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PART 1

INTRODUCTION

A, Higtorieal Background

Fire has been uged in warfare since ancient times. Relatively
little sclentific and engineering effort was directed toward solving the
complex problems involvsd in the use of fire as & weepon, howaver, until
the German Air Force attack on England early in World War II. Then the
British attempted to apply to their own offensive air operatione the know.
lodgo gained in defense of their homeland against fire attack. Studies
along similar lines were made by the United States, and apparently excel-
lent coordination and exchange of information botween these allied natione
exigtod.

During the early phases of the war in Zurope, the principal tar-
gets were industrial plants and other important installations, Therefore,
the main objective was the direct ignition and dsetruction of the plante
or buildings rather than the spread of fire from building to building. Ae
the war progressed, large areas and sven vhole cities beocame targets for
incendiary bombing, and more attention was givean to ths study of fire spread
acrees vpen space. Even then, however, the immediate need for more
effective incendiary btombs and ignition tschniques tended to confine major
 fire research activities to the study of the starting and growth of fire
within a structure. The exploding of atomic bombs over Hiroshima and
Nageeaki in the final stages of World War II placed inecreassd importance
on the study of fire spread across opean space. The Hiroshima and Nagesaki
experience gave some indication of the large number of ignitions that could
be oxpected from an etomic bombd explosion over an urban area and the sise
of the fire that might result. Some means for estimating the sxtent to
which fires will spread from the arsa initially fired is of great imporiance
for both offensive and defensive planning purposes in atomic or con~
ventional incendiary attack. It was in recognition of the need for such
means that the research project herein described was undertaken.

B, Research Objective

The specific obJective vf this projoct stuay is to evaluate the
principal parameters affecting the spread of fire in urban aress so that
the vulnerability of such areas to fires resulting from bombings can he
estimated. No attempt 1e made to evaluate or analyzs tactical factors or
the effectiveness of different types of weapone in initiating fires,

C. Sources of Materinl

The esources of material were domestic and foreign books, ressarch
papers, and other documents, and pre- and post-stxrike aerial photogfaphy
of certain European and Japanese cities which suffered incendiary or atomic
bomb attacks during World War I1I,

CONFIDENTIAL 1
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The search for written material resulted in perusal ¢f the
collectlons of the Library of Congress, including the collectione of the
Office of Scleatific Research and Devclopment; the Captured German Documents
Section, Adjutant General's Office, Unlted States Army; the library of the
Agsistant for Operations Analysis, DCS/0, Headquarters USAF; and the llbrary
of the Physical Vulnerability Division, Deputy Director for Targets,
Director of Intelligence, DCS/0, Headquarters USAF. Additioral materlal or
consultative assistance was obtained from the Natlonal Fire Protection
Assoclatlon; the National Board of Fire Underwriters; thie Engineering Depart-
ment of the Associated Factory Mutual Fire Insurance Companies; and the
Division of Fire Research, Forest Service, United States Department of
agrizsulture, ‘

D, General Considerations Governinz the Proszress and Spread of ¥,
in Urbay Areag

Fire spread in urban areas, as considered herein, deals with the
building to bullding spread of fire, resulting in what are called confla-
grations or are¢a firas. Webster defines & conflagrativr as "a raging
destructive fire." Within fire protection circles a conflagration ld usu-
ally defined as a fire which results in the destruction of a consideradle
number of buildings under a diversity of ownershlp, which spreads from
building to building mcruss strsete or other open apaces from the area of
origin, and which is of magnitude beyond the control of available fire=
fighting facilities, Eithexr of these definitions may be uged to describe
the wartime area fire, The principal and important difference between the
peecetime conflagration and the area fire resulting from bombing attack is
that the peacetime conflagration usually spreads from a single point of
ignition, wherens the wartime area fire results from a largs number of
ignitions in & relatively short period of time, In either case the mechanics
of fire spread from building to dbullding are similar,

The term "fire storm® was coined in Germany in World War II to
descrive a conflagration characterized principally by a great inrush of air
across the entire perimetor of the dburning area.17 This firs wind, which
waes caused by the great volume of hot gages rising from the mass fire ares,
tended to restrict outwardly spread of fire but made spresd almoast certain
inslde ‘the burning area. The moet famous fire storm is the great Hamburg
fire, in which the fire-wind velocity poesilly exceeded 100 miles per hour
within and immediately adjacent to the burning area, later on, a few of
the conflagrations which occurred in Japunese cities also were called fire
storms although ipnduced wind velocities of less than 30 or 40 miles per
hour were experienced, Jt is concluded that the severity of so-called fire
storns may vary greatly, and that the severltiy is probably very closely
related to the total fire or fuel loud of the wurninpgs area, In the absence
of a strong, natursl ground wind, a rire storm ie¢ likeiy to develop in any
large, cvubustible, densely built-up ares in which hundroeds or thousands of
fires are initlated almost simultaneously, ¥No attempt is made in this study
to annlyze separately the conflagrations inm which fire otorms were reported
to have occurred. ‘

L/ Physical Demage Diviglon Beport (ETO), U, S, Strategic Bombing
Survey, Report No, 134b, April 1947, p, 47.
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The spread of fire is due to heat whiel, transferred by one or
more (usually e combination of three) agenclies from a burning object to
any combustible materisl, ralses the temperature of the exposed mmterial
sufficlently to cause its ignition, Intensive heat falling on exposed
combustible material, e.g., a wooden window frame on the facade of a
bullding, may cause direct ignition of that waterial; dut, if the heat
falls on an insombustible substance, e.g., a wall of currugated irom, it
will Ye conducted through that substance and, if of sufficient intensity,
will ignite combustible material in contact with the oppoasite face cf the
subatance. The thres methods by which heat is transferred across open space
between buildings are:

(1) Radiation, in which heat 1s transferrad without heating
of the intervening mediwn. It ia by this method that
radiant energy reaches us from the sun,

(2) Convection, in which heat is transferred by the physi-
cal movement of hsated matier, as by a current of hot
air,

(3) Flying firebrands.

Wind, temperaturas, rain, hunidity, terrain, bullding construction
and contents loading, building heights, and a number of other varisbles
affect the spread of fire across open space.l/ In order to understand the
off3sct of these and other variadles 1t is necessery to consider basic phyasi-
cal, chemical and meteorological facts which govern the progrese and spread
of fire., These facts have been trented in detall by Clarence Goldsrith and
the information in the remainder of this section is based upon his paper.z/

Flaumable liquids nsver actually burn dut are vaporised by heat,
end the vapora mixing with eir are ignited., The burning vapor-air mixture
rroduces a flame, which is definsd as a body of burning gas or vapor. In
& second form of fire the material itself (charcoal, magnesium, etc.)
oxidizes and produces heat with little or no flame. In gensral, fires in
combustible material commonly used for or found within bulldings, i.e,,
wood, puper, and textiles, pass through both stages. During the first stage
of burning, the resins and other readily volatile substances in a solld
combustible material are driven off by haat and burn, leaving almost pure
carbon in the form of charcosl or coke., During the second stage, flame ir
contact with the charcoal results in further combustion with red or white
hot embers, which heat other materiale and spread the fire.

Trequently during the first stage of = fire, the heat 1s not
sufficlent to 1gnite the games and wapors, =mo they gise in undurned Jets,

The Influsrge of Wemther on the IUxtent of Damags Caused by
Incendiary Bombs, Joeint Target Group, Physical Vulnerability
Section, March 1945.

Clarsnce Goldsmith, Effscts of Hsteorological Conditions and
Terrain Yeatures on_the Development and Spread of Firey, National
Board of Fire Underwriters, 8 November 1944.
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As the fire gains headway, these vapors 1gnite and burn, gensrally as long,
colored flames with greatly heated products of combustion extending beyond,
After a continuing fire is underway, flammable vapors are liberated from
adjacent combustible material both Ly radlant heat and by tho convectlon
currents of heated mir and the gases of combustion. These alr and gas
currents decome so hot during a large fire that they ignite combustible
materials considerable distances from the main body of fire, This type of
ignition 1s entirely independent of sparks and flying firebrands and 1is
termed "autoignition®, Wood normally bursts into flame when subjected to a
temperature of 750° F under conditions of rapid heating; and, if subjected
to a temperature of 400° F for 20 to 30 minutes, wood will produce gases
which can be readily ignited by a flame or spark, Other substances have
autoignition temperatures varying over a wide range. Thls phenomenon is
of prime importance in connsection with the spremd of peacetime confla~
grations or wartine area fivew, Its effect where wooden houmes are con-
carned is odvious, and such structures ars easy prey tc radiant heat and
hot convection currents. Where masonry structures predominate, it is
likely that there will be overhangs of wood at the eaves and af window

and door openings, which pocket heated air currents and materially speed
up the spread of fire by radlaticn and convection currents.

Metecrologlical conditions such as wind, ilnversion, rein, humidity,
and temperature influence the speed with which a fire will spread.

Oxygen is required to support combuetion, and & draft is neces-
sary to furnish a continuing supply of oxygen to the material undergoing
combustion, 4 esmall draft or low wind velocity ie conducive to slow fire
spread, bocause the supply of oxygen 1s small, On the other hand, a strong
draft or high wind velocity during the early stages of fire may also retard
1ts spread, because the large volume of eir pouring over the combustible

~umateriel cools the matérial to such an extent that the generation of come

bustillie gases is retarded. Fxperinmeuts conducted by the National Board

of Fire Underwriters indicate that the optimum draft or wind velecity during
the early stages of a fire is approximately two miles per hour, or about
three feet per aecond.

After a fire 18 well getablished, high wind velocities increase
the draft, accelerate the burning rate, and incrzase the heat output. When
a fire has gained conflagration proportions, the velocity of the wirnd on
the lee oi the fire is materially reducod and frequeutly reversed in
direction by the pillaring of the heated alr and products of combustion,
Sparks and burning brands ol considerable size are carried into the air
by this plllar of hot air and, under certain wind conditions, travel
extremely great distances, Although wind velocity on the lee of the fire
is reduced as the cold front slides up the hot front of the pillar, the
direction of prgress of an ordinary conflagration ie governed by the
direction of the wind, which carries sparks and burning bdrandg at the
higher altitudes. The higher the wind velocity the more the pillar of
heated air is pushed forward from the vertical. This holde heated air
currents closer to the ground and increases the spread of fire by radient
heat by bringing the flame, which is & radlating body, closer to exposed
buildinge,

The prevaillng temperature of the air influences the speed with
which a Tire spreade, because warm materiale require lesc heat to bring
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them to their ignitlon temperature than de cold materials of like nature,

Humidity has a twofold exfect un the development of fire, First,
higzh hunidity in coubination with inversion at the time of fire inception
retards the formation of a pillar of heated air currents., The result isa
smoky and relatively slow-buraing fire due to lack of draft., Second, the
avarage prevalling humidity in any section determines the molsture content
of wood and other combustibles within rocfed structures. When materials are
moist, combustion is slow because part af the heat is expended in converiing
moisture to steam. In the initial stages of a fire, when heat output 1s
relatively low, the moisture content of & material may well determine
whether the fire continues to burn sr not., After a fire has become well
established, the affect of tho moisture content of the materials becomes
relatively unimportant because sufficient heat 1s avallable to dry them,

During rainy periods, the rain and the accompanying prevailing
high humidity reduce ths chances of building-to-bullding spread of fire,
because, not only are the exteriors of exposed structures wetted down, dbut
also convectlon currentas of hot alr are cooled and flylng firebrands and
smbere are extinguished by the rain, Althouzh the rays of radiant haat
ars not absorbed to any extent by the water droplets, the rain cools
combustible materials which may be exposed to radiant heat. Rain, unless
it contlinues over a considerable period, does not materlally increase the
humidity ¢f cowbustible materials within rocfed structures and, therefore,
“as essentially no effect on the initiatioa and growth of fire withim such
st uctures,

Terrain has an important influence on the spread of fire., The
effect of wind in transmitting fire is accentuated when blowing uphill
because the convection currents of air are more concentrated aad, thus,
hotter as tley move up the hillside (ses Illustration 1). VWhen winds are
low, the pillaring of hoi gases is much more rapid and marked if a fire is
progresding up & hilleide than if progressing en level ground, and the rapid

rige of hot gases iucrsases the velocity of the draft supplying oxygen to the
f.ire.

CONVECTION

7=2 RADIATION

A .
ILLUST. 1 TERRAIN EFFECT ON CONVECTION CURRENTS
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Vegetation may influence the spread of fire during certain seasons
of the year. Grass, weeds, and brush present little or no hazard during the
growing geason, but at othexr times they are highly flammable and sudbject to
quick sweeping fires. Deciduous trees, when in leaf, retard the spread of
fire because of their ability to absorb largs quantities of radiant heat
energy without bursting intoc flame,

It 1s evident from the preceding brief discussion of some of the
factors which infiuence the spread of fire that, even if 1t could de
developed, n mathematical formula containing all of the variadles necessary
teo account for wind, moisture content, size snd contents loading of build-
inge, terrain, etc., would be very camplex., Also, there would be doubt as
to the value of such a formula for use in predicting fire spread in a
potential target city for which only limited information on physical
characteristics was available. Therefore, it was decided early in this
project study to evaluate only those factors which could be analyzed by
means of photography, city wmaps, etc., and which could be used to astinate,
with acceptable accuracy, the probability of fire spread in urban areas,

6 CONFIDENTIAL
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PART 11

SEARCH AND SELECTION OF PHOTOGRAPHY

A thorough revievw of wartime and postwar research and of numerocus
publications pertinent to the subject pointsd tc the conclusion that build-
ing density, or the proportion of roofed area to ground area, has a definits
bearing on the fire vulneradility of urban areas., BHowever, nothing could be
found indicating that an accurate appraisal of the effect of building densi-
ty in urban area firss had ever bYeen attempted.

Since 1t is possidle to make accurats building denslity readings
and damaze asssesments with the aerial photography used by target anmlysts,
it vas decided to attempt photographic evaluation of density as it affscted
damage attributable o fire in Gerwan, Italian, and Japanese cities which
suffered large area fires during World War lI. It vas essential, therefore,
to review all cities in this category and to select those (1) for which
there was avallable both pre~ and post-atiack photography of good quality
and of adequate scale (a contact scale of 1:110,000 was considared the
ninimum scale suitable for study) and (2) in which a fire line attributable
to a single attack could be establishsd. These requirements vers establish~
ed as a gulde for selecting clties to be studied.

A complete catalogue of World War Il Bomd Damage and Strike Re-
ports is kept in the Military Intelligence Fhoto Imterpretation (MIPI) files
of the Deputy Director for Collection and Digsemin “’on, Directorate of
Inteslligence, Hsadquarters USAT., A thorough seailh was made of theie re.
porta compiled on German, Italian, and Japanese citles. Initially, 22
German, 52 Japaness, and 2 Italian cities were indexed for photographic
search, MNost of thase cities were later eliminated because mors than one
attack preceded the photographic raconnaissance and it was impossible to
deteruine the fire area resulting from a single attack, MIFI bdomd damage
reports for 'lHs cities selected for study were copied in whole or in part
" and filed .ur use as references throughout ths photographic analysis.

Selection of photography was limited ianitially to that avalladle
in the United States, It was found that available photography of German
sities consisted of duplicates of negatives which had been selectsd from
complete misnion files in England, Much tima was unavoidably sxpended
viewing thousands of negatives of Zuropsar and Japanese cities to obtain
both pre- and post-attack photography, when photographic prints, photo-
gyaphic iadices, or adequate plots would have made a quicker selection
possidle, . B
After initial reviev of the Germen cities, all excapt eight wers
elininated because available information failed to meet the requirements
mentioned previously. XZven then it was neceasary to requast additional
piotography from the Alr Hinistry in HKagland to obtain complete coverage for
the cities selected (Hamburg, Essen, Darmstadt, Xassel, Cologne, Bremen, and
Baruwen and Elberfeid, the two tswnships of Wuppertal). Cologne and Bremen
later proved to be unsuitable and were discarded,

CONFIDENTIAL 7
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At first the two Italian cities of Turin and Genoa ware selected
becauss tha type of construction differed so greatly from that of either
the German or the Japansse cities. Although they were subjected to hesavy
Yombing attacks, large area fires 4id not recult, soc these two cities were
discarded,

. Suitable pre-strike photography was not available for most of ths
Japanese cities, but four were finally selected for study, including the two
cities which had suffered atomic attacks (Hiroshima and Nagasaki) and two
cities which had experienced conventional fire attacke (Kure and Sakai),

On receipt of all photography, photographic indices were prepared.
These indices were of great valus in the selection of the prints covering
the cities, After satisfactory photography for a city had been collected,
it was possibleo to study the effect of density on fire spread in that city,

CONFIDENTIAL
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FART II;

PHOTOGRAPHIC ANALYSIS

A, TEST I -~ Denslty Hvaluation

First, & city to be studied was divided into sections which
~eppeared to be fairly homogsneous in bullding density and pattern of
building layout., Wide rivers and large open areas were excluded, and the
relative sizeg of the individual homogeneous sections, although varying
greatly, were not consldered (see Illustration 2).

Next, a clear outline of all roof ares had to be obtainad,
Several procedures were tried, and finally two methods, the stylus and
the shading methods, were selected for use in all cities studied. 1If
photography was of large scale and there was adequate separation betwsen
tuildings, the stylus method was used. In this method, the dbuilding out-
lines were traced and iransferred to sheet acetate dy ues of a stylus
(see Illustration 3)., In the cther cases, the shading method was used.
In this method, all aress not covered by bulldings were shaded %o display
the building outlines {mee Illustration 4), The shading method was con-
sldered the more gstisfactory for outlining roof areas for Japanese cities
where buildings were very congeated.

Then bullding density was calculated by either of two methods,
the square-counting or the arsa-measuring method. In the square-counting

5 Py
e e -

HALUST. 2 HOMOGENEOUS SECTIONING
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method, & square prid was placed over the photograph, and the per cent of
building density was computod by dlviding the total numdber uf building
squares by the total nuwber of area squercs (ese Illustration 5)., Thie
method way used where detnil was poor or buildinm separation was uniformly
small throughout the area. 1in the arsu-measuring method, the ground area
and the bullding area were actually messured with an areameter and building

density was calculatad by dividingz bullding arca by total ground ares (see
Illuatration 6),

The township of Ilberfeld (part of the city of Wuppertal, Germany)
was selected as the firat urban area to be studfed for determining what
relationship might exist between the degree of duilding density and the
éxtent of fire damage. The southern part of the town from adout the centor
to the outermost bullt-up areas was divided into homogeneous sections, and
the percentage of damsge in relation to bdullding density in each section
vag calculated with the results shown in Table I, These results indicated
no correlation between building density and damage.

Qb N
bt . [ooo

ILLUST. 3 STYLUS MCTHOD FOR OBTAINING RUOF OUTLINES
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TABLE 1
DINSITY-DAMAGE IN_HOMOGERZOU: S
Building Density (%) Demage (%) Bvetnpe Moo

10-19 80 Bl
20-29 58 7,

78

)

76

96
30-39 79 64

98

14
40-49 100 ap

75
50-58 94 94

ILLUST 4 SHADING METHOD FOR OBTAINING
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CONFIDENTIAL

The United States Strategic Bombing Suxvey {(U.3.5.B.8.) report ox
atomic boub effects in Hiroshima states that one of the mest Awportant
factors contributing to fire spnroad is the compactness (built-unnese or
density) of coubustible buildings, without which other conflasrution tac.
tors, such as high wind, dry weather, and tall buildinga, would nave rela..
tirely little effect, This report also presents a pgraph (see Graph 1) show-
ing the '"Probubility of Fire Spread in Various Amounts of Puilt.opneas®, )/
Although the fire perimeter of the burned area was satablished by ground
survey, the data for the U.S5.S5.3, S. graph wers odbtalned by photographic
aralysis in the following manner

{1) Concentric circles of 5000-foot and 7000-foot radius were
drawn with the ground zero (GZ), ths point on the ground directly under the
point at which the bomb detonatad, as the center. In gunviul, ithe parimeter
of the burned area was inside the circular band of 2000-fnot width; R negli-
£ible portion fell inside the 5000~foot ¢ircle and only a small portion fell
outside the 7000-foot circle.

(2) Building densities of all built-up areas within ths 2000-
foot circular band were determined on vre-attack photographs,

N, r'""“‘g - §:~”.‘ g{ .

ILLUST. 5 SQUARE-COUNTIN® METHOU FOKR COMPUTING BUILDING DENSITY

L The Effects of the Atomic Somb on Airoshims, Japag, Vol. 11, Report
No. 92, U, 3, Strutegic Bumblng Survey, May 1947, pp. 16 end 40 .47,

1< CONFIDENTIAL
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(3) The burned and unburned
sreas of each building densjty group
within the 2000-foo% ¢ircular hand were
measured on post-attack photographa,

(4) Tnally, the percentage of
area burned in each building density
group within the 2000-foot circular band
was computed to obtain what was asaumed
t0 be the prodbability of fire apread in
that building density, and these were
plotiad as shown in Graph 1,

e

Despite the negative results
of the first bullding density-damage
analysis in this study, it was deemad
nacessary, beciuse of the conclusions
drawn and presented uy U,S.8.B,.8,, %o
try further analyses to determine
whether a consistent relationship
existed betwsen building density and
the amount of fire damage in German

A
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cities., ¥or this research, the southern DENSITY-DAMAGE

part of Elbarfeld was apzain used, Since

the burn line vas not symmetrical, as was WUPPERTAL LLBERFELD
the burn line in Hiroshima, 1t was decided

to divide the town by a system of grids, 100 eowy o "’1{ “° |
arbitrarily set at 500 feat on a side, and gl
to determine the building deneity and per
cent of damage for sach grid cut by the 80—,
burn line (see Illustration 7). Again, no
evidence was found of a consistent relation-
ship between building density ani fire
damage. For example, soms areae with 20

to 30 per cent buillding density suffered

l
t,
|
|

70—t

!

T - e * 4

‘1

60 |- —]- -

DAMAGE PER CENT

less than 10 per cent damage, while other 0 ﬂ e i e e [
areas in the same building density range 0 s W 1
suffered 7?5 to 100 par cent damage (ses Rl e FR A Sy B I
Gr‘ph 2)0 111 20 TS S N AU A

In another similar analysis of : 10 bt
building density and ite relationship tc . UL L
fire damage, Flberfeld was divided into Yo T 20 30 40 50 60 70 80
city blocks and calculations were mede on DENSITY PER GENT
& block-by-block basis (see Illustration GRAPH 2

8). However, there was still no indication
of a corsistent relationship between
building density and fire damage,

r’ '..\a c "3 3 Block No.21 8
[ ‘*—,"*’»Tfﬂv T !’ Density..... 12.0% )
9 5‘. DO ’ . Burned....... 9.0%
S

16
Unburned... 3.0% » k

", o lﬁgz\

i i Hnd !

‘ 33"':] 2217 25
7. '

R oY

ILLUST. 7 THE 500+001 GRID METHOD FOR COMPUTING DENSITY DAMAGE RELATIONGHIP
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Since the burr line representec tlie perimeter of the burned ares,
it was thought improbdable that the inconsistencies in the density-damage
relationehips were due to direct hits by incendiary bombs.

Continuing the gearch for a measure of the effect of building
density on damage or fire spread, it was decided that the only additional
analysis that could be made, using bduilding density alone, would be to
investigate the relationship between building density on the burned side
end that on the unburned side of the burn line, It was necessary to
establish a common basis for obtaining the duilding density on each side
of the line, ZExamination of damegs photography of several of the cities
selected for study showséd that fire spread across open spaces of 400 feet
. or more was the exception. In the few cases whers it appeared that fire
had possibly spread across distances in excess of 400 feet, there was reascn
to believe that direct incendiary hits had been recorded; if so, the damage
observed was not the result of fire spread. Therafore, it was decided to
use this meagurement to establish a building density band, and a line was
.drawn 400 feet on each sides of the line of burn (see Illustration 9), These
400-foot bands woare divided iato sections that were homogeneous with respect
to layout of buildings, The relationship betwesn building densities along
each side of the burn line was then calculated for the cities of Zlberfeld,
Barmen, and Darmstadt and translated imto graphs, It was found that,
usually, the bullding density on the unburned side was lower than that on
the burned side, partly because the burn llue was drawn along the face of
the burned buildings rather than along the face of the unburned dbuildings.
There wers numerous instances where the building density was garo on the
unburned side. However, mo consistent relationship was found between the
building deneities on the two sides of the burn liane. ZExamination of the

;Yf\‘i Rloek No.7
\ \P] Density 18.3%

‘,‘
S,

! N 0, P
/ ,\':" Burned 15.5 /a};1 '//‘!':)Q‘\‘,- i
¢ ' &~ Unburned 38% ' ~~/‘:’;
“I.:y' 7 ~
i VRN |

ILLUST 8 CITY BLOCK MLTHOD FTOR COMPUTING DENSE Y-DAMAGL
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ILLUST. 9 BURNED AND UNBURNED 400-FOOT BANDS

7

few cases Where the density wus greater on the unburned silde ihan on Low
burned side provided no explanation; the distances between hulldiuus
opposite aach other along the line of burn were average, and wne fentugu.
of conatruction which would normally be expected to arrenv thw apresd of
fire were evident, It was thought that in those few casee fire fishila-
might have been effective. - '

The foregoing attempte at
developing & consigtent relationship = r——— vy

between building density and fire e ] l. Ll L m!
spread led to the conclusion that L . 2 ’ i
vuilding density, by itself, 15 not a BN !N e
meane by which a city's vulnersbility 17T B ;
to fire spread can be estimpted, Ons U B ’
explanation for thie is that the | | ] B W |
arrangement of bhuildings in areas of ne . Ml || ERSe .’;

the same building density may vary o T T . L
widely as to have coosiderably differ- 18% o B
ILLUST 100 DENSITY PATTL
Illustretion 10). The proximity of
buildings aligned elong streets may
allow firs to spread from bullding

r v oo
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.~ ed that fire departments wyre over-

Agnition of buildings in many areas,

“perimster and the exposure dis-
_tance, 4/ TYor example, sccording
to this graph, at a distance of 100 / : h

' CONFIDENTIAL

to btuilding aud 100 per cent damre may result sven in areaa of fairly low
bullding density. "

o

Once it had been estadlishad that duilding density alone can not
be used for predicting fire spread, it was necessary to search for other
factors which might have halted the spread of fire at the burn line in the
cities being studied, It was possible that the wind conditions were un-
favorable to fire spread, that fire fighting was effective, or that the
distances between buildings were sufficlent to rsnder radiant and convectsd
heat ineffectuanl,

‘Practically no informastion
coencerning wind conditions at the
time of the attacks was found, and
such information sould hardly be

developed through photo-analysis. PROBABILITY OF FIRE SPREAD

ACROSS
VARIQUS EXPOSURE DISTANCES
_Although little .specific HIROSHIMA -

information relative to the effect- ~ . " e e : .
iveness of fire fighting was awil- = i ! -
able for the cities selected for « ' ’
study, reports from other cities . mo
suffering incendlary attack indicat- 100

‘__.:,——?

whelmed by the almoet sizmul $aneous

making fire fighting efforts 1n-
effectunl,

The U.S,S.B.S. report on
Hiroshiwa -includes a graph which'
shows a relationship between prob-
ability of fire spread at the fire

EXPOSURE DISTANCE - FEET
]

» 1IN

~

feet the prodability of fire spread o

would be less than 50 per cent, but

at a distance of 40 feet the prod-

ability would be 65 per cent (see GRAPH /3

Graph 3), A
¥
//

' PROBABILITY OF FIRE SPREAD ~PER CENT

,!

_/ George J, B, Fisher, gand.;arx Warfare, New York, 1946, p. 80.
The Large Scale Raid.s on Hambyrg in July and Auguet 1943 (a report
by the Police President and Local Alr Protection leader of Hamburg, secured
in June 1945 by British and U, S. Intelligerice Officers, Home Office, Civil
Defense Department, Intelligence Branch), London, 1946 (available at the
Library of Congress),

Hang Runpt. Dey Hochrote Hahn ('l‘he Bright Red Roogggr), Dam-tadt,

1952, p. 98,

The Zffocts of the Atomic Boob on Hiposhima, Japanp, Vol. II Roport
Ho. 92, U.S.S.B,8,, May 1947 Ppe 41,43,

i
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The data for the U.5.5.B.S. graph were d.eveloped. by ground -urvoy ‘
and by computatlon in the following manner: .

(1) The entire perimetsr of the burned area wae surveyed and

divided into segments within each of which the exposure distance froa

burned to u.nburned buuungs varied within a narrovw range,

(2) The average exposure distance for sach segment was uti—
mnated,

(3) Segmontl havi;g approximately the same average oxpo*lureu
distance were grouped and the total length of each group was computed.

(4) The percentage of the fire perimeter reprasented by each
soguent group was computed,

(5) Starting with the segment group having the shortest average
expogure distance, the cumulative percentage of the ﬁn poerimeter re-
preseated by each segment group uas computod

; (6) !innlly. each of these cu-ulativo percentages was subtract-
od from 100 per cent %o obtain what was assumed to be the prodadility of
fire spread for the corresponding average exposure dhtanco. and these

~ were plotied ‘as showa in Graph 3,

7" 1t was decided that a similar ntudy could be made by pmoguphu '
mlylil of the German and Japanese cities selected.. / v

B. mrn-n- ce Bvaluat v - y
. ki .

!'hc towvnship of Elberfeld (in 'upportul) was selected for: the
first analysis. The burn line was drawn and thes dhtanco megsured from -
burned buildings to unburned .
buildings.” The linear nsasurse-
ment of the radiation face vas
taken as that part of sach turned
building directly facing an .
exposed unburned building., (See’
Illustration 9 Inwert and Illlus- -
tration 11)

Then the total of the ——= BURN LINE
linear measurements for each [ BURNED BLDG. o
exposure distance was p],ogg.d as 523 UNBURNED BLDG. > )

cum.htin porcenugo of the " | [EZ3 RADIATION FACE TR o
X LINEAR MEASUREMENT
* DR POINT OF OBSERYATION

Y BURNED.TO-UNBURNED DISYANCE'

ILLUST. 11 RADIATION FACES AND
MEASUREMENTS
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‘showed comparable results for about

. U.8.8.B.8., which showed that the prob-

CONFIDENTIAL

total fire verimeter (see Graph 4).
Zero distances were ohserved where ;
varty walls, fire valls, ete., gl
stopped fire spread, Although these
2er0 distances were measured and re-
corded, they were not used in
developing Graph 4 or any of the
other graphs in this test or ia sub-.
sequent tests because interest was
focused primarily on spread of fire
across open space,

CUMULATIVE  GURVE
WUPPERTAL-ELBERFELD

w |

The U.S5,8.B.§, curve for
Eiroshima (Graph 3) and the cum-
lative curve for Elberfeld (Graph 4)

CUMULATIVE PER CENY OF PERIMETER OBSERVED . —-~% =

30 per cent of the fire perimeters,
For example, 30 feet or less of open
space gtopped fire spread along 32,5 0 20 40 0 80 100 120 140 180 10 200
per cent of the five perimstar in’ ) BURNED-Z0-UNBURNED DISTANCE (FEET)
Elberfeld, This was in line with the = ! GRAPH 4
probvability curve prepared by

N
ebility of fire spread across open - . i
space of 30 feet was. 70 per cent, or the proba'bility ot a\ ﬁra -topping at \1
that distance was 30 per cent, However, 70 féet or less ot open space
stepped fire spread aloag 68 per cent of the fize perimetsr in Elberfeld, -

whareas, according to the U,S,8,B.3. curve, the probability of fire spread _‘ -

across 70 feet was 58 per cent or the probn'binty of a fire -topping vas
47 per cont.

The close correlation in 30 per cent of the fire perimeter of
thess two cities seemed to warrant further research to determine if the
wide variationiin the remaining portion was dus to differences iz the
characteriatics of the two cities, or if there was some difference in the
way tl.o data for the curves had been a.ccwulatod. g :

At thh point, the reliadility of results obtained by soccumu-
lating data as & percentage of the perimster rather than by number of '
points of observation was questioned, A test wvas made in whioh data were
acounulated Dy using both methods. The results wers compared and found to
e almost identical regardless of the method ussd, However, the points-of.
cbservation method was adopted for all future analyses since it sesmed to
e a more rcuou‘oh basis. ,

Curves vere then devsleped by the cumulative poinh-of-oburntion
method for Flberfeld, the additional German cities of Barmen and Dam-tudt.
and the Japanese city o’ Kure (ul Graphe 5, 6, 7, and 8). i

In Part IV, Sumtary Di-cuuion, linilnr curves ure denlopod for

' Kassel, Essen,. Ha.n'qprg. Hiroshims, Nagasaki, aud Sakai (Graphs 22, -, A,

6, 2‘7. and 29).
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- Tar purp;ca~of Coﬁﬁari-bn, thewe curves were then transferred to

. tabilar form (see Table II), with a breakdown for each city, showing buraed-

to-unburned distacces in 10-foot incremenis and the percentage of obaer-
vations where the fire stopped at these distances (and all lesser distances)
"as related to the total number of observations,

TABLE 1I

DISTANCE EVALUATION
'“\ku
R . \‘\\‘ * . . .

‘Burned-to- Cumulative Percentage ffb»f Points of Cbserwation

Unburned &t which Fire Stopped
Distance o ‘ )
{in Feet) _ ELBERFFLD BARMEN DARMSTADT KURE
10 7,08 4,09 7.6% T 19.0%
- 17,5 . © 14,0 17,5 41.5
30 30.0 26,0 ¢ 28.0 58,0
I LV 44.5 38.0 ~38,0 67.0
50 54.5 47.0 48.0 7.5
80 61.0 53.0 57.0 78.5
70 66.5 58.5 65.0 83.0
80 71..0 63,0 71.5 86.5
90 74,6 / 67.0 7.5 89.5
100 78.0 70.5 82.0 91,5
110 81.0 74,0 ' 85,5 93,5
~. 120 83.5 76.6 . 88.0 95.0
130 86.0 79,0 . 90.0 96,5
140 87.5 . 81,5 . 92,0 " 97.5
150 89,0 83.5 : . 93,0 '/ - 98,0
200 7+ 100,0 100,0 . 100,0 100,0
Number of
Points of
Obser- : ' , , T
vation: - 162 ‘ 238 - 170 293
Graph S ‘ :
Xumbar: 5 6 _ ' 7 8

The date for Elberfeld, Barmen, and Darmsiadt showed fairly good
cerrelation, However, the dats fer Kure suggested that fire spread was
halted by much shorter distances between duildings in Japanese cities than
in German cities, Yo7 example, fire was stopped by epen spaces of 20 feet
or less at 41.5 per cent of the obserwvations im Kure, as compared with .
17,5 per cent of the observi.tions in Ilberfeld, 14 per cent ia Barmen, and
17.6 per cent 1z Darmstadt, Although ihe results of this test wers sur-
prising, there vas a plausidle explanation.
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~ Burning tize, or the time during which rediant heat is trans-

‘mitted, is governod. by building density, comstruction, height, ‘tnd contents

loading. It waa thought that the difference in the pattern of fire spread
in the German cities as compared with the Japanese city was largely dues to
differences in their ’burning tine, Reference to research conducted by the
Japanese confirmed this explanation. Japanese houses, being small in '
volume and of rather light, wocd construction, were consumed rapidly by

. fire., )/ The Japanemse research indicated that the time required for one of

these atructures to burn with high radiant heat emission was az little as
12 to 15 minutes. If true, .fire fighting in the nature of a few buckets
of water on exposed syrfaces could have prevented igmition of many build-
ings separated by short distances along the fire perimeter.- The effects
from radiation were red.ut:ed to a minimum, not only because the burning
time was o short, dut a.lso because nothing was left to act as radiating
surfaces after the flames had subsided. On the other hand, the German
clties contalned mainly multistory masonry buildings with con’bustiblo

‘roofs and interiors, including heavy woodwork and furnishings. When the

combustible portions of these buildings were consumed by fire, the outside
walls became heated and were gensrally left standing to act as radiating
surfeces for considerable periods of time, Study of pre-attack phbtography
showed that construction was relatively uniform in all ths German cities
selected, and any differences that might exist would mndoubtedly average
out when reviewed as & whole. Though of a different type, conltruction in
the Japanese cities was even more nearly un,iform.

It vas apparent zhat construcﬁio;,/’z and contents loading had the
greatest effect on burning time and, hence, was probably the factor which
caused the variation in the distance required tc halt fire spread in the
German citiss ms compared with the Japanese city, While it was posaible
to obtain workable data. on construction frcm asrial photography, no infor..
ration was avallable on contents loadingz of bulldings at the time of
attacks, Nevertheless, it was evident that curvss developed for German
citles would not be consintent with those prepared for the Japo.nen citiu,
and that these two types of cities would ‘muve tc be treated separately,

Although the cunula.tivc curves d'evolo;nd for the Gorma,n cities in
this test were similar, there was sufficient varistion between the indi-
vidual cities to warrant 1nvut1gation of the effects of othsr factors, such
st building density and building volume, on distances required to stop .
spread of fire. Either building density or volume would constitute & rough
measure of the fire or fuel load in a built-up area. The next test was
designed, therefore, to see if building deneity represents a usable measurs
of fire load as it effects the Aistance required to -top spread of fire,
It was expected that as building density increased r.he distance between

burned and unburaed duildings would also increase, i

1l TXim'ichiro Fujita, Fire Spread Caused by Radiamt Heat and Method

of Prevention (awvailable in microfilm copy at the Lidrary of Congress).

|
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c. TEST III - Density-Dil aNnce haluation

. The German cities of Elberfeld Barmen, and Darmtad.t and the
Japanese city of Kure wers melected for this study. It will be recalled
that, in the investigation to find the relationship between building
donlitiu on each side of the buxn line (Test I), bande 400 feet deep on
each side were used as a basis, The practlcability of using this same
measurement in an attempt to establish a dersity-distance relationship at
the burn line was questioned, The 400-foot bands had been set folloving
mere visual examination of the pre- and post-attack photography, dbut after
measuring distances:between durned and wnburned buildings, it appeared that
a distance of 300 feet was probably sufficient to stop the spread of fire
in nearly every case. Therefore, a band 300 feet in depth waa establighed
inside the burn line of each city and divided into sections with homo-
geneous bullding density and paittern. Building density readings were taken
for each sectlon, and the burned-to-unburned distances were msasured for all
proints of observation along the burn line (see Illustration 11). Curves
wers plotted showing the cumulative percentage of points where the fire was’

-stopped at increasing diastances between buildings within duilding deansity

ranges of 15 per cent (mee Oraphs 9a,b,c; 10a,b; 1lla,b; and 12a,b,c), Xor
purpove of comparison, these curves were then tranaferrod to tabular form
(see Table III For this test, curves were not drawn for deneity ranges
with 25 points of observation or leas.

Comparison of the data for the German vities ‘disclosed that the
percentage of observed burned-to-unburned distances genera.lly did not in-
crease with an increase in building density, which 1s contrary to what had
been anticipated. There aleo ware inconsistencies between the 46-60 per
cent and the 61-75 per cent building density ranges in Kure, Although the
building density in Kure was much higher than in the German cities, a larger
percentage of the points observed wers of short burned.-ﬁ?-unburnad distance
in the Japanese city. This reaffirmed the importance of 'type of con-
struction and fire load to 'burning time &and, con-equently, to probability
of fire aproad " ] B

The unexpected results in the dennity—dhtanco analysis for the
German cities indicated that building density by itself is not a satis-
factory measure of the fire load of bulldings and contents., There vas
reagson to belisve that bullding volume, which reflects both building density
and height, might prove to be a better measure of fire load iz a duilt-up
ares than building density alone, Therafore, 1t was decided to investigate
next the effect of dbuilding volume on the distance required to stop spread

of fire at the fire perimeteér,

D, TEST IV - Volume-Diptance Evaluation

Two methods of analysis were ussd in the volume-distance evalu-
ation., In the first analysis, a study was made of the relationship of the
voluze of individual burned buildinmgs directly facing uaburaned buildings at
the fire perimeter and the distances between them., The citisg of Darmstadt,

26 | - CONFIDENTIAL
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Barmen, and Kure were selected for study so that the burned-to-unburned
distance measurements made in Test III could be used, Therefore, it was
necessary to measure only the length, depth, and height of each burned

building opposite an unburned building in order to calculate iis volume,

The true height of & btuilding Son

o GABLE FLAT . TOOTH
wag considered as the distance from the
ground tc the top or peak of the roof ‘é /ér
(see Illustration 12)., A sufficiently ]
accurate method of calculating heig!q.tl ) @ @
with the photography available had to be - K7
found, Two methods were availadle, | ' @ aa ' N
panely, the shadow-factor method a.nc’L the 7

_ height parellax method, }/ Many calcu-
lations were made by the shadow-factor ILLUST. 12 HEIGHTS MEASUREMENTS
method, and it was found to be accurate

" within the limits required (to the

nearest five fnt) when measuring dbulld- | FACTOR x SHADOW LENGTH =HEIGHT
ings on lsavel ground.- hovever, major o m“wh _5‘ N . :
discrepancies vere evident when build- PO o

1.66X21.0 FT, = 35 FY,
DIFFERENCE = Z1.5FT,

" ings at the top or on the side of.a
slope were measured (see Illustration
13). This method was eventually dis-.
carded in favor of the height parallax
method “iich was found to be accurate -
~ under nearly all condition-.

Since some of the photogra.phy
for Darmstadt was of poorer gquality than
that for the other clties, a ground
check of that city was made through

arrangements made by the Directorate of Knowing geographic coordinates, date, and time of

Intolligence, Beadquarters USAY, This " |photograph, the shadow factor Is found io be 1.66.
ground check showed that, despite the

poor quality of the photograply, 90 per ILLUST. 13" HEIGHT ERROR USING
cent of the heights calculated by the C SHADOW FACTOR

' height parallax method wers correct with
in plus or minus five r.ee, many duildings were exactly the same height as
calculated and the errors in the remaining 10 per cent were slight,

" Throughout the oztondod poriod that was required to measure
bullding heights on photographs, information on actual heights of build-
ings in the cities under study was sought, especially in the ccllections
of the Library of Congress, for purposes of verification. BHowever, /nly
limited information of the type required was awmilable, Actual heights
of numerous church steeples and towers were found, but these wars of nc
value because the heights were sxcessive, and split parallax or distortion
made it impossibie to memsure such structures on photographs.

Once the volume was calculated for each burned building facing an
unburned bullding at the fire perimeter, it was tabulated agninst the

"I/ Interim Photographic Interpretation Handbook, NAVAER 10-35-500, U.S.
Yaval Photographic Interpretation Center, Washington, 1949, Section 9,
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© s S dilta.nce between the two buildingn. Although the collected date, par-
ﬁ . ticularly for Kure, showed some indication that increasing distances are’
required to astop fire spread with increasing volume of individual burned
- bulldings, no conristent correlation was demonstrated. Perhaps one reason
for inconeistencies noted in the results 1s° the fact that buildings of the
same volume may have considerably different helghts and areas o!‘ expo sure
face (see Illustration 14), the effect
of which is not r@flectgd 'by a ninple
volume-distance analysis, Another like- ‘A- 4 Story
ly reason for the inconsistencies is B- 2 Story

that, in a mass fire, the amount of
- radiated heat received by an exposed
* dullding at the fire perimeter prodadly
depends more uwpon the volume of burning
buildings in an area of some length
and depth, rather than upon the volume -
of an individual building facing it,
J \5‘
i , , ‘,ln the second amlyail in the
o o volune-digtarice emlugtion. a study was
A oy o  made of the relaiionship of {he volume -
, . . “of burned buildinzs within sections of
E . 2o o homogenecus building density along the

- ) _ fire perineter and the d{stances to un.
. [ ‘ burned Huildings outside the firs per- =
' .., imeter, The citlies of Hawburg, Barmen, iLLUST. 14 TWO AND FOUR STORY
A : 7 .and Kule wers selected for this ' ' : . '
L mlyqin. N A BUILDINGS WITH SAME VOLUME

B ,/ -
_ e ] A method of photogmphtc mly-h vas evolved to obtain the
° ; noa’uury data. Three overlays were prepared for each city. The first
. A0 . overlay showed a bard 300 fest in depth inside ths line of burn with this =
o .~ band divided into sections that were homogensous in building density pattern
‘ (wee Illustration 15a), the sscond overlay shqwed the distances from
S _burned to unburned buildings at all points of observation along the durn.
o . ‘line (ses Illustration 15b), and the third overlay shoved the. hoightl of all
-5 ' buildings within the 300-!00% ‘band (see Illuwtration 18c),
‘ el
J - : Data ware /tompiled showing the total wvolume of buildings within
- . oach homogeneous ssction and the distance from burned to unburned buildings,
To establisk a uniform measure of volume, calculations wers made to express
the volums of each homogensous section as & "unit volume”, i.s,, in terms
of oublc fest per 100 feet of firs perimeter of the ucuon. or dubic feet
- B par 30,000 square fest of ground ares (100-feet of fire perimeter multi.
], . plied 'by 300-f00t depth of section), In this case the hngth of the fire
- perimster was taken to be the length of the ssotion; which was messured
slong & straight line approximating the principal direction of the five
verimeter of the sectipn., The average height of each homogensous section
" was calculated by d.ividing the total cubic feet of duildings 1n the section
by the total squuro feet of plan area of the buildings.

A wide wariation in unit volunu was found within the chru :
~ cities selected for study. Thersfore, it was necesaary to establish suit.
able groupings iato which_ these unit volumes could be placed, so that

o
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" curves for cumulative roints~of-obaervation versus corrupondi;xg burned-to-

unburned distances could be plotted for warious unit volume groups. It was
expected that as unit volumes increased, burned.te-unburned distances would

© also mcroaae .

One set of volumo groupings vas eatablished by multiplying 30,000
square feet (grounl area, 100 feet by 300 feet) by warious building donu-

\ \ties (in 10 per cent incremsnts beginning with 5 per cent), and by a bduild-

ing height constant (taken as 30 feet, the average height of two-story
buildings). However, when the unlt volumes obtained in the volume-distance
study for Kure vere combined according te this sut of groupings, it was
found that there were insufficient points of observation within each volume
group to produce satisfactory curves, Therefors, thias set of volume group-
-ings was discarded and the search for a more sultadble set was continued.
- Moally, an apparently suitable set of volume groupings was established by
multiplying 30,000 square feet {ground area, 100 feet by 300 feet) by a

" bullding density constant (taken as 40 per cent the average building densi-

ty in Hamburg and Barmen) and by various build.ing heights (in 10-foot
increments Yeginning with 5 feet, assuming the first story of a duilding to
be 15 feet and each additional story, 10 feet).

ILLUST. 15a AREA DIVIJED INTO HOMOGENEOUS SECTIONS (300 FT. BAND)A
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Yor each volyme gr(ﬂup. curves for cumulative pointn-of—obnmuon
" wersus corresponding burned—to-un‘bmod distances were developed for cach
of the cities of &mburg. Baimen, and Xure {see Graphs 13a,b,c,d; lda,b,c;
and 15,b,c). For purpose of comparison, thess curves were thsn trans-
" ferred to tabular form (see Table 1V),

The results fox each of the two German cities showed no corre-
" lation between different volume groups in the sams city, and, although
both cities had essentially the same kind of construction and occupancy,’
there was considerable wvariance betwesn the results for the sane volume
groups in the two cities. After careful examination of the photography
and other available data, 1t vas thought that the differences night have
resulted from accumulating data purely on the basis of volume without rezamd

to the fact that a wide wariety of building density and height combinations

produced equal volumes. This was supported by the results for Kure, whers
the building densities and heights in the same volume group did not vary
widely. In that city, fairly good correlation betwesn different volume
groups vas obtained, that ias, distances Yeiween durned u.nd unburmd 'build.-
ings gonorany incmud with 1ncroalu 1n voln-o.

" Comparison of the Xure graphs with thou Loy thurg and araen.

E show- that for all volumé groups such shorter distances were required to
‘stop fire. in Kure. This confirmed the conclusion reached at the completion

‘of Test II that curves developed for Gerzsn cities would not de consisteat

with those devsloped for Japanese cities because of the generally lover

dullding heights and lighter combustibdle huudinc materiale and contents in
the Japanese cities. : ,

Because of the fairly good correlation obtained hotmn tho
ourves for different volume groups ia the Kure analysis, 1t appearsd Like-
ly that, {f building densities and heighte are feirly uniform, curves
plotted for cusulative points-of-observation versus correspdonding durned-so-
unburned distances would shov reasonable consiatency., Therefore, it was
decided to develop such curves for warious combinations of building densi-
ties and heights 4n German cities and 1n Japaness cities. It was also
decided to consolidate all the German dats, and all the Japanese dats, in
order to obiain an adequute nuzber of observations in each density-height
soxbination for each of the two types of censtruetion, and to obtain an

average of the effecte of dAifferences in physical and structural factors
ip the individual citdes,

2. TEST Y - Densjty-Beight-Dis et

Photographic analyses were made of the additional German cities of .

Ribterfeld, Darmstadt, Xassel, and Essen, and of the Japanese cities of
,Hirouhlm, ¥asasaki, and Sakai, similar to. the analyses made of &lburg.
Bamn. and Inro in Teat IV,

Hironhm and Kazasaki were sclected in order to ses what come
parison could be made between the sprsad of fire after atonic attack on thege
cities and after conventional attack on Kure and Sakmi. It was alsc desired
to develop data for Hirodhims Dy vhotographic analysis so that the results
could be compsred subssquently with the fire spread probabdility versus
distaace curve in the U.8.8 .B S. report for that city (see Gruph 3).

12 : CONFIDENTIAL
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TABLE IV
VOLUME-DISTANCE EVALUATION

CONFIDENTIAL

Burned-to- Cumulative Percentage of Points of Observation at which Fire
Unburned Stopped in Each Yolume Group* - ‘ —
Distance _HAMBURG BARMEN __ XURE
(in Teot) 2 3* 4* FANE 3* 4 i 2 3
10 1% % 4 -$ -4 g4 4% 224 308 19%
20 4 10 4 3] 6 a 22 51 50 41
30 9 27 12 10 ] 14 aa 35 65 63 58
. 40 18 45 ' 30 ‘18 1 21 44 46 3 72 68
50 23 86 50 27|29 53 54 ) 78 74 .
60 . 47 63 64 37 | 36 60 &9 83 82 78
70 58 70 74 - 4B | 48 66 64 86 . 85 . - .81
80 67 ?? 8l 65 | 49 n - a7 88.. ... 8% a3
90 74. 8 e 7 |53 ™ 70 | %0 - 89 85
i 100 7% 8 8y 85 |57 77 73 | 9 90 87
110 83 90 92 -89 | 62 82 75 93 91 88
120 86 92 93 92 | 66 86 " o4 92 89
130 - 88" 95 94 94 | 70 87 79 96 93 90
. 140 90 %4 95 96 | 75 89 8l 96 93 91
150 92 95 98 98 | 80 g0 83--| 96 94
300 - 100 100- 100- 100 {100 100 100 100 - - 100 - 100
- Humber ef )
Points of . i
Observa- ~ . , ‘
© tioms 75 112 59 33 | 44 62 69 181 98 13
. Graph ' T ‘
Nuzber ' 13a  13b 13c  13d| 14a  14b  14c'| 15e 15b 15¢
* Group No. : Yolume (cu.ft.)
1 80, 000-180, 000
. 2 180, 000-300, 000
3 300, 000-420, 000
4 420, 000-540, 000
5 540, 000-660, 000
i

53



| - CONFIDENTIAL

For each city, and for each homoseneous section within the 300~
foot band inside the fire perimeter, data were obtained by measurement or
calculation and tabulated ;j under the following headings: buildine density
(per cent), volume (cu.ft.), lenzth of fire perimeter (ft.), unit volune

“(cu.ft. per 160 ft. of fire periueter), average height (ft. ) distance from

burned duildings to unburned duilding (ft ) for each point of observation,
and length of radiation face (ft.) for each observation. Data which had
been developed in previons tests were used, insofar as possible, in making
the tabulations. The volume, fire perimeter, unit volume, and averase
height measurements and calculations were made in the same way as described
in the second volume-distance analysis in Test IV.

Cumulative points-of-observation curves versus corresponding
burned—tn-unburned distances were drawn for the combined data for the six
German cities {Hamburg, Barmen, Elberfeld, Darustadt, Kassel, and Zssen)
for two building density ranges for each of three building height ranges
(see Graphs 16a,b,c and 17a,b,c). For purpose of compariscn, these curves
were then transierred to tabular form (seo Table V). Comparison of thess
data does not show a consistent correlation of increaaing dburned-to-unburned -

distance with increasing bullding density or with increasing bullding height.

For building density of 30,5 to 45.4 ver cent, there is fairly good corre-
lation of increasing exposure dﬁstance with increasing dudldiang height,
whereas for 45.5 to 60.4 per ceat building density there'seems to be nd
correlation., XFor bdullding height of 45 to 55 feet, there is gzood corre-
lation of increasing distance with increasing bullding density, whereas for
Yuilding heights of 35 to 45 feet and 65 to 65 feet there seems to.be no
corrolation.

. Similar curves and tabulationu vers made for the four Jhpanano

cities of Hiroshima, Nagasaki, Kure, and Sakal for four tuilding density

ranges and two bduilding height ranges (see Graphe 18; 19a,b;20a,b; and 2
and Tadle VI), Comparison of these data does not show a conui-tent corre-
latlion of increasing burned-to-unburned distance with increasing building
density or with lncreasing building height, " For building density of 46 to
60 per cent, there i= good correlation of increasing exposure distance with
increasing bullding height, whereas for 31 to 45 per cent bullding density
no correlation is indicated, For any given building height range, there is
no correlation shown between exposure distance and bullding density, This
lack of correlation may bYe due to the fact that the data do not represent a
good distribution over the four cities studied. ZExamination of the data
shows the following: '

(1)  the data for Graphs 18, 19b, and 20b were derived preponder-
antly from the atomic-attacked cities of Hiroshiza and Nagasaki;

(2) ‘the data for Graphs 19a and 20a were fairly evenly divided

Detween the atomic-attacked cities of Eiroshima and Nagasaki and the

incendiary-attacked cities of Kure and Sakasi; and

1/ These tables are included in the Working Papers of Test V.
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(8) the data for Grignk 21 were derived prepunderantly from Kure,
The percentase of the total oolnts of obaervation contributed bv the
inaividual Javanese citles to euch gravh is shown in Table VIY. Comvarison
of Gravh 18 (91 ner cent of points from Hizoshima and Nagasaki) with Graph
°1 (98 per cent of points from Kure and Sakai) showa that greater distances
were required to stop fire spread at the final verimeter of the mass fire
areas in the atomic-attacked cities than in the incendiarv-attacked citles,

5

TABLE VII

Distribution of Points of Cbservation in Density_Height-Distance Evaluatlion

Jovanege Citles

——— e —— - [ P Y — s e ————————

City Graph )8  Graph 19a Graph 19b Graph 208, Graph 20b_ Graph 21
Hiroshima 5% 49% T B1% 44% 14% -
Nagasakl 16 5 36 - 13 75 1
(Atoaic) (91) (54) (97) (57) {89) . (2)
Kure ' 0 11 1 14 4 88
Sakal ‘ 9 35 2 29 ? 10
(Non-Atomic) {9) (48) (3) {43) (11) (98)
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PART IV

SUMMARY DISCUSSION

Wind, temperature, raila, hwaidity, terrain, bullding construction
and contents loadine, buildin. areas and helshts, buildins density, bullding
contizuity. and firefichtineg activity are the priacinal variabdles which
‘affect fire isoread. The objective of thls research was to determine which
of these variables exerciged sirrificant effects on building-to-buildins
spread of fire, for the purnose of develovins the capabllity of predicting
the vulnerability of urban areas to fire spread. Unfortunately, lack of
definitive information about metcorological conditions precedin~ end during
the wartine conflasratious studied made 1t infeasible to evaluate the
eftects of wiai, teuperature, rain, and husidity on fire spread. Information
about tervain and firefizhting alse was too ~eneraligzed or too meager to
vernit evaluntion of their effects. Therefore, cquantitative evaluations of
important fire spread varameters had to be limited to those analyses which
could be zade with pre-attack and vost-attack photogravhy.

In the great. conflapratlon of Chicafo, the fire fanned bv wind,
melted piz iron 200 feet from the burninz area. 1/ Other cases where wind
took complete coatrol of fire direction and increased the intensity of the
heat are the sreat fires of Raltimord, San Franclsco, and Tokvo, In such
cases, distance between buildinge was of little account. Wind orodbably had
little, if any, effect on the fires in some of the cities analyzed in this
study: in others, either directly or by carrying flvine firedrands, wind.
may have spread the fire across dietances which would have been safe under
normal conditions; and in still other cities, buildinge which normally would
~ have been in danser may have been saved because wind blew the flames and

_heat away frou them, It was not rossible to assess the relative effects of
wind elther as a retardins or increasins influence on the svrend of fire in
the cities studied. It would avnear that an averare of the effects of wind
in the Geruan and Jupanese cities would be represented if, for each tyve of
city, all the points-of-observation data for burned-to-unburned distances
at the fire perilzeters were consolidated. Likewise, an averare of the
effects of other meteorological factors, and of topogravhical factors, on
fire spread would nrobably be reflected by such a consolidation of the data
collected.

Decidud@s trees in leaf undoubtedly played some part in retarding
the -soread of firg dbetween bulldines. Instances where the fire stopved
alons a line of trees were observed on the photorsraphy. Also, there were
several instances where buildinss remained unburned within the burned-over
area, and it was foted that many of these bulldings were shielded by tress,
It is voasible thdt the effect of trees may be the cause of soue of the -
variance in the cuMulative curves for individual cities studied, but the
degree of effect whuld probably be small when taken as an average of the
total nwaber of pointe of observatioa for either the Jupanese or the German
cities, )

Buildinz construction and contents loading, or the amount of
combustibles in a city, huva a very important effect on the spread of fire.

1/ +James W. Sheehan and Gooree P. Unton, The Great Conflagration
Chic—g_ Union Publishing Co., Chicago, pp. 121-173.
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Research has shown that lirht frame Japanese buildings burned rapidly and
comvletely, leaviy: nothing to retain sufficient heat to isnite nearbdy

“ duildings by radiation; also, eavecially near the fire verimeter, the: 1light

conetruction and low height of these bujldingss mmde it vossidle to usg
firefizhtinz effectively to halt fires at very short distsnces. 0On the other

' hand, in German cities the bulldinss were larger and of heavier construstion;
\*COnsequentlv, the fires in individusl bulldings were bigfer and burned

longer, and the masonry walls retained heat and acted as radiating bodies
over lons neriods of time, makins ignition of exvosed buildines more likely,
All other factors beins equal, it could be exmected that, on the averare,
fire would spread acroes a given distance more frevuently in a German clity |
than in & Javanese city.

Rencrts of previous research have indiceted that one of the most
important factors affecting fire spread in urban areas is building density.
There is no doubt about the importance of this factor; however, the density-
distance evaluation in Test Il falled to establish any consistent relation-
‘ship between building density and the distances which stopved fire in either
German or Jananese cities.

The construction, vlan area, and haizht of Bulldinge, and the .type
and quantity of building contents are also acknowledred as important factors
affecting fire spread in urban areas, MNowever, in wartime analyses of the
fire vulnerability of urban areas, these factors have been given consider~
ation ounly in a peneral, qualitative manner. In this study, bullding volume
was- selacted as a broad, quantitative measure of the fire load (total BTU
value of cowbustible bullding construction materials and contents) which

. would roughly reflect the over-all characteristics of building and contents

havinr effect on fire apread. - Unfortunately, the volume-distance svaluation
in Test: IV failed to oltabliah any consistent correlation between building
volume and the distances Which stovped firé in either German or Japanese

; clties. Similarly, the density-height-distance evaluation in Test ¥, in

which density-height reflacted building volume or fire load in a somevhat
pore refined wey, falled to establish any consistent correlation between '
various deusity-height combinat;ons and the distances whirh stomned fire.

Since 1t was not nossidie to cstablish consintent correlations of
density, volume, and density-height combinations with distances which
atonned fire, it was decided to develop for the German cities, and for the
Javanese cities, consolidated curves for cumulative points of observation
versus corresoondinz burned-to-unburned distances, without resard to vari-
ations of building density, volume, and heirkit at the fire perineters, Un-
consolidated curves of this type were developed in Test II for the German
cities of ®lberfeld, Barmen, and Darmatadt, and for the Javanese city of
Xure. The curves for the three German citio. showed fairly good correlation,

-and their corrslation with the curve for the Javanese city was reasonadle in

viev of thé relatively iight construction of the predominant tvpe of Japanese
bullding, Bullding construction and pattern in the German cities studied

- were fairly uniform, and the Javenese building construction and pattern were

even more wuniform, Therefore, there was good ro;aou to exvect that" cumy-
lative curves develoved by consolidating all thét burned-to-unburned distance
data for the GCerwan cities and for the Japanese cities would be fairly
Tepresentative of the average effects of the various structural factors in
sach of the two types of city, It was also anticipated that these con-
solidated curves would reflect the average effects of the meteorsloplical -
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and physical variables, such as wind. temperatura rain, humidicy. and
wpogremhy. in the two tvpes of city.

Curves for cumulative paints of observation versus correspouding

- vurned-to-undurned distances were devaloped for Eassel, Essen, Hawdurg,

Eiroshims, Nagasaki, and Sakai (mee CGraphs 22,23,24,26,27, and 2) similar
to those previously devolopod 4n Test 1I for mborfelu. Bu'nn, Darmstadt
and Kure (see Graphs 5,6,7, and 8). The data was then used to develop
consolidated curves for the six German cities (see Graph 25), the two
atomic-attacked Japanese cities (see Graph 28), the two incendiary-attacked
Japanese citles (see Graph 30), and all four Japanese cities (see Crevh 21).
Y¥or purpose of comparison, these curves were then tran-fomd to tadular
forn (see Tadles VIII and IX).

s -a*“‘ Qiebance wak rtcorded for .n points of observation where
fire walls, party walls, firefightinz, etc., stopoed fire spread, but these
£oro maasurements were not used in constructing the cumulative curves
because interest was focused primarily on svread of ‘fire across open spacse.
The nuwbor and percentage of sero-distance observatioans in each city are
shown in Tablas X; thess arc oxcmdod from Tables VIII and IX. I$ 4s evident
that the effects of fire walls and party walls (mainly in German cities) and
probabdbly firefighting vlayed a part ia halting soread of fire at the final -
fire perimeter, VWithin the arsas containing great numbers of initial fires,
whether iznited by thousands of incendiary bombs or by-a single atomic bowb,
party and fire walls vere undoubtedly outflanked and rendered insffective.

In the outer areas of the German cities, where most if not all of the damage
wan dus to dullding-to-building spread of fire, it was seen in areas of row
or semidetached houses that fire stovved after destroying only vart of the
builéing, Ia many of these cases it was possidle to confirm that party or
fire walls had been effective in halting fire spread. The over-sll vercent-
age of sero-distance measurements in Javanese cities is comparatively small
(9.5 per cent) because few fire or party wvalls exist in the Japanese-type
construction, In the German cities, on the other hand, 26.8 per cent of the

total observations were at serc distance, This 1llustrates the effectiveness .

of party aid fire walls in the German cities, in ‘halting the syread of fire
vithin buildings and within city blocks. It is quite certaln that practi-

cally all of the cases of zero distance in Japansss cities nro the result

of determined firefighting,

The serc-distance points of observation were not used in develop-

ing say of the cumulative curves; if these were used they would force the
. curves to the left, The resultant curves, wken compared with the ones with

sero-distance observations excluded, would then indicate that a given
distance has a greater chance of siupping spread of fire, It is felt timt
the cunulative curves with zero-dietance observations excluded will gensr-
ally prove more useful for practical applications Dscause analyses of urban
area wilnerability to fire spread is more likely to bde on a dlock-to-block
{or larger subdivision) basis, in which cane gero distances would not be a.
factor. However, if one desires, the mumber of zeuro-distaunce observations
can be utroducod the percentages in Tables VII1 and IX recomputed on the
basis of the 1ncmud number of observations, and the cumulative curves re-
vlotted,

‘It will be noted that the curves and tebulstions for Xure and Sakai
give indication that fire spparently was stopped by shorter distasces in Kure
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than in Sakal {(aee Graphs 8 and 25, and Table IX)." It will nlso ba noted
that the percentage of sero-djistance measuvesarts {23.8 per cent) for Sakmi
iu several tizes the percentage for Xure or any of the other Japanese citiss
(see Tadble X}. Much of the photography covering Sikal vas o small soale

and hasy quality: better quality photography probably would have shown that
there vas actunlly some distance between buildinge ia many of ths instances
vhare open space was not discernidle. Also, with thes over-hasging roof
eaves prevalent on Japaness structures, it is possible 'to have some open
space between bulldings where on aesrial photography, especially hasy. photo-
gravhy, there would appear to be a continuous rouf, If it vers assuned that
in Sakai the ratio of the trus numder of sero distantes to the total numbey
of polnts of observation vas the sane as established for Xure (6.4 péy cant),
the broken line curve on Graph 29 is obtained and thers is much beiiter corre-
lation bestween the curves for the two cities. The broken line curves on
Graph 30 represent thlp consolidated data for Kure and Sakmi besed on this
revision of the Sani dntn.

TABLE X
. ZERO-DISTAWCE OBSERVATIONS

Clotky ¢ . fotal Number . O'huemtion- st Zero. M’suneo
1 "7 of Qbserwtions, T i
B T DR lui_ﬁbor _ Per Cent or Totnl ‘
i ; o } , M -
| P
g%m ' ’ [‘i . ’ i
N Va . i
Rdertela’ | . 28 T 289
Barmen L 264 L .28 o8
) tadt 204 34 16.7
Kassel 168 R 49 . ! e 2
'Rasen - .1 e BV - I L 3647
Haaburs ) S -~ ) ; 32,0
"7 fTotal 1783 i 478 ’ 26,8
Japapese i
Hiroshina ! a9t S 4.0
Sagnsaki ’ 23 o2 ‘ 8.6
" Salmi - 39 A D, 1

. fotal 1340 7 am o 9.8

S The curves for lnruhin and !am“n show that greater distances
’ un vequired to stop svread of fire in Hiroshims than in Namssaki.  Since
construetion within the two cities was of trw sams typo arnd presumably the
contents loading was eimilar, and since wind'snd other meteorolorical cone
ditions are k.uo'n to have been about the same, the vnrhtion was probtbly
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. portant factorn which could account for this diftcnnco are as follows!

e n.t.tackn.

ONFIDENTIAL

causad by diffsrences in bomb plué-am nt in relation to huilt-un areu and
topogmnhic featurze, and 1lu ﬁrqﬁr ting altivity. 1/ 12 Hiroshima, the,
bomb pground zero location was ewy roundod. by heavily built-ap are. for at’
least 5000 fest in all dirsctions. In contrast, the Jlagasaki bomdb dm to-
nated over a rather narrow valley ard the hu.vil:v bulit-up area sxtended
lesz than 3000 feet from ground se:2 In all except thn southerly dirsction,
Consequenily, a larpe proportion of, the final fire pq.rineter in Sazisaki
probadbly ‘resulted from the merging ﬂ)f initial fires ﬂhrtod by tks bYom}
rather than froz the outward spread/of a fire front. | Along the southem
semment of the fire perimeter in ‘M’amki there was firefig:hunr activity
by the public fire department, vhereas in Hiroshima a large part of the
pubiic fire department apvaratus and personnsl were immgdiate casualt les
of the atomic bomb. In addition, & higher proportion of the general PIPU~
lace 4n Hiroshima became cuualtio- ax.d this further rutrimtod ths amount
of firefishting. ’

Comparigon of the conlolidatod curve for K\m-S-.h\i {Graph 30)
with that for Hiroshima-Negssaki (Graph 28) shows that, for a given burned-
to-unburned distance, the vercextage of pointys of obssrvutions was laxper
in the incendiary-attacked cities than in the atomic-attacked cities.
Stated another way, shorter distances vere generally more. guccessful in
nopping spread of fire in the 1ncondi-.ry-gtmckod cities, The most dlo-

A
(1) The ciun expected ond wel'e px'epu'od to 3ome extont tor

" incendiary dombd attacks, but not for utomc attacks,

{(2) Imitions were practicuny sizultaneous in the atomic
atiacks, whereas they wers spread out over a reried of zm "in the inclndury

eously with the ignitions and combustible debris was strewn across 1Ereets
and. detween buildings. This had the effect of reducing or oliniutlng the
clsar space and providing a direct means of firs spread.

(4) Ths atomic attacks oa\ued severe damage to firefightime ap-

. puratus and high casualties among fire department perscmnol and the wxrdan

populace as whole. Aa a consequence, firefighting was reduced to a minlmum
and efforts nn concentrated on rescus vork and self prenmtlonxt '

: Go-purilon ot the convolidated curve for the six German st iss
{Gruph 26) with that for the atomic-attacked Japanese cities (Craph 28)
shove thet they very nearly coincide. On the other hand, the consoliliated
curve for Kure and Sakai (Graph 30); when compared with that for the six
German cities (Graph 25), verifies the resulte of the preliminary anmlysis
1a Test II, to the effect that fire nproad wvas stoppesd by much shorter’
distarces 1n the 1nccndisry-ﬂh¢kcd Japanese cities than in tho tnc.ndurr«-

lthckod Germ.n cities.

W

L/ A Bepogt on Fhysical I:Ego_m_, , U 8. Stntog!c Bon‘blna Snrwy.
Fhyiical Damage Divluon. Boport ¥o. 98, m 1947, P 117-199. .
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(3) 1l the atomic i*tackl. ‘severs blint dnmg‘ ‘o‘ccmod. »isdtan-
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. versus corresponding distances from burned-to-unburned bulldings are based

i = | CONF!D‘fENTlAL, : : o

Conparhon of ths cumuistive polnts-of-obserwation ourn for Hiro.
shixa (Graph 26) with the U.S,5.B.S. curve for Hiroshima (Sraph 3) shows
coasiderable divorgence. It is important to note that Graph 26 reprasents
the relntionship of fire stoppage to dictance whereas Graph 3 represents the
relationship of fire spresad to distance., Therefore, only the distances
correaponding to the 50 par ceat points on ths two curwas can be conpared
directly; as an example, the distance corresponding to 30 per ceat oz Graph
26 must be compared with the distance corresponiing to 70 per cent (100 /
minus 30) on Groph 3. The curve of Graph 3 has Deen transposed onto Oraph :
26 to fllustrate the true comparison, Tha two curves cross at 47,5-food
distance and the divergence 1w 10 feet or less at shorter distances. There
ie wvide divergence at greater distances bhut this is casily explained by the
Zact tiat 46.5 per cent of the data for Uraph 3 was for obswerved dlstances
in excess of 100 feet, wheraas Only 29 per cent of ths points-cf-odserwetion
dats for Craph 26 was for distances exceedins 100 feet, Ik collecting the
data for Oraph 26, points of observation for distances execseding 300 fest
wers exciuded; on the other band, no distance 1imitation was sei when the
data for Graph 3 were collected, If the 29 per cent figure were used
indtead of 46.5 per cent in developing Graph 3, the revised curve would
coincide with Oraph 26 curve at the 100-foot distance and the principal
discrepancies would de st distances less than 100 feet. Aotunlly, there 1o

falrly good agresment Vetwean the two curves, coneidering the fact that

Graph 3 was developed byithe cumulative percentage of :l.outh»ot-pormnr
nethod, whersas Oraph 26 was developed by the cumulative perosntage of
poinh—-of-obumtion zmethod, Oraph 26 is considered more reifsbls decsuae:
onuch more detailed measurcments were made iu collectiug the data; besides,

" use of observed distences with no upper limit unduly infiuences the shape

of the curve - it is mOre ressonAble io awswume that there is a umitiu

distance across vhich fire cannot ba expected ‘to uyrud

All of the consolidated curves for cumulative points of obsirvation

on moasurexents of distancas across vhich fire falled to spraad. The
Question arises as to whether these curves can be used as prodadility curves ! b
for estizating the prodadility that a glven distance sepurating a durning S
budlding and an expossd buvilding #ill prevent lprud. of fire, Technically,
in opxder to establish probadility curves, poinh of observatiun ars necessary

. for all instances vhere fire spread froz one buldin‘ to another ss well as

2or all instances where fire did not spread, It was impossibdle to make v

- mbalyses 0f the burnsd areas which would provids the pecessa)y odservatiozs =

of wvhere fire did spread because it was not known which duildings hurned

dus to direct’ hit. nor the sequance or directioh of fire spread from building
to building, Since the consolidated curves reflect the aversge effect of
aunerous variables in the types of cities studied, 1t would seem reasonabdle

-and prictioadle to seleot and use oze of the curves as & probability curve
- whare [the over-all conditions in tbe urban area under avalysis can be

oxpocm to be siailer to the average condd tions which produced the date,

There zay be a bdasic’ obJocuon te nking practical appueuuou of
tho consolidated cunulative points-0f~-obaervation curves as probdability
curves decauss. the disiance data used in developing them consisted entirely
of measuresents where fire did not eprsad from a burning bullding to an
dxpoud building., Obviously, wherever fire failed to acsoss & cartain
distance, it also might not have aprad ncron s luur distance. The

W

I o
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siguificance of thie dnﬂrhney probehly 10, umwum (1) 1f the total |
dats sample is large and it coutajne numercus observations ¢f waricus
distances at the fipal fire parimeter; and {2) 4f there was, in fazt, an
outuardly adwncing fire front at the fringe of the durning area, in vbieh
cass 1t can be assumed that the potential of fire spreading from building
to dutlding was tasted by a wide variety of digtnnces bafors stopping at
the final fire perimeter. It is delieved that these two suppositions are
fairly well satisfied by the quantity and distribution of the data, and by
the fire spread characteristice of the conflagrations studied,

In measuring 4istances vhere fire did not epread, it was necessary
tc sslect a liniting dietance across which fire could not bs expected to
spresd. The limiting distance used in collecting the dats and in developing
the consolidated curves was 300 fest. However, nearly $0 per ceat of the
total points of observation in the German citiez and in the Japanese citles
vere for distances of 150 feet or less. Selection of the limitins distance
has a very. hporunt offect on the form of the cumulative pointa-of-
observation curvys, 7This 1is illustrated by ths broken-line curves shown
on Graph 25 for.a lixiting distance of 150 fest in the Cermsa cities, and
on Graphe 26, 27, 28, 70 and 31 for a limiting distance of 100 feet in the
Japansse citiss. A greater limiting distance for German cities is jJustified
because of ths heavier fusl or fire load in them. If desired, any one of
the curves cun be. adjusted for any limiting distance lase t!an 300 feet by
recomputing ‘the percentages irn the correiponding table on the basis cf the
decreasid ﬁlbor of observations, and then replotting the curwve. OCurvea
wvith a limiting distance of less than 300 feet may Yo more acceptadle for
Usé as probability curves because thay would produce more conservative
ostimates of fire spread, 1,e,, they would be less um.y to onrnu-to -
the fire vulneradility of aa \u'ban area, .
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CONCLUSIONS

The consolidated curves for either the Gerzman cities or the

Japansse cities provide a practical basis for estizating the vulnerability
of uwrdan areas to fire spread under conditions of mas3z fire. Thay may de
applied directly 1f the urban ares under analysis is judged to have similar
aversge physical and structural characteristics. The Gerwan and Japanese
types of city prodabdiy represent opposite extremes With respect to tuilding
construction, beight, and contsnts lomding. Therefors, imtsrpolation of
the curves ashould be feasidle for analvsis of other urdan arsas by taking
into account the significant differancec 1o structural characteristics apd
coubulub].c eontenu loading,

Use of consolidated curves with a limiting distance of lul than
300 feet will produce xoro conservative estimates of fire spread, i.e., the
fire wvulnersbility of an urban area is léss likely to be oversstinmated, A

.limiting vu-umeo of 160 feet ia favorsd ror GCerman cities, and 100 feet

for Japanase cities.

Greater d:.-tancu wers roquirod to utop fire spread at ths final
perimeter of the mass fire area ia the atomic-attacked cities of Hiroshims
and Negasaki than in the incendiary-attacked cities of Kure and Sakai, -

Construction and sise of 'on;lding and type and’ quantity of cone
tents, vhich deternine the fuel or fire lvad of an urban a- a, have a very

~important effect on fire spread, This accounts for the finding that, in
‘aress of the saxe buhdug density or volume, greater distances wers re-
q\nnd to stop spread of fire in German citiess \‘hu in Japsnese citiss,

. 'Building density is an important factor in the fire spread
characteristics of an urban area, but building yolume reflects building
height as well as dencity and, therefore, provides & bettsr represeutation
of fuel on fire load, ' Neither building density nor building volume can

. be considered 1ndopondnnt17 cf other factors, however, in nulsung the

vulmubnn;r of an ur‘nn ares to’ nu wpread,

" Mre walls a.nd party unu phyod a mt "although a relatively
minor one as compared to Jbuildidg separation, s halting spread of fire at
the: final firs perimeter. Within the fire perimeter these walls vers ’
gonerally ineffoctive because i.hoy wers ouithnhd by the initial fires or
by -puuun‘ nru.
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DEPARTMENT OF THE AIR FORCE
WASHINGTON, DC

1 November 2005

MEMORANDUM FOR DTIC-RS
Attn: Kelly D. Akers
8725 John J. Kingman Rd., STE 0944
Ft. Belvoir, VA 22060-6218

FROM: HAF ICIOD (FOIA)
1000 Air Force Pentagon
Washington, DC 20330-1000

SUBJECT: Freedom of Information Act Request — DTIC # 2002-67 (Baker)

. Reference the attached DTIC referral of the report AD0094651, “Fire Spread in
Urban Areas,” which was forwarded to this office for review and release determination.

2. The document was declassified by AF/XOI effective 28 Oct 2002 and released to the
requester on 1 Nov 2005, As a result of this public release there are no restrictions on
future releases in response to requests. A copy of the cover page with the appropriate
markings is also enclosed.

PE J NKINS
om of Information Act Manager

2 Attch
As stated



DEFENSE INFORMATION SYSTEMS AGENCY
DEFENSE TECHNICAL INFORMATION CENTER
8725 JOHN J KINGMAN RD STE 0944
FT BELVOIR VA 22060-6218

IN REPLY DTIC~-RS (FOIA 2002-¢67)

REFER TO

SUEBZECT: Freeccm -I Inicrmation Act (FOIA) Program

PR AN NP

-2, I C5/3C3x 'rCIE,
1000 Air Force Pentagon
Washington, DC 20330-1000

1. Reference FOIA reqguest from Mr. Nicholas Baker, dated

Juone 13, 2002 lenclcsed)

2. Feleszse c¢f Zdocument ADC0S4651, entitled Fire Spread in Urban
Zrzzs, may only be performed by the appropriate Air Force
cznTryclling activity. Therefore, we are forwarding this request
=z vou for vrocessing and direct response back to

r. 3axesr. We have notified Mr. Baker of this action. Our
reccrds incicate the document is classified and was produced by
—re Directcrate of Intelligence, USAF, Washington, DC, and
assigned report number TM PVIM 16.

3 Should your review of this document result in a
determinaticn to declassify and/or delimit it (make available to
the ptblic) or a determination that the distribution statement
on the document should be changed, please advise this office in
writing we we may mark our records accordingly.

4. If you need a copy of the document to review, contact our
Reference and Retrieval Services office at (703) 767-8274 for
instructions on obtaining documents from the Defense Technical

Information Center (DTIC). The categoryv of this request was
“news media.” Mr. Baker incurred no assessable fees for
services from DTIC. If you have any questions, please call me

at (703) 767-2194 or DSN 427-9194.

FOR THE ADMINISTRATOR:

O, Uhero—

1 Encl a/s KELLY D. AKERS
FOIA Program Manager
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