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For reactor pressure vessels (RPVs) in the light water reactors, the fracture toughness decreases due
to the neutron irradiation embrittlement with operating years. In Japan, to prevent RPVs from a nil-ductile
fracture, deterministic fracture mechanics methods in accordance with the codes provided by the Japan
Electric Association are performed for assessing the structural integrity of RPVs under the pressurized
thermal shock (PTS) events by taking the neutron irradiation embrittlement into account. On the other hand,
in recent years, probabilistic methodologies for PTS evaluation are introduced into regulations in the United
States and some European countries. For example, in the United States, a PTS screening criterion related to
the reference temperature based on the probabilistic method is stipulated. If the screening criterion is not
satisfied, it is allowable to perform the evaluation based on the probabilistic method by calculating numerical
index such as through-wall crack frequency (TWCF). In addition, the reduction of non-destructive
examination extent or extension of examination intervals for RPV welds have been discussed based on the
probabilistic method. Here, the probabilistic method is a structural integrity assessment method based on
probabilistic fracture mechanics (PFM) which is rational in calculating the failure probability of components
by considering uncertainties of various factors related to the aged degradation due to the long-term operation.
Based on these backgrounds, we developed a PFM analysis code PASCAL and released a guideline on
structural integrity assessment based on PFM by reflecting the latest knowledge and expertise in 2017. Here,
the main analysis target was the RPV of pressurized water rector considering neutron irradiation
embrittlement and PTS events in the structural integrity assessment of RPVs. The objective of the guideline
is that persons who have knowledge on the fracture mechanics can carry out the PFM analyses and obtain
probabilistic numerical index such as TWCF for a domestic RPVs by referring to the guideline. Recently, in
order to enhance the applicability of the PFM methodology in Japan, we have improved PASCAL and the
guideline to enable failure frequency calculation of the RPV in a boiling water reactor. The new outcomes
are included in this report.

This report consists of five chapters. Chapter 1 describes the background and outline of this report. In
Chapter 2, the framework and scope of the guideline are explained. The details on how to perform PFM
analyses for RPVs using the guideline are summarized in Chapter 3. In addition, some verification examples
of the PFM analysis code PASCAL are also shown in this chapter. In Chapter 4, analytical methods and data
which are considered as appropriate ones to calculate TWCF for domestic RPVs based on the guideline are
described. Finally, a summary of this report is given in Chapter 5.

Keywords: Probabilistic Fracture Mechanics, Reactor Pressure Vessel, Neutron Irradiation Embrittlement,
Pressurized Thermal Shock, Low-temperature Over Pressure, Failure Probability, Failure Frequency

Part of the research was performed under the contract research entrusted from Regulatory Standard and
Research Department, Secretariat of Nuclear Regulation Authority.
+Nuclear Safety Research Center



JAEA-Research 2022-012

Lo BB UM oo 1
2. EVERGFREATEERE DML AR & REGERTH .oooeoeeeeeeeeeeeeeeeeeeeeeeeeee et 2
3. AEAEAYIRAT ERE D FER oottt 3
4. EHNETNT T 2 MIXT DINTTIEL DT 4 e s 25
3 D ettt ettt et 36
T ettt et 36
BTG TCHR et et 37
Contents
1. Background and OULINE. ..........cceiiierieriieiieie ettt ettt ettt et eetestessaesseessaesseenseesseeseenseenseenes 1
2. Framework and Scope of GUIACIINE .........ccievieriieriiiie ettt ettt te e e e sae e s seesaeeneas 2
3. Details Of GUIACIIE .....oveiieiiiei et ettt e e e e et e e et e e e etteeeetaaeeeeearaeeeeateeeeenrens 3
4.  Analysis Methods and Data for Domestic Model Plant ............ccccoocienienieniinieiieiececececeee e 25
B T 18311 0 1y APPSO 36
ACKNOWIEAGEMENL........oeeiiiiiiiecieecee ettt ettt et e e st eesbeeesseesssaeessaeessaeansseess ssseensseensseenssesnnsens 36
RETCICIICES ...ttt e et e e et e e e et e e e eeateeeeetateeeearee eeeeenareeeeetreeeeeareeeeenrees 37

iii



#1
#2
#3
4
#*£5
<6
*7
7 8

X 1
<] 2
< 3
<] 4
< 5
< 6

JAEA-Research 2022-012

xz UXEL
PASCAL Z W ot R A OFT H ) 0 AZBI T DR o 22
LHSIEIZ K D7) v T OREHEBAIE ~DEEE oo 22
PASCAL DAGHEAMEREZEDTEH B oo, 23
H - R B0 A1 OFEREIZ BT~ DB HEMEFERE DB oo 23
Kie 2547 DOFERENZ BE DA HEMERETR OB oo 24
BALERYE & BAFED) D B XA T D EFEMEMEE DB o, 24
JEAC4201-2007[2013 FiEfR] O Mafb THTEIZ BT DA MR DB oo 24
FEHEFI AT T VE S OV AU T AT T /T = oo 26

X UXFb
PEFRATIEICBIT D RPV DR DT oo 2
YA L BE OO AL ettt 2
T YE A FRAT BERE O S GBI ..o 3
AR AR ZH B TEME ORI oo 19
PASCAL O ERAHE S OE (JAEA-Data/Code 2022-006)  ....oovveeeeeeeeeeeeeeeeeeen 20
FAVOR (281} % FAVPFM OFHE DA (FAVOR O~ = = 7 /L& FEIZER) ... 21



JAEA-Research 2022-012

1. L O
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RPV JFLMEIE O N R I B A E L, MEZAE S (Pressurized Thermal Shock, PTS) H4RFIZIS
(T D FEIENER R A O M A R ) IS SIREMTFEIC L VEHMET2 (K1) . —F., FRO%FAE
B RREEEME, HPE TR M LS OIS A W2 A K OIX b 2 X A FE LT, BREEHE (Through-
Wall Cracking Frequency, TWCF) % 3K % ffeZ5mfiE /)7 (Probabilistic Fracture Mechanics, PFM) i
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WIS R A i U C, TWCF 23 I X 104 ISk T 2 BEREN A 7 V) —= 7ML L TEAI R
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W5, IED X5 mnb, EWNO RPV 254102 PTS 5455 O I H 4 b O JEAEMERRIE (2 £F © AlHE 4
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PFM (2D < BEAMFEM O E A I T T, B AR DBV T, Wb ig KB 147
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WIEFEL T L O TWCF[RI/FENCH T H2HMESMOITHE Y 0 %5
— R F D B
KRG LOCA | EARSERME | /VBEH LOCA o
[ &
590 567! 1.11X10° 8.23x 108 1.98X108 1.17X 106
HbHun 7 L™? 1.11X10° 8.23 X108 1.98x108 1.17X10°¢
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L, YN T ENTEERNADEARIZ0ET D,

VANV AURN/ - § FCI” TWCF”
100 2.2x%10°8 1.0x 108
1000 2.0X108 1.1x10°8
5000 2.2%10°% 1.0x10°®

%Gl L7 IBIEE 4L LBLOCA (Case 56) DR T SO-1 (Case 126) " Th 5,
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EHSAA A
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T THER B
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6.9486

0.5516

7.8327

7.8465
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£S5 K /AT OBERRIC BT 215 M M e 38 o il
RFEMER p Microsoft Excel® PASCAL3™! (Pi-p)/p*100
T A T IVEy AR fBAE R - Pi [%]
(Kic [MPay m]iZ %f i)
0.01 37.35 0.009957 -0.4295
0.05 45.40 0.04978 -0.4394
0.5 71.39 0.4984 -0.3150
0.95 99.07 0.9492 -0.0826
0.99 110.02 0.9899 -0.0129
T-RTnpr= -43.313 [°C]
*1: 7V v 7 ¥ 100,000
# 6 MEMERAE L MRMEHEY 0B ICBIT B E R O b
1537 S Fl A ! PN R 22 il 7 I B LR
[571] K Kie K; Kie
[MPayv/m] [MPayv/m] [MPayv/m] [MPayv/m]
32 2 70.47 72.80 - -
32.5 2 70.68 70.87 - -
33 0 70.86 69.09 153.79 143.73
33 0 - - 157.28 -
*1:0 N, 2 B mIcRVWAaR
*2: PN 2 i
& 7 JEAC4201-2007[2013 438 i i ] D M AL T 1512 B 9~ 2 15 #1458 o Bl
b U 8 b U 8 e
T RE R | TR o oK e AR
[10"°n/cm?] 1.0x10"! 2.0x10!"! 5107 ARTxor[*C]
ARTxpt[°C]
ARTwor[*C] ARTxor[*C] (Microsoft Excel®)
1 56.20 54.00 54.91 54.91
1.5 65.50 64.00 64.62 64.62
2 71.60 71.10 71.31 71.31
2.5 76.00 76.40 76.23 76.23
3 79.60 80.70 80.24 80.24
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