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ABSTRACT

Identifying wood species of each wood element of a historical wooden building and investigating the
changes in wood properties due to exposed outdoors during its service life are important prerequisites for
the maintenance and renovation of historical wooden buildings. In the present study, the changes in wood
properties occurring during natural aging of two facade elements taken from a traditional house, which has a
service life of approximately 100 years, were investigated. Destructive tests were used for the experiments.
The wood species, moisture content, wood density, water absorption rate and chemical structure of both facade
elements were determined. Microscopic analysis revealed that the molding was made from the wood of Scots
pine (Pinus sylvestris) and the window jamb was made from chestnut (Castanea sativa). It was found that the
cellulose and lignin on the outer surface of aged woods of both facade elements were degraded according to
the FTIR analysis. The moisture and density values of aged wood for both facade elements were smaller than
those of recent wood. The water absorption rates of aged woods of both molding and window jamb increased
with natural aging.
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INTRODUCTION

Wood, a natural and sustainable material, is becoming more and more a popular material for exterior
use. The number of constructions making wooden facades, terraces and other outdoor wooden elements is
increasing. This trend has also been achieved in urban areas, and is symbolized by street furniture,
wooden elements inside playgrounds, facade elements, small permanent and temporary structures (Osvaldova
2020). Although, wood has several inherent advantages compared to other materials such as concrete, stone,
metals, clay, plastics, brick, it also has negative properties as biodegradability, weathering and flammability
(Reinprecht 2016). Every day, throughout the year, buildings are exposed to important and evolving climate
types such as ambient infrared heat radiation, solar radiation, low and high temperatures, wind, erosion, water,
and time (Jelle 2012, Evangelisti et al. 2022). Solar radiation and water have the definite effect on weather
aging of wood, and also oxygen, dust, strong wind and extreme temperatures increase the aging of wood
(Reinprecht 2016). In this process, which is defined as outdoor weathering, the original surfaces of the wood
become rough, the wood fibers split and turn into large cracks, the fibers may loosen, the boards may warp and
pull away from fasteners. The roughened surface changes color, dirt and mildew form, splinters and fragments
appear on the wooden surface (Feist 1983).

Wooden facade elements, especially in traditional wooden structures, are often affected by the above-men-
tioned outdoor weather factors. In addition to the damage caused by these factors, mechanical and biological
damages may also occur during the service life of the structure. Therefore, knowledge of the aging process of
naturally aged wood is important in terms of deciding whether to repair or replace the aged wood. Especially,
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the identification of wood species, the determination of wood moisture content, and the determination of the
areas of biological or fire damage are among the necessary steps for the assessment of a historical wooden
structure. Moisture content measurements would be useful in determining the degree of biological risk of each
wooden element and the local environmental circumstances (Cruz ef al. 2015). Issues such as wood anatomy,
macro and microstructure of wood, chemical composition of wood are important in terms of how the wood
behaves in use and decay process (Larsen and Marstein 2016). However, water penetration and drying of wood
are important factors affecting the expected service life and performance of wood (Kutnik et al. 2014).

To date, the comprehensive studies reporting the effects of aging on wood and the change in wood
properties of wood exposed to natural weathering have been reported in the review article by Kranitz et
al. (2016) and Kropat et al. (2020). It is also understood that the results obtained in the light of the two
comprehensive literature studies mentioned are different due to reasons such as the structure of the wood
material, its service life, the external factors to which the wood exposed, site conditions, etc. Determining the
change in wood properties during the service life of wood materials used in historical or traditional wooden
structures is important for both the conservation of cultural heritage and the reuse of naturally aged wood. The
objective of this study is to investigate the effects of natural aging on the material properties of naturally aged
woods taken from a nearly 100-year-old traditional house, and to compare change of the main wood properties
between recent and naturally aged Scots pine and chestnut woods.

MATERIALS AND METHODS
Materials

Two naturally aged facade elements were taken from outdoor part of a traditional house in Zeytinlik Dis-
trict, which was registered as an urban protected area in Giresun (40°55° north latitude - 38°23” east longitude),
Turkey. These wooden elements were exposed to outdoor conditions. As a result of the macroscopic examina-
tions, it was determined that these original wooden elements, approximately 100 years old, were not exposed
to any biological damage, there were a few nail holes on them, color change was observed due to exposure to
ultraviolet light (UV) degradation and natural weathering conditions, the surface was quite rough, and there
were remnants of paint that had almost disappeared on the surface (Figure 1). Molding and window jamb are
the facade elements that play an important role in the appearance of traditional Zeytinlik houses in Giresun,
Turkey. Aged wood elements were cut in accordance with the specimen sizes specified in the relevant stan-
dards. Recent wood was also cut to compare the density values, moisture content and water absorption rates of
aged wood. Prepared wood specimens were conditioned in a climatic chamber (20 °C + 2 °C temperature and
65 % + 5 % relative humidity) until they reached 12 % humidity.
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Figure 1: Visual appearance of aged wooden materials.
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Wood identification and determination of anatomical features

For wood identification, wood specimens of 1 cm x 1 cm x 1 cm dimensions were prepared from both
wood elements and thin slices were taken from three sections (transverse, radial and tangential) using Reichert
slide microtome. These slices were washed with distilled water after exposure to sodium hypochlorite for 5
min - 10 min. One to two drops of acetic acid were added to equilibrate the pH and washed again with distilled
water. After, the slices were stained in safranin 0 solution and then were taken into 50 % alcohol-water mixture.
Permanent preparations were made by performing standard preparation procedures (Ives 2001). The micro-
photographs of all three sections were taken with Olympus BX 50 digital photomicroscope and transferred to
the computer. The anatomical features of each wood specimen were compared with reference collection of the
KATO (Karadeniz Technical University, Herbarium) wood collection, Merev (1998) and InsideWood data-
base (InsideWood 2018). All anatomical terms were used according to the usage of the IAWA Committee on
Nomenclature (1964). Wood anatomical features analyzed are: transverse section-tangential and radial vessel
diameter in early wood and late wood, tangential and radial tracheid diameter in early wood and late wood;
tangential section-ray frequency (per mm), ray width and ray height. Thirty measurements or counts were
performed for each anatomical feature.

ATR-FTIR (Attenuated Total Reflectance-Fourier Transform Infrared) spectroscopy analysis

The ATR-FTIR spectra of aged wood specimens were measured with Pike Mlracle ATR equipped with
Shimadzu IR Prestige-21 FTIR device. Absorbance values were recorded with measuring range 600 cm™! -
4000 cm™, with a resolution 16 cm™ and 24 scans. Spectrum scans were performed on the specimens taken
from outer surface which is exposed to natural weathering conditions, and from the inner surface which is not
exposed to these conditions.

Determination of moisture content (MC) and wood density

The mass and dimensions of the conditioned aged and recent wood specimens were measured and
recorded. Their moisture content was determined using the oven-dry method according to TS ISO 13061-1
(2021). Wood density test was carried out according to TS ISO 13061-2 (2021) standard. Density value (kg/m?)
was determined using the mass (kg) to volume (m?) ratio formula at 0 % and 12 % MC. Fifteen test specimens
were used to determine moisture content and wood density.

Water absorption rates

The oven-dried wood specimens were placed in a beaker filled with pure water. Fifteen test specimens
were used for each group. The soaking time was applied for 2 h and 24 h and then every 48 h. The weight and
dimensions of the specimens taken from the water were measured. Afterwards, the specimens were placed

back into the beaker with renewed water. This experiment lasted a total of 13 days. Water absorption rate (WA,
%) of each group was calculated according to Equation 1 (Tomak et al. 2011).

WA = (M]xloo )
W,

1

Where W,= wet weight (g), W, = initial dry weight (g)

Statistical analysis

In the present work, Independent-Samples T Test was performed at 95 % confidence interval to determine
the differences between the means of aged and recent wood specimens. Statistical analysis was performed
using the SPSS Statistics 23.0 program.
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RESULTS AND DISCUSSION
Wood identification and anatomical features

As aresult of microscopic analyses, it was determined that the wood element used as a window jamb was
chestnut (Castanea sativa Mill.), and the one used as molding was Scots pine (Pinus sylvestris L.). Scots pine
and chestnut are the most commonly used wood species in many parts of traditional wooden structures in the
Eastern Black Sea region of Turkey. Figure 2 shows the transverse section, radial and tangential sections of
Castanea sativa and Pinus sylvestris as a result of observations made by light microscopy. C. sativa and P.
sylvestris trees are among the main tree species that grow in Turkey. These tree species also grow in the city
where the research area is located, and it is known that especially chestnut is used in the construction of many
traditional wooden structures. Mean values of anatomical features of window jamb and molding wood speci-
mens are shown in Table 1. The wood of C. sativa is “ring-porous” and the large diameter early wood vessels
were scattered one by one (Figure 2a, Figure 2b). The radial diameter of early wood (209,34 pm) was greater
than the tangential diameter (181,72 pm) and also the radial diameter of late wood (47,14 pm) was greater
than the tangential diameter (37,77 um). Rays are homogeneous, uniseriate homocellular rays (Figure 2e), and
their frequency in 1 mm was 9 (Table 1). Growth rings P. sylvestris were distinct, late wood tracheids were
thick-walled and narrow-lumened. There was abrupt transition from early wood to latewood (Figure 2f, Figure
2g). Rays are uniseriate and heterogeneous (Figure 2i). The ray frequency in 1 mm was 4 (Table 1). There
was cross-field pitting window-like in radial section (Figure 2h). The obtained data of both wood species were
compared to recent wood. The data related to recent wood features were provided from relevant literature: P.
sylvestris (Yaman 2007), C. sativa (Merev 1998). It was determined that the data obtained of the aged wood
were among the values specified according to the above-mentioned literature data. In addition, no change or
degradation was determined in the anatomical structure of both wood species that can be attributed to natural
aging.

Castanea sativa
(Window jamb)

pasa

leceBashrans

Pinus sylvestris
(Molding)

Figure 2: Microscopic photographs of the wood anatomy of window jamb and molding. ((a-b),
(f-g)): transverse section, (c-d, h): radial section, (e, 1): tangential section. — Scale bar for (a, f) = 250 pum,
for (b, c, e, g, 1) = 100 um, for (d)= 50 pm, for (h) =25 um.
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Table 1: Mean values of anatomical features of aged wood specimens.

Wooden Hacads Anatomical Features
Elements
Vessel Ra
Early wood Latewood Y
Castanea sativa VTD VRD VTD VRD Height Width Frequency
(Window jamb) (um) (um) (um) (um) (um) (um) (per mm)
181,72 209,34 | 37,77 47,14 220,28 14,50 9
(40,53) 4447 | 9,71) | (12,06) | (70,60) (3,09) (1)
Tracheid Ra
Early wood Latewood Y
Pinus sylvestris TTD TRD TTD TRD Height Width | Frequency
(Molding) (@m) | (um) | (um) | (um) | (um) | (um) | (permm)
27,36 26,93 16,09 10,99 178,29 16,04 4
(6) (7,63) (3,27) (2,04) (26,72) (2,68) @)

VTD: vessel tangential diameter, VRD: vessel radial diameter, TTD: tracheid tangential diameter TRD: tracheid radial diameter.

ATR-FTIR spectroscopy analysis

Figure 3 and Figure 4 show the ATR-FTIR spectra of the window jamb and molding at natural outdoor
conditions. The spectrum indicated in blue was measured from the inner surface of the aged wood specimen
(Figure 3b and Figure 4b), and the spectrum represented by red was measured from the outer surface of the
aged wood specimen (Figure 3a and Figure 4a). It is seen that the surface exposed to outdoor conditions shows
very different peaks than the inner surface. The peak intensities of the window jamb parts exposed to outdoor
conditions increased significantly at 1643 cm™ and 1620 cm™ compared to the inner parts that are not exposed
to light. At 1643 cm™ band indicates the ring-conjugated C=C stretch of the coniferyl and sinapyl alcohol
(Agarwal and Atalla 2010). The increase in peak intensity in this band is due to the change of lignin structure
with light radiation. Similarly, at 1620 cm™ band is associated with lignin and indicates the C=0 stretching
conjugated to the aromatic ring. It was determined that the color of the specimens darkened as a result of the
oxidation of the lignin structure on the outer surfaces of both wood specimens with the effect of time and
light. In addition, it was determined that the peak intensity increased significantly at 1319 cm™! band, which
is associated with the ring structure of syringyl and guaiacyl of the window jamb exposed to light (Nelson
and O’Connor 1964, Nuopponen 2005). The degree of conjugation of lignin and multiple conjugated systems
increase in aged wood specimens due to oxidation and decrease of acid-soluble lignin (Borgin et al. 1975).
Furthermore, the peak at 1234 cm™! band in window jamb almost disappeared with the aging effect. This result
can be explained by the stretch of the C= bonds in the lignin structure and the deterioration of the structure of
the syringyl ring structure as a result of oxidation (Faix 1991).
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Figure 3: ATR-FTIR spectra for window jamb-Castanea sativa: (a) outer surface, (b) inner surface.
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Figure 4: ATR-FTIR spectra for molding-Pinus sylvestris: (a) outer surface, (b) inner surface.

The peak around at 894 cm™! shifted around at 902 cm™! with aging for both the window jamb and molding.
The peak at 895 cm™ indicates the C-H deformation in cellulose, that is, amorphous cellulose and hemicellu-
loses (Nelson and O’Connor 1964, Kato et al. 1973). In addition, the characteristic peaks of cellulose, which
is relatively more resistant to UV effects, became more evident at 1103 cm™ and 1157 cm™ with the effect of
natural aging over time. Zhao et al. (2019) performed an FTIR analysis of Chinese fir wood samples taken
from an ancient Chinese building approximately 170 years old. They found that the inner layer of old wood
samples had the highest holocellulose and lignin content, while the outer layer showed the most severe aging.
Although similar results were observed in the molding, no significant change was observed at 1319 cm™ for
molding. However, the change at 1643 cm™ and 1620 cm™ in molding was more moderate compared to the
window jamb. According to this result, it can be said that the location of the facade elements on the building
affects also their natural aging process. In addition, the characteristics of the chemical compounds of the cell
wall of Gymnosperms and Angiosperms may be effective on the natural aging process of the two facade ele-
ments. Indeed, Owen and Thomas (1989) stated that the lignin structure of all softwoods is slightly different
from that of hardwoods. During natural aging, hemicellulose, cellulose and lignin in wood generally undergo
changes at different rates (Zhao et al. 2019). As reported by Anderson ef al. (1991) the same weathering con-
ditions may have very similar long-term effects on different trees, but in some cases these weathering effects
may occur much more quickly than others.

Moisture content and density values

Table 2 shows the Independent-Samples T Test results of physical properties of aged and recent wood.
As shown in Table 2, the mean moisture content of aged wood and recent wood for window jamb was found
to be 11,46 % and 12,12 %, and for molding 10,63 % and 11,06 %, respectively. According to the Indepen-
dent-Samples T Test results, it was determined that there was statistically significant difference (p=0,000)
between moisture content of aged and recent wood for both window jamb and molding. The moisture con-
tent of recent wood was greater than that of aged wood for both of facade elements. This result can be ex-
plained as the density values of the recent wood are clearly greater than those of the aged wood for both wood
species (Table 2). As is known, frequent exposure of the wood surface to rapid changes in humidity is one
of the main causes of weathering (Feist 1990). In addition, the facade elements in this study were exposed
to outdoor weathering conditions with natural aging throughout their service life. In the process of outdoor
weathering, the water erodes the wood surface and possibly hydrolyzes the hemicelluloses, especially inthe surface
(Williams 2005). As reported by Inagaki et al. (2008) and Kranitz et al. (2016), the reduced adsorption of
hemicelluloses or amorphous cellulose may have contributed to the lower EMC values. The moisture contents
of fir and oak wood, aged between 120 and 470 years, were smaller than those of recent wood (Sonderegger
et al. 2015). In another study, no difference in the moisture behavior was reported on of old European oak,
Norway spruce and silver fir woods from the 16th and 19th centuries and those of the recent woods (Gereke
etal 2011).
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Table 2: Results of physical properties for aged and recent wood specimens.

. i Standard
Physical properties Wooden Facade Elements Mean deviation D
2
Window jamb® |—2E 1126 0.2 0.000
. , recent 12,12 0.30
Moisture content (%)
Molding™ aged 10,63 0,30 0.000
oame recent 11,06 0.28 :
. . aged 5330 40
Air dry density Window jamb = "0 570 10 0.002
(kg/m®) . aged 450 30
Molding recent 490 40 0.010
. . aged 500 40
Oven dry density |V indowjamb 2 o0 540 20 0.003
(kg/m®) . aged 420 30
Molding recent 470 40 0.006

*Castanea sativa, " Pinus sylvestris.

The mean density values of aged and recent wood are shown in Table 2. Density is described as mass per
unit volume. In general, it has been presumed that the quality of wood as a building material depends mostly
on its density (Kollmann and C6té Jr 1968). The mean air dry density values of aged wood and recent wood for
window jamb were found to be 530 kg/m® and 570 kg/m?, and for molding 450 kg/m?* and 490 kg/m?, respec-
tively. The mean oven dry density values of aged wood and recent wood for window jamb were found to be
500 kg/m® and 540 kg/m?, and for molding 420 kg/m?and 470 kg/m3, respectively. These results show that the
density values of the recent wood are greater than those of the aged wood for both density values. That is, aged
wood had relatively smaller density values than recent wood. However, according to the Independent-Samples
T Test, it was determined that there were statistically significant differences (p=0,002 and p=0,010) between
the density values of the recent and aged wood of both facade elements (Table 2). The cell walls of wood are
composed of cellulose, hemicellulose and lignin, the three primary chemical materials (Kollmann and C6té
Jr 1968). As reported by Saranpdi (2003), these three important materials determine the density of the cell
wall, and cell wall thickness and cell wall area are related to density. The smaller density values of the aged
woods of both facade elements can be attributed to the hydrolysis of hemicelluloses on the wood surface and
the degradation of lignin during outdoor weathering. Similar to our results, Vurdu ez al. (2013) also found
that the density value of the approximately 100-year-old antique Turkish fir samples was smaller than that of
the control sample. In the research of Thaler ef al. (2014), they reported that oven dry density value of recent
sweet chestnut heartwood as 607 kg/m* and that of the old wood as 571 kg/m®. In contrast, Krajewski et al.
(2020) determined that there was not statistically difference between the moisture content and density values
of natural aged wood and freshly cut wood of Scots pine.

Water absorption rates

Table 3 shows the results of water absorption rates for aged and recent wood. The aged wood showed a
greater hygroscopicity than that of recent wood for window jamb. As a result of the water-soaking test, which
was carried out for 2 h to 312 h, the water absorption rates of both aged and recent wood of the window jamb
increased with time. The water absorption rate of the window jamb, which started with 21,33 % for aged wood
and 16,24 % for recent wood, increased to 130,68 % for aged wood and 102,64 % for recent wood at the end
of the 312 h. The water absorption rates of recent wood of window jamb were smaller than those of molding.
This result can be attributed to chestnut wood has a lower void volume than Scots pine wood. As is known, the
amount of water held in the wood above the fiber saturation point is limited by the void volume of the wood
(Panshin and Zeeuw 1970), and the high extractive content of chestnut reduces the void volume available for
water condensation (Dieste ef al. 2013).
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Table 3: Results of water absorption rates for aged and recent wood specimens.

Water.-soakmg Wooden Facade Elements | Mean Stagdz_trd p
time deviation
. .+ | aged | 2133 251
" Window jamb recent | 16.24 1.53 0,000
e aged | 2395 1,81
Molding recent | 4543 554 0,000
. . aged | 5345 2,67
” Window jamb recent | 40.94 139 0,000
. aged | 49,20 2,53
Molding recent | 60,00 4387 0,000
. . aged | 80,61 4,37
- Window jamb recent | 62.22 225 0,000
. aged | 7284 2,04
Moldmng recent | 80,01 333 0,000
Windowrjanly om0 ER Tl 0,000
120h recent | 75,22 2,10
. aged 89,64 1,89 ns
Molding recent | 91,66 358 0,068
Window jamb aged | 108,80 440 0,000
168h recent | 84,95 2,17
. aged | 100,65 1,83
Moldmg recent | 9681 410 0004
Window jamb aged | 11811 421 0,000
216k recent | 91,99 233
. aged | 108,45 2,30
Moldmg recent | 102,18 5.17 oo
Window jamb Bget. 1oL ) 5,66 0,000
recent | 97.44 2,06
264h aged llé 6l 2,20
Molding recent | 106,84 3,74 0,000
. . aged | 130,68 4,55
31h Window jamb 1=t [ 102.64 2,26 0,000
. aged | 123,18 2,07
Moldmg recent | 111,36 538 1000

“Castanea sativa, " Pinus sylvestris, ™ no significant (p>0,05)

The water absorption rates of molding showed a similar trend to that of window jamb. From the 2™ h to the
312" h, the water absorption rates of both aged and recent wood increased (Table 3). According to the results of
Independent-Samples T Test, the differences between water absorption rates of aged and recent wood for both
window jamb and molding were statistically significant (p=0,000) except for water absorption rate of molding
at the end of the 120" h (Table 3). The water absorption rate of aged wood for window jamb is greater than
that of recent wood. This result can be explained by the leaching of degraded lignin components and oxidized
extractives from the surface due to the effect of rain over time (Zimmer ez al. 2020). Similar to this result, the
sorption curves of 205-year-old aged Scots pine wood were above that of the new wood, and the cellulose
crystallinity had a significant effect on the hygroscopicity of the wood (Esteban et al. 2006). The results for
molding were relatively different. The water absorption rates of aged wood of molding up to the 120" h were
smaller than those of recent wood. There was no statistical difference between aged and recent wood at the
120" h (Table 3). After this time, an adverse situation was experienced, and aged wood absorbed more water
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than recent wood. Kohara and Okamoto (1955) found the decrease in the hygroscopicity of two Japanese old
woods with ages ranging from 240 to 1300. Vurdu et al. (2013) determined that the water absorption rate of
the antique Scots pine samples, which have a service life of approximately 100 years, was smaller than that of
the control samples at 72 h. The differences in water absorption rates between aged and recent wood of both
facade elements were estimated to be due to changes in its chemical structure during natural aging and outdoor
weathering.

CONCLUSIONS

The wood species of the two facade elements taken from the traditional wooden building were identified
as Pinus sylvestris (Scots pine) for the molding and Castanea sativa (chestnut) for the window jamb. The data
on the anatomical features of both wood species were similar to those of recent wood, and no degradation was
observed in the anatomical structure of both facade elements due to natural aging and outdoor factors. The
values of moisture content, air dry density and oven dry density recent wood for both facade elements were
greater than those of the aged wood. The natural aging process with outdoor weathering has a significant effect
on the water absorption of the wood used as a facade element in the building. The water absorption of recent
Pinus sylvestris, which has relatively smaller wood density, was greater than those of recent Castanea sativa
which has generally greater wood density. As the water-soaking time increased, the water absorbed by aged
chestnut specimens was greater than those of recent specimens. The surface of both molding and window
jamb had been aged or weathered. Especially UV light changed the structure of lignin on the outer surface
of both facade elements and the surface of facade elements darkened. Although the natural aging action does
not directly affect the structural integrity of historical or traditional wooden structures, it can cause problems
such as structural defects, biological damage in wooden elements. For this reason, the selection of appropriate
preservation methods for aged wood materials in the maintenance and conservation of historical wooden struc-
ture is also important for the reuse of aged wood materials.
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