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ABSTRACT

~ Fires can be considered a causal chain-of-events in which the growth
and spread of fire may cause damage and injury if it is rapid enough to
overcome the barriers placed in its way. Fire tests for fire resistance
of the barriers can be used in a quantitative risk assessment. The fire
growth and spread is modelled in a State Transition Model (STM). The fire
barriers are presented as part of the Fire Protection Model (FPM) which
is based on a portion of the NFPA Decision Tree. An Emergency Equivalent:
Network is introduced to couple the Fire Growth Model (FGM) and the FPM
so that the spread of fire beyond the room-of-origin can be computed. An
example is presented in which a specific building floor plan is analyzed.
to obtain the shortest expected time for fire to spread between two points.
To obtain the probability and time for each link in the network, data from
the results of fire tests were used. These results were found to be lacking
and new standards giving better data are advocated.
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INTRODUCTION

The quantitative assessment of fire risk requikes a rational framework

" to measure the "fire-safety" of a building or other structure. Harmathy!
4:has defihed a‘fire-safe‘building as- one for which there is a high probability
- that a]]voccupants will survive a fire without injury, and in which property

] damage will be confined to the immediate vicinity of the fire area. Under
certain circumstances, such as for nuclear reactors, the criteria would need
~to be changed slightly, but, in general, the definition can be applied to
many buildings or other structures and systems. Note, however, that this
definition is conditional in the sense that it assumes that a fire will occur,
and it is_the'impact of such a fire which is being minimized.

Friedman2 starts his ané]ysis of the threat from a rapidly growing fire'
at an early stage and he defines his framework as the product of two proba-
bilities:

- "1. The probability of ignitioh, for a given ignition
: exposure specified by the scenario.
2. The probability of being unable to escape or be
rescued from the fire before the escape route is
blocked by heat, smoke, toxic gases, etc. (This
probability clearly depends on detection time and
on the degree of mobility of the occupants, as
well as on the rate of fire growth. Accordingly,
some people will fail to escape even from a very -
slowly growing fire)." |
Friedman dpes not develop the probabi]ity'of ignition although he notes
that it may be deVeloped in a "straight forward manner". He represents the
fire growth with an exponential equation which yields a range of "fire
doubling times" for a variety of fuel materials. He then develops a ratio -

 of critical threat variables that relate to the manner in which the fire is

detected and to the manner in which it reaches the critical condition.
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 One of the éssentia] steps in establishfng a'quantitative assessment
of fire risk is to separate the diverse and complex issues of unwanted
fire so that they cén be treated individually. Williamson3 has suggested
that every serious fire haS'twaessentjal characteristics: -one, it can be
- considered as a causal chain-of-events, and two, the element of time is of
‘Q1timaté ihportance. "But for the rapid growth of the fire in a particular
location" is a typical phrase that almost always marks the difference between
a serious fire with a tragic ending and an incidental fire which was easi]y\
controlled. This "sine qua non"™ (but for the presence) logic and the element
of time are important components of a universal fire model. Therefore, in
the following section a State Transition Model (STM) of fires will be intro-
duced which_répresents‘the growth of the fire in the foom-of—fire-origin
and its subsequent Spread beyond. |

The fire resistance tests of walls and f1oor/cei]ing assmeblfes, as

well as of the eiemenfs interrupting the integrity of those asseéb]ies, such
as doors, windows, pipes and gab]e penetrations, are ihtroduced in the risk
vassesshent as quantitative.data cbﬁcérning the abi]ity of those components
to contain fire. The fire tests for f]ame'spréad aﬁd the full scale fire :
gréwth experiments are dsed to quantify the growth of fire in the room-of-
origin, and then, once the containment elements are'breached, its spread to
other spaces. The quantitafive assessment'of fire risk is Strongly dépehdent

on the'qua]ity and completeness of the information provided by the fire tests.



STATE TRANSITION MODEL

Williamson3 presehts a- method for combining both}aeterministic and
stochastfc modelling techniques for unwanted fire which is based on a State
: Transition Model (STM). This STM is flexible enough tovaccept theoretical,
experimental a; welT as subjective informatibn.' Williaméoh's formulation
of the prdeem is,based on the féct that though there are a number of
distinct aspects to any serious fire, they all have a common time coordinate,
and ceﬁtain'events’can be identified‘as being particularly significant. Any
~ complete model of unwanted fire development must be able to answer the

fol]oWing four questions:

1. MWhat is the extent of fire growth with time?

2. What is the extent of spread of combustion products
(smoke) from the fire as a function of time?

3. What are the roles of people with the fire in causing its
' ignition, in fighting it and possibly in becoming its
victims? | : :
4, What fire protection téchniques can be expected td pre-
vent the spread of fire and smoke?
Each one of these qﬁestions can be 1ooked’upon as a separate issue
-and can be;uti1ized as a subsection of .a complete model. One way to
visualize thisvbroceés is to compare it to the "separation of variables"
common to solving. many determfnistic problems uti1iiing differential
equétioh%. The complete model thus consists of submodels which are defined
in terms of énswering the four questions.abdve.
. ThiS first question can be answered by a Fire Growth Model (FGM), the
second by a Smoke Spread Model (SSM), the third by a Human,Resbonse Model
(HRM), and, finally, the fourth by a Fire Protection Model (FPM). Each of

these subsections of the overall model can be formd]ated as state transition

models which are divided into separate states or realms that represent the
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(a)
Bdsic Living Room

FIGURE 1:  Schematic Disgram of Flame Spread in .
Room-of-Origin from Ignition to Flashover. -
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conditions of the fire appropriate to each subsection of the complete
model. |

The FGM can be cons1dered to g1ve a runn1ng account of the f1re until
1t is conta1ned by barriers or it has been extinguished by manual or auto-
matic suppression. Williamson" presents a FGM that is based on dividing
“the fire growth process as if it were a fu]]-sca]e experiment ie which a
inen product is expoSed_to an ignitionwsource, and the growth of the fire
" is recorded as a function of time. | | |
If the_initial'state before the fire is called "I", fhe subsequent
~ states can bear the letters that follow in the alphabet, J, K, L, M and
N: If the unwanted fire is inside a building or similar structure, it
will proceed in a menner.simi]ar to that shown schematically in Figure 1
for a living room fire. Figure 1{(a) shows the room before the ignitioh
events which\start the fire scenario. A fire could have etarted in a number
of locations, but we have chosen the waste paper baskei and Figure 1(b)
shows‘a plume of flame end smoke rising out of that location. This depicts
state J since only the weste container, and no other objecf has been ignited.
It is important to note that the flame does not reach the ce111ng a]though
there must be convect1ve heat transfer to the ceiling since heated air and
combustion products rise to the ceiling. The black "smoke-cloud" above the
waste bésket can be considered to schematicaf]y'represent the buoyant heat
plume as well as the smoke per se, and this heat and smoke will "pool"
in the upper portion of the room. This pool of hot gases and smoke w111
be at least as deep as the soffits of the highest door or other opening
in the room.

In his full scale experiment which would corfespond in a more general

household fire scenario to the ignition of the wall or furniture, Williamson*



-6-

. defined.the end ofvstate J and the beginning of state K as the ignjtioh
of the specimen. . There may be multiple ignifions in the vicinity of the
_origina] ignition source, but if a fire is to become serious, the actual
‘number of.burning objects is not as important as the éonditions in the
zone of hot gases filling the upper portidn of the room. At this state of'thé
fire growth, the instance the fTames,reach the ceiling constitutes one
~.of the most important events since combustible gases, or the ceiling itself,
if it is combustible, can ignite and cont}ibute,to the burning in fhé room.
Thé'flames shown in Figure 1{(c) have reached the ceiling and are ;préadingv
‘along its surface. These flames add to the heated =ne at the ceiling and
reinforce the radiation which is bathing the room. iOne of the important
conseduences of this radiation‘is that other combustible materials can be
ignited, as schematically shown in Figure 1(c) by the papers on ﬁhe desk and |
the couch near the windows. Following ignition of the wall or furniture,
the moment when the flames first reach the ceiling thus stands out as the
next most critical occurence in the thain-of-évents of fire growth. Willi-
amson chose it to denote the end of state'K and the beginning of state L.

| As more and more heéf builds up ih the room, there is a point in time,
known as flashover, when all of the combustible materials in the room can
ignité and begin to contribufe to the fire. From that moment, the fire in
such a room is conéidered “fully involved". The flashover étate_is schema-
tica]Ty shown in Figure 1(d) where the windows afe broken due to the thermal
shock and flames are shown spreading out through both the windows and the
doorways. Fifes will rarely cause injury to very many people 6r cause large
property damage unless they reach flashover in at least the room-of-origin,
and, in general, such fires are also characterized by rapid fire spread

beyond the room-of-origin. ‘Williamson shows the flashover event-as the end
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of state L and the beginning of state M which is the 1nitfa] state of the
fully iﬁvo]ved room fire. Staté M is characterized by an air supply which
is insufficient to comp]etely burn all of>the contents within the boundaries
of the room. This ventilation conpro]]ed portion of the fire has ended
when enough fuel has been expended or more openings have been sUpp]ied:to
af]ow most of the burning to take place in the room. That event endé state
M and begins state N which, unless new fuel is supplied, or the air supply
is diminished, will be the final state of the fire. |

The definition of these states of fire growth in a room are as follows :

I - the initial pre-fire period of time which ends with
the ignition of the "source".

J - the period of time from the ignition of the source until the
ignition of the wall and/or furniture.

K~ theAperiod of time from ignition of the wall and/or
furniture until flames touch the ceiling.

L - the period of time from when the flames first touch the
ceiling until full involvement. (flashover) occurs.

M - the period of time from flashover until there is enough
air available to burn the fuel in the compartment, and

N - the period.of time from when there fs enough air available
to burn the fuel in the compartment until the fire has
burned out.

An event diagram, such as the one in Figure 2, can be constructed to
represent this fire growth mode]. The fire can terminate in any state, and
generally, until flashover, the fire can be considered confined to the oriQina]
compartment; It is during state M that the fire is most likely td spread
thfough openings in the walls or ceiling. In the adjacent sbace; the fire
growth process then starts from a new state J in which the flames emerging

from the room-of-origin can be considered the ignition source. This is

schematically represented by the symbol in Figure 2.
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This paper wi]f concentrate on tﬁe Fire Growth Model (FGM) and the
Fire Protection Model (FPM)- and it Wil]‘not explicitly develop the Smoke
Spread Mdde] (SSM) or the Huhan Response Model (HRM). The Fire Protection
Model (FPM)-cgnsists of three distinct elements: "Control Combustion
Process"; "Suppress Fire"; and "Control Construction” as described in the
Awe]]-known National Fire Protection Association's Decision Tree under
the heading, "MANAGE THE_FIRE"S. That portion of the NFPA Decision Tree
is shown in Figure 3 for i]]dstratiVe purposes. This decision tree is a
success tree with the top event denoting the satisfactdry managehenf of
the fire to prevent injury or loss of property. This type of success tree
is the dual of a fault tree in which the top event would be the loss of fire
control leading to fire injury or property loss. The FPM is more appro-
- priately described by a success tree since it is designed to manage the
fife rather than to allow its uncontrolled growth. While the FGM focuses

on fire growth, the FPM essentially opposes it.
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APPLYING FIRE TESTS TO QUANTIFY THE STM

Both the FGM and FPM can be quantified by the use of fire test infor-
mation. The FGM can be quantified by the use of fu]]-sca]e fire growth
tests3,* and by the use of tunne]-tést information® One of these branches,
“Control by Construction," is quantifiable by using fire resistance test

results. It is assumed here that flashover has occurred ih_the roqm-ofé

- origin. It should also be remembered that the containment of a fire depends
on thevwalls, the doors, the ceiling and perhaps other bdi]ding elements
such as windows or cable and pipe benetrations. ,

The quantitative devé]opmeﬁt of both the FGM and FPM wii] be presented
through the use of an example. Let us suppose that a cértain building is
being considered for rehabilitation. Figure 4 shows the floor pfan of a
high rise office building constructed in the.late 1930's. The arrows pdint
to the only stairways which provide escape ffom each floor. -The many offices
on both sides of the dead-end corridor labelledlA-B could be fso]ated.if a
~ fire started in an office such as No. 1, and then blocked the corridor
between No. 1 and 3. Moreover, the corridor doors and transoms in the
actual building are 90%}p1ain glass (as oppqséd to wire glass), and once
a fire has fully invoiyed an office, such as No. 1 in Figure 4, it would
break the glass in the door and transom and spread smoke and fire into the
corridor. Not only WOu1d this prevent the escape of everybody in other
offices served by this corridor, but it would also cause the plain glass
in the dbor and transom of the opposite office; Office No. 3 to shatter and
allow the fire to spread within that épace. The fire would'then,prQCeed
down the corridor from A to B entering the remaining offices by way of the
plain glass doors and‘transoms. More than thirty floors of the building |

" have the same basic floor plan.



stairwcyj'
-G .

FIGURE 4; 23rd Floor of a High-Rise Office Building Built
" in the 1930's. Entrance doors to all offices have
plain glass covering approximately 90% of their
area. There are also plain glass transoms.
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At the start of our fire risk assessﬁent we can see that the conflgura-
't1on of Rooms 1 through 4 shown in F1gure 4 can be schemat1ca11y represented'
by the e]ementary floor plan in Figure 5(a). The rooms are simplified to
squares and the corridor is represented by the segments C, and C, which-
are opposite Rooms 1 and 2, respective]y Then in order to enable us to
_ cons1der the spread of f1re beyond the room- of or1g1n the f]oor plan is
transformed into a graph as shown in Figure 5(b). This is s1m11ar to the
process deécribed by Dusing et a17. Each link in the nefwork represents a
'bossible roufe'of fire spread for the FGM.and some of thé 1inks are exit

paths for the HRM.

Rm 1 ¢ - Rm 3
Rm 1 C Rm 3 B T 1
} O
O
o wld aw
b
|
o
8 .
Rm 2 Rm 4 ‘
C2 .
é —e )
- Rm 2 C2' Rm 4
‘ : : .
(a) Floor Plan (b) Correspond1ng
' ' ’ _ ' Graph

“FIGURE 5: Illustration of Transforming a Floor P]an
‘ into a Graph. «
The methodB_to be used in this paper for calculating the expected
shortest time for the fire to spread from one compartment to another is

based on the premise that the duration of fire resistance of each barrier
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element, and the duration of the fire to fully develop in each compartment
have a given independent discrete probability distribution.'_We.shall
begin by showing how to construct a discrete probability distribution from .

fire test data. First, partition the time axis into equal spacing interyals.

‘Then, construct a histogram for the duration of the fire resisténce of a

particular material and element. From this histogram, a discrete distri-
bution can be made by collapsing everything within each interval into the

midpoint of that interval. For éxamp]e,'the fire resistance of various

10.16 cm (4™) clay tile masonry‘Wa]]s(is reported to vary between 10 and

35 minutes®.  There are eleven differentvfire tests on exposed clay tile

assemblies which can be used to broduce the histogram shown in Figure 6(a).
This histogram can then be replaced by the discrete distribution shown in

Figure 6(b).

4 4»\
6 - _6 -
4 4
> ,
(&)
=2
o}
8.
&
2 2
0 > 0 T T T T >
0O 10 20 30 40 , o 0 10 20 30 40
TIME (MINUTES) o 1_ _ TIME (MINUTES)

FIGURE 6: Histogram of Discrete Distribution of 10.16 cm (4")
Clay Tile Walls. : :
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The discrete distribution for this 10.16 cm (4") clay tile wall is:

by = 0.091 (1/11) at t=75 _
| pp, = 0.273 (3/11) at t =15
o (t) =4 '
p3 = 0.545 (6/11) at t = 25
= 35

oy, = 0.091 (1/11) at t

If. we assume that Room 1 is the room-of-origin, and that once a com-
partment has been burned out, fire cannot return to that compartment, then
the graph shown in Figure 5 can be modified to represent the spread of fire
and the passage of time. It now becomes the FGM network, and is schematica]]y
arranged in Figure 7 to show a flow of’time to the right."The nodes denoted
by a prime represent a fully developed fire in the compartment. Three
different types of links are'identified. The first corrésponds to the fire
growth 1n a compartment, the second to the fire breaching a barrier element,
‘and the third to the fire spread along the corridors. To each link i, a-
pair ofvnumbers-(pi,ti) is assigned. 1In this paper P; representsvthe
"~ probability that a_fire will go through‘link i, and ti represenfs the time

that is will take for such a fire to go through link i.
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- The number pair (pf,tf) represents the probability and time for the

fire in the room to progress from state J through state L, i.e., to become

fully involved. The flashover time, tf,‘in a room varies according to the

type of wall and ceiling lining material used, as well as the room's contents.

For this example the FGM in each space is simplified by taking the approach

of Lie and giving a probability distribution based on flame spread or

reaction to firevtestSG., Figure 8 shows Lie's estimates for time-to-flash-

over ‘of three levels of performance represented by a flame spread classifica-

tion of 25, 75, and 150 as measured by the Tunnel Test, ASTM E-84, or the

Dutch "flashover" test. It should be noted that the authors doubt the

~validity of this behavior for plastic 1ining materials, but consider it

to be realistic for cellulosic materialslO,

FREQUERICY OF OCCURREMCE

FIGURE 8:
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CONTFRIBUTING

150 TUNNEL TEST (3.8]
0.05 .:al /em? §
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NON
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0.4‘:::!/:«\2 s
FLASHOVER TEST {3.21]

o

|

20

FLASHOVER TIME, MINUTES

Frequency of Fires with a Certain Flash-

over Time for Rooms Lined with Materials
which are Strong Contributing, Moderately
contributing and Non-Contributing to the
Fire Growth.®
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The section of the_corridof. Cis opppsite Room 1 is treated as a
sepérate fire cdmpartment and is assigned a (pf,tf) for the link from
C, to C;' . The number pair (ps,ts).represents the prdbabi]ity and time
for the pre-flashover spread of fire along the corridor from C; to C,.
“As a first approximation, one could consider the probability of pre-
f]ashovér spread of fire in.the,corridor from C; to C, to be governed by .
the flame spread classification of the corridor's finish materials on the
walls and ceiling, as measufed'by a test method suéhvas the ASTM E-84,
Tunnel Test. This again would be limited to cellulosic materials, although
a detailed review of the test results could yield information'fok pfastic
lining materials.

Once fu11 involvement occurs in C (i.e., the node C;' is reached) the
fire spread in the corridor is influenced more by the venti]ation iﬁ the
corridof and by the contribufion 6f Room 1 than‘by the material properties
of the corridor itse]f}l. Thus, there is a separate link, C;' to C, which
has its own (ps,ts).

The number pair (pb,tb) represents the probability of failure of the
barrier e]emeht with tb representing the endurance of fhe barrier element
as measured by a standard fire resistance test such as ASTM’E-]]Q.. Bérriers
may consists of such components as walls, ceilings and doors. Penetrations,
such as pipfhgvor cables through walls, will affect the fi}e resistance of
barrier elements. If not proper}y protected, the penetration tends to

increase Pps and decrease t With regards to doors, an open door would

b*
-offer no resistance to fire spread, and tb would equal zero. On the other
hand, if the door is closed, tb would depend on the type of materials that
the door is made of. Figure 9 on the next page shows some distribution of

ty for doors based on the authors' subjective judgement. The probability
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of doors being open would depend on the presence of Self-c1osing'devices and
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the absence of door stops.

A
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M \ RATED DOORS [/
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FIGURE 9: Frequency Distributions for Fire Containment

by 3 Types of Doors.
subjective experience.
a zero rating.

These are based on
‘NOTE: Open door has
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COUPLING THE FGM and FPM

As shown above, the FGM and FPM can be quantified by the use of fire
test data, but to solve the problem of determining the risk of fire sbrgad
it is necessary to couple them together. We have chosen the use bf an

- emergency equivalent network. This is an abstraction of the giveh network

in which (a) eachllink has a Bernoulli probability of succeés, (b) the link |

deTay time is determinfstic, and (c) the expected.shortest time_between two

points {h the emergency equivalent nétwork is equairto the expécfed,shortest
time in the original network. If in- the original network one 1ink, say the

”1ink between nodésAj and k, has discrete probabi]ity‘distribution:

for t=t, m= 1,2,...r,

°m

ps Ffor t=o

j=1 1

©
1]
—
1
fl ™M=

then the transformation into an emergency equivalent network can be accom-
plished by replacing the (j,k) link by r parallel links (j,m,k), m = 1,2,...4,
where each link (j,m,k) has an independent probability of success p, and '

associated time t where:
P1 = p1

Pp = fp (1 -

([ e}

p:)” ., m=23,...r (1

If we are interested in the expected shortest time for the fire spread
between two nodes in the network, call it the source node and the sink node,

we have to list all the possible paths between these two given nodes.
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Many different algorithms are available to find all the paths12. Let
Pl,_Pz,...,Pn be all the paths going from the source to the sink node. For
each path Pi’ i=1,2,...,n, find the travel time Ti and the probability

P where:

Ti‘ = T .t P, = i Pj (2)
link jeP; T 1ink jeP,

Number the na;aths such that T1<Té<...<Tn. Let Ei denote the event that
path Pi is connected. That is, with brobability greater than zero, fire will
spfead throuéh each node in Pi' Let Qﬁ_dénote the probdbi]ity that the fire
will spread from the source to the sink node via one or more of the paths

PI,PZ,...,Pm. That is mathematically:
Q = Prob [E; UE, U ... UE] | | (3)

Let the conditional probability that paths P; or P, or ... or -1

are connected, given that path Pm is connected, be denoted by PUlm' That is

| PU|m

= Prob [E; UE, U ... UE | ]

=P =Q = 0. We then obtain PU|m from Q_ _, using

Let us define P U]

ujo

Popm = [Qpaadp (4)

where subscript Ph indicates that all the l1ink probability associated with

< 1
-Pm are set equal to unity in the subscript expression. Using basic probabi-
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1ity theory we can then show that: |

U = Qpy * P [V - PU[h] - L (%)

where P_ is the probability that path Pm is connected. Equations (4) and (5)

can be used recursively to determine expressjqns fqr PU}]’ pulz,...,Puln.

The probability of cohnectivity R is then given by: S
R .= Pl + P2 (] - PUIZ) +. cee +pn(] - PUln) (6)

. . S : .{
and the expected shortest time for the fire to spread from the source node
to the sink node, given that the two nodes are connects, T, is>given by:

T = [TyPy + T,P, (1 -'Pulz) + o+ Tth (T-PUln)]/R (7)
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NUMERICAL SAMPLE SOLUTION

Let us gd back to the examb]e stated abbve involving unrated doors on
the corridor. Take the floor plan shown in ngure 5(a) and suppose we want
to find the expected éhortest time for a fire t6 spread from Room 1 to -
_corrfdorbcz, given thaf Room 1 has igﬁited; This‘woh]d indicate
fire growth is such as to make the ¢orridor'unavai1ab1e-f0r either an
_exitway or for access for fire suppression in the rooms a1ong_thé Cofridor.

The following assumptions are made for this i]]ustration::

1) ANl the.paths‘invoiving Rooms 3 and 4'are ignored.

2) The room-of-origin (Room 1) as well as the other rooms are
* to have contents and lining materials that are characterized
by Lie® to be moderately contributing to fire growth and thus,

“according to Figufe'8, has a tf of 10 mindtes.

3) The probability of a fire.in the room-of-origin to grow

to flashover is 0.50 (1/2), and in the 6ther rooms it is 1.

_ 4) The}fnitia])assumption will Be that all rooms.have p1aih glass
doors without self-closing devices leading to,tﬁe;corridor.
This will be modified later to illustrate 5 shift to self-
cloéing‘zovminUte doors. It will be assumed that the'probébi-v

lity of a door being closed is 0.50 (1/2). This gives:

.pi =, 0.50 (1/2) at t = 0 minutes

P2 0.50 (1/2) at t = 5 minutes

Using formula (1) resu]té in having two links between rooms and

corridors with (p{,ti)_being equal to (0.50, 0) and (1, 5).
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5) - The walls between the rooms are 10.16 cm (4") clay tile maéonry'
wa]is U51ng the discrete distribution shown earlier and equation
(1), we have four links between rooms with (p ot ) be1ng equa] to
(0.091, 5), (0.30, 15), (0.86, 25), and (1, 35), respect1ve]y.
Notjce.that*the app]ication of equation (1) fésultsvih.thé fire
having a probability of 1 of eventual]y breaching thg_wa]l in

35 minutes.

6), The differentiation of C; and C;' will be dropped for this example.

An open door or a plain glass door wi?]}cause a very severe fire
in the corridor;;and transition to flashover in the corridor'will
vbe very rapid. To-estimate the fire propagation frbm'cl to C,
we will rely on NBS Corridor Test data reported by Fungl3,
 Neg1ecting thé inc]usibn of the initial fire'growth, this data

\
gives the following distrubtion:

7.5 minutés

o1 0.50 (1/2) at t

12.5 minutes

pp = 0.125 (1/8) at t

This results into‘having two links between C; and C, with (pi’ti)

becoming equal to (0.50, 7.5) and (0.25, 12.5), respectively.

An emergency eduiva]ent network to fepreéent the fire growth and the
' variqus barriers to its spread can how be constructed for this example,
‘and it is shown in Figure 10 on the next page.

There are a total of twe]vevlinks in the network labeled 2, %£,, 23,
from which twelve different paths from Room 1 to C, can be established.
These paths are listed in Table I and the correspondiné Pi and Ti's [as

calculated from equation (2)] are given. The paths are enumerated so that

oo 212



-25-

Rm 1 . Pm-

® : '
- £ (0.5,70) £ (0.25,12.5)

| E Rm2 . Rm2 C,

z]z(l 5)

FIGURE 10: Emergency Equ1va1ent Network with 5- M1nute
. - Unrated Doors
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TABLE 1:

Component : . Time T.
Paths Links Probability P, . (minuted)
B 124 0.13 (1/8) 7.5
2 1-2-5 0.06 (1/16) 22.5
3 1-3-4 0.25 (1/8) 22.5
4 1-6-10-11 0.02 (1/44) 25.0
5 1-35 0.13 (1/8) 275
7 1-6-10-12 ' 0.05 (1/722) 30.0
8 1-7-10-12 0.08 (3/40) 35.0
K 1-8-10-11 0.21 (3/14) 40.0
10 1-8-10-12 0.43 (3/7) 50.0
m 1-9-10-11 0.25 (1/4) 55.0
12 1-9-10-12 ~ 0.50 (1/4) " 60.0
Péthways Throdgh the Example Emergency EquivaTent

Network Assuming 5-Minute Unrated Corridor Doors
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T1<T,< ... <Ty,, and the component links are identified in Table I there-
by enabling the reader to identify the path of the fire. Each of these
paths can be described by a fire scenario in words; for instance, path'T

consisting of links 2,, 2, and &, would be:

"The fire flashes over, escapes from Room 1 through an'open_
door into the corridor Cl and then spreads along the corridor

to C,".

The probability of that scenario is 0.13 (1/8); it is strongly depehdent

on the original subjective assighment of the probability being 0.50 (1/2)
that flashover will occur in Room 1, and of the probability befng 0.50
(1/2) that the door will be open. The time, T, of 17.5 minutes is composed
of the assigned-times of 10 minutes for Room 1 to flashover and 7.5 minutes
for the fire to spread in the corridor from C; to C,. If more.sophisticatéd
models were incorporated for these links the final Pf and Ti would be
different, but the reader can see the origin of each value in Table I.

One ‘can also see that as the paths begin to include the higher'fire rated
wall between Room 1 ahd‘z the probability increases. For instance, path 12

consists of links 2y, 29, %39, and 2,5, which could be described:

"The fire in Room 1 breaches the c1ay tile wall and spreads
to Room 2. After having reached flashover;, the fire breaches

the closed door into the corridor C,".

The probability for this scenario is 0.50 (1/2) with a time of 60 minutes.
The emergency equivalent network can be examined further by finding

all the P 2,3, ... 12, from equations (4) and (5) and then the

fufm> M 7
connectivity, R can be found from equation (6) to be 0.50 (1/2) and the



Rm 1

~and the occurrence of unity probabilities in the rema1n1ng Ilnks whlch

.make -up certa1n paths through the network
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vexpected'shortesf time, T, from equation (7) to be 29.6 minutes. vThe '

origin of the connectivity of 0.50 (1/2) is a direct result of the

assumed probability of 0.50 (1/2) for flashover in the robm-of-origin |

%

Let us change the start1ng assumptions slightly ahd explore how the
network chénges. Suppose Se]f—c]osing_zo-minute fireAréted doors had
been iégtailed in the corridor of our example. We will aséumé that the
reliability of the self-closures is pgrfect and.that door stops had not
been allowed. This changes assumption (4) (above), bdt.allvotheh conditions
remain the same. The emergency equivalent network is shown in Figure ik
and the Pi and'Ti for the baths’are given.in Table II. Note fhat the links
have been renumbered for’thﬁs eXémp]e; For instance, %4 from Figure 10 has

become tg in Figure 11.

Rm 1' 2,(1,20) c

iy
1 (0.5,10) 2, (0.25,12,5)

z5 (:O‘ 09,5

£4(1,10) £40(1.20)
Rm2 Rm 2 | o

£¢.(0.3,15)

FIGURE 11: Emergency Equivalent Network w1th Self C]os1ng
20-Minute Rated Doors.
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Component : , Time Til‘
Paths ‘ Links Probability'Pi (minutes)
1 | 1-2-3 o 0.25 (1/8) . 37;5
2 1-2-4 0.13 (1/8) | 425
3 1-5-9-10 0.05 (1/22) 45
4 1-6-9-10 0.15 (3/20) | 55
5 1-7-9-10 0.43 (3/7) 65
6 1-8-9-10 ©0.50 (1/2) 75

TABLE II: Pathwaysthrough the Example Emergency Equivalent
Network Assuming Self-Closing 20-Minute Rated
Corridor Doors
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The connectivity remains 0.50 (1/2) in this case but the expected shortest
~time becomes T: = 47.1 minutes. A1l of the Ti's have.been increased by the
presence of the fire rated door reflecting the rational of model building

codes to require self-closing 20-minute doors on corridors.
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CONCLUSIONS

The interplay of fire growth and fire protection has been modelled in
the emergenCy equivalent netwbrk. Thisvmodel facilitates an evaluation of
design changes and affords ready comparison of the different strategies
under consideration to effect suchvchanges. The numerical example was
necessarily simplistic, but it i]]ustrated how the original aSsumpfions
could be clearly traced. Thé}individua] fire tests on clay tile, for
~instance, could be seen in the final pathways of‘the network.  If the
original fire in Room 1 had been modelled moré completely, the ventilation
controlled phase of the fire (state M) would have ended before the 35 minute -
wall had been breached. This more sophisticated step could easily be added’
and this would make the connectivity, R , more meaningful.

Looking at this model in detail, we realize that more information fs
required from the fire tests performed on building elements than we now
obtain from standard tests. At this time, the furnace fire conditions
do not necessari]y represent the positive pressure and excess fuel conditions
of the.venti1ation'contro]]éd phase of a fire thereby decreasing the meaning-
fulness of the tést results. The end'point criteria are features of the
stgndard test which are not rationally based and mahy of the tests terminate
before these critehia are reached. It fs our recommendation that new test
standards be estabTished which are‘rationaily based With regards to the
fire exposure and the criteria, and whicﬁ at the same time, ensure that
' passing the new standard would be equivalent to the paséing of the old
standard. Such new test standards are essential to the development of"

more sophisticated techniques for risk analysis.
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