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Abstract

Paulownia wood, as a fast-growing natural material, exhibits inherently low axial compres-
sive strength. To improve the axial structural performance of Paulownia wood, wood-cored
glass fiber-reinforced polymer (GFRP) sandwich Paulownia wood columns were developed
in this study. Nevertheless, the behavior of such columns remained largely unexplored—
particularly under elevated temperatures and upon subsequent cooling. Consequently, an
experimental program was conducted to characterize the influences of GFRP wrapping
layers, steel hoop end confinement, high temperature, post-cooling strength recovery, and
chamfer radius on the axial compressive performance of the columns. End crushing oc-
curred in the absence of steel hoops, whereas mid-height fracture dominated when end
confinement was provided. As the temperature rose from room temperature to 100 ◦C
and 200 ◦C, the load-bearing capacity of the columns decreased by 38.26% and 54.05%,
respectively, due to the softening of the GFRP composites. After cooling back to room
temperature, the post-high-temperature specimens recovered approximately 95% of their
original capacity, confirming that no significant thermal decomposition had been initiated.
The load-bearing capacity also increased significantly with the number of GFRP layers, as
the additional thickness provided both higher axial load capacity and enhanced lateral con-
finement of the wood core. Relative to a 4.76 mm chamfer, a 9.52 mm radius increased axial
capacity by 14.07% by mitigating stress concentration. A theoretical model accounting for
lateral confinement was successfully developed to predict the axial load-bearing capacity
of the wood-cored GFRP sandwich columns.

Keywords: glass fiber-reinforced polymer; wood; sandwich structures; high temperature;
axial compression; confinement

1. Introduction
In recent years, timber structures have gained substantial momentum in architectural

applications due to their lightweight nature, renewability, and low-carbon environmental
sustainability [1–3]. However, as a natural material, wood inherently exhibits defects such
as susceptibility to decay and insufficient compressive strength. Glass fiber-reinforced
polymer (GFRP) has been extensively utilized in structural reinforcement due to its advan-
tages of high strength, corrosion resistance, and ease of processing [4–8]. Moreover, GFRP
demonstrates significantly lower material costs and superior processability compared to
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carbon fiber-reinforced polymer (CFRP) and basalt fiber-reinforced polymer (BFRP), ren-
dering it more economically viable for widespread adoption in structural strengthening
applications [9,10]. For instance, Zhang et al. [11] utilized a GFRP skin and steel tubing
to reinforce a concrete structure. To enhance the load-bearing capacity and durability
of timber structures, GFRP can also be employed for wood reinforcement to form wood
cored sandwich beams [12] and columns [13]. These GFRP–wood composite systems ex-
hibit high specific strength, significant economic viability, and low-carbon sustainability.
Based on the above-mentioned advantages, several wood-cored GFRP sandwich structures
were adopted in buildings and bridges. A prime example is the Avançon Bridge in Bex,
Switzerland, built in 2012 [14]. This 11.45 m span bridge is a lightweight road bridge,
featuring a GFRP–Balsa sandwich bridge deck that is 7.5 m wide and 285 mm deep. This
sandwich bridge deck is adhesively bonded onto two steel girders. Furthermore, as shown
in Figure 1, wood-cored GFRP sandwich columns were applied in a modern building, “Jade
bamboo”, in Nanjing, China in 2016 [15]. These columns consisted of GFRP face sheet with
Douglas-Fir core and were fabricated using pultrusion process. The GFRP face sheet could
protect the wood core, thereby offering excellent durability and considerable load-carrying
capacity for the columns. Moreover, the columns also served an aesthetic purpose, as their
green hue evoked the natural beauty of bamboo, making them visually appealing and
reminiscent of the elegant, verdant plant.

 

Figure 1. A tourism building, “Jade bamboo”, under construction using wood-cored GFRP sandwich
columns in 2016.

Several investigations have been conducted to explore the performance of GFRP sand-
wich components and structures. As mentioned above, the authors developed a pultruded
wood-cored GFRP sandwich (PWGS) component. This sandwich component can serve as
a structural beam, providing sufficient bending strength and excellent pseudo ductility.
Moreover, this sandwich component can also be adopted as a structural column, offering
sufficient axial compressive strength and convenient installation. Yang et al. [13] developed
a wood-filled GFRP square column (WGSC) reinforced with lattice webs. Experimental
results demonstrated that all specimens with lattice webs failed due to the wrinkling of
their face sheets and compressive damage to the core material. The ultimate load capacity of
the specimens increased with the number of lattice webs, accompanied by the observation
of pseudo-ductile behavior. Depending on the quantity of face sheets, effective confine-
ment and interfacial bonding performance were also enhanced in lattice-web-reinforced
specimens. Wang et al. [16] developed a hollow sandwich column with a GFRP skin and
a Paulownia wood core (GSW columns), fabricated via a vacuum-assisted resin infusion
process. Their numerical parametric study revealed that increasing GFRP skin thickness
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and wood density enhanced the ultimate axial load capacity of GSW columns. Notably,
higher wood density significantly improved the initial stiffness. Zhou et al. [17] adopted
CFRP sheets to strengthen the axial compressive strength of rectangular wood columns. A
confined stress–strain constitutive model was developed for this type of sandwich column.

Based on the existing research outputs and applications, the wood-cored GFRP sand-
wich columns exhibited several advantages. However, exposure to elevated temperatures
induced resin decomposition within the FRP composite, resulting in increased porosity
that accelerates strength loss, stiffness reduction, and interfacial debonding [18–22]. The
fire performance of the developed PWGS components has been evaluated by the authors.
The PWGS components offered good insulation, although the hot face was fully charred
after the 30 min standard fire exposure. It should be noted that the fire (high-temperature)
performance can be significantly improved through adding fire protection such as calcium
silica board and intumescent coatings to the fire-exposed face [23]. Recently, Lotfalipour
et al. [24] employed advanced machine learning algorithms to predict the bonding perfor-
mance of wood–FRP systems under thermal cycling. Feature contribution analysis revealed
that temperature and thermal cycling exerted the most significant effects on bonding perfor-
mance, while fiber type (glass, carbon, or aramid) exhibited a relatively lower importance.
The study established design guidelines for FRP–wood bonding under varying thermal
cycling conditions. Furthermore, Wang et al. [25] experimentally investigated the axial
compressive behavior and energy absorption capacity of foam-filled GFRP tubes under
elevated temperatures. They observed that below the glass transition temperature of GFRP,
foam-filled tubes predominantly failed in brittle modes, while ductile failure tendencies
emerged when temperatures exceeded the glass transition temperature. Specimens ex-
hibited higher axial compressive capacities at lower temperatures, with optimal energy
absorption performance observed at 50 ◦C.

Subsequent to fire (high-temperature) exposure, post-fire (high-temperature) behavior
is another factor in the structural safety of wood-cored GFRP sandwich structures. It
seems that GFRP–wood sandwich beams exhibit significant bending-strength recovery
after exposure to fire [26]. Particularly, the GFRP composites exhibit sufficient recovery
in material strength and stiffness. However, following fire incidents or prolonged high-
temperature exposure, research on the residual mechanical properties of GFRP–wood
composite structures remains notably limited.

The aforementioned studies have primarily focused on the synergistic interaction
mechanisms between GFRP and wood, as well as the configuration of the axial compres-
sive performance of wood-cored GFRP sandwich columns. It should be noted that the
circumferential constraining effect of the GFRP wrapping layers in wood-cored GFRP
sandwich columns demonstrably enhances both the load-bearing capacity and durability
of the wood columns. However, the effects of section shape and GFRP skin thickness
on the axial compression performance of wood-cored GFRP sandwich columns remain
inadequately investigated, especially in a high-temperature environment. Moreover, the
post-high-temperature behavior of such columns is not well-known. These unresolved
issues pose critical challenges to the effective integration of GFRP with wood materials. To
bridge this knowledge gap, a Paulownia wood column wrapped in GFRP fiber fabric was
fabricated, aiming to experimentally investigate the influence patterns of GFRP wrapping
layers, high-temperature treatment (at high temperature and after exposure to high temper-
ature), and chamfer radius on failure modes, load-bearing capacity, and stiffness, thereby
providing valuable references for the design of such wood-cored GFRP sandwich columns.
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2. Experimental Program
2.1. Specimen Design and Fabrication

In this experiment, square and circular Paulownia wood columns with three chamfer
radii were fabricated as core components of wood-cored GFRP sandwich columns, as
illustrated in Figure 2. The wood columns measured 40 mm in side length and 120 mm
in height, with chamfer radii of 4.76 mm, 9.52 mm, and 20 mm (circular). Cross-sectional
schematics of the three chamfer configurations are detailed in Figure 3. GFRP fiber fabric
with a single-layer thickness of 0.6 mm and fiber orientation angles set at 0◦/90◦ was circum-
ferentially wrapped around the wood columns. As a thermosetting polymer, unsaturated
polyester resin (UPR) demonstrates superior interfacial bond strength and enhanced creep
resistance compared to thermoplastic resins [9,10]. Consequently, UPR was selected as the
bonding resin for the GFRP–wood interface in this study. A vacuum-assisted resin infusion
process was subsequently employed to infuse UPR under negative pressure, achieving
robust interfacial bonding between the fiber fabric and wood core (Figure 4). The wrapping
layer count was varied between 0 (bare wood), 2, 3, and 4 layers. The specimens are shown
in Figure 4c,d.

  
(a) Chamfer radius of 4.76 mm (b) Chamfer radius of 9.52 mm (c) Chamfer radius of 20 mm 

Figure 2. Paulownia wood core columns.

  
(a) Chamfer radius of 4.76 mm (b) Chamfer radius of 9.52 mm (c) Chamfer radius of 20 mm 

Figure 3. Cross-sectional schematics of the three chamfer configurations.

The specimens were categorized into four groups: unconfined specimens tested at
room temperature, steel hoop end-confined specimens tested at room temperature, steel
hoop end-confined specimens tested at high temperatures and steel hoop end-confined
specimens subjected to thermal conditioning at 200 ◦C followed by cooling to ambient
temperature prior to mechanical testing.

Table 1 summarizes the details of all specimens. In the table, b and h represent the
side length and height of the square wood columns, respectively; r denotes the chamfer
radius; L indicates the number of layers of fiber fabric; and T stands for the temperature the
specimen experienced prior to cooling, with 20 representing room temperature. The speci-
men nomenclature adheres to the following conventions: R represents room temperature
conditions, P represents post-high-temperature treatment, A represents conditions under
high-temperature exposure, s denotes steel hoop end confinement, r indicates chamfer
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radius, T represents thermal conditioning temperature (◦C), and L specifies GFRP wrapping
layer count. Specifically, r5, r9, and c correspond to chamfer radii of 4.76 mm, 9.52 mm, and
20 mm (cylindrical), respectively. Two replicate specimens were tested for each experimen-
tal configuration, with the average mechanical properties adopted for subsequent analysis
to ensure statistical validity.

  
(a) Glass-fiber fabric wrapping on wood column (b) Vacuum-assisted resin infusion process 

  
(c) Sandwich columns after fabrication (d) Specimen cutting 

Figure 4. Vacuum-assisted wrapping process of GFRP fiber fabric on wood columns.

Table 1. Specimen information.

Specimen b (mm) h (mm) r (mm) L (Layer Count) T (◦C) Heating Treatment

R-r5-20-0 40 120 4.76 0 20 No
R-r5-20-2 40 120 4.76 2 20 No
R-r5-20-3 40 120 4.76 3 20 No
R-r5-20-4 40 120 4.76 4 20 No
R-sr5-20-2 40 120 4.76 2 20 No
R-sr5-20-3 40 120 4.76 3 20 No
R-r9-20-3 40 120 9.52 3 20 No
R-c-20-3 40 120 20 3 20 No

A-sr5-100-3 40 120 4.76 3 100 At high temperature
A-sr5-200-3 40 120 4.76 3 200 At high temperature
P-sr5-200-2 40 120 4.76 2 200 Post high temperature
P-sr5-200-3 40 120 4.76 3 200 Post high temperature
P-sr5-200-4 40 120 4.76 4 200 Post high temperature
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2.2. Material Properties

The Paulownia fortunei wood utilized in this study was sourced from Shandong
Province, China. As a deciduous tree of the Scrophulariaceae family, it is cultivated in
sustainably managed plantations with a rotation cycle of 8–12 years. The raw material
cost is 1600 CNY/m3. This rapid-growing species features low material costs and has
achieved extensive application in China, primarily employed in furniture manufacturing
and structural applications for eco-building projects.

This Paulownia wood was employed as the core material for wood-cored GFRP sand-
wich columns in the study. The equilibrium moisture content was determined according to
GB/T 1931-2009 [27]. Tensile and compressive strengths were measured following GB/T
1938-2009 [28] and GB/T 1935-2009 [29], respectively. Additionally, tangential and radial
shear strengths were tested in compliance with GB/T 1937-2009 [30]. Table 2 summarizes
the room-temperature properties, including density, moisture content, and mechanical
strengths—specifically tensile, compressive, tangential shear, and radial shear strengths.
The mechanical tests of Paulownia wood at room temperature are illustrated in Figure 5.
The mechanical property data and thermal parameters of the Paulownia wood utilized in
this study were sourced from the systematic experimental investigations reported by the
authors [31].

Table 2. Mechanical properties of Paulownia wood at room temperature.

Density
(kg/m3)

Moisture
Content (%)

Parallel-to-
Grain Tensile

Strength

Parallel-to-Grain
Compressive

Strength
Tangential

Shear
Radial Shear

Strength
Perpendicular-

to-Grain Tensile
Strength

Perpendicular-
to-Grain

Compressive
Strength

(MPa) COV (MPa) COV (MPa) COV (MPa) COV (MPa) COV (MPa) COV

353 10.9 43.6 0.143 24.5 0.067 6.6 0.090 4.5 0.091 2.5 0.117 2.7 0.129

  
(a) Wood compressive test (b) Wood tensile test (c) Failure modes of wood 

Figure 5. Mechanical tests and failure modes of Paulownia wood at room temperature.

The type of fiberglass selected in the study was E-glass fiber. Tensile and compressive
tests of the GFRP composites were conducted in accordance with ASTM D3039 [32] and
ASTM D695 [33] standards. The mechanical tests and failure modes of the GFRP at room
temperature are illustrated in Figure 6. Table 3 summarizes the mechanical properties of
the composites, including tensile strength, tension Young’s modulus, compressive strength,
and compression Young’s modulus, accompanied by their corresponding coefficients of
variation (COV).
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(a) GFRP compressive test (b) Failure modes of GFRP 

Figure 6. Mechanical tests and failure modes of GFRP at room temperature.

Table 3. Material properties of GFRP at room temperature.

Tensile Strength Tensile Modulus Compressive Strength Compressive Modulus
(MPa) COV (GPa) COV (MPa) COV (GPa) COV
297.6 0.015 23.5 0.011 175.8 0.028 22.1 0.031

As for the material mechanical tests under high temperature, a thermal chamber
equipped with a compression grip for uniaxial mechanical testing was utilized to heat the
specimens to target temperatures. Mechanical loading was applied at a constant crosshead
speed of 2 mm/min. This protocol enabled the evaluation of temperature-dependent
degradation in the parallel-to-grain compressive and tensile strengths of the wood, as well
as the axial compressive strength of the GFRP under elevated temperatures.

2.3. Test Instruments and Loading Protocol

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) exper-
iments were conducted on the Paulownia wood and GFRP composite. NETZSCH STA409
and NETZSCH DSC200F3 manufactured by NETZSCH Scientific Instruments Trading
(Shanghai) Co., Ltd. (Shanghai, China) were adopted to conduct the TGA and DSC ex-
periments, respectively. Powder samples of GFRP and Paulownia wood were kept in a
standard conditioning room (20 ± 2 ◦C, 75% humidity) prior to thermal testing. Tests were
conducted at a heating rate of 5 ◦C /min, ranging from room temperature to 550 ◦C. Air
was employed as a purge gas, with nitrogen additionally serving as a protective gas.

Three experimental protocols were implemented to evaluate the mechanical responses
of the specimens under varying thermal histories. Specimens designated for the ambient
condition were directly subjected to axial compression testing, while at-high-temperature
and post-high-temperature specimens underwent controlled thermal conditioning in a
programmable furnace. The thermal protocol involved heating at a rate of 5 ◦C/min to a
target temperature of 200 ◦C, followed by a 60 min isothermal hold. The temperatures of the
core center and the GFRP–wood interface were monitored using a reference specimen. After
thermal exposure, the mechanical load was applied to the at-high-temperature specimens,
while the post-high-temperature specimens were allowed to cool naturally to ambient
temperature over a 24 h period prior to mechanical testing. Axial compression loading
was administered using a MTS E45 universal testing machine with a capacity of 300 kN
(Figure 7a,b) operating in displacement-controlled mode at a constant crosshead speed of
2 mm/min. Additionally, the schematic diagram of the axial loading of specimens under
high temperatures is illustrated in Figure 7c.
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(a) (b) (c) 

Figure 7. Axial loading apparatus and schematic diagrams. (a) Axial loading apparatus; (b) Schematic
diagram of loading on post-high-temperature and ambient-condition specimens; (c) Schematic
diagram of axial loading on specimens at high temperatures.

3. Results and Discussion
3.1. Thermal Analysis

The Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
curves are shown in Figure 8. The TGA curve of the wood exhibited a three-stage mass
loss process. At the first stage, the mass fraction of the wood continuously decreased from
40 ◦C to 150 ◦C due to moisture evaporation. This physical process can also be captured
by the DSC curve, since the endothermic peak was observed within this temperature
range. At the second stage, the mass fraction of the wood reduced significantly in the
temperature range of 150 ◦C to 305 ◦C. This was due to the decomposition of cellulose and
hemicellulose within the wood. The DSC curve also exhibited a clear exothermic peak at
305 ◦C. At the third stage, the mass fraction of the wood further decreased from 305 ◦C to
550 ◦C with a thermal decomposition of hemicellulose and lignin. As for the GFRP sample,
similar decomposition processes were observed except for the moisture evaporation, since
there was limited water in the GFRP sample. Two significant reductions in mass fraction
were found at 288 ◦C and 420 ◦C with two corresponding exothermic peaks. At 200 ◦C,
no obvious endotherm or exotherm was observed for GFRP and wood, indicating that
no significant thermal decomposition was initiated at this temperature. Therefore, this
temperature was deemed appropriate for the heating treatment of wood-cored sandwich
specimens, ensuring they could be used safely.

Figure 8. TGA and DSC test results of the Paulownia wood and GFRP (Td,onset denotes the tempera-
ture at the onset of decomposition, Td refers to the temperature at which the maximum decomposition
rate occurred, Td,end indicates the temperatures at the conclusion of thermal decomposition; the
subscripts w and FRP represent Paulownia wood and GFRP, respectively).
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3.2. Axial Compressive Strength of Component Materials

The axial compressive strength of the GFRP composites utilized in this study experi-
enced a significant reduction at elevated temperatures, as shown in Figures 9 and 10. When
the temperature increased from 20 ◦C to 100 ◦C, the axial compressive strength of GFRP
exhibited an almost linear reduction, reaching only 20% of its room-temperature value at
100 ◦C. Between 100 ◦C and 200 ◦C, the degradation trend was moderated, with the residual
strength ratio dropping to as low as 8.7% at 200 ◦C. The residual strength-ratio-degradation
behavior of the GFRP composites at elevated temperatures exhibited significant consistency
with the axial compression test results documented by Zhang et al. [34] and Li et al. [35],
with comparative validation presented in Figure 10. The difference may come from the
fiber architectures, since the GFRP in References [34,35] were uniaxial composites. Nev-
ertheless, the difference was very limited, since the axial compressive strength of GFRP
is a matrix-dominated property. Compressive tests on Paulownia wood under elevated
temperatures parallel-to-the grain were conducted by Zhang et al. [31], with the results
presented in Figure 9. It can be found that the parallel-to-the grain compressive strength
generally decreased from room temperature to 220 ◦C. Compared to GFRP, the strength
of the Paulownia wood reduced slowly. At 200 ◦C, the axial compressive strength of the
wood was very close to that of the GFRP.

Figure 9. Axial (parallel-to-grain) compressive strength of GFRP composites and Paulownia wood at
high temperatures.

Figure 10. Reduction in compressive strength of GFRP at elevated temperatures [34,35].
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3.3. Failure Modes

As shown in Figure 11a, the pure wood column R-c-20-3 exhibited end local crushing
and wrinkling failure modes. This was understood, since there was no confinement at
the end of this wood column. The failure mode of specimens R-r5-20-3 and R-r9-20-3
without reinforcement is shown in Figure 11b,c. As the load gradually increased, the
core progressively compressed and contracted inward, while the GFRP fiber layers at the
specimens’ ends were gradually crushed and peeled outward. At ultimate failure, the
fiber layers at the ends were completely debonded, exhibiting a radial peeling morphology.
In contrast, the specimens reinforced with steel hoops generally exhibited typical brittle
fracture characteristics, as shown in Figure 12a. Failure was accompanied by a sudden
explosive sound and the propagation of transverse cracks along the circumferential fiber
layers and small longitudinal cracks along the axial loading direction. As for the specimens
reinforced with steel hoops under high temperature, their color turned yellow, wrinkling
and crushing were observed in the loading direction, and FRP rupturing was found in the
circumferential direction (Figure 12b). Specimens reinforced with steel hoops maintained
the same yellow color after the heating treatment, and their failure modes were similar to
those at room temperature.

  
(a) End crushing and wrinkling of R-c-20-3 (b) End crushing of R-r5-20-3 (c) End section view of R-r9-20-3 

Figure 11. Failure modes of non-hooped specimens at room temperature.

   
(a) End section view of R-sr5-20-3 (b) End section view of A-sr5-200-3 (c) Crushing details at the end of P-sr5-200-3 

Figure 12. Failure modes of hoop-confined specimens.
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3.4. Load–Displacement Curve

Figure 13 summarizes the representative load–displacement curves of specimens with
a chamfer radius of 4.76 mm and varying numbers of fiber fabric layers. As shown in the
figure, for specimens tested at room temperature, specimens cooled after high-temperature
exposure, and in specimens with or without steel hoop confinement, the peak values of the
load–displacement curves increased significantly with the number of fiber fabric layers.
Moreover, except for specimen R-r5-20-4, the slope of the ascending segment of the load–
displacement curves also increased as the number of fiber fabric layers increased. This
phenomenon occurred because the circumferential confinement pressure exerted by the FRP
wrap on the wood column increased with the increasing number of fiber-reinforced poly-
mer layers. The enhanced confinement directly improved both the compressive strength
and axial stiffness of the composite system [36]. Figure 14 compares the load–displacement
responses of non-hooped and steel hoop-confined specimens under ambient conditions.
Specimens with hoop confinement exhibited notably enhanced peak load capacity and ini-
tial stiffness compared to their non-hooped counterparts with equivalent GFRP wrapping
layers. However, the steel hoop-confined specimens demonstrated accelerated post-peak
load decay and a shortened residual load-bearing plateau. This behavior stemmed from the
steel hoops’ dual confinement effects: a radial constraint restricts the transverse expansion
of the wood core, analogous to stirrup confinement mechanisms in confined concrete, while
end restraints limit transverse plastic deformation accumulation [37]. These combined
effects amplified the load-carrying efficiency at the expense of reduced energy absorp-
tion capacity, ultimately promoting a more brittle failure mode characterized by abrupt
interfacial fracture and suppressed ductile deformation.

Figure 13. Representative load–displacement curves of specimens with varying GFRP layer counts
and a chamfer radius of 4.76 mm.
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Figure 14. Representative load–displacement curves of hoop-confined and non-hooped specimens
under ambient temperature.

The representative load–displacement curves of specimens with steel hoop confine-
ment under ambient (R-sr5-20-2 and R-sr5-20-3), high-temperature (A-sr5-100-3 and A-sr5-
200-3) and post-high-temperature conditions (P-sr5-200-2 and P-sr5-200-3) are presented in
Figure 15. The comparison shows that the peak loads of the specimens under post-high-
temperature conditions are slightly lower than those tested at room temperature. This
was because the temperature of 200 ◦C did not exceed the thermal degradation thresholds
of either GFRP or wood. Consequently, the strength remained largely uncompromised
after cooling to ambient temperature. Additionally, the load–displacement curves of the
post-high-temperature specimens declined more rapidly after reaching the peak with a
shorter residual load-bearing plateau, indicating a relatively more brittle failure. This
behavior probably occurred because post-curing of the GFRP after exposure to high temper-
atures caused an embrittlement of the polymer matrix, characterized by reduced fracture
toughness and increased susceptibility to brittle failure modes. Under high temperatures,
however, both the peak load and the stiffness dropped markedly relative to the values
measured at room temperature and after high-temperature exposure, with the reduction
most pronounced at 200 ◦C.
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Figure 15. Representative load–displacement curves of hoop-confined specimens under ambient,
high-temperature, and post-high-temperature conditions.
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Figure 16 presents the representative load–displacement curves of specimens R-r5-20-3,
R-r9-20-3, and R-c-20-3, with chamfer radii of 4.76 mm, 9.52 mm, and 20 mm, respectively,
tested at room temperature. As shown in the figure, all three curves exhibited similar
trends: the load increased linearly to the peak value, followed by a brief drop, and then
transitioned into an extended residual load-bearing plateau, during which the displacement
continued to develop while the load remained relatively stable. By comparing these three
curves, it can be observed that the peak load of specimen R-r9-20-3 was slightly higher
than that of R-r5-20-3, and both were significantly higher than the peak load of specimen
R-c-20-3.

Figure 16. Representative load–displacement curves of three-layer GFRP-wrapped specimens with
chamfer radii of 4.76 mm, 9.52 mm, and 20 mm under ambient temperature.

3.5. Energy Absorption Capacity Assessment

This section investigated the energy absorption capacity of the specimens to evaluate
their impact resistance and toughness. The energy absorption capacity is defined as
the energy absorbed by the specimen during deformation, which can be quantified by
the area enclosed by the load–displacement curve and the coordinate axes, as shown in
Equation (1) [38]:

E =
∫ δmax

0
Fdδ (1)

where E is the absorbed energy (J), δmax is the maximum displacement reached by the
specimen before failure (mm), and F denotes the load magnitude (kN).

Figure 17 shows the influence of the number of GFRP layers on the energy absorption
capacity for the R-r5-20 and P-sr5-200 specimen series. It can be observed that the energy
absorption capacity increased significantly with the number of GFRP layers. For the P-sr5-
200 specimen series, increasing the number of fiber layers from two to three resulted in a
163.77% enhancement in energy absorption. Similarly, for the R-r5-20 series, increasing
the number of fiber layers from two to three led to a 280.42% increase in absorbed energy.
The steel hoop confinement at the specimen ends led to a decrease in energy absorption
capacity, as illustrated in Figure 18. This was attributed to the fact that while the con-
fined specimens sustained higher loads, they exhibited inferior ductility (as discussed in
Section 3.4), resulting in significantly reduced displacement before failure.
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Figure 17. Comparison of energy absorption capacity in specimens with different numbers of
GFRP layers.

Figure 18. Comparison of energy absorption capacity between specimens with and without steel
hoop reinforcement.

The different temperature treatments also significantly influenced the energy absorp-
tion capacity, as shown in Figure 19. The post-high-temperature specimens (P-sr5-200)
exhibited markedly lower energy absorption capacity compared to the ambient-temperature
specimens (R-sr5-20). Furthermore, although the specimen under high temperature (A-sr5-
200-3) sustained a lower peak load than the post-high-temperature specimen (P-sr5-200-3),
its superior ductility resulted in a slightly higher energy absorption capacity. The energy ab-
sorption capacity of specimens with different chamfer radii is presented in Figure 20. It can
be observed that as the chamfer radius increased, the reduction in the cross-sectional area of
the specimens led to a significant decrease in their energy absorption capacity. Compared
to specimen R-r5-20-3, specimen R-r9-20-3 exhibited a 3.73% reduction in cross-sectional
area, resulting in an 11.01% decrease in absorbed energy; meanwhile, specimen R-c-20-3
showed a 20.49% reduction in cross-sectional area, leading to a more substantial 48.10%
decrease in energy absorption.
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Figure 19. Comparison of energy absorption capacity between specimens subjected to different
temperature treatments.

Figure 20. Comparison of energy absorption capacity between specimens with different chamfer radii.

3.6. Load-Bearing Capacity and Stiffness

The load-bearing capacity of the specimen is defined as the peak load of the load–
displacement curves, while the slope of the ascending segment is adopted as the stiffness.
The load-bearing capacities, stiffness values, and corresponding failure modes of all speci-
mens are summarized in Table 4.

Table 4. Summary of ultimate load capacity, stiffness, and failure modes.

Specimen Pu (kN) K (kN/mm) Failure Modes Nu (kN) Nu/Pu

R-r5-20-0 18.94 13.14 End crushing - -
R-r5-20-2 67.45 19.41 End crushing 70.76 1.05
R-r5-20-3 87.89 44.70 End crushing 86.77 0.99
R-r5-20-4 97.29 33.25 End crushing 102.79 1.06
R-sr5-20-2 83.50 43.12 Mid-height fiber fracture 81.85 0.98
R-sr5-20-3 113.28 45.01 Mid-height fiber fracture 114.57 1.01
R-r9-20-3 100.26 45.59 End crushing 82.76 0.83
R-c-20-3 59.77 36.43 End crushing 70.56 1.18

A-sr5-100-3 69.93 14.09 Mid-height fiber fracture 68.1 0.97
A-sr5-200-3 52.05 8.19 Mid-height fiber fracture 54.7 1.05
P-sr5-200-2 81.45 54.16 Mid-height fiber fracture 79.35 0.97
P-sr5-200-3 106.97 56.94 Mid-height fiber fracture 113.93 1.07
P-sr5-200-4 152.80 72.73 Mid-height fiber fracture 148.51 0.97

Mean 1.01
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As shown in the table, the number of fiber fabric layers has a significant impact on
both the load-bearing capacity and stiffness. For the specimens at room temperature (r5-
20-0, r5-20-2, r5-20-3, and r5-20-4), increasing the number of fiber layers from zero to two
led to an increase of 256.12% in load-bearing capacity and 45.66% in stiffness. When the
layers increased from two to three, the capacity and stiffness rose by 30.30% and 130.29%,
respectively. Further increasing to four layers raised the load capacity by 10.70%, albeit
with a 25.62% stiffness reduction. For the post-high-temperature specimens (sr5-200-0,
sr5-200-2, sr5-200-3, and sr5-200-4), increasing the fiber layers from zero to two enhanced
the load-bearing capacity and stiffness by 57.79% and 113.56%, respectively. An increase
from two to three layers led to increases of 31.33% in capacity and 5.13% in stiffness. From
three to four layers, the capacity and stiffness were further enhanced by 42.84% and 27.73%,
respectively. Overall, the number of fiber fabric layers plays a crucial role in significantly
enhancing both the load-bearing capacity and stiffness of the specimens.

By comparing the specimens without steel hoop end confinement at room temperature
(r5-20-2 and r5-20-3) with those confined with steel hoops (sr5-20-2 and sr5-20-3), it can be
observed that the steel hoops increased the load-bearing capacity by 23.80% and 28.89%,
respectively, and improved the stiffness by 122.15% and 0.69%, respectively. These results
indicate that steel hoop confinement enhances both the load-bearing capacity and stiffness
of the specimens.

Through comparing the room-temperature specimens (sr5-20-2 and sr5-20-3) with
the high-temperature specimens, it is observed that the load-bearing capacity of the high-
temperature specimens (A-sr5-100-3 and A-sr5-200-3) decreased by 38.26% and 54.05%,
respectively, while the stiffness decreased by 68.69% and 81.80%, respectively. This can
be understood, since the compressive strength of the GFRP skin obviously reduced at
high temperatures. Thanks to the residual compressive strength of the wood core, the
specimens still exhibited considerable load-bearing capacity at 200 ◦C. The load-bearing
capacity of the post-high-temperature specimens (P-sr5-200-2 and P-sr5-200-3) decreased
by 2.46% and 5.57%, respectively, while the stiffness increased by 25.60% and 26.51%,
respectively. These results indicate that the residual strength of the specimens after high-
temperature exposure can be largely restored to the baseline level at room temperature,
with a noticeable improvement in stiffness. It should be noted that the stiffnesses of GFRP
and wood exhibited large recoveries after exposure to high temperatures below 250 ◦C.
Moreover, similar results on the recovery in strength of GFRP and wood can be found in
reference [24].

By comparing specimens with chamfer radii of 4.76 mm, 9.52 mm, and 20 mm (r5-20-3,
r9-20-3, and c-20-3), it can be found that the load-bearing capacity of specimen r9-20-3
is 14.07% higher than that of r5-20-3, while r5-20-3 exhibits a 47.05% increase compared
to c-20-3. This is because the specimen with a chamfer radius of 9.52 mm experienced
a reduced stress concentration effect compared to that of the specimen with a 4.76 mm
chamfer, resulting in a slight improvement in ultimate load-bearing capacity. In contrast,
the specimen with a chamfer radius of 20 mm had a significantly smaller cross-sectional
area, which lead to higher stress and earlier yielding, thereby exhibiting a much lower
load-bearing capacity than the other two specimens.

4. Prediction of Axial Compressive Load-Bearing Capacity
In this study, the specimens mainly exhibited two failure modes: end crushing and

mid-height fracture of the GFRP composites. For the end crushing mode, it was assumed
that the axial compressive stresses on both the GFRP and the wood reached their ultimate
compressive load-bearing capacity. Consequently, the specimen’s ultimate load-bearing ca-
pacity was calculated by the summation of the ultimate compressive load-bearing capacities
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of the fiber fabric layer and wood, respectively. For the mid-height fracture mode, the GFRP
confinement must be considered. Several models have been developed for FRP-confined
sandwich columns in existing studies [17,39]. Generally, the axial compressive load-bearing
capacity can be calculated by considering the contributions of the GFRP and the wood. The
compressive load-bearing capacity of the wood core should adopt a confined (enhanced)
strength due to its confinement in the GFRP composite skin. Referencing Zhou et al. [17],
this study proposed an enhancement factor λ (Equation (6)) for the parallel-to-grain com-
pressive strength of confined wood to quantify the enhancement in axial compressive
load-bearing capacity by the GFRP composite skin. Moreover, by adopting the strengths
at (after) high temperatures, a predictive model for the axial compressive load-bearing
capacity of the specimens in this study was developed, as detailed below.

The ultimate compressive load-bearing capacity of the specimens can be calculated by
Equation (2):

Nu = Nw + Nf (2)

where Nu represents the predicted ultimate compressive load-bearing capacity, which is
composed of Nw and Nf. The Nw and Nf denote the compressive load-bearing capacity
contributions from the wood column and GFRP fiber layers, respectively. Nf can be
expressed as Equation (3):

N f =

{
σf ,c,T A f , at high temperature

kσf ,c,20 A f rp, post high temperature
(3)

where σf,c,T represents the compressive strength of GFRP at temperature T; σf,c,20 denotes
the compressive strength of GFRP at room temperature; k represents the tensile and com-
pressive strength retention ratio of GFRP after high-temperature exposure relative to its
room-temperature strength properties, with a value of 0.9 adopted in this study. Af is the
load-bearing area of GFRP fiber layers, which can be calculated as Equation (4):

A f = Lt f P (4)

where L denotes the number of layers of GFRP fiber fabric; tf denotes a single-layer fiber
thickness (0.6 mm) and P denotes the perimeter of the specimen’s cross-section. The
compressive load-bearing capacity contributions from wood column Nw from Equation (2)
can be calculated as Equations (5)–(7):

Nw =

{
σw,0,T Aw, non − confined

λσw,0,T Aw, steel hoop − confined
(5)

where σw,0,T represents the parallel-to-grain compressive strength of the wood at temper-
ature T and Aw denotes the cross-sectional area of the wood column. The coefficient λ

represents the enhancement factor for the parallel to grain compressive strength of confined
wood, which can be defined as Equation (6):

λ = a + b
fl

σw,90,T
(6)

where coefficients a and b are regression-derived parameters, assigned values of 0.4239 and
0.1302, respectively; σw,90,T represents the perpendicular-to-grain compressive strength of
the wood at temperature T. f l denotes the lateral confining stress provided by the GFRP
wraps, which can be expressed as Equation (7):

fl =

{ 2σf ,t,T t f L
b , at high temperature

2kσf ,t,20t f L
b , post high temperature

(7)
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where σf,t,T and σf,t,20 denote the tensile strength of GFRP at temperature T and room
temperature, respectively, and b denotes the width dimension of the wood column cross-
section. All aforementioned parameters can be located in Tables 1–3 and 5, as well as
Figure 9.

Table 5. Information regarding the relevant parameters in the equations.

Specimen Aw (mm2) P (mm) σf,c,T (MPa) σf,t,T (MPa) σw,0,T (MPa) σw,90,T (MPa)
R-r5-20-0 1580.6 151.8 - - 24.5 2.7
R-r5-20-2 1580.6 151.8 175.8 297.6 24.5 2.7
R-r5-20-3 1580.6 151.8 175.8 297.6 24.5 2.7
R-r5-20-4 1580.6 151.8 175.8 297.6 24.5 2.7
R-sr5-20-2 1580.6 151.8 175.8 297.6 24.5 2.7
R-sr5-20-3 1580.6 151.8 175.8 297.6 24.5 2.7
R-r9-20-3 1522.2 143.7 175.8 297.6 24.5 2.7
R-c-20-3 1256.6 125.7 175.8 297.6 24.5 2.7

A-sr5-100-3 1580.6 151.8 35.2 238.1 21.5 2.2
A-sr5-200-3 1580.6 151.8 15.4 178.6 15.2 1.2
P-sr5-200-2 1580.6 151.8 - - 15.2 1.2
P-sr5-200-3 1580.6 151.8 - - 15.2 1.2
P-sr5-200-4 1580.6 151.8 - - 15.2 1.2

The predicted axial compressive load-bearing capacities of the wood-cored GFRP
sandwich specimens are summarized in Table 4. By comparing the predicted and experi-
mental axial compressive load-bearing capacity values, it can be found that the predicted
values agreed well with the experimental values, with a maximum deviation of 17%
and a mean (predicted value to experimental value) ratio of 1.01. Hence, the developed
model can accurately predict the axial compressive load-bearing capacity of wood-cored
GFRP sandwich specimens, accounting for the lateral confinement, GFRP layers, and the
high-temperature conditions.

5. Conclusions
This study systematically investigated the axial compressive mechanical performance

of wood-cored GFRP sandwich columns, revealing the effects of the number of GFRP
wrapping layers, steel hoop end confinement, high-temperature treatment, and chamfer
radius on the axial compressive performance. The conclusions are summarized as follows:

1. The wood-cored GFRP sandwich wood columns markedly enhanced the axial com-
pressive performance of the bare wood. The number of GFRP wrapping layers sig-
nificantly contributed to the improvement of load-bearing capacity and stiffness. At
room temperature, increasing the number of fiber layers from zero to four resulted in
an increase of 413.67% in load-bearing capacity and 153.04% in stiffness, respectively.

2. When the temperature was elevated from room temperature to 100 ◦C and 200 ◦C,
the load-bearing capacity declined by 38.26% and 54.05%, respectively. Upon cooling
back to room temperature, the specimens recovered roughly 95% of their original
strength, indicating that the observed losses were primarily thermo-elastic and that
thermal decomposition had not yet been initiated.

3. Introducing a 9.52 mm chamfer radius effectively mitigated stress concentrations and
elevated the load-bearing capacity by 14.07% relative to a 4.76 mm radius. However,
enlarging the radius to 20 mm caused a marked decline in capacity, as the pronounced
reduction in cross-sectional area outweighed the benefits of further stress relief.

4. The number of GFRP layers exhibited a positive correlation with energy absorption
capacity. For the P-sr5-200 specimen series, increasing the number of fiber layers from
two to three resulted in a 163.77% enhancement in energy absorption. Conversely,
steel hoop confinement reduced energy absorption due to its adverse effect on ductility.
Post-high-temperature specimens demonstrated significantly lower energy absorption
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capacity than those under ambient temperature conditions, while the specimen under
high temperature conditions exhibited marginally higher energy absorption than
the post-high-temperature specimen due to its superior ductility. Furthermore, an
increase in chamfer radius diminished the cross-sectional area, resulting in reduced
energy absorption capacity.

5. End crushing was observed in the specimens without lateral confinement, whereas
mid-height fracture occurred in those with confinement. The GFRP skin provided
effective lateral confinement in conjunction with the steel hoops. Drawing on these
two distinct failure modes, a predictive model for the axial compressive load-bearing
capacity was established. The calculated capacities showed excellent agreement with
the experimental results for the wood-cored GFRP sandwich columns.

6. This study assessed the axial performance of small-scale wood-cored GFRP sandwich
columns. To quantify the size effect, future research will extend the investigation to
full-scale specimens.
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