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Abstract: Current operational fire spread models are mostly based on experimental results from 
dead, low moisture fuel beds and thus do not perform well when modeling fire behavior in live 
shrubs. A previously-developed semi-empirical shrub combustion model was improved and 
expanded to treat live chamise and big sagebrush. Fire spread in live chamise and big sagebrush 
shrubs was measured in an open-roofed wind tunnel, which was used as the basis to develop the 
current model. Shrub geometry was modeled by coupling a Lindenmayer-systems (L-systems) 
approach with terrestrial LiDAR scan data. Wind speed was held constant at 1.4 m/s. Species 
specific correlations for physical properties and combustion characteristics of individual fuel 
element were incorporate in this model. Modeling results compared well with measured time-
dependent fire behavior. Variations in local fuel density affected flame spread more than the overall 
fuel bed density. This model is an innovative approach to simulate shrub combustion via flame 
propagation at individual fuel element scale with a fairly low computational cost. 
Keywords: Wildland fire, Shrub combustion 

 
1. Introduction 
 

Wildland fires have become more prevalent in recent decades in the United States. To mitigate 
this growing hazards to nature and human, it is critical to better understand the fundamentals of 
wildland fires and develop advanced models to predict the spread of wildland fire and prescribed 
burns. Most current models in the United States (e.g. BehavePlus, FARSITE,) [1-3] are based on 
the semi-empirical model by Rothermel [4], which was developed for dead or low-moisture single-
layer fuels that are contiguous to the ground. These models do not adequately describe fire spread 
in live fuels such as those found in shrublands and tree crowns. Since much of the United States 
wildland is covered by sparsely growing shrubs and small trees [5], it is imperative that fire models 
be developed that can describe fire spread in live fuels. Development of a next-generation model 
is hindered by the lack of fundamental understanding regarding fire behavior in live fuels [6, 7]. 
A generic, empirical-based model was developed based on a large datasets of various shrubland 
fire experiments [8]. Although this model is capable of predicting acceptable fire spread rate, it 
does not predict threshold conditions for continuous fire spread.  

Computational fluid dynamics models (CFD) have also been developed, including FIRETEC 
and WFDS [9, 10]. These models solve the governing equations for mass and energy balances 
rather than using empirical relationships and thus provide insight into the physics and chemistry 
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that influence fire spread. However, these models are computationally expensive and are generally 
constrained to 8 m3 grid cells for landscape-scale simulations, oversimplifying the combustion 
process. Additionally, CFD models are restricted by inadequate knowledge regarding solid fuel 
physical properties (e.g. heat capacity) and surface reactions [11].  

This paper describes a semi-empirical, multi-leaf shrub combustion model developed to help 
fill the gap between current operational models and CFD models. This model is based on individual 
leaf combustion behavior measured with a flat-flame burner [11-14]. Flames are simulated using 
equations based on individual leaf properties and combustion behavior; fire spread is accomplished 
via flame-fuel overlap. This model is computationally efficient while maintaining the essential 
components of fire spread models [11]. The focus of this manuscript is modeling big sagebrush 
(Artemisia tridentata) and chamise (Adenostoma fasciculatum). 
 
2. Methods  

 
Shrub Combustion Experiment  
Multi-shrub combustion experiments were performed in an open-roofed wind tunnel at the 

USDA Forest Service Pacific Southwest Research Station in Riverside, CA [15]. The glass 
windows on one side were open for video camera and FLIR camera recording with minimal impact 
on the flow. LiDAR (Light Detection and Ranging) scans were also performed in some 
experiments to establish a 3-D voxel data matrix for potential fuel element locations. A 200 g, 
triangular-shaped bed of excelsior placed just upwind of the first shrub was used as the shrub 
ignition source. The shrub closest to the excelsior bed was used as an ignition shrub and the fire 
was allowed to propagate to a second shrub, with the goal of measuring fire behavior with minimal 
influence from the excelsior. Sagebrush was collected on the San Bernardino National Forest and 
chamise was harvested from North Mountain Experimental Area near Riverside, CA. 

The effects of two levels of fuel density (high, low) and two levels of moisture content (high, 
low) on fire spread were studied. The high moisture content level was represented by performing 
a set of experiments immediately after fuel collection and the low level was achieved by allowing 
the fuel to dry. Combustion characteristics and time-dependent fire behavior were measured using 
three digital camcorders at different locations around the fuel bed. Flame angle, fire propagation 
path, time to burnout and flame length were determined from video images. Wind speed was held 
constant at 1.4 m/s.  
 

Individual Leaf Combustion Experiment 
Individual combustion experiments with live fuel particles were conducted for various plant 

species in a flat-flame burner (FFB) system [12-14]. The FFB has a porous surface and produces 
a 1 mm thin premixed flame (CH4, H2 and air). A glass cage surrounding the FFB prevents 
entrainment of ambient air. The fuel samples were placed 5 cm above the burner surface and 
ignited by the post-flame convective gases (1000°C, 10mol% O2). Moisture content and geometric 
dimensions of each fuel sample were measured. The sample was held above the burner by a rod 
connected to a cantilever mass balance and were measured continuously. A K-type thermocouple 
was used to measure the gas temperature. Leaf sample combustion from ignition to burnout was 
recorded by a video camera. Combustion characteristics (e.g. flame height, time to ignition, 
burnout time, etc.) were determined by image analysis using MATLAB code, and then correlated 
vs. species, moisture content, fuel element dimensions, etc. [13]. 

Shrub Structure Modeling 
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Geometrical constructions of chamise and big sagebrush were simulated by coupling an L-
systems (Lindenmayer-systems) approach with terrestrial LiDAR data. Both the shrub dimension 
measurements from the wind tunnel experiments and individual fuel element measurements were 
used to develop the L-systems parameters. The axiom string types were formulated for chamise 
and big sagebrush to create primary branches in the shrub. Mass measurements were used to 
develop correlations to predict shrub fuel mass. Individual fuel elements with physical properties 
populated by statistical models developed were placed onto the primary branches. The number of 
segments was adjusted to satisfy the targeted total dry mass of foliage and stems less than ¼ inch. 
The ultimate direction of the L-systems strings for branches was guided by the location of the 
densest voxels from the LiDAR data. The resulting structure model predicted all the branch and 
segment positions, tuned for the specific shrub samples studied. Simulated shrubs appeared 
visually similar to the sampled shrubs and also generally matched the geometrical dimensions, as 
shown in Figure 1.  

 

 
 

Figure 1: A simulated chamise shrub set compared to the corresponding picture. 
 

Shrub Combustion Modeling 
The semi-empirical multi-leaf shrub combustion model includes: fuel element location, fuel 

element physical properties, fuel element combustion behavior, individual flame volume 
simulation, and flame merging. The flame correlations mentioned above were used to predict 
combustion behaviors of each fuel element generated from the structure model. Individual leaf or 
segment flame volume is then simulated as a cylinder, whose dimension is determined by its 
combustion characteristics and the stage of its combustion (preheating, ignition, burning or burn 
out).   

In the simulation, as a flame contacts a neighboring leaf, the ignition sequence for that leaf 
commences, and the neighboring leaf may ignite. The flames then merge and contact surrounding 
leaves until burnout occurs. Flame merging was first developed based on the two-leaf combustion 
experiments for manzanita by Pickett [12] and later extended to three dimensions with improved 
flame coalescence and wind effects [16, 17]. The flame interaction submodel was then upgraded 
to include semi-empirical correlations based on 2D flame merging experimental results of gas 
burners reported in the literature [11]. Both horizontal and vertical separation between leaf flames 
in three dimensions were considered to approximate the merging flame height. Those correlations 
were improved in the current model:  
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where Lf is the merged flame height; L1 is the solitary flame height; α’, β’ and α, β are tuneable 
coefficients (prime designates merged flame); D1 is the leaf segment diameter and D’ is the 
normalized segment group characteristic diameter; �̇�𝑄1 is the heat release rate of individual leaf 
element combustion while �̇�𝑄𝐷𝐷 is the segment group heat release rate. �̇�𝑄𝐷𝐷/�̇�𝑄1is currently predicted 
from leaf segments combustion behavior and the number of segments. This correlation is partially 
developed from wood crib data reported in the literature [18].  

A physics-based approach was established for scaling flame parameters which included a 
mechanistic description of heat transfer to the leaf surface, temperature-dependent mass release 
and an energy balance [11]. In the current model, each leaf segment is divided into two layers, 
surface and interior. Species-specific multi-component one-step devolatilization models were 
used. Water release was tracked by a diffusion-limited model. The mass transfer was dependent 
on leaf temperature as well. Both convection and radiation heat fluxes were used to determine the 
elevated temperature of leaf. Finally, the heating of a leaf with the moisture evaporation was solved 
and the temperature history of a leaf was obtained. Based on this physics-based approach, flame 
parameters (end time of mass release, flame height, etc.) were scaled to match the observed fire 
spread conditions. 

The semi-empirical, multi-leaf shrub combustion model was constructed to model flame 
propagation through a user-defined shrub (chamise or big sagebrush). The combustion in this 
model was initiated by the ignition of a group of bottom corner leaf segments, which mimicked 
the fire front from excelsior as in the experiments. A profile of wind speed was appointed to each 
individual leaf segment according to its location. The combustion would terminate when there 
were no burning leaf segments.  
 
3. Results and Discussion 

 
Shrub Combustion Modeling 
The calculated flame height above the shrub (Δzf,max), fraction of shrub burned (Xs), burn time 

(tburn) as well as flame propagation speed and flame path were all compared with experimental 
results. The modeling results for chamise experiments are shown here. Figure 2 is an example of 
simulated shrub flame of chamise shrubs compared to the corresponding experiment. As shown in 
Figure 3, the prediction of the flame height (Δzf,max) was overestimated in the previous model 
especially for run 3, which was a run where it was observed experimentally that the flame was not 
able to successfully propagate completely through the shrub.  
 

 
Figure 2: Comparison of predicted flame behavior in chamise shrubs (left) using the semi-empirical shrub 
combustion model vs. the measured flame behavior in a wind tunnel (right). 
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Figure 3: Maximum flame height above the shrub comparison of model simulations for chamise. 

 
The current model is able to predict this unsuccessful propagation but underestimate the 

maximum flame height. Figure 4 also shows that the predicted time to burnout by the current shrub 
combustion model for chamise was similar to the observed behavior from experiments, improved 
results from previous predictions for most of experimental runs. Other fuel element placement 
approaches (image recognition random placement, LiDAR data random placement and L-system 
without LiDAR data) were also tested and integrated into current model. The predictions of 
combustion behavior are compared to the current model with L-system and LiDAR data combined 
approach results, which shows the L-system and LiDAR data combined approach performed most 
consistent and generated best predictions of combustion behavior for most experiments. An 
improved description of the leading excelsior flame and subsequent shrub combustion interaction 
is underway, which will further improve the agreement between experimental observations and 
modeling results. 

 

 
Figure 4: Time to burnout comparison of model simulations for chamise. 

 
4. Conclusions 

 
Multi-shrub combustion experiments were performed in a wind tunnel facility at the Pacific 

Southwest Research Station in Riverside, CA. Bulk density and local fuel density were found to 
be two major factors in shrub flame propagation. Shrubs with high moisture content were usually 
observed to have a slower flame propagation rate.  

Fuel element placement in the semi-empirical shrub combustion model was improved when 
the following were coupled: physical properties distribution, L-systems fractal theory approach, 
LiDAR shrub scan data and manual or image shrub measurements. More accurate flame 
parameters and species sensitive flame merging algorithm were developed in the semi-empirical 
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shrub combustion model. The agreement between experimental observations and modeling results 
was improved. 
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