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@ Background

v. On March 11, 2011, Fukushima Dai-ichi Nuclear Power Station (NPS)
experienced an extremely massive earthquake (the Tohoku District - off the
Pacific Ocean Earthquake) and a severe accident followed at an
unprecedented scale and over a lengthy period.

v' Many lessons have been learned from the Fukushima NPS accident. One
of them is “Effective use of probabilistic safety assessment (PSA) in risk
management" (Report of Japanese Government to the IAEA Ministerial Conference on Nuclear Safety, June,
2011)

v" On the other hand, about one-third of the nuclear power plants (NPPs) in
Japan have been operating for more than 30 years, and cracks due to age-
related degradation mechanisms have been detected within some
components including pipes.

v' Therefore, seismic PRA and seismic safety evaluation considering aging
mechanisms for aged components have become increasingly important.



@ Objective ©),

v PFM has been recognized as a rational methodology for risk assessment of
aged components, because it can evaluate the failure probabilities
considering the age-related degradation mechanisms and the influence
parameters with their inherent probabilistic distributions.

v In order to conduct seismic PRA considering aging mechanisms for aged
components, a PFM analysis code for piping has been improved, considering
typical aging mechanisms of pipes and fracture mechanics analysis models
provided in Japan.

v’ Based on the analysis results of PFM code, failure probabilities, fragility
curves of aged pipes were investigated. These data of failure probabilities
and fragility curves are useful for seismic safety evaluation for aged
components.



@» Applications to Seismic Safety Evaluation @

v Application to safety advancement evaluation
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v Application to seismic PRA evaluation
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v Application to evaluation of combination effect of main-shock and after-shock,
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@ Applications to Seismic Safety Evaluation &

<Seismic Hazard Evaluatior>< Building & Component ><Accident Sequence Evaluatior>
Fragility Evaluation

Seismic hazard curve Fragility curve Accident sequence
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@

PFM Analysis Code for Piping

®

[ Start |
v

Select a sample weld joint of pipe
v

Sampling cracks based on the crack
size distribution

v
Determine the crack detection
probability in pre-service inspection

v

Calculate the crack growth
considering SCC, PWSCC or/and
fatigue

4

A

v

Determine the crack detection
probability in in-service inspection

v

Evaluate the failure of cracked pipe

v

Evaluate the leak detection

Next sample
(Monte Carlo simulation)

v

Calculate the failure and leak
probabilities of the pipe

 End

v

AN

to conduct seismic PRA or
seismic safety evaluation for existing
NPPs, a PFM analysis code for aged
piping has been developed to evaluate
failure probabilities and fragility curves of
cracked pipes considering aging
mechanisms and seismic loads.

To evaluate domestic aged piping at NPPs,
this code has been improved based on the
fracture mechanics analysis models and
experimental data provided in Japan,

such as:

« Crack initiation and distribution due to
SCC and PWSCC

e Crack growth rates of SCC, PWSCC and
fatigue

* Solutions of stress intensity factor

» Detection probability of in-service
Inspection

« Failure evaluation of cracked pipe

In order

Example analysis flow of PFM code for piping



@ PFM Analysis Code for Piping @

€ Analysis function for BWR piping

v Aging mechanisms: Cracks caused by SCC or initial cracks; Crack growth due
to SCC and fatigue.

v Crack examples: Circumferential semi-elliptical

surface cracks occurrence in weld joints. Outer surface of pipe
v S o . %Weldmetalw
Crack initiation or distribution: Models sco. © Az
based on Japanese measurement data. ey Base metal

Inner surface of pipe

SCCin aweld joint

:Weld joints

: Weld joints where crack
has been detected

_ Circumferential semi-elliptical
Examples of SCC detected in BWR plants surface cracks in weld joints



@ PFM Analysis Code for Piping

@ Analysis function for BWR piping

v' Probabilistic models of crack growth rates for both SCC and fatigue: Models based on
the data provided in Japanese Fitness-For-Service Code (JSME NA1-2012)

__ Crack growth rate (CGR) for CGR for low carbon austenitic
2 .sensitized type 304 stainless steel stanlgss steel
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@ PFM Analysis Code for Piping @
~ @ Analysis function for PWR piping '

v Aging mechanisms: Cracks caused by W
PWSCC or initial cracks; Crack growth due h " OQuter surface
tO PWSCC and fat|gue (Stasir?:fs:r]sctjeel) \i/—\:)igergil oy, (Lglv‘\)/zafllliy)
v Crack examples: Circumferential or axial semi- e ol t
elliptical surface cracks occurrence in weld N =
JO”’]tS Width direction 2/, #ii\/lth direction 1
v' CGR models: CGRs for different materials. Inner surface
_ TR - Axial semi-elliptical
v WRS: WRS in dissimilar materials. surface cracks in weld joints
Nl-ban alloy weld joint y PWSCC
Outer g A
N— iam surface Inner
ot surface X
R
s 2 ' eld met
™ RS Am \ b (Ni-basgd alloy)
SG nozzle

/ismﬁ:v'ﬂb&%ﬁ)
= xsmHORn _ Circumferential semi-elliptical
Examples of PWSCC detected in PWR plants surface cracks in weld joints



@ PFM Analysis Code for Piping <)

€ Analysis function for PWR piping

v CGR for PWSCC : v CGR for fatigue:

Models based on the data provided in JISME Models based on the data provided in JSME
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@ PFM Analysis Code for Piping an

v Example PWSCC with large aspect ratio detected in NPPs

RV cross section

Inlet nozzle

PWSCE il Nozzle | ;' '~| Safe-end
(low alloy) | | ' (stainless steel)
Buttering / '\\ Circumferential weld

(alloy 600) . (alloy 600)

Outlet nozzle

v’ SIF solutions for semi-elliptical surface cracks with large
aspect ratio in plates and cylinders
e a/f/=05 1.0 2.0 4.0 « Cracks in both circumferential

.« a/t=0.0,0.1,0.2,0.4, 0.6, 0.8 and axial directions
 t/R,=0 (plate), 1/80, 1/40, 1/20, 1/10, 1/5, 1/2 (cylinder)



@

PFM Analysis Code for Piping

@

v' SIF calculation method for

complicated stress distributions
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a: crack depth,

Q : flaw shape parameter

m: number of divided segments
n;: order of polynomial at j-th segment
Aj; : coefficients of stress polynomial

distribution at segment j

F;; - coefficients obtained from weight function
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PFM Analysis Code for Piping

v' The failure evaluation method for a pipe containing multiple cracks
In the same cross section of pipe [1]:
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X

Pipe section with multiple cracks

»The failure bending stress :
corresponding to (x', y') coordinates

»The neutral angle :

[1] Y. Li. et al, PVP2009-77061

»The direction of coordinates that provides the
minimum failure strength:
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@ PFM Analysis Code for Piping <)

v' Analysis function for
e i . - e - Crack growth due to
seismic response stress postulated earthquake
e
» Consideration of equivalent cyclic stress 5 '
» Consideration of uncertainty of seismic B
response stress ©
i : f sei : Crack growth due to age-
e Consideration of seismic waves related degradation
 Consideration of response stress from Crack length
severe earthquake Crack growth due to postulated earthquake
>4 200
g) 150 ]
% Realistic | Ultimate 100 A h \
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@

Benchmark Analysis Results

@

v Results considering crack initiated by SCC

* Obijective:confirm the reliability of PFM codes developed by different organizations

on pc-PRAISE by JNES)

Pipe:PLR pipe in BWR plant
Crack: SCC; Circumferential inner surface semi-elliptical crack in weld joints
Crack growth: crack growth due to SCC and fatigue

Failure probability: with and without seismic loads
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earthquake O
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B 750 gal .............. A

1100 gal - — <

|
5 10 15

Operation year after inspection (Year)
Example results of failure probability
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PFM analysis codes: PASCAL-SP (Developed by JAEA), PRAISE-JNES (Improved based
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106 4/ Without
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" 450 gal —_——- O
8 1
10 750 gal .............. A
1100 gal —_— <

10-10 .

0 5 10 15
Operation year after inspection (Year)

Cumulative conditional break probabilit
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@ Benchmark Analysis Results

v'Results considering crack growth due to fatigue
 PFM analysis codes: PASCAL-SP (JAEA), PRAISE-JNES (JNES)
Pipe: stainless pipe in BWR plant
Crack: initial crack in weld joints caused by welding or etc.

Crack growth: crack growth due to fatigue
Failure probability: with and without seismic stresses

100 100

300A pipe PRAISE-JNES| PASCAL-SP 400A pipe PRAISE-JNES| PASCAL-SP
Without o Without
102 earthquake 102 | earthquake ©
450 gal -—=- O 4509&| _———— O
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o
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Cumulative conditional break probability
Cumulative conditional break probability
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Example results of failure probability



@ Example Analysis Results for Seismic Safety Q?

v' Results considering seismic stress and in-service inspection
 PFM analysis codes: PASCAL-SP (JAEA), PRAISE-JNES (JNES)
* Pipe:PLR pipe in BWR plant -Cracks: SCCs

» Crack growth: crack growth due to SCC and fatigue
» Failure probability: with and without seismic stresses

100

E———_

10t tvoocal S S

102 (/RUGal S » Analysis for two initial cracks
| | | » Located at 0 deg. and 60 deg.

103 | 4 2 S » Analysis model of detection

Seismic acc.:450igal probability: Proposed by

Khaleel [1].

Cumulative conditional break probability

A A — PRAISE-JNES | « Parameters: Corresponding to
| ‘ O : PASCAL-SP the “outstanding level” of the
105 wio earthquake | ; detection performance and
0 5 10 15 oo| crack due to SCC.

Operation year after inspection (Year) [1] M. A. Khaleel et al, ASME PVP 1995.
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Benchmark Analysis Results

®

v Results considering crack initiation and growth due to SCC
PFM analysis codes:PASCAL-SP (JAEA), PRAISE-JNES (JNES)

Pipe:PLR pipe in BWR plant

Cracks: SCCs; Multiple cracks;
Circumferential inner surface semi-elliptical crack in weld joints
Crack growth: crack growth due to SCC and fatigue

Failure probability: with and without seismic stresses

Cumulative conditional break probability

109
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0 5 10 15

Operation year (Year)

20

Analysis for two
Initiated cracks
Initiated at O deg.
and 60 deg.




(@D) Example Analysis Results of Seismic Fragility @

v Failure probabilities and probabilistic distribution of
ultimate capacity

« Through PFM analyses, the failure probabilities considering the effects of age-related
degradation and seismic stresses can be obtained.

e Corresponding to failure probabilities obtained from PFM, the probabilistic distribution of the
ultimate capacity and its decrease due to progress of aging degradation can be evaluated.

E 100 0.04
§ 102 bo—cemmm e oo 0 year
= — . Realistic 2nd year Ultimate
© o4 | *é 003 response 4th year capacity
=z ]
T 106 | —w/0 seismic stress o
S — — Ratio=15 s 002 |
= — Ratio=3.0 —
2 108 [ — — Ratio=4.0 <
Q o
o Ratio=4.5 o)
S Ratio=5.0 5 001 |
= 1010 | .
© . —— Ratio=5.5
= 300A pipe, B=0.15 | _ _ gatio=60
=S 10-12 | I | | — .
© 0 1 2 3 4 5 0.00
0 100 200 300 400

Operation year after inspection (Year)
Stress (MPa)

Failure probability considering seismic stress and probabilistic distribution of ultimate capacity



((@)Example Analysis Results for Seismic Fraglllty®

v' Seismic fragility curves considering age-related degradation

« Through PFM analyses, the failure probabilities considering the effects of age-related
degradation and seismic stresses can be obtained.

 Based on the failure probabilities obtained from PFM, the fragility curves which are useful
in risk evaluation can be obtained for different operation years.

« Comparing the general fragility curve, the fragility curve considering age-related
degradation is a function of operation year. The fragility curve goes up with the increasing
operation year, due to the progress of the aging mechanisms.
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o 10 S 004 | -
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2 300A pipe; B=0.15 | _ _ ratio=s0 = | e
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Failure probabilities and fragility curves considering age related degradation



((@)Example Analysis Results for Seismic Fraglllty@

v Seismic fragility curves and seismic safety margin

 Based on the fragility curves and the assumed failure probability basis, the probability-
based seismic margin and its reduction rate considering the age-related degradation can
be obtained.

* Probability-based seismic margin decreases with the increasing of operation years. The
reduction rate of seismic margin depends on the progress rate of age-related
degradation, such as crack growth rate, the distribution of residual stress and so on.

0.05 100

. —e— lyear (8 =0.15)
3OOA plpe - & - 3year (=0.15)
—& 5year (8=0.15)

o

o

=
({=}
o

0.03

o]
o

002 [

~
o

(2]
o
T

0.01 = -=rommomoooossooooooo o 5

1%
0._————'\"'_"_—'\
0 1 2 3 4 5 M 6 7 0 1 2 3 4 5

Ratio of seismic motion Operation year after inspection (Year)

300A pipe
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Cumulative conditional failure probability
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Failure probabilities and fragility curves considering age related degradation



@»Example Analysis Results for Seismic Fragility@2

v' Seismic fragility curves considering the effect of after shock
e Because PFM can consider the age-related degradation in mechanism, it can evaluate the
combination effect of main-shock and after-shock.

 In the following case, the after-shock occurred soon after the main-shock with a same
magnitude is evaluated.
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< i ! | =
= 0.005 e 7" ‘ ‘ 2 0.005 |
S r S
8 O
0.000 w T 0.000 ‘ : - ‘ ‘
0 5 10 15 20 0 0.5 1 1.5 2 25 3
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Failure probability and seismic fragility curve with the effect of after-shock



@ CGR and Fragility for Severe Earthquake

v In order to contribute to the seismic PRA and seismic safety evaluation for aged
components, it is necessary to consider the earthquake beyond design basis

ground motion.

v' Therefore, we are developing the evaluation methodology of crack growth rate
(CGR) beyond the small scale yielding condition, considering large seismic
stresses corresponding to response of severe earthquakes.

<Seismic Hazard Evaluatior><

Building & Component
Fragility Evaluation

Occurrence

Seismic hazard curve

frequency

Seismic ground

> <Accident Sequence Evaluatior>

Failure
probability

Fragility curve
Component A

_ - 'Component B

Seismic ground
motion strength

motion Istrength

v

Core damage

n
»

Process of seismic PRA

frequency

o

DBGM

|

/

Accident sequence
ccurrence frequency
Seismic

azard curve _ -
+ Core damage

probability

e
-

~ Seismic ground
motion strength




@» CGR and Fragility for Severe Earthquake @9

v CGR for large seismic stresses
 For constant cyclic stress beyond small scale yielding condition (SSY)

/;E 10 E = daldN=1.60 x 10-13 AK358 A A
<>3‘ L @ Crack growth rate ".II ,'“',. ’Il\/\}lf Iﬁll .": I'|! .
3 [ o VUVVVY CGR for cyclic stress under SSY:
S 109} $ da
= F Experimental [ o m
:__E [ data /‘" (d—Nj = C(AK)
= 106 \ fatigue
= ‘
5 d—NJ =C(ak) It can not represent the CGR for cyclic stresses
O
© 10 102 10°
) AK (MPavm) ;
10- ——daldN=2.42 x 10° AS7°
[ ¢ Crack growth rate (Case 1) - -
105 ' CGR of AJ basis for cyclic stress beyond SSY:

\
AR ) oy
10-6§ dN fatigue

Experimental data

o o It can represent the CGR for cyclic stresses
10 102 102 beyond SSY.

AJ (kJ/m?)

Crack growth rate (m/cycle)



@» CGR and Fragility for Severe Earthquake

y

v CGR for large seismic stresses
* For random cyclic stress beyond SSY

Crack growth rate (m/cycle)

10° E

106 |

107

f Excessive compressive
' load > excessive tensile

| '°ad/\vM

¢ Experimental data
—Prediction with excessive loading
— Prediction without excessive loading

1 10

AJ (kd/m?2)
The case that CGR is accelerated

100

Crack growth rate (m/cycle)

10”7

10> ¢

Excessive tensile
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compressive load

106 |
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——Prediction with excessive loading
—Prediction without excessive loading
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The case that CGR is retarded
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Evaluation method of CGR for large seismic stresses beyond SSY
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@» CGR and Fragility for Severe Earthquake

v' Confirmation of CGR for large seismic stresses

Dimension of pipe/crack
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@ CGR and Fragility for Severe Earthquake @

v’ Failure probability evaluation considering different levels
of seismic stresses

107
E fase 1:15 ¢,
A Analysis condition

10 . === * Pipe:stainless pipe in
Case 2 o BWR plant
; 0 « Crack: initial crack in

weld joints caused by
welding or etc.
 Crack growth: fatigue

Case 3: 2/3 g,

- Present method
=== Previous method under SSY

0 10 20 30 40
Operating time (year)

* When the maximum amplitude of the seismic stress is larger than the yield stress
o, , break probability based on the elastic fracture mechanics is not conservative.

Conditional cumulative break probability (-)




@ Summary

v Seismic PRA and seismic safety evaluation considering aging mechanisms
for aged components are important and the ongoing issues.

v' Example applications to seismic fragility evaluation using PFM considering
IGSCC and fatigue are introduced in this presentation.

v We are making efforts considering other important aged components and
age-related degradation mechanisms such as
« PWSCC
 NISCC
» Flow Accelerated Corrosion
e Thermal aging embrittlement
v' We are also making efforts to link with seismic hazard and accident

sequence evaluation, and to utilize failure probabilities considering age-
related degradation mechanisms and seismic stresses.
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