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SUMMARY

The spread of fire in buildings is studied in this paper by examining the
statistics of fires attended by the brigades. It is suggested that since
traditional methods of specifying fire resistance based on a fburn-out' tacitly
recognize some element of risk, one should find some means of making an
appropriate allowance quantitatively, including the beneficial action of fire

fighting, sprinklers etc,

One way is to evaluate the probability of spread beyond the room of
origin, which is shown to be a useful measure of the incidence of large fires,
and hence to evaluate the'influence of various factors on the spread of fire,
Only limited analysis is possible because of few data, but it is shown that
spread is much less likely in modern buildings, that the effect on it of early

attendance by the brigade is small, but that early discovery is very important.

It is also shown that small reductions in the frequency with which fires
spread beyond the room of origin can result in relatively large reductions in
the incidence of large fires, a result of considerable economic significance,

and strong statistical evidence of the wvalue of compartmentation;
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INTRODUCTION

Legislation for building controls exists largely to reduce the hazard to
life by providing means of escape and by inhibiting the spread of fire in and
‘between buildings to give adequate time for inhabitants to escape, In this
paper we shall be concerned almost entirely with studies of fire spread in
buildings, which is admittedly only one aspect of the problem of life safety
though an important one for large buildings. It is hoped soon to externd this
work t0 a direct consideration of the life safety problem,

The purpose of this paper is primarily to suggest new metheds of apprcach

and to outline some of the problems involved in such sfudies. Clearly, at

this early stage of the research it is important to establish a suitatle
technique and to demonstrate that its application will lead to useful results;
Nevertheless, in spite of the limifed data available, particularly on the rcle
of the building structure in inhibiting fire spread, severazl interesting results
have .emerged, notably in describing the relationship between large and small

fires, and in estimating the influence of wvarious factors on the spread of fire,

The msin source of data for this work is the brigade fire reports

collated and processed at the Fire Research Station., A repor? is received on

every fire attended by the brigade, giving information about the circumstances
of the fire, and the fire fighting effort for control and eventual extinction.
These are coded and then processed on a computer; the resulting data are

summarised annually in the U.K. Fire Statistics1, Data on fire losses are

obtained from insurance claims, and for the past few years the Fire Research

Station has been collecting information on fires in which the loss exceeded

£10 000, These are usually regarded as being large fires, and although

numerically they constitute only about 1 per cent of all fires, they account
for about 60 per cent of the annual fire losaz.



0f course, the fire reports do not provide all the necessary information,
For example, where combustitle linings have made a significant contribution to
the rapid spread of fire this will be reported, tut otherwise their presence
would probably be ignored. The same is true of many other features of buildings
which are the subject of design codes or regulations, and indeed there are
other matters on which the brigade could nct be expected to report adequately,
Tc overcome these limitations, staff of the J,F,R.0, have bszen visiting fires
systematically on a full time basis, and their repcris will prowvide valuable

supplementary data to be used in conjunction with the statistical returns.
THE CHANCE OF FIRE SPREADING BEYOND TEE ROOM OF ORIGIN

Traditionally, we think of buildings as being divided into compartments
or rooms, some of which we lable 'fire compartments'! because their boundaries
meet particular specifications of fire resistance, The required fire resistance
may be estimated by reference to experimental data, reported elsewhere, and
from a knowledge of the shape and size of the compartment, its ventilation
cenditions and contents, However, legislation fer fire resistance must
necessarily specify requirements for a range of buildings, usually with the
zame building occupancy, because design for individuali tuildings is not
practicable, and in these circumstances it is necessary to ccnduct a survey of
the contents and configuration of buildings for each occupancy in order to
estimate realistic fire resistance requiremerts. |

Such a survey has recently been completed for office buildings irn several

3

different countries, and we have now made a preliminary znalysis” of a small
sampie of a survey carried out by the British Building Research Station, Some
typical data are given in Fig. 1, the frequency distritution o¢f fire locad
densities. There is a considerable range of fire loads and the distribution
is very skew with a long tail, Thomas and Heselden4 and Margaret Law5 in
interpreting results ?f experiments have related fire resistance to the
parameter L (EW ET)ﬂz; involving fire load, window ares and size and shape of
the room, Using their results and combining them with the frequency
distribution of this parameter derived from the survey, we arrive at a
frequency diagram for fire resistance requirements, shown in Fig. 2. Once

again a skew distribution with a large range of fire resistance,

The application of these results presents scme difficulty. According to
conventional philosophy of fire grading the fire resistance should be

sufficient to survive a 'burn-out', but in view of the wide variation of
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predicted fire resistance requirements, even within this narrow range of buildizg
occupancy, the maximum (75 minutes) will grossly over-protect most of the tuildings
of this type whose predicted mean fire resistance is aboui 25 mirutes, and any
lesser value will nominally under-protect a few, Regulations compromise by

taking a representative value so that they tacitly incorpeorate a probablistic
element, Similarly one introduces relaxzations into, say, the area limitation

for the presence of sprinklers, or requires increased fire resistance fcr high
buildings, so that one is recognizing some risk element over and above th
'burn-out? concept, So far it is clearly done gqualitatively rot quantitativelys
recent interest in a points system,is one response to this reccgnitio:; Havixg
accepted this probablistic view of fire resistance, or accep*ted an element of

risk, we must also ask whether we should make some alilowance for early detectiom

or for the beneficial effect of fire fighting by the brigade, or feor sprinklers.
Clearly there is a high chance of early discovery and extinction in mest fires,
reducing considerably the chance of occurrence of a turn-cut, and thus reducing

the risk involved in taking representative values of fire resistance. Tke
difficulty remains as to the means of making an apprepriate allowance guantitatively,

without being arbitrary or expedient.

One way of bridging this gap between idealized burn-out experiments on ths
one hand and actual fires on the other, is to study the freguency with which fire
spreads beyond some given size, e,g; the room or compartmert of origin, 1izked
to the circumstances of the fire and the charscteristics ¢f the buildi:g6o From
the fire statistics it is a simple matter to calculate the prorortion of a given
class of fire which spread beyond the room of origin, and to siudy its sssociaticxn

with various events in a fire7’8’9o

Some typical data are shown in Table 1, giving the numbers spreading teyond
the room of origin, denoted by Ny and the total numters of fire occurring ix
buildings of different types, denoted by Pys and is derived from tke
equation P, = ns/N.

The quantity Py is a fundamental property of a class of buildirg occupanzy,
expressing not only varietions in contents and the configuration, hbut also an
element of chance; The course of a fire in a buildinrg is governed as muzh by
the laws of chance as by physical or chemical laws, In the early stages of the
fire, when the first item is ignited, further spread will depend o the
availability and proximity of more fuel, and at & later stage, spread teycnd the

room of origin will depend on whether doors are open, the fire resistance of its
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bounderies and so on. In the absence of automatic detection, the fire may be
discovered, at random, by a passer-by or occupant, ard the fire rapidly fought Ly
the brigade., All these uncertainties are now incerporated into a single
statistic, Dys and although it is not the only statistic of spread, ror

necessarily the best, it is readily availabls for a large group of fires.
LARGE FIRE AND THE SPREAD OF FIRE BEYOND THE ROOM COF ORIGIN

Interpretation of Py is made difficult bty the ambiguity in the meaning of
the word *room', which is not necessarily a fire compartment., It is desirable
also ko be able to attach some econcmic value fto cempartmentation and the
reduction of spread by various measures. Thess problems can te overcome o
some extent by studyirg the incidence of large fires, defined as those in which
the direct fire loss exceeds £10 000, and relating this o the chance cf spread
beyond the rcom of origin. As pointed cut above, large fires account for more
than 60 per cent of the fire loss, so that study of the incidence of large fires

is ¢f considerable economic significancs,

In Fig., 3 the probability of a fire besoming large, is poctted against Fy
for various occupancies ranging from industrial tmilding to drmsstic heoases,
and for the year to year variations of the Distribtutive Trades, & more
homogen=scus set of data, The parameter Py, is derived by dividing the number
of large fires in each occupancy by the total numter of fires in the occupancy
during the year,

It is clear that there 1s a strong correlation between v

L
regression analysis yields P, = 123 p53°2 and ircidently sheows that it is

and Pyo and

a relationship between prcbabilities, not numbers of fires,

There is therefore approximaiely a cute power law relating Py, and Pge
This correlstion has been supported theoretically by simulating a model iz
which fire spread is represented as a random walk on the cells of a lattice,
using a computerTO° Comparison of theory and data suggests that large fires.
correspond on average to fires involving four or more rcoms, and the chance of
a large fire calculated by theory is then in close agresment with the data.

The estimate ¢f four roums is supported by data on loss and arsas of fires,

Some important conclusions follow from this correlation. First we have
now attached some practical significance tc the term Py in spite of
difficulties about definition of a *room®. Clearly the incidence of large

fires is related to spread bteyocnd the room cf origin, which is thersfore a
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useful measure of the chance of a fire becoming large. Hence large fires as a
group may be studied by research on those factors which influence whether or nct
fires spread beyond the room of origin, This is of considerable practical
importance because most of our experimental and statistical data relate to this

stage of the fire.

Secondly, because of the cube power law, quite smzll reducticzs in P,
should result in relatively large reductions in the chance of large firs, This,
perhaps, is the strongest statistical evidence we have of the value cof
compartmentation, even if the rooms studied do not conform to traditioral fire
resistance ratings. Of course improvements in p, may derive from many sourcss,
for example, by providing more adequate walls and floors separating compartments,
by a policy of closing doors, by earlier detection etc. In the follewing sections

we will attempt to identify some of the factors influencing Pye

It is worth noting that the extent of structural damage is alsc related to

Ps11’ as shown in Fig. 4, again reinforcing the importance of this statistic,

FACTORS INFLUENCING FIRE SPREAD

influencing fire spread is limited by the amount of data supplied by the brigadss,.
Since the present reporting system was devised scme years agd arnd for a‘quite
different purpose it is not surprising that there are insufficient data,to
determine, for example, the effect of varying degrees of fire protecticr, fire
fighting or delays, as we would wish. Instead we must rescrt to variatles

which can be expected to give some indication of the impcrtance of varicus everts
in fires, ' ‘

Typical data: for industrial buildings are shown in Table 2, Similar data
are available for other types of building12, but their behavicur is rather .
similar qualitatively and hence for the sake of brevity they are omitted from
the‘present Paper, and average values for other building regulation purrcse
groups given in Table 3., The average value of Py asscciated with each
variable is given in Table 4 for industrisl buildings, The chance cf spread
appears to be highest in industrial and-storage buildings, as might te

expected, since these fires account for a very high properticn ¢f large fires,

Perhaps the most important new result t¢ emerge from this analysis is ﬁhaﬁ
spread is much less likely in modern buildings, particularly in muitinstorey
buildings; The chance of spread in post=1950 multi-storey buildings is akous
one half that in corresponding pre-1920 buildings, but this difference is muck w

smaller in Single storey buildings, It is worth neting that during the
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period 1950-1967 legislation for building controls was introduced, applying mainly
to multi-storey buildings. Since the statistics show more variation with age in
multi-storey buildings, it seems possible that increased building controls are
having a significant effect on firespread. There are many possible explanations,

however, and more data are urgently required to identify which is correct.

Another facier clearly exerting considerable influence on spread is the
time of discovery of the fire, with spread more likely at night, This protably
reflects the longer delays in discovery at night, and has been ncted previously
in studies of large fires, where the chance of a fire becoming large is four

or five %imes as great at night,

Brigade activities are represented in the analysis by the risk classification
of the buildirg and by the brigade attendance time, defined as the time of
discovery of fire to arrival of the brigade, The risk classification is based
on the brigades assessment of the risk of fire spread and determines the size
and speed of the first attendance, The analysis shows little variation in
sprezd between the risks, perhaps because the system compensates adequately for

varying risks.

It is somewhat surprising at first sight that the attendance time has
little effect on the spread of fire, The most likely explanation is that the
differences in attendance time, of the order of 2 minute or so, are small
compared with the variation in the time from ignition to discovery. This is
reflected in a considerable variation in the size of fire confronting the
brigade on arrival, so that the benefit of early attendance is unlikely to be
measurable., It seems. therefore, that there would be few matierial benefits
from measures to reduce attendance time, However, it has been shown that the
brigade use about five times as much water in controlling fires as in
experimental fires of the same areajB, suggesting that the main problems of the
brigade are associated with assessing the size of the fire and directing water
on to it; This aspect would repay further study. We have yet.to examine the

effect of attendance time on life loss,
_TIME TAKEN TQ0 CONTRQOL A FIRE

Thoma36 has Studiéd the distribution of control times and its relationship
to fire spread. In Fig. 5 we show the probability of a fire being out of
control at different times after the arrival of the brigade, The exact meaning
of Tcontrol time! is not Xnown, but it is almost certainly related to the size

of the fire on arrival of the brigade, because Thomas14 and Baldwin13 have
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-shown that if A is the ultimate area. of the fire and T the coctrel time, thex

approximately Tol \{KT“ However, during this period the tuildirng is bei-g:
evacuated and life is at hazard, so although control time may not aecessarily
be identified with fire duration, it is of some value in examining fire resistancze
reguirements, In any case, this is the only statistical information available o=

fire duration; there is none on temperatures in fires,

According to this distribution abcout one firz i=n 15 lasts more thar 30 mins,
and about one in 50 more than an hour, Durations lercger ikan an hour are so

rare that they cammot be included on the graph, as one might expect,

The use of data on control times has not yet been Iully explored, (for
example, as an indicaticn of fire resistance requi;ements), vt scme interesti;g
results have already emerged., For example ’i_‘hr.\lnea.s’j5 has shown thab tkere is anm
almost linear relationship between Py and the ccntrel time, and thé slaps of

the line may be related to a rate of spread.
MODELS OF FIRE SPREAD

Ong aspect of this type of work that has nct been discussed atove is the
need for a probablistic model of fire spread, In sommern with mest other
regression models, the approach described above is of limited use unlsss there
is some model describing the basic laws gecverning the system, if only tesauss
cf the difficulty of extrapolating to situwations cther than thdze coversd Ly
the data which. represent what is, not what might te, Ore such model has beex
descriked earlier, in which the rcooms of the building are represented by the
cells of a-lattice, and fire spread is represented by a random walk on these
cells? This was used to justify the cube power law betweén Py, and gso'
Another random walk mode}, in which both fire spread and firs fighting
represented has been described by Mandlebrot16 B

re

o)

, and Themss' ' khas used thds +o
suggest connections between various simple relationships tetween size, less

and duration,

One model which is required is some means of estimating the economic _
gains from reductions in Pgo Suppose, for example, that by provision of
detection systems, fires at night are discovered as quickly as day time fires.
Since p oC 'ps3, and from the statistics, p, would te reduced ty atout ¥,
the chance of a large fire and hence the number of large fires would te reduced
by about 4%, Furthermore, as shown in Fig., 6, the statistical distritvautiorn of
losses in excess of £10 000 is virtually identical hy day or night, implying

that once the fire has exceeded some critical size, its ultimate siz= is
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determined by some other factor, presumably the size of the building or compartment,.
Ramachandran18 has shown, for example, that the expected loss is approximatély

proportional to the square root of the area of the building,.

The critical size suggested by this theory is clearly of importance in
determining the maximum permissible size of a fire compartment, but its exaect wvalue
is not easy to estimate, Senior NFPA engineers have stated that a fire of about
230 m2 (2500 ft) is uncontrollable by present means, whilst the National Bureau of
Standards19, by studying fire losses, have shown that 'large fire characteristies®
are associated with fires between 7.5 and 22 m2 (80 and 230 ft2). However, if
we plot the statistical distribution of contrel times, shown in Fig. 5, we see
that there is scme evidence of two populations, with a transition at about 20 mins,
Since this curve is a measure of fire fighting difficulfies this provides evidence
of increasing difficulties with fires lasting more than 20 mirns. Using the
relationship Tol fE this implies an area of about 35 m> (400 £1°).

As a result of this discussion we see that a detection system designed to
detect fires as early at night as during the day would reduce the incidence of
large fires to about one third, but not their maximum size, and hence losses
due to large fires at night would be cut to ahout a third, This estimate
presupposes that a suitatle system exists, clearly a profitable subject fox

research, and makes no allowance for the cost of providing it,
DISCUSSION AND CONCLUSIONS

Although the analysis described in the present paper is not yet completed,
and the results are not altogether conclusive (largely because of lack of data)
nevertheless the study of spread beyond the room of origin is cléarly a valuable
technique for studying the spread of fire in buildings. It has been shown
that Py is a useful measure of the incidence of large fires in any particular
group of buildings, and this is of considerable economic importance because
large fires, although small in number, account for more than 60 per cent of the
annual fire loss, This and the cube power law comnecting Pr, gnd By form a

strong argument in favour of compartmentation in buildings,

The results show that the effect of early attendance by the brigade is
small, but that early detection is very important, More data are urgently
required to investigate the reasons for reduced spread in modern buildings,
These data. are also required to investigate the benefits of different levels
of fire protection and building controls, and the merits of different types of
congtruction, so that ultimately one may be able to design building regulations
on the basis of experience of real fires,
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So far we have not studied hazard to life in this way, but in large buildings
it is partly, if not wholly, concerned with the confinement of the fire, We
have insufficient data at present to distinguish adequately between the spread
of smoke and fire. Clearly, the work described in this paper is the beginning
of a new approach to the fire grading of buildings. The main_requisite is the
support of responsible national and international autherities for this approach
so that their co-ordinated efforts in obtaining suiftable data may be brought to

bear cn the problen,
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Table 1

Some typical spread statistics (1967)

Number of Number of} Chance
Hazard fires fires of

spreading occurring} spread
Bg N Ps,
Manufacturing industries 2 216 6 948 0.32
Distributive - retail 510 2 072 0.25
Distributive - other 334 808 0.41
Financial, professionsal etc 650 3 088 0,21
Hotels, restaurants, etc 498 2 318 .22
- Transport and communications 146 464 0,31
Public entertainment 160 478 0.30
Public administration and defence 146 632 0.23
Residential 5 300 37 118 O.14
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Tabtle 2a

Percentage of fires (1967) spreading beyond the room of
origin in single steorey indnstrial tuildings

we Age of building
Time of Risk pre—1320 1920-1949 1950-1967
discovery categeryl Attendance Attendancs © Attendance
time time time
0-5 697 &+ Q=5 €97 8+ 0-5 6,7 8+
A (high) 0 14 v 22 10 10 o ] 8
Day B T 17 0 MY 17 13 5 7 11
c 8 T ig 2 14 S 9 i4 10
D (Low) | 100 14 | 40 ¢ 17 | 15 0 14 | 13
& (nigr) 27 33 8 8 14 18 23 14 7
Wi ght B 22 8 17 18 1 19 13 9 12
c 23 19 0 | <3 4 17 1c 15 e
D {(low)|, © | 33 4 20 20 | 2% 0 0 67
Table 2%
Percentage of fires (19€7) spreadirg beycad the rcom of
crigin in multi-storey industrial baildings
Age of tuildirng
?lme of RlSk, Attendance Attendanse Attendance
discovery category time time fime
A (nigh)l 3% 26 27 23 12 13 12 14 0
B 14 18 16 9 17 15 9 9 8
Day
c 13 24 27 14 23 13 8 15 21
D {(2ew) | 33 35 | 25 0 33 | 27 0 0 | 26
A (high)| 45 41 | 25 &% 24 (33 |14 15 | 14
Night B 23 36 29 44 21 7 25 9 13
C g2 28 44 3l 39 47 23 57 26
D (icw) 5Q 33 33 0 G 45 0 100 0
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Table 3

Average percentages spreading beyond the room of origin
in different types of building (1967)

Percentage spreading
Type of building
Single storey Multi-storey

Residential - 12
(residential clubs,

schools, hotels etc)
Commercial - 13
(office premises)
Shops 14 14
Lssembly 25 17
(non-residential

club, schools

theatres, etcs
Industrial 135 23
Storage 36 42
Flats, maisonettes - 11

- 13 -




Table 4

Average percentages spreading beyond the room cf

origin for the variables studied

Variable Level Single storey | Multi-storey
Time of Day 12 18
discovery Niges' 15 30
A High 13 25
Risk B 12 19
c 13 25
Prs 1920 15 26
Age of
building 19201949 15 2%
1950=1967 11 15
0=5 ‘ )
Littendance )
time 657 i3 23
& 14 23
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