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RESEARCH SUMMARY 

This paper presents a mathematical formulation of the construction 

of a containment perimeter for a wildland fire. The formulation permits 

the calculation of total burned area, final perimeter, and containment 

time, if the rate of growth of the fire can be specified as a function of 

time and position. Using a simple but flexible fire shape function, nu- 

merical results are given, showing the influence of the rate of spread in 

the front, flank, and back directions expressed in ratio to the rate of 

control line construction. These results may be useful in presuppression 

planning and effeciiveness analyses. This paper is the result of collabo- 

rative effort carried out as part of the U.S. /U.S.S.R. scientific-technical 

exchange program in forestry. 
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PREFACE 

In October 1976, as part of a technical-scientific exchange program 

in forestry, a team of forest fire specialists from the United States 

visited the Soviet Union. Frank Albini, representing Forest Fire and 

Atmospheric Sciences Research, worked at the Leningrad Forestry Re- 

search Institute. The Institute is the main organization performing fire 

research for protecting forests in the Soviet Union. 

Dr. Albini collaborated with Candidate Georghy N. Korovin, chief 

of the computational methods laboratory, and members of his staff, in- 

cluding Ms. E. H. Gorovaya, on the analysis presented in this paper. 

The group formulated the scope of the analysis, methods of computation, 

and mathematical expressions. Numerical results were generated inde- 

pendently and compared later. This paper, in Russian, is included in 

the annals of the Leningrad Institute for 1977. The translation presented 

here should be useful in tactical planning for forest fire suppression, a 

matter of practical importance in both countries. 



INTRODUCTION 

In the process of planning and evaluating forest fire control activities, it is 

often desirable to have available quantitative expressions relating the effort expended 

in fire suppression and the results to be expected under various conditions. It is the 
purpose of this paper to introduce a mathematical method for the analysis of fire sup- 

pression (or fire containment) activity which can be used to derive such relationships. 
We show, by example, how the method can be applied to determine the burned area and the 

time required for suppression, using a simple but flexible expression for the shape of 

the fire. 

In addition, we explore the sensitivity of the burned area and the time required 
for suppression to the following factors: 

Clie ihe: suze of the fire at the start of suppression. 

(2) The rate of spread of the fire in the front, flank, and back directions, and 

a parameter describing the shape of the fire. 

(3) The rate of suppression (or rate of control line construction). 

(4) The tactics employed. 

In the following section we introduce the basic concepts of and the limitations on 

the method of analysis and present the general analytical forms. In subsequent sections 

we introduce simplifying assumptions, present examples, and extend the analysis to the 

situations requiring a change of tactics to stop a rapidly spreading head fire. 

BASIC CONCEPTS 

AND LIMITATIONS OF METHODS 

We seek: to describe analytically the rate and direction of progress of a fire- 

suppression force as a function of the shape and rate of growth of a fire. For this 

purpose, we assume that the work proceeds, if possible, at the edge of the fire. It is 

not important whether the effort is directed toward extinguishing the flames (direct 

suppression in U.S. fire control terminology), or toward construction of a barrier 

across which the fire will not spread. The mathematical description of the rate of 

containment is the same. But it is necessary to restrict our attention to fires which 
do not spread by spotting and which have a perimeter that is a smooth curve. 

If the fire meets the conditions described and the work of suppression (or contain- 

Meme) proceeds at the fire edge, at asspossiblie to determine the boundary of burned area 

andthe ime ‘that the work will require, if the position of the fire edge can be 

expressed analytically as a function of position and time. 



Employing polar coordinates, let r(6, t) be the distance from the point of ignition 
to the edge of the fire at time t and in the direction given by the angle 6 (measured 

from an arbitrary fixed direction). Here we insist that r(@, t) be single valued, 

possess a positive time derivative, and be differentiable with respect to 6. If the 

rate of progress of a fire-suppression crew, working at the edge of the fire, can be 
expressed as A(6, t), then we can write the equations for the generation of the final 

boundary, R(@). 

FIRE BOUNDARY —*— CONTROL LINE SEGMENT 

OF LENGTH A dt CONSTRUCTED 
IN TIME at 

rete: Tech) = 

Figure 1.--Generatton of final 
boundary of burned area by crew 
working at the edge of a ftre. 

Referring to figure 1, assume a differential element dt of time to elapse. During 

this time the crew will construct an element i\dt of the final boundary. In order to 

remain in contact with the advancing edge of the fire, this element of the boundary 

curve must be constructed at an angle a (measured counterclockwise) with respect to the 

direction 6. We can write the formulae for the components of the arc Adt in the tan- 

gential and radial directions from inspection: 

dé = (Adt) sin a/r(6,t) (1) 

or 

36 
dR = Cet) coseo = noes Sale ies) =< cee = dt (2) 

Substituting d@ in equation 2 from equation 1, and employing the short notation 

Ce . or _ . 

ele) > Oot 

we find ; 
i €os. a = (r-/r). % Sin a + © (3) 

Squaring both sides of equation 3 and solving for sin a we obtain 

-(t/A)_ (r7/r) +#V1 + (27/r)2 - (2/r)? (4) 
sin a = eee are 

cos a = Gia te7x) Lot (uri = (r/A)2 
(5) 

1+ (r7/r)2 

bo 



Equations 1 and 2 can be regarded as describing the evolution of the final boundary of 

the burned area, R (6): 

aa = (OVA) Sabot ce (6) 

ms A COS a (7) 

The last four equations can be used to model the final boundary, taking into considera- 
tion the limitations mentioned above. 

Note that the condition required for eventual completion of the boundary is that the 

expression under the radical (equations 4 and 5) should be nonnegative, or 

ee hee Wiese Ic (8) 

The right hand side of inequality 8 is the rate of advance of the edge of the fire 
in the direction perpendicular to the boundary, so the requirement is intuitively 

obvious. So long as inequality 8 is maintained the crew can make progress in contain- 

ing the fire. 

SIMPLIFYING ASSGMPTIONS 

To gain further insight into the relative importance of the various factors out- 
lined above, we introduce simplifying assumptions which permit closed form solutions of 
equations 6 and 7 and make possible numerical examples. 

First, we assume that the shape of the free-burning fire can be expressed analytic- 

ally and that the form of the fire is invariant. That is, the boundary of the fire 

Simply expands linearly with time, and, similar to the enlargement of a photograph, main- 

tains its shape. This assumption implies that the fire is fully developed and is burn- 
ing in continuous, homogeneous fuel on flat terrain or gentle slopes, and that the wind 

does not change speed or direction. Such idealized conditions never occur exactly, but 

many fires approximately satisfy these conditions at least for short periods of time. 

Since we assume that the fire boundary grows linearly with time, the shape of the 

fire, expressed in polar coordinates, is the same as the distribution of radial rates of 



spread as a function of the polar angle. We establish the reference direction (6 = 9) 

to be in the direction of the maximum rate of spread, and express the radial rate of 
spread as: 

Ve* WW, - VQ) cos'6, 0 <6 <7/2 
f 

r(6) = (9) 
f a + ail Dx cs Ve + (Ve Vp) sin O3 m/2= 6 -< 1 

where: Vp = the forward or frontal rate of spread 

Ve = the rate of spread at the flank 

Vp = the backing rate of spread 

n = a shape parameter to be determined empirically for various fuel types. 

This functional form is quite flexible, and can be used to generate a wide variety 

of shapes. Figure 2 displays some of the shapes generated by this formula; in the 
figure all shapes are normalized by the maximum dimension (that is, r(6)/V, is plotted): 

Figure 2.--Shapes of fires 
generated by equatton 9. 
In all cases, the fire pe- 
rtmeter ts drawn to a scale 
such that the distance from 
the point of tgnitton (tte 
mark on horizontal line) to 
the head of the ftre (rtght- 
hand edge of each outline) 
ts the same. In the upper 
figure V/V p =). 0s Onaahe 

op ft V, = 0.5; lower figure V/ f Oxo8 

for both ftgures n = 4. 



Table 1.--Area and perimeter of free-burning fires 

for different values of fire shape parameters 



Throughout the rest of this paper we will employ dimensionless forms for all 
parameters and results. Table 1 gives values for the perimeter length and the area of 

various fire shapes generated using equation 9. In this table the perimeter length is 
normalized by r(0) and the area by r*(Q), where r(0) is the distance from the point 

of origin to the head (or front) of the fire. These values may be used to compare 

sensitivities in absolute terms, because later results will be given in terms of the 

initial fire perimeter length and initial fire area. 

The second simplifying assumption we make is that the fire is to be suppressed 

(or contained) through the work of two crews which divide the effort equally. This 

assumption not only introduces the simplification of mathematical symmetry, but reflects 

current practice both in the: United States and the Soviet Union. The advantage of this 
tactic is clear upon a little thought: If the work of suppression proceeds in only one 

direction from the starting point, then when the crew completes its circuit around the 
fire edge, it will encounter the fire burning behind the original line of control 

near the starting point. If the work proceeds in both directions from the starting 
point, then when the two teams meet on the opposite edge of the fire the containment 
will be complete. , 

The third assumption employed here is that the rate of progress by the suppression 

crew (A) is constant. This is a good approximation for machine-aided effort, but is 
clearly not a good approximation for work with handtools or backpack pumps (with the 

possible exception of the new Soviet technique of backfiring against a line of foam 

laid down using a backpack cannister). It would be a little more complex to assume that 
the rate of suppression is a simple function of the rate of advance of the fire edge 

perpendicular to the boundary (see inequality 8) which quantity is proportional to the 

fire intensity as defined by Byram (1959). For instance, one might argue that direct 

suppression will progress at a rate inversely proportional to the depth of the 

flaming zone. This depth is, in turn, approximately proportional to the rate of advance 
of the fire edge (Albini 1976). For the purpose of exploring the sensitivity of burned 
area and time required for containment to various factors, however, it is sufficient 

to use a constant work rate. 

Using these simplifying assumptions it is possible to write closed form expressions 

for the burned area and the time expended. Dividing equation 7 by equation 6 and 
integrating we obtain the formula for the shape of the final boundary: 

R(6) = R(8.) exp tr #67). d675 (10) 
6 

oO 

In this equation the function to be integrated is 

r/d+ (r7/r) V1 + (r7/r)2 - (r/d)? 

- (x7*/r) (F/A) + 1 + (87/2)? - (4/2)? (11) 

which is, under our assumptions, purely a function of the angle 6, since r (@) is given 

by equation 9 and 

f(6) = 

r’/r = (Se 4 (0))/2(0) (12) 

Note that the value of R(6) depends upon the choice of the starting point, 6: If the 
effort begins at the front edge of the fire on the line of symmetry, then 

B05 RLS ar 0) (13) 



where r (0) is distance from the point of ignition to the front edge of the fire 

at the fime the suppression work begins. If, however, the work begins at the back 

edge of the fire, then 

6, Sq R(6) = (Vp/V,) r (0) (14) 

Figure 3 shows examples of final fire shapes computed according to equation 10. Both 

tactics: are illustrated ineach sketch of figure 3; the upper half of each diagram 

shows the result of attacking the head fire first and the lower half shows the 

result of attacking the backing fire first. 

The time required to complete the work (At) is obtained from equations 4, 6, 

and 10: 
O +7 
fo) ) 

At = (R(8)/A) if {exp(S £(0°)d0~)/sin a}do (CiS)) 
6) eB fC) 
O fo) 

where sin a 1S given by equation 4. 

Ihe totaly burned! area ((S)! 1s given simply by 
TT aa 6) 

STM R2(8)d6@ = R?(8,) i exp(2s f(0°)do~)do (16) 
C) 

C) (e) 
ie) 

ero: V Me 0.2; V =1.0-n=4 = 10 f Ne 1.0; n 4, ANN. l 
B 

=(). 2: = -n=4-A V/V 0. 2; VBlV. 120; ni=4; NV. 

Figure 3.--Shape of burned area for successfully contained fires according to equation 
10. In each sketch, the upper half corresponds to attacking the head fire first and 
the lower half corresponds to attacking the same fire from the back. The fire shape 
parameters are gtven tn each sketch (see equatton 9). Ratto WV ip ts the rate of 
Line construction divided by the forward rate of spread. 



SENSITIVITY ANALYSIS 

The functional forms derived above are admittedly complicated, but the evaluation 

of such expressions is relatively easy with the aid of modern digital computers. These 
equations were programed and evaluated on both the EC-1020 computer at the Leningrad 

Forestry Research Institute and the CDC-7600 at the Lawrence Berkeley Laboratory's 

computer facility on the campus of the University of California at Berkeley. 

The results of these computations are displayed in tables 2,and 3. Table 2 gives 

values of the area burned divided by the area of the fire at the time suppression begins. 
Table 3 gives values of the time required to contain the fire (At), multiplied by the 

rate of suppression (i), and divided by the perimeter of the fire at the time 

Suppression starts. Since the product \ At is numerically equal to the length of 
perimeter of the burned area, the values in table 3 are also equal to the ratios of 

final perimeters to initial perimeters. 

In terms of area burned (table 2) we can conclude that the tactic of suppressing 

the head fire first (tactic 2) is significantly superior (>50 percent) to suppressing 
the backing fire first only when the head fire spreads at approximately 3 times the rate 
of the backing fire and the rate of suppression is no more than 3 times the forward 

rate of spread. For rates of suppression 5 times the head fire rate of spread or 

greater, neither fire shape nor tactics alter the burned area substantially. For fires 

which show little directional difference in spread rate (VE/Vp <5) “the- choice: of 

tactics is of little consequence unless As 3VE. 

The sensitivity of the burned area to the ratio of suppression rate to forward rate 

of spread (\/V,) is less in the case of tactic 2 than in the case of tactic 1, for 

fixed fire shape parameters (V,/V,,V,/V,-,n). Conversely, the sensitivity of the 

burned area to fire shape parameters for fixed values of \/V, is much greater for tactic 
2 than for tactic 1, but in either case the sensitivity to the value of n is less than 

the sensitivity to V./V,. The latter parameter becomes increasingly important as 

A/V. approaches. one, for both. tactics. 

The statements made above also apply to the time required for containment (table 3). 
In general, the time required for containment varies less than does the burned area, 

no matter which variable is considered. Significant differences (>50 percent) between 
tactics appear only for fires for which the forward spread rate much exceeds the flanking 

rate (Ve/V,. <0.4), except for the case when fire suppression is almost impossible 

(A/V. = 1.5). As in the case of burned area, the containment time is more sensitive to 

fire shape under tactic 2 than under tactic 1, but the converse is true for sensitivity 

to suppression rate for fixed fire shape. 

It should be stressed that the area and perimeter ratios given in tables 2 and 3 
are to their values at the time suppression begins. In order to establish the values of 
burned area and containment time, these numbers must be multiplied by initial area 
(table 2) or by the ratio of initial perimeter length to rate of suppression (table 3). 

Because of this fact, one can conclude that the sensitivity of actual burned area to 

initial fire size (r 2(0) used to normalize entries in table 1) is simply magnified 

by “ther factorssin~ table 2, 



Table 2.--Burned area/initial fire area for two suppression tactics 

and various fire shape factors. A/V_ is the ratio of suppression 
rate to forward rate of spread; V¢ is the flanking rate of spread 

and Vg the backing rate; n is another shape parameter (see fig. 1) 

Tactile’ 2 = attack head fire first 
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Table 3.--Time required to contain a fire for two suppression tactics 

and yarious fire shape factors. A/Ve is the ratio of suppression rate 
to forward rate of spread; Vr is ane flanking rate of spread and Vp 

is the backing rate; n is another shape parameter (seer fig. sI)h. 

Entries in table are (A x containment time/initial perimeter), so are 

numerically equal to the final perimeter/initial perimeter 

Tactic 1 : attack backing Eire First Tacene 2 attack head fire first 
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Sinee the anttial fire area as equal to the square of r (0) multiplied by a shape 
factor (table 1) which decreases as the fire becomes more elongated in shape (V_/Ve. 

V/V, decreasing, n increasing), one can assert that the initial fire area is of 

extreme importance in determining final burned area. 

The time required for containment can be found in ratio to the idealized time 

elapsed from ignition to the beginning of suppression through the following relation- 

ships: 

At ri (0)/VE, (17) 

At “= (RP /A) (iat /P_); (rs) 

where 
At. = idealized time between ignition and start of suppression 

At = time required for containment 

‘- = fire perimeter length at the start of suppression 

Cat /P ) values given in table 3. 

Dividing equation 17 by equation 18, we find 

= J ) At/At Oe EO) QAAt/P )/O/Ve) (19) 

where values of (Perr Coy) are tabulated in table l. 

Note, however, that while the values given in table 1 are limited to the range 

2 sa at) < 21, the matro (Adt/P)/O/V,) can take on a very wide range of values. 

To find the value of this highly variable quantity, one merely divides the entries in 

tablie<Seby, the values of (A/Vs) given im the left most column. When this is done one 

obtains, approximately, the ratio of the time required for containment to the idealized 
time since ignition, because the value of P /r (0) is of the order of unity. In this 

way one readily sees that one of the most important factors in determining the time 

required for containment is the rate of suppression in ratio to the forward rate of 
Spread (X/V_)'; This parameter 1s far more influential than fire shape or choice of 

tactics. the idealized time since ignition (At_) is the normalizing value for At in 

equation 19, and is very important when }/V,, is less than about three. When \/V,. falls 
below ‘three, the ratio At/At_ (according to equation 19 and table 3) becomes greater 

than one: under tactic 1. Under tactie 2 the ratio is generally greater than one 

when A/V USMWeS:S: sehan! 215). 

From this sensitivity analysis we can reinforce conventional wisdom with regard to 

the two most important factors in determining the burned area and time required for 
containment: (1) minimize the time between ignition and start of suppression (At_, and 

indirectly, r (0) and (2) use the maximum available suppression force (A). In addition 

we have established a means of quantifying the influence of these factors for the 
purpose of assessing overall effectiveness of fire suppression forces. 

ll 



CHANGING TACTICS: 
INDIRECT ATTACK ON RAPID HEAD FIRE 

In the mathematical formulations above, a necessary condition for successful 

containment of a fire is that \>V., or that the rate of suppression must exceed the 

forward rate of spread of the fire. But as every firefighter knows, this condition can 

be violated and yet the fire can be contained. If the head fire is advancing too 

rapidly to be contained by suppression action at the edge of the fire, in many cases 
the firefighting team will construct a "fire break" or barrier ahead of the advancing 

fire to stop its forward progress. Then working against the flanking fire either 

from the forward or the rear direction, the encirclement can be completed by work at the 

edge of the fire. 

In figure 4 we sketch such an attack against a rapidly advancing head fire. The 
first step, shown in figure 4a, is to establish a barrier ahead of the fire, perpen- 

dicular to the direction of maximum rate of spread. ‘When the fire reaches this barrier, 
as shown in figure 4b, work proceeds back toward the flanks of the fire. When the crew 
meets the advancing edge of the fire, as shown in figure 4c, work can proceed at the 

edge of the fire from that point on around’to the rear, since the perpendicular rate. of 
fire spread at the point of meeting is less than the rate of suppression: 

For the purpose of carrying out a mathematical analysis of this tactic, we idealize 
the situation as follows: 

(1) Work proceeds symmetrically, by two crews, and the rate of line construction 
is everywhere the same (=A, as before). 

(2) At the instant the forward edge of the fire reaches the perpendicular barrier, 

the crews change direction of work and proceed in straight lines back toward the fire 

flanks. 

(3) The direction chosen for the second straight segment of barrier line is such 

as to bring the crew into contact with the edge of the fire in a direction tangent to 

the instantaneous fire boundary. 

Clearly there is a mathematical solution to the problem of choosing the best 

distance (a) ahead of the fire front, and likewise a best (probably curved) path to 

follow to bring the crews into contact with the edge of the fire. Such a solution 

would be interesting as a mathematical problem, but of little practical significance. 

The idealization chosen is, hopefully, a compromise between mathematical perfection and 

realizable practice. It should be noted that this idealization is not tied to any 
particular method of line construction (machine-aided hand line, hand line with back 

firing, machine construction, explosive construction, etc.) 

The use of the tactic as described would be rare in the United States and is 

infrequent in the Soviet Union. But, when conditions permit its use with due regard for 

crew safety, the reward in terms of burned area and time of control can be substantial 

in some cases. 

As the procedure is outlined above, for any given set of fire shape parameters 

(V,/V,, V,/V;-, and n) and given value of A/V,, the final area and perimeter are 

completely determined by the choice of a value for the distance (a) ahead of the fire 

at which the initial barrier is constructed. We normalize this distance by the initial 

distance from the point of ignition to the front of the fire, r (0). 



INITIAL FIRE EDGE | INITIAL 
a | / BARRIER 

LOCATION 
CHOSEN 

A 

LINE OF 
SYMMETRY > eae eas tae 

SECOND 
ie —— BARRIER 
~~ FIRE REACHES ~~ _ LOCATION 

INITIAL BARRIER 
_ INITIAL 
BARRIER 
COMPLETE 

BOTH SEGMENTS 
_”” OF BARRIER 

COMPLETE Y FIRE REACHES 

SECOND BARRIER “ 

Figure 4A.--The first step tn controlling a raptd head fire ts the construction of a 
barrter at distance "a" ahead of the intttal ftre locatton. B: Construction of the 
second segment of the barrter starts when the fire reaches the first segment. C: Work 
proceeds against the flanking ftre, by dtrect attack, when the fire reaches the second 
barrier segment. 

Clearly a best choice exists for the value a/r (0). If “a'' is too small, the fire 

will reach the barriers very quickly, and contact with the edge of the fire will occur 

at a position near the line of symmetry; if this contact occurs where inequality 8 is 

violated, control will not be possible. If "a'' is too large, the initial barrier will 

be unnccessarily long and much time will be wasted before contact with the fire edge is 

made; indead if "a" is sufficiently large, the second barrier will contact the edge of 

the fire at a point to the rear of the fire flank, resulting in much unnecessary burned 

area. 

MS 



Table 4.--VYalues of burned area/initial area and final perimeter length/initial 

perimeter length when the suppression tactic is to build barriers ahead of 

the fire as sketched in figure 4. Also, tabulated is the first barrier 

distance ahead of the fire (a) divided by EON the distance from the point 
of ignition to the head of the fire. A is the rate of suppression, Ve the 

forward rate of spread, and Ve the flanking rate; n is a fire shape parameter 

(see figure 2) 

Perimeter length | For minimum For minimum 

initial perimeter burned area perimeter length 

| 3.96, 2.70'2.11!2.19; 1.70 1.44 | .34 P20 11} 3391. 22312 ie 
1.0 .2 | 4.98) 3.324 2.58 | 2.42) 1.87 91.59 1.38, .221° 13) 4h 4262 de 

6.65] 4.281 3.29 2.75] 2.10 11.79 | 145) 26+ .15! .49] .28 

1 Bosh) 324 (2.34 (2.57; 1.86 :1.52 54 bo w2g wi5: S595 231 Bel leo) 
0.9 2 | 7.13) 4.09 ! 2.96 | 2.93; 2.08 1.70; .62:' .32 17:1 66: ~.35a 19 

3110.3 | 5.54 , S293. 13 4h; 2.40 ' 1.96 Ja 8 3] 20 76 40 21 

V1 OSHR) hetS ) 2.73.1 3.42 1.2.74 116k fate 474 2s" iste) Sige 
0.8 Pa ee, 5.65 3.60: 4.14; 2.4 e882 1237-7. 544 2673-44374 55 Dif 

1 43425034) B39 7-5:04 1.5437 12695 12522-1178 ta n6e F230 1.76). 65, ee 

35541-7107. 2273 Pleo 32.50 90° i. 40.13.50} —2900 oho 

(5.12 ey oy 3133 42223 15.00.) 1100). 50.4 5.50. FOj neo 

7 , 3 | 18. 83 (4362.77 510 1.40.60 310 | 1.40, 60 
| | | | | | | | 
a 

x For all cases, V IM = 0:5 
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Table 4 presents the results of repetitive calculations of burned area and final 

perimeter for several fire shapes and various ratios of the rate of suppression to the 

forward rate of spread. Also shown in table 4 are the best values of a/r (0) for 

achieving the minimum burned area or the minimum containment time. The value of 

a/r (09) which minimizes the burned area does not necessarily simultaneously minimize 

the° final perimeter length. 

The striking feature of the entries in table 4 is the low values of burned area 

and perimeter length achievable using this tactic. A comparison of the entries in 
table 2 and 3 with those in table 4 for the same conditions shows that this "indirect 

attack" tactic does not increase the burned area or extend the time of containment 

significantly when \/V, <2, compared to the aggressive tactic of direct attack at the 

head of the fire. And for such low values of X/V_, this tactic is highly perferable to 
the tactic of approaching the fire from the back. 

Figures 5 and 6 exhibit the sensitivity of burned area and final perimeter to the 

choice of first barrier location. The location of the first barrier to minimize 

burned area will result in a containment time not very different from the minimum value. 

Conversely, if the barrier is located to minimize containment time, very little area 
beyond the minimum will be burned. Figures 7 and 8 show graphically the sensitivity 

of the optimum barrier location to the rate of suppression and fire shape. The 
similarity of the curves in figures 5 and 7 and in figures 6 and 8 again illustrates 

that the criterion for optimization of the barrier location is not significant if the 
fire shape, suppression rate, and forward fire spread rate are known. 

SUPPRESSION RATE 

6 FORWARD RATE OF SPREAD 

BURNED AREA / INITIAL FIRE AREA 

Figure 5.--Sensittvity of 

burned area to the choice 0 0.2 0.4 0.6 0.8 1.0 
of ftrst barrter locatton. 

LOCATION OF FIRST BARRIER, a/ro (0) 



FINAL PERIMETER LENGTH/ INITIAL PERIMETER LENGTH 

OPTIMUM BARRIER LOCATION, a/r,(o) , 

2.0 
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FOR MINIMUM TIME TO CONTAIN FIRE 

SUPPRESSION RATE 

cane FORWARD RATE OF SPREAD 

V,Ne= 0.2 

Vp!V_ = 0.9 

n=2 

0 02 0.4 0. 6 0. 8 1.0 

LOCATION OF FIRST BARRIER, a/ro(o) 

1.0 

0 0.5 1.0 1a 250%, 

SUPPRESSION RATE /FORWARD RATE OF SPREAD 
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Figure 6.--Sensitivity 
of final pertmeter to 
the ehotee of first 
barrier location. 

Figure 7.--Senstttvity 

of opttmum (mintmum 
burned area) locatton 
of first barrter to 
suppresston rate and 
fire shape. 
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Figure 8.--Sensitivity of 

optimum (minimum contatn- 
ment time) locatton of 
first barrter to suppres- 
ston rate and fire shape. 

OPTIMUM BARRIER LOCATION, a /fo (0), 

FOR MINIMUM BURNED AREA 

0 G2 1.0 1 2.0 

SUPPRESSION RATE /FORWARD RATE OF SPREAD 

But this series of figures also tells another story of sensitivity. Note that 

a small “error'' in barrier placement is inconsequential so long as IVE Ve/Vp5 and n 

are properly chosen. But improper choice of fire shape or rate variables can lead to a 

catastrophic miscalculation. For example, assume that V-/Vp = 0.2, n = 2 describes 

the shape-of the forward edge of the fire. So if A/V, is estimated to be 1.0, then 

from either figure 7 or figure 8, a choice of a/r (0) in the range 0.22-0.25 is 

indicated. Such a choice would result in a burned area of no more than 3.5 times the 

imitial area, and a final perimeter approximately 1.9 times the initial perimeter. 
However, if the value of the suppression rate had been overestimated by 10 percent or 

the forward rate of spread underestimated by a similar amount, we should refer to the 

cunves labelled “0.9” in freures. 5 and 6. On these curves, any value of a/r_ (0) less 

than 0.28 results in no solution. In other words, any barrier location closer than the 

cruibacalivaluer or -0.28 r (0) from the forward edge of the fire will not allow 

sufficient time to the crew to achieve a "capture" condition when the work reaches the 

edge of the fire. 

Because of this sensitivity and the severity of such an error, an "optimum" choice 

for the first barrier location is not of practical significance. Some substantial 
"margin of safety'’ must be considered in the selection of the initial barrier location 

whenever A %v Ve For this reason, table 5 is presented, showing the burned area and 

perimeter ratio for the same conditions as in table 4, except that the initial barrier 

location is chosen to be twice the value which minimizes the burned area. This table, 

therefore, incorporates a "margin of safety" of 100 percent in the deviation from 

optimum. A comparison of the values in tables 4 and 5 reveals that the "penalty" 

paid for this margin of safety is not severe in most cases. 



Table 5.--Values of burned area/initial area and final perimeter 

length/initial perimeter length when the suppression tactic is to 

build barriers ahead of the fire as sketched in figure 4. In this 

table, the barrier location, a, is chosen to be twice the value 

which minimizes the burned area using this tactic (see table 4). 
This ''margin of safety'' is introduced to accommodate the practical 

difficulty of estimating forward rate of spread and/or suppression 
rate to high accuracy 

| 
zs ee a Burned Final __a__| Burned Final a Burned| Final 
Ve Ve ro (o) area | Eee ro (o). area perimeter! ro(o) area |perimeter 

2201 OL 0n0OA1 fay ae ieee 0.04 | 1.54 (225 Ox04 | 12. saa, 
2 | .08 | 1.88 | 1.42 07 | 1.69 1.30 2048 | 1256) le ea2e 
3) -s09\4 2308 1.48 08 | 1.86 1.36 205, |, 1730] ees 

} | ‘ | 

| t 

15} 11 .19 | 2.24 | 1.56 | 14] 1.88 1.38 07 | 1.62 | “1.25 
2\ 21h di52 |) 406s “apd ao) 1 6 08 |. 1.84 1 reas 
‘3 | i ec) ee) a Sons 2 1.56 | .08 | 2.11 1.43 

| | | | | 

1.29.1 | , | iy ae ae ES 138 
oP Sl HGS 26> a> C00 1.44 
3 | 35.) WOO. |) 208! 1.58 

or 214 1.49 
2 1.66 
ag 1.89 

0.8} 1 1.82 
2 2.12 
Fe 2.52 

’ 

* For all cases, Ve/Ve_ = 025i 
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SUMMARY 

We have established a mathematical formalism for the analysis of forest fire 

suppression that can be used for planning purposes. Through the use of results such as 

those presented in this paper, analyses of costs and effectiveness of fire-suppression 

organizations will be facilitated. The methodology is complicated enough that numerical 
evaluations are only possible using modern digital computers. But basic results of 

broad applicability can be generated at modest expense so the investment appears to be 
worthwhile. 

Extension of the present analysis to include the effect of a variable rate of 

suppression is straightforward. Other tactics of fire suppression can also be studied 
using the basic formulation presented here. Such extensions may be the subject of 

future studies. 
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