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ABSTRACT

Wooden structures are vital to global cultural heritage. Recent fires have caused irreversible losses.
Vertical upward flame propagation characteristics of pine wood with varying grain directions
under artificial accelerated weathering cycles were examined. Material properties, combustion
phenomena, flame height, wall heat flux density and propagation rate were studied. A pine
weathering vertical wall flame propagation model was developed via dimensionless analysis.
Results showed non-monotonic changes in wall temperature and heat flux with weathering cycles.
Flame temperatures for grain-aligned pine exhibited secondary peaks. Flame height oscillated
periodically due to entrainment. After 35 cycles, flame height reached 700-900 mm, peak heat flux
was 30 kW/m?, and the time to ignition (TTI) decreased by 68% after initial cycles. Increased
weathering caused long-term low-frequency flame height jitters with smaller secondary peaks.
Critically, a new weathering coefficient model for flame prediction was established, and the
bimodal temperature phenomenon in vertical-grain pine was confirmed, advancing heritage
building fire safety. Pine grain direction significantly impacted flame height, while propagation
rate demonstrated complex dependencies on weathering cycles, wall heat flux, and flame height.
These insights optimize ancient building fire protection strategies.
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HIGHLIGHTS

® A novel vertical flame spread model integrates weathering cycles and wood grain in pine
combustion dynamics.

® Flame height exhibits dual-peak oscillations linked to weathering-induced volatile release and
air entrainment effects.

® Vertical-grain pine yields larger carbonization zones, while horizontal-grain accelerates hor-
izontal flame propagation.

® The weathering coefficient quantifies flame spread dependencies on heat flux, cycle duration,
and anisotropic shrinkage.

® Experimental validation confirms non-monotonic heat flux trends and flame jitter in weathered
pine walls.

1. Introduction 2018), France (Mackie and Sim 2019), the United

As a carrier of civilization, historical buildings have
important cultural, scientific, and aesthetic values and
carry the historical memory and artistic achievements
of human society (Zhou, Jiang, et al. 2024). However,
their unique wooden structure characteristics, the current
situation of long-term exposure to the outdoor environ-
ment, and complex building structures and ventilation
conditions make them face severe fire risks, which pose
a major challenge to cultural relic protection (Krénitz
et al. 2016a; Yi et al. 2024). In recent years, historical
building fires have occurred in Brazil (S4, S4, and Lima

Kingdom, Japan, and other places, causing irreversible
losses. Long-term weathering significantly deteriorates
wood, accelerating flame spread and making fires harder
to control, resulting in irreversible damage to cultural
relics and heritage (Zhou et al. 2019). The spread of
flame on the surface of wood is complex (Popescu and
Pfriem 2020; Xu et al. 2024). Compared with fresh wood,
weathered wood may be more dangerous in terms of fire
safety (Song et al. 2022; Xu et al. 2020). Weathering-
induced porosity increase and cellulose degradation ele-
vate fire risks through enhanced volatile release (Di Blasi
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2008; Srinivas and Pandey 2012). Despite extensive
research on the fire behavior of continuous wood, there
is still no thorough understanding of vertical wall flame
spread in weathered wood.

Numerous studies have sought to model the
dynamics of vertical flame spread. Most existing fire
plume theories are rooted in an axisymmetric frame-
work, concentrating on factors influencing flame height
and its dimensionless characterization (Delichatsios
1993; Heskestad 1998; Heskestad 2016), fire plume the-
oretical model construction (Morton, Taylor, and
Turner 1956; Rouse, Yih, and Humphreys 1952;
Schmidt 1941), the flame spread models for hot thick
solids (Atreya, Carpentier, and Harkleroad 1986;
Hasemi 1984; Heskestad 1999) and binary contrast of
fresh and weathered wood (Hartikainen et al. 2018).
Although some research has delved into the vertical
flame spread of weathered wood, the effects of wood
grain orientation and weathering cycles remain under-
studied (Hu et al. 2024). Furthermore, prevailing inves-
tigations predominantly examine traditional wood
samples, neglecting the critical effects of weathering.
While prior work has advanced understanding of hor-
izontal flame spread under the influence of environ-
mental factors (Chen et al. 2023), material thickness
(Ma et al. 2021) and density (Zhou, Zhou, et al. 2024),
research on vertical flame spread of weathered wood
remains a critical gap. Given the significant losses of
historic buildings to fire, investigating the effect of
weathering degree on vertical flame spread of wood
would bridge this gap, providing essential insights into
fire dynamics of weathered wooden structures and
improving fire risk assessment in practical engineering.

To further elucidate the influence of weathering pro-
cesses on vertical flame spread behavior, this study
conducts a series of tests to systematically examine the
mass loss, dimensional shrinkage, wall heat flux density,
flame height, charred area and flame spread rate of pine
wood samples in both fresh and weathered states. By
controlling weathering cycles to quantify the patterns of
wood weathering and integrating these findings with
microstructural characterization, the theoretical model
is refined. This work examines variations in wall heat
flux density related to sample texture and weathering
cycles, proposing an explanation for how weathering
influences vertical flame spread over pine wood.

2. Materials and methods
2.1. Materials

Material selection in traditional Chinese timber archi-
tecture prioritizes the use of locally available materials.

Coniferous species from the Pinaceae family, particu-
larly Pinus sylvestris var. mongolica, have become pre-
dominant construction materials in northern and
northwestern China, specifically in Shanxi, Hebei, and
Inner Mongolia. These species offer an optimal balance
between mechanical performance and economic viabi-
lity, serving primarily in non-critical structural compo-
nents. With the decline in availability of high-quality
hardwoods, fast-growing pine species have gained pro-
minence in heritage conservation due to their sustain-
able supply chain. This operational significance
informed our experimental selection of pine specimens
for accelerated weathering analysis, as illustrated in
Figure 1.

Before the accelerated weathering experiments, all
specimens were equilibrated in a climate-controlled
chamber at 23 + 2°C and 50 + 5% relative humidity for
60 hr. Baseline measurements of dimensions and mass
were systematically recorded after material properties
stabilized, defined as <0.1% variation in mass over three
consecutive hourly measurements.

2.2. Accelerated weathering test methods

Accelerated weathering protocols were designed to
simulate multi-factor degradation processes in his-
torical timber structures. Pine samples were treated
with water spraying, UV exposure and alternating
high and low temperatures to assess the impacts of
humidity, temperature and UV exposure. The weath-
ering process is shown in Figure 2, with each cycle
comprising 4 hr of water spraying, 4 hr of UV
exposure, 4 hr of drying at 60°C and 4 hr of low-
temperature exposure at —20°C, totalling 12 hr per
cycle. The number of cycles executed includes 0, 7,
14, 21, 28, 35, 42 and 49.

During the water spraying phase, purified water is
uniformly applied to the surface of the samples using
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Figure 1. Fresh pine samples. (a) vertical grain (b) horizontal
grain.
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Figure 2. The illustration of the weathering process configuration.

a nozzle, with the positions of the samples rotated in
each cycle to ensure consistent water exposure.
Ambient temperature is maintained between 16°C
and 25°C, with relative humidity set at >70%. In the
UV exposure and drying stages, the irradiation inten-
sity is calibrated to 1.55 W/(m® -nm), with
a blackboard temperature of 60°C and relative
humidity controlled between 45% and 70%. Before
conducting the flame spread test, the pine samples
were conditioned in a constant temperature and
humidity environment for 96 hr, achieving
a moisture content of approximately 20.0+0.5%
(Zhou et al. 2022).

2.3. Visual and microscopic evaluation

Surface changes were analyzed utilizing a 1100x magni-
fication cold-field emission high-resolution scanning
electron microscope (HITACHI FESEM SUS8100,
Hitachi High-Technologies, Japan).

Dimensional measurements of pine specimens,
including length (L), width (W) and thickness (R) of
both the front and back surfaces, were recorded pre- and
post-accelerated ~ weathering  using  calipers.
Measurements were taken twice at each extremity and
along the centerline, and averaged to an accuracy of
0.1 mm. The shrinkage (Ad) was employed to quantify
the dimensional changes experienced by the pine as
a result of the accelerated weathering process.

d—d
do

Ad x 100%

(1)

where d, is the initial size and d is the size after accel-
erated weathering. If the sample is warped, the distance
between the ends is still measured, and the bending
length is not measured.

2.4. Cone calorimeter analysis

Pine samples were subjected to combustion testing
using the FTT iCone2+ cone calorimeter (Fire Testing
Technology Ltd.), following ISO 5660 standards, apply-
ing a thermal radiation flux of 50 kW/m?. Each sample
measured 100 x 100 x 20 mm and was left undisturbed
for 50 hr, wrapped in tin foil with the upper surface
exposed.

The cone calorimeter generates a controlled fire
environment by delivering a constant external heat
flux. Time to ignition (TTI) is recorded when the sur-
face temperature of the pine reaches its critical ignition
threshold. Under ideal conditions, disregarding convec-
tion and radiation losses and modelling the sample as
a one-dimensional semi-infinite solid, TTI can be
expressed as follows:

=t ke
4 (qut - qlc/rit)

where k; is the thermal conductivity of pine, W/(m-K);
p, is the density of pine, kg/m’; ¢, is the specific heat
capacity of pine, J/(kg-K); gex” is the applied external
heat flux, kW/m? q.,;;” is the critical heat flux of pine
wood, kW/m>. According to the heat balance theory,
when the heat absorbed by the surface of pine wood is
sufficient to raise the temperature to the critical value,

2)
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ignition occurs. At this time, the ignition temperature
can be derived through the heat conduction theory:

4TTI
Tig =Tw + q;'xq/m

where T, is initial ambient temperature, K.

3)

2.5. Experimental setup

After each accelerated weathering cycle, ignition and
flame propagation test samples were prepared, measur-
ing 284 x 284 x 20 mm (L x T x R). n-heptane was uti-
lized to create flame exposure. Following the research
methods of Hasemi, a bespoke vertical flame propaga-
tion experimental platform was constructed, as illu-
strated in Figure 3 (Hasemi 1984). This platform
comprises an embedded wall body measurement device,
an ignition mechanism, and a supporting structure,
effectively simulating ignition and fire conditions on
building facades. The experiments were conducted
under ambient temperature and pressure conditions,
with each trial repeated in triplicate. The entire experi-
mental procedure was recorded using a digital camcor-
der. Flame spread data were subsequently extracted
through systematic video analysis.

Before the experiment, the specimen was conditioned at
10°C and 35% relative humidity for 48 hr. During testing,
high-temperature resistant aluminum foil was employed to
encase the five sides of the specimen, leaving only the front
side exposed, ensuring that flames were generated and
spread exclusively on this surface. The vertical wall

Heat flux sensor }*
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Figure 3. Experimental setup.
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temperature and heat flux were continuously monitored
by K-type thermocouples and heat flux sensors until the
surface of the pine sample was fully consumed or extin-
guished. Subsequently, the camera was turned off. K-type
thermocouples (accuracy +1.5°C) were calibrated using
ice-water (0°C) and boiling water (100°C) benchmarks
before each test, following ASTM E230-25.

3. Physical observation
3.1. Combustion phenomenon

Burning duration for pine is detailed in Table 1 and
Figure 4, defined as the interval between ignition onset
and complete fuel consumption. Vertical flame propa-
gation exhibited four stages: (I) ignition initiation, (II)
pyrolysis front progression, (III) steady combustion and
(IV) flame recession. Each stage showed distinct flame-
height profiles and combustion characteristics. Thermal
degradation initiated at the pine base, releasing combus-
tible volatiles. Vertical propagation accelerated after
surface char layer formation, progressing preferentially
along axial tracheids. This created an extended preheat-
ing zone, with flame fronts maintaining acute angles to
the surface; oxygen diffusion along fibers sustained sta-
bilized premixed combustion (Quintiere, Margaret, and
Hasemi 1986). Stage III culminated in clustered com-
bustion patterns, with simultaneous base charring and
flame-height reduction. Weathering-induced structural
modifications (e.g., tracheid collapse from volatile trans-
port obstruction) promoted intermittent flame stratifi-
cation and buoyancy-driven convective reignition.
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Table 1. The description of flame spread time for different grains of wood in each weathering cycles.

Test

No. Weathering or not Woodgrain Weathering cycles  TTI (s)  Development stage time (s)  Continuous burning time (s)  CAR (%)
1 NO Vertical 0 78 17 117 729
2 YES Vertical 7 191 16 84 61.0
3 YES Vertical 14 121 14 83 90.3
4 YES Vertical 21 185 14 80 71.8
5 YES Vertical 28 176 11 98 80.8
6 YES Vertical 35 56 33 154 89.3
7 YES Vertical 42 35 10 153 924
8 YES Vertical 49 140 10 119 93.1
9 NO Horizontal 0 59 20 226 92.7
10 YES Horizontal 7 168 15 71 66.9
1 YES Horizontal 14 45 16 138 77.1
12 YES Horizontal 21 160 14 179 69.1
13 YES Horizontal 28 39 20 147 63.4
14 YES Horizontal 35 57 25 167 57.5
15 YES Horizontal 42 35 10 153 72.6
16 YES Horizontal 49 60 9 95 70.2

Figure 4. Typical transient flame images under different weathering cycles and grain (V or H) conditions. (a) vertical grain pine with
fresh and weathering for 14, 28 and 49 cycles (b) horizontal grain pine with fresh and weathering for 7, 21 and 49 cycles.

Horizontal combustion showed increased flame spa-
cing, reduced fusion, and gaps between the flame base
and surface. Restricted lateral heat transfer and oxygen
diffusion resistance prolonged oxidizer paths, yielding
incomplete premixing and dispersed flames with
enhanced particulate emission (Zhou et al. 2021).
Vertically grained pine showed nonlinear TTI depen-
dence on weathering severity. It increased by 1.5 times
due to fiber shrinkage and microcrack heat dissipation.
During the middle and late stages, reduced ignition

thresholds from crack propagation and hemicellulose
depolymerization shortened TTI, followed by a resur-
gence in ignition delay driven by porous structural heat
dispersion (Wang et al. 2024). Vertical flame kinetics
correlated with char layer evolution, initial acceleration
via axial thermal conductivity enhancement, mid-
weathering suppression from char densification and late
reactivation via pyrolysis front destabilization. Sustained
combustion duration decreased by 43.9% early due to
char compaction, rebounded mid-late via chain-reaction
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volatile release, then declined terminally from structural
failure. Horizontally grained weathered pines showed
a 1.9 times TTI increase early, stabilizing at approxi-
mately 50-s mid-late due to porosity. The pyrolysis
front progression stabilized at 30 s, reflecting heat loss—
inertia balance. It is worth noting that flame height and
spread rate were averaged over time during periods of
stable flame propagation.

3.2. Carbonized area changes with weathering
cycles

Wood grain and weathering affect pyrolysis and com-
bustion. Comparing area ratio (CAR), defined as resi-
dual carbonized material proportional to the initial
exposed area, showed grain-dependent responses.
Table 1 presents the surface carbonization results for
vertical and horizontal grain pine after 0 to 49 weath-
ering cycles in the vertical flame experiment.
Comparative analysis indicated 20% CAR elevation
in vertically grained pine versus fresh wood after 28
weathering cycles, contrasting with 68.17% average
CAR reduction in weathered horizontal-grain speci-
mens. Early weathering (cycles 0-28) CAR variability
correlated with compositional shifts, and hemicellulose
degradation amplified cellulose-lignin dominance.
Subsequent combustion efficiency improved through
diminished volatile emission, stabilizing CAR values
exceeding fresh controls by 20%. Stable char-layer
retention yielded shallow combustion zones with gray-
ish-white ash. Horizontal grains showed structural
degradation, increasing convective heat losses and dis-
rupting flame-oxygen mixing and reducing surface car-
bonization. Grain-aligned combustion intensified
kinetics, and transverse combustion faced cellular resis-
tance. Progressive cycles accentuated CAR divergence,
highlighting grain-dependent flame regulation.

3.3. Wall temperature changes with weathering
cycles

Temperature characterizes material combustion and
flame propagation, capturing weathering and grain
effects. Figure 5 shows the temporal evolution of term-
inal pine temperature across weathering cycles, from
n-heptane ignition to fuel burnout.

Fresh vertical-grain pine peaked at 185.82°C. With
7 to 14 cycles, the temperature peak magnitude and
concentration increased and the heating rate accel-
erated as hemicellulose decomposition released vola-
tiles. Cycles 21 to 28 reduced peak temperature
below fresh pine due to hemicellulose degradation,
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Figure 5. Terminal temperature of pine fuel with time in differ-
ent weathering cycles. (a) vertical grain pine (b) horizontal grain
pine.

limiting volatile release and shortening flame dura-
tion. As weathering progresses, peak temperatures
can reach 300°C, with extended durations above
250°C and an earlier 150°C secondary peak, indicat-
ing pine structural weakening.

Horizontal-grain pine showed prolonged combus-
tion but reduced peak temperature. The peak tem-
perature in horizontal grain pine occurs later, and
a secondary peak emerges after a prolonged interval.
This behavior is attributed to the horizontal pores,
which facilitate heat conduction but simultaneously
enhance convective heat dissipation, leading to
reduced peak temperatures and moderated flame
spread, thus causing fluctuations in temperature.
Flame spread primarily horizontally, causing local
reignition post-vertical cessation.



4. Results and discussion
4.1. Material properties

4.1.1. Dimensional shrinkage

Wood hygroscopicity is linked to dimensional stability.
Weathering reduces moisture absorption, impairing per-
formance. Humidity and temperature fluctuations cause
rapid pine expansion and contraction. During acceler-
ated weathering, pine exhibited anisotropic expansion
and longitudinal changes were minimal, below 0.4%,
indicating microfibril alignment stabilizing dimensions.
Abnormal contraction at 21 cycles may stem from cellu-
lose chain contraction at high temperatures.

The observation was carried out at an acceleration
voltage of 3 kV with a magnification of 1,100 times, and
the working distance was 15.8-16.0 mm. Perpendicular
to the grain, expansion escalates incrementally, high-
lighting the material’s sensitivity to wet-heat cycles.
The average expansion rate over 7 to 49 cycles is
2.14%, driven by ultraviolet-induced lignin degradation
and hemicellulose hydrolysis prompted by wet-heat
cycles (Kropat, Hubbe, and Laleicke 2020). Early weath-
ering (7 to 21 cycles) showed pronounced dimensional
fluctuations from lignin photooxidation. As Figure 6
shows, photodegradation primarily affected the pine
surface, with intercellular layers exhibiting higher lignin
concentrations than the cell walls. Later stages (28 to 49
cycles) showed dimension stabilization from hemicellu-
lose hydrolysis (Hon and Feist 1986; Tolvaj and Faix
1995). Heat treatment exacerbated dimensional
changes, alternating cold-heat cycles degraded hemicel-
lulose sugar branches into low-molecular-weight solu-
ble substances, reducing moisture-absorbing groups.
High-crystallinity cellulose and condensed lignin
diminished ductility.

A two-way anomaly after 49 cycles showed a 45%
vertical grain width increase and a 4.8% horizontal grain

smoath surfaco
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thickness decrease, correlating with cellulose crystalline
region reconstruction and microcrack shrinkage
(Obataya 2012), causing irreversible cell cavity collapse.
Figures 7 and 8 demonstrate that during the initial four
weathering cycles, wood primarily absorbed moisture
and expanded, with the horizontal grain length differ-
ence reaching 1.525 mm. In contrast, the final three
cycles revealed morphological instability due to micro-
structural damage. As a result, the ratio of width to
thickness differences in the vertical grain of the pine
sample diminished from 5.12 at 7 cycles to 1.15 at 49
cycles, highlighting a significant weakening of its aniso-
tropic characteristics.

4.1.2. Mass loss

The mass change in pine during weathering depended
on water spray, high-temperature pyrolysis and UV
irradiation. Pyrolysis can be quantitatively assessed by
measuring the mass loss before and after heat treatment.
Following artificial accelerated weathering, the sample is
conditioned for over 50 hr at a relative humidity of 50 =
3% and a temperature of 23 +2°C to achieve equili-
brium. Once mass stabilization is confirmed, four mea-
surements are taken using a precision balance with 0.01
g accuracy, and the arithmetic mean is calculated. The
mass loss rate (MLR) is then determined using the
following method:

m — my

MLR = x 100% (4)

my
where my is the initial mass of the sample, and m is the
mass of the sample after accelerated weathering.

Figure 9 depicts mass and MLR changes. As a porous
material, wood contains free water within its cell cavities
and bound water in its cell walls (Kropat, Hubbe, and
Laleicke 2020), with mass alterations linked to moisture
absorption. In the initial three cycles, the MLR increased

Tracheid collapse

1]

Figure 6. SEM results of the experimental samples (false-colored). (a) fresh pine sample (b) accelerated weathering 49 cycles pine.
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Figure 8. Dimensional changes in pine with different accelerated weathering cycles.

from 7% to 10%, and higher initial mass samples
showed greater susceptibility. Early mass change is dri-
ven by heat treatment and humidity cycling. Cellulose
resisted hydrolysis but facilitated moisture penetration
through its expansive surface area. In contrast, hydro-
philic hemicellulose degraded under heat, humidity and
UV. Hemicellulose leaching inhibited moisture absorp-
tion (Herrera et al. 2018).

Later weathering stabilized the mass loss and MLR
between 10% and 13%. Mass changes are primarily
affected by water spraying scouring. UV radiation oxi-
dized lignin, depolymerizing it into aromatics and acids.
Hemicellulose leaching extracted inorganics, enhancing

porosity and pore diameter (Kranitz et al. 2016b).
Medullary ray cracks expanded from temperature-
humidity cycles, accelerating internal weathering and
surface delamination. These mechanisms caused char-
acteristic surface peeling and erosion (Zlahti¢ Zupanc
and Humar 2016).

4.2. Ignition of weathered pine

Under typical fire conditions, solid materials undergo
heating, resulting in the release of combustible gaseous
pyrolysis products. These gases diffuse through natural
convection and turbulence, filling the boundary layer
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Figure 9. Mass loss and MLR as a function of weathering cycles.

and mixing with ambient air. This process is accompa-
nied by a continuous increase in surface temperature
until it reaches a threshold that can sustain ignition. At
this point, the combustible material enters a state of
“thermal runaway,” triggering a chemical reaction that
leads to combustion. Consequently, the TTI for weath-
ered pine can be characterized as the cumulative dura-
tion necessary for: conduction heating to elevate the
solids to their pyrolysis temperature, the concentration
of combustible gases and oxygen to reach levels suffi-
cient to support a small, sustained fire and the ignition
of the flammable mixture to maintain combustion
(Gorbett and Kozhumal 2023).

In instances of piloted ignition, the timescales for
chemical reactions and fuel-air mixing are sufficiently
brief, allowing the TTI to be approximated by the dura-
tion required for heat transfer to elevate weathered pine
to its pyrolysis temperature. Table 2 illustrates
a consistent decrease in the TTI of weathered pine. The
T, for both fresh and weathered pine exhibited a non-
monotonic decreasing trend, initially decreasing by 68%
over the first three cycles, followed by a reduction to
approximately 23% of the fresh T, in the last four
cycles, culminating in a minimum TTT of 14 s after 35
cycles. The rapid decrease in TTI during the first 14
cycles is attributed to lignin decomposition, which
enhances the production of volatile compounds and
accelerates the pyrolysis rate. Conversely, between
cycles 14 and 35, variations in hygroscopicity and pore
structure reorganization contributed to oscillations in

Table 2. Sample TTI and Tj, for each weathering cycle.

TTI. The formation of a carbonized layer in the later
stages of weathering also impedes oxygen diffusion.

Moisture content emerged as a critical factor influen-
cing ignition performance; pine with high moisture
content requires prior evaporation of water, which
absorbs heat and prolongs the TTI. Furthermore, T;
exhibited a non-monotonic trend post-weathering,
initially increasing by 6.1% in the first three cycles
before decreasing in the last four to around 17.4% of
the fresh Ti,. As weathering progresses, moisture deple-
tion and the pyrolysis of hemicellulose in the initial
cycles lead to a reduction in volatile products. This
pyrolysis process shifts to higher temperatures for cel-
lulose and lignin, while hemicellulose undergoes nearly
complete degradation in subsequent cycles.
Consequently, the moisture adsorption capacity
diminishes, leading to a loosely packed microstructure
in the pine. Thus, the weathering coefficient of pine can
be formulated as:

Ad o Si
H_doxso
T Am

mo

(5)

where % is the size shrinkage ratio. d is the dimensional
shrinkage difference in the vertical grain after
weathering, cm. d, is the horizontal length of pine
before weathering, cm. The ratio of the two is
a dimensionless parameter that can directly reflect the
structural degradation, such as increased porosity and
reduced fiber crystallinity. 2" is the mass difference ratio.

Weathering cycles 0 7 14 21 28 35 42 49
T 66 60 21 24 17 14 17 15
Tig 405.6 4124 4243 430.4 363.5 3475 323.1 335.1
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Am is the mass loss value of pine after weathering, g. It is
a dimensionless parameter and is related to the dete-
rioration of pine hygroscopicity, chemical degradation,
or release of volatile components. % is the CAR. §; is the
surface carbonization area of a single-textured weath-
ered pine after combustion, cm®. S, is the initial surface
area of the sample, cm?. The ratio of the two changes
with grain factors and weathering cycles. i is the weath-
ering cycle number.

The three parameters delineate chemical changes,
physical deformation and mass loss characteristics,
addressing distinct dimensions of vertical and horizon-
tal grain pine during weathering and combustion. Given
their independent operation, reliance on any single
parameter does not suffice to capture the complexities
of chemical degradation, structural alterations, mass
loss and shifts in combustion mechanisms. Therefore,
integrating these parameters provides a comprehensive
quantification of the multifaceted effects of artificial
pine weathering. Given the varied numerical ranges of
the parameters, a simple additive approach fails to accu-
rately represent their interactions. Instead, a combina-
tion of ratio and product formats is employed. The size
shrinkage ratio effectively amplifies the influence of
chemical changes, while the mass difference ratio in
the denominator mitigates the effects of physical prop-
erty alterations caused by weathering. Furthermore, the
CAR accounts for both grain orientation and weath-
ering cycles, allowing the weathering coefficient to
encapsulate the superficial characteristics imparted by
artificial weathering and elucidate the variations in
combustion dynamics and flame spread behavior result-
ing from these processes. In contrast, (Hartikainen et al.
2018) focused solely on mass loss, while Hasemi
(Hasemi 1984) considered only heat flux boundary
layer thickness, limiting their ability to quantify weath-
ering-specific degradation.

4.3. Flame height

Flame height is a key parameter that reflects the char-
acteristics of flame spread, influenced by factors, such as
the fuel heat release rate, combustion radiation proper-
ties and fuel morphology. The flame is also subject to
disturbances from its environment and oscillations
induced by the coil suction effect, resulting in temporal
variations in flame height. This behavior often leads to
a gradual detachment from the main flame body, as
illustrated in Figure 4 (Cetegen and Ahmed 1993).
When flames propagate along grain surfaces, they typi-
cally reach a peak height of 700 to 800 mm with minimal
oscillation amplitude. Weathering of pine extends the

preheating zone and enhances the wall effect between
the flame plume and the surface, which mitigates oscil-
lation to some degree. Extended fuel heating elevates
ambient temperatures, altering the air boundary layer
and intensifying convective vortex effects. This can
cause the flame tip and main body to delaminate and
oscillate independently (Yan 2022).

In perpendicular grain propagation, the lateral
spread prolongs combustion duration, allowing flame
heights to peak between 700 mm and 900 mm. But
diminishes the flame plume’s influence on the pine sur-
face. As a result, the flame front may intermittently
detach from the wall, leading to heightened oscillation
amplitude. Remarkably, even during the bottom-
burning stage, once the flame reaches the top of the
wood surface, it continues to exhibit substantial height
fluctuations. In the later stages of combustion for weath-
ered pine, particularly around 100 to 120 seconds,
a sharp decline in flame height occurs, dropping below
200 mm. This decline is attributed to the cessation of
vertical flame spread on the pine surface, resulting in
a shift toward slower horizontal propagation. During
the later combustion stages of wood weathered for 35
and 42 cycles, a smaller peak in flame height is observed.
At 49 cycles, a gradual increase in flame height occurs
with low-frequency fluctuations. Weathering-induced
surface cracks give rise to multiple independent flame
units, leading to the formation of single or multi-cluster
flames in charred areas. These clusters compete for
oxygen, creating combustion instability and fluctuations
in flame height within a reduced range.

To further analyze the chemical processes within the
flame reaction zone, we employ a linear fire source wall
flame model. In this framework, we treat the chemical
reaction process as a stable energy source within the
energy equation, neglecting fuel diffusion and solid
pyrolysis effects:

o ov_
P ox Pay*

0 (6)
( 8u+ 811) B 0 ( 5‘u> 7
P\x oy _g(poo_p)+a_y “ay

9, 00\ _ 0 (00 0a"
pcp<uax+vay) =% <A8y>+ By +q (8)

where u and v are the velocities in the x and y directions
respectively, mm/s; g is the acceleration due to gravity,
taken as 9.80 m/s’; p__ is the environmental density, kg/
m’ ¢p is the specific heat capacity, kJ/(kg-K); 6 is the

excess temperature, 0 = T — T, K; ¢/ is the radiative



heat flux, kW/m? is the energy released by chemical
reaction, kW/m? .

Introduce the temperature field and velocity field to
solve the integral equation:

6 = 6,(x)G(n) ©)

u = uy(x)F(y) (10)

where 1 = &5, 6(x) is the boundary layer thickness;
U = upx2, 0 = g, 8 = Sox.

It is assumed that the reaction zone ceases to exist
once the fuel is fully consumed. The flame height is
primarily influenced by the fuel supply rate, oxygen
concentration and the entrainment rate of oxygen dri-
ven by buoyancy, which can be expressed as (Quintiere,
Margaret, and Hasemi 1986):

fé{ YOXﬁoC(—pv)y_)Ode = erm’ (11)

where H is the flame height, mm; Yo, is the mass
fraction of oxygen in the environment; ¢ is the mixing
coefficient, which depends on the flame fluid dynamics;
r is the stoichiometric oxygen to fuel mass ratio; ' is
the fuel supply rate. Following Liburdy and Faeth for the
high Reynolds number regime of a turbulent wall
plume, (—pv), ., = —p,,Cetém, C. is the entrainment
constant, u,, = au;, a is constant. According to the
energy conservation and reaction enthalpy change for-
mula (Liburdy and Faeth 1978):

., Q

rm =
AHox

(12)

where Q' is the energy release rate per unit wall width;
AHopy is the reaction heat generated per unit mass of
oxygen consumed, kJ/g.

According to Delichatsios and from Eq. (11) together
with Egs. (9), (10), (12) (Delichatsios 1984):

L)S (13)
CPTOOPOO\/E

Introduce the pine weathering coefficient to accurately
assess the potential impacts of weathering on pyrolysis
kinetics and flame stability. By quantifying this coefficient,
we can characterize the changes in flame height during

H= 4.65(
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vertical flame spread scenarios. Combined with the weath-
ering coefficient, the flame height can be expressed as:

Q )
_— 14
cPTOOpOO\/g (14)

It can be assumed that the physical properties of the fuel
are constant. Employing the properties shown in Table 3.

Figure 10 presents a comparative analysis of flame
heights in weathered pine across different cycles. While
the observed experimental values align with the theore-
tical model, which correlates the flame height with the
energy release rate per unit wall width, they exhibit
greater dispersion. In fluid turbulence, flame height
arises from the balance between fuel pyrolysis and oxy-
gen supply. Combustion energy is intrinsically linked to
air entrainment from the boundary layer, rendering
flame growth dependent on the intake of surrounding
air. The buoyancy of hot gases generates upward flows
that draw in fresh air through convection. By neglecting
internal turbulence fluctuations and assuming
a uniform distribution of radiative heat loss, with radia-
tive heat flux proportional to the energy release rate, we
can establish a linear relationship between flame height
H and the energy release rate Q. The slope of this
relationship reflects changes in the thermal properties
of pine. With weathering coefficient adjustments,
weathered pines demonstrate increased flame heights
at equivalent energy release rates.

For vertical grain pine, the weathering coefficient
rises quickly before stabilizing as the carbonized area
and surface color difference increase. In contrast, hor-
izontal grain pine exhibits gradual fluctuations in the
carbonized area, resulting in a decline in the weathering
coefficient. Consequently, during the middle and late
stages of weathering, the weathering coefficient for
transverse pine ranges from 50% to 61% of that for
vertical grain pine. According to the experimental data
presented in Figure 10, the flame height of weathered
vertical grain pine is primarily concentrated in the
region where Q' > 10, peaking at Q' =11. In this case,
the flame height typically exceeds 100 mm. This can be
attributed to flame propagation aligned with the fiber
direction, which enhances thermal conductivity, accel-
erates the release of volatile components, and facilitates

H = 4.65I1 <

Table 3. Physical properties are used as the input for fire characteristics prediction.

Parameter Quantity Source

Yox,00 Mass fraction of oxygen in the environment 23.22% /

AHoyx Reaction heat generated per unit mass of oxygen consumed 13kl/g /

€ Mixing coefficient 6.6 (Hasemi 1984)

Pr Prandtl number 0.7 (Liburdy and Faeth 1978)
@ Friction coefficient 0.015 (Liburdy and Faeth 1978)
Ce Entrainment coefficient 0.0096 (Liburdy and Faeth 1978)
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Figure 10. Comparison of the predicted and experimental flame height. (a) vertical grain pine. (b) horizontal grain pine.

swift heat diffusion along the axial direction. As a result,
the flame maintains a relatively stable height while dis-
charging significant energy. Conversely, the flame
height of weathered horizontal grain pine falls within
the range of 10 < Q <20. Although the height value
distribution is broader here, it generally remains lower
than that of vertical grain pine.

Previous studies have explored the correlation
between flame height and energy release rate (Hasemi
1986; Tamanini 1977; Quintiere, Margaret and Hasemi
1986). The data shown in Figure 10 illustrates that the
correlation proposed in this study exhibits higher predic-
tion accuracy within the low energy release interval.

However, as the energy release rate increases, the growth
of flame height begins to slow and eventually stabilizes.
Comparing the experimental and theoretical flame
spread values for vertical and horizontal grain weathered
pine reveals that the flame height of vertical grain pine
increases rapidly in the medium and low energy regions,
closely matching theoretical predictions. In the high-
energy region, as the flame height reaches 120-130 mm,
it flattens in response to energy release, causing experi-
mental values to deviate from theoretical predictions. For
weathered horizontal-grain pine, except for fresh wood,
the experimental values align more closely with the linear
progression of theoretical values. Notably, the flame



height of the sample subjected to 49 cycles of weathering
is slightly lower than the theoretical value.

On one hand, the weathering process leads to pre-
mature decomposition of surface components in the
pine, reducing pyrolysis energy consumption, accelerat-
ing volatile matter release and enhancing the contribu-
tion of medium and low energy release rates to flame
height, resulting in an approximately linear relationship.
However, once a char layer forms, heat transfer through
the pine is hindered, reducing pyrolysis efficiency and
limiting flame height due to fuel energy availability. On
the other hand, in the initial stage of combustion, weak
air entrainment at low energy release rates, driven by
buoyancy, results in oxygen primarily sustaining the
combustion process, and the flame height increases
gradually. In the medium energy region, as combustion
reaches a relatively stable state, flame height exhibits
slight fluctuations due to the linear relationship with
energy release. However, in the high-energy region,
turbulent pulsations intensify, the frequency of vortex
shedding at the flame front increases, and oxygen mix-
ing efficiency decreases, ultimately limiting flame exten-
Consequently, the flame height exhibits
a nonlinear relationship in this high-energy zone. In
practical combustion processes, the linear relationship
between fuel supply rate and energy release rate pre-
dicted by theoretical models may not hold in certain
local areas. This is due to the formation and expansion
of the char layer and variations in volatile matter release
rates. Additionally, material anisotropy, as indicated by
the changes in pine grain, further amplifies the effects of
oxygen penetration and variations in thermal conduc-
tivity, contributing to discrepancies between theoretical
predictions and experimental results.

sion.

4.4. Heat flux to the wall surface

The combustion characteristics of wall flames differ
significantly from those of free flames, primarily due
to the presence of radiative heat flux on most sample
surfaces, which is a key factor influencing the combus-
tion rate. Given the intermittent nature of the flame, it is
hypothesized that radiation dominates the heat transfer
process. When the sample remains unignited, the bur-
ner heat flux is measured at 20 kW/m?. This study
analyzes the flame reaction zone using the idealized
linear fire source wall flame model developed by
Quintiere and assumes the flame has a relatively thin
optical thickness (Quintiere, Margaret, and Hasemi
1986). From the oxygen consumption rate, the energy
release rate can then be determined:
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where AH is the reaction heat per unit mass of fuel, kJ/g.

Following Tamanini’s wall flame model (Tamanini
1979), radiative heat flux g, is proportional to energy
release:

29, = gr =X, g q"dy (16)

To satisty the boundary conditions, the values of the
profile function are (Quintiere, Margaret, and Hasemi
1986, 1986):

F(n) =n(1—1n) (17)

G(n) =n(1—n)° (18)

when #=0, u =0=1; y=1, uzezg—gzo; and when

u near the wall, 1 power holds a:8—7§:0.650
7

7
and b = 55 = 0.148:
8o = 1.06C, (19)

1. .
90 99a0fC - (20)

©0.408aC, + abCy(Pr)

where 6;=Yoy %i_x'). From Egs.(15), (16), (17),
(9) and (10):

~0.306p,,, Yor 0o AHou X, g 80Xz
)

Q" 1)
While convective flux g, » follows Stanton number
relations (Liburdy and Faeth 1978), where C is the
friction coefficient, and St is the Stanton num-

ber, St = %Pr’éCf:
Qe = St(PocCotimBim) (22)
The total heat flux simplifies to Eq.(23):

C C 1
T =~ p o cpablound (23)
2Pr3

Twe = 2Pr3

Normalize x using frame height and introduce the
dimensionless term 8. Combining the weathering coef-
ficient IT, express gy, " as:

q.W” = qw.,r” + Qv\;,c"
<0-306Y0x,ooAHOxXru080 abCpr90> 1
= Pt + be

£ 2P
(24)
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Figure 11 shows the temporal variation of wall heat flux at
five distinct heights along the center line of the pine during
combustion. The data highlight a strong correlation
between wall heat flux and combustion stages across var-
ious weathering cycles. For fresh pine, flame spread is
predominantly driven by effective heat conduction along
the grain, which allows heat to permeate quickly through
the fibers and reach deeper areas, resulting in a relatively
low overall surface heat flux. In the initial weathering stage,
the degradation of fiber interactions and increased porosity
lead to a peak flame heat flux of 27.5 to 30 kW/m>. As
weathering advances to the intermediate stage, the oxida-
tion rate in the preheating zone rises. However, the expan-
sion of pore areas and enhanced convection trap heat
mainly at the lower surface of the pine, causing
a reduction in peak intensity. In later weathering stages,

Werboal grasn prs wall read s

et

the breakdown of conduction pathways within the wood
decreases heat loss through conduction, allowing the peak
heat flux to rise again, approaching 30 kW/m”. When the
pine is oriented perpendicular to the grain, the need for
lateral heat penetration through the fiber layer increases
resistance to heat conduction, resulting in a notable decline
in flame heat flux compared to samples aligned with the
grain. Analysis of heat flux at different heights reveals that
the flame height remains stable below 0.54 m.

The interplay between weathering factors and wood
grain influences the weathering process of pine, enhan-
cing the release of volatile matter and prompting
a transition from a diffusion flame to a premixed
flame. Conversely, when wood is oriented perpendicu-
lar to the grain, inadequate oxygen supply can lead to
localized accumulation of pyrolysis gas, resulting in
intermittent combustion and increased fluctuations in
heat flux. Pine aligned with the grain facilitates sus-
tained combustion and extended flame duration due to
a consistent and stable release of volatile matter, which
contributes to a higher peak heat flux. In contrast,

o
E
Herizowta] pren pee Wil Basl fi

Figure 11. Wall heat flux on pine wall surfaces with varying wood grain patterns over time. (a) vertical grain pine wall heat flux (b)

horizontal grain pine wall heat flux.



when positioned perpendicular to the grain, the com-
bustion process is hindered as the release of volatile
matter does not align with oxygen penetration. This
results in a staged pyrolysis characterized by pulsed
heat flux. Moreover, when a flame spreads vertically
on pine aligned with the grain, the resulting carbonized
layer is smooth and flat, enhancing heat emissivity and
increasing heat flux. For pine oriented perpendicular
to the grain, the flame alignment also positions itself
perpendicularly, increasing energy loss and requiring
additional heat to sustain combustion. Consequently,
the overall heat flux value is reduced and becomes
more stable.

Therefore, it can be found that in the flame reaction
zone, the dependence of f is weak. ¢,” increases in
proportion to (ﬁ); In conjunction with Figure 4, the
flame spread experiments reveal that as the vertical height
increases, the wall heat flux gradually decreases. The peak
heat flux measured ranges from 20 to 30 kW/m?, with
consistent heat flux levels observed in the combustion
area. Consequently, scaling both the distance x and the
flame height H to assess the wall heat flux distribution
demonstrates considerable universality. Figure 12 illus-
trates the normalized height and total heat flux distribu-
tion for vertically spreading flames in both vertically and
horizontally aligned weathered pine, with “EV” repre-
senting experimental values and “TV” indicating theore-
tical values. The observed discrepancies between these
values can be attributed to several factors. First, the
theoretical model does not account for the carbonization
kinetics of pine or the diffusion limitations of oxygen in
this porous medium. This oversight often results in
experimental values that are lower than the theoretical
predictions, particularly in regions of high wall heat flux.
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Second, the complexity of actual combustion involves
numerous interrelated factors, including pine pyrolysis,
chemical reactions on the surface and flame-fluid flow
interactions. This intricacy challenges the theoretical
model’s ability to accurately assess flame propagation in
pine. Moreover, while the assumption of relatively thin
flame thickness suggests a diffusion-controlled regime,
which depends on the mixing rate of fuel and oxygen,
there is also a kinetic-controlled state influenced by the
chemical reaction rate during combustion. The interac-
tion between these regimes is dependent on the extent of
premixing of volatile matter and oxidants, which is
shaped by both the weathering cycle and wood grain
orientation. It is also important to consider that experi-
mental measurements of flame height are inherently sub-
jective, and the measurement error associated with the
heat flux meter can lead to a nonlinear distribution of the
experimental values.

After linearly adjusting the weathering coefficient of
the normalized flame height and considering the sur-
face heterogeneity of pine, characterized by variations
in grain and weathering effects, we find that acceler-
ated degradation of cellulose and lignin increases por-
osity and crack propagation. These changes improve
both oxygen permeability and combustion efficiency.
In the low to medium heat flux ranges, the theoretical
model aligns well with the experimental values of nor-
malized flame height. Howeyver, in the high heat flux
region, specifically when g, > 10 kW/m?, the flame
entrains a larger volume of surrounding air as it
extends vertically. This process intensifies flame pulsa-
tion and turbulent mixing, leading to gradual stagna-
tion and lateral expansion of the flame height. When
comparing horizontal and vertical grain pine, the slope

2 )

Ev:2i EV-20 4 EV-N3 B EV-IQ & EV-Ep
Tia T — Tl — Tv-ad — Tl
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Figure 12. Normalized flame height and total heat flux distribution of the vertical spreading flame of pine. (a) vertical grain pine (b)

horizontal grain pine.
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of experimental values for horizontal grain is greater.
Moreover, the normalized flame height exhibits a slight
nonlinear plateau, indicating stagnation. This behavior
is largely influenced by the impact of grain orientation
on heat transfer pathways and variations in oxygen
diffusion efficiency. The uneven lateral expansion of
the charred layer in horizontal grain pine results in
temperature variations along the vertical axis, which
can inhibit surface pyrolysis while accelerating com-
bustion reactions in localized areas. Consequently, this
leads to a broader dispersion of experimental values for
horizontal grain pine. Additionally, the theoretical
model encounters difficulties in addressing the condi-
tions associated with the lateral spread limitations of
wood flames and the uneven carbonization of surfaces.

4.5. Upward flame spread rate

The flame spread rate is a critical parameter for
evaluating fire development dynamics and quantify-
ing the associated risks to ancient structures. While
traditional quasi-static models effectively characterize
the flame spread of wood by simplifying the contin-
uous progression of the pyrolysis front, they fall
short in accounting for the declines in spread rates
resulting from fiber degradation and the structural
compromises of weathered wood. To address this
limitation, we introduce a weathering coefficient.
This coefficient, in conjunction with considerations
of weathering cycles and grain alterations, allows for
a predictive model of flame spread rates in both
vertical and horizontal weathered wood.

The position of the pyrolysis front is determined
by the distance from the solid surface where the
ignition temperature is reached, assuming that the
flame spreads unidirectionally along the x-axis. One-
dimensional heat conduction occurs at the solid sur-
face, while the heat flux in the pyrolysis zone is
moderated by the blocking effects of fuel gas injec-
tion and air entrainment at the wall surface. In this
analysis, the dimensions along the x and y axes are
treated as infinite. The system is categorized into
three zones: the pyrolysis zone, the pyrolysis front
and the preheating zone. By assuming gradual velo-
city changes over time, we can derive a formula for
the flame spread velocity in the pyrolysis zone based
on kinematic parameters. The velocity of the pyro-
lysis front can be approximated as follows:

v, = dxp ~ xp(t + tr) — xp(t) _ xe(t) — xp(2) 26)

dt tf tf

where x, is the height of the pyrolysis front, mm; #
is the time required for the pyrolysis front to pass
through the flame heat exchange zone x¢(t) — xp(t).
Therefore, when the initial surface temperature T is
raised to Tig through the constant heat flux of the
wall ¢,", x(t+1t) is consistent with x¢(t).
According to one-dimensional heat conduction the-
ory, for a semi-infinite solid:

Tig — T5\’
tr = kopCs q— (27)

In addition, the surface temperature T,(x,0) at the
x can be expressed as:

Tw(x,0) — Too = ff) gy (x,t — 1) - O(7)dr (28)

where t and 7 are time; ()(7) is the entrainment blocking
effect on the wall surface under the condition of heat

supply, 0(z) = (npscsr)_%:
Tig — Too = [y 4 (x,t — 7) - O(z)dr
B JX qw// (X, x;:P)
’ \/nkspscS (x - xp) Vi

where ¢,"(x,t — 1) depends on external radiation.
Here, only the situation without external radiation con-
sidering flame propagation is considered. The incident
heat flux is composed of flame radiation and convective
heat flux.

Further assuming that the wall heat flux q,,” depends
on the distance above the top of the pyrolysis zone;
when the pyrolysis front is defined as d, the asymptotic
value of V, is (Sibulkin et al. 1976):

d,  (29)

q'W//Z(Sf

V, = 30
P nkspScS(Tig—Tx)z G0

The wall heat flux is influenced by flame radiation and
is primarily affected by convection at the distal end of
the wall. Flame height serves as a proportional factor
in the distribution of wall heat transfer. In the turbu-
lent free diffusion flame model, flame height is deter-
mined primarily by the heat release rate per unit
length of pine and the deeper heat balance of the
pine surface. During calculations, the temperature
variable T, for weathered pine from Section 4.2 into
the formula, using T.. set at 282.15 K. As the weath-
ering coefficient increases with successive cycles, the
flame spread time initially decreases before rising
again with further weathering. By integrating the
weathering coefficient with the weathering cycle and
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Figure 13. Comparison of calculated and experimental V,, of weathered pine with different grains.

wood grain properties to refine the prediction of the
pine’s flame spread rate:

V, =S 7. 26
Vgt xS (3
@ i mkepgcs (Tig — TOO)

Figure 13 shows the comparison of flame spread rates
after correction by weathering coefficients between
vertical and horizontal weathered pine and the experi-
mentally measured flame spread rates. Solid patterns
represent horizontal grain pine, while hollow patterns
denote vertical grain pine. This model effectively pre-
dicts flame spread rates across different weathering
cycles and wood grain orientations. According to the
Wilcoxon signed-rank test, at a = 0.05, shows no sta-
tistically significant difference between the experimen-
tal values and the calculated values. From the
perspective of non-parametric tests, the overall align-
ment between the model’s predicted values and the
experimental data is quite favorable. Combined with
the experimental phenomena, deviations in model pre-
dictions can be attributed to the presence of knots in
the pine. Additionally, knots extend the time required
for the pyrolysis zone to propagate to the top of the
fuel, thereby reducing the actual flame spread rate.
Overall, compared to fresh pine, the flame spread rate
of weathered wood increases as the weathering cycle
progresses. Empirical validation of II’s robustness is
demonstrated across diverse aging conditions and ani-
sotropic textures. As shown in Figure 13, IT maintains
stable predictive capability for flame spread rates over
0-49 weathering cycles and both grain orientations.
Comparatively, Zhou (Zhou et al. 2022) et al. incorpo-
rated grain direction but overlooked dynamic cycle-
dependent changes.

5. Conclusions

This study examines the flame spread characteristics of
vertical pine walls subjected to artificial weathering
cycles and varying wood grain orientations. It examines
the changes in flame behavior, including ignition tem-
perature, flame height, heat flux and flame spread rate of
weathered pine. A revised model for the flame spread
rate was developed using the weathering coefficient and
heat transfer analysis and validated against existing data.
Key findings include:

(1) The study on weathered pine reveals that mass
loss, shrinkage and morphology are closely
linked to the number of weathering cycles. Mass
loss continues with temperature and humidity
changes, primarily occurring perpendicular to
the grain, increasing risks of fracturing and warp-
ing. As cycles increase, the surface of the pine
membrane may expand and detach.

(2) Flame spread on weathered pine varies by grain
orientation. Vertical-grain wood shows slow hor-
izontal flame progression but a larger carbonized
area, while horizontal-grain wood allows for fas-
ter horizontal spread and slower vertical
movement.

(3) In vertical flame spread, weathered pine displays
distinct characteristics attributed to volatile con-
tent and pore conductivity, leading to higher tem-
peratures and prolonged flame durations.
Vertical-grain wood achieves slightly higher peak
heat flux compared to horizontal-grain wood,
which experiences low-frequency flame jitter.

(4) A weathering coefficient for pine has been estab-
lished, integrating wood characteristics with fire
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spread data, thereby enhancing predictive mod-
els for flame dynamics and aligning well with
experimental results.

(5) For cycles ranging from 0 to 21, it is advisable to
enhance the application of fire-retardant coatings.
In contrast, for cycles exceeding 28, it is essential
to prioritize structural reinforcement in response
to flame acceleration driven by porosity factors.

The findings provide insights for fire risk assessment in
heritage timber structures. Artificially accelerated
weathering prevented isolating individual variables due
to prioritizing holistic evaluation over mechanistic
deconstruction to maintain weathering authenticity.
The proposed II coefficient assumes homogeneous
material properties, indicating limitations in predicting
heterogeneous combustion dynamics. Future work will
focus on controlled single-variable weathering tests to
quantify parameter-specific kinetics through integrated
Arrhenius equation analyses, ensuring model robust-
ness across diverse wood species and heritage conserva-
tion scenarios.
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