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This paper evaluates the fuel moisture content (FMC) threshold that leads to fire extinction for a few fuel types under marginal conditions. Influences of fuel load, fuel depth, Leaf Area Index (LAI) and packing ratio on this FMC threshold were also analyzed. This aim was reached by applying numerical simulations performed with three approaches: a simplified physical fire spread model, a detailed fire physical model and an empirical criterion.

Experiments at laboratory scale were also performed. Moreover, some results published in the literature over the last years were presented and compared with theoretical outputs.

Introduction

It is well known that wildfire behavior is governed by three main factors (terrain, weather conditions and fuel characteristics) forming a fire environment triangle [START_REF] Pyne | Introduction to Wildland Fire : Fire Management in the United States, Second Ed[END_REF]. When considering these three factors, reducing the amount of fuel seems to be the only effective action that can be managed to lower fire risk. This preliminary remark explains why many countries have developed reduction biomass programs to minimize wildfire hazard. Direct fire prevention through hazard reduction often means removal of fuel exposed to sources of risk. At large scale, prescribed burning represents one of the most efficient tools in land management [START_REF] Morvan | Numerical study of the effect of fuel moisture content (FMC) upon the propagation of a surface fire on a flat terrain[END_REF][START_REF] Yurkonis | Seasonality of prescribed fire weather windows and predicted fire behavior in the northern Great Plains[END_REF]. This type of fire is used in several ways [START_REF] Brown | Forest fire: control and use[END_REF][START_REF] Cawson | Forest fuel bed ignitability under marginal fire weather conditions in Eucalyptus forests[END_REF][START_REF] Agee | Basic principles of forest fuel reduction treatments[END_REF][START_REF] Rachmawati | An optimisation approach for fuel treatment planning to break the connectivity of high-risk regions[END_REF]. For instance, it can be employed in the construction and maintenance of fuelbreaks in advance of suppression action or in the removal of forest debris. Almost any prescribed burning improves access and visibility, prepare sites for seeding and planting, and control diseases by burning or removing infected twigs and foliage without killing terminal buds. Hence, prescribed fires should be of low intensity to reduce the impact on the soil and trees (in forests) and to minimize risks of escaped fire. For this reason, marginal fire conditions that include high fuel moisture content and low winds are often selected for prescribed fires because these conditions produce a low-intensity burn.

Three main techniques can be used to reach these goals -backfire, flank fire and head fire. For security reasons, any prescribed burning usually begins with a backing fire in order to contain any additional fires ignited upwind in the burnt area created by the backing fire [START_REF]Prescribed Burning Habitat Management Fact Sheet[END_REF]. Fire is started along a firebreak where it is allowed to propagate against wind or down a moderate slope. Previous studies have shown that fire spread models in no-wind and no-slope conditions can be able to provide realistic estimates of these backing fires behavior [START_REF] Rossa | Behaviour of slope and wind backing fires[END_REF][START_REF] Nelson | Flame characteristics for fires in southern fuels[END_REF]. Consequently, for all these reasons, identifying fuel properties that drive efficient prescribed fires will provide useful information for the fire agencies in charge of land management to better plan prescribed burning campaigns.

During the last decades of research on forest fire behavior, many works have focused on the effect of fuel moisture content (FMC) on wildfire dynamics especially on fire ignitability and sustainability [START_REF] Cawson | Forest fuel bed ignitability under marginal fire weather conditions in Eucalyptus forests[END_REF][START_REF] Leonard | Predicting sustained fire spread in tasmanian native grasslands[END_REF][START_REF] Davies | Fuel Moisture Thresholds in the Flammability of Calluna vulgaris[END_REF]. For example, Overholt et al. have mentioned that fuel moisture content has the greatest impact on fire rate of spread [START_REF] Overholt | Characterization of Fuel Properties and Fire Spread Rates for Little Bluestem Grass[END_REF]. However, extinction models that predict fire spread success are rare. The most known one was proposed by Wilson [START_REF] Wilson | Observations of Extinction and Marginal Burning States in Free Burning Porous Fuel Beds[END_REF], who conducted 470 test fires in fuel beds consisting of excelsior and milled wood sticks in order to develop an extinction index for marginal burnings. It correlates the moisture content of extinction to the physical parameters characterizing the fuel bed such as packing ratio, which is the dimensionless fraction of fuel bed volume occupied by fuel particle, fuel bed depth and surface area to volume ratio characterizing solid fuel particles. Eventually, the fuel moisture content of extinction was related to the Leaf Area Index (LAI) characterizing the fuel bed. LAI is a dimensionless variable, defined as the total one-sided green leaf area per unit ground surface area [START_REF] Watson | Comparative Physiological Studies on the Growth of Field Crops. I. Variation in net assimilation rate and leaf area between species and varieties, and within and between years[END_REF], it constitutes an adequate parameter in order to reproduce a real vegetation layer at small scale and compare numerical or experimental results obtained at various scales. Models predicting fire spread success are often statistical functions, with no attempt to involve physical mechanisms. For instance, Marsden-Smedley and Catchpole [START_REF] Marsden-Smedley | Fire behaviour modelling in tasmanian buttongrass moorlands. I. Fuel characteristics[END_REF] proposed a model to predict fire sustainability in grassland (Tasmanian buttongrass moorland). Fernandes et al. [START_REF] Fernandes | Empirical modelling of surface fire behaviour in maritime pine stands[END_REF] also proposed a probability extinction function to evaluate propagation sustainability state in litter fuel bed. Weise et al. [START_REF] Weise David | Fire spread in chaparral -"go or nogo?[END_REF][START_REF] Weise | Fire spread in chaparral -A comparison of laboratory data and model predictions in burning live fuels[END_REF] proved that Wilson's empirical formula overestimates the extinction threshold for shrub vegetation. In 2014, based on a simplified-physical approach, Balbi et al. [START_REF] Balbi | Surface Fires: No Wind, No Slope, Marginal Burning[END_REF] established two criteria for evaluating non-propagation conditions in the particular case of zero slope and no wind. The first criterion describes the fuel moisture content threshold and the second is related to the Leaf Area Index of the fuel bed (LAI).

The aim of this work is to identify the FMC threshold for homogeneous surface fuel that leads to fire extinction under weak wind conditions. This aim was achieved by applying numerical simulations performed with two fire behavior models: a simplified-physical surface fire spread model [START_REF] Balbi | Surface Fires: No Wind, No Slope, Marginal Burning[END_REF][START_REF] Balbi | Physical Modeling of Surface Fire Under Nonparallel Wind and Slope Conditions[END_REF][START_REF] Balbi | A 3D Physical Real-Time Model of Surface Fires Across Fuel Beds[END_REF][START_REF] Balbi | A convective-radiative propagation model for wildland fires[END_REF] and a detailed fire physical model [START_REF] Morvan | Modeling of fire spread through a forest fuel bed using a multiphase formulation[END_REF]. An empirical criterion was also applied [START_REF] Wilson | Observations of Extinction and Marginal Burning States in Free Burning Porous Fuel Beds[END_REF]. Following a previous work [START_REF] Wilson | Observations of Extinction and Marginal Burning States in Free Burning Porous Fuel Beds[END_REF] and in order to obtain more general conclusions, this study has been performed at different scales for grass, shrubs and fuel bed.

Two cases were studied: (1) the numerical case of a grass and shrub fuel layer at field scale and

(2) the numerical and experimental case of homogenous surface fuel (excelsior) at laboratory scale. In order to evaluate the relative impact of FMC upon the rate of spread, a ratio between the rate of spread obtained at a given FMC value and zero FMC was used [START_REF] Morvan | Numerical study of the effect of fuel moisture content (FMC) upon the propagation of a surface fire on a flat terrain[END_REF]. The effects of environmental parameters (low wind) and fuel bed geometry (especially fuel bed depth, fuel load, packing ratio and LAI) on the FMC threshold were also studied.

Methods

Theoretical determination of the FMC threshold

In order to evaluate the FMC threshold that determines fire propagation success under marginal fire conditions, simulations were performed using the simplified physical surface fire model developed at the University of Corsica [START_REF] Balbi | A convective-radiative propagation model for wildland fires[END_REF][START_REF] Balbi | A 3D physical real-time model of surface fires across fuel beds[END_REF][START_REF] Balbi | Physical modeling of surface fire under nonparallel wind and slope conditions[END_REF][START_REF] Balbi | How 10 years of physical assumptions led to the development of the Balbi model, from labor-atory scale to field scale[END_REF][START_REF] Chatelon | A convective model for laboratory fires with well-ordered vertically-oriented fuel beds[END_REF], the FIRESTAR2D computational fluid dynamics software [START_REF] Morvan | Numerical study of the effect of fuel moisture content (FMC) upon the propagation of a surface fire on a flat terrain[END_REF][START_REF] Morvan | Modeling of fire spread through a forest fuel bed using a multiphase formulation[END_REF][START_REF] Morvan | Physical Phenomena and Length Scales Governing the Behaviour of Wildfires: A Case for Physical Modelling[END_REF][START_REF] Morvan | Wind Effects, Unsteady Behaviors, and Regimes of Propagation of Surface Fires in Open Field[END_REF] and an empirical criterion. These three methods are described in this section.

A simplified physical surface fire spread model

A simplified physical approach has been developed in several studies around the globe [START_REF] Koo | A simple physical model for forest fire spread rate[END_REF][START_REF] Fons | Analysis of fire spread in light forest fuels[END_REF][START_REF] Pagni | Flame spread through porous fuels[END_REF][START_REF] Pagni | Flame Spread Over Thin Solid Fuels[END_REF]. The simplified physical surface fire spread model developed at the University of Corsica since 2007 can predict fire behavior and determine fire front characteristics (rate of spread, flame angle, flame depth…) under wind and slope conditions and faster than real time.

The fire rate of spread is derived from the flame base radiative heat flux (heat flux coming from the burning fuel particles) expressed with Stefan-Boltzmann modelling. In 2014, a specific version of this model dedicated to propagation under no-wind and no-slope condition [START_REF] Balbi | Surface Fires: No Wind, No Slope, Marginal Burning[END_REF] was established. For this particular case, the expression of the rate of spread (ROS) is given by the following relation: 
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Where ∆H is the fuel heat of combustion of the pyrolysis gases (assumed equal to 17.4 × 10 3 kJ/kg for any fuels) [START_REF] Balbi | A convective-radiative propagation model for wildland fires[END_REF][START_REF] Chatelon | A convective model for laboratory fires with well-ordered vertically-oriented fuel beds[END_REF], χo is the radiant heat fraction (assumed equal to 0.3), st is the stoichiometric coefficient (assumed equal to 9), Cpa is the specific heat of ambient air and n is related to the expression of extinction length, following the definition of optical depth given in [START_REF] De Mestre | Uniform Propagation of a Planar Fire front Without Wind[END_REF] :
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and, τ0 is related to the flame residence time by the relationship used in BEHAVE [START_REF] Andrews | BEHAVE : Fire Behavior Prediction and Fuel Modeling System -BURN Subsystem, Part 1, Intermountain Forest and Range Experiment[END_REF] :
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Se is a constant (assumed equal to 0.47 [START_REF] Balbi | Surface Fires: No Wind, No Slope, Marginal Burning[END_REF]), LAI = β s e/2 is the Leaf Area Index of fuel bed, β is the packing ratio, ρv is the fuel particle density, s is the surface area-to-volume ratio, e is the fuel bed depth, B is the Stefan-Boltzmann constant, m is the moisture content, Cp is the specific heat of vegetative fuel, ∆h is the heat of latent evaporation, T is the mean flame temperature, Ti and Ta are respectively the ignition and ambient temperatures, and εb is the emissivity of the inflamed stratum.

The rate of spread provided by this approach was previously successfully tested on four different fuel beds: dry straw, Pinus pinaster dead needles, Eucalyptus obliqua leaves and Eucalyptus globulus slash [START_REF] Balbi | A 3D Physical Real-Time Model of Surface Fires Across Fuel Beds[END_REF]. The selected fuels, with a fixed FMC, were chosen to be reasonable approximations to natural combustible media. As shown by the analytical expression (1a), this approach is also supposed to be able to predict the transition between spread and no spread in no-wind and no-slope conditions. Thus, a fire would burn if: m < mx.

In some manner, the Eq. (1.e) used to evaluate the FMC of extinction mx represents an energy balance for a static fire, between the energy received by radiation by the vegetation located ahead of the fire front and the energy necessary to evaporate the water content in the vegetation and the energy necessary to increase the temperature from the ambient conditions to the ignition temperature (assumed to be equal to pyrolysis temperature).

FIRESTAR2D: a computational fluid dynamics software

FIRESTAR2D is a two-dimensional numerical model for wildfires that was used to simulate experimental fires in grassland. In this approach, the evolution of the coupled system formed by the fuel bed and the atmospheric surface layer was simulated applying a multiphase formulation. In a few words, the balance equations (mass, momentum, energy …) governing the system are first locally averaged inside elementary control volumes including gaseous and solid phases (the vegetation), using a method very similar to a homogenization approach.

Compared to the initial system of equations, this preliminary step introduces interaction terms between the two phases, representing mainly mass and energy fluxes and drag forces. A fixed temperature of 373 K and an enthalpy of phase change of 2.25 × 10 3 kJ/kg were assumed for the drying process of the dead fuel bed, represented as a phase change (vaporization).

Numerical simulations were performed in a 2D XZ domain (X: horizontal direction of fire propagation, Z: vertical direction). Previous studies have shown that for low wind conditions and fire propagation on a flat ground, general trends in fire behavior can be correctly reproduced using a 2D approximation [START_REF] Morvan | Numerical study of the effect of fuel moisture content (FMC) upon the propagation of a surface fire on a flat terrain[END_REF].

A homogeneous fuel layer was distributed on the domain and the mesh size has been chosen following several physical criteria. In fact, in order to sustain fire propagation under marginal conditions mainly governed by radiation heat transfer, the mesh size along the horizontal (x) and vertical (z) directions must be smaller than the extinction length δ (∆x and ∆z < δ), characterizing the radiation heat transfer. To satisfy a constraint imposed by the turbulence model, the mesh size (in the vertical direction) must be much smaller than the fuel bed depth (∆z < e/4). Additional modelling and computational details can be found in [START_REF] Morvan | Numerical study of the effect of fuel moisture content (FMC) upon the propagation of a surface fire on a flat terrain[END_REF][START_REF] Morvan | Physical Phenomena and Length Scales Governing the Behaviour of Wildfires: A Case for Physical Modelling[END_REF][START_REF] Zhou | Experimental measurements and numerical modeling of marginal burning in live chaparral fuel beds[END_REF][START_REF] Morvan | Physical modelling of fire spread in Grasslands[END_REF]. More explicitly, the fuel layer used for the numerical simulations (grassland) was characterized by an extinction length scale δ = 0.5 m and a depth e = 0.7 m, therefore the grid size along the horizontal and vertical direction was chosen as follows: ∆x = 0.25 m,

∆z = 0.175 m.
The FMC threshold is the FMC at which the simulated fire ceases to spread.

An empirical rule

The concept of fire extinction is used by several wildland surface fire models [START_REF] Lamorlette | An improved non-equilibrium model for the ignition of living fuel[END_REF]. For instance, Rothermel's model uses the concept of extinction as the limiting case of spread rate [START_REF] Rothermel | A mathematical model for predicting fire spread in wildland fuels[END_REF]: "the fuel moisture at which the fire ceases to spread". Extinction models are rare and often, these fire behavior models apply empirical expressions to determine this threshold [START_REF] Wilson | Observations of Extinction and Marginal Burning States in Free Burning Porous Fuel Beds[END_REF][START_REF] Zhou | Experimental measurements and numerical modeling of marginal burning in live chaparral fuel beds[END_REF]. For example, Wilson [START_REF] Wilson | Observations of Extinction and Marginal Burning States in Free Burning Porous Fuel Beds[END_REF][START_REF] Wilson | Reexamination of Rothermel Fire Spread Equations in No-Wind and No-Slope Conditions[END_REF] proposed an empirical relationship determined using data from fuel beds made of Populus tremuloides excelsior and Pinus ponderosa sticks. This criterion predicts that a fire would not burn if:
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where m is the FMC and LAI is the Leaf Area Index characterizing the fuel bed. 1 and Table 2 respectively.

Experimental determination of the FMC threshold at laboratory scale

The FMC was varied from 0 to 114 %. Excelsior was preconditioned to the desired moisture content (oven-dry basis) by immersion method. First, the dry fuel was totally immersed in water until it exceeded an FMC above its fiber saturation moisture. Then, the fuel was dried in open air for a period of time proportional to the desired FMC.

Instrumentation and fire tests

The combustion table was equipped with four thermocouples with a 250 μm diameter grounded junction, type KMTSS-IM02.5G-300, distant with 50 cm. The K-Type chromelalumel thermocouples (Omega Engineering, Inc. Stamford, Connecticut, USA) were inserted into the drilled holes through the bench. Thin junctions (250 μm shield with 50 µm wire diameter) were used for fast response time (< 0.4 s) and to minimize radiation errors. Grounded thermocouples are used because they are more rugged than exposed junctions. The thermocouple junctions protruded by 2.5 cm above the table surface in order to measure the temperature of the base of the flame versus time (Figure 2). The rate of spread (ROS) was evaluated from the ratio of thermocouple separation distances and the time to reach a temperature threshold (300°C).

The fuel was distributed homogeneously on the combustion bench (Figure 3a), maintaining a regular fuel bed height between experiments with the same fuel in order to have a bulk density (ρp = β ρv) as constant as possible over the whole table. Air temperature and relative humidity were also monitored. Two Pregyflam sidewalls (Figure 3a) with high temperature resistance were fixed throughout a combustion table, in order to guarantee quasi adiabatic lateral boundary conditions and therefore to reduce the curvature of the flame front and obtain a quasi-vertical fire front (Figure 3b) suitable for 2D simulations by preventing lateral entrainment into the flame front [START_REF] Dupuy | The effects of slope and fuel bed width on laboratory fire behaviour[END_REF].

Fires were ignited in a 0.05 m wide and 1 m long section using 4 ml of Methanol. The burning duration of the ignition line was estimated between 4 and 5 s. The fire front was allowed to run 40 cm in conditioned moist fuel on advance of 160 cm test section where experimental measurements were taken (Figure 2). All the first experiments were preceded by a control burning in order to preheat the different devices and thus maintain identical conditions for all the tests.

Propagation was considered as successful if the fire could spread over a length of 2 m away from the fuel bed. In the case of a successful fire propagation, thermocouples placed in the fuel bed were used to compute the ROS. Video images of all fire tests were also captured to perform an analysis of fire properties.

Results and discussion

In this section, firstly, the results obtained from laboratory scale to test the influence of the FMC on the ROS and to evaluate the FMC threshold that determines a fire spread success are shown.

Secondly, simulations for the grass and shrub fuel layer at field scale are studied. Thirdly, an analysis of the fuel properties which determine the success of a propagation is also carried out.

To this end, influences of fuel load, fuel depth, packing ratio, and LAI of fuel bed on the FMC threshold are discussed. Lastly, the study deals with the analysis of the influence of weak winds on the FMC threshold delimiting go and no-go fire conditions.

Influence of FMC on the ROS and determination of the FMC threshold at laboratory scale

The results displayed in Figure 4 represent the ratio ROS/ROS(0) versus FMC for horizontal spread in still air during laboratory experiments for a fuel depth of 0.08 m. These experiments were carried out in order to check the effect of fuel moisture content on fire spread success. The main fuel properties are reported in Table 1.

As expected, all the curves in Figure 4 confirm that ROS is an exponential decreasing function of FMC [START_REF] Morvan | Numerical study of the effect of fuel moisture content (FMC) upon the propagation of a surface fire on a flat terrain[END_REF][START_REF] Catchpole | Rate of Spread of Free-Burning Fires in Woody Fuels in a Wind Tunnel[END_REF], which is suggested by some studies [START_REF] Cheney | Prediction of fire spread in grasslands[END_REF] for low interval of FMC (< 12%). The relation becomes linear for larger values of FMC. FIRESTAR2D, the simplifiedphysical model without cooling effect and the simplified-physical model with cooling effect (hypothesis of a quasi-vertical fire front) provide the same trend for ROS/ROS(0) versus FMC [START_REF] Morvan | Numerical study of the effect of fuel moisture content (FMC) upon the propagation of a surface fire on a flat terrain[END_REF][START_REF] Rossa | The effect of fuel moisture content on the spread rate of forest fires in the absence of wind or slope[END_REF][START_REF] Anderson | Influence of moisture and wind upon the characteristics of free-burning fires[END_REF]. It may be noted that Figure 4 shows no contrast in ROS/ROS(0) trend between experimental and theoretical results and a good agreement between the two theoretical approaches. Both experimental data and theoretical results shown in Figure 4 seem to indicate that the relationship between the ratio ROS/ROS(0) and the FMC can be split up in three zones: a fast decay for FMC < 10-15% (for an increase of FMC ranged between 0 and 15%, the ROS has lost between 30 and 45% of its initial value), a linear decay for 15% < FMC < 45-50% and a cutoff for FMC around 50%.

Figure 4 also shows that the measured FMC threshold that determines fire success is very close to those theoretically calculated. Indeed, experimentally, the FMC threshold was identified between 58 and 65%. FIRESTAR2D and the simplified-physical model provide an approximation of the FMC threshold equal to 50% and 54.5% respectively. Concerning the numerical simulations performed near the FMC of extinction, it must be underlined that the very nonlinear nature of the phenomena occurring during fire propagation (process of degradation of the solid fuel, heat and mass transfer between the solid fuel and the surrounding atmosphere…) makes the simulations near this threshold value difficult. A small change in some parameters such as the state of the fuel can have big consequences upon the success of the propagation of the fire front or not. The Wilson's empirical law predicts a threshold equal to 57.8%. Note that even if the cooling effect was not shown for the variation of ROS/ROS(0) in function of FMC, the values provided for mx using the simplified-physical model with cooling effect (39.33%) are less accurate in this specific configuration. Images from recorded fire tests confirm that fire fronts were almost vertical during propagations. Two other configurations were tested: one with a fuel load of 0.15 kg/m 2 and another with a fuel load of 0.40 kg/m 2 in order to evaluate the FMC threshold which determines fire success (Table A2).

All these experiments confirm that the FMC threshold is always very close to those numerically calculated (Table 3). From experimental and theoretical results obtained at various solid fuel loads, we can notice that the FMC's threshold of extinction increases with fuel load. As suggested in [START_REF] Morvan | Numerical study of the effect of fuel moisture content (FMC) upon the propagation of a surface fire on a flat terrain[END_REF] this behavior may result from a change in the mechanism limiting the propagation of the fire front, i.e. the concentration of reactive gases (pyrolysis products or oxygen) ahead of the fire front by dilution with water vapor. In other words, in some circumstances, if the fuel load is too small, the production of reactive gases by pyrolysis can be too small or too rapidly dispersed to support a sustaining propagation. In fact, previous studies [START_REF] Morvan | Numerical study of the effect of fuel moisture content (FMC) upon the propagation of a surface fire on a flat terrain[END_REF][START_REF] Nelson | Chapter 4 -Water Relations of Forest Fuels, 1st Editio[END_REF] showed that the main reason for fire extinction is the influence of the FMC on the peak gas temperature and on the combustion reaction rate. So, the configuration of the 8 cm excelsior fuel bed was reproduced in FIRESTAR2D. The studied case shows that propagation was unsuccessful for an FMC of 50%. Figure 5 shows that gas temperature is lower than 600K after the ignition phase, lower than the pyrolysis peak temperature (673K). The decrease in gas temperature is caused by the use of some of the heat generated in combustion to heat inert water vapor and because of the dilution of the oxygen in the air by the water vapor generated by combustion [START_REF] Byram | Forest fire behaviour[END_REF]. In these conditions, the combustion process tends to produce char rather than high temperature volatiles. Therefore, the fraction of the fuel available for a flaming combustion decreases [START_REF] Susott | Characterization of the thermal properties of forest fuels by combustible gas analysis[END_REF] and the fire tends to go extinct by the collapse of the flame.

Numerical determination of the FMC threshold at the field scale

As previously indicated, in order to extend our analysis to a larger scale, numerical simulations were performed in a 170 m long by 35 m high domain applying a two-dimensional wildfire physical model (FIRESTAR2D).

Fuel layer: grassland

A homogeneous fuel layer of grass was distributed between X = 20 m and X = 150 m. Fuel properties are reported in Table 4. Physical fuel properties are assumed constant for a species except for moisture content.

For this configuration, previous studies have shown the existence of two regimes of propagation [START_REF] Morvan | Numerical study of the effect of fuel moisture content (FMC) upon the propagation of a surface fire on a flat terrain[END_REF][START_REF] Morvan | Physical modelling of fire spread in Grasslands[END_REF]. The first one, at low wind velocity, is characterized by an exponential decay of the rate of spread (ROS) with the FMC; and a second one, at stronger wind velocity, is characterized by a more linear ROS vs FMC relationship.

The moisture extinction values determined numerically and reported in the literature for grass vary between 20 and 25% [START_REF] Morvan | Numerical study of the effect of fuel moisture content (FMC) upon the propagation of a surface fire on a flat terrain[END_REF]. The values provided using the simplified-physical fire spread model without cooling effect (35.5%), the simplified-physical model with cooling effect (24%) and FIRESTAR2D (21%) confirm this statement. In this case, the cooling effect plays a significant role and the model able to incorporate this contribution has a better agreement with FIRESTAR2D. Figure 6 shows the existence of this cooling effect and the formation of a column of hot gases inclined backwards described in the literature [START_REF] Viegas | On the existence of a steady state regime for slope and wind driven fires[END_REF]. In this case, some fresh air at ambient temperature is sucked ahead of the fire front and contributes to cooling the vegetation located at this place. Indeed, Viegas claimed that as the air above the already burned area has a much higher temperature than the one near the unburned fuel, it is easy to recognize that boundary conditions for the flame are not symmetrical. So, the contribution given by the already burned area will induce a displacement of the symmetry plane towards the already burned area or at least a deflection of this plane towards the already burned fuel. Consequently, the flame will be inclined backwards as shown in Figure 6.

From statistical measurements, NMSE (normalized mean square error), FB (fractional bias) were chosen. A comparison between Wilson's law and FIRESTAR2D results provides a NMSE equal to 1.22 and a FB equal to 0.96. Wilson's empirical law overestimates the extinction moisture content threshold under these conditions (mx = 60.4%), whereas these experiments were performed for FMC ranging from 0 to 30%. One possible explanation can be that this law was developed using a statistical method and data from fuel beds constructed at laboratory scale on two specific species with a packing ratio ranging from 5 × 10 -3 to 0.32, a surface area to volume ratio of 3.2 × 10 2 , 6.3 × 10 2 and 8.13 × 10 3 m -1 , and a fuel depth ranging from 0.025 to 0.2 m [START_REF] Weise David | Fire spread in chaparral -"go or nogo?[END_REF]. Whereas in comparison numerical simulations were carried out at larger scale using a packing ratio of 2 × 10 -3 , a surface area to volume ratio of 4 × 10 3 m -1 , and a fuel bed depth of 0.7 m. The discrepancy between these two different approaches means that the scale factor effect could not be fully integrated with the LAI as it appears in the empiric law proposed by Wilson. Another non-dimensional parameter (such as volume fraction, at least as a threshold level affecting the constants of the model) must be added in Wilson's empirical law.

As a consequence, in this case, the empirical law is certainly incorrectly applied to evaluate the FMC threshold that determines the transition between spread and no spread.

Fuel layer: shrub

The simplified-physical model was not designed to take the heterogeneity of a fuel bed into account. Therefore, in order to determine the moisture of extinction for a heterogeneous fuel (shrub), composed of two families (twigs, leaves), a homogenous fuel model was selected. This fuel model is based on a fraction of each family. Two different types of shrubs, frequent in Corsica, were studied: Genista Salzmannnii and Arbutus Unedo. Table 4 presents the different properties of homogeneous fuel models for these two vegetations. A field scale configuration was constructed with FIRESTAR2D. The simulations were performed in a XZ domain: 150 m long by 35 m high. The fuel bed was placed between X = 20m and X = 150m. Values obtained from FIRESTAR2D, the simplified-physical model and Wilson's law are gathered in Table 5.

The extinction threshold for a heterogeneous fuel bed was already studied by Zhou et al, based on laboratory tests using live chaparral [START_REF] Zhou | Experimental measurements and numerical modeling of marginal burning in live chaparral fuel beds[END_REF]. In their study, the authors highlighted the same tendency shown in Table 5: Wilson's rule overestimates the FMC threshold of a live heterogeneous fuel bed (NMSE of 0.32 and 0.87 and FB of 0.55 and 0.84 for Genista Salzmannnii and Arbutus Unedo respectively). However, values conducted from the simplifiedphysical model are confirmed by FIRESTAR2D (NMSE of 0.06 and 0.03 and FB of 0.24 and -0,18 for Genista Salzmannnii and Arbutus Unedo respectively).

Fuel properties influence on the FMC threshold

With regard to the fuel bed, depth and packing ratio are related to fuel arrangement and fuel loading. Thus, for the same vegetation, a larger fuel bed load implies a larger fuel bed depth or a larger packing ratio. The next sub-sections investigate how these parameters can affect the success of fire propagation.

Fuel load and fuel depth influence with a constant packing ratio

Previous studies have shown that fuel loading is an important feature in determining fire spread success [START_REF] Weise David | Fire spread in chaparral -"go or nogo?[END_REF][START_REF] Morvan | Modeling of fire spread through a forest fuel bed using a multiphase formulation[END_REF][START_REF] Zhou | Experimental measurements and numerical modeling of marginal burning in live chaparral fuel beds[END_REF]. Morvan and Dupuy [START_REF] Morvan | Modeling of fire spread through a forest fuel bed using a multiphase formulation[END_REF] stated that the variation of ROS with respect to the fuel load consists of three zones. For low and intermediate fuel loads, they found that ROS linearly varied with the load, but for high fuel loads, they mentioned that ROS tended to be load-independent. Fuel loading is the vegetation weight per unit horizontal area of fuel bed, and can be evaluated using the expression:

E = (5) 
In fact, the role played by the fuel load is closely connected to the optical thickness defined as the ratio between the solid fuel depth and the extinction length scale [START_REF] Morvan | Impact of solid fuel particle size upon the propagation of a surface fire through a homogeneous vegetation layer[END_REF]. If the radiant heat wave can reach the bottom of the fuel layer, the fuel depth contributes to propagation.

Otherwise, parameters characterizing fire behavior (such as rate of spread or residence time) are less affected by the fuel depth (fuel load), or not at all.

Since the fuel load is correlated with the fuel bed depth, and on the basis of these statements, this section investigates whether a correlation between fuel bed depth and FMC threshold exists.

The equation (1e) allows a theoretical calculation of the FMC threshold when variables take on particular values. So, for larger fuel bed depths (large fuel loads), the following limit below can be evaluated:
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and using the fuel properties (Table 4):

-&F →H ( ) = JJ. D % (6b) 
Numerical simulations were also performed in the same configuration as in section 3.2.1..

Only fuel bed depth was changed from 0.3 to 2 m in order to obtain different fuel loads. Table 6 displays the FMC threshold (mx) at which the simulated fire ceases to spread using FIRESTAR2D and the equation (1d) of the simplified-physical model.

These results show that the FMC threshold strongly depends on the fuel load below a given value. For high fuel loads, mx tends to become independent of the load. FIRESTAR2D results confirm this trend. Another interesting result from this part of the study, is that both simplified model and detailed physical model, have highlighted quite the same trend for this parameter. A posteriori, this remark legitimates the assumptions introduced in the simplified approach, even if both were based on balance equations, but not with the same level of complexity.

In a previous work, Zhou et al. [START_REF] Zhou | Experimental measurements and numerical modeling of marginal burning in live chaparral fuel beds[END_REF] experimentally and numerically tested the influence of fuel depth on fire spread success. As an illustration, they mentioned two cases. They selected a fuel type with the following properties: the surface area to volume ratio was s = 2300 m -1 , the packing ratio was β = 0.01, the FMC was m = 38.5% and the fuel density was L M = 560 kg/m 3 .

Fuel type and packing ratio were equivalent for both tests. Only fuel depth was different and the fuel load for case B was twice the fuel load for case A. They mentioned that case A did not result in fire spread and case B did. For case B, they found that computational spread of rate was 0.2 m/min, which matches the observed experimental ROS of 0.17 m/min. They concluded that "for the same packing ratio, increasing fuel bed depth or fuel loading will result in an enhanced probability of fire spread success". This remark is in agreement with the criteria proposed by Wilson [START_REF] Wilson | Observations of Extinction and Marginal Burning States in Free Burning Porous Fuel Beds[END_REF], i.e. the fact that the propagation of a surface fire is facilitated in increasing the LAI . In addition, it can noted that the fuel load also contributes to increasing the fire residence time and thus to limiting the risk of extinction by the collapse of the fire front as shown in a previous study [START_REF] Morvan | Numerical study of the effect of fuel moisture content (FMC) upon the propagation of a surface fire on a flat terrain[END_REF].

Using the relationships (1a) and (1d) and the fuel properties of these two cases, the theoretical results presented in Table 7 confirm the conclusion of Zhou et al.: for case A the simplified-physical model predicts an FMC threshold of 32%. As the FMC is 38.5%, fire cannot spread. In the second case (B), the model predicts a threshold of 40.6%. Thus, fire can spread.

Moreover, the ROS evaluated using the relationship (1a) is in good agreement with the observed experimental ROS as well as with the ROS approximated from the evolution of pyrolysis gas mentioned by these authors.

As mentioned in the "fuel preparation" section, in order to study the influence of the fuel load with a constant packing ratio on the moisture content of extinction (mx), experimental tests were also conducted for different fuel loads: 0.15, 0.2, and 0.4 kg/m 2 with a content moisture ranging from 0 to 75%. The results presented in Figure 7 experimentally confirm the theoretical results reported in Table 3. Indeed, from 0.15 kg/m 2 to 0.2 kg/m 2 (33% growth) mx increases sharply with 11%, 20%, 3% and 15%, for the experimental, simplified physical model, FIRESTAR2D and Wilson's rule results respectively, and from 0.2 to 0.4 kg/m 2 (100% growth), mx increases with 6 %, 10% 0% and 30% respectively. Therefore, the simplified physical model tendency is coherent with both experimental and FIRESTAR2D tendencies. It is not the case for Wilson's rule that continues to increase sharply. Figure 8 presents a comparison between the simplified physical model and Wilson's rule results conducted for the excelsior configuration. The models tend to the same increasing slope for low interval of fuel load (fuel load less than 0.125 kg/m 2 ). But, for a higher interval of fuel load, Wilson's rule continues to increase unlike the simplified physical model. In agreement with the tendencies of FIRESTAR2D and the experimental results as shown is Figure 7, the simplified physical model tends to a constant mx for a larger fuel load interval. These deviations in trends are certainly caused by the fact that Wilson's rule is deduced from specific experimental conditions, so that the results given by this model are adequate only in these specific conditions.

Specific case of a constant Leaf Area Index

A large packing ratio leads to less diffusion of oxygen to fuel. A previous study [START_REF] Zhou | Experimental measurements and numerical modeling of marginal burning in live chaparral fuel beds[END_REF] has shown experimentally that ROS decreases with increasing packing ratio. Other studies reported that the ROS increases with fuel bed depth [START_REF] Rossa | The effect of fuel moisture content on the spread rate of forest fires in the absence of wind or slope[END_REF][START_REF] Burrows | Fire behaviour in jaffah forest fuels : 1. Laboratory experiments[END_REF]. This section examines the influences of packing ratio and fuel bed depth on the FMC threshold for the same Leaf Area Index. To obtain cases with the same LAI and same fuel load, the packing ratio and the fuel bed depth must vary adequately. Therefore, in this specific case, β e is a constant, therefore LAI is equal to LAIo = β s e/2 which is constant, and the bulk density is variable.

Using the relation (1b), it can be deduced that:
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The simplified physical model confirms that a constant LAI leads to a constant moisture extinction threshold even for a variable bulk density. According to Wilson's law, usually, for the same vegetation and with a constant LAI, the fire would ignite with same probability for a variable bulk density [START_REF] Fernandes | Empirical modelling of surface fire behaviour in maritime pine stands[END_REF]. Therefore, in the specific case studied here, Wilson's law gives the same trend as the simplified physical model: mx is not affected by a change in the bulk density, when the fuel load and the LAI remain constant.

Figure 9 displays fuel moisture extinction threshold (mx) as a function of fuel depth (e) and packing ratio (β) using FIRSTAR2D and the simplified physical model. In this specific case a fuel load of 0.7 kg/m 2 and a LAI of 2.8 are considered. These results confirm that LAI is an important factor in determining the success of a fire spread.

Wind limit for an accurate use of the analytical law determined for marginal fire conditions

Surface fires are more likely to be wind-driven fires [START_REF] Morvan | Numerical study of the effect of fuel moisture content (FMC) upon the propagation of a surface fire on a flat terrain[END_REF][START_REF] Weise David | Fire spread in chaparral -"go or nogo?[END_REF][START_REF] Morvan | Wind Effects, Unsteady Behaviors, and Regimes of Propagation of Surface Fires in Open Field[END_REF][START_REF] Zhou | Experimental measurements and numerical modeling of marginal burning in live chaparral fuel beds[END_REF][START_REF] Morvan | Modeling the propagation of a wildfire through a Mediterranean shrub using a multiphase formulation[END_REF][START_REF] Morvan | Wildland fires behaviour: Wind effect versus Byram's convective number and consequences upon the regime of propagation[END_REF]. The purpose of this subsection is to investigate the influence of the wind on the fuel moisture threshold delimiting go and no-go fire conditions using numerical tests. In order to reach the wind limit for an accurate use of an analytical model (1d) computed for marginal fire conditions, simulations for 5 values of wind speed (U = 0.1; 0.5; 1; 1.25 and 1.5 m/s) were made with FIRESTAR2D and grass fuels (Table 4).

Results reported in Table 8 show that fire extinction phenomena are closely related to wind speed. A difference of 47.6% is noted between the value of mx for a zero wind and mx determined using FIRESTAR2D for a wind of 1.5 m/s. But only a difference of 9.5% is noticed for a wind of 0.5 m/s. It seems that variations of mx with respect to the wind consist of two zones: (1) For low wind speeds (U < 0.5 m/s), mx is not highly dependent on the wind; (2) For higher wind speeds (U > 0.5 m/s), mx is strongly dependent on the wind. This characteristic had been already identified in a previous study [START_REF] Morvan | Numerical study of the effect of fuel moisture content (FMC) upon the propagation of a surface fire on a flat terrain[END_REF], in which the role played by convective heat transfer had been identified as a positive factor promoting the fire propagation.

These results emphasize that the analytical model of moisture extinction established for a specific condition of zero wind can provide a reasonable value of the FMC threshold (mx), with a difference less than 10%, only if wind speed is less or equal than 0.5 m/s.

Conclusion

In this study, experiments were conducted to test and calibrate theoretical models at laboratory scale. Simulations at field scale were also performed to extrapolate results. The main aim of this work was to evaluate how fuel moisture content characterizing a homogeneous fuel layer (grass or shrub) can lead to a successful fire spread on level ground and under weak wind conditions. The results confirm that fire extinction is primarily affected by fuel moisture content and fuel load, bringing forward that FMC threshold increases with fuel load and this threshold tends to become independent of the load with high fuel loads. The fact that the propagation of a surface fire is facilitated in increasing the LAI was also confirmed. Moreover, numerical simulations have shown that, for weak wind conditions (≤ 0.5 m/s), the simplified physical model can be used to evaluate mx with a difference of less than 10%.

For future works, it will be of primary interest to study the correlation between wind and slope on the ignition potential of grasses and more complex fuels like shrub.

Table 4

Physical properties of fuel beds.

Physical properties

Grassland [START_REF] Morvan | Numerical study of the effect of fuel moisture content (FMC) upon the propagation of a surface fire on a flat terrain[END_REF][START_REF] Weise | Fire spread in chaparral -A comparison of laboratory data and model predictions in burning live fuels[END_REF] Genista Salzmannnii [START_REF] Rossa | The effect of fuel moisture content on the spread rate of forest fires in the absence of wind or slope[END_REF] Arbutus Unedo [START_REF] Anderson | Influence of moisture and wind upon the characteristics of free-burning fires[END_REF] Fuel density (kg/m 3 ) 500 478 720

Fuel packing ratio x 10 

  constant (W/m 2 /K 4 ) Cp specific heat of vegetative fuel (J/kg/K) Cpa specific heat of ambient air (J/kg/K) e fuel bed depth (m) LAI Leaf Area Index m fuel moisture content (mass of water/mass of dry matter) mx fuel moisture content threshold that determines fire propagation (mass of water/mass of dry matter) n optical depth parameter (n = 2 for laboratory scale and n = 4 for field scale) R rate of spread (m/s) R0 rate of spread under no wind and no slope conditions (m/s) s surface area to volume ratio (1/m) Se constant determined experimentally T flame temperature (K) Ta ambient temperature (K) Ti temperature of ignition (K) U wind speed (m/s) ∆h latent heat of evaporation (J/kg) st stoichiometric coefficient ∆H fuel heat of combustion of the pyrolysis gases (J/kg)

  

  

  

  

  

  

  

  

  

  The study was designed to investigate the FMC threshold that determines the transition between spread and no spread in no-wind and no-slope conditions. Three different fuel loads were investigated: 8 fire tests were designed with a fuel load of 0.15 kg/m 2 , 27 with 0.20 kg/m 2 and 13 with 0.40 kg/m 2 . For the 0.2 kg/m 2 fuel load, the influence of the FMC on fire rate of spread was evaluated. So, a wide range of FMC was tested from dry fuel up to the fuel moisture content of extinction mx, resulting in more fire experiments. For the 0.15 and 0.40 kg/m 2 fuel loads, the main objective of these tests was only

	Three series of 48 fire spread experiments were conducted on a fire spread bench located at the Laboratory of Forest Fire Research of the University of Corsica, Corte (France). The bench was located under a hood with 1 m 2.2.1. Fuel preparation

3 

/s smoke extraction system. The fuel consisted of a 1 m wide and 2 m long layer of excelsior (shredded Pinus).

to determine mx, and less test were required to determine its value. The fuel bed height was maintained constant for each considered fuel load to keep the packing ratio constant. Excelsior and fire test properties are detailed in Table

Table 5

 5 Fuel moisture extinction threshold (%) calculated with FIRESTAR2D, the simplified-physical model and Wilson's rule for the Genista Salzmannnii and Arbutus Unedo.

	-3	2	1.7	2
	Fuel depth (m)	0.7	0.48	0.36
	Specific heat of vegetative fuel			
		1470	1648	1470
	(J/kg/K)			
	Fuel load (kg/m 2 )	0.7	0.4	0.5
	Surface area to volume ratio (m -1 )	4000	3100	5544
	Leaf Area Index (LAI)	2.8	1.25	2

Table 6

 6 Fuel moisture extinction threshold (%) as a function of the fuel load with a packing ratio of 0.002.

	Fuel load	mx	mx
	(kg/m 2 )	(FIRESTAR2D)	(Simplified-physical model)
	0.3	19	17.8
	0.7	21	24.0
	0.9	32	25.4
	1.5	33	27.6
	2	33	28.7
	Infinity	-	33.5

Table 7

 7 Simplified-physical model results for fire spread in Zhou et al. fuel beds.

	Case	mx (%)	ROS (m/min)
	A	32	-
	B	40.6	0.29

Table 8

 8 Fuel moisture threshold (%) determined with FIRESTAR2D for different wind conditions.

	U	mx(U)	(mx(U) -mx(0))/ mx(0)	mx(U)
	(m/s)	FIRESTAR2D	FIRESTAR2D	Analytical law
	0	21	0	24
	0.1	21	0	-
	0.5	23	9.5	-
	1	25	19	-
	1.25	28	33.3	-
	1.5	31	47.6	-
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Appendix

Table A1. Experimental data.

Table A2. Parameters of the different tests conducted in the laboratory of the university of Corsica using the excelsior. Physical properties of the experimental fuel bed (Excelsior) [START_REF] Lamorlette | An improved non-equilibrium model for the ignition of living fuel[END_REF][START_REF] Rothermel | A mathematical model for predicting fire spread in wildland fuels[END_REF].
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Physical properties Values

Fuel density (kg/m 3 ) 780 Specific heat of vegetative fuel (J/kg/K) 1430

Surface area to volume ratio (m -1 ) 19723

Leaf Area Index (LAI) 2.27