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Abstract

Glued Laminated Bamboo (GLB) is one kind of composite material; the use
of GLB in structural engineering can reduce the demand for wood, a possible
solution to relieve the damage to natural forest. With the help of the design
and construction experience of timber structures, a new type of building
structure: bamboo structure is introduced. This paper presents a comprehen-
sive review on the study of GLB and bamboo structure. Some important
physical, mechanical, and chemical properties such as seismic performance,
fire resistance, and energy consumption are discussed. In addition, the prop-
erty of bamboo composites, the failure mode of GLB beam and columns are
also analyzed. This paper also pointed out the problems faced by the devel-
opment of bamboo structure, which can be a suggestion for subsequent re-
search. In general, GLB is a green and environmentally-friendly structural
material and the development of bamboo structure provides another choice
to conform the concept of sustainable development.
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1. Introduction

Bamboo is almost accompanied by the history of the entire human society. Since
green and sustainable development has become the theme of the current era,
bamboo has gained popularity in the building structure market [1]. With a
shorter growth cycle than wood, bamboo has a strong regenerate ability [2] [3].
Study shows that both the compression and tension strength of bamboo parallel
to fibers are higher than that of wood, and it is more suitable to be used as
structural material [4]. Round bamboo structure was designed and built thousands

of years ago and continues the 21* century [5]. However, the hollow thin-walled
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structure of bamboo limits the development of bamboo structure for a long time
[6]. Correspondingly, timber structures have been widely used, and even today,
there are still a large number of wooden houses in Japan and North America.
After the industrial revolution, new types of building materials such as cement
and steel quickly occupied the construction market, which makes bamboo be-
come an auxiliary material in building constructions, such as building form-
work, slope treatment, scaffold and decoration material [7].

Due to the light weight and high axial strength of bamboo, the attempt to ap-
ply bamboo in building structures has never stopped. In order to overcome the
defects of natural round bamboo, Glued Laminated Bamboo (GLB), a kind of
composite material was introduced. According to the different production me-
thods, GLB can be subdivided into three types: parallel strand bamboo (PSB) [8];
laminated bamboo lumber (LBL) [9] and Glubam [10]. Similar to wood, the
plasticity of bamboo is high than that of concrete; GLB can be fabricated into
any cross-sectional size according to requirements, which greatly improves the
practicality and competitiveness of bamboo in building structures. At present,
bamboo structures can be designed and built like traditional buildings, as it is
called bamboo structures. Bamboo structure system is based on modern mechan-
ics, materials science, structural design and experimental theory. It is a new type
of structural system with the help of the development of new bamboo structural
materials, the establishment of industrial production methods, the use of mod-
ern structural design, construction methods and maintenance techniques to
splicing and installing bamboo components [11] [12].

The use of GLB in building structures is a gradual process; it was firstly ap-
plied in composites such as bamboo-steel composites [13] and bamboo-concrete
composite [14] to reduce mass while maintaining bearing capacity. In recent
years, GLB structures have emerged in reference of the design experience of timber
structure, including Glubam bridge [15], bamboo frame structure house made of
LBL [16]) and prefabricated bamboo house [17].

Based on the existing research results of GLB and the design and construction
experience of timber structure, through investigations and tests, the authors get
further analyzed the potential of using GLB as structural materials. It can be
concluded that GLB is a green building material that can be produced on large

scale.

2. Advantages of Developing Bamboo Structures

2.1. The Design and Construction Experience of Timber
Structures

Wood is the main building material for thousands of years before the industrial
revolution, and variety types of timber structures were developed. Large num-
bers of timber structures in North America, Japan and China offer rich design
and construction experience. At present, a complete design, construction and

maintenance system have established for timber structures, and many countries
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and regions have their own design specifications such as: the National Design
Specification of the USA [18], China design code for timber structure [19] and
Eurocode 5 Design of wooden structures [20]. There are great similarities be-
tween GLB and wood, both wood fiber and bamboo fiber are high molecular
polymeric sugar, and the axially layered distribution of bamboo fibers make its
bearing capacity parallel to fiber even higher than that of wood [21]. With the
help of new manufacturing process, the dimensions of GLB components can be
obtained consistently with wood. Thus, the design and construction method of
timber structures can be a good reference for bamboo structures. Since the con-
tinuity of bamboo fiber is better than that of wood, theoretically, bamboo is

more suitable as a structural material in construction market.

2.2. The Richness of Bamboo Resources

There are 1250 different species of bamboo cover the land of over 26 million hm?
in the world, Asia accounts for about 1000 species, covering an area of over 18
million hm?® and the rest are mainly distributed in America and Africa, as shown
in Figure 1 [22]. Due to the fast-growing characteristic of bamboo, regeneration
can be completed in 3 - 5 years, which provides a stable supply of bamboo re-

sources.

2.3. Low Environmental Load and Application Cost

The environmental impacts of human activities mainly include climate change
caused by carbon emissions and the destruction of natural environment caused
by different types of wastes. In addition, the dependence on fossil energy hinders
the sustainable development of human society. GLB is a composite material
based on natural materials; the growth of bamboo is a carbon sequestration
process. The carbon emission of GLB is still kept at a low level even if the trans-
portation and production process are included. Moreover, the energy consump-
tion of GLB in production process is much lower than that of steel and cement,
Table 1 displaces the environment load of several common building materials
[10]. Study shows that construction waste account for 40% of wastes in China or
1.5 billion tons a year [23], most of which cannot be reused. On contrast, the
remains of bamboo structure after been demolished can also be used again, such
as construction formwork and decoration materials [4] [22]. This is undoubtedly
a good way to reduce construction waste in most developing countries. It is
worth noting that the cost and carbon emission of the entire life cycle of bamboo
structure is comparable to that of timber structure, but significantly lower than
that of the reinforced concrete structure [24]. This is one of the reasons that Ja-
pan and North America still build a large number of wooden houses.

2.4. Mechanical Properties of GLB

Many factors influence the performance of GLB. Test studies reveal that the
properties of raw bamboo and the gluing property of the bonding surface are

two main factors [25] [26]. A moisture content of 10% is considered to be the
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Figure 1. Distribution of world bamboo resource.

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

Material Carbon emission (kg/m?) Energy consumption (GJ/m?)
GLB -261 2.7
Engineered wood -168 4.5
Cement 2040 11
STEEL 8117 448

Note: The environmental load of GLB is the accurate data of Glubam, since the production process of the
three different types of GLB are of high level of similarity, the data of Glubam is used as an overall indicator
of GLB.

best condition for GLB to exhibit its mechanical properties [27] and the com-
pression and tension strength of GLB increase with the increase of the fiber
density [28]. Askarinejad discovered that for round bamboo, the fiber density
decreased from the outer radial diameter [29]. Through the improvement of
hot-pressing technics, the influence of gluing property can be neglected [27]. In
general, GLB well inherits the mechanical properties of raw bamboo. Three types
of GLB making with different processes are introduced according to different

needs.

2.4.1. Parallel Strand Bamboo (PSB)

PSB is produced by decompose the original bamboo along the fibers into small
units and then glue them together through high pressure [8]. In his method, the
distribution of bamboo fibers is uniform and compact, which significantly im-

prove the tension and compressive strength.

2.4.2. Laminated Bamboo Lumber (LBL)

In the process of producing LBL, raw bamboo is firstly processed into bamboo
strips with a rectangular cross section. LBL is obtained with the bamboo strips
glued together after smearing a layer of adhesive on the surface. Figure 2 shows
the fiber arrangement of LBL [27]. LBL uses less adhesive and the production

process is simple, so it is more economical.

2.4.3. Glubam
Glubam differs from the other two types of GLB in the orthogonal distribution

of bamboo fibers. If a coordinator system is established with x axis represents the
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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 3. The ratio of longitudinal grains and
transverse grains is typically 4:1 [10]. It was introduced to maintain good per-
formance even if it is under complex stress conditions.

The mechanical properties of GLB parallel to fiber direction are summaries in
Table 2, the mechanical properties of fir and steel are also included [8] [27] [30]
[31]. As referred above, there are differences in mechanical properties of GLB
with different making processes. In design progress, the corresponding types can

be chosen according to need.

Z Thickness

Y Zero bamboo
fiber direction

Main bamboo @

fiber direction

Figure 2. The arrangement of bamboo grain in LBL.

Z Thickness
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T fiber direction

X
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Figure 3. The arrangement of bamboo grain in Glubam.

Table 2. Mechanical properties of GLB, fir and steel.

Compression  Tension strength Shear strength Bending strength

Material strength (MPa) (MPa) (MPa) (MPa) MOE (GPa)
PSB 129 248 15 119 25
LBL 73 85 17 115 15

Glubam 51 83 16 99 9.4
Fir 57 49 11 68 13
Steel 250 - 400 250 - 400 - 235 - 400 190 - 210

Note: The values for GLB and fir are the results parallel to the fiber direction.
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3. Glued Laminated Bamboo Composite Structures

At present, composite structure is the main form of GLB as a structural material

applied in building structures.

3.1. GLB-Wood Composites

The tension and compression strength of GLB are much higher than that of
wood. Therefore, GLB is usually used as a reinforcement material in bam-
boo-wood composites [32] [33]. Taking bending members as an example, the
arrangement of bamboo reinforcements in tension zone can effectively increase
the height of the compression zone, thereby improving the bearing capacity of
the bending member as a whole. On the other hand, the coordination of de-
formation between GLB and wood also enhances the workability of GLB-wood

composites.

3.2. Bamboo-Steel Composites

Bamboo-steel composites use the lightweight characteristics of bamboo to re-
duce the mass of structure itself [34], since the compressive strength of GLB is
25% of steel, but the density is only 10% of it [9]. Compared with bamboo, the
surface of steel is smoother, thus obtaining a reliable connection property be-
tween steel and bamboo is of great significance. Pure adhesive connection and
self-tapping screw enhanced adhesive connection are two widely used forms
[35]. For pure adhesive connection, the shear strength of the interface is low,
only 1.64 MPa, and the anti-sliding ability is weak when subjected to shear load
[35] [36]. On the other hand, self-tapping screw reinforcement can significantly
improve the shear strength of the interface. In this way, the integrity and bearing
capacity of the component is improved.

3.3. Bamboo Reinforced Concrete (BRC)

Obviously, BRC is developed on the basis of steel reinforced concrete (SRC). In
the ages faced with great shortage of steel, BRC beams introduced by using raw
bamboo instead of steel have been used in buildings [37] [38] [39] [40]. In the
1980s, an evaluation of bamboo strip-concrete slabs was conducted after the
slabs had been put into use for 27 years. After a series of anatomical tests, a con-
clusion was made that BRC is not suitable to be load-bearing members [41]. The
factors account for the conclusion are: 1) the poor bonding property between
bamboo and concrete [42], 2) bamboo strips become hard and brittle after year
in the concrete, 3) growth defects and variability in distribution of bamboo fiber
make raw bamboo not suitable for applying directly in concrete [43]. With the
advancement of materials science, the physical and mechanical properties of
GLB made from new processes have been greatly improved compared with raw

bamboo.

3.3.1. Study of Bending Property and Bond Behavior
Ghavami studied the bending capacity of bamboo reinforced Lightweight con-
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crete beams, and concluded that compared with plain concrete beam; the ulti-
mate applied load was increased up to 400% [44]. He also suggested that the 3%
bamboo, in relation to the concrete section, is the recommended value. Teral
compared the damage characteristics of BRC beam and SRC beam, and discov-
ered that the cracking patterns in BRC beams were similar to that of SRC beams
[45]. As a result, the fracture behavior of BRC beam can be evaluated by the ex-
isting formula of SRC beam.

Since BRC beams work the same way as reinforced concrete beams, so the
main factors which affect the bonding property between steel reinforced bar and
concrete also influence the bonding property of BRC. Study shows that Negro-
lin-sand-wire treatment can improve the bond property of the interface and ex-
perimental study shows that the bamboo-concrete bonding strength increased
by 90% [46]. Moreover, the dimensional changes of bamboo due to moisture
variations are more apparently than the influence of temperature. Thus, imper-
meability treatment of bamboo is also a good way to keep the bonding strength
[46]. In addition, using the good plasticity of GLB, the cutting of the notch or
the thread on the surface of the ribs can enhance mechanical bond between GLB
and concrete and also reduce the influence expansion or shrinkage caused by the
change of moisture and temperature [47]. Archila also pointed out that chemical
adhesion can be easily overcome and strengthening the mechanical connection

between bamboo reinforcement and concrete is the key to improve the bonding
property [29].

3.3.2. Study of Durability

As a natural composite material, cyclic changes in temperature and humidity are
the main factors affecting the life-span of GLB, bamboo with low moisture espe-
cially when humidity content is less than 15% is less prone to mold [46]. Studies
have shown that GLB achieves optimum performance with the moisture content
of 10% [47]. In order to keep the moisture content of GLB stable, it is necessary
to undergo an antiseptic treatment. The impregnation and surface coating are
the two main treatment methods; the former is impregnated of raw bamboo
(pre-treatment) [48], while the latter is coated with a layer of waterproof materi-
al on the surface of GLB (post-treatment) [49]. Usually, the durability of GLB
has been significantly improved after anti-corrosion treatment while its me-
chanical properties keep stable. Although the anti-corrosion organic materials
do not reduce the mechanical properties of GLB, for method of post-treatment,
the loss of anti-corrosion material will at a faster rate, so it does not suitable for

permanent structures.

3.4. The Significance of Developing GLB Composite Structure

At present, it is necessary to develop GLB composite structure especially bamboo
reinforced concrete. Firstly, the use of GLB meets the concept of green and sus-
tainable development while reducing the need for fossil resources and energy.

On the other hand, with the rapid growth of world population and a fast rate of
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urbanization, the development of human society still faces the problem of steel
shortage. According to the data released by the World Bank in 2019, the top ten
countries and regions account for more than 90% of the world’s total steel pro-
duction, while the population of these place account for only 55% total of the
world. The distribution of world steel production in 2018 is displaced in Figure
4. It’'s worth noting that the steel output in China is more than half of the
world’s total, the author’s investigation shows there are still many poor people
living in adobe houses. Apart from steel, the use of GLB can effectively alleviate

the contradiction between supply and demand in many developing countries.

4. Bamboo Structures

From the design experience of timber structures, it is completely feasible to de-
sign and construct bamboo buildings with 1 - 2 floors. Since there is no relevant
design specification, the promotion of bamboo structure in commercial market
has no legitimacy, which is also the main reason limiting the development of
bamboo structure. Despite this, some GLB structures for academic research have
been built in China recently.

4.1. Bamboo Bridge

The bamboo bridge is a simple structural form bamboo structure, the bamboo
beam is the only load-bearing members. Relying on the piers on the two sides,
the beam can obtain effective anchoring and lateral support, so it has good sta-
bility. For bridges with simple beam-slab system, strength and stiffness are the
main indicators to be considered. Round bamboo bridge is only suitable for
landscape design, while GLB-based bamboo beam expands the application range
of the bamboo bridge. In 2008, based on Glubam, a bamboo pedestrian bridge
was built in Hunan University [50]. Later Xiao designed the world’s first
bamboo bridge, which can be used for vehicles, and test results show that the
mid-span deflection is less than the relevant regulations and meets the design

requirements [51].

4.2. Bamboo Frame Structure

The frame structure is composed of beams and columns to hold the entire load
of the building, the walls and roofs are the building envelopes.

The stress-strain curve of GLB under axial load is shown in Figure 5 [27], it
can be concluded that the tensile load-stress curve is linear, while the compres-
sive load-strain curve has a distinct linear stage and a nonlinear strengthening
stage. Unlike steel, GLB has no yield stage when subjected to tension strength,
and the fracture of bamboo fiber is instantaneous and irreversible. This is veri-
fied by the bending test results of GLB beam, Figure 6 displaces the typical
load-displacement curve of GLB beam [27] [52]. This feature of GLB is disad-
vantageous for building structures and requires some safety redundancy during
design process. To solve this problem, the bearing capacity design value of Glu-

bam was reduced by using the allowable stress method [10].
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Figure 6. Typical load-displacement curve of GLB beam.

Experimental study on Glubam column under axial compression load shows
that the long column failure is mainly controlled by stability, while the short
column failure is mainly controlled by strength, and when the slenderness ratio
of GLB column is less than 40, it can be considered as a short column [53].
Therefore, the failure mode of short column is suitable for the frame columns in
the bamboo structure houses.

The low strength of the round bamboo node was one of the main factors re-
stricting the development of bamboo structure since node is the key to main-
taining integrity of building structures. Mortise-Tenon connection is the wisdom

of ancient Chinese architects of timber structures. In this method, the compo-
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nents were connected together by precise hand-carving without the aid of other
auxiliary materials. However, this method is inefficient in production and can-
not achieve mass production in large scale [54]. Bolted joints are widely used in
timber structures. Experimental studies showed that the method of bolt connec-
tion suggested by timber structure specification can be a reference for the con-

nection design of bamboo structure [16].

4.3. Prefabricated Bamboo Structure

Prefabricated bamboo structure has the advantages of light in weight, low in cost
and simple in construction. The prefabricated bamboo structure is simple in
form, and is suitable for disaster relief operations or using as temporary con-
structions [55], and the GLB components can be completely reused after the

building is demolished.

5. Evaluation of Bamboo Structures

5.1. Seismic Performance

Earthquake has brought huge losses to human society. The 2008 Wenchuan
earthquake in China, the Haiti earthquake in 2010, and the eastern Japan earth-
quake in 2011 have caused tens of thousands of deaths. Seismic resistance re-
search of building structures is a topic that structural engineers must face.
Earthquake resistance of building structures can be divided into two parts: im-
proving the seismic capacity of buildings; finding ways to reduce the loss caused
by earthquake. Obviously, the former puts forward higher requirements on the
structural form of buildings, material strength and construction level, which
greatly increases the construction cost. The latter is to achieve the seismic pur-
poses from the perspective of avoiding earthquakes, which is obviously more
economical [56] [57]. The timber structures in Japan are typical examples for
avoiding earthquakes, and this method proved to be very effective.

Bamboo structure adopts the same seismic method as timber structures as
bamboo structures are usually short, so they will not amplify the force caused by
earthquake, when the intensity of earthquake is low, serious damage happens to
bamboo structures can be avoided [11]. In addition, due to the lightweight cha-
racter of the bamboo, even if it collapses during earthquake, it generally will not

cause fatal injuries.

5.2. Fire Resistance

Once being on fire, the destruction of bamboo or timber structures is devastat-
ing. The fire that took place in the National Museum of Brazil in 2018 led to the
complete destruction of the former royal palace of Portugal, in which 90% of the
artifacts (more than 20 million pieces) were destroyed, and in 2019, the wooden
spire of Notre Dame Cathedral was also destroyed by fire.

GLB is a flammable material, after anti-corrosion treatment with anti-corrosion

material containing grease, once the fire ignites the GLB structure, it will spread
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quickly. In order to reduce the possibility of catching fire in bamboo structures,
usually, a layer of fireproof material is wrapped on the surface of GLB [58].
Fire-resistance test shows that compared to lightweight steel prefabricated house,
prefabricated bamboo house has longer fire resistance time [17]. In addition,
using gypsum boards and rock wool insulation can effectively prevent the spread
of fire [59].

5.3. Thermal Performance and Comfort

The design of the bamboo structure has taken into account its thermal perfor-
mance. The inside surface of the GLB walls are usually covered with a layer of
gypsum board, with rock wool filled in the middle, and a layer of waterproof
mortar coated on the surface of outside walls. Fire resistance test shows that
when the inner temperature increases to 500°C and last for 30 minutes, the
temperature of the outside wall is no more than 90°C, as seen in Figure 7 [59].
Wang discovered that the thermal conductivity of bamboo-based walls is only
slightly higher than that of wood-based [60]. In the cold reigns, bamboo structure
can save 65% energy consumption compared with traditional concrete structures
[61].

It is well known that natural bamboo does not cause any harm to the human
body. For GLB, the production process will neither increase the harmful sub-
stances in a large amount. Experiments show that, before the fire resistance
treatment, the concentration of harmful substances in the air of bamboo struc-
ture room is at a low level, and meets the standard of indoor air quality [62]. It

can be concluded that bamboo structure is environmentally friendly and livable.

5.4. The Dilemma Faced by the Development of Bamboo
Structures

The Application of GLB in building structures does give us a new visual and
residential experience. However, the development of bamboo structures still

needs to overcome a series of difficulties.
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Figure 7. Temperature-time histories of GLB wall.
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5.4.1. The Efficiency of Land Use

The mechanical properties of natural materials used in building structures is
significantly lower than that of traditional building materials such as steel and
concrete. This significantly restricts the height of timber of bamboo structures, if
a large number of such buildings are constructed, a large amount of land re-
sources will be occupied for developing countries that are in the process of urba-
nization. On the other hand, most of the developing countries are facing the
problem of rapid population growth, and a large amount of arable land is needed
to ensure food supply while urban construction is in progress. The development
of high-rise bamboo structures requires full reference to the construction expe-
rience of high-rise timber structures. China still retains a large number of an-
cient wooden towers, and the Yingxian Wooden Tower is the highest-preserved
wooden structure with a height of more than 65 meters. The tower provides a
basis for the development of high-rise bamboo and timber structures, but the
tenon-and-mortise connection used in construction process does not meet the
requirements of modern industrial production. On contrast, the Brock Com-
mons Tallwood House, an 18-story student apartment with a total height of 53
meters, was completed in 2017 by the University of British Columbia (UBC) in

Canada, and it has more reference value for high-rise bamboo structures.

5.4.2. Lack of Bamboo Structure Design Code

The lack of design specifications is the major obstacle for the development of
bamboo structures. Moreover, GLB is mainly used for decorative materials at
present, which leads manufacturers to pay more attention to the appearance
quality while ignoring its mechanical strength. Therefore, the production of
GLUED GLB is random, and its mechanical properties are also highly discrete.
Only the establishment of a group and standard social production with the ne-
cessary quality testing procedures can pave the way for the use of GLB in con-

struction market.

6. Concluding Remarks

There is a high potential for GLB applying in construction market to maximize

economic and environmental benefits. Based on the development experience of

timber structure, this paper evaluates the physical and mechanical properties of

GLB and the prospect of bamboo structure. The following conclusions are sum-

marized from this study:

- GLB is one kind of composite material with excellent mechanical properties.
It is also a green natural material with low energy consumption and low pol-
lution during the production process. Most importantly, GLB overcomes the
shortcomings of the hollow structure of natural bamboo and this offers
structural engineers a new choice in the design of building structures.

- GLB can be widely applied in composite structures. When used as reinforced
bar, it can significantly improve the ultimate bearing capacity of the bending

components in timber structures. Bamboo-steel composites or bamboo rein-
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forced concrete can reduce the mass of the structures while maintaining their
high bearing capacity.

Bamboo structure has good seismic and fire resistance. Bamboo structure has
good integrity, which is beneficial for the dissipation of seismic forces, and
can realize the seismic target: the structure does not damage in small earth-
quakes nor collapse in violent earthquakes. The use of gypsum board and
rock wool in GLB walls can effectively prevent the spread of fire and the
conduction of high temperature.

GLB has a small thermal conductivity; the good thermal performance enables
bamboo structures to achieve a decrease of 65% energy consumption in cold
regions.

If the design and construction experience of high-rise wooden structures can
be fully learnt to improve the efficiency of land use, the development of
bamboo structures is a good choice for many developing countries rich in
bamboo resources to ease economic development and environmental protec-

tion.
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