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STUDY ON CHARACTERISTICS OF DROUGHT
BY FTA (FAULT TREE ANALYSIS)

By Shuichi IxkesucHl, Satoru SHiRaMURA and Hiroshi MIYAKAWA

Synopsis

Recent years mainly in metropolitan areas drought problem happens frequently,
so it constitutes a social problem. But a clear difinition of drought has not yet be
formed, and various factors which cause drought are liable to be argued sensuously
and empirically.

Then in this paper we apply Fault Tree Analysis which is one of safety analy-
sis, to drought event. And according to the causality between drought event and
its factors laying stress on the water quantity, we clarify the structural characteris-
tics of drought event.

Concretely, taking Yodo River basin as an example we consider intake cut at
Hirakata as a specific defect event (Top event) of the whole system. Firstly FT di-
agram is drawn according to the retroactivity process of its basic factors (Basic
events).

Then with this FT diagram we study quantatively the causality between events
by such indices as structural, probabilistic and critical importances.
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Fig. 1. Example of FT diagram.
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Table 1. Principle symbols used in FTA

Classifi-

Term and

: Description
cation Symbol ph
event
| This symbol denotes each event. Commonly it shows
event standing for defect. It is used for input or output
T of logical symbol.
basic event
This symbol denotes an elementary event which is
event . .
no longer developed. It is always used for only input
symbol .
of logical symbol.
transfer symbol This symbol denotes transferrence or connection to
another related part of FT-diagram. The left symbol
which has a line segment drawn from top of triangle
&‘ shows another part transfers to it. The other symbol
aNY  (OUT) which has a line segment drawn from lateral edge
shows another part transfers from it.
AND gate
output
Qutput event results from only coexistence of all
input events. (Logical Product)
input
OR gate
output
logical Output event results from existence of at least one
symbol input event. (Logical Sum)
input
INHIBIT gate
output . .
This gate shows the following;
When event standing for some condition happens
) with existence of input event, output event happens.
input
T B U By Y Byrevevvesensrnnsesueets sttt )

cEExnG, A (1) 2L EICFTRAZ EFig. 20X BB LT A EMNTE B,
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Fig. 5. Primary factors of decrease of flow.
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Water pollution in Yodo River

A

{ i
Control miss of water gquality (Contalination by water pollutant)

among the tributaries in the main course

Itlegal abandonment Operational omission at
among the tributaries the sevage disposal plant

Fig. 7. Factors of water pollution in Yodo River.
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Abnormal weather

&

] ] ]
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Fig. 8. Factors of abnormal weather.
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() EBHL OFRIN~OHEALZKIE, FEBEICWEFig 3Rl 50 A RBOEET S, 0O
X%z @2 RBIIEE LIV,

(8) BB B B v M3, BEERAHIUKSETORUKS » McET 3, LT, BEEHOR
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B: ¥
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BFHVLABLIUEEES LWL, 120548 LTHOES,

By AL EE - EEF S LATORRKS v MiE, EEAMICIHMTI L TiTbha b0 e T3,

C,XMTORBIETI, =4 FEFSLONKBETICXZMAES v bHBREL, o Gt
DODORARKT £ 113 C, XEINTOBBBUKSRAE L LBEIIILHTRET S L7 5,

PILE, G)COREARTo w7 FTREOEEL, THITW~OOBIELEZEET S L, Fiall« Kl - &
MoBmEglic FT KNEEAESICH 2 TEMT A EMNTE, BEBRICANREBETE VI BRICERE
T5&, 260 FTRMEERT 2, &I TREMOTAICLD, ThoEAER, PRHBER, HNERS
SO FESA4T~NTELLBOFTH FT-1) BHEBL, KET, LBROEMRS « TRV ICEE
HO3 - b0EE Lah7- FTROEREE D T Bt ED B,

)
)
)
)

32 FTROESIE

T, RETHERS EHN - ERMOBITAHREITABZ LI, FTRABELT 2FRIc>0T
BB,

BAMIHRR LIS~ 1ehs, FT-1 13 4l BOEAER, 4 EBEOTHER, | BOHKNERPH0,
ISR vy EREEN AR OBAERMBELELET S5, 20T, £FFT-1IKBLT, 21T
ik~ 7tz Boole R A#EB VR LHVWTIELER» S RIFOEAF R TOREHE LTV FT KEHKAL
L, HIE2 L EAESMOREMGEREBET S &2 L 0 Boole REMICEHM S LI N/ FT
AT B ENTE B,

1, FUKFAEHEROBRIFAHOERNTH IRIEI R » 2 1 R « BRIBED 3FERITOVLTR, ©
FNb, LHREREELIESCEFOMPIEEISEDIC L, IS RBRKFERMROEIRIERHE S
VW 1 ODOEAHERICE DT, IBOBITNEEALZABHRAEVWZ 3, EEOBHICLD, KERE
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FLWHSHEE S NE I EAERE LTRY, $-EEMOMERRBOREMMEVOIERS, BES
B & EREORADOHERGE FTRIcBLTEEL TWHELOT, 1EKERELTHOE S,
X5z, FT-10hosEg, BAERKICEY sREHRBoAREERL TV Y, EEHOK
RHET hs%ett L7184, BEMCIKTEEROEHOBN IS5 500, AEREOBVILRIBLAL
EZohBEWELT, ThEHIRT S,
Plbick b, FT-1 4@ L b0bFig. 9IRT FT-I1ThH b, SFROEREII Table 20L&
B0 T2, EBOBIFICIICOFT-I2HANVW3I &7 5,

4, FTA I2&38kE% (BWABUKETORIKS v b) OB

ABE TR, 32 THERLAZFTR FT-1) 2HWT, 22,23 TRUCERN - EBABIHETY, B
KERO bOBENRUEEH S 2ICT 50
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Fig. 9. FT diagram which top event is intake cut at Hirakata.
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Table 2. Contents of events in FT diagram

Event No. Contents
B1 Abnormally slight rain in Az area
B. Excess intake in Lake Biwa Basin
B3 Operational omission at Araizeki Weir
Bs High evaporation at Lake Biwa
Bs Operational omission at Amagase Dam
Bs Excess intake in A; section
B Abnormally slight rain in Bj area
Bs Excess intake in Bz section
Bg Excess intake in B; section
Bio Abnormally slight rain in C3 area
B Excess intake in Cj3 section
Bie Operational omission at Murou *Syorenji Dams
Bis Abnormally slight rain in C; area
B Excess intake in C; section
Bis Operational omission at Takayama Dam
Bie Excess intake in C; section
Bir Excess intake in Ajg section
Bis Operational omission at Hirakata Intake Point
Big Water pollution at Hirakata Intake Point

o El """ Egﬁfé;{;e”&f"iﬁéé&"fiéﬁi"k;ié{i{é'A}i‘a"k"i;{{ii{{é}; ‘at confluence
Es Decrease of inflow from Katsura River
Es Decrease of inflow from Kizu River
E4 Concurrence of Es and Es
Es Decrease of discharge from Murou *Syorenji Dams

_Be ..|Decrease of flow in Cpsection o
T Restriction or cut of intake at Hirakata
4.1 TEMAERGT

ITTR, TRy by PEB/IVZREY FERAVT VR 7 ALEKOERHBBITEITY, RIC
BEEEEOEELET A Licky, BEAEROTERNSRIAE2ITS,

() Bhhw bty bEBIYREY Mk BERIT

32 THERR LI FTX (FT-11) Ho&/hhy bey bEBNYZREy b E2KRDEERE Table 31275
T TITK, (s=1,-,33), P, r=1,23) &, #hFhH v bty b, NREy PEELTVS,
Table 3%R23&, A1y bty bOEE @3 Mzt N (3M) icHxTEVWI ELS,
BKBRAERE S 2RABHEL 501K L, ZOREZIMHIT 2RAEHDE VS L RERENILE
BLTWIWI Exbh 3,

Fh, B vty FOBROEMNPIEW BARKOLDTHIMETHS) OICHLT, B SR€y +D
a2y @MOLOTH 2fTHS) TEhd, THEEFHRETBBICTXTERE LB ITHIE
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Table 3. Minimal cut sets, Minimal path sets of FT diagram (Fig. 9)

Minimal cut Sets

K 1=(B1}, K2={B2}, K3=(B3), K+={Bd}, Ks={Bs}, Ke={Bs}, K1={B17}, Ks={B1s}, Ks={B 19}
K 10={B7, B1o, B13}, K11=(Bs, B1o, B3}, K12={Bsg, B1o, B3}
K 13={B7, Bio, B1s}, K14={Bs, B1o, B1g}, K15={Bs, B1o, B4}
K 16={B7, Bi1, Bis}, K17={Bs, B11, B}, K1s=(Bg, Bu1, Bus}
K 1s={B7, B11, B1s}, K20={Bs, B11, B1s}, K21={Bo, B11, B14}
K 22={B17, Big, B13}, K23={Bs, Biz, B3}, K24={Bo, B1z, B3}
K 25=(B7, B1z2, B14}, K26={Bs, B1z, Bus}, K2r=(Bs, B2, B14}
K 28={B7, B1s}, Kz6={Bs, B1s}, Kso={Bs, Bis}, Ks1={B1, B1s}, K32={Bs, B1s}, K33=({By, B¢}

Minimal path sets

P1={B1, Bz, B3, By, Bs, Bs, Bio, B11, Biz, Bis, Bis, Bir, BisBug}
P;={B1, Bz, B3, B4, Bs, Be, B13, Bis, Bis, Bis, Bir, B1s, B}
P3s={B1, Bz, B3, B4, Bs, Bs, B7, Bs, Bo, B17, B1s, B 1o}

o OHEEROBM DR VDI L, SHTREHES Table 4. Structural importance of
OFEEME| 5 b ERR L TR SV EFEERD basic event

BT KREZB N &b B, bas N crootaral 1 .
- . B asic even O. struciural importance
o§0,§m$%m:ﬁﬁmgu%@%¢§$umb 23456171510 P
THHBERO DR S » S, RESTATFRHENGSL0 789, 4463 % 104
K- Tn s, 15, 16 2.937x 1074
(2) BABROBEREE (SD 1ok 2847 13, 14 1.869 x 1074
BEABROBEEER (S) % Table 4 ITRd, & 10, 11, 12 0.801 x 1074

BEEEEA KT S &, TREBH-FR)II-RIEVS 54 v ETHERT 2ERY, BENCROLEER
THBI by, Table 3TORY v bty FEBRT IEAFTROMEEITEVT, IhHOEK
HEBOFNLHM—HBON oy bky b EH-TOBERE—HT %, 2%0, Tho0BRR, ZoOR
HEHEUKA v MCEBHREU O EVIEANERTH L LV B,

% 72, FPKHEERO S OEN DI S SRR & 0 BUKS v P REOEBENEEMHSE VI L HEZ 5,

4.2 ERERIT

(1) BEAEROLRHEROHE

IITi, TERNBIROREELAZEAFROARERERET 5, FTA OFiRICIEL, BEEAER
Witr e 43, 7., SEAESE GHELSEEEAICVWIEDLD, HIEEOELFLE I ERES
HET 5o

(a) RERRICHT 3EAXEROAEHESR

RERRICHET A EAERE LTI, HEENORE VR EEEHOHHARBRORTEHEMOD 2 B s
D, WD LS ICERERETET 5,

B, MIEEZCL2EKEER 10FC 1 EREET 2EEOREOEKICHEYT 2E (BERK
) icxtlcid, FIKEBHERICE DIAIREE XN TV A I EA2BTAT, JITREVELMEE
FL, RERIcBI2REDFOLERRE, 01~02 & LTEHEET 5,

MEERBOREMIE, MEAROBENIHOATIEVI L, BIUBUKY v 2202 E[HEH
BREDHICH AN IVWEZEISNA I ED S, TOHEBERE, 0001 ~0.1 O#ifHich 3
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ERFET B,

(b)  FZKHEZR O FHRIRIEANHE « BREEUK - KEREEOELER

ChoDEBEARROERERE, HRELTHRASA TV AN RESTEIROBERTERICHA~
T, HRERESZ 2RISR EAERVONBEETH S, LrL, —BICRERRD
HEEE L O 3R Ao NEwEEL Sh, 00001 ~0.01 OFEFHICH 5 LRET %o

(c) HEEAHERT -9 DERE

EROBIT T, SRUKMERICE 2REREICT s EAER A O THR T (R), @FFUkic
BT 2 RABER AT LD TERIGR) &L, ThsO%EkRIE, MR ERcLis>T—@EY

%, KEEEOEABERRIFERMCR) 15, £/, REDRCETIEAFTREERVNG) &L,
EROMITTIRER T, TEEH Rt S>F—lET2, MORRBORFTEMIERVER) &
T 5,

4, HEI, O, T, VIioLWTIEREROR/MEEBRMEOHRESE, FRIVICH>VLTIIE
e %, #hFhOBEEERERT — 5 (Basic data) &9 3%,

PLE, BEL-EREEE EHTRLLDOI Table 5 TH 5,

(2) BAEROMRBEEHE L7 )74V T+ BEFCLSER

BREAESOHRREEEPN L7V 7+ H ) F+BEECDERDBILHD, BEEFBRIIEZ S
KRR E LT, Table 5 TRL EREROHFEOD T, Pattern 1); 3 XTH/ME, Pattern I1);
+TNTEKE, Patternl); BRARRF—4, D39 -v4(EFEL5, COROKEABEROEREE
BLI V7 4h Y5 4 HEZE% Table 6 ~ 827K,

(a) HREEECHETIEE

1), 2), 3) WEho s — v bREAERMOBREEF OB A/NERIEEL , EEMR
HMTOREVRS LVHHARBOBRTHMO 2 ERSRKOEETHE & Bbh b, Sbic, EEH-
FiaN-EN AN EORERORE, BRBUKIZHERMNE—TH - T bithor/ll - KE)Ttolhs0ER
AN OEEESEVC &b b, £, BIEKRRIIOlETE, BIIRBTORFEDROL
AENFRTOREDHL 0 BKREICHT 2HEEENIREV DD S,

M) 27YF+HY T EEEICETIEE

1), 2), 3) o#iEAR, BEEHRBROREVTMMERZATTEETHLI L, BIPARI
TOHERT - 1 - IREBT 2EROBEEEHNEVIETH B, LL, ZOMOEEXRFRTIANAR
By — TR DESTVS, BAMICE, FRI1, I, TROERSEEVHOEERRE T
I 2 g &/hE CRVIES, BER-F51HEN AN EoEIRE R, BREUK, KERED 3
FERiZ, KBRERORFE VDN EFEREOEEE 25, #ic, IhopEMichiiy/havL &g,
FiRNl, BN, KENONFRIERORE DT L, WEARBORFHMASEERERL L5,

Table 5. Assumed probability of primary factors

basic probabilistic

primary factors probability data
Event I : Operational omission 0.0001~0.01 0.001
Event I : Excess intake 0.0001~0.01 0.001
Event Il : Water pollution 0.0001~0.01 0.001

Event IV: Abnormally slight rain at each
0.1~0.2 0.15

area

Event V: High evaporation 0.01~0.1 0.01
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Table 7. Probabilistic importance and
criticality importance in pattern 1

Table 6. Probabilistic importance and
criticality importance in pattern I

basic event No. | probahbilistic importance basic event No. | probabiligtic importance

1 9.7938 x 101 1 8.2728 x 107!

4 8.4089x 10! 4 7.3536x 107!
2,3,5,6,17,18, 19 8.3331x1071 2,3,5,6,17,18,19 6.6851 x 107!
15, 16 1.2374x 10-! 15, 16 1.3701 x 10~!

7 0.2071x 107! 7 0.4204 x 10~!

13 0.1917x 1071 8 9 0.3397 x 10!

10 0.1905x 107! 13 0.3036x 107!

8, 9 0.1762x 107! 10 0.2895x 107!

14 0.1631x 10! 14 0.2453 x 101

11, 12 0.1621 x 107! 11, 12 0.2340x 107!

basic event No.

criticality importance

basic event No.

criticality importance

1

8769.5119% 1074

1

489.2629 x 10~°

4 501.9586'x 104 4 217.4502 x 1073

7 185.4664 x 1074 7 24.8633x 107%

13 171.6708 x 10~* 2,3,5,6,17,18, 19 19.7682x 1073

10 170.5392x 104 13 17.9539 x 1073
2,3,5,6,17, 18,19 49,7436 % 10~ 10 17.1224x 1073
15, 16 7.3865x 1074 15, 16 4.0514x 1073

8 9 1.0520x 1074 8 9 1.0046 x 1073

14 0.9738x 1074 14 0.7254x 1073

11, 12 0.9674% 1074 11, 12 0.6918 x 1073

Table 8. Probabilistic importance and
criticality importance in pattern I KEWT EDbN B,

basic event No.

probabilistic importance

1

99.7278 x 102

i, YMARBORERMI, < o4iiERy
REVW EH~THAW A 20 /hSWIZELAR,
DBl « KB 2REDRLY bEREH

(5) 7vv=4 T
ChE TORIT T, FTA ORI BEA

4 89.8449 x 107 AU E LTR->TELY, & TREAESR
2,3,5,6,17,18,19 89.7640 x 10~2 o )
15, 16 8.9097 x 10-2 HOKFHEEZR L B EOEKEROREERD
7 0.9185 x 1072 FHE%ETT5, Table 3&0, B/PMh v by b, B
13 0.9014>10"2 IMYZ 4y b EROETE FER(T) OREEARE,
10 0.9005 x 10~ T g
et #
8.9 08267 x 10-2 ENFRDE HITE B, )
14 0.8114 X 10-2 (a) BNH o bty Mk BELEROBEEA
11,12 0,8106 x 10~2 -y
basic event No. |criticality importance "
1 9734.3384 x 10~4 T K weeeerernnrnresssennnnnnanns (16)

7 89.6542 x 10~ s=1
13 87.9884 x 10~ )
10 87.9006 x 10~ (b) BIv¥R €y MCX BTREFRORERS
4 87.6967 x 10~ .
2,3,5,6,17,18,19 8.7618x 1074 T=(1P, seorereersrcaresvsresirurseres an
15, 16 0.8697 x 10~ =1
8 9 0.0807 x 10~ . )
14 0.0792 x 104 —%, FTH (FT-1) »oRDONB3REEEN
11, 12 0.0791 x 10-* i3,
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T=B,UB,UB3UB,UB;UBsUBy;UBsUBsU (B;UBgUBy) N

{(BiyUBjUB) N (BisUB ) UB5UB gl wooeesvesseresstsssinniissiininiiniininnes (i8)
Thd, JEAHFICEZ ZHERRIIEIRLE 3Ny — 2RV, BIFET- 12, TOHERE Fig.
10127 T, M, EROXHIOHMLS ERETROBEEL, OONEE, BEABREMILE LIS
H0HEBg 2RLTVWS, Thib, Pattern | 8L UM TREAERMCKEMSEET S L, R
AEDIEESTEKOREERESENT 2EMICH B ENVABH, Zhicel, Pattern 1T, 7V
Vad M TAEAEROMAR LIEEICLD, BKOREREHSHNT ZHEOMDT G55 L
bbb, FIT, &5 —-vOERELEZR (12) ~RAL, IRESIUCTRELZARTZE, 3¢
g—vEbRADLH I3,

Tﬂﬁ:max 1 ql:Pr(Bl) SR ettt et s (19)
1Sssk i€k,

J:BEZmisn Hpq,':Pr(BlUBzUBaUB4UB5UBGUB'yUBsUBgUB”UBwUB‘g) """""" (20)
1srsp i€P,

FRREEL g &R, X U6) KBWTK, ZRVWIMOr v by F OREBIEEOERFEERLTL
%, ¥7-, FRRMEER 18) &3 (20) oHENIZ LY, HREEARK B,UBUBy) N {(ByUB,UBy
N (BuyUBWUBiUB % (B;UBsUBy) & LTTHEFERORAERRERDIIBEICHETHI LMD
Db, D VEEAEFHOKENEEL 5L, BKBROBERRIE, B (BEHIHTORELT
DHERT B 02 TORAER (B,~By bAETIBAICTRECKL S, £/ B~B, (BN
BTOER) oWFhhsEiEd 28411, E (BRAIBY 2RKB)IH SORARET) OREES
OoTRAES (By~By bEREL, hoIhooEAHR (B~Be EHEH-FH/I-ENIANINLT
DER (Bi~Bs, Biy~Biy) EMMTTHAESICREBEICKEAIIEEZBRLTWS, JITHETS
&R, TOTY VA S A IR TREVIEATRBEFFRZDDEDRAERSTY V=
A PLTVBDOMNEVSTED, REAHEROTY Vx4 MBEOEEDOLDLOMEV - BN E -
P EEIShTOWRERVWEVLSIETH B,

ARFIC BT BENKROEKERO FTRTR, EE#H B, KBElOoZhZhoffilRzXsyL
(Fig. 3), [FMFERERTHEAERE LT, 4fETORE VN B, Bn Byo By LEEHOHE
RERBOREMN B) %Y FFTw3, 7V x4 FOTEERII IO S 5 DOEABEREICE VTR
bEOEAENTES N, MOEATERIMTEREBLTLIVEELOND, 22T, 0L —HoKE
AEEMEZIOTY Vx4 PEFRSNZESICEBIT 5 LR« TROFEMcO>OWTELS, 7Y/ ¥4 b
OHEANTHEINWBEALER (B, B, B, By By 28UHvy by FEROHL, D TOERK
BEEIhBIEENLVA Y by b EORTBIBAOREREETREL, AR SZZL/IR
£y FOBMEE CNOEESER VAR Ly P EORBEEAOREREE LREEL S, OB
&0, RIRLE3/NY — v OERRERESZ, HREE TRIEDESRL 2 b D5 Fig. 10 D—H8HR
OFRHITH %,

CoBE, TRIER, APERHZSDDOVTHLEEDTY V=1 FIRICBIT 2 TRIELHKREL
HoTwas, FREOHIESELLTOURL, Thid, R (6) &X U7 »STREIHERY »
bty FAEDTBIENTESEN, Xty FOBER3IHORLy &b LIEDOSEABEREZAT
BUONRZAEy bERTBIENTEROASLTHS, LhL, TOFEZHILLD, 7V ¥4 tDOTFREE
NBBAESHHETING, 20BAOELERORERELEEOT Y v 2 4 PHREENTRD &
W PR - TIRME TR T % 2Rkt 0H 3 VR B,
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Pattern No. N

Fig. 10. Upper limit and lower limit of probability of top event by associate analysis.
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