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Fig. 1 Schematic illustration of collapsed part of
mound.
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Fig. 2 Radial cross section.
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Report of Fire Rescarch Institutc of Japan No.47 (1979)

Estimation of Stress in an Annular Plate of
Cylindrical Oil Storage Tank on a Partially
Collapsed Mound

(Abstract)

By Asamichi Kamei

(Received November 29, 1978)

For a cylindrical oil storage tank with partially collapsed mound, bending stress of the
annular plate is estimated, and compared with that on a mound without collapse.
From the analysis, the following conclusions are obtained.
(1) The maximum bending stress (0 bm ) for annular plate appears along the Tjunction.
(2) The larger the area of the collapsed mound, the higher is the o pm.
(3) The oprm is reduced effectively by increasing the thickness of the annular plate.
(4) The gym increases linearly in proportion to the oil level and the diameter of the tank.

(8)
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Report of Fire Rescarch Institute of Japan No.47(1979)

Probability of Fire Spread in Urban Fires
and their Simulations

Hiroaki Sasaki and Tadahisa Jin
(Received November 30, 1978)

Simulations of urban fires were tried as an application of probabilistic “Percolation
Theory™.

By classifying the Fire Incident Reports in Tokyo by building constructions (wooden con-
struction, slow burning construction, fire-proof construction) and wind conditions (velocity,
direction), the probability of fire spread was obtained as a function of distance between build-
ings.

The application of the probability to the actual residential area in Tokyo can estimate the
number of burnt buildings per fire incident there, which is found to largely depend upon the
building construction ratio.

1. Introduction

An application of probabilistic “Percolation Theory”" to fire spread modeling was tried
by a research group of ““Statistical Study of Propagation of Hazard”.

The authors took charge of getting the actual probability of fire spread and obtained it
by examining the Fire Incident Reports in Tokyo. Further, by using the data, the urban fires
were simulated and the averaged number of burnt buildings per fire incident was estimated.

2. Probability of fire spread
Besides the distance between buildings, the following items may be supposed as the main
factors which have some effect upon the probability of fire spread.
— building construction (wooden constructin, slow burning construction, fire-proof
construction)
— building size and shape, window area, number of windows
— indoor construction material
— furniture
— wall, fence
— garden, tree
— weather
These factors may facilitate fire spread or check it, according to circumstances. Taking the
building construction as the parameter, the probability of fire spread was gotten as a function
of distance between buildings under certain weather conditions.

(10)



2.1 How to get the probability of fire spread
1) Weather condition
According to “Statistics of Fire Incidents in Tokyo (1972)”?), as shown in Fig. 1,
a overwhelming major portion of building fire incidents are in the winter season. Fig. 2 is a
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Fig. 1 Building fire incidents and burnt buildings

Fig.2 Averaged temperature and humidity in Tokyo
in Tokyo (1972)

(1941 — 1960)

graph of monthly averaged value of temperature and humidity in Tokyo®. Two mean tem-
peratures of January and February are nearly equal and two mean humidities of the same two
months are so too. The case is the same in December and March. As the differences of tempera-
tures and humidities among the four months are 3°C and 8%, respectively, and these months
may be regarded as averagedly homogenious in the weather. The Fire Incident Reports in

Tokyo during the winter season over 3 years of 1971, 1972 and 1973 were surveyed, and the
fire incidents were classified.

2) Adoption of data

Among the cases of building fire incidents in the Reports, those fulfilling one of the follow-
ing requirements were adopted.

a) totally burnt, the burnt area over 50 m®

b) partially burnt, the burnt area over 50 m?

In this case the adoption of data was decided in consideration of the circumstances (ex. 1,
ex. 2). The upper part of ex. 1, and ex. 2 where the possibility of fire spread to neighbouring

Ex. 1 Partially adopted Ex.2 Not adopted

D Burnt part

b~ (center of the building)
)Adop!ed @
W '

(11)




buildings seems to be zero were not adopted.

¢) the first neighbouring burnt buildings

Considering the proper characters of the Reports, the adoption of the first neighbouring
burnt buildings only is reasonable, for the unburnt buildings whose number increases as their
distances from the origin of a fire increases tend not to be written in it (ex. 3).

d) In case the building from which a fire broke out faces several buildings, the buildings of

the same construction among the latter were treated as one buiding (ex. 4).

Ex. 3 First neighbouring buildings adopted Ex. 4

Unrecorded buildings
L " EWooden
/ r\‘—(( ¥ {}One building
. L 1 | 1 @unden

L——1 )
Origin IMnrtar
1 E:V;’noden

Origin—m

}Onc building

i G EW«)oden

. a

. []
/

Adopted

(\ X 3
\ Burnt buildings

The building constructions were classified into 3 groups: wooden construction, mortar
construction (slow burning construction), concrete construction (fire-proof construction). Very
few cases where fires broke out in concrete buildings or spread to concrete buildings were
found. From the above-mentioned result the possibility of fire spread from or to concrete
buildings was presumed to be zero.

f) The wind velocity in the course of fire spread was assorted into 2 groups: 0 — 2.5 m/s,
2.6 — 5.0 m/s. In the former case, the fire spread is assumed to be undirectional (isotropic) and
as to the latter case, the data were assorted into smaller groups according to the directions of
fire spread: the windward direction, the leeward direction, the direction perpendicular to that
of the wind (the sideward direction). The fire incidents in which the wind velocity is larger than
5.1 m/s were excluded from the classification for their small number. The percentage of the
building fire incidents at the wind velocity below 5 m/s to the total building fire incidents is
73%.

2.2 Findings

The results of choice and arrangement of the fire incidents satisfying the above-mentioned
requirements were tabulated in Tables 1 through 4. Figures 3a through 6d show the probability
according to different parameters: the wind velocity, the direction of fire spread, the building
construction. The number of the fire incidents adopted is shown in Table 5.

When the number of the burnt buildings is put as i, and that of unburnt ones as j, the
probability P of fire spread is expressed as i/(i +f).

The data were divided by every meter of the distance between buildings or every 2 m or
more in case few data were found.

(12)



Table 1 Probability of fire spread at the wind velocity 0 — 2.5 m/s

Distance to neighbouring buildings (m)

0 ~1.011~20]21~30]31~40[41-50{51~60]6.1-~80
Wooden|Burnt 95 51 30 26 15 11 8
[0 |Unbursnt 19 25 24 14 16 13 22
Wooden|Probability] . 83 .6 7 .56 .65 48 46 .27
Wooden{Burnt 31 21 11 15 6 3 7
0 {Unburnt 10 8 8 9 9 11 15
Mortar|Probability| .7 6 .72 58 .63 .40 .27 3 2
Mortar|Burnt 15 8 5 3 1 —
{0 [Unburnt 9 11 10 8 11 —
Wooden| Probability| . 6 3 .42 .33 .27 09 —
Mortar|Burnt 38 18 10 3 1 0 —
[ |Unburnt 17 22 11 10 14 7 —
Mortar|Probability! . 6 9 45 18 .23 .07 00 —

Table 2 Probability of fire spread in the leeward direction at the wind velocity

2.6 —5.0m/s
Distance to neighbouring buildings {m)
0~1.0]1 1.1~20021~30]31~40]| 41~50]|51~6.0|6.1~8.0

Wooden{Burnt 26 19 10 8 5 3 6
ﬂ Unburnt 2 3 5 5 1 2 9
Wooden|Probability 93 .86 67 .62 83 60 .40
Wooden|Burnt 21 13 3 8 2 5
ﬂ Gnburnt 0 3 2 5 2 5
Mortar|Probability | 1.0 O .81 LT .6 2 50 50
Mortar|Burnt 6 4 — 2 1 1
Unburnt 3 3 — 1 2 3
Wooden|Probability| .6 7 5307 - .67 .33 .25
Mortar|Burnt 17 6 9 1 1 1
D Unburnt 4 6 3 1 1 3
Mortar|Probability| .81 5 ¢ 75 50 .59 .25

Table 3 Probability of fire spread in the sideward direction at the wind velocity

26 —5.0m/s
Distance to neighbouring building {m)
0~10|11~20]21~30}31~40]|41~50]51~60) 6.1~8.0
WoodenBurnt 39 38 19 6 9@ 5 —
0 Unburnt 11 6 9 5 6 6 —
Wooden|Probability 78 .86 .68 .55 60 45 —
Wooden|Burnt 30 9 11 3 3 —
U Unburnt 4 3 5 5 6 —
Mortar|Probability 88 6 4 .69 .38 .33 -
Mortar{Burnt 7 5 3 1 o 0 -
U Unburnt 5 4 2 2 1 4 —
Wooden|Probability 58 5 6 .60 .33 .00 04U —
Mortar|Burnt 38 8 5 2 0 —
ﬂ Unburnt 17 4 5 6 2 —
Mortar{Probability 69 .67 .50 .25 00 —
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Table 4 Probability of fire spread in the windward direction at the wind velocity

2.6 — 5.0m/s
Distance to neighbouring building [(m}
0~10[1.1~20]21~30131~40][41~50]51~60{6.1~80

Wooden|Burnt 23 20 8 6 6 3
U Unburnt 6 5 6 6 6 7
Wooden|Probability| .79 .80 .57 .50 .50 .30
Wooden|Burnt 14 9 7 2 3 2
0 {Ueburnt 4 6 4 2 6 4
Mortar|Probability| . 78 .60 .6 4 .50 .33 .33
Mortar|Burnt 6 i 1 — — —
U. Unburnt 2 6 7 — — —
Wooden|Probability | .75 .14 .13 — — —
Mortar{Burnt 14 5 1 2 0 0 —
»U« Unburnt 4 7 3 10 2 3 —
Mortar{Probability| .7 8 .42 .25 17 L0 .00 -
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Table S Number of fire incidents adopted
Year 1971 1972 1973
Total
Month 1 2 3 12 1 2 3 12 1 2 3
Wind 8-25 mos| 21 19 23 19 11 7 17 17 2] 17 16 191
velocity [96-50 m’s| 18 32 17 19 24 11 10 10 18 17 24 215

The probability P of fire spread is expressed as a function of the distance between buildings
d as follows, considering the following conditions

a) P=1whend=0,

b) Radiation from a fire decreases in inverse proportion to the square of distance and when

(19)




the temperature of the building receiving radiation is less than the threshold temperature of
ignition, fire spread is impossible.

¢) Brands which are another cause of fire spread are known to be effective even at a
distance.

The simplest exponential function exp (—cd) were taken as the probability function and
the values of parameter ¢ were obtained by the least squares method.

C-values obtained in this way were tabulated in Table 6 according to the building construc-
tions and the wind velocity.

Table 6 C-values by building construction and wind velocity

Wind velocity 2.6~50 ms
Building 0~25 m's
construction Leeward Sideward Windward
Wooden —a= Wooden 0.18 011 0.1 4 019
Wooden —m= Mortar 0.19 0.1 1 0.2300.151 0.20
Mortar —== Wsoden 0.50 01y 0.4 0 0.88(0.62)
Mortar —= Mortar 0.46 0.16 0.36 0.58
See the text as to the values in parentheses

The table may tell that two sorts of fire spreads, from wooden building to wooden one,
and from wooden building to mortar one are equivalent, and other two sorts of fire spreads,
from mortar building to wooden one and from mortar building to mortar one, are equivalent
too.

According to Table 6, c-values of fire spread from wooden building to wooden one and
from wooden building to mortar one are 0.18 and 0.19, respectively, at the wind velocity 0 —
2.5 mfs. At the wind velocity 2.6 — 5.0 m/s, the c-values are 0.11 and 0.11 in the leeward
direction, 0.19 and 0.20 in the windward direction, respectively. But in the sideward direction,
they are somewhat different such that 0.14 and 0.23, respectively. In this direction, however,
the data in Table 3 is deficient in number and unreliable. Considering that the c-value in the
sideward direction should lie between those in the windward direction and in the leeward
direction and that the c-value from wooden building to mortar one should be equal to or more
than that from wooden building to wooden one by 0.01, the c-value from wooden building to
mortar one at the wind velocity 2.6 — 5.0 m/s in the sideward direction may be estimated at
about 0.15. In the same way, comparing the c-values from mortar building to wooden one and
from mortar building to mortar one, they are 0.50 and 0.46 at the wind velocity 0 — 2.5 m/s,
and at the wind velocity 2.6 — 5.0 m/s, 0.19 and 0.16 in the leeward direction, 0.40 and 0.36 in
the sideward direction, respectively. Then two c-values may be regarded as almost the same.

In the windward direction, they are a little different such that 0.88 and 0.54. In this case
too, examples from mortar building to wooden one are too small in number and unreliable
(Table 4). The c-value from mortar building to wooden one is larger than that from mortar
building to mortar one by 0.04, and 0.62 may be reasonable as the c-value from mortar building
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to wooden one at the wind velocity 2.6 — 5.0 m/s in the windward direction.

As for the differences of c-values by the constructions of the building burnt by fire spread
in case the buildings from which fires originated are wooden, the c-value of the mortar building
is equal to or larger than that of the wooden building by 0.01 and in case the buildings from
which fires originated are mortar, conversely, the c-value of mortar building is smaller than that
of wooden building by 0.04. But the percentages of the differences of ¢-values 0.01 and 0.04 to
their absolute values are about 5 and 10% and not an appreciable difference, considering the
accuracy of the probability of fire spread.

In short, a mortar building on fire is not easier to spread fire to neighbouring buildings than
a wooden building on fire, and in case of catching fire a mortar building is nearly equivalent to
a wooden building.

2.3 Characters of probability of fire spread

The characters of the probability may be evident by considering how to get the proba-
bility, but it is not needless to ascertain them, because the limit of application of it would
become clear.
1) Averaged features

The probability inevitably has the following three averaged features which may be clear
from how to get it. First; as fire incidents occurred during four months were adopted, the
probability are weather-conditionally averaged. Second; the probability was got from fire
incidents occurred in Tokyo which has a great area, and so the probability does not show the
local features of fire-occurring places. Third; the adopted incidents extended over 3 years
during which Tokyo may have changed, and so the probability are averaged in time.
2) The tendency of the probability of fire spread

The Fire Incident Reports are originally the records of burnt things, and unburnt buildings
are apt to be neglected and not to be recorded in them. This causes the obtained probability to
be larger than the real one. As the distance from the building which started a fire increases, the
number of surrounding buildings increases and the number of unwritten buildings also in-
creases. As a natural result, the probability at a larger distance can be larger than the real one.
On the other hand, when a building is on fire, fire fighting is active, and water is poured not
merely on burning buildings, but also on surrounding unburning ones to prevent fire spread.
This leads to the smaller probability than the real one. It is impossible to separate this effect of
discharge from others.
3) Burnt area

The number of burnt buildings is less than several in most of examples recorded in the Fire
Incident Reports. The probability gained above is inapplicable to large-scale fires which
naturally have the larger probability.
4) Probability and fire spread velocity

The probability gained can only decide whether the fire spread is possible or not, and no
relation between the probability and the time required for fire spread is gotten.
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5) Weather

The data were classified according to the weather conditions recorded in the Fire Incident
Reports. They were observed in the meteorological observatory of Tokyo or in fire stations.
Places and times of observation are mostly far from those of outbreaks of fire, therefore the
weather conditions recorded do not necessarily coincide with those of the spots. For the
reason, data assorted by the windward direction, the sideward direction and the leeward direc-
tion may be partly mixed together, and data classified by the wind velocity are so too.
Consequently, the differences of the probability of fire spread by the wind velocity and the wind
directions are smaller than real ones.

3. Simulation of urban fires

When one simulates urban fires, using the probability of fire spread gained as a function of
distance between buildings, one needs to know another factor, that is, the distribution of
distance d between buildings. Each district has its own distribution. The average value of d in
the district with low building-to-land ratio is large and that in a densely built-up district is small.
For a simple simulation, one can use the probability £ corresponding to the mode of the distri-
bution.

3.1 Distribution of distances between buildings
As types of residential districts in Tokyo, Wakamiya 1-chome, Wakamiya 2-chome and
Owada l-chome of Nakano Ward may be chosen. As shown in Table 7, the building-to-land

Table 7 Building construction ratio and number of
burnt buildings per fire incident

. Number of burnt buildings/incident
Building . .
Building
Town —to—land : S . .
atio construction Building Wind velocity
r
construction 0—25 m's 26—50 m's
Wooden 65% Wooden 5.8 230
Wakamiya Mortar 33% Mortar 3.1 1 1.4
55%
I—chome Concrete 2% Concrete 0 0
Total 3.9 348
Wooden 23% Wooden 0.3 1.0
Wakamiya Mortar 75% Mortar 1.6 3.4
52%
2—chome Concrete 2% Concrete [5} 0
Total 1.9 4.4
Wooden 52% Wooden 3.2 111
Owada Mortar 47% Mortar 2.9 101
56%
l—c home Concrete 1% Concrete 0 0
Total 6.1 2 1.2
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ratios of these town are almost the same, ie. about 55%%. Also, their ratios of concrete
buildings lie between 1% and 2%, meanwhile those of mortar buildings are about 20%, 50% and
70%, respectively. It is convenient to compare the influences of ratio of mortar buildings upon
the fire incident scale. The distributions of the distance between neighbouring buildings of the
towns gained according to Regional Construction Map of Tokyo# are shown in Figs. 7 (a)
through 7 (c). The distance means the minimum length of line connecting the walls of neigh-
bouring buildings. Data of distance more than 16 m are discarded.
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3.2 Simulations of fire spread

For simplicity of the simulation, the buildings are arranged in regular squares. Fire spread
was assumed to be possible in directions of nearest neighbouring buildings, i.e., 4 directions.
The number of buildings for the simulation is 441 = 21 x 21. A fire is assumed to break out
from the center (11, 11). The probability of fire spread weight-averaged by the distribution of
the distance between neighbouring buildings in the above-mentioned three towns (Table 8) was

Table 8 Probability of fire spread weight-averaged

by the distribution of the distance between buildings

Wind velocity

Town Building construction 2.6 5.0 ms
0 2.5 mvs
Leeward[Sideward|Windward

Wooden —== Wooden 0.4 4 0.6 1 0.50 0.4 2
Wakamiya| Wooden —e= Mortar 039 .53 0.4 5 0.37
I chome| Mortar —e Wooden 017 0.38 0.2 1 0.1 2
Mortar —e Mortar 0.30 056 0.36 0.26
Wouden —== Wooden 0.4 5 0.6 2 0.5 1 0.4 4
Wakamiya | Wooden — Mortar 0.3 3 0.48 0.39 0.31
2 chome | Mortar — Wooden 0.1 1 0.33 0.15 0.09
Mortar —= Mortar 0.19 0.4 4 0.2 4 0.15
Wooden —= Wooden 0.4 6 0.6 2 0.5 2 0.4 4
Owada Wooden —™ Mortar 0.39 0.5 4 0.46 0.38
I chome| Mortar —= Wooden 016 0.3 5 0.20 0.13
Mortar —= Mortar 0.2 6 0.5 3 0.32 0.21
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used. The building construction ratio was taken according to Table 6 and the arrangement of
buildings was renewed on every calculation. Procedures of calculation are as follows.

1) Decision of arrangement of building constructions by random numbers

2) Combination of neighbouring buildings leading to its probability of fire spread

3) Decision of possibility of fire spread from first burning building to neighbouring

buildings by random numbers

4) Decision of possibility of fire spread from newly burning buildings

5) Recurrence of the same procedure as 4)

One of results of calculations is shown in Fig. 8 (Wakamiya [-chome, wind velocity 2.6 —
5.0 m/s). The numbers enclosed with circles in Fig. 8 show the order of burning. M, Band T indicate
wooden, mortar and concrete buildings, respectively. The numbers O indicate unburnt ones.
Fig. 8 shows that buildings on the windward are unburnt, that fire spreads fanwise on the
leeward and attain the lower end of the figure. The results are shown in Table 7. The larger

4 KA SAI DENPAN NO SIMULATTION
Aok TATEMONO N O WARTIAI *x
MOKUZO . .. 0.653000
BOKA ... 0.333000
TAIKA ... 0.012000
MOMOMOMOBOBOBOMOMOBOBOMODBOMOMOBOMOMOBOBOMDSO
BOBOBOBOMOMOBOBOBOMOMOBOMOBOBOMOMOMOBOMOMDO
MOMOMOMOBOMOTOMOBOVMOMOMOBOBOBOMOBOMOMOMOMO
BOBOMOBOMOMOMOBOTOMOMOMOMOMOMOMOMOMOBOMOMO
MOBOMOMOMOMO BOBOMO MOMOBOMOMOBOMOMIDMO
MOMOMOBOBOGBOMOBOMEGO MOMOMOBOMODBOBOMOMO
BOBOMOBOMOBOBOEBOEBEGO MOMOBOMOBOBOTOBOMO
MOMOMOBOBOMOBOMOMO BOMOMOBOMOBOBOMOMEG
BUBOBOMOVOBOMOVOMOMOBOBOMOBOMOMOMOMOMOMOMO
MOMOBOBOMOMOMOMOMVOBOMOBOBOMOMOMOBOMOBOMOBO
BOMOMOMOBOMOMOMO ()manOMOMOBOMt)BOMOB()BO
\TON‘IOMOBOBOMQ}v[oM()@@@@B MOBOMOMOBOBOMOMOD
50\40BOBO\AOMOMOMO@“@MO@@M OMOBOMOMOM)
M o OMOMOMOBOBOBO@MO“.@”@@MOMOMO
vu)BOMOBoMOTOMOMOTowo..@Bosomososo
BOWOBOMOBOBO@@MOTOBO@BOMOMOMOM()MU
MOMOMOMOMOMOBOMO@@@@@MOBOBOMUM')MO
MOMOBOMOMOMOM()@Bo@@@@@BoMoMOBoMoBo
M()MOMOMOBOMQ\AQ.@@.“..MOMOBOMOMO
BOMOMOBOBOBG Bo@@@mo”“@BOMOMOBOMO
MOMOMOM MOMO@.@.“@“BomoBOMO\AUB()
*» TATEMONO NO MOETA WARTIATI x
MOKUZO .... 44 S Toleitii
BOKA L. 28 S 0.388889
TAIKA ... 0 ce..  0.000000
SHOSHITSU—KOSU-=72 / 441 .... 0.163265

Fig. 8 One of results of fire spread siinulation
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ratio of mortar building makes the number of burnt buildings smaller whether it blows or not.
The result shows a good possibility of a conflagration in Wakamiya 1-chome even at the wind
velocity 0.5 m/s where the ratio of wooden building is 65%. At the wind velocity 2.6 — 5.0 m/s,
the number of burnt buildings in Wakamiya 2-chome is much smaller than those in Wakamiya
1-chome and in Owada 1-chome, for the ratio of mortar buildings from which fire spreads with
smaller probability of fire spread is large. Burning patterns calculated are quite different from
each other and the numbers in Table 7 are the averages of 100 calculations. The number in Fig.
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Fig. 9 Frequency of burning of buildings in case fires
originate from the same building 100 times
(wind velocity 2.6 — 5.0 m/s)

9 shows how many times a particular building was burnt in so many calculations (in Wakamiya
1-chome, wind velocity 2.6 — 5.0 m/s). The distribution of buildings burnt more than 10 times
is almost egg-shaped on the leeward.
4. Considerations

As mentioned in §2.3, the probability of fire spread is of averaged character in the follow-
ing three points: weather condition, place and time. Therefore, simulations using the proba-
bility of fire spread do not always accord with actual fire incidents. It may seem much better to
classify the data into smaller groups, but it would make each classified data too small in number
and then unavailable in statistics. When fire incidents would be classified into smaller groups,

(26)



for instance, by the weather condition, it would be necessary to make the area wider or the
term longer for increasing number of data in the group. That is, the weather condition, the area
and the term have a kind of uncertainty relation with each other. These features of the proba-
bility make the results of the simulation just available for relative comparison of regional fire
danger.

The probability obtained in this way is on small fire incidents, and that on large-scale fires
is presumed to be much larger. Jin®) investigated in detail the record of the conflagration
accompanying the Kanto Great Earthquake of 1923 and got the probability for large-scale fires.
Tachibana® took into consideration the superposition effects of radiation from flames to
calculate the probability for large-scale fires.

The simulations using the probability of fire spread can get no ever-changing patterns of
fire spread. But if one comprehends changes in time of flame of burning building and of state of
ignition of neighbouring buildings, one will be able to find the probability as a function of
distance and time.
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