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A B S T R A C T   

The effectiveness of a fuelbreak, created in a homogeneous grassland on a flat terrain, was studied numerically. 
The analysis relies on 3D numerical simulations that were performed using a detailed physical-fire-model 
(FIRESTAR3D) based on a multiphase formulation. To avoid border effects, calculations were carried out by 
imposing periodic boundary conditions along the two lateral sides of the computational domain, reproducing 
that way a quasi-infinitely long fire front. A total of 72 simulations were carried out for various wind speeds, fuel 
heights, and fuelbreak widths, which allowed to cover a large spectrum of fire behaviour, ranging from plume- 
dominated fires to wind-driven fires. The results were classified in three main categories: 1- “Propagation” if fire 
crossed the fuelbreak with a continuous fire front, 2- “Overshooting” and “Marginal” if fire marginally crosses the 
fuelbreak with the formation of burning pockets, and 3- “No propagation” if fire does not cross at all the fuel
break. The ratio of fuelbreak width to fuel height, marking the “Propagation”/“No propagation” transition, was 
found to be scaled with Byram’s convection number Nc as 75.07 × Nc

− 0.46. The numerical results were also 
compared to an operational wildfire engineering tool (DIMZAL) dedicated to fuelbreaks dimensioning.   

1. Introduction 

As suggested in Ref. [1], wildland fires are a multi-scale phenome
non, whose behaviour can be analysed, at least, at three levels: flame, 
wildfire itself, and fire regime. Three coupled time and length scales can 
be associated to these three levels of observation, i.e. seconds and metres 
for flame, days and kilometres for wildfire and years and hundreds of 
kilometres for fire regimes. The direct consequence of this scale sepa
ration is that behaviour of wildland fires cannot be associated to a single 
fire triangle as it is the case for structure fires, but to three fire triangles, 
whose sides are defined as follows: (Fuel/Heat/Oxygen) at flame level, 
(Fuel/Weather/Topography) at wildfire level, and (Vegeta
tion/Climate/Ignition) at fire regime level [1]. The first fire triangle can 
be associated to firefighting operations, the two possibilities to have an 
action to modify fire behaviour would be: 1- reducing the amount of 
combustible fuel located ahead of a fire front (mechanically, by igniting 
a counter-fire, or by partially blocking the pyrolysis rate by dropping 
chemical retardants), 2- reducing the heat released by the fire front itself 

(by dropping water). Unfortunately, direct attack of wildfire fronts is 
efficient until fire intensity does not exceed a threshold value, evaluated 
at around 10,000 kW m− 1 for aerial means [2]. Considering the fact that 
this limit is very often exceeded, and will be more and more often in the 
future as a consequence of global warming (average intensities of 100, 
000 kW m− 1, with a peak value reaching 150,000 kW m− 1 were 
observed in Australia during Black Saturday bushfire event in Victoria in 
February 2009) [3]. To illustrate how powerful a 100,000 kW m− 1 

wildfire actually is, 15 m of this wildfire front released a thermal power 
equal to 1500 MW, equivalent of a medium-size nuclear power plant. 

In conclusion, it is generally admitted by fire safety experts that 
reducing wildfire hazard and their consequences on people and struc
tures cannot be only supported by increasing firefighting means, it re
quires moving fire safety analysis toward the second fire triangle (Fuel/ 
Weather/Topography). Because we cannot have any action on weather 
and topography, the only means of reducing the risk level, or at least the 
impact of a wildfire on people and structures, is to reduce fuel load [4]. 
Reducing fuel load can contribute to achieve various objectives: 
reducing the impact of a wildfire on a forest (by setting-up a strategic 
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fuelbreak), or on the wildland urban interface (fuelbreak, clearing), 
reducing potential fire intensity in a natural area (prescribed burning, 
clearing) or during a firefighting operation (igniting a counter fire). A 
fuelbreak is hundred-meter-wide area where the amount of fuel at 
ground level is reduced mechanically, using animals (by pasturing) or 
using fire (prescribed burning). This safety zone can be used both to 
reduce the extension of a wildfire, to ensure safety conditions for fire
fighters during suppression operation and also be used as escape routes. 
The utility of such fuel management is to reduce the intensity of a po
tential wildfire in a forest (to avoid that it completely burns) or near 
houses or structures located in a wildland urban interface (WUI) [5]. 
Recent catastrophic fire seasons observed in various parts of the world 
(Alberta Canada in 2016, Portugal in 2017, California in 2017, 2018, 
2020, Greece in 2018, Australia in 2019–2020) have shown that for 
many reasons, the urban sprawl in the WUI, the reduction of some 
agricultural activities, abandonment of agricultural land, and certainly 
also the first manifestations of global warming, wildfire hazard and its 
consequences upon communities (lives lost, houses and ecosystem 
destruction …) constitute now a major problem that must be seriously 
tackled [6]. For example, Hammer et al. [7] have shown in a review 
paper that destructions of structures in California increased by 110% 
between the periods 1955–1985 and 1985–2000. 

Currently, there are no absolute standards for fuelbreak widths: 
Green and Schimke [8] showed that fuelbreaks widths of at least 65 m 
were necessary under high-intensity chaparral fires; Green [4] recom
mended a minimum of 90 m; in Corsica, a 100-m fuelbreak width is 
assumed, based on experts judgment but without any scientific basis [9]; 
and in the USA, the Quincy Library Group proposes fuelbreaks of 400 m 
width [10]. Because a fuelbreak can have various objectives, its design 
(and particularly its width) should satisfy different constraints. One 
objective could be to protect combustible materials (buildings, vegeta
tion) located in a WUI, which could be ignited from a heat flux coming 
from a fire front. Assuming that the interaction between the flame front 
and a potential target was mainly due to radiation (this point will be 
discussed later in the paper), many studies chose to define a dimen
sioning criterion based on a threshold value of radiation heat flux QR 
received by a target. For example, Cohen [11] chose a radiation heat flux 
of 31 kW m− 2, which corresponds to the ignition limit of a piece of wood 
that is thermally thick, exposed to this heat flux during 60 s. For thin 
wood samples, used to study vegetation ignition, this radiation heat flux 
can be lower. This approach may be called “passive fuel-breaking”. 
Another objective of fuelbreak, more related to firefighting activity, 
could be to offer to firefighters a safety zone along fire-front trajectory; 
in this case, the safe separation distance (SSD), i.e. acceptable safety 
distance between a firefighter and a fire front, must be evaluated with a 
lower radiative heat flux, and the recommended value in this case is 7 
kW m− 2. Considering that a firefighter can operate in safe conditions at 
the middle of the fuelbreak (that should also include an access trail in 

this case), fuelbreak must be twice as wide as the SSD [5]. This approach 
may be called “strategic fuel-breaking”. 

This study is dedicated to the first approach, i.e. the problem of 
designing a passive fuelbreak, about which only few theoretical studies 
exist in literature. The first paper that addressed fuelbreak effectiveness 
was published in 1964 by Emmons [12] who proposed a 1D simplified 
physical model based on the assumption that heat transfer between the 
fire front and vegetation was exclusively governed by radiation. Using 
an energy balance equation, he proposed an effectiveness criterion, 
given by Eq. (1), linking the fuelbreak width (LFB) to Leaf Area Index 
(LAI) characterizing vegetation layer and fire front depth (DFire): 

LFB ≥
LAI DFire

2
(1) 

Green and Schimke [8], estimated that the distance from a wildfire 
required to prevent ignition by radiation was half the distance required 
to prevent disabling burns. As strategic fuelbreaks must act as barriers to 
stop or slow down a fire spread and must also form safety zones where 
firefighters and their equipment can retreat to escape injury [5], the SSD 
concept is also used to assess fuelbreak widths. The SSD is the distance 
between firefighters and fire required to prevent firefighters’ injuries. 
So, assuming that fuelbreak center is a safety zone, total width of a 
fuelbreak should theoretically be at least twice as large as the SSD [13, 
14]. The analytical model proposed by Rossi et al. [13] and imple
mented in an operational tool “DIMZAL” was based on radiative heat 
flux threshold of 7 kW m− 2 that an equipped firefighter would withstand 
without being injured. The distance at which this threshold heat flux QR 
would impact a theoretical target is a function of flame-front charac
teristics (flame length, flame temperature, flame tilt angle …) and is 
given by Eq. (2) [13], where LF is the flame length, γ is the flame 
tilt-angle, TF is the flame temperature, and ε and τ are the flame emis
sivity and atmosphere transmissivity, σ is Stefan-Boltzmann constant, 
respectively. 

SSD=LF

⎡

⎣
cos γ

((
ετσT4

F

)2
− 4Q2

R

)1/2

2QR
+ sin γ

⎤

⎦ (2) 

Noticing that flame height was very often equal to twice the vege
tation depth, Butler and Cohen [15] had previously proposed a simpler 
criterion to evaluate the SSD, given by Eq. (3), based on the flame height 
(HF) and on a threshold heat flux equal to 7 kW m− 2. 

SSD≥ 4 × HF (3) 

By comparing Eqs. (2) and (3), the expression proposed by Rossi 
et al. [13] can be considered as a generalization of the expression pro
posed by Butler and Cohen [15], that includes wind effect on the flame 
geometry. The factor 4 in Eq. (3) was replaced in Eq. (2) by a function 
that depends on the flame characteristics (tilt angle and flame 

Nomenclature 

CP Specific heat (J kg− 1 K− 1) 
DFire Fire front depth (m) 
FMC Solid fuel moisture content (%) 
g Acceleration of gravitation (m s− 2) 
HF Flame height (m) 
HFuel Fuel layer depth (m) 
I Fireline intensity (kW m− 1) 
LAI Leaf Area Index 
LF Flame length (m) 
LFB Fuelbreak width (m) 
LFBx Critical fuelbreak width (m) 
NC Byram convective number 

QR Radiation heat flux (kW m− 2) 
ROS Fire rate of spread (m s− 1) 
T Gas temperature (K) 
TF Flame temperature (K) 
U10 10-m open wind speed (m s− 1) 

Greek symbols 
αS Solid fuel volume fraction 
δR Extinction length scale (m) 
ε Flame emissivity 
γ Flame tilt angle 
τ Atmosphere transmissivity 
σS Solid fuel surface area to volume ratio (m− 1)  
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temperature) and on the radiative heat flux. Also, flame height in Eq. (3) 
was replaced in Eq. (2) by flame length to take into account the 
deflection of flame trajectory. 

It should be noted that in order to maintain a certain aesthetical 
quality of landscape (in national or regional parks for example), a 
fuelbreak does not necessarily mean a zone in which all vegetation must 
be completely removed. Some trees can be preserved while maintaining 
some safety distance between two crowns, in a typical configuration 
called shaded fuelbreak [10] that has the capacity to stop fire propa
gation at crowns level, by maintaining fire only at understory level [16]. 

The purpose of the present paper is to study fuelbreak effectiveness 
(created on a flat terrain, to simplify the analysis) against wildland fires 
in different fire regimes. This study is based on numerical simulations 
that were performed using a 3D CFD fire model, in the continuity of a 
previous 2D study [17]. This preliminary 2D study highlighted the role 
played respectively by radiation and convection heat transfer on the 
capacity of a surface fire propagating through a homogeneous Medi
terranean shrubland of crossing or not a fuelbreak. Because the objective 
of a fuelbreak is to efficiently stop fire propagation in various fire con
ditions, this paper proposes to generalize the preliminary 2D study [17] 
to a more realistic conditions, by performing 3D simulations and by 
covering a large spectrum of propagation regimes ranging from 
plume-dominated fires to wind-driven fires. Most of the existing studies 
on the evaluation of a fuelbreak are based on classical ignition theory 
[18–20]; it consists first in relating ignition time to the radiation heat 
flux received by a target (that can be thermally thin or thermally thick), 
then in evaluating a home ignition zone (HIZ) from an acceptable level 
of risk [13,21,22]. As underlined by previous 2D study [17], the ignition 
process that governs fuelbreak effectiveness, is not exclusively piloted 
by radiation heat transfer, sometimes this ignition can result from a 
convective heat transfer between hot gases coming from the plume and 
dry vegetation located at the fuelbreak edge. In fact, the propagation of a 
fire front and therefore its capacity to cross a fuelbreak, are strongly 
correlated to the flame and plume direction, more or less tilted by the 
wind flow [23]. Depending on the ratio between the two forces gov
erning the flame trajectory, i.e. wind inertia and buoyancy, two modes 
of fire propagation were already identified: plume dominated and wind 
driven [23,24]. The vertical structure of fire front, more or less con
sisting of a succession of peaks and troughs, must also affect the fire front 
dynamics and flame/vegetation interaction [25,26]. The fact that a fire 
front is far to be a simple uniform radiant panel and the potential role 
played by convective heat transfer, justify that investigating the problem 
of fuelbreak effectiveness cannot be carried out by simply considering 
the radiation heat flux received by a potential target, but requires 
considering the 3D character of fire, which is the main objective in this 
paper. 

In order to avoid superposition of parameter effects, the simplest as 
possible configuration was considered, by choosing a homogeneous fuel 
layer, a grassland on a flat terrain, cut in the middle by a fuelbreak 
where fuel was completely removed. To cover a large spectrum of fire 
behaviour, the simulations were performed by varying two parameters: 
the 1-m open wind speed (U1, ranged from 3 to 14 m s− 1) and fuel height 
(HFuel, ranged between 0.25 and 1 m). 

Readers should be aware that this particular choice of fuel layer 
(grass) may limit the generalization of the results highlighted in this 
study. However, because this kind of fuel is very dry, it also constitutes a 
good test by maximizing the level of risk (a good thing in such fire safety 
study). Prescribed fires are also very often performed in grasslands, 
which requires fuelbreaks to guaranty the safety conditions of such 
operations. At the end of the paper, the analysis of the results in terms of 
non-dimensional numbers (length ratio versus Byram’s convective 
number), extends the study to other fuel types. 

1.1. Physical and mathematical model 

A set of numerical simulations was carried out for fire propagating 

through a homogeneous grassland, as shown in Fig. 1. In order to ach
ieve a quasi-steady state of fire propagation before the fire front reaches 
the fuelbreak, computational domain dimensions were adapted ac
cording to wind speed as follows: LFE = 30 m (U1 = 3 m s− 1), LFE = 40 m 
(U1 = 5 m s− 1), LFE = 60 m (U1 = 8 and 10 m s− 1), LFE = 80 m (U1 = 12 
and 14 m s− 1). Consequently, the domain length in the fire propagation 
direction LX varied from 140 to 200 m, the domain width in transverse 
direction LY varied from 50 (for U1 = 3 m s− 1) to 80 m (for U1 = 12 and 
14 m s− 1), while the computational domain height LZ was fixed at 40 m. 
At the domain entrance, a 20 m-wide band, without any vegetation, was 
placed to initiate the atmospheric boundary layer. A 1/7-power vertical 
velocity profile was used at the domain inlet with a turbulence intensity 
of 10%. Tests have shown that the 20-m entrance region was sufficient to 
initiate the atmospheric boundary layer, and that increasing this region 
length has no noticeable effect on the obtained results. Vegetation was 
ignited using a 1 m-wide (in X direction) gaseous burner located along 
the entire leading edge of the vegetation layer. 

Physical properties and characteristics of the solid fuel layer are 
detailed in Table 1. With these values, the extinction length scale δR 
characterizing heat transfer by radiation, given by Eq. (4), is equal to 
0.5 m [27], where αs is the solid fuel volume fraction and σs surface area 
to volume ratio of solid fuel particles. 

δR =
4

αS σS
(4) 

To respect the constraint required for a good representation of 
physical phenomena governing fire behaviour [27], mesh dimensions 
were chosen as follows:  

• In the solid phase (the vegetation): Δx = Δy = 0.25 m and Δz =
0.0125 m,  

• In the gaseous phase: Δx = Δy = 0.5 m and Δz = 0.025 m for z ranged 
between z = 0 and z = 1 m, then mesh was gradually coarsened 
according to a geometrical progression with a ratio = 1.04. 

Notice that mesh size is always less or equal to the extinction length- 
scale δR, given by Eq. (4) and equal to 0.5 m [27]. A previous numerical 
study of a fire front ignited in a tube filled with pine needles had shown 
that this condition was sufficient to correctly reproduce the heat transfer 
(by radiation in this case) piloting fire front propagation and therefore to 
avoid any numerical artefact [28]. In addition, cold simulations of a 
turbulent boundary layer above a canopy performed with similar mesh 
sizes, had shown quite good results compared to experimental data [29]. 
Even if it would be preferable in LES [30] to use mesh sizes with aspect 

Fig. 1. Fluid-phase and solid-phase computational domains used to simulate 
grassland fire with a fuelbreak. 
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ratios Δx/Δz and Δy/Δz nearly equal to unity, considering that effect of 
the wind flow and the vertical extension of the flame on the fire 
behaviour could be important, we have refined the mesh along the 
vertical direction (z). As a consequence of that, the mesh size near the 
ground and above the canopy was characterized with aspect ratios 
Δx/Δz and Δy/Δz much larger than one and equal to 20. However, the 
mesh size chosen along the x and y directions was considered as a 
compromise between reasonable computational time and acceptable 
accuracy [30]. 

As mentioned in introduction, the influence of fuel height HFuel and 
of wind speed U1 (evaluated 1-m above ground level) was tested in this 
study. Five values of HFuel (0.25, 0.35, 0.5, 0.75, and 1 m) and six values 
U1 (3, 5, 8, 10, 12, and 14 m s− 1) were considered. In order to relate the 
analysis to literature where the 10 m-open wind speed U10 is often used, 
the ratio U10/U1 = 1.39 for a 1/7-power inlet velocity profile. The dis
tance LFE in Fig. 1 was adapted according to the wind speed in order to 
obtain a quasi-steady fire-front propagation (criterion based on the 
value of the average rate of spread) before reaching the fuelbreak. 18 
combinations of the fuel height and the wind speed were considered, 
and for each combination, at least three fuelbreak widths LFB were 
tested; in total 72 simulations were carried out. 

The simulations were carried out using a fully-physical fire-model 
(FIRESTAR3D). Because each solid fuel particle constituting the vege
tation cannot be represented in detail, the problem is formulated using a 
multiphase approach, consisting in averaging balance equations of mass, 
momentum, energy, and so on, governing the coupled physical system 
formed by the vegetation and the surrounding atmosphere, inside con
trol volumes containing both solid and gaseous phases. This approach 
was initially proposed by Grishin [31] to study forest fires, then quasi 
simultaneously, with some variations in the formulations, by other au
thors, such as Larini et al. [32], Linn [33], Morvan et al. [34]. The 
vegetation layer is represented as a sparse porous media (volume frac
tion αS occupied by the solid phase was always less to 1%), and the 
averaging process of conservation equations applied to the control vol
umes results in the introduction of additional source/sink terms, rep
resenting the interaction between solid and gaseous phases. In 
momentum balance equations for example, the presence of solid fuel 
particles results in the addition of drag forces that contribute to the 
reduction of wind speed inside a forest. Other similar source/sink terms 
are present in mass and energy equations, reflecting the production of 
gases resulting from vegetation decomposition (by drying and pyrolysis) 
and the intense heat flux exchanged (by radiation and convection) be
tween vegetation and surrounding atmosphere. The consequences of the 
turbulence characterizing atmospheric flow surrounding the flame front 
is taken into account in using a Large Eddy Simulation (LES) approach. 
Additional models are introduced to account for turbulence-combustion 
interaction as well as turbulence-radiation interaction. The degradation 
process of the solid fuel (illustrated by Fig. 2) was reproduced as follows 
[35]:  

• Vegetation water is lost by vaporization at a constant temperature T 
= 373 K,  

• Dry fuel is decomposed into CO, CO2, charcoal, and soot by pyrolysis 
between 400 K and 500 K, 

• Gaseous CO produced by pyrolysis burns in the gaseous phase pro
ducing CO2,  

• Charcoal undergoes complete or incomplete combustion producing a 
mixture CO/CO2, CO/CO2 ratio is a function of charcoal 
temperature,  

• Gaseous CO released by incomplete char oxidation burns in the 
gaseous phase producing CO2. 

Because all model details have already been published, and in order 
to emphasise the physical aspects in the present paper, readers who 
would interested by these technical aspects are invited to consult 
following papers: [34–36]. 

It can be underlined that the use of this kind of engineering tool to 
evaluate the effectiveness of fuelbreaks, is limited to situations where 
convective and radiation heat transfers are the main sources of inter
action between the fire front and a potential target. This study ignores 
completely the very important role played by firebrands, which some
times represent one of the main sources of vulnerability of houses 
located in WUI. In this case, the objective of fuelbreaks in WUI is to allow 
firefighters to stay in safe conditions in the vicinity of houses to be 
defended [7,37]. 

1.2. Numerical results and discussion 

The set of variable parameters (fuel height and wind speed) was duly 
chosen in order to analyse the fuelbreak effectiveness for different fire- 
propagation regimes (from plume-dominated to wind-driven). Numeri
cal simulations were performed in such way to obtain a large interval of 
Byram’s convective number (Eq. (5)), that nearly ranged between 0.4 
and 50. This very important similarity parameter, represents the power 
ratio of the two forces governing the trajectory of flames and conse
quently the propagation of a wildfire, i.e. buoyancy force due to tem
perature difference (and therefore density) between the hot plume 
above the fire and ambient air, and inertia force due to the wind. 

NC =
2 g I

ρ0 CP0 T0 (U10 − ROS)3 (5) 

A first set of numerical results is presented in Figs. 3–6, showing 
the fuel bulk density (ρS = αS × ρS) at the top of the vegetation layer 
(z = HFuel). These simulations were performed for the same wind speed 
(U1 = 8 m s− 1) and the same fuel load (W = 0.5 kg m− 2, only the fuel
break width varied from a simulation to another one: LFB = 0 m (no 
fuelbreak) (Fig. 3), LFB = 20 m (Fig. 4), LFB = 19 m (Fig. 5), LFB = 10 m 
(Fig. 6). With these values, the Byram’s convective number NC, calcu
lated a posteriori from Eq. (5), after evaluating the rate of spread (ROS), 
was equal to 4.2, this corresponds to a hybrid fire propagation regime 
lying between plume dominated (observed for NC > 10) and wind driven 
(observed for NC < 2) fires [38]. For each configuration, fire intensity I 

Table 1 
Physical properties of the solid fuel layer.  

Fuel density ρS (kg m− 3) 500 

Specific heat CPS (J kg− 1 K− 1) 1380 
Fuel volume fraction αS 0.002 
Fuel moisture content FMC (%) 5 
Surface area to volume ratio σS (m− 1) 4000 
Fuel height HFuel (m) From 0.25 to 1 
Fuel load W (kg m− 2) From 0.25 to 1 
Extinction length scale δR (m) 0.5 
Leaf Area Index LAI (2 HFuel/δR) From 1 to 4  

Fig. 2. Fuel degradation model (general scheme).  
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and the rate of spread ROS required to calculate Byram’s convective 
number (Eq. (5)) were evaluated for the reference case, i.e. fire propa
gating through a homogeneous fuel layer (without fuelbreak), once the 
global behaviour of fire front had reached a quasi-steady (as shown by 
Fig. 3). It may be observed in Fig. 3 that the heterogeneous combustion 
had not really reached its full intensity at t = 30 s, as witnessed by the 
amount of charcoal on the back side of the fire front (black colour). 
Between t = 30 s and t = 35 s, a rapid expansion of the grey zone 
(corresponding to ash), reflecting an increase of the heterogeneous 
combustion rate may be noticed. The patterns are quite similar between 
t = 35 s and t = 40 s, indicating that the heterogeneous combustion had 
reached its full intensity. 

In these simulations (and in all others), fuel bulk density was ranged 
from 1.024 kg m− 3 (for the initial fuel state) to 0.039 kg m− 3 (when the 
fuel is entirely consumed and ash state is reached). To clearly highlight 
the position of the fire front, six colours were used:  

• Grey (ρS = 0.039 kg m− 3 ) for ashes state  
• Black (0.039 < ρS ≤ 0.25 kg m− 3) for char combustion  
• Red (0.25 < ρS < 0.5 kg m− 3) for pyrolysis and combustion  

• Yellow (0.5 < ρS < 0.75 kg m− 3) pyrolysis  
• Light green (0.75 < ρS < 1 kg m− 3) for drying and pyrolysis  
• Green (ρS = 1.024 kg m− 3) for initial fuel state 

As expected, before fire reaches the fuelbreak, it globally exhibits the 
same behaviour as shown in Figs. 4(a), 5(a), and 6(a). Even if these three 
pictures correspond to the same simulation time, they are not fully 
identical due to the very-nonlinear nature of physical mechanisms 
governing the fire. This apparent artefact is also typical of Large Eddy 
Simulations (LES) used here to treat turbulence, it is well known that 
LES preserves the sensitivity to initial conditions characterizing such 
kind of physical system; here, small differences between Figs. 4(a), 5(a), 
and 6(a) are the result of truncation errors and small random pertur
bations applied to the initial velocity field of amplitude 0.1 m s− 1 used to 
initiate turbulence. Then as the fire front reaches the fuelbreak edge, fire 
behaviour changes with fuelbreak width from stop and extinction for 
Fig. 4(b) and (c) (LFB = 20 m) to propagation beyond the fuelbreak for 
Fig. 6(b) and (c) (LFB = 10 m). The intermediate situation shown in Fig. 5 
(LFB = 19 m), called “Overshooting”, represents a threshold case, for 
which fire can cross the fuelbreak in some points, consequently forming 
few burning pockets. We can also notice that even when fire crosses the 
fuelbreak and keeps propagating as a continuous fire front later on, the 
early stage of the transition is characterized by a distribution of separate 
burning pockets, as shown in Fig. 6 (b), that end up merging together 
forming again a continuous front as shown in Fig. 6 (c). We also 

Fig. 3. Distribution of the bulk fuel density at the grassland top surface at 
different simulation times, for U1 = 8 m s− 1, W = 0.5 kg m− 2 and for the 
reference case (without fuelbreak) chosen to evaluate Byram’s convective 
number (Nc = 4.2). Color code: Green (initial state fuel), Light green (dry fuel), 
Yellow-Red (mixed dry fuel/char), Black (char), Grey (ashes). (For interpreta
tion of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 

Fig. 4. Distribution of the bulk fuel density at the grassland top surface at 
different simulation times, for U1 = 8 m s− 1, W = 0.5 kg m− 2 (Nc = 4.2), and for 
a fuelbreak width LFB = 20 m (No propagation). Color code: Green (initial state 
fuel), Light green (dry fuel), Yellow-Red (mixed dry fuel/char), Black (char), 
Grey (ashes). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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underline that the absence of vegetation in the fuelbreak contributes to 
locally accelerate the wind flow near the ground and at flame level as 
well, with the consequence that the fire front can temporarily accelerate 
after crossing the fuelbreak, from these burning pockets. 

This scenario certainly results from the vertical structuration of the 
flames front in peaks and valleys [25,26] that contributes to modulate 
heat transfer between the flames and the unburned fuel: a peak releases 
more energy by radiation compared to a trough, while a trough allows 
hot gases to cross the fire front and heat the unburned fuel by 
convection. 

The 3D character of fire as it crosses the fuelbreak is shown in Fig. 7 
for U1 = 8 m s− 1 and W = 0.5 kg m− 2 and for the three considered 
fuelbreak widths; subfigures correspond to Figs. 4(b), 5(b), and 6(b). 
The isovalue surface of gas temperature T = 1000 K is shown in yellow 
representing the flames, and isovalue surface of mass fraction of water 
vapour YH2O = 10− 3 is shown in semi-transparent grey. Even if choosing 
isotherm T = 1000 K to define the flame geometry might be considered 
as a little bit arbitrary, since the flame is located in a high temperature 
gradient region, we can consider that this choice should not be far from 
reality and it should at least not affect noticeably the results. These 
figures clearly highlight the differences between two typical behaviours: 
“Overshooting” and “Propagation”. In the “Overshooting” case, we can 
notice that fire locally ignites a pocket of solid fuel but is unable to 
reconstitute a continuous fire front later on. From this point ignition, fire 

may have the possibility of growing again, but for some time its intensity 
is seriously reduced by comparison to situation observed before fire 
reaches the fuelbreak edge. Even in the case where fire crosses and 
propagates beyond the fuelbreak, it takes some time (about 10 s in this 
case) before recovering its initial intensity, as we can notice in Fig. 8 
showing the time evolution of the heat release rate (HRR) (Fig. 8(a)) and 
the pyrolysis front trajectory (Fig. 8(b)) for U1 = 8 m s− 1 and W = 0.5 kg 
m− 2 in three configurations: with and without a 10 m and 19 m wide 
fuelbreak. In our study, HRR was evaluated from Eq. (6), including a 
positive contribution of the energy released by homogeneous combus
tion of CO in the gaseous phase and by heterogeneous combustion of 
char and soot, and a negative contribution of the energy absorbed by 
pyrolysis and vaporization [26]. 

HRR= ω̇CO ⋅HCO + ω̇Char ⋅HChar + ω̇Soot ⋅HSoot − ω̇Pyr ⋅HPyr − ω̇Vap ⋅HVap

(6) 

We can notice in Fig. 8(a) relatively large fluctuations of the HRR, 
which could result from the relatively complex energy balance evalu
ated globally in the whole computational domain (Eq. (6)). However as 
shown by Fig. 8(b), this does not seem to noticeably affect the fire front 
behaviour, since the time evolution of the pyrolysis front position does 
not exhibit the same unsteady behaviour, it exhibits on the contrary a 
quasi-linear behaviour when the fire front reaches the fuelbreak. 

Consequently, from these results, we can partially conclude (at least 

Fig. 5. Distribution of the bulk fuel density at the grassland top surface at 
different simulation times, for U1 = 8 m s− 1, W = 0.5 kg m− 2 (Nc = 4.2), and for 
a fuelbreak width LFB = 19 m (Overshooting). Color code: Green (initial state 
fuel), Light green (dry fuel), Yellow-Red (mixed dry fuel/char), Black (char), 
Grey (ashes). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 6. Distribution of the bulk fuel density at the grassland top surface at 
different simulation times, for U1 = 8 m s− 1, W = 0.5 kg m− 2 (Nc = 4.2), and for 
a fuelbreak width LFB = 10 m (Propagation). Color code: Green (initial state 
fuel), Light green (dry fuel), Yellow-Red (mixed dry fuel/char), Black (char), 
Grey (ashes). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 



7

for this configuration) that, in cases where fire succeeds in crossing the 
fuelbreak (both for 10 m and 19 m width), because the fire intensity 
decreases during a certain period of time, it could be theoretically 
treated (held back or suppressed) by firefighters (if safety conditions are 
satisfactory). In the case of 19-m wide fuelbreak, based on the HRR 
decrease in Fig. 8(a), fire could stop or could at least reach a sufficiently 
low intensity level to be suppressed by firefighters. 

Time evolution of the heat rate density absorbed by radiation and 
convection with a vegetation particle located at position (X = 90 m, Y =
LY/2, Z = HFuel), i.e. on the median plane and at the top of solid fuel 
layer, is shown in Fig. 9 in the absence of a fuelbreak. Time evolution of 
particle temperature at the same point is also reported. The vertical 
dashed line indicates time at which vegetation temperature reaches 500 

K; this corresponds to value at which pyrolysis rate reaches its maximum 
level. As vegetation temperature reaches the threshold value of 500 K, 
we can notice that the energy received by the vegetation top by con
vection (210 kW m− 2) is more than four times the amount of energy 
received by radiation (50 kW m− 2). Even if Byram’s convective number 
characterizing the free propagation of fire (NC = 4.2) is larger than the 
theoretical value (NC = 2) under which fire propagation is essentially 
wind driven fire regime is supposed to be reached (for these case NC =

4.2), Fig. 9 indicates that fire propagation is mainly governed first by 
convection during pyrolysis phase, then by radiation as the solid fuel is 
ignited. 

In order to explore other propagation regimes, we also present the 
two following cases:  

• A fuel load W = 0.5 kg m− 2 and a wind speed U1 = 3 m s− 1, resulting 
in a Byram’s convective number NC = 23, 

Fig. 7. 3D visualisation of grassland fire with fuelbreak obtained for U1 = 8 m 
s− 1, W = 0.5 kg m− 2 (Nc = 4.2), and for three values of the fuelbreak width. (a) 
LFB = 20 m (No propagation), (b) LFB = 19 m (Overshooting), (c) LFB = 10 m 
(Propagation). The yellow surface is the isovalue surface T = 1000 K of the gas 
temperature and the semi-transparent grey surface is the isovalue surface YH2O 
= 10− 3 of the mass fraction of water vapour. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 8. Time evolution of the heat release rate (HRR) (a) and trajectory of the 
pyrolysis front (b) obtained for U1 = 8 m s− 1 and W = 0.5 kg m− 2 (Nc = 4.2), 
with and without a fuelbreak. 
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• A fuel load W = 0.35 kg m− 2 and a wind speed U1 = 8 m s− 1, resulting 
in a Byram’s convective number NC = 1.95. 

These two cases were chosen in order to target both plume domi
nated regime (NC > 10) and wind driven one (NC < 2) before fire front 

reaches the fuelbreak. Figs. 10 and 11 show results obtained in the first 
case for two fuelbreak widths: LFL = 8 m and LFL = 6 m respectively. 
Fig. 10 illustrates again an “Overshooting” case, with a fire able to 
locally cross the fuelbreak but without enough intensity to continue its 
propagation beyond the fuelbreak. In return, Fig. 11 shows how multiple 
burning pockets ignited after the fuelbreak allow fire to continue its 
propagation beyond this obstacle. 

Same numerical experiment was carried out for a wind driven fire 
and the results are shown in Fig. 12 (for LFB = 17.5 m) and Fig. 12 (LFB =

6.5 m). Again, the results clearly illustrate the necessary mechanism for 
a fire to cross a fuelbreak, i.e. the necessity of multiple ignition points, 
close enough to have the possibility to merge and to reconstruct a 
continuous propagating fire front. As for the first set of numerical results 
(NC = 4.2), the question of the dominant heat transfer mode ahead of the 
fire front is addressed in Fig. 14. In the case of plume dominated fires 
(Fig. 14(a), NC = 23) heat exchanges between the flame and unburned 
fuel during preliminary heating phase (drying and pyrolysis), were al
ways dominated by convection (130 kW m− 2), compared to the contri
bution of radiation which stayed approximately at the same level (50 
kW m− 2). Then during ignition phase, both convection and radiation 
seem to equally contribute as shown by Fig. 14(a). In wind driven fire 
case (Fig. 14(b), NC = 1.95), the difference of contribution between 
convection and radiation is less marked, and both modes of heat transfer 
seem to balance out, with a little advantage for heat transfer by con
vection. A preliminary conclusion that we can extract from these results 
is that in 3D, the dominance of heat transfer by convection in 3D sim
ulations, at least during preheating phase (drying and pyrolysis) is more 
pronounced by comparison to what it was observed in 2D simulations 
[39]. 

Fig. 9. Time evolution of the radiative and the convective heat fluxes received 
by a vegetation particle located at point (90 m, LY/2, HFuel) and of the corre
sponding particle temperature, obtained without fuelbreak for U1 = 8 m s− 1 and 
W = 0.5 kg m− 2 (Nc = 4.2). 

Fig. 10. 3D visualisation of grassland fire obtained for U1 = 3 m s− 1 and W =
0.5 kg m− 2 (Nc = 23) as it crosses an 8-m wide fuelbreak. The yellow surface is 
the isovalue surface T = 1000 K of the gas temperature and the semi- 
transparent grey surface is the isovalue surface YH2O = 10− 3 of the mass frac
tion of water vapour. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 11. 3D visualisation of grassland fire obtained for U1 = 3 m s− 1 and W =
0.5 kg m− 2 (Nc = 23) as it crosses a 6-m wide fuelbreak. The yellow surface is 
the isovalue surface T = 1000 K of the gas temperature and the semi- 
transparent grey surface is the isovalue surface YH2O = 10− 3 of the mass frac
tion of water vapour. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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As indicated previously, each configuration (wind speed and fuel 
load) was tested by introducing several fuelbreak widths, in order to 
identify the situations for which fire easily crosses, marginally crosses, 
and does not cross fuelbreak. With this approach, it was possible to 
determine the extinction limit, LFBx, of fuelbreak width. In order to relate 
this quantity (LFBx) to other parameters characterizing the fire front, the 
geometric characteristics of the fire front form in particular the flame 
height HF, are extracted from the isotherm surface (T = 1000 K) as 
shown in Fig. 15. This threshold temperature was chosen as a good 
compromise in considering that temperature in the flame can vary from 
1400 K at the fire front base of to 700 K at the visible tip [40]. Following 
an idea proposed by Wilson [41], the optimal fuelbreak width (LFBx) is 
represented in Fig. 16 as a function of fireline intensity I, obtained by 
dividing the average value of HRR at steady state fire propagation by fire 
front length LY. Based on experimental grassfires and assuming an 
ignition behind the fuelbreak by direct contact between flames and 
vegetation, this paper proposed a relationship between the probability 
for a fire to cross a fuelbreak and the intensity of the incoming fire. The 
outcome was a linear expression relating these two parameters, given by 
Eq. (7) [41], where LFBx is expressed in m, I in MW m− 1, and P is the 
probability of fire to cross the fuelbreak. 

LFBx =

(
1.36 − A

0.99

)

+
0.36
0.99

I (7a)  

A=Ln
(

P
1 − P

)

(7b) 

Results obtained by numerical simulation, were compared in Fig. 16 
with three values of the probability P = 0.1, P = 0.01, and P = 0.001. It 
can be noted that, except for some particular values, most of the present 

numerical predictions were located above the values proposed by Wil
son [41]. In addition, the slope of the linear-fitting obtained by nu
merical simulation (LFBx ~ 0.56 × I) is also steeper compared to the 
empirical expression proposed by Wilson (LFBx ~ 0.36 × I) obtained 
from Eq. (7a). Various elements could explain these relative discrep
ancies. First Wilson [41] proposed a criterion exclusively based on the 
idea that fire crosses the fuelbreak by direct contact between flame and 
vegetation, ignoring consequently the possibility that heat transfer (by 
radiation and convection) at a certain distance between flame and 
vegetation could initiate the ignition of fuel located at the opposite edge 
of the fuelbreak. Second, one can imagine that the existence of two 
propagation modes of surface fires (wind-driven and plume-dominated), 
complicates the existence of a single relationship between optimal 
fuelbreak width LFBx and fire intensity I. It is precisely for this reason, 
that an analysis of the present results is proposed by introducing a 
similitude parameter, Byram’s convective number (NC), able to account 
for the transition between these two propagation regimes. 

In Fig. 16 the numerical results are also compared with the pre
dictions obtained by Eq. (2) from DIMZAL operational model [13,14]. 
To cover a large range of situations, two threshold heat fluxes QR = 15 
kW m− 2 and QR = 30 kW m− 2 were considered in Eq. (2), as well as two 
flame tilt-angles: γ = 0◦ and γ = 45◦. These two threshold heat fluxes 
represent critical values evaluated from classical ignition theory 
[18–20] using solid fuel properties detailed in Table 1; QR = 30 kW m− 2 

is the heat flux corresponding to an ignition time equal to 15 s and QR =

15 kW m− 2 corresponds to an ignition time equal to 60 s. It must be 
underlined that the uncertainties about the right heat flux value that 
must be used to evaluate critical fuelbreak width (LFBx) resulted from the 
fact that, unlike classical ignition theory, fuel located at the opposite 
edge of the fuelbreak is not subjected to a continuous heat flux, but to a 

Fig. 12. 3D visualisation of grassland fire obtained for U1 = 8 m s− 1 and W =
0.35 kg m− 2 (Nc = 1.95) as it crosses a 17.5-m wide fuelbreak. The yellow 
surface is the isovalue surface T = 1000 K of the gas temperature and the semi- 
transparent grey surface is the isovalue surface YH2O = 10− 3 of the mass fraction 
of water vapour. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 13. 3D visualisation of grassland fire obtained for U1 = 8 m s− 1 and W =
0.35 kg m− 2 (Nc = 1.95) as it crosses a 6.5-m wide fuelbreak. The yellow 
surface is the isovalue surface T = 1000 K of the gas temperature and the semi- 
transparent grey surface is the isovalue surface YH2O = 10− 3 of the mass fraction 
of water vapour. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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time-variable one, because the flame front is not static as it propagates. 
A second element explaining the difficulty in comparing these two ap
proaches results from the nature of the flame itself: in one case (FIRE
STAR3D), the flame is a 3D object (radiating in volume), whereas in the 
other case (DIMZAL), the flame is assimilated to a 2D radiant panel. 
Nevertheless, despite these differences, and considering that an opera
tional tool (DIMZAL) must be as simple as possible to be widely used, 
this comparison is still interesting to improve the degree of confidence 
associated to the use of the operational tool in practical situations. 
Fig. 17 directly compares the optimal fuelbreak width evaluated from 
FIRESTAR3D numerical simulations and from DIMZAL. Unlike the 
curves shown in Fig. 16 for DIMZAL, in this case the tilt angle was not 
imposed to an arbitrary defined value (0◦ and 45◦), but was calculated 
from an estimated ratio between the horizontal component of the gas 
velocity due to the wind and the vertical component due to buoyancy 
[22,42]. In this case the best fit (minimizing root square error) was 
obtained for an incident heat flux equal to 10 kW m− 2. 

The flame height HF is evaluated graphically as in Fig. 15 and the 
ratio LFBx/HF is represented versus Byram’s convective number (NC) in 
Fig. 18. In comparison with the criterion proposed by Butler and Cohen 
[15], given by Eq. (3), based on a purely radiative heat transfer calcu
lation, our simulations have shown that critical fuelbreak width was 
ranged between 1 and 10 times the flame height, depending of fire 
propagation regime before its arrival at the fuelbreak edge (see Fig. 18). 

Fig. 14. Time evolution of the convective and the radiative heat fluxes received 
by a vegetation particle located at the fuel-bed surface and of the corresponding 
particle temperature, obtained without fuelbreak. (a) U1 = 3 m s− 1 and W =
0.5 kg m− 2 (Nc = 23) particle located at point (50 m, LY/2, HFuel), (b) U1 = 8 m 
s− 1 and W = 0.35 kg m− 2 (Nc = 1.95) particle located at point (90 m, LY/ 
2, HFuel). 

Fig. 15. 3D visualisation of the flame front represented by the isotherm surface 
(T = 1000 K) obtained for U1 = 3 m s− 1 and W = 0.5 kg m− 2 (NC = 23). (a) Top 
view, (b) lateral view. 
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It is not surprising that highest values of LFBx/HF ratio are obtained for 
smallest values of Byram’s convective number, i.e. for wind-driven fires. 
This result can be quite easily understood considering that for 
wind-driven fires, trajectory of the plume can be significantly tilted to
ward the horizontal by the wind flow allowing hot gases to impact the 
vegetation layer located behind the fuelbreak, and consequently facili
tate its ignition [17]. Same kind of analysis can be done by replacing the 
flame height (HF) by the fuel depth (HFuel), a parameter easier to char
acterize on the field, and the results are reported in Fig. 19. With this 
parameter, safety fuelbreak width is ranged between 10 and 80 times the 
fuel height, for the considered range of Byram’s convective number. It is 
interesting to notice that, even in the worst case, this criterion is in 
agreement with the recommendation of brushing around houses located 

in a WUI that varies from 50 to 100 m (this distance is mandatory in WUI 
in France for example), 100 m is also a typical width for a strategic 
fuelbreak on both part of a trail used by firefighters. 

Whole numerical simulations carried out in this study are summa
rized in Fig. 20, showing the ratio LFB/HFuel versus the inverse of Byram’s 
convective number (1/NC). Results were classified in four categories (in 
increasing safety): “Propagation”, “Overshooting”, “Marginal”, and “No 
propagation”. The difference between the two intermediate categories is 
the following: in the “Overshooting” situation, fire crosses the fuelbreak 
with very few ignition points, it propagates over a short distance and 
then stops; the “Marginal” situation is very similar to “Overshooting” 
one, but fire behaviour would fall in the “No propagation” category by 
increasing the fuelbreak width by 1 m. In Fig. 20, small values of 1/NC 
(NC

− 1 < 0.1) correspond to plume-dominated conditions and larger 
values of 1/NC (NC

− 1 > 0.5) correspond to wind-driven conditions. This 

Fig. 16. Optimal fuelbreak width LFBx (lower limit of extinction) versus fireline 
intensity I. The lines P = 0.1, P = 0.01, and P = 0.001 are obtained using Eq. (7) 
‒ the probability for the fire to cross the fuelbreak from Wilson’s formula [41], 
DIMZAL predictions are shown for two flame tilt-angles (0◦ and 45◦) and two 
critical heat flux values (15 and 30 kW m− 2) [13,14]. 

Fig. 17. Optimal fuelbreak width obtained by numerical simulations (FIRE
STAR3D) and from DIMZAL operational tool for critical heat flux values (Rossi 
et al., 2011) [22]. 

Fig. 18. Optimal fuelbreak width LFBx (lower limit of extinction) scaled by the 
flame height HF versus Byram’s convective number NC. 

Fig. 19. Optimal fuelbreak width LFBx (lower limit of extinction) scaled by the 
fuel height HFuel versus Byram’s convective number NC. 
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graph highlights that for very dry grasslands (FMC = 5%) and for the 
considered range of Byram’s convective number, no continuous propa
gation is observed for LFB/HFuel larger than 50, spotting with weak 
propagation and extinction are observed for LFB/HFuel < 100, and LFB/ 
HFuel > 100 the fire would be unable to cross the fuelbreak. The 
“Overshooting” and “Marginal” data, and consequently the optimal 
fuelbreak width LFBx (lower limit of extinction), can nicely be fitted by 
LFBx/HFuel = 75.07 ×Nc

− 0.46; this law would mark the “Propagation”/“No 
propagation” transition for the considered range of Byram’s convective 
number. This scaling must however have a limit; logically, the optimal 
fuelbreak width LFBx cannot increase indefinitely as Byram’s convective 
number decreases. But this limit, if it really exists, could not be reached 
in the framework of this study. 

2. Conclusions 

The behaviour of surface fire propagating in grassland with a fuel
break was studied numerically using a 3D fully physical multiphase 
model (FIRESTAR3D). 18 combinations of fuel height and wind speed 
were considered and allowed to cover a large spectrum of fire regimes, 
from plume-dominated fires to wind-driven fires. Adding fuelbreak 
width as a variable parameter, a total of 72 simulations were performed. 
Depending on the ability of fire to cross or not the fuelbreak, the results 
were classified in four typical categories from “Propagation” to “No 
propagation”, with two intermediate behaviours named “Overshooting” 
and “Marginal”. The ability of fire to successfully cross a fuelbreak de
pends on its ability to create multiple ignition points behind the fuel
break that are close enough to have the possibility to merge and to 
reconstruct a continuous propagating fire front. In the “Overshooting” 
situation, very few ignition points are created, fire intensity decreases 
and the fire eventually stops. A “Marginal” case is an “Overshooting” 
one, but fire behaviour would fall in the “No propagation” category by 
increasing the fuelbreak width by 1 m. After describing these various 
behaviours, a more global analysis has highlighted that the critical 
fuelbreak width significantly increases with fireline intensity (which 
was expected). By adding Byram’s convective number to the analysis, 
the results have clearly shown that wind-driven fires are much more 
critical in terms of fuelbreak width (scaled both by the flame height and 
by the fuel height) compared to plume-dominated fires. This suggests 
that, in addition to radiation heat transfer, often used to dimension a 
fuelbreak, convection heat transfer and direct flame contact play an 

important role in the ability of a fire to cross a fuelbreak. The ratio of 
optimal fuelbreak width (lower limit of extinction) by fuel height, 
marking the “Propagation”/“No propagation” transition, could be scaled 
by a power law with the inverse of Byram’s convection number evalu
ated before fire reaches the fuelbreak. The limit of this scaling law as 
Byram’s convective number decreases could not be reached in the pre
sent study. This limit might not exist in practice, because it would 
correspond to fires propagating in extremely windy conditions for which 
other effects, such as wind unsteadiness and projected firebrands 
(burning particles), are likely to play a very important role in the ability 
of a fire to cross a fuelbreak. 

Concerning the effectiveness of fuelbreaks in protecting structures 
located in WUI, we must keep in mind, that in many situations the main 
source of vulnerability of houses does not come only from the fire front 
itself, but from the accumulation of embers particles on the roof or in 
any place where such particles can accumulate. This fact was confirmed 
in a post-fire report published after the bushfire that occurred in the 
region of Canberra (Australia) in January 2003, during which 50% of 
houses ignitions were due to embers, 35% were due to embers and 
radiant heat, and only 10% were due to radiant heat alone [43]. Because 
such firebrands injected in the plume and lifted at high altitudes, can be 
transported over long distances (several kilometres), this phenomenon 
must be taken into account in the near future for a more complete safety 
analysis. 
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