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DECISION THEORETIC APPROACH TO PLANNING
OF ASEISMIC FIRE CISTERNS

By Katsuhiko KURODA¥*', Yoshimi NAGAO*?,
Kenjiro YASUNO*®*, and Yoshiro NAMBA**

In planning and design of an engineering system where risks are potentially included, risk
identification and risk estimation are fundamentally important as well as risk evaluation.
The present paper focusses on the seismic fire risk potentially included in urban area, and
presents a methrd to plan the optimal number of aseismic fire cisterns using Decision
Theory.

Decision tree for aseismic fire cisterns is developed and the annual seismic fire risk is
formulated based on the decision tree. The objective function for optimal aseismic fire
cisterns is presented. Application to Osaka City area shows that the proposed method is
rational and useful,

1. INTRODUCTION

Most Japanse cities and towns have developed along a coast or a river, of which subsoil is usually very
weak. Moreover the percentage of wooden houses is relatively high, Therefore once they are attacked by a
strong earthquake, serious damages of wooden houses as well as other structures are anticipated including
induced fire damage. For this reason, it is strongly desired to improve houses and other structures to be of
earthquake proof while fire fighting facilities are equipped as completely as possible. The present fire
fighting ability mainely depends on the fire-hydrants of water supply pipeline which are expected to be
seriously damaged by a strong earthquake. Therefore lowering of fire fighting ability could not be avoided
during the earthquake, However, antiearthquake improvement of existing fire-hydrants will require big
amount of money and time and will not be avairable as a tentative measure. Therefore aseismic fire cisterns
are considerd as an effective measure. In fact, Tokyo and Osaka have started to construct such aseismic
fire cisterns. About fifteen hundreds of aseismic fire cisterns have been constructed in Tokyo. This
accounts only 1. 4% of total water supply by existing fire-hydrants including rivers and ponds. In order to
obtain useful information on the appropriate number of aseismic fire cisterns, it is necessary to establish
a method for planning. Taking this situation into account this paper presents a method for planning of
aseismic fire cisterns based on Decion Theory with some numercal examples.

In chapter 2 the planning of aseismic fire cisterns in a given urban area is formulated by Decision
Theory.
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The estimation procedure of annual fire risk level due to earthquake is discussed in chapter 3.
Chapter 4 presents some numerical examples in case of Osaka, Concluding remarks and issues remained
in future are discussed in chapter 5.

2. FORMULATION OF PLANNING OF ASEISMIC FIRE CISTERNS

(1) Decision Tree Analysis

The analysis of undesirable events for human socienty such as natural hazards, accidents, pollutions and
so forth and the analysis of their countermeasures are usually called as “Risk Assessment”, According to
Kates (1976), risk assessment implies two aspects; one is Risk Determination, and the other is Risk
Evalution,

Risk Determination involves two steps : risk identification and risk estimation. Risk identification is the
step where potential risks in a concerned system are identified. This means the analysis of what
undesirable events and induced consequences potetially exist in the system and what their causative events
are. Risk estimation is the step where probabilities of occurrences of the causative events and their
induced consequences are estimated and the consequences are valued.

Risk Evaluation implies to find risk reduction and/or risk averse (if avoidable) actions and to evaluate
the actions.

Risk focussed in the present paper is associated with the fire of houses induced by earthquakes, and the
risk reduction action is equipment of aseismic fire cisterns. The prbblem to be solved is to determine an
appropriate number of the aseismic fire cisterns in a unit area of a city. This problem can be well defined in
the decision tree form as shown in Fig. 1.

The occurrence of losses due to seismic fires is uncertain for the planner. Therefore, choice of the best
from alternative actions (number of aseismic fire cisterns) is the decision under uncertéinty, This is the
reason why the problem can be formulated by Decision Theory.

In formulating the problem, the introduced premises and assumptions are as follows :

1) Land use of the concerned city is given. This is denoted by L in Fig.1.

2) The number of houses in unit zone of the city is given. The area of this unit zone is constant,

3) The total area of floors of inflammable houses in the zone is G in square meters.

4) Fire spreads only through inflammable houses which are assumed as only wooden houses in the

present paper,

5) Total area of floors of burnt out houses is estimated by the fire-spreading model developed by the

authors, which will be explained in the successive chapter.

6) Fire-hydrants equipped with water supply pipelines are assummed to be not available after the
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Fig.1 Decision tree.
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shock of an earthquake with damaging intensity.
7) Equal number of aseismic fire cisterns, 7, is planned in each of unit zones of constant area.
8) Fatality is not considered and consequence of an action are evaluated in monetary term, that is,
induced economical loss. Of course inhabitants should be evacuated by making appropreate refuge
plan,

9) The planner is assumed to be an expected monetary valuer,

10) Fire engines and fire men are assumed to be available after a strong earthquake.

Concerning with the assumption 6), the reason why this is assumed is as follows ; The availability of
fire-hydrant after shock may depend on the intensity of the earthquake at the site, However it is quite
difficult to estimate the avairability of the fire-hydrants for any earthquake intensity. But, when earth-
quakes inducing structural damages are considerd, the reliability of existing pipelines may be quite low.
For example, Matsuo et al. (1979) show the failure probability of joint of pipes and a pipe itseif is about
0.1. This means the failure probability of the pipeline system with many joints and pipes is quite high under
the assumption that the failures of each joint and pipe are statistically independent. Therefore the
assumption introduced here could be acceptable at present. It should be noticed that this assumption means
no available water supply for fire fighting except natural water supply such as rivers and ponds after an
earthquake shock,

Under these premises and assumptions the problem can be expressed by the decision tree shown in
Fig.1, where symbols of square and circle denote the decision fork and chance fork, respectively.

Since the land use [, and the number of houses NV in a certain unit zone in the city are assumed to be given
in the present paper, the decision is associated only with the number 7 of aseismic fire cisterns in the
zone, At the chance fork ¢,, an earthquake E (s) of intensity s is given as one of possible events. As
discussed later, the intensity s of an earthquake at a site is defined by the response spectral accelertion
given by Scawthorn et al. (1982). s, denotes the minimum level of the response spectral acceleration which
induces structural damages. Therefore, all earthquakes whose intensities are s< s, can be included in the
event of no earthquake occurrence denoted by E (s< s,). Hereafter, E (s< 8o) is called as “usual state”,
At the chance fork c,, if no earthquake occurs, it leads to the chance fork c,, where number of fire
break-out houses N, is considered as possible outcomes in the usual state. The consequence of each
outcome is expressed by the loss function [z(N,, n). This loss fuaction is given by

li(Nf, n)=Cc(n)+l?(Nf) OSN,SN et (1)
where ¥ (N,) is the total monetary loss induced by N, break-out fires under the usual state and C.(n) is
the initial construction cost of n aseismic fire cisterns.

Now at the chance fork ¢,, if an earthquake E (s> s,) of intensity s happens to occur, it leads to the
chance fork ¢,, where the outcome may change from no damage of houses denoted by N,=0 to collapse of all
houses denoted by N,=N. At the chance fork c,,, if N,=0 happens to occur, it leads to the chance forks
Cs1 which is given by the same tree as c,,. On the other hand, if N, houses collapse, it yields to the chance
fork ¢y, of which outcome may change from no fire break-out denoted by N,=0 to fire break-out of all
houses of the unit zone denoted by N,=N. Again the induced consequence of each outcome can be
expressed by the loss function [;(N,, Ny, n). This is given by

I (Nf, Na, n)=cc(n)+ lF(Nf, n)+ I (Nd) OSSN,y Ng=SN vvoveerrmrerarr e (2 )
where [;(N,, n) is the total loss in monetary term due to N, break-out fires, and [,(N,) is the loss of N,
collapsed houses,

(2) Probability Assignment and Expected Loss

It should be noticed that each branch of a chance fork has its own probability of occurrence. In assigning
the probability to each branch, following notations are introduced :

#:(s) © probability density function of annual occurrence of earthquakes of response spectral
acceleration s. (hereafter the present paper often uses the term of earthquake s.)
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pr(N f|f) . conditional probability density funtion that N, houses catch fire under the usual state.
po(N,| 8) : conditional probability density funtion that N, houses collapse when earthquake s
occurs,
p:(E) : probability of non earthquake occurrence per year,
pr(N,| Ny, 8) : conditional probability density function that N, houses catch fire when N, houses are
collapsed due to earthquake s.

Using these notations the probabilities are assigned at each branch of chance forks as shown in Fig. 2,
where the consequences are also given at the tip of each branch,

If the planner is an expected monetary valuer (EMVer), the optimal action is what minimizes the
expected loss. In more general approaches a utility function shouid be introduced in stead of montary
value. However, public agency is considerd to have a linear unility function for monetary value (Ang and
Tang, 1984) . In such a case the analytical results do not depend on whether a utility function is introduced
or not, Therefore in the present paper maxi-EMV criterion is used.

Referring to Fig.2, EMVs at the chance forks c;, ¢, and cg are calculated by

EMVy= 2 [C )+ e Nsn )+ ln(Nd)]Xpr(Nled,S)

o\“a’“\"‘

Pr(8fl Ng=0ls) (];—_31, 32’ 33) ......................... (3)
& - where j denotes the name of the chance fork c,.
N Ay“‘“\s Thus the EMV at the chance fork, c,,, is given by
pu(udu)“z " PF(Ndl Ndls)
! EMVZ\ Z Z [C ( +lF Nf9 )+ lD(Nd)]

Na=0 Nr=0
Pr’(N'"d=N|S) X P N,|Nd, s)pol NdIS .............. (4)

In Eq. (4), the loss [z(N,, n) menas the total loss
induced by N, break-out fires. This includes the losses
of all properties due to fire-spreading from N/, fires.
Ly Fire-spreading can be reduced by fire-fighting acti-

Fig.2 Probability of each event. vities which depend on the number of aseismic fire
cisterns, because they are available for water supply
even after an earthquake shock. Therefore, the loss [, is given as a function of N, and n.
Now [-(N, n) is assumed to have a form of

Lo (N, 7)== (TN, e ereoeemesem et (5)

in which f(n) is a function of n and independent of N, This will be shown in the subsequent chapter.
Applying Eq. (5) to Eq. (4), EMV, can be simplified as

EMV,= n)+ Z [f( )Nf (NJ+ 1p Nd)]xpp NaIS ....................................................... (6)

where N ,(N,) is the expected number of break-out fires under given condition that N, houses are collapsed
due to earthquake s, and it is given by

N N
Nj(Nd)z 2 prr(Nled, S) ....................................................................................... (7)
Nr=0
Similarly the EMV at the chance fork, c,, is calculated as
N .
EMVy,,=CJdn)+ g;“o ¥ (Nf)p(Nf| 0 LR T PR TXRTTRPRRPRES (8)
From Eqs. (6) and (8), the EMV, at the chance fork, ¢, is given by

EMV,=Cn)+ }i [F(nIN (ND+ bp (NI X Do (Na| 8)¢ (s)ds + Z] I¥ (N)pr (N, E)X pz (E)

8> So Ng=0

In Eq. (9), I,(N, and l;(N,) are independent of n, and thus it can be rewritten as
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EMV,=Con)+ Ro(n)4 Cororvvrrreeemrennieennns (10) Table1 The values of coefficients of Eqg. (13) and (17).
where R,(n) is the annual seismic fire risk of the Coefficients Xaéggsg
concerned zone of a city and is given by 1; 0.575

. o A1 0.020145

Ro(n)=/ [ 22 f(n)N #(Napo (Nl S)] X ¢:(8)ds Ao 2.525

§>8p LNg=0
............... (11) Table 2 Computed results of Eq, (14).
and
N 0] uNdIS @ (y-1)F,( )Y-Z [€)

Co= [ >3 1p(Na)ps (Na| s)]¢s(8)ds Ry(s) o™ T

>80 L Na=0 Nd(s) x °2Nd|s ]

N R J—
7 W 10 1.0 0.459 0.05
+N§0 lr(Nf)pF(NflE)pE(E) (12) 0.5 0.115 0.0l
A di Mi | — O 0.3 0.0413 4.13x10
ccording to Mizuno et al. (1976), N,(Ny in Eq. oo Lo 71 o017
(11) is statistically analyzed as 0.5 0.431 4.3x10 §
0.3 0.155 1.6x10

Nf(Nd)zle <%)Y2 ................................ (13)

in which 7 and 7, are the regression coefficients whose values are given in Table 1.
Applying Eq. (13) to Eq. (11), and using second order approximation of Taylor’s Series Expansion,
Eq. (11) yields

Rin)=[ FnN [<N§3)>7’+% 72(72_1)<N;§3)>”_20‘zvd]¢5(s)ds ................................. (14)

8> So

where N,(s) is the expected number of houses collapsed due to earthquake s, and given by
— N
Nd(s)z,vz;“., Napu(Nd| S) .............................................................................................. (15)

In Eq. (14) the second term is negligibly smal comparing with the first term, This can be easily ascertaind
by numercal computations, Table 2 shows the computed results of these two terms for verious cases. As
this consequence, Eq. (14) can be approximated as

Nals)p
R°(n)=L>snf(")7‘N[ 7\7 } B (S)ALS +wevvermeemmssrm e (16)
Further, N,(s) in Eq. (16) is given by Scawthorn et al. (1982) as
ﬁd(s)=/\13"’ .......................................................... e e e e e e aaaaan (17)

where A, and ), are regression coefficients whose values are also given in Table 1.
Substituting Eq. (17) into Eq. (16), R,(n) is rewritten as

Ro(n)=£>s Trs (T, N )G (S)AS -+ +vverreeemmmmmamee et (18-a)
Trs (10, N FURIN () ++eveeeeereemeemt ettt (18-b)
where N ,(s) is the expected number of houses which catch fire after an earthquake s, and given by
N () JiN TRy S )T oo - (19)

(2) Objective Function

Since the annual seismic risk R, (n) is expected every year for the period T during of which the aseismic
fhre cisterns keep its function, the total seismic risk over T years should be considerd. The present value
of this total seismic risk R,(n) is given by

_ & Ron) 1+7r)"—1
Reln)= 23 5y = Rl = Ly (20)
where r is the social discount rate. It should be further noticed that the construction cost C.(n) and the

seismic fire risk R;(n) depend on the conditions of a zone i of a city.

Expressing this in an explicit manner, the following new notations are introduced :
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Ci(n) : construction cost of aseimic fire cisterns in zone ;.
Ri(n) : total seismic fire risk of zone ;.
Ci : constant given by Eq. (12).
Now the total expected loss over m zones and T years is given by

EMV(n, T)=§[Ci(n)+R‘}(n)+ G e veme ettt @1)

As already mentioned, the constants C{ is independent of n. Then it can be omitted from objective
function. Therefore the objective function for planning of aseismic fire cisterns is given by

mgn_[é ICL (n)+ R%(n)}} ............................................................................................. 22)

3. ESTIMATION OF ANNUAL SEISMIC FIRE RISK

As conducted in Eq. (18), R,(n) is a function of f(n) and N ,(s). f(n) is the economical loss due to
burnt out houses and other properties induced by fire-spreading from a fire, and N,(s) is the expected
number of break-out fires after an earthquake s. Therefore, in order to estimate f(n), fire-spreading
model is needed,

Empirical formulas of fire spreading speed have been proposed by Suzuki and Kinbara (1940) , the Study
Team of Fire Prevention of Tokyo (1942), Tosabayasi (1947), Hamada (1951), Hisida (1954), Horiuti
(1961) and Yasuno (1968). Further, Fujita (1975) and Sakai (1983) developed simulation models of the
fire-spreading based on Hamada's formula. These formulas and simulation models have been developed on
the basis of the fire data before 1945. Therefore, it is doutful to apply these to modern urban area of which
houses and buildings have extremely changed since 1945. In fact, it is pointed out by Sasaki (1976) and
Yamashita (1977) that Hamada’s and Horiuchi’s formulas tend to overestimate the fire-spreading speed.
Thus in the present paper, a model developed recently by Yasuno et al (1982 a, 1982 b, 1982 ¢, 1983) is
used.

This model is based on recent real fire data, Then it is more applicable to fires of modern houses (details
should be referred to Namba, 1984).
The model is given by
Gte-p ___G+te'p
1+expl—al(t—c)] 1+expla-c)
where A (%, v) is the area of burnt out floors of houses in square meters at the time # (in minute) after a

AL, v)=

fire breaks out under wind velocity p (m/s) without any fire fighting activity, G is the total area in square
meters of floors of inflammable houses in a zone, Determing the value of G needs somewhat technical
considesations. However, its explanation is omitted here because of lack of space of the present paper.
Details should be referred to Yasuno et al. (1983) or Namba (1984), a, ¢, e and p are given by

0.582exXp(—0.1460}
a=(0.175+0.0245 v"*?) <%) ’

c=[In(0.980 a"**G))/c (24)
p=G/[1+expla-c)]
e=(1.39—2.82X107*G) exp [(5.16 X1072+3.29X 107G —2.18 X107 G)v]

When fire-fighting activities begin at the time ¢, (in minutes) after a fire breaks out, the total area of
burnt out floors after r minutes of fire-fighting from %, is approximated by

Altotr, U)=g[l+ko(j'AT)]A(to, D) (AEm /M) eeeeerereemomeneeneeese et 25)

kor)= Z°EA(t°+ oAz Al e 28] (26)
Q(r—T)*Qo[A(to+ T—A7)—Ally+7—2 A7)]
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where g, is the water volume per unit time for extinguishment of unit area of floor, and Q(¢) is the total
water volume per unit time for fire-fighting. Q(z) used for fire-flghting depends on the number of
mobilized fire-engines and the capacity of aseismic fire cisterns, According to the Japanese Association of
Fire Science and Engineering (1950), Q(z) is approximately given by
QUE) T @ oo 27)
in which ¢ and g8 are the coefficients determind by fire-fighting level. Fire-fighting level is defined by the
number of mobilized fhre engines. Fire Defence Division of Fire-Defence Agency of Japan (1978) reports
that the water volume necessary for fire-fighting a usual fire is about 40 m® per a fire engine, and that the
available area of a fire-engine to fight a fire is about 62 000 m?, which is almost equivalent to the area of 250
meters aquare, Therefore, level ] of fire fighting means one fire engine and 40 m* water supply per 250
meters square, level 2 implies two fire engines and 80 m® water supply per 250 meters aquare, and so forth.
According to these standards defining n as the number of aseismic fire cisterns of 100 m® capacity per 250
meters square, the coefficients ¢ and g are given in

Table3 Fire fighting level, Table 3. In this table, the cisterns of 100 m® capacity
“\Fize fighting lever | level 1 | level 2| level 3 | level 4 | level & are evaluated as approximately two cisterns of 40 m®
Noser of o ’ s T2 1 15 T 20 capacity, In the meanwhile, the time i, in Eq. (25)
Betere nC {100 w 2 a | & s | 10 and (26) depends on the damaged level of access
Goefteients a 0851 | 0.608 | 0.815 | 0.9435| 1.042 roads after earthquake s. This is eastimated by
a B 0.258 | 0.3175 0.437 | 0.482 | 0.527 Scawthorn et al. (1982) as

to=60(0.15+0.85 S)erererrersenee (28)

Applying Eqs. (27) and (28) to Eq. (26), the total area of burnt out floors with fire-fighting activities
can be redenoted as A(#,(s) + v, v, n). Using this notation, the time when the spreading fires are
diminished is given by the solution of the equation

Ao 8)F 7, 1, )= A(F(8)F T— AT, D, T)+rreerereerersneamretatte et (29)
The solution of Eq. (29) is the function of s, » and n. Denoting ¢* as this solution, it is expreassed as ¢*
=1*(1,(8), v, n). Therefore the time * when the spreading fire is diminished is given by $*=1t,(s)+
7*. Thus, the total area of burnt-out floors up to this time is given as

A(t*, n, v)=§l[l+ko(jAr*)]A(to, v) (AT¥=* Q) (30)

When the average economical loss per square megers of floors is defined by ¢, the total economical loss,
l(n, v, 8) is given by

In, v, Sy=c, A(E*, n, v)eeeee P PR PR e (31)

Since Eq. (31) gives the economical loss induced by a fire, the total economical loss, I(n, N,(s), v)

due to N,(s) break-out fires is

Um, N (8), 0)=Crr AF*, M, UIN f () r-rrrremrrmmrmrmersrstss ittt (32)
This economical loss changes as the wind velocity v. Thus, the expected loss [(n, N,(s)) is defined as
l(n,ﬁf(s))=£c,-A(t*, Ty DIN S (S) o D)W ++vvwvverrmeermemsimessns sttt (33)

in which ¢,(v) is the probability density function of .
It should be noticed that Eq. (33) is equivalent to Eq. (18-b). Then,

f(n)ﬁf(s)=£c,-A(t*, 1, DI (S) Gl 0)d - weeermrrmsemsemssmsemse s (34)
or
f(n)=_lcf'A(t*, Ty VP D)AD ++eveemrrererere e (35)
Substituting Eq. (36) into Eq. (18-a), the annual seismic fire risk R,(n) is rewritten as
Ron)= - [lc,-A(t*, n, v)¢v(v)dv]N,(s) B (8)dg +rrmrrrvrrmm e (36)
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Table4 The statistics of basic date of Osaka.

4. APPLICATION TO OSAKA CITY

Factors of data Average Standard dev.
(1) Data Used For Computation of Fire- Population (person) 3783. 1|2249. 9
. Number of households 1242. 4 823. 5
spreading Model Nunber of wooden bui ldings 1012. 3| 716. 3
. . . . Number of non-wooden 7 272. 9 228. 4
Osaka city area is devided into 671 zone squared Wooden building area (uf) 122. 5| 285.6
. Non-wooden ” (€] 336. 8 178. 9
by 500 mX500 m. In zoning, zones whose land area Average of  #  (uf) a8. 3 20. 8
. . . Average stories (wooden’s) (wf) 1.5 0.19
is less than 50% are omitted because in such zones Area of building use (ha) 15.5 3. 38
. Area of non-building #(ha) 9.49 3. 39
natural water supply by rivers and ponds are Building coverage @ 48. 5 13.0
) Number of water supply (unit) 38. 6 17. 86
available even after a strong earthquake, Thus the Number of fire-hydrant Cunit) 29. 3 12. 5
. Beginning time of fire-flow(min) 8. 2 1.5

total area of 671 zones accounts about 86% of
Osaka city area. All the data of each zone

necessary for computation of the fire-spreading Table5 The values of 5.
model discussed in the previous chapter are based Soil type 81| 82| 83| 84
on the statistics stocked at Comprehensive Plan- Soft 0.625 |26.38 | 847/ 123.4
ning Bureau of Osaka City (1976), and Fire Interm. | 0.578 |34.47 | 143.04 | 284.53
Department of Osaka City (1981). Details of these Hard 10875 | 7.8 | 5981 1450.0
data can not be presented here, Then the averaged
data over 671 zones are shown in Table 4. Table 6 Optimal number of aseismic fire cisterns for
The probability density functions of wind velo- various cases.
city and response spectral acceleration are em- wfﬂl‘ 100000 200000 300000
ployed from the works by Scawthorn et al. (1982), Skt e B L B B BN B B
that is, foi;rm:imal per? 14.8|14.4{ 14.4|15.6 | 15.6 | 15.2 | 15.6 | 15.6 [ 15.6
¢u(1)):1-0474 exp[—1.0474(v—3.2067)] cisterns | per azone | 3.7| 3.6| 3.6 3.9( 3.9/ 3.8 3.9{ 3.9| 3.9
XeXD[—exp(*1.0474(1)—3.2067))] Total risk ()<108 yen)| 297 292 | 288| 342} 335| 328| 382| 372! 363
........................ 37)
and
ge(s)=—(—0:+2 853 0 s)Xexp (d,— 0,5+ 8: 87— 8,8°) X exp [—exp (8, — 028+ 8,8°— 8:87)]
...................................................... (38)

in which parameters &, 8, &, 0, depend on soil condition at a site, Their values are given in Table 5.

(2) Computed Results and Discussions

The value of parameters used for computation of R;(n) are listed in Table 6. The construction cost of
aseismic fire cistern of 100 m® capacity is assumed as ten million yen. This is assumed based on the
information collected by hearing at the Fire Departments of Osaka City and Tokyo City. The computation
process of annual seismic fire risk is presented in Fig, 3.

One of the example of computed results is presented in Fig. 4. As can be seen from this figure, the annual
seismic fire risk is rapidly reduced as the number of aseismic fire cisterns increases from two to four. This
reason is considered as follows : In the present case study 500 meters square is considerd as the unit area,
then two aseismic fire cisterns of 100 m® capacity means 50 m® water supply per 250 meters square, which is
not enough for more than two fire-engines as already mentioned. As this consequence the spreaded fires in
this zone can not be extinguished. However if four aseismic fire cisterns are planned in 500 meters square,
100 m® water supply is available for fire-fighting in 250 meters square. This may be enough for extiguishing
the spreaded fires in the concernd zone. Of course the efficiency of fire risk reduction depends on the land
use, number of inflammble houses, soil conditions at the site and also on the strength of houses. Therefore
if these conditions are changed the fire risk reduction efficiency will be changed.

The optimal number of aseismic fire cisterns to be planned in 500 meters square is shown in Table 6§ for
various values of social discount ratio and monetary value of unit area of burnt out floor. From this

table followings are concluded :
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Objected  Region

§

1

Social & Economic conditions

Natural conditions

Land use, Area of buildings,
Road vidth etc.

F regquency of earthquake,
Subsoil, Wind velocity etc.

L

T

I

b

Number of aseismic fire
. cisterns per a zone
Estimation of burni area per a zone

l Model for fire break out ]

{

l Model for fire spreading l

1

I Bunrt area -‘

Probability of v
Probability of s

Annual expected burnt area

I Unit cost of burnt area J-—ﬂ

lAnmal foss of fire due to earthquake I l Construction cost J
[

Years of planning

no

Minimum:
Present value
of total risk

Fig.3 The computation process.

— o )]

[

S

o

2

~ s00{ @

t

"

<

(5]
@ TOTAL RISK
@ LOSS OF FIRE
@ CONSTRUCTION

COST
0 2 4 6 8 10

NUMBER OF ASEIMIC FIRE CISTERNS(PER A MESH)

Fig.4 The relationship between cost and number of
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1) The optimal number of aseismic fire cisterns is little
influenced by social discount ratio.

2) The evaluated monetary value of unit area of
burnt-out floors does not affect linearly on the optimal
number of aseismic fire cisterns,

5. CONCLUDING REMARKS

In planning and design of an engineering system where
risks are potentially included, risk identification and its
estimation are fundamentally important as well as risk
evaluation. The present paper focusses on the seismic fire
risk which potentially exists in urban area, and presents a
method to plan the number of aseismic fire cisterns using
Decision Theory.

Firstly, decision tree for aseismic fire cisterns planning
is developed.

Secondly the annual seismic fire risk is formulated based

on this decision tree, and finally location planning itself is formulated. In the previous works by Scawthorn
etal. (1982), the role of land use pattern and fire-fighting activities to reduce the seismic fire risk was not
clear. However the present paper formulate it in an explicit manner in the fire-spreading model and given

conditions.

From the case study for Osaka city area, followings are concluded :
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1) Optimal number of aseismic fire cisterns is little affected by social discount ratio, and it does not
incerase proportionally to the increase of monetary value of unit area of burnt-out floors.

2) Case study shows that four aseismic fire cisterns of 100 m* capacity per 250 meters square are
appropriate for Osaka city, This coincides with the standard introduced by Tokyo city (1979), which has
been determind taking into account that the available area for one fire-engine is about 62 000 m® (this is
approximately equal to the area of circle with radius 140 m), and that about 40 m® of water is used for usual
fire-fightings. Taking this into consideration it can be said that rationality of the standard used by Tokyo
city may be examined through same computation as is carried out in the case study for Osaka city.

In order to make these as fruitfui conclusions further studies for the following problems remained for
future should be made :

1) Sensitivity of the scale of zoning,

2) Interaction among unit zones,

3) Availability of fire-hydrants equipped to water supply pipelines after earthquake shocks of verious
intensity.

4) The optimal number of fire cisterns depends on the characteristics of unit zone such as soil condition
and land use. Thus, the model should be extended to determine the defferent number of fire cisterns at
defferent zones taking into account of the interactions among zones,
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