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Abstract:  The aim of the Building Fire Impact Model (BFIM) is to study the impact of human
intervention in a bushfire situation, focusing on the peri-urban communities. The model resides within the
Fire Impact and Risk Evaluation Decision Support Tool (FireDST) which simulates fire conditions (Bushfire
CRC, 2013). The BFIM recognises that occupants can prepare their house to withstand a bushfire, and if such
an event occurs, they can defend their house and may reduce total house loss in the bushfire. To take into
account the large uncertainties associated with human intervention, the BFIM was designed to be a
probabilistic model, i.e. it uses random variables to represent the main characteristics of occupant
intervention. To deal with the complexity of such a model, a mathematical technique called Probabilistic
Event Trees (PET) is utilised. In this technique events are represented by the nodes of a mathematical tree
and the probability of these events occurring are the tree branches. The conditional dependency of variables
is represented by their relative location in the tree.

The BFIM consists of two PETs. The first PET simulates occupant intervention to defend their house from
ember attack and possible help from neighbours and the rural fire brigade. The ability of occupants to defend
a house depends on their preparation and the preparation of the house to withstand the fire. Occupant
preparation comprises purchase of fire-fighting equipment, undergoing training, conducting regular drills,
development of an evacuation plan, etc. House preparation involves activities such as cleaning gutters,
cutting trees and grass surrounding the house, etc. A series of occupant characteristics are used to assess their
efficiency in fighting the ember attack. This tree also calculates the impact of wind speed on the house.
Houses damaged by wind/debris during the fire have a higher probability of being ignited by an ember attack.

The second PET calculates the impact of radiation in ‘house-to-house’ fire spread. This tree examines the
impact that houses ignited in the first PET have on nearby houses. The main variables to consider in this part
of the model are wind damage to a house, proximity of a house to a neighbouring ignited house and the
number of neighbouring houses burnt by the bushfire. An important problem also considered in this tree is
‘smoldering embers’—embers that penetrate the house through the roof and slowly burn flammable material
due to lack of oxygen—which can results in house loss long after the fire front has passed through the region.
Wind and wind damage to the roof increase the danger from this type of ember attack process.

To simulate the dynamic characteristics of these issues, the two PETs are solved sequentially: results of the
first PET are used to set up the correct fire conditions for solution of the second PET. For this reason the
FireDST simulation model is run three times (passes) for a region. In the first pass, the model calculates the
fire conditions in the region of interest and returns the number and location of houses potentially impacted by
the fire. In the second pass, the first tree of the BFIM is solved to calculate the impact of human intervention.
This sets up different fire conditions and hence FireDST recalculates the number of houses burnt under the
new conditions. In the third pass, the second tree of the BFIM is solved to assess house-to-house fire spread.
Some houses with a high probability of being ‘saved’ in the second pass can be reclassified as having a high
probability of being ‘burnt’ after the third pass has been completed.

To illustrate the model, an example case based on the Kilmore bushfire that occurred on ‘Black Saturday’ (7
February 2009) is provided. Results show that human intervention to fight the fire threatening a house can
make a substantial difference to the number of houses burnt.

Keywords:  Bushfire risk, fire spread, ember attack, suppression, human intervention.
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1. INTRODUCTION

The Fire Impact and Risk Evaluation Decision Support Tool (FireDST) is a multi-disciplinary and multi-
agency project funded by the Bushfire Cooperative Research Centre. It has developed a ‘proof of concept’
simulation system and corresponding software to study the potential impact a bushfire may have on
community assets, infrastructure and people. FireDST integrates, within a probabilistic framework, a number
of complex models (French et al., 2013). The Building Fire Impact Model (BFIM) is one of the core models
in this framework.

BFIM simulates the impact of human intervention on the defence of houses threatened by embers and the
impact of radiation from neighbouring houses. As there is a large variation and uncertainty associated with
human intervention in fighting a bushfire attack on a house the main variables of BFIM are represented by
random variables. BFIM is therefore a probabilistic model using a mathematical technique called a
Probabilistic Event Tree (PET). In this technique, events are represented by the nodes of a mathematical tree
and the probability of these events occurring is the tree branches. The conditional dependency of variables is
represented by their relative location in the tree (Hasofer et al., 2007). These probabilities can be calculated
from statistics of forest fires, from simulations or from experts in the field who can allocate probabilities
heuristically.

In some applications it is necessary to use dynamic trees. These types of trees are used to represent the
interaction between the different variables (Zhao and Beck 1997). Within FireDST house loss from a bushfire
in the region of interest is calculated without taking into account human intervention. Once human
intervention is taken into account there is a new set of conditions; occupants can substantially modify the
bushfire outcome rendering invalid the initial set of fire conditions considered. To represent this
characteristic of the problem, dynamic event trees have to be used. These types of trees are implemented by
solving sequentially two PETs: the first PET modifies the impact of the fire on the built environment by
taking into account human suppression. This information is sent back to FireDST for a recalculation of the
fire impact on the built environment. Once the new conditions are established, a second PET is solved to
calculate house-to-house fire spread through flame and radiation.

To capture this dynamic interaction between models, FireDST is run three times. In the first pass, the model
calculates the fire conditions in the region of interest and returns the number of houses burnt and ember
density and radiation faced by each house. In the second pass, the first tree of the BFIM is solved to calculate
the impact of human intervention. This pass sets up different fire conditions; FireDST is run again to
recalculate the number of houses burnt and then the third pass is run. In the third pass, the second tree of the
BFIM is solved to assess house-to-house fire spread. Figure 1 shows the interaction between FireDST and the
two PETs of BFIM.

Occupant preparation

Part |
human int. to fight embers
wind damage in roof

House preparation

Part II

Impact of radiation
Dormant embers

Figure 1. Interaction between FireDST and BFIM. Figure 2. Occupants’ effectiveness tree.
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2. MODEL DESCRIPTION
2.1  PartI: Human intervention

The first part of BFIM simulates occupants fighting the ember attack to defend their house with possible help
from neighbours and the rural fire brigade. Human intervention can only happen if the radiation affecting the
house is less than a threshold. This threshold is estimated to be 2 kWatts/m* for occupants and neighbours;
and 4 kWatts/m® for fire-fighters with protective clothing (Raj, 2008). The ability of the occupants to defend
a house depends on their preparation and the preparation of the house to withstand the fire. BFIM uses
Geoscience Australia’s National Exposure Information System (NEXIS) database to provide house location
and characteristics (Nadimpalli, 2009; Canterford, 2011). The number of occupants and their attributes per
house was generated for this project based on SA1-level Australian Bureau of Statistics (ABS) 2011 Census
data (ABS, 2012). The number of people in a SA1 was divided by the number of houses in the same SA1 to
develop the occupant characteristics. These characteristics are used to assess their efficiency with regards to
fighting ember attack.

The first step in the calculation is to determine whether the occupants are available to fight an ember attack.
The analysis is carried out house by house. The model recognises that not every occupant can join the ember-
fighting activity; people who are too young or too old are not included in the fire-fighting activity. Currently
the threshold we use for these limits are 5 and 65 years old. These parameters are entered through external
files to allow users flexibility to change them. The model also recognises that the number of occupants at
home during normal working hours may be less than the number of house occupants. Brenan et al. (1998)
suggests that only 10 percent of occupants can be found at home during normal working hours and 70 percent
during non-working hours. The total number of occupants available to fight the ember attack is given by:

Na = p _number * age _ factor *type _of day @)

where ‘p_number’ = house occupants, ‘age factor’ indicates the percentage of people between 5 and 65 years
old, ‘type of day’ indicates whether the fire occurs on a normal working day.

Once the number of occupants able to fight the fire has been established, the model then assesses how
effective these occupants are in the fight against an ember attack. Occupant effectiveness is a complex
function of training, equipment available to fight embers, type of community, level of education, whether the
occupants can understand English (and hence listen to radio warnings or advice), whether they are volunteers
in their community, and the number of years they have lived in the area (Dwyer et al., 2004;
Solangaarachchi et al., 2012). Occupants who are well prepared, i.e. occupants who are available to fight the
fire, who are proficient in English, who have finished year 12, who don’t need assistance, who are volunteers
in their community and who have been living in the area for a minimum of 5 years, will be assigned an
‘occupant preparation’ of H(igh). Figure 2 shows a typical effectiveness PET. The probability associated with
the first branch of this PET indicates that 40 percent of occupants in the simulation region can be classified as
‘highly prepared’ while only 10 percent can be classified as low or not prepared at all.

Similarly, the house preparation is a complex function of gutter status, house age, the condition of the
vegetation and grass surrounding the house (garden) and so on (McLennan et al., 2011). Some of these
variables can be obtained from remote sensing and rural fire service and council inspections. The second
branch of Figure 2 considers three possibilities for house preparation: L(ow), M(edium) and H(igh). The user
can allocate probabilities to each option to reflect his/her understanding of house preparation in the region
under study. The model also recognises that, in some cases, neighbours can help occupants with their ember-
fighting effort. In this study neighbours are those occupants available to fight the ember attack who live
within a 100m radius. The number of neighbours helping the occupants depends on proximity to the
occupants’ house, access to the house, and familiarity with the neighbour and his/her surroundings. The
actual number of neighbours who come to help (Nb) is a proportion of all available neighbours; this
proportion is given by variable ‘neighb_pc’. In this study this variable is set to 25 percent. Solution of the
PET of Fig. 2 gives occupants’ efficiency probability (‘eff prob’).

The efficiency of ‘Na’ occupants and ‘Nb’ neighbours fighting the ember attack is given by:

Tot _eff (%) =100*(Na*eff prob+0.75*% Nb*neighb pc*eff prob) (2)
Note that neighbours’ efficiency is only 75 percent of the occupants’ efficiency on account of their lack of
familiarity with the house environment and the fact that they will also be keeping an eye on their own

property. To simulate occupant and neighbour suppression, the ember density attacking the house is reduced
by the percentage given by ‘Tot eff’.
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The Human Intervention module also considers ember suppression by fire services, including volunteer and
professional rural fire fighting organisations. The first element we have to consider is whether the unit (fire
truck, tender, ute with tank/pump etc.) can attend at the house. The total number of houses attended by a fire
unit during a fire event depends on the number of units available (num_trucks), the mean time for each
attendance in the zone (time per visit), and the number of hours the fire has been active in the zone
(hours_fire), that is:

num _ visits = (num _ trucks * hours _ fire)/time _ per _ visit 3)

Next we randomly allocate the number of visits calculated in (3) to the same number of houses, usually a
small subset of houses, in the region of interest. The fire services or fire brigade (FB) efficiency in fighting
the ember attack depends on a number of factors; house preparation, occupant preparation, house type, time
after fire started, ember density, FB resources, etc. If there are a high number of occupants and neighbours
fighting the ember attack, we assume that the FB efficiency is very high and allocate a value of 90 percent to
FB efficiency; this value is reduced in proportion to the number of people fighting the embers at the site. To
simulate FB suppression, the ember density attacking the house is reduced by the ‘FB efficiency’ percentage.

2.2 Wind damage

The human intervention module also recognises that wind damage to a house may make the house more
vulnerable to ember attack. Openings in a house’s envelope sufficient to admit embers can be caused by
impact by debris with sufficient momentum to pierce the part of the house envelope, or cause mechanical
failure of part of the house envelope. As a starting point for this module, Figure 3 shows a fragility curve for
a typical house in Western Sydney. This curve was used to estimate of the probability that wind creates an
opening in the house’s envelope sufficient to admit embers. A house can have more than one opening but the
curve represents the probability of a dominant opening occurring which needs not be large. A single opening
would be sufficient to admit embers into the house (Cyclone Testing Station, 2008).
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Figure 3. Probability that a wind speed causes an opening in a house.

The wind gust speed associated with that low probability would be sufficient to propagate debris with the
capacity to pierce the house’s envelope. The site gust wind speed threshold ‘for openings’ has initially been
set to 28 m/s (lower limit) corresponding to a probability of 0.02. For values of wind speed less than or equal
to 28 m/s the probability of house damage is very low. It is assumed that values of wind speed greater than 28
m/s produce openings in the roof and other parts of the house where it is easy for embers to enter the house;
we simulate this by increasing the ember density affecting the house in proportion to the wind speed.

2.3 Part II: House to house fire spread by radiation

In this module we consider the impact that a burning house has on its neighbouring houses. We consider
houses that are closer (in absolute distance) than 120m to our target house. Whether or not a house is burnt
by their neighbouring house(s) depends on four factors:

e  whether the target house has already been damaged by wind or debris;

e proximity of the target house to a neighbouring house which is in flames;

e number of fire fronts facing the target house; and

e  whether the house is protected by neighbouring buildings not impacted by the fire.

Houses further than 120m away have very low probability of impacting the target house as explained below.
Figure 4 shows the corresponding PET for this part of the BFIM (due to space considerations only one tree
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per branch is shown). The first variable considered in this part of the model is wind damage (WD). If the
windows or doors of a house have been damaged by wind it is more likely that flames can penetrate the
house. The actual level of damage to the house can be assessed based on Figure 4. The first tree of Figure 4
shows that a house with high wind damage (H) has a higher probability of being burnt. The second tree
(house proximity —HP) considers the distance of the target house to a house which has been impacted by the
fire. If this distance is less than 60m the probability that the target house is burnt is high, and we allocate a
value of 0.9 to branch (H). If it is more than 120m the probability is low and we allocate a value of 0.01 and
SO on.

The next tree (fire fronts —FF) considers the number of neighbouring houses impacted by the fire. Obviously
if there are more than two neighbouring houses burning, the probability that our target house is burnt is high
(H) so we allocate a value of 0.7 to this event. If there are two houses burning in the neighbourhood, the
probability must be lower, so we allocate a value of 0.2 to this event and so on. The last tree (shielding factor
—SF) refers to the number of neighbouring houses not impacted by the fire which can act as a barrier to the
fire reaching the target house; this is called the ‘shielding factor’. The greater the number of houses not on
fire between the target house and the houses burnt by the fire, the lower the probability that the target house
is impacted by the fire. This event is represented by the H branch (high shielding factor) with probability of
0.1. The opposite is represented by branch L with a high probability, i.e. if the shielding factor provided by
neighbouring houses, not in flames, is low, the probability that our target house burns is high.
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Figure 4. PET for fire spread through radiation

Solution of the PET shown in Figure 4 estimates the probability that the target house is burnt by the bushfire.
As an illustration consider the case of a target house damaged by high wind, which is closer than 60m to a
house in flames, which is surrounded by more than two houses in flames and that it has a low shielding
factor. The probability that this house is destroyed by the fire is given by the multiplication of all “H”
branches of the four trees.

The last part of this Section considers the impact of ‘dormant embers’ on houses. In many fire events, houses
can be burnt by embers hidden in cavities in the house roof. These embers can be activated by wind or
flammable material in close proximity, and can ignite the house long after the fire has passed through the
region. The modelled probability that a house is burnt by smoldering embers depends on four events:

e the house has been affected by wind speeds greater than 28 m/s as explained in Section 2.2;

e  during the fire the house has been subjected to embers with a density greater than a given threshold,
currently estimated to be one third of maximum ember density in the region of interest;

e The combined efficiency of occupants and neighbours is lower than a given threshold, currently at
25 percent (See (2)); and

e the house has not been visited by the fire services (see Section 2.1).

The rationale for the two last events is that ill prepared occupants and neighbours may not be aware of the
smoldering ember problem and will fail to examine the roof after the fire has passed through the region. On
the other hand, if the house has been visited by the fire brigade, it is assumed that the fire fighters will look in
roof cavities and will extinguish smoldering embers if they are found.
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3. CASE STUDY EXAMPLE

To illustrate the model, an example case based on Kinglake West bushfire of ‘Black Saturday’ (7 February
2009) is discussed. The layout of houses (297) in the region of interest is shown in Figure 5. Table 1 shows
the impact of the fire considering the different parts of the model. The columns show the number of houses
destroyed and the rows are the different parts of the BFIM model presented in this paper.

Table 1. Step by step account of the BFIM simulation results with FireDST.

Initial conditions from 28 n/a n/a n/a n/a 28 94
FireDST

BFIM Pass 1 3 n/a n/a n/a n/a 3 1.0
(Human Intervention)

(FireDST 2™ Pass) 3 50 na |nfa |n/a 53 17.9
BFIM Pass2 3 50 27 3 3 86 29.0

(house to house spread)

FireDST provides the initial conditions for BFIM (see Figure 1). These initial conditions are given in the first
row of Table 1: there are 28 houses destroyed by the ember attack, representing a 9.4% of houses in the
region of interest. The first part of BFIM simulates human intervention and the results of this part of the
simulation are presented in row two: there are now only three houses burnt by the ember attack, representing
more than 9 times improvement. It demonstrates the importance of human intervention in a fire simulation
model. This is supported by the study of Blanchi and Leonard (2008) in which they examined post-event
bushfire impact survey information. They concluded that houses had between 3.8 and 7.5 times greater
chance of being destroyed if no one was present.

In the second part of the model we consider the impact of radiation. Row three shows the initial conditions
calculated by FireDST. There are now 50 houses destroyed by radiation, so the total number of houses lost is
53. Results of the second part of BFIM (Section 2.3) are shown in row four with 33 houses (27 + 3 + 3)
marked with very high probability (80-100%) of being burnt by house-to-house fire spread. The total number
of houses likely to be destroyed by the fire is now 86 representing a total of 29 percent of houses loss out of
the 297 houses in the region of interest. Figure 5 summarises the results.

The model has been developed in a modular fashion to allow the inclusion of more variables into it if
necessary. Currently we are conducting large scale sensitivity analysis in order to assess the relevance of the
variables used in the present model. Once the model has been calibrated we will be able to compare our
results against known bushfire events.

4. CONCLUSIONS

We have presented a basic probabilistic model to study the impact of human intervention on bushfires within
a peri-urban community. The model considers a number of variables including house loss due to wind
damage, house-to-house fire spread due to radiation, the effect of smoldering embers; and human
suppression. Preliminary results show that human suppression is a very important variable in house
survivability; it can make a significant difference in terms of house loss. The efficiency of the human
suppression, however, depends on occupant preparation as well as house preparation.

5. FUTURE WORK

The BFIM has been run in scenario (deterministic) mode to develop the model and to test the sensitivity of
the input parameters on the output. We plan to conduct Markov Chain Monte-Carlo (MCMC) runs to
determine the appropriate model parameters by comparing against known fire events and also gain a better
understanding of the most important elements of a human suppression model.
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Figure 5. Example fire simulation. Green dots are houses not affected by the fire. Red dots indicate houses
burnt by embers (BFIM pass 1, human intervention). Green dots with the red circle are houses burnt by
radiation (BFIM pass 2). Blue dots are houses burnt by radiation in FireDST simulation (initial conditions).
Green dots with the black circle are houses with 80 percent probability of being burnt by radiation. Green
dots with the yellow circle indicate houses with 60 percent probability of being burnt by radiation.
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