0O0O0OO0ODOOOOODOOOO

Oo0oO00A10000000 CALC PARAMOOOOOO

ooo
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call dist(N,u,x,ul,u2,type)

00 O 00000000 | 00000000
00 0ooooo 00

u 0o (@O) | (0,1)000000 00

x 0o (@o) 0 0oooooo

ulu2 | OO0 (00) 0 000000000

type | 000 (OO) 0000 00

ubooaboodaod

: calc_param[ normal _dist,gumbel _dist,weibul_dist

000000 calecparam000000A10000000O0 CALCPARAMOOOOOOOOOOO

gooooood

go

gboooog

: NORMAL_DIST

ubobobobobaoboooboobooboobobobobobobobbobooooooboaon
0000000000 NDTRIODOOOOODOO

goo

call normal_dist(p,x)

go g gbooooood gboooood
p o0 (Ooboooooon oo
X oo 0 oooobooooobooon

O0o0oo0ooo0o0o00 : NDTRI
000000 : GUMBEL_DIST

oo
gooboooooon
r=F1p =u— ——== (A1)
gobodoooooooooboboooooon
aon
call gumbel dist(p,x,u,alpha)
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go O gooooood gbooooood

) o0 |oooooooo oo

b oo 0 oboooooooooooooo
u ub | 0000000 w oo

alpha | 00 | 0000000 o oo

OO0O0o0o0 : WEIBUL_DIST

oo
oooobooooon

= F\(p) = B{~In(1 - p)} (A.2)

goobodoooooooooboboooooon
god
call weibul_dist(p,x,alpha,beta)

od 0 gooooooo gooooooo

P oo (oboboooooo oo

X od 0 goooooooooooooo

alpha | OO ool « RN

beta | 00O | OO00OO0OOO B gd

oooooog : LSF

oo
oooooOoOo0O0O0O0OD0DODOODODO AlO0O0O0O0O0O0O0 LSFOO0O0O0O00O00000000

A3 ODOOO0ObOOoOooboobog

gooobo45000000000D0O0OO0ODOODOODOODODODOODOOOODOOOD
0000000000000 0 (00ooo0o0)o0o0oooo0o0o0oo0o0ooooUoooooOg
OZROOO ZMODOOOOODOOOOOOOPOOOOOOOODODOOOOOODODOOOO
uboboobOoboooobobooood

000000 : GET_PEAK

oo
oboooooooooobooooboooboooooboon
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oono

call get_peak(N,M,strain,peak)

oo

0o 0 00000000 |00000000

N 00 ooooooo 0o

M 00 0 000000

strain | 00 (00) | 000000000 0o

peak | 00O (00) 0 oooo
000000 : HLOOP

gboooboooboobooboboooboooboa

goo

call hloop(zr,zm,p,np,peak,j k)

g

obooobOoboooooboooooon

goo

call fatigue(eta,zr,zm,p,jk)

87

oo O oooooooo oooooooo
x |00 (0DO) 0 0000000000000
»m |00 (0O) 0 0000000000000
p |00 (@D) 0 000O0O0O0O0O0O0000000
np 0o oooooo oo
peak | OO (00O) oooo oo

0o 0 00000000000000000
k 0o 0 ooooooooooo

000000 : FATIGUE




go O gbooooood gbooooood
eta oo 0 ooooo
zr o0 (oo) obooooooboooboooo oo
zm |00 (O0O) gbooooboooood go
) o0 (@o) oboooooobooooooo 0

oo oboooobooooooooooo oo
k ao gbooooooooboo oo

000000000 : SN_curve
OooOooon0 : SN_.CURVE

oo
goboooobooooboboooboooooooboooboooooooboboooooooboooon

gooooooooooboooooboobobooooboo

oono

call SN_curve(nf,e,young)

00 | 0O | 00000000 |00000000
nf |00 0 0Oooooooo
e |00 |00O0(@O)O0 00

young | OO oooo 00
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