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1. PSA Hefgl B =

REA : Rare Event Approximation <
MCUB : Minimal Cut Upper Bound ZRI
BDD : Binary Decision Diagram

Fault Tree
for Seismic
PSA

PSM : Probability Subtraction Method

Selected
Branch/Gate (*)
- BDD Logic

A%

Fault Tree
for Seismic
PSA

S = o ol0 (*) Success Branch > BDD : Negate_Down
/\\#
Delete Term Rare Event : N
P > 0.1 > Error increases Fy, =) P(A)
Approx. Approx. e ;
Accurate than REA
. Minimal MCUB Possible to underestimate n
"l Cut Sets Fucus :1_1_[(1_ P(A))
i=1
(Post processing) Cut Set > | Accurate than MCUB
BDD BDD (Delete Term Approx. Error exists)
Boolean
Algebra
Gives very accurate results if Cut P(AB) = P(4) — P(AB)
PSM + Set to BDD conversion ratio is TR
Cut Set > BDD high (replace Delete Term ‘i;\AL )B) or A AB

BDD Prime
Implicants

MC Monte

Carlo

Approximation) AB

Exact, but applicable for only small FTs
Cannot solve PSA Model for NPP
Cannot handle post processing

F=x-F(x=1)+x-(x=0)
F=A+B=A+A-B

Gives good results in short computation time for large CCDP
Good for verification of seismic PSA quantification

Provides only CCDP

Cannot handle post processing 3



2. Seismic PSA &1 Atst

A

Typical Seismic PSA Procedure

Plant Response Model

Seismic Initiating Event Scenario

=14 2" Event Tree for

Seismic IET | Essential

Loss of
Control

Large LOCA|Small LOCA| Ultimate

fﬁ Power

each Seismic IE

Heat Sink

=

Seismic PSA E&zl £%

» Fragility > SSC 18 =&
> =2 1% 2E

 Seismic Correlation >
Seismic CCF

- Hazard > X|%l Bl&E

- Hazard Bin & A4t

« Large Uncertainty

i |toGTRN
’—,—,—{SIELOO 2 o LooP s ] Loes
SIE_L OUHS_ST 3 lLouhs
SIE_sLOcA_ST 4 o SLOCA

Inventory Makeup via Decay Heat

%A

8

a

{SIE?LLOCAﬁSI' 5 LLOCA Small LOCA | Reactor trip
SIE_Loc sT A .  Tloc
e o st W TN
7 |er
ET-SIF4 |
\GRP-TOP

SIET Supporting Logic

System Fault Tree

S

Seismic Hazard & Fragility Data

Froqueney ('Yoar)
Condiional Probability of Failure

Hazard Curve

Seismic Fragility + Correlation




)
Seismic Correlation = Seismic CCF Approach ;/KAE.;T\

« Seismic Correlation in Redundant Components
— 9Xf PSA O = Redundant Component =0 Cidi Complete Dependency 7}

« Partial Seismic Correlation O CH3
— Seismic Correlation & CCF Style 2 H2I6t= 7|2 7 O

— PSA EEéIJ_—'l' 724_6;!' Xi Ce (CCF Events)

. L A | A[aB]Ac]ABC
Seismic CCF Model for each Component s Tasl ac anc

— Xi =G+ XLy jai Cij + XJlq joi Xkmjrniesi Cijie + - ASB /i /Tsc /E;E A)chC BC| ABC

o Ex) Xy = Cp + Cpg +Cyc + Cppe A+C | A | c|AB| AC |BC|ABC

« C,: CCF Events (# of CCF Events = 2m — 1) BrC_1B 1 CIABJAC |BCIABC

A+B+C | A | B | C | AB |AC] BC [ ABC
CAB CAC CABC CAB CBC CABC CAC CBC CABC

6.838e- ZQ 1.764e- 2<_> 1.764e- Q 1.482e-Q 6.839e- ZQ 1.764e- ZQ 1.764e- Q 1.482e- Q 6.838e- 2@1 764e- ZQ 1.764e- @ 1.482e- ZC)

*) Woo Sik JUNG, Kevin Hwang, Seong Kyu Park, A new methodology for modeling explicit seismic common cause
failures for seismic multi-unit probabilistic safety assessment, Nuclear Engineering and Technology 52 (2020)




Partial BDD : SPSA ™2Fst @ X} X2

<

« Selected Branch/Gate > BDD Hzt

« A5l= Gate € BDD 2 B3t
- ROt Ch==2| tH| X[ H &}

(Negate_Down 7|&)

— SIET : Success/Failure Branch 2 &2 BDD 2 B%t > FT 23}
— Secondary ET : Seismic Failure 22}, 7| & PSA 24l (Delete Term)

Loss of
Offsite
Power

Loss of
Ultimate
Heat Sink

Loss of
Essential
Power

Seismic
IET

Loss of
Control

w‘: 1 |toGTRN
SIE_SLOCA-NOIT SIELOOP.S | i Loop
SIE_LLOCA-NO SIE_LOUHS_ST T oS
SIE_LOC-NOT = 4 |toSLOCA
SIE_LEP-NOT SIE_LLOCA ST —
%SEIS SIE_LOC [ \ 6 |LoC
SIE_LEP_ST | LEP

// /

SIE_LLOCA_ST

¢

SIE_LLOCA-NOT

. A A
e )
o 0O () () () ()
’ SIE_SIT_S ‘ ’ SIE_SITCV ‘ [0] [0}
| SIE_PZR_S | | SIE_PZR_S | | SIE_SIT_S | | SIE_SITCV | | SIE_PZR_S | | SIE_SIT S | | SIE_PZR_S | | SIE_SIT S | | SIE_SITCV |

2e-3,

’36e-4 ’36e-4 149e-1 2e-3 ’36e-4

149e-1,

’36e-4, 149e-1

=0



o) . Pri Event Tree — Seismic Initiating Event o
3. Seismic PSA S22} AR - primey event e - scismic pitting Event

+ Secondary Event Tree (2" ET) : EDG, Pump,

Chiller, CST S0 CH3H Seismic CCF 2 &

 A. Pilot.SPSA O A| (SIET p=1, 2"d ET p=0.5)

C =
- oY =3

- Pilot Plant Seismic PSA O|A| - &2 W& 2 BDD Z Solve 7t
- Fust A

- pga & Total CCDP

« pga=1.225g ) O| A| Sequence & CCDP

« B. MPSPSA O A| (SIET p=1, 2nd ET p=0.5)
- 2% EX
« MPAS 22 7|Hl Seismic PSA O|A| - BDD £ Solve =7t=
- MY A
« pga=1.225g *) O M Sequence & CCDP
« C. Pilot.SPSA O M| (SIET p=1, 2" ET p=1, HEP &)

I =
-

e 2nd ET Of Z2HEl

« HRA Bin 0 2}
— dEket Al

- 2nd ET Of Partial BDD 7|5 & & &

* pga=1.225g ® Of| A Sequence & CCDP

omponent =2/ Correlation = 1

C
HEP Screening Value 0| &

*) Seismic Group : 1 ~ 1.5g O
CHSE Geometric Mean 2}




A. Pilot.SPSA Of| Al
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- Total CCDP H| 1 s
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—e—BDD
—e—(CS-REA
CS-BeEAST (w/o Seq)
SIET pbdd-CS-REA
—e—SI|ET pbdd-CS-BeEAST
—e—S|ET pbdd-PSM

1.5

BDD (M&tstLt, A% REDOH J1s)

CS-REA : Cut Set = REA (pga &
TZHOAM X} Of 2 A H)

CS-BeEAST : Cut Set > BDD (CS-
REA 2C} Hgh

SIET pBdd-CS-REA : SIET &
BDD - Cut Set = REA (2
Gate Logic & BDD £ Hatsl=
U, 2 X0 HluH He,
ArEot7| &0[eh &)

SIET gde—CS—BeEAST . SIET

S BDD - Cut Set > BDD
(AEHS] "=h

SIET pBdd-PSM : Probability .
Subtraction Method (*“:“I H=h

Monte Carlo : (CCDP A™ &M 3h
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A. Pilot.SPSA Of| X - Sequence

CCDP HI

L)
;/KAERI

4

BDD, Partial BDD, PSM &&= H|ul — Sequence & 7541} pga = 1.225g, cutoff = 1e-10
Seq (1) BDD |(2) pBdd-CS-REA|  Diff |(3) pBdd-PSM| Diff |(4) pBdd-CS-BeEAST| Diff
ET-SIE-3! 9.31E-02 9.31E-02]  0.0%  9.31E-02 0.0% 9.3119E-02| 0.0%
ET-SIE-5! 1.71E-03 1.71€-03]  0.0%  1.71E-03] 0.0% 1.7067E-03 0.0%
ET-SIE-6! 2.28E-01 2.28E-01]  0.0%  2.28E-01 0.0% 2.2820E-01] 0.0%
ET-SIE-7! 1.25E-01 1.256-01]  0.0%  1.25E-01 0.0% 1.2483E-01 0.0%
ET-GTRN-3! 3.80E-09 1.056-08| 174.9%  9.39E-09|147.0% 1.0204E-08/168.4%
ET-LOOP-3! 3.05E-03 3.81E-03 24.6% 3.07E-03| 0.6% 3.0765E-03] 0.8%
ET-LOOP-6! 2.67E-06 3.76E-06 40.7% 3.13E-06| 17.0% 3.2287E-06| 20.8%
ET-LOOP-7! 1.49E-07 1.496-07]  0.0%  1.49E-07] 0.0% 1.4891E-07 0.0%
ET-SLOCA-3! | 4.56E-03 5.91E-03] 29.6%  4.58E-03 0.6% 5.4940E-03| 20.6%
ET-SLOCA-5! |  6.78E-02 8.28E-02 22.2%  6.79E-02 0.2% 6.7920E-02| 0.2%
ET-SLOCA-6! | 1.43E-06 1.43E-06]  0.1%  1.43E-06| 0.0% 1.4325E-06 0.0%
Sum 5.232E-01 5.404E-01  3.3%  5.234E-01 0.0% 5.243E-01 0.2%

Seismic PSA N 1) BDD 2 °f
Model (Base) 1) BDD A|AF: F=O{E Cutoff Of| Al d=tot Z1f
] SprTr—— + 2) SIET BDD H12t > Cut Set/REA : SIET & B2}
Sl ond ET = gﬂ- ol 2 (|:||_|I-| I—Igl-) ~
SIET > BDD) (S "L__3) pBdd-PSM * 3) PSM (BEEAST/C=100000), 88| B2t
4) pBdd-CS-BeEAST « 4) (2) £ BeEAST/C=100000 Al 4t : Z)Etr =t




)
B. MPSPSA O:”X-” 7E:III'|- (Sequence >1e-5, pga=1.225gf/xm‘\r

() ey @0 Fiog b BT (6) x.
Seq FTeMC M.ean PSM Ratio BeEAST Ratio _PSM Ratio _BeEAST RatiO ded'CS' Ratio
n=1e9 C=3000 C=3000 C=10000 C=10000 REA

SEIS-09! 4.58e-110.0001|4.58e-1| 1 458e-1] 1 | 458e-1 | 1 | 458e-1 | 1 | 457e-1 1

SEIS-10! 3.48e-1/0.0001 3.48e-1| 1 [3.48e-1| 1 348e-1 | 1 | 348e-1 | 1 | 3.48e-1 1

GIE-LOFB-2! 3.12e-3/0.0015 3.12e-3| 1 |1.05e-2| 336 | 3.12e-3 | 1 | 3.13e-3 | 1 | 3.15e-3 | 1.01
GIE-SLOCA-20! | 1.36e-3 0.0012 |-6.54e-4-0.48 1.63e-2 11.95 1.38e-3 | 1.01 1.38e-3 | 1.01| 1.56e-3 | 1.14
GIE-LOCCW-2! | 5.82e-4/0.0042 | 5.78e-410.99 6.90e-3|11.84 582e-4 | 1 | 5.84e-4 | 1 | 5.89e-4 | 1.01
GIE-LOFB-3! 3.27e-4 0.0047 | 3.45e-4 1.07 1.16e-3 | 3.63 | 3.27e-4 |1.02| 3.27e-4 [1.02| 3.69e-4 | 1.15
GIE-LOCCS-2! | 1.75e-4/0.0059 | 1.76e-4 1 12.09e-3 11.92| 1.77e-4 |[1.01| 1.77e-4 |[1.01| 1.78e-4 | 1.02
GIE-SLOCA-04! | 1.26e-4 0.0089 |-3.05e-4-2.42/1.89e-3 114.97| 1.32e-4 [1.05| 1.58e-4 |1.25| 1.83e-4 | 1.45
GIE-LOCCW-4! 1 6.01e-5/0.0135|-3.03e-5/ -0.5|7.19e-4|11.97 5.90e-5 |0.98  5.90e-5 |0.98 6.83e-5 | 1.14
SEIS-08! 3.00e-5/0.0147 2.99e-5| 1 [1.00e-4| 334 | 299%-5 | 1 | 299%-5 1 | 299%-5 | 1

GIE-LOCCS-3! | 1.82e-5 0.0205 |-7.43e-6-0.41 2.17e-4 1193 1.74e-5 096 1.74e-5 |0.96| 2.02e-5 | 1.11
GIE-LOOP-19! 1 1.26e-5/0.0234| 7.14e-6 0.57 1.5Te-4 11.94| 1.24e-5 [0.98| 1.25e-5 [0.99| 1.29e-5 | 1.02
Sum 8.11e-1 8.09e-1/1.00|8.46e-1| 1.04 | 8.11e-1 | 1.00| 8.11e-1 |1.00| 8.11e-1 | 1.00

1) FTeMC (Monte Carlo) _Q_QI':
2) PSM )

0. Seismic PSA
Model (Base)

\ 4

FTeMC (H| W& Base £ AIR)

3) CS-BeEAST

2) PSM (25 negative @t LIEHS)
SIETO| BOD M8 > H2tE Al

v 4) pBdd-PSM

4) pBdd-PSM, 5) pBdd-CS-BeEAST AtEts| Xzt
6) pBdd-CS-REA & H|mE X3}

v

x. pBdd 5) pBdd-CS-BeEAST

(SIET = BDD)
6) pBdd-CS-REA

UL Sequence At 2




C. Pilot.SPSA (2nd ET p=1, HEP & Z) é?Q

CCDP

BDD vs SIET-pBDD (p=1 for 2nd ET)
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« SIET:p =1, BDD &
« 2MdET:p =1,
DelTerm/REA &t

1.5

Ratio

1.0

- A1
— 2nd ET Seq Xt AHH
« 15~2Hf H=
— Total CCDP ~ 10%

3A ALt
« Xt
— pga = 1.225¢g



)
C. Pilot.SPSA (HEP ®Z) : 2nd ET 2| pBDD X 2F fuami

4

SmIlOA Resctortrp VMO Ci L DecayHeat  Feed & Bled * an ET 9—' Selsmlc Fallure
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Y
QarrTor - 2 ok . . —~
~~— 3 a — Seismic Event/Z=82 HEP
ETSIES c‘{SL_IWENT SL-LPINJW \ A %% _E_El - I:EHEol
5 cd _ —
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C. Pilot.SPSA (HEP HHZ) - Seismic Failure &2

é iKAERi\

mm Div-pbdd
BDD vs SIET-pBDD (p=1 for 2nd ET) . .
w/Seismic Failure 22| -iDp g ° an ET —O—l Selsmlc
=o—Ratio . o o = =
2 Failure/F82 HEP 22|
- ° ° ° o—o//\—o/‘ 1.0 o7 - -
- =22|gt 22 BDD 3}
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BDD2t Ao ¢
2 s — 2 ET 9| Seq &
o 0.997~1.03 Hf HE= 2
1E-4 4 —_]
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4. Q9

+ A2 MES PSA M3 Wy U 7Y s
— BDD 7|Hie| EE2M M E

« Cut Set - BDD (BeEAST)
» Success Branch & BDD (Negate_Down in FTREX, FT Of|A| HZh

 Selected Branch/Gate > BDD (FT O A Bi=h
- deeot AN HEE

« Monte Carlo Approach
« PSM (Probability Subtraction Method)

 Seismic PSA YEts} 7| &M
— BDD 7|®¥9| & (Cut Set > BDD, Branch > BDD)
— Seismic Correlation = Seismic CCF
— Monte Carlo Method w/Seismic Correlation (FTeMCQC)
— Seismic PSA d 22} Software = (ARES, COREX)

. Selsmlc PSA ‘d&at Hat: 2k Ihs
— [, Seismic PSA Model, ‘2=t 2H&0f Tt O[3 ER
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L)
PSA H st @At ol o

- ZEAL « Success Branch
— Inclusion-Exclusion &2l — BDD E+ Negatel| HETH X2
F = ZP(A) A
- ZP(A,A) 1| = At
+(ED"TPAAAY) * Approximation
Approximation — Delete Term Approximation
— REA Frea ZP(A) |*K*B » | * BOA
- MCUB  Ruap=1- H(l PIA)) Aol Lt e 28 7
Choh ~ HHeD
- — Negate_Down (Success Branch -
— Cut Set > BDD (BeEAST) BDD/PI) (+ 2109l Ci7| st o)
_ = ‘ B st . :
T8 Logic > BDD (PI) F&t — Probability Subtraction Method

REA : Rare Event Approximation Pl : Prime Implicants
MCUB : Minimal Cut Upper Bound BDD : Binary Decision Diagram 17
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YNES|
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| I |

Cut Set Approach
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(@ 2w |
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g
Cut Set > BDD Bzl
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PSAQL 1A Ol (2B H5)
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Negate_Down 7| & &%)
« PSM DelTerm Approx. AHZ Qtgt > AL (T
DR Mokt Mars) Jhs Cut Set > BDD H%lg 58
Post Processing 7ts EAxE 8% 2X7F & HE)
BDD (SBDD) detot 4=t /s Small FT 2t M8 Jts (A
Prime Implicant H2|SHH Cut 2™ PSA Off AHE =27h
Set I} SAISH M £ It Post Processing X 2| &g
Monte Carlo X|Zl PSAQ} Z0| CCDPZt & Cut Set ME EX|. gtot

Approach (FTeMCQ)

L

DEe H™E Matst Mekst

=
b

Post Processing X{2| 2%

« BeEAST : Cut Set = BDD 2 H&s= S/W (
+ Partial BDD : FTREX2| Negate_Down = 2%
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« SBDD: &2 FT2| BDD AAtE QAFICZ A

<
v
o

b
~ )
d GateE BDD Z HZHZ FTREX A4t (Aims-PSA, ARES Off 7+3)
SAS2| Tool (PSM Calculator)Z 712
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4

* Probability Subtraction Method

— P(A /B) = P(A) - P(A B) N V:
A B - AOMABFES
\ / Aelet 39
A B

+ PSA &t =2 X Qs =8 o2 s
— Delete Approximation = PSM 22 CjiX

— Rare Event Approximation & BDD = CHA| (BeEAST AFE)
- CITH Cut Set-BDD HEHE0| If2 582

Reference
S.K. Park, W.S. Jung, Probability subtraction method for accurate quantification of seismic multi-unit

probabilistic safety assessment, Nuclear Engineering and Technology, Vol. 53, 2021. 19




