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ARTICLE INFO ABSTRACT

Keywords: Bamboo has attracted considerable recent interest in sustainable buildings as the fastest-growing natural material
Moso Bamboo retaining mechanical properties similar to structural wood while being an effective CO» absorber during its
RVE . growth. Previous efforts to estimate bamboo material properties and their behaviour using homogenisation
Homogenisation

techniques used simplified assumptions on the geometry of the inhomogeneous microstructure, hence these
methods failed to account for the different homogenised material properties in the directions lateral to the
bamboo culm. This study presents a novel anatomy-based numerical bamboo microstructure analysis that
accurately represents the geometrical features of the material, leading to a transversely anisotropic effective
material model. We compare the resulting effective elastic properties to those obtained with state-of-the-art
numerical and analytical approaches found in the literature. It is concluded that our anatomy-based represen-
tative volume element provides a better understanding of the material microstructure and its corresponding

Natural Fibre
Bio-Based Composites
Sustainability

effective stiffness properties in the longitudinal and lateral directions.

1. Introduction

Finding sustainable biological construction materials have gained
significant recent interest [1,2]. One of these materials is bamboo, a fast-
growing plant with mechanical properties similar to those of structural
wood products [3], while being an effective CO, absorber compared
with other materials such as plastics, metal and concrete [4]. Morpho-
logically, the bamboo plant contains two major components, the rhi-
zomes and the culms. The rhizome stores the nutrients necessary for
growth and secures the plant underground. The culm is the upper part of
bamboo containing mostly wood-like material [5]. It can be considered
as a hollow cylinder or tapered tube divided into several internodes
separated by diaphragms or nodes (see Fig. 1a). The bottom segment of
the culm has the largest diameter and wall thickness, but the average
internode length is lower at the bottom in comparison with upper seg-
ments of bamboo. These characteristics make the base of the culm
suitable to carry considerable compressive loads. The diameter and
thickness of the wall increase from the top to the bottom [6-8].

Bamboo is considered a composite material reinforced by vascular
bundles and parenchyma matrix as seen in Fig. 1. The vascular bundles
are composed of unidirectional stiff sclerenchyma-cells (fibre bundles)
of approximately 21-40% gross volume fraction [8,10-14]; this includes

* Corresponding author.

approximately 5-8% conductive tissues (tubes of vessels) transporting
nutrients and water vertically along the culm wall. The vascular bundles
are embedded in the spongy tissue called parenchyma cells (matrix); this
occupies the remaining region, see Fig. 1(b). The distribution of fibre
bundles is denser in the outer region of the culm wall (about 60 %
volume fraction) compared with the inner region (about 10-15 %)
[8,11,13]. As a result of this radial increase of the amount of fibres from
the inside to the outside [8,12,13], the strength of the outer wall layers is
higher than that of the inner layers [11]. Despite the obvious taper in
culm geometry, the mechanical properties of the culm are relatively
uniform from the ground up [15].

Although there are over 1600 species of bamboo, this study employs
data of Moso bamboo (Phyllostachys edulis), because in recent years
numerous experimental investigations were conducted on the structural
features of this type of bamboo. For instance, Shao et al. [13] quanti-
tatively analysed the variation of fibre area in connection with Moso
bamboo tensile properties across the radial thickness of the internodes.
They reported the tensile strength and elastic modulus of fibre bundles
to be around 480 MPa and 34 GPa, respectively. Li and Shen [14]
studied the elastic modulus longitudinal to the grain at different loca-
tions (base, bottom, and top) of the Moso culm. They proposed empirical
equations to compute stiffness, stress, and volume fractions. Tan et al.

E-mail addresses: syyd.salman.al-rukaibawi@epito.bme.hu (L.S. Al-Rukaibawi), karolyi@reak.bme.hu (G. Kérolyi).

https://doi.org/10.1016/j.conbuildmat.2021.125036

Received 18 April 2021; Received in revised form 21 September 2021; Accepted 22 September 2021

Available online 13 October 2021
0950-0618/© 2021 The Author(s).

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license


mailto:syyd.salman.al-rukaibawi@epito.bme.hu
mailto:karolyi@reak.bme.hu
www.sciencedirect.com/science/journal/09500618
https://www.elsevier.com/locate/conbuildmat
https://doi.org/10.1016/j.conbuildmat.2021.125036
https://doi.org/10.1016/j.conbuildmat.2021.125036
https://doi.org/10.1016/j.conbuildmat.2021.125036
http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2021.125036&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

L.S. Al-Rukaibawi et al.

[16] investigated the crack growth and toughening mechanisms of Moso
bamboo culm experimentally and numerically. Garcia et al. [17] studied
the transverse elastic modulus using ring specimens. Another study by
Sharma et al. [18] determined transverse mechanical properties of full-
culm bamboo. While Dixon and Gibson [10] measured several elastic
parameters of Moso bamboo quantitatively and measured the elastic
modulus of fibre bundles to be 40 GPa, and that of the parenchyma
matrix to be 5 GPa. In conclusion, these studies mainly focused on
estimating the strength and homogenised moduli in either longitudinal
or transversal directions.

On the other hand, studies such as Liu et al. [19] and Shang et al.
[20] applied advanced optical imaging, namely, confocal laser scanning
microscopy to measure the graded volume fraction accurately for the
vascular bundles and bamboo strips across the culm wall, while the
graded elastic modulus and tensile strength through the thickness of the
culm wall was captured accurately in tensile tests of single vascular
bundles. Liu et al. [19] reported the tensile strength and the elastic
modulus of fibre bundles in the inner layer of the culm to be around 101
MPa and 7 GPa, respectively, and those at the outer layer to be
approximately 294 MPa and 30 GPa, respectively. While Shang et al.
[20] reported the tensile strength and elastic modulus of the inner layer
to be around 458 MPa and 29 GPa, respectively, and those of the outer
layer to be 709 MPa and 44 GPa, respectively. The effect of fibre
gradient on gross culm stiffness is reported to be marginal for P. edulis
(about 5 %) which is explained as a consequence of a thin-walled
characteristic [21], see also [22].

Although many factors including moisture content, degree of ligni-
fication related to age at harvest, etc. affect the mechanical properties
[23], the deviation between the aforementioned experimental results
highlights the need to understand the function of structural features,
such as the complex microstructural shapes and gradient material dis-
tribution on the performance of bamboo.

To understand this better, many studies focused on closed-form
analytical micromechanics equations and numerical modelling of
bamboo fibres. For instance, Li and Shen [14] employed an analytical
model based on the rule of mixture (ROM) to predict the effective
properties of bamboo vascular bundles. While Lee et al. [24] computed
analytically the distribution of the elastic modulus of Moso bamboo
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based on three distribution functions: namely, the linear, power, and
exponential functions. While Wang et al. [25] proposed an analytical
model to predict the gradient of the material properties and the
anisotropy based on the assumption of the deformation gradient tensor
and found that the simple ROM model is an inaccurate method for
predicting stiffness and elastic modulus of bamboo fibres. Zhao et al.
[26] proposed using more sophisticated and yet simple micro-
mechanical models, the Halpin-Tsai (H-T) equations and the Mor-
i-Tanaka (M—T).

On the other hand, a numerical solution instead of analytical was
proposed by Silva et al. [27]. This study modelled bamboo as a func-
tionally graded material. They employed graded finite elements to the
bamboo unit cell to capture the spatially varying stiffness properties by
means of a generalised isoparametric formulation. Additionally, a recent
study by Cui et al. [28] adapted a computational homogenisation
approach based on a representative volume element (RVE) to study the
mechanical response of a bamboo culm under axial compressive load,
and systematically investigated bamboo’s hierarchical structural fea-
tures. This study used a simplified representation of bamboo’s micro-
structure, using RVE containing two phases, fibre and matrix; the fibre
was represented by either squared or circular shape for a given volume
fraction.

The above analytical and numerical-based models simplified the
complex microstructure of bamboo’s culm (i.e., the vascular bundles
and parenchyma matrix, see Fig. 1(b)) into normalised fibre/matrix
regions, mainly for simplification and compatibility with existing nu-
merical models and analytical equations without accounting for the ef-
fect of the complex microstructure on the performance of the culm.
Therefore, this study presents a novel numerical anatomy-based
modelling strategy for the bamboo microstructure, which enables
investigating the effect of the complex microstructure on the homoge-
nised properties of the culm. This proposed anatomy-based RVEs cap-
tures the geometrical features of the vascular bundles and parenchyma
matrix at four different layers of the culm wall. These RVEs are then
analysed to estimate the stiffness properties by imposing periodic
boundary conditions within a finite element analysis (FEA) based RVE
homogenisation method. Additionally, to verify and establish the
importance of the detailed microstructure modelling and analysis, the

a) Bamboo culm structure
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b) Vascular bundles and parenchyma matrix

Fig. 1. Characteristic bamboo structure with a) culm section and b) vascular bundles and parenchyma matrix. The microscopic image is taken from [9].
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effective elastic properties obtained from the anatomy-based RVE
approach are compared with single fibre RVE representation (single
fibre within a matrix phase) and several analytical homogenisation
methods.

The remainder of this paper is structured as follows: Section 2 de-
scribes the configuration employed to represent bamboo microstructure
with fibres (vascular bundles) and matrix (parenchyma). The review of
five analytical approaches and homogenisation-based constitutive
methods in terms of the effective elastic properties are briefly described
in Section 3. Subsequently, Section 4 presents in detail two sophisticated
numerical homogenisation models: the single fibre RVE and an
anatomy-based model based on representative volume elements. The
obtained effective elastic properties from the analytical models and the
two numerical RVE’s are compared to the available experimental lon-
gitudinal elastic modulus and further discussed with the aid of elastic
strain energy in Section 5. Finally, the main conclusions and future work
are presented in Section 6.

2. Elastic properties of bamboo

Moso bamboo can be considered as a multi-layered orthotropic
material with high strength parallel to the stem (axis x or axis 1 below)
and low strength in the transversal directions. At the micro-scale, the
elastic properties of each bamboo layer depend on the elastic properties
and volume fractions of two phases: vascular bundles of fibres sur-
rounded by a matrix of parenchyma. The bamboo fibres are considered
to be continuous and long. We assume each phase of the Moso bamboo
to be perfectly bonded, linearly elastic and isotropic solid, these as-
sumptions are similar to those applied in other studies [29,30]. The
elastic properties of the bamboo culm vary along the radius (axis y or
axis 2 below denotes radial direction, while axis z or 3 denotes the
tangential direction). For simplicity, we assume four different radial
layers with different elastic modulus decreasing radially from the outer
layer towards the inner layer. We call them the inner, the middle-1, the
middle-2 and the outer layer.

Table 1 summarises the elastic properties that we use in this paper for
the vascular bundles and parenchyma matrix sub-regions in each layer.

3. Analytical homogenisation approach

In this section, we review five well-known analytical
homogenisation-based constitutive methods for unidirectional fibre
reinforced composites. These approaches are often used in the micro-
mechanical analysis because they are fast, easy to implement and
require minimal computational resources. The main theme of the
analytical homogenisation is the development of a representative vol-
ume element (RVE) to represent the heterogeneous materials made of
constituent phases. We apply these methods to estimate the stiffness
properties of bamboo which can be considered a unidirectional fibre
reinforced composite material.

Table 1
Elastic properties for Moso bamboo fibres (f) and matrix (m).

Elastic constants ~ Young’s modulus Poisson’s Volume fractions

(GPa) ratio (%)

E; En vy Vm Vi Vin
Inner 5419 216 0.28 0.34 8.53 91.47
Middle-1 55.53 2.16 0.28 0.34 12.69 87.31
Middle-2 57.60 2.16 0.28 0.34 21.86 78.14
Outer 64.09 2.16 0.28 0.34 47.2 52.8
Source of data [12] [16] [31]  [25] [12] [*]

[*] Calculated as (1-Vp).
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3.1. Rule of mixture (ROM) and inverse ROM models

Rule of mixture (ROM) and inverse ROM are simple models widely
known as iso-strain Voigt [32] and iso-stress Reuss [33] models,
respectively, primarily applied for polycrystals. The Voigt model is
based on the assumption that the strains in the constituents are constant
[32]. In the same manner, the Reuss model is based on the assumption
that the stresses are constant [33]. The former approach is used for axial
loading while the latter is used for transverse loading. The analytical
relations for the Voigt model are given as

Ei = ViE}, + V,El, v = Voo, + V0l €]

Here, the longitudinal elastic modulus E;; and Poisson’s ratiov; are
computed as the weighted average of those in the matrix (E}}, v}3) and
the fibres (E,, ). Averaging is taken with respect to the volume
fractions of the matrix and the fibres (V,,, V}, respectively).

For the Reuss model, we have

E'E" G'Gn

E,, = ) = .
2T+ BV, PTG+ 6,

(2

Here, the transverse elastic modulus Es; and the shear elastic
modulus Gp2 can be computed as the weighted average of those in the
matrix (E7,, G7,) and the fibres (E',, G},). Averaging is taken with
respect to the volume fractions of the matrix and the fibres (V,,, V;,
respectively).

3.2. Improved rule of mixture (IROM) model

This model is an improved version of ROM using three-dimensional
orthotropic stress—strain relations developed by Qing and Mishnaevsky
[34]. This approach considers two continuity conditions: on the one
hand, the constraint of the compatibility of deformations and displace-
ments at the interface of the fibre and the matrix, and, on the other hand,
the equilibrium of stresses at phase boundaries. Using these continuity
conditions, we managed to derive and write analytical relations for the
elastic moduli and Poisson’s ratios for fibres and matrix in three prin-
cipal directions: longitudinal, radial, and tangential, using the symbolic
mathematical computing software Maple (version 2020). See Supple-
mentary Material A for the complete set of equations.

3.3. Halpin-Tsai (H-T) model

This model is a semi-empirical model based on the self-consistent
model developed by Hill [35]. It is also known as an improved ROM
applied extensively to predict transverse Young’s modulus and in-plane
shear modulus [26]. The model tends to correct the mismatch of stresses
in fibres and matrix by introducing a semi-empirical parameter  and a
reinforcing factor £. Young’s modulus E;; and Poisson’s ratio v15 can be
predicted as in the ROM model, see (1). The transverse Young’s modulus
is

L+ &V,
Epn= E"

2 ( T ®)
where = g ggn, and ¢ = 2 for circular shape fibres in a square array
with volume fraction < 0.5 [36]. The in-plane shear modulus is

_ (L 8Vr
o= ( 1 —nV; ¢ @

where 5 = Gfo;—ch;-’ and ¢ = 1 for circular shape fibres in a square array.
The out-of-plane shear modulus is

AR VI AP
GZS_<1*71Vf G 5)
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wherep = 8= and ¢ = 1+~

Ie ¥ T for circular shape fibres in a square

array.

3.4. Chamis model

This model is widely used to predict matrix-fibre elastic properties
[37]. Chamis assumed that both fibre and matrix are linearly elastic, and
the fibres are spaced periodically in square or hexagonally packed ar-
rays. Hence, this model cannot consider the changes in geometrical
configurations. Its formulation provides all five independent elastic
properties for the composite of matrix and fibre. Elastic modulus E;; and
the Poisson’s ratio v12 can be estimated as in the ROM model, see (1).
The transverse Young’s modulus is

Em
17\/V<1J§>

In-plane shear modulus G;, and out-of-plane shear moduli G,3 and
Gy3 are

Ey =Ey; = (6)

G"

Gp=G3=Gpy=——"—"/—"- 7)
1-/V; (1 - %/)
The minor Poisson’s ratio is
E22
= -1 8
U3 26y 8

3.5. Mori-Tanaka (M—T) model

This model, developed by Mori and Tanaka based on the Eshelby
average stress tensor in the matrix [30] is well-known as an exact elastic
homogenisation technique. It is considered as an accurate estimate for
fibre-matrix stiffness properties. It has a wide range of applications for
many different types of composite materials. The central assumption of
this method is that composites containing two or more phases are
modelled in such a way that the average strain of randomly aligned fi-
bres with an elliptical shape having low to moderate volume fractions
can be approximated as an inclusion embedded in an infinite matrix of
average strain. Hosseini et al. [38] have given the explicit relations in
terms of the bulk modulus K of the homogenised bamboo fibres and
matrix:

E"[E"V,, + 2K (1 + v) (1 4+ V(1 = 20) ) |

K= 9
21+ v) [E"(1+V = 20,) +2V7K; (1= v — 202) | ©

The longitudinal Young’s modulus is

2V, V(v — I/m)zE—f "

Em

E
E, = (—V,« + V,,,) E" +

£r Vm(l"'ym)(] —2Vf)+%(1+vm)(1+‘/.f(1 _2’/'"))
10
The major Poisson’s ratio is
ypy = Vi (L= 0y + Vi [(1 4 4) (L= 207) + 55 (1 ) an
2V (U= 03) + Vil 0) (1= 20) + 5 (1 + )]
The transverse Young’s modulus is
4KGy3
Ey—=— "= _ 12
2= K 1 4Gn) 12
withg =1 + % The minor Poisson’s ratio is
Uy = (K~ 4Gx) 13)
(K -+ qG23)'

The in-plane shear modulus is
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{,%(1 + Vi) (1 +u)+ (1=V)(1 +1/,)]E’"

G = 14

2(1 + vm) {E—/ (L=V) (U +wm) + (1 4+ Vy) (1 +25) }
The out-of-plane shear modulus is

(=9 (1) + 1) (13- |

O o ([0 V) 1o B4 E 4 (L1 V) -1+ V64l

(15)

As it has been shown, the above analytical micromechanics methods
are strictly valid for inclusions (fibres) with isotropic or transversely
isotropic properties having a rounded circular shape. However, bamboo
has complex fibre shapes with vessels. Hence, it is expected that these
models cannot accurately account for the effect of microstructure in the
transverse direction. To some extent, some of these methods are not
appropriate for estimating the overall stiffness of bamboo, such as the
Voigt and Reuss (ROM) models [14], yet it is presented here as it forms
the base deriving the development of other methods. Also, bamboo does
not have transversal isotropy, whereas current models are all designed
for transversely isotropic effective material models. Therefore, to
accommodate for the effect of geometrical variations of bamboo con-
stituents at the micro-scale level, an FEA-based numerical RVE ho-
mogenisation approach has been proposed in the following section.

4. The numerical RVE homogenisation approach

The RVE homogenisation method imposes uniform strains on a
micro-scale RVE to numerically compute the effective elastic properties.
The RVE should be selected and modelled such that it provides a suffi-
cient representation of the material at higher scales. This method is
widely used for composite materials for its clear mechanical conception
and simplicity.

The numerical RVE homogenisation assumes that the average stiff-
ness properties of an RVE are equal to the average properties of the
particular heterogeneous material. Hence, the average stresses ¢ and

strains ¢ in an RVE are defined as:

- 1 - 1
0:—/6(1’\/, 8:—/£dV
V) V)

where V is the volume of the RVE. In order to evaluate the corre-
sponding effective homogenised stiffness tensor C;, the above average
stress and the corresponding average strain are evaluated with the
desired boundary conditions, then:

1e)

Cj=—"
&

a7

Since the RVE homogenisation method requires the implementation
of uniform strains on the RVE to compute the effective elastic properties,
periodic boundary conditions are applied, which ensure that the RVE’s
deformed external surfaces remain periodic [39-41]. The RVE homog-
enisation method can be implemented using commercial FEA software.

For a transversely isotropic material, five independent parameters
remain in the elastic tensor. The planar boundary surfaces of RVEs
remain planes under imposed longitudinal and transverse deformations
or displacements. However, bamboo is an orthotropic material meaning
that it requires nine independent parameters in its elastic tensor. In this
case, the boundary surfaces can distort and no longer remain planes
under imposed shear strain. To achieve periodic boundary conditions,
one requires nodal displacement degrees of freedom (DoF) based on the
concept of unified periodic RVE homogenisation [42]. Following the
work of Omairey et al. [43], the nodal sets of DoF for six elementary
loadings (three for elastic moduli with the corresponding Poisson’s
ratio, and three for shear moduli) are constructed using linear constraint
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equations and displacement boundary conditions within ABAQUS sub-
routine. For a detailed elaboration on them, see [43].

The use of FEA-based homogenisation involves identifying an RVE.
One of its first definitions states that it should contain a sufficient
number of inclusions and be typical of the mixture on average [44]. As
the homogenised properties of the RVE will represent the properties on
larger scales, it is important to capture it accurately to ensure accurate
representation of the material. In the literature, this was done using an
RVE that contain two phases, a fibre surrounded by matrix; this imple-
mentation is adopted in Sec. 4.1 of this study for comparison and vali-
dation. On the other hand, this study proposes having this
representation in the form of an anatomy-based RVE that mimics bam-
boo’s microstructure; this configuration is detailed in Sec. 4.2.

To conduct numerical homogenisation for the two RVE configura-
tions, EasyPBC tool [43] is used to estimate the stiffness properties of the
modelled RVEs, as it offers the freedom to create a wider range of ge-
ometries in the pre-processing and extended access to the post-
processing analysis data. EasyPBC tool implements homogenisation by
numerically imposing uniform strains and deformations on the RVE to
obtain the overall engineering moduli as shown in Fig. 2 for the pro-
posed anatomy-based RVE.

4.1. Single- fibre RVE

The structure of Moso bamboo cross-section is heterogeneous and
functionally graded. For the single-fibre RVE model, fibre shape effect is
omitted and assumed to have of circular cross-section with square
packing. The configuration of this transversely isotropic RVE is shown in
Fig. 3. The fibres in this model are oriented in the direction of the x-axis
(direction 1) and are considered to be continuous. It is assumed that the
phases of the Moso bamboo to be perfectly bonded, linearly elastic and
isotropic solid. These assumptions are similar to those applied in Refs.
[29,30].
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The model is created in ABAQUS FEA software and analysed by
EasyPBC homogenisation tool, having a length (L), width (W), and
thickness (t) of 1 mm along the longitudinal x-axis, tangential z-axis, and
radial direction y-axis, respectively as shown in Fig. 3. The RVE model is
discretised using hexahedral elements with structured meshing tech-
nique. Three-dimensional 20-node quadratic brick elements with reduce
integration (C3D20R) are adopted for meshing to efficiently capture
bending and buckling within the linearly elastic range [28]. The mesh
size of 0.04 mm is chosen, resulting in the number of mesh elements
19,150, 19,175, 18,525 and 19,375 from inner towards outer layers,
respectively. This resolution was found to be fine enough to achieve
convergence of the solutions.

4.2. Anatomy-based RVE

To reflect a more realistic bamboo microstructure, this study in-
troduces a new anatomy-based micromechanical model. The vascular
bundles of Moso bamboo are built up from three constituents; fibre
bundles of circular and crescent cross-sectional shapes which are sur-
rounded by a matrix of parenchyma cells, and hollow tubes of vessels
that transfer water and nutrients. These fibre bundles are distributed
densely in the outer region of the culm wall and sparsely in the inner
region [25,45,46]. To reflect a more realistic bamboo microstructure,
this study introduces a new anatomy-based micromechanical RVE
model that accounts for all of these constituents at the micro level.

Shao and Wang [47] have made an idealisation of bamboo vascular
bundles consisting of semi-circular fiber bundles and squared vessels, in
which they studied the energy absorbing mechanism of Moso bamboo
under various damage patterns. As a step forward, this study re-
constructs an anatomy-based computational model from four scanning
electron microscopic images of specimens of bamboo internodes studied
by Dixon and Gibson [10] and made publicly available through DSpace
[9]. Based on these images, commercial CAD software was used to

A

RN
bt

R

E;; Young’s modulus
v3; and v3, Poisson’s ratio

A

G,; Shear modulus % X

Fig. 2. Schematic representation of six displacement boundary conditions used to obtain the elasticity parameters indicated for each case.
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a) Gradient radial distribution
of bamboo fibres

+—(#) Epry—y,

construct three-dimensional RVE cubes that capture the native structure
of bamboo vascular bundles in each layer from the inner to the outer
layers. The generated anatomy-based model consists of fibre bundles
numbered 1, 2 and 3 with hollow tube of vessels V; and Vo, see Fig. 4.
These models are then imported to the FEA software to form cubic RVEs
having a size of 1 mm x 1 mm x 1 mm (L x W x t) for all layers, except
the outer layer which have a width (W) of 0.6 mm to ensure achieving
the required fiber volume fraction. These computed fibrous and tube
vessel areas for each layer are listed in Table 2.

The orthotropic nature of Moso bamboo can be described by an ac-
curate estimate of the nine material constants at three principal di-
rections: three elastic moduli, three Poisson’s ratios and three shear
moduli. To accommodate for the effect of geometrical variations of
bamboo constituents at the micro-scale, a finite element based numer-
ical RVE homogenisation approach is used [28,36,47]. The anatomy-
based RVEs were analysed using the EasyPBCs homogenisation tool in
ABAQUS FEA software using hexahedral element shape with structured
meshing technique. Three-dimensional 20-node quadratic brick ele-
ments with reduced integration method (C3D20R) are adopted. After
sensitivity analysis for mesh sizes ranging from 0.02 to 0.06 mm, see
Supplementary Material B for the complete analysis, the applied mesh
size of 0.03 mm is chosen which gives acceptable results while being
efficient from a time and memory-saving point of view. The number of
elements are 45276, 50853, 46,893 and 28611, from the inner to the
outer layers, respectively.

5. Results and comparisons with experiments

In this section, we compare the homogenised elastic properties to
experimental data available in the literature from tensile tests of Moso
bamboo strips [19]. In particular, we concentrate on the elastic modulus
Eq; of strips taken from inner towards outer layers. The effective elastic
properties of Moso bamboo microstructure are estimated theoretically
using four analytical homogenisation models, namely, IROM, H-T, M—T
and Chamis with the inputs of elastic properties given in Table 1. The
state-of-the-art single-fibre RVE and our anatomy-based numerical
simulations are also applied to obtain numerical homogenisation.

Table 3 summarises the results obtained by the four analytical
methods and by the two numerical RVE based homogenisation methods
along with the available experimental data. The results, in general, show
that the elastic modulus E;; along the longitudinal direction is pre-
dictable and proportional to the volume fraction of bamboo fibres,
which is consistent with previous experimental and analytical studies
[20,27,48] as well as with a recent numerical study [28]. This means
that the longitudinal behavior of bamboo is dominated by fibre

b) Single-fibre RVE models
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Fig. 3. Moso bamboo composite and its single-
fibre RVE. (a) Gradient radial distribution of
bamboo fibres. (b) The schematic square array
around the circular fibre bundles with the
geometrical parameters of RVEs that are different
in each layer shown in (a). We set side lengths W,
L and t to be constant (1 mm) and vary the fibre
bundle (green) diameter d between 0.33, 0.4,
0.52 and 0.77 mm from the inner layer outwards
to account for proper fibre distribution. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

properties. It is worth mentioning that the results of the analytical
methods and of the single fibre based numerical RVE show higher
overall material properties than those obtained from the anatomy-based
RVE. It is attributed to the fact that the former models are transversely
isotropic, contrary to real bamboo microstructure. The reason behind
this is that the former models simplify the actual geometrical variations
of bamboo microstructure and hence the applied boundary uniform
tractions on different fibre bundles will incur different strains [14].

5.1. Young’s moduli E;;, E22 and E3s

Fig. 5 shows the comparison of the elastic modulus obtained by the
analytical and numerical methods detailed above. The axial elastic
modulus E;;, refer to Fig. 5a, at the outer and middle-2 layers obtained
from analytical homogenisation and single fibre numerical RVEs differ
by up to 3.6 % compared to the experimental data. However, for the
middle-1 and inner layers, the results of analytical homogenisation and
single fibre numerical RVEs match very well. In contrast, the numerical
results of the anatomy-based RVE homogenisation give excellent pre-
dictions at the outer and middle-2 layers as well. This is due to the ac-
curate representation of constituents (including vessels) and the
morphological shape of bamboo fibres. Note that for a higher volume
fraction of fibre, the stiffer phase has a more pronounced contribution to
the stiffness of the RVE.

For the elastic modulus in the radial and tangential directions, Eaz
and Egs, respectively (Fig. 5b and c), the anatomy-based RVE results lie
between the analytical upper and lower bounds. Mori-Tanaka and
Halpin-Tsai analytical models show good agreement with both numer-
ical single fibre RVE and anatomy-based RVE homogenisation results in
the inner, middle-1 and middle-2 layers, while the results of E33 differ
greatly in the outer layer. This is not surprising as both M—T and H-T
have been proved to give higher accuracy in the radial and tangential
directions based on the research conducted by Zhao et al. [26].

Our anatomy-based RVE model shows anisotropy in the transverse
directions. This manifests itself in different elastic moduli E5, and E33. In
this respect, the anatomy-based RVE model is capable of capturing the
inherent transverse anisotropy of Moso bamboo.

5.2. Shear moduli G2, G13 and Ga3

For the shear moduli G;» and Gj3 (see Fig. 6a and b), both the
analytical (M—T and H-T) and numerical single fibre and anatomy-based
RVE homogenisation results agree very well at lower volume fractions in
the inner and middle-1 layers. However, a larger variation of shear
stiffness is visible at higher volume fractions in the middle-2 and outer
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b) Anatomy-based geometry c) Anatomy-based FEA RVE model
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Fig. 4. An illustration of: a) Cross-section of a vascular bundle (reproduced from [9]). b) Simplified, anatomy-based geometry of the vascular bundle including the

fibre bundles 1, 2, and 3, matrix M, and hollow tube vessels V; and V5. (c) Corresponding FEA RVE models. The rows from top to bottom correspond to inner, middle-
1, middle-2 and outer layers of the bamboo culm.

Table 2

Average areas of bamboo fibre bundles and tube vessels.
Layers Inner Middle-1 Middle-2 Outer
Fibre volume fraction(Vy) 8.53% 12.69% 21.86% 47.2%
Ay (mm?) 0.0334 0.040 0.0555 0.0597
Az(mm?) 0.0114 0.0158 0.0163 0.2241
A3(mm?) 0.0291 0.0553 - -
V3 (mm?) 0.0114 0.0134 0.0086 0.0053
V(mm?) 0.0086 0.0106 0.0060 0.0033

layers. For shear modulus Gz3 (see Fig. 6¢), the obtained values show
good agreement of the M—T, H-T, of the single fibre RVE and of the
anatomy-based RVE models. Note, however, that the Chamis model
overestimates the shear moduli.

We observe in Fig. 6 that shear moduli G;2 and G;3 obtained from the
analytical homogenisation and from single fibre RVE are the same.
However, these moduli are different as obtained from the anatomy-
based RVE. This is the consequence of the fact that the anatomy-based
RVE model captures the real geometry of fibre bundles and has its
transversal anisotropy. Note that the analytical homogenisation
methods such as H-T have only a curve fitting parameter to account for
the fibre geometry, the microstructure alignment and the loading con-
ditions [26].
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Table 3

Estimated elastic constants for Moso bamboo and numerical RVE’s with gradient volume fractions. The experimental data is obtained from Ref. [19].
Engineering constants Young’s modulus (GPa) Poisson’s ratio Shear modulus (GPa)

En Eao Es3 V12 V13 Va3 G2 Gis Gos

Outer layer Fibre volume fraction = 47.20%
IROM 31.395 5.745 5.745 0.32 0.32 0.42 - - -
M-T 31.393 5.37 5.37 0.30 0.30 0.44 2.085 2.085 1.858
H-T 31.39 6.994 6.994 0.31 0.31 0.44 2.085 2.085 1.858
Chamis 31.39 6.426 6.426 0.31 0.31 0.44 2.405 2.405 2.405
Single fibre-RVE 31.408 6.593 6.593 0.30 0.30 0.32 2.118 2.118 1.606
Anatomy-RVE 31.272 6.417 8.472 0.30 0.30 0.26 2.201 2.920 1.850
Experimental 30.30 - - - - - - - -
Mid-layer 2 Fibre volume fraction = 21.86%
IROM 14.370 3.820 3.820 0.34 0.34 0.43 - - -
M-T 14.281 3.328 3.328 0.32 0.32 0.45 1.217 1.217 1.143
H-T 14.281 3.736 3.736 0.32 0.32 0.45 1.217 1.217 1.143
Chamis 14.279 3.927 3.927 0.32 0.32 0.45 1.467 1.467 1.467
Single fibre-RVE 14.287 3.494 3.494 0.32 0.32 0.43 1.218 1.218 1.090
Anatomy-RVE 14.229 3.694 3.534 0.31 0.32 0.41 1.377 1.188 1.095
Experimental 14.20 - - - - - - - -
Mid-layer 1 Fibre volume fraction = 12.69%
IROM 8.938 3.291 3.291 0.34 0.34 0.44 - - -
M-T 8.933 2.846 2.846 0.33 0.33 0.44 1.021 1.021 0.982
H-T 8.932 2.986 2.986 0.33 0.33 0.44 1.021 1.021 0.982
Chamis 8.932 3.284 3.284 0.33 0.33 0.44 1.226 1.226 1.226
Single fibre-RVE 8.937 2.894 2.894 0.33 0.33 0.44 1.021 1.021 0.964
Anatomy-RVE 8.868 2.722 2.776 0.32 0.32 0.44 1.050 1.022 0.970
Experimental 8.93 - - - - - - - -
Inner Layer Fibre volume fraction = 8.53%
IROM 6.6037 3.026 3.026 0.34 0.34 0.43 - - -
M-T 6.599 2.644 2.644 0.33 0.33 0.43 0.944 0.944 0.919
H-T 6.598 2.691 2.691 0.33 0.33 0.43 0.944 0.944 0.919
Chamis 6.598 3.001 3.001 0.33 0.33 0.43 1.12 1.12 1.12
Single fibre-RVE 6.601 2.665 2.665 0.33 0.33 0.43 0.944 0.944 0.911
Anatomy-RVE 6.54 2.51 2.553 0.33 0.33 0.43 0.949 0.931 0.898
Experimental 6.65 - - - - - - - -
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Fig. 5. Effective Young’s moduli of Moso bamboo in the (a) axial E;;, (b) radial E2,, and (c) tangential E33 directions as a function of fibre contents. The experimental
data are taken from tensile coupon measurements [19] of 11-13 Moso bamboo internodes aged four 4 years.
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Fig. 6. Effective shear moduli of Moso bamboo (a) G;2, (b) G;3 and (c) Gz as a function of fibre volume fraction obtained with different models.

5.3. Poisson’s ratios viz, vi3 and Va3

For Poisson’s ratio v;2 and vy3 (see Fig. 7a and b), again, the results
from M—T and H-T analytical models and those from the numerical
single fibre RVE are close in all layers. The predictions of the anatomy-

based RVE are close to them in the inner and outer layers, while the
estimation is slightly lower at the middle-1 and 2 layers. This is
explained by the transverse anisotropy of the anatomy-based RVE, in
accordance to the same property of real bamboo. When traction is
applied along the longitudinal axis, the RVE deforms along the
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Fig. 7. Effective Poisson’s ratios of Moso bamboo (a) v;2, (b) v13 and (c) v»3 as a function of fibre voluma fraction obtained from different models.
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directions transversal to the applied traction, implying strains at both
the radial and the tangential directions. The analytical models and single
fibre RVE simplify the actual geometrical variations of bamboo micro-
structure, and are unable to account for the different strains in the
transversal directions. In other words, their behaviour is transversely
isotropic. Contrary, our anatomy-based RVE is anisotropic the fibre
bundles forming the vascular bundles mimic the real geometry. As a
consequence, the uniform tractions applied on the boundary of the
different fibre bundles incur different strains [14] that result in different
Poisson’s ratios in the radial and tangential directions.

Poisson’s ratio va3 (see Fig. 7c) obtained from the predictions of M—T
and H-T models and those of the numerical single fibre RVE have similar
trends; they match in all layers except at the outer ones. The anatomy-
based RVE and single fibre RVE estimations are closer to each other at
lower volume fractions in the inner, middle-1 and middle-2 layers, while
they deviate at high volume fractions in the outer layer. It is worth
noting that predictions from IROM are higher than those obtained from
all other models for Poisson’s ratios v;2 and vy 3, while the predictions of
IROM for vy3 are closer to M—T and single fibre RVE.

5.4. Material properties and the elastic strain energy

To shed more light on the cause of the deviation between the results
obtained from the numerical single fibre RVE and the anatomy-based
RVE, we compute the elastic strain energy stored in the fibres and in
the matrix [50]. The elastic strain energy stored in the RVE can be
computed by integrating the product of the stresses and strains in the
elastic regime as:

_ 1 /__
UZE/VaedV

where U is the elastic strain energy stored in the RVE and dV is the
volume of the RVE.
In order to gain insight into how the load is distributed between the
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fibres and the matrix, we compute the ratio of U in the fibres to that in
the matrix indicating the distribution of internal strains in the RVE. Here
we show results for the middle-2 layer as their anatomy-based RVE
provides an Ej; perfectly matching with that observed in experiment.
As we have seen in Fig. 5a, stiffness modulus Ej; for a single fibre
RVE differs from that for the anatomy-based RVE by about 0.4%. This is
in accordance with a small difference between the ratios of the strain

energy U in the fibre to that in the matrix in case of the single fibre and
the anatomy-based RVE models. As shown in Fig. 8a, in case of the
traction used to measure E;; we find a ratio of 7.45 in case of the single
fibre RVE compared with 7.65 for the anatomy-based RVE. These small
deviations mean that E7; is not very sensitive to fibre morphology.
This deviation is more characteristic in the case of Young’s moduli
Ej, and E33. As we have seen in Fig. 5b and ¢, E22 and E33 measured
from the single fibre and from the anatomy-based RVE model differ by
5.4% and 1.1%, respectively, the single fibre RVE model predicts lower

stiffness. This is explained by the ratio of strain energy U in the fibres to
that of the matrix. In the case of the single fibre RVE, this ratio is 0.053
for both E22 and E33, whereas in the anatomy-based RVE the ratio is 0.1
(for Ez2) and 0.084 (for E33), see Fig. 8b. The significantly higher ratio of
elastic strain energy reflects that the fibres carry a larger part of the load
in the anatomy-based model. Hence resistance of bamboo fibres is found
to be higher in the anatomy-based RVE model, leading to higher overall
Ej and Ejsg stiffness.

We have seen in Fig. 6 that the shear moduli obtained from the
anatomy-based RVE model are higher than those obtained from the
single fibre RVE model. Fig. 6a shows the largest difference of about 1.3
% in Gi2. This difference can be attributed to the higher stresses in the
fibres that are also stiffer than the matrix, hence the anatomy-based
model, capturing the true morphology of fibres and vessels, gives
higher overall stiffness. This observation is confirmed in Fig. 9, which
shows the strain energy in the fibres and the matrix for both models.

Fig. 9a also shows the ratio of the elastic strain energy U in the fibres to
that in the matrix in case of G2 and G3. For Gy, this ratio is 0.072 for
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Fig. 8. Colour coding shows the strain energy in each finite element in the fibres and in the matrix during traction used to compute the effective Young’s moduli in
the middle-2 layer. (a) E;; in case of the single fibre RVE (upper) and anatomy-based RVE (lower), (b) E2 (radial) and E33 (tangential) moduli in case of the single
fibre RVE (upper) and anatomy-based RVE (lower images). The ratio of the elastic strain energy in the fibres to that in the matrix is also indicated.
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Fig. 9. Colour coding shows the strain energy in each finite element in the fibres and in the matrix during traction used to compute the effective shear moduli in the
middle-2 layer. (a) G;2 and G;3 in case of the single fibre RVE (upper) and anatomy-based RVE (lower), (b) G23 in case of the single fibre RVE (upper) and anatomy-
based RVE (lower image). The ratio of the elastic strain energy in the fibres to that in the matrix is also indicated.

the anatomy-based RVE compared with 0.031, that for the single fibre
RVE. This indicates that fibres are resisting more the applied shear
strains than the matrix in the anatomy-based RVE model. These obser-
vations also hold for G;3, see Fig. 6b and 9a. In particular, Fig. 9a shows
higher fibre to matrix strain energy ratio of 0.036 for the anatomy-based
RVE model as compared with that of the single fibre RVE model, which
gives 0.031. Similarly, Gz3 (see Fig. 6¢) is also lower in single fibre RVE
compared to the anatomy-based RVE. This also manifests itself in lower
fibre to matrix strain energy ratio in case of the single fibre RVE model
(0.016), as compared with that in case of the anatomy-based RVE model
(0.027), see Fig. 9b.

6. Conclusions and future work

In this study, the effective elastic properties of Moso bamboo
(Phyllostachys edulis) microstructure are estimated using four analyt-
ical homogenisation models (namely, IROM, H-T, M—T and Chamis) and
the state-of-the-art numerical single-fibre RVE homogenisation. These
models consider the material to be transversely isotropic. But in reality,
bamboo has an anisotropic structure with different elastic properties in
each lateral direction due to the complex microstructure of the material.
To account for this microstructure, this study introduces a novel
anatomy-based RVE homogenisation model, which is compared and
validate against methods mentioned earlier.

The numerical simulations of the anatomy-based RVE model are
based on a reconstruction of selected scanning electron microscopy
images of bamboo internodes from the literature [10]. The effective
elastic properties of the anatomy-based RVE are then obtained using the
FEA software. The results obtained from numerical RVE models,
analytical models, and available experimental data are compared. Based
on the results obtained from this study, the following can be concluded:

o The elastic strain energy ratio between the fibre and matrix phase is
used to investigate the variations in the effective elastic properties
for the single-fibre and anatomy-based RVEs.
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e The homogenised Young’s modulus E;; obtained from the anatomy-
based RVE model shows good accuracy to experimental data.

e Young’s modulus Ej; is not sensitive to fibre shape variations.
However, transversal Young’s moduli E;; and E33 are sensitive to
actual fibre geometry due to the inherent transversal anisotropy of
bamboo material.

Shear moduli Gjz, Gi3 Gzs are sensitive to fibre cluster geometry.
This is also a consequence of the transversal anisotropy of bamboo
and of the anatomy-based RVE model.

Based on the above, it was concluded that the proposed anatomy-
based RVE model is capable of capturing the transversal anisotropy of
bamboo’s microstructure. This enabled estimating the transversal
properties of bamboo playing an important role in bamboo mechanical
behaviour. This underlines the need to conduct orthotropic modelling
for bamboo to interpret experimental results, which is emphasised by
Akinbade and Harries [49]. However, it is clear that to fully uncover the
effects of orthotropic modelling further work is required. This effort can
be support by the application of the elastic strain energy ratio which
provides information on the anisotropy of the material properties. These
considerations are suggested to pursue as the next steps.

The findings of this study can also be compared with those presented
by Akinbade et al [22], where the gradient in the transverse material
properties are shown to be supported by the morphology of its compo-
nents. Therefore, accounting for the anatomy-based details is very
important to capture the intricate behaviour of bamboo structures.

To conclude, the developed autonomy-based RVE offers the possi-
bility to understand the effect of geometrical variation in bamboo. The
utilisation of autonomy-based RVE is not restricted to bamboo, as it can
be used in other natural materials such as wood, bone, and chitin. The
anatomy based RVE method eliminates the need for strict assumptions
such as those used in analytical solutions, and relies on a detailed
description of the micro-level of bamboo or other materials. In the
following steps, the authors expect to extend the study of anatomy-based
RVE homogenisation beyond the elastic phase and to develop extended
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models to elucidate the thermal and moisture content effects.
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