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ABSTRACT

To overcome warping in thin bamboo bundle veneer laminated composites (TBLC), their hydrothermal deforma-
tion characteristics were systematically investigated in this study. It was found that TBLCs accelerated the release
of internal stress in the thickness direction in a hydrothermal environment, which increased their warpage.
TBLCs showed increased warpage in the width and diagonal directions upon increasing the temperature. The
warpage of Type E increased by 155.88% and 66.67% in the width and diagonal directions, respectively, when
the temperature increased from 25�C to 100�C. The symmetrical TBLC with cross-lay-up and odd layers dis-
played better hydrothermal stability. We revealed that the deformation of the TBLCs could be regulated under
the synergistic effect of water and temperature. These results provide a scientific basis for improving the unifor-
mity of bamboo bundle composite materials and for developing thin bamboo bundle fiber composite materials
with designable structures and controllable performance.
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1 Introduction

In recent years, innovative bamboo products have been continuously updated. On the basis of
reconstituted bamboo, researchers have developed bamboo bundle veneer laminated composites (BLVL)
with uniform density and stable quality [1–4]. However, BLVL has shortcomings such as excessive
weight, excessive mechanical strength, low assembly efficiency, and poor connection performance. It is
difficult to be used as a large-format material in the fields of wall panels, decoration and building
structures. The thinning of conventional reconstituted bamboo products and the development of new thin,
lightweight and non-deformable bamboo bundle composite materials to meet the market’s demand for
thin plates will have huge market prospects and unique advantages. As a plant fiber composite material,
thin laminated bamboo bundle veneer composites (TBLC) are exposed to the natural environment during
their use. They contain many tiny pores and hydrophilic functional groups (such as hydroxyls), which
cause them to absorb water from humid environments. The motion of water molecules is closely related
to temperature, and a higher temperature increases the motion of water molecules, especially under the
coupled effects of temperature and moisture. This is due to differences in the sensitivity between pores,
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fibers, and the resin matrix [5]. They easily generate internal stress, microcracks, and even large cracks
through the bonding interface in thin laminated bamboo bundle veneer composites. This results in poor
dimensional stability, warping, and a reduction in mechanical properties [6]. Deformation is one of the
main factors affecting the service life of thin panels [7–9]. It is also a serious threat to product quality
during secondary processing in the bamboo and wood industries. Therefore, it is very important to study
the water absorption characteristics and deformation behavior of TBLCs in a hydrothermal environment
and to predict the deformation of the composites in a hydrothermal environment.

Bamboo/wood fiber is a viscoelastic porous material. During composite fabrication, bamboo bundle
veneers and wood veneers are subjected to pressure and temperature, causing internal stress. The
compressed composites release internal stress under a hydrothermal environment due to moisture
absorption, which causes thickness expansion. Shi et al. [10,11] considered that the hygroscopic thickness
swelling was related to the initial thickness of panels and established a prediction model for the
hygroscopic thickness of wood fiberboard and wood fiber/polymer composites under different
temperatures and humidity conditions. They found that temperature had a great influence on the
hygroscopic thickness swelling, while the prediction model showed low accuracy at high temperatures.
Some scholars used the hygroscopic thickness prediction model developed by Shi and Gardner to study
the hygroscopic thickness swelling process of different wood-plastic composites (WPCs). The results
showed that the swelling model accurately predicted the hygroscopic swelling process of wood-plastic
composites [12,13]. Many researchers have investigated the warping of asymmetric structural composite
materials and laminated bamboo/wood lumber. It is believed that reasonable structural design can reduce
the occurrence of panel deformation [14–18]. The water content gradient in the thickness direction
generated by the symmetrical panel will also develop internal stresses and cause deformation [19–21].
Guan et al. [22] studied the hydrothermal effect of bamboo, wood, and bamboo-wood composite panels
and obtained the hygroscopic swelling coefficient of bamboo and wood under different environments.
Software was used to simulate the deformation of the panels under isothermal humidity. It was found that
water had a very significant influence on panel deformation, but temperature had almost a negligible
effect compared with water. More and more scholars used mathematical models to predict the warping
deformation of bamboo and wood panels in a humid and hot environment [23]. Future development
trends should carry out in-depth research on the warping of bamboo/wood composites in hydrothermal
environments and use numerical methods to simulate and predict their deformation.

At present, the research on the hydrothermal properties of natural fiber composites has mainly focused
on regulating the attenuation of mechanical properties. Research on the deformation has mostly focused on
the deformation of asymmetric composites. In practical production and applications, bamboo and wood
composites are generally prepared by symmetrical paving to prevent warping. Therefore, it is of great
significance to study the deformation behavior of TBLCs with symmetrical structures in hydrothermal
environments. This study mainly investigates the deformation behavior of TBLCs with different
symmetrical laminated structures in different hydrothermal environments to explore their linear
deformation and warping regulation under hydrothermal aging. It provides a theoretical basis for the
long-term safe use of TBLCs in hydrothermal environments.

2 Materials and Methods

2.1 Materials
Bamboo (Phyllostachys edulis; 3∼4 years old) was harvested from Yong’an, Fujian, China. Bamboo

bundles were prepared by mechanical brooming of the bamboo shoots followed by air-drying until a
moisture content (MC) of 10%∼15% was achieved. The resulting bamboo bundles had a thickness of 2.0
mm. Poplar veneer (Populus ussuriensis Kom.) with a 10%∼15% MC and a thickness of 1.0 mm was
purchased from Cangzhou County, Hebei, China. A water-soluble phenol-formaldehyde (PF) resin with a

1500 JRM, 2023, vol.11, no.3



solids content of 45.40% was purchased from Beijing Taier Chemical Co., Ltd., China and used as an
adhesive. The cotton thread with better performance is used as the connecting thread to weave the dried
narrow and long bamboo bundle unit to prepare a whole bamboo bundle veneer, and the bamboo bundle
veneer is used as the basic unit for manufacturing TBLC [2,24].

2.2 Preparation of TBLC
A CARVER M-3895 hot press (Carver, Inc., Wabash, IN, USA) was used to press the TBLC at 155�C

for 30 min with 1 min of press closing, 14 min of pressure at the target thickness, and 15 min of press
opening. TBLCs were prepared by laminating whole-sheet bamboo bundle veneers and wood veneers
with different lay-up structures (Fig. 1). The dimensions and target density of the boards were 300 mm
(length) × 150 mm (width) × 14 mm (thickness) and 1.0 g/cm3, respectively [24,25].

Figure 1: Different lay-up structures of TBLC

2.3 Methods

2.3.1 The Moisture Deformation and Water Absorption Test under Different Hydrothermal Conditions
Three different types of TBLC were cut to dimensions of 420 mm (L) × 240 mm (W) with 4 replicates

and then placed in water baths at 25�C, 63�C, and 99�C, respectively. Then the mass, thickness, and warpage
of the sample were measured over time. The thickness swelling was tested according to GB/T 17657-2013
“Test methods of evaluating properties of wood-based panels and surface decorated wood-based panels.”
The side warpage and diagonal warpage were measured according to GB/T 18103-2013 “Engineered
wood flooring” and GB/T 15036-2018 “Solid wood flooring.” The test was carried out in short measured
intervals and with a high measurement frequency in the first 40 h. Then, a long measurement interval was
performed until the quality and thickness of the sample stabilized.

2.3.2 Hygroscopic Swelling Coefficient Calculation
The hygroscopic swelling coefficient is a dimensionless constant in composite mechanics. When a

composite absorbs water in a water-containing environment, the water absorption is represented by the
available water absorption concentration, C. Orthotropic one-way panels undergo expansion deformation
after absorbing moisture. The linear strain is generated in the main direction of the material, eHT and eHL ,
and the shear strain eHLT = 0. According to the water absorption concentration (C), the hygroscopic
swelling coefficient is defined as follows [23–26]:

bL ¼ eHL =C
bT ¼ eHL =C
bLT ¼ 0

)
(1)

where βL and βT are the longitudinal and transverse hygroscopic swelling coefficients, respectively; βLT is the
longitudinal and transverse hygroscopic angular coefficients. In wood science, the hygroscopic (water)
expansion of bamboo or wood is expressed as the thickness swelling, i.e., the thickness difference
between the absolute dried size and the size after absorption in air to the fiber saturation point (or the
thickness difference between the absolute dried size and the size after the sample is immersed in water
until reaching a stable size). The thickness swelling of bamboo and wood increases upon increasing the
water absorption, but the swelling value is different under different moisture contents. Therefore, the
thickness swelling of bamboo and wood is often regarded as having a linear relationship with the
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moisture content [27]. The hygroscopic swelling coefficient of bamboo and wood is calculated as follows:

Kv KR; KTð Þ ¼ Ev ER; ETð Þ
wf �s�P

(2)

where KV, KR, and KT are the volumetric, radial, and chordwise hygroscopic swelling coefficients (%),
respectively; EV, ER, and ET are the volume, radial, and chordwise thickness swelling (%), respectively;
Wfsp is the moisture content at the fiber saturation point (%).

It can be seen from Eqs. (1) and (2) that the definition of the difference in the hygroscopic swelling
coefficient between composite materials and wood science is an inconsistent expression of the material
moisture content. In composite materials, the moisture content is expressed by the water absorption
concentration. A composite is composed of fibers and a matrix. It is assumed that the mass of the dried
material is M, the mass of the fiber is Mf, and the mass of the matrix is Mm, and M =Mf +Mm, the
composite material after moisture absorption (water) increases DM, fibers increase DMf, matrix increases
DMm, the water absorption concentration is calculated as follows:

C ¼ DM

M
¼ DMf þ DMm

Mf þMm
(3)

The moisture content of a material is expressed by absolute moisture content (MC), which is calculated
as follows:

MC ¼ DW

W
¼ W �W0

W
(4)

where W is the mass of wet wood, g, and W0 is the mass of absolute dried wood, g.

According to the definition of the moisture content, the dried state in the composite material refers to the
absolute dry state W0 =M (Eq. (4)). The moisture content of the material at each test point and strain in all
directions under the constant-temperature state were measured and calculated. According to Eq. (2), within a
certain moisture content range, the slope obtained by the linear fit of the moisture content (MC) and strain (ε)
curve is the hygroscopic swelling coefficient (β) of the material.

2.3.3 Model Prediction for Thickness Swelling
Bamboo/wood fiber composites are sensitive to moisture and temperature changes. The thickness

swelling model proposed by Shi et al. [10] can be used to quantitatively characterize and predict the
thickness swelling of panels with different compositions and the sensitivity of the panels to temperature.
The model is as follows:

TH tð Þ ¼ H1
H0þ H1�H0ð Þe�KSRt

� 1
� �

� 100 % (5)

where TH(t) corresponds to the thickness swelling at time t, %, KSR refers to the thickness swelling
coefficient that characterizes the water-absorbing expansion rate, H0 refers to the initial thickness, mm,
and H1 is the final thickness, mm.

3 Results and Discussion

3.1 Thickness Swelling of TBLC in Different Hydrothermal Environments
Fig. 2 shows the thickness swelling (TS) curves of TBLCs with different laminate structures at 25�C,

63�C, and 100�C in a hydrothermal environment. The thickness swelling of the three composites all
increased upon prolonging the time, and their increasing rates presented a parabolic shape that gradually
stabilized. Upon increasing the temperature, less time was required to reach thickness swelling
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equilibrium. The equilibrium thickness swelling and equilibrium thickness increased upon increasing the
temperature. The thickness swelling of Type D was slightly higher than that of Type E with wood veneer
in the early stage of water absorption. Upon prolonging the time, the thickness swelling of all composites
gradually reached a stable state. Type D presented the least thickness swelling. Type F and Type E
showed similar thickness swelling characteristics, and Type E was slightly smaller. Both presented a
nearly linear relationship between the equilibrium TS and temperature under different hydrothermal
conditions and less variability in data. This illustrates that the thickness swelling was less related to the
lay-up structure of the TBLC and was mainly related to their composition, the reason is that the water
absorption thickness expansion rate of poplar is higher than that of bamboo [28]. The Type D with a pure
bamboo bundle veneer displayed a consistent and uniform swelling rate and quickly stabilized during
water absorption. A higher temperature resulted in faster water absorption, so a steady state was reached
faster. However, Type E and Type F contained wood veneer, which displayed greater thickness swelling
than bamboo veneer; thus, Type E and Type F showed greater thickness swelling than Type D.

Figure 2: Thickness swelling of three types of TBLCs in 25°C (a), 63°C (b) and 100°C (c) hydrothermal
environments. (d) The equilibrium thickness swelling of TBLC under different temperature
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The thickness swelling model (Eq. (5)) was used to fit the thickness swelling data of the three composites
under different hydrothermal conditions, and the fitting curves are shown in Fig. 2. The fitting curve of the
thickness swelling provided a better fit at low temperatures with R2 ≥ 95% at 25�C and 63�C. All composites
had R2 < 90% at 100�C. This indicates that the model was suitable for predicting the thickness swelling of
bamboo bundle fiber composite boards at low temperatures. A high temperature led to large deviations, thus
requiring further corrections.

The thickness swelling coefficient (KSR) of the TBLC can be calculated through the thickness swelling
model, and the transverse hygroscopic swelling coefficient (βT) of the TBLC can be obtained by the moisture
content-strain fitting curve, as shown in Table 1. The thickness swelling coefficient obtained by the thickness
swelling model and the hygroscopic expansion coefficient in the thickness direction obtained by the moisture
content-strain fitting curve both increased with the temperature. This indicates that temperature had an
important influence on the thickness swelling. The higher the temperature, the higher the thickness
swelling. KSR and βT of Type E and Type F with the same composition were similar, while those of Type
E and Type F were quite different from Type D. This indicates that thickness swelling was closely related
to the composition of the composites.

3.2 Warping of TBLC in Different Hydrothermal Environments

3.2.1 Transverse Warping
The lateral transverse warpage of the three TBLCs under different hydrothermal environments is shown

in Fig. 3. The three different structural TBLCs displayed large deformation in the early stage of water
absorption. The warpage decreased slightly upon increasing the water absorption time and finally
stabilized around an average value. These three TBLCs presented a small fluctuation in their transverse
warpage at low temperatures, while a wider range of transverse warpage occurred at high temperatures. In
the early stage of water absorption, water entered the composites and mainly existed on the surface of the
composites. This caused a moisture content gradient in the thickness direction, which generated internal
stress. Combined with the heterogeneity in the thickness direction, this resulted in the warping of the
TBLCs. Simultaneously, the composites had residual stress during hot pressing. The entrance of water
gradually released internal stress, which also caused warping. As the water continued to move into the
internal composites, the moisture content gradient in the thickness direction gradually disappeared, as did
the internal stress. This slightly decreased the warpage. Due to the heterogeneity of the TBLC and the

Table 1: Thickness swelling of TBLCs in different hydrothermal environments

Types Temperature/°C Thickness swelling Fitting for moisture content-strain

KSR/10
−2 s−1 R2 βT (10

−2) R2

Type D 25 0.037 0.96 0.19 0.96

63 1.70 0.95 0.28 0.99

100 1.80 0.62 0.50 0.94

Type E 25 0.020 0.99 0.29 0.99

63 0.55 0.99 0.45 0.97

100 1.43 0.77 0.53 0.99

Type F 25 0.023 0.97 0.29 0.99

63 0.83 0.99 0.52 0.98

100 1.01 0.83 0.56 0.95
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dual effect of humidity and heat, the TBLC was also twisted and deformed. The warpage eventually
fluctuated around the average value in the later stage of water absorption.

Comparing the three different lay-up structural TBLCs shows that the transverse warpage of Type D was
much higher than that of Type E and Type F, especially at high temperatures. The transverse warpage of Type
D was 2.32 and 2.93 times that of Type E, and 2.07 and 3.18 times that of Type F at 63°C and 100°C,
respectively. This illustrates that the transverse wood veneer in the laminate structure hindered the
transverse warping deformation of the TBLC. Type E and Type F had a smaller difference in their
transverse warpage. As a result, the transverse elements in the lay-up structure reduced the transverse
warpage of the TBLC, and Type F had the best resistance to transverse deformation.

3.2.2 Longitudinal Warping
The longitudinal warpage of three structural TBLCs in different hydrothermal environments is shown in

Fig. 4. The TBLC displayed large fluctuations in its longitudinal warpage, which was much smaller than the
transverse warpage. The longitudinal warpage of Type D and its fluctuation range decreased upon increasing
the temperature, while Type E and Type F presented increased longitudinal warpage with the temperature.

Figure 3: Transverse warpage of TBLCs in 25°C (a), 63°C (b) and 100°C (c) hydrothermal environments.
(d) The equilibrium transverse warpage of TBLC under different temperature
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Figure 4: Longitudinal warp deformation of TBLCs in 25°C (a), 63°C (b) and 100°C (c) humidities and
temperatures. (d) The equilibrium longitudinal warpage of TBLC under different temperature

Type D had the largest longitudinal warpage at 25�C, which was 2.7 times and 2.25 times higher than
that of Type E and Type F, respectively. However, Type E had the largest longitudinal warpage at 63�C and
100�C, which were respectively 1.9 times and 2.9 times higher than that of Type E at 25�C. Type F also
presented a gradual increase in longitudinal warpage at 63�C and 100�C, which were 41.67% and
183.33% increases, respectively. However, Type D showed gradually decreased longitudinal warpage at
63�C and 100�C, which were decreases of 37.04% and 44.44%, respectively. This occurred because Type
D is a fully-oriented lay-up of bamboo bundle veneer. At the initial stage of water absorption, due to the
high moisture content gradient of the TBLC, it underwent large deformation. The moisture content
gradient gradually disappeared as water molecules continued moving into the internal composites, which
reduced the internal stress. The longitudinal warpage tended to decrease, but Type E and Type F were
composed of poplar veneer and bamboo bundle veneer. The transverse and longitudinal hygroscopic
swelling coefficients of the wood veneer were larger than those of bamboo in a hydrothermal
environment. A higher temperature resulted in a greater difference in the hygroscopic swelling coefficient,
which increased the internal stress of the composites. As a result, the longitudinal deformation tended to
increase with the temperature. The difference in longitudinal warping between Type E and Type F was
mainly caused by their different lay-up structures. Type F had the same number of transverse and
longitudinal layers (two layers of wood veneer are regarded as one layer of bamboo veneer), and the
symmetrical laminated structure could neutralize the stress caused by the different hygroscopic swelling
coefficients. Therefore, Type F had less longitudinal warpage.
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3.2.3 Diagonal Warping
Diagonal warpage is an important indicator of the warping of the composites and is affected by the

comprehensive influence of the transverse and longitudinal warpage of the composites. The curves of the
diagonal warpage of the three different structural types of thin sheets in different hydrothermal environments
with water absorption time (Fig. 5) present a consistent trend with the transverse warpage. The warpage
rapidly increased at the initial stage of water absorption and then gradually stabilized. The diagonal warpage
of the three TBLCs increased with the temperature. Type D had a higher diagonal warpage than Type E and
Type F in hydrothermal environments at various temperatures, and the maximum deformation was more than
1.0%. However, Type E and Type F had a small difference in diagonal warpage at 25�C, and the difference
between the two became larger as the temperature increased. At 63�C and 100�C, the diagonal warpage of
Type E was 1.46 times and 1.54 times higher than that of Type F, respectively. However, the diagonal
warpage of the two remained below 1.0%, which meets the requirements of the national standard
GB/T 15036-2. For the test results, Type F had better hydrothermal stability and minimal warping.

3.3 Deformation Mechanism of TBLCs in a Hydrothermal Environment
The deformation of TBLCs in a hydrothermal environment is affected by the comprehensive effects of

temperature and water (Fig. 6). In a hydrothermal environment, some microcracks on the surface and inside

Figure 5: Diagonal warpage of TBLCs in in 25°C (a), 63°C (b) and 100°C (c) hydrothermal environments.
(d) The equilibrium diagonal warpage of TBLC under different temperature
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the TBLCs are caused by processing. Water enters internal composites through these microcracks [28–30].
Bamboo bundle fibers retained the basic structure of bamboo and were mainly composed of vascular bundles
and parenchyma cells. Cellulose and hemicelluloses in bamboo cell wall structure contain hygroscopic
groups such as free hydroxyl groups, and water entered the internal composites by passing through these
vessels and microcracks. Water was first adsorbed by a large number of hydrophilic groups on the fibers,
forming a multi-layer molecular water structure between the molecular chains and increasing the distance
between the microfibrils [31–33]. Simultaneously, the temperature acted on the cellulose molecular chains
and sugar units, and it made the crystal lattice undergo nonlinear thermal vibration. The higher the
temperature, the greater the thermal vibration amplitude of the molecular chains, and the larger the
average distance between the molecular chains. This led to linear swelling and volume swelling [34];
however, compared with the influence of temperature and moisture on the deformation of the TBLCs, the
thermal expansion caused by temperature was far less than the wet expansion caused by water [22].
Temperature and moisture played a role in the expansion of the TBLC, and the water moved faster in the
TBLCs upon increasing the temperature. Under the action of temperature, the phenolic resin adhesive and
bamboo bundle fiber showed obvious differences in their thermal expansion and water absorption, which
increased interfacial swelling stress and microcracks in the TBLCs [35]. Therefore, this further
accelerated the mass transfer process and increased the linear expansion. In a hydrothermal environment,
water molecules diffused from the surface layer of the TBLC to the core layer according to Fick’s second
law in the thickness direction. Due to the high density of the surface layer and the blocking effect of the
resin, the surface layer absorbed water and expanded before the subsurface layer and core layer.
The surface layer displayed a high swelling per unit thickness. Thus, to maintain the structural stability,
the subsurface layer had internal forces that opposed compression of the surface layer and the core layer
to the subsurface layer, i.e., the residual stress generated by the humidity gradient. The infiltration of
water molecules and thermal expansion damaged the composite interface, which accelerated the release of
internal residual stress. This increased the warpage of the TBLC. With the continuous entry of water into
the interior of the board, and combined with the temperature, many microcracks and large cracks were
generated in the TBLC, which destabilized the structure. The stress-strain relationship in the composite is
very complicated and is also the main reason for the fluctuations in the warpage of the composites.

Figure 6: Schematic diagram of the deformation mechanism of TBLC in a hydrothermal environment
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4 Conclusions

The linear wet deformation and warpage of thin laminated bamboo bundle veneer composites (TBLCs)
with different lay-up structures in different hydrothermal environments were investigated in this study. A
thickness swelling model was used to model the thickness swelling of the TBLC and was used to explain
the linear wet deformation mechanism of the TBLC.

The linear deformation of the TBLC increased with the temperature, and Type E presented a 3.22 times
increase in thickness swelling at 100�C compared with at 25�C. Type E and Type F displayed greater
thickness swelling than Type D. The fitting curve of the thickness swelling exhibited a better fit at a
lower temperature and a larger deviation at high temperatures. Internal stress developed in the TBLC due
to heterogeneity in the thickness direction and the existence of a moisture content gradient in the
thickness direction. This was the main reason for the warping. TBLC displayed less longitudinal warpage
than transverse warpage. Type D presented a much higher transverse warpage than Type E and Type F,
while the difference in transverse warpage of Type E and Type F was smaller.

The transverse elements in the lay-up structure reduced the transverse warpage. Type D had the largest
longitudinal warpage at low temperatures, and Type F had less longitudinal warpage. Type D had greater
diagonal warpage than Type E and Type F in a hydrothermal environment at different temperatures, and
their maximum deformation was more than 1.0%. However, Type E and Type F had a diagonal warpage
below 1.0%, which meets the requirements of the GB/T 15036-2. Type F had a twist of 0.12% at 25�C,
which was 80% and 66.7% times lower than that of Type D and Type E, respectively.
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