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Surzary and Conelusions

Tiia note describes a proposed model which may be uced to represent the
reintionship between the growth of a fought fire und the nunher of jetn which
are applied, Tho m;del_cnn be used to predict the effect of applying jetsc at
Gitferent times and hence can be used in the study of the number of appliances

required at each fire station.

The model is dexrived by considering simple mathemgpticael forme of the fire
grewth curve which can be used to describe the obscrved behaviour of roal

fires and which are compatible with the observed characteristics of experimental.
fires. Two different forms of a guadyatic growth model are derlived ond sone

estimates of the coefficients are given.

The model described here ig deterministic and it remains to investigate the
properties of an equivalent stochastic model and to find some means of vaelidutir,

or disproving this proposed model.
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THE GROWYIT OF A FOUGHT I'IRE
1. INTRODUCTIOR

In a study of the numbox of pump: per station or a cstudy of the firet attendunce
rules it is essential to have an understanding of the way in which filres grow
after the arrival of the first pump. This working note ic a deccriptlon of a

proposed modal.

This model is applicable to buiiding firec which have spread beyond the rooa
of origin.

l’;
2o OBSERVﬁTIOHS FROM THE DATA

F ; .
Any model which represents the growth of a fought fire must be capable of

exploining™ the following cffects which are observed in the SAFZ data.

i. The -averare mmount of spread for fires which are of the same pize at
arrival -increases with the number of jets used. This is due to the
differing “fierceness" of the fires. An examination of the number of jets

used against thoe final area e2lso shows that spreading fires use more jets. .

il. The proportion of fires which spread after arrival increases with the

size of fire at arrivale.

iii. But the average amount of cpread (for spreading and nonw-spreading
fires) is approximately constant for all sizes of fire.
ive 1ii and iii imply that for fires which spread, the average spread

(AE<A° )} is less for large {ires.

ve Fires for which &ll the pumps errive simulatancously are still likely

to spread after arrivale

vi. The control time {(as recorded on the K433 forms) incresses with
.increasing final area.
3. REGRESSTON ANALYSIS m

An spalysie of the relationship between the amount of spread end the timezs at
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wiich the Jots were applied would proviue the pimplest ponnible model of
fire growthe A regression anslysis was tricd wing a model which voe baced

‘ o the following assumptions.

(1) The rote of growth of fires is exponentiel.
(ii) Each pump supplicd one jete
(iii) The arrival times of the pumps are the times at which the jets

were appliede

The model used to represent the growth of a j jet fire was: Ags= A, ek eﬁﬁti
ot .
eéhtd eooBOL & Q&th

Where Ap is the area damaged at extinction
Ao i the area dammuged at arrival
B is the exponential growth rate
j £i.1 i& the i~1th interarrival time ie the interval between the arrival
of the i ana (i)™ pump

k : ; ;
e represents any growth not accounted for by “interarrival" growthe

5 Thie regression analysis vwes tried on multi-storey non=dwelling fires which bhzd

spread beyond the room of origin.

1 jet fires Ap 1 Hean Ag -

(n - 598) /AQ = 101" ) / - = 10l‘r+

2 jet fires AF/ 1.16 o°°t1 Hean Ag/ = 116

(n = 366) . A, T ¢ : Ay

3 jet fires - Ap 007 t .005 t Hean 4. = 1.30

(n o= 11{_6) /Aao = 1¢16 2} 1 8 2 F/Aa

?njztggl’erE AF/AO & 308 eOvtft e.O'Oirta 8'0081:3 Hean A't-'}"o = 1,25

. © . 0 ® . sl

% jetqfﬁras Af}ho < 1.03 o 0754 e ko e 05t3 eO.t4 Mean A‘/ﬁ£’= 1.67

» n = 42

s
s > ; i % g
All the R valucs were very low and the regression coefficicnts were hot significan

cr only sigiificant at the 10% level. HMost of the spread is cccounted for by
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the conctint tern. The resuwlis chow only ‘L.l epr.:.) 3ucyren-as with the
deley in interarrival times and provides on order ol nmapgnitunde ectinate of
the growth rates, This simpie model (or at least thi~ regression analysic)

does not provide a reasonable basia for o modol of five grouth.
Lo A TUEORETICAL MCDEL OF FIRE GROWTH

If the fire size is reduced by applying vatcr to the perimeter c¢f the fire,
the time teken to extinguieh the fire will be propeytiontzi to A% vhere A is

the size of the firc, (See Balduin, Molinck, Thomas . Fire Rescarch Note No 884).

0 : ; ; " : :
U 874 = = a, the relationship between A te £, (the cxtinction tius) will be
2 .
at

of the required foru.

B

% = - a {4a1)
at
dh = = at <b (ko2)
dt
2
A= Ao - at” + bt (4.3)
2

The only information we have about a fire is tho area at orrival (ko), the
area damsged (AF) and the extinction time &E)o The information defines two
points and a tangent on the graph of fire size against {ime. The quadratic
equation 4.1, 4.2, 4.3 is the simplest function which will fit a curve defincd

A
by three points,

HF R 1% -~ = wiiviey
A e
//-l Sprasd
["‘n ¥
fee
Size B

© te £ >

Equation 4.2 shous that the maximum area is reached at time t = b/a after

arrivale. This maximun fire size will be the area damaged at extinction.

-






AF’” Max {’A { w o+ b7y (4o4) and the sbsoiuilc emount of
spread is ha/:ga

The extinction time is the time ot which £ = 0

E = b i:\/ha + 2¢ Ao = b/a + /2 hge (h.5)

B e

a &

t

The parameters a ang b can be glven a physical interpretsiione The parvaneter

a Getormines how cuickly the fire size is reducced. a will depend on the

characteristics of the fire (sive and "ficfceness”) end will aleo reflec¢t the
/

nuabey of jéts uced to fight the fire. As more jets are applied the fire size

vill be reduccd more quickly and the pavsmeter o will incrcace.
| 3 .

The parameter b represents the continued growth of the fire as it is being
fought. If the fire is not beling fought a must have zero value and the fire
grovth will be dA/at = s {ﬁlthough b way not be constant, in which case

dA/ﬂ& = b is a tangent to the growth curve at tho point A = hg?

Consideyr first the simplest sitvation where sl) the pumps vhich may be needed
are available at the time of the first arrival and assume the parameters a and b

are constants.

The fires will be characterised by their initial size Ao and their fiercenesse
The brigade will apply the appropriate number of jets according to their
assesgment of the fire size and severity. Fires of the same initial sizes

Ao will follow different growth curves sccording to their severitye.

As the geverity increases the amount of spread and contiol tine also increesce
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¥ov a given Ao, wo the peverity increaces the paramcter a will decreace

ant/or the parameter b will increases

It is asgsumed that all the differcnces in the growth of the fires avo due
to the differences betuween fires. VWe assunc that the brigade apply the Yrigoi"
pumber of jets, and do not allow for a "ferce' effect by muggesting that the

fire may be put out more quickly by using more jetse
5¢ A HETHOD QF ESTIHATIRG THE PARAMETERS FOR AN AVEEAGE FIRE

We ore still asswoing that the parameters a and b arc congtents and considering

3

only those fires for which &11 the pumps were availeoble simultaneouslyu Ir
~we %tske & group of fires of the same initial size Ao, fought By the same number
of jets, we can observe average values for the spread and confrol time from

the SAT2 data. If we further assume tﬁat this group of fires has the same
(oxr at least similar) a and b values then we can use the two observed aversges
to estimate the two porameters.

Y
g . - 2 i . I/ - VYO R
A rearrangcement of the equations AF Ao =Db /28 and tE = b/a ¢ 2hz/a gives:

— -} 2
SR PARtIay (5.1)

b = J—’-é-—a—-r—g | . (5»2)

where k is the absolute amount of spread) bZ/Za

If we can make. soms aséumption about the way in which'a’ changes as additionzl

jets are brought into use, then we can generalise the growth equation to include

those fires in vhich there was a delay in the arrival of the second and subsequent

ceih
jete. In a study of wood eut fires (O'Dougherty and Young Fire Rgsearch Note
No 603) it was found that the maximvm smount of fire spread was proportional to

- Iy
(Rate of Yater Application ) l.2+o If this result is used it would imply thot

{
ay = Jl°2+ £y where a; is tho value of the a paremeter when the fire is






being fou,ht by J jets. In this proliminary anulysis ve have reagoned
that in resal fires the additional jets will have leas effect than they would

have in cxperimental fires end hove used the simplcr relationzhip ay = Ja1e

If o fire i3 extinguished by J jels which arrive at T ta, . tJ_1 after
“the first jet, the growth curve vIill be of the feorm shown belowe
g, W
g o WL
/’F --:-//—l - -
|
| I
iy | l
o
L e
o £, L., Ce
.The equation of the growth in the fingl scection will be
t t
A= Ao t[ (b - a1t) dat ﬁj € (b - azt) dt 4+ ecse ij (b = aJt) dt
° “ ba-1
, 2 2 2
A = ho ¢ bt + fﬂ. (a2 e, )+ Eé (a§ - 8,) t eeee %__ oy {5.3)
2 2 )

If b > % the maximum will occur in the finzl section and the are=z
_ /hJ Jul

gdamaged at extinction, Ap will be:

Ag s o + b° ‘E % ) (5.4) "
P = A0 4 ‘é"‘a? + &3 ‘;?:; &i%’l = Qi _ IS
e’ pELE
Tho extinction time t| is obtainod from (5.3) by solving for t when
A = O:.
J=1 2 2
0= Ao + bty + 3 ty (ai+1 -8y ) -t 2 (5.5)
i=1 /2 -3

If we use the relationship a; = ia:31 then o and b can be estimated froa

the simultuncous equations, (5.4) and (5.5)

—r.
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6. ESTIMATES OF TIE PARAMETPER: OF THE CONSTAY QUAIDCATIC MOENL

The SA¥2 sample of mulir-siorcey son-dwelling fires vhich had cprcad Leyond the
room of origin wore used to test the estimation methods. The fires were grouped
according to the size at arrival, the number of jets used and the interarrivel
-timen if more than ope jet was uced. Tho interarrival times were calculated

by assuming that ith Jet was epplied at the time the ith pump arvived. TFor each
group of fires en average extinction time and average Gpread was celenlated and
the nveragesAused'tc estinate &y and b oo described in seetion 5. The results
are shoun i# table lo

Within the{&iﬁitations of the deta (sec section 8) The results shou:

(i) %or a giver Ao, a, decrcases and b incraases slightly with increasing

1
numnber of jetse.
(ii) for the %{wo jet fires of a given ho, the values of a, and b are

epproxinately constant for various values of t1.

(ii) a, and b both increase with increasing Aos

1
Fipures 1 and 2 show the relationship between 8y b and Lo. The sleopes of
the log aﬁ/log Ao and log b/log Ao relationships arc about the ssme and both
&, #nd b are proportional to A,

7.  ALTERNATIVE FORMS OF THE QUADRATIC MODEL

A Meodel waging Proportional Parsmeters

The parameters b and a represent the absolute rates of increase and decreaso
of the fire. It would seem reascnable to suggest that a and b might be
functions of the fire size., If a and b are directly proportional to the fire
size,; then the model becozes:

54 :
-(YE = =XAL + ;3& (?ol)

log A = log Ao - oitz + Bt (7.2)

Z
In the more general case where there ere delays between the arrival of subsequant

jets the spread will be:


http:inereani.ng
http:a.vera.gc
http:G.l'rivo.ls




' o)

Log{A max)m log ho = log A mox = B° + 4 o t? (G:i+1 oy ) (7.3)

Ao 24 iml

&
ard the control time coan be estimated from tho cquatilon
Gedogh 4 B B8 2 g ) i
slog A ply v byl meG ) o Fp e (gub
1=1 /2 --2"'— J

In this model the parameterdﬁ is the exponential growth factior. The estimates

of 1 and P are derived in an equivalent wey to that described in section 6,

The estimsties are shown in table 2.

The eotimates ofyl 1 and P are quite stable with respect to changing Ao.

X 4 decremses with increacing rumber of jets but there is insufficlent evidence
i

to decide whether the growth rate P varies.

Thiz model implies that the relationship between spread and arrival time is

of the form: '
2 2
log A/ILO -3 %B'( + ZJO(,‘H—‘] . O(i ) E},_

j J 2

This relationship can be tested by applying this form of the regression model
to the SAF2 datne In the Llimited number of regressions which werce timed it
vas found that this relationship geve a better fit, or at least no worse a fit,

than the intorarrival time wmodel first'tried (section 3).

An Intermediate Model

The relationship between the constant parameters ay b and Ao suggest a model

75,

in which a and b are proportional to A

ar o= BT AP -al APt (7.5)

at
e
L _q%g -%" 2 & @ ¢7.6)

A more general model and en estimation procedure can be derived in a similar

form %o the other twe models considered.
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8. THE USE OF QUADRATIC MODEL
Genernl Connidorations ~ The smount by which a fire spreads rfier the arrivel
of the brigade depends on the characteristics of the fire and zlso on the

action tzken by the brigade. A model which is to be used to predict the

expected growth of a fire st toke into account the behaviovr of botlh the

fire and the bripnde. The equations discussed iu thic nete represent the

et e e e A i e

2 cor v J_,Io The

sequenca of arrival times will depend on the number of jets which are applied

fire grovwth for a given sequence of arrival times T t t
initially (from the first attendance or the assistance vhich iz requested) and

also on tho subsoquent decisions to bring on more jets as the fire grows.

The relationship between the area dawaged at cextinction and the total number
of jets vsed has slready been studied. The relationship can bc expressed in

the form shown belows

lo_;:.
C\.A. h\\\_L_Q_\‘( JL
Yoo (30""\"- o
q "}\D:C..'a
M\ W'\:%\-'\\") \\5'— !'(

\J:l N Tels

L

gy
’ T M\"'\ .‘m
o : S LA AL T Y AL T e T -:.u-.;;m.{}m N -
logy B

A fire of a given sizo can be characterised by its relative severity - ie

a nwiber between O+ and 100 which determines its position on the cumulative

scale of numboers of jets required.

S ML\\.Q\'Q.
The following general principle could be used to peedict the growth of an

individual fire which is of size Ao at arrival

i. Generate a random number to represcnt the relative severity of the fire.
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ile Apply tho mivar of irzs determined by the position of the fire
on the jet areo graph. Tiicro Jels would be provided by the first
attendance or, if neceseary, assistance would be roguested as coon as
the first pump arrives.

iiie Determine ihie a and h parameters of the fire vhich will again be

& function of area and relative severity.

ive, Predict the prowth eof the fire and check whether the fire n% its
maximwy size aud with the same severity index would require additional
Jjets. /

Ve %egucét additional.jets if required and continue extrapolating the

[ .
growth of the fire with tha changing a, value,

9e LIMITATTONS OF TiE DATA

The times al whica the jets were applied -« ALL ve know is the arrival times of

the pumps and we have had to assume some simple rule abouft the number of jets
. Qc\b LYY k_.w'\ &y

provided by cach pump. For any individurzi fire we do not lwmow how many jets

came from each pump, or even vhether the jets were applied immediately the

pump arrived.

The Extinction Time - We have taken the ‘extinction time to be the contirol

time! as recorded on the K433 forms. The control time is the time between the

arrival of the first pump and the "stop' message.

For the smaller fires the time of the "stop' message will approximate to the
time the fire is "out"; but for the larger fires the “ston" message may bs

sent well before the fire is "out',

The Amount of Spread ., The amount of spread is taken froa the area at arrival

and final area damage as recorded on the SAF2 forms. The area at arrival will
usually not be known with any accuracy, and is often recorded as being the canae

as the area at extinction. The arcas are recorded to two significant figures

10
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ana this rounding errox introduccs additional inaccuracy.
Sawple Veristion The distributions of spread und contre) time are highly
glirvied and if one very larpo value ic included in & semple this can completely

outveigh oll the other observations.

‘le ALTERNATIVE HETHODS OF ESTIMATING THE PARAMETERS

1, Estimate the parcmaters for each homogencous group of fires. Each group
cmsists of fires wvhich have the same arce at arrival, nuamber of jets and
irtecrarrival times. Obtain an array of paramcters for each jet-arca group

by interpolation and smoocthing of the group estimutes.

2. Estimate the parameter values fo)r each individual fire, possiblf introducing
a random element designed to "put back' the rounding error. Determine the
pareuweters for each jet-arvea pgroup by taking the average of the individual values
in the group. Tha reasen f{or 'putting back' the rounding error is to get a
continuous distribution of spread and hence & 5ontinuous dictribution ol estimates

of a and be.

3., Obtain a regression relationship'between soread and interarrival times, and
extinction time and interarrival times. Use the regression to estimate the spreod
and extinction time for fires of a given area and number of jets. Estimate the

&, b paramcters for this group using the regression estimates of spread and

control time.

4, Use the regression - relationship between spread, control time, nwnber

of jets and area at arrival to estimate a, b directly by considering the
correspondence between the coefficients of the rcgression model and the quadratic
model.

11, FURTHER WORK

The Relationship between n Deterministic and & Stochastic Fodel

e have assumed that the parameters a and b, are constant for each group of

fires, whercas in reality there will be a distribution of a and b valves, The
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bereviour of §§ﬁ fire with averaje a, b values may not be the same as the
average of all fires with individuai oy b valuss. The properties of the
ctochastic model need to be examined, and in particuler it may bo worthwhile
.considering a model in which come fires have zero b values (no growth) and

the remoining fires have positive L values.

Vrlidation It should be possible to validate (or to disprove) this proposed

model by a more thorough study of the ropression relationships obtainable

from the SAI'2 datae

Restricted Fire Growth The models considered here are assumed to have no

restrictions on growth. JIn practice many fives will be confined by the building
cr at least some fire compartment within the building. The cffect of building

sl.e must be oxamined.
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