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The effect of fuel bed structure on Rothermel model performance 
Zakary Campbell-LochrieA,* , Michael GallagherB, Nicholas SkowronskiC and Rory M. HaddenA  

ABSTRACT 

Background. Fifty years after its initial publication, Rothermel’s model continues to underpin 
many operational fire modelling tools. Past authors have, however, suggested a possible over-
sensitivity of the Rothermel model to fuel depth in certain fuel types. Aims. To evaluate 
Rothermel model performance based on previous observations of the effect of fuel structure 
on flame spread through porous fuel beds. This is informed by the consideration of the effect of 
fuel structure on the physical mechanisms underpinning surface flame spread. Methods. This 
study uses an existing dataset of flame spread experiments in pine needle beds to evaluate the 
effect of fuel structure on Rothermel model predictions of spread rate and reaction intensity. 
Key results. Underpredictions of spread rate occurred for compressed fuel beds, apparently 
driven by an underprediction of the reaction intensity. Conclusions. A greater understanding of 
the role of fuel structure on the energy release within the fire front region is therefore required. 
Implications. The current tendency for spread rate to be underestimated in the studied fuel 
beds in quiescent (no wind or slope) conditions requires further consideration given the wide-
spread use of Rothermel’s model in current operational modelling tools.  

Keywords: energy release, fire behaviour, fire intensity, flame spread, fuel loading, fuel 
structure, modelling, operational fire models, pine needle beds, reaction intensity, Rothermel. 

Introduction 

Fifty years after its introduction, Rothermel’s semi-empirical flame spread model 
(Rothermel 1972) continues to underpin many current fire modelling systems, particu-
larly in the USA (e.g. BehavePlus (Andrews 2014), FlamMap (Finney 2006)). Present-day 
implementations of this surface flame spread model typically differ little from 
Rothermel’s original mathematical formulations except for the inclusion of a small 
number of modifications suggested by Albini shortly after the model’s introduction 
(Albini 1976) (and more recently, a recommendation that the original upper limit on 
wind speed influences on spread rate should not be imposed (Andrews et al. 2013)). 

There are ongoing efforts throughout the wildfire research community to develop new 
and improved fire models. In a recent Position Statement on Climate Change 
(International Association of Wildland Fire 2022), the International Association of 
Wildland Fire (IAWF) called for further research to develop and improve modelling 
tools to support efforts to address the challenges and effects of climate change on 
wildland fires. Changes in fire management strategies, focusing on increasing prescribed 
burning, drive a need for improved fire behaviour models to aid in planning, training and 
strategy development (Hiers et al. 2020; Sample et al. 2022). 

However, presently, ‘the Rothermel surface fire spread model continues to be the 
foundation of many research and management applications’ (Andrews 2018, p. iii). 
Therefore, in this intervening period, it is important that model limitations, and where 
possible their root causes, are identified given the potential influence of model predictions 
on fire and fuels management strategies. Understanding limitations in the development 
approach for previous operational models is particularly pressing given ongoing efforts to 
develop and deploy new physics-based operational models (Finney et al. 2021). 
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It is therefore important to understand the implications of 
using a model developed using a small number of fuel types 
to predict the effect of fuel structure on the rate of spread 
across a range of natural fuel types. In this study, the 
performance of the Rothermel model across a range of 
(pine needle) fuel bed structural conditions was investigated 
through comparison with an existing experimental dataset 
(Campbell-Lochrie et al. 2021). 

Rothermel model sensitivity and limitations 

Past evaluation of the Rothermel model has typically involved 
sensitivity analysis (e.g. Dell’Orfano 1996; Salvador et al. 
2001; Ujjwal et al. 2021) and/or model testing and validation 
with fire behaviour observations from a laboratory or field 
environment (e.g. Barney et al. 1978; Norum 1982; Van 
Wagtendonk and Botti 1984; Van Wilgen et al. 1985; Van 
Wilgen and Wills 1988; McAlpine and Xanthopoulos 1989;  
Gould 1991; Masters and Engle 1994; Marsden-Smedley and 
Catchpole 1995; Dell’Orfano 1996; Grabner et al. 1997; Hély 
et al. 2001; Fernandes et al. 2002; Streeks et al. 2005; Cruz 
and Fernandes 2008; Athanasiou and Xanthopoulos 2010;  
Weise et al. 2016), with several earlier validation studies 
summarised in Andrews (1980) as cited in Rothermel (1983). 

Fuel bed depth has been identified as one of the highest- 
sensitivity model parameters in several previous studies 
(e.g. Dell’Orfano 1996; Salvador et al. 2001; Bachmann 
and Allgöwer 2002). As described by Saltelli (2000), sensi-
tivity analysis of a mathematical model not only allows the 
determination of ‘the factors that mostly contribute to the 
output variability and that require additional research to 
strengthen the knowledge base’ but also allows determina-
tion of whether ‘a model resembles the system or processes 
under study’. 

There are suggestions within the existing literature that 
the high sensitivity of the Rothermel model to fuel depth may 
not accurately reflect existing fire behaviour observations and 
that model bias may exist because of inaccurate representation 
of the effects of fuel depth. However, the difficulty in char-
acterising fuel depth, particularly in heterogeneous fuels 
should also be considered (Hough and Albini 1978). For 
example, Catchpole et al. stated that ‘in recent (as yet 
unpublished) experiments we have found that the Rothermel 
model is overly sensitive to fuel depth’ (Catchpole et al. 1993, 
p. 53), with additional detail subsequently provided in a later 
publication (Catchpole et al. 1998). Similarly, in a previous 
field comparison (Dell’Orfano 1996), overpredictions of 
spread rates were observed in Northeastern US pine-oak 
forests during winter fires, which was attributed to the sen-
sitivity of BEHAVE (underpinned by the Rothermel model) to 
fuel bed depth and surface-to-volume ratio of 1 h fuels 
(corresponding to size class of <6.35 mm diameter) (over-
predictions for summer fires were attributed to the model’s 
inability to accurately incorporate the effect of high live Fuel 
Moisture Contents (FMCs)). 

An oversensitivity of the Rothermel model to fuel depth 
was also observed (Gould 1991) in comparison with observed 
spread rates in grassland fire experiments. Underpredictions 
of spread rate occurred for fuel depths less than 0.15 m but 
overpredictions occurred at fuel depths greater than 0.25 m. 
An oversensitivity to bulk density was also observed. Neither 
the experimentally observed nor predicted spread rates were 
significantly affected by the fuel loading. 

In a series of field experiments (Brown 1972) (involving 
two fuel loadings with three different fuel depths at each 
loading), greater deviations were observed between pre-
dicted and observed spread rates at lower packing ratios 
and fuel loadings. However, the slash fuel beds in Brown’s 
study were highly discontinuous (large spacing between fuel 
elements) and flaming was observed to be sporadic for the 
lower fuel loading cases. 

The above examples provide motivation for further inves-
tigation of the causes of model bias. Missing from many of 
the existing studies is the opportunity for systematic evalua-
tion of the model performance as a function of the fuel 
depth. A detailed evaluation of model performance there-
fore requires an understanding of the interdependent effects 
of fuel structure parameters on the flame spread process and 
on model predictions. 

Effects of fuel bed structure on flame spread 

For a fuel bed of fixed area, the packing ratio can be altered 
by varying either the fuel loading or the fuel height of the 
fuel bed. A fuel bed of fixed fuel loading can be compressed, 
thereby lowering the fuel depth and increasing the packing 
ratio or bulk density. Alternatively, a constant packing ratio 
or bulk density can be maintained while the fuel loading is 
altered, therefore also altering the fuel depth. 

The interdependent interactions of these three parame-
ters must therefore be considered. For example, it was pre-
viously noted (Catchpole et al. 1998) that the effect of fuel 
loading depends on the manner in which it is altered. 
Catchpole et al. observed only a slight effect on spread 
rate when fuel depth was increased at a constant packing 
ratio (addition of fuel) but a reduction in spread rate when 
packing ratio was increased at a constant fuel depth (fuel 
added and compacted). 

Accurate modelling of the fire behaviour as a function of 
the fuel structure therefore requires a greater appreciation of 
the physical processes responsible for variations in fire beha-
viour. Varying the fuel loading alters the total amount of 
available combustible fuel. Varying the packing ratio alters 
the separation distance and pore geometry between neigh-
bouring fuel particles, thereby altering both the flow dynam-
ics (and hence convective heat transfer and oxygen supply) 
and radiative heat transfer through a porous fuel bed. 

Different relationships between fuel depth and spread 
rate have been observed in past studies. Wilson observed a 
positive correlation between spread rate and the square root 
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of the fuel depth (Wilson 1990). However, in pine needle 
fuel beds, Anderson (Anderson 1964) observed spread rate 
to be independent of fuel depth for fuel beds greater than 
0.0762 m in depth (with a positive relationship observed 
below this depth threshold). This matched previous obser-
vations from an extensive series of crib fire experiments 
conducted by earlier researchers at the US Forest Service 
during the Project Fire Model study (Byram et al. 1966). 
Catchpole and colleagues (including Rothermel) (Catchpole 
et al. 1998) have therefore outlined the need to test, over a 
wider range of fuel depths, the assumption within the 
Rothermel model that spread rate is dependent on (and 
proportional to) fuel depth. This is particularly important 
for horizontal fuel beds (e.g. litter layer) in which the fuel 
depth increases much less rapidly with fuel loading than in 
vertically oriented fuel beds such as grasses and brush. As a 
result, the typical range of fuel depths observed in horizon-
tal fuel beds such as pine needle litter layers is often below 
the 0.0762 m threshold observed by Anderson. 

Incorporation of fuel structure effects in the 
Rothermel model 

Rothermel’s model is based on the principle of energy con-
servation, with the steady-state rate of spread (R) described 
by the ratio between the energy transferred to the unburnt 
fuel and the energy required for ignition. For homogeneous 
fuel beds, R is calculated according to Eqn 1, 

R
I

Q
=

(1 + + )R w s

b ig
(1)  

As previously described (Rothermel 1972), IR is the reaction 
intensity, ξ is the propagating flux ratio, ϕw and ϕs are the 
wind and slope correction factors respectively, ρb is the 
oven-dry bulk density, ∈ is the effective heating number, 
and Qig is the heat of pre-ignition. The fuel bed structure 
(fuel loading, packing ratio, bulk density) affects both the 
numerator (energy transferred to unburnt fuel) and denom-
inator (heat sink term). 

In quiescent conditions, the energy transferred to the 
unburnt fuel is simply the product of the reaction intensity 
(IR) and the propagating flux ratio (ξ), where, as illustrated 
in Fig. 1, the reaction intensity describes the overall heat 
energy released per unit area of the fire front (in any direc-
tion) and the propagating flux describes the proportion of 
this energy that is actually transferred to the unburnt fuel 
ahead of the flame front (which ultimately sustains flame 
spread). The influence of wind speed and fuel bed slope can 
then be accounted for by inclusion of empirical coefficients 
(Rothermel 1972); however, these are not described in fur-
ther detail here because the present study is concerned with 
quiescent flame spread. Both the reaction intensity and the 
propagating flux ratio are dependent on the fuel bed struc-
ture as described below. 

Reaction intensity 
The reaction intensity (IR) is defined by Eqn 2, 

I r w h=R n M s (2)  

where r′ is the optimum reaction velocity, wn is the net fuel 
loading, h is the low heat content, ηM is the moisture damp-
ing coefficient, and ηs is the mineral damping coefficient. 

The reaction intensity, therefore, varies directly with the 
net fuel loading (and hence, if total mineral content is 
constant, with the oven-dry fuel loading). However, the 
fuel bed structure also affects the value of other parameters 
in the above equation. The optimum reaction velocity (r′) is 
a function of the packing ratio (β), and also the maximum 
reaction velocity r( )max , optimum packing ratio (βop) and an 
arbitrary variable A, as shown in Eqn 3. The latter three 
parameters are all functions only of the surface-to-volume 
ratio of the fuel elements (σ), 

i
k
jjjjjj

y
{
zzzzzzr r A= exp[ (1 / )]

A

max
op

op (3)  

The optimum packing ratio attempts to describe ‘an opti-
mum arrangement of fuel that will produce the best balance 
of air, fuel, and heat transfer for both maximum fire inten-
sity and reaction velocity’ (Rothermel 1972, p. 13). The 
maximum reaction intensity is therefore obtained at the 
optimum packing ratio, i.e. = 1

op
. 

Propagating flux ratio 
The propagating flux ratio describes the proportion of the 

overall energy released in the flame front (reaction 

Reaction intensity (IR)

Propagating !ux (IP)

Burnt fuel Unburnt fuel δ

D
x = 0

Combustion
region

Key

Fig. 1. Illustration of the conceptual flame spread theory under-
pinning the Rothermel model, for a fuel bed of depth δ and flame 
front depth D, with x = 0 at the leading edge of the combustion 
region.  
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intensity) that is actually transferred to the unburnt fuel in 
the absence of wind or slope. The propagating flux ratio can 
range from zero (no transfer of heat to unburnt fuel) to one 
(all of heat produced in flame front transferred to unburnt 
fuel); however, it has been suggested that values ranging 
from 0.01 to 0.2 are typical (Burgan and Rothermel 1984). 

Rothermel determined an empirical expression (shown in  
Eqn 4) for the propagating flux ratio (ξ), as a function of 
packing ratio (β) and surface-to-volume ratio (σ), from 
experimental data obtained using three fuel types 
(12.7 mm sticks, 6.35 mm sticks, excelsior), 

= (192 + 0.2595 ) exp[(0.792 + 0.681 )
( + 0.1)]

1 0.5

(4)  

The propagating flux ratio therefore varies positively with 
surface-to-volume ratio and packing ratio and tends towards 
zero as each of these parameters decreases. The effect of 
increased surface-to-volume ratio is greater at higher pack-
ing ratios and vice versa (Burgan and Rothermel 1984). 

Role of fuel bed structure in heat sink term 
The heat sink term describes the energy required for 

ignition of the fuel. As such, if the energy transferred to 
the fuel remains constant, then the spread rate will vary 
negatively with the heat sink magnitude. The overall heat 
sink term is the product of the bulk density (ρb), effective 
heating number (∈) and heat of pre-ignition (Qig). 
Therefore, the magnitude of the heat sink term clearly varies 
positively with bulk density. The fuel bed structure does not 
affect the other terms but the effect of fuel element structure 
is incorporated within the effective heating number. 

The effective heating number describes the actual pro-
portion of a fuel element that is heated to the ignition 
temperature prior to the onset of flaming combustion 
(Burgan and Rothermel 1984; Andrews 2018). Therefore, 
an effective heating number of one describes a thermally 
thin fuel in which the entire fuel element is heated uni-
formly to the ignition temperature. Within the Rothermel 
model, the effective heating number is a function only of the 
surface-to-volume ratio, as shown in Eqn 5, 

= exp( 138/ ) (5)  

Rothermel defined the above equation based on a curve-fit 
of earlier experimental data (Frandsen 1973). However, 
Frandsen acknowledged that several possible curves could 
be fitted to the experimental data given the small number 
of conditions studied. This simple analysis also assumes 
that the effect of the thermal diffusivity of fuel elements 
and any moisture gradient can be considered negligible 
(Frandsen 1973). 

The heat of pre-ignition describes the heat energy 
required for ignition per unit mass of fuel. An analytically 
determined term for cellulose was used during model 

development (Rothermel 1972) in which heat of pre- 
ignition is a function of moisture content only (with heat 
of pre-ignition varying positively with fuel moisture because 
the energy required for vaporisation increases). 

Study aims 
This study utilised existing observations for pine needle 

litter beds (a typical surface fuel layer) from a previous 
experimental study (Campbell-Lochrie et al. 2021) in which 
the effects of fuel bed structure (fuel depth, fuel loading, bulk 
density) were evaluated in a series of laboratory-based, quies-
cent flame spread experiments. The fuel conditions studied 
represent typical field conditions for fuel loading and fuel 
depth for Pinus rigida Mill. litter layers in the New Jersey 
Pinelands National Reserve, based on available data from 
previous studies (e.g. Gallagher et al. 2017; Mueller et al. 
2017). This dataset is particularly relevant as similar fuel bed 
constructions, composed of Pinus rigida needles, have been 
used in a number of recent studies into flame spread mecha-
nisms and various modelling approaches (e.g. El Houssami 
et al. 2016; Mueller et al. 2021). 

A comparison of predicted and observed spread rates 
across a range of fuel bed structural conditions was there-
fore possible allowing comparison of the predicted and 
actual sensitivity to the fuel structure terms of interest. 
However, the main aim was to identify possible physical 
phenomena that are insufficiently or inadequately incorpo-
rated within the semi-empirical Rothermel model and that 
may contribute to any model bias. 

Calorimetric measurements from the flame spread experi-
ments also allowed comparison of predicted and observed 
total energy release. The total energy release is an important 
consideration when evaluating fire behaviour and is one of 
three key components in the Rothermel model flame spread 
equation in quiescent conditions. In turn, the fuel loading 
and packing ratio affect the calculation of the energy release 
within the Rothermel model and are generally known to 
influence fire behaviour. In summary, the present study 
therefore attempts to compare and rectify existing experi-
mental observations, our limited porous flame spread theory 
and the methods by which fuel structure is included within 
Rothermel model predictions. 

Methods 

A systematic experimental study of the effect of fuel bed 
structure on flame spread through pine needle fuel beds was 
previously presented in Campbell-Lochrie et al. (2021). 
These laboratory-based experiments were conducted in qui-
escent conditions (no wind or slope). The experimental 
series incorporated fuel beds of various fuel loadings, bulk 
densities and fuel bed depths. These pine needle beds are 
representative of typical litter layer fuels in several pine- 
dominated ecosystems and fall within the original intended 
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application of the Rothermel model for largely homoge-
neous surface fuels contiguous to the ground. To explore 
the dependence on fuel depth, the performance of the 
Rothermel model was evaluated through comparison with 
observed spread rates from this experimental series. 

Existing experimental dataset 

Pine needle fuel beds were constructed on a flame spread 
table (1.5 by 0.67 m) with a vermiculite substrate and adjust-
able steel sidewalls. The fuel bed structure was varied by 
either altering the wet fuel loading (0.2–1.6 kg/m2) at a fixed 
fuel bed height (allowing bulk density to vary; 10–40 kg/m3) 
or by simultaneously varying fuel loading (0.2–1.6 kg/m2) 
and fuel depth (0.01–0.08 m) for a fixed bulk density. 

The pine needles were dead pitch pine (Pinus rigida Mill.) 
or pitch-loblolly hybrid (Pinus rigida x taeda) needles 
collected from the Silas Little Experimental Forest in the 
New Jersey Pinelands National Reserve (latitude 39°54′58″N, 
longitude74°35′55″W). Needles were air-dried in a storage 
room prior to use and fuel moisture samples were collected 
prior to ignition of each fuel bed and oven-dried at 60°C for 
24 h. The fuel properties for each pine needle species are 
summarised in Table 1. The fairly constant surface-to-volume 
ratio throughout the experimental series allows a focus on the 
effects of overall fuel bed structure on model performance. 

The spread rate was calculated by video analysis of the 
flame front position over time. The combustion products 
were collected by a 1 MW furniture calorimeter exhaust 
hood and the Heat Release Rate (HRR) was calculated 
using oxygen consumption calorimetry, as in similar previ-
ous studies (Morandini et al. 2013). Fire intensity (as origi-
nally defined by Byram as ‘the rate of energy release, or rate 
of heat release, per unit time per unit length of fire front’ 
(Byram 1959, p. 79)) was calculated by dividing the HRR by 
the fire front length (0.67 m except at the lowest fuel loading 
of 0.2 kg/m2 where a non-linear flame front was observed). 
Additional experimental details and fuel properties were 
previously provided (Campbell-Lochrie et al. 2021). 

Model implementation 

In the present study, Rothermel’s original mathematical 
model (Rothermel 1972) was used with the later Albini 
modifications (Albini 1976) incorporated, and conversion 
to SI units using updated constants in Wilson (1980) 
(accounting for the listed errata added to the latter report 

and which are also discussed in Andrews (2018)). The math-
ematical flame spread model was incorporated within a 
MATLAB code and this implementation was verified through 
comparison with the SURFACE module of the BehavePlus 
fire modelling system (Version 6) (Andrews 2014). 

Albini modifications 
The fuel beds considered in this study were homogeneous 

beds of dead pine needles and therefore some of Albini’s 
modifications (Albini 1976) (related to live fuel moisture of 
extinction or mixed fuel bed weighting factors) were not 
relevant. The modifications that were included are sum-
marised in Table 2. 

The modified combustible dry fuel loading parameter 
provides greater accuracy by reflecting the fact that the 
oven-dry fuel loading (wo) includes the mineral content. 
The inclusion of an upper limit of the mineral damping 
coefficient (ηs ≤ 1) prevents physically unrealistic estimates 
of ηs > 1 for effective mineral contents (Se) of less than 
1.5 × 10−4. The alternative equation for the reaction veloc-
ity variable (A) prevents the occurrence of negative values 
for σ < 67.73, which would be physically unrealistic, as this 
would exceed the maximum reaction velocity. 

Model inputs and assumptions 

Various fuel and environmental properties are required as 
model inputs including six fuel properties (heat content (h), 
moisture content (Mf), total (ST) and effective (SE) mineral 
contents, fuel particle density (ρp) and surface-to-volume 
ratio (σ)), three fuel bed properties (oven-dry fuel loading 
(wo), fuel depth (δ) and moisture of extinction (Mx)), and 
two environmental parameters (mid-flame wind speed U( ¯̄ )
and slope angle (ϕ)). 

Table 1. Summary of fuel element properties for each pine needle species.       

Species Needle diametre 
(mm) (±s.d.) 

High heat of combustion (kJ/kg) 
(±max./min.) 

Surface-to-volume ratio 
(m−1) (±s.d.) 

Density (kg/ 
m3) (±s.d.)   

Pitch pine 1.31 ± 0.15 19 669 ± 422 5063 ± 640 706 ± 71 

Pitch- 
loblolly pine 

1.34 ± 0.12 19 672 ± 346 4899 ± 446 725 ± 33   

Table 2. Summary of modifications to original Rothermel flame 
spread equations.     

Modified 
parameter 

Original Rothermel Albini modification   

Combustible dry 
fuel loading (Wn) 

w =n
w

S1 +
o

T
w w S= (1 )n o T

Mineral damping 
coefficient (ηs) 

ηs ≥ 0 ηs ≤ 1 

Reaction velocity 
variable (A) 

A = 1

4.774 7.270.1
A = 133σ−0.7913   
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In the present study, custom fuel models were defined for 
each fuel species and fuel bed condition, based on the actual 
measured fuel bed, and fuel element properties as summarised 
in Table 1. As the flame spread experiments considered in the 
present study were conducted in the absence of wind or slope, 
the mid-flame wind speed and angle were both assumed to 
equal zero. The other model inputs are summarised in Table 3 
and important assumptions are discussed below. 

Heat content 
The heat of combustion of both pine needle species was 

previously measured using bomb calorimetry (Campbell- 
Lochrie et al. 2021) with measured values given here in  
Table 1. The heat of combustion for both species varied 
slightly; however, this variation was within the range of 
experimental uncertainty. These measured values were sim-
ilar to previous measurements for other pine needle species 
(e.g. Ovington and Heitkamp 1960; Hough 1969; Rothermel 
1976) and were also similar to the generic dead fuel heat 
content specified in all 53 standard fuel models of 
8000 BTU/lb (18 608 kJ/kg) (Burgan 1987). Therefore, 
this generic value was assumed for both fuel types through-
out all calculations in the present study. 

Moisture of extinction 
The moisture of extinction is the minimum moisture con-

tent at which flame spread is not sustained. This parameter is 
difficult to establish experimentally, particularly given the 
potential dependence on fuel structure. Rothermel suggested, 
however, that for dead fuels the moisture of extinction may 
vary between 0.1 and 0.4 and therefore assumed a constant 
value of 0.30 during the model development (Rothermel 
1972). This value represents the typical fibre saturation 

point of wood (Byram et al. 1952; Rothermel 1972) and is 
similar to the range of extinction values observed or extra-
polated from previous experiments (Rothermel and Anderson 
1966; Anderson 1969). This constant value was also incorpo-
rated in the initial 11 fuel models (Rothermel 1972). 

In the present study, the same constant moisture of 
extinction value (0.30) is assumed, allowing greater focus 
on other input parameters. In this study, as a result of air- 
drying the fuel, the FMC was likely significantly lower than 
the extinction value. The significance of the extinction value 
is therefore likely to be reduced, because Rothermel’s model 
displays increased sensitivity to this parameter for cases in 
which the actual FMC approaches the extinction moisture 
value (Burgan 1987). 

Mineral contents 
Constant values of 0.0555 for the total mineral content 

and 0.010 for the effective mineral content were assumed 
throughout. These match the values assumed in the standard 
fuel models (Andrews 2018). 

Model verification 

The implementation of the Rothermel equations (with 
Albini modifications) in this study was verified by compari-
son with the SURFACE module in BehavePlus (Version 6) 
(Andrews 2014), which uses the Rothermel model for sur-
face flame spread rate predictions. Custom static fuel models 
were used within BehavePlus to represent each of the fuel 
beds conditions studied in the existing experimental dataset 
(Campbell-Lochrie et al. 2021). These fuel beds cover a 
range of structural conditions with fuel loading ranging 
from 0.2 to 1.6 kg/m2, and fuel depths ranging from 0.01 
to 0.08 m. However, the lowest fuel depth cases (10 mm) 
were excluded from this verification analysis as the mini-
mum valid fuel depth in BehavePlus is 20 mm. A single fuel 
size class (1 h dead fuels) was specified for each fuel bed. 

The fuel element density and the total and effective mineral 
contents are fixed constant values in BehavePlus with values of 
32 lbs/ft2 (512.6 kg/m3), 0.0555 and 0.010 respectively. 
Therefore, for the validation study, these values were also 
used as model inputs in the custom MATLAB script to allow 
comparison of model predictions. Agreement in predicted 
spread rates was observed for all fuel bed conditions verifying 
the implementation of the model equations in this study. 

Results and discussion 

Rate of spread comparison 

The predicted and experimentally observed Rate of Spread 
(RoS) for each fuel condition is shown in Table 4. The fuel 
structure was described in terms of fuel depth, fuel loading, 
packing ratio and the dimensionless parameter ασδ, which 
incorporates porosity (α), surface-to-volume ratio (σ) and 

Table 3. Summary of model inputs.    

Parameter Assumed value   

Heat content (h) 18 608 kJ/kg 

Moisture content (Mf) Measured for each fuel bed 

Total mineral content (ST) 0.0555 

Effective mineral content (SE) 0.010 

Fuel particle density (ρp) Pitch pine: 706 kg/m3 

Pitch-loblolly pine: 725 kg/m3 

Surface-to-volume ratio (σ) Pitch pine: 5063 m−1 

Pitch-loblolly pine: 4899 m−1 

Oven-dry fuel loading (wo) Measured for each fuel bed 

Fuel depth (δ) Measured for each fuel bed 

Moisture of extinction (Mx) 30% 

Mid-flame wind speed U( ¯̄ ) 0 km/h 

Slope angle (ϕ) 0°   
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fuel depth (δ). Similar trends between RoS and fuel structure 
were apparent in both the predicted and observed spread 
rates although absolute values varied. A positive trend 
between RoS and fuel loading (for a fixed bulk density 
with fuel depth allowed to vary) was observed for both the 
predicted and observed RoS. A negative trend between RoS 
and bulk density (for a fixed fuel loading with fuel depth 
allowed to vary) was also apparent in both the predicted and 
observed spread rates. As described in Campbell-Lochrie 
et al. (2021), the spread rate was previously observed to 
be strongly correlated with the fuel bed parameter ασδ and 
a positive trend was also predicted by the Rothermel model. 

The deviation between the experimentally observed RoS 
and the RoS predicted by the Rothermel model is also shown 
in Table 4 for each fuel condition. The deviation is defined 
as the difference between observed and predicted RoS, 
divided by the observed RoS, and therefore represents the 
percentage error, with a positive value indicating an under-
prediction, and a negative value an overprediction. 

Despite the similar trends between RoS and fuel struc-
ture, significant deviation (ranging from −11 to 74%) 
between predicted and observed spread was observed, 

with a mean deviation of 29% across all fuel conditions. 
For the pitch-loblolly hybrid pine needles, non-zero spread 
rates were predicted for the lowest fuel loading cases 
(0.2 kg/m2). However, experimentally, flame spread was 
not sustained at this fuel condition. 

In general, there was a tendency for underpredictions 
compared with the experimentally observed RoS, as shown 
in Fig. 2. A similar tendency towards underprediction was also 
observed when comparing Rothermel spread predictions with 
observations in laboratory-based flame spread experiments 
involving ponderosa pine litter beds (McAlpine and 
Xanthopoulos 1989). The range of underpredictions observed 
by McAlpine and Xanthopoulos (15–60%) was also similar to 
those observed in the present study; however, there was 
limited variation in the fuel structures they studied (two 
fuel loadings were studied at a single wind speed and fuel 
structure was otherwise held constant). 

Effect of fuel structure on rate of spread 
As shown in Table 4 and Fig. 2, the deviation between 

predicted and observed spread rates varied with the fuel 
structure. In Fig. 2, it is apparent that the deviation between 

Table 4. Comparison of Rothermel model predictions and experimentally observed spread rates for various fuel bed conditions (avg ± s.d.).           

Fuel type Fuel loading 
(kg/m2) 

δ (m) β ασδ FMC (dry 
basis) (%) 

Observed RoS 
(mm/min) 

Predicted RoS 
(mm/min) 

Deviation (%)   

Pitch pine  0.2  0.02  0.014  100  10.1 ± 1.1  108 ± 31  59  45  

0.2  0.01  0.028  49  10.0 ± 1.2  114 ± 24  30  74  

0.4  0.04  0.014  200  9.6 ± 0.8  144 ± 20  120  17  

0.4  0.02  0.028  98  9.6 ± 0.6  126 ± 17  60  52  

0.6  0.06  0.014  300  10.9 ± 2.1  180 ± 28  169  6  

0.6  0.03  0.028  148  9.8 ± 0.7  132 ± 19  90  32  

0.8  0.08  0.014  399  10.1 ± 0.5  210 ± 26  234  −11  

0.8  0.04  0.028  197  10.2 ± 0.7  162 ± 16  117  28  

0.8  0.02  0.055  96  10.1 ± 0.9  126 ± 37  45  64  

1.2  0.06  0.028  295  11.3 ± 0.3  174 ± 33  167  4  

1.6  0.08  0.028  394  12.3 ± 1.7  246 ± 39  214  13 

Pitch-loblolly 
hybrid pine  

0.2  0.02  0.014  97  16.6 ± 1.9 Unsustained  44 N/A  

0.2  0.01  0.028  48  16.6 ± 1.9 Unsustained  23 N/A  

0.4  0.04  0.014  194  15.3 ± 1.2  114 ± 25  92  19  

0.4  0.02  0.028  96  15.5 ± 0.3  90 ± 21  47  48  

0.6  0.06  0.014  290  15.6 ± 0.3  156 ± 39  136  13  

0.6  0.03  0.028  144  17.1 ± 0.7  114 ± 18  67  41  

0.8  0.08  0.014  387  15.9 ± 0.6  162 ± 28  180  −11  

0.8  0.04  0.028  191  15.7 ± 2.4  126 ± 21  93  26  

0.8  0.02  0.055  93  16.0 ± 0.8  96 ± 11  37  61 

Experimental observations from  Campbell-Lochrie et al. (2021). 
N/A indicates not applicable.  
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predicted and observed spread rates varies with fuel loading 
and packing ratio. For fuel beds of constant fuel loading, 
greater deviation was observed at higher packing ratios 
(more compressed fuel beds) as shown in Table 4. For fuel 
beds of constant packing ratio, the deviation was greatest at 
lower fuel loadings (also shown in Table 4). 

As shown in Fig. 3, significant underpredictions of spread 
rate (for cases in which sustained flame spread occurred 
experimentally) are also observed for fuel depths of 0.04 m 
or less. This underprediction bias supports previous sugges-
tions of an oversensitivity of the Rothermel model to fuel 
depth and fuel compaction. This may therefore indicate an 
under-prediction of the energy released within the fire front 
(the reaction intensity) or of the proportion of this energy 
transferred to the fuel (the no-wind propagating flux). 

Reaction intensity 

In this study, the availability of experimental HRR measure-
ments allows further evaluation of model predictions of 
energy release within the fire front (reaction intensity). 
The measured HRR can be converted to Byram fireline 
intensity, which is a commonly used descriptor in wildland 
fire studies (Byram 1959). The Byram fireline intensity (IB) 
is defined as the HRR per unit length of the fire front and 
therefore differs from the reaction intensity (IR), which 
describes the HRR per unit area of the fire front. The fireline 
intensity (calculated from the measured HRR) can therefore 
be related to the reaction intensity according to Eqn 6, 

I I t R=
60

r
B

R (6) 
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Fig. 2. Dependence of observed and predicted spread rate deviation on fuel loading and packing ratio for: (a) pitch pine needle 
fuel beds; (b) pitch-loblolly hybrid pine needle fuel beds.   
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Fig. 3. Comparison of Rothermel model predictions and experimentally (Exp.) observed spread rates (RoS) for fuel beds of 
various fuel depth composed of: (a) pitch pine needles; (b) pitch-loblolly hybrid needles.   
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where tr is the residence time (in minutes). An equation for 
the residence time in uniform surface fuel beds, as a function 
only of fuel size (diameter (d) in inches or surface-to-volume 
ratio (σ) in inches−1), was previously proposed (Anderson 
1969) on the basis of unpublished data and a review of 
existing studies (Fons et al. 1960, 1962; McCarter and 
Broido 1965; Woolliscroft and Law 1967), and is shown in  
Eqn 7, 

t d= 8 = 384
r (7)  

Measurements of the surface-to-volume ratio and diameter 
of the fuels considered in the present study were previously 
obtained via random sampling (see Table 1), and therefore 
either form of the above equation could be used. The resi-
dence time was calculated independently using both values 
and the average residence time value (20 s for both fuel 
species) was used in Eqn 6 to relate the reaction intensity 
and fireline intensity. It should, however, be noted that the 
fuel bed properties (e.g. fuel depth, packing ratio) may also 
affect the residence time (Catchpole et al. 1993). 

The experimentally observed reaction intensity values 
(based on this conversion from the measured HRR) are 
given in Table 5, and plotted in Fig. 4, for both species. In 
general, a positive linear trend between fuel loading and 
reaction intensity was observed, as shown in Fig. 4. 
Deviation from this general linear trend was observed at 
the lowest fuel loading in this study (0.2 kg/m2); however, 
the non-linear nature of the flame front at this condition 
(given the needle sparsity, and as observed in other similar 
experiments (Campbell-Lochrie et al. 2023)), should also be 
considered. The flame front length is therefore poorly 
defined at these lowest fuel loadings and conversion to a 
fireline intensity based on the fuel bed width may be less 
appropriate for these conditions. 

The observed trends in the experimentally observed 
reaction intensity are, therefore, broadly in line with the 
assumptions used in the model’s development. Rothermel 
assumed a linear trend between reaction intensity of the 
flame front and fuel loading (as shown in the predicted 
reaction intensity values presented in Table 5). Further 
study is required to disentangle the effects of needle sparsity 
and fuel loading at the lowest fuel loadings. The need for 

Table 5. Comparison of Rothermel model predictions and experimentally observed reaction intensity (IR) for various fuel bed conditions 
(avg ± s.d.).        

Fuel type Fuel loading 
(kg/m2) 

β Observed IR 

(kW/m2) 
Predicted IR 

(kW/m2) 
Deviation (%)   

Pitch pine 0.2 0.014 506 181 64 

0.2 0.028 43 128 −198 

0.4 0.014 479 366 24 

0.4 0.028 373 258 31 

0.6 0.014 600 531 12 

0.6 0.028 631 384 39 

0.8 0.014 840 722 14 

0.8 0.028 799 508 36 

0.8 0.055 N/A 192 N/A 

1.2 0.028 N/A 747 N/A 

1.6 0.028 N/A 983 N/A 

Pitch-loblolly 
hybrid pine 

0.2 0.014 Unsustained 162 N/A 

0.2 0.028 Unsustained 121 N/A 

0.4 0.014 365 330 10 

0.4 0.028 328 245 25 

0.6 0.014 520 493 5 

0.6 0.028 515 360 30 

0.8 0.014 799 654 18 

0.8 0.028 622 488 22 

0.8 0.055 555 203 63 

HRR measured by oxygen consumption calorimetry and converted to fireline intensity (IB).  
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further investigation of this linear trend at lower fuel load-
ings has been previously highlighted (Wilson 1982). 

As shown in Table 5, Rothermel model predictions of 
reaction intensity were typically underestimates compared 
with the reaction intensity calculated from the measured 
HRR (note that experimental HRR observations were unavail-
able at some fuel conditions). The tendency for underestima-
tion is also seen in Fig. 5, where the ratio of the predicted 
reaction intensity to the experimentally observed reaction 
intensity is plotted at each fuel condition for both fuel species. 
A ratio of less than 1 indicates an underprediction compared 
with the experimentally observed reaction intensity. 

It should be noted that the experimentally measured 
reaction intensity is derived from the HRR, which is a global 

measurement of the energy release including heat released 
in the trailing combustion region, which can be significant 
(Perez-Ramirez et al. 2017). Therefore, some variation 
between predicted and observed reaction intensity would be 
expected because the Rothermel model considers energy 
release only in the primary fire front region. Despite this, 
similar values were obtained at higher fuel depths, with the 
ratio between predicted and observed values >0.8. 
However, increased divergence is observed in the same 
lower fuel depth range in which spread rates were also 
significantly underpredicted (δ ≤ 0.04 m). It therefore 
appears that the Rothermel model underpredicts the energy 
release occurring in the fire front region for these lower fuel 
depth cases. 
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Fig. 4. Dependence of experimentally observed reaction intensity on fuel loading and packing ratio (β) for: (a) pitch pine; (b) 
pitch-loblolly hybrid pine needle beds.   
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Physical implications for fuel structure 

Unlike empirical operational models, the Rothermel flame 
spread model has a physics-based, theoretical framework. 
This therefore allows, to a certain extent, the previously 
discussed reduction in model performance in low ασδ (low 
fuel depth or highly packed) fuel beds to be examined in the 
context of the underlying physical phenomena controlling 
the flame spread process. The experimental observations 
considered in this study show clear effects of fuel loading 
and packing ratio on the spread rate and fire behaviour. 
Spread rate correlates positively with fuel loading (for fixed 
packing ratio and variable fuel depth) and negatively with 
packing ratio (for fixed fuel loading and variable fuel 
depth). These trends are also predicted by the Rothermel 
model; however, deviations between observed and pre-
dicted spread rates increase for greater packing ratios at a 
given fuel load. This suggests that the effects of these fuel 
structure properties are not adequately represented in the 
model for this fuel type. 

It appears that the energy release in the fire front 
(reaction intensity) is underpredicted by the Rothermel 
model in these more compact fuel beds. Various explana-
tions are possible, including the lack of consideration of any 
packing ratio influence on other model parameters such as 
the moisture of extinction. However, it is also possible that 
the fundamental influence of the packing ratio on the energy 
release in the fire front is not adequately characterised for 
this fuel type. It was previously observed (Frandsen and 
Rothermel 1972) that the combustion zone depth and burn-
ing rate profile within the combustion zone vary with pack-
ing ratio but as the focus of this previous study was on the 
development of a novel experimental method, further sys-
tematic investigation of this trend was not pursued. 

In understanding possible discrepancies, it is useful to 
revisit the experiments used to inform the development of 
empirical terms for calculation of the reaction intensity and 
reaction velocity (Rothermel 1972). This involved mass loss 
measurements during flame spread experiments in three 
different fuel types (12.7 mm½ inch sticks, ¼ inch 6.35 
mm sticks excelsior) at various packing ratios. However, 
the fuel depth was held constant and therefore the fuel 
loading must also vary in each case, complicating efforts 
to separate the independent effects of fuel loading and 
packing ratio on the reaction velocity and reaction intensity. 
Indeed, it is for the same reason that Rothermel cautioned 
against comparison between fuels that ‘is not intended, nor 
can it be made because loading was not held constant.’ 
(Rothermel 1972, p. 17). However, no similar warning 
around comparisons between packing ratios is given. 

This has important implications for the optimum packing 
ratio that is currently represented in the model as a function 
only of surface-to-volume ratio. This does not therefore 
allow for the interdependent effect of fuel loading and 
packing ratio on the combustion process and subsequent 

energy release. Issues around the optimum packing ratio 
are further complicated for the litter beds considered in 
this study given that is unclear exactly where their beha-
viour lies within the context of the wood cribs and excelsior 
fuels used in the model’s development. 

This is particularly important given the lack of experi-
mental observation of an optimum packing in excelsior fuel 
beds, with the selection of an optimum packing ratio instead 
relying on the assumption that a reaction velocity of zero 
occurs for cases where ‘there is no fuel to support combus-
tion’ (Rothermel 1972, p. 16). Particularly given the com-
plex role of fuel sparsity observed in the present study, such 
an assumption again requires consideration of the inter-
dependent roles of fuel loading and packing ratio, and the 
effects on the underlying physical phenomena controlling 
flame spread (e.g. convective heat transfer, O2 supply). 

Conclusions 

The performance of the Rothermel flame spread model was 
assessed using an existing series of pine needle fuel bed 
experiments in which the fuel bed structure (fuel loading, 
packing ratio, fuel depth) was systematically varied. In 
general, Rothermel model predictions of spread rate were 
underestimates compared with the experimentally observed 
spread rates. Divergence between predicted and observed 
spread rates was greatest in fuel beds with lower fuel depths 
(≤0.04 m). For fuel beds of fixed fuel loading, divergence 
increased as the packing ratio increased (compaction of fuel 
bed). These observations support previous suggestions of an 
oversensitivity of the Rothermel model to fuel depth or fuel 
bed compaction. The non-conservative bias observed in 
model predictions at these fuel conditions is an important 
consideration in operational model use and highlights the 
need for further study of the complex effects of fuel structure 
on fire behaviour. 

For low fuel depths, significant deviation between the 
predicted and experimentally observed reaction intensity 
was also observed. This suggests that underpredictions of 
energy release in the fire front are a significant contributor 
to underpredictions of spread rate for these shallow and/or 
compressed fuel beds. Further investigation of the energy 
release and combustion wave profile as a function of fuel 
structure is required to address this oversensitivity to fuel 
depth and compaction. 

Efforts to compare experimental observations and predic-
tions of reaction intensity highlight the importance of accu-
rately determining the residence time; however, the effects 
of fuel bed structure are not adequately incorporated within 
existing empirical residence time formulations. Separation 
of the primary fire front and secondary trailing region rep-
resents an important aspect of experimental determination 
of residence time and is important in understanding the 
effect of fuel structure on the reaction intensity and 
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subsequently the propagating flux sustaining flame spread. 
It is important that further work acknowledges the impor-
tant influences of fuel loading and bulk density (or packing 
ratio) and that this is considered when applying concepts 
such as the optimum packing ratio. 
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