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This note summarises some of the more important methods that have been
proposed in the literature for assessing the safety of a structure on a
quantitative basis and for determining what constitutes an acceptable risk.

These methods have hitherto been applied in branches of engineering such as
degign of aircraft and dams and degign of buildings against wind loads, live loads,
earthquakes etc: the object of the note is to discuss the relevance of these

methods in the design of fire protection.
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INTRODUCTTON

Research on the physics of fires has now reached the stage where the fire
resistance necessary to -proiect a strucfure against fire may he calculated
from a knowledge of the configuration of a compartment, its contents and the
ventilation conditions1’2. However, legislation for the control of building
design specifies requirements for a wide-range of buildings, and in these
circumstances, it is necessary to conduct a survey of the contents and.
configuration of buildings in order to estimate realistic fire resistance
requirements., Such a survey is being undertaken by several different countries,
and the Building Research Station has now completed a survey of floor loads im
modern office buildings3. Joint Fire ResearchVOrganization has made a .

4, which combined with

preliminary analysis of a small sample of these data
experimental results leads to a fréqueﬁcy distribution for the fire resistance
necessary to protect structural stegi (sﬂown in Fig.1)5. This distribution is
very skew and covers a wide range of fire'resisfance, and it should be noted |
that similar distributions would result from surveys even of individual
buildings. Clearly, the fire resistancé.necessary to protect a given column
has no single value, but must be regarded as a variable subject to statistical
variation over a wide range, i.e. a random or stochastic variable with the

distribution of Pig.1.

The application of this result in the choice of a single value of fire
resigtance for this occupancy for the purpose of puilding regulations presents
gome difficulties. According to the conventional philosophy of fire grading the
fire resistance should be sufficient to withstand a 'burn-out’', but even within
this narrow range of building occupancy, the maximum (75 minutes) will grossly
overprotect most of the buildings of this type (whose predicted mean fire
severity is 25 minutes) and any lesser value will underprotect a few. Indeed
there is no guarantee that the maximum of this sample is in fact the maximum of
the population, so that the maximum of the sample does not guarantee completg
protection. Clearly whatever value of fire resistance is specified, within a

practical range, some degree of risk is implicit.



This discussion raises an importent question, namely, what constitutes
an acceptable risk, that is, an acceptable degree of safety. Essentially,
this is a non-engineering question, and indeed the fire engineer is not
equipped to decide what risk to life is accéptable - this is a matter for the
community at large. The function of the fire engineer is to advise on cost
and social implications associated with any specified degree of safety, and

to ensure that any given expenditure is used to the greatest advantage.

The problem of finding an acceptable degree of safety, is not unique to‘
fire problems; it has long been recognised, in the design of aircraftG, for
example, that strength and -loading ahe random variables, and that design- under -
these circumstances involves an acceptance of a risk that in e very -small
number of instances the loading will exceed the gtrength. .This philosophy has
now found its way into the field of structural engineering, with the °
realisation that the traditional 'factor of safety' itself embodies implicitly-

acceptance of a degree of risk. - : R

In thls paper we feV1ew some of the mein developments in these other flelds_
and comment on their sultablllty in the context of flre safety The problems ‘
of fire are rather different to those of other englneerlng fields, because not
only are loads and strengths eubgect to varlablllty but also ventllatlon, room .
shapes and 31zes, open doors etc. More 1mportant the duration of the fire is
curtailed by chance discovery, and by the action of brlgades, sprlnklers et,,
and these act to reduce the risk inherenmt in varlabzlity of loads and strengths.'
The various theories described will be reviewed with these addltlonal factors _

in mind, and where possible adapted to include them.
ANALYSIS OF STRUCTURAL SAFETY
a. Reliability analysis

We review first some methods of calculating the risk implicit in:the
choice of a particular value for fire resistance, using the techniques of

reliability analysis, following Freudenthal et al’.

The risk is measured by
the probability of failure of a building element designed to have fire
resistance R . Because of the’variabilify of materials, uncertainty of testing
etc, R is a random variable, as is the fire severity S , because of
variability of fire loads, ventilation, discovery and arrival of brigades, ett.

Failure occurs if R & § , and the probability of failure, 1) is then given

by
P {Rés

-2 -
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Define the statistical distributions of R and 9 as follows:

Fp () = P [Qé.x} - jj f, (@ dz
Fg (> = P SLI} = f: fe (2> dz
Then

:& :j Fp () £ (O dx

o
Now to a first approximation fires occur at random and independently.

Furthermore, only a2 smail fraction grow to a sufficient size to cause damage
to the structural elements of the buildings. Let :p be the annual
probability of occurrence of such a fire, so that we are implicitly making

& generous allowance for the beneficial effects of early discovery and
brigade action. Then if ‘:\b is sm'éll, the probability of failure ‘.P_F during
the design lifetime of the building L. is given approximately by

¥ ~pop
Table 1

The annual chance of a fire outbreak for various occupancies

it

Number Number of

] o%‘ firfas . ‘:PQ_
Hazard buildings* annuaily
Industry 183,377 8,075 4.4 x 1072
Houses 14,202,%59 38,142 ° 2.7 x 107
Commercial - shops 664,817 5,574 8.4 x 1072
Commercial - office 152,430 . 866 5.7 x 1077
Assembly - entertainment 12,540 1,446 1.2 x 1071
Assembly - non-residential 143,019 2,810 2.0 2 1072
Residential - c¢lubs, hotels A

ete 36,609 1,352 3.7 x 1072

Residential - instifutions - 803 -
Storage 199,612 2,420 1.2 x 1072

#Source: 108th Report of the Commissioners of H.M. Inland Revenue
*Pires during 1967



b. Application to fire resistance calculations

In order to apply these results to fire resistance calculations, it is
necessary first to have data for estimating the quantities ‘_') , FQ (x),
.{.‘5 (). The quantity ‘.') can be estimated from the frequency of fires and
the number of buildings at risk, leading to an estimate of 1>q_ the chance
of a fire occurring annually. Baldwin and Allen® have estimated that ohly

10 per cent of fires involve damage to the building fabrics, so that

ﬂP = 7%5 tPCL

Some estimates of :PO. for various types of building are given in Table 1,

At present, there are no data that will lead to an estimate of FR (),
although on intuitive grounds one would expect it to be a skew distribution
of the log~normal type. At this stage it will be more profitable to regard R
as a constant, say R = Rg and then :P‘F =1 - Fg (Ro)-

The distribution of fire severity, S , can be estimated from sui'veyS'of
contents of buildings, together with experimental results. One example has
been given in Fig.! for modern office buildings; at the moment these are the

only available data.

The probability of failure ‘.i) is calculated in Fig.2 for modern office
buildings on the basis of these data, assuming a design lifet'ime of 50 years.
For R = 60 min, the highest fire resistance specified by current regulations
for offices, = 0.002.

¢c. Extended reliability concept

The calculations of the preceding paragraphs have been on the basis of
reliability theory, and several authors have pointed out the disadvantages of
this method?»10:11,12,13

i. Reliability analysis is usually applied in a manufacturing
environment, where a product is manufactured under controlled
conditions, and where reliability data are readily available, To
apply the theory a complete statistical analysis of loads,
resistances, damage etc must be available, and even then the $ail
of the distribution is of greatest interest (c.f. application to
offices where ‘.’)F = 0,002) where fewest data are available and

where u_ncertaintyl is greatest.



({,9 a \q = (i: Fad
ii. There are some non-statistical var:.ables which do not fall
within the reliability frafmework.. Privicipal amongst. these is
the uncertainty of the mathematlcal model used for analysm
and the errors introduced thereby Tn the cor}text of si‘;.rert%{areedT

are many examples of this,for example the role andﬁdeflnltlon of

window openings and ventilation, comparlson of experlmental fires

with furnace tes?goe‘tt_:_.__h 4 VoS = )q = o
8 2

}:LL&.-:; Difficulties arg_ee when sub;;ective. elements enter the problem,> erody

maklng 1t dlfflcult to draw on ex1st1ng expertlse and experlence

=L o evygiscTtobnl 0T oy bl J'J“‘ =93 FAre ol Si'{T
a:Lned 1n the a llcatlon cf exlst:. regulat:l.ons and codes of

P ,A.g‘: PP e, s LY AT DS BToNie

ractlce . \

,EPL'C‘ AT T =Bt ey gne To £ oando =33 e ot segras o beriupst af

Various schemes. have.bgen proposed to overcome:these disadvantages,.'someieive

of which will be discussed later 1n the paperﬁ. A"‘modlf:l.ed forr‘au °§i.‘?§1§§l?%%$y
analysis has been proposed by Ang and Amlnl?, who po:.nt out that the
probability of failure based on reliability analysis is a basically sound
measure of structural safety, whose bae‘.:?cq:: f o-mgt 'sHsu1d be }ré@f&%d as fai?cgs

possible. To combat the disadvantages'listed ;'a;f)ovel' they prppose,\on "extended

reliability concept", ass follows. 9
Lo
ThemodApu o ey i
Rellablllty failure postulates that fallure occurs when R i S& so -
that? p ( RS ) In the extended rel:Lab:Ll:.ty concept a vfactor Ofnﬂua A

uncertalnty , V , is introduced, with V = 1, and we say that ,jihe event

il
R/S << \/ constitutes a state of danger or fall‘ﬁf'le o6 that "P‘F = P (E%/S V)
where :EC is now interpreted as the probability of danger.
T STee 8¢ mzo1 e¥ Yn ocisee 2l 00 Toz sz oedd 0§ = 2= d. 1 treane yaAT

The, choice- of, V yequires Ejudgement on_the, part, cf the engineer, and . . ..

depends, on the rel:l.abrllty of, the underly:.ng mathematlcal mcdel ofgthe gystem, 584

AL AN OB
\l
and the quallty of the avallable information. ¢ C, Confemiigge o el
e.g. if, R is. correct Xo, 10, per cent, the. Teliable resmtance ﬁshould be
talcen as, O.,9O R o 808, similarly 1f S ]mown to 15 per cent then

I E J.lﬂ-’.Ia m :1-i 16'11 b )
desi should be ) L .
83185; CUTTIC Y 00,85 sev ik ctrautelas gremug o tedrges of iead ouslnovbn

A 1r'7i-=-q5 fest Lo verow desrteadden rees dd ol y hadrbreony
Then —_——— = 1,30, )

V. 70 0.9x:0.,8 v 3 JlgLa oetel pae fondoasne s iy L augsns Tol sbam
- t N‘[rn"lf;b

Note that the values of R ‘and S have' been corrected 11’1 the dlrec ion
N rﬁ[} YWYy ' RUREIY P I S & T R | CT e 3y P A ;
greater safety s ! oL mo - Pt } o« g ot
R B o A T L T L O B Qs ¢ 7o)

In calculating factors of safety in traditional methods, it is usual to

consider the maximum possible severity (Sql’ say) and the minimum resistance

(% , say).

J

-

<
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Let :P P( R L Q.‘P)
q P(s > )
The requirement for structural safety is then
R? >
S : : :
¥ R
3 = P(5< V) £ <

where < is the allowsble or acceptable value of the probability of failure.

1

The uncertainty factor V is required to account for the irndeterminable
errors and inadequacies in ‘the calculations, whereas the acceptéble risk, 4 , |
is required to ensure that the chance of any unsafe state of & structurs,
ariping from statistical vaeriabilities, is sufficiently small.

Ang and Amin show' that if V =& , then
Po< PE<SV)L p+q-13g
Hence, if o =?% , then § > V

R
i.e.-% = V 1s sutomaticaelly satisfled.

A sufficient basis for design is therefore
PCE< V) = 39

They assert that o = 1"{; is the most suitable velue of the risk, becauss it
is a somewhat oonservative value for a required value of Y , and in any case
the choioce of R:P and ch (usually on practical grounds) already implies &
risk of approximately :qu .

The extended reliability concept is more flexible and retains the basic
ocharaoteristios and results from standard reliability analysis. It has the
advantage that it separates purely statistical varlation from errors and
uncertainty in the basic mathematioal model, sc that specific allowance can be
made for engineering experience and data limitations, In addition the authors
demonstrate that the analysis is less sensitive to the type of distribution used
for R and § (important in an environment of incomplete data), and that it
can be fairly easily calibrated to existing prsctice.

1



ii. The possibility exists of the loss of hundreds of lives in one
fire in a building. This is, at least at first sight, different -
from the loss of the same number of lives in individual incidents,
such as in road accidents. Many building regu_'l.ationé can be traced '
back to disasters, i.e., .. a reflection of the extreme tail of

a distribution function.

iii. Death by fire istniversally regarded as one of the worst kinds c_n'f‘-
death, implying some form of pérsonal‘ weighting factor to be applied

to costs of life in fire accidents.

In view of these problems, and others associated with escape and the
effects of failure of fire resistance on the population of a building, it is
not possible to pursue the economic arguments involving public safety at the -
present time., However, if loss of property is the only consideration, then
economic arguments are obviously appropriate and directly applicable,

Following standard decision theory, we attempt to minimise the sum of coéts_

T=I+])1>F

and expected loss, | , given by

where 1 is the initial costs _
D is the damage in the event of failure, discounted to pregez}t ‘ 7
day values ' S
‘_P F is the annual probability of failure.

16 have shown that if Qo is the fire resistance -

Maskell and Baldwin
then T 1is a linear function of Ro (for steel columns this applies only for
Ro 2 30 min). For office buildings, we may use the earlier calculations for

."PF , 80 that

T= A+BRo + Dp(1-F (Ro))

B }

where A~ = 20  approximately for protected steel columns.

This function is plotted in Fig.3 as a function of Ro , for various
levels of D . Evidently | has a minimum within the practical range of Ro
but the difference in costs between Qo = 30 min and Ro = 60 min is not very
great, partly because costs, I , increase very slowly with Ro . However,
Fig.2 shows that 30 min fire resistance corresponds approximately to an order
of magnitude in the value of :PF . Hence on the basis of the present analysis,
the costs are relatively insensitive to safety levels; at very little

increased cost the probability of failure can be reduced by an order of magnitude.



CHOICE OF FAILURE PROBABILITY
a. Cost - benefit analysis

The theories discussed above derive what are effectively design rules,
so that the statistical variation and uncertainty in resistance and severity
may be taken into account, in order to achieve a given degree of safety, as
measured by the probability of failure. There remains the difficult choice
of an acceptable degree of safety, In the extended reliability theory this
choice is made effectively by transferring the decision to a choice of the
meximum severity and the minimum expected resistance, which may be an easier
choice on practical grounds, but the decision embodies implicitly a choige of

failure probability.

Building controls exist largely to ensure the safety of 1life, but in some
situations the decision to install a given degree of fire protection rests
entirely on economic grounds based on cost and the expected saving of property
loss, However, even in the consideration of public safety, economics cannct
be completely ignored, if only because there is a practical limit to the funds
that can be set aside for the provision of safety. The optimum level of fire
protection on economic grounds is that which minimises the sum of costs and
expected losses, a relatively simple calculation, but one which demands that a
price must be placed on the value of human life. This approach, whilst
repugnant to many people, is now fairly widely practiced, particularly in the
field of road accidents14. The technique is largely based on an estimate of
the loss of production to the national economy, ignoring almost entirely the
social asypects, grief and pain. Unfortunately, little work has been done in the
context of fire accidents, but certain problems arise from applying the road
accident approach.

i. People dying in fires are usually very young or old and infirm15.

The loss of production {or in the case of the young, money invested
in education ete) is thus very small. The problem is not so much
one of evaluating economic loss to the community, but & social one,
in evaluating an acceptable sum to be spent on protecting the very
young, old and infirm from death by fire. A considerable sum is
spent by the community in providing child welfare, hospitals,

pensions etc.



A similar approach has been suggested for structural design by Johnson17

H

Turketra18, Karman19 and others., Xarman states the following conclusions:

il

ii,

A common loadbearing structure can be regarded as being
optimally designed when the costs incurred by any breakdown of
the atructure during service time amounts to 2-4 per cent of the

original costs of the structure.

The average value of total loss and damage due to structural
collapse amounts to about 100-150 times the original building

costs. When failure or damage does not result in catastrophic
collapse but calls for a comprehensive reinforcing of the structure,
the totel amount can be approximately 2-4 times the initial costs.
These conditions are equivalent to ultimate and non-ultimate limit

atates.

Hence 150 p .14 + 4 P pop_y1t = 0-02

where p ;74 &nd P pop.ylt mean the probabilities of ultimate and
non~ultimate limit states. The ratio p y1+/P npon-ult depends on the
type of structure; for brittle structures it is near to one, whilst
for plastic structures it might be 1/500. Karman suggests for

an average structure

Puit | 1
P non-ult 100
g0 that
P ult = 3.6 x 1077
P non-ult = 3.6 X 1073

b. Return pericds

In design against earthquake, wind, flood etc it is common practice to

rofer to an acceptable or deaign ré%ﬁfh'reriod instead of a probability of

fajlure.

The return pericd of a phenomenon is the average period elapsing

between ocourrences of the phenomenon. If T is the return period in years and

?) the probability of occurrence per year, then

Ligtenberg

Ty -

20 refers to & 10,000 year return period for the design of dams

in Holland, i.e. the design level of flood is that which exceeded on average

 }f;#qn1y?Qp9e“ip.10,000_years. TFerry Borges

21 refers to & 1,000 year return period

-9 -



for earthquake and wind, although the British Standard Code of Practice for
wind loads uses a 50 year return period22, because of lack of suitablégdgta;
structural safety is assured by an additional ad hoc safety factor. In

Fig.4 the return period for fire severity is plotted against fire resistance
based on the calculations of the preceding paragraphs. It can be seen that

30 mins fire resistance corresponds to a return period of 5,000 years,

Note that 'return period' in this context has no real meaning, but is
merely a useful way of putting failure probabiliiies in ﬁerspective.‘ Clearly
an extrapolation of existing records, covering a period of no more than
20 years, to a period of .5,000 years, is not realistic unless one makes some
sweeping assumptions about the future and fire hazard being manmade might be

regarded as inherently different from natural phenomena such as wind ard flood.

So far as fire iz concerned, the object is to take a design fire severity
corresponding to a return period of § years, | reflecting the seriousness
of the consequences of failure. Where the consequences are less serious
(in serviceability, for example) | could be considerably smaller, particularly
where failure is a result of two or more uncorrelated events. From a national
point of view, it may be advisable to take into account the number of a given
type of building at risk. If there are N buildings at risk and the return
period is T , then the expected annual number of failures is "-";-‘-" . If N is
large compared with | this could lead to serious professional and political
consequences, and one would conclude that it is desirable to make T of the
game order as N . However, as can be seen from Table 1 the number of buildingé
in a group is of the order 105 in many cases (‘IO6 in the case of houses), thus
demanding an extraordinarily high reliability from fire protection, and leading
to uneconomic buildings. Hence, at a lower reliability, because of the large
number of buildings at risk, we must accept a number of failures of fire

protection annually; +this is a consequence of economics.

Comparing fire with other hazards, it seems likely that fire is a more
serious hazard than wind or earthquake - there are only a few instances of
severe wind each year, but 80,000 fires in buildings23, of which 8,000
approximately are sufficiently serious to cause damage to the building fabric.
Furthermore, except in exceptional circumstances wind does not lead to loss of
life. It seems reasomable to take the return period appropriate to flood
design, i.e. 10,000 years. This leads to quite reasonable demands on the

reliability of fire protection, as shown in Table 2.

- 10 -
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ig the calculus of extreme value524. Johnson ', for example, considers the

variable X = —g-j—_s— , where o is the standard deviation of the
variable X = R - § , and supposes that it has the distribution of extreme

values P (- & ), given by
- exb (-1 -c- - -
4’(‘*)-% rFC(': o -c-ep (1o ).

However, to make any progress with this approaéh the way in which 4 varies

with R must be known. This approach warrants further study.
APPROXIMATE METHCODS QF ASSESSING SAFETY

Some of the difficulties of an exact analysis of safety through the medium
of reliability analysis have already been mentioned. In addition there are the
formidable difficulties of specification of an acceptable risgk, with its
attendant legal problems, and the technical difficulties of exploring the tail
of a distribution through surveys, extreme value theory, etc. These problems
are common to all branches of structural engineering, where exact mathematical
models are not always available, there is incomplete data on strengths and
loads and where a fairly simple code of practice is the desired end product.
Several approximate methods have heen proposed which avoid some or all of the
difficulties, by removing the necessity for exact specification of failure
probabilities, distributions etc.  One such methed has already been described
above (the extended reliability concept), in which a 'factor of uncertainty'
was included to allow for the quality of data and the underlying mathematical
model, and the specification of a failure prcbability was avoided by
transferring the decision to the stage where characteristic values of R ana

S were chosen,

Cc::r'nell13 suggests that uniformity of risk is more important, and that
existing engineering experience should be relied upon tc set the standard. The
method is based on the observation that in reliability analysis safety is
governed largely by the number of standard deviations of the mean value R - S
from zero, denoted by % so that

S
st dev CQ"S)
& is defined as the 'safety index', and it is asserted that uniformity of risk

follows if is held constant. It is convenient to express results in terms

of a safety factor ﬂ/ , defined by 0’ l

R
. = '— L= 4:'.
& £ hen F (G’ZVR2+V5?')
- 12 =




Table 2

Degign reliability of fire protection base on a
return period of 104 years

Design probability
of failure in
8 given fire

Industry .023
Houses <37
Commercial - shops .12
Commercial - offices .18
Assembly - entertainment .008
-~ non-residential .05
Residential - clubs, hotels ete .027

Residential - institutions -

Storage .083

CHOICE OF PROBABILITY DISTRIBUTIONS

A further point of difficulty that arises in the estimation of failure
probabilities, is the estimation of the distribution funciions of fire
gseverity and fire resistance. There are no data at present to estimate the
distribution of fire resistance, but as demonstrated above, one can estimate
the distribution of fire severity from data on fire loadings and experimental
results, However, a statistical difficulty arises because failure is a very
rare event, so that the chief interest is in the tail of the distribution, where
the data are few and uncertainty is greatest. One possible technique is to fit
a known distribution to the data, but the result of this is usually indecisive,
giving two or three distributions with equally good fit, but differing

sometimes by one or two orders of magnitude in the tail9,

A further philosophical difficulty arises because of the interpretatién of
the function of building controls. Consider a population of buildings of a
given type, and suppcse we agree on a probability of failure,q)F , ag defined
earlier. As the population size increases the expected number of failures will
also increase, so that if the function of building controls is to protect a
population of buildings rather than individual buildings, then there should be
.a higher standard of safety in the larger populations. Clearly one is
interested in the way in which the safety margin R -9 wvaries with population
size, and it is evident that as the number of buildings at risk increases so

the smallest value of R'- S will decrease. The technique for this problem

- 11 -



In both of these theories, the parameters , and the partial safety

factors may be derived by calibration with existing codes of practice.

From a practical point of view these methods are attractive, relying only
on the first and second moments of the statistical distribution, .or on the
likely error in caleculation., PFurthermore, the need to specify a pmbablllty
of failure is elimimted, and design is through the more famlllar factors of,
safety. The theory requires some adaptation, however, for appl:.‘.,atlon to- flre

problems, which lead %o some sl:Lglr'c complications. It 1s proved above that

¥ PE |
Now, if the risk due to fire is to be the same as the risk due to ofher

L

structural design features :PF must be the same, and may be derived from the
vealue of . once a distribution of R - 8 is given. However ‘the safe'ty
index, ﬁ , refers only to the probability of fallu;r"e given ven tha‘c a flre has

occurred so that F takes no account of fire frequency.
T |
and since L1> < | :P >¢,F and therefore the acceptable value of F for

fire is less than for structural design for everyday loads.

For example, Cornell gives = 4 for'structural design, sc that if
R - S is normally distributed,

:PF = 3 x ‘IO_5

Now for offices, l\—‘) = 0.03
PF
:P.F - kp

= 1077

Hence, assuming once again a normal distribution for R - 5 , for fires-in

Incidentally, to achieve this degree of safety, ,
i

offices,

{
VR < F
so that fire resistance ratings of materials including allowance for variability

of materials, testing,. workmanship etc must be known to an accuracy of better

than 33 per cent.

- 14 -



where VR ’ VS are the coefficients of variation of R and O .

One interesting result that emerges from this treatment follows if we

invert the equation to make g the sub,ject of the equat:u.on

Then O = I+ F’(VR + Vs F VR Sz)

Pve

This equation has a solution if and only if

Vp & VF

implying that some levels of safety cannot be achieved if the variability of

the fire resisting protection is too great. This result is obvious on

intuitive grounds, but, it is useful to have an analytic proof.

Cornell shows that VR and VS may be calculated on the basis of the
variability of different elements of the problem.

1f R =¢ MFP, then \IR = (Vh2'+ Vr_-?‘ + sz)"i
and § =k TE , then Vg = (% 4 sz)"i

where M represents material strength (e.g. variability of materials)
F represents fabrication (e.g. standards of workmanship)
P the influence of professional assumptions (e.g. variability of
fire tests)
T  represents the variability of loads
E is an error term presumably associated with errors of mathematical

model,

Ravindra, Heaney and 1ind?> show that the specification of the safety
index P and the calculation of the coefficient of variation on the basis of
variability of materials, workmanship, loads etc is approximately equivalent to
defining a safety factor ﬁ , which is derived as the product of a number of
partial safety factors, each associated with one of the variables M , F ’ P
T and E defined above, so that

&= 6g 0

= &maFelpejeé

- 13 -



Characteristic loads and sfrengths are calculated on the basis
" Characteristic load = mean load + K1 ¥ gtandard deviation.
Characteristic strength = mean strength w|(2' x standard deviation,
where K’ , KZ. are chosen so that the chance of exceeding the characteristic

load or of a sirength less than the characteristic strength is small.

The characteristic values take into account the expected variations, but
do not allow for loads significantly diffsrent from those assumed in design,
lack of precision, in design calculations} inadequacy in the method of analysis
used, dimengional errcrs in construction which alter loads or effects of loads
or variations in strength cue to deteriorations with age; variations of
guality ete. Partial safety factors are, thersfore, introduced for each limit
state, so that the design load is the characteristic load multiplied by a
partial safety factor Xﬁ and the design strongth is the characteristic
strength divided by a partial safety factor for the material(Xn1) appropriate
to that limit state. In principle, the overall or global load factor is
obtained as the product of the two partial safety factors, so that global load
factor = Hé E}n . The partial safety factors take on different values for
each 1limit state and for different matsrials etc, and are adjusted to take some

account of the seriousness of a partizuiar limit state being reeched,
SAFETY OF LIFE

Building controis are based almost entirely on laws to prectect life safety,
and whilst the engineer has & ¢lear responsibility in the field of eccnomy and
serviceability, the main prescccupation of any thecry of =tructural safefy to be
used in legislation must be the snalysis of 1ife safety. Unfortunately, this
analysis is nct easy te perform for a giver. legree of structural saféty (i.e.

a given:PF ), more so, in fire, where death can result from a variety of
causes such as fire spread, asphyxiation, bduilding collapse, and whereas
collapss through excess loads is likely te be sudden and catastrophic, fires
last often some hours and means of escape are provided, apart from the rescue
operations of brigades. At this stage of the research it is not very fruitful
to attempt to analyse the hazard to 1life due to varying standards of fire
resistance, although such an analysiz may b2 possible in tall buildings where

evacuation is impracticablie,

In the meantime it may be ussful to measure the risk of death or injury
due to fire agasinst the many other risks that human beings run. This approach
has long been recognised in the aircraft in&ustry in connection with
structural safety, and in hazard analysis in the chemical industry, where effort

is concentrated on eliminating those hazards with the highest accident rate,
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An alternative approach is to re-calibrate P against existing
regulation on fire, thus sacrificing uniformity with other risks in building
design. For the distribution ﬁé (Ro) of Fig.1 for office buildings, the
mean severity § = 25 min, and the fire resistance specified by regulations
j@? Ko = 60 min. Hence, the factor of safety

6 -

cnl’zﬂ

= 2 approximately

r-1
(>“e26y2*“V52:)z
= i)

(;44/R2 + \@52 .)%L

2
From Fig.1, Vs :—'.5— , and if we assume VR = _:'a

F=1.5

a value much lower than that derived earlier. Even with this approach there

must be a rational preocedure for modifying to allow for varying
frequencies of fire in different occupancies, and this requires some

assumptions about the statistical distributions of R and §.

LIMIT STATE DESIGN

Limit state design is widely employed in European countriesos’ 28,29

as a basis for codes of practice for reinforced and prestressed concrete. An
excellent review of this approach has been given by Rowe10. In this field,
the engineer requires to provide safe and serviceable structures at an
economic price, that is with due regard for economy, there must be a
reasonable expectation that the structure will not become unfit for its
intended purpose during its life., Unfitness for use will occur when a part of
the whole of the structure fails, suffers excessive deflection or sustains
excessive local damage such as cracking; the stage at which this occurs is .
described as the limit state., Limit states may also be reached as a result

of excessive vibration, fire, deterioration or fatigue, but it should be noted
that so far there appear to have been no attempts to define the limit states
for fire. The object of design in this approach is to avoid any limit state

being attained.
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or those which exceed some critical level. It is found in military aircraft6,

for example, that an acceptable structural accident rate is in the region of
1 per 107 flying hours; wunder war conditions this rose somewhat, but pilots
and crew regarded types structurally dangerous when the accident rate was

greater than about 5 in 107.

Kletzso, following Sowby31, gives the following fatal accident rate per
108 expoged hours.

Staying at home 3
Travelling by car 57
Motor cycling 660

The risk to an able-bodied man at home is much lower - probably about 1 in 108.

FPry has presented fire data, from which the number of deaths from fire

per 108 exposed hours may be calculated:

Hotels 1
Dwellings 0.1

It is clear that the risk of death due to fire is much less than the many
other risks that the public take in their everyday lives and occupations.
However, one may question whether it is wvalid to compare accident rates in
different pursuits and occupations. One travels by car because of the benefits
conferred, such as cbnvenience, saving of time, economy etc, and implicitly

accepts the higher risk of death to enjoy these benefits. Hence the acceptable
‘ risk is influenced by the benefits - effectively an implicit cost-benefit
approach. The same argument might apply to risk of death from different causes
within the home, although the cost-benefit aspect is not so well defined.
However, recent public disquiet about the incidence of deaths from fire in hotels
indicates that the risk of 1 per 10° exposed hours (an order of magnitude
higher than in dwellings) is not acceptable, and this could be taken as a

measure in other occupancies.
DISCUSSION AND CONCLUSIONS

This paper has been devoted to a summary of some of the more important
methods that have been proposed in the literature for assessing the safety of
a structure and for determining what constitutes an acceptable risk, In fire

there are many basic phenomena which must be considered in design:
i. Pire loads, room shapes, size etc are all variable.

ii. The severity of a fire is curtailed by the brigade, but the time
of discovery of the fire, and hence the time at which the brigade

arrive, is a random variable,
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iii., The expected frequency of fires varies over a considerable range
for different types of hazard. LR R

iv. PFire protection devices such as sprinklers cor deiectors ﬁay be -

present and act to reduce fire severity.

v. The fire performance is assessed in a standard furnace test, and
this assessment is itself variahle, reflected in the variability

of the furnace test.

vi. The properties of the materials used in practice are variable, and

workmanship is not always subject to strict control.

vii. The assessment of fire severity depends on experiments and
calculations which may not only be inaccurate, but also represent

reality with differing degrees of accuracy.

viii, Knbwledge of fire behaviour depends on materials used,'desiéﬁ of
buildings etc, and these are changing rapidly. The lifefime of a
building is probably abcut 50 years, so changes in material and-

design have to be predicted over a considerable period.; -~ - +°

ix. For use by designers, and in codes of practice, it is essential
that methods of assessing risk should be fairly simple and easy to -

usge.,

It is clear that there are two kinds of wvariability %o be éonéidered.—
statistical and non-statistical (but probabilistic). Statistical variation can
be measured by collecting data, and includes fire loads, fire frequency,
effects of brigade action etc., Won-statistical variation includes the various
uncertainties of design, such szs relevance-of the calculatiomns, fubture trends
and to some extent the relevance of fire testing. Reliability analysis
clearly only ccpes with variation which can be measured statistically, and it
is not easy to incorporate in codes of practice. However, the extended -
reliability approach of Ang and Amin offers a tool for coping with the
renaining uncertainty, with viable alternatives in the first order approach of
Cornell, Ravindra et al. It seems clear from modern practice and
recommendations by authoritative bodies that the most acceptable approach to
engineers lies through the definition of characteristic values of severity and
resistance on a statistical basis, in conjunction with a factor of safety
expressing the degree of uncertainty in the design. The factor of safety may
be calculated as a product of a number of partial safety factors each

assessing a different source of uncertainty. This is the basic approach of
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limit state theory, now widely accepted and to be incorporated in standard
codes of practice. The approximate methods offer a way of calculating these
safety factors, and the work of Ravindre et al justifies the use of
independent partial safety factors to allow for basically inter-related

sources of uncertainty.

The object of engineers is to design and menufacture structures which :
are both safe and economic, and this philosophy should also be appropriate'in:
fire engineering. However, the definition of safety and the specification of
acceptable rigks presents some problems which are discussed briefly in the
paper. The economics are also somewhat uncertain, particularly where the
safety of life is concerned; 1little is known &sbout the interaction of 1life
safety and structural safety or the effectiveness of existing life safety and
structural safety or the effectiveness of existing life safety measures. One
approach is to accept existing practice as representing the best prectical
solution, particularly where traditional buildings are concerned, and to
calibrate safety factors, probabilities of failure, i.e. risk, against existing
designs., This approach has been suggested by other suthors and has the virtue
of ensuring uniformity of risk, so that future designs may be no more or less

safe than traditional designs.

These problems have still to be sclved in fire engineering, and many
avenues of approach yet remain to be explored. The object of this note is to
introduce the subject and to examine some of the methods available for the study

of safety on an analytical basis.
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