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Abstract

FTA (fault tree analysis) was employed to manage utensil washing technique in more structured and
refined manner. Qualitative analysis of FTA was made on minimal cut sets, structural importance and
common cause vulnerability, and quantitative analysis of FTA on simulation, cut set importance, item
importance and sensitivity. First, any possible fault events in utensil washing process were identified and
a fault tree with the fault events was constructed in a hierarchical structure. Fault to wash utensils ade-
quately was regarded as a top event on the fault tree, and the causes for the top event were tracked
down through deductive method, resulting in nine basic events in the lowest hierarchical level on the
fault tree. The most critical basic events, equivalent to critical control points in HACCP, were identified
as failure of using a clean drier and failure of handlers’ hygiene in drying process following washing
process. In the washing process, the fault events in manual action (failure in manipulation, failure of
using enough water and washing time) were analyzed as more critical than the fault events in cleaning
effectiveness of detergent and washing tools (failures in hot water, effective detergent and effective dish-
cloth availabilities). The orders in ranking of basic events as critical control points were consistent
between qualitative and quantitative analyses. Consequently, it was found out that FTA could be a good
alternative approach to determination of critical control points in HACCP.

Keywords: FTA (fault tree analysis), utensil washing, qualitative/quantitative analyses, HACCP, crit-
ical control point
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Axe] vtk #Aele| oj&ge] glo] wig A A
oln} wahA AL A 4 Urh I FTA
= HACCPSI= 8] AAA &4 3 A=y #4
o] % 7Fs3tHCoudert & Madre, 1994). HACCP
of AR M) 7lee Fosy] st =yE
QMRAE UAEZ 93] e ooz 8 4 9
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Fault tree?| 75

Fault tree= Fig. 13 22 Ao upet sfakgit
HA top eventE: A3 FLH< =gAoz #
52 4o F e SFY dES AR R
A3l free Al®S T3S} Fault treed] Hshd
HFe 2 w9y 29 242 FAHEC Fault treed]
=A== Boolean tH4-E ARR-31H, =8]oi=s
Al AND gate= 4% event/t dolubr] $l3) =2l
715 "ol AZAF] Ae ARl FAl Ao
Lol sr2 34 715(*)°] &vE AYH, OR gate
= 3 Aol dojuEd =73 ddE o
2] SHARA & A oo & ARdYE dojum
7FsstERE g4 715 ()9 9v|E Zh=vh(Vesely et
al.,, 1981).

Fig. 2 2171 AlE 3749 A eventell th3t fault
treeZM o1& & St fault tree Y WHS A
Haluct. ¥4, top event(A)= event(C)2} event(D)
Z AL o] F7F eventse FHIFH AP 84
(basic event)Z A}

Step 1] i Determining top event I
L

Step 2' _Identifying fault events in plant or process I
20

Step 3] Building fault tree |
<

Step 4] Validation of logic of fault tree I
&

| Step 5' Qualitative and quantitative analyses I
41

| Step 6' Assessment of fault I

Fig. 1. General procedure of fault tree analysis.



210 AFAEFE A 119 A 3E (20073 8Y)

1

Fig. 2. Example of fault tree diagram with top event (A)
as a part of whole fault tree diagram shown in Fig. 3.

A 24
Fault tree®] A% E4°02 minimal cut sets,
structural importance, common cause vulnerability
& A3cH(Vesely et al,, 1981; Lee et al., 1985).
Minimal cut sets¥ top event(A)7} ZEE = Sl
= M 9l =elAo g $YU3 basic eventE
Robxe S gttt &, FoiX0 fault treed]

A gate A& 29 T3 7}
Top=C+ D (1)
ol 714, C=E*F, D=X6*X7, E=X1*X2*X3, F =
X4*X5 ot} F7F event(C)2] basic eventsE: BF

HENZ gate A& thE-3 2t

C = X1*X2*¥X3*X4*X5 )

A=), top event= basic eventsTrOE TRy 72o]
FA|ET

Top = C+D = X1*X2*X3*X4*¥X5+X6*XT 3)
4719 79+ Boolean W& AME-3te] B3
83 HAYAAES SAT Aol gle =2 Boolean-
indicated cut sett < 27019 minimal cut sets®

=ehaleg

Top = X1*X2*X3*X4*X5+X6*X7 “)

Structural importance= ZHZ}e] minimal cut sets

7F top event®] Q7o 7lojshs 7|m2ZA] whok
Z} basic event?] ZEE FE(P<l)o] BF 7w
7Pt o de] Fol vy dhe) gro 9 2
ol B R AL 49| basic event® TAl¥ minimal
cut seto] B & importanceE zh=t} 4 (4l ek
W 27} minimal cut sets®] Zt basic event®] 2
gl BF 2t 7H4EH top event(A)Q] fault
tree®l| A structural importance®] 1= X6, XTS5
X&3l= minimal cut seto]®, 2¢9E X1, X2,
X3, X4, X5 X F3}l= minimal cut set2 F7HE
o}

Common cause vulnerability ¥4 minimal cut
sets& A3 basic events 79 29-& ¥43}
o top event 7ol Uig F59 WAL AAse=
Aolty. Fig. 29 top event(A)ol tHak 27§ 9
minimal cut sets®] basic eventst ‘human’®] 2
Al Aol He AW 24 X4, X5, X6, X7,
St ‘material’s} ¥lo] He X1, X2, X3,2%

Frat B @ HEs g0l 5EE 5

ATt
Top = X1, ¥X2, ¥X3, *X4, ¥X5,+X6,*X7, )
o714  minimal cut set(X1 *X2 *X3 *X4,*

s, =
Mol 4% ‘human’ 289 YO B2 ‘material’
‘human’= top event Q.70 gt FFe] ¢2le] &
g itk ¥l minimal cut set(X6, *X7,)014 &
£ 847} ‘human’®] 7o 7IQIE2E ‘human’?)
LFE top event®] FEHQ gloz AAFL

X5)9 3 71 84F ‘material’®] 7o 23

Ha 2

Fault tree®] B3 £2402 top event®] 27
EL simulationd™, cut set importance, item
importance, sensitivityS 2 Fth(Vesely et al,
1981; Lee et al, 1985). Py(failure probability)==
Aot 2RE FEIZH A 29, P& Hst
@] X12 ZAE basic event’} FEE FEL 9
algth WA tree GA] 7]E<1 A FA W
el o= A6 Ask Rk @, p=P,=001
2 7Pgeith

P,*P, = 001 = 1.0 x 10* 6)
P, + P, = 1 - (I- 0.01)(1- 0.01) = 0.0199 (7)
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Fig. 29] top event®] 2F&E9 simulation 7}
basic event®] @ F #E°] P,, = Py,= P, = Py, =
P, = P, = P, = 0003 & o HE A6 2
N9 oz Fold Aie 4@ 2ot

Po= Py *Py*Pys*Pyy*Pys + Pys*Pyy
1-(I- Px1*PX2*Px3*Px4*Px5)(1‘ PX6*PX7)
1-(1-2.43 x 10%)(1- 9.0 x 10%) =9.0x10° (8)

Cut set importance(l )= AA o7/ & g
7} minimal cut set L F EFEQ WEEAN 7
minimal cut set®] F8E=E ofnjsttth. 24)d YE}
A 270 cut set &5 FEQ ZH7be] H|&2 v
7ro] AL

L(X1*X2*¥X3*¥X4*X5) = (Py *Py,*Py,*Py,*P, )/
Ptop (9)

[(X6*X7) = (Py*Py;) / Py, (10)

aq71M, (9L 5702 basic eventsE T4 H
minimal cut set®] importance, 2](10y= 2712] basic
eventsZ. T ¥ minimal cut set®] importanceE A
sk oot}

Item importance(l)= A F & g 5
% basic even’t EFE EE cut set &F FE ¢
o] H|E&ZA] 7} basic eventd] FLEE 9|v|3ic)

=

)

LX) = L(X2) = 1,(X3) = L(X4) = (X5) = (P,,*
sz*Px3*PX4*Px5) / Pmp an
1(X6) = 1(X7) = (Py*Py,;) / Pmp (12)

o714, 213 412y 1719 minimal cut set
olut E3E = basic event?] importanceE A AHEH
of ojt}

Sensitivity(S)= 7 basic event®] 27 g9 W
gl it HA oF FEe WHelgEA HulEE
T2 FHIY ol 7 basic event?] FLwO] &
AE A& F, 4©®) Yepd P 5 A5t
tha3 o] Agght

Sxi = a(Ptop)/a(PXl) = Py, *Py;*Py,*Pys -
P,,*P, *P,, *P,,*P, *P,, = 8.099x10™"

(13)

Sxe= a(Ptop)/a(PX6) = Pyy - Py *Po*Py* Py *

P,*P,, = 3.0x107 14)

o714, 213y A4 X19 X6 sensitivity
& A dojrh

A A 0F

Fault tree2| JHet

Fault tree®] 242 top event! 217] A9 9
Aze] Al 9FE dove AN 994 =
] Ao we} FHEe H3E basic eventsE
a2 FRo= st HSHTHFig. 3). Top eventd!
217] AlHe] fA#e el 2F7 EAE] 9]
g QS At 2AYE Yo E AR AR 5
Al el LF/A)S A7) 2E7] FHEe 2/ (B)
7F & ARle® Yehth. eAle e/7F 9led A
oz AATeld] FAI7F wAsh E3E 47
2]7le] LF7F dAEHE obfE FAI7E AEH L
2 HAY EAgtw GA] A48 E A EA7F 24
sttt w2bA] A ¢ B o #Ae 594 =8 A
2 YeEMEZ OR gateZ FA3IHH

FA I 0F A TS 47 w7 FH Y
QFC)% A7 A7) FFe /D)l o3,
F 7HA eventd] =gl A= ME EHHOE A
o &322 OR gateZ HAZF

271 @71 B LFH )Y 9L A A4
g AFA R =70 9% LFE) AAA] F
2ol AR & QF(FeIER, F 7HA event
9] =g Wi ME HYHo 2N & 977 W
A= TAlOl 2 L/7F S s o BtEE A=
54 =g #AE Yei= AND gate® AH3s}
Ath. Event(EYg oF7lste U9e vz dF

Utensil Washing

DICIDIORE)

Fig. 3. Fault tree diagram with top event of utensil
washing.
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A (X1), AAL EF(X2), FAHn 2] BFHX3)o2
AN ME ReE @A BT AND gate® M
o Event(F)e 42919 $8% RHX4)F} A
AlZE B gl BEd g eF(XS)el ols) A
sh=dl, X4 9 Ao o3t} wi=A] F 7 s
oAl & g L XS ol ¢t F oo wAlg @
g 4 itk 28rE 2 =g A4S FA o]
Lol 3= 2Jw|Ql AND gate® HAAsIITh

217] 44719 LFHDYS HAAI= 27FA basic
eventsi= Al A 5] ALE-H B 98k 2 F(X6)9}
T2 AHFY AR ARl oJF QRXTeIEE,
SAlo BAE 7B2-o] D 7t dojdtlal HE Zio
Elg3le] AND gateZ AZ3AT A7) @A

LFE MAY gl ot slstA fEjo] o o
Fol HiHe] o]& A% F7F events UIAAESH ¢
o FHE Er

271 2E)7] #AHe SFBYE ST A0 B
At Az A7) Az79 AAgE e E3HX8)H
g zke] HAYAQ FHFol g LF(X9)E HA
HAZ F 7K eventd] =2 Al ME EHF
O B o f2l¢] HlE=Z OR gate® A5}

HZAHOF Fig. 33 22 fault treeS I3 L
o] #7F events®l A, B, C, D, E, F2} basic
events®l X1X9& FAFHATH

B 24

Fault treeo]] Whs}ed AAAZH OS2 minimal cut sets,
structural importance, common cause vulnerability
E A5 47 Ao 94 ] A o)
3ta] ¢4 Fig. 390 théled WA minimal cut sets
£ 21249 e e A& A3 Fig
49} 7¢th 2 1719} basic events® TAE minimal
cut sets 27k, 2712] basic events® A ¥ minimal
cut set 170, 5709 basic events® ¥ minimal
cut set 1712 AU} Minimal cut sets¥ top
event SFHE Yov|=d Fojx HFQ3F basic events
9] setsZ2A] 7t set= QRS LA EPAA BA
of 9leug BE OR =¥ AR FAHHTh
Minimal cut sets 2] basic eventsit= FAl9]l 9F
7} drAEioptt top event?] SFE oF7AIFIER &
T AND =27|32 A9 Ae Hx2 e
2 2R3 fault tree?l Fig. 29 =g #AES
minimal cut sets F44 £4& Fato] Bo; W
3oL olafidly] 2 fault tree! Fig. 42 AT 4=

ATt

Utensil Washing

Gate 2

2

(]
POOEE B

Fig. 4. Fault tree diagram with reformed structure by
minimal cut sets.

Structural importance$] 4] A= minimal cut
sets& 3= basic events?] F7F BEFE top
event &5 EES] U3 cut sets 7)o} ol
< ov)3THE, basic events?] F FEo] BT
A A9). W2 170 basic eventE FAE 270
9] sets X8, X9 X6 X72 TAE setir} top
event?] eFIA ¥ K& S T3 X1, X2,
X3, X4, X52 T4 sete LHTAY AN AF
o thet 7lodgol 7 WA Webstth(Table 2). ©l
2HE RS WURE] H ekl dels)
oF dt= tid2 7] 2aE)7], F7], @719 &Y
= & F AUtk AAFor A7) 719 basic
eventsl 7AZ7|9] HFAEH B AHgxte] v AA
9l HFo| FoddHoz AYHUY &, NF &
24 2 A2 RE w22 Ho] top evente] L7l
7V AA ¥EFE 71z Aeg EAEG. nAES}
A 9 A4S Sl & 87 B ZEAR
Aol Tt ) s.4de] ¥FE vb AchPark
et al, 2000). &, Fa#AP S HAFHoz FA3}
E QMRA°] Hl3le] FTAE AAdozw Fava)
Aol B4o] 7tedEe RAY uiEhA FTAY
HACCPY| W3t BxFaogre] 5448 B
T ATt

Common cause vulnerability®] #241& £3}<
minimal cut sets®] basic eventso] LFE Uo7
SEAQ 1S M3t top event 27O wist
%9 We AAsA 7] AFE 94 #=
9] basic eventse A Ao 2lgh 8
Aok NHA 2 =] EF o3 Q7 9gh
2o AFHESUY &, ‘human’o] FEFQ £219]
H &= basic eventse X4,, X5, X6, X7, X8,
X9, ©1™ ‘materialo] ¥<10] =T basic events=
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Table 1. Basic events or causes of faults and their probability of occurrence in utensil washing

Cause identification Cause description P’
A Cleaning error
C Washing error
E Failure of cleaning effectiveness of detergent and washing tools
X1 Failure of hot water availability 3x10°
X2 Failure of effective detergent availability 3x107
X3 Failure of effective dishcloth availability 3x107?
F Manual action error
X4 Failure in manipulation 3x10°?
X5 Failure of use of enough water and washing times 3x10?
D Rinsing error
X6 Failure of using enough water 3x10°
X7 Failure of using running water 3x103
B Drying error
X8 Failure of using clean drier 3x10?
X9 Failure of handlers’ hygiene 3x10°

* probability that the cause of fault occurs.

Xl X2, X3,22 FA5AK(Table 2). Fig. 4¢]
gate IP_E #E7]¥ minimal cut set> X1, X2,
X3,, X4,, X5, 22 7} basic events®] AZo] Y
3].;(] OJ-o]. oeEE 0107].‘: _T'_E;G OJO]o] }_;q]g}
A ¢=th Gate 22 ¥7]|¥9 minimal cut sets
‘human’e] 241 Ulo] = basic events?
X6, X7, & TA4H] QJOHE fhuman’'d] LHE
top event®] FTEZ ol Yclow HAAsIYTE HE |
709l basic event® FAIE 2719] minimal cut sets
289 Y ‘human’ & E VERT) o)2 3
‘human’e] 2]7] MHe] YA Hzle] Fbdde
& F UAdTh F, 27 A A e AEle)
Fe A7 AF oigh ﬂi"r% A Bt Al
et 4 Pof ot 2 FE FHAFozN WX
e =1

I o

) Po ru

s 4

Fault tree] ti3led H3}FHO=E simulation, cut
set importance, item importance, sensitivity® A&
3Tl Top eventq! 217] *1]24194 BEE oA
= YU S(basic event)?] &7 FE(P)S Al 9
g a9 sgeje] gt 3“1-3. Aulz o 7 Al
ot of FEE HAE 000302 73tk (Serra
et al, 1999; Browning, 1980)(Table 1). % top
eventd] OF FEL basic events 2t} 0F FE
Hrbe fault tree 740 THE F3 At o3t
FHFEHEE ALY o]9fo] m=te} BEE basic event

Table 2. Results of qualitative analysis: structural impor-
tance and common cause vulnerability according to
minimal cut sets

minimal cut sets . Structural . Common.c.au*s*e
importance vulnerability
X8 High X8,
X9 High X9,
X6/X7 Middle X6,/ X1,

X1/X2/X3/X4/X5 Verylow X1 /X2, /X3,/X4 /X5,

"High: higher vulnerability, Middle: middle vulnerability, Low:
low vulnerability.
*"h, m: mean human-oriented and material-oriented, respectively.

o of FEE 22 fHg P
Top event4 LF HFEE OO 22 W
Hog sunulatlon??} A3 P, = 5999x10°2 &

gtk F, Foizl 24 A7) AHel e
9ol A 0 AEE 4EE 2710 A 9

A EAL Y Ve A58 F A% P, =
5.999x10°= 10004e] A1 5 o 6¥ QF7F &
AE 7FsAS vkt g Z1AAY Rokol AL
#oll 4T oF FEA 0.003& A3l 2 3
of ¢ WA Jeht AR Holth gk o
AEAE A 2F FEo] AtHe 1 A#AQ
o] A" dA P B 1 Zo= 4
Adr) oF #FE9 snnulatlon— HE & TS
simulation3t= QMRAS2] exposure assessmentH. T}
a2 A 8 gnprt o £48E 4 5 Atk &,
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QMRA(Parsons et al., 2005; No et al., 2003; Im
& Lee, 200602 74-¢ &€ v|AE o o
W 71%] 780l FrtEojort HE 8 (risk)
o i3 Ao A= wel, FTA® A2
H7t AR s FAe FES ov]sr] wielth
T3 QMRAY simulation® @A) U]AYE Fxol #
#Awk 7 wiske FTAE 54 98] a4l
Fof Hkx] %7 simulation®] 7} 3lc}.

Cut set importance(l)= 2} minimal cut sets”}
top event 257 &Y 7ldste B=E ovlste
FAZAM A (9)F A (109 2 WHoE &8
THTable 3). =91 & 3 2HFOE FEEJoH A
1 %£91& basic events®] 7t I/ME FAH
minimal cut set(l, = 0.5), 2 == VIE F4E
set(l, = 1.5x107), 3 9= SHE TAHE set(l, =
4.051x10""ye]e}, o] A= structural importance®]
A Adet AHEA velth &, 1 a9l &%
H basic events§! X8, X9; 27/ 247 FAH set
o] basic events$! X6, X7, 5/ 442 FAE
set W&l basic events?l X1, X2, X3, X4, X59]
To 2 27 A AAFe e A &HE
g F AUk

Item importance(l )= Z} basic events”} top event
2F #Ed Jddhs AEE Aviste TAEA
Aand A28k e B2 FEsisivh(Table
4). £9e F 3 2R FEHASH A 1 &4
aFdE X8, X9, = 0.5); 2 w9 ZFANE X6,
X7(1, = 1.5x10%); 3 &9 28de X1, X2, X3,
X4, X5(1, = 4.051x10")] basic events’t L=
t}. o] Z} basic events?] T8 #E) FAEM F
QA B9 structural importancest A FAIQI
cut set importance®] Zzt¢} ARt Item impor-
tance®} cut set importance®] ¥4 A= 21 A
B oohgl 7t g UXsley ol basic events®]
ZHo| gl7] wFEol basic events’t A&H U=
minimal cut sets®] ¥-4}o] £ basic events®] ¥4
& oiEA =He Zlolth

Sensitivity(Sy= 2} basic events®] 7 2E29] ¥
gtoll th3t top event 2F FE wWiste] UHEEA
213 A1)t e Ao 43 THTable
4). 9% & 3 2oz FEIHNCH A 1 &4
22 X8, X9S = 0997); 2 £9 1FE
X6, X7(S = 27x10%); 3 £ 2EdE Xi, X2,
X3, X4, X5(S = 8.0515x10'he} 2% 7} basic
events®] £2 @7 £AE A £ ATk F, X

&

Table 3. Results of quantitative analysis: cut set
importance according to minimal cut sets

minimal cut sets Cut set importance (I,)

X8 0.5
X9 0.5
X6/X7 1.5x107

X1/X2/X3/X4/X5 4,051x10™"

Table 4. Results of quantitative analysis: item importance
and sensitivity according to individual basic sets

Basicevent  Item importance(l,) Sensitivity(S)
X1 4.051x10™"" 8.0515x10™"
X2 4051x10™" 8.0515x10™
X3 4,051x10™ 8.0515x10™"
X4 4051x10™" 8.0515x10™"
X5 405110 8.0515x10™"
X6 1.5x107 2.7x10°
X7 1.5x10° 2.7x10°%
X8 0.5 0.997
X9 0.5 0.997

X9ol st $AHoT He|Fojol sl ARHL
A B9l structural importancet A HE A
91 cut set importance % item importance®| 73}
o} gt

oje} & B4 ANE B A7) AAHY A
YoM 53] 4719 A & Zer] A F8
S AAE 4= Qdlen =] FAoAM Y &Y
2ol 1Al X719 HFH 7] 7A=Y HE
Aol thald Aoz FAglgolof FL AAT
T AALE B AFE Bt A7) A FAY 9
Aol of A f714 BAE D= basic
events®] 48 43} basic events®]
AE Hostozy Ted 4 FaE Sl
A FA9 L/RE AT F e VAL ¢

o Ay 2y

HE dovle FAAR] UL AY 249 ©Y
2 vy AT F JoBZ fault treed] FHE{EES
HACCP?] B2tk 4] 7] Wi S| visle] o
2eA4e Aow 7@

2 <
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