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Abstract

Radial bamboo strips are being widely used for structural applications due to the higher yield and high strength.
However, there was a sharp taper at the top of bamboo which made nodal diaphragm removed incompletely dur-
ing the process of stripping. The residual bump could bring about poor bonding strength between adjacent radial
bamboo strips. In addition, the traditional radial bamboo strips should be weaved before the next step of processing,
which caused a lot of material wastes and consumed a lot of labor and time. In order to address these problems, a
novel lumber product made of laminated radial bamboo slices was developed by the proper arrangement of core
layer and surface layer. The major and minor directions of a panel were defined as the parallel- and perpendicular-to-
its arrangement ones in the core layer, respectively. It was found that (1) the layups with double-layer bamboo mats
and radial bamboo slices could produce better mechanical properties. The effective modulus of elasticity in major
and minor direction was about 7032.5 MPa and 5016.0 MPa, respectively. The effective modulus of rupture in major
and minor direction was about 81.0 MPa and 43.6 MPa, respectively; (2) the density distribution tended to be uniform,
with a density of about 0.7 g/cm3 that was lower than other similar bamboo-based materials (about 1.0 g/cm3); and
(3) the failures occurred in bamboo slices rather than along the bond lines, suggesting good bond quality achieved in
this study.
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Introduction

Bamboo is a special kind of herbaceous plant. They are
distributed mainly in the tropics, while naturally in the
sub-tropical and temperate regions. Bamboo forests play
an important role in the global carbon cycle. Bamboo has
played an essential role in people’s daily life since ancient
times [1-3]. Facing the rapid loss of high-quality timber
resources in recent years, bamboo has rapidly become a
new substitute for wood, with its excellent mechanical
properties and low price, which is widely used in various
fields such as household and building materials [4—6].
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Bamboo has the advantages of good toughness and fast
growth, which is often used as the base material of com-
posite materials in different ways [7-9].

Bamboo is a kind of hollow tubular structure, which is
difficult to use in engineering. In recent years, research-
ers have processed bamboo into sheet-shaped, strip-
shaped or sliver-shaped structural units, which makes
bamboo better used in engineering similar to wood [10,
11]. At present, the common bamboo-based (non-)struc-
tural materials mainly include bamboo mat plywood,
bamboo curtain plywood, bamboo particleboard, lami-
nated bamboo lumber and laminated bamboo composite
lumber and others [12]. With their excellent properties,
the bamboo-based materials quickly occupy a large num-
ber of markets, and are widely used in furniture, con-
struction and other industries with considerable benefits.
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Bamboo epidermal layer (yellow side) and bamboo
waxy layer (green side) has the poor bonding perfor-
mance, which has been removed in some process-
ing. As a result, it is much more costly to produce. In
recent years, the appearance of radial bamboo strips
could provide a new approach to solve this problem.
Bamboo green and yellow sides could not be removed,
which simplifies the production processing as well as
meets the national standards [13]. However, there was
a sharp taper at the top of bamboo which made nodal
diaphragm removed incompletely during the pro-
cess of stripping. The radial bamboo strips with resid-
ual bumps could not come close enough together to
achieve good bonding strength (Fig. 1), which was one
of the critical problems to be solved.

Moreover, the bamboo processing businesses are
mainly distributed in Asia and some Latin American
countries based on labor intensive, which has brought
great opportunities for the bamboo industrial devel-
opment and employment in the local area [14]. Due to
the low degree of automation in the production of tra-
ditional bamboo-based units (such as bamboo curtain
and bamboo mat), some procedures rely on manual
operation, which results in higher demand for labor
[15, 16].However, the bamboo-working industries are
facing tremendous burden due to the unceasing promo-
tion of our country resident per capita national income.
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Fig. 1 The shape of radial bamboo strip close to top of bamboo
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Therefore, it is imperative to improve automation or
simplify the production processes [17-19].

Thereby taking radial bamboo strips as main units,
a new type of overlaid laminated bamboo lumber was
developed without the manual weaving process of bam-
boo curtain, resulting in a high production efficiency
and reduction of labor costs. It would become an effec-
tive alternative for steel or wood-based formwork to deal
with restriction of deforestation and carbon emission
reduction.

Materials and methods

Specimen preparation

The materials used to fabricate the overlaid laminated
bamboo lumber were radial moso bamboo (Phyllos-
tachys edulis) strips of a thickness of 2.0+ 0.5 mm, moso
bamboo mats interlacing wove from bamboo slivers of a
thickness of 1.0+ 0.2 mm, poplar (Populus euramevicana
cv.) veneer of a thickness of 1.04+0.2 mm, and phenol-
formaldehyde (PF) resin adhesive, which were provided
by Fujian Heqichang Bamboo Industry, Fujian Province,
China. Radial bamboo strips were made of 3- to 4-year-
old moso bamboo after radial cutting three times by a
special bamboo stripping machine provide by Yucheng
Machinery Works, Hunan Province, China. Then, the
radial bamboo strips were further cut into radial bamboo
slices with a thickness of 1.0£0.2 mm by a bamboo slic-
ing machine provided by Xingtai Guangxu Machinery
Plant, Guangdong Province, China at about 95% volume
recovery (Fig. 2). The longitudinal length of radial bam-
boo strips and slices were slightly longer than the panel
length in accordance with major direction.

The vyield of radial bamboo units (strips and slices)
reached as high as 90% or more. In the actual production,
radial bamboo strips should be wove into bamboo cur-
tains in order to obtain the good mechanical properties,

Fig. 2 Flow diagram of manufacturing radial bamboo slices

r

1

=p

. . Radial Radial
Moso bamboo First processing Secondgry bamboo strips bamboo slices
processing P
2.0 mm 1.0 mm




Guan et al. Journal of Wood Science (2022) 68:40

Table 1 Layups of overlaid laminated bamboo lumber

Specimen ID Layups Layer orientation
1-A P-B-U-B-P 1-1-//-1-1
1-B B-B-U-B-B L//~1/-//-L
1-C P-P-U-P-P L-1-//-1-1
2-A P-B-S-B-P 1-1-//-1-1
2-B B-B-S-B-B L-//-1/-1/-L
2-C p-p-S-P-P 1-1-//-1-1

P poplar veneer, Bbamboo mat, U radial bamboo strips, S radial bamboo slices,
// the parallel to the major strength direction, and L the perpendicular to the
major strength direction

Surface layer:
‘ Surface layer

|::) Core layer
‘ Surface layer

Bamboo mat or poplar veneer

Core layer:
Radial bamboo strips or slices

Major direction Minor direction

Fig. 3 A schematic layup used for making overlaid laminated

bamboo lumber

which consumed a huge amount of human and material
resources. Prior studies suggested that radial bamboo
units could not be wove by reforming the layups. The
radial bamboo units, bamboo mats and poplar veneers
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with a moisture content of 10-12% were soaked in PF
resin adhesive with solid content of 29% for 3 min. After
that, the impregnated radial bamboo units were placed
vertically for 5 min, and then placed in an oven to dry to
7-8% water content at 60+2 °C. Then, two different core
layers and three different surface layers were prepared
for layups (Table 1 and Fig. 3). The radial bamboo units
were randomly and directionally assembly parallel to the
longitudinal direction. The overall process is illustrated in
Fig. 4.

The overlaid laminated bamboo lumber was manufac-
tured by a so-called “cold in and cold out” hot pressing
method. The “cold in and cold out” meant that the tem-
perature of the heating platen should not exceed 50 C
at the stage of feeding and discharge. The pre-assembly
mat was put in the press, held at 130 °C and 1.1 MPa for
10 min, and then taken out after opening the hot platen.
All specimens were kept at a relative humidity of 65 45%
and a temperature of 20+ 3 °C until the constant weight
was reached.

Testing properties

The physical and mechanical properties of overlaid lami-
nated bamboo lumber were tested according to the stand-
ard GB/T17656-2018 [20]. The tested properties include
density, elasticity and strength. 6 specimens for density
from the edge and middle of each panel were 50+1 mm
in length and width, which should be conditioned at
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a relative humidity of 65+5% and at a temperature of
20=+2 °C until specimens reach equilibrium. The weight
and dimensions of the specimen should be measured
to three significant figures. Then the density was equal
to the specific gravity. The bending test used, number
of replicates, and loading rate are given in Table 2. The
span of each test should be established in order to main-
tain a span-to-thickness ratio of 20. Both rounded sup-
ports were used, with a diameter of the rounded portion
being 15+ 0.5 mm. The top surface of a specimen should
be loaded at the center of the span with a uniform load-
ing rate through a round loading block with a diameter of
30+0.5 mm. The effective modulus of elasticity (MOE-
eff) and effective modulus of rupture (MOReff) parallel
and perpendicular to the major strength direction of the
specimen are given by Eqs. (1) and (2). The “eft” was the
abbreviation for “effective’, which meant the outliers have
been wiped off:

g _ 3xPxl )
f = 0% bx 2

A Af
Eg=—x 2
= bxt3  As @

where b is the width (mm) of a specimen in the dry con-
dition, ¢ is the thickness (mm) of the specimen in the dry
condition, [ is the span (mm), P is the maximum load (N),
Af/As is the slope (N/mm) of the straight line portion of
a load—deflection curve. Seff is the abbreviation of MOR-
eff, and Eeff is the abbreviation of MOEeft.

Results and discussion

Density

Figures 5 and 6 show the average values and coefficient
of variation (C.V.) of density of six specimen at a group.
It could be seen from the figure that the density with
radial bamboo slices was significantly higher than that
with radial bamboo strips. This was because the radial
bamboo slices were easier to split when subjected to a
shear stress under pressure. The splitting parts filled
the space caused by bump between radial bamboo
slices [21-23]. Simultaneously, the porosity of the core
layer decreased obviously which could improve density

Table 2 Testing methods

Test Direction n  Specimen size (mm) Loading

method (thickness x width x length) rate
(mm/
min)

Center Major 6 12x75x%x290 15

point Minor

bending
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Fig. 5 Density of different layups. Note group A consists of poplar
veneer and bamboo mat as surface layer. Group B consists of two
bamboo mats as surface layer. Group C consists of two poplar
veneers as surface layer

distribution uniformity (Fig. 6) [24, 25]. There were also
some differences in density among the three different
surface layers. The density of group B specimens apply-
ing bamboo mats as the surface layer was the highest,
then group A specimens using bamboo mat and poplar
veneer and group C specimens utilizing poplar veneers
in turn. The density of poplar veneer was lower than
that of bamboo mat resulting in lower density of panels.
When the density of surface layer and core layer was
similar, the density of surface layer had a weaker effect
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Fig. 6 C.V.of different layups. Note group A consists of poplar veneer
and bamboo mat as surface layer. Group B consists of two bamboo
mats as surface layer. Group C consists of two poplar veneers as
surface layer
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on the density of panel which was made from radial
bamboo slices [26, 27].

MOEeff and MOReff

Figure 7 shows the MOReft and MOEgeft test results of the
specimens. On the whole, the layups of specimen ID 1-B,
2-B and 2-C met standard requirements, which could
be used as the concrete formwork. In the major direc-
tion, the MOReff and MOEeff of specimens with radial
bamboo slices were higher than that with radial bamboo
strips no matter which surface layers were adopted. The
MOEkeff of specimen ID 1-A and 1-C layups in the major
direction did not in accordance with the standard. The
MOEkeft of specimen ID 1-B layup in the major direction
met the national standard due to the interlace weave pat-
tern of bamboo mat, which enhanced the elastic modulus
of the board [28, 29]. However, MOEeff in major direc-
tion increased with increasing layers of bamboo mat.
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It might be because the static bending strength of pop-
lar veneer was lower than that of bamboo mat [30, 31].
It should be noted that the MOEeff of specimen ID 2-A
layup in minor direction was in line with the requirement
of national standard in the major direction, and that in
major direction was in accordance with the national
requirement in minor direction. This could be caused by
the two-ply poplar veneers on the surface, whose textures
were perpendicular to the major direction [26, 32, 33].

Failure modes

Figure 8 illustrates the description of all the specimen
failure during testing. On the minor direction, all the
specimens started cracking from the tension side, then
the cracks propagated through the core layer, and finally
fractured in the form of splintering tension that was
independent on the direction of specimens. The differ-
ence was that the cracks extend across the bamboo units
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Fig. 7 MOReff and MOEeff of different layups in major and minor direction. Note “ <> "means the baseline of standard GB/T17656-2018 [20]. Error
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Fig. 8 Observed failure types in the specimens at the major and
minor strength directions during bending testing

of panels with radial bamboo slices, but the fracture was
along with the bond line in panels with radial bamboo
strips. On the major direction, the specimens also started
cracking from the tension side. However, the cracks
propagated through the bamboo units of panels with
radial bamboo slices, and finally fractured in the form of
cross-grain tension. For the panels with radial bamboo
strips, the failure line spreads along with the bond line
and finally presented as the form of simple tension [34].

Conclusions
Based on the above results and discussion, the following
key conclusions could be drawn:

1. After slicing of radial bamboo strips, the MOReft
and MOEeff of the overlaid laminated bamboo lum-
ber specimens with double-layer bamboo mats were
81.0 MPa and 7032.5 MPa in the major strength
direction, respectively, which were 2.6% and 12.0%
higher than that made by radial bamboo strips and
double-layer bamboo mats. However, the MOReff
and MOEeft in the minor strength direction were
43.6 MPa and 5016.0 MPa, which were 4.8% higher
and 20.6% lower than that made by radial bamboo
strips and double-layer bamboo mats. Overall, they
all met the required values stipulated in the standard.

2. The density was 0.699 g/cm3, with a low C.V,, which
could improve the dimensional stability of panels.
Three layups, namely specimen ID 2-B 2-C and 1-B
met the required value stipulated in the standard.
Moreover, the specimen ID 2-B was preferable with
high strength and stability.

3. The failure types were found in the form of splin-
tering tension. The failure of the overlaid laminated
bamboo lumber specimens made by radial bamboo
slices appeared in the bamboo slices, but the crack(s)
occurred in the bond lines for panels made by radial
bamboo strips.
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This study showed that it was feasible to fabricate the
concrete formwork with the radial bamboo strips or
slices as sandwich layer without weaving bamboo cur-
tains, which could contribute to the reduction of the
production cost effectively and the modernization of
bamboo industry.
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