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Abstract

Historic timber buildings rely heavily on naturally aged wood. However, the influence
of long-term environmental exposure on the thermal behavior and fire performance of
such structural members remains insufficiently understood. This study evaluates the
effect of natural aging on heat transfer, charring development, and the phase-change
interval of free water in larch wood (Larix decidua). Medium-scale radiant panel tests
were conducted on fresh and naturally aged timber beams. Internal temperatures were
recorded at multiple depths and analyzed using derivative-based T-history methods. The
temperature profiles of aged and fresh larch were highly comparable, exhibiting a strong
correlation (R2 = 0.89). Aged wood, characterized by a slightly higher density, showed
shallower thermal gradients and a marginally lower average charring rate (0.63 mm·min−1)
compared with fresh wood (0.65 mm·min−1). In both materials, the charring rate decreased
with depth. The phase-change interval of free water differed markedly: fresh wood showed
water evaporation between 107.8–142.1 ◦C, whereas aged wood exhibited an earlier and
narrower interval (93.6–116.3 ◦C), indicating facilitated dehydration due to microstructural
degradation. Overall, natural aging did not significantly impair fire-relevant thermal
properties, suggesting that aged larch retains charring resistance comparable to that of fresh
wood and can reliably perform in passive fire protection applications for heritage structures.

Keywords: aged wood; historical building; charring rate; moisture content; phase change
interval

1. Introduction
Historic timber buildings represent an irreplaceable cultural heritage that documents

the craftsmanship, architectural styles and living conditions of past generations. However,
their construction of combustible materials, often without modern fire protection measures,
makes them highly vulnerable to fires [1–4]. The loss of such a building results not only
in material damage, but also in the irreversible loss of the historical memory. From a fire
safety perspective, these structures therefore require special attention [5–7]. Protecting
historic wooden buildings presents a complex technical challenge, as modern fire protection
measures may compromise architectural authenticity or introduce defects in structural
elements [8]. Consequently, fire protection of historic wooden buildings often relies on
passive fire safety, based on the inherent fire resistance of structural elements, which is
strongly dependent on their cross-sectional dimensions [3].

Historical wooden buildings are often recognized as cultural heritage and are fre-
quently listed on the UNESCO World Heritage List [8]. Their technological design reflects
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regional construction traditions and the availability of materials at the time of construc-
tion [1,9]. Their construction relied on simple but effective principles. Typically, a single
wooden beam formed the basis for constructing log walls, column-and-frame systems, roof
trusses, floors, and ceilings [8,10–12]. The selection of wood species was primarily governed
by local availability, the function of the structural element and durability requirements [1,9].

Timber structures are often perceived as significantly more vulnerable to fire than
constructions made of masonry, concrete, or steel. However, this perception does not fully
reflect current understanding in fire safety engineering. Timber exhibits a predictable and
well-documented response under fire exposure. When subjected to thermal loading, the
temperature within the cross-section increases, leading to pyrolysis, combustion, and the
formation of a charred layer on the exposed surface [13]. During fire exposure, distinct
zones develop within the timber cross-section: the charred layer, the degraded wood layer
and the intact wood layer. From a structural fire resistance perspective, the intact wood
layer is critical, as it is the only one that can fully transfer the load caused, for example,
by the weight of the structure [14]. From a structural fire resistance perspective, the intact
wood layer is critical, as it is the only zone capable of reliably transferring mechanical loads
during a fire.

According to Eurocode 5 [15], wood gradually loses mechanical strength as temper-
ature increases above 20 ◦C. At 100 ◦C, wood may lose approximately 35% of its tensile
strength, and at 300 ◦C, strength reduction can approach 100%, as reported by several
authors [16–23]. The temperature range between 20 and 300 ◦C is therefore commonly
referred to as the degraded wood layer. Eurocode 5 [15] also defines 300 ◦C as the conven-
tional charring temperature, above which the charred layer is assumed to form. However,
numerous studies have shown that the actual charring temperature may differ from this
standardized value [5,24–27]. Pinto et al. [28] described the charred layer is a black, porous
solid consisting predominantly of elemental carbon. Previous studies indicate that also the
thermal conductivity of wood char is generally lower than that of intact wood at moderate
temperatures; however, at temperatures exceeding approximately 600 ◦C, an increase in
thermal conductivity may occur due to structural changes within the char layer [15,29–41].
Such high temperatures are typically confined to the outer char region during fire exposure
and therefore have a limited influence on heat transfer within the remaining uncharred
cross-section [42].

The lower temperature limit of 20 ◦C for the degraded wood layer specified in Eu-
rocode 5 [15] is not explicitly justified. Wood does not melt; instead, its primary components
soften when exposed to elevated temperatures prior to decomposition [43]. For lignin,
softening occurs at temperatures above approximately 55 ◦C [44–46]. White [47] reported
that a permanent reductions in wood strength begin at temperatures above 65 ◦C [48]. The
thickness of the degraded wood layer is not constant and depends on factors such as heat
flux, wood density, thermal conductivity and exposure duration. In general, the degraded
wood layer increases with fire exposure time and progressively advances into the wood
cross-section [49,50].

The formation and progression of the char layer are influenced by several material-
related parameters, most notably wood density, thermal conductivity, and moisture con-
tent [34]. According to Bartlett et al. [34], wood with higher density chars more slowly due
to the greater amount of material undergoing pyrolysis, a finding that has been confirmed
by other studies [40,51–54]. These authors also reported that the charring rate decreases
with increasing wood density.

Thermal conductivity of wood is strongly influenced by both density and moisture
content [34,55–58]. Çavuş et al. [55] and Jang and Kang [56] demonstrated that thermal
conductivity increases with increasing wood density, with Çavuş et al. [55] reporting a
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linear relationship. Bartlett et al. [34] observed that lower density wood exhibits a faster
temperature rise near the exposed surface due to lower thermal conductivity, whereas
higher-density wood shows higher through-thickness temperatures and increased charring
rates as a result of shallower thermal gradients [34,50].

During the phase change of water, a substantial portion of the supplied heat is con-
sumed by evaporation rather than by an increase in temperature, which effectively retards
heat transfer. As a result, wood with higher moisture content generally exhibits lower tem-
peratures under identical heat flux conditions. Moisture content therefore also influences
the extent of charring and the residual load-bearing capacity of timber elements.

Moisture content significantly affects heat transfer in wood up to the temperature at
which water evaporation is complete. Several studies [57–61] have shown that thermal
conductivity increases with increasing moisture content, either linearly or according to
second-order equations [61]. During the phase change of water, a substantial portion
of the supplied heat is consumed by evaporation rather than by an increase in tempera-
ture [4–6,37,40,51,62–65], which effectively retards heat transfer. As a result, wood with
higher moisture content generally exhibits lower temperatures under identical heat flux
conditions [40,45,49,51,63–66]. Moisture content therefore also influences the extent of
charring and the residual load-bearing capacity of timber elements [49].

Long-term exposure to natural environmental conditions represents another important
factor influencing the thermal behavior and charring characteristics of wood. The effects of
sunlight, rain, temperature changes, mold and other factors causing natural aging of wood
have leads to changes in wood material properties [5,6,67–69]. Kolsoom et al. [8] reported
that microalgae growth may promote pyrolysis processes in wood [70]. Deng et al. [5]
observed that natural aging increased porosity and damaged the cellular structure of pine
wood, resulting in a reduction in ignition temperature by 15.2 ◦C compared with fresh
wood. They further reported that aged pine formed a dense char layer during combustion,
which reduced the heat release rate.

Song et al. [6] reported densities of 0.42 g·cm−3 for aged pine and 0.64 g·cm−3 for
fresh pine, with aged wood exhibiting higher thermal diffusivity. They also emphasized
the importance of moisture content in governing the thermal response of both aged and
fresh wood. Zhao et al. [4] demonstrated that aged wood samples (elm, pine, and aspen)
exhibited higher exothermic energy release than fresh samples, indicating increased sus-
ceptibility to combustion and potentially higher fire risk. Their results further showed that
aged wood possesses thermal conductivity characteristics distinct from those of fresh wood.

The divergent conclusions reported in previous studies regarding the influence of
aging on density, thermal diffusivity, and heat release rate can be attributed to differ-
ences in wood species, service environments, aging mechanisms, and experimental scale.
While small-scale material tests tend to emphasize microstructural or chemical changes,
medium-scale experiments reflect the integrated thermal response of structural elements.
Consequently, aging-related changes observed at the material level do not necessarily
translate into significant differences in temperature development or charring rate at the
beam scale investigated in the present study.

The contribution of the present study lies in extending established thermal analysis
and derivative-based evaluation methods to naturally aged structural timber subjected
to realistic service conditions, thereby bridging the gap between laboratory-scale mate-
rial studies and the fire performance of timber elements in historic buildings. Naturally
aged wood, which integrates long-term environmental exposure, moisture cycling, and
service-induced microstructural changes, is rarely available for controlled experimental
investigation. By examining such material at a medium scale under sustained radiant
heating, the study provides fire-relevant thermal data that reflect the actual condition
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of load-bearing timber in heritage structures and supports more informed passive fire
protection and conservation strategies.

2. Materials and Methods
2.1. Medium-Scale Radiant Panel Tests

Medium-scale radiant panel tests were conducted to investigate the thermal behavior
of fresh and naturally aged larch wood under controlled fire exposure. The naturally aged
larch beams originated from a historical rural dwelling constructed in the 19th century.
Based on archival documentation, architectural assessment, and construction typology,
the timber elements are estimated to have been in continuous structural service for ap-
proximately 120–150 years prior to dismantling. This period is considered the effective
duration of natural aging for the specimens investigated in this study. The naturally aged
timber beams were identified as European larch (Larix decidua), corresponding to the same
species as the fresh reference material. Species identification was performed by macroscopic
anatomical examination, including evaluation of growth ring structure, resin canal distri-
bution, and latewood–earlywood contrast, which are characteristic features of Larix decidua.
No indications of species substitution or mixed-species construction were observed.

The experimental setup was designed to simulate real-world fire scenarios encountered
in heritage buildings, particularly slow-developing fires with extended heating durations
localized to single structural surfaces, using one-sided radiant heating (medium-scale
radiant panel test) and to allow continuous monitoring of temperature development within
the wood cross-section. The medium-scale radiant panel test is a proven tool and has been
used in other studies [14,27,42,49,50,71]. The tests were complemented by derivative-based
analysis of the temperature–time curves in order to identify key thermal transitions and
phase change phenomena during heating.

The radiant heat source was a propane–butane-fueled ceramic panel capable of deliv-
ering stable, reproducible thermal radiation across a rectangular exposure area measuring
480 mm × 280 mm (Figure 1). The emitted energy was produced by the burning propane–
butane gas with a constant flow of 15 m3·h−1 throughout the 60-min exposure period. Prior
to each test, the panel output was verified using a calibration thermocouple array to ensure
uniformity across the radiating surface.

Wooden beam specimens were mounted horizontally on a pair of aerated concrete
supports inside a test chamber with thermally reflective surfaces to minimize heat loss. The
front face of each beam was positioned at 130 mm from the panel, ensuring a consistent
heat flux and maximizing repeatability. Only one face was exposed to radiation, enforcing
a unidirectional heat flow condition consistent with surface ignition in enclosed rooms. The
laboratory conditions during tests were 21 ± 1 ◦C with relative humidity 55 ± 1%.

The dimensions of the tested specimens were selected to represent typical cross-
sectional sizes of structural timber elements found in historic buildings. All samples had a
rectangular cross-section and were cut to identical lengths in order to ensure comparable
thermal boundary conditions during testing. The geometry of each specimen was measured
prior to testing, and dimensional variability among the aged samples was recorded.

The dimensions of the wooden beam’s samples were as follows: length of 1000 mm
along with a height and width of 190 mm ± 1 mm for fresh larch and 190 ± 20 mm for
aged larch. The surface of the samples was untreated. Each test beam was instrumented
with 10 Type K (NiCr-Ni) thermocouples (Omega Engineering Inc., Norwalk, CT, USA)
inserted orthogonally into predrilled holes at depths of 10 mm, 20 mm, 40 mm, 60 mm,
and 80 mm from the exposed surface (Figure 2). These thermocouples recorded internal
temperatures every 10 s, using an AHLBORN ALMEMO 2290-8710 (Ahlborn Mess- und
Regelungstechnik GmbH, Holzkirchen, Germany) data logger.
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Figure 1. Details of the medium-scale radiant panel test and aged larch samples after exposure.
Visible surface cracks are characteristic of long-term natural aging and developed or widened during
thermal loading; specimens were oriented so that no major crack directly faced the radiant panel at
test initiation.

Figure 2. Distance of the test sample from the radiation panel and position of thermocouples.

2.2. Sample Geometry, Surface Condition, and Control of Distance to the Radiant Panel

Two groups of larch wood samples were used in the experimental program: fresh
wood and naturally aged wood. The fresh larch samples were obtained from recently har-
vested timber (Technical University in Zvolen Forest Enterprise territory, Central Slovakia
during the winter 2020), while the aged samples were taken from structural elements of a
historical rural building dating from the nineteenth century. Based on archival documenta-
tion and architectural assessment, the aged timber elements were estimated to have been in
continuous service for approximately 120–150 years prior to dismantling. Both fresh and
aged samples were identified as European larch (Larix decidua). The service environment
of the aged timber beams was typical of Central European vernacular architecture. The
elements were located in interior structural positions, protected from direct solar radiation
and precipitation, but subjected to long-term cyclic variations in temperature and relative
humidity associated with seasonal and daily indoor climate fluctuations. Biological degra-
dation was limited to minor surface effects, and no chemical preservation treatments were
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identified. Consequently, the aging of the wood reflects combined effects of prolonged
service time and natural indoor environmental exposure rather than extreme weathering.

To ensure material homology between fresh and aged wood, key physical properties
relevant to heat transfer were compared prior to testing. The oven-dry density of fresh larch
was 489.9 kg·m−3, while the density of aged larch was 494.7 kg·m−3, indicating a negligible
difference well within the natural variability range reported for larch wood. Initial moisture
contents were similarly close (10.0% for fresh wood and 9.7% for aged wood). These results
confirm that both materials are comparable in terms of fundamental physical parameters
governing thermal behavior. The cross-sectional height and width varied within ±20 mm
due to long-term weathering and manual shaping during the original construction. In con-
trast, fresh larch beams were machine-cut to uniform dimensions. To ensure comparability
between the two material conditions, several measures were implemented:

1. Control of distance to the radiant panel:

The front surface of each beam was aligned at a distance of 130 ± 1 mm from the
radiant panel using a dual-point mechanical alignment jig. The jig ensured that geometric
irregularities away from the heated face (rear and lateral sides) did not influence the heat
flux received by the exposed surface.

2. Alignment of cracks relative to heat exposure:

The naturally aged timber beams exhibited surface and internal cracks resulting from
long-term cyclic moisture loading and shrinkage during their service life. Prior to testing,
particular attention was paid to the orientation of these defects. All aged specimens
were positioned so that the exposed surface facing the radiant panel was free of major
pre-existing cracks, ensuring that no continuous crack directly faced the heat source at
the beginning of the test. This arrangement was adopted to minimize the potential for
artificially accelerated heat penetration caused by preferential heat flow along open cracks.

3. Geometric influence on heat flux:

Although the aged beams deviated slightly in total cross-sectional dimensions, the
exposed surface area differed by less than 5% compared with fresh beams. Considering
that the heat flux from the radiant panel was uniform over an area larger than the specimen
face, these variations did not measurably affect the incident energy density.

4. Representativeness for historical structures:

The geometric and surface irregularities of aged beams are characteristic of timber in
existing heritage buildings. Therefore, their inclusion enhances the practical representative-
ness of the experimental results while maintaining methodological control of the primary
heat-transfer boundary condition.

2.3. Determining the Interval of Phase Change of Water Contained in Wood

To determine the phase change interval of water contained in wood, average temper-
ature curves were used where a temperature of 300 ◦C was reached. These temperature
curves were used to determine the starting and ending point of the phase change interval
according to the T-history method [42,72]. The average temperature curves were modified
in MATLAB R2024a (MathWorks, Natick, MA, USA) software using the application “Data
Cleaner”. The “Smooth Data” function with parameters “Local quadratic regression” with
smoothing factor in the range of 0.05–0.15 was used to smooth the curve. The goal was to
smooth the curves in such a way that it was possible to clearly determine the inflection
points, the minimum of the second derivative and the maximum of the first derivative.

Subsequently, curves of the first and second derivatives have been created for selected
smooth temperature profiles, from which the minimum of the second derivative (t1),
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the inflection point (t2) and the maximum of the first derivative (t3) were determined
using MATLAB software. Using the intersections of the tangents, the starting and ending
temperature of the phase change interval was determined.

2.4. Temperature and Charring Comparison

The results of the medium-scale radiant panel tests were processed into graphs and
compared with each other. First, the records from the fresh larch were processed and
graphs of the temperature course at individual depths were created. Six measurements were
processed with, for which a curve showing the average values was created. Graphs showing
the standard deviation of individual measurements were also created. Subsequently, the
results for the aged larch were processed in the same way.

The comparison of temperature curves was based on the comparison of average tem-
peratures of fresh and aged larch at individual depths. The curves of average values were
compared with each other using the coefficient of determination R2 in MATLAB (Math-
Works, Inc., Natick, MA, USA) software. The charring rate, density and initial moisture
content of the wood at the beginning of the test were also compared with each other.

2.5. Number of Replicates and Evaluation

A total of six replicate tests were performed for fresh larch beams and five replicate tests
for aged larch beams. All tests followed identical heating protocols and instrumentation
layouts. The number of replicates was selected to ensure stable statistical interpretation
while respecting the limited availability of historically sourced aged timber.

Evaluation included:

• Calculation of mean temperature curves for each depth;
• Computation of standard deviation (SD) envelopes;
• Evaluation of similarity between fresh and aged wood using the coefficient of determi-

nation (R2);
• Verification that the SD values for both fresh and aged groups remained within ex-

pected ranges for wood subjected to thermal loading [27,49,62].

Although aged beams showed higher variability, primarily due to natural hetero-
geneity and structural cracks, this variability remained within the bounds reported in
comparable studies of naturally aged wood [4–6,73]. The nearly identical charring rates
and closely correlated temperature curves confirm that the number of samples provides
sufficient statistical robustness for comparing the two material conditions.

3. Results
3.1. Results: Fresh Larch

The results of medium-scale radiant panel tests on fresh larch are present on Figure 3.
A total of six replicate tests were performed for fresh larch. The charring temperature
defined by Eurocode 5 (300 ◦C) [15] was reached during the entire test period only at
depths of 1 and 2 cm at times 780 and 1940 s. These time-temperature curves are therefore
also suitable for determining the interval of phase change of water contained in wood.
Although several authors [5,24–27] argue that the 300 ◦C limit does not always coincide
with the physical char front, the EC5 value was used in this study to retain consistency
with design practice.

The standard deviation graphs (Figure 4) showed a relatively low dispersion of the
measured data. The maximum standard deviation from all measurements and depths was
found at a depth of 1 cm and had a value of 53.3 ◦C, which represented 11.3% of the average
value. The average values of the standard deviations decreased with increasing depth for
1 cm—5.3%, 2 cm—3.9%, 4 cm—0.8%, 6 cm—0.6% and for 8 cm—0.7%.
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(a)  (b) 

   

(c)  (d) 

   

(e)  (f) 

Figure 3. Temperature curves from medium-scale radiant panel tests of fresh larch: (a) 1 cm depth;
(b) 2 cm depth; (c) 4 cm depth; (d) 6 cm depth; (e) 8 cm depth; (f) Comparison of average tempera-
ture curves.
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(a)  (b) 

Figure 4. Standard deviation of average temperature curves from medium-scale radiant panel tests
of fresh larch: (a) Standard deviation expressed by temperature; (b) Standard deviation expressed
in percentage.

From the time-temperature curves it is possible to determine the average charring rate
of fresh larch thanks to isotherm line 300 ◦C according to Eurocode 5 [15]. At a depth of 0
to 1 cm the rate reached 0.79 mm·min−1 and at a depth of 1 to 2 cm 0.52 mm·min−1 which
is a decrease of 34.5%.

3.2. Results: Aged Larch

The results of medium-scale radiant panel tests on aged larch are present on Figure 5.
A total of five replicate tests were performed for aged larch. The charring temperature
defined by Eurocode 5 (300 ◦C) [15] was reached during the entire test period only at depths
of 1 and 2 cm at times 870 and 1930 s. These time-temperature curves are therefore also
suitable for determining the interval of phase change of water contained in wood. The
standard deviation graphs (Figure 6) showed an increased dispersion of the measured data
with increasing time. The maximum standard deviation from all measurements and depths
was found at a depth of 4 cm and had a value of 145.0 ◦C, which represented 28.9% of
the average value. The average values of the standard deviations were for 1 cm—6.2%,
2 cm—10.4%, 4 cm—7.5%, 6 cm—1.9% and for 8 cm—0.3%.

From the temperature course it is possible to determine the average charring rate of
aged larch thanks to isotherm line 300 ◦C according to Eurocode 5 [15]. At a depth of 0 to
1 cm the rate reached 0.69 mm·min−1 and at a depth of 1 to 2 cm 0.57 mm·min−1 which is a
decrease of 17.9%.

3.3. Phase Change Interval

The temperature curves show that a phase change of the water contained in the wood
occurred at a depth of 1, 2 and 4 cm based on the assumption that the phase change of
water occurs at a temperature of around 100 ◦C. However, to use the T-history method
according to Zhang et al. [72], a higher temperature is required. For this reason, only
average time-temperature curves from the depth of 1 cm and 2 cm from aged and fresh
larch wood were used. The average values of “avg 1 cm” and “avg 2 cm” were modified in
MATLAB software using the application “Data Cleaner”. The “Smooth Data” function with
parameters “Local quadratic regression” with 0.05 and 0.15 smoothing factor was used for
to smooth the average time-temperature curves from the depth of 1 cm, respectively, 2 cm
curve. Coefficient of determination R2 had a value of 0.9995 in all cases.

https://doi.org/10.3390/buildings16020306

https://doi.org/10.3390/buildings16020306


Buildings 2026, 16, 306 10 of 21

   

(a)  (b) 

   

(c)  (d) 

   

(e)  (f) 

Figure 5. Temperature curves from medium-scale radiant panel tests of aged larch: (a) 1 cm depth;
(b) 2 cm depth; (c) 4 cm depth; (d) 6 cm depth; (e) 8 cm depth; (f) Comparison of average tempera-
ture curves.
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(a)  (b) 

Figure 6. Standard deviation of average temperature curves from medium-scale radiant panel tests
of aged larch: (a) Standard deviation expressed by temperature; (b) Standard deviation expressed
in percentage.

Subsequently, curves of the first and second derivatives were made for time-
temperature curves at a depth of 1 and 2 cm, from which the minimum of the second
derivative (t1), the inflection point (t2) and the maximum of the first derivative (t3) were
determined using MATLAB software. The values of t1–t3 above 150 ◦C do not correspond
to water evaporation but indicate the end points of mathematical tangents used by the
T-history method [72]. Only the intersections of tangents were used to determine the
physical phase-change interval. For the temperature curves of fresh wood at a depth of
1 cm, t1 = 94.5 ◦C, t2 = 121.8 ◦C and t3 = 196.0 ◦C (Figure 7a). For the temperature curves
of fresh wood at a depth of 2 cm, t1 = 98.0 ◦C, t2 = 116.4 ◦C and t3 = 244.6 ◦C (Figure 7b).
For the temperature curves of aged wood at a depth of 1 cm, t1 = 93.0 ◦C, t2 = 103.1 ◦C
and t3 = 195.3 ◦C (Figure 7c). For the temperature curves of aged wood at a depth of 2 cm,
t1 = 85.9 ◦C, t2 = 97.8 ◦C and t3 = 251.5 ◦C (Figure 7d).

For fresh wood tangents of points were generated as follows (Figure 8a,b): y = 0.38236·x
+ 17.9123, y = 0.209225·x + 59.0269, y = 0.44085·x − 33.2197 for 1 cm depth and y = 0.123095·x
+ 16.6987, y = 0.07444·x + 52.3795, y = 0.214555·x − 115.874 for 2 cm depth. For aged
wood tangents of points were generated as follows (Figure 8c,d): y = 0.29375·x + 4.7875,
y = 0.09875·x + 65.6875, y = 0.46·x − 104.3 for 1 cm depth and y = 0.083335·x + 17.5319,
y = 0.06417·x + 34.3467, y = 0.313335·x − 300.286 for 2 cm depth.

Using the intersections of the tangents, the temperatures of the beginning and end of
the phase change were determined (Figure 8a–d). The temperature intervals corresponding
to the phase change of free water, derived using the T-history method, are summarized in
Table 1 for both fresh and aged wood.

Table 1. Phase change interval of free water in fresh and aged larch.

Material Depth (cm) Phase Change Start
(◦C)

Phase Change End
(◦C)

Fresh larch 1 108.7 142.4
2 107.0 141.8

Average 107.8 142.1
Aged larch 1 96.5 112.2

2 90.7 120.5
Average 93.6 116.3
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(a)  (b) 

   

(c)  (d) 

Figure 7. Curves of first and second derivation of smooth time-temperature curves: (a) Fresh wood
1 cm depth; (b) Fresh wood 2 cm depth; (c) Aged wood 1 cm depth; (d) Aged wood 2 cm depth.

It is also possible to derive the average phase change line movement rate according
to phase change interval calculation. Form fresh wood at a depth of 0 to 1 cm the rate
reached 3.00 mm·min−1, at a depth of 1 to 2 cm 1.36 mm·min−1 and at a depth of 2 to 4 cm
0.76 mm·min−1. The rate thus decreases from the initial maximum value by 54.5% and
subsequently by another 44.3%. For aged wood at a depth of 0 to 1 cm the rate reached
1.71 mm·min−1, at a depth of 1 to 2 cm 0.89 mm·min−1. The rate thus decreases from the
initial maximum value by 48.5%.

3.4. Results: Comparison of Aged and Fresh Larch from Medium-Scale Radiant Panel Tests

For improved clarity and direct comparison, the key physical and fire-relevant parame-
ters of fresh and aged larch are summarized in Table 2. The tabulated presentation facilitates
a concise evaluation of similarities and differences between the two material conditions.

A comparison of the temperature curves of fresh and aged wood showed the similarity
of the average temperature curves (Figure 9), with aged wood reaching lower temperatures
in the depth during the test, except at a depth of 4 cm, where one aged-wood specimen
developed a surface crack during heating, temporarily accelerating heat penetration and
causing a localized temperature increase. During testing, one aged wood specimen devel-
oped a surface crack as a result of thermal shrinkage and internal stress redistribution. This
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crack formation occurred at elevated temperature and led to a localized increase in heat
penetration, which was reflected by a temporary rise in temperature at a depth of 4 cm.
This behavior explains the reduced coefficient of determination (R2 = 0.76) observed at this
depth compared with other measurement positions.

   

(a)  (b) 

   

(c)  (d) 

Figure 8. Tangents of points and phase change interval of smooth time-temperature curves: (a) Fresh
wood 1 cm depth; (b) Fresh wood 2 cm depth; (c) Aged wood 1 cm depth; (d) Aged wood 2 cm depth.

Table 2. Physical properties of fresh and aged larch prior to testing.

Parameter Fresh Larch Aged Larch

Species Larix decidua Larix decidua
Estimated service life (years) – 120–150
Oven-dry density (kg·m−3) 489.9 494.7
Initial moisture content (%) 10.0 ± 0.1 9.7 ± 0.3
Visible cracks before testing None Present (natural aging)

Number of specimens 6 5

https://doi.org/10.3390/buildings16020306

https://doi.org/10.3390/buildings16020306


Buildings 2026, 16, 306 14 of 21

   

(a)  (b) 

Figure 9. Comparison of average temperature curves from medium-scale radiant panel tests of fresh
and aged larch: (a) Temperature; (b) Deviation.

The degree of similarity of individual temperature curves between fresh and aged
larch (Figure 10a) was expressed using the coefficient of determination R2. The similarity
between temperature profiles of fresh and aged larch at individual depths, expressed using
the coefficient of determination (R2), is presented in Table 3.

   

(a)  (b) 

Figure 10. Comparison of fresh and aged larch: (a) R2 curves as the result of temperature curves
comparison from medium-scale radiant panel tests of fresh and aged larch; (b) Charring rate and
phase change line movement rate comparison of fresh and aged larch.

The corresponding values are best fit by a 4th order polynomial curve with R2 of 0.99:

y = −0.0045·x4 + 0.0755·x3 − 0.4125·x2 + 0.7967·x + 0.4867 (1)

The average charring rates determined at different depths for fresh and aged larch are
summarized in Table 4, highlighting the depth-dependent decrease observed in both materials.
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Table 3. Coefficient of determination (R2) between fresh and aged larch temperature curves.

Depth (cm) R2

1 0.94
2 0.96
4 0.76
6 0.94
8 0.84
Average 0.89

Table 4. Average charring rates of fresh and aged larch.

Depth Interval from
Exposed Surface (cm) Fresh Larch (mm·min−1) Aged Larch (mm·min−1)

0–1 0.79 0.69
1–2 0.52 0.57

Mean value (0–2 cm) 0.65 0.63

A comparison of the charring rate and the phase change line movement rate showed
the following. The charring rate and the phase change line movement rate decrease in both
cases (Figure 10b). It is possible to construct regression curves for the indicated rates, but
due to the small number of data, R2 is relatively low. The decreasing curves do not confirm
the fact stated in Eurocode 5 [15], which states that the charring rate is constant.

The results showed that aged wood does not show any signs of inferior properties
in terms of its ability to withstand the effects of a radiant heat source. Although aged
wood had a higher density and lower moisture content during the tests, the differences are
very small and do not have a significant impact on the results of the comparison of wood
species. The condition of individual wood species did not cause significant differences
either. While fresh wood was compact without cracks, aged wood had several significant
cracks due to its use in construction. However, they did not have a significant impact on
the time-temperature results of the experiments.

4. Discussion
The results provide several important insights into how natural aging influences the

thermal response of larch wood. Detailed numerical comparisons of physical properties,
charring rates, phase change intervals, and temperature curve similarity are provided in
Tables 1–4, allowing the discussion to focus on interpretation rather than repetition of
quantitative results.

In this study, aged larch exhibited a slightly higher density than fresh wood, which
differs from observations reported for pine by Song et al. [6] and for other species by Li
et al. [73], who found that long-term environmental exposure generally reduces density
due to microstructural degradation. However, the density of larch wood varies widely de-
pending on site conditions, soil quality, and climatic factors [74,75], making it plausible that
the original density of the aged material was higher before weathering. Therefore, natural
variability rather than aging effects likely explains the density relationship observed here.

Comparative data for other softwood species, such as pine, are available in the lit-
erature; however, direct quantitative comparison is limited by differences in specimen
geometry, heating configuration (e.g., radiant vs. furnace exposure), and evaluation method-
ology, all of which can substantially affect heat transfer and the apparent charring rate.
Accordingly, the present study focuses on a consistent experimental comparison of fresh
and naturally aged larch, with qualitative reference to published results for other species
where appropriate [29,34,40,51,62].

https://doi.org/10.3390/buildings16020306

https://doi.org/10.3390/buildings16020306


Buildings 2026, 16, 306 16 of 21

The aged larch timber examined in this study had been in service for more than a
century, yet its fundamental material identity and macroscopic structure remained con-
sistent with that of fresh larch. While long-term natural aging induces microstructural
changes, including increased porosity, micro-cracking, and partial cell-wall degradation, it
does not alter species identity or the characteristic cellular architecture of wood. Conse-
quently, aged and fresh larch remain directly comparable in terms of species-dependent
thermal behavior and charring characteristics, despite differences in moisture transport or
microstructural integrity.

Natural aging is governed by both elapsed time and service environment, including
moisture cycling, thermal exposure, biological activity, and mechanical loading history. In
this study, the aged wood represents a single, well-defined indoor service environment,
enabling realistic assessment of fire-related thermal behavior in historical timber. However,
this limits systematic separation of individual aging mechanisms or comparison across
aging durations. Such evaluation would require timber from multiple service environments
or artificially aged reference materials, which is beyond the scope of the present work.

Despite identical conditioning before testing, aged wood exhibited a lower initial
moisture content than fresh wood. This agrees with findings by Deng et al. [5], who
showed that natural aging increases pore volume and cell-wall damage, promoting faster
drying. Similar observations have been reported in studies of long-term weathering effects
on wood and wood–plastic composites, where repeated cycles of moisture sorption and
desorption increase permeability and crack formation [68,69,76,77]. These microstructural
changes likely contributed to the earlier and narrower phase-change interval observed for
aged larch in the present work.

The comparison of internal temperature development showed a strong similarity
between fresh and aged wood, with R2 values above 0.89 at most depths. Aged wood exhib-
ited slightly lower temperatures at shallow depths (1–2 cm), which can be attributed to its re-
duced moisture content and accelerated release of free water vapor upon heating—an effect
documented in previous studies on moisture-driven heat transfer in wood [45,49,51,62–66].
At greater depths, temperature differences diminished, and at 8 cm the aged beams showed
higher temperatures, which was linked to the presence of cracks that developed during
testing. Crack formation in aged timber is a well-documented consequence of long-term
service and thermal exposure and represents a realistic condition in historical wooden
structures. Open cracks can locally enhance convective and radiative heat transfer, dis-
rupt uniform thermal gradients, and accelerate temperature rise at greater depths. In the
present study, the influence of cracks was limited to localized effects, as evidenced by
increased temperature dispersion at 4 cm depth in aged wood. Importantly, this effect
did not alter the overall thermal response trends, average temperature curves, or charring
rates, which remained closely comparable to those of fresh wood. These facts are consistent
with previous analyses provided by Janssens and White [29], Reszka and Torero [62], and
Friquin [78]. From an engineering perspective, the presence of cracks in aged timber should
be considered a realistic boundary condition rather than an experimental artifact. The
fact that aged larch with naturally occurring cracks exhibited charring rates and overall
temperature development comparable to intact fresh wood suggests that moderate cracking
does not fundamentally compromise the fire-related thermal resistance of structural timber.
However, cracks may increase local variability and should be accounted for in detailed
fire safety assessments of heritage structures. Details on geometric variability and crack
orientation control are described in Section 2.2.

The development of the char layer showed a decreasing charring rate with depth in
both fresh and aged wood. This trend has been confirmed in previous radiant heating
studies [27,42,50], but it contradicts the constant charring rate prescribed in Eurocode 5 [15].
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The average values measured in this study (0.65 and 0.63 mm·min−1 for fresh and aged
wood, respectively) fall within the range reported for softwoods subjected to external
heating [40,51–54,76,79]. The minimal difference between the two materials suggests that
natural aging does not meaningfully accelerate or delay the charring process. Instead,
density and moisture content, identified as major influencing factors by Bartlett et al. [34],
Çavuş et al. [55], and Jang and Kang [56], appear to govern thermal gradients more strongly
than material age.

The most notable distinction between aged and fresh larch was observed in the water
phase-change interval. Fresh wood exhibited a higher temperature interval (107.8–142.1 ◦C),
whereas aged wood showed a considerably earlier and narrower interval (93.6–116.3 ◦C).
This behavior indicates that aged wood dehydrates more easily, which is consistent with
the increased porosity and micro-cracking described by Deng et al. [5] and the repeated
moisture-cycling damage documented by Fu et al. [78]. The peak evaporation temperature
for fresh wood (119.0 ◦C) aligns closely with the general value of 115 ◦C reported by Bartlett
et al. [34], while the lower temperatures in aged wood reflect the reduced moisture-binding
capacity resulting from structural deterioration.

From an engineering perspective, these results suggest that natural aging modifies
moisture transport and evaporation behavior but does not significantly degrade the char-
ring resistance of larch wood. Prior research shows that aged wood may release more
thermal energy during combustion [4,6], yet this does not necessarily translate to faster
char formation at structural scales. Instead, the most critical vulnerabilities in aged timber
elements arise from mechanical degradation, including cracks, reduced stiffness, and loss of
cross-sectional integrity, rather than from diminished thermal performance [73]. Therefore,
for heritage structures, surface maintenance and protection against moisture-induced crack-
ing may be more important for long-term fire resistance than compensating for thermal
aging effects.

The experimental results further support the validity of comparing fresh and naturally
aged larch in the present study. The internal temperature profiles exhibited a high degree
of similarity (average R2 = 0.89), and the average charring rates differed by less than 3%.
These findings indicate that any aging-related microstructural differences did not result in
a fundamental change in fire-relevant thermal performance. Consequently, the observed
differences, most notably in the phase change interval of free water, can be attributed to
aging-induced modifications of moisture transport rather than to species heterogeneity or
loss of material homology.

From a broader perspective, future research should extend the investigation to natu-
rally aged timber originating from different service environments and aging durations to
better isolate the influence of environmental exposure on thermal behavior. Integrating
medium-scale fire testing with microstructural characterization and moisture transport
analysis would further clarify aging-related mechanisms governing heat transfer and de-
hydration. In addition, coupled thermal–mechanical testing under fire exposure could
improve understanding of the residual load-bearing capacity of historic timber elements
and support more robust fire safety assessment of heritage structures.

5. Conclusions
This study compared the thermal behavior of fresh and naturally aged larch wood

through medium-scale radiant panel tests and derivative-based analysis of thermal re-
sponse. The following conclusions were drawn:

• Temperature profiles of fresh and aged larch were highly similar, with an overall coeffi-
cient of determination of R2 = 0.89, indicating that natural aging does not substantially
alter the heat transfer behavior of larch under radiant heating.
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• Aged wood exhibited slightly shallower thermal gradients, attributable to its marginally
higher density, which increased thermal conductivity within the cross-section.

• The average charring rates were nearly identical: 0.65 mm·min−1 for fresh wood and
0.63 mm·min−1 for aged wood. In both materials, the charring rate decreased with
depth, contradicting the constant value assumed in Eurocode 5.

• The phase change of free water occurred earlier and over a narrower temperature
range in aged wood (93.6–116.3 ◦C) compared with fresh wood (107.8–142.1 ◦C).
This difference is attributed to microstructural degradation that facilitates moisture
transport and accelerates dehydration.

• The confirmed species homology and close agreement in density, moisture content,
temperature development, and charring rate demonstrate that naturally aged larch
retains fire-relevant thermal properties comparable to those of fresh larch, supporting
the validity of direct experimental comparison.

Natural aging did not result in a significant reduction in charring resistance. From
a passive fire protection perspective, aged larch maintains thermal performance compa-
rable to fresh larch, and the primary concerns in heritage structures are related more to
mechanical degradation and weathering defects than to diminished fire resistance.

A limitation of this study is the restricted number of aged specimens available. Future
work should include a larger sample set and microstructural analyses to better characterize
moisture transport mechanisms in naturally aged timber. Another limitation is that the
naturally aged specimens originate from a single service environment and aging duration.
Although the investigated beams are representative of interior structural timber in historic
buildings, future research should address the influence of different service environments
and controlled aging periods on thermal behavior by combining field-sourced historical
timber with artificial aging protocols and microstructural characterization techniques.
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