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Abstract. Building fire puts great threat on people’s lives and causes
huge numbers of fatalities each year. In 2007, total fire death in the
United States alone was 3,430. The number of fatalities is distributed
among residential 75.5%, non-residential 3.6%, vehicle 16.7%, outside 1.6%, and other 2.6%. Although much research has been done on
building fire simulation to support designing safer buildings, all simulation systems currently available are focused on major factors in nonresidential buildings such as bottlenecks, arching, pushing, etc. Residential building fires and non-residential fires are very different in
many aspects. Therefore simulation systems focused on nonresidential buildings have little effects on residential buildings. In this
research, we analysed major factors causing deaths in residential
building fires, and filtered out building design related factors. We then
developed a system which shows the risk of fatal fire in residential
building designs. This system is expected to help architects to easily
detect potential risks of fatal fire and design safer residential buildings.
Keywords. Residential building fire; fire simulation; Building Information Modelling.

1. Introduction
1.1. BUILDING FIRE FACTS
Building fires cause tremendous numbers of fatalities. There were more than
10,000 building fire deaths each year in 27 industrialized countries from
2007 to 2009 (WFSC, 2012). In 2007, total fire death in the United States
alone was 3,430. As shown in Figure 1, it is distributed through residential
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75.5%, non-residential 3.6%, vehicle 16.7%, outside 1.6%, other 2.6%
(USFA, 2009). 86% of residential fatal fires (fire with fatality) had single fatality; 10% had two fatalities, 4% had three or more fatalities (USFA, 2005).

Figure 1. Fatal fire distribution in the United States (USFA, 2005).

1.2. DIFFERENCES BETWEEN RESIDENTIAL AND NONRESIDENTIAL BUILDING FIRES
Fatal fires in residential buildings and non-residential buildings are different
in many ways. In residential buildings, the major fire source causing fatal
fires is smoking (15%); fatal fires happen most frequently during 11pm to
7am (48%) while people are asleep; the most notable factor contributing to
the fatalities is “fire pattern” (61%, Figure 2); most victims were attempting
escaping (36%) or asleep (35%, Figure 3) (USFA, 2013a); 36% fatalities
have the alcohol level of 0.1% or higher (USFA, 2003); although more than
90% of homes have smoke alarms today, in majority of the fatal fires smoke
alarms were either not present (42%) or not operating (21%) (USFA, 2005);
only 0.2% of the dwellings installed the wet-pipe sprinkler system (NIST,
2007); fatal fires usually start from fabric materials such as bedding, sofa,
and upholstered furniture (Birky et al., 1979). In non-residential buildings,
the major cause of fatal fire is arson (12.4%); the major factor contributed to
deaths is bottlenecks of the building; in nonconfined fires, 23% have smoke
alarms, 57-77% have no alarm; 18.6% have AES (Automatic Extinguishing
System), 71% have no AES; fires usually start from building finish materials
or general materials such as electrical wires or trash (USFA, 2013b).
In Figure 2, the fire pattern problem is defined as “the situations where
exits are blocked by smoke and flame, vision is blocked or impaired by
smoke, and civilians are trapped above or below the fire”. Egress problems
include “crowded situations, limited exits, locked exits or other exit problems, and mechanical obstacles to the exit”. Escape factors include “unfamiliarity with exits, excessive travel distance to the nearest clear exit, choice of
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an inappropriate exit route, re-entering the building, and clothing catching
on fire while escaping”. (USFA, 2013a)

Figure 2. Factors Contributing to Civilian Fire Fatalities in Residential Buildings 2009–2011
Note: As multiple factors contributing to fatalities may be noted for each fatality, the total
sums to more than 100 percent (USFA, 2013a).

Figure 3. Civilian Activity Prior to Death in Residential Building Fires 2009–2011(USFA,
2013a).

1.3. DIRECT FACTORS CAUSING DEATHS IN BUILDING FIRE
Birky et al. (1979) conducted a research to find out the direct cause of fire
deaths by analysing the data from detailed autopsy study of 530 victims in
398 fires. They found that 80% were caused by toxic smoke, 11% were
caused by severe burn, and 9% were unable to explain. The toxin in the
smoke that caused deaths was CO. They also concluded that HNC and heavy
metal vaporized from burning paints and synthetic polymers may have contributed to the deaths, but there is not enough evidence that these toxins directly caused the deaths. Oxygen deficiency is also not the direct factor to
cause deaths. Victims died of toxins before being suffocated.
1.4. PROBLEM STATEMENT
A large volume of research has been done in the area of building fire simulation. Some models simulate and detect building bottlenecks; some simulate
human behaviour; and some simulate fire and smoke. However, all the simu-
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lation models are focused on non-residential buildings which accommodates
hundreds or thousands of people with just a few exits. Because fatal fires in
residential buildings are very different from non-residential buildings, existing fire simulation models are not suitable for simulating residential building
fire. Since 86% of fatal fires in residential buildings have single fatality
(USFA, 2005), there is rarely, if any, trampling, bottleneck, arching, etc.
which are very common in non-residential building fires.
Combining the data in Figure 2 and Figure 3, 35.5% of the victims in residential fires tried to escape but failed because they were trapped in the fire,
encountered egress problems and/or escape problems. “To escape a fire,
many civilians make the mistake of fleeing through the area where the fire is
located. The area of a fire has tremendous heat, smoke, and a toxic atmosphere that can render a person unconscious.” (USFA, 2013a).
1.5. RESEARCH OBJECTIVE
The objective of this research is to develop a fire risk simulation system suitable for residential buildings. This system is expected to help architects to
design safer residential buildings, i.e., reducing the chance of getting trapped
in a residential building fire. The scope of the research is limited to confined
residential building fires with the situation that the occupants are capable of
escaping.
2. Research methods
This simulation system is intended to simulate the potential risk of the occupants getting trapped in each room during a residential building fire. The
system finds the shortest exit routes of each room in a BIM (Building Information Modelling) model, then calculate the fatal fire risk index of each exit
route based on the frequency of fatal fire started in each room.
2.1. BIM MODEL
The simulation system developed in this research operates on BIM models.
Conventional CAD systems represent buildings using lines and curves. In
contrast, BIM represents buildings using building components (e.g. walls,
doors, columns, etc.) and the relationship among the components (e.g. connect, host, attach, etc.) The relationship among related objects are stored in
the objects using parameters and equations. A room object knows how many
doors it has, and a door object knows whether it is connecting two rooms or
connecting a room to the outside. A door connecting two rooms can be defined as an interior door; and a door connecting a room to the outside can be
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defined as an exterior door. These characteristics will be used to find the
shortest exit route of each room.
2.2. SHORTEST EXIT ROUTES
In this section, we used the network graph theory to find the shortest exit
route of each room. First of all, network graphs for each room are constructed. Then, logical door connections are generated based on the network
graphs of the rooms. Finally, the shortest exit routes of the rooms are calculated along with the rooms each route passes.
2.2.1. Room network graphs
The system first iterate the rooms and generate the network graphs, one for
each room. A network graph is composed of nodes, links, weights, and directions. The system first extracts the floor surface from the room object.
The floor surface is assumed as a planar surface. A surface is defined as an
outer boundary with potential inner boundaries (Figure 4 left). To generate a
room network graph, we first put doors and vertices of the floor surface as
nodes. If the line connecting two nodes intersect neither outer boundary nor
any inner boundary, the system generates a bidirectional link between the
two nodes and put the linear distance between the nodes as weight (Figure 4
right). There is no link between vertex A and B, because it passes through an
inner boundary which does not belongs to the space. On the other hand, there
is a link between vertex C and D and the weight is the distance of the link.
This way, we can generate the initial two-dimensional adjacency matrix
from this network graph (table 1).

Figure 4. Surface (Left), and link generation (right).

By running Floyd algorithm (Floyd, 1962), a shortest path algorithm, the
values for shortest distance between each nodes are updated in the matrix.
On the top of it, another matrix is generated to store the path history of the
nodes, i.e. the nodes that are on the route from start node to destination node.
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Using these two matrices, we can get the shortest route from one door to any
other doors in a room. For the rooms that have one or more exit doors, the
shortest exit route from each door will be stored in the doors respectively.
For the rooms that do not have exit doors, the distance to exit is assigned to
be infinity at this time.
Table 1. A sample of initial matrix comprised of doors and vertices of a room as nodes.
Door 1

Door 2

Door 3

Vertex A

Vertex B

Door 1

0

∞

33.5

12.2

∞

Door 2

∞

0

26.7

∞

16.3

Door 3

33.5

26.7

0

∞

17.3

Vertex A

12.2

∞

∞

0

∞

Vertex B

∞

16.3

17.3

∞

0

…

……

0

2.2.2. Logical door connection
All doors in a building form logical connections with designated depths. Exterior doors are at depth 0, and the doors that are connected to exterior doors
are at depth 1, and so on. The depth of a door may change based on which
exterior door to exit. Figure 5 shows the logical connection of the doors for a
sample building plan. The numbers inside the circles denote the door index;
the number next to the link (e.g. 42.4) denotes the shortest spatial distance
between the two doors, the number next to the node (e.g. 37.5) denotes the
shortest distance to exit the building. (Not all numbers are written due to
limited space.)

Figure 5. Sample building (left) and the logical door connection (right).
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Two doors that are directly connected in the graph are always physically attached to the same room. Two doors that are not directly connected are always attached to the different rooms. For example, door 1 and 5 are attached
to room J; door 5 and 4 are attached to room H; but door 1 and door 4 are not
attached to the same room. By running the shortest path algorithm on room
network graphs (done in section 2.2.1), the shortest exit distance of the doors
located at level 1 is calculated, because they are attached to a room that has
at least one exterior door. However, the shortest exit distance for the doors
that are located deeper than level 1 are unknown for now. Because doors located at level 2 (e.g. door 10) and level 1 (e.g. door 9) are attached to the
same room (room D), and the shortest exit distance of the door 9 is known,
the shortest exit distance of door 10 can be easily calculated by adding the
exit distance of door 9 and the distance between the two doors which is
stored in room D network graph. This way, the system will iterate the doors
from upper level to lower level to figure out the exit distance of each door. If
a door has more than two routes to exit the building, the system will compare
the distance and take the smaller value.
Often times there are some spaces functionally separated but spatially
connected such as a foyer and a corridor, or a kitchen and a dining room.
Although they are one continuous space, there is an imaginary element separating the space into two different rooms. In Revit Architecture, this space
separating element is called room separator. Room separators are similar to
doors in terms of connecting spaces, but different in controlling the air flow
of the adjacent rooms. With the door closed, in a confined building fire, two
rooms connected by the same door have totally different air quality such as
toxin density, temperature, etc. On the other hand, two rooms connected by a
room separator have strong influence to each other in terms of air quality
during a building fire. In calculating the shortest exit of each room, we considered room separators as openings, functioning similar to doors.
2.2.3. Shortest exit routes of each room
Once the shortest exit distance of each door is calculated, the shortest exit
routes of rooms are generated and stored in each room respectively. The
route information contains the rooms that it passes through, and the distance
to exit. The rooms with more than one door use the routes with shorter exit
distance.
2.3. RISK INDEX OF POTENTIAL FATAL FIRE
In residential buildings, fatal fire starts most often in sleeping area (29%),
lounge area (21%), and kitchen (15%) (USFA, 2005). This shows that there
is a correlation between Fatal Fire Frequency and the function of the room
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due to occupants' specific actions in specific rooms. These actions may include cooking, smoking, heating, etc. Fatal Fire Frequency of each room is
color coded based on the existing data. (Figure 6, left).
In residential buildings, living rooms, kitchens, and dining rooms are
quite often open spaces. The air quality of these rooms affect each other in
different levels according to how long the fire has been developed. Assuming the fire first starts in a kitchen, the air quality of the living room and the
kitchen can be different although they are not physically separated. However,
when the fire has developed for certain period of time, the air quality in the
living room and the kitchen can be in similar status in terms of temperature
and the density of toxins, because at that time fire/smoke is spread across the
connected rooms so that all the rooms have the same dangerous air quality.
Therefore, we added Fatal Fire frequency of the rooms that are not physically separated, and assigned the sum to the rooms. For example, if a living
room (21%) and a kitchen (15%) is open to each other, the chance of either
living room or kitchen become dangerous is 36%. The right image in Figure
6 shows the Fatal Fire Frequency map considering the open connection.
If the exit route of room A passes the rooms with higher Fatal Fire Frequency, the occupants in room A have a higher chance of getting trapped in
a fatal fire which is the most common factor causing deaths for those who
try to escape through the fire and smoke. To get the risk index of room A,
the fatal fire frequency of all the rooms that are on the exit route of room A
are added and assigned the cumulative risk index to room A.

Figure 6. Color-coded by Fatal Fire Frequency: First started (left) and developed (right).
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3. Demonstration
The system has been tested using two residential building plans (Figure 7).
These two plans are modelled in Revit Architecture, a BIM authoring tool.
By merely looking at the plans, it is hard to tell which has more potential
risk of fatal fire. However, the potential risk of fatal fire can be easily simulated using the system. We also can visualize color-coded fatal fire risks of
the two residential buildings (Figure 8). Table 2 shows the total risk index of
the house, average risk index of each room, and the risk index when only
considering lounge areas, sleeping areas, and kitchens. Based on the simulation result (Figure 8 and Table 2), it is easy to figure out that residential
building type A is more vulnerable to fatal fire compared to type B.

Figure 7. Residential Building type A (left) and type B (right).

Figure 8. Simulated result of residential type A and B. Green lines are shortest exit routes.
Table 2. Fatal fire risk index summary for type A and B
Total Risk Index

Number of Rooms

Average of All rooms

Type A

1001.3

20

50.1

Type B

525.1

16

32.82
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4. Conclusion
Although most residential fatal fires are single fatality, the total number of fatalities each year is significant. Taking the United States as an example, three
quarters of fire fatalities happened in the residential buildings. On the other
hand, non-residential building fires are only responsible for under 4% deaths.
Because residential fires are very different from non-residential fires, existing
fire simulation models are not suitable for simulating residential buildings.
Literature review revealed the factors (fire patterns, etc.) contributing to fire
deaths in residential buildings. Targeting these factors, we developed a fire
safety measure based on existing data collected on residential building fires.
This measure is expected to help architects to easily detect potential fatal fire
risks when designing residential buildings. This research is simplified to target
the problem of occupants getting trapped while trying to escape through fire
and smoke. Many other factors should be considered such as exit distance,
number of turns, number of doors to open, visibility, etc. In addition, proper
weight for each factor is also needed. As future work, calculation of cumulative risk index can be validated with further detailed data available.
Acknowledgements
Funding of his research is provided by Natural Science Fund of China (Grant No. 51308377).

References
Birky, M. M.; Halpin, B. M.; Caplan, Y. H.; Fisher, R. S.; McAllister, J. M., and Dixon, A.
M.: 1979, Fire Fatality Study. Fire and Materials. Wiley. doi:10.1002/fam.810030406.
Floyd, R.W.; 1962, Algorithm 97: Shortest path. Communications of the ACM, ACM, New
York, Pp 345. doi:10.1145/367766.368168
NIST: 2007, “Benefit-cost analysis of residential fire sprinkler systems”.
<http://www.fire.nist.gov/bfrlpubs/build07/PDF/b07025.pdf> (accessed 13 December
2014).
USFA: 2003, “Contribution of alcohol to fire fatalities in Minnesota”. Available from: Open
Source Repository <http://nfa.usfa.dhs.gov/downloads/pdf/statistics/v3i4.pdf> (accessed
13 December 2014).
USFA:
2005,
“Fatal
Fires”.
Available
from:
Open
Source
Repository
<http://osfm.fire.ca.gov/firelifesafety/pdf/Smoke Alarm Task Force/R-1 Fatal Fires - US
Fire Administration- NFDC - 2005.pdf> (accessed 13 December 2014).
USFA: 2009, “Fire in the United States 2003-2007 Fifteenth Edition”. Available from: Open
Source Repository <https://www.usfa.fema.gov/downloads/pdf/statistics/fa_325.pdf> (accessed 13 December 2014).
USFA: 2013a, “Civilian Fire Fatalities in Residential Buildings (2009–2011)”. Open Source
Repository <http://www.usfa.fema.gov/downloads/pdf/statistics/v14i2.pdf> (accessed 13
December 2014).
USFA: 2013b, “Nonresidential Building Fires”. Open Source Repository
<http://www.usfa.fema.gov/downloads/pdf/statistics/v14i5.pdf> (accessed 13 December
2014).
WFSC: 2012, “World Fire Statistics Centre Bulletin”, vol. 28. Available from: Open Source
Repository <https://www.genevaassociation.org/media/186703/ga2012-fire28.pdf> (accessed 13 December 2014).

