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ANALYSIS OF FOREST FIRE BEHAVIOUR BY ADVANCED

COMPUTER FIRE SIMULATORS

Computer modelling of dangerous phenomena related to fire in forest or in wildland-urban interface is an important tool to support emer-
gency planning for such complicated events. In this paper, the use of FARSITE (Fire ARea SImulaTor), adapted for real conditions in Slovak
Paradise National Park (Slovakia), and WFDS (Wildland-urban interface Fire Dynamics Simulator) for simulation of forest fires and fires
in wildland-urban interface is demonstrated. Computer reconstruction of an especially tragic destructive forest fire happened in 2000 as well
as simple examples of automobile fire in wildland-urban interface are illustrated.
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1. Introduction

Unwanted forest fires and fires in wildland-urban interface
(WUI) are known as highly dangerous destructive phenomena
threatening people’s lives and causing great vegetation and property
damages. Forest fires devastate badly natural scenery, eco-systems
and environment of the landscape afflicted by fire. Advances in
information technologies stimulate the development of computer
systems capable to simulate fire spread and its spatial and tempo-
ral behaviour to support fire management decisions. Such systems
can be used for fire prevention and planning purposes, for educa-
tion and training, but also for operational purposes facing active
fires. Computer simulation can also be used as a means to analyse
the effectiveness of suppression strategies and tactics taking into
account existing infrastructure and specific regional conditions. It
can be useful also for past fire events reconstruction to better under-
stand the circumstances that lead to fatal tragic incidents and great
losses of values and property during the fires [16, 27, 37 38, 44].
Several advanced forest fire simulators (e.g. the FARSITE, WILD-
FIRE, FIRESTATION, FIREMAP, WFDS, FIRETEC, FIRESTAR,
CAFME systems) have been developed for such purposes. Mostly
they are based on empirical and semi-empirical fire spread models
suitable for simulation of more extensive forest fires being applic-
able also for operational purposes and realized on currently avail-
able computer equipment. However, some of them utilize physical
models which allow to capture more of complexity of burning
process in smaller spaces with higher spatial data resolution. Since
physical models are based on numerical solving complex differen-
tial equations, they require specialized high-performance compu-
tational environment operating in parallel [26].

In this paper, we demonstrate the use of two advanced simu-
lators, the FARSITE (Fire ARrea SImulaTor) and WFDS (Wild-
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land-urban interface Fire Dynamics Simulator) systems, which are
representatives of both classes of simulation systems. FARSITE is
illustrated by results of the reconstruction of one especially tragic
forest fire which happened in 2000 in the Slovak Paradise National
Park (Slovakia). During the fire, dozens of hectares of unique forests
in Three Hills Natural Landscape Reservation were burnt off and
six people died. We adapted FARSITE for real fire conditions and
studied reasons which made the fire so tragic and destructive. For
such purposes, we made detailed analysis of the region to detect
dangerous tendencies of fire propagation and risky places in the
territory. The mentioned tragic consequences of the fire in Slovak
Paradise in 2000 stimulated the forest fire research in Slovakia.
Research focusses both on new as well as on existing means and
know-how applicable for fire prevention, planning and fire-fight-
ing in Slovak forests. Several national research institutions began
a joint research project covering also the study of computer fire
simulation as a means for fire management decision support.

The use of WFDS is illustrated studying the interaction between
automobile fire and vegetation fire sometimes occurred in WUI.
Since Slovakia belongs to countries with high forest cover (about
45% of total area; 23% from that are national parks and other pro-
tected areas) and to countries with highest automobile production
per capita in Europe, the number of automobiles and their concen-
tration grow rapidly and automobile fires have become a significant
part of registered fires in Slovakia [4, 6, 28, 29, 31]. Moreover, at
eastern Slovak border (which is also the EU border, the great part
of which is covered by wild forest), terrain automobile patrols are
inevitable for border protection, which makes readiness for possible
failures and fires particularly significant. From these reasons,
national consortium of research and fire-fighters teams was estab-
lished to solve practical problems of fire safety, including auto-
mobile fire safety and particularly automobile-in-WU]I-fire safety.
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For these purposes, in 2009 and 2010, a series of full-scale auto-
mobile fire experiments was carried out in testing facilities of Fire
Protection College of the Ministry of Interior of Slovak Republic
in Povazsky Chlmec (Slovakia) and in two experimental tunnels
of Scientific Research Coal Institute in Stramberk and in Ostrava
(Czech Republic) [17, 28, 32, 34, 43] to gather data required for
subsequent computer simulation of various possible automobile fire
scenarios [17, 41-43]. The primary objective of these experiments
was to measure gas and surface temperatures to gather data for
validation of computer simulations of the tested automobile fire
scenarios and to obtain better knowledge about ignition and burning
of a single automobile and about the fire spread from one vehicle
onto other vehicles, or onto other structures or vegetation.

2. FARSITE simulation for past fire event reconstruction

FARSITE [5, 30] belongs to the best forest fire simulators
based on semi-empirical fire spread models. We studied mathema-
tical foundations of methods implemented in FARSITE and in
other selected simulators [8-12, 15, 39, 40] to make possible the
proper use of FARSITE and its adaptation for intended computer
fire simulation in Slovak conditions. Its applicability for Central
European forests was assumed because it has already been tested
in several countries of Mediterranean and Western Europe (see e.g.
[2, 3, 18, 19]). Since the standard NFFL fuel models [1] were orig-
inally developed for conditions of top fire season outside Europe,
new original fuel models had to be defined to fit specific vegetation
conditions in Slovak Paradise (see Figs. 1-2). In order to achieve
reliable computer fire reconstruction, real input data describing
topography, vegetation cover and meteorological situation were
gathered [21, 33, 35, 36] and FARSITE was calibrated to real fire
conditions. An original fuel model representing real vegetation at
the site was defined (see Table 1) validating the fuel parameters
by field investigations and laboratory evaluation of collected veg-
etation samples [21, 35].

To answer two questions, why the burning area in first hours
had such a significantly elongated oval shape and why the people
were entrapped by the fire, we investigated various fire scenarios
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and made a big number of particular FARSITE simulations to
better understand specific fire behaviour in given region. The sim-
ulation results confirmed increasing fire danger just in the vicinity
of the place of human tragedy [7, 13, 14, 16] (see Fig. 3 and
Tables 2-3). FARSITE showed its great potential for fire danger
analysis and computer reconstruction of past fire events, as well as
for fire prevention and planning purposes.

Burning area at noon on 24.10.2000 (confirmed)
Burning area at noon on 24.10.2000 {estimated)
Burning area at 6 p.m. on 25.10.2000
Burning area at 6 p.m. on 26.10.2000
Burning area at 6 p.m. on 27.10.2000
Burning area at 6 p.m. on 28.10.2000
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The place where 6 people died

(i)

Fig. 3 (i) First two days simulation (I-hour perimeters plotted); (ii)
simulation initiated at three points (1.5-hour perimeters plotted)

Fig. 2 Spatial data layers (elevation, slope, aspect, canopy cover) for the fire simulation
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Fuel model parameters where DFL is 1h, 10h and 100h dead fuel loading [t/ha], LHFL is live herbaceous fuel loading [t/ha], Table 1
LWFL is live woody fuel loading [t/ha], DFSTR is 1h dead fuel surface to volume ratio [1/cm], LHFSVR is live herbaceous

fuel surface to volume ratio [1/cm], LWFSVR is live woody fuel surface to volume ratio [1/cm], FBD is fuel bed depth [m],

DFEM is dead fuel extinction moisture [%], HCDF is heat content of dead fuels [kJ/kg], and HCLF is heat content of live

fuels [kJ/kg]

DFL DFL DFL FSVR LHF LWF
Ih 10h 100h LHFL LWFL Ih SVR SVR FBD DFEM HCDF HCLF
5.842 3.499 0.339 0.473 1.57 71.8 49.0 49.0 32 27 18600 18600

Fire behaviour parameters where ST is simulation time Table 2 | 3. WFDS simulation of automobile fire in WUI
[month/day time], RoS is rate of spread [m/min] and

FL is flame length [m] Computer simulation of automobile fires in WUI belongs to
ST RoS FL the most complex simulation problems at all. However, in recent

years several advanced simulation programs capable to model some

10/2410:00 0.6 0.7 features of the problem have been developed. WFDS [22-24] was
10/24 11:00 0.1 0.3 developed as an extension of the well-known Fire Dynamics Sim-
10/24 12:00 03 05 ulator [25] which is meant to. simulate fires .in huma.n structur.es.

The WFDS system allows to include vegetation fuel into fire sim-

10/24 13:00 0.3 0.5 ulation and to utilize increasing computational power of current
10/24 14:00 0.4 0.5 computer systems even for more complex fire scenarios. In this part,
10/24 15:00 17 10 two typical fire scenarios which occur during automobile fires in

WUI are illustrated: the first scenario represents the spread of fire
ignited in automobile engine compartment onto the crown of a near
Fire size where ST is simulation time [month/day time], Table 3 standing tree and the second one simulates the spread of shrub fire
PL is perimeter length [km] and BA is burned area [ha] onto a near standing automobile. Firstly, we made FDS simulation
of automobile fire ignited in engine compartment which provided

T PL BA R .. . . .

S a realistic description of typical automobile fire scenario [41, 42].
10/249:00 0.71 0.00 The simulation reproduced the main features of the fire spread
10/24 10:00 0.94 4.11 correctly and provided realistic fire spread description in the vici-
10/24 11:00 1.32 5.44 nity of the vehicle engine compartment. Next, we incorporated the
10/24 12:00 173 6.44 automobile fire behaviour into WFDS simulation using the heat
10,24 13:00 204 522 release rate (HRR) beh'fwmur and observed material Parameters

of bodywork varnish as input data for both fire scenarios.
10/24 14:00 2.72 11.59
10/24 15:00 3.24 16.51 The first fire scenario configuration is shown in Fig. 4i, where
10/24 18:00 3.87 26.74 the automobile bodywork is modelled explicitly and the automo-
10/24 21:00 427 34.09 bile fire behaviour is prescribed by the HRR values obtained from
1025 21:00 631 6999 the FDS 51mu1at.10n. The fire abov.e the bodywork interstices is
represented by six stripes of prescribed HRR located bellow the

Smanavin 41 - S 1 009 By
S43- g 1 -]

(ii) (iii)

Fig. 4 (i) Automobile fire spread onto a tree; (ii) shrub fire spread onto an automobile and (iii) impact of shrub fire on automobile
in the distance 10 cm and wind speed 2 m.s™'
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front window corresponding to the FDS simulation. In order to
simulate the fire spread on the lid, the varnish fire HRR is prescribed
distinctively for the particular parts of the lid which ignited one
after another. The used tree crown parameters correspond to tree

with the moisture content 20%, surface to volume ratio 4000 m ™",

fuel element density 520 kg.m ™ and crown bulk density 1.5 kg.m 3.
The crown of cylindrical shape has the following parameters: the
crown height 3.4 m, crown base height 1 m and crown base width
1.6 m. Initial temperature is set to 35 °C. The whole calculation
domain (600 X 450 X 360 cm with the resolution 5 cm and 10 cm)
was decomposed into three meshes (120 X 30 X 72 cells, 60 X
15 X 36 cells and 60 X 15 X 36 cells); the finer resolution was
used in the region including the lid and parts in the wind speed
direction where the main part of fire transfer was expected. Simu-
lation of 100 s of fire required 7-8 hours of CPU time at Intel
Q9550, 2.83 GHz CPU. The influence of wind speed and the dis-
tance between automobile and vegetation on the tree crown igni-
tion was investigated (see Table 4).

Time of crown ignition for different values Table 4
of wind speed and tree distance
0cm 20 cm 40 cm 70 cm 100 cm
O0ms ' | 735s |no ignition | no ignition | no ignition | no ignition
Ims™'| 673s 736's 842's | no ignition | no ignition
2ms”! 659 s 685s 726 s 825s no ignition

The second fire scenario configuration is shown in Fig. 4ii,
where the shrub is represented by a rectangular block consisting
of four particle classes (see Table 5). We studied the influence of
wind speed and the distance between vehicle and shrub on the
automobile ignition. The computational domain dimensions are
500 X 250 ¢cm in y- and z-coordinates varying from 500 to 600 cm
in x-coordinate (in dependence on the distance) with the resolution
5 cm. Simulation of 60 s fire required 18-35 hours of CPU time
at Intel Q9550, 2.83 GHz CPU. Table 6 shows the impact of the
shrub fire onto the automobile (see also Fig. 4iii).

4. Conclusion
Computer reconstruction of past forest fire events and the use

of advanced fire spread simulators can help fire management as
means of strategic fire-fighting and planning decision support.
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Material properties of shrub fuel classes where SFC Table 5
is shrub fuel class, SVR is surface to volume ratio [1/m],
VM is vegetation moisture [%], VD is vegetation density
[kg/m?] and VBD is vegetation bulk density [kg/m°]
SFC SVR M VD VBD

1 4000 50 520 1.5

2 2667 50 520 0.25

3 889 50 520 0.25

4 500 50 520 0.25

The FARSITE reconstruction of the fire in Slovak Paradise National
Park, during which six people were entrapped by fire, demonstrates
that FARSITE, adapted for specific Slovak conditions, is able to
reproduce fundamental fire behaviour features. Fire propagation
analysis indicates especially dangerous fire spread tendencies and
increasing fire danger just in the vicinity of the place where the
people died. The simulation results also helped exclude some earlier
assumptions related to the way of the fire origin and showed several
probable ways how the fire could start. Since quickness and effi-
ciency of fire suppression and fire management answer to fire event
is very important, such advanced simulation tool, operating almost
in real-time on commonly available computers, allows the fire man-
agement to test various aerial and/or ground attack tactics and strate-
gic fire-fighting decisions.

The use of advanced fire simulation tools to study automobile
fires in forest (or in WUI), validated by full-scale automobile fire
experiments carried out, is a challenging not yet solved problem.
In this paper, two WFDS simulations of automobile fires in WUI
are described. The knowledge obtained during the series of fire
experiments conducted in Slovakia and in Czech Republic in 2009
and 2010, and the subsequent FDS simulation of various automo-
bile fire scenarios are used to study the spread of automobile fire
onto near standing vegetation and vice versa. The first scenario
represents the spread of automobile fire onto the crown of near
standing tree. The FDS simulation allows to simulate the fire beha-
viour in the vicinity of the automobile in detail with high resolu-
tion. Then, the simulation results are incorporated into WFDS
simulation, performed on the larger scale with lower resolution, in
order to study the impact of automobile fire on near standing tree.
In the second fire scenario, WFDS was used for studying the spread
of shrub fire onto near standing automobile. Ignition of combustible
automobile components is a very complicated and complex process
which will require more detailed research. However, it was demon-

Automobile components ignited by shrub fire for different values of wind speed and shrub distance Table 6
10 cm 25 cm 50 cm 75 cm 100 cm 125 cm 150 cm
0ms ! tyre tyre tyre tyre no ignition no ignition no ignition
I ms™! tyre tyre tyre tyre no ignition no ignition no ignition
2ms”! tyre, varnish tyre tyre tyre no ignition no ignition no ignition
3ms! tyre, varnish tyre tyre tyre tyre tyre no ignition
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strated that the used approach allows to solve practical problems
of great importance for fire safety purposes. The simulation can
describe the main fire spread tendencies as well as quantitative
fire characteristics providing useful information for the design of
automobiles and human structures, the fire safety arrangements
and regulations, as well as for the development of fire-fighting
strategies in specific conditions. Since the computational require-
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ments of such simulations are significant, proper parallel implemen-
tation of typical fire scenarios on clusters of computers is a challeng-
ing problem.
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