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This study comparatively investigates the degradation of Chinese fir under three accelerated aging
protocols simulating key environmental threats: ultraviolet (UV) weathering, thermal-humidity cycling,
and salt fog. The results revealed distinct degradation mechanisms with significant implications for
heritage diagnostics. Salt fog exposure induced the most severe degradation, causing a 63.9% loss
in bending strength through comprehensive chemical attacks. UV weathering led to significant surface
photodegradation and microcracking, while thermal-humidity cycling caused a 46.5% reduction
in bending strength, primarily due to physical stresses. Crucially, a strong, universal correlation was
established between cellulose crystallinity (Crl) and the mechanical properties (tensile, R=0.874;
compressive, R=0.902; bending, R=0.941) across all aging conditions. This identifies Crl as a robust and
minimally invasive indicator for assessing the mechanical integrity of historic timbers. Furthermore,
the degradation kinetics under each stressor followed highly predictable trends, with UV weathering
and thermal-humidity cycling exhibiting strong linear relationships (R*>0.96), and salt fog also showing
a clear linear trend (R*>0.84). This provides a quantitative basis for developing targeted conservation
strategies and more accurate service life prediction models for timber heritage structures.
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Introduction

including intense solar radiation, drastic hygrothermal
fluctuations, and saline air in coastal regions, which can

Chinese fir (Cunninghamia lanceolata) is a cornerstone
structural material in traditional Chinese architecture,
prized for its favorable mechanical properties and
natural durability [1]. For centuries, it has been the
primary timber for constructing iconic heritage struc-
tures, making the preservation of its long-term perfor-
mance a cultural imperative as well as an engineering
challenge [2],[4]. However, these historic structures are
constantly exposed to harsh environmental stressors,

" Corresponding author: x1151658268@xauat.edu.cn

cause substantial degradation in mechanical strength
[5]. Despite its importance, the specific mechanisms
governing its degradation under these distinct condi-
tions remain poorly understood. This knowledge
gap presents a critical barrier to developing effective
service-life prediction models and targeted conserva-
tion strategies for irreplaceable timber heritage [6],[7].

Existing research has typically investigated the
effects of individual environmental factors in isolation.
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For instance, ultraviolet (UV) radiation is known to
trigger the photodegradation of lignin [8], while hygro-
thermal cycling induces internal stresses that cause
micro-cracking [9],[10]. Concurrently, chemical agents,
such as those in saline environments, can accelerate
the hydrolysis of structural polymers [11],[12]. While
these studies provide valuable insights into specific
damage modes, their isolated approach fails to capture
the complex interplay and, critically, the comparative
severity of these factors as experienced by heritage
structures. Consequently, how these distinct environ-
mental threats uniquely impact the material’s integrity
remains largely unquantified.

This landscape reveals critical gaps in conservation
science. First, without a comparative benchmark, it is
difficult to perform accurate in-situ diagnosis of deteri-
oration causes in historic buildings, as each stressor may
leave a unique “damage signature.” Second, and more
fundamentally, there is a lack of robust quantitative
correlations linking micro-level changes (e.g., chemi-
cal composition, cellulose crystallinity) to macro-level
mechanical performance. Establishing such correla-
tions is essential for developing the minimally invasive
or non-destructive assessment techniques that are para-
mount in heritage conservation [13]-[16]. The absence
of this integrated understanding severely hampers both
the accurate durability assessment of timber compo-
nents and the development of targeted preservation
strategies [17]-[19].

To address these critical gaps, this study systemati-
cally investigates the degradation of Chinese fir under
three distinct accelerated aging protocols: UV weath-
ering, hygrothermal cycling, and salt fog exposure. By
integrating mechanical testing with comprehensive
microstructural and chemical analyses (SEM, XRD,
FTIR), this work aims to: (1) comparatively elucidate
the unique damage mechanisms and severity driven by
each environmental stressor, establishing their distinct

“damage signatures”; and (2) establish universal, quan-
titative correlations between a key microstructural
indicator—cellulose crystallinity—and the resulting

Table 1. Summary of accelerated aging protocols

loss of mechanical strength. The findings are intended
to provide a robust scientific framework for the assess-
ment, conservation, and management of Chinese fir in
architectural heritage.

Materials and methods
1. Specimen Preparation

Clear, defect-free Chinese fir (Cunninghamia lanceolata)
lumber was sourced from an approximately 30-year-
old sustainable plantation in Fujian Province, China.
The lumber was conditioned at 20+2°C and 65+5%
relative humidity (RH) to a constant mass, achieving
an equilibrium moisture content (EMC) of approxi-
mately 12% and an average air-dry density of 380 kg/
m’. Subsequently, the lumber was machined into 400
mm (Longitudinal) x 200 mm (Tangential) x 10 mm
(Radial) blocks. Each block was then quarter-sawn to
yield four matched sub-specimens (100mmx 100mmx
10mm ). For a robust comparative analysis, one spec-
imen from each matched set was designated as the
unaged control, while the other three were allocated
to the UV weathering, thermal-humidity cycling, and
salt fog exposure protocols, respectively.

2. Accelerated Aging Protocols

Three distinct accelerated aging protocols were employed
to simulate long-term environmental exposure, with the
key parameters for each summarized in Table 1. The
parameters for each accelerated aging protocol were
carefully selected based on several key principles to
ensure scientific rigor and relevance. Firstly, the proto-
cols adhere strictly to established international standards
to guarantee the reproducibility and comparability of the
results. Secondly, the conditions were chosen to simulate
the typical and often harsh environmental stressors faced
by historic timber structures in China, such as intense
summer solar radiation, severe temperature fluctua-
tions in continental climates, and corrosive saline air in

Aging Protocol Abbreviation  Aging Key Parameters Standard
Durations
(days)
Unaged Unaged 0 Stored at 20 + 2 °C, 65 + 5% RH
Thermal-Humidity THC 3,7,14,30  Cycle: 70 °C > 25 °C (95% RH) > -40 °C>  IEC 60068-
Cycling 25°C (95% RH) 2-30
UV Weathering uv 3,7,14,30  Cycle: 8h UVA (0.76 W/m?, 60°C BPT) +  ISO 4892-3
4h dark/spray (50°C BPT)
Salt Fog Exposure SF 3,7,14,30  Cycle: 12h spray (5% NaCl, 22.4°C, pH ISO 9227
6.5-7.2) + 12h rest
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coastal regions. Finally, the parameters were informed
by existing literature on wood degradation to ensure the
accelerated aging was both effective and representative
of natural degradation processes.

For Thermal-Humidity Cycling (THC), the proto-
col was based on IEC 60068-2-30:2005 [20]. The
upper temperature of 70°C simulates the peak surface
temperature of wood under direct summer sun, while
the lower temperature of -40°C represents extreme
winter conditions found in northern China. The high
humidity level (95% RH) simulates damp climatic
conditions, and the drastic cycling between these states
is highly effective at inducing internal physical stresses.

For UV Weathering, the conditions followed ISO
4892-3:2016 [21]. The irradiance of 0.76 W/(m?*nm)
at 340 nm and a black-panel temperature of 60°C are
standard accelerated conditions designed to mimic
intense sunlight, focusing on the UVA spectrum, which
is particularly damaging to lignin in wood.

For Salt Fog (SF) Exposure, the test was conducted
according to ISO 9227:2022 [22]. A 5% NaCl solution
is the standard concentration used to simulate a marine
atmosphere, widely employed to assess the durability
of materials in coastal environments.

2.1. Thermal-Humidity Cycling

Thermal-humidity cycling was conducted in a program-
mable environmental chamber (BPHJS-060A) following
the IEC 60068-2-30:2005 standard [20]. Each 24-hour
cycle consisted of four sequential steps: (1) ramping to
70+2s°C over 2 h and holding for 4 h (humidity uncon-
trolled); (2) cooling to 25+3°C over 2 h and holding for
4 h at 95+3% RH; (3) cooling further to —40+3°C over
2 h and holding for 4 h (humidity uncontrolled); and
(4) ramping back to 25+3°C over 2 h and holding for
4 h at 95+3% RH. This cycle was repeated continuously
for total durations of 3, 7, 14, and 30 days.

2.2. UV Weathering

UV weathering was performed ina UV chamber (Model:
FR-120S) according to the ISO 4892-3:2016 standard [21].
A complete 12-hour cycle consisted of an 8 h exposure
to UVA-340 lamps at an irradiance of 0.76 W/(m?- nm)
(at 340 nm) and a blackboard temperature (BPT) of
60+3°C. This was followed by a 4 h dark phase
comprising 0.25 h of water spray and 3.75 h of conden-
sation at a BPT of 50+3°C. The entire cycle was repeated
continuously for the specified durations.

2.3. Salt Fog Exposure

A neutral salt spray test was conducted in a salt fog
chamber (Model: FR-90) per the ISO 9227:2022 stan-
dard to simulate a corrosive environment [22]. The
protocol involved a 24-hour cycle: 12h of continuous
spraying with a 5% NaCl solution, followed by 12 h
of rest in a saturated humidity environment. The cham-
ber temperature was maintained at 22.4+2°C, and the
pH of the salt solution was controlled between 6.5 and
7.2. This cycle was repeated for the specified durations.

Aging of Chinese fir specimens is conducted according
to the aging process depicted in Fig. 1, where SF represents
salt fog exposure, UV denotes ultraviolet aging, and THC
signifies thermal-humidity cycling aging.

3. Characterization and Mechanical Testing
3.1. Microstructural and Chemical Analysis

Scanning Electron Microscopy (SEM): Surface
morphology and cross-sectional microstructures
were examined using a scanning electron microscope
(FEI Quanta 250). Samples (12mm radialx 2.5mm
tangentialx 2mm longitudinal) were cut from both
aged and control specimens and sputter-coated with

Fig. 1. Temperature profiles for the three accelerated aging protocols: thermal-humidity cycling (THC), UV weathering
(UV), and salt fog exposure (SF)
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a thin gold layer before imaging to ensure electrical
conductivity.

Fourier-Transform Infrared (FTIR) Spectroscopy:
Changes in chemical functional groups were analyzed
with an FTIR spectrometer (Nexus 670). Wood shav-
ings from specimen surfaces were mixed with potas-
sium bromide (KBr) powder (mass ratio approx. 1:150)
and pressed into translucent pellets. Spectra were
recorded from 4000 to 400 cm™ at a resolution of 4 cm’,
averaging 16 scans per sample.

X-ray Diffraction (XRD): The effect of aging on
cellulose crystallinity was investigated using an X-ray
diffractometer (MiniFlex 600) with a Cu Ka radiation
source (A=0.154nm). Dried, ground wood powder was
scanned over a 20 range of 5° to 50° at a rate of 2°/min.
The cellulose crystallinity index (CrI) was calculated
using the Segal method [23]:

X, = Lo =L 0004 (1)

002

Where Iy, is the maximum intensity of the (002)
lattice diffraction peak (at 26 =~ 22.5°) and I is the
intensity of diffraction of the amorphous background
(at 20 = 18°).

3.2. Physical Property Analysis

Colorimetry: Surface color changes are quantified
using a color difference analyzer (LS170). The color
is characterized in the CIE Lab* color space, where
L* represents lightness, a* represents the red-green
axis, and b* represents the yellow-blue axis. The total
color difference (AE*) relative to the unaged control is
calculated using Eq. (2)

AE" = [(AL*)Z L (Ad )+ (Ab*)z}m 2)

3.3. Mechanical Property Testing

All mechanical tests are performed using a universal
testing machine (WE-30) under ambient laboratory
conditions.

Tensile Strength: Longitudinal tensile strength is
evaluated according to ISO 13061-6:2014 [24]. Spec-
imens are loaded at a constant displacement rate
of 2 mm/min until fajlure.

Compressive Strength: Longitudinal compressive
strength is determined following ISO 13061-17:2017.
Aloading rate of 2 mm/min is applied until failure [25].

Bending Strength and Modulus of Elasticity (MOE):
Three-point bending tests are conducted based on ISO
13061-3:2014 (bending strength) and ISO 13061-4:2014
(MOE) [26],[27]. The specimens are placed on two

supports with a span of 240 mm. For MOE determina-
tion, the specimen is first loaded to approximately 40%
of its predicted failure load at a rate of 1 mm/min while
recording the deflection. Subsequently, the loading rate
is increased to 3 mm/min until fracture to determine
the bending strength.

Results and analysis
1. Mechanical Property Degradation

The effects of the three accelerated aging protocols on
the mechanical properties of Chinese fir were system-
atically evaluated. Significant degradation was observed
across all measured properties—tensile, compressive,
and bending strength—with the extent and nature
of the loss varying distinctly with the type of environ-
mental stressor.

1.1. Longitudinal Tensile Strength

The effects of the three accelerated aging protocols
on the longitudinal tensile strength of Chinese fir are
presented in Fig. 2 and Table 2.

The unaged control specimens exhibit an aver-
age tensile strength of 77.19 MPa. Following all aging
treatments, a consistent decline in tensile strength
is observed, with the extent of degradation varying
significantly among the different protocols.

Based on the test results, the longitudinal tensile
strength of the specimens is calculated using Eq. (3):

Oy = 7 (3)

In the equation, o, represents the longitudinal
tensile strength at a moisture content of W, with units
in MPa; P__ is the failure load in N; b is the specimen
width in mm; and t is the specimen thickness in mm.

Salt fog exposure induces the most substantial
loss of tensile strength. The strength decreases
progressively, reaching a final value of 32.94 MPa
after 30 days, which corresponds to a 57.4% reduc-
tion. This severe degradation suggests a pervasive
chemical attack on the wood’s primary load-bearing
components [28],[29].

UV weathering also leads to a significant, albeit
lesser, reduction in tensile strength. After 30 days
of exposure, the strength drops to 57.63 MPa (a 25.3%
reduction). This degradation is mainly attributed to
the photodegradation of lignin at the surface, which
creates microcracks that compromise the material’s
structural integrity [30].

Thermal-humidity cycling causes a moderate
but steady decline in tensile strength. The strength
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Fig. 2. Longitudinal Tensile Specimens and Test Images

reduces by 43.9% over the 30 days. This effect is
primarily mechanical in nature, arising from internal
stresses generated by the anisotropic expansion and
contraction of wood components during temperature
and moisture fluctuations.

In summary, the hierarchy of degradation severity
for tensile strength is as follows: Salt Fog > Ther-
mal-Humidity Cycling > UV Weathering.
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Table 2. Key Data for Longitudinal Tensile Strength

Unaged UV7 UVH4 UV30 THC7 THCI4 THC30 SF7  SF14  SF30
Maximum 61747 5058.0 4719.9 4610.1 4663.8 4330.8 31527 3537.0 29709  2635.5
Force (N)
Tensile
Strength 7719 6323  59.00  57.63 5830 5414 3941 4421 3714  32.94
(MPa)

Note: Aging conditions are denoted as: UV (ultraviolet weathering), THC (thermal-humidity cycling), and SF (salt fog exposure).
The number following the abbreviation indicates the aging duration in days (e.g., THC14 represents 14 days of thermal-humidity cycling)

1.2. Longitudinal Compressive Strength

The degradation trends for longitudinal compressive
strength under the three aging protocols are illustrated
in Fig. 3 and detailed in Table 3. The compressive
strength of Chinese fir shows a consistent decrease
following all aging treatments, exhibiting a pattern
analogous to that observed for tensile strength. The
unaged control specimens possess an average compres-
sive strength of 68.97 MPa.

Based on the test results, the longitudinal compres-
sive strength is calculated using Equation (4):

P

— max

bt @

cw

In the equation, o_ represents the longitudinal
compressive strength, with units in MPa; p_ s the
failure load in N; t is the specimen thickness in mm;
and b is the specimen width in mm.

Again, salt fog exposure induces the most pronounced
degradation. The compressive strength declines by
49.1% after 30 days, reaching a final value of 35.14 MPa.
This substantial loss is linked to the deep-level chemical
degradation of the cell wall matrix, particularly the
disruption of the rigid lignin network, which is a key
contributor to compressive strength [31].

Table 3. Key Data for Compressive Strength

UV weathering results in a more moderate reduction,
with a decrease of 31.6% over the 30 days. The impact of
UV radiation on compressive strength is less severe than
on tensile strength, suggesting that surface-level photo-
degradation of lignin has a comparatively smaller effect on
the bulk properties governing compression resistance [32].

Thermal-humidity cycling leads to a strength reduc-
tion of 34.8% after 30 days. The magnitude of this reduc-
tion is comparable to that caused by UV aging, indicating
that physical damage, such as micro-cracking from inter-
nal stresses, also plays a significant role in compromising
the wood’s ability to resist compressive loads.

Overall, the hierarchy of degradation severity for
compressive strength follows the same order as that for
tensile strength: Salt Fog > Thermal-Humidity Cycling
=~ UV Weathering.

1.3. Bending Strength and Modulus of Elasticity
(MOE)

The results of the three-point bending tests, which assess
both bending strength (Modulus of Rupture, MOR) and
Modulus of Elasticity (MOE), are presented in Fig. 4 and
Table 4. These properties are critical for evaluating the
structural performance of timber beams. The unaged
Chinese fir specimens possess a bending strength of
59.62 MPa and an MOE of 11.45 GPa.

THC7 THC14 THC30 SF7 SF14 SF30

Unaged UV7 UVi4  UV30
Maximum — cooc o0 cea262  5462.62  4720.36
Force (N)
Compressive
Strength 68.97 6643 5463  47.20
(MPa)

5558.76 4604.88 4498.38 5335.44 4591.48 3514.44

55.59 46.05 44.98 53.35 45.92 35.14

Note: Aging conditions are denoted as: UV (ultraviolet weathering), THC (thermal-humidity cycling), and SF (salt fog exposure).
The number following the abbreviation indicates the aging duration in days (e.g., THC14 represents 14 days of thermal-humidity cycling)
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Fig. 3. Longitudinal Compressive Specimens and Test Images
After all specimens are tested, the bending elastic In the equations, E represents the elastic modulus
modulus and bending strength of the specimens are ~ with units in GPa; L is the span between two supports
calculated using Equations (5) and (6): in mm; b is the specimen width in mm; h is the spec-
s imen height in mm; and § is the deflection at the
E=—F— (5)  midpoint of the specimen in mm.
4bh’s
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Consistent with the tensile and compressive tests,

In the equations, o, represents the bending strength  salt fog exposure exerts the most detrimental effect.
of the specimen in MPa; F__is the peak load at speci- The bending strength decreases dramatically by 63.9%
men fracture in N; L is the span between two supports  after 30 days. The MOE also shows a significant decline,
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Fig. 4. Bending Specimens and Test Images
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Table 4. Key Data for Three-Point Bending

Unaged UV7 Uvi4 UVv30 THC7 THC14 THC30 SF7 SF14 SF30
Elastic
Modulus 11.45 10.95 10.25 8.57 10.86 8.86 7.58 9.85 6.67 5.85
(GPa)
Bending
Strength 59.62 55.18 52.35 35.02 53.57 43.39 31.90 4941 27.96 21.51
(MPa)

Note: Aging conditions are denoted as: UV (ultraviolet weathering), THC (thermal-humidity cycling), and SF (salt fog exposure).
The number following the abbreviation indicates the aging duration in days (e.g., THC14 represents 14 days of thermal-humidity cycling)

Table 5. Surface Color Values of Chinese Fir Before and After Aging Treatment

L* a* b* h AE*
Sample T (d) Mean SD Mean SD Mean SD Mean SD Mean SD
Unaged 0 70.74 3.71 10.11 0.74 45.73 0.93 77.50 0 0 0
uv 3 60.18 9.71 14.54 1.12 38.67 1.34 69.38 0.97 13.54 1.31
7 54.19 11.31 16.48 1.24 37.93 0.92 66.51 1.17 19.37 1.22
14 41.40 10.73 16.90 1.23 34.89 1.39 64.15 1.89 32.01 0.98
30 37.89 12.49 29.17 1.09 27.02 1.93 63.37 1.44 42.34 1.37
THC 3 66.99 9.27 11.46 1.17 32.84 1.07 70.76 1.19 13.49 0.89
7 60.01 11.92 12.71 1.05 32.58 1.42 68.68 1.52 17.17 1.12
14 55.37 8.39 18.60 1.32 32.02 1.78 59.84 1.73 22.28 0.93
30 44.76 12.94 18.56 1.41 30.21 1.59 58.48 1.29 31.42 1.39
SF 69.97 9.78 9.31 1.29 37.89 1.82 76.18 1.03 7.92 0.83
7 63.50 10.21 11.37 1.17 39.83 1.14 74.04 1.38 9.42 1.02
14 59.96 11.43 14.05 1.33 34.08 1.67 67.58 0.91 16.35 0.96
30 58.56 9.97 12.84 1.41 29.22 1.32 66.28 1.47 20.70 1.19

Note: Aging conditions are denoted as UV (ultraviolet weathering), THC (thermal-humidity cycling), and SF (salt fog exposure).

The number following T(d) indicates the aging duration in days

underscoring the comprehensive damage to the cell
wall structure that affects both its ultimate load capacity
and its elastic response.

Thermal-humidity cycling induces substantial reduc-
tions in bending properties, with bending strength
decreasing by 46.5% over the 30 days. The MOE follows
a similar downward trend. This indicates that the physi-
cal stresses from thermal cycling effectively disrupt the
integrity of the wood matrix.

Among the three protocols, UV weathering causes
the most gradual decline in bending strength, with
areduction of 41.3% at the 30-day mark. The impact on
MOE is also the least pronounced. This finding suggests
that the surface-focused degradation from UV radia-
tion has aless immediate impact on bending properties,
which are more dependent on the bulk integrity of the
entire cross-section [33].

2. Surface Color Alteration

The surface color changes of Chinese fir under the
different aging protocols are quantified using the CIE
Lab* colorimetric system, with the detailed parameter
changes presented in Fig. 5 and Table 5. The overall
degradation kinetics, represented by the total color
difference (AE*), were further analyzed to assess their
predictability. As shown in Fig. 6, the color difference
under all three protocols exhibited a highly predict-
able linear relationship with aging time. Specifically,
UV weathering and thermal-humidity cycling showed
strong linear correlations (R* , > 0.96), and salt fog
also followed a clear linear trend (R?, 5= 0.844). This
indicates that the color degradation process proceeds
at a nearly constant rate under these accelerated
conditions. This predictability is fundamental for
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Fig. 5. Color Changes of Unaged and Three Differently Aged Chinese Fir

Fig. 6. Linear regression analysis of color difference (AE*) as a function of aging time for Chinese fir under different
aging protocols

developing service-life prediction models for timber
heritage structures.

UV weathering induces the most dramatic and
rapid color changes. The lightness (L*) value decreases
sharply from an initial 70.74 to 37.89 after 30 days,
indicating significant surface darkening. Concur-
rently, the red-green chromaticity index (a*) increases,
signifying a shift towards red, while the yellow-blue
index (b*) decreases, indicating a shift towards blue.
These combined changes result in a substantial total
color difference (AE*) of 42.34. This phenomenon is
attributed to the photodegradation of lignin, wherein
UV energy promotes oxidation reactions that form
chromophoric (color-bearing) quinone-like structures

and other red-shifted compounds [34]. The formation
of a darkened, carbonized surface layer also masks the
wood’s original yellow hue, contributing to the observed
changes [35].

Thermal-humidity cycling causes a moderate and
more gradual alteration of the wood’s color. The L* value
shows a steady decline, leading to a final AE* of 31.42.
This change is likely driven by physical mechanisms,
such as surface micro-roughening and the redistribu-
tion of pigment substances induced by hygrothermal
stress, rather than extensive chemical reactions [36].

Salt fog exposure results in the least significant color
change, with a final AE* of only 20.70. While the L*
value decreases slightly, the chromaticity coordinates
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(a* and b*) remain relatively stable. The primary mech-
anism appears to be physical soiling and slight surface

degradation from the salt solution, which reduces light
reflectance but does not induce major chromophoric

changes in the wood’s chemical components [37],[38].

In summary, the severity of color alteration follows

the hierarchy: UV Weathering >> Thermal-Humid-
ity Cycling > Salt Fog. This finding demonstrates that
photochemical reactions induced by UV radiation are

the dominant driver of color degradation in Chinese

fir, far surpassing the effects of physical stress or mild

chemical attack.

3. Microstructural, Chemical, and Crystalline
Structure Alterations

3.1. Surface Morphology (SEM Analysis)

Scanning electron microscopy (SEM) reveals distinct
microstructural changes on the wood surface corre-
sponding to each aging protocol (Fig. 7). Specifi-
cally, Fig. 7A shows the surface after 30 days of UV
weathering, Fig. 7B after thermal-humidity cycling,
and Fig. 7C after salt fog exposure, while Fig. 7D
displays the smooth, intact surface of the unaged
control specimen.

The unaged control specimen (Fig. 7D) exhibits
a smooth and intact surface, with well-ordered and
tightly packed wood fibers. In contrast, thermal-hu-
midity cycling induces significant physical damage
(Fig. 7B), characterized by prominent cracks and
fractures that disrupt fiber continuity, pointing to
severe internal stresses [39]. Salt fog exposure leads
to severe chemical degradation (Fig. 7C), where cell
wall structures appear blurred and partially dissolved,
indicating a corrosive attack that penetrates the fiber
structure [40]. UV weathering results in a different
mode of surface degradation (Fig. 7A), characterized

primarily by a network of fine microcracks, a direct
consequence of the photochemical degradation
of lignin, which weakens intercellular bonding [41].

3.2. Cellulose Crystallinity (XRD Analysis)

The changes in cellulose crystallinity, a key factor
influencing wood’s mechanical properties, are investi-
gated using X-ray diffraction (XRD), with the results
presented in Fig. 8 and Table 6.

Unaged Chinese fir exhibits a cellulose crystallin-
ity index (CrI) of 42.41%. All aging protocols lead to
a decrease in Crl, indicating damage to the ordered
crystalline regions of cellulose.

Thermal-humidity cycling results in the small-
est, yet still significant, decrease in Crl, to a value
of 37.36%. This reduction is attributed to physical
mechanisms: repeated swelling and shrinking, driven
by changes in moisture and temperature, induce
mechanical fatigue at the interface between crys-
talline and amorphous regions, leading to a partial
disruption of the crystalline lattice [42].

Salt fog exposure causes the most substantial
reduction in crystallinity, with the CrI dropping
to 31.88% (a 24.8% relative decrease). This finding
is consistent with a chemical degradation pathway
wherein the hydrolysis of glycosidic bonds in cellu-
lose and hemicellulose, facilitated by the acidic elec-
trolyte environment, disrupts the ordered molecular
chains [43].

UV weathering also reduces crystallinity, result-
ing in a final CrI of 36.34%. This effect is primarily
indirect; the photodegradation of the surround-
ing lignin matrix weakens its protective function,
thereby exposing the cellulose fibrils to degrada-
tion. Furthermore, UV radiation can directly cleave
cellulose chains, further disrupting the crystalline
structure [44], [45].

Fig. 7. SEM Images of Unaged and Three Differently Aged Chinese Fir
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Table 6. Cellulose Crystallinity of Chinese Fir Samples Under Different Aging Treatments

Diffraction angle Diffraction angle Intensitv at the ?E:;:::;i
of the (002) of the (101) yaoe P Y Cellulose

crystalline plane crystalline plane (002) crystalline atascanning crystallinity

Sample yo £ cellul 5 se );) £ cellul f se plane (a.u.) angle close to 16° ¥
(a.u.)

Unaged 22.04 16.6 349 201 42.41
Uv 22.68 16.76 355 224 36.34
THC 22.94 16.06 364 228 37.36
SF 224 16.8 389 265 31.88

Fig. 8. XRD Diffraction Patterns of Unaged and Three Differently Aged Chinese Fir

3.3. Functional Group Degradation (FTIR Analysis)

FTIR spectroscopy provides insight into the chemical
changes in the main components of wood (Fig. 9 and
Table 7).

Thermal-humidity cycling shows the most signif-
icant impact on the broad hydroxyl (-OH) stretching
band at approximately 3350 cm™, which is character-
istic of cellulose. The intensity of this peak decreases
notably, suggesting that repeated hygrothermal stresses
disrupt the hydrogen bond network within and between
cellulose molecules [46],[47]. This physical disruption
is a key degradation mechanism under this protocol.

The spectra reveal that salt fog exposure aggres-
sively degrades all major wood polymers. A signifi-
cant decrease in the intensity of the peak at 1740 cm™
(C=0 stretching in hemicellulose) indicates severe
hemicellulose degradation. Similarly, pronounced
reductions in the peaks at 1508 cm™ (aromatic skel-
etal vibration) and 1260 cm™ (C-O stretching) point
to extensive degradation of the lignin structure [48].

UV weathering primarily targets lignin. This is
evidenced by a marked decrease in the characteristic
lignin peaks (1508 cm™ and 1260 cm™), confirming
the photochemical breakdown of the aromatic poly-
mer. The impact on cellulose and hemicellulose is less
pronounced compared to that of salt fog.

Discussion

1. Distinct Degradation Mechanisms Driven
by Environmental Stressors

This study reveals that the three simulated environmen-
tal stressors induce fundamentally different degrada-
tion pathways in Chinese fir, each leaving a distinct
“damage signature” at the macro- and micro-scales.
Salt fog exposure initiated a comprehensive, bulk
chemical degradation. The aqueous NaCl solution,
acting as a corrosive electrolyte, facilitated the wide-
spread hydrolysis of polysaccharides and the cleavage
oflignin’s aromatic structure, as confirmed by the broad
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Table 7. Changes in Characteristic Peaks

Peak position Characteristic peak Decrease under Decrease under high-low  Decrease under salt
(cm™) description UV aging (%) temperature aging (%) fog aging (%)
3350 -OH 18.6 224 15.8
2930 -CH,- 14.2 19.5 12.7
1030 C-0-C 12.3 16.8 9.7
1740 C=0 11.5 9.8 17.2
1260 C-0 10.3 13.1 18.4
1508 CH, 13.2 10.7 18.9
1650 C=0 16.8 11.2 19.3

Fig. 9. FT-IR Spectra of Unaged and Three Differently Aged Chinese Fir

functional group degradation in the FTIR analysis [11],
[42]. More specifically, the presence of chloride ions (CI")
can catalyze the hydrolysis of glycosidic bonds in cellu-
lose and hemicellulose and promote the degradation
of lignin’s aromatic structure. This deep-level chemical
attack provides a direct explanation for the catastrophic
and uniform decline across all mechanical properties,
which was further evidenced by the severe loss of cellu-
lose crystallinity (a 24.8% relative decrease) and the
cellular dissolution observed in SEM images (Fig. 7C).
In stark contrast, UV weathering drove a surface-lim-
ited, photochemical degradation. Its primary effect was
the breakdown of lignin within the outer micrometers
of the wood surface. Lignin’s conjugated structures
(e.g., aromatic rings, carbonyls) act as the main chro-
mophores that absorb UV radiation, generating free
radicals that initiate chain-degradation reactions [49].
This process forms new, colored compounds such as
quinone-like structures, which directly explains the

drastic color change (AE* = 42.34). Crucially, the degra-
dation of lignin destroys its function as a “protective
sheath” for cellulose. This exposes the cellulose fibrils
to secondary photodegradation, accounting for the
observed decrease in both crystallinity and mechanical
properties. The impact on mechanical properties was
consequently selective: tensile strength, which is highly
sensitive to surface flaws like the microcracks observed
via SEM (Fig. 7A), decreased significantly, whereas
compressive strength, a bulk property, was less affected.
This highlights a critical diagnostic point: visual surface
changes alone may not reflect the bulk structural integ-
rity under non-UV degradation pathways.

Finally, thermal-humidity cycling induced degra-
dation primarily through physical fatigue. Repeated
expansion and contraction cycles, driven by tempera-
ture and moisture gradients, generated internal mechan-
ical stresses. These stresses led to the fracture and
debonding of the wood’s microstructure, as visualized
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by the prominent cracks in SEM images (Fig. 7B). The
significant disruption of the cellulose hydrogen-bond
network, evidenced by the reduced -OH peak inten-
sity in the FTIR spectra, confirms a stress-dominated
failure mode rather than a chemical one. This finding
implies that mitigating physical stresses through envi-
ronmental control is a key conservation strategy in
climates dominated by such cycles.

2. Quantitative Correlations Between
Microstructural and Mechanical Degradation

To quantify the relationships between material prop-
erties during degradation, Pearson product-moment
correlation analysis (Eq. 7) was employed. This analysis
provides a robust framework for linking microstruc-
tural alterations to changes in mechanical and physical
performance.

ny xXy- xQy
Lz () [n o -(20) ]

(7)

In this formula, x and y represent the indepen-
dent and dependent variables, respectively, and n is
the number of data pairs in the specific dataset being
analyzed. The resulting correlation coefficient, R, ranges
from -1 to 1, where an absolute value closer to 1 indi-
cates a stronger linear relationship. The analysis was
conducted strictly using the data presented within this
study to ensure transparency and reproducibility.

A cross-treatment analysis was first conducted to
identify fundamental material properties that govern
strength, independent of the specific aging pathway.
By correlating the cellulose crystallinity (CrI) from
the terminal 30-day aged states and the unaged control
(n=4, from Table 6) with the corresponding longitu-
dinal tensile strength (from Table 2), a strong positive
correlation was established (R = 0.874). This powerful
finding was even more pronounced for compressive
(R =0.902) and bending (R = 0.941) strengths. This
identifies Cellulose Crystallinity (CrI) as a key universal
predictor of overall mechanical integrity. It underscores
the critical role of the crystalline cellulose framework
in determining the wood’s load-bearing capacity and
confirms that its disruption directly leads to strength
loss [50]. This finding provides, for the first time,
a universal, quantitative link between a microstruc-
tural property (Crl) and the residual strength of aged
Chinese fir, regardless of the degradation pathway.
Its potential for developing a minimally invasive diag-
nostic tool for in-situ assessment of historic timber
members is profound. For instance, a small core sample
or even powder drilled from a concealed area could be
analyzed by XRD to estimate the load-bearing capacity

of a large, irreplaceable beam or column, avoiding
destructive testing.

Furthermore, the degradation kinetics within each
specific aging protocol were characterized by correlat-
ing aging duration with key performance indicators
over five time points (n=>5). This time-series analysis
revealed highly predictable degradation patterns:

For UV weathering, a nearly perfect positive correla-
tion was established between aging time and total
color change (AE*) (R =0.994, p < 0.01). This demon-
strates that surface discoloration is a highly reliable,
non-destructive proxy for quantifying the progression
of photochemical damage. This validates the use of
colorimetry, a completely non-destructive technique,
as a reliable proxy for monitoring the extent of UV-in-
duced surface degradation on heritage facades.

For thermal-humidity cycling, aging time exhib-
ited a very strong negative correlation with bending
strength (R =-0.963). This highlights the deterministic
nature of damage accumulation from physical stresses.

For salt fog exposure, an equally strong nega-
tive correlation was found between aging time and
compressive strength (R =-0.949), confirming a steady
and predictable decline in performance due to chemical
degradation.

In summary, these quantitative correlations reveal
two key aspects of degradation. First, fundamental
properties like tensile strength are intrinsically linked
to microstructural features such as cellulose crystallin-
ity. Second, the degradation process under each specific
environmental stressor follows a highly predictable,
time-dependent trajectory. These strong linear relation-
ships not only deepen the mechanistic understanding
of wood aging but also provide a solid quantitative basis
for developing service life prediction models.

3. Implications for the Conservation
and Management of Timber Heritage

The findings of this study provide a multi-faceted,
science-based framework to guide the conservation
of timber architectural heritage, bridging fundamental
material science with applied practice.

First, the concept of distinct ,,damage signatures”
provides a powerful diagnostic toolkit. By observ-
ing specific degradation patterns (e.g., severe surface
discoloration versus deep cracking versus chemical
erosion, summarized in Table 8), conservators can
more accurately diagnose the primary environmental
threat affecting a structure. This enables the develop-
ment of tailored, site-specific intervention strategies
rather than generic treatments.

Second, the universal Crl-strength correlation estab-
lishes a new paradigm for quantitative structural health
assessment. This moves the field beyond traditional
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Table 8. Summary of Damage Signatures, Primary Stressors, and Assessment Strategies for Aged Chinese Fir

Observed Signature

Likely Primary Stressor

Assessment and Conservation
Recommendations

Severe darkening/discoloration,
surface micro-cracking

UV Weathering

Deep cracks/fractures, moderate
across-the-board strength loss

Blurred/dissolved cell wall
structure, catastrophic
and uniform strength loss

Salt Fog Exposure

Thermal-Humidity Cycling

Focus on surface protection (e.g., coatings);
assess surface tensile properties

Prioritize environmental control (stabilize
temperature and humidity); assess bulk
mechanical properties like bending strength
and MOE

Conduct chemical analysis (e.g., FTIR)

to confirm chemical degradation; use XRD
to assess cellulose crystallinity as a proxy
for residual core strength

qualitative inspections toward a data-driven approach.
The feasibility of using micro-samples for XRD analysis
aligns perfectly with the core conservation principle
of minimal intervention, offering a practical method
for monitoring the safety and stability of historic timber
components over time.

Finally, the predictable degradation kinetics offer
a quantitative basis for preventive conservation and risk
management. By understanding the rate of decay under
specific environmental stressors, heritage managers
can prioritize interventions, allocate resources more
effectively, and develop long-term maintenance plans
to mitigate the most significant risks before irreversible
damage occurs. This proactive, data-informed approach
is fundamental to the sustainable preservation of our
shared cultural heritage.

Conclusions

Based on this comprehensive investigation, the follow-
ing primary conclusions are drawn:

1. Chinese fir exhibits distinct “damage signatures”
under different environmental stressors, providing
anew diagnostic basis for heritage assessment. Salt fog
exposure was identified as the most destructive agent,
causing severe bulk chemical degradation and a 63.9%
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