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Abstract

Recently, seismic Probabilistic Safety Assessment (PSA) methods have been developed for process plants, such as gas plants, oil refineries,
and chemical plants. The framework originated from the PSA of nuclear power plants, which aims to assess the risk of reactor core damage. The

original PSA method was modified to adopt the characteristics of a process plant whose purpose is continuous operation without shutdown.
Therefore, a fault tree, whose top event is shut down, was constructed and transformed into a Bayesian Network (BN), a probabilistic graph
model, for efficient risk-informed decision-making. In this research, the fault tree-based BN from the previous research is further developed to

consider the multi-hazard of earthquake-induced fire and explosion (EQ-induced F&E). For this purpose, an event tree describing the occurrence
of fire and explosion from a release is first constructed and transformed into a BN. And then, this BN is connected to the previous BN model

developed for seismic PSA. A virtual plot plan of a gas plant is introduced as a basis for the construction of the specific EQ-induced F&E BN to
test the proposed BN framework. The paper demonstrates the method through two examples of risk-informed decision-making. In particular, the
second example verifies how the proposed method can establish a repair and retrofit strategy when a shutdown occurs in a process plant.
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1AL, 0] 8 7)4k0.2 83 ¥(Top-Down) 41 ] 3t
2 A FE3F T o] & Hj|o| x| ¢t Y| E Q)= (Bayesian Network,

=
BN)& Hghsto] 29G4 eHea AT o= sk B

J

MAES O R FUSHT WAE 210 BAS YA As
Aol A 58+E 7 CPT(Conditional Probability Table) & -
Z51o] BNo|| /8, 017 YRS ol fo}o] BE LES
of| A | o] 2| ¢k ¢l d| o] Bl (Bayesian Updating) =3 0] 7}5-}t}.
BN @821 H|o]x|¢k Ylto|g o] 7hssto] AdAfsl =
ofof| A ARA G g off gho] AR AL Itk Byun et al., 2017;
Lee and Song, 2016). 7}AZWEof tjdf] XA PSAE 4=~345}
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oS ul 2 SN ATle] EE Boh L £9RA e
ARt ofy e}, Ho g xRl o= Qlel G A WA=
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sl £ R B4 Eat rhsoil.
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o] %] ¢F ) E ] = (Bayesian Network, BN)= A|2+4 -5
29 2 4 DAG(Directed Acyclic Graph)2} H]o] x| et ¢ld|o]| g
(Bayesian Updating)©] Z3}% 2= o] ti(Barber, 2012; Byun
etal,, 2017). 017 A|2F) SHERE EAOA 22 AAEE
Sgus 7Pgel 71T M5 BNOA hER wd
Hot 28 =5 7] A= A (Link) 2 FA| E
ot 2RSS ofulgieh. oful, £7HEHELS CPT(Con-
ditional Probability Table) 2 A}Z of] AJAtE]o] BNoj 9] & o]
of ok, 2154 0 2 T2 BN} 2| o2l 52 Fa T
o 8 F2o| s it Fig 12 BNO| &84S A9
Sl3) 7143k 7Feke BN o2 Lebucl.

Fig. 19] BN of|&= thAl 7]19] e =(BE S X~ X)) 582 T
Aelo] glom @Az 1 w7} HelHo) ook, YukHem
WIS ko) B} o) sl Q1K) 9hE A9 AVSEREY
Z>(Joint Probability Distribution Function, JPDF)+= t}-2-1} ZF

o] ¢ 4= 9k

d

P(X) = P(X,1X, X;, X, X;) X< P(X,]X;, X, X) (1)
< P(X,X,,X;) < P(XX,) % P(X;)

Fig. 1 Example BN



P(X) = P(X,| X, X,) P(X,1X,) P(X,) P(X)X,) P(X;)  (2)

A1 (2)0A X, Xy = X O i e Eolar, 2 HkAl o= X, 1}
Xg% HE X, 98 X, o] i l-Eolw, P(X|X,, X, ), P(X,X,),
P(X,|X;) 52 2 BAIEol t-&-3h= CPTE 2|3t o]t
{%7:11 Fig. 104 APl A P55 &8l o=, vl
A7 A E R EFES 99 2 23 IPDF
A= B o] a0 SHHE T BNS R L E0] 4=
W 5 CPTY Afo| 27t 78R o & S7tshe 2
A 2EAL QAT o] & S557] 91%t of 7] At7E A
53 v} Q)th(Bensi ef al., 2011; 2013; Byun et al., 2017).
BN-& AbAGE &2l Zho| A A o072 AHE B
= o] AN IS B2 THgke] oS o ol E
Lo vtE e 4= AL, ojuff B E =EE0) e
3H= SA| HHo| ESLAL o] & Al o & LpERd 4= QlTt
& a1 Qloh BN o] 33t {313t &5 Yol ot
lollAl 2HE 7Rt QJAEAA o] =FE ZE-E AL Qe
(Bensi et al., 2011). 3FA| 9 F20] A E2MSE A AH] BA| S vz
BNOo = 153 A9 ohofet QA of A7 Fsd o] 2l
o} weba] A A" AlS vl ofs 5 AR =
& AAES 7INEC 2 BNO 2 HEstHA HH A «
7 EAE 9 4= 9th(Lee ef al., 2023).

il Im

N
—

-EEHU ml

ol o

al

o0 rlr i
S /RAY rE rﬂ f

=

1
FL

F
rul

22 HABAE A DHSE T3

7t ZEHES
3}<d(Unloading), #]%}(Save), 73K Vaporization), 3Supply)
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QFA] Qlgal uie} Zro] rbe b 40} gha] ALQJA] e

) 5 =0
oAkl 3

A9 5] o] hE AYAALS AT 4 ¢l o)
o] 29373 %)(Shut-Down) S A AHAC. 2 25 5lo] 4
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; quefiec Natura . BOG Compressor Odorizing
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@ \G(Natural Gas) ll [OI “ P APA

Urban-Gas Network

LNG Ship Tank

Fig. 2 General Flow of Gas-Plant’s Process
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TR R =7 8 7EAE R B
E7IAEENEL A =288 4 gl7] wzol #ﬁfﬂol
B 2EoA /e dFARE B O 2 Fig. 491 o] 7HE
9] Plot Plan2 G243}tk dle Plan s} A-%], = 7HA] &
Alo] zxlel =, WA (Flare-Stack), SCV(Submerged Combustion
Vaporizer), ORV(Open Rack Vaporizer), ~L2] 31 4 4~(Sub-
station) 5 & 58719 AR AE 71X AL YUtHLee et al., 2023).

AR EO] 27 PSAE Salal] SlaA e e 1%

w3l 3l 714 519] Ab7, 2 KAl =1, SMV, ORV, 121 4
Sol= 4] 3)1 o] )& FHokx: ZAo] FQEHOh and
Kwag, 2018).

P(failurePGA = a) = P/(a) = ®
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Fig. 3 Fault Tree for Gas Plant
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Fig. 4 Virtual Plot Plan for Gas-Plant
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@;E]‘IL 71 PGA(Peak Ground Acceleration)o]] o3} }2]
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£ oJulait). 4 3ol A A, 7} 5= 35 DS(Damage
= 21 25(F, PGA) W g S943L 201 259
Afoltk. 2 BE 2AIS £o) 23 BAH DSE Holein
FHohe ZA1S AT 217 50] 215)E v} 90| (Abbiati er
al., 2021; Bursi et al., 2018), o]= >G4 x|} AR 2R
PSAS Sals}7]o] A stk Ek, s Aok X7 g s
A ke sl 2 9lh, ShAITk A7E = 216] SCV, ORV,
BOG-Compressor 5 T2 =9 AH| &9 U3t FoFe A=
uju|3k Al oot wabA dg du)Eo] FHokr AH HEo
H2es7] Y8l 4,1 5 = EZ ESSE FoFE XE BN

£ el 4 Pl

23 A3 174 7|9 w0 A HET 5

ohA] L2 IS BN O 2 WEks}7] 9]84 = AND,
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2] A=-7} o] Y vl QLo Z_]"ﬂ‘aﬂ H3}ek o= QI tHKwag

and Gupta, 2016; Zw1rglma1er 2016). F
5 & dREQ st HAlE BN R Jﬁif& Aol
Fig. 59]|4] OR A|¢]E 9] 3[|g3d}= Unloading = =2} AND
Alo]E 9| 35F= Unloading Equip. 1= =2] CPT+= Z}Z} Table
1, Table 22} ZFTh OR Alo] E o] t)-2-%|+= CPTQl Table 12] 73
QL Hu LT Eo| %= ‘Safe’ gt o9t AFA] - == “Safe’

CPT for OR Gate

Fig.5 Unloading-BN based on the Constructed Fault Tree

Table 1 CPT of Unloading Node corresponding OR Gate

LNG-Ship Safe Fail
Unloading Equip. Safe Fail Safe Fail
Safe 1 0 0 0
Fail 0 1 1 1

ShaL, g A4-olek 18 1o] Bn] 1 9 A9 L HE 0o
AT} AND 70| E5 oJu]Hs Table 20] 4% 3 1eE5
o] LI “Fail’ 5 9ol 9k 24| 1B Fail SHs 418 720,

2 A g 49012 A Hek
&0z 714 89l APASe] Ak mEEY CPTE 7

Aol s, 22804 Qe uhel o] 214 Fokz 277}

“l o)k Au|E o] A u LS W eksl] $)4) Fig. 67+ o] BN
LA S Lee et al., 2023).

Flg 6> A X F|oF e & BN &2, A 4e=1o] tfsff drg gt
t}. Frag. Param-1,2+= 717} FoF e oA 24t 21 %
FHAE 9Jn|ght}. Earthquake === PGAE ZA35}7] $13)
EE o, Y kB B E S S EE R EEY
A=) Frag, Param-1, 2 ‘= =5-2] CPT2] oAkS}+ L7 Discretized
Interval)-& ZFZH[1.0, 1.2, 1.4, 1.6, 1.8], [0.6, 0.7, 0.8]0] ], 531
Soll A Alokel Fekw A e 7| Z0 2 9lel2 b5kt
(Abbiati et al., 2021; Bursi et al., 2018). 18|11 F ==2] 7} 9]
Eldo] sieshs CPT 3he SHEIZS 7145}k [0.20, 0.20,
0.20, 0.20, 0.20], [1/3, 1/3, 1/3]12 A A3} X2 =9 o]
48k 5-7E2-10.1, 0.3, 0.5, 0.7, 0.9](H9): S=7H5= g)olH,
24 kel et Z7] CPT gro R 2|4 o= 241z}
8A}81A| [0.64, 0.23, 0.09, 0.03, 0.01]3 Zro] o) & 7143
o S GhS 5 Aok WU ES A 8H Aojo] Fu
PSHA 432 E3)] g4 = £t} 2oz Aush A =
58 W L =& ZF= Tank-Type;-52] CPT+= Table 31}
o] F-¥thLee et al., 2023). 97| A] Pz F o= FE 9
.

4433} 1 2 = o] 31+ Unloading Arm, Tank, Flare-Stack,
BOG-Compressor, 2"-Pump, SCV, ORV, I ZFo] 3jgdsl=
= =59 Table 32] CPTE ARE-SFRITE 52} 3l
HALE =A% CPTE AF8-51A| 1, Frag. Param-1,2 =E9]
o|Aks} L7Fe B3 ZALS E£3]] [0.3, 0.45, 0.6, 0.75, 0.9], [0.4,
0.55, 0.7]12 th2 A A3 cHKim ef al., 2009). LNG 418}t

Fig. 6 Fragility-Module BN (Ex: Tank-Type1-5)

Table 3 CPT for Tank-Type1-5 Node

Table 2 CPT of Unloading Equip. Node corresponding AND Gate Frag Pram-2 0.6

Unloading Arm; Safe Fail Frag.Pram-1 1.0 1.2

Unloading Arm, Safe Fail Safe Fail Earthquake 0.1 0.9 0.1 0.9
Safe 1 1 1 0 Safe 1-P 1-P 1-P -
Fail 0 0 0 1 Fail P(0.1) P,(0.9)|P,(0.1) P(0.9)] -
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GL 0 0 0 0 0 0 0 1 0
None| 1 0 1 0 0 0 0 0 1
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Table 6 Assumed Information for Fragility-Module BN

Frag.Praml (4,,) | Frag.Pram2 (3)
Unloading Arm 1.2 0.6
Tank-Type,, > 1.6 0.8
Flare-Stack,
BOG-Compressor, 1.4 0.7
Recondenser, 2" Pump
SCV, ORY, 1.4 0.8
Sea-water Pump
Measuring, Odorizing,
Transmission, 1.2 0.6
Piping-System
Main- and Sub-Substation 0.75 0.7
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