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Abstract. With climate change and the ever-drier climate, the issue of wildfires is
becoming increasingly prominent, generating growing interest in the study of wild-
fires. The majority of the ongoing research is focused on surface wildland fuels with
particular emphasis on dead and usually dry fuel. These insights are difficult to trans-
pose to live fuels, particularly to crown fires. The flammability properties of dead and
dry forest fuels are of little significance for understanding the onset and spread of
crown fires. Hence, research regarding the flammability properties of fresh forest veg-
etation is very sparse. The same observation applies to crown fires, despite the fact
that this type of wildfires is devastating, difficult to suppress, and usually having dra-
matic consequences. The aim of this paper is to determine how moisture dynamics of
live crown samples (terminal parts of basal branches) of two coniferous species, Abies
alba and Picea abies, influence their flammability properties. Experiments were per-
formed in an adapted mass loss calorimeter with a custom-made sample holder in
order to mimic the scenario of initiation of crown fires (surface to crown fire inter-
face). Tests were performed with heat flux values of 50, 60, and 70 kW/m? and with
different moisture levels. At all heat flux values, the results show an increasing trend
for the peak heat release rate when moisture content is reduced. 4. alba samples
reach higher peak release rates in comparison with P. abies samples. At heat fluxes of
50 kW/m? and 60 kW/m?> fresh A. alba samples take longer to ignite than the P.
abies samples. At the heat flux of 70 kW/m?, for the set of analyzed moisture con-
tents, the ignition time interval for the 4. alba samples is shorter than for the P.
abies samples. The results of the principal component analysis (PCA) show that vari-
ables such as time to ignition (TTI), peak heat release rate (PHRR), and mean heat
release rate (mean HRR) best describe the ignitability of the analyzed conifer sam-
ples.
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1. Introduction

Wildland fires are a common component of many ecosystems, and every year they
cause substantial losses in terms of human lives and damage to property and the
environment. According to [1, 2], over the last decade, on average, more than
64,000 wildfires occurred annually. Brazil, Greece, and the USA were especially
affected. Hundreds of thousands of wildfire outbreaks in Amazonia during the
recent few years had a massive impact on the global ecosystem, with millions of
acres of forests permanently destroyed [3]. Attica wildfires in 2018 with extreme
fire behavior and hundred fatalities [4] are regarded as some of the deadliest wild-
land fires in Europe in recent history. During the 2018 California wildfires, more
than 30,000 houses were burned (in the wildland-urban interface) with a death toll
of almost 200 people [2]. It has become apparent that wildfires are occurring with
increased frequency.

Numerous factors influence the frequency of occurrence of wildland fires. Some
of the most cited include fuel density and fuel loading, structural characteristics of
the fuels expressed as the surface area to volume ratio [5-7], chemical composition
[8, 9], and the overall fuel arrangement. However, the dryness of wildland fuels
(moisture level) could be delineated as the single most important factor [10]. With
the constant increase of air temperature and elevated soil dryness over the past
20 years, the occurrence of forest fires has almost doubled, and the area affected
by the fire has increased fivefold [11]. In the near future, owing to climate change,
the worst is yet to come. According to the latest projections, the effects of climate
change are expected to become more pronounced in the coming decades [12]. This
is indicated by the Global Warming Scenario, which predicts a temperature
increase from 2016 to 2035 in the range from 0.3C to 0.7C with a reduced precipi-
tation rate [12]. Khabarov et al. even went one step further and “translated” the
weather forecasts into a prediction of the burned area as a consequence of wild-
land fires [13]. They estimated the impacts of climate change under a “no adapta-
tion” scenario for burned areas in Europe, using a Standalone Fire Model (SFM)
based on a state-of-the-art large-scale forest fire modeling algorithm. They pre-
dicted a 200% increase in burned areas in Europe by 2090. For the study area
included in the present paper, they provided even more pessimistic projections.
Within the same scenario, they estimate that the Western Balkans and Eastern
European countries will see a 150-560% increase in wildfires by 2090 [13].

Problems with wildland fires propelled international research, which has now
become prolific and productive. However, most of the research interest is focused
on surface wildland fires with particular emphasis on dry or wet dead fuels,
neglecting the flammability properties of live vegetation [14—18]. This practice was
probably adopted from early works on vegetation flammability where results for
dead wet fuels were simply extrapolated to live fuels [19]. As opposed to surface
fires, crown fires (where the fuel type is considerably different, comprising an
enormous mass of live foliage, twigs, and branches) received relatively little atten-
tion in the scientific community [20]. This is probably due to the fact that this
type of wildland fire is a relatively rare event. However, the consequences could be
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devastating [21]. Crown fires are of great intensity and are challenging for fire-
fighters, requiring complex suppression tactics and having great potential to
develop into megafires [20, 22].

According to Cruz [23], Molchanov [24] was the first researcher to scientifically
determine the preconditions for the initiation of crown fires. Van Wagner [25, 26]
provided the most notable contribution with the model that is now integrated into
various wildland fire prediction systems, albeit with some modifications [27].
According to Wagner [25], the temperature under the base of the crown layer is
the chief factor for tree crown ignition. Another one is the foliar moisture content.
In the same paper, the author defined the relationship between the critical temper-
ature for ignition, high above the line of fire, and fire intensity, and, inter alia,
concluded that vertical spread from the surface fire will occur in the case when
surface fire intensity exceeds a specified critical value [25]. Authors in [28] investi-
gate the impact of water vapor, derived from the moisture content in vegetation
on the combustion process via simulating an opposed diffusion flame and a lami-
nar premixed flame with pyrolysis gases as the fuel and air as the oxidizer. The
findings of this paper indicate that the water vapor from the moisture content in
samples has an impact on the temperature distribution within both an opposed
diffusion flame and a premixed laminar flame. Additionally, the study in [29] high-
lights the importance of including fuel moisture content as a parameter in flame
models, especially for live wildland fuels. Work on the initiation of crown fires
was further elaborated in [30]. The authors experimentally determined the rela-
tionship between the ignition temperature of branches at the bottom of the tree
crown and its inherent moisture content. Alexander and Cruz, in an array of pub-
lished articles [31-40], covered in depth the problem of crown fires, providing a
number of useful insights. A summarized overview of recent research in the field
and the models is provided in [27] and [20].

Virtually all the models for crown fire initiation from the literature incorporate
fireline intensity. After the introduction by Bryam in 1959 [41], it gained consider-
able popularity in wildland fire research community. Fireline intensity is defined
as heat released per unit time for each unit length of the firefront [42]. The main
problem with fire intensity is that it does not incorporate the total energy (heat
flux) that an exposed fuel object receives from fire [43]. In contrast, experiments
performed under a constant heat flux do not have these shortcomings. That is
why this approach is the de facto standard in the fire research community. Addi-
tionally, the measurement of fireline intensity on the field scale is inaccurate [42].
Quantification is not direct, yet it depends on other variables that are difficult or
even impossible to measure, such as the mass of consumed fuel, rate of spread,
etc. [42]. Finally, for crown fire models, the calculation of fireline intensity can
even yield misleading results. Namely, in the Van Wanger crown fire model, fire-
line intensity (intensity threshold for transition from surface to crown fire) is
directly proportional to canopy base height (CBH) (i.e., height from ground to the
bottom of the crown) [26]. CBH is a very important parameter, which determines
the probability of crowning from the approaching surface fire [27]. Values of CBH
considerably differ between species and span from zero meters for mixed Douglas
fir stands to five meters for Ponderosa pine (data from US northern Rocky
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Mountain stands [44]). Interestingly, for species with zero CBH, this model yields
null for intensity threshold, which is obviously erroneous. Additionally, extensive
research has been conducted on live fuels, with particular emphasis on shrub fuels
(e.g., chaparral and mattoral) that contribute to the occurrence of crown fires. In
[45], the logistic model was developed that serves as a valuable predictive tool for
estimating fire spread in chaparral vegetation. This model incorporates various
factors such as wind velocity, slope percent, moisture content, fuel loading, and
species. In the context of chaparral forests, the crown base height plays a crucial
role in reducing heat release rate and the rate of spread for both wind-driven and
nonwind-driven fires [46]. Furthermore, resecarch conducted in [47] reveals that
wind velocity is the most influential factor in fire spread, significantly increasing
fire intensity. In the presence of wind, flames become far more destructive com-
pared to non-windy conditions [48].

Importance of surface to crown fire transition for conifers has been already
addressed in literature [49], although modestly, but to our knowledge no study
was focused on testing flammability parameters of terminal parts of branches.
These parts of crown, especially for species with low crown base high (CBH) are
the first tree elements that catch the fire from approaching surface fire flame front.

Flammability studies covering live fuels were predominately focused on either
leaves/needles or twigs [S0-55]. Nevertheless, there is little evidence of flammabil-
ity testing of the parts or whole branches, as in the research in this paper. Excep-
tion are the studies by [56] where handy, in-field device for flammability testing of
shoots was proposed. However, the methodology and presented “apparatus” don’t
poses sufficient scientific rigor necessary to regard it as analytical instruments such
as the cone calorimeter, mass loss calorimeter or fire propagation apparatus. This
point was even raised in the manuscript itself.

A literature review of crown fire initiation indicates that the mechanisms are
not fully understood, that some issues are overlooked and/or not adequately
addressed, and that further work in this field is needed. This fact is what inspired
the present research. Our suppositions are as follows: (a) terminal parts of basal
branches of conifers, where the canopy base high is low, present the first elements
of a crown that become affected by approaching surface fire line (an issue that is
overlooked in the literature); (b) experiments in a laboratory setting should be
performed with constant heat flux, as only this approach (as opposed to tempera-
ture measurement) reflects the real energy that exposed objects receive from fire
and yields replicable and sound results; and (c) the moisture content and chem-
istry of the whole branches (not just leaves/needles) have a detrimental role in
ignitibility.

These suppositions guided our research plan with the main objective to perform
flammability testing of live crown fuel (from the most exposed basal branches)
under different moisture level regimes. Experimental units (terminal parts of basal
branches) were harvested from Picea abies and Abies alba stands. These species
were selected because of their prevalence in Serbian coniferous forests and because
of their very low CBH with basal branches literally touching the ground (Fig-
ure 1), at least on the stand edges (where the probability for surface-crown fire
transition events is the highest). Flammability testing was performed using a cus-
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Figure 1. Conifer species on the edge of the forest with basal
branches on the ground.

tom-made installation comprising a mass loss calorimeter with a specially designed
sample holder to minimize the instrumentation effect. Experiments were per-
formed with a wide span of moisture levels to simulate seasonal moisture fluctua-
tions. While the present research is focused on two conifer species, the upcoming
experimental studies will include more species and expand terrestrial coverage, as
well, to gather more information about the flammability characteristics of forest
vegetation and to broaden knowledge about the phenomena of transition from
surface to crown fires.

2. Materials and Methods
2.1. Study Area and Sampling Sites

Samples were collected from the Tara National Park in Western Serbia (between
latitudes 434313 and 440109 N, and longitudes 191351 and 194420 E), whose total
surface area is 24,991.82 ha at elevations between 200 m and 1591 m. The climate
is humid continental with mild temperatures and rainy days in the spring and fall,
warm and dry summers, and cold winters. The total annual precipitation ranges
from 773 mm/m? to 1038 mm/m? with the maximum occurring from March to
June [57]. July and August are the warmest months with average temperatures of
17.2C, while January is the coldest with an average temperature of —2.1C [58]. In
August 2021, when the samples were collected, the average temperature was 18.4C
with total precipitation of 138.7 mm. The dominant conifers were fir (4bies alba)
and spruce (Picea abies) forests.

Due to global climate change and increased mean daily temperatures, Tara
National Park has been struck by a growing number of wildfires, the most devas-
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Table 1
Locations Where Samples Were Collected

Species name Common name Location Coordinates

Abies alba Fir tree Nature reserve Brusnica 435520.41“N
Picea abies Spruce tree 191925.25”E
Lookout Biljeske stene 435821.46 N

191859.88"E

Mitrovac 435459.63“N

192453.24”E

Oslusa 435543.39“N

192736.94”E

tating of which was the one in 2012, razing around 2000 ha of forest. The affected
areas were at elevations from 900 m.a.s.l. to 1200 m.a.s.1. [59].

Sampling was performed on four locations, classified within the first wildfire
vulnerability zone according to [59]. The GPS coordinates of the selected locations
are given in Table 1. Collection sites were selected so that the trees were at least
100 m away from any road. The selected locations had minimal slopes.

2.2. Sample Preparation

The samples were taken by clipping live (green) terminal parts of basal tree bran-
ches. Individual trees were randomly selected, with a particular focus on trees
located at the edge of the stand. This deliberate selection was made because the
trees at the edge are the first to experience the “heat impact” from approaching
surface fires. Samples from these trees were the subjects (experimental units) of
our investigation. Young stands (less than 40 years old) were selected for harvest-
ing. Branches were collected from the basal crown level from trees that were
mature and of similar age. During the sampling, special attention was given to
selecting similar samples with approximately the same length of 13 +0.5 cm (in
order not to exceed the edges of the sample holder) and the diameter of primary/
leading branch of 0.5+ 0.2 cm. The number of samples collected from each loca-
tion was between 35 and 40 branches. The collected samples were immediately
packed in plastic bags and transported to the laboratory for combustion experi-
ments. Samples were dried in a convective oven for different time periods so as to
create a set of experimental units with a broad range of moisture contents. This
method is straightforward and most frequently used in the literature [54, 60-63].
The main drawback is that a portion of the volatiles may evaporate during the
drying. In order to maintain the fraction of volatiles lost from the samples as low
as possible, the drying temperature was set to 60C. All samples were measured
with Radwag (AS 60/220.R2, PL) analytical weighing device before drying and
then again after 4 h and 6 h spent in the oven. Additionally, a control group of
five samples was created and dried up to a constant weight. This information was
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used to determine the mass of oven dry matter. The following formula was used
to calculate the moisture content of the samples.

FMC|%) =

(FMD—iDM)X 100% (1)

where FMC is the fuel moisture content, FM is the fresh mass of the sample, and
DM is the dry mass of the sample. In this study, FMC pertains to the water con-
tent of the whole experimental unit—terminal parts of basal branches, comprising
fresh branch wood and foliage (needles). With this protocol, experimental units
with four levels of FMC were created and designated as follows: FMCyeqn = 115
+ SOA); FMC4h =70+ 5%; FMCsh =60+ 50/0; FMCdry =0%.

2.3. Adapted Mass Loss Calorimeter

Flammability experiments of fuel samples can be performed on different scales:
from the microscale, through the bench scale, to the full scale [64]. Obviously,
full-scale or field experiments are the most useful as they provide invaluable
insights about fire behavior on a real scale [64]. However, these studies are costly,
both concerning the money and environmental impact, and overly intricate to
conduct. On the other hand, if carefully planned, bench-scale experiments could
provide useful data and help explain physical and chemical aspects at full scale
[22, 65].

The experimental burnings for this study were performed in the Fire Protection
Laboratory at the Faculty of Occupational Safety in Nis, University of Nis, Ser-
bia, on a custom-made installation for material flammability testing. The installa-
tion consists of the mass loss calorimeter—MLC (Fire testing technology, UK)
and a specially designed hood for extracting fire effluents during the combustion.
The experimental installation is shown in Figure 2.

The hood and extraction system was designed according to ISO 5660 [66]. The
flow of flue gases through the extraction system was made possible using a vari-
able speed ventilator. The flow through the duct was set to the value of 0.035 m?/
s, according to the requirements proposed by ISO 5660 [66].

In order to mimic the conditions during the real wildland fires as closely as pos-
sible, it was very important to minimize the effect of the installation/sample
holder. In that respect, the standard sample holder for testing building materials
was replaced with a specially designed sample holder, with porosity exceeding
80%. This design allowed a free flow of air through the sample holder, minimized
the external effects (minimal mass of steel exposed to heating), and preserved the
stability of the samples during the tests. The sample holder used during the exper-
iments, together with the samples, is shown in Figure 3.

Airflow below the sample holder was measured before the experiments with a
hot-wire anemometer (Testo 435, UK). The velocity below the empty sample
holder was 0.1 £0.01 m/s.

Before the experiments, the conical heater was calibrated with a water-cooled
Schmidt-Boelter flux meter. The flux meter was positioned at a distance of 25 mm
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Figure 2. Experimental installation with the adapted MLC device.

Figure 3. Specially designed sample holder with placed branches: (a)
fir wood (A. alba); (b) spruce wood (P. abies).

from the heater, according to the value prescribed in ISO 5660 [66]. Calibration
was performed for the values of 50, 60, and 70 kW/m?>. The obtained heater val-
ues were in good agreement with the values provided in [67].
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Thermopile was calibrated at each test heat flux using the calibration burner.
Check gas with a known heating value (CHy4, purity 99.95%) was used for calibra-
tion. Calibration was performed at 7 points—0.5, 0.75, 1, 2, 3, 4, and 5 kW.

Air temperature and humidity in the laboratory were measured using the tem-
perature and relative humidity USB Data Logger (Lascar, UK). During the exper-
iments, the temperature in the laboratory was 28 = 2C and the relative humidity
was 57 +=3%. These small fluctuations did not affect the obtained experimental
results.

2.4. Experimental Design

We performed the full factorial experiment, consisting of all possible combinations
of the factors’ levels. Factors used in experiments and specified levels of each fac-
tor are illustrated in the Table 2. Each experimental treatment (combination of
factor levels effecting the response variable) was replicated three times.

From these factors and levels complete asymmetric factorial matrix was created
with: one 4-level factor, one 3-level factor and one 2-level factor (4'3'2"). This
matrix contained 24 different experiment treatments and equal number of experi-
mental treatment groups. Each experimental treatment group was created by three
randomly selected experimental units, meaning that each experimental treatment
was replicated three times. Overall of 24 3 = 72 experimental runs were performed.
During each experimental run following response variables (flammability parame-
ters of forest vegetation) were recorded: Time To Ignition (TTI), Heat Release
Rate (HRR), Peak Heat Release Rate (PHRR), Average Effective Heat of Com-
bustion (AEHC), Mass Loss Rate (MLR), and Total Heat Released (THR).

2.5. Statistical Analysis

First, assumption of normality of distributions was checked. For that purpose,
Kolmogorov—Smirnov and Shapiro-Wilk test were used. Results indicated that
several of distributions were not normal. For this reason, Kruskal-Wallis (KW)
rank sum test, a nonparametric analogue of one-way ANOVA test, was used in
order to test the differences in fire flammability parameters among the fuel types
for different HF and FMC levels. While KW examines whether the group distri-
butions are different, it doesn’t provide the specific clue which groups are dissimi-
lar. For that reason, non-parametric post-hoc Dunn’s test, with Bonferroni
correction was performed [68]. In order to investigate correlation between factors
(HF, FMC and coniferous species) and response variables (flammability parame-
ters: TTI, HRR, PHRR, AEHC, MLR and THR) Spearman’s correlation was
used. Multivariate analysis of flammability across the species, due to strong
collinearity between the flammability parameters, was performed with principal
component analysis (PCA). In order to represent the results of PCA more illustra-
tively biplots for both species were created. Finally, K-mean clustering was per-
formed in order to confirm the results of PCA that experimental runs are grouped
according to HF and MFC levels. For all tests the significance level was set at o
=(.05. Statistical analysis was performed using the R software (RStudio IDE).
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Table 2
Factors and Levels in Experimental Design

Factor Units Level 1 Level 2 Level 3 Level 4
Fuel moisture content (FMC) % 115% 70% 60% Dry
Heat flux (HF) level kW/m? 70 60 50 -
Coniferous species - A. alba P. abies - -

3. Resulis

3.1. Differences in Fire Flammability Parameters Among the Fuel Types
for Different HF and FMC Levels

Results of the KW test and non-parametric post-hoc Dunn’s test are reported in
Tables 3 and 4. Outcomes of tests performed for treatments with fixed HF levels
and varied FMC levels are reported in the last column of Tables 3 and 4 (shown
in brown color). Similarly, results of tests performed for treatments with fixed
FMC levels and varied HF levels are reported in the last row of each flammability
parameter in Tables 3 and 4 (shown in blue color). Statistically significant results
are shown in bold.

Treatments with constant HFs and varied FMC revealed significant differences
in almost all flammability parameters, except for the average MLR and peak
MLR for HF =60 kW/m? for A. alba and average MLR, PHRR for HF =
70 kW/ m?, peak MLR for HF =60 kW/ m? and THR for HF =60 kW/ m? for
P. abies.

Figure 4 presents the TTI of the samples, for the three repetitions. The obtained
results qualitatively indicate that moisture content in the samples is directly con-
nected to TTI, while the heat flux value also contributes to sample TTI. Also, Fig-
ure 4 indicates that the TTI is shorter and within almost the same time range for
samples with 60% moisture content and dry samples exposed to the HF at
50 kW/m>—from 22+ 4 s to 17+ 3 s for A. alba and from 35+ 2 s to 28 + 3 s for
P. abies. Dry samples exhibited a more pronounced difference in TTI to the HF
at 50 kW/m?, as opposed to HF at 60 and 70 kW/m?, where TTI is nearly equal
—from 7+ 1 sto4+1 s for A. alba samples, respectively, and from 11 £2 s to 4
+ 1 s for P. abies samples, respectively. For the fixed HF at 70 kW/m?, the TTI
values for A. alba samples at different FMC levels have a narrower time range,
from 4+ 1 s to 20 £2 s, as opposed to the TTI for P. abies samples, with a time
range from 4+ 1sto 31 £4s.

For A. alba samples with FMCgo,, the KW test showed no statistical signifi-
cance of exposure to the HF at 50, 60, and 70 kW/m? (Table 3, p=0.063; p >
0.05). In every other case, as well as for P. abies samples, considerable statistical
significance p<0.05 was determined.

According to the results of post hoc Dunn’s test, the TTI values for dry groups
of experimental units (FMCy,y) were significantly lower than that for the groups
with higher moisture content. This observation was valid for the whole range of
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Table 3

Summary of the Experimental Results with Obtained Flammability

Parameters for A. alba Samples Sorted According to Different

Moisture Content and Heat Fluxes

679

Flammability Heat A. alba
parameters flux FMC, 59, FMCr, FMCgov FMClary p value

50 kW/m? 101 £9<¢ 58 £3°B 22 £44 17 £3A 0.019

60 kW/m? 63 £7°C 40 +4°8¢ 19 +348 7 £1%A 0.016
me 70 kW/m? 20 £28 16 £18 914 FESES 0.016

p value 0.027 0.027 0.063 0.032

50 kW/m? 184 £54 216 +48 233 +5% 324 £3%C 0.016
PHRR 60 kW/m? 199 +£54 226 +48 250 +8208 388 £7°C 0.016
(kW/m?) 70 kW/m? 188 +114 226 +44 262 +9°B 276 78 0.024

p value 0.113 0.055 0.032 0.027

50 kW/m? 139 £6*4 161 +6* 186 £124 250 £5%8 0.016
Mean HRR 60 kW/m? 159 £740A 155 +84 171 +8* 315 +3<B 0.027
(kW/m?) 70 kW/m? 164 £7°4 183 +£34B 206 £1248 201 +5%8 0.019

p value 0.039 0.063 0.055 0.027

50 kW/m? | 6.91 £0.15%4 7.48 £0.26* 8.17 +0.52* 13.05 +0.528 0.024
AEHC 60 kW/m? | 5.15£0.57*4 | 7.95+0.78AB 8.80 +0.26" 13.40 +£1.478 0.016
MJ/kg) 70 kW/m? | 6.19£0.21% | 7.38+0.324B 8.40 £0.3248 13.27 £1.088 0.016

p value 0.027 0.925 0.056 0.393

50 kW/m? | 0.10£0.01 0.09 £0.02 0.12 £0.02 0.07 £0.02 0.157
Average 60 kW/m? | 0.06 +0.13 0.16 £0.03 0.13 £0.01 0.13 £0.01 0.789
MLR (g/s) 70 kW/m? | 0.17 +0.03 0.18 £0.02 0.10 £0.03 0.07 £0.04 0.198

p value 0.661 0.099 0.924 0.270

50 kW/m? | 0.25£0.015 | 0.18 +£0.007*A | 0.28 £0.01°® 0.24 £0.011%A8 0.022
Peak 60 kW/m? | 0.23 £0.015 0.23 +0.008" 0.23 +0.011° 0.32+0.012° 0.095
MLR (g/s) 70 kW/m? | 0.32£0.016% | 0.30+0.011B | 0.20 £0.007*4 0.29 £0.012°B 0.031

p value 0.051 0.027 0.027 0.027

50 kW/m? | 1.11£0.20°4 | 1.13+0.18%A | 2.41 £0.36%P 4.00 £0.258 0.024
THR (MJ/m?) 60 kW/m? | 2.07 £0.33°AB | 0.62 £0.24%* 3.59 +0.44B 3.78 £0.318 0.024
-burning period- | 70 kW/m? | 1.96 +£0.06** 1.83 £0.15°4 4.96 +£0.07°8 3.82+£0.228 0.024

p value 0.032 0.027 0.027 0.094
THR (MJ/m?) 50 kW/m? | 5.11£0.41€ | 3.46£0.24%8 2.61 £0.23 4.47 £0.358¢ 0.019
-entire period- 60 kW/m? | 5.38 £0.29% 1.91 £0.12%4 4.04 £0.38%8 3.82+£0.198 0.025

70 kW/m? | 2.24 £0.1948 | 2.18 +0.284 5.13 £0.25%¢ 3.94 +0.365¢ 0.024

p value 0.061 0.027 0.027 0.079

Superscripts represent the results of pairwise comparisons. Small letter superscripts relate to the comparison of pairs
of HF levels, while capital letters superscripts relate to the comparison of pairs of FMC levels. If two treatment
groups contain the same letter, it means that these two groups do not differ significantly.



680 Fire Technology 2024

Table 4

Summary of the Experimental Results with Obtained Flammability
Parameters for P. abies Samples Sorted According to Different
Moisture Content and Heat Fluxes

Flammability Heat P. abies
parameters flux FMCiis% FMCro FMCeov FMClry p value

50 kW/m? 79 £5°C 58 +£6°BC 3542048 28 £3bA 0.016

60 kW/m? 46 +4°8 40 £2°8 29 £5:0AB 11 £204 0.018
me 70 kW/m? 31 48 23 248 14 £22AB 4 £]%4 0.016

p value 0.027 0.027 0.027 0.027

50 kW/m? 120 £10% 175 £78 197 £88 221 +7¢ 0.016
PHRR 60 kW/m? 156 +10* 183 +84 200 £1348 235 +6° 0.019
(kW/m?) 70 kW/m? 159 +£10 162 +6 169 +7 172 +4 0.123

p value 0.066 0.113 0.066 0.051

50 kW/m? 100 £5%4 127 +820AB 146 +£1248 156 68 0.027
Mean HRR 60 kW/m? 115 £104 139 404 158 +61B 184 148 0.016
(kW/m?) 70 kW/m? 132 £11% 109 £3%A 143 +6° 142 +4%8 0.031

p value 0.039 0.027 0.066 0.032

50 kW/m? | 6.16+0.34%A | 6.44 +0.33% 6.97 £0.49** 10.41 +0.555 0.050
AEHC 60 kW/m? | 10.60 £1.17°4B | 10.67 £0.78%* | 11.98 +0.48A8 13.66 +0.49" 0.025
(MJ/kg) 70 kW/m? | 7.89 £0.54%AC | 8.46 +£0.25°4B | 9.97 +0.13%P 10.30 +£0.37° 0.019

p value 0.027 0.027 0.027 0.610

50 kW/m? 0.06 +0.03 0.11 +0.02 0.12£0.01° 0.08 £0.01 0.075
Average 60 kW/m? 0.06 +£0.02 0.06 +£0.02 0.07 +£0.01* 0.06 £0.02 0.838
MLR (g/s) 70 kW/m? 0.08 £0.01 0.04 +0.02 0.10 +£0.01%® 0.07 £0.39 0.478

p value 0.561 0.055 0.044 0.837

50 kW/m? | 0.11+£0.008** | 0.23 £0.0118 0.21 +0.0098 0.14 +0.012A 0.019
Peak 60 kW/m? | 0.14£0.01*A | 0.12+£0.015* | 0.18 0.011°B | 0.20 £0.008"8 0.020
MLR (g/s) 70 kW/m? | 0.17 £0.011° 0.22 +0.013 0.17 +0.009 0.17 £0.013 0.095

p value 0.027 0.063 0.051 0.027
THR (MJ/m?) 50 kW/m? | 0.50 £0.407B 0.70 +0.14* 1.42 +0.138 0.93 £0.10%8 0.044
-burning period- | 60 kW/m? | 1.26 £0.20% 0.64 +0.234 1.75 +0.408 2.39 +0.24%A 0.024

70 kW/m? | 1.45+0.30% 449 £0.118 1.00 £0.164 1.27 £0.19%4 0.023

p value 0.058 0.051 0.193 0.027

50 kW/m? | 4.01 £0.20°8 | 4.66 +0.27%B 2.75 £0.16" 2.09 £0.18% 0.019
THR (MJ/m?) 60 kW/m? | 3.34 £0.22%® 2.67 +£0.47* 3.05+£0.33° 242 +0.31° 0.143
-entire period- 70 kW/m? | 2.63 +£0.21°4 5.03 £0.05"° 1.26 £0.26* 1.51 £0.18% 0.024

p value 0.027 0.027 0.027 0.039

Superscripts represent the results of pairwise comparisons. Small letter superscripts relate to the comparison of pairs
of HF levels, while capital letters superscripts relate to the comparison of pairs of FMC levels. If two treatment
groups contain the same letter, it means that these two groups do not differ significantly.
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Figure 4. TTI of samples for different moisture content and heat
fluxes.

applied HFs and for both coniferous species. For A. alba, the observed results for
groups of experimental units with fixed levels of FMCys0, and FMCrqo, were sig-
nificantly different between all levels of HF. In relation to the fixed FMCy,, level,
both conifer species did not reveal significant differences for HF levels at 60 and
70 kW/m?. The same observation was noticed for the fixed FMC;so, level with
respect to P. abies.

Figure 5 visualizes the development of HRR for the analyzed 4. alba and P.
abies samples.

Combustion duration depends on the heat flux intensity and the FMC. The
combustion stage for samples with the same moisture content will have different
duration at varied HF intensities. For instance, for A. alba for the HF at 50 kW/
m?, for all FMC levels, the duration of the combustion stage was 31, 25, 19, and
12 s, respectively. For P. abies samples, for HF at 70 kW/m? combustion duration
is 15, 11, 8, and 6 s for all FMC levels. Regarding the Mean HRR, the KW test
for both conifer species reveals statistically significant results between fixed HF
levels and different FMC levels. Similar results were observed across fixed FMC
and different HF levels, except for FMCg, and FMCggo, for A. alba, as well as
FMCqqo, for P. abies, for which no statistical significance was observed.

The significant difference in the Mean HRR value of A. alba was found in
experimental units exposed to HF at 50 kW/m? and 60 kW/m? between the dry
groups and treatments with other ranges of applied FMC levels. In relation to the
HF of 70 kW/m?, the only significant difference was observed for groups of exper-
imental units with FMC,;s¢, and FMCy,, levels. In most cases, the Mean HRR
values of the dry groups of experimental units (FMCy,y) for both conifer species
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Figure 5. HRR curve for A. alba and P. abies for different moisture
contents and heat fluxes.

were significantly higher related to the groups with higher moisture content. At
the fixed FMC,;s0, level, the groups of experimental units exposed to HF at
50 kW/m? and 60 kW/m? did not reveal significant differences from each other for
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Figure 6. Peak HRR of A. alba and P. abies for different moisture
contents and heat fluxes.

both conifer species. Moreover, these groups demonstrated significantly lower val-
ues compared to the HF level of 70 kW/m?. The mean HRR values for the dry
groups of experimental units (FMCg,,) revealed significant differences among all
levels of HF for A. alba, while the results for P. abies showed significant differ-
ences for the HF level at 60 kW/m? compared with other HF levels.

The analysis of PHRR, shown in Figure 6, reveals a difference in PHRR in
both sample groups. Therefore, 4. alba samples with FMCgy,, for HF at 50, 60,
and 70 kW/m?> have PHRR values 324 + 3, 388 + 7, and 276 + 7 kW/m?>, respec-
tively, while dry P. abies samples have PHRR values 221 +7, 235+ 6, and 172 +
4 kW/m?, respectively. For the observed group of FMC levels in both sample
groups, there is an increasing trend of PHRR values when exposed to all HF
levels.

PHRR values for dry groups of experimental units were significantly higher
than treatments with any other level of FMC, for A. alba. However, no statisti-
cally significant difference was observed for treatments with an HF value of
70 kW/m2 for P. abies, as well as for a combination of treatments involving fixed
FMC levels and different levels of HF. Based on the KW test results reported in
Tables 3 and 4, statistical significance was observed for all fixed HF levels in rela-
tion to different FMC levels (p<0.05), except for P. abies samples for HF at
70 kW/m? (p > 0.05). For P. abies samples, the results showed a narrow range of
obtained PHRR values, from 159 kW/m” to 172 kW/m?, as opposed to A. alba
samples, whose range is considerably wider, from 188 kW/m? to 276 kW/m’. In
A. alba samples with FMC/;s., and FMC;q., for different HF levels, the results
were not statistically significant (p > 0.05), as opposed to the samples with
FMCgpo, and FMCgy,, (p<0.05). The significant difference observed for PHRR
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Figure 7. AEHC values of A. alba and P. abies samples for different
moisture contents and heat fluxes.

values was in the experimental units of 4. alba for FMCy,, between all levels of
HF, as well for FMCge, between HF levels at 50 kW/m? and 70 kW/m?.

Figure 7 illustrates the Average Effective Heat of Combustion (AEHC) in rela-
tion to the moisture content change in the samples and exposure to different HF.
AEHC is determined as the ratio between THR during flaming combustion and
the total mass of a burned sample.

As Tables 3 and 4 present, for the HF at 50 kW/m? for FMC;;5 FMCyy ang
FMCgqo,, both sample groups have similar values, ranging from 6.91 to 8.17 for
A. alba and from 6.16 to 6.97 for P. abies samples, whereby dry samples show a
greater difference in the obtained AEHC.

For both conifer species KW test showed statistical significance results between
fixed HF levels and different FMC levels (p<0.05). However, for 4. alba samples
with fixed FMCygo,, FMCggo,, and FMCy,, levels at different HF levels, the
obtained AEHC results were not statistically significant (p > 0.05). The same
applies to P. abies samples with fixed FMCygy.

In accordance with post hoc Dunn’s test, referring to both conifer species, the
AEHC values for HF at 50 kW/m? were not significantly different among the
groups of experimental units with FMCjs.,, FMC7y,, and FMCggo,. Addition-
ally, the observed results for fixed HF levels at 60 and 70 kW/m? regarding A.
alba did not show significant differences between the group of experimental units
with FMCygo,, FMCgoe, and FMCg,,. Significant differences regarding P. abies
were found for fixed HF levels at 60 kW/m? and 70 kW/m? among groups of
experimental units with FMCyy, and FMCy,y, as well for HF at 70 kW /m?
between FMC740, and FMCgge,. For treatment with fixed FMC 5., level and var-
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ied HF levels, the only significant difference was found in the experimental units
exposed to HF at 60 kW/m? compared to the other HF levels, for A. alba.
Regarding P. abies, significant differences were revealed for the groups of experi-
mental units with fixed FMC levels such as FMCj;50, and FMCggo, exposed to
HF at 60 kW/m?, as well for the FMCrye, level exposed to HF at 50 kW/m?, rela-
ted to other HF levels.

Observing the average MLR, results in Tables 3 and 4 don’t show consistent
results between the average MLR and the moisture content in the samples, indi-
vidually at different HF levels. In most cases, the MLR values for both conifer
species did not show significant differences in mutual comparisons of FMC and
HF levels (Tables 3, 4: p > 0.05). As presented in Tables 3 and 4, KW results for
Peak MLR reviled statistically significant results between different FMC levels and
fixed HF levels at 50 kW/m? and 70 kW/m? for A. alba, and 50 kW/m® and
60 kW/m> for P. abies. Additionally, a statistical significance was observed
between different HF levels and fixed FMC levels, including FMC-go,, FMCggos,
and FMCy,, in the case of A4. alba, and similarly, for FMC,s¢, and FMCy,,
regarding P. abies.

According to the results of post hoc Dunn’s test, the Peak MLR values of 4.
alba for the fixed HF at 50 kW/m?, significant differences were observed between
the groups of experimental units with FMC-go, and the FMC levels of FMC; s,
and FMCgqe,. Similar observations were found for the HF at 70 kW/m?, where
the group of experimental units with FMCygqe, differ significantly from other FMC
levels. According to all fixed FMC levels, regarding A. alba, significant differences
observed were only for the groups of experimental units with FMC;q0, among all
HF levels. For P. abies, the Peak MLR values for fixed HF at 60 kW/mz, the
groups of experimental units with FMCgg., showed no significant differences to
other FMC levels. The same observation was found for fixed FMC s, level rela-
ted to HF at 60 kW/m?. The dry group of experimental units (FMCy,y) for both
conifer species, revealed significant differences between HF at 50 kW/m?> and
60 kW/m?.

The THR values for the entire period of the experiment, for the P. abies spe-
cies, show significantly higher values for the groups of experimental units with
higher moisture content (FMC;;s., and FMC.,) than that for the groups with
lower FMC levels (FMCgq, and FMCy,y). This observation is expressed primarily
with the fixed HF at 70 kW/m? where the group of experimental units with
FMCq., differ significantly among other FMC levels, as well as for THR values
during the burning period. Regarding the treatments with constant FMC levels
(except for FMCjys0,), the THR values for the entire period of the experiment
showed significant differences among the HF levels at 60 kW/m? and 70 kW/m?,
for P. abies. Also, concerning the THR values for burning period, the single sig-
nificant difference observed was for the dry groups of experimental units
(FMClq,y) in P. abies, for HF at 60 kW/m? in relation to other HF levels.
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3.2. Correlation Analysis of Coniferous Species Between Flammability
Parameters for Different HF and FMC Levels

The scatter plots of the obtained results are available in Appendix (see Fig-
ures 9and10), illustrating the interrelationship among the analyzed flammability
parameters across different HF and FMC levels.

Significant correlations were found between FMC levels and various flammabil-
ity parameters such as TTI, PHRR, Mean HRR and AEHC for both conifer spe-
cies. Furthermore, a significant correlation was observed between the THR value
for the burning period of A. alba and the THR value for the entire duration of
the experiment for P. abies. Response variables that have a very strong negative
correlation to FMC were PHRR (p =—0.95, p<0.001), Mean HRR (p =-0.81, p<
0.001) and AEHC (p =-0.94, p<0.001), for A. alba. Likewise, a highly significant
negative correlation was observed between FMC and Mean HRR (p =-0.85, p<
0.001), PHRR (p =-0.76, p<0.001) and AEHC (p =-0.61, p<0.001), for P. abies.
This indicates that as the moisture content decreases, the mentioned variables tend
to increase, and vice versa. Strong positive correlation was found among FMC
and TTI, for both conifer species (p4.ampe=0.79, p<0.001; pp.apies =0.77, p<
0.001). As expected, the ignition time decreases with decreasing moisture content
of the samples. In terms of THR values, strong negative correlation between
FMC and THR during the burning period (p =-0.74, p<0.001) was noticed for
A. alba, whereas a moderate positive correlation between FMC and THR for the
entire duration of the experiment (p = 0.58, p<0.001) was observed for P. abies.
No significant correlations were found between FMC levels and MLR and Peak
MLR for both conifer species (p<0.05).

Significant correlations between HF and flammability parameters were discov-
ered for both conifer species. Moderate negative correlations were found among
HF levels and TTI for both conifer species (p4.ame = —0.53, p<0.001; pp.apies =
—-0.59, p<0.001). As foreseen, increasing the heat flux intensity cause decreases in
the ignition time. No significant correlations between HF levels and PHRR, Mean
HRR, AEHC and both THR values (burning and entire period) (p > 0.05) were
detected for A. alba except for the MLR (p =0.34, p<0.05) and Peak MLR (p =
0.35, p<0.05). Likewise, no significant correlations were found for P. abies
between HF and Mean HRR, AEHC, Peak MLR and THR values for entire per-
iod of the experiment (p > 0.05), except for the PHRR (p=-0.33, p<0.05) and
MLR (p=-0.35, p<0.05), in which a significant weak negative correlation was
observed, as well as for the THR values for burning period, in which significant
moderate positive correlation was observed (p = 0.49, p<0.05).

In addition to the correlation for FMC and HF levels among flammability
parameters, autocorrelation was also observed between response variables.
Regarding TTI, very high negative correlations were found for PHRR (p =-0.82,
p<0.001) and Mean HRR (p=-0.81, p<0.001), in relation to A. alba. In con-
trast, P. abies reports low negative correlation (p=-0.39, p<0.05) and moderate
negative correlation (p =—0.58, p<0.001), respectively. This indicates that a higher
PHRR value, as well as Mean HRR is reached with a shorter ignition time. These
observations are more significant with regard to 4. alba, unlike P. abies. Concern-
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ing the TTI and AEHC values, similar results were obtained for both conifer spe-
cies, in which a high negative correlation was found (p4 .. = —0.77, p<0.001; pp.
abies = —0.63, p<0.001). In relation to TTI and THR values for burning period,
both conifer species reveal significant correlation, in which a high negative correla-
tion was observed for 4. alba (p=-0.74, p<0.001), as well a moderate negative
correlation was observed for P. abies (p =—0.51, p<0.001). Moderate positive cor-
relation was observed among TTI and THR values for entire period of the experi-
ment, in relation to P. abies (p=0.59, p<0.001).

Weak but significant negative correlation was found between TTI and Peak
MLR values for 4. alba (p =-0.34, p<0.001).

For both conifer species were observed a very high positive correlation between
PHRR and Mean HRR (p4.upq = 0.89, p<0.001; pp apies = 0.88, p<0.001), as well
as AEHC values regarding the 4. alba (p=0.91, p<0.001), while for P. abies,
moderate positive correlation was found (p = 0.55, p<0.001). Also, significant high
positive correlation was detected for both conifer species between Mean HRR and
AEHC values (p4.ama=0.73, p<0.001; ppapies=0.74, p<0.001). Additionally,
weak but significant negative correlation was found between AEHC and MLR
values, as well as between MLR (p=-0.38, p<0.05) and Peak MLR (p =-0.34,
p<0.05), regarding P. abies.

Concerning the THR values for burning period, very high positive correlation
was found for Mean HRR values (p =0.82, p<0.001), and high positive correla-
tion for PHRR (p=0.77, p<0.001) and AEHC values (p = 0.68, p<0.001), for A.
alba. Furthermore, a moderate positive correlation was observed between Peak
MLR and THR for burning period for P. abies (p =0.44, p<0.001). With respect
to THR for entire period of the experiment, weak but significant negative correla-
tion was found for MLR values, for 4. alba (p =-0.37, p<0.05), and for AEHC
for P. abies (p=-0.39, p<0.05). Additionally, significant moderate negative corre-
lation, between THR (for entire period of experiment) and Mean HRR (p =—0.42,
p<0.05) was noted for P. abies.

3.3. Results of PCA Analysis

Moisture content and heat flux are set as the explanatory variables, whose change
is used to describe the changes in flammability parameters of coniferous species A.
alba and P. abies. Figure 8 shows the biplot of Principal Component Analysis
(PCA), which revealed that the first two dimensions represent 67.5% and 62% of
the total variability in the data set. The vector loadings of the analyzed variables,
given in Table 5, show approximately the same values and vector directions for
both dimensions, except in the case of MLR and both THR variables.

On biplot it can be seen that there is a strong differentiation along the PCl1,
which is explained by Mean HRR, PHRR and AEHC in the positive sense, and
an additional THR for the burning period regarding 4. a/ba, and FMC and TTI
in the negative sense, for both species. Dry samples are positioned in high PC1
values area which is characterized by higher values of Mean HRR, PHRR and
AEHC and lower values of FMC and TTI. The subsamples containing some level
of moisture are positioned in the negative PCI1 values area and they are character-
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Figure 8. Biplot of PCA for flammability parameters (TTI, PHRR,
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fluxes and moisture content for (a) A. alba and (b) P. abies samples.

ized by higher values of FMC and TTI and lower values of Mean HRR, PHRR
and AEHC.

Along with PCA, K-mean cluster analysis was performed. The results of cluster
analysis just confirmed what PCA has shown, i.e. there is a grouping according to
moisture content. For both conifer species, one cluster contains entities with no
moisture or low level (60%) of moisture. The second cluster is containing entities
with higher levels of moisture.

4. Discussion

Transition from surface to crown fire depends on fuel characteristics, topology
and weather conditions [69]. The most significant fuel characteristics are the type
and state of tree species and especially crown profile [27]. Two analyzed species in
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Table 5
Vector Loadings for the Analyzed Variables According to PC1 and PC2
Dimensions

A. alba P. abies
Variables PCI coefficients PC2 coefficients PCI1 coefficients PC2 coefficients
FMC -0.42 0.08 -0.43 0.09
Heat flux 0.10 0.51 0.11 0.51
TTI —-0.35 -0.34 -0.43 -0.26
PHRR 0.43 -0.06 0.40 —-0.19
Mean HRR 0.41 0.00 0.44 —-0.21
AEHC 0.40 -0.12 0.41 -0.04
MLR -0.09 0.39 0.08 0.05
Peak MLR 0.13 0.45 0.13 0.41
THR—burning period 0.37 —-0.09 0.10 0.60
THR - entire period 0.10 -0.49 -0.27 0.22

this study (P. abies and A. alba) have specific crown profile with basal branches
almost touching the ground. This feature makes them especially susceptible to
catching fire from approaching surface fire front. With elevated distance between
the canopy base and the ground (higher values of CBH), the chances of crowning
are lower [69, 70].This has one additional, very important consequence. In the
cases where CBH 1is high transition from surface to crown fire usually undergo
through vertical pathway (ladder or bridge fuel) with convection as dominant heat
transfer mechanism [27, 30, 71]. On the contrary, for species with very low CBH,
where the foliage tissue is directly exposed to flame in close proximity, dominant
mechanism of heat transfer is radiation. This was illustratively shown in [72-74].
These findings give reasonable justification to perform the experiments with
instruments providing constant, predefined radiant HF levels. During the wildland
fires radiant heat fluxes are in the range of 50-250 kW/m? with the upper values
for fully developed crown fires (not analyzed in this manuscript) [75-77]. In this
study experiments were performed with mass loss calorimeter, previously cali-
brated to three predefined heat fluxes levels: 50, 60 and 70 kW/m?. To the best of
our knowledge most of the studies in literature were performed with fluxes of
50 kW/m? or lower [54, 6062, 78-82], with only few exception [53].

At the beginning of each experiment, in the pre-ignition phase, after exposing
the samples to heat flux, volatile compounds are separated, resulting in the forma-
tion of a flammable mixture. By applying the pilot igniter and after reaching the
lower flammability limit, the samples are ignited, whereby the flame engulfs the
entire surface of the samples. The structure of the sample holder allows a constant
flow of oxygen into the combustion zone, which mixes with the pyrolysis gases.
The delay period for volatiles to reach the ignition temperature prolongs the TTI
of the samples. In addition, the water vapor generated obviously dilutes the con-
centrations of volatiles in the combustion zone and thus delays TTI [83]. Our
experiments revealed, as was expected, that increase of HF level decreases the
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TTI. Observation was the same for both species. Fresh P. abies samples
(FMCjs0,) had lower TTI when compared with 4. alba samples with the same
moisture level except for the HF level of 70 kW/m?. This difference was probably
driven by the discrepancy in terpenes levels between the species. Terpenes are
chemical compounds well known to be associated with flammability due to their
relatively low flash point, low flammability limits and high gross calorific value
[84-86]. In [87] authors showed the higher content of certain monoterpenes (espe-
cially o and B-pinene in control group) in P. abies in comparison to A. alba what
directly supports our supposition. However, this trend was not observed for lower
FMC levels. Possible explanation for these conflicting results may be that during
the drying procedure (samples preparation phase) part of the high volatile terpe-
nes evaporated uncontrollably and unevenly from the samples of both species.
Hence, presented results, for lower FMC, should be interpreted with precaution.
In real, terrain conditions there is seasonal pattern in FMC level which indirectly
affects the content of terpenes in foliage. This phenomenon has been already stud-
ied and proved in Canadian and US forests (i.e., “spring dip” effect) [69].

We observed strong positive correlation between TTI and FMC for all HF
levels. Similarly, McAllister et al. [77] showed connection between FMC and TTI.
However, authors concluded that moisture content only explains 74-80% of the
variability of the ignition time of live fuels and that the is dictated by the chem-
istry of fuel. This is in contrary to findings by [40] who identified only a weak
effect of FMC on the ignition of canopy fuels by a surface fire in the range of 80
to 160 percent.

At the moment of ignition, the flame spreads over the sample, which increases
the HRR, reaching PHRR, and then decreasing together with the sample mass
during the smoldering stage. As expected, as the moisture content level in the
samples decreases, it takes less time to reach PHRR. Trend of decreasing of
PHRR with increased FMC values was clearly observed. The same held true for
both tested tree species and for all three HF levels. This was expected as content
of dry mass decreased with higher moisture contents.

FMC has a direct impact on the HRR and ignition time for both conifer spe-
cies. As moisture content increases, the PHRR values have a negative correlation
pattern. The results demonstrated in [88], showed that TTI for HF at 50 kW/m?
was significantly lower for live Pinaceae species, compared to our results. Con-
trary to the findings of [88] we find a significant difference between TTI for fresh
and dry groups of experimental units, for both conifer species.

In contrast to what we anticipated both conifer species for the dry group of
experimental units had PHRR values that were significantly lower for HF at
70 kW/m? compared to other HFs. Another factor that additionally contributed
to the PHRR value for HF at 70 kW/m? was the moment of pilot igniter posi-
tioning in the gasification zone (just above the sample), whereby the pre-ignition
stage and the combustion stage may occur almost simultancously at higher heat
fluxes, which necessarily influences the results. Moreover, with a shorter transition
period from the combustion stage to the smoldering stage, the obtained PHRR
values became lower.
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A study by Madrigal et al. [89] which was performed under the similar experi-
mental conditions, obtained PHRR results were broadly in line with our findings,
for both conifer species (PHRR, ,;,=184£5 kW/mz; PHRRp ;0 = 120 £
10 kW/m?). However, results obtained by Madrigal et al. [88] for PHRR for Pina-
ceae species were significantly higher compared to our results for HF at 50, 60
and 70 kW/m?, for both conifer species. The observed differences can be explained
in the initial sample mass. Since the mass of our experimental units differs among
different moisture contents, i.e., with a decrease in moisture, the mass also decrea-
ses, which can be expected with lower PHRR values. Similar observation was
reached by the authors in [90]. The authors highlights the significance of consider-
ing not only the mass of foliage but also the size and structure of the samples,
which are influenced by the characteristics of the species. However, regarding the
effects of sample mass on the PHRR value, authors in [79] suggests considering
whether the species behave as thermally thin, or thermally thick materials. More-
over, results in [91] show that the PHRR value is affected by the bulk density.
The authors state that the peaks are wider with higher bulk density and vice
versa, which leads that the burning process being more sustainable and longer
[91]. In our case, the HRR curve has a sharp edge at the moment after the PHRR
value is reached, which leads to the conclusion that our samples correspond to a
smaller bulk density than the previous article. Furthermore, considering the
PHRR values for dry groups of experimental units for both conifer species, the
results are not in accordance with the analyzed Pinaceae species in [82, 88].
Obtained PHRR results in this manuscript are significantly lower compared to
previous studies, except for dead fuel Pinus pinea, which is consistent with 4. alba
for HF at 60 kW/m?>.

It is found that, in addition to heat flux, the remaining sample mass participat-
ing in combustion affects the PHRR value. With fresh samples, most of the water
evaporates as early as the pre-ignition stage, which leads that the remaining sam-
ple mass during combustion is the smallest in fresh samples. After the pre-ignition
and the combustion stages, when 80-90% of the sample mass has burned out, in
the smoldering stage the remaining carbon burns out, whereby the MLR is signifi-
cantly lower. The results of the numerical simulation in [92] indicate that the
moisture content affects the pyrolysis process, as well as the ignition and combus-
tion of the solid fuel in the gas phase. Observed results in present paper demon-
strate that evaporation and pyrolysis occur at different times. Results
demonstrated in [93], indicate that the mass of burnt fuel, bulk density and mois-
ture content are important factors in fire spread through fuels with moisture con-
tent above 40%.

Samples exposed to heat radiation begin to decompose thermally and volatiles
gradually begins to separate until they reach a specific MLR necessary for igni-
tion. The MLR (or burning rate) increases until the PHRR is reached, which fol-
lows sample ignition, and then decreases during the smoldering phase. Authors in
[91] observed that the Peak MLR values increase linearly with a decrease in bulk
density. In our research, the Peak MLR values for dry group of experimental
units, show statistical significance among all HF levels, and these results go
beyond the values reported in [91].
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One concern about our findings is that we did not take into account the
remaining moisture content in the samples when evaluating the sample mass
involved in combustion after the ignition. This does seem to depend on the
remaining amount of moisture in samples which can be between 30 and 60% after
ignition occurs. The ignition occurs at the top of the samples, where the evapora-
tion of moisture first occurs from the surface, while the remaining amount of
moisture is inside the samples [94].

Primarily mass loss occurs due to moisture release after exposing the samples to
heater radiation. Regarding the average MLR values, samples with higher mois-
ture content (FMCi;s,, and FMCyy,) are in good accordance with findings
reported in [94] for groups of non-broadleaf species (Douglas fir, White fir).
Authors in [94] found higher MLR values for non-broadleaf species than most
broadleaf species, due to the higher surface-to-volume ratio, which can be consid-
ered as another factor that influences the MLR values.

Our results show no significant correlations between FMC levels and Average
MLR values, as well as TTI and Average MLR values. Similar patterns have been
identified for conifer species such as Lodgepole pine regarding the relationship
between moisture content and MLR, as well as ignition time and MLR, where no
statistical significance was observed. This is not the case for Douglas-fir where sta-
tistical significance was found between moisture content and MLR [95].

Both conifer species showed statistical significance for AEHC values for fixed
HF values and different FMC levels. At different HF values, with a decrease in
the moisture content in the samples, there is an increase in the AEHC value.
Overall these findings are in accordance with findings reported by [96]. By com-
paring the results from [88], the AEHC values for species with low moisture con-
tent are similar to values obtained for dry groups of experimental units regarding
A. alba (13.05-13.40 MJ/kg) and P. abies (10.30-13.66 MJ/kg). Additionally, our
results report significantly lower AEHC values for groups with higher moisture
content (5.15-6.91 MJ/kg for A4. alba; 6.16-10.60 MJ/kg for P. abies) compared to
live fuels in [88]. This can be explained that other factors such as local heat bal-
ance, fuel particle size and fuel porosity also contribute to AEHC results, besides
moisture content [97]. Despite this, the AEHC results for P. abies with higher
FMC level (FMC;s0,) were similar to AEHC values reported in [89]. Addition-
ally, the difference in our results between samples with higher moisture content
(fresh samples) and dry samples ties well with findings for the group of forest
fuels reported in [79], as well for dry groups of experimental units with results
reported in [81]. Regarding the THR values, both conifer species were not consis-
tent with findings in [82]. Our results report significantly lower values for all
experimental treatments compared to studies in [81, 82]. The probable explanation
for these findings is that there was not enough remaining sample mass after igni-
tion to contribute to the combustion process. The significant factors for achieving
higher THR values, as well as PHRR, include the initial sample mass and mois-
ture content [98].
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5. Conclusion

In the present study flammability characteristics of terminal parts of two common
coniferous species (4. alba and P. abies) were experimentally determined, depend-
ing on changes in moisture content at incident heat fluxes of 50, 60, and 70 kW/
m”. The research was conducted using an adapted mass loss calorimeter configu-
ration, whereby the examined samples were placed on a porous rectangular sam-
ple holder, representing the real, in field conditions. Additionally, as opposed to
the conventional approach where just the foliage alone is tested, in our study
flammability properties of the whole terminal parts of basal branches were deter-
mined yielding more reliable results.

For both species, the dependence between the level of moisture content and the
value of the incident heat flux was determined. As the heat flux increases and the
moisture content of the fuel decreases, the ignition time decreases. Due to the por-
ous surface of the sample holder, the flow of fresh air in the combustion zone is
increased, cooling and dissolving evolved volatiles, which consequently affects the
delay in the ignition of the samples (higher TTI). Obtained values are higher than
reported in the literature for flammability testing of coniferous foliage alone, indi-
cating that experiments with conventional, non or slightly perforated, and aerated,
sample holders could provide misleading results. The dependence of the level of
moisture content and heat flux on mass loss rate (MLR) has not been detected.
Upon the samples ignition, and reaching the PHRR, the rate of mass loss
increased. A trend of increasing PHRR values with decreasing moisture content
and heat flux was also observed. Depending on the moisture content and incident
heat flux, the duration of the combustion phase varied. We didn’t notice an
increase in PHRR values with elevated incident heat fluxes > 60 kW/m? which can
be attributed to the small mass of samples. AEHC indeed correlated with FMC
and incident heat flux, however, this correlation weakened with elevated heat
fluxes. With high incident heat flux (70 kW/m?) the process of thermal decomposi-
tion and extraction of volatiles happened very quickly (almost instantaneously). In
some cases, devolatilization was so quick that flaming combustion even didn’t
occur. This certainly affected obtained values of flammability parameters: TTI,
HRR, PHRR, AEHC and THR.

Variables such as chemical composition, fats, resins, waxes, and terpenes also
significantly affect the flammability of forest vegetation. However, these factors
were not determined in this research. To overcome these limitations, future work
will incorporate chemical analysis into the research plan. This additional analysis,
building upon previous studies [99-102], will investigate the synergistic effects of
fuel moisture content (FMC) and the chemical composition of forest fuels. The
objective will be to determine the individual contributions of these factors to
flammability and gain a deeper understanding of their combined influence. Addi-
tionally, further work will be also directed towards the improvement of the pre-
sent flammability testing installation to even more realistically simulate real
wildland fires events at bench scale.
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Appendix

Scatter Plots for Illustrating the Interrelationship Between Flammability
Parameters Across Different Heat Flux and FMC Levels

See Figures 9 and 10.
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Figure 9. Scatter plots of the measured flammability parameters
among the HF and FMC levels for A. alba, using the Spearman
correlation.
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Figure 10. Scatier plots of the measured flammability parameters
among the HF and FMC levels for P. abies, using the Spearman
correlation.
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