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ABSTRACT

The several that many fires occurred simultaneously at the time of the Kobe earthquake in
1995 became urban area fires. Thereupon, we analyzed the fire spread situation of urban area
fires of Kobe city in this research. We used the data that was obtained by Fire Department of
Kobe city and Tokyo Fire Department. The fire data that we analyzed has over about 10,000
m of burn-out area . It is as a future research theme about the fire spread condition which fire
fighting water is considered. The fire spread model that considered burn-out area, fire front
length and also the fire spread speed, were examined in this paper.
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INTRODUCTION

There are several researches of the fire spread speed formulas such as Hamada[1], Horiuchi[2],
Yasuno/Namba[3-11], Tokyo fire department[12],Itoigawa[13] and so forth. Here, we
explain about the model of authors that has applied for the usual fire.

First of all we thought a polynomial expression as a relation between burn-out area (A:
mi) and time (x : min) . When the degree of a polynomial expression was analyzed by a
method called MAICE (Minimum AIC Estimation[14]) by using the fire experiments of data
of Saganoseki real house group [15], it was understood that 3-degree equation is proper.
MAICE is a statistical method that may be use when we decide the number of degree of a
regression equation[16]. The statistic model that a value of AIC (Akaike information
criteria) becomes minimum is optimum. By the way, it should be a monotonous increase
function for a nature of expression from a viewpoint of fire phenomenon. However, there
are some cases that it is not possible to satisfy this nature by a polynomial expression.
Thereupon, we have proposed an application of a logistic curve as the representative
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function of S curve of the monotonous increase function. Parameters of a logistic curve is
the same number as 3-degree equation. Furthermore, it was understood that the logistic
curve was matched by the data than 3-degree equation when sum square of residual was
compared. The logistic curve as shown in eq.(1) is an nonlinear form regarding with
parameters. Accordingly, initial values need to be given to parameters in order to calculate.
And there are some cases that do not converge. However, each parameters can be gotten
with quite a lot accuracy by the graphical method[5]. Substituting these values in eq.(1),
each value can be gotten by the nonlinear least square method. On the other hand, the
logistic curve is a solution curve of the self catalyst reaction equation in a simple molecule
catalyst reaction. It seems good as the fire spread model from resemblance nature of the
diagram. In other words, the relation among burn-out area (A :nf), architecture area (G :1)
and also time (x : min) is indicate as dA/dx=A (G-A) A, where, A is a proportion constant.
And we can integrate this equation, putting with A G=a. Making burnt-out time xs(min),
the model that satisfied the boundary conditions as A=0 at the time of x=0 and also A=G at
the time of x=x; iseq.(1). We have grasped the situation that a top of fire is going to spread
from the point of fire-outbreak like this. In other words, the fire spread model equation of a
wooden building of the fire spread process of the case that does not accompany a fire fighting
activity becomes generally S curve like real line of FIGURE 1. The fire spread model that
substituted from eq.(1-a) to eq.(1-f) in eq.(1) can express as the usual real urban fire in Japan.
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where, A : burn-out area (i), x : progress time from outbreak of fire (min), G :
architecture area of a house ( or architecture area of a building group, A=G), v: wind velocity
(m/s), n:coefficient ; generally, it becomes about 1.3 <n < 2.
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FIGURE 1 Comparison with burn-out area FIGURE 2 Fire spread movement figures
of houses (@’V@) and that of summing up of Survey area 1[19]

by the fire experiments of real house groups of

Saganoseki and a fire spread speed formula

€q.(1) and also a Horiuchi formula (Ay)

Each coefficient n, €, a, ¢, a; and c; from eq.(1-a) to eq.(1-f) was gotten from the
usual real fire data of K city. Application ranges of eq.(1) are 0=v=10 m/s, S0=G=1500
nd, x<90min, average building-to-land ratio from 50 to 60% to use well accuracy . ~Also, as
it understands from eq.(1) that ( G—large, a, —>small), (v—large, a; —large) and (a, —large,
c;—small). There are some cases that become A;>A, in spite of G;<G, in an early
period. In those cases, because this is conceivable as the error that appears on a nature of
curve, it makes it a rule to use such case as A,=A ;. One point chain line of FIGURE 1 is a
curve of the case that suppresses it by discharge activities for three units of fire fighting pump
automobile in Japan.

As an example, each logistic curve from D to @ and the whole and also a model of
Horiuchi (Ay) are shown to FIGURE 1 as the fire experiment of the Saganoseki real house
groups (4 houses) data and the fire spread speed model by authors. The model of Horiuch
that transformed Hamada's becomes to decide large like a diagonal part and becomes two
degrees expression regarding with time. Like this, eq. (1) matches to building fires of
recent Japan for the most part.

Also the fire spread model of the fireproof structure system was obtained from the fire
data of Kobe city and this is shown in eq.(2).

G

A= 2
1+ expf-a- (x-b)} @
a=436G""" (2-a)
b = 4.98G"" (2-b)

where, x: progress time from outbreaks of fire ( 5=x=90 min,), G: architecture area of one
division or one house ( 5=G=300m).
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DATA TREATMENT

Large-scale fires are shown like TABLE 1 at the time of the Kobe Earthquake by Fire
Department of Kobe city and Tokyo Fire Department. It decided that a line was grasped
precisely for the most part at the time of the fire spread as a result of hearing about survey area
from 1 to 6 and from 8 to 9. The fire spread movement figure of TABLE 1 is decided that it is
under investigation in a present stage about survey area 7, 10 and also 11. It is excluding
from the analysis areas with survey area 7, 10 and also 11 under surveying at present, because
there is a little indistinct point about survey area 9 as a result that each survey area is
examined about the fire spread movement figure.

Also, examining the fire spread movement figure regarding each survey area it was
analyzed and a partially indistinct place was excluded. Specifically, fire number ® is
making 17,5371 in 58,3721 an object. Also, it was analyzed as 51,5931 in 69,005m1
about survey area 6. Furthermore, the burn-out area was included the site and also the street.
We would examine based on the survey areas of TABLE 1.

The fire spread movement figure of survey area 1 is shown to FIGURE 2 as a example
of TABLE 1. Measuring burn-out area at each time by a computer from these fire spread
movement figures, the analysis data was produced. And the relation between burn-out area
and time has been solved by the non-linear least square method.

Records of wind velocity at Fire Department of Kobe city (Sannomiya) was used.
Average wind velocity was from about 0.0 to 6.1 m/s at that day. The building distribution
situation figure by the Kobe earthquake disaster damage urgent survey that the City Planning
Institute of Japan and also Architectural Institute of Japan investigated the complete collapse
rate that shows it here, is the damage of the destruction town ward by fire that was estimated
from a periphery town ward. It was shown as the complete collapse rate (complete collapse
or serious damage) of building below the 2nd floor that wooden or the fire prevention wooden
building occupies majority. The burn-out area, the average wind velocity and complete
collapse rate of each survey area are shown to TABLE 2.

ANALYSYS AND RESULTS

In this research, fires of the case that is over about 30% collapsed of wooden, fire prevention
wooden and also fireproof structures were analyzed. The result that applied eq.(1) in each
survey area here is shown to TABLE 3. This result has been solved requesting by the least
square method. The coefficient of correlation is about 0.98 and it is matching well.

The relation between burn-out area (A:111) and time (x: min) of survey area 1 is shown
to FIGURE 3 as an example. As shown in eq.(1), the burn-out area will be gotten by these
each coefficient from TABLE 3 because it is able to calculate by knowing each coefficient of
(G+n ' €),a and also c;.

The relation between G+n - € and (G/v) was analyzed as

Gin - £=0431(GN)  (R=0.906) 3)
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TABLE 1 Burn-out area( by Tokyo Fire Department and Fire Department of Kobe city)

Survey Fire Fire Burn-out Burn-out {Survey Fire  Fire  Burn-out Burn-out
area number number area area mi | area  number number area area i
off19]  of[17] (total) of[19] of[17 (total)
9 6 7 45,687
® 13 111,440 ® 6 23,318 | 69,005
1 14
7| © 3 94,889 | 94,889
® 1,700 | 113,140
8| @ 7,188
(©) 5 19,750 ® 11 10,000 | 17,188
2 |® 12 17,080 | 36,830
9 ® 1 29,960 | 29,960
3 |® 8 58,372 | 58,372
10 ® 7,970 | 7,970
4 |® 10 30,681 | 30,681 11| @ 4,800 | 4,800
5 @ 4 39,200 | 39,200 Total of all survey area 502,035

TABLE 2 Burn-out area, average wind velocity
and complete collapse rate of each survey area

Survey Burn-out Average wind Complete collapse

area area(rr) velocity(m/s) rate of houses
1 111440 1.57 0.714
2 36830 1.18 0.667
3 17537 0.95 0.460
4 30681 1.96 0.309
5 39200 0.89 0.485
6 51593 0.92 0.431
8 10427 1.64 0.587
Mean b 1.30 —_

where, 10,000<G<120,000 mi and wind velocity v is O<v<6 m/s by data. The result is shown
to FIGURE 4. The coefficient of correlation is 0.906. Also, it needs to be calculated and
needs to be substitute as v=0.01 m/s , because it becomes (G+n * € )0 in the case of
wind velocity v=0 in eq.(3).
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FIGURE 3 Relation between burn-out area and time of survey area 1

Furthermore, although n * € is calculated by substituting G and also v of TABLE 3 in
€q.(3),n - € =0 is made if it becomes n * € < 0, because it shall ben - € =0. For instance,
because it is G=111,440 1, v=1.57 m/s from TABLE 3 in the case of survey area 1, it is
calculated with (G+n €)=103,314, n * € =—8,125. Therefore, it needs to be made (G+n *
€)=G=111,440 mi.

Considering the complete collapse rate (D) from eq.(1) about a 1 , it is able to indicate
as a function of (1-D) v/G . The result is shown to FIGURE 5. R as shown in eq. (4) is
0.973 and it is a fairly good correlation. In the case of wind velocity v=0 , it needs to
calculate as the wind velocity v=0.01 m/s similarly of (G+n * €).

517
a,=2.28x10% {(1_—_(1;)_)3} +0.0114 (R=0.973) @)

where, D is the value of complete collapse rate as a range about 0.3<D<0.7.
Assuming that it is able to indicate as a function of (G/v) from eq. (1) about ¢, the
analyzed result is shown to FIGURE 6. The relation is followed as
-41 9. 00
c,;=1.35X10 (GHv) +88.7 (R=0.945) 5)
R=0.945 and it is a fairly good correlation. Because it becomes ¢, >0 in the case of wind

velocity v=0 (calm), it needs to be calculated as the value about 0.01.
Next, itis able to indicate as

c,;=[loge {m, almz (G+n - €)})/a,

as shown in eq. (1-f), and then
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exp(a; * ¢)(G+n - €)=m, a, D2 .

It is able to indicate like FIGURE 7 from TABLE 3 and R=0.998. It has been understood
thatc,, a; and also (G+n ¢ ) is followed as

exp(a; * c)(G+n - £)=583a, (R=0.998) (6)

If the value of TABLE 2 is substituted in eq. (3)~eq. (5) about each survey area, (G+n * €),
a; and also c; canbe gotten. TABLE 4~TABLE 6 were indicated these coefficient every
(G+n - €),a;,c; abouteach survey area. FIGURE 8 is an example of survey area 1.

As it is understood from TABLE 4 that inside values of parentheses needs to be used
for a prediction value of (G+n - € ) in survey area 1, 4 and also 8 .

a; is about 0.0114~0.0626 of TABLE 5 (average wind velocity about 1.30 m/s of all
survey areas). In the case of the Saganoseki real fire experiment[3, 5] , a;=0.143~0.460
under G = 150 m and a;=0.150 under G=804 mi(the average wind velocity was about 1.8
m/s). When we observe it in comparison with a, at the time of the fire experiment of
Saganoseki, it becomes small with about 1/13~1/7. It seems to be the reason that the
completely destroyed rate is about 30~70% and that average wind velocity was rather than
small.

Coefficients of correlation between estimation values and measurement values of burn-
out area are survey area 1(0.979), survey area 2 (0.755), survey area 3 (0.996), survey area 4
(0.897), survey area 5(0.999), survey area 6 (0.961) and also survey area 8 (0.993) and
coefficient of a whole is 0.984.

A prediction model that substituted eq. (3), eq. (4) and also eq. (5) in eq. (1) like this
is shown as in eq. (7).

Ao G+n-¢ G+n-¢
1+ exp{-a, -(x—cl)}_ 1+exp(a-q)

™)
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TABLE 3 G+n* €,a,,c; and R of each survey areas

Survey Valueof  Value of Value of Multiple correlation
area G+n e a. [ coefficient R

1 122820 0.0071417 706.700 0.944

2 39445 0.0087452 232.830 0.998

3 31872 0.0084954 46.654 0.999

4 32458 0.0186480 185.550 0.998

5 55638 0.0127660 109.500 0.999

6 53257 0.0205310 166.860 0.999

8 10675 0.0626170 86.864 0.999

TABLE 4 (G+n* € )of each survey areas

Survey Valueof  Value of Value of Multiple correlation
area G+ne a. Cc1 coefficient R

1 122820 0.0071417 706.700 0.944

2 39445 0.0087452 232.830 0.998

3 31872 0.0084954 46.654 0.999

4 32458 0.0186480 185.550 0.998

5 55638 0.0127660 109.500 0.999

6 53257 0.0205310 166.860 0.999

8 10675 0.0626170 86.864 0.999
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TABLE 5 a; of each survey areas TABLE 6 c,; of each survey areas

Survey Value Estimation Complete Survey Value of Estimation

area of value collapse area TABLE3 value
TABLE3 from eq.(4) rate from eq.(5)

1 0.0071417 0.0114 0.714 1 706.700 708.0

2 0.0087452 0.0114 0.667 2 232.830 89.0

3 0.0084954 0.0123 0.460 3 46.654 88.7

4 0.0186480 0.0183 0.309 4 185.550 88.7

5 0.0127660 0.0114 0.485 5 109.500 97.1

6 0.0205310 0.0114 0.431 6 166.860 163.0

8 0.0626170 0.0626 0.587 8 86.864 88.7

(G 111
G+ne= 0.431\—) (R=0.906) (7-2)
\4
517
a, =228x10% {(1—16%} +0.0114 (7-b)
(R=0.973)
9.00
¢, =135x%107" (G) " 4387 (R=0.945) (7-)
\y

where, as for G: 10,000<G<120,000 m,wind velocity v:0<v<6 m/s, complete collapse rate D:
0.3<D<0.7.

It is difficult that statistics processing are carried out because the data number is small
as of now, to incorporate each factor to a model, although it is conceivable that it should

T T T T ' j
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€ —e— @ : Fig.3 50
s R @ : estimation
& 80000 i
" i 4
?
£ 40000} ]
2
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0. PP
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FIGURE 8 Correlation between estimation value and real value of survey area 1
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consider change of building structure, characteristic data of an area, for example a
composition rate of effect/structure of the change/noninflammable range of a building-to-land
ratio.  Also, the consideration with regard to an effect of a fire fighting activity is
conceivable as necessity and we are collecting such data at present. It is as a future theme
that we should consider urban characteristics and fire fighting condition of the survey area in
detail, although they are reflecting as in coefficients n, €,a; andc,; ineq. (7) as of now.

The relation between fire front length (S:m) and burn-out area (A:111) of urban area fires
in the Kobe Earthquake is shown to eq. (8).

S=1.11A%% (R=0.958) ®)

where, burn-out area A is about 10,000<A<120,000 1.
The similar relation of usual fire in Kobe city is followed as

$=3.88A%% (R=0.870) )

Eq.(8) is agreeing with eq.(9) very well like FIGURE 9.

Next, the average fire spread speed (V:m/h) is indicated as V=(dA/dx)/S, where, the fire
front length (S) of eq.(8) will be used. The spread speed V of survey area 6 is shown in
FIGURE 10.

The maximum fire spread speed of the measurement (@symbol) and the average fire
spread speed (dashed line) that analyzed from the fire spread movement figure, has been
shown at FIGURE 10. The real line that was drawn 4.5 times the size of the average fire
spread speed is also shown in FIGURE 10. Maximum value of the measurement is from
about 4 times to about 5 of the average .

Now, the value of fire spread in this case is compared with the one of the big fire of the
usual time in Japan. It is from 180 m/h to 190 m/h in the past big fire of Japan[2] when the
wind velocity is 1.3 m/s, although the maximum value of fire speed is about 115 m/h at the
time of the Kobe earthquake in this time. Also, the average of maximum value of fire spread
speed is from 80 to 100 m/h in statistics value in the past, although the one of this time is from
40 to 50 m/h[2]. This reason is conceivable as a cause of a temporal change of building
structure, collapsed etc..

CONCLUSIONS

1. The fire spread speed model that considered the complete collapse rate at the time of the
Kobe earthquake has been indicated in eq.(7). Correlation coefficient of eq. (7) is 0.984 and
the real fire data is agreeing fairly well. But the analysis does not take into account building
density or other factor, so that the results would only appear to be relevant to urban situations
very similar to Kobe city.

2. The parameter al is from 0.0114 to 0.0626 under G=10,000~120,000n1, complete
collapse rate D=30~70%, average wind velocity v=1.3 m/sec, as shown in TABLE 3 and
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also TABLE 6. It is 1/13~1/7 in comparison with a1=0.143~0.460 of the experiment
result of the real house group of Saganoseki (G=150~804111, D=0, v=1.8 m/s).

3. The fire front length of urban fire at the time of the Kobe earthquake has been able to
indicate like FIGURE.10. Eq.(8) and eq.(9) are same for the most part. Therefore, the fire
front length of the earthquake is not different from the one of the usual fire.

4. It has been shown that the fire spread speed V can be gotten by burn-out area A, i.e. dA/dx
and fire front length S.  And in this study, the maximum fire spread speed of measurement is
from about 4 times to about 5 times of the average .
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