PROBABILITY-BASED FIRE SAFETY CODE
by
G. Ramachandran&dagger;

Consultant, Risk Evaluation and Insurance
SUMMARY
The paper provides a probabilistic framework for identifying a fire protection system or
combinations of systems likely to meet any standard for fire safety implicit in a building
code. The standard can be quantified in terms of target values for probable damage or
probability of damage (or fire spread) exceeding a level acceptable to the society. This
approach incorporates overall systematic procedures and would introduce flexibility in
designing, particularly industrial and other large buildings, for fire safety. For example, as
discussed in the paper, buildings equipped with sprinklers and detectors can be allowed
some concessions in regard to compartment or building size, fire resistance requirement
and evacuation time. The framework recognizes the interaction between structural (passive) fire protection and active fire protection systems.

Subject to

some limitations, the use of fire incidence statistics in the estimation of probabilities is explained with examples. Problems for further studies and research are also
suggested for refining the framework and validating the numerical results. These include
the application of the framework based on "collective risk" for evaluating the risk for a

specific building.

I NTRODUCTION

rigidly and could lead to costly over-designs,
particularly for large buildings which may present a potential for major disaster. For such
buildings, the safety level implicit in the
Regulations or any other level acceptable to the
society can possibly be achieved through combinations of passive and active fire protection
measures which are appropriate to the hazard
involved, having due regard to practicability.
Active measures such as sprinklers which are
primarily designed for property protection can
provide life safety as well. This approach which
incorporates overall systematic procedures
would introduce flexibility in designing buildings for fire safety with due allowances for

The first line of provision for life safety in buildings under threat from fire has traditionally
been achieved through the implementation of
passive fire protection measures. These include
the provision of compartmentation and the
selection of building materials and methods to
reduce the risk of fire spread and limit the size
of the fire. At the same time, the building
design incorporates features of layout and facilities such that it is possible for people to escape
from the effects of fire.

Standards for fire protection in new buildings
have been applied through Bylaws or Regulations
for over a century. Regulatory control has mainly
been achieved through a framework of prescriptive rules which depend heavily on simple standard fire tests and Codes of Practice. Levels of
performance have been arrived at and are modified largely on the basis of experience.

trade-offs between different

Among the combinations of measures providing
equivalent safety level, the property owner may
be permitted to select one which minimizes the
total cost composed of fire loss (material and consequential), cost of fire protection and fire insurance premium. The insurance premium can be
reduced by accepting self-insurance for losses up

It has been

argued that prescriptive rules are
highly empirical and enforced more or less

to a &dquo;deductible&dquo; level consistent with the effectiveness of fire protection measures adopted.
Selection of an &dquo;economically best&dquo; package of fire
protection and insurance can be carried out in
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terms of either the actual monetary values of the
costs or the &dquo;disutilities&dquo; associated with the costs
expressed in monetary equivalentsl. This problem is beyond the scope of this paper.

probable damage in the event of a fire. The
probability of a fire (or number of fires) starting
the

is another component of fire risk which will be
required for assessing the economic benefits due
to safety measures on an annual basis3~4. This
probability depends on human and non-human
causes or sources of ignition and not on the
performance of fire protection measures.

This paper is concerned only with the problem
of identifying a single fire protection measure or
combinations of measures having equivalent
effectiveness in restricting the extent of fire
spread or limiting the damage. Any standard
set for the effectiveness will involve an element
of uncertainty due to the random nature of
spread of fire and smoke, behaviour of people
and performance of safety measures. The uncer-

damaged d in a fire is a random variable
reaching various levels according 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 example (textile industry)
based on fire brigade data and shows the relationship between d and [1 - G(d)] for a building
with sprinklers and a building without sprinklers2. As indicated by this figure and several
statistical studies fire damage has a skewed
(non-normal) probability distribution such as
log normal, the values of whose parameters
vary from one group of buildings to another and
with the effectiveness of fire protection measures. An initial damage of 3 m2 is likely to
occur before the heat generated in a fire is sufficient to activate a sprinkler system. For both
the types of buildings, the probability of damage
exceeding 3 m2 is 0.58. The average damage and
other parameters can be estimated by applying
Area

be quantified in probabilistic terms

tainty
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and

target value prescribed

a

2: PROBABILITY DISTRIBUTION

to

probable

damage
probability of damage exceeding a
specified level. A reduction in these two statistical parameters is a quantitative measure of the
effectiveness of a fire safety measure. The
target values for the parameters would depend
on the level of damage to life and
property that
can be tolerated by the society.
or

The

object of this paper is to propose a probability-based methodology rather than proclaim any
numerical results or conclusions. Necessary
techniques for this purpose have already been
developed2. Two of the major statistical tools are
probability distribution of damage (Section 2)
and probability tree (Section 3). The probabilities pertaining to the branches of the tree represent noise terms superimposed over a deterministic fire growth in space and time (Section 4). A

statistical methods to the

brief review of these concepts is a necessary prelude to discussions in the latter sections.

data.

It is apparent that, in the range greater than 3 m2,
sprinklers reduce not only the expected (average)
damage but also the probability of damage exceeding any value. Insurance firms take these facts into
account in offering reduced premiums for sprinklered buildings. Consider as an example, the
probability of damage in a fire exceeding 100 m2
which is about 0.18 if the building has no sprinklers and 0.08 if the building has sprinklers that
operate in the event of a fire. Hence, if a property
owner opts for a deductible (self-insurance) level
equivalent to a damage of 100 m2, the amount to
be paid by his insurance firm in the event of a fire
will be smaller if the building is sprinklered than if
not sprinklered. Hence the property owner will be
charged a reduced insurance premium appropriate

With the aid of some published data, application
of probabilistic techniques is explained for
quantifying, as examples, three aspects of concessions (trade-offs) for buildings with sprinklers and detectors - an increase in basic compartment or building size, reduction in fire
resistance requirement and increase in the
design evacuation time. A probabilistic method
is also suggested for determining fire resistance
requirements on the basis of fire severity
expected in a real fire, instead of severity predicted by deterministic formulas and fire tests.

The framework proposed takes into account

raw

only
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to the deductible level for installing sprinklers in
his building. From a fire safety code point of view,
if a damage of 100 m2 is acceptable, a sprinklered
building should be given some concessions in size
and structural fire protection (Sections 5-9). Such
concessions are also justified due to the fact that, if
a probability level of 0.08 is
acceptable, the damage
would be 500 m2 if not sprinklered compared with
100 m2 if sprinklered.

Studies on the probability distribution of financial loss (instead of area damage) have also
revealed that sprinklers reduce the probable
loss and the probability of loss exceeding a large
level to a considerable extent, particularly in
multi-storey commercial and industrial buildings5 - see Figure 2 for example. A loss of about
~80 per m2, at 1966 prices, occurred in the textile industry6.

In the

case

of

sprinklered buildings, the

per-

centage figures include one-third of fires in

buildings which were extinguished by the
not reported to the local authority
fire brigades5. This estimate is based on an
these

system, but

investigation carried
Station, U.K. several

out at the Fire Research

years ago which revealed
that reports were not completed by the brigades
for a small number of fires in buildings equipped
with sprinklers produced by a leading manufacturer. The manufacturer had information about
these fires. The losses in most of these fires were
not sufliciently large for claiming insurance compensation. If they operate, sprinklers would
increase the probability of a fire being confined to
the item first ignited and reduce the probability of
spreading beyond the room of origin.

3: PROBABILITY TREE
The probable area damaged in a fire can also be
estimated by considering different categories of
fire spread and the probabilities associated with
these cases. The example in Table 1 for the textile industry reproduced from a previous study2,
would apply to a &dquo;reference building&dquo; of 8,000
m2 in total floor area with a &dquo;reference room&dquo; of
average size 800 m2. For each category of

Figure 1. Textile Industry, U.K. of area damage.

in the table is the
for
with
the relative frethe
category
average
The
maximum
damage for
quency (percentage).
would
be
than
the
average.
any category
higher

spread, the damage shown

The area damaged can be converted to financial
loss by using an estimate for loss per m2. Fire
statistics collected by U.S. Fire Administration7
provide figures for probabilities and dollar
losses for different categories of fire spread. In a
study concerned with residential fire loss8 the
dollar losses estimated for different categories
of spread were the same for both sprinklered
and non-sprinklered buildings. This assumption
appears to be somewhat unrealistic since, as
revealed by Table 1, sprinklers would reduce the

Figure 2. Cumulative distribution function of fire loss for
each class in the Textile industry.

Probability distribution
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loss expected for each category of spread
the item first ignited.

beyond
The parameter pi (i 2,3,4) is the conditional probability of confinement or extinguishment in the ith
state given that the fire has spread beyond the
(i 1)th state with the conditional probability
[= 1 - J.l{i - I)J. The conditional probabilities
~. (i -1)
=
1,2,3)
~ (i
and pi (i = 1 to 4) based on Table 1 are
=

Data in Table 1

provide figures for constructing
such as Figure 3 which
describes the progressive and probabilistic (not
deterministic) development of fire within a room
through four &dquo;states.&dquo; The probabilities required
a

probability tree2

can

be estimated from the

-

shown in Figure 3. Fire spread beyond the building
of origin is not considered in this model, hence
1. The product (Â,1 . A~) may be considered as
p4
the probability of &dquo;flashover.&dquo; Since this phenomenon is the result of many dynamic physical
qualities of a fire and its boundaries, (Â,1 . ;~2) is a
random variable with a probability distribution
which may be assumed to be normal. The standard
deviation of the product is the square root of
Â,1 . Â2 (1- ~,1 ~ Â2)/n where n is the. total number of
fires in the sample analyzed for the corresponding
category - sprinklered or non-sprinklered. The
value of n should be greater than 30. The parameter A3 is the probability of failure of structural barriers of the room whose probability distribution
depends on fire severity after the occurrence of
flashover and the fire resistance of barrier elements (see Section 8). For the following reasons,
fire statistics do not provide a valid estimate of ~,3.

following equations.

=

El

=

PI

E2

=

Â,I . P2

=probability of confinement
in the first state (item first
ignited)
=probability of spreading
beyond the first state but
confinement in the second
state (contents of room of
fire origin)

E3 )-l ’93

=probability of spreading
beyond first and second
states but confinement in
the third state (involvement
of structure of room of fire

origin)

E4 = Â,I’~’ Â.g ’114 =probability of spreading
beyond room of fire origin but
confinement in the building.
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A &dquo;room&dquo;

recorded in the fire brigade reports is
a fire compartment. The figures
for number of fires that spread beyond the room
of origin include fires that spread by destruction
of barrier elements (wall, ceiling, etc.) as well as
those which spread by convection through a door
or window left open or
through some other opening. In the latter case, the barrier elements would
still be structurally sound. It cannot be assumed
that in all the fires the spread beyond the room
was due to the collapse of the barrier. Due to
these limitations on the available data, room and
compartment have been regarded as synonymous
terms in this paper.
not

as

ple, the probability of a wall burn-through
increases with fire severity (which is a function of
time). Berlin9 used uniform, normal and log
normal distributions to describe &dquo;temporal&dquo; probability distributions for the different states.

necessarily

It should also be noted that 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 receding2. Some fires may grow
quickly and some grow slowly, depending on
high or low heat release. These factors should
be taken into account for specific fires and the
global values of the probabilities in Figure 3

adjusted accordingly.

In the

simple Markov (stochastic) model
described in Figure 3, the &dquo;transition&dquo; probabilities § (i 1,2,3) and hence 14- (= 1-~) have been
regarded as independent of each other, which

The

probability tree divides the increasing
intensity of a fire in a compartment into stages
or realms demarcated by critical events occurring sequentially in time and space and forming
a probability chain. The events are functions of
the fuel, geometry of the compartment, ventilation opening and fire resistance of the structural barriers. Such a division enables the specification of time when different fire protection
systems are pressed into action. Sprinklers are

=

may be a reasonable assumption2. Although a
constant value independent of time has been
assigned for the sake of simplicity, each of these

probabilities has

a probability distribution (function) involving time spent by fire in the corre-

sponding state. The length of time
a

given

state affects future fire

a

fire burns in

spread.

For

exam-

activated in the first
resistance comes into
An
an

or

second realm while fire
in the third.

operation

objective of fire safety codes is to prescribe
acceptable maximum level for the product

which denotes the probability of fire spreading
beyond the compartment. It follows, therefore,
that if a fire protection system such as sprinklers
reduces the probabilities Â1 and X2 and hence (~1 ~
~) of flashover, the probability (Â3) of barrier failure in this case can be increased up to a limit
such that the overall level prescribed for X is still
maintained. An increase in A3 implies a reduction
in fire resistance requirement.

Accepting for purposes of illustration the figures
in Figure 3 as reasonably accurate, sprinklers
reduce the probability of fire spreading beyond
a

Figure

3.

Probability Tree (Textile Industry).

compartment from 0.07

to 0.02. This result is

mainly due to the fact that sprinklers reduce
the probability of flashover from 0.2805 to
0.0896. Hence, if a value of 0.07 is acceptable for
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would also be
affected by the structural barriers of a room and
their fire resistance. Hence, the overall rate for
a building would be different from the rate for a
room. For the data in Table 1, fire growth
within a room of origin is described in Figure 4
according to which average times for the second
and third stages, since established burning, are
as given in Table 1. (On a log scale, the damage
has a linear relationship with duration of burning.) The values in Figure 4 are:

X, the probability of barrier failure ~,3 can be
increased to 0.7813 from 0.22 for a sprinklered
compartment. This concession leads
tion in the

to

a

pancy, the rate of fire

reduc-

requirement for fire resistance. The

target values for z, and A3
desired or acceptable levels.

can

be set at any

4: FI RE GROWTH
The (deterministic) growth of a fire over a
period of time can be described by an exponential model2 according to which area damaged in
T minutes is given by

growth

A(0) = 4.43 m2; 0 = 0.11? for a sprinklered room
0 = 0.19fi for

a

non-sprinklered

room

where

( 1)

A(0)

=

0=

initially ignited
fire growth parameter
area

5: BUILDING SIZE
safety codes, the main objective of proviagainst external fire spread is to ensure
that the possibility of a conflagration due to
external fire exposure hazard is reduced, and
fire spread from one building to another is preIn fire

The first state of fire growth involving the item
first ignited, although small in size (area
involved), can be very variable in length of time;
it can last for hours or it can be over in minutes.
Hence, for modelling fire growth, the time at the
end of the first state may be taken as &dquo;zero
time.&dquo; If fire survives the first (&dquo;infant mortality&dquo;) stage, it grows steadily (established burning) with heat output and area (or volume)
destroyed increasing exponentially with duration of burning. The initial rate of growth would
depend on the material first ignitedlo.

Apart from materials depending on type

Figure

4. Fire Growth within Room of Origin.

sions

vented. The size of the building has been identified as one of the factors influencing the severity of fire in the &dquo;exposing building&dquo; where the
fire starts and spreads to a nearby building
termed as the &dquo;exposed building.&dquo;
It

The probable area expected to be damaged in a
fire in an &dquo;exposing building&dquo; is given by the

relationship

of occu-

where A is the total floor area (size) of a building. The time taken by a fire to destroy completely a large building is generally longer than
the time taken to destroy a smaller building.
This extra time increases the chance of a fire in
the large building being discovered and extinguished before involving the whole building.
The proportion destroyed in a large building
would therefore be smaller than the proportion
destroyed in a small building. Hence the
damage rate [D(A)/A] is not a constant and
would decrease with A; in other words the value
of fl would be less than unity2. The rate for a
larger building is less than the rate for a smaller building. This result is supported by actuarial studiesll in some European countries and
80

than 105 m2. In this case (f3u/f3s) = 1.13 and As =
33,000 m2 would be equivalent to Au 10,000
m2 if sprinklers operate in a fire. If a reliability
investigation suggests, for example, a probability of 0.1 for the non-operation of sprinklers,

statistical investigations in the U.K.6,12. With
the total floor area of a building, A, m2, C = 2.25
and {3 = 0.45 for all manufacturing industries in
U.K Rutstein6 has also derived estimates for C
and {3 for other types of buildings. His figures
relate to buildings with a minimum level of fire
protection (without sprinklers). The maximum
for the basic size of building, A, can be determined through Equation 2 by prescribing an

=

acceptable level for the average damage, D(A),
subject to a maximum height depending on fire
brigade capability.

According to Equation 4, a sprinklered building
of 28,000 m2 would correspond to a non-sprinklered building of 10,000 m2. The maximum
damage of 2,300 m2 in the latter building has
been regarded as acceptable in this example.

Provision of fire fighting equipment in a building would also reduce the damage rate and the
value of {3. For example, with C 2.25, ~3 has a
value of 0.27 for an industrial building with
sprinklers2. For the data in Table 1 (textile
industry), with C 4.43, P is about 0.42 for a
building without sprinklers and 0.22 for a sprinklered building for fires in which the heat pro-

Looking at Figure 5 from a different angle, the
damage expected in a building of 10,000 m2 would
be 1,200 m2 if sprinklered compared with 2,300
m2 if not sprinklered. Such results can be used for
determining rebates in fire insurance premium
for buildings equipped with sprinklers.

=

=

duced is sufficient to activate the system. These
figures take into account the size 8,000 m2 of
the reference building. From Equation 2, on the
basis of same damage expectancy in a fire,

6: COMPARTMENT SIZE
In probabilistic terms, damage within a room
would constitute a substantial part of total
damage in a building. Hence, it is reasonable to
assume

2 is

that

a

applicable

relationship similar
to fire

where

As is the size of a sprinklered building
equivalent in damage to the size Au of a nonsprinklered building. The parameter ~3u pertains
to a non-sprinklered building and f3s to a sprinklered building. The value of the ratio (/3ul(3S) is
about 1.67 for all manufacturing industries and
1.91 for the textile industry. Such high values
for the power (pulps) in Equation 3 would give
more or less an unlimited value for As; this is
somewhat unrealistic.
If the

figures in Table

(maximum damage)

1 for

spread beyond

room

considered instead of
the overall damage, (3u
0.68 and /3S = 0.60.
These tentative estimates provided by average
values of the maximum should be validated by
using raw data in a regression analysis based
on Equation 2. Accepting these figures for purposes of illustration, the linear relationship, on
a-(log x log) scale, between damage and building
size is depicted in Figure 5 which takes into
account the size 8,000 m2 of the reference building. The figures applicable to buildings larger
are

=

Figure
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5. Damage and

to

spread within

Building

Size.

Equation
a room or

7: COMPARTMENT SIZE AND FIRE

fire compartment. In this case, if figures in
Table 1 for the category structure involved

(maximum damage)

SEVERITY

are considered, /3u
0.57
non-sprinklered room, and /3s 0.42 for a
room with sprinklers. These figures are based
=

for

=

area damaged has an exponential relationwith
duration of burning (Section 4), it is
ship
reasonable to assume that the logarithm of
damage is proportional to fire severity expressed
in units of time. If the size of an unsprinklered
compartment is doubled to 1,600 m2 from 800 m2
(i.e., &dquo;reference&dquo; compartment) the maximum
damage would increase to 300 m2 from 200 m2
(see Figure 6 or use Equation 2 with f3 0.57 and
C 4.43). The maximum fire severity (in units of
time) would therefore increase by 7.6% as given
by (log 300/log 200). If the reference size is trebled
to 2,400 m2, the maximum damage would
increase to 374 m2 with maximum severity
increasing by 11.8%. It may be seen that almost
similar results are true for the percentage
increase in severity for a sprinklered compartment. The percentage increase depends on the
&dquo;reference&dquo; or basic size.

Since

size of 800 m2 and C = 4.43.
Figure
(log log) scale shows the relabetween
the size of a compartment and
tionship
within
such
an enclosure in the event of
damage
a fire. The figure is applicable to compartments
larger than 32 m2.
on a

reference
6

room

on a

x

=

If

probability of
non-operation of sprinklers, Equation 4 may be
used with Ag denoting the size of a sprinklered
room (or compartment) equivalent in maximum
damage to the size Au of a non-sprinklered room
(or compartment). Iterative calculations would
show that, if Au 500 m2 Ag 3,000 m2 approximately, regarding a maximum damage of 153
m2 as acceptable. As can be 4,000 m2 if the
sprinkler system certainly operates in a fire.
The maximum value acceptable for Au would
depend mainly on the fire brigade capability
an

adjustment

is made for the

=

=

=

The above results provided by statistical studies
generally agree with calculations based on
&dquo;deterministic&dquo; formulas in fire science literature, assuming that the ratio of ventilation
openings in the external walls is maintained at
a constant level13.

and effectiveness apart from limitations due to
maximum property damage and life safety.
For estimation of maximum

damage within a
be
used (instead of
compartment, Figure
Table 1), since a substantial part of this (cumulative) probability curve relates to damage
within a room. Damage outside a room,
although considerable in magnitude, constitutes
only a small part at the tail of the curve. The
horizontal axis of Figure 1 could, therefore, be
assumed to refer to room size and to maximum
(potential) area that could be destroyed in a fire.
(The maximum damage discussed in the previous paragraph is the average for the category
structure involved as provided by Table 1). If a
level of 0.08 is acceptable for the probability of
damage in a fire exceeding a maximum value,
for a room of size 500 m2, the maximum damage
according to Figure 1 would be 500 m2 if not
sprinklered and 100 m2 if sprinklered. With
these figures, a graph similar to Figure 6 can be
drawn which, allowing a probability of 0.1 for
non-operation, would show that a sprinklered
compartment of 3,400 m2 would be equivalent
1

in maximum damage to
partment of 500 m2.

can

a

non-sprinklered

As

a

first approximation

we can

write

where S is fire severity (in units of time) and d
is damage in m2. There is a need to determine
the value of k for different types of occupancies
and check whether k varies with different levels
of d. In a real fire, severity reaches various
values according to a (negative) exponential
probability distribution 14 such that the probability of severity exceeding S is given by

The value of £ is generally estimated
ing out fire load surveys.
From

com-
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Equations 5 and 6

by

carry-

When &dquo;flashover&dquo;

in a fire, the heat
the
structural barribegins impact
ers of a compartment. The
probability of this
event is (~1 ’ ~) in Figure 3; this may be equated to the probability of fire severity p, being
greater than a high level; severity should be
greater than this level for flashover to occur.
to

energy

be carried out for
sprinklered compartment with p, Å1 . ~2
0.0896 and e = 0. 117.
sis described above

occurs
on

a

can

=

It may be observed that the

probability

=

of

flashover decreases with increasing size of a compartment, whether sprinklered or not. In a bigger
compartment it takes a longer time for a fire to
involve all the objects to cause flashover and
begin the attack on the structural barriers. The
extra time thus available would increase the
chance of extinguishment or burning out and
decrease the chance of flashover4. A larger room
generally has a greater non-uniformity in the distribution of fire load and lesser degree of over-

For an unsprinklered &dquo;reference&dquo; compartment
of 800 m2, with p, = 0.2805 and d = 200 m2, ~..
k = 0.24 from which the value of ~ may be
obtained if the value of k is known. With 0 =
0.196 and A (0) = 4.43 in Equation 1 it will take
19.4 minutes from the commencement of established burning for flashover to occur with a
damage of 200 m2. With the calculated value for
~ ’ k, the probability of flashover for a compartment of any other size may be estimated by
using Equation 7 and damage estimated by
Figure 6 (or Equation 2). For example, for an
unsprinklered compartment of 1,600 m2, with
d = 300 m2, ps = ~1 ’ Å.2 = 0.25. If the compartment size is increased further to 2,400 m2 with
d = 374 m2, p, = 0.24. In the two compartments
bigger than the reference compartment, it will
take 21.5 minutes and 22.6 minutes after the

crowding of objects. Probability of spread decreases with increasing distances between objects.
With an increase in compartment size, although
the probability of flashover will decrease, the
probability of barrier failure (Å3) for a given
level of fire resistance will increase due to an
increase in total fire load and hence in fire
severity (see Section 8). Hence, compartment
size and fire resistance requirement should be
determined on the basis of an acceptable value
for the product (Å1 . 4 - Å3) which denotes the
probability of fire spreading beyond the compartment of origin.

commencement of established burning to
destroy 300 m2 and 374 m2 of floor area and

produce sufficient heat for flashover. The analy-

The relationship between compartment size and
the probabilities (Å1 . A2) and Å3 (and their correlations) can be studied mathematically using
Equation 7 and the analysis described in the
next section. However, the relationship should
be validated by a statistical investigation,
applying a model such as linear logitls to data
on size of compartment or room of fire origin
and extent of spread as in Table 1. Such data
are available in U.K. for some past years for
fires which involved the structure and not for
all fires.

8: FIRE RESISTANCE AND
BARRIER FAILURE

Figure

6.

Damage

and Compartment Size.

Fire resistant compartmentation has long been
the core of fire safety measures. A building is
regarded as compartments perfectly isolated
from one another and the spread of fire as
taking place by successive destruction (or possi83

bly thermal failure)

of the compartment boundaries. If the boundaries are of sufficient fire
resistance, it is argued, the probability of fire
spread beyond the compartment will remain
within acceptable limits. This concept is somewhat untenable due to the fact that building
fires spread mostly by convection (advance of
flames and hot gasses) and cause damage to life
and propertyl6. However, spread of fire by
destruction of barriers rather than convection is
the subject matter of this section.
Destruction of the boundaries of a compartment
is caused by a high level of severity attained by
fire after flashover. Deterministic formulas are
available in fire science literature for estimating
fire severity as a function of compartment
dimensions, thermal inertia of compartment
boundaries, area of ventilation and fire load
(quantity of combustible material). For a particular building, the first two factors have fixed
values while the last two are random variables.
Ventilation may vary within climatic conditions,
building height, and other factors related to the
building design and state of the compartment at
the outbreak of fire. There is little information
on the probability distribution of variability
associated with ventilation. However, low
values of this factor are likely to cause the most
detrimental conditions. For a number of occupancy groups in several countries, information
is available for the average and standard deviation of fire load density per unit floor area and
in a few cases, values pertaining to 80%, 90% or
95% fractile point of the probability distribution
of fire loadl7. The nature of this distribution is
generally unknown but, for the sake of convenience and simplicity, normal distribution may
be assumed such that fire severity expressed in
units of time, S, is also normally distributed.
A fractile

probability value of, say, 0.95 of fire
load together with a minimum (safe) value for
the ventilation factor denotes a high (extreme)
level of fire severity which is usually considered
as a

potential design value16.

An

equivalent

value is prescribed for the fire resistance of a
barrier element and the probability of barrier
failure is expected to be 0.05. However, fire
resistance, R, of a compartment composed of different barrier elements is not a constant but a

random variable in a real fire. The variability
depends on materials used. For example, fire
resistance of a gypsum board wall would have
greater variability than the resistance of a concrete block wall. Type of construction is another
factor which might contribute to the enhancement of the probability of fire spread.
Performance of an element in a real fire may be
different from performance in a standard furnace
test under known and controlled conditions. Fire
resistance of a compartment is also affected by
weakness caused by penetrations, doors or other
openings in barriers. For the sake of simplicity, R
in units of time may also be assumed to have a
normal probability distribution.
If R and S denote the means and 6R and 6S the
standard deviations of R and S, the random
variable

standard normal distribution with zero
mean and unit (one) standard deviation. Tables
of normal distributions provide the probabilities
associated with different values of u.

has

a

If data

as,

a

posed
6S

=

are

not available for

estimating 6R and

coefficient of variation of r may be profor both R and S such that aR rR and
=

rS. In this

particular case

and

0 and the probability of barrier failure or success in this case is 0.5. The proba-bility of failure will be less than 0.5 for R > S and
greater than 0.5 for R < S. For any level prescribed

If R is

equal to S, u

=

probability of failure, the fire resistance
required to meet this target can be determined
through Equation 9 to provide a safety index given
by Equation 10. For example, for a barrier failure
probability of 0.0014 (with a success probability of
0.9986), u 2.99 with r 0.15 the fire resistance
R should be set equal to 2S such that R/S 2. A
barrier analysis on these lines has been suggested
by Elms and Buchananl8.
for the

=

=

=
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Suppose

R

_2S for a compartment with mean
S.
severity If, by increasing the compartment size, S increases by 10%, the value of u in
this case will be

sprinklered room of 800 m2. On the basis of
these values, whatever may be the fire resistance determined for a non-sprinklered room of
800 m2, 73% of this requirement would be sufficient for a sprinklered room of same size for
meeting the same target in terms of the probability of barrier failure. This result follows from
the ratio (log 9.13/log 20.43). This concession
should be modified to 77% if the probability of
sprinklers not operating is 0.1.

=

fire

such that the probability of barrier failure
increases to 0.0043 from 0.0014, assuming

again r

=

0.15.

If Figure 1 is used, for the range beyond 3 m2,
the median damage in a room of 800 m2 corresponds to the overall cumulative probability of
0.71. The median is seen to be 16 m2 for the
sprinklered room and 37 m2 for the non-sprinklered room, such that the fire resistance for the
sprinklered room can be 77% of that for the non-

For the data analyzed (Figure 3), the cumulative probability of barrier success (/13) is 0.78 for
a sprinklered room and 0.75 for the
non-sprinklered room with failure probabilities (~,3) of
0.22 and 0.25. The small difference in Â3, per-

haps, shows that barrier failure does not depend
whether the compartment is provided with
sprinklers or not especially after the occurrence
of flashover. The failure occurs progressively
over a period of time after flashover. The
parameter u in Equation 9 has the values 0.77
and 0.68 for the two cases which indicate values
of 1.178 and 1.156 for (RIS) given by Equation
10. These results indicate that some of the
rooms included in the data may not be fire compartments and hence have low safety margins.
It should also be pointed out again that ~.3
includes fires which spread beyond the room of
origin by the destruction of barriers, as well as
by convection.
on

For

determining the

fire resistance required for

compartment it is necessary to obtain a realistic estimate of S and the coefficient of variation
a

This is the

object of fire load surveys which
however, expensive and time-consuming. It
would be easier and cheaper to analyse fire
r.

are,

statistics (Table 1) and extract values of the
parameters attained in real fires instead of
potential values based on fire load. For example, an appropriate value for S could correspond
to the logarithm of median damage during the
period after the commencement of established
burning. For a sprinklered room of 800 m2 with
Â1 0.28, the median would correspond to the
overall cumulative probability of 0.86 which is
equivalent to a damage of 9.13 m2. Based on a
similar calculation S would correspond to the
logarithm of a damage of 20.43 m2 in a non=

sprinklered room.
The object of estimating S and r (or standard
deviation 6S) is to obtain_a level of fire severity
sufficiently larger than S to provide equivalent
resistance with an acceptable safety margin.
This level can be estimated directly from Table
1 according to which, for example, a damage of
197.41 m2 in a non-sprinklered compartment of
800 m2 would pertain approximately to an overall cumulative probability of 0.93. On this basis,
fire resistance corresponding to this damage
may be deemed to be sufficient which will
ensure a safety index of 1.75 (= log 197.41/log
20.43). Under this method there is no need to
estimate the coefficient variation r. In a sprinklered compartment, a damage of 20 m2 would
correspond to an overall cumulative probability
of 0.93. Fire resistance corresponding to this
damage will have a safety index of 1.35 (= log
20/log 9.13) which may not be acceptable. On
the basis of the analysis discussed earlier, the
fire resistance in a sprinklered compartment
should correspond to a damage of 47.94 m2,
although the probability level of this damage
will be 0.96, which is higher than 0.93. Under
this concession also the fire resistance for the
sprinklered room will be 73% of that for the
non-sprinklered room or 77% with a probability
of 0.1 for the non-operation of sprinklers.

However, there is another factor which needs to
be considered in determining fire resistance
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requirements. The probability of flashover (~,1 ~
a reference compartment of 800 m2 is only
0.0896 if sprinklered, compared with 0.2805 if
not sprinklered. This is the main reason for the
lower probability (0.02) of fire spreading beyond
the room of origin in the sprinklered case compared with the probability (0.07) for the nonsprinklered case. Therefore, for a sprinklered
compartment, the probability of barrier failure
()&dquo;3) can be increased to 3.13 times the level of Å3
that can be tolerated for a non-sprinklered compartment. For example, if 0.0014 is the target
for the probability of fire spreading beyond a
compartment, the probability of barrier failure
(~.3) for a non-sprinklered compartment should
be 0.005 with u = 2.58 and a safety index of
1.795. The probability Å3 can be increased to
0.0157 for a sprinklered compartment with u =
2.15 such that the safety index is lowered to
1.612. With a median damage of 9.13 m2, the
fire resistance for a sprinklered compartment
can be proportional to the logarithm of a
damage of 35.34 m2 while, with a median
damage of 20.43 m2 the fire resistance for a
non-sprinklered compartment should be proportional to the logarithm of a damage of 225 m2.
Hence, on the basis of equal probability 0.0014
of spread beyond compartment, the fire resistance of a sprinklered compartment can be 66%
of the resistance prescribed for a non-sprinklered compartment.

~) in

By applying a safety margin to average fire
severity, structural elements are provided with
a fire resistance equal to a large level
Sq of
severity. For a particular fire Sq is a constant,
but in a large population of fires it is a random
variable following an extreme value distribution
of the largest value. Likewise, fire resistance of
a compartment composed of structural elements

tion of the difference (Rp - Sq) for different
values of Rp and Sq is currently being evaluated
by the authorl9. This statistical approach would
be useful in developing fire safety codes which
are concerned with &dquo;collective risk&dquo; in a group of
buildings rather than the risk in a particular

building.

9: EVACUATION TIME
In the event of a fire, many of the factors which
control its seriousness and the ability of human
beings to respond are highly time dependent. It
is fundamental that effective action for evacuating a building safely must be completed before
escape routes become untenable due to heat,
smoke, and toxic gases. This objective can be
expressed as the condition that H < F where H
is the average time taken by people in the building to reach places of relative safety and F is the
average time for products of combustion to block
the escape routes. The time factor H is composed essentially of the following components:

where
D

= elapsed time from ignition to discovering or
detecting the existence of the fire.
elapsed time from discovery or detection to
the beginning of evacuation.
elapsed time from initiation of evacuation to
reaching a place of safety.

B

=

E

=

No deaths will occur if H < F. Considering positive values of the difference, as (H - F) increases the probability of being a fatality will
increase depending on the location of occupants
relative to the room of fire origin. The occurrence of death in a fire is a rare event whose
probability may be approximated by an expo-

has a minimum value Rp which varies from fire
to fire according to an extreme value distribution of the smallest value. Sq and Rp fluctuate
around their modal (most probable) values.
What is ideally required for any type of building
is a minimum level of fire resistance which will
be greater than the maximum fire severity with
a- probability level which is acceptable. This
level will depend on the consequences in terms
of damage to life and property in the type of
buildings considered. The probability distribu-

nential distribution for the sake of simplicity.
According to this distribution, if t = H - F, the
probability of no deaths for any value of t is
given by exp (- At), and the probability of one or
more deaths by [1- exp (- ~,t)].

Generalizing the exponential model, we can
express the probability of no deaths as given by
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where av a2, a3 and a4 are coefficients (constants) attached to respective time components.
The coefficient a4, for example, would pertain to
the rate at which combustion products such as
smoke would spread to render the escape routes
untenable. If sufficient data are available these
parameters can be estimated by converting
Equation 12 to a multiple regression model. At
present some data are available in U.K. for the
discovery time D and hence an application of
only the following simple model can be examined. The fatality rate or probability of one or
more deaths is given by

found in the room of fire origin2l. Discovering a
fire immediately after it started would not have
helped in saving these lives. Excluding this
class, for D >_ 1, the parameters K and a were

estimated by solving two simultaneous equations provided by the second and third classes; a
regression analysis was not possible due to the
non-availability of raw data. These results indicated an estimate of 67 minutes for the last category (greater than 30 minutes) and 17.6 minutes (overall) for fires not discovered at ignition
with a fatality rate of 0.0083.
For D >

a. If an aver1
minute
is
assumed for
of
time
age discovery
an automatic detector, installation of this device
will reduce the fatality rate (pd) to 0.0021 (= 1 -

which

The effects of other time components have been
amalgamated in the parameter K which has to
be assumed as a constant for the purpose of this
investigation. This parameter would also
include the effectiveness of fire brigade attendance and fire fighting, which is beyond the
scope of this paper.
Fire

brigades

in the U.K.

are

required to estiaccording

mate the discovery time for each fire
to the following classification:

than 30 minutes after

ignition.
For a statistical analysis, an average time of 2
minutes can be used for the second class and 17
minutes for the third dass2°. With these average times and the (published) figures21 for fires
in all types of occupied buildings, Table 2 has
been constructed to provide some indication of
the effectiveness of early detection in reducing
life risk.

The

used to estimate K and

K). As mentioned earlier, the parameter, K,

quantifies the effects of other time components
on the fatality rate such that, assuming equal
weights, we can write

or, since the value of ru is

likely

to be small

as

If the overall fatality rate of 0.0083 is acceptable, evacuation of a building equipped with
automatic detectors can be completed in a time,
El, longer than E such that

after ignition.
more

was

for a,

(i) discovered at ignition.
(ii) discovered under 5 minutes after ignition.
(iii) discovered between 5 and 30 minutes
(iv) discovered

1, Equation 13 should be modified to

fatality rate for discovery at ignition (D 0)
high, perhaps, due to the fact that, in
dwellings where 79% of the deaths occurred, a
high percentage (62%) of fatal casualties were
=

is
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to human behaviour studies22 it
could take 2 minutes, (B) for recognizing the

According

existence of a fire after it is discovered and

com-

mencing evacuation. Deterministic and experimental results generally indicate that it would
take only 3 minutes, (F), for smoke to develop to
untenable conditions beyond the room of fire
origin. British fire safety codes23 recommend a
design time of 2.5 minutes, (E) for the evacua-

tion of all the occupants of a floor to the
entrance of a staircase. With this requirement,
the maximum travel distance should be such
that adequate number of staircases are built
(particularly in large buildings) and their
widths designed accordingly to permit unimpeded flow of people. Using the approximate values
mentioned above in Equation 16, it may be seen
that the design evacuation time for a building
equipped with automatic detectors can be
increased to 7 minutes, El from 2.5 minutes, E.
Perhaps E1 should be, say, 5.5 minutes, providing a safe margin for uncertainty due to system
reliability and other factors affecting a real fire.
This relaxation for a building with detectors
providing an increase in maximum travel distance will enable the construction of a smaller
number of staircases or a reduction in staircase
width. This might result in a saving in construction costs or gain in rentable floor space.
Reduced width of staircases may, however,
affect the amenity value of a building.
In the case of sprinklers, 3 minutes may be
assumed for detection time, D, such that, from
Equation 14, the fatality rate is 0.0028. For an

acceptable fatality rate of 0.0083, following
Equation 14, K can be reduced to ](1(= 0.9924)

given by

Hence,

as

in

Equation

15

The sprinklers, if they operate satisfactorily, will
reduce the fire severity and rate of growth of fire
and smoke and have a high probability of extinguishing the fire. This performance will increase
the time to block the escape routes to, say, Fl (= 6
minutes) from F (= 3 minutes). With B = 2 minutes and E = 2.5 minutes as mentioned earlier,
according to Equation 17, the design evacuation
time for a building equipped with sprinklers can
be increased to El (= 9.4 minutes) or to, say, 7.5
minutes allowing a safe margin for uncertainty.
In the case of a combination of detectors and
sprinklers K can be reduced to Kl = 0.9922 as in
Equation 16 such that

Hence, the design evacuation time
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can

be

increased to 10 minutes (or 8 minutes after
allowing for uncertainty), which is slightly
higher than the case with sprinklers only.

nication, retail distributive trade (shops,
supermarkets, and department stores),
wholesale distributive trade, office buildings
(insurance, banking, etc.), hotels, hostels,
and boarding houses, hospitals, educational
establishments (schools, colleges, etc.),
places of public entertainment (cinemas,
theatres, etc.), and dwellings.
(c) Subdivide some occupancies (e.g. industrial
into production, storage and other (office)

Computer-based Informative Fire Warning
Systems can reduce the component B by communicating effectively to the occupants information about the existence of a fire, its location,
and spread22. If this reduction is say, 1.5 minutes (B
0.5), the design evacuation time after
for
allowing
uncertainty may be increased to 7
minutes in the absence of sprinklers or to 9.5
minutes if the building has sprinklers.
=

areas; retail trade into

areas).

(d) Perform the analysis described in Section 9
with rates for injuries and casualties

As mentioned earlier, a majority of fatal casualties in dwellings were found in the room of fire
origin, thus contributing to a high fatality rate
of 0.0046 for fires discovered at ignition (D = 0).
Are there any fire protection measures other
than detectors and sprinklers which can reduce
this fatality rate?

(deaths plus injuries).

(e) For each subdivision of

0.0039 for

were

Inaccuracies in fire incident data may cause
some concern, but these are likely to decrease
with increasing sample size. No studies appear
to have been carried out so far on the magnitude of such errors. Fire brigades are generally
accurate in providing most of the information
required in the fire reports except for causes or
sources of ignition and structural details of

10: SUGGESTIONS FOR FURTHER
STUDIES

buildings.

The probabilistic techniques proposed and illustrated with examples in this paper can be
extended as follows:

(b) Consider

a

number of occupancy types, per-

haps grouping them, according to activity.
Examples are: manufacturing industries
(&dquo;heavy&dquo; and &dquo;light&dquo;), transport and commu-

type,

be utilized for purposes of overcoming paucity of data.

occupancy and 0.0045 for multiple occupancy. For single and two-family
dwellings in the U.S.A., the fatality rates were
estimated to be 0.0085 without detectors and
0.0043 with detectors24.

structural fire resistance but also other measures such as first-aid fire fighting, (e.g. fire
extinguishers, fire brigade operations and
roof vents). Combinations of measures would
provide several scenarios for some of which it
would be necessary to develop special techniques for assessing their effectiveness.

occupancy

(f) Results provided by scientific (deterministic) models and fire tests or experiments can

single

(a) Include not only sprinklers, detectors, and

an

use data for a number of years to provide
sufficient number of fires, say, over a hundred, for increasing the validity of results.

According to U.K. fire statistics2l the overall
fatality rates were 0.0123 for a single occupancy
dwelling and 0.0127 for multiple occupancy. For
fires discovered under 5 minutes, the rates

assembly and other

required for a comprehensive investiabove can be obtained from
mentioned
gation
the U.K., U.S.A. and other countries. An international data bank can be established by pooling information provided by experiments, tests,
surveys, case histories and insurance companies
in addition to statistics furnished by fire
brigades. The cost of this project can be shared
between all the participating countries which
would benefit from such collaboration.
Statistics
as

Some further research will be necessary partic-

ularly for:
(a) improving the adjustments for applying the
results for the &dquo;reference&dquo;
89

room

to

rooms or

compartments of different sizes, fire load
and ventilation factor; such an investigation
would enable the evaluation of fire risk of a

specific building.
(b) calculating further adjustments to the overall results for evaluating unique fire protection

design solutions

tered in

a

for problems encounspecific environment such as
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