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T:;i2 noto d~8crib()13 n proposed. modol \lhich "'Hy be uGed to 1:'epl' csent the 

rc.1ntionBhip bct.;",en the G1:'o'dth of n fought fir'" Hnd tl:w nn::,l,er of jeto ..,hich 

0.,'" flpplied. 'rho model can be used. to predict the effect et: applyine jcto at 

()i~'fcrent times and hence can be u6cd in the 6tlldy of thc nlOnber of D.ppl;.anc~G 

rcq\lired at caell fire atation. 

'l'l'.8 model Io der·i.vcd b~' conGidcrine /3imp:'.e E'0.thcmaticul form", of the art> 


g'i·""th curve "hich can be used to d~8cribe the observed bc)",,,:i.oUl' of 1.'(\8.1 


fi1.'8(; and which arc comp!\tib\<; \Iith tn6 observed charnct.el'5."t.ics of exp{';-imen',O. 


fi.ros . Tllo different forms of 8. o,yarh'atic g1.'o'lth model al'0 derived c.nd Game 


eS'~iLlates of the coefficientn a.re given. 

~'h'- model descl'ibed her" ;.s deteri1l).n16tic c.nd it l'emaillG to investigate tha 

propertics of DJl 1-qui.valent stochastic model and to fi.nd SOn!0 means of vc.l iduti.r·s 

01' disp,l."pving this proposed. model • 
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'I'HE GP-OH1'Il 	 OF A FOUGHT Fl[{}; 

1. II1'rnOllUC'rION 

In 01 study 	of the numbJx" of Pll.'!lf" per G'cC\tion 0)' a otudy of the fil.'st attendance 

,rules it io eGsenti.J.l. to have uu Ull.dcrGic.ndinG of the Hay :i.n which fires &ro'.<! 

after the ar",ival of the first pump. Th:Lo Hor.ld.ne noto iD a deoc6pti.ol1 of a 

proposed modol. 

Thin model 	is ~'pplic""le to bu.EdinC fir ~ c I'Ihich lu<\'e Bprend beyond 'ch., room 

of ori-gin. 

I 
2. 	 OBSEllVATIONS FHOH THE DA'fA 


I 

I 

AI1Y model which rcp,'«sents the [;o'Oltth of a fought fi.l.'o must be co.pable of 

"explo.ining " the foJ.loHb;:; effects 11hich arc ob6cn'uc\ in the 5AF2 data. 

i. ~'he ·averac;e amount of Bpread for fir"'8 IIhich &.1'0 of tll~ snIDe nil'e Rt 

arriVD.1 ·increD.sel'l with th(l number. of jets UG€'d. This is due to the 

differing "fiercenccs" of the fires. An exami.nation of the number of jets 

UBed ugD.inst the ii.nr.l oren elso shown that spj.'cndinl3 fires use mol'S jeto. 

ii. The proportion of fires which spread. a.fter D.l."l."i val increases \·d th the 

size of fire at 8.rrival. 

iii. But the average Mount of Gpread (for opreading and non-spreadJ.ng 

fires) is approxima tely constant for all sizES of fire. 

iv. ii and Hi imply that for fires >!hich spread, tho average spread 

(Af./Ar>. ) io leGS for larGe fires. 

v. Fires for which all the pumps e,rrive s;.rnuJ.utnnco\lsly are still likely 

to spread nfter arrival. 

vi. The contt'ol time (as recorcied on t.he K433 f orms) increuses "ith 

increaGing fina.l urea.. 

3. RFl3RESSION ANALYSIS 

An o.nalJ'sis of the rclRtionship neblcen the "'!'.ollnt ". .f' d d ~h t" ,
<';""h! spree en '" .le lm~.s il fo, 
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\,;.; ~h the jotc Hero v.ppll.cd HOulcl Pl'OV:'.C , ':' the oimpl.cst )K·C::;:i .blo model of 

or. the follm.;ing e.GGumptions. 

(j.) Th" rate of c;ro\·,th of firec is cxponcntie.l. 

(ii) Each pump oupplicd 001) jet. 

(iii) Thc arrival timeG of the pumps are the times a 'c "hich \:hc jete 

' f 
le

'rl:I' model UGccl t.o reprctlcnt the gro\lth of a j jet fire ,,'as: A ~ Ao e 

r\ot~ j\,t
£:1 ...... '-0. V. j
\,.-; ~OOCl".'~ e .J 

Hh0n, Ap- is the o.re>t dllmagccl D.text in ction 

Ao is the al'ea dam,,~ecl at arr:i.'l8,l 

f; is the exp(luentiRl growth rata 

ti~1 :le the i-1 th interarrival time ie the interval bet,;een the arrival 

of tho itll and (i_1)th pUOlp 
! 
'k e represents finy croHth not ficcounted for by "intc).'$,rrivlll" gro'"th. 

This regresGion analysiB "'RS tried on multi-storey non-chJellil1g' firen l-Ihicb hUo. 

spraad bGyond the room of ori(;in. 

1 jGt Ures Af/ 1.11f 
Hean Ar-/ 1.1'1

(n =598) AQ " A'o " 

2 jet Ur.es Ap/ oo<t1 Hean Af/ ~ 1.16'" 1.16(n " 366) A 0 Aa 

,. " All the R v8.1u(,.~ Hera very low and the regression co&fficiGnts woro -hot si.enif'c:!n 

3 jet firos 
(n '"' 11+6) 

4 jet fires 
(n " 95) 

5 jot. fires 
(n " 42) 

or only sigliificaut at the 10% level. Host of the spread is c.ccounted fo:' by 
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dclf.'.y in lntcrn.rrival timer:; l1.j)U prov:i.dEl8 on order o{ ~l lnW t itn rj.-;:: ec::ir.:lto of 

dOOG not provide u reasonable r.,D. oil3 for D. mod(Il of fh:'0 ijr-o'.-rcli(o 

4. A THlWUhTICAL HCDFJ. OF FIRE GliOI-lTH 


If the fir'c size is roduced by applying \'::Iter to t.ll" p" "imetcr of the Hre, 


the ti.llle td{en to extinguish the fire >lDl be P)~OPGl.<·. io: ·" ,. i. to At "hel'" A is 

the size of the fi.r(:, (Se" Bs.ldl.'ir" 11oli.nok, ThoCilfl.O. Fire Re~car'(:h Note No 8811). 

ell! ,,- .at {ob (4.2)
dt 

A _ AD - ~ 2 + bt (4.3) 

2 


The only i.nforruation "El have about a fire iB tho urea at al.'ri.val (Ao). the 

arell damc.ged (A,,) and the extinct.ion ti!!le (t ), The information defiueD two
E

points nnd a tangent on the graph of fire si.zI] against time. The quadratic 

equation '1.1, 4.2, 4,3 is the simplest flUlction which "ill fit a curve defiMd 
\ 

by threo points. 

t; -> 

EqlUltion 4.2 6h0\l8 that the maximum a);'ea i8 reached at time t " b/a a[tol' 

arrival. This maxirutlIa fire size "ill b" th<; ni'", t ' damD.ged at extinction. 
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!lUU tbo e.bsol.ut u DOlOunt ()f 

'rhe extinctioi1 ti('\o j.s the tilT:,) c..1: \:lhich /;. :.:.: 0 

" b/a 

a. detGrmineB hOi:l qui0kly the fi};"e si7..o iD roduced, 8. w:U.l c~epend on ~·hc 

char[;cteristic[J of the firo (,,:i:',e B.nd "fi<:rceu~Gs ") and l'Iil!. nlso reflec t the 
/ 

nI>Jnba' of j ~ tB uGed to fig.."t 1:ho firc. As more j~t5 are ap,oJ.ied. the fire Ghe
I . 

Hill be rGduccd ",or e quickly and the pa1'r>Jueter a l'lill iucrcace. 

The parameter b represents the c:olltinucd gro>lth of the firo UFo it it' being 

fouGht. If tho fire is not being fought. a must h&.\'''' zero \'8.1u<o Md the fir'" 

groVlth will. be dA/dt b. 0lthotlSh b ItlP.,y not be constant, in >Ihich CO.6"" 
b is a tanGent to the gro>:.th curve at tho point A h'2?dA/dt '" '" 

Considet' first tile 5impleot Gitt'o.'Cion ~:hcre 1J.1l thu pU!!lps \·,hi.ch "'ay bo needed 

arc available at tho time of the fhst al<rivnl and [lS5ume the parameters l> and. b 

are constantt:;. 

The firEls HHl be charactcrised by their inItial 5izG Ao and their fierceness, 

The brigade "in apply the appropi'intc number ' of jets accol'ding to their 

liss,,£,sment of the fire size Dnd severity. Fires of tho Sm:l0 initial size. 

Ao Hill follol'l different groHth curvet:; according to their severity. 

As the severity increascs the ~ount of spread and control tiGe also incr~eso. 
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Y'o-' a gh'cn Ao. [,,0 t·Jle fJc1rc6. ty inc:rcaceo the paX'arnc.teZ· Cl. will accrc<)cc 

MC::/or the parumetcL' b \·!ill incrcace. 

It 5.s u66umed th&t al.l th~ dHfcrcncf)s ;.n the c;ro·,; th of th6 fh'cc /ll.' 0 d.ue 

to the differences bchloen fires. He a60UC1(: thnt the br:l.gad" D.pp1y tIle "right" 

number of jctll, and do net allovl for a "fercc" effoct by 6uGc;el3ting that th" 

fh·c may be put out more guiel:ly by usinf, more jet",. 

5. A !·;L"fHOD OF ESTIHATING TIlE PAll.AJ·~EW':~S 1'011 AN AVERAGE FIRE 

\,~ u,.e still asoura:Lng that t.he p,u."ametel's a un.d b a rc COllGte.nts and conBic\eriq; 

onJ.y those fireG for Hhieh all the pumpG \10);"C avail.o.1.>le I'limul tallcouGly. If 

'''" take o. eroup of fil'06 of the BMa initial Gize Ao, fought by the GB.ruG num\.;0T' 

of jets, He can observe avcraee values for the sprp.ad and control timo ft'om 

thr SAF2 data. If Wc' flU'ther aSGume tbat thil; group of fires IJaG the same 

(or at 16ilGt simila,.) Il. and b ",,1uGO then \,Ie can use thu hlo obs epved avcr6.r;~B 

to eShD1ilto the two po.rameters. 

2
.-, 

A r",,,rrangcmcllt of the cqttation6 AI' - .Ao " b / 2a nnd tE '" b/a +G;;:/a giV€:6: 

a ~ z[fiL~JAF' J2 

b "J 2ak 

2
where l~ il3 the absolute amow1t of spreild) b /2a 

If ...e can. make. soma assumption about the "ay in v,hich 'u' changes RG e.dditionc.l 

jets are brought into w:;e, then "" can generalise the growth equation to include 

thoGe fircl3 in lIhich there wae a delay in the arrival of the second. and subsequent 
c.-t-\b 

jets. In a study of wood ~ firos (0' Donghcrty and Young Fire Research Note 
e 

No 603) it HUS fOWld thut the maxi.Gm;!] amount of fire spre!ld IW.S propot'tional lo 

) -1.2/1 .'( Bate of Hater Application • If this result is used it I<ould irnpl;J th~.t 

,. 5 






being fou,:ht by J jetl3. In tlliii proUminnry an",lys1>j "" huv, rcatlOned 

that in reD.l fi.reo th", additional jets ;,ill havo le e;;" cUed th'.'.n they "oula 

huVG in experimental firco and. ho.vc used. the ci.nlplcr re1« t io,..;·.l , ip aJ " J!l.1' 

If D. fhe ia e,:tinguishcd by J jets "hich arrivG Ht 1;'1' t 2 , •• t _ after
J 1 

·the fir.ot j0t, tho e1'0llth curve lIill be of th'9 fOlon chm;n ue}o;;,o 

JI:" i'~--- ...... 
':~I 
I 

I 

I 

.Th<3 equation of the groVlth in the filml soct.ion \!111 be 

A " Aa + 0 I (b - "1t.) dt +jt2 (b - D. t) d.t + ••••
2f' t1 

A .• Ao -l- bt - e. ) +1 

If b/aJ > t J~1 the maxirJu;u Hill occur in the final section o.nd the area 

damaged nt extinction, "F will be: 

2 (t(. - Cl', ) A.I" = Ao " b +~ l..;l2a i ,,1
J 

Tlw extinction time te i s obtainod from (5 •.3) b.)' solvi.ng fOl' t Ilhen 

A =o. 
J-1 

o = Aa {- bt + C (0.. - u, )
E 4+1 l.i=1 

If we use the reI" tioaship 1:I = i?t a then ['1 nr.d. b can be estilLO. ted trolni 1 

the c;illlultlillcoUS oquntions. 

[ 
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room of oriGin >!Cl"" t:3ed to t.est the es tima.tioll methods. The fires Here gnn>.pcu 

according to the size at G.l'rivo.ls the nur~bor of jets u.sed ono the intenlrriv~.l 

timeD if more than o)'a jet " an "-Gcti. 'the inte;-ul'rival timeD ~Jcre calculated 

by {wl3UJlline that ith jet \!D..9 applied llt the time the i th pump lll'dvcd. For each 

g~O"lP of fir.oB p-.n a.vera.gc ('xtil~;,;tion time and avc::,age GpreHd h'as c8.1c t'.lo.ted and 

the flVe~"agc8 used tc caticoato v. and b C.G de6cribed in section 50 Tbe results
1 

are GhoHn id to.ble 1. 
I 

\oIithin tlie ,limitations of the <\e.ta (sec ocction 8) Tho l"eonlt6 OhOlI: 

(i) Jar n gi\'ell Aa, £1 der.rcnses and b incNases slightly with inereani.ng
1 

munbc>:' of .1eta. 

(i.i). for the two jet fires of n given Aa, the values of a" and bare 

nppl'oy.ir.1ate ly constant for I'llrioUB valueo of t 
1 

0 

(ii) a and b both increal'l6 'I; th incre~.Bine Aa.
1 

Figures 1 and 2 sho\<l the l~elatio"Bhip bet-,een ° 
1

, b and Aa. The Glopes of 

the log a,/log Aa and log b/log AD "elationships are about the 6B.llle and both 

a 8m\ b are proportional to A· 7.5. 
1 

7. ALTERNATIVE FORl";S OF THE QUADRATIC !·\ODEL 

" Hodel \ls.ing P['oportional P=Dme.t~.!2. 

The parameters b nnd a represent the absoluto rates of increaso nnd decreasD 

of the fire. It Ifotlld seem reanonllble to suggest that a and b might be 

functi.ons of the firo siz~. If a and b are directly proportional to the fire 

size, then the 'nodel beco01eo: 

•2log A ~ log Aa - o(! + pt (7.2) 
.'2. 

In the more general ccse where there are delays bob;cen the arrival of Gubneqtwnt 

jets the sproad will be: 

7 
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., 
~,,­

= {! 
2r/. 

rtud the control timo C<1.l'l be estimated f.l~om the cquntion 
J -'I 
,;~ 2 	 2o = log A + j3tE + Ii~n t (C(i+1 - 0(. ) - tr;1 oC (7.~)
:i.=1 1/2 	 J

2 

11: this model the parameter /3 ia the exponential eruVJ\;h fnetol'. The cc,timatcs 

of~J, 1 and p [,1'0 derive d ill on equivalent Ho.y to that o.ec cl'ibcd in section 6. 

Tho esti0l9.to" a.rc shOlm ill table 2. 

'l'hc ootimntcs oJ« 1 and ~ 0.1'0 quito doble with )7('Spcct to chanGinG Ao., 

decrea.60s I"i th incI'(!oc:i.ng rit'Jllo C::- of jets but there iD :.nstlfficiont e"idc,,~c 

to decide whether' the grmlth , a te f3 vor;ies. 

~ehie model j.mplies that the relationGhip bet.ween spread and arrival timo is 

of the form: 

+ £"( 0(, ,- c,( ) t , 2 
i+1 :t 	 ~ 

2 

This l'elation8hip call be tested by applying thi.s form of the recsroG6ion model 

to the SAr2 dc-tu. In the li.mited llUJober of regressions I·,hich Vle,C t imed it 

"US found that this relationship gp-ve a bet t er fit, or at least no \,'Ol'Se a fit, 

than the intol'ar.rivul time r1IodGl fb'st tried ( section 3). 

,An Intermedi a te Hod.2l 

The relationship bob-lcen the constant pal"ametOl's /).1 band Ao suggest a lliQdel 

in which a and b aro propol,tional to ".75. 

1dA - 8. 
dt 

A more gene!'«l model and DJ] estimation procedure can be del' iYe:i in a similar 

fOl"ill to the o t her two models consi.dered. 

8 
( . 
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8. THE ::,sE OF QUADR/t'rIC 1'lonEL 

of the brieade dc-ponds on t.he charucteribticG of the Ere nuel a130 all the 

action t",ken by the bril>"de. A modd I"hich iu to be u.B~d to In' ~dic~_ tho 

fire ar,d the bri.r,:>.2,£. 'fhe (lqu~tions discussed in thiG note represent the 

fire grov;th for a given l3equence of arrivlll times '. " , t2 "". tJ' " Tile, -, 
Bequenco of arrival times will depend on the nlUnber of jotH I!hich arc applied 

initially (from the first attendance or the aS6ist~,nce Hl1ich ie roquested) and 

0160 on the sub.';oquent deci.sions to brlrlg on morc jets as tilt' fire g1'ol-l8. 

The relationship betl'leen the area dRr~aged at oxtillction ilnd tIle toto,l number 

of jets used ha.s B.lready been stndi.ed. Tbe relatiollship Ci<n bc expl"ensed :;.u 

the form shmm beloH: 

C,,~,,~lo.\. -K. 

p, 0 ro""" ""'" 

~\ v."'\\.!..~"~ \~_r.{, 
b::\ "4 1"e,\'>, 

<. I :rG T' 
~ 

o 

A fire of a given siZQ can be charactel'ised by ito lelat;"~e sever-Ht - ie 

a number between O· and 100 which dctermilles its p0sHion on the cumulativ~ 

scale of utL'nbors of jets required. 

s,,""~.~(-
The followiug genen,l principle could be used to :F""u:iiC>'; the growth of an 

indi.vidual fire which is of size Ao at arrival 

i. Generate a random nUJ:lber to l'epre6cnt the relative 6everity of the f5.1'C< 
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H. Apply tho Il\' '';,; ~r of .i,'Cl> nc terrnincu by tho poc;itiOh of ·tile fire 

on the jet aroD. gl" ,ph. T:.u () j e ts \{QuId be provideu by the firc t 

attenuance or, if necessary, fJ.I3Gl.stanc() would ba roqvcf; ted 1113 GOOa llll 

the fir"t pump arrives. 

Hi. ))"termine ~ll8 a and h pawmoters of t.he fire "hich "dll u[;o. in be 

a func tion of a)'e', aml rcl~.t). v e severHy. 

iv. Pl'Go.ict the (l;.'oHth of' the fire and check wheth cl' the f i re lI ': its 

mro:l.mvm si:;:e anu Hith the "' ~me soverity index would requiro Rdditiol19.l 

jets. I 
v. Reeucst additional jets if roqui.red and continue ~xtra.poliJ.tl.ng the 

I 
grol-lth of the firo Hi th th~' chane;ing a. value. 

1. 

90 LDlITNI'WNS OF TilE DATA 

the pumps an:i we hl'<" e lk.,d to ass ume Goroe sir.Jpl" rule about the number c·f jet,;• 
('cAt- \ 'L ..,tC.r 

provided by ~ach pump. For any illliiv.idu.:r·l fi): e He do not know hO>l many jets 

came fI'O!Il each pump, or eveu "'hether the jets "!Cl'e applj,ed immedia tely the 

pump arrived. 

!,he Extinction Time ,. He have taken the 'extinct.ion time to be the control 

time' as recorded on the Klf33 fOl-inS . The control time is the tir.Je bct"een tho 

arrival of the fh'st pWllP and the "stop" lIlessoge. 

For the smaller firos the time of the "stop" message \';.11 approxiroate to the 

time the fi.ro is "out", but for the larger fires th!) "stop" message may be 

'wnt Holl before the fire is "Ol1t". 

The AmOlU1t. et. S)?re'!.~, _ The runOWlt of spread is taken from the area at al'riva). 

and final area damae;e RS recorded on the SAF2 forms. The area at arrival Hill 

usuRlly not be kno"a with any accuracy. and is ofteu recorded as beillg the GarJe 

as the al'eo at extinction. The aroas are reco!'d~d to two significnnt fie;ureG 

10 

http:xtra.poliJ.tl.ng
http:rcl~.t).ve




an~; thir:; roulldj.l:C; error introduce{j c<dd i': j.onal illHCCUl'D.CY. 

!~\:!Y~~!::i;~t.~ 'I'll", uictributions of cpl.'efld I\ncl control tillle ar" hiGhly 

Gk~;;cd D.ncl if one V0l.'Y llu'('.o value iG incluurccl in "- OBlTIplo thio can co:npletcly 

outl·:eiCh 0.11 the other obnervationso 

le. ALTBIIHA'rIVE tlETlIODS OF ESTII1A'£lIW 'rifE PJ\H111,jETERS 

1. Esti'Mlto the pllr"," ~ tcrs for- o11ch homOe;Cne01J8 eronp of f:l.res. g~ch !C):O\\P 

C011Biflt/5 of fin's IIhich hLwa the some ar~e. at In' ),iva.l, nutr,bOl' of jota and 

ir.tcrarrival time6. Obtain an array of param2t.el'S for e"clt jet-area group 

by interp012tior~ and smoothing of the eroup cnt).!'{~ :}.tes .. 

2. Estim~te the parameter ve.lues for each individual fire, possibly iatr.od.ucir.!, 

II ;-ando01 clement desi~n~cl to "put back" the ronnc:iing erroro Dotermine the 

pa.r'IJlJletel's foX" (·8.ch jet-area group by taking the aveNGe of the indiv· i(~u.al vaJ.ucc, 

in the group. ThB re(\son for "puttilllS back" the rounding error is to get a. 

continuou.o distl'i.bution of spread Rnd hence a continuous dictribution of estiulD.tes 

of a ond b. 

3. Obtain a r~gre6sion r~latiom>hip' beb!een s!,Y'ead and interarrival times, anu 

extinction tirue and interarX"iva1 times, Use the l'egression to estiOlat<: the spre".d 

and extinction time for fires of a giv<m area and number of jets. Estimate the 

a, b parameters for this group using the) regrcssi.on estiMates of Gprc:ad and 

control time. 

4. Use the regression ro1a tionLihip bett/ecn spl'cad, contl"ol time, number 

of jets and area at arrival to estimate a, b directly by considering the 

correspondence between the coefficieJlts of the r"l;resGion model and the quadl'a.t)c 

modal. 

11. ~Eng2~..!:iORK 

The RelaJj2£E.J:,ip betHeen ~ini5tic and ~chastic Bode! 

'tIe have l\[;sumed that the pa rDJIleters a Iind b, arc constant for each grol1p of 

fires, I/hel'cas in I'enlity there Hill be a distribution of a and b values. l'he 
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c.._ 
b ~p .. viour of 9";0 fire Hith .avor.,;:," u, b valueo mD.y not bo the l3ame aB the 

o.",'TilE;C of u11 fh'eEl dth individual 0., b Vaht0130 Tho properbol3 of the 

GtnGho.stic mOc1 Gl need to bE: p-y.llmincu, anu in partiGule.r it mo.y bo Horth"hilu 

.consiuering a mpdc,l in Hhich GOlDe fircn hccve zero b V;llUClO (no growth) Dnd 

tho r.emo. in:lng fh'eB luwe pos itivo b ,,,,lues • 

.Yi'lidcc ti~!2. It should be possible to validate (or to diGprove) tllio Pl~op"ce J. 

mc.dol by a more thorough study of the l'or;r"6sion rclatioTJl3hips obtainable 

fl'Dm the SAF2 data. 

reotricti.onc on groNth. In practico lDany fires will bl) confined by the buHo.illg 

or ut lcal3t some fire compartment Hith i n the buildj.ng. The effect of builuine 

si,;e mu.st be Qxamined. 

http:buildj.ng
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