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Abstract. The importance of sustainable materials in the building industry has grown during the
last decades due to the negative impact that industrialised materials have caused over the
environment as a consequence of the rapid increase of urban areas, especially in developing
countries. To alleviate this problem, research has focused on the utilisation of bamboo, a ready-
to-use natural material with a high potential of playing an important role in the future
development of the building industry, however, the limitations of the material have not been
properly addressed and therefore, the current use of bamboo in the building industry is negligible.
This paper presents a digital approach to analyse the structural effects that the inherent
geometric variability causes in bamboo poles subjected to bending effects. In contrast with
current methodologies that apply the use of conventional tools to determine average geometric
properties of a bamboo pole, this work adopted a combination of material testing and 3D
scanning of a series of bamboo elements, in order to define suitable parameters for structural
analysis that accurately represents the geometric variability of the poles. The results confirmed
that the geometric variability produces significant effects that had not been considered before in
the mechanical characterisation of bamboo, and that could not have been possible to identify
without the use of digital technology. This work encourages the future development of
methodologies that implement the use of digital technology to increase the structural
understanding of bamboo and therefore, offer a robust platform for the general implementation of

bamboo culms in

1 Introduction

During the last century industrial products became the
main material supply for the building sector, so that
currently nearly 40 per cent of the global greenhouse gas
emissions are due to construction activities [1]. The
negative impact of the building industry on the
environment is expected to rise during the following
years, especially in developing countries where
urbanisation rates are the highest [2]. For decades
bamboo has been identified as one of the most promising
alternatives to help reduce the environmental impact
caused by the building sector, but its current use as a
building material is negligible because the inherent
geometric, mechanical and physical variabilities of
individual culms reduce the reliability of bamboo as a
structural element.

Bamboo culm resembles what is called a fast-growing
natural composite material due to the natural arrangement
of its microstructure [3] which is composed of
unidirectional fibres (vascular bundles) strictly arranged
parallel to the main axis of the pole, surrounded by a
matrix (parenchyma) that constitutes the main body of the
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the building industry.

wall-thickness and holds the fibres in place [4]. More
than a bond between fibres, the matrix is considered to
carry compression forces, whereas the vascular bundle
withstands the tension ones [5]. Bamboo geometry can be
described as a long tapered hollow cylinder, with
intermittent transverse membranes along its axis, known
as ‘“nodes”. These geometric characteristics increase
bamboo efficiency as structural element due to the high
strength-to-weight ratio when compared to similar
industrialised materials.

During the last 20 years, researchers have focused on
the determination of bamboo geometric [6-8] and
mechanical [9-11] properties with the aim of
characterising the material and provide engineering
support for the structural implementation of bamboo
elements, however, the application of conventional
methodologies for material characterisation have not been
adequate for bamboo due to the complexity of its
geometric and mechanical characteristics. On one hand,
the geometric characteristics of bamboo include tapering;
nodes randomly distributed along the height; section
properties varying along the pole; and out-of-straightness
[12]. In spite of the relative complexity in geometric
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features, the international standard for the determination
of physical and mechanical characterisation of bamboo
poles, ISO-22157-1 [13], considers that dimensions
should be hand measured and averaged out for each
individual pole, neglecting the effect of geometric
variability.

On the other hand, researchers have found different
ranges of mechanical properties when studying the same
species, for example, Chung and Yu [7] found that for
Mao Jue bamboo, the compression strength varied from
37 to 152 N/mm” whilst Lo et al [14] found that for the
same specie the compression strength ranged from 46 to
65 N/mm”. In addition to the variation between individual
poles, there is also proof that the mechanical properties
tend to vary from bottom to top, and from the inner to the
outer layer across the wall thickness within the same pole
[5]. In spite of the efforts made by researchers, there are
yet no detailed guidelines on how to predict the
mechanical behaviour efficiently and accurately,
accounting for the material variability of individual poles.
The conventional methodology of assigning characteristic
values to a batch of bamboo culms [13], fails to describe
the range of mechanical variation among bamboo and can
potentially lead to an over-dimensioning of the elements
due to overconservative safety factors to account for the
material uncertainty.

With the emergence of new digital technologies and
development of computer software, different areas of the
industrial sector have taken advantage of novel non-
destructive and reverse engineering methodologies. These
methodologies have been applied as a replacement for the
conventional acquisition of product data and the
performance of physical tests through the implementation
of digital workflows suitable for the characterisation of
product properties. An example of a digital approach
applied on bamboo culms is proposed in a research
project [15] focused on developing a methodology to
digitise and therefore, quantify the geometric variability
of individual bamboo poles. The methodology was based
on a 3D scanning process that acquires data points to then
be merged into a polygon mesh [16] which becomes the
digital representation of the bamboo poles. The method
accurately captures the geometry and can allow the user
to quantify geometric imperfections, such as variability in
cross section properties, node distribution and out-of-
straightness.

This work focuses on the analysis of structural effects
caused by the geometric variability, inherent in every pole,
through finite element (FE) modelling of five bamboo
poles based on the accurate digital information provided
by 3D scan data. In addition, the possibility of
determining the structural effects due to the mechanical
variability of the material is discussed on the basis of a
similar digital framework where both the geometric and
mechanical characteristics of individual bamboo poles are
accurately quantified.

2 Experimental tests

2.1 Materials and methodology

A benchmark for the general geometric and mechanical
properties of the bamboo samples used in this work was
determined following the standard ISO-22157-1 [13]. The
samples consisted of five Moso bamboo poles
(Phylostachys Pubescens), 3 to 4 years of age, harvested
in Jiangsu Province in China. After felling, the bamboo
was treated with a local procedure of carbonisation and
oven-dried, before being transported to the Structures
Laboratory at Nanjing Forestry University, where the
bamboo was kept for three weeks until testing. On arrival,
the average moisture content (MC) of the poles was
11.7%, with no significant variation recorded at the time
of testing. The physical properties for each bamboo pole
were measured according to [13] and summarised in
Table 1.

Table 1. Summary of geometric and physical properties

Diameter Thickness Length Density MC
Moso
Bamboo mm mm mm kg/m’ %

RO3 96 9.7 3000 723 11.6
RO5 89 7.8 3000 677 12.8
ROS8 99 9.0 3000 773 9.4
R0O9 89 9.0 3000 788 134
R10 92 7.4 3000 724 11.2

Mechanical testing consisted of a 4-point bending test
as described in [13], the general set-up of which is shown
in Figure 1. The set-up consisted of a hydraulic servo-
controlled actuator Popwil MAS-300 with a maximum
capacity of 300 kN and a stroke length of 500 mm. The
load was evenly distributed by a transfer-beam connected
by an articulation to the actuator. The free span of the test
was set to three meters and the point loads were evenly
distributed at 1/3 and 2/3 of the span. The end of the
bamboo pole closer to the root (bottom) was rested on a
roller-like support, whereas the opposite end of the
bamboo (top) rested on a pin-like support. Wooden
saddles of approximately three diameters of length were
positioned between the supports/loading points and the
bamboo to allow an adequate load distribution. The load
was applied until failure at a constant rate of 0.5 mm/s.
Vertical displacement was measured at the mid-span
using a displacement measurement laser sensor Sick OD-
Precision with a maximum range of 400 mm and an
accuracy of 0.4 mm. The load and displacement data was
gathered with a multi-channel data logger TML TDS-530
at a rate of 1 sample per second.

It is important to note that the natural geometric
variability of bamboo will always lead to an unknown
degree of deviation from the test set-up described in [13]
as it does not take this inherent variation into account. As
shown in Figure 1, the main deviation consisted in the
position and alignment of the loads and supports. The
standard suggests that wooden saddles should be used for
the loads and supports, and that these saddles should be
located over the nodes (see Figure 3 in [13]). This
suggestion might be based on studies that show that the
node offers radial support to the culm and prevent a
failure for local buckling [6]. Not only the variable
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internodal length in bamboo poles make this requirement
very difficult to comply with, but also a more recent study
found that the nodes appear to be the region where the
failure originates so that the contribution of the nodes as a
reinforcing element is negligible [17]. For these reasons,
the load/support points were simply located at the same
position for all the samples, regardless of the location of
the nodes, and the pair of saddles were replaced by a
single, longer saddle (approximately three diameters in
length) to spread the load and prevent local crushing.
Also, the alignment of support and loading points in a
single vertical plane is not feasible due to the natural out-

of-straightness of the poles. As shown in Figure 2, the
supports were aligned with a vertical plane that passes
through the axis of the transfer beam (X axis), however
the loading points were, in all cases, out of the plane even
when the bamboo was let to “find its own position” as
required in [13]. In addition, due to the natural taper of
the poles, the applied forces will not necessarily be
perpendicular to the axis of the bamboo generating a
component of these forces in the longitudinal direction
along the pole.
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Figure 1. Four-point bending set-up
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Figure 2. Top-view of bending set-up

2.2 Experimental results

The results of the experimental test, expressed in a
load-deflection graph, are shown in Figure 3. Bamboo
is characterised by its considerably high material
elasticity, compared to other construction materials,
such as wood or aluminium. This property was
observed throughout the experimental test where the
ultimate average displacement nearly reached 10% of
the free span (L/10). In addition, it was observed that
there is an asymmetric deformation that might be
related with the reduction of cross section towards the
top end of the culm. This effect was allowed in the
experiment due to an articulation between the actuator
and the transfer beam. The load was equally distributed
on the transfer beam, however the variation in section
properties produced differential deformations at the

loading points, thus a pronounced inclination in the
transfer beam occurred (Figure 4). If the transfer beam
was to be fixed to the actuator, the deformation might
have been symmetric, but the load distribution between
the two points of application would have created an
asymmetric distribution of shear forces and bending
moments.

In terms of failure, the five samples presented four
cracks which developed suddenly along the central
third of the culm, each crack distributed at
approximately 90 degrees (Figure 5) around the pole’s
circumference. A high percentage of failure cases has
been reported in the literature [10,18] as caused by
shear or crushing around the points of application of
the loads. This failure behaviour does not represent the
characteristic failure of a bending test of thin-walled
tubes and might be caused by a local effect.
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The mechanical properties calculated from the test
results were modulus of elasticity (E) and ultimate
strength  (0,) based on the equations and
recommendations in the standard [13]. It is important
to note that these mechanical properties are only
equivalent, average properties due to the longitudinal
variation of the pole’s fibre content along their length
[6]. The codified calculation procedure for E is
ambiguous on the definition of the linear portion of the
load-deflection diagram. According to this standard
[13], E is “given by the slope of a linear part of the
diagram”, however, the definition of that linear part is
open to interpretation.
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Figure 3. Load-deflection diagram for bending test with
linear regression adjusted to R?=0.99

In this study the linear part of the load-deflection
diagram was defined through a simple linear regression
analysis of the load-deflection data (Figure 3), whereby
a minimum coefficient of determination (R?) of 0.99
was adopted as an objective cut-off threshold to define
the linear portion of the diagram.

The modulus of elasticity (E) calculated for each
pole, together with the ultimate strength (0,) are shown
in Table 2. The wide range of results is noticeable
considering that the properties were obtained from a
small quantity of samples, which comprised similar
physical characteristics, such as specie, region, age,

moisture content and average diameter. The difference
between the minimum and maximum magnitude of E
and 0, was about 22%, and 44% respectively. These
results partly explain the large variability of
mechanical properties found in the literature and raise
some questions on the conservatism required to define
a single characteristic value on a highly variable natural
material. According to the literature [5,6], this
variability has been linked to the internal proportion of
the constituent materials of bamboo (e.g. fibre and
matrix) that tend to vary significantly not only between
culms of the same species, but also along and across a
single culm (functionally graded material). An
alternative approach to characterise the material
properties of bamboo could consider the individual
variability of the constituent elements of bamboo’s
anatomic microstructure and relate that variability to
the macroscopic behaviour.

Table 2. Material properties

Moso E ou
Bamboo MPa MPa
RO3 10851 55.7
ROS5 10916 54.1
RO8 13246 70.3
R0O9 13900 74.4
R10 11056 41.2

Moreover, the deviations from the standard bending
test caused by the poles’ inherent geometric variability
are very likely to affect and increase the uncertainty of
the test results if this variability is neglected and poles
are idealised as straight, prismatic tubes. The variation
in the shape of bamboo poles has been measured and
described by several authors [6-8,12], but the
complexity of their geometry is a limitation for
conventional measuring methods. Section 3 described
the methodology and results of a series of finite
element analyses based on the accurate digital models
of the five bamboo samples. The analyses were
performed in order to identify the structural effects on
bending behaviour produced by bamboo’s natural
variation in cross-section properties and out-of-
straightness.
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Figure 4. Asymmetric deformation towards top

Figure 5. Typical failure of

3 Finite element analyses

3.1 Digitisation and finite element modelling of
bamboo poles

Prior to the mechanical test, each bamboo was digitised
using a mid-range Artec Eva 3D scanner [19] which is
a hand-held device that operates based on structured
light sensor technology [20]. The scanner was operated
using a laptop Dell XPS 15 equipped with an Intel i7-
6700HQ CPU @ 2.66 GHz, 16 GB of installed
memory and a dedicated video card Nvidia GTX
GeForce 960m with 4 GB of memory, whilst post-
processing of point cloud into a polygon mesh was
carried out using Artec’s proprietary software Artec
Studio 12 [19] in a work station Dell Precision with an
Intel Xeon E5-1620v3 CPU @ 3.5 GHz, 32 GB of
memory and a dedicated video card Nvidia Quadro
K2200 with 4 GB of memory. The set-up and
configuration of the equipment were arranged in a way
that allowed the bamboo to be scanned by

side of the culm

bamboo poles during bending test

simultaneous rotational and translational movement,
therefore, the acquired point cloud followed an
overlapped helicoidal pattern. Once the acquisition
process was finished, the post-processing of the 3D
data point took place, which generated an accurate
digital representation of bamboo’s surface (Figure 6).
The digital mesh model was comprised of an external
surface that covered the entire bamboo geometry and a
portion of the internal surface at each end. According
to the literature [6-8, 18] the wall-thickness tends to
decrease linearly from bottom to top, therefore, the
captured portion of the internal section was used to
estimate the wall-thickness along the length of the pole
by linear interpolation.

A polygon mesh model of a bamboo pole can offer
advantages for design, visual grading and
manufacturing processes but it would not be suitable
for a FE analysis of a basic skeletal structural model.
The polygon mesh was therefore processed into a line
model suitable for structural analysis. This
discretisation consisted in defining the centroidal axes
of the poles joining the centroids of each nodal section.
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Sections of pole between nodes (internodes) represent
single FE elements whose properties were determined
based on those of the cross-sectional properties
extracted at the mid-point of each internode (Figure 7).
This simple line-based structural model is suitable to
capture the geometric variation of diameter, thickness,
area, inertia and out-of-straightness along the culm.
The discretisation and calculation of the geometric
parameters for the structural model of all bamboo poles

were performed using the software Grasshopper [21]
and GeometryGym [22], both plug-ins for the
computer aided design (CAD) software Rhinoceros 3D
[23]. The FE modelling data was exported to the
structural analysis software GSA [24] which was used
to carry out the parametric study on the effect of the
poles’ geometric variability on their behaviour under
four-point bending. This parametric study included
four different models.

Figure 6. Polygon mesh and texture model of a Moso bamboo

o

Figure 7. Cross-section curves at every internode and centre-line axis extracted from the mesh model

Model A4 was developed based on single average
geometric properties assuming the bamboo poles to be
idealised straight and prismatic tubes (Figure 8A). This
model was built based on the general recommendations
given in [13] for the determination of geometric
properties, and therefore was used as the benchmark
for this study. Model B was based on average but
discretised geometric properties at each internode
(varying from bottom to top) and, as in Model 4,
assuming the poles to be straight and prismatic (Figure
8B). Model B was used to analyse the structural effects
of the natural taper in bamboo poles. Model C follows
the same discretisation of Model B but the section
properties are not those of an equivalent circular tube
but those calculated from the actual cross-sections of
each internode (Figure 8C). As a result, the magnitude
and direction of the principal moments of inertia (I, I,)
of these sections vary along the length of the pole
(Figure 9). Finally, Model D incorporates the actual
geometry of the pole centroidal axis idealised through
straight elements at the internodes and changes of
direction at every node. As such, Model D includes
discrete elements with irregular cross-sections varying
along the culm at every internode considering the
natural deviation of the poles centroidal axis from a
straight line (i.e. out-of-straightness) (Figure 8D).

The calculation of the section properties for idealised
or irregular cross-section for each model was
performed according to the equations in Table 3. The
material properties for each model were assigned
according to the results obtained from the bending tests

performed on the physical poles (R03-R10) as shown
in Table 2. The material for these five samples was
treated as isotropic and a static linear-elastic analysis
was performed. The configuration of the supports was
the same throughout the four models for each bamboo
sample. The support system consisted in a simple
supported beam (roller-pin arrangement shown in
Figure 8) without any rotational restraint about the
global Y and Z axes to capture the three-dimensional
behaviour of the poles caused by spatial variation of
their geometry. However, due to this variation,
torsional restraints at both ends of the beam were
included in the analysis to model the friction developed
in the actual supports of the experimental set up. This
friction prevented the poles from collapsing as the
applied loads lay outside the vertical plane passing
through both supports (Figure 8D).
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Figure 9. Cross section of actual pole cross section and
equivalent average circular tube (dotted line)

Figure 8. Diagram of the parametric structural FE models (A, B, C, D). (Not to scale)
Table 3. Equations to calculate section properties

Nomenclature Description Formula
A, External cross-section area
A; Internal cross-section area
xm Second moment of area X axis Calculated directly from CAD software using
Iym Second moment of area Y axis polygon mesh
1z, Second moment of area Z axis
1yzm Product moment of area
. . . 44,
D Idealised equivalent diameter D= |[—%
. . . . . 4 A
Di Idealised equivalent internal diameter p = |—
a
. . . D-D;
T Idealised equivalent thickness T=—
T
A Idealised area A= 7 (D% — (D —2T)?
. T
Iy, Iz=1 Idealised second moment of area 1= @ (D* = (D - 27)*
. s
J Idealised polar moment of area J= 32 (D*— (D -2T)*
A=A, — A

Irregular area

A,
. . 1 2 2
Principal second moment of area I, = 3 Ly + Iy £ [(Uym — Izm)? + 4135m

1 21
_Z -1 yzm
6 2 tan <—Iz )

m_Iym

Angle from Y axis to principal mayor axis
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3.2 Geometric variation

The geometric variability of all poles was
automatically calculated from the scanned model.
Based on the growth features of bamboo poles, the
discretisation of the acquired digital models consisted
of linear segments within the internodes with changes
of direction only at the nodes. The cross-section
properties of each discrete element were extracted at
the middle of each internode and stored in a database.
This database can be adopted as a very powerful tool
for any subsequent geometric modelling, structural
analysis or optimisation processes. Figure 10 shows the
variation of diameter along the normalised length of
the poles. For each sample, the average idealisation
proposed by [13] is plotted as an average single point
(diamond-point) at the poles’ mid-point. Evidently, the
average value of the diameter does not provide any
information on the real variation of individual poles.
Also, it is clear that not even a linear regression would
accurately capture the variation in diameter along their
length.

One of the most complex parameters to measure
using conventional tools is the out-of-straightness,
however, using the text database containing the
centroid coordinates of each cross-section, the
calculation of the maximum out of straightness was a
straightforward process. The maximum out-of-
straightness was found by simply defining a reference
straight line from the first to the last node of the pole.
The maximum perpendicular distance between any
centroidal node and this line defines the maximum out-
of-straightness of the pole. A set of orthogonal axes is
defined as shown in Figure 11.

« R03 —+—R03-ISO
¢ RO5 —e+—R05-ISO
RO8 RO8-ISO
© R09 —&—R09-ISO
110 ¢ RIO —e—RI0-ISO
105
100
T %
g
= 9
a
85
80
0.00 0.25 0.50 0.75 1.00

Normalised length

Figure 10. Variation of diameter along the length of bamboo,
compared to the average single-value proposed by ISO-
22157-1[13]

The direction of axis Xo coincides with that of the
reference line between the pole end nodes. Axis Zo is
perpendicular to Xo and passes through the node which
defines the pole maximum out-of-straightness, whereas
the direction of Yo follows the right-hand rule. These
set of axes are used to demonstrate the natural variation
of the position of the centroidal axis of each pole
projecting the coordinates of the centroidal axes onto
the XoYo and XoZo planes as shown in Figures 12 and
13. The maximum out-of-straightness for each bamboo
sample is plotted as a single point in each plane, noting
that all poles present a pronounced double curvature
which can have a significant effect on their structural
behaviour and represents a further challenge for
manual measurements. The location at which the out-
of-straightness is maximum only coincides with the
pole mid-point for sample R10 in the XoZo plane. The
range of out-of-straightness in the XoZo plane varies
from -7.0 to -37.2 mm and approximately 10 to -10
mm in plane XoYo.

Figure 11. Diagram showing process to define the maximum out of straightness and local Xo, Yo & Zo directions. (Yo & Zo

directions are ten times scaled for clarity)
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Figure 12. Out-of-straightness in the XoZo plane and maximum absolute deflection per sample
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Figure 13. Out-of-straightness in the XoYo plane and maximum absolute deflection per sample
The cross-section properties of a bamboo pole can

be calculated as those of an equivalent circular tube 3.20E+06 ul
idealisation using conventional measuring tools to +11
measure discrete diameters and thicknesses [13] (Table = =12
3). In contrast, the cross-section properties extracted é 2.80E+06
from the digitised mesh model represent the properties =
of the actual cross section of the poles accurately 5
calculated through CAD software. As shown in Figure E 2.40E+06
10, the principal moments of inertia (I;, I;) of the actual ; -IL
cross sections will have different magnitudes and 2
orientation along the pole compared with an idealisation § 2.00E+06
of a circular tube. Figure 14 shows the average idealised
moment of inertia (I) for each of the samples, compared | 6OE+06
to the actual major and minor moment of 1ne'rt1a'(11, I,) RO3  RO5S ROS  RO9  RIO
for each sample. It was found that when considering the Sample

properties of the irregular cross-sections there was a
significant variation of up to 16% compared to the
idealised values. Figure 15 shows the variation of the
orientation angle (8) of the principal axis for the cross-
sections on each individual sample. The variation in
angle range for the samples was significant, and in all
cases the range exceeded 35 degrees. The results of all
cross-section properties occurred in a random manner
along the length of the five samples, so that specific
pattern or trend could not be associated with the specific
geometric variability.

Figure 14. Average moment of inertia comparison between
idealised (I) and real cross-section (I; & I,)

0.8
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Figure 15. Variation range of the principal axis orientation
angle (0) per sample
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3.3 Structural effects

The geometric parameters extracted from the digitised
model described in Section 3.2 were systematically
implemented into structural models of five bamboo
culms (Models 4, B, C and D). A structural analysis was
performed for each model and the different effects were
recorded and compared. The global orthogonal system
adopted for the structural analysis was that shown in
Figure 9, where X axis was aligned with the supports
and ¥ & Z formed a plane perpendicular to X. A
normalised force (F) was applied to all the models in -Z
direction (Figure 8). According to Figure 9, the
principal local axes for the cross-sections in models C &
D were denominated / & 2 for the major and minor axis
respectively.

The first parameter to analyse was the deflection in
the Z direction for Models B, C & D compared to the
maximum displacement of the idealised Model 4,
normalised to 1.0. Figure 16 shows that the maximum
displacement for models B & C/D had a considerable
difference with model 4, ranging from 0.5 to 14%,
which in average represented an increment in
displacement of 5.7%. The variation in the geometry of
the bamboo not only affected the magnitude of the
maximum deflection, but also the position at which it
occurs. Compared to Model 4, the maximum
displacement of models B, C & D was shifted by
approximately 75Smm towards the top end of the pole
due to reduction in the cross-section. A secondary effect
produced by the reduction in cross-section properties
was noticed by a differential deflection obtained in the
loading points (at 1/3 and 2/3 of the span). This effect is
shown in Figure 17, where it can be observed that the
deflection at 2/3 of the span (towards the top-end of the
pole) is always bigger than that obtained at 1/3 (towards
the bottom-end). Consequently, the transfer beam would
have an inclination (Figure 4) towards the top end of the
pole with an average slope of 7% for the five samples.
This is an important effect that should be taken into
account for the correct design of an experimental test, as
longitudinal components of the applied forces are likely
to be generated along the culm.
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Figure 16. Increment (%) of the maximum deflection in Z
direction for models B & C/D compared to model 4
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Figure 17. Differential deflection in loading points located at
1/3 (bottom-end) and 2/3 (top-end) of the span

These numerical findings agreed with the physical
observations of asymmetric deformation during the
bending test and highlighted the complexity of
measuring the behaviour from physical tests, as the
position of the maximum deflection does not necessarily
occur at mid-span. Also, it is important to consider that
adopting the mid-span deflection for the calculation of
the equivalent E of the pole [13], might lead to
unconservative results.

For the idealised prismatic model, the deflection in
the X & Y directions was zero for both, whereas the
models that included the irregularity of the bamboo
presented values that differed from zero. These values
were not considered significant in any of the five
samples subjected to four-point bending, however, due
to the considerable geometric variation found in
bamboo poles, this out-of-plane behaviour should be
quantified and assessed.

As expected, the idealised prismatic tubes (Models A4
& B) only presented shear forces in the global Z
direction (considered minor axis) and bending moment
about the global Y axis (considered major axis).
However, for Models C & D the forces were
decomposed into local, major and minor directions,
according to the orientation angle (0) of the principal
local axis for each individual cross-section. Figure 18
shows how shear forces (V) and bending moments (M)
of Models C & D are decomposed into local major and
minor axes, compared to the normalised value (1.0) for
V and M of Model 4. Without exception, all the
samples showed that the cross-section is subjected to bi-
axial effects due to the irregularity of the cross-section
shape. This produces shear forces and bending moments
around two principal axes of inertia, creating complex
state of stresses that cannot be quantified without the aid
of computer software. Moreover, in the case of bending
moment for samples R05, RO8 and R09, the largest
component of M is applied around the minor axis of the
cross-section which will therefore create higher stresses
when compared to idealised cross-sections.
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Figure 18. Shear forces (V) and bending moment (M)
components (major and minor) of models C & D in
comparison with normalised value (1.0) for V and M of Model
A.

For Model D, torsional effects were developed due
to the implementation of the natural geometry of the
pole which lies outside the vertical plane containing
both supports (Figure 8D). However, according to the
physical tests and the analytical results, these torsional
effects are not significant for the samples in this study
as no physical rotation at the supports was recorded
during tests which suggests that friction developed at
the supports was enough to prevent rotation. In spite of
the non-significant torsional effects for this study, the
quantification and assessment of torsion should be
performed due to the random nature of the geometric
variation found in bamboo poles.

4 Conclusion

The focus of this work was to identify and analyse the
structural effects caused by the natural geometric
variation found in bamboo poles. Five Moso bamboo
poles were subjected to a four-point bending test to
identify and quantify the effect of these geometric
variations on their overall behaviour. Prior to testing,
the bamboo poles were 3D scanned to generate digital
polygon mesh models of the five samples capable of
describing their geometry to a high degree of accuracy.
These models were post-processed to extract the key
geometric parameters required to create a skeletal model
of each pole and conduct a finite element analysis.

The results showed that the basic geometric
parameters, such as diameter, thickness, area and
moment of inertia differ considerably from average
values obtained by the idealisation of bamboo poles as
straight circular tubes. It was also found that the
inherent geometric variation of the poles had a
significant effect on their structural behaviour with
differences in maximum vertical displacements of up to
14%. In addition, calculation of the modulus of
elasticity of the poles based on the mid-span
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displacement, as per the current standard
recommendations [13], could lead to unconservative
differences, compared to the value calculated based on
the maximum beam displacement not occurring at the
pole mid-span due to its natural taper and change in
cross section properties. Furthermore, the geometric
variability of bamboo poles can lead to significant
asymmetric deformations and distribution of internal
forces and moments compared to the theoretical
behaviour of an idealised circular, straight and prismatic
tube assumed in current standards [13]. There is a
significant difference in the cross-sectional properties
between this tubular idealisation and those based on the
actual pole geometry. In particular, the principal second
moments of inertia of the actual cross sections are
significantly different to the single value calculated
based on a tubular idealisation. Also, the orientation of
these principal axes continually changes along the pole
according to its natural dimensional variation.

This study shows the significance of taking into
account the actual spatial geometry of bamboo poles for
the development of experimental tests and their accurate
structural analysis. The proposed digital technologies
and methods to efficiently and accurately capture and
process the geometric variability of bamboo poles can
help us improve our understanding of this natural
structural element. On the whole, the principles on
which this work is based can be further applied to
develop new digital workflows to support the design,
modelling, analysis and fabrication of bamboo
structures.
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