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SUMMARY

Uncertainties in the pattern of fire development are caused by multiple interactions
among physical and chemical processes evolved by a variety of burning materials
arranged in different ways. Hence, in a general sense, the spread of fire in a building is
nor-deterministic and the likely pattern of spread can only be predicted within limits of
confidence expressed in probabilistic terms. Non-deterministic models are of two types -
probabilistic and stochastic. The object of this paper is to explain, with examples, the dis-
tinguishing features of these two types.

In probabilistic models, critical events occurring during fire spread are treated as entirely
random and independent. These models deal with the final outcomes, e.g., area damaged,
which is sufficient in fire protection and insurance problems not requiring a detailed knowl-
edge of the underlying physical processes. Probabilistic models discussed include proba-
bility distributions, logic-probability trees and probabilistic version of a deterministic model.

In stochastic models, critical events occurring sequentially in space and time form a chain
and are interconnected by transition probabilities. A statetransition stochastic model is
discussed in detail with suggestions for improvement. Other models reviewed briefly

include epidemic theory, branching processes, random walk and percolation process.

INTRODUCTION

Apart from changes in environmental condi-
tions, the spread of fire in a building is governed
by physical and chemical processes evolved by a
variety of burning materials arranged in differ-
ent ways. Multiple interactions among these
processes at different times cause uncertainties
in the pattern of fire development. A determin-
istic model cannot evaluate these uncertainties
(errors), although it can simulate different pat-
terns by varying the input values to the param-
eters of the model. There is a need to determine
the relative frequency with which each pattern
is likely to occur in a large number of real fires
in the type of buildings considered. This fre-
quency, defined as probability, together with its
standard deviation (error), can be ascertained
by non-deterministic models.

Non-deterministic models (or indeterministic
models as defined by Kanury') estimate and
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predict the extent of fire spread within certain
limits of confidence expressed in probabilistic
terms. Depending upon the constancy or tran-
sience of the lack of certainty (i.e., probability) a
non-deterministic model may be either proba-
bilistic or stochastic. The object of this paper is
to explain the distinguishing features of these
two types of models which complement the
deterministic approach.

Probability distributions of damage are
discussed in detail with reference to their role
in assessing the fire risk and economic value of
fire protection measures for a group of build-
ings. Other models reviewed include probability
distributions for evaluating the failure of com-
partment boundaries, logic-probability trees
and statistical treatment of exponential model
of fire growth. '

The state-transition stochastic model explained
in the paper is based on the information avail-
able in fire incidence reports. The use of results
of fire tests in such a model has been discussed
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of fire tests in such a model has been discussed
by other authors. Attention is drawn to the
application of other stochastic models in pre-
dicting fire spread; these models include epi-
demic theory, branching processes, random
walk, and percolation processes.

ProBaABILISTIC MODELS

In a stochastic model, discussed in the next sec-
tion, critical events occurring sequentially in
space and time form a chain and are connected
by probabilities. In a probabilistic model, these
events are treated as entirely random, complete-
ly independent of the antecedent event(s) and
hence, totally blind to any sequentiality of occur-
rence. The events are merged into a single global
event such that the chain is continuous whereas
transitions from event to event in the chain are
fundamental features of a stochastic model.

Probability models generally deal with the final
outcomes which is sufficient in many practical
problems not requiring a detailed knowledge of
the underlying physical processes. Consider, for
example, area damaged d in a fire which is a
random variable reaching various levels accord-
ing to a probability distribution. The probability
of damage being less than or equal to d is given
by the cumulative distribution function G(d)
and the probability of damage exceeding d by
[1 - G(d)]. Figure 1, on a log scale, is an exam-
ple based on fire brigade data and shows the
relationship between d and [1 - G(d)] for a
building with sprinklers and a building without
sprinklers.2 As indicated by this graph and sev-
eral statistical studies, fire damage has a
skewed (non-normal) probability distribution
such as log normal. The graph ignores disconti-
nuities due to compartment boundaries and
other design features of a building. According to
Figure 1, an initial damage of 3 m2 is likely to
occur before the heat generated in a fire is suffi-
cient to activate a sprinkler system.

The probability of damage in a fire exceeding
100 m? is about 0.18 if a building has no sprin-
klers and 0,08 if the building has sprinklers. On
the other hand, if a fixed probability level of,
say, 0.08 is considered the damage would be 500
m? in the absence of sprinklers which would be
reduced to 100 m2 if the building is protected by
sprinklers. Based on a log normal distribution

fitted to raw data pertaining to Figure 1, the
average damage was estimated to be 41.64 m?2
for a sprinklered building and 216.67 m2 for a

non-sprinklered building.

Results based on area damaged can be converted
to financial loss figures by using an approximate
value for loss per m2.2 Probability distribution of
financial loss can also be derived directly if
observations are available for the entire range
possibly covered by this variable. However, loss
figures are generally available only for large
fires which would necessitate the application of
statistical models based on extreme value proba-
bility distributions.? One of these models devel-
oped by Ramachandran was applied by Rogers*
for assessing the economic value of sprinklers for
various industrial and commercial groups of
buildings. According to the results of this study,
sprinklers reduce significantly the average loss
and the probability of loss exceeding any value,
particularly in a multi-storey building. As dis-
cussed in a recent paper of Ramachandran,b
probability distributions of area damaged and
financial loss are useful in problems concerned
with trade-offs between fire protection mea-
sures, fire safety codes and fire insurance which
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Figure 1. Textile Industry, UK — Probability distribution of
area damaged
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deal with “collective risk” in a group of buildings
rather than risk in individual buildings.

Probability distributions also arise in an assess-
ment of the probability of failure of structural
boundaries of a compartment in preventing
spread of fire. According to deterministic formu-
las, severity S expected in a fire depends upon
the dimensions of a compartment, thermal iner-
tia of compartment boundaries, ventilation factor
and total fire load (weight of combustible materi-
als). The last two of these factors are random
variables, and hence severity should be regarded
as a random variable. The fire resistance R of a
compartment composed of structural elements is
also a random variable due to weakness caused
by penetrations, doors and other openings in the
structural barriers. Assuming appropriate proba-
bility distributions for R and S the probability of
barrier failure5 can be estimated for different
values of the ratio (R/S), where R and S are the
means of R and S.

Suppose R and S are normally distributed. The
probability of barrier failure (or success) in this
case is 0.5 if B = S. The probability of failure will
be less than 0.5 if R > S and greater than 0.5 if
R < 8 For any level prescribed for the probabili-
ty of failure, the fire resistance required to meet
this target can be determined with the aid of
probability tables of the normal distribution.
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For example, for a barrier failure probability of
0.0014 (with a success probability of 0.9986),
with a coefficient of variation of 0.15 for both R

and S, the mean fire resistance R should be set
equal to 2S. The value of S can be based on
deterministic formulas or on the probability dis-
tribution of severity as indicated by fire damage
sustained in real fires.5 The ability of structural
elements to meet the fire resistance require-
ment specified by the target value R should, of
course, be judged by carrying out appropriate
laboratory tests with specimens of the elements.

The method mentioned above which is “approxi-
mately probabilistic” provides a better quantita-
tive evaluation than the approach based on par-
tial safety factors® usually adopted by fire pro-
tection engineers. It is possible to develop a
“fully probabilistic” model which is currently
being attempted by Ramachandran and
involves particularly the extreme value distri-
butions related to maximum fire severity and
minimum fire resistance.”

Logic Trees8 constitute another type of probabil-
ity models in which various factors governing
the occurrence of an event are placed in their
correct sequential order to allow the probabili-
ties associated with the factors to be ascer-
tained. A probability tree is usually devised for
estimating a specific goal of fire safety
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Figure 2. Fault tree analysis for a fire spreading beyond room of origin.
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expressed quantitatively. If the desired goal is
to avoid a certain level of serious fire, the usual
approach is to use an “event tree” in the form of
either a “fault tree” or a “success tree”; these
two are inverses of each other according to how
the goal is expressed.

Figure 2 is a simple example of a fault tree
describing only the situation of ignition and
spread given that a room has been involved in a
fire. The undesirable final “top event” is fire
spreading beyond a room protected by sprin-
klers. A fire confined to the room due to the
action of sprinklers is part of the success tree
and hence does not appear in Figure 2.

The events in the tree are connected by AND
and OR gates. The AND gate pertaining to a top
event connects all the constituent sub-events
which have to be present to cause the occurrence
of the top event. The OR gate connects sub-
events, any one (not all) of which could cause the
top event. Addition principle of probability
theory is used for combining the probabilities
associated with the branches of an OR gate and
the multiplication principle for the AND gate. It
may be noted that the probabilities for the three
sources of ignition connected by the OR gate at
the right end do not add up to unity. This is due
to the assumption that, for the particular room
considered, other sources of ignition are either
absent or have been eliminated by effective fire
prevention measures. Fault trees had their
origin in reliability theory and have been applied
to a number of accident problems in aerospace,
chemical and nuclear industries and more
recently to a few fire protection problems.

A deterministic model amenable to probabilistic
treatment is the exponential model of fire
growth.? According to this model

q =q, exp(B1) (1
where

q = heat output of fire at time ¢ since the
commencement of ignition

g, = initial heat output at time “zero”

© = growth parameter for heat output

The “doubling time” estimated by

d =(1/0) log,2 (2)
is the parameter generally used for characteriz-
ing different materials in regard to fire develop-

ment, slow or fast growing.

Equation 1 is approximately valid for a particu-
lar material burning under a specific set of
environmental and other conditions producing
a smouldering or spreading fire. The value of
® would vary with different sets of conditions.
Also, a compartment contains several materials
or objects arranged in a certain manner. Hence,
the pattern of fire development would depend
on the values of ® and g, and the degree of
overcrowding of objects. Probability of spread
would decrease with increasing distances
between objects. For predicting the fire devel-
opment it is, therefore, necessary to use aver-
age values of ® and g, for all the materials in a
compartment rather than the © and g, of a par-
ticular material.

Even if results of experiments performed in dif-
ferent countries are pooled, estimates of © and
g, are unlikely to be available for several materi-
als. For this reason, Ramachandranl® suggested
the use of information on area damaged and
time recorded in fire incidence reports since such
data include several materials involved in a fire
in a room. An exponential model similar to
Equation 1 was used in this investigation which
was turned into a linear regression by using the
logarithm of area damaged as the dependent
variable and time as the independent variable.
Estimates were obtained for average values of
the growth parameter and the logarithm of area
initially ignited. Normal distribution was
assumed for calculating the upper limit (0.975
probability point) for the growth parameter to
denote the “worst” condition; this corresponds to
the lower limit (0.025) for doubling time. The
probability of rate of growth in a fire exceeding
the upper limit would be 0.025. Correspondingly,
the probability of doubling time in a fire being
less than its lower limit would be 0.025. The
exponential model can be used for assessing the
reduction in damage due to early detection of
fires.1L.12 Figure 3 is an example.
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The time of operation of an extinguishing
system such as sprinklers depends on the relia-
bility of the system, the location and heat
output rates of materials in a compartment and
environmental conditions such as ventilation
and humidity. Time of commencement of fire
brigade attack on a fire would depend on the
availability of fire fighting appliances, traffic
congestion on the route and other factors affect-
ing the brigade capability. Hence, varying
values should be considered for the time param-
eter ¢ in Equation 1 although this was not done
in the studies mentioned above.

The value of parameter ¢ corresponding to any
specified level of heat output or damage would
have an element of uncertainty measured by its
standard deviation (or coefficient of variation).
In fire science literature, averaging is a normal
practice to provide quantities such as time-
mean and coefficient of variation is referred to
as “intensity of fluctuation” — see Cox,13 for
example. By considering the probability distri-
butions of q,, @ and ¢, the “worst” case according
to a specified probability level can be identified.
However, this problem is beyond the scope of
this paper.

StocHAsTIC MODELS
State Transition Stochastic Models

A fire in a compartment usually starts by ignit-
ing a single material or object. As it spreads to
other combustible objects, there is a chain of
ignitions which could lead to flashover and fully
developed conditions. Depending upon the fire
resistance of the compartment boundaries, the
fire could spread beyond the compartment, com-
partment to compartment, floor to floor and
finally beyond the building. There is, however, a
chance (probability) that this chain could break
at some stage due to fire fighting and other rea-
sons with the fire burning out or getting extin-
guished before involving the entire compart-
ment cr building of origin.

It is, therefore, apparent that the fire chain con-
tains different states and critical events occur-
ring sequentially in space and time and connect-
ed by probabilities. The probabilities represent
noise terms superimposed over a deterministic
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trend in fire growth over space and time.
Although a fire experiences deterministic (phys-
iochemical and thermodynamic) processes in its
development over time, these processes stochas-
tically undergo branching at random intervals.
The fire stays in each state governed by a “tem-
poral” probability distribution and moves from
state to state according to a “transition proba-
bility”. Extinguishment or burning out of fire is
an “absorbing” state which fire process cannot
leave after entering it.

The scheme mentioned above is a general
description of a state transition stochastic
model. In the limit of zero noise, a stochastic
model becomes a deterministic one. If, in the
other limit, the trend is ignored (zero trend) and
only the overall random noise prevails, the
model becomes probabilistic as discussed in the
previous section. Table 1 is an example based on
fire incidence statistics with the exponential
model discussed earlier providing estimates of
time since the occurrence of “established burn-
ing” at the end of the first state. The time vari-
able depicts the deterministic trend in fire
growth while the percentage figures provide
noise terms (probabilities) for constructing a
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Figure 3. Average time and area damaged.
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Table 1
Sprinklered*
Average %
Extent of spread area of
damaged fires
Confi m3)
ned to item
first ignited 4.43 72
Spread beyond item
but confined to
room of fire origin
i) contents only 11.82 19
i) structure
involved 75.07 7
Spread beyond room 1000.00 2
Average 30.69 100
* System operated

Textile Industry, U.K.
Extent of Fire Spread and Average Area Damaged

Non-sprinklered
Time Average % Time
area of
(min) damaged fires {min)
(m?)

0 4.43 49 0
8.4 15.04 23 6.2
242 197.41 21 194
2000.00 7

187.08 100

probability tree as in Figure 4 to describe the
development of a fire through four states. The
parameter y; (i = 2,3,4) is the conditional proba-
bility of confinement or extinguishment in the
ith state given that the fire has spread beyond
the (i - 1)th state with the conditional probabili-
ty Ai-1) = [1 — yi_1)] Fire spread beyond the
building of origin is not considered in this
model, hence yy = 1. The product (4; - ;) may
be regarded as the probability of flashover while
A3 is the probability of barrier failure. The over-
all product (1 - A3 - A3) is the probability of fire
spreading beyond the room of origin.

The probability tree (Figure 4) divides the
increasing intensity of a fire into states or
realms demarcated by critical events which are
functions of the fuel, geometry of the compart-
ment, ventilation opening and fire resistance of
the structural barriers. Such a division enables
the specification of time and state when different
fire protection systems are pressed into action.
Sprinklers are activated in the first or second
realm while fire resistance comes into operation
in the third. It is apparent that sprinklers
reduce the probabilities A; and A, and hence (4; -
Ag) of flashover; consequently, the probability of
spreading beyond room is reduced.

Markov Models
In the simple Markov model described in Figure

4, the transition probabilities 4;(i = 1,2,3) and
hence y;(= 4) have been regarded as indepen-
dent of each other which may be a reasonable
assumption.2 Although a constant value inde-
pendent of time has been assigned for the sake
of simplicity, each of the probabilities has a
probability distribution involving time spent by
fire in the corresponding state. The length of
time a fire burns in a given state affects future
fire spread. For example, the probability of a
wall burn-through increases with fire severity
which is a function of time. Also the time spent
by fire in a particular state may depend on how
that state was reached, i.e., whether the fire is
growing or receding.?2 Some fires may grow
quickly, and some grow slowly depending on
high or low heat release.

Berlinl4 used uniform, normal and log normal
distributions to describe “temporal” probability
distributions for different states. He considered
six realms (states) for residential occupancies
— the non-fire state, sustained burning, vigor-
ous burning, interactive burning, remote burn-
ing and full room involvement. These realms
were based on measurable criteria such as heat
release rate and air temperature. Berlin
described the variability of several fire effects
such as those expressed in terms of maximum
extent of flame spread, the probability of self-
termination and the distribution of fire intensi-
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ty. His state transition model incorporated fire
test data instead of professional judgement as
the primary source of information while fire
incidence data was suggested for partial valida-
tion of the results.

Ramachandranls proposed a state transition
model similar to Figure 4 in the overall frame-
work but expanded to include sub realms (peri-
ods) each of fixed duration of 5 minutes for eval-
uating transition probabilities as functions of
time. The states defined by Aokil® were based
on the physical extent of fire spread and his
analysis was somewhat similar to that of
Ramachandran; Morishita et all7 divided the
extent of spread into seven phases.
Williamson!8 introduced a state transition
model for analysing and reporting the results of
experiments performed under conditions resem-
bling actual fire conditions.

Network Theory

Network theory has been considered by some
authors, transforming a building into a network
with rooms as nodes; the links between nodes
represent possible paths for fire spread. Ling
and Williamson19 include the element of time
and probability for each link as well as the con-
finement of fire by fire resistive building ele-
ments. Beck20 has discussed a series of state
transition models and interrelated deterministic
models to represent the interaction between
human behaviour and fire growth.

A few other models considered in fire science lit-
erature are worth reviewing. Albini and Rand21
envisage a large urban area with fires in
“locales” which may be single buildings or
blocks of buildings. A number of these are pre-
sumed to be alight initially and randomly dis-
tributed and to stay alight for a time ¢ in the
absence of fire fighting. At time ¢ this “genera-
tion” of fires can spread fire and then die out
leaving a second “generation” to burn for a
second period ¢. Fire spread is assumed to take
place only at the end of each fire interval. For
the (n + 1)th interval, the “a priori” probability
that any locale is burning is P, and that it has
not yet been burnt is A . It follows that

A =(-P)(1-P)...(1-P,)
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Pus1p=4,-By

where B, is the probability that during the (n +
1)th interval fires spread into the “locale” previ-
ously unburnt. Albini and Rand have discussed
a method for estimating approximately B, and
its upper and lower bounds.

An extended version of the model described
above includes fire fighting assuming that fire
fighting effort is constant. This constant denotes
the fraction of burning locales which all fire
fighters in a city could extinguish during a
given time interval out of all possible burning
locales. If a fire is not extinguished it may or
may not spread the fire; if extinguished it
cannot spread. Albini and Rand considered
directional spread of fire assuming that from an
isolated locale the probability of spread for-
wards and backwards was the same and the
directional element in the spread arose only
from the initial condition. Spatial variation was

Sprinklered States Non-sprinklered
M Hi
£, 0.72 1 0.49 £,
0.72 0.49
Xl -)\l
0.28 0.51
H2 M2
£, 0.19 2 023 £,
0.68 0.45
A | A
0.32 0.55
Hs Hs
£y 0.07 3 0.2 £,y
0.78 0.75
A A
0.22 0.25
He 4
£, 0.02 4 0.07 £,
1.0 1.0

Figure 4. Probability tree (Textile Industry).

—43 —



Ramachandran, Non-Deterministic Modelling of Fire Spread

included in the model by connecting the proba-
bility of spread to the probability that any build-
ing was itself burning and separated from any
of its adjacent buildings not yet burning by less
than the appropriate “safe” distance for radia-
tion or brand transfer.

Epidemic Theory and Branching Process
Albini and Rand model has some similarity with
chain-binomial models of Reed and Frost22 for
the spread of an epidemic. Thomas23 drew
attention to the possible relevance of epidemic
theory to fire spread in a building and compared
the model of Albini and Rand with a determinis-
tic epidemic model based on a continuous
propensity to spread fire. He found the results
of both the models to be in reasonable agree-
ment as to their basic features but concluded
that neither would be appropriate for dealing
with spread in a single building where the
number of “locales” is not large. For such a situ-
ation a stochastic treatment is necessary; this
will allow for the finite chance that the initiat-
ing fires can burn out before spreading, a
chance which is negligible when the number of
initial fires is large.

The studies mentioned above suggest the rele-
vance of branching processes?4 for fire spread in
a building in which case a material (first gener-
ation) ignited first ignites one or more other
materials (second generation) which ignite
other materials (third generation) and so on,
leading to the spread of fire throughout the
building. The number of offsprings (burning
materials) would vary randomly from one gen-
eration to another depending on the distances
between ignited and unignited materials, venti-
lation and other factors affecting fire spread.
The first two generations will relate to materi-
als in the room of fire origin as in Figure 4 while
the subsequent generations will involve materi-
als in other rooms.

Random Walk

In a simple stochastic representation, the fire
process involving any generation of burning
materials or all generations considered together
can be regarded as a random walk. The fire
takes a random step every short period either to
spread with a probability A or to get extin-

guished (or burn out) with a probability u (=1 -
2). The parameter A denotes the success proba-
bility of the fire in destroying, say, a unit of the
floor area. The parameter y denotes the success
probability of an extinguishing agent. The prob-
lem is similar to two gamblers, A (fire) and B
(extinguishing agent), playing a sequence of
games, the probability of A winning any partic-
ular game being A. If he wins a game he
acquires a unit stake from B and if he loses the
game, he does not gain any stake. In the latter
case he does not lose his own unit stake to B; an
already burnt out area is a loss that cannot be
regained. Extinguishment can also be consid-
ered as an “absorbing boundary” to the random
walk just as an “absorbing state” in a state
transition model.15

A random walk as described above will lead to
an exponential modell5 according to which the
(cumulative) probability distribution function of
duration of burning (until extinguishment) is
given by

Fiy=1-exp(-u-t) 3)

Equation (3) denotes the probability that the
duration of burning is less than or equal to ¢
while

Qt)=1-F@)
=exp (- t) (4)

denotes the probability that the duration of
burning is greater than ¢. If ¢ = u — 4, since ut +
A =1, u=(1+¢)2in which case

Q@) = expl- (1 + c)t/2] (5)

The fire fighting effort is adequate if ¢ is posi-
tive with u greater than A and hence greater
than 1/2; it is inadequate if ¢ is negative with p
less than A and hence less than 1/2. If ¢ = 0 such
that u = A = 1/2, there is an equal balance
between fire fighting efforts and the propensity
of fire to spread.

Associated with ¢, there is a damage x which
may be expressed in terms of area or financial
value destroyed. If it is assumed that x is
approximately proportional to heat output, from
Equation 1, logarithm of x is proportional to ¢:
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logex =k - ¢t (6)

It may be deduced from Equation 4 that the
probability of damage exceeding the value x is
given by

Ddx)=xV,x>1 (D
where w = p/k.

Equation 7 is known as Pareto distribution
which is used in economic theories concerned
with, for example, income distribution to
describe the fact that there are a large number
of people with low incomes and a small number
of people with high incomes. The damage is
small in most of the fires; high levels of damage
occur only in a small number of fires. The use of
Pareto distribution for fire damage originally
proposed by Benckert and Sternberg?5 was later
supported by Mandelbrot26 who derived this
distribution following a random walk process.
For all classes of Swedish houses outside
Stockholm the value of the exponent w was
found to vary between 0.45 and 0.56. A value of
w = 0.5 with

D(x)=x05 (8)
would generally indicate, as discussed with ref-
erence to Equation 5, an equal balance between
fire fighting efforts and the propensity of fire to
spread and cause damage. It may also be seen
that with e = 0 or £ = 1/2 and & = 1 in Equation
6, Equation 4 reduces to Equation 8.

The parameter u in Equations 3 and 4 is known
as the “hazard” or “failure rate” given by

f @R 9

where f (¢) is the probability density function
obtained as the derivative of F(t). A constant
value for this parameter would denote “random
failure rate” which is somewhat unrealistic par-
ticularly for a fire which is fought. As discussed
by Ramachandran27 the value of y, as a func-
tion of time (¢), would eventually increase
(“wear out failure”) and exceed A since fire
extinguishing efforts would succeed ultimately.
The failure rate would be decreasing in the
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early stages of fire development denoting a suc-
cess for fire in spreading, constant for sometime
and increasing later. Hence, the failure rate as a
function of time would resemble a “bath tub”.

Percoiation Process

In a random walk the randomness is a property
of the moving object whereas, in a percolation
process,28 randomness is a property of the space
in which the object moves. In the latter
approach, the walk can take place on a graph
consisting of a number of sites, connected by
directed “bonds,” passage being possible only
along such a “bond.” Buildings in a city or com-
partments and other areas in a building are also
connected by directed bonds with flow (spread of
fire) being possible only along the bonds. Each
bond has an independent probability of blocking
or preventing fire spread.

Apparently for the reason mentioned above,
Hori29 considered percolation theory to mod-
elling of fire spread from building to building in
an urban area. Sasaki and Jin30 were concerned
with the actual application of this model and
estimation of probabilities of fire spread. By
using the data contained in the fire incidence
reports for Tokyo, urban fires were simulated
and the average number of burnt buildings per
fire estimated. Apart from distances between
buildings and wind velocity, the following fac-
tors were also regarded as having some effect on
the probability of fire spread — building con-
struction, building size and shape, window area,
number of windows, indoor construction materi-
al, furniture, wall, fence, garden and tree.

For predicting the damage to buildings and
other properties resulting from incendiary or
nuclear attacks, Phung and Willoughby3! con-
sidered two types of stochastic models. In the
first model, the entire fire front was regarded as
a random walker moving along a linear row of
cells or small square areas. In each short time
interval the front may be in one of three states
— die or stop permanently, spread or move one
cell forward, pause or stay where it is. Simple
probability considerations provided an estimate
of the probability P, that at time ¢ the fire will
be n cell units long after an initial condition of
being lit at time zero:
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P,=exp[-(A+put]Aur

The parameters A and u are respectively the
probabilities for forward spread and for burn
out during a short time interval. The fire will
stay where it is with probability [1 — (u + A)].

The second stochastic model of Phung and
Willoughby was called fuel-state model because
it dealt explicitly with the state of the fuel in
each cell. In the burning process the fuel
changes from the unignited to the burn out state
passing through the flaming state. A cell will be
in one of these three states at any time with
probabilities U, F and B for unignited, flaming
and burn out states. In a two-dimensional array
of cells, the cell dimension can be so chosen that
a burning cell can ignite the immediate neigh-
bour cells but not those which are further away.
Under this assumption an unignited cell can be
ignited by one or more of its 8 immediate burn-
ing neighbours with probability

P= 1-{1-Pp(1-Py)... (1 —Pg)

where Py, Py ... Pg denote the chances of igni-
tion by the neighbours. These eight spread prob-
abilities are not necessarily symmetrical due to
factors such as wind and topography. Using the
formulation described above, differential equa-
tions are derived for U, F and B for each cell
with (U + F + B) = 1, solutions of which can be
obtained by numerical calculations using com-
puters, if necessary.

CONCLUSION

The historical development of deterministic
modelling has been in the prediction of patterns
of fire growth in a building as though the
implied relationships based on scientific theories
and experimental data were exactly fulfilled in
real fire situations. The uncertainties (errors) in
the predicted patterns caused by several factors
are not quantitatively evaluated and specified
in the deterministic approach. Such is not the
case with non-deterministic models which
explicitly introduce random perturbations and
lead only to probabilistic conclusions.

Non-deterministic models are of two types:

probabilistic and stochastic. The former type of
models deal with probable final outcomes such
as extent of spread, area damaged and financial
loss and do not provide any picture of fire devel-
opment in a building over a period of time.
These models may be sufficient for fire protec-
tion and insurance problems concerned with
“collective risk” in a group of buildings rather
than risk in individual buildings. Stochastic
models, on the other hand, can predict the prob-
able growth of fire over space and time in a par-
ticular building with specific design features
and fire protection measures. Most of these
models, except the simple version in Figure 4,
involve computations more complex than proba-
bilistic models.

Among probabilistic models, logic trees, particu-
larly, fault trees enable one to trace the sub-
events leading to an undesirable top (final)
event. The risk, probability of occurrence, asso-
ciated with the top event can thus be reduced by
identifying and eliminating (or reducing) the
risk related to one or more of the sub-events.
Logic trees are also useful in assessing the reli-
ability of active fire protection systems such as
detectors and sprinklers. However, the discrete
probabilities provided by these methods may
niot be sufficient for any problem requiring prob-
abilities of damage levels varying randomly and
continuously around an average value with a
standard deviation. Such problems include cost-
benefit studies of passive and active fire protec-
tion measures (including trade-offs between
measures), reliability of structural (compart-
ment) fire resistance and calculation of risk pre-
miums for fire insurance. Probability distribu-
tions provide better tools for these problems,
but require a good deal of statistical data for
estimating the parameters.

As discussed in the paper, a deterministic model
amenable to probabilistic treatment is the expo-
nential model cf fire growth, estimation of
whose parameters can be based on statistical
data on area damaged or experimental data on
heat output or release rates. The model can also
be applied for estimating the rate of growth of
smoke if sufficient data are available for the
area damaged by this combustion product.
Smoke travels, perhaps, four or more times
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faster than fire with a “doubling time” one-
fourth or a smaller fraction of the “doubling
time” for fire. As shown in Table 1, an exponen-
tial model depicts the deterministic fire growth
as a function of time over which probabilities
can be superimposed through a probability tree
(Figure 4) providing parameters for a state
transition model. Deterministic and stochastic
models can thus be coupled for attaching proba-
bilities to patterns of fire spread in a compart-
ment simulated by a deterministic model.

Complementing the deterministic approach,
stochastic models provide powerful tools for
assessing property and life risk from fires in a
particular building. Among these, state transi-
tion models have the potential for utilizing both
experimental and statistical data for predicting
fire spread in a compartment. Probabilities pro-
vided by these models can be used as inputs for
a network model but this problem requires some
further research. Network theory appears to be
the best approach for predicting fire and smoke
spread from compartment to compartment
including corridors and other spaces in a build-
ing but an application of this technique is con-
tingent upon the availability of data which, at
this time, is still mostly lacking.32 For fire or
smoke spread throughout a building percolation
process (which is somewhat similar to flow
through a network) has some practical applica-
tion, while a branching process in stochastic
environment, although theoretically very sound,
would be a complex model to develop and apply.
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