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Abstract 

The moisture threshold for ignition has attracted land managers and has been the main subject of 

discussion for several decades. The critical moisture of extinction is still a subject of extensive studies, and 

an endothermic/exothermic phase transition is expected to occur near the critical region. Ignition tests were 

realized for live pinus halepensis needles using a cone calorimeter. In order to ensure the live character of 

the fuel and avoid seasonal effects and changes in their chemical structure during ignition, the samples were 

picked the same day from the same tree, then partially dried using a microwave and a desiccator. By 

definition, phase transitions occur when a small variation of an external control parameter leads to a 

qualitative modification of the system. In order to determine whether the moisture content is the control 

parameter of the endothermic/exothermic phase transition or not, we had to verify the existence of a moisture 

content threshold for ignition by analysing the dependence of ignition time on moisture content. The 

experimental data have shown no critical moisture for the fuel ignition. We pointed out that the observed 

critical region corresponds to an ignition critical heat flux rather than a critical moisture.   
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Fuel moisture content is one of the most important variables affecting fire behaviour. It is known 

that moist fuels are relatively non-flammable, and even if the flammability occurs, the rate of 

combustion is reduced to less intense fires in contrast to the dry fuels that burn more fiercely (Pompe 

and Vines 1966, Van Wagner 1967, Trabaud 1976, Catchpole and Catchpole 1991). Jervis et al. (Jervis 

et al. 2015) showed that the most flammable samples are fresh dead and aged needles followed by dry 

dead and dry live needles. The least flammable are the fresh live needles. This confirms the importance 

of moisture content in the burning behaviour of pine needles, but the differences between live and dead 

samples cannot be explained solely in terms of moisture. It requires also the consideration of plant 

chemistry and sample drying. Live needles (green colour) are part of the foliage. Dead pine needles 

(red colour) are on the ground. 

Not all studies have had success when correlating flammability measures with moisture content 

(Trabaud 1976, Fletcher 2007). Ignition fluctuations are caused by the dispersion of volatiles, moisture 

and the exposition of fuel particles in the sample. Recently, McAllister and Weise (McAllister and 

Weise 2017) pointed out that not only the moisture affects the fuel flammability, but also the chemical 

composition of volatiles. Live and dead fuels can have very different volatile components and then 

different ignition and combustion properties. The moisture threshold for ignition has been the main 

subject of discussion for several decades and has attracted land managers. A still unexplained empirical 

observation is the “moisture of extinction” (Cohen and Bradshaw, 1986; Rothermel, 1972; Weise et 

al., 2005). Wildland fires in dead fuels will not spread above some threshold of fuel moisture content, 

typically assumed to be between 10% and 40% (Rothermel, 1972). Actually, Trabaud 1976 has 

examined the effect of moisture content on the flammability and combustibility of various wildland 
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dead fuels using an epiradiator at 620°C. He proposed the following hyperbolic behaviour of the 

ignition time (𝑡𝑖𝑔𝑛  ∝  1/ ℎ𝑐 − ℎ)). The moisture content ℎ is defined as: 

 

      (1) 

with 𝑚𝑑𝑟𝑦 the dried mass and m the mass of the moist sample. ℎ𝑐 is the maximum moisture above 

which ignition cannot occur.  

Near the critical moisture of ignition, an endothermic/exothermic phase transition is expected to 

occur. Phase transitions, as observed in various fields such as conductor/insulator (Stauffer 1992), 

liquid/gas (Blundell et al. 2006) and paramagnetic/ferromagnetic (Pokrovskii 1979), are characterized 

by a strong disorder near the threshold. They are also characterized by diverging or vanishing 

quantities following a universal power-law formula near the critical region (Stanley 1971, Yeomans 

1992). In the case of ignition/non ignition phase transition, ignition time must diverge near the critical 

moisture as: 

      (2) 

Where h is the moisture content defined by (1), hc  is the maximum moisture content allowing 

ignition estimated by Trabaud. Thus, it is defined as the critical moisture. The power-law formula (2) 

is characterized by a critical exponent γ which distinguishes different phase transitions. The hyperbolic 

formula proposed by Trabaud is equivalent to (2) with a critical exponent γ=1, and the maximum 

moisture allowing ignition can be identified as the critical moisture content.                                    

However, these tests were realized during several seasons or years, and the fuel was dried naturally. 

The fuel chemical composition changes from a season to another, leading to a variation in flammability 

and combustibility properties.   
In the present work, ignition tests are realized for live pinus halepensis needles using a cone 

calorimeter. In order to ensure the live character of the fuel during ignition, the samples are picked the 

same day from the same tree, then partially dried to avoid seasonal effects. The ignition time 

dependence on moisture content (Eq. 2) is analysed to determine whether or not there is a critical 

moisture content for ignition.   

 

 

During the period from January to March 2018, pine needles (pinus halepensis) were picked from 

the same tree early in the morning (at 8.00 am). Immediately after the harvest, samples of live needles 

of 15 and 25 gr were prepared for the determination of the moisture content of the vegetation. For this 

purpose, two drying techniques were used; a SAMSUNG household microwave at 800 watts and an 

infrared radiation dryer (Kern type MLS 3C). The samples are completely dried in the microwave (25g 

for 3 minutes), and in the desiccator (15g at 80 °C for 24 hours). The holding time of the samples in 

the microwave and the desiccator determines the dry mass (𝑚𝑑𝑟𝑦), the moisture content ℎ𝑚𝑎𝑥 of the 

fresh samples and the maximum drying time for the two devices. The preparation of the samples at 

various intermediate moistures is realized by varying sample holding times 𝑡 in the two drying devices 

so as to cover the entire range of moistures (𝑡 ≤ 24ℎ for the radiation dryer, and 𝑡 ≤ 3𝑚𝑛 for the 

microwave). Hence, the wet mass is obtained after the holding time 𝑡 (𝑚 = 𝑚 𝑡 ), and the moisture 

content relative to this mass is defined by (1) with ℎ = ℎ 𝑡 . Once dried, the samples are placed in a 

cylindrical mesh sample holder of 10 cm diameter. Then, these samples are exposed to a constant 

radiation heat flux provided by a cone calorimeter whose heat source is an electrical resistance of a 

power of 3000 W. The experimental device is shown schematically in Fig.1. The incident heat flux at 

the top surface position of the sample 𝑞" (which depends on the distance from the cone heater) is 

measured by a water cooled heat flux sensor of type Hukseflux SBG 01 working in the range 0 −

ℎ = (𝑚−𝑚𝑑𝑟𝑦 )/𝑚 

𝑡𝑖𝑔𝑛 ~ ℎ𝑐 − ℎ −𝛾  
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200𝑘𝑊/𝑚² and its magnitude is fixed to 17 kW/m². This magnitude of the heat flux is far from the 

critical heat flux for pinus halepensis needles, which is about 10 𝑘𝑊/𝑚2 (Sabi et al. 2018). The 

ignition is controlled by a pilot flame located 1 cm above the sample surface (Torero 2016), and the 

ignition time is recorded. To take into account the heterogeneity of the fuel structure arrangement in 

the sample, each test is repeated three (3) times. All the measurements are made in the same day to 
guarantee that the tests are done on a live fuel with the same composition of organic flammable 

volatiles. All tests were conducted in a draft-free room with room temperatures and relative humidities 

in the ranges 13-19°C, and 50-60%, respectively. 

 
Figure 1 - A schematic representation of the experimental setup. 

It is worth noticing that carrying out ignition tests on a constant mass of the sample after drying 

(e.g . 10g) may lead to significant errors on the ignition and combustion times. Indeed, once the sample 

has been dried (either partially or totally), its mass decreases, but the amount of volatile components 

responsible of ignition remains nearly constant in it. The drying techniques are assumed to evaporate 

mostly water. The release of volatile organic components (VOC) was found to increase as the 

temperature increases (Jervis and Rain 2015). Hence, it is expected that the MLS dryer at 80°C 

enhances the ignition time fluctuations contrary to the microwave device. Indeed, the microwave 

device emits radiations at a frequency of 2.45GHz, which corresponds to the water characteristic 

dielectric frequency. Thus, it is mostly absorbed by the molecules of water leading to their evaporation. 

Then, it is expected that the release of VOC is significantly reduced with the microwave device.  

If a constant part of the dried mass m ≤ m t  is ignited, the remaining amount of volatiles decreases 

proportionally to m/m t =  1 − h from (1), and ignition is thus influenced by the drying process. In 

order to guarantee the same quantity of volatiles in the sample for each test independently of the 

moisture content, it is necessary to burn all the dried mass. 

 

When a solid material, initially at ambient temperature, is subject to an external source of energy, 

the temperature of the exposed surface starts to increase. This moment is defined as the onset of the 

ignition process (𝑡 = 0). A series of physical and chemical phenomena are initiated as the energy 

reaches the surface of the material. The sample is composed of fine fuel particles arranged randomly. 

This yields a porosity distribution with an average value defined as the ratio of solid fuel volume to 

the fuel bed volume. When exposed to a heat flux, the particles are heated and loose energy by 

conductive and convective mechanisms (Torero et al. 2016). Thus, a solid-liquid-gas transformation 

occurs inducing a flammable gas/oxygen mixture at a low flammability limit and ignition temperature 

(Drysdale 2011). High porosity renders the overall thermal conductivity of a solid quite low making 

the ignition easier to happen. Therefore, auto-ignition is very difficult to occur as the condition for the 
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emitted gas/air mixture to reach the low flammability limit and, simultaneously, the surface 

temperature to reach ignition temperature has a finite probability to not be realized. By definition, in 

the presence of a pilot source (such as a small flame, a heated wire or an electric spark) in the reactive 

fuel/air mixture flow, we have a piloted (or forced) ignition. A pilot source is not meant to heat the 

solid to generate the fuel gases nor to enhance the mixing of the fuel gases with air, but to locally 

induce the combustion reaction which would propagate into the mixture. 

As an event, ignition occurs at a certain pronounced instant in the history of the exposure. The 

time to ignition in a given situation depends on three broadly grouped factors: 1) the degradative 

thermal response of the solid to yield the combustible gases, 2) the mixing of these gases with the 

oxygen (generally the oxygen of the normal air), and 3) the induction of the temperature and 

composition-dependent rate of the combustion reaction to a sufficiently high level to be measurable 

and self-supporting (Kanury 2008). The same ignition process occurs for a moist sample exposed to a 

heat flux, but the water evaporation complicates it. In the case of a thick fuel bed, water evaporation 

decreases the surface temperature and ignition can be delayed.  

 

 

The effect of moisture content on the ignition time is shown in Figs.2 for fuels dried by 

microwave and also by the desiccator (for the data of January, only 10g of the dried sample were 

burned). The present data are also compared with those of Trabaud (1976) for pinus halepensis. As 

discussed above, the MLS dryer induces a larger fluctuations of the ignition time compared to the 

microwave device, because of the influence of VOC release during the drying process. It is also 

obvious from Fig.2a that burning the full sample dried by microwave reduces signficantly the 

fluctuations of ignition time. Compared to the results of Trabaud where burning could not occur above 

a moisture of 20%, the present samples were ignited even for moisture contents above 50%. The heat 

flux received by the fuel from the epiradiator used by Trabaud might be much smaller than 17KW/m² 

(provided by our cone calorimeter). The heat flux provided by the epiradiator could be smaller than 

the critical flux for ignition, which is around 5.5 𝑘𝑊/𝑚2 for pinus halepensis needles (see Sabi et al. 

2018). In order to answer this question, we assume the critical moisture as an exothermic/endothermic 

phase transition. Therefore, near the critical moisture, ignition time diverges according to (2). In 

Fig.2b, the same data of Fig.2a are presented in the double logarithmic plot as a function of hc-h. The 

value of the critical moisture hc is estimated so as to obtain a linear fit with the best correlation 

coefficient (R²). 

 
Figure 2 - a)  tign vs. h for various moistures obtained by microwave and desiccator, and Trabaud’s results. b) same 

as Fig.2a with log-log plot. 

The best linear fit in Fig.2b is obtained for hc around 100%. This means that the 

endothermic/exothermic phase transition occurs when the fuel mass vanishes, and only water 
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evaporation occurs. Clearly, there is no critical moisture for ignition. The non flammability in the 

results of Trabaud at a moisture of about 𝟐𝟎% means that the samples were exposed to a heat flux 

around the critical flux for this moisture content. In addition, the power-law (2) is fitted in this figure 

only for three points located near the critical moisture. For each of these moisture contents, only one 

ignition test was successful, whereas far from the moisture threshold, in all tests, the ignition process 

occured. Therefore, a probabilistic behaviour occurs near the moisture threshold, which should 

correspond to the critical heat flux (Sabi et al. 2018). 

 

 
Figure 3 - A double logarithmic plot of tign vs. 𝒒” − 𝒒”𝒄  for fresh and dry pinus halepensis needles. 

In order to check whether the ignition threshold is due to the heat flux or the moisture content, 

a set of tests with fresh and dry samples were realized for different values of the incident heat flux 𝒒”. 
The critical heat flux for ignition defines the endothermic /exothermic transition (Sabi et al. 2018). 

The ignition time behaves near this transition as: 

    tign α (q”-q”c)
-        (3) 

The power exponent in Fig.3 seems to be around -0.8 independently of the moisture content 

and of the fuel nature (see Sabi et al. 2018), indicating a universal phase transition (Stanley 1971). 

Therefore, for any moisture content, there exists a sufficiently large heat flux allowing the fuel ignition.  

 
Figure 4 - A schematic representation of the ignition and combustion energies vs. the moisture content h. Ignition 

and spreading thresholds are clearly shown. 
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In wildland fires, fire residence time is finite (30-40s for fine fuels) in contrast to that provided by 

the cone calorimeter where the radiant heat flux is maintained until the fuel ignition. Therefore, the 

comparison between the combustion and ignition energies leads to either spread or no spread of fire. 

The critical moisture for fire spread can be defined as the moisture content for which combustion and 

ignition energies coincide, as shown in Fig.4. This spread condition is not realistic since only a 

proportion of the released combustion energy is received by the fuel. This makes a much smaller 

critical moisture for spread. Therefore, the existence of a critical moisture is expected for wildfire 

spread, although it is considered as a retardant. Indeed, the moisture can make the ignition time as 

large as it becomes greater than the residence time of the flames to which the fuel is exposed. This 

corresponds to a dynamical threshold of spread as found by Zekri et al. (Zekri et al. 2005) using a 

Small World Network model. This model was validated by historical and experimental fires (Adou et 

al. 2010). Obviously, fire do not spread during winter, when the fuel is moist. Hence, the effect of 

moisture on the spreading phase transition is necessary to investigate both experimentally 

(experimental burning in fields) and theoretically (using physical models involving water desorption 

and evaporation).  

 

 

The moisture threshold for ignition is examined by using the endothermic/exothermic phase 

transition analysis of the ignition time dependence on moisture content. Ignition tests of live pinus 

halepensis needles were realized using a cone calorimeter. The fuel samples were partially dried using 

a microwave and a desiccator. In order to avoid seasonal effects and changes in their chemical 

structure, live fuels were picked the same day from the same tree. The power law fit of the ignition 

phase transition showed no critical moisture for the fuel ignition. The critical region for ignition 

observed by Trabaud in 1976 corresponds to the ignition critical heat flux for the corresponsing 

moisture content. Further studies for other fuels wil be realized to confirm this result.   
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