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ABSTRACT

This paper focuses on the use of a network analysis approach to solve the
fire safety pr obLern associated with the spread of smoke and the probability of
escape by the occupants before the fire and/or smoke blocks their path. Many
random factors affecting smoke production and spread can be accounted for by
coupling each smoke spread network to a given fire spread network. Smoke spread
is examined for different fire scenarios, and the occupants' egress problem is
treated as a dynamic network flow problem for a given fire scenario. The time
to detection and to untenable conditions, as calculated from the smoke spread
network, determine the time period of the dynamic network under consideration.

INTRODUCTION

Determining the spread of fire and smoke between rooms in buildings and
other structures is one of the unsolved problems of fire protection engineering.
Extensive research has been carried out in the area of fire growth and smoke
production within the "room-of-origin", which has contributed to a better under­
standing of one aspect of the fire and smoke spread problem between rooms. The
other aspect of this problem is strongly probabilistic, and although determinis­
tic modeling can be extended from the room-of-origin models, the solution to
this problem will depend on a quantitative treatment of the stochastic aspects
of the process.

The application of networks to solve different fire protection problems has
been suggested by several writers. Elms, Buchanan and Dusing [1] represented
possible paths by defining the rooms as nodes and the links between these nodes
as possible paths for room to room fire spread. Berlin, Dutt and Gupta [2] also
depicted a building as a network; however, their nodes represented the location
of the occupants, and their links the possible exit paths for these occupants in
the case of a fire. Ling and Williamson [3,4] used Elms et al.'s approach for
representing the fire spread, and they associated an element of time as well as
a probability with each link. This paper focuses on the use of a network
analysis approach to solve the fire safety problem associated with the spread of
smoke and the probability of escape by the occupants before the fire and/or
smoke blocks their path.
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In recent years, most research efforts dealing with smoke problems have
been concentrating on the measurement of smoke, the reduction of smoke potential
of materials, and active smoke control within buildings. High rise smoke simu­
lation experiments have been conducted to quantitatively measure the smoke
movement under controlled and uncontrolled conditions [5,6,7]. It should be
noted that all these experiments were conducted for vertical smoke movements.

In their analysis of fire spread networks, Ling and Williamson [3,4] calcu­
lated the probability of occurrence for each fire scenario by means of an
equivalent fire spread network using Mirchandani's algorithm [8]. The same ap­
proach is used in this paper for representing both the spread of smoke and the
egress of occupants in buildings. Many random factors affecting smoke produc­
tion and spread can be accounted for by coupling each smoke spread network to a
given fire spread network. Smoke spread is thus examined for different fire
scenarios, and in a similar fashion, the occupants' egress problem is treated as
a dynamic network flow problem for a given fire scenario. The time to detection
and to untenable conditions, as calculated from the. smoke spread network, deter­
mine the time period of the dynamic network under consideration. With additio­
nal data input into the network regarding the number of occupants in each room
and the degree of mobility of the occupants, the question "are all the occupants
able to escape without injury in the time allowed" can be answered.

CONSTRUCTION OF A PROBABILISTIC HORIZONTAL SMOKE SPREAD NETWORK

The framework for the construction of a smoke spread network will be laid
out in this section. Nodes will represent space as well as the smoke conditions
of that space. Links will represent possible movement of smoke from space to
space, or the transition of different smoke conditions within that space. Smoke
conditions of special interest with respect to detection and exiting of occu­
pants will be discussed below.

If there are operative smoke detectors, they sound the alarm when smoke
reaches a threshold quantity in the vicinity of the detector. In the probabilis­
tic smoke spread network, this possible detection state will be depicted by a
star-shaped node ¥ .

Cooper [9] has suggested that a hazardous condition for safe egress exists
when either the smoke/toxic layer has dropped down to .91 m (3 ft) agove the
floor, or the avera~e temperature of the upper layer has reached 183 C (corres­
ponding to .25 W/cm). An untenable condition in the corridor is defined here
as the time when the smoke layer drops to .91 m above the floor of such a
corridor. This condition is depicted by 1!. Thus !!C represents an untenable
condition in the corridor.

The method of constructing the fire spread network can also be applied to
the construction of the smoke spread network. Associated with each link in the
smoke spread network is a pair of numbers (p , t ) where p represents the
probability that the rate of smoke dischargerin the room of origin is r, r being
a material property which can be given in terms of mass of smoke particles
divided by the mass of material burned per unit time, and t represents the time
it takes for the smoke to travel the link, given that the r~te of discharge is r.
If r is multiplied by the combustion rate of the material in the room of origin,
it becomes a "source term" in terms of total mass of smoke particles generated
per unit time. Certain smoke detectors are activated when the air passing
through them has a density of smoke particles (products of combustion) exceeding
a specific limit. The time t is obtained by dividing the total number of
particles needed for such a vblume by the smoke particle generating rate.
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Once the probability distribution for t associated with each link is
known, Mirchandani's algorithm can be applie§ to construct an equivalent network
for smoke spread. The reliability and the expected values can then be computed.
Since an untenable condition in the corridor signals the end of safe exiting for
the occupants remaining on such a floor, the horizontal smoke spread network
presented in this paper considers the time it takes for smoke/toxic gases to
spread from the room of fire origin to cause an untenable condition in the
corridor.

The construction of a horizontal smoke spread network is presented by way
of examples. The numerical evaluation of such a network is contingent upon the
availability of data which, at this time, is still mostly lacking. However, the
methodology is introduced in this paper to illustrate its usefulness and to
suggest a direction for future data collection.

Assumptions:

To facilitate the construction of the smoke network the following general
smoke behavior is assumed:
1. Movement - During the pre flashover state of a fire in the room of origin,

smoke will start filling up the space from the ceiling of the room down to
the soffit above the door header. If the door is open, smoke will then
spread to the adjacent space assumed to be the corridor. If the door is
closed, smoke will first fill the whole room of origin. When a sufficient
built-up of pressure is reached in this room, the smoke will begin to escape
into the corridor through the door assemblies or air duct.

2. Materials - It is assumed here that the materials in the room of origin are
either cellulosic or plastic. For cellulosic materials it is assumed that
throughout the preflashover period the smoke/toxic gases are only a threat
to the occupants in the room of origin. After flashover, particularly
during the ventilation control period, it is assumed that there is a major
threat to the occupants beyond the room of origin with respect to both toxic
effects and visibility. In the case of plastic materials, it is assumed
that they generate large quantities of thick, black smoke which, if the door
is open, may cause low visibility conditions outside the room of origin even
before flashover occurs. It should be noted that many plastic materials are
capable of creating very toxic gases after the fire flashes over, and they
continue to pose a threat to life even after the fire has gone into the fuel
control period.

3. Detection - It is assumed that detection of the cellulosic smoke by means of
an automatic detector (POC) or by human olfactory senses may be possible
outside the room of origin at C! t f, O<C!<I, where t f = time to flashover, if
the door is open. If the door is closed, detection in this area is possible
only after flashover. In the case of plastic materials, even if the door to
the corridor in the room of origin is closed, it is assumed that there is
sufficient leakage before flashover, making detection in the corridor pos­
sible at 1/2 t f• And if the door to the corridor in the room of origin is
open, it is assumed that detection will be accomplished at 0.1 t

f.4. Untenable Condition - It is assumed that if the door to the corrldor in the
room of origin is open when flasheover occurs, the corridor will become
untenable instantaneously for both plastic and cellulosic materials. If the
corridor door with a fire en.durance of t b minutes is closed in the room of
origin, it is assumed that in the case of cellulosic fires, the corridor
will become untenable when the fire breaches the door. For plastic fires
under similar conditions, it assumed that the corridor will become untenable
in 1/2 t

b
minutes after flash-over.

5. Smoke Contribution - It is assumed that there is no smoke contribution
from the materials in the corridor.
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Smoke Spread Network

The floor plan shown in Fig. 1 and the basic module shown in Fig 2. will
be used to demonstrate the construction of a smoke spread network. Since it
is assumed that there is no header separating the ceiling of the whole
corridor C1 through C7, the corridor is represented by one node C.

In this sample illustration of the construction of a smoke spread network,
the following fire scenario will be used. The fire starts in Room 1, flashes
over, spreads into the corridor segment C via an open door and then spreads
into the corridor segment C2. The path ot the chosen scenario is shown in Fig.
3(a) by means of the fire spread network. It should be noted that this repre­
sents only one of many possible fire spread paths, as described in the previous
papers by Ling and Williamson [3,4]. When applying this methodology, one would
first analyze the potential fire scenarios and their probability using Ling and
Williamson's method [3,4] and then construct the smoke spread networks for each
viable scenario. Using the notations from the fire spread network, and the new
smoke symbols~C and ~C' a probabilistic network of smoke spread from Rm 1 to
the untenable condition in the corridor is shown in Fig. 3(b).

Note that the uncertainty of fire spread was taken care of by the choice of
a specific fire scenario. In other words, smoke spread is considered with the
assumption that the chosen fire scenario will occur. Thus everyone of the
probabilities of spread time associated with the links taken directly from the
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FIGURE 1. Floor plan of a typical
office building, apartment or hotel.

FIGURE 2. Diagram showing the transfor­
mation of a floor plan of a module (top)
into a smoke spread graph (bottom).
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FIGURE 3. Diagram of the construction of a smoke spread network of a fire star­
ting in Room 1, flashing over, spreading into the corridor Segment C1 via an
open door and then spreading into the corridor segment CZ' (a) Fire spread net­
work (b) Smoke spread probabilistic network (c) Smoke spread equivalent network.

fire spread network is put to unity. The equivalent network for the chosen fire
scenario is constructed using the above assumptions, as shown in Fig. 3(c). The
probability p in L1 represents the probability that some of the burning con­
tents or liniRg materials in the room of origin are plastic. If the burning
materials are not plastic, then by our assumption, they must be cellulosic
causing the smoke detector to be activated at a t f where 0 < a < 1. Link L

3
in

Fig. 3(c) represents the situation in which a very slow growing but smoky flre
with plastic materials generates enough smoke to make the corridor untenable
before the room of origin flashes over. Link L4 is a part of the fire scenario
and thus the probability is 1, and the t is dictated by the fire scenario.
Link L5 corresponds to the assumptions t~at the corridor door in the room of
origin is open and that the corridor will become untenable instantaneously when
flashover occurs for either plastic or cellulosic fires.

Figure 4 depicts the situation in which a fire flashes over in the room of
origin, breaches a closed door with fire endurance t

b
and then spreads to the

corridor. With these stated assumptions, the only remaining uncertainty in the
smoke spread network is the probability of the room contents and linings to be
of plastic materials. This scenario is thus represented in Fig. 4 where the
smoke spread network is shown below the fire spread network links.

The smoke spread for the scenario in which a fire flashes over in the room
of origin whose door is closed, breaches the wall and spreads to the next room,
Rm 3, is shown in Fig. 5. The fire then flashes over in Rm 3 and spreads into
the corridor via an open door. In this fire scenario, even though the fire
does not breach the fire door in Rm 1, the room of origin, smoke penetrates
through the fire door once Rm 1 flashes over. Thus Fig. 5 shows the links
(p , O.5td) and (1, t d) between the detection node and the untenable node.
Noge that to is the hre endurance of the corridor door in Rm 1; it is larger
than the endurance of the wall between Rm 1 and Rm 3.
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fire spread network links.
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Figure 5. Diagram of the smoke spread equivalent network of the scenario in
which a fire flashes over in the room of origin whose door is closed, breaches
the wall and spreads into the next room, Rm 3. The fire then flashes over in
Rm 3 and spreads into the corridor via an open door. This Fig. shows the links
(pp' O.5td) and (1, t d) between the detection node and the untenable node.

After the formation of the smoke spread equivalent network, the recursive
formulae shown by Ling and Williamson [4] can be applied to calculate the expec­
ted shortest spread time from ignition to the possible detection state . Simi­
larly, the expected shortest spread time from ignition to the untenable node !!c
can be calculated. The difference between these two values represents the time
available for safe egress under a given fire scenario. It is interesting to
note that although fire spreads more quickly with an open door, because of
possible early detection made via such an open door, the available egress time
is actually longer with an open door than with a closed, unrated door.
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OCCUPANT EGRESS

Different methods for calculating the time needed for egress in case of
fire are mentioned in the literature. The classic work in the field was pub­
lished by Predtecnenskii and Milinskii, and is now available in an English
translation [10]. Their methods were used by Kendik [11] to calculate the time
required to evacuate three high rise buildings. She then compared the predic­
tions with actual evacuati~n tests, and estimated the2"projected area factor" to
be between 0.12 and 0.15 m. Berlin, Dutt, and Gupta used a simulation method
to evaluate the egress network for estimating the time needed for the elderly to
be evacuated from rest homes. Pauls [12] reported the results of evacuation
drills in Ottawa high rise office buildings. The results are given for the
total time required for evacuating the whole building and the descending speed
in terms of number of people per 22" width stairwells. Chalmet, Francis and
Saunders [13] used the procedure of Ford and Fulkerson [14] to transform a
static transshipment problem into a dynamic network flow model representing the
evacuation of a building as it evolves over time, where time is represented
discretely by consecutive time periods. The dynamic model, while directly
minimizing the average amount of time each occupant takes to exit the building,
simultaneously maximizes the total number of people to be evacuated from the
building during periods 1 through p for all values of p, and minimizes the time
taken by the last evacuee to exit the building. This triple optimization result
is mathematically proven by Jarvis and Ratliff [IS].

The model for the occupants' egress is based on the framework that had been
devised for the fire and smoke spread. For a given fire scenario, there is no
uncertainty regarding the fire growth pattern, the detection time, or the time
allowed for safe egress. Other uncertainties, such as the number and the degree
of mobility of the occupants in the room at the time the fire breaks out, still
remain. Once the type of occupancy for a particular building is identified, the
building code sets guidelines on the maximum number of people that can be
expected in each room. Although the actual number of occupants at the time of a
fire is highly stochastic, the maximum number allowed by the building code can
be considered as a reasonable estimate. Thus the capacity for occupancy set by
the building code will be used as the number of people who need to be evacuated
in a given fire situation. Given the type of occupancy, the travel time re­
quired by the occupants for exiting can now be determined from empirical data,
such as those collected by Pauls [12]. In the event of mixed occupancy, the
longest needed travel time should prevail. This is similar to the PERT type
network in which the longest path determines the shortest project completion
time. Based on the above discussed ground rules, the method for applying the
dynamic network flow to the evacuation of people egress is presented in the
following section.

Dynamic Network Flow Model

The first step in the construction of a dynamic network flow model is to
build a static model with a floor plan in which the rooms, corridors and stairs
are represented by nodes. The dynamic model is then constructed to represent
the movement of occupants over time. The total time period to be considered
extends from the start of the fire in the room of origin until the onset of
untenable conditions blocking the last exit path. For the individual room, this
time period is from the time the fire is detected until the time the path
leading to safety from this room is blocked by smoke. The duration of this time
period is determined from the calculation of the smoke spread network for a
particular fire scenario. If the total time is divided into K equal time pe­
riods, then there will be (K+1) copies of the static nodes in the dynamic
model.
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Figure 6. Illustration of the occupants' egress model demonstrating use of the
dynamic flow method. (a) Floor plan. (b) Graph representation

The floor plan shown in Fig. 6(a) with a graph representation shown in
Fig. 6(b) will be used to demonstrate this dynamic flow method. This static
model has four nodes for Rm 1 through Rm 4; three nodes Cl, C2, and C3_7 ~

for the corridor segments; one node S for the stairs; and four nodes Rm 1
through Rm 41crepresenting the state when the occupants in the room have detec­
ted the fire. Thus there is a total of twelve nodes. Note that once Rm i1cnode
has been reached, the situation is irreversible and there is no need to go back
to the corresponding Rm i node. Thus after detection of the fire, there are
only eight static nodes to work with. For demonstration purposes, the following
fire scenario was chosen. A cellulosic fire started in Rm 1 and spreads to the
corridor via an open door. Under this fire scenario and using the assumptions
described earlier, smoke will cause the whole corridor (Cl, C2 and C

3_7) to
become untenable as Rm 1 flashes over. This marks the ena of safe egress for
all the occcupants still remaining in the rooms. It is assumed that the length
of time is divided into ten equal periods and the detection time for all the
rooms, except the room of origin, is one time period. There are eleven copies
of the static nodes. Assume the number of occupants in Rm i to be a., for i=l,
2, 3, and 4. They are source inputs into the dynamic network flow. lFor those
nodes that do not have any occupants at the start of the fire, such as the
corridor nodes, assign a capacity of zero. Construct a ~ink between every copy
of a node to the adjacent copy of the same node without any restrictions on the
capacity for these holdover links.

The next step is to consider the links which indicate the possible move­
ments of occupants from one area of the floor to an adjacent area. The
capacity associated with each of these movement links is the maximum flow rate
between nodes in terms of number of people per time period. It is assumed
that the link capacity for the link leaving Rm iJfis represented by f. for
i=l, 2, 3, 4. Those between C1 and C

2,
C2 and C -7 are represented by f s and

f 6, respectively. Finally, the capaclties for t~e links that go from C
3_7into the stair node S are represented by f 7.

For the complete dynamic network, the holdover links and the movement links
are to be combined. To simplify the network, all nonessential nodes and links
are eliminated; i.e. the links and nodes not part of any path going from source
nodes to exit nodes. In the sample network here, the source nodes are nodes
Rm 1 through Rm 4 in time period zero, and the exit nodes are S nodes in all the
time periods. The complete dynamic network is shown in Fig. 7. The dynamic
network depicting the fire scenario in which a fire starts in a vacant Rm 1 with
a closed five-minute door is shown in Fig. 8. The difference between an early
and a tardily detected fire can be viewed by comparing Figs. 7 and 8.
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Figure 8. Complete dynamic network of a
fire starting in the vacant Rm 1 which
has a closed five-minute rated door. To
simplify the network, all nonessential
nodes and lings are eliminated.

In these examples, each link capacity is kept constant over all time pe­
riods. If data become available reflecting conditions of egress becoming more
difficicult with time as the generation of smoke creates a visibility problem,
even before the onset of untenable conditions, then the link capacity may be
decreased for later time periods. This represents just one of the modifica­
tions that can easily be incorporated into the model whenever new relevant
data become available.

Once this dynamic network is constructed, it is solved as a maximal flow
problem with the flow rate limit specified by the link capacities. By the
Maximum Flow-Minimal Cut Theorem, the value of the maximal flow will be at
most the sum of the a. 's which is the total number of occupants on the floor.
If the maximal flow e~uals the sum of the a. 's, the floor may be considered
fire safe and all the occupants can be evacUated within the time allowed.

If the results of the dynamic flow network indicate that the egress of the
occupants is not assured, a further look can be taken at the probability of
occurrence for such a happening. Then the decision must be taken as to whether
the risk is deemed acceptable or whether an improvement in the fire protection,
such as replacing the five minute unrated corridor doors by twenty minute fire
rated doors, should be undertaken. In this way, the model facilitates an eva­
luation and comparison of design changes. Though simplistic, the numerical
examples on the four room module illustrated how the method works, and gave a
good indication of the effectiveness of different fire protection measures.
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NOMENCLATURE
detection state in the corridor
untenable state in the corridor
smoke travels the link in tr minutes with probability Pr
time to flashover in a compartment
fire endurance of door or wall
probability that some burning contents/lining materials are plastic
fire endurance of door
time to flashover in the room of origin
the state when the occupants in Room i have detected the fire
number of occupants in Room i at the start of the fire
link capacity associated with movement links
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