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A B S T R A C T

Chinese fir is a vital softwood species in South China, dominates stock volume but faces limitations in structural 
applications due to low density and poor strength. To enhance its structural use and increase its value, this study 
manufactured four layers composite glulam using densified fir for the outer laminates and untreated fir for the 
inner layers. Bonding quality was assessed through glue-line delamination and shear tests, while shear perfor-
mance was evaluated via three-point bending tests with a span-to-depth ratio of 2. Results showed that densi-
fication of the outer laminates significantly improved bonding quality and load capacity. The total and maximum 
delamination of composite glulam were both under 5 %, much lower than those in normal glulam. The glue-line 
shear test indicated a mean strength of 6.62 MPa, 27.8 % higher than normal glulam. Both delamination and 
shear tests confirmed that the composite glulam met GB/T 26899-2022 standards. The bending tests demon-
strated a 21.51 % increase in shear strength compared with normal glulam, with a mean value of 4.85 MPa. Most 
specimens exhibited shear failure near the neutral axis, although one specimen showed cracking at a point one- 
quarter of the height from the bottom of the beam, suggesting the need to consider shear stress variations across 
the laminates in future designs. These findings illustrated the effect of densified outer laminates and underscored 
the viability of producing structural glulam using Chinese fir.

1. Introduction

Glulam is an engineered wood product composed of wood lamina-
tions bonded along the grain. It retains the renewable nature and 
aesthetic appeal of natural wood while offering advantages such as 
enhanced load-bearing capacity and minimized effects from natural 
growth defects like knots. These benefits make glulam a key structural 
material in modern timber construction, providing a viable alternative 
to steel and concrete (Harte, 2017). However, the development and 
application of glulam in China face significant challenges due to limited 
domestic wood resources. Current glulam production in China relies 
heavily on imported wood, revealing a substantial gap between local 
timber supply and demand (Ou et al., 2023). To address this issue, 
exploring the use of domestic plantation wood for glulam production is 
essential.

Chinese fir (Cunninghamia lanceolata (Lamb.) Hook.) is a key soft-
wood species in South China, with a stock volume of 755 million m³, 

accounting for nearly one-third of plantation forests (National Forestry 
and Grassland Administration, 2019). Currently, it is primarily used for 
low-value products like chipboard, fiberboard, and paper (X. Wang 
et al., 2018) largely due to defects like low density, poor strength, and 
dimensional instability resulting from rapid growth. As plantation re-
serves peak, there is an urgent need for sustainable methods to enhance 
its high-value applications (Kong et al., 2024). However, with a density 
typically below 0.4 g/cm³ , Chinese fir lacks sufficient load capacity for 
structural applications, which is often directly related to wood density. 
The low density and compressive strength of Chinese fir can lead to 
plastic deformation at the supports when used as beams, resulting in 
eccentricities and load redistributions within the structure. This may 
overstress certain parts of the structure and ultimately affect its overall 
stability.

To address this, densification has proven to be an effective modifi-
cation technique for enhancing the density and mechanical properties of 
low-density wood, transforming it into high-performance products (J. 
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Wang et al., 2018). Thermo-mechanical densification, achieved through 
a combination of heat, moisture, and mechanical pressure, is an 
eco-friendly, cost-efficient process that improves wood’s dimensional 
stability and mechanical properties, making it suitable for engineered 
wood products like glulam and cross-laminated timber (Sotayo et al., 
2020; Srivaro et al., 2022). Utilizing densified wood with enhanced 
density and mechanical properties as the outer laminates, while using 
untreated wood as the inner laminates, is a cost-effective approach that 
theoretically maintains the mechanical properties of glulam. This design 
leverages the fact that when a glulam beam is subjected to flexural load, 
the maximum bending stresses happen at the topmost and bottommost 
points (maximum distances from the neutral axis) of glulam layers 
rather than the middle layer. However, glulam beams are also subjected 
to shear loads, which are greatest along the neutral axis, where the 
untreated wood is located (Ido et al., 2009). Especially in short beams, 
shear stress often governs the design rather than bending stress (Franke 
et al., 2015). Given that untreated wood typically has lower shear 
strength, there is a risk of shear failure in composite glulam. While 
previous studies have explored the use of densified wood in glulam 
production (Hajihassani et al., 2021; Liew et al., 2022), however, few 
have investigated the properties of composite glulam fabricated from 
densified and untreated wood. Therefore, it is essential to study the 
shear performance of composite glulam to determine whether it meets 
the structural demands for construction.

In all glued engineered wood products (EWPs), the characteristics of 
the interfacial adhesive bond play a crucial role in determining product 
integrity and quality (J.B. Wang et al., 2018). Bonding quality is closely 
related to surface roughness and wood porosity (Söğütlü, 2017). The 
densification process, which causes the collapse of cell lumens and fiber 
pores in the wood, reduces porosity and smooths the wood surface (Liu 
et al., 2018), significantly affecting the bonding quality of glued EWPs. 
Some studies suggest that the smoother surface of densified wood can 
lead to lower bonding quality, as it may hinder adhesive penetration into 
the capillaries of wood, resulting in reduced shear strength in glue-line 
shear tests and an increased delamination ratio of the glue lines 
(Nandika et al., 2021). However, other research has shown that densi-
fied glulam can exhibit higher shear resistance compared to untreated 
glulam, due to the enhanced mechanical properties, particularly shear 
strength, gained through the densification process (Liew et al., 2022). To 
ensure the bonding durability and quality of glulam made with densified 
wood, it is essential to thoroughly investigate the effects of the densi-
fication process on glulam bonding performance.

This study hypothesizes that densifying the outer laminates of Chi-
nese fir will enhance shear strength, alter the failure mode of short 
beams, and improve glue-line shear strength. These properties are 
strongly correlated with compression and shear resistance, which can be 
improved through densification. While the effects of densification on 
bonding quality have shown mixed results in previous studies, it is 
anticipated that by carefully controlling densification parameters, po-
tential negative impacts on bonding can be minimized. The key issues 
addressed in this study are as follows: 

• The impact of densifying the outer laminates on the bonding per-
formance of Chinese fir glulam.

• The contribution of densified outer laminates to the shear perfor-
mance of glulam beams.

• Whether the performance of Chinese fir composite glulam meets 
standard requirements.

The objective of this study is to explore the effects of outer laminate 
densification on the mechanical properties and structural performance 
of Chinese fir glulam, specifically focusing on shear strength and 
bonding durability. By evaluating these effects, the study aims to verify 
whether composite Chinese fir glulam meets structural requirements, 
thereby enhancing the commercial value of Chinese fir through its 
increased suitability for structural applications.

2. Materials and methods

2.1. Raw materials

Chinese fir [Cunninghamia lanceolata (Lamb.) Hook.] was harvested 
from plantations in Jiangxi province, China, was utilized as the raw 
material for this study. The trees were 15 years old. After air drying, they 
were divided into two groups. The first group was sawn into dimensions 
of 2000 mm (L) 60 mm (W) 40 mm (R) for subsequent densification 
treatment. The second group was sawn into dimensions of 2000 mm (L) 
60 mm (W) 25 mm (R) without undergoing any modification treatment. 
The table saw (CS 70 EB CN, Festool Deutschland, Germany) were used 
to split the wood. Visual grading was performed to identify and exclude 
timbers with significant defects such as cracks, warping, insect infesta-
tion, or decay. Only pieces with small, isolated knots were selected, 
ensuring that the total knot diameter within a 150 mm length did not 
exceed 12 mm, and that the ratio of the total knot diameter to the width 
of the wood edge was less than 20 %, in accordance with the Chinese 
structural glulam manufacturing standard (Standardization Adminis-
tration of China, 2022). Both groups of timber were then conditioned in 
a controlled environment at a temperature of 20 ◦C and a relative hu-
midity of 65 %. Following conditioning, each sawn timber was further 
processed into 4 timber boards with a length of 400 mm, while main-
taining the original cross-sectional dimensions in preparation for sub-
sequent treatment. The density and moisture content of the Chinese fir 
timber were determined in accordance with GB/T 1927.5 
(Standardization Administration of China, 2021a) and GB/T 1927.4 
(Standardization Administration of China, 2021b) standards, respec-
tively. The average density and moisture content of the natural Chinese 
fir were found to be 0.385 ± 0.031 g/cm³ and 14.51 ± 1.29 %.

2.2. Preparation of the composite Chinese fir glulam

2.2.1. Pre-heating treatment
Fig. 1 shows the schematic image of densification. The densification 

process, comprising heating, pressing, and pressure-holding phases, was 
performed using a hot press (XLB-1MND, YADONG GROUP, China) in 
the radial direction.

To ensure the wood structure was adequately softened before me-
chanical pressing, a pre-heating treatment was conducted. This step is 
essential for achieving densification without causing cell wall breakage 
(Kutnar et al., 2015). Both the pre-heating temperature and moisture 
content of the wood are crucial, as the glass transition temperature of 
wood decreases with increased moisture content, significantly influ-
encing its softening behavior. Additionally, the duration of pre-heating 
is important: too long a duration may lead to excessive degradation of 
the wood components. These factors were optimized in previous studies 
(Ma et al., 2023). The pre-heating was carried out at a temperature of 
120 ◦C, for a duration of 20 min, with the moisture content of the wood 
adjusted to 50 %. The target moisture content was achieved by soaking 
the specimens in distilled water at room temperature until the difference 
between the mass obtained through the weighting operation and the 
mass calculated according to Eq. (1) was within 0.5 g. Specimens at the 
target moisture content were then placed in contact with hot platens 
which were already heated to the specified temperature, and softened 
under a load of less than 0.5 MPa for the set duration. 

m1 =
(1 + W1)m0

W0
(1) 

Where: m1 is the mass of specimens at the target level of moisture 
content, in g; W1 is the target moisture content, in %; m0 is the mass of 
specimens prior to soaking, in g; W0 is the moisture content of the 
specimens prior to soaking, in %.
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2.2.2. Densification process
Following the pre-heating treatment, the densification process was 

performed using parameters from previous studies: a compression ratio 
of 50 %, a pressing temperature of 140 ◦C, a compression pressure of 
6 MPa, and a pressure holding time of 3 h. The platen temperature was 
increased to 140 ◦C at an average heating rate of 1.9 ◦C/min following 
the completion of the pre-heating treatment (Ma et al., 2023). A 
segmented pressurization method was applied to prevent cracking in the 
densified wood, with a 1-minute interval at 2 MPa pressure. The thick-
ness of the densified Chinese fir was monitored using mechanical stops, 
achieving a target thickness of 20 mm at a pressure of 6 MPa. Once the 
designated pressure and target thickness were reached, the specimens 
were maintained under pressure for 3 h to stabilize the deformation. 
This relatively long pressure-holding time allowed sufficient solidifica-
tion of the lignin-hemicellulose matrix before the compression load was 
released, effectively reducing spring-back (Paul et al., 2024). During the 
load-holding phase, the hot platens were allowed to cool to room tem-
perature. The entire densification process is illustrated in Fig. 2. The 
average density and moisture content of densified Chinese fir was found 
to be 0.678 ± 0.036 g/cm³ and 13.90 ± 1.42 %.

2.2.3. Scanning electron microscopy (SEM) examination
For microstructure observation, samples with dimensions of 5 mm 

(L) × 5 mm (W) × 5 mm (R) were cut from both untreated and densified 
Chinese fir specimens. The surfaces of the samples were smoothed and 
flattened. The samples were dried to a completely dry state and then 
fixed on an aluminum sample holder using conductive adhesive tape. 
Vacuum-gold coating was applied via ion sputtering (SBC-12, Beijing 
Zhongke Keyi, China). After coating, the samples were transferred to 
SEM (Phenom XL, Phenom Scientific Instruments, China) for imaging.

2.2.4. Glulam manufacturing
The four-layer composite glulam with dimensions of 400 mm (L) 

55 mm (W) 80 mm (R) was fabricated using densified Chinese fir for the 
upper and lower laminates, while non-densified Chinese fir was used for 
the core laminates. Normal glulam, serving as the control specimens, 

was also produced from non-densified Chinese fir. The dimensions of the 
specimens and a schematic representation of the glulam manufacturing 
process are shown in Fig. 3.

To mitigate spring-back and set-recovery effects, wood softening and 
pressure-holding phases were applied before and after densification. The 
densified laminates were then planed using a four-side planer to achieve 
a uniform thickness of 20 mm, eliminating potential dimensional 
changes and removing thermally degraded fibers from the surface. The 
untreated laminates were planed in the same manner to ensure consis-
tent thickness across all specimens. Before gluing, the surfaces were 
thoroughly cleaned to remove any dust or debris. The laminates were 
bonded using PUR adhesive (200C-B, BASF, China), which was manu-
ally applied with rollers to one face to ensure an even spread. The ad-
hesive application rate was controlled by measuring the adhesive 
weight, applying 250 g of PUR adhesive per square meter of surface 
area. The laminates were then assembled and pressed under a load of 
1.0 MPa for 24 h using a hot press. After pressing and initial curing, the 
glulam beams were allowed a post-pressing stabilization period of 24 h 
to ensure complete bonding and stabilize the wood’s moisture content. 
The environmental temperature and relative humidity during glulam 
manufacture were 11 ◦C and 62 %, respectively. 6 replicates were pre-
pared for both the composite and control glulam specimens. The main 
processes of glulam manufacturing are shown in Fig. 4.

2.3. Tests for bonding quality and durability

2.3.1. Delamination test procedure
The delamination specimens, with dimensions of 75 mm (L) 

× 55 mm (W) × 80 mm (T), were cut from both normal and composite 
glulam, maintaining a 50 mm distance from the edge of the glulam. A 
total of 12 specimens were subjected to soaking and boiling delamina-
tion tests in accordance with GB/T 26899 (Standardization Adminis-
tration of China, 2022).

The soaking delamination test was conducted as follows: specimens 
were soaked in water at room temperature for 24 h and then placed in a 
drying oven at 70 ◦C. When the specimens’ weight reached 100–110 % 
of their pre-soaking weight, the delamination length was measured. For 
the boiling delamination test, the specimens were soaked in boiling 
water for 4 h, followed by immersion in water at room temperature for 
1 h. Afterward, the specimens were dried in the same manner as the 
soaking delamination test, and the delamination length was measured. 
Each test involved repeating the soak-dry cycle twice for the soaking 
delamination test and the boil-soak-dry cycle twice for the boiling 
delamination test to meet the requirements for service class 3 usage, 
which corresponds to outdoor environments with high humidity. The 
total delamination percentage and maximum delamination percentage 
were calculated using Eqs. (2) and (3). 

Pt =
ltot

Ltot
× 100% (2) 

Where: Pt is the total delamination percentage, in %; ltot is the total 

Original
thickness

Hot plate

Mechanical
stops

Target
thickness

Load

Load

Fig. 1. Schematic image of densification.

Fig. 2. Schematic image of segmented pressurization process.
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delamination length, in mm; and Ltot is the sum of the perimeters of all 
glue-lines in a delamination specimen, in mm. 

Pm =
lmax

Lglueline
× 100% (3) 

Where: Pm is the maximum delamination percentage, in %; lmax is the 
maximum delamination length, in a single glue-line, in mm; and Lglueline 

is the length of the glue-line where delamination occurred, in mm.

2.3.2. Glue-line shear strength test
The shear test specimens were prepared from both normal and 

composite glulam. In the normal glulam, the bonding interfaces were 
labeled as N-N-1 for the outer-to-inner laminate and N-N-2 for the inner- 
to-inner laminate, while in the composite glulam, these interfaces were 

Fig. 3. Schematic diagram for specimen preparation.

Fig. 4. Processes of glulam manufacturing.

Fig. 5. Schematic diagram of block shear test specimen and test device.
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labeled as D-N-1 and D-N-2, respectively. Each type of specimen had six 
replicates, making a total of 24 specimens subjected to block shear tests 
according to GB/T 50329 (Ministry of Housing and Urban-Rural 
Development of the People’s Republic of China, 2012). The tests were 
performed using a universal testing machine (UTM4304，SUNS， 
China), with the load applied continuously at a test speed of 5 mm/min. 
The specimen dimensions and schematic of the test setup are shown in 
Fig. 5 (a) and (b), respectively. Each test was automatically stopped once 
the specimen reached the maximum shear load, and the shear strength 
was calculated using Eq. (4). The wood failure percentage was deter-
mined based on Eq. (5). 

fv,block =
Qu

Av
(4) 

Where: fv is the glue-line shear strength, in MPa; Qu is the maximum 
load, in N; and Av is the area bearing the shear load, in mm2. 

Pv =
At

Av
× 100% (5) 

Where: Pv is the wood failure percentage, in %; At is the area of wood 
failure, in mm2; Av is the total bonding area, in mm2.

2.4. Tests for shear performance of glulam short beams

2.4.1. Test program and setup
To evaluate the shear properties, minimizing the span-depth ratio of 

the specimen is essential. Additionally, the distance between the reac-
tion bearing plate and the load-bearing blocks should typically be at 
least twice the specimen depth. Therefore, glulam beams with di-
mensions of 370 mm (L) × 55 mm (W) × 80 mm were tested under 
bending with a single vertical load applied at the mid-span, in accor-
dance with ASTM D198-15 (ASTM International, 2015), at a span-depth 
ratio of 2. Bending tests were conducted using a universal testing ma-
chine (UTM4304, SUNS, China) with a loading rate of 5 mm/min until 
failure. Fig. 6 presents a schematic diagram of the bending test setup, 
including the locations of the linear variable differential transformer 
(LVDT) and strain gauges. The deflection values recorded by the LVDT 
were used to calculate the initial stiffness using PickPoint software (v. 
3.2.4). The software employs a bi-linear approximation model to 
determine the initial stiffness by calculating the slope of the linear 
portion of the load-displacement curve, representing the elastic region.

2.4.2. Analytical methods for shear strength
Because the untreated and densified Chinese fir have different 

moduli in the principal axis of bending, the composite glulam beams can 
be treated as beams of different materials according to the elementary 

beam theory. This can be dealt with by using an equivalent width 
technique, in which the width of each component parallel to the prin-
cipal axis of bending is proportional to the modulus of elasticity (MOE) 
of the component material (Huang et al., 2023). For composite glulam 
beams, the equivalent width of densified laminates can be determined 
by Eq. (6). The MOE of untreated Chinese fir Eu set at 7500 MPa and of 
densified Chinese fir Ed set at 12,000 MPa (Ma et al., 2023). Fig. 7 shows 
the cross section of normal and composite glulam beams with width b 
and br respectively. 

br =
Ed

Eu
b (6) 

Where br is the equivalent width of densified laminates, in mm; Ed is the 
MOE of densified Chinese fir, and Eu is the MOE of untreated Chinese fir.

The shear stress in the different effective depth of the composite 
glulam beams can be calculated by Eq. (7). 

τy =
VSz(y)

Ieqb
(7) 

Where: τy is the shear stress at a distance of y from the neutral axis on the 
cross-section, in MPa; V is the maximum shear force, in kN; Sz(y) is the 
first moment of equivalent area below the line parallel to the neutral axis 
at y, in mm3. Ieq is the moment of inertia of the equivalent cross-section, 
in mm4.

The shear stress achieves maximum value at the neutral axis, 
calculated according to Eq. (8), which is called the composite beam 
equation in this study. At this point, the theoretical shear capacity of the 
composite beam is calculated using Eq. (9). 

τmax =
VSz

Ieqb
(8) 

Where τmax is the maximum shear stress, in MPa; Sz is the first moment of 
the equivalent area below the neutral axis. 

Fv,cal = 2
Ieqb
Sz

τ (9) 

For normal glulam beams, the maximum shear stress calculated by 
Eq. (10) according to ASTM D198-2015(ASTM D 198-15, 2015), which 
is called homogeneous beam equation in this study. 

τmax =
3P
4bh

(10) 

Where: P is the maximum shear force, and b and h are the breadth and 
depth of the specimen, respectively, in mm.

Fig. 6. Schematic diagram of shear test loading and measuring point layout of glulam short beams.
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3. Results and discussion

3.1. Bonding performance analysis

3.1.1. Delamination test results
The bonding performance of structural glulam is critical for its 

durability and structural safety. Fig. 8 presents the delamination test 
results for composite and normal glulam. The results showed that all 
specimens exhibited good bonding strength during the first soaking and 
boiling cycles, with delamination rates below 5 %. However, in the 
second cycle, severe delamination occurred in specimen 1 during the 
soaking test and specimen 2 during the boiling test of the untreated 
glulam group, with delamination rates of 17.95 % and 15.47 %, 
respectively. In contrast, the delamination rates of all composite glulam 
specimens remained below 5 %, with the maximum delamination less 
than 25 % of the length of a single glue-line, meeting the GB/T 26899- 
2022 standards. This confirms that the composite glulam satisfies the 
durability requirements for glue-lines, making it suitable for use in 
outdoor environments with high humidity.

Besides, typical failure modes illustrated in Fig. 9, included delami-
nation at the glue-line or cracking within the wood along the 

longitudinal direction, suggesting that the glue-line strength surpassed 
that of the wood.

Composite glulam exhibited superior bonding durability compared 
to untreated glulam, aligning with the findings of Hajihassani et al. 
(2022). However, this contrasts with the findings of Nandika et al. 
(2021), who reported better bonding in non-densified glulam due to its 
lower density and higher porosity. The discrepancy with Nandika’s 

Fig. 7. Equivalent cross section for normal and composite glulam beams.

Fig. 8. Results of delamination test for normal and composite glulam.

Fig. 9. Typical failure mode of delamination test.
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findings can be attributed to the pre-heating treatment that changing the 
mechanical and chemical properties of densified wood, which was not 
reported by Nandika’s study. Mechanically, the yield stress of the wood 
was significantly reduced (Scharf et al., 2023), which was the result of 
the softening of the wood components including amorphous regions of 
cellulose, hemicellulose, and lignin under the influence of hydrothermal 
when be heated at a temperature of 120 ◦C, with a relatively high 
moisture content of 50 %. Chemically, one of the main changes was the 
hydrolysis of hemicellulose, as it is more sensitive to temperature, 
particularly at high moisture contents (Gao, 2024). This hydrolysis 
weakens the bonds between the microfibrils and lignin, reducing the 
internal stresses accumulated during the compression process (Srivaro 
et al., 2022). Additionally, the lignin undergoes fragments and 
condensation reactions. The cleavage of β-O-4′ aryl ether linkage in the 
lignin backbone exposed more active sites on lignin aromatic ring that 
facilitate the formation of new C-C bonds (Zhang et al., 2017), which 
reduce the number of free hydroxyl groups, decreasing hydrophilicity 
and increasing hydrophobicity (Yin et al., 2011). Moreover, plasticiza-
tion of lignin leads to a reorganization of the lignocellulosic compo-
nents, which also reduces wood’s wettability (Hakkou et al., 2005). 
These combined mechanical and chemical changes significantly reduce 
the hygroscopicity of wood and the internal stresses, thereby enhancing 
the dimensional stability of the wood. Additionally, the pre-heating 
treatment contributes to the surface densified wood becoming 
compact and smooth, which allows the adhesive to flow more evenly 
over the surface (Liu et al., 2018). As a result, the bonding performance 
of composite glulam during the soaking and boiling delamination tests 
was improved, explaining the observed differences compared to Nan-
dika’s results. This highlights the critical role of the hydro-thermal ef-
fects in improving bonding performance.

Furthermore, the presence of microcracks, which inevitably form 
during the compression process, positively affect adhesive penetration 
and the formation of mechanical junctions, further enhancing the 
bonding performance (Hajihassani et al., 2022). As shown in Fig. 10, 
SEM analysis demonstrates that cell wall breakages and cracks are 
predominantly observed in latewood regions, where tangential micro-
cracks within the latewood tracheids increase adhesive penetration 
depths into the densified wood (Mamonova et al., 2022). In contrast, 
earlywood exhibits less obvious breakage due to its thinner cell walls, 
while the lumens remain partially open, preserving some porosity and 
allowing the adhesive to infiltrate effectively.

3.1.2. Glue-line shear strength
Fig. 11 presents the glue-line shear test results for composite and 

normal glulam. The composite glulam exhibited enhanced glue-line 
shear strength compared to normal glulam. Specifically, the D-N-1 
group, representing the glue-line between the outer and inner laminates 
of composite glulam, showed a mean shear strength of 6.62 MPa, which 
was 18.6 %, 27.8 %, and 32.7 % higher than the D-N-2, N-N-1, and N-N- 
2 groups, respectively. The Shapiro-Wilk test was conducted to assess 
the normality of each data group, and the results indicated that all 
groups followed a normal distribution at a 0.05 significance level. 
Additionally, Levene’s test for homogeneity of variances showed p- 
values greater than 0.05 for all groups, confirming equal variance. Based 
on these conditions, independent-sample t-tests were performed. The 
results revealed a significant difference in shear strength between the N- 
N-1 and N-N-2 glue-lines compared to the D-N-1 glue-line, with 
P = 0.045 and P = 0.028 respectively. Although the difference between 
the N-N-2 and D-N-2 glue-lines did not reach statistical significance, it 
approached it with p = 0.056. The t-test results further demonstrate that 
densification of laminates significantly enhances glue-line shear 
strength. The shear strength values of individual glue-lines and the 
average of all glue-lines in composite glulam met the GB/T 26899 
standard, while the normal glulam failed to meet the required average 
shear strength of 6 MPa.

The average wood failure percentages of two types of glulam ranged 
from 85.25 % to 99.19 %, as shown in Fig. 12. Although the D-N-1 group 
exhibited a relatively lower average wood failure percentage, it still met 

Fig. 10. SEM images of untreated Chinese fir early wood (a), latewood (b) and densified Chinese fir early wood (c), latewood (d).

Fig. 11. Block shear strength of two types of glulam.

P. Ma et al.                                                                                                                                                                                                                                      



Industrial Crops & Products 225 (2025) 120565

8

the requirement of GB/T 26899, which specifies that the average wood 
failure percentage must be ≥ 144 - (9fv).

Fig. 13 shows the failure mode observed in all specimens was shear 
failure in the wood near the glue-line. The increased shear strength of 
composite glulam can be attributed to the enhanced mechanical prop-
erties of the densified laminates. The observed failure modes and higher 
wood failure percentage indicate that failure primarily occurred in the 
wood rather than in the glue-line itself, suggesting that the glue-line 
strength exceeded that of the wood. Consequently, the overall shear 
performance of the glulam was predominantly determined by the shear 
strength of laminates. The densification process increased the density 
and mechanical resistance of the laminates, which contributed to the 
improved shear strength of composite glulam (Faircloth et al., 2024; 
Vnučec et al., 2017). Moreover, the enhancement in glue-line shear 
strength due to the increased density could be found in another 
important EWPs, cross laminated timber (CLT). The CLT specimens 
manufactured using densified batai wood with compression rate of 50 % 
shows significant enhancement in glue-line shear strength compared 
with untread CLT (Liew et al., 2022), suggesting that densification not 
only positively affect bonding quality of glulam but other wood 

Fig. 12. Wood failure percentage of two types of glulam.

Fig. 13. Typical failure mode of the specimen.
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composites.

3.2. Shear performance of glulam short beams

3.2.1. Failure mode
The dominant failure mode observed in the untreated glulam spec-

imens was shear failure localized in the bottom laminates. Cracks 
initiated in the bottom laminates near the inner side of the supports and 
then propagated along the beam length towards the middle layers. This 
failure mode can be attributed to stress concentration at the contact area 
between the wood and the support. Despite the intentional increase in 
the contact area of the supports, the low density and compressive 
strength of untreated Chinese fir led to significant localized compressive 
deformation, which further intensified the stress concentration. Conse-
quently, due to the relatively low shear strength of untreated Chinese fir, 
oblique shear failure developed near the supports as the shear force 
reached its maximum in this region. In addition to the shear failure 
observed at the bottom layers, one specimen experienced bending fail-
ure characterized by tensile rupture of the wood fibers at the bottom 
surface. This bending failure occurred under the combined influence of 
bending moments and shear forces, causing cracks to propagate diago-
nally upward towards the glue-line interface. The typical failure pat-
terns, including shear failure at the support regions and bending- 
induced tensile cracking, are illustrated in Fig. 14.

Fig. 15 illustrates the typical failure mode of composite glulam. In 
composite glulam specimens, shear failure was the predominant mode of 
failure, but the locations of crack initiation varied. The most common 
failure pattern involved cracks initiating near the neutral axis, where 
diagonal cracks first developed in the middle laminates, leading to shear 
failure. These cracks then propagated along the length of the beam to-
wards the ends. This behavior can be attributed to the increased density 
and compressive strength of the outer laminates after densification, 
which significantly reduced localized compressive deformation at the 
contact points between the wood and supports, thereby minimizing 
stress concentration effects. Additionally, the higher shear strength of 
the densified Chinese fir made the outer layer of the composite beam less 
susceptible to shear failure. Consequently, diagonal cracks were more 
likely to initiate near the neutral axis, where shear stress reaches its 
maximum. This change in failure mode is significant for the structural 
application of Chinese fir glulam, as the current structural design 
methods assume that shear failure occurs at the neutral axis, where 
shear stress is predicted to be greatest according to simple beam theory. 
This assumption is used to determine the design shear strength, which is 
typically set higher than the calculated shear strength to ensure struc-
tural safety. However, if a glulam beam experiences diagonal shear 
failure near the supports, rather than at the neutral axis, the actual shear 
capacity could be considerably lower than the design shear strength. 
This discrepancy could introduce potential risks when applying these 
beams in large-scale structural applications.

In specimen DGL3, failure occurred at a point one-quarter of the 
height from the bottom of the beam, where interlaminar shear 
displacement developed along the wood fibers from the mid-span to the 

ends. This was mainly due to the significant difference in mechanical 
properties between the densified outer laminates and the untreated 
inner laminates, creating a notable stress differential at their interface.

Additionally, microcracks in the latewood compromised the wood 
original structure, creating weak zones that may lead to stress concen-
trations and reduce load transfer efficiency. As a result, shear failure 
could occur at the outer laminates, rather than near the neutral axis as 
predicted by conventional beam theory. This potential risk highlights 
the need to optimize pre-heating and densification parameters to mini-
mize cell wall breakage.

3.2.2. Shear strength
Fig. 16 presents the load-deflection curves for both normal and 

composite glulam beams, indicating a progressive shear damage pro-
cess. After the appearance of the first crack, the load decreased slightly, 
then gradually increased until it sharply dropped upon complete failure, 
demonstrating a certain degree of ductility, as seen in the typical curves 
of specimens GL4, DGL1, and DGL4. Compared to normal glulam beams, 
composite glulam beams exhibited higher elastic ultimate loads and 
deflections, with some specimens achieving an elastic ultimate deflec-
tion exceeding 2 mm. This behavior can be attributed to the enhanced 
mechanical properties and stiffness achieved through the densification 
of the outer laminates. Table 1 shows the initial stiffness of glulam 
beams. The average initial stiffness of the composite glulam was 10.23 
kN/mm, an increase of 13.67 % over normal glulam beams. This 
improvement corresponds with the steeper slope observed in the elastic 
region of the load-displacement curves, highlighting the enhanced 
stiffness of the composite glulam.

Specimen GL1 from the normal glulam group exhibited tensile fail-
ure rather than shear failure, and specimen DGL3 from the composite 
glulam group showed interlaminar displacement between the outer and 
inner layers, resulting in a very low maximum shear force. Therefore, 
the results of GL1 and DGL3 were excluded from the analysis. For the 
remaining specimens, the maximum shear strength was calculated using 
Eq. (10). To further evaluate the performance of the composite glulam 
beams, the maximum shear strength was recalculated using the com-
posite beam equation. The equivalent width of densified outer laminates 
was determined according to Eq. (6). Based on this effective width, the 
shear strength was then calculated using Eq. (8). The results are sum-
marized in Table 1.

For composite glulam beams, the shear strength calculated using the 
composite beam equation was approximately 92.69–94.94 % of that 
obtained using the homogeneous beam equation, consistent with find-
ings from previous studies (Ido, 2009). Therefore, a comparison was 
made between the shear strength of normal glulam beams calculated 
using the homogeneous beam equation and that of composite glulam 
beams calculated using the composite beam equation. The average 
maximum shear force and shear strength of composite glulam beams 
increased by 31.95 % and 21.51 %, respectively, compared to normal 
glulam beams. This suggests that the densification of the outer laminates 
in Chinese fir glulam positively contributes to enhancing shear strength 
under bending tests.

Fig. 14. The typical failure modes of normal Chinese fir glulam.
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3.2.3. Shear stress distribution
Fig. 17 illustrates the maximum shear stress values along the beam 

thickness for both normal and composite glulam. In both types of glu-
lam, the maximum shear stress occurs in the middle layer. The shear 
stress distribution in normal glulam beams follows a parabolic pattern, 
whereas in composite glulam, the shear stress is relatively low in the 
outer layers and then suddenly increases at the interface between the 
outer and inner layers. This indicates that the middle layers bear most of 
the shear stress.

The distribution of shear stress helps explain why specimen DGL3 in 
the composite glulam group exhibited interlaminar displacement and 
shear failure at a point one-quarter of the height from the bottom of the 
beam. It is evident that the densification of the outer laminates in glulam 
alters the shear stress distribution, resulting in a pattern similar to that of 

I-beams in composite glulam beams. In this configuration, the middle 
two laminates of untreated Chinese fir function similarly to the web 
plate of an I-beam, primarily bearing the shear forces. Moreover, the 
sudden and significant increase in shear stress between the outer and 
inner layers highlights the need to prevent interlaminar displacement at 
this location, as it could lead to premature failure of the glulam beam.

3.2.4. Calculation of theoretical shear capacity
Based on the theory of composite beams, the equivalent length of the 

densified outer laminates in composite glulam was calculated using Eq. 
(6). The shear stress distribution of the composite glulam beam re-
sembles that of an I-beam, with the shear force primarily borne by the 
untreated Chinese fir in the middle layers. Correspondingly, the pre-
dominant failure mode for composite glulam beams was shear failure 
within the untreated Chinese fir in these middle layers. Thus, the shear 
strength of normal glulam beams, as calculated using Eq. (10), was 
applied to estimate the theoretical shear capacity of the composite 
glulam beams according to Eq. (9). The results are presented in Table 2.

The theoretical shear capacity is lower than the experimental shear 
capacity, ranging from approximately 79–87 % of the experimental 
values. This deviation might be attributed to the difference in failure 
modes: normal glulam primarily exhibits oblique shear failure near the 
supports rather than shear failure near the neutral axis, leading to a 
lower observed shear strength. Using this lower value as the shear 
strength of the middle layer in composite glulam beams for calculating 
the overall shear capacity of the composite beam ultimately resulted in 
theoretical values that are slightly lower than the experimental values.

Fig. 15. The typical failure modes of composite Chinese fir glulam.

Fig. 16. Load-midspan deflection curve.

Table 1 
Shear strength calculated from homogeneous beam equation and composite 
beam equation.

Glulam 
type

Initial 
Stiffness 
(kN/mm)

Maximum 
shear force 
(kN)

Shear strength (N/mm2)

Homogeneous 
beam equation

Composite 
beam 
equation

Normal 
(n = 5)

9.00 (13.24) 21.95 (7.95) 3.99 (6.57) -

Composite 
(n = 5)

10.23 (18.45) 28.96 (5.23) 5.17 (4.91) 4.85 (4.51)

Note. Values represent the mean result followed by the coefficient of variation 
(CV) in parentheses.
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4. Conclusion

This study verified the feasibility of fabricating composite glulam 
using densified Chinese fir and untreated fir, the main findings can be 
summarized as follows: 

(a) The glue-line delamination tests indicated that composite glulam 
exhibited superior bonding durability, which can primarily be 
attributed to the enhanced dimensional stability of the densified 
laminates. This improvement in stability resulted from hydro-
thermal effects during pre-heating, which induced both me-
chanical and chemical changes in the wood structure, thereby 
reducing moisture-induced dimensional changes during wet-dry 
cycling. Additionally, microcracks created during the compres-
sion process further enhanced adhesive penetration and me-
chanical interlocking, contributing to improved bonding 
durability. These combined effects enabled the composite glulam 
to meet the requirements of GB/T 26899-2022, demonstrating its 
suitability for use in outdoor environments with high humidity.

(b) The densification of outer laminates significantly enhanced glue- 
line shear strength through increased density and mechanical 
properties. The improvement in interfacial bonding strength was 
achieved while maintaining high wood failure percentages, 
demonstrating that the adhesive bond strength exceeded the 
intrinsic strength of the wood material, ensuring reliable struc-
tural performance.

(c) The composite glulam design improved overall beam shear 
strength by reducing stress concentration near the supports 
through densified outer laminates, preventing premature diago-
nal shear failure in these regions. The observed failure patterns 
indicated typical shear behavior, with most failures occurring 
near the neutral axis. This suggests that the composite structure 

effectively redistributes shear stresses, though variations in stress 
distribution across different laminate layers should be considered 
in future structural designs. These findings demonstrate the po-
tential of selectively densified composite glulam for enhanced 
structural applications.
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