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Abstract. Bamboo is the world’s fastest-growing grass species. Although bam-
boo is a resilient and sustainable engineering material, its use in the building
sector has been limited. The limitation in the usage is most likely due to its nature,
which might vary depending on the species and origin, creating a challenge in
establishing standard design guidelines. As a result, further research into the fun-
damentals of bamboo as a structural material is required. The Finite Element (FE)
method is used in this study to evaluate the elastic critical buckling loads and mode
shape of two local bamboos under different lengths and boundary conditions. The
proposed local bamboo was modelled in ABAQUS software version 6.14. The
findings reveal that Dendrocalamus asper has greater buckling strength due to its
physical dimensions than Bambusa vulgaris under the same length and boundary
condition. In terms of length and boundary conditions, six-meter length bamboo
with fixed- pinned ended conditions can resist higher elastic critical buckling load
than six-meter bamboo with fixed-free ended conditions. Consequently, the dif-
ference in elastic critical buckling load between the finite element approach and
Euler’s theory calculation is less than 2%, indicating that the two methods are in
good agreement.

Keywords: Dendracalanus asper - bambusa vulgaris - elastic critical buckling
load - Finite Element Analysis - Linear buckling analysis

1 Introduction

Bamboo has been used in construction for decades but only for minor projects. Until the
1980s, its use was limited to scaffolding and modest dwellings. Consequently, due to a
lack of guidelines and standards for applying bamboo, its usage is limited, particularly
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in construction [1-4]. In addition, much past research has reported that bamboo has a
range of distinct characteristics that vary according to species, origin, position on bamboo
culm, and maturity, making it more challenging to design as a structural element [5-8].

In terms of bamboo origin, each country has natural features that vary according to
the weather and climatic conditions. Such conditions can affect the growth of bamboo.
In other words, origins and sources produce varieties of bamboo species with different
characteristics. At least over 1500 species of bamboo have been identified and explored
around the world [9]. In general, there are ten types of the bamboo genus, and they are
further divided into fifty-nine (59) species, in which thirty-nine (39) out of fifty-nine
(59) are local species. In Malaysia, bamboo species are locally found in Sarawak (45%),
Sabah (24%) and 31 percent (31%) in Peninsula Malaysia. Gigeantochloa levis (Buluh
Beting), Schizostachyum grande (Buluh Semeliang), Gigantochloa wrayi (Buluh Beti),
Dendrocalamus asper (Buluh betung), Gigantochloa scortechinii (Buluh Semantan) and
Schizostachyum zollingeri (Buluh Dinding) are the existing Malaysian bamboo resources
[10]. A shortlist of five relevant species have been identified, namely Gigantochloa wrayi
(Buluh Beti), Gigantechloa scortechinii (Buluh Semantan), Gigeantochloa levis (Buluh
Beting), Gigantochloa atroviolacea (Buluh Hitam) and Dendrocalamus asper (Buluh
Betong) as the potential species under the forest plantation development program in
Malaysia. Four species (i.e. Dendrocalamus asper (Buluh Betong), Gigantochloa atro-
violacea (Buluh Hitam), Gigeantochloa levis (Buluh Beting) and Gigantechloa scorte-
chinii (Buluh Semantan)) have been previously used for the construction industry [10].
Each species has different culm height and geometrical characteristics, such as external
and internal diameter, culm thickness, and skin colour [7]. Schizostachyum grande has
the highest culm height at 32 m. In contrast, Bambusa vulgaris and Bambusa blumeana
have the lowest height at 16 m. (N. Siam et al., 2019) [7].

Bambusa pervariabilis (Kao Jue) and Phyllostachys pubescens (Mao Jue) are bam-
boo species often used in construction in Hong Kong and Southern China. Both species
exhibit different physical properties in terms of culm diameter. Research in [11] con-
ducted by Chung et al. (2002), stated that the outer diameter for Kao Jue is relatively
standardized and uniform over the length, with a 45 mm average. In contrast, the outer
diameter of Mao Jue gradually reduces from roughly 80 mm to 50 mm, as does the height
of the culm from the bottom to the top. It may be observed that there are variations in the
physical characteristics of bamboo not only between different species but also within the
same species. For instance, Phyllostachys Viridiglaucescens species in Italy have been
collected from two different places and show different skin tones. The bamboo from the
forest in Lucca is coloured between ochre to brown, while greenish bamboo originated
in Roma [12].

Chung and Yu, 2001 reported that the position of the bamboo culm also plays a
significant role in the mechanical properties of bamboo [13]. For Kao Jue and Mao Jue,
the dry density is found uniformly distributed along the culm with an average value of
700 kg/m>. At the same time, the moisture content for Kao Jue is slightly fair at 12.5%,
but a large variety of moisture content for Mao Jue is within 40% at the bottom and 20%
at the top of the culm [13]. This is due to the gradual change in the diameter of Mao
Jue bamboo along the culm. In addition, the study review by Ming et al. in [14] shows
that the fibre density rises from the bamboo’s lower part to the upper part. The nodes
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section divides the internode and helps strengthen the bending force when the bamboo
bends. Virtually, the length of the internodes varies at each bottom, middle, and top part
of the bamboo culm. The bamboo’s internode length rises from the base to the middle
and then falls as it approaches the summit. For most bamboo species, the thickness and
cross-sectional area decrease from the bottom to the top [14].

According to Raj and Agarwal (2014) [15], bamboo is acceptable for use in a build-
ing when it is 3—6 years old, whereas 6—9 months old bamboo is only suitable for basket
handicrafts. On average, bamboo will gradually lose its advantages when it has reached
more than 6 years of age [15]. Research conducted by [16] highlighted that the fibrous
content affects the growth and strength of bamboo. The comparison between two gen-
erations of Kao Jue and Mao Jue species by T. Lo et al., (2008) [16] shows that the
old bamboo gives a higher average number of vascular bundles of sclerenchyma fibre
in bamboo, contributing to higher density. In addition, for old bamboo, Mao Jue has the
greatest average number of vascular bundles with a maximum value of 10.75 compared
to Kao Jue, with only 5.87. This means that the amount of fibres in bamboo differs at
every age and species.

Awaluddin et al. [17] reported that the mean compressive strength of bamboo was
higher at the top, followed by the middle and bottom parts of the bamboo culm. The
result reported in [17] is supported by N. Daud et al. (2018) in [18]. For both treated and
untreated, the top portion of Gigantochloa scortechinii showed the maximum compres-
sive strength due to the substantial thickness of the bamboo wall and high cross-sectional
area compared to the middle and bottom sections. The end bearing failure occurs in the
higher thickness part of the culm, while the lower thickness part will be faced with
splitting failure. Nonetheless, if the bamboo is allowed to dry for a period of time, the
compressive strength of the bamboo can be increased in proportion to the reduction
in moisture content [17]. Meanwhile, the tensile strength resistance of bamboo is gov-
erned by the composition of the bamboo, which consists of thin-walled cell-matrix and
thick-walled fibre cells. The thin-wall cell matrix is a function to connect and transfer
the load, while the thick-wall cells play the role of load-bearing [19]. According to Liu
etal., 2020 in [19], the internode segment contributes significantly to the tensile strength
resistance. The longitudinal tensile strength of the internode segment is 1.28 times that
of the nodal section. However, in transverse tensile strength, the nodal section is higher
than the internode section. It indicates that the node along the bamboo culm acted as a
joint, contributing to the tensile strength.

The study reported in [20] highlighted that it is likely to have misleading conclusions
from some widely available published data on bamboo strength as the strength and
characteristics vary from species to species. In some of the studies, an apparent nonlinear
softening behaviour up to failure was reported beyond the elastic limit [20, 21]. In
contrast, studies reported in [22-24] do not show evidence of any significant ductility
beyond the elastic limit. To understand how different species affect the behaviour of
the bamboo pole, it is essential to take a step back and investigate the elastic behaviour
of the bamboo pole for different species. Determination of the elastic critical buckling
load is crucial as it is the basis fundamental in designing column. Therefore, this paper
focuses on assessing the elastic linear buckling behaviour of two species of bamboo,
namely Dendracalamus asper and Bambusa vugaris to contribute to the insight of the
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buckling behaviour of these two species via finite element method. In [6], a comparison
of buckling strength between 3 species commercially utilized shows that Dendrocalamus
asper has the highest buckling strength compared to Bambusa vulgaris and Gigantochloa
scortechinii. This study aims to determine whether any outcomes from the elastic stage
behaviour are misleading and develop the basis FEA modelling technique in analyzing
bamboo material. The majority of past research has used experimental work to examine
bamboo behaviour. Since experimental work can be time-consuming, this study will
predict the accuracy of FEA in evaluating bamboo behaviour. Only elastic linear buckling
analysis was carried out, and the precision of the results was compared with the Euler’s
theory.

1.1 Selection of Bamboo Species

Many bamboo species in Peninsular Malaysia belong to multiple genera, including
Bambusa, Dendrocalamus, Schizostachyum, Gigantochloa, Thyrsostachys, Dinochloa,
and Racemobamboos. In this work, two (2) common bamboo species were selected,
namely Bambusa vulgaris (Fig. 1) and Dendrocalamus asper (Fig. 2). The two species
of bamboo were chosen from two different genera and based on the availability of data.
The geometrical dimensions of the Bambusa vulgaris and Dendrocalamus asper utilized
in this investigation are shown in Table 1. The magnitude of this dimension has been
derived from previous research results taken from [6, 7]. N. Siam et al. (2019) investigated
thirteen local bamboos’ anatomical, physical, and mechanical aspects, which provide
critical information and data, particularly the dimensions of local bamboo.

Fig. 2. Dendrocalamus asper [10].
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Table 1. Dimension Of The Proposed Bamboo Pole.

Species The physical characteristic of the proposed bamboo
Length (m) | Internode length | External diameter | Culm thickness
(mm) (mm) (mm)
Bambusa 6,9, 12 330 95 9
Vulgaris®
Dendracolumus | 6,9, 12 370 102 16
Asperb

4 Known as Buluh Minyak, b Known as Buluh Betong

Three distinct bamboo pole lengths—6 m, 9 m, and 12 m for each species- were
modelled in the Abaqus FEA. The bamboo lengths used in this study were chosen
randomly to compare and analyze the influence of length on the buckling behaviour of
the two local bamboos. Detail of the six (6) bamboo specimens included in this study
can be referred to in Table 1. Each bamboo pole is evaluated with two (2) different
boundary conditions. The first boundary condition is the fixed-pinned support, where
the fixed support is assigned at the bottom, and pinned support is assigned at the top of the
bamboo. All the degrees of freedom about the rotational and translational movements
are restrained for the fixed end. Instead, the pinned end allowed the structure of the
bamboo pole to rotate, but only the translational movement in the vertical direction was
allowed. The third condition has been set as a fixed-free support system. The upper side
of the bamboo poles will be free without any restrained support.

1.2 Theoretical Calculation

For the theoretical calculation, the established Euler’s buckling theory formula is applied
to calculate the critical buckling load for a long column. According to Euler’s theory,
the critical buckling load is the ultimate load it can resist when a column is on the edge
of buckling. Euler’s theory formula is

» w2El "
cr = 5
Leﬁ

Where; E = Young’s modulus of column material, [ = Area moment of inertia, and Leff
= Effective length of the column.

The column end condition may contribute to determining the effective column length,
Left. The effective length factor, K, is used to connect columns that have different end
conditions. Fig. 3 shows the value of the theoretical effective length factor based on
different end conditions. The effective length of a column is the same as that of an
analogous pinned-pinned column. It can be computed as follows:

Lefr = Length factor, K x Actual length, L 2)
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Fig. 3. The value of theoretical effective length factor, K

Table 2. Material properties for bamboo species.

Species Mechanical Properties of the proposed bamboo
Density Young’s Moisture Modulus of | Poisson’s
(i kg/m3 ) Modulus Content (%) Rupture Ratio
(N/mm?) (MOR)
(N/mm)
Bambusa 610 12104 12 172 0.45
Vulgaris?
Dendracolumus 559 11303 12 150 0.45
Asperb

4 Known as Buluh Minyak, b Known as Buluh Betong

2 Finite Element Model of the Bamboo Pole

The finite element analysis method is used to achieve the study’s objectives. The proposed
bamboo in Table 1, i.e. Bambusa vulgaris and Dendrocalamus asper was modelled in
ABAQUS software. A 3-dimensional (3D) modelling space with deformable type was
used. The base feature of solid extrusion is selected to model the bamboo pole. Each
bamboo specimen consisted of three parts: a node, an internode, and an extra. The extra
part is a bamboo internode that can be used to complete the desired length of bamboo.
Two material behaviours: density and elasticity, were assigned. The elastic properties
included are Young’s Modulus and Poisson’s ratio. The material properties are shown
in Table 2.

Next, all the parts were assembled as an instance to complete the entire bamboo pole
(refer to Fig. 4). A linear buckling analysis was selected to examine the critical buckling
load and the linear elastic buckling mode shape of the proposed bamboo. In this study,
two (2) types of boundary conditions have been created for all bamboo poles. First, the
bamboo pole was fixed at one end using encastre (U1, U2, U3, UR1, UR2 and UR3 = 0)
support, and the other end was assigned as (Ul, U3, UR1, UR2 and UR3 = 0) for pinned
support. Second, only one end side was set as fixed while free at the other end side.
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Fig. 4. Assemble instances of the bamboo pole.

A 50 N concentrated force was applied vertically downward to the top of the bamboo
pole. A three-dimensional continuum eight-node reduce integration (C3D8R) element
was used with an approximately global size of 10 mm seeds. Linear buckling analysis
was carried out with the utilization of subspace eigensolver. The linear buckling analysis
is a straightforward finite element analysis method. However, the results provided can be
limited. Eigenvalue linear buckling analysis conducted in this study provides the elastic
critical buckling load of the examined bamboo.

3 Results

The analysis results generated from the software were compared to the theoretical Euler
buckling formula. The critical buckling load and mode shape for Bambusa vulgaris and
Dendrocalamus asper under various length and boundary conditions was also presented.

3.1 Linear Buckling Analysis and Critical Buckling Load Comparison

Twelve bamboo specimens were modelled in Abaqus FEA software, with six specimens
developed for each bamboo species. Each of the six (6) specimens was modelled with
different lengths and boundary conditions. The critical buckling load for each bamboo
specimen was determined employing the Eq. 3 as follows:

Pcr(N) = eigenvalue x applied load (N) 3)

The critical buckling loads resulting from Abaqus for both bamboo species under
different lengths and boundary conditions were presented in Table 3. The critical buckling
load is derived by multiplying the eigenvalue obtained from the buckling analysis with
the 50 N applied load. The species Dendrocalamus asper, 6 m long with fixed-pinned
boundary condition, has the greatest eigenvalue, which reaches 515. Consequently, it
has led to the highest elastic critical buckling load of 25773 N. The results show that the
elastic critical buckling load calculated from Euler’s theory offers the same conclusion.
The 6m long Dendrocalamus asper with fixed-pinned end condition yields the highest
critical buckling load.

Table 3 illustrate almost identical results. For all cases, the elastic criticalbuckling
load of Dendrocalamus asper is greater than the Bambusa vulgaris species. For example,
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Table 3. Finite element analysis results for bamboo species.
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aKnown as Buluh Minyak, "Known as Buluh Betong.

regardless type of species, the 6 m fixed-pinned end supported appear to have the highest
buckling load value for their respective species.

3.2 Buckling Stress

The critical buckling stress is generally lower than the yield stress in slender columns.
Buckling stress may be calculated theoretically using the following formulas (Eq. 4):

o=F/A 4)
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Critical buckling load (N) vs Length (mm) by FEA
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Fig. 5. The relationship between critical buckling load and bamboo length.

Where o is buckling stress, F is buckling load, and A is the cross-sectional area of
bamboo.

Each bamboo has its unique set of characteristics and physical properties, which
influence the area of its cross-sections. According to this study, the two species tested
had different areas, with Bambusa vulgaris having a cross-sectional area of 2431.59 mm?
and Dendrocalamus asper having a cross-sectional area of 4322.83 mm?. The Dendro-
calamus asper species has greater dimensions than the Bambusa vulgaris, with an outer
diameter of 102 mm and an inner diameter of 70 mm, compared to 95 mm and 77 mm,
respectively. The difference in cross-sectional area between these two bamboo species
explains the significant difference in their buckling stress resistance.

The determined buckling stress for each FE bamboo model has a similar trend to
the elastic critical buckling load. The 6 m with fixed-pinned ends bamboo encompassed
the greatest value, with a value of 6.23 N/mm? for Bambusa vulgaris and 5.96 N/mm?
for Dendrocalamus asper, which was confirmed by the Euler theoretical calculations
with 6.33 N/mm? and 6.05 N/mm? for Bambusa vulgaris and Dendrocalamus asper,
respectively. The value of the critical buckling load obtained using Euler’s theory is
slightly greater than that obtained from the Abaqus finite element analysis, with an
overall difference of less than 2% for all cases.

Figure 7 depicts the correlations between the elastic critical buckling load obtained in
Abaqus FE and Euler buckling formulation. As can be seen, the regression line yield the
coefficients of determination, or R-squared value equal to 1, indicating that the bamboo
model explains all of the variability of the collected data around its mean value. This
implies that analyzing the buckling behaviour of bamboo utilizing software is successful
and consistent with its theory. According to Euler’s theory, the stress in a column caused
by adirect load is minor compared to the stress caused by bending failure. This is because
the specimen columns shall be entitled entirely straight with no flaws. However, a minor
disparity may result from a systematized procedure in the Abaqus software (Fig. 6).
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3.3 Buckling Mode Shape

The form of the buckling mode can be interpreted by the shape of a structural column’s
failure following bending due to load. According to Euler’s theory, the pinned end can
be frictionless where there is no moment constraint. In contrast, the fixed end can be
considered a rigid condition with no deflection due to the rotational. The boundary
condition of the column itself has the most influence on the transformation towards
the failure mode. For fixed-pinned end conditions, slender structures, especially these
bamboo specimens, will experience curvature around the middle part of the structure.
This is because each end has been constrained to allow horizontal translation movement.
On the other hand, a curve will develop at the top of the structure where the end condition
is free and not constrained by any support criteria. Example influence of fixed-free and
fixed-pinned end conditions on the shape of the buckling mode for both bamboo species.

In this study, all fixed-pinned bamboo specimens and fixed-free specimens had the
same reaction and responses that fit that description. Figure 8 shown serve as evidence
to clearly show the buckling mode shape for each bamboo specimen. However, referring
to the visualization of each bamboo specimen in finite element analysis, it appears that
the buckling mode shape changes only between end support conditions, but it remains
the same response regardless of the changes in length and bamboo species. For a more
realistic perspective, Figs. 8,9, 10, 11, 12 and 13 visually show the example influence of
fixed-free and fixed-pinned end conditions on the shape of the buckling mode for both
bamboo species.

3.4 Effect of Boundary Condition

According to the Abaqus software visualization, the bamboo structure tied to a fixed
condition at the bottom end demonstrates that even though the bamboo structure changes
due to buckling almost throughout the base, there remains no rotation at the end where
it is fixed. Fixed end support will restrain translational movement towards vertical and
horizontal forces and rotational due to the moment. On the other hand, pinned support
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Fig. 7. Bambusa vulgaris (6 m, fixed-free ends)

Fig. 8. Bambusa vulgaris (12 m, fixed-free ends).

Fig. 9. Dendrocalamus asper (6 m, fixed-free ends)

will allow translational and rotational. In this case, pinned support is translationally
restrained in both horizontal axes, which is x-axis and z-axis while allowing translation
for y-axis. The rotation is allowed at all axes. It enables the bamboo column to bend from
start from the end support. From the linear buckling analysis of bamboo, fixed-pinned
bamboo specimens have greater elastic critical buckling loads than fixed-free specimens.
This is because the constraints of each support have a distinct influence on the bamboo’s
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Fig. 10. Bambusa vulgaris (9 m, fixed-pinned ends).

Fig. 11. Bambusa vulgaris (6 m, fixed-pinned ends)

Fig. 12. Dendrocalamus asper (12 m, fixed-pinned ends)

strength, particularly in translation movement. It has been observed in both Bambusa
vulgaris and Dendrocalamus asper bamboo species.

In terms of boundary conditions, the critical buckling load for fixed-pinned spec-
imens appear to be almost ten times greater than those for fixed and free-supported
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bamboo. The results are the same for both finite element methods and theoretical calcu-
lations. A structure with boundary conditions at both ends has the advantage of receiving
more support, offering greater strength to the bamboo in supporting the load, regardless
of the type of bamboo species. When both boundary conditions for the Bambusa vul-
garis species are compared, the critical load values for the fixed-pinned conditions are
15139 N, 6736 N, and 3790.30 N, respectively. In contrast, the elastic critical buckling
load calculated for the fixed-free condition are only 1853.85 N, 823.90 N, and 463.45 N.
Figure 5 depict the correlation between the elastic critical buckling load and the length of
the bamboo, respectively. Each condition for both bamboo species exhibited a relatively
uniform decrease in the elastic critical buckling load corresponding to the increase in
bamboo length. The 3-m difference in length results in an approximately 50% reduction
in the critical buckling load.

3.5 Effect of Bamboo Pole Length and Species

This analysis proposed three possible lengths: 6 m, 9 m, and 12 m. It is modified with
uniform differences to get results that are also consistently proportional. It is reached
when, with a 3-m increase in specimen length, the critical buckling load is reduced by
approximately 50%, regardless of whether it is Bambusa vulgaris or Dendrocalamus
asper. The length of the structural members can be considered to have influenced the
structure’s load-carrying capacity. The buckling load of a column is reduced by increas-
ing its span length. The slenderness ratio of a column member is critical to its mechanism
of failure in compression. It is expressed as the fraction of column length to the radius
of gyration of column cross-sectional area. The general formula for slenderness ratio is
as shown in Eq. 5:

L
A=—
r

4)
where, \ is slenderness ratio, L is effective length of column, and r is radius of gyration
of cross-sectional area.

The greater the slenderness ratio, the lower the elastic critical buckling load. On the
other hand, a stocky column will most likely not encounter buckling failure due to its
low slenderness ratio.

The radius of gyration is based on a geometric property of the material applied in the
study. It defined the crosssectional area distribution in a column around its centroidal
axis. According to this study, each bamboo species has different mechanical and physical
properties, such as the diameter and thickness of the bamboo culm. This dimensional
measure necessarily gives the result of the calculation of the gyration radius of its own.
It directly becomes a variable factor in the slenderness ratio for each bamboo species,
influencing the evaluation of the critical buckling load.

3.6 Role of Effective Length

The role of effective length is very closely related to boundary conditions. According
to Euler’s theory, the effective column length is the length of an analogous pin ended
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Fig. 13. Visualization for fixed-pinned ends

Fig. 14. Visualization for fixed-free ends.

column with the same load-carrying capacity as the member under evaluation. The
lower a column’s effective length, the less likely it is to buckle and the larger its weight
bearing strength. The effective length should be referenced to the value of the coefficient
factor according to the relevant boundary conditions for all other than pinned-pinned
end columns. The effective length is the actual length where a buckling curve appears
along the bamboo column when an axial force is applied. As shown in Fig. 13, the curve
formed by compression of the fixed-pinned end bamboo was acceptable, as indicated in
theory. There is no rotational movement at the fixed end, preventing curvature from end
to end of the column. On the other hand, it differs visually from the buckling analysis
of the fixed and free end conditions, illustrated in Fig. 14. Since there is no limitation at
the top end, the imagined curve occurs at twice its original length.
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Conclusions

The study uses the finite element method to study the elastic linear buckling analysis
of local bamboo species. The two (2) bamboo species, Bambusa vulgaris and Dendro-
calamus asper, were modelled in Abaqus software. The variation of bamboo species,
length and boundary condition yield different values of elastic critical buckling load.
The findings were verified by the theoretical calculations using Euler’s column formula.
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