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Glued bamboo physical, mechanical, and chemical properties of GB are discussed. It can

be concluded that, at present, more emphasis has been given to study the

Physical property mechanical property and gluing performance of GB. By analyzing exist-
Mechanical property ing research results, this paper provides some recommendations for future
Durability research.

Constitutive relationship

1. Introduction By using bamboo instead of concrete is obviously a good

option for promoting environmentally friendly society.
ight timber structures are widely used in devel-

oped countries such as North America, Japan, and
Europe. However, in many developing countries,
the shortage of wood resource greatly restricts the devel-
opment of timber structures. Bamboo is a perennial herb
with fast growing rate *. Study shows that bamboo has
excellent mechanical properties, with high tensile and

Glued bamboo (GB) overcomes the shortcomings of
the raw bamboo with hollow structure, and the shape
and cross section of the components used in the building
structures can be made according to actual needs . A
conclusion has been obtained after a series of experi-
mental studies that GB has the potential to be a structural

1 [6]

building material ™. However, as a natural composite ma-

compressive strength ' and it can completely replace
wood as a new kind of building material . With green  terial, many factors affect the mechanical properties and
and sustainable development becomes the goal of human  application of GB """, In general, the mechanical proper-
society, applying renewable materials in construction mar-  ties of raw bamboo, glued property of gluing surface and
ket has been an important topic for structural engineers.  moisture content are the main factors that influence the
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work performance of GB. In recent years, may research
works have been carried out to investigate the property of
GB. Yang and Saikia studied the methods to improve the
durability of GB '\, The microstructure and mechanical
properties of moso bamboo have been extensively studied
M Verma investigated the stiffness and strength of lami-
nated bamboo lumber (LBL) "%, In 2001, the fundamental
properties of LBL were tested '*'. Li proposed methods to
improve the interface properties of LBL "', Hakkou found
the optimum temperature for the hot pressing process of
GB is between 130°C and 160°C " In addition, the con-
stitutive relationship of bamboo is the basis for the design
and analysis of bamboo structure. Shao and Askarinejad
proposed a simple mechanical model and damage criteri-
on through tests "'*'”'*. In a word, the using of GB has the
potential of providing environmental benefits by reducing
the consumption of concrete.

This paper collates the study results published to date
regarding the research status of GB. Based on the avail-
able research results, the mechanical properties, durability
and failure criterion of GB are discussed in this paper.
Although many research works have been conducted in
these areas, it is necessary to conduct more tests and anal-
ysis on GB. In the process of summarizing the current
research results, this paper identifies the shortcomings of
these researches and presents some research suggestions
for future investigations.

2. Classification of GB

According to the difference in production process, GB can
be divided into the following three main types.

2.1 Parallel Strand Bamboo (PSB)

PSB is produced by stacking bamboo strips along the di-
rection of the grain and then glued by high pressure .
In this method, the original bamboo is smashed into small
units along the direction of the grain, and the units were
dipped in adhesive, then PSB was produced through hot
pressing. Since the bamboo strip is impregnated in the ad-
hesive, the production of the PSB requires a large amount
of the adhesive.

2.2 Laminated Bamboo Lumber (LBL)

LBL is made up of bamboo strips which are processed
into a certain length and have a rectangular cross section.
After series of processes of carbonization, drying, gluing,
the bamboo strips are laminated and hot-pressed in the
direction of the grain, as seen in Figure 1(a) ***'. In this
method, the adhesive is sprayed on the surface of the bam-
boo strips, so the amount of adhesive is much less than
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that of PSB.
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Figure 1. The arrangement of bamboo grain in GB: (a)
LBL; (b) Glubam

2.3 Glubam

Glubam has great differences from the above two kinds of
GLB, if a coordinator system is established with x axis rep-
resents the main fiber direction(longitudinal grains direction),
y axis represents the less-fiber direction (transverse grains
direction), z axis represents the thickness or glue surface
direction, as shown in Figure 1(b). The ratio of longitudinal
grains and transverse grains is typically 4:1 *!),

3. Properties of GB
3.1 Physical and Chemical Properties
3.1.1 Environmental Load

The environmental load of GB is from transportation and
production processes, including carbon dioxide emissions,
water consumption, energy consumption and sewage
discharge. It is well known that the growth process of
bamboo is also a carbon sequestration process. Although
a certain carbon emission is existed in the manufacturing
process, the total carbon emission of GB is a negative
value in terms of the entire growth-manufacturing-appli-
cation cycle ”. The other indicators are summarized in
Table 1; the corresponding indicators of other building
materials are also included in the table. From Table 1, it
can be concluded that a large amount of carbon is dis-
charged to the natural environment during the production
of cement and steel, and the energy consumption of GB is
much lower than that of steel.

Table 1. Environmental load of GB and other kinds of
building materials

vatrit | Gl oy sy
GB -261 2.7 -
Engineered -168 45 )
wood
cement 2040 11 -
Steel 8117 448 23.5
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3.1.2Apparent Density

Obviously, the apparent density of material influences
the harm of the building after its damage, especially after
earthquake. Japan and China belong to countries with
large population densities. Historical data show that after
the same level of earthquakes, the number of casualties
in China is generally higher than that in Japan. One of
the main reasons for this is that wooden houses in Japan
account for a large proportion of the whole buildings,
while the houses in China are almost reinforced concrete
structures. Fig.2 displaces the density of several different
construction materials '**”), it can be seen that although
there are differences in the density of GB, all of the three
types are much smaller than concrete and a little bit higher
than spruce. This shows that GB can still be regarded as a
lightweight building material.

2750
2500+

kg/m3

Glubam  GLB

concrete fir ~ bamboo  PSB

materials

Figure 2. Density of different construction materials

3.1.3 Gluing Property

The use of adhesives enables the idea of GB to be real-
ized, and the gluing property of glued surface determines
the depth and breadth application of GB in building mar-
ket. Yan found that phenolic resin adhesives have stable
and reliable gluing properties **. In addition, the use of
microwave-assisted phenolic resin curing can effectively
improve the strength of the gluing surface **. By con-
tinuously improving the hot pressing gluing process, the
strength at glued surface has been stabilized >\

3.1.4 Durability

The durability of the material influences the length of
the building life cycle. For GB, a new kind of composite
material with natural material bamboo as the substrate,
dry and wet, hot and cold cycles greatly reduce its life
span “%, This process accelerates the degradation of bam-
boo fiber, which is similar to the rusting process of steel.

Distributed under creative commons license 4.0

Many researches have been conducted to improve the
durability of GB. The key idea of these kinds of research-
es is to avoid direct contact between GB and the external
environment, which is also similar to the anti-corrosion
method of steel. There are two main methods to achieve
this goal: pre-treatment and post-treatment. Pre-treatment
consists of drying, carbonizing and immersing the raw
bamboo in chemical preservatives. Saikia and Anwar are
the representatives to use this method to improve the an-
ti-corrosion ability of GB *"**). The post-treatment meth-
od is much simpler than pre-preservative treatment, which
is mainly applying a waterproof material on the surface
of GB. Zhang and Zhang concluded that this method can
effectively slow the penetration of water into GB ***",
Post-treatment needs to solve the problem of rapid loss
of anti-corrosion materials, and the best way to solve this
problem is repainting anticorrosive materials regularly.

3.1.5 Fire Resistance

Compared with concrete, bamboo is more flammable, thus
fire resistance research of GB becomes an important task.
However, since GB has not been applied to the construc-
tion market on a large scale, there is little research on its
fire resistance. Under the protection of fireproof gypsum
board, the fire resistance time of Glubam can reach 1.0h
BY However, the adhesive and anti-corrosion materials
are usually oily organic materials with poor fire resistance
ability. Therefore, it is necessary to do further study on the
fire resistance of GB in the future.

3.2 Mechanical Properties

The mechanical properties of GB mainly depend on the
mechanical properties of raw bamboo. However, the ef-
fects of adhesives and anti-corrosion treatments cannot be
completely ignored. In general, GB is a kind of composite
and anisotropic material; its mechanical properties also
show some complexity. From the available literature, it
was found that the mechanical properties of GB are still
practical ?**"****** The test results are summarized and
displaced in Table 2 and Table 3.

Table 2. Mechanical properties of GB (parallel to the
grain direction)

Material sﬁ":zlgljt;e(i\/lﬁ;:) stre:egltllsli(‘;\r/;Pa) strens«gl::?;dPa) strelflegitl::;[gPa) MOE(GPa)
PSB 129 248 15 119 25
LBL 73 85 17 115 15

Glubam 51 83 16 99 9.4

DOL: https://doi.org/10.30564/jaeser.v2i4.1780 31



Journal of Architectural Environment & Structural Engineering Research | Volume 02 | Issue 04 | October 2019

Table 3. Mechanical properties of GB (perpendicular to
the grain direction)

Compression Tension Shear Bending
Material stren l:h(MPa) strength(M- | strength(M- | strength(M- | MOE(GPa)
g Pa) Pa) Pa)
PSB 40 3
LBL 24 - 17 109 10
Glubam 25 17 16 24 4.9

3.2.1 Compression Strength

As seen from Table 2 and Table 3, the compression
strength parallel to the grain is about 3 times of that per-
pendicular to the grain. Among the three types of GB,
PSB has the highest compression strength, and this is due
to the larger amount of glue applied during the production
process. For LBL, the cracks of the specimens do not al-
ways along the glued surface, which can be a proof of the
excellent gluing performance of GB ",

3.2.2 Tension Strength

For PSB and LBL, bamboo fibers are arranged in one di-
rection, the tension strength in the transverse direction is
small. For Glubam, special manufacturing process makes
sure there are bamboo grains in two orthogonal directions;
therefore, the tensile strength in the transverse direction is
much higher. It can be concluded that Gluban has better
working performance under multi-directional stress. Chen
tested the effect of specimen size on the tension strength
of bamboo and concluded that with the increase of the
section, the tension strengths of bamboo strips were re-
duced ",

3.2.3 Shear Strength

The shear strength parallel to grain is more sensitive to
the bonding performance of gluing surface. As seen from
Table 2, there is almost no difference in the shear strength
of the three types of GB. The results reveal that gluing
surface has no influence on the shear strength of LBL ',

3.2.4 Static Bending

According to the relevant test results, the dispersion of bend-
ing capacity and bending stiffness of LBL is larger than the
other test results, such as compression test *"’. This is caused
by the density distribution of bamboo fibers in the same cross
section ", The failure type of test specimen indicates that
the static bending damage of GB is brittle and there is obvi-
ous deflection before the damage “**. Some of specimens
undergo interlaminar shear failure before the bamboo fiber
breaks in the tension zone ***".,
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4. Factors Affecting the Properties of GB
4.1 Properties of Raw Bamboo

The property of raw bamboo is the main factor affecting
the property of GB, while the density of grain on the other
hand influence the property of raw bamboo. Test study in-
dicates that the bearing capacity of the bamboo increases
with the increase of grain density ®. The density of bam-
boo changes with the change of bamboo variety, and it
also changes in different parts of a same bamboo P***"*,
Askarinejad discovered that the fiber density decreased
from the outer radial diameter, as shown in Figure 3 and
the stiffness and flexural capacity also decreased from the
outer diameter "), PSB is made by using this character
of bamboo . However, the increase of fiber density will
lead to brittle failure. In addition, there are differences
in the mechanical properties of bamboo with different

growth ages and altitudes "****,

Bamboo fiber Outer surface

Thner surface
Figure 3. distribution of bamboo fiber

4.2 Moisture Content

The effect of moisture content on GB is transmitted by
affecting the mechanical properties of raw bamboo. The
compression strength parallel to fiber direction decreases
with the increase of moisture content”’. Askarinejad in-
vestigated the humidity on shear behavior of bamboo and
concluded that bamboo kept in an environment with hu-
midity level of 60% demonstrated the highest shear mod-
ulus . Xu observed that the mechanical properties were
observed to degrade significantly with increased moisture
content **!. But it does not mean that the mechanical prop-
erties of GB can be improved by reducing the moisture
content. When the moisture content is close to 0, early
cracks will appear when subjected to pressure. A mois-
ture content of 10% is considered to be the best condition
for GB to exhibit its mechanical properties *'. Moisture
content also influence the density of GB, it is obvious that
high moisture content will increase the density of GB.

4.3 Antiseptic Treatment

Anti-corrosion treatment mainly affects the durability of
GB, but due to the introduction of chemical agents in this
process, it will also affect the mechanical properties to a
certain extent. Carbonization treatment of raw bamboo
can effectively control the moisture content and improve
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its mechanical properties. Anwar found the bending
elastic modulus of GB improved a lot with raw bamboo
immersing in phenolic **. Quaternary ammonium copper
and copper azole impregnation treatment can improve the
shear strength of the gluing surface ™.

4.4 Processing Methods

Different processing methods are invented to improve the
gluing performance and find ways to make the bamboo
fiber better exert its bearing capacity. Sharma investigat-
ed the Effect of processing methods on the mechanical
properties of engineered bamboo *”. Nugroho studied
the relationship between penetration rate of adhesive and
internal gluing strength ®"**. For LBL Tian concluded
that, to obtain the best gluing performance it is better to
keep a constant temperature of 130°C, 280g adhesive per
square meter and a pressure of 2 MPa *”, It is worth not-
ing that compared to PSB and LBL, the process method of
Glubam is more effective to prevent local damage before
the overall failure ),

0.6
.8
g 0.43
o 0.4
2
o
] 0.22
T‘; 0.2
L$ 0.14 012
=]
o
0.0 T T T T
Bottom Middle Top Global

Figure 4. Radial-circumferential (out-of-plane) Poisson’s
ratios obtained from experiments

5. GB Constitutive Relation and Failure Cri-
terion

At present, there are few related studies on bamboo failure
mode, skeleton curve and hysteresis characteristics.

5.1 The Study of Raw Bamboo

Castanet investigated the effect of inner microstructur-
al organization of grains on the tensile performance of
bamboo, and established the structure and property rela-
tionships in elementary bamboo grains **'. Garcia studied
the anisotropic elastic constants of raw bamboo through
tests with rings ¥, the coefficient of variation of the Pois-
son’s ratio along the length of bamboo was obtained, as
shown in Figure 4. Askarinejad presented the structure
and toughening mechanisms in Moso culm bamboo, and
concluded that cracks usually appear parallel to the longi-

Distributed under creative commons license 4.0

tudinal direction of grains “*.

5.2 The Study of PSB

Experiments indicate that the tensile stress curve of the
PSB is linear, while the compressive stress-strain curve
has a distinct linear stage and a nonlinear strengthening
stages, the result is displaced in Figure 5 *. It is worth
noting that the stress-strain curve is basically consistent
with the author’s test data.

5.3 The Study of LBL

Since there are similarities between PSB and LBL, the ax-
ial stress-strain curve of LBL is close to that of PSB. Shao
studied the microscopic mechanical behavior and stress-
strain relationship of bamboo under compression strength
37 The study also pointed out that the deformation pro-
cess of the bamboo can be divided into three stages: the
linear elastic stage, the weak linear strengthening stage
after yielding, and the power strengthening stage, and the
yield strength decreased with the increase of tempera-
ture. Li also studied on the stress-strain model and failure
mechanism of LBL ", The result shows that the failure
process can be summarized into three stages, namely elas-
tic stage, elastoplastic stage and ductile fracture stage.

5.4 The Study of Glubam

Zhou proposed the failure criterion formula of Gluban
under plane stress state with reference to the plane stress
formula of Tsai-Wu failure criterion *”. It can be found
that most of the research on mechanical model of GB is
in the stage of qualitative analysis based on experimental
data, and no corresponding mathematical model has been
established.

The study of GB constitutive relations is of great sig-
nificance for quantitative analysis and design of bamboo
structure.

(2
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Figure 5. Axial stress-strain curve of PSB.
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6. Concluding Remarks

There is a high potential for GB applying in building
market to promote sustainable development and environ-
mentally friendly society. The researches available have
fundamentally revealed the properties of GB making with
different processes. The following conclusions are sum-
marized from this study:

(1) Bamboo has light weight with high mechanical
properties. Obtained by rational material selection and the
utilization of modern gluing production process, glued
bamboo (GB) overcomes the shortcomings of the hollow
structure of natural bamboo, which creates favorable con-
ditions for its application in building structure.

(2) The use of adhesive does not reduce the mechanical
properties of bamboo. At present, the mechanical proper-
ties of the glued surface of GB are comparable to bamboo
itself. Oily adhesives can even reduce the sensitivity of
GB to the changes external environment, thereby improv-
ing its durability.

(3) As a composite material based on bamboo, the
mechanical properties of raw bamboo play a key role in
the mechanical properties of GB. The density of bamboo
grain significantly influences the stiffness and strength of
GB. Moreover, the moisture content, manufacturing pro-
cesses and anti-corrosion materials applied can affect the
mechanical properties and durability of GB. The perfor-
mance of GB can be enhanced by using raw bamboo parts
with high grain density, adjusting moisture content, and
reconstitution of bamboo grain during production process.

(4) The research on the micro-stress characteristics and
resistance curve of GB needs to be further deepened. The
understanding of failure mechanism can provide strong
theoretical support for future analysis and calculation.
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