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ZART I

INTODUCTION

A. Historical BaCkgruund

Fire has been used in warfare since ancient times. Relatively
little scientific and engineering effort was directed toward solving the
complex problems involved in the use of fire as a weapon, however, until
the German Air Force attack on England early in World War II. Then the
British attempted to apply to their own offensive air operations 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 between these allied nations
existed.

During the early phases of the war in lurope, the principal tar-
gets were industrial plants and other important installations. Therefore,
the main objective was the direct ignition and destruction of the plants
or buildings rather than the spread of fire from building to building. As
the war progressed, large areas and even whole cities became targets for
incendiary bombing, and more attention was given to the study of fire spread
across open space. Even then, however, the immediate need for more
effective incendiary bombs and ignition technique* 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
Nagasaki in the final stages of World War I1 placed increased importance
on the study of fire spread across open space. The Hiroshima and Nagasaki
experience gave some indication of the large number of ignition@ that could
be expected from an atomic bomb explosion over an urban area and the sise
of the fire that might result. Some means for estimating the extent to
which fires will spread from the area initially fired is of great importance
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 of this project stuay Is to evaluate the
principal parameters affecting the spread of fire in urban areas so that
the vulnerability of such areas to fires resulting from bombings can be
estimated. No attempt is made to evaluate or analyze tactical factors or
the effectiveness of different types of weapons in initiating fires.

C. Sources of Materitl

The sources of material were domestic and foreign books, research
papers, and other documents, and pro- and post-strike aerial photogifaphy
of certain 2uropean and Japanese cities which suffered incendiary or atomic
bomb attacks during World War I1.

CONFIDENTIAL



CONFIDENTIAL

The search for written material resulted in perusal of the
collections of the Library of Congress, including the collections of the
Office of Sciontific Research and Development; the Captured German Documents
Section, Adjutant General's Office, United States Army; the library of the
Assistant for Operations Analysis, DfCS/O, Headquarters USAW; and the library
of the Physical Vulnerability Division, Deputy Director for Targets,
Director of Intelligence, DOS/O, Headquarters USAF. Additional material or
consultative assistance was obtained from the National Fire Protection
Association; the National Board of Fire Underwriters; the Engineering Depart-
ment of the Associated Factory Mutual Fire Insurance Companies; and the
Division of Fire Research, Forest Service, United States Department of
Agriculture.

D. General Considerations Governi the Progres and Spread of Fire
in Urba Areas

Fire spread in urban areas, as considered herein, deals with the
building to building spread of fire, resulting in what are called confla-
grations or area fires. Webster defines a conflagratior as "a raging
destructive fire. ' Within Lire protection circles a conflagration is usi-
ally defined. as a fire which results in the destruction of a considerable
number of buildings under a diversity of ownership, which spreads from
building to building across streets or other open spaces from the area of
origin, and which is of magnitude beyond the control of available fire-
fighting facilities. Either of these definitions may be used to describe
the wartime area fire. The principal and important difference between the
peacetime conflagration and the area fire resulting from bombing attack is
that the peacetime conflagration usually spreads from a single point of
ignition, whereas the wartime area fire results from a large number of
ignitions in a relativoly short period of time. In either case the mechanics
of fire spread from building to building are similar.

The term "fire storm" wag coined in Germany in World War II to
describe a conflagration characterized principall: by a great inrush of air
across the entire perimeter of the burning area,l/ This fire wind, which
was caused by the great volume of hot gases rising from the mass fire area,
tended to restrict outwardly spread of fire but made spread almost certain
inside-the burning area. The most famous fire storm is the great Hamburg
fire, in which the fire-wind velocity possibly exceeded 100 miles per hour
within and immediately adjacent to the burning area. Later on, a few of
the conflagrations which occurred in Japanese cities also were called fire
storms although induced wind velocities of less than 50 or 40 miles per
houxr were experienced. it is concluded that the severity of so-called fire
storms may vary greatly, and that the severity is probably very closely
related to the total fire or fuel load of the burning area. In the absence
of a strong, naturel ground wind, a tire storm is likely to develop in any
large, cuubustible, densely built-up area in which hundreds or thousands of
fires are initiated almost simultaneously. No attempt is made in this study
to analyze separately the conflagrations in which fire storms were reported
to have occurred.

J/ _Esical Damape Division Report (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 whic", transferred by one or

more (usually a combination of three) agencies from a burning object to
any combustlble material, raises the teraperature of the exposed material
sufficiently to cause its ignition. Intensive heat falling on exposed
combustible material, e.g., a wooden window frame on the facade of a
building, may cause direct ignition of that material; but, if the heat
falls on an lnc',ombustible substance, e.g., a wall of currugated iron, it
will be conducted through that substance and, if of sufficient intensity,
will ignite combustible material in contact with the opposite face of the
substance. The three methods by which heat is transferred across open space
between buildings are:

(I) Radiation, in which heat is transferred without heating
of the intervening medium. It i by this method that
radiant energy reaches us from the sun.

(2) Convection, in which heat is transferred by the phyei-
cal movement of heated matter, as by a current of hot
air.

(3) Flying firebrands.

Wind. temperature, rain, humidity, terrain, building construction
and contents loading, building heights, and a number of other variables
affect the spread of fire across open space.IJ In order to understand the
eff3ct of these and other variables it is necessary to consider basic physi-
cal, chemical and meteorological facts which govern the progress and spread
of fire. These facts have been treated in detail by Clarence Goldsmith and
the information in the remainder of this section Is based upon his paper.zt

Flas-able liquids never actually burn but are vaporised by heat,
and the vapors mixing, with air are ignited. The burning vapor-air mixture
produces a flame, which is defined as a body of burning gas or vapor. In
a second, form of fire the material itself (charcoal, magnesium, etc.)
oxidizes and produces heat with little or no flame. In general, fires in
combustible material commonly used for or found within buildings, i.e.,
wood, pz.per, and textiles, pass through both stages. During the first stage
of burning, the resins and other readily volatile substances in a solid
combustible material are driven off by heat and burn, leaving alnost pure
carbon in the form of charcoal or coke. During the second stage, flame in
contact with the charcoal results in further combustion with red or white
hot embers, which heat other materials and spread the fire.

Frequently during the firt stage of a fire, the heat is not
sufficient to ignite the games and vapors, so they rise in unburned jets,

/ he Influe.c&e of Weather on the Nxtent of Dfaju~e Caused by
Incendiary Bombs, Joint Target Group, Physical Yulnerability
Section, March 1945.

OClarence Goldsmith, Effects of Meteorological Conditions ap
Terrain Jeatures on the Devoeloment and .Spread of Fires,. ational
Board of Fire Underwriters, 8 November 1944.
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An the fire gains headway, these vapors ignite and burn, generally 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 by radiant heAt and by tho convection
currenos of heated air and the gases of combustion. These air and gas
currents become so hot during a large fire that they ignite combustible
materials considerable distances from the main body of fire. This type of
ignition is entirely independent of sparks and flying firebrands and is
termed 'autoignitionu. Wood normally bursts into flame when subjected to a
temperature of 7500 7 under conditions of rapid heating; and, if subjected
to a temperature of 4000 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. This phenomenon is
of prime importance in connection with the spread of peacetime confla-
grations or wartime area fireu. Its effect where wooden houses are con-
corned is obvious, and such structures are easy prey to radiant heat and
hot convection currents. Where masonry structures predominate, it is
likely that there will be overhangs of wood at the eaves and at window
and door openings, which pocket heated air currents and materially speed
up tbh spread of fire by radiation and convection currents.

Meteorological conditions such az wind, inversion, rain, humidity,
and temperature influence the speed with which a fire will spread.

Oxygen is required to support combustion, and a draft is neces-
sary to furnish a continuing supply of oxygen to the material undergoing
combustion. A small draft or low wind velocity is conducive to slow fire
spread, because the supply of oxygen is small. On the other hand, a strong
draft or high wind velocity during the early stages of fire may also retard
itp' spread, because the large volume of air pouring over the combustible
material cools the material to such an extent that the generation of com-
bustible gases is retarded. Yoxperiments conducted by the National Board
of Fire Underwriters indicate that the optimum draft or wind velocity during
the early stages of a fire is approximately two miles per hour, or about
three feet per second.

After a fire is well established, high wind velocities increase
the draft, accelerate the burning rate, and increase the heat output. When
a fire has gained conflagration proportions, the velocity of the wind on
the lee of the fire is materially reduced and frequently reversed in
direction by the pillaring of the heated air and products of combustion.
Sparkn and burning brandv ot considerable 31ze are carried into the air
by this pillar of hot air and, under certain wind conditions, travel
extremely great distances. Althou;h 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 pr-gress of an ordinary conflagration is governed by the
direction of the wind, which carries sparks and burning brands at the
higher altitudes. The higher the wind velocity the more the pillar of
heated air is pushed forward from the vertical. This holds heated air
currents closer to the ground and Increases the spread of fire by radiant
heat by bringing the flwae, which is a radiating body, closer to exposed
buildings.

The prevaillrg temperature of the air influences the speed with
which a 17ire spreads, because warm materials require lese heat to bring
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them to their ignition temperature than do cold materials of like nature.

Humidity has a twofold exfect on the development of fire. Pirst,
high humidity in combination w•ith inversion at the time of fire inception
retards the formation of a pillar of heated air currents. The result is a
smoky and relatively slow-burning fire due to lack of draft. Second, the
average prevailing humidity in any section determines the moisture content
of wood and other combustibles within roofed structures. When materials are
moist, combustion is slow because part of the heat is expended in converting
moisture to steam. In the initial stages of a fire, when heat output is
relatively low, the moisture content of a material may well determine
whether the fire continues to burn or not. After a fire has become well
established, the effect of the moisture content of the materials becomes
relatively unimportRnt because sufficient heat is available to dry them.

During rainy periods, the rain and the accompanying prevailing
high humidity reduce the chances of building.oto-building spread of fire,
because, not only are the exteriors of exposed structures wetted down, but
also convection currents of hot air are cooled and flying firebrands and
embers are extinguished by the rain. Althoug~h the rays of radiant heat
are not absorbed to any extent by the water droplets, the rain cools
combustible materials which may be exposed to radiant heat. Rain, unless
it continues over a considerable period, does not materially increase the
humidity of combustible materials within roofed structures and, therefore,
has essentially no effect on the initiation and growth of fire within such

st •uctures.

Terrain has an important influence en 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 and, thus,
hotter an they move up the hillside (see Illustration 1). When winds are
low, the pillaring of hot gases is much more rapid and marked if a fire is
progreuling up a hillside than if progressing on level ground, and the rapid
'i5e of hot gases itcreases the velocity of the draft supplying oxygen to the
fire,

11 U

ILLUST. I 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 season, but at other times they are highly flammable and subject to

quick sweeping fires. Deciduous trees, when in leaf, retard the spread of
fire because of their ability to absorb large quantities of radiant heat
energy without bursting into flame.

It is evident from the preceding brief discusslon of some of the
factors which influence the spread of fire that, even if it could be
developed, a mathematical formula containing all of the variables necessary
to account for wind, moisture content, size and contents loading of build-
Ings, terrain, etc., would be very complex. Also, there would be doubt ae
to the value of such a formula for use in predicting fire apread 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 photographk, city maps, etc., and which could be used to estimate,
with acceptable accuracy, the probability of fire spread in urban areas.
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SEARCH AM) SPLCTION OF PHOTOGRAPHY

A thorough review of wartime and postwar research and of numerous
publications pertinent to the subject pointed to the conolusion that build-
ing density, or the proportion of roofed area to ground area, has a definite
bearing on the fire vulnerability of urban areas. However, nothing could be
found indicating that an accuxate appraisal of the effect of building lensi-
ty In urban area fires had ever been attempted.

Since it in possible to make accurate building density readings
and. damage assessments with the aerial photography used by target an=lysts,
it was decided to attempt photographic evaluation of density as it affected
damnae attributable to fire in German, Italian, and Japanese cities which
suffered large area fires during World War II. It was essential, therefore,
to review all cities in this category and to select those (1) for which
there was availabl* both pro- and post-attack photography of good quality
and of adequate scale (a contact scale of 1:10,000 was considered the
minimum scale suitable for study) and (2) in which a fire line attributable
to a single attack could be established. These requirements were establish-
ed as a guide for selecting cities to be studied.

A complete catalogue of World War II Bomb Damage and Strike Re-
ports is kept in the Military Intelligence Photo Interpretatiou (•IPI) files
of the Deputy Director for Collection and Dissem,nl '"on, Directorate of
Intelligence, Headquarters USAW. A thorough seaxih was made of the.e re-
ports compiled on German, Italian, and Japanese cities. Initially, 22
German, 52 Japanese, and 2 Italian cities were indexed for photographic
search. Most of these cities were later eliminated because more than one
attack preceded the photographic reconnaissance and it was impossible to
determine tho fire area resulting from a single attack. KIPI bomb damage
reports for 'hs cities selected for study were copied in whole or in part
and f 4 led ,.ovrusv as references throughout the photographic analysis.

Selection of photography was limited initially to that available
in the United States. It was founi that available photography of German
cities consisted of duplicates of negatives which had been selected from
complete mission files in 3Agland. Much time was unavoidably expended
viewing thousands of negatives of Zuropbar, and Japanese cities to obtain
both pro- and post-attack photography, when photographic prints, photo-
graphic indices, or adequate plots would have made a quicker selection
possible.

After initial review of the German cities, all except eight were
eliminated because available information failed to meet the requirements
mentioned previously. Zven then it was necessary to request additional
photography from the Air Ministry in lgland to obtain complete coverage for
the cities selected (Hamburg, eseon, Darmstadt, Nassel, Cologne, Bremen, and
Barme and Elberfeld, the two tovamships of Wuppertal). Cologne and Bremen
later proved to be unesitable and were discarded.
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At first the two Italian cities of Turin and Genoa were selected
because thm type of construction differed so greatly from that of either
the German or the Japanese cities. Although they were subjeoted to heavy
bombing attacks, large area fires did not result, so these two cities were
discaried.

' Suitable pro-strike photography was not available for most of the
Japanese cities, but four were finally selected for study. including the two
cities which had suffered atomic attacks (HIroshima and Nagasaki) and two
cities whi.ch hmA experienced conventional fire attacks (Kure and Sakai).

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

8 CONFIDENTIAL
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P'HOTOGRAa'HI C ANALYSIS3

A. TrEST I- Density Evaluation

First, a city to be studied was divided iftto sections which
appeared to be fairly honiogeneune in building density and pattern of
building layout. Wide rivers and large open areas were excluded, and the
relative sizoo of the individual homogeneous sections, altholizgh varying
greatly, were not consuidered (sete IllustratiV~n 2).

Next, a clear outline of all roof area had to be obtained.
Several procedures were tried, and finally two methods, the stylus and
the shading methods, were selected for use in all cities studied. If
photography was of large scale and there was adequate separation between
buildings, the stylus method was used. In this Method, the building out-
lines were traced and transferred to sheet acetate by use of a stylus
(see Illustration 3). In the other cases, the shading method was used.
In this method. all areas not covered by buildings were shaded to display
the building outlines (see Illurtration 4). The shading method was con-
sidered the more sa~tisfac~tory for outlining roof areas for Japanese cities
where buildings were very conwested.

Then building denuity was calculated by either of two methods,
the square-counting or the area-measuring method. In the square-counting

fC'o
"v4

A A

ILLUST. 2 HOMOGENEOUS SFCrk()N1NG6
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method, a square grid was placedl oval. the photograph, aiid the per cent off
buildling density was computod by dividing the total number of building
squares by the total number of area squaresn (see Illustration 5). This
method was used where detail was poor or building separation was uniformly
small throughout tho area. !a the aret-uteasurink method, the ground area
and the buildling area were actually measured with hn areameter and building
density was calculated by dividing buildin(- amoa by total grvu-n area (see
Illustration 6).

The township of Zlborfeld (part of the city of Wuppertal, Germanry)
was selected as the f~irit uz-ban area to be studl~ed for determining what
relationship mig-ht exist between the degree of building density and the
extent of fire damage. The southern part of the town from about the center
to the outermost built-up areas wasn divided into homogeneous sections, and
the percentage of damage in relation to building density in each section
was calculated with the results shown in Taible 1. These results indicated
no correlation between building density and damage.

Oi
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The Unttod. Stateg Strattegic TPoiabing Survy (J.oy JS report ort
atomic bomb otfects In Hiroshima stateq that on@ of thoi wigt, Iiupotn',Itit
fi;t~nrsa iontributinr to fire anread Is the coiopactnesn (hI)Iit-amires or
denaity) of' 'on~ibiitibla bui12tiurs, without which otben or 4m~I fnc-_
tore, such tis high windi, dry weather, and tal.l buildint-.o, woiOL! kiBvo reltt..
ti'rely little effect. This report also presents a graiph (seec O(aph 11) show.-
ing the "Probability of Fire, Spread in Various Amoiuntn of Blt inm'.1
Although the fire vierimetor of the burned area was Potablished by pround
survey, the data for the U.S.S.B.S. graph were obtained by photog-raphic
analysis in the followinU manner:

(3'I Concentric circles of 5000-foot and 70&G)-foot radius were
drawn with the groun& zero (GZ). the paint on the ground directly under the
point at which the bomb detonated, as the center. In gti.oall, the parimeter
of the burned area was inside the circular bandi of 2000-foot width; A nerli-
gible portion fall Inside the 5000-foot circle and only a small portion fell
outside the 7000-foot circle.

(2') Building densities of all built-up areas within the MO00-
foot circular band were determined on pre-attackc photoprapho,

V W- dl r

4fb1

1111 f

ILIUST, 5i SQUARE COtIN I INC, Mt 'I HjOL I Ok (COMPLI IN'; BUIL.DING DV N!;ITY

SThe Ffot of the Atomic B3omb on RiroahiMt,_Jara 'Vol, 11, Report
No. 92., 1. S. fitr~tegtc Bombkng Survey, May 1947. pp. 16 ond. "") "
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PROBABILIrY OF FIRE SPREAD

(3) The burned and unburned IN
areas of each building density group VARIOUS AMOUNIS OF BUILT-UPNESS
within the 2000-foot circular band were HIROSHIMA
measured on poot-attack photographe. HIROSHIMA

(4) ninally, the percentage of . 1I

area burned in each building density
group within the 2000-foot circular band i5 - i
was computed to obtain what was assumed 30 BLDutINGS
to be the probability of fire spread in I .
that building density, and these were 2 DOMESC I ,
plotted a shown in Graph 1. 20 BUILDINGS

Despit. the negative resu'lts V
of the first building density-dam•g•. i0 -
analysis in this study, it was deemed 5VLiJI
necessary, bec&use of the conclusions
drawn and presented by U..S.)B.., to 00 1 20 30 40 50 6 70 ,0 ...10 0 20 30 40 00 61' 70 80 00 10
try further analyses to determine PROBABILITY OF FIRE SPREAD PER CENT
whether a consiptent relationship
existed between building density an& GRAPH I
the &ajunt of fire damage in German

EnW
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cities. Yor this research, the southern DENSITY-DAMAGE
part of Elbarfeld was again used, Since
the burn line was not symmetrical, as was WUPPERTAL ILBERFELD
the burn line in Miroshima, it was decided
to divide the town by a system of grids,I
arbitrarily set at 500 feet on a side, and 90o

to determine the building density and per
cent of damage for each grid cut by the 80 -- "
burn line (see Illustration 7). Again, no 7

evidence was found of a consistent relation- 70

ship between building density an, fire 60 -. .. 1
damage. For example, some areas with 20 W I
to 30 per cent building density suffered s o I

less than 10 per cent dc-mge, while other 40-
areas in the same building density range .

suffered 75 to 100 per cent d..mage (see
Graph 2). 20 - ---

In another similar analysis of 1o
building density and its relationship to 0
fire damage, Elberfeld was divided iato 0 10 20 30 40 50 60 70 80

city blocks and calculations were mad6 on DIENSITY PER CENT

a block-by-block basis (see Illustration GRAPH 2
8). However, there was still no indication
of a cotsistent relationship between
building density and fire damage.

0. Bolock No.21

Density . 12.0%

9 lipe10 12 13a, 1J urried ....... -j()%

U Inburned... 3. 0/o

1720 21 23  i 4;27  2054

26 231 .32 • 3

ILLUIST. 7 MLiE 5o0 H.) (Oilh VT1(0D FOR COMPUTING DENSITY iiv/IMAAGF JILAIOWNSi-IP
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Since the burr line ropresenteon the perimeter of the burned are,%,
it was thought improbable that the Inconsistencies in the density-damage
relationships were due to direct hits by incendiary bombs.

Continuing the search 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 building density alone, would be to
investigate the relationship between building density on the burned side
and that on the unburned side of the burn line. It was necessary to
establish a common basis for obtaining the building density on each side
of the line. Examination of damage photography of several of the cities
selected for study showed that fire spread across open *pacee of 400 feet
or more was the exception. In the few cases where it appeared that fire
had possibly spread across distances in excess of 400 feeto there was reason
to believe that direct incendiary hits had been recorded; if so, the damage
observed was not the result of fire spread. Therefore, it was decided to
use this measurement to establish a building density band, and a line was
drawn 400 feet on each side of the line of burn (see Illustration 9). These
400-foot bands were divided into sections that were homogeneous with respect
to layout of buildings. The relationship between building densities along
each side of the burn line was then calculated for the cities of 2lberfeld,
Barmen, and Darmstadt and translated isto graphs. It was found that,
usually, the building density on the unburned side was lower than that on
the burned aide, partly bocauee the bura lieu was drawn along the face of
the burned buildings rather than along the face of the unburned buildings.
There were numerous instances where the building density was zero on the
unburned side. However, so consistent relationship was found between the
building densities on the two sides of the burn line. Examination of the

4rBlock No.7

46 Burned 15.5%

14% 1 56

06J /

4 "-' °k

ILLlS 1J51 CITY BlO-CK MLrTIOO• FOR (;OMPIJ•I N, IdEN';Ii IJqAMA(,[ I 'iAFlNI';l'
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V It

ILL USi. 9 BURNED AND UNBURNED 400 FOOTr BANDs

few Cases Where the density was greater on the ulibux'ned evidu t~o,

burned side provided no explanation; the distances between btidLdh±4,n
opposite each other along the line of burn were averago, andnoftv,.
of construction which would normally 'De expected to arreatý tflj npii ol
fire were evident. It was thought that in those few cases Iftro '.'tr
might have been effective.

The foregoing attempts at
developing a consistent relationship ** c j
between building deoneity and fire m l
spread led to the vonclusion that
building density, by itself, Is not a
Means by which a cityt a vu].nerability
to fire spread can be estimaited. One
explanation for this Is that the E M i
arrangement of buildings in areas of E U *1~ ~~
the same building density nay vary so
widely as to have considerably differ-
ent-fire spread potentials (see ILLUST 1(WSIY'AVt
Illustration 10). The proximity of
buildings aligned alonF streets may
allow fire to spread fron building

16 CONFIDENTIAL
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to building aud 100 per cent daege may result even in areas of fairly low
building density.

Once it had been established that building 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 sufficient to rinder radiant and convected
heat ineffectual.

Practically no information
concerning wind conditions at the
time of the attacksewas found, and
such information *oould hardly be PROBABILITY OF FIRE SPREAD
developed through photo-analysi'. ACROSSS" ACROSS

.Although little specific VARIOUS EXPOSURE DISTANCES

information relative to the effect- 1 HIROSHIMA
iveness of fire fighting was avail-
able for the cities selected for -
stu'• , reports from other cities 110

suffering incendiary attack indicat- 1 -

ed that fire departments wjrre over- 00
whelmed by the almost simultaneous
ignition of buildings in many areas, -, -

making fire fighting efforts in- 76 \
effectual. 1 1 V

"Hioosbina includes a graph which 4 1 a "
shows a relationship between prob-
ab4lity of fire spread at the fire
perimeter and the exposure die- -- .-
tance. •/ For example, according - - -

to this graph, at a distance of 100.
feet the probability of fire spread 0" 1 70 0
would be less than 50 per cent, but PRO OF FR S -FIE CENT

at a distance of 40 feet the prob-ROB/sLIWOFF5EE $PUCT

ability would be 65 per cent (see GRAPH ,3
Graph 3).

SGeorge o. B. risher, Zncendiar WarfaE, New York, 1946, p. 80.
W The carre scale Raids on HiamburgA in Ju_17 and huvust 1943 (a report

by the Police President and Local Air Protection Leader of Nosburg, secured
in June 1945 by British and U. S. Intelligence Officers, Home Office, Civil
Defense Department, Intelligence Branch), London, 1946 (available at the
Library of Congress).

W Hans Rumpf, Der Bochroto Hahn (The Britht Bad Rooster), Dgrmstadt,
1952, ].98r ' !

The Zffects of the Atomic Bomb on giroshima. Jan, Vol. I2, Report
No. 92, U.S.S.B.S., May 1947, !p. 41,43.
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The data for the U.S.S.B.S. graph were developed by ground survey
and by computation in the following manners

(1) The entire perimeter of the burned area was surveyed and
divid~ed into segments within each of which the exposure distance from
burned, to unburned, buildings varied within a narrow •range.

(2) The average exposure distance for each segment was esti-
mated.

(3) Segments having approximately the same average exposure
distance were grouped and the total length of each group was computed.

(4) The percentage of the fire perimeter represented by each
segment group was computed.

(5) Starting with the segment group having the shortest average
exposure distance, the cumulative percentage of the fire perimeter re-
presented, by each segment group was computed.

e ro (6)' Finally, each of theme cumulative percentages was subtract-
ed from 100 per cent to obtain what wan assumed to be the probability of
fire spread for the corresponding average exposure distance, and these
were plotted*'as shown in Graph 3.

It was decided tlht a similar study could be made by photographic
aalysis of the German and Japanese cities selected.

+. TST ' - Distance Jvalgation

The todwaship of Ilberfeld (in Wuppertal) was selected for the
first'analysis. The burn line was drawn and the distance measured from
burned buildings to ,,unburned
buildings. The linear measure-
ment of the radiation face Wam
taken as that part of each burned
building directly facing an -
exposed unburned building. (see"
Illustration 9 Insert and Illue- J
tration 11)

Then the total of the -" BURN LINE

linear measurements for each BUNNED BLDG.

exposure distance was plotted as UNBURNED BLDG.

a cumulative percentage of the M RADIATION FACE

X UNEAR MEASUREMENT
"OR POINT OF OBSERVATION

Y BURNED.TO- UNBURNED DISTANCE

ILLUST. 1 1 RADIATION FACES AND
MEASUREMENTS
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total fire terlmeter (see Graph 4).
Zero dliatwices were observed where CUMULATIVE CURVE
party walls, fire walls, etc., WUPPERTALELBERFELD
stopped fire spread.. Although these W T B

zero distances were measured and re-
corded, they were not used in 0
developing Graph 4 or any of the
other graphs in this test or in sub-.
sequent tests because interest was IF

focused primarily on spread of fire 1I
across open space.

Hiroshima (Graph 3) and the cumu-
1ativa curve for 2lberfeld (Graph 4) b
showed comparable results for about I I
30 per cent of the fire perimeters. 20 " 1 I It T
7or example, 30 feet or less of open H _L. ,
space stopped fire spread along 32.5 0 i 40 40 s 100 120 140 ISO i 20

per cent of the fire perimeter in BURNEO.io.UMBMNEOOiSTAU•LEET)
Elberfeld. This was in line with the GRAPH 4
probability curve prepared by .";

U.S.S.B.S., which showed that the prob-
ability of fire spread across open
space of 30 feet wasT70 per cent, or the probability of ai fire stopping at,
that distance was 30 per cent. However, 70 feet or less Of open space!
stopped fire spread along 68 per cent of the fire perimeter in Mlberfeld,
whereas, according to the U.S.S.B.$. curve, the probability of fire spread
across 70 feet was 53 per cent or the piobpbility of a fire stopping was
47 per cent.

The close correlation in 30 per cent of the fire perimeter of
these two cities seemed to warrant further research to determine if the
wide vsriation,1im the remaining portion was due to differences In the.
characteristics of the two cities, or if there was some difference la the
way tLe data for the curves had been accumulated. p

At this point, the reliability of results obtained by a•cc•mu-
lating data as a percentage of the perimeter rather than by number of
points of observation was questioned. A test was made in which data were
acoumulated by usini both methods. The results were compared and found to
be almost identical regardless of the method used. However, the points-of-
observation method was adopted for all future analyses since it seemed to
be a more reasonable basis.

O•ree were then developed by the cumulative points-of-obuervatien
method for Xlberfeld, the additional German cities of Barmen and Darmstadt,
and the Japanese city of Kure (see Graphs 5, 6, 7, and 8). V/

SIn Part IV, Summary Discussion, similar curves are developed for
Kassel. Zsen,. Ha•birg, Hiroshima, Nagasaki, and Sakai (Graphs 22, 23, A4,
26, 27, and 29).
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For purp*#e of comparison, these curves were then transferred to
tablar form (see Table II), with a breakdown for each city, showing burned-
to-unburned distances in l0-foot Increments and the percentage of obser-
vations where the fire stopped at theme distance* (and all lesser &istances)
a. related to the total number of observations.

TABLE II

DI STAIýCE EVALUATION

Burned-to- Cumulativi Percentage .,7f roints of observation
Unburned at which Sre tonped
Distance
(in Feet) .IBL.ERD• BARmuf DARMSTADT KTMEZ

10 7.o% 4.0% 7.5% 19.0%
20 17.5 14.0 17.5 41.5
30 30.0 25.0 :8.0 58.0
40 44.5 38.0 38.0 67,0
50 54.5 47.0 48.0 73.5
60 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 74.5 67.0 77.5 89.5

100 78.0 70.5 82.0 91.5
110 81.0 74.0 85.5 93.5
120 83.5 76.5 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
300 100.0 100.0 100,0 100.0

Number of
Points of
Obses-
vation ; 162 28 170 293

Graph
lumbe6 7

The data fori-lberfeld, Barmen, and Darmstadt showed fairly good
correlation. However, the data for lure suggested that fire spread was
halted by much shorter distances between buildings in Japanese cities than
In German cities. For example, fire was stopped by open spaces of 20 feet
or lose at 41.5 per cent of the observations in Kure, as compared with.
17.5 per cent of the obs•rvr.toe in Elberfeld, 14 per cent in Barman, and
17.5 per cent In Darmstadt. Although the results of this test wore sur-
prising, there was a plausible explanation.
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Burni.ng time, or the time during which radiant heat in trans-
mitted, is governed by building density, construction, height, F•nd contents
loading. It wasathought that the difference in the pattern of fire spread
in the German cities as compared with the Japanese city was largely due to
differences in their burning time. Reference to research conducted by the
Japanese confirmed this explanation. Japanese houses, being small in
volume and of rather light, wood construction, were consumed rapidly by
fire. I/ The Japanese research indicated that the time required for one of
these structures to burn with high radiant heat emission was an little as
12 to 15 minutes. If true, fire fighting in the nature of a few buckets
of water on exposed svrface. could have prevented ignition of many build-
Inge separated by short distances along the fire "perimeter. The effects
from radiation were reduced to a minimum, not only because the burning
time war so short, but also because nothing was left to act as radiating
surfaces after the flames had subsided. On the other hand, the German
cittes contained mainly multistory masonry buildings with combustible
roofs and interiors, including heavy woodwprk and furnishings. When the
combustible portions of these buildings were donsume& by fire, the outside
walls became heated and were generally left standing to act as radiating
surfaces for considerable periods of time, Study of pre-attack photograp•hy
showed that construction was relatively uniform in all the German cities
selected, and any differences that might exist would =ndoubtedly average
out when reviewed as a whole. Though of a different type, construction in
the Japanese cities was even more nearly u'amforM.

It was apparent 'hat constructioý and contents loading had the

greatest effect or burning• time and, hence, was probably the factor which
caused the variation in, the distance required to halt fire spread in the
German cities as compared with the Japanese city. While it was posoible
to obtain wbrkable data on construction from aerial photography, no infor-
mation was available on contents loading of buildings at the time of
attacks. Nevertheless, 1t was evident that curves developed for Gorman
cities would not be consistent with those prepared for the Japanese cities,
and that these two types of cities would have to be treated separately.

Although the cumulative curves developed for the German cities In
this test were similar, there was sufficient variation between the indi-
vidual cities to warrant investigation of the effects of other factors, such
as building density and building volume, on distances required to stop
spread of fire. Either building density or volume would constitute a rough
measure of the fire or fuel load in a built-up area. The next test was
designed, therefore, to see if building density represents a usable measure
of fire load as it effects the distance required toL.Stop spread of fire.
It was expected that as building density increased the distance between
burned and unburned buildings would also increase.

1 Kia'ichiro Fujita, Fire Smread Caused by Radiant &at and Methods
of Prvention (available in microfilm copy at the Library of Gong•ess).
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C. TEST III- Density-Distance Evaluation

The german cities of Elberfeld., Barmen, and Darmstadt and the
Japanese city of Xure were selected for this study. It will be recalled
that, in the investigation to find the relationship between building
densities on each side of the buzn line (Test I), bands 400 feet deep on
each side were used as a basis. The practicability of using this sme
measurement in an attempt to establish a density-distance relationship at
the burn line was questioned. The 400-foot bands had been set following
mere visual examination of the pro- and post-attack photography. but after
measuring distances, between burned and unburned 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 was established
inside the burn line of each city and divided into sections with homo-
geneous building density and pattern. Building density readings were taken
for each section, and the burned-to-unburned distances were measured for all
points of observation along the burn line (see Illustration 11). Curves
were plotted showing the cumulative percentage of points where the fire was
stopped at Increasing distances between buildings within building density
ranges of 15 per cent (see Graphs 9a,b,c; lOa,b; llafb; and l2a,b,c). For
purpobe of comparison, these curves were then transferred to tabular form
(see Table III). For this test, curves were not drawn for density ranges
with 25 points of observation or less.

Comparison of the data for the German zities disclosed that the
percentage of observed burned-to-unburned distances generally did not in-
crease with an increase in building density, which is contrary to what bad
been anticipated. There also were 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 were of short burned-io-unburned distance
in the Japanese city. This reaffirmed the importance of, type of con-
struction and fire load to burning time and, consequently, to probabilty

of fire spread. .

The unexpected results in the density-distance analysis for the
German cities indicated that building deneity by itself 1s not a satis-
factory measure of the fire load of buildings and contents. There was
reason to believe that building volume, which reflect, both building density
and height, might prove to be a better measure of fire load in a built-up
area than building density alone. Therefore, it was decided to investigate
next the effect of building volume on the distance required to stop spread
of fire at the fire perimeter.

D. TEST IV - Volume-Distance Evaluati•o

Two methods of analysis were used in the volume-distance evalu-
ation. In the first analysis, a study was made of the relationship of the
volume of individual burned buildings directly facing unburned buildings akt
the fire perimeter and the dietances between them. The cities of Darmstadt,

26 CONFIDENTIAL
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Barman, and Kure were selected for study so that the burned-to-unburned
distance measurements made in Teat 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 calcula te its volume,

The true height of a 'building SALAWA T~

was considered as the distance from the GBE FA OT

ground to the top or peak of the roof IE o
(see Illustration 12). A sufficiently
accurate method of calculating heights
with the photography available had j~o be
found. Two method. were available, i
namely, the shadow-factor method andl the
height parallax method. I/ Ma1ny calcu-.
latlons were made by the shadow-factor ILLU9T. 12 HEIGHTS MEASUREMENTS
method, azid-it was, fouand to be accuraite ________________

within the limits required (to the
nearest five feet) when measuring build- FACTOR x SHADOW LENGTH -HEIGHT
ings on level ground; however, major 1OS. l l

di.screpancies ytore evident when build- 1.06 X 34.OFT.=5.35 FT.

ings at the top or on the side of aDIFRNE-2.F.
slope were .measured (see Illustration
13). This method was eventually dis-
carded in 'favor of the height parallax
menthod I I rehich was I found to be accurate ta El
under nearly all conditions. 21od. eF

s ince some ofy the photography
ufor Darmstadt was of poorer quality than o

that for the other cities, a ground
check of that city was made through
arrangements made by the Directorate of enowings geoaphic coordinates, date, and Urn of

* Intelligence, Headquarters USA7. This a photosraph, the shadow factor is found to be 1,66.
ground check showed that, despite the
poor quality of the photography,90 per ILLUST. 13- HEIGHT ERROR USING
cent of the heights calculated by the SHADOW FACTOR
height parallax method were correct with-
in plus or minus five feet, many buildings were exactly the sae height as
calculated, and tha errors in the remaining 10 pi *cent were slight.

Throughout the extended period that was required totmeasure
building heights on photographs, information on actual heights of build-
ings in the cities under study was sought,- especially in the collections
of the Library of Congress, for purposes of.verification. However, rnly
limited information of the type required wasn available. Actual heights
of numerous church steeples and towers were-found, but these were of no
value because the heights were excessive, and split parallax or distortion
made it impossible to measure such structures on photograihs.

O)Tice the volume was calculated for each burned building facing am
uaburned building at the fire perimeter, it was tabulated against the

ine o hotogra ephytio andboo, AVAZ 10--500, U.S.

Naval Photographic Interpretation Center, washington, 1949, Section 9.
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distance between the two buildings. Althougeh the collected. d~ata, par-.A ticularly for Kure. showed some indication that increasing distances are.
required),to stop fi-re spread with iuacroasing volume of individual burned
buildin~gs, no conci.stent correlation was demonstrated. Perhapsoerao
for inconsistencies noted in the results is the fact that bu~ldings of the
sane volume may have considerably different heights and areas of exponure
face (see Illustration 14), the effect
of which is not'reflected by a simple
volume-distance analysis. Another like- A- 4 Story
ly reason for the inconsistencies is B- 2 Stoy
that, in a mass fire, the amount of r

ýradiated heat received by an exposed
building at the fire perimeter probably A
depends. more upon the volume of burning
buildings in an area of some length
and depth, rather than upon the volume
of an individual building facing It.

Xn the second analysis in the
made of t'he relationship of the volume .

of burned,4buildings within sections of
homogeneo ,us building density alon~g the
fire perimeter and the distances to un-

P ~ burned building, outside thei fire per-
imeter.I The cities of Hamburg, Ba~rman, ILLUST. 14 TWO.Aý,D FOUR STORY
aK ure were selected for this

sz~ay~is ,,BUILDINGS WITH SAME VOLUME

A. method of photographic analysis was evolved to obtain the
nsaessary data. Three overlays were prepared for each city. The first
overlay shoved a band 300,feet in depth inside the line of burn with this
band divided. into sections that were homogeneous In building denuity pat tern
(loses Illustration lfla), the selcond overlay shQwed the distances from
burned to unburned buildings at all points of observation along the burn

line(seeIllstraio 31b)an the third overlay shoved th, heights of sal
buildings within the 300-foot band (see Illustration 150).

Date, were1,bompiled shoving the total volume of 'butIldings "within
each homogeneous sovtion and the distance from burned to unburned buildings5
To establish a uniform measure of volume,'calculations vetio made to, express
the volume of each% homogeneous Section os a Ounit volume 5n, I.e., in, terms

ofcubic feet per 100 feet of fire perimeter of the section, or cubic feet
per 30,000 square feet of ground area (1100-feet of fire perimeter multi-
plied by 300-foot depth of section). In this case the length of the ft..L
perimeter was taken to be the length of the section, Which W&$ meJIUred
along a straight line approximating the principal direction of the fire
perimeter of the section. The average height of each homogeneous section
was calculated by dividing the total cubic feet of buildings in the section
by the total square feet of plan area of the buildings.

A wide variation in-unit volumes was found within the three
cities selected for study. Therefore, it was necessaary to establish suit..
able groupings into which these* unit volumes could be placed, so that
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curves for cumulative points-of-observation versus corresponding burned-to-
unburned distance. could be plotted for various unit volume groups. It was
expects& that as unit volumes increased, burned-to-uLnburned distances would
also increase.

One set of volume groupings was established by multiplying 30,000
square feet (grouna area, 100 feet by 300 feet) by various building derisi-

ý'ties (in 10 per cent increments beginning with 5 per cent), and by a build-
ing height constant (taken as 30 feet. the average height of two-story
buildings). However, when the unit volumes obtained in the volume-distance
study for Kure were combined according to this 4ot of groupings, it was
found that there were insufficient points of observation within each volume
group to produce satisfactory curves. Therefore, this set of volume group-

inswas discarded and the search for a more suitable set vas continued.
7inally, an'apparently suitable set of volume groupings was established by
multiplying 30,000 square feet (ground area, 100 feet by 300 feet) by a
building density constant (taken ,as 40 per cent, the average building dseni-
ty In Hamiburg and Barmen) and. by various building heights (in 10.-foot
increments beginning with 5 feet, assuming the first story of a building to
be 15 feet'and each additional story,, 10 feet).

Unbuned A rb L

ILLUST. 15a AREA DIVWED INTO HOMOGENEOUS SECTIONS (300 FT. BAND),
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BURNED0-ituNBURNEn DISTANCE

(9.4) MEASURED

MILLIMETERS

Unburned Area

Burned Area

Burn Line

ILLUST. 15b BURN ED-TO*UN BURNED, DISTANCES OR POINTS OF OBSERVATION

Burn Line Burn Line

ILLUST. 15C BUILDING HEIGHTS WITHIN 300-FOOT BAND
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for each voluame group, curves for cumulative points-of-observation
versus corresponding buned-to-unburned distances were developed for eaoh
of the cities of Hamburg. Baimen, and Kure (see Graphs 13a,b,cd; 14ab,c;
and 15i,bc). For purpose of comparison, these curves were then trans-
ferred to tabular form (see Table IV).

The results for each of the two German cities showed no corre-
lation between different volume groups in the same city, and, although
both cities bad essentially the same kind of construction and occupancy,
there was considerable variance between the results for the same volume
groups in the two cities. After careful ezamintion of the photography
and other available data, it was thought that, the differences night have
resulted from accumulating data purely on the basis of volume without regard
to the fact that a wide variety of building density and height combinations
produced equal volumes. This was supported by the results for lure, where
the building densities &Ad heights in the same volume group did not vary
widely. In that city, fairly good correlation between different volume
groups was obtained.., tUat is, distances between burned and unburned build-
ings generally increased with increases in volume.

Comparison of the r ure graphs with thoie f•o Homburg and •aman
shows that for all volume groups itch shorter distances were required to
stop fire, In lure. This confirmed the oonclusion reached at the completion
"of Test 11 that curves developed, for German cities would not be consistent
with those developed for Japanese cities because of the generally lower
building heights and lighter combs•tible building materials and contents in
the Japanese cities.

Because of the fairly good correlation obtained betwen the
curves for different vlume groups in the rue aenalysi, it appeared like-
17 that, if building densities and heightt are fairly unifor•, cur"e*

plotted for cumulative points-of-obesrvation versus corresponding bUrneA-to-
unburned distances would show reasonable consistency. Therefore, it was
decided to develop such curvoe for various combinations of building aneal-
ties and heights in German cities and In apanese cities. It was also
decided to consolidate all the Germa data, and all the Upoese data, in
order to obtain an adequate number of observations In each dnslity-height
combination for each of the two types of construction, and to obtain an
average of the effect@ of differences in pysical and structural factors
in the individual cities.

2. T? V _DonpIty-BuIoth-Dtanca RM2tuiRA

Photographic analyses wore made of the addlitional Gormn cities of
"laberfeld, Darmstadt, lmseel, and Issen, and of the Japanese cities of
Hiroshim, l1saki, and SaJl, similar to the ansysos made of amburg,
Bear•a, and lure in feot IT.

Niroshimau and flasmaki were esleoted in order to see wbat com-
parlson could be made between the spread of fire after atomic attack on these
cities and after conventional attack on ure and Sakai. It was also desired
to develop data for 3iroihlma by photo•gnphic analysis so that the results
could be compared subsequently with the fire spread probability versud
distance curve in the U.S.S.B.S. report for that city (see Graph 3).

42 CONFIDENTIAL



CONFIDENTIAL

:4
I P. z *

IT =
112 I~<

.. . . . .. .. .. .. .... - -I.: .ý :ý: -: :

-1< 4  A,

II I

.... ...I..,
a } ij~I ~ ~

............ .. ..Id ~ I id 3 I V f~ l

COF.E T A 43.... .. iiIi..V



CONFIDENTIAL

L ....I.. .I
-4-- -- W

1l

-i 1VU901 SIN JO -0IN38d3U

44~~C COFIENIA



CONFIDENTIAr

-L4N

.. .. .... - l

TrII Ij
;1 J 1 .tK I hI

f..... .. ...
I :I ....

t:: :;:j T!"
!!Wm:: 4M

CONFIDENTIAL 4



CONFIDENTIAL

+1 1 L FL
... .... ...

.I . .. ... I CL

........... Z
....I ...5 ....~ ~ . . .

iiJ.-

flat

.llm : :Il Ii ilif l

if I

til Hij32
i1imrz

REP..O VA 3~ Ii i ; t !
46 CONFIDENTIAL!!



CONFIDENTIAL

oil

m -t- -:J-:I

1 z a

.7ni

I. 1

i77

W01WOSO OSINI0d 10 3SAN03 IV16103fl

CONFIDENTIAL 4



FI.; ql:

1 ~ ~ ~ ~ ~ ~ : 
:-:0'", i

Z,:
aT ------------

I.Ej I. i**{I.

is~~ H 0TV10
................

KRUYUJS low SMid4 ~YNO3 AIVf~

48 C~~OMFDNTA



COVý iDFNTIAL

.~ ~ ~V .[ 
~ ~ -

. .
....

ý T, ýz
.......... 

.

. . . . . . .. .

............ ...........

-Kii EE Z R M '

............................ ME m l

...... ....

1ýý M11 NM 1R.

L" 'I'*1 .. .....

M W 1 M i i 1 o OLV U m d O .LI~ .O .~~ ... .. .. .fI......

CO NoIDNTiAL 9



CONF IiENT1AL

F-1 -
-F -l " . , .r - .. .....- I....

Uri:

FL

ti 17 it 7.............
.. .. ....tv :-

...... .. ..
i it 7::1 v

q1 1
........ .. .

II3IS r. .. .......
i[1 ml qj :4lmIa SM~

50ý. CONFIDENTIAL



CONFIDENTIAL

T1,11 T'

,I m .......
... ....... . ......... . ... .

..... .. ... . ..

Mg

i;: to 7,

. ..... ......... ..
7- 7 'ý71 77-

1 1 t i.. ...... ...... .... .......

m tl-iil.t: It Q1.. ..... ...... ...... .... ..... ....... ...... .......... ..:r.-. cr.
........ .......

tit og

it

T.-V:

it, . ............. ... ........ ......... . 1-4.. I .... ......... .....
..... ...... ..

UTIT I n.

........ ..:it m=: ... ......... ..TnT c1cit 1: W; it .:i j;t:: it::: i 1 it
T::a; it -t:: ;_ .mm.it it it r m;

it Vi VIV I
.. .... .... .... ... ....... .... .. .

it
:j itm.m, i;. ii. ;: tit.

tip
'Sil :!?;

... .... .... 1A i;:;: M,.. .... ... 1 1: itI tit -:I: ;i:1 :L.T:: . ::-,;, ;: :: ::;. .::; V:.... .. .... W: 1: ;:: ; !:! .:: "
it.

it 1::;!:::: 777- it
t.v I
:it :::;I;:_ "i it

.. ... ...

. ... .. TIE' it-
....... ...

... .... .... T. j..- ;I P,

ILE ..... .... ...!:::!:;; I HE Lm7T. T
H:TiiI;Ii tit.

ti-i"N ' .. ......... ........

-i;tii

ill:

It;

it :i;;
.. . ..... .... ý ! tit it.

imoi; -i

;1 tin

it.Tit,U cl,Ell
NOIIVA43SOO 10 SIN10d -40 35VIN33V3d 3AIMMIM

51CONFIDENTIAL



CONFIDEIN.4 IAL

7I z

e4..... .... I ... ...
ItEli

.. . . .....

.. .. . . .. .. ..
..... .......... .. ....... ....

.... .. . .. . . .. ....

.... .. ..

* 4~~~~~. ....,;: . ........ ~ f : . ~ ... ...

.... .. .......
F F:':
it .. ..I4 .I

. LI. ..... E Mi
MOUVE3US ~O ~ifld ~ ~WVJI3~J vt7=m

... CONFIDENTIAL



CONFIDENTIAL

TA3LE IV

VOLUNI-DI STAMN RVALWUTION

Bufred-to- Cumulative Percentage of Points of Obeervation at which Pire
Unburned StoDed in. Each Volume Grout*
Distance .AMBURG 3 K K ,
_• Feet) 59 3* 4* 5$ 20 3* 4* 1" 5 3s

10 1% 3% 8 % . 4 4% 224 304 194
20 4 10 4 3 8 21 2S 51 50 41
30 9 27 12 10 14 33 35 65 63 58
40 1s 45 30 18 21 44 46 73 72 68
50 33 55 50 2? 29S 53 54 79* 78 '74
60 47 63 64 37 36 60 59 83 82. 78
70 se 70 74 48:43 66 64 86 85 .81
80 67 77 81 65 49 71 67 88 87 83
90 74 84 86 5• 3 75 70 90Q 89 85

100 79 88 89 85 57 79 73 91 90 87
110 83 90 92 89 62 82 75 93 91 88
120 86 92 93 92 66 85 77 ?4 92 89
130 88 93 94 94 70 87 79 95 93 90
140 90 94 .95 96 75 89 81 96 93 91
150* 92 95 96 98 80 90 83 96 94 92-...
300 100 100 00- 100 100 100 100 100 100 100

Number of
Points of,
Obser•.-
tion: 75 112 59 33 44 62 69 181 98 13

Gra'ph '

Number 1. 3 13b 13c 13d 14& 14b 14cj 15a. 15b 16c

Group No. Volume Ccu.ft.)

1 60,000-180,000
2 180,000-300,000
3 300,000-420,000
4 420,000-540,000
5 540,000-660,000
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For each city, and for each homoreneous section within the 300-
foot band inside the fire perimeter, data were obtained by measurement or
calculation and tabulated )_/ under the followinp headings: buildin, density
(per cent), volume (cu.ft.), length of fire perimeter (ft.), unit volume
S(cu.ft. rer 100 ft. of fire perimeter), average height (ft.), distance from
burned building: to unburned buildinp (ft.) for each point of observation,
and length of radiation face (ft.) for each observation. Data which had
been developed in previoas tests were used, insofar as possible, in makinpg
the tabulations. The volume, fire perimeter, unit volume, and average
height measurements and calculatiQns were nqsde in the same way as described
in the second voliue-distance analysis in Test IV.

Cumulative points-of-observation curves versus corresponding
burned-to-unburned distances were drawn for the combined data for the six
German cities (Hamburg, 1armen, 3lberfeld, Darmstadt, assel, and ?,seen)
for two building density ranges for each of three building height ranges
(see Graphs l6a,b,c and l1a,b,c). For purpose of comparison, these curves
were then transferred to tabular form (see Table V). Comparison of these
data does not show a consistent correlation of increasing burned-to-unburned
distance with increasing building density or with increasing building height.
For building density of 30.5 to 45.4 per cent, there is fairly pood'corre-
lation of increasing exposure dixstance with increasing building height,
whereas for 45.5 to 60.4 per ceht building density thereilseems to be nO
correlation. For building height of 45 to 55 feet, there is good corre-
lation of increasing distance with increasing building density, whereas for
building heights of 35 to 45 feet and 55 to 65 feet there seems to be no
correlation.

Similar curves and tabulations were made for the four Japanese
cities of Hiroshima, Napsaki, Kure, and..Sak.ai for four building density
ranges and two building height ranges (see Graphs 18;,9a,b; .j0a,b; and 21:
ant. Table VZ). Comparison of these data does not show a consistent corre-
lation of increasing burned-to-unburned distance with increasing building
density or with increasing buildinp height. For building density of 46 to
60 per cent, there is good correlation of increasing exposure distance with
increasing building height, whereas for 31 to 45 per cent building density
no correlation is indicated. For any given building height range, there is
no correlation shown between exposure distance and building density. This
lack of correlation may be due to the fact that the data do not represent a
good distribution over the four cities studied. Zzamination of the data
shows the followinp:

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

(2) the data for Graphs 19a and 20a were fairly evenly divided
between the atomic-attacked cities of Hiroshima and Nagasaki and the
incendiary-attacked cities of Kure and Sakai; and

•/ These tables are included in the 'Working Papers of Test V.
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(•) the "tn for G-rknh 21U we're derived prenuaderauntl:y from Kure.
The percentage of the total noInts of observation contributed b-, the
inaividual Jauanese cities to each graph is shown in Table V11. Comoarlson
of Grauh 18 (91 ner cent of points from HiroshimA and Nagasaki) with Graph
"21 (98 per cent of points from Kure and Saka1) shows that greater 6istanues
were required to stop fire spread at the final perimeter of the mass fire
areas in the atomic-attacked cities than in the incendiary-attacked cities.

TABLE VII

Distribution of Points of Observation in _.nsit -Height-Ditance Evaluation

Javanese Citlet

Cit• Granh 1.8 Graph 19a Graph 19b Graph 2Oa Graph ,2ob Graph 21

Hiroshima 75% 491 61ý 44% 141 ',
Naeasaki 16 5 36 13 75 1
(Atomic) (9',) (54) (97) (57) (89) (2)

Lure 0 11 1 14 4 88
Sakai 9 35 2 29 7 i0
(Non-Atomic) (9) (46) (3) (43) (I) (98)
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PART iV

SU.MWARY DISCUSSION

Wind, temperature, rain, humidity. .terrain, buildin(' constructioin
aad contents loadin., buildine- areas and hei!-hts, buildinp density, building
contLuit.v. .qnd firefiphtine activitv are the pritcinal variables which

,affect fire stread. The objective of this research Was to determine which
of these variables exercised sirntifieant effects on building-to-buildingr
spread of fire, for the rurpose of develominp the capability of predicting
the vulnerability of urban areas to fire spread. Unfortunately, lack of
definitive information about meworolopica3. conditions precedinr' and during
the wartine conflarratijua studied made it Infeasible to evaluate the
effects of wiu, twmperature, rain, and humidity on fire spread. Information
about terrain and firefirhting also was too .ceneralized ur too meajper to
vermit evaluation of their effects. Therefore, Quantitative evaluations of
important fire seread r'arameters had to be limited to those analyses which
could be Aide with pre-attack and post-attack Dhotoaraohy.

In the preat.conflapration of Chicaro, the fire, fanned by wind,
melted 3i, iron POO feet from the burning area. 1] Other cases where wind
took comalete control of fire direction and increased the intensity of the
heat are the Preat fires of 1altimorG, Snn Francisco, and Tokyo. In such
cases, distance between buildings was of little account. Wind Drobably had
little, if any, effect on the fires in some of the cities analyzed in this
study: in others, either directly or by carryinp flyine firebrands, wind
may have spread the fire across distances which would have been safe under
normal conditions; and In still other cities, buildinps which normally, would
have been in danrer may have been saved because wind blew the flames and
heat away from them. It was not rossible to assess the relative effects of
wind either as a retardinp or. increasinF influence on the anread of fire in
the cities studied. It would appear that an averare of the effects of wind
in the German and Japanese cities would be represented if, for each type of
city, all the points-of-observation data for burned-to-unburned distances
at the fire verlieters were consolidated. Likewise, an averape of the
effects of other meteorological factors, and of topogralhical factors, on
fire spread would nrobably be reflected by such a consolidation of the data
collected.

Deciduoiis trees in leaf undoubtedly played some part in retarding
the spread of firp between buildines. Instances where the fire stoDned
aloap a line of tirees were observed on the photoprauhy. Also, there were
several instances where buildings remained unburned within the burned-over
area, and it was ioted that many of theme buildini-a were shielded by• trees.
It is mossible that the effect of trees may be the cause of some of the
variance in the cuulative curves for individual cities studied, but the
degree of effect would probably be small when taken as an average of the
total number of points of observation for either the Japanese or the German
cities.

Building construction and contents loading., or the amount of
combustibles in a city, have a very 1mportant effect on the spread of fire.

_/ 'James W. Sheehan and George P. Unton, The Great ConflaAration
Chicago, Union Publlshirv Co., Chicago, pp. 121-123.
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Research has shown that light frame Japanese buildinps burned rapidly and
completely, leaviL: n(thing, to retain sufficient heat to irnite nearby
buildi-.s by radiation; also, esnecially near the fire perimeter, the lipht
construction and low height of these buildinre made it oossible to use
firefighting effectively to halt fires at very short digtances. On ttie other
hand, in German cities the builditnr were larger and of heavier construction;
consequently, the fires in individual buildinrs were bieper and burned
lonrer, and the masonry walls retained heat and acted as radiating bodies
over lonp neriods of time, making isnition of exmosed buildin.s more likely.
All other factors beinr, equal, it could be ex=ected that, on the averape,
fire would spread across a piven distance more freauently in a German city,
than in a Japanese city.

Reports of previous research have Indicated that one of the most
important factors affectine 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 III failed to establish any consistent relation-
ship between building density and the distances which stopted fire in either
German or Japanese cities.

The construction, Plan area, ands'height of buildinge, and the type
and quantity of building contents are also acknowledred as important factors
affecting fire spread in urban areas. However, in wartime analyses of the
fire vulnerability of urban areas, these factors have been given consider-
ation only in a general. qualitative manner. In this study, building volume
was selected as a broad, quantitative measure of the fire load (total BTU
value of combustible building construction materials and contents) which
would, roughly reflect the over-all characteristics of building and contents
having effect on fire spread. Unfortunately, the volume-distance evaluation
in Test •1 failed to establish any consistent correlationx between building
volume and the distances which stouped fire in either German or Japanese
cities. Similarly, the denmity-height-distance evaluation in Test YT, in
which density-height reflected building volume or fire load in a somewhat
tore refined way, failed to establish any consistent correlation between
various density-height combinat.ons and the distances which stoibped fire.

Since It was not nossible to establish consistent correlations of
density, volume, and density-height combinations with distances which
stonned fire, it was decided to develop for the German cities, and for the
Japanese cities, consolidated curves for cumulative pointo of observation
versus corresponding burned-to-unburned distances, without regard to vari-
ations of buildinp density, volume, and heiph't at the fire perimeters. Un-
consolidated curves of this type were developed in Test II for the German
cities of 1,lberfeld, Barmen, and Darmstadt, and for the Japanese citv of
Kure. The curves for the three German cities showed fairly pood correlation,
and their correlation with the curve for the Japanese city was reasonable in
view of th6 relatively lipht construction of the predominant type of Japanese
building. Buildine. construction and pattern in the German cities studied
were fairly uniform, and the Japanese buildin, construction and pattern were
even more uniform, Therefore, there was good reosou to expect that', cumu-
lative curves developed by consolidating all th4 burned-to-unburned distance
data for the German cities and for the Japanese cities would be fairly
representative of the average effects of the various structural factors in
each of the two types of city. It was also anticipated that these con-
solidated curves would reflect the average effects of the meteorological-
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and phyvsical variables, such an wind. tempoerature, rain, humiditv, and
toloography, in the two tv.,eOF of city.

Curves for cumulative Points (if observation versus corresponding~
burned-to-unburned distances were developed for Xasmel, Xesmn, H1amburg,
Hiroshima, Nagasakci sand Sakai (neo Graph* 22,23.24.26.2?. an0 29) similar
to those previously developed-in Test 11 for 1lba:feld, Barmen, flarmstadt
and Kurv! (see Graphs 5,6.?., ad 8).' The data was* then used to develop
consolidated curves for the mix German cities (see Graph 25). the two
atomic-attacked Japanese cities (see Graph 28), the two incendiary-at tacked
Japanese cities (see Graph 30), and, all four JApanese cities; (see Graph 31).
Yor purpose of comparison, thes" curves were then transferred to tabular
form (see Table* VIII and IX).

UZn distance was recorded for all points of observation where
fire walls, party walls. firefighting, etc., stogrmed fire spread, but these
zero aeasurements were not used in constructive, the cumulative curves
because Interest was focused primarily on spread of fire aorois open space.
The nugier and percentage 'of sero-distance observations In each city are
shown ~Ln Table X; theme arc excluded from Tables VIII and IX. It to evident
tbat the effects of fire walls and party walls (mainly in' Germa~n cities) and
probably firefighting played a part in belting stread of fire at the. final .- 1
fire Perimeter. Within the aresm containing great numbers 0* initial fires,
whether Ignited by thousands of Incendiary bombs or by's& single atoxic boab,
party and fire walls were undoubtedly outflanked and rendered ineffective..
In the outer areas of the German cities, where most If not all of the damage
wan due to building-to-building spread of fire, it was seen in areas of row
or semidetached housies that fire stoPped after destroying only Part of the
biy1lding. In many of theme cases It was possible to confirm that party or
fire walls bad been effective In halting fire sprema. The over-all percent-
age of zero-distance measurements in Japanese cities is cowMparatively small
(9.6 per cent) because few fire or party walls exist In the Japanese-type
construction.', In the German cities, on the other hand, 26.8 per cent of the
total'observations were at zero distance. This illustrates the effectiveness,,
of Party &Ad f Ire walls In the German, cities, In, halt~ing the spread of fire
within buildings and within city blocks. It is.quite certain tbat practi-
cally sall of the cases of zero distance In Javanese cities were the result
of deterumined firefighting.

The zero-distance points of observation were not used In develop-
ing any of the cumulative curves; if theme were used they would force the
curves to the left, The resultant curves, when compared with the ones with
soro-d~istance observations excluded,, would then Indicate that a given
distance bas a greater chance of stopping spread of fire. It is. felt that
the cumulative curves with zero-distance observations excluded will gener-
ally-prove more useful for Practical applications because analysts of urbAn
area velnerability to fire spread is more likely to be an a block-to-block
(or larger subdivision) basis, in which came zer'o distances would not be a,
factor. Rowe-?er, if one desires, the number of zuro-distance observations
can be introduced, the percentages In Tables VIII and 11 recomputed on the
basis of the Increased number of observations, and the cumulastive curves we-
plotted.

It will be noted that the curves and tabulations for Xure and Bakal
give Indication that fire apparently was stopped by shorter distances In Kure
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than in Sakai (see Oravhs 8 and 29. aud Table IX)., It will also be noted
that the percentage of zero-distance geavaramemrts (23.8 per cent) for Saksl
im sevew..l times th. percentage for Xure or anyv of the other Japanese citiess
(see Table X). )Lurh of the photography covering "~kI was of *meall stme1
and hasy quiality: bet ter quality photogrraphy probably would. have shown that
there was actually some distance betw.een buildings In many of the Instances
where open space was not discernible. Alto. with the over-hmaxngn roof
eaves prevralent on Japanese structures, It is possible to have some open
space between buildings where on aerial photography.. especially hazy'photo-
graph)', there would appear to be a continuous roof. If It wert assvjned that
In Smkai the ratio of the true number of zero distantis 'to the: total number
of poiuts of observation was the same as establisheid for rure (6.4 per cant),
the broken line cuwv.' on Graph 29 io obtained and there Is mtoh better corre-
lation between the cur-es for the two cities. 'The broken line curves on
Graph 30 represent ths consolidated data for tive and Sakal based on this
rovielaxt of the SWakal data.

Zfl0-D113TANCZ BSRVTIONS

city TOta W Imber Oi'ssrvationi at Zero-Di taace
of Observat ions -/

luuiber Per can1,t 0of Total

A lbearfeld 228 6628ý9

baxistadt 204 34 16.'7
Eased168 49 2.

Isosn 168 89 36,7
lmburg _74 '32.0

total l'M8 478 2,

Kiroshima 49t; 2040
Nagasaki 223 12 5.6

akt319 76 231,ý8
mane I .I"W20_U1v.

etaw 1340 / 128 9.8

The curvs for Birosbium and jaggskId show that greater distances
were required to stop spread of tire in Hiroghi~ma than in Nagssaki. Since
construstion wiothin the two cities vas of the same type and presimably the
contents loaing was eiailaw,' and since windl !AM other meteorological cots-
ditions are kinovn to have been about the same, the variation was probably
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caused by differences' in bomb ij&,eMjnt in relation, to built-up areas and
topogra~,hic featur,'-e, and i.j firefir-tiujr M*'tivity.11 I-A Hiroshma, -the,
bomb ground zero location was siarouinded by heavily b~ixlt.-',a ame~ for at
least 5000 feet in' all directions. in contrast. the jiagasaki bomb data-
nated over a rather narrow valloy nrAd the heavilly buti~t-up area exterwea
lost tha~n 3000 feet from ground jsezo In all except the southerly direction.
Consequently. a larps proportion o1~thes final f ire 'ýrimeter In Nagnuaki
probably, resulted from the merging ýýf Initial firs ~tarte4: by the bo-=b
rather than froz the outward spreadl of a fire front., Along the southiarn
segment of the fire perimeter in Re4'nsaki, there was firefighting, activity
by the public fire department, whereas in Hiroshima a large part of the
public fire department apparatus and personn~el were immodiate casualties
of the atomic bomb. In addition, a higher proportion of the general Vpopta
lace in Hiroshima became casualties azu& this further restricted the amount
of firefiiphtilwr.

Compa~e~son of the consolidated curve for litre-Sakai (Grapb 30)
with that for Hiro hm-pgsaki (Graph 28) shows that, for a given bvuned-
to-uaburned, distance, the percentage of points of obsermttions was lm.Xpsr
in the incendIary-attacked cities than In the'atomic-attacked cities.
Stated another way, shorter 1istancess Wore generally more successful In
stopping spread of fire in the ino~cniary-at%-.ked cities. The most Im-
portant factors, which could account for this difiercnce are as follow il

() The cities expected and wer~e prepared to some extent for
Incendiary bomb attacks, but not for atomic attacks.

(2) I!Lmitions were practically simultaneous In the atomic
attacks, whereas they were spreaA out over a rerlod of time "in the Incendiary,
attacks.

(3) In the atomic at.tacks, :severe blast damage occurred uisultan-
sously with the Ignitions and combustible debris was strewn across sftreets
and between baildings. This had the effect of reducing or eliminating the
clear s"ace and providing a dlirect means of fir's spread.

(4) The atoni'c attacks cautsed cevers damage to firefighting ap-
prtnand high casual ties &song firo department personnel and the u~rbo~m

ropulace as whole. As a consequence, firefighting was reduced to a Minimum
and efforts were concentrated an rescue work and self preservationL

Comparison of the consolidated curve for the six German ,l1ties
(Giaph 28) With that for the atomic-attackod Japauese cities (Graph 06)
shows that they very *nearly coincide. On the other hand, the consoliiated
cumv for Kure and Salai (Graph 30)JL when compared with that for the six
German cities (Graph 25), verifies the results of the preliminwyamyl~yesi

V in Test 11, to the effect that fire spread was stopped by much shorter'
distiances In the incendiay-attacked Japanese cities than In the inoemiai*4-
attacked German cities.

J/& MReurt on Phsical Z;W ALJ&M* I V 3. Strategic BomblaW Sary
I2Y1y~cal 11amage Division, Peport No. 96, Juneý 1947, pp ;07-499.
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Comparison of the ounulatlve points-of-obserution curve fgr Niro-
shima (Graph 26) wl h the U.S. .P.S. curwe for Hiro soia (Graph 3) shows
considerable divergence. It is important to note that Graph P6 reprosents
the rel&tionship of fire atogivage to distance whereas Graph 3 represents the
relationship of fire spread to distance. Therefore, only the distanoos
correspondine to the 50 por cent poias on the two curves con be coa-are4
directly; as an exaple, the distance corremponding to 30 per teat on Graph

6 amust be compared with the distance correspondine to 70 per cent (10D
minus 30) on Graph 3. The curve of Graph 3 )Is been transposdd onto Graph
26 to Illustrate the true comparison. The two curves crose at 47.5r-foot
distasne and the divergence Is 10 ioeet or lose at shorter distances. •Thbe
ie wide divergence at greater distances but this to easily explained by the
fact that 46.5 per cent of the data for Graph 3 was for observed distances
In excess of 100 feet, whereas only 29 per cent of the points-cf-obsoeration
data for Graph 6 was for distance@ exceediur 100 feet. In collecting the
data• f'. Graph 26, points of observation for d.istances exceeding 300 foet
were exe•oled; on the otber h4A, no distance linttation was set when the
data for Graph 3 were collected. If the 29 per cent figure were used
instead of 46.5 per ceat in d4*vlopine Graph 3, the revised curve would
coincide with Graph 26 curve at the 100-foot distance and the principal
discrepancies would be at distanues less than 100 feet. Actually, there to
fairly good agreement between the two curves, considering the fact that
Graph 3 was developed by' the omulative percentage of length-of-perimeter
method, whereas Graph 25 was developed by the cuenlatiw percentage of
point" f-o-bseamation method. Graph 26 is considered more reliable baeo•eo
much more detailed ueasureaente wre atde in collectitt the data; besides,
use of obseaeld distances with no upper limit unduly Influences the shape
of the cure - it Is moresrasonable to sesme that,,there to alimiting
dietance across which fire cann ,t be expecte "to spread,

All of the consolidated curves for Ciuwlative points of obtemration
versus corresponding distances f•tv burned-to-unbumned buildings are based
on measurements of distances across which fire faled to spread. The
question arise* as to whether these curves ca be used as probability curme
for estimating the probability that a given distance separating a burming
building and an ezposed building-.ill prevent spread of fire. 2eobnioally,
in order to establish probability cur•es, points of observation are necessary
for all instances where fire spread from on, bididing to another as well as
for all nstan••es where fire did not spread, It was impossible to make
analyses of the burned aresa wh.bch would proild4 the necessary observatiow
of where fire diA spread because it was aot known which buildings burned
due to direct-hitsi nor the sequence or direotion of fire spread from building
to bUilding, . Since the consolidated curves reflect the average effect of

aMerous Variables in the types of cities studied, it would seem reawrable
and pr~otioable to seleot and Us one of the curm s as a, probability carv0
wbez theL over-all ionditions in the urban amea under analysie oan be
eoected to be similar to the average conditions which produced the data.

Thelre may be a basic ýobjection to makig practical application of
the consolidated cumulative points-of-observation curves as probability
cLU. 8 because the distance data used in dev*jping, them consisted entirely
of measurements where fire did not spread fro•m a burning building to an
exposen bt!lding. Obviously, vberever firs% failed to spora across a certain
distance, it also might not have spread across a lesser dI•tanoe. 2h&
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Sigaficance ct this defiienoy probably to malutiseda (1) if the total
data sample IL large and it co.,tains aumerot observations of various
distances at the final fire perimeter: and (2) if there was, in fact, an
outwardly a nc•gac fire frost at the fringe of the burning area, Is which
case it can be oaeumnd that the potential of fire spreading from building
to building was tested by a wide Ysiey of distances before stopping at
the final fire perineter. It ts believed that these two suppositions are
tOiWr well satisfied by the quantity and distribution of the data, and by
the fire spread Characteristics of the conflagrations etudied.

In measuring distances where fire did not spread, It was necessary
to select a limiting distance across which fire could not be eipected to
spread. The liattinig distance used in collecting the data and in developing
the consolidated curves was 300 feet. However, nearly 90 per cont of the
total points of observation in the German cities and in the Japanese cities
vore for distances of 150 foot or lees. Selection of the limitinr distance
has a very impertant effect on the form of the cumulative points-of-
observation curves. Ths is tIllustrated by the broken-line curve. shown
on Graph 26 for.a limting distance of 150 feet in the Gorman cities, And
on Graphs 2,, 2,1, 28, .30 an 31 for a limiting distance of 100 feet in the
Japanese cities. A greater limiting distance for Gorman cities Is justified
because of tb. heeaier fuel or tfire load in them. If desired, any one of
the curves aI~n headJusted for an limiting distance loes than 300 feet by
recomputing.the peroentages in the correioponding table on the basis of the
deocresOd mAber of observations, and then roplotting the curve. Ourv•s
with a Ilmiting distance of less than 300 feet my be more acceptable for
use as probability ouryess because they would produce more conservative
estimates of fire spread, i.e., they would be leos likely to overestimate
the tire vulnerability of an urbwi area.
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The consolidated curves for either the Ger=an cities or the
Japanese cities provIde a practical basis for eost1mti1n the 'tlnerability
of urlbn areas to fire spread under condition. of mass fir*. Thy m•a be
applie•d directly if the urban area under analysis is ,und• to bave similar
averago plysical and structural charactoriutics. The German and Japanese
types of city probably represent opposite extremes with respect to building
con•etruction, height, and contents loading. Therefore, Interpolation of
the curves should be feasible for analysis of other urban area& by tnking
into account the significant differeaeic ln structural characteristics and
combustible contents loading.

Use of consolidated curves with a limiting distance of less than
300 foot will produce more conservative estimates of fire spread, I.e., the
fire vulnerability of an urban area is loss likely to be overeotimated. A
limiting distance of 150 feet is favores for German cities, and 100 feet
for Japanese cities.

Greater distances wers required to stop fire spread at the final
perimeter of the mass fire area il the atomic-attacked cities of•,iroshism
and 'Saasaki than in the incendio*.-&ttaoke*d cities of Kure and 5aWi.

Construction and size of bu•ading and type and''quantity of con-
tents, which determine the foael or fire load of &a urban a- ,&, have a very
iMportant ef6e1 t on fire spread. This accounts for the finding that, in
areas of the asam bul'ding density or volume, greater distances were re-
quired to stop spread of fire in 0.or cities 1.han in Japanese cities.

"Building density Is an important factor in the fire spread
characteristics of &A urban area, but building vt6m, m reflects building
height as well as d9nsity &Ad, therefore, provides a better represeotation
of fuel on fire lad. N eithir btilding density nor biding volume can
be considered Independently of other factors, however, in oetimating the
vulnerabilit; of an, urban area to fire sypoad.

h. wall v~ An] party walls played a part, although a relatively
/ insor one aos compared to building separation, in halting spread of fire at
the, final fire perimeter. Within the fire perimeter these walls were
generally Ineffective because they wers outflanked by the initial fires or
by spreading fires.
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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)

1. Reference the attached DTIC referral of the report AD009465 1, "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 NINS
F rE 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

INREPLY DTIC-RS (FOIA 2002-67)
REFER TO

SUjE T : Free--o-. -nforcatlon Act (FOIA) Program

_- , il bS, zSS -F Z

3000 Air Force Pentagon
Washington, DC 20330-1000

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

___ease =c_ e.' _ AD$094651, entitled Fire Spread in Urban

:__=, may onv be cerformed by the appropriate Air Force
nor•. .:. -_ t,:y. Therefore, we are forwarding this request

processing and direct response back to
r.aker. We have notified Mr. Baker of this action. Our

reocrds indicate the document is classified and was produced by
-he Directorate of Intelligence, USAF, Washington, DC, and
assoaned reoco number TM PVTM 16.

3. Should your review of this document result in a
deterc.natocn to declassify and/or delimit it (make available to
t-e cublic or a determination that the distribution statement
on the document should be changed, please advise this office in
wrotono 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 category 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) 767-9194 or DSN 427-9194.

FOR THE ADMINISTRATOR:

1 Encl a/s KELLY AKERS
FOIA Program Manager

Ak-


