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Abstract 

The bulk density as definition represents the ratio between the packing ratio and the density of the vegetation. Therefore, 

it is directly related to the fuel load, the height and to the porosity of the vegetation. In fact, the bulk density plays an 

important role in fire propagation and behavior. Due to its dependence on the fuel porosity, the bulk density influences 

heat transfers inside the fuel bed, so, it can affect directly the rate of spread. Or, the bulk density influences also the fire 

intensity and flame characteristics (residence time, height and depth) due to its dependence of the fuel load and fuel bed 

height. However, despite the important influence of the bulk density on fire propagation, the literature does not clarify 

its impact on fire behavior, different points of view can be exanimated.  

So, the aim of this study is to investigate the role played by the bulk density upon both propagation parameters and heat 

transfer of a surface fire through a homogeneous vegetation layer. Investigations were conducted numerically using 

“FireStar2D”, a complete physical model based on multiphase formulation. Also, experimentally, tests were constructed 

at the university of Corsica at laboratory scale under no wind and no slope condition. In order to study the elementary 

effect of the bulk density on fire behavior, three different cases were evaluated: (a) variable fuel load with a constant 

bulk density, (b) variable fuel load and variable bulk density, (c) variable bulk density with a constant fuel load.  

Case (a) was only studied numerically, the obtained results are in agreement with the literature: the rate of spread 

increases with the fuel load until a specific value where the ROS becomes independent of it. Case (b) was evaluated 

numerically and experimentally using a fix fuel bed height. The numerical and the experimental results showed that the 

ROS is barely affected by both fuel load and bulk density. Finally, the results of the last case, with a constant fuel load, 

showed numerically the same tendency proposed by Rothermel: the rate of spread reaches a maximum value at an 

optimal packing ratio that depends of the surface-volume ratio of the vegetation. Or, experimentally the ROS decreases 

with the increase of the bulk density. Different variables such as the optical thickness, the fire intensity, the residence 

time, the radiation and convection heat fluxes have been analyzed.  

 

 

1. Introduction 

Surface fire spread behavior is always related to the vegetation complex structure (Rothermel and Anderson 

1966; Balbi et al. 2010; Rossa 2017), described by the properties of the fuel particles (fuel moisture content, 

density, surface to volume ratio, fuel load, bulk density, fuel bed depth, and packing ratio). Each one of these 

properties has its own effect on fire propagation. For instance, several studies have showed that the rate of 

spread decreases with the increase of fuel moisture content (Morvan 2013; Awad et al. 2021). Others showed 

that the rate of spread increases with the fuel bed height, and the fuel load (Morvan and Dupuy 2004; Rossa and 

Fernandes 2018; Awad et al. 2020). However, the effect of the vegetation bulk density and packing ratio on fire 

behavior has always been an examination subject due to the different point of views of its impact listed in the 

literature (Morvan and Dupuy 2004; Rossa and Fernandes 2018; Awad et al. 2020). In fact, as mentioned, the 

bulk density is directly dependent on the vegetation fuel load, height and porosity which can have opposite 

effects on fire behavior. Several studies noted a decrease of the rate of spread with the bulk density or the 

packing ratio (Rothermel and Anderson 1966; Catchpole et al. 1998). Several explanations of this tendency 
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were proposed: a large bulk density, therefore a large packing ratio and a low porosity leads to less diffusion of 

oxygen inside the fuel bed. Also, the radiation from burning fuel particles, heated by the flame base, impinges 

on the unburnt fuel on a distance equal to the extinction depth  (Balbi et al. 2007) (equation 1) that is inversely 

proportional to the bulk density.  

 𝛿 = 4/𝛽𝑠 (1) 

Where, β is the packing ratio and s is the surface to volume ratio. 

However, other studies showed another tendency. Rothermel (Rothermel and Anderson 1966) performed 

several experiments using fuel beds of excelsior and sticks, showed that the ROS reaches a peak under an 

optimal packing ratio. For β≤ βopt, the heat loss between fuel particles was important, it was explained by the 

increase of the air cooling effect inside the fuel bed with higher porosity. Or, for β≥ βopt, the porosity decreases 

and the ratio of air fuel decreases. Qianqian He et al 2022 (He et al. 2022) showed that the surface heat transfer 

increases under lower packing ratios which increases the rate of spread (ROS). Or, under higher packing ratios, 

the surface heat transfer does not vary significantly, and, the ROS reduction in this case is attributed mainly to 

the internal heat transfer dominated by radiation. 

The main purpose of this is to determine the elementary effect of the bulk density of fire behavior. Therefore, 

three different cases were evaluated: (a) variable fuel load with a constant bulk density, (b) variable fuel load 

and variable bulk density, and finally (c) variable bulk density with a constant fuel load. Several numerical 

simulations and experimental tests were conducted. Fire propagation parameters have been analyzed as the rate 

of spread, the fire intensity, the radiative and the convective heat transfer, and the residence time. 

 

2. Study case (a): Variable fuel load with a constant bulk density 

Previous studies showed that the fuel load has impact on fire behaviour, especially on the rate of spread and on 

fire intensity (Rothermel 1972; Morvan and Dupuy 2001; Weise David R., Zhou Xiangyang, Sun Lulu 2005; 

Zhou et al. 2005). Morvan and Dupuy (Morvan and Dupuy 2004) have demonstrated that the fuel load with a 

constant bulk density is a factor that determines the mode (thin or thick) of the porous medium where the fire 

front propagates. They found out that the rate of spread increases with fuel load until a specific value where it 

becomes independent. This behaviour can be explained by introducing a critical optical thickness opt related to 

the fuel extinction length  and to fuel height that determines if the vegetation medium is considered to be thick 

or thin. 

𝜏𝑜𝑝𝑡 =
𝑠𝛽

4
. 𝑒 (2) 

In fact, if 𝜏𝑜𝑝𝑡 < 1 the porous medium is considered as a thin and all the vegetation depth participates to the 

fire front propagation. And, if 𝜏𝑜𝑝𝑡 > 1 only a depth equal to the extinction length  that participates to the 

fire front propagation. 

In order to study the influence of the fuel load on fire behavior with a constant bulk density, simulations were 

performed using fireStar2D, in a 2D domain, 170 m long and 35 m height. A homogenous layer of 

Australian grassland, whose physical properties are described in Table 1, lied between x = 20 m and x = 

170 m. Different fuel loads are considered in this study by changing the fuel height between 0.3 and 1 m 

and maintaining the same fuel density and packing ratio.  

Figure 1 shows that ROS increases with the fuel load (up to 0.5 kg/m2) until reaching a value beyond which 

the dependence of the fuel load becomes relatively weak. This tendency can be related to the fire 

propagation mode in the porous medium. 
Table 1- Vegetation characteristics 

Fuel density (Kg/m3)  500 

Surface to volume ratio S/V (m-1) 4000 

Packing ratio 0.002 

Fuel load (Kg/m2) 0.3-1 

Height (m) 0.3-1 
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Figure 1- The rate of spread and Fire intensity evaluated for the grass for different fuel load with a constant bulk 

density under no slope no wind condition using FireStar2D 

For a relatively thin vegetation medium (τopt < 1) obtained for e < 0.5 m all the fuel-bed depth participates to the 

fire propagation. Therefore, the ROS increases with the fuel load. But, for a thicker vegetation medium,  > e, 

radiative heat transfer does not penetrate the entire depth of the fuel bed. The lower fuel bed layers are not 

heated enough to participate to fire front propagation.  

In another hand the fire intensity continues to increases with fuel load, as shown in figure 1. In fact, fire intensity 

depends directly of mass degradation rate and of the heat of combustion of the vegetation: 

𝐼 =  �̇� . ∆𝐻𝑐 (3) 

Where �̇� (kg m-1s-1) is the vegetation degradation rate evaluated by the summation of mass losses due to 

pyrolysis and charcoal combustion producing CO and CO2 gases. 

 

3. Study case (b): variable fuel load and variable bulk density  

3.1. Numerical tests 

In this paragraph the fuel bed height remains constant or the fuel load and the bulk density (packing ratio) are 

variables. Simulation were conducted using the grassland (table 1) under no wind and no slope conditions. The 

different configurations are represented in table 2.  

Table 2- Different configurations of grassland evaluated with Firestar2D  

Packing ratio 0.0014-0.0032 

Fuel load (Kg/m2) 0.49-1.12 

Height (m) 0.7  
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Figure 2- ROS and the Fire intensity variation in function of the bulk density for a constant fuel bed height 0.7 m 

evaluated using FireStar2D 

Figure 2 shows that for a constant fuel bed height, with variable packing ratio and fuel load, the variation of the 

ROS is barely dependent on either bulk density or fuel load. In fact for the different configurations, the optical 

thickness  is higher than 1 ; so the fire propagates in a thick medium where the extinction length  is always 

less than the fuel bed height. Or,  is inversely proportional to the packing ratio, therefore the depth of the 

vegetation that really participates to the fire propagation decreases with the increase of the packing ratio. This 

tendency is in agreement with the experimental results showed by Campell Lochrie (Campbell-Lochrie et al. 

2021).  

3.2. Experimental tests 

Twelve tests were conducted at the laboratory of the university of Corsica with the excelsior in order to evaluate 

the influence of the bulk density and the fuel load when the fuel bed height remains constant.  

Four different bulk densities were evaluated. The properties of the fuel are listed in the table 3. 

Table 3- Excelsior characteristics 

Fuel density (Kg/m3)  780 

Packing ratio 0.0023-0.0035-0.0046-0.0058 

Fuel load (Kg/m2) 0.2-0.3-0.4-0.5 

Height (m) 0.11  
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Figure 3- ROS and HRR variation in function of the bulk density for a constant fuel bed height 11 cm evaluated 

experimentally 

The results of experimental tests are in agreement with the numerical results (Figure 3): the rate of spread barely 

depends of the bulk density or the fuel load when the fuel bed height remains constant. However, the fire 

intensity and the residence time increases with the bulk density (Figure 4).  

 

Figure 4- Flame residence time variation evaluated experimentally in function of the bulk density for a constant fuel 

bed height 11 cm  
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4. Study case (c): variable bulk density with a constant fuel load 

4.1. Numerical tests 

In this paragraph the fuel load remains constant or the bed height and the bulk density (packing ratio) are 

variables. Simulations were conducted using the grassland (table 1) under no wind no slope condition. The 

different configurations are represented in table 4.  

Table 4 - Different configuration of grassland evaluated with Firestar2D  

Packing ratio 0.0014-0.0035 

Fuel load (Kg/m2) 0.7 

Height (m) 0.3-1 

Numerical results shown is figure 4 are in agreement with the tendency proposed by Rothermel [2]: the ROS 

reaches a maximum for an optimal bulk density (Figure 5). 

 

Figure 5- ROS and fire intensity variation in function of the bulk density for a constant fuel load evaluated 

numerically for the grass 

4.2. Experimental tests 

3 tests were conducted experimentally at the laboratory of the university of Corsica using the excelsior with a 

constant fuel load. The different configurations are represented in table 4.  

Table 4- Different configuration of excelsior evaluated experimentally  

Packing ratio 0.0039-0.0064-0.0017 

Fuel load (Kg/m2) 0.4 

Height (m) 0.13-0.08-0.03  
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Figure 6- ROS and HRR variation in function of the bulk density for a constant fuel load evaluated experimentally 

for the excelsior 

Figure 6 shows that the ROS and the HRR decreases with the increase of the packing ratio. In fact, this result 

can be explained by the fact that the packing ratio increased, the porosity of the fuel bed decreases therefore the 

inlet of the oxygen inside of the fuel bed also decreases. In another hand the increase of the packing ratio 

decreases the extinction length and therefore the total depth of the vegetation participating to the fire front 

propagation which explains the decrease of the HRR. 

 

5. Conclusion 

The effect of the bulk density on fire behavior is related directly to the fuel bed height and to the fuel load. For 

this reason, three different cases were evaluated numerically and experimentally:  

(a) variable fuel load with a constant bulk density: the rate of spread increases with the fuel load or height 

until a specific value where it becomes independent of it; or the fire intensity increases with the increase of 

the fuel load. 

 (b) variable fuel load and variable bulk density: with a constant fuel bed height, the rate of spread is barely 

dependent of the fuel load or the bulk density, However the fire intensity increases with fuel load. 

(c) variable bulk density with a constant fuel load: the rate of spread reaches a maximum value for an optimal 

packing ratio depending on the surface to volume ratio of the vegetation; the same tendency was found for 

the fire intensity. 
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