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Abstract Bamboo is a fiber-reinforced bio-composite
with superior structural behavior. The hollow structure as
well as the gradient distribution of bamboo fiber is the
embodiment of the superior bamboo construction. To val-
idate this, tensile tests were performed on bamboo test
specimens. The volume fractions of bamboo fiber and
parenchymatous ground tissue along the radius of the culm
wall were scanned and calculated. The elastic moduli of
bamboo fiber and parenchymatous ground tissue were
estimated, according to the linear equations obtained by
regression analysis. With the equivalent volume, a
numerical hollow model and solid model were built to
make comparative analysis on their mechanical behavior.
For the purpose of verifying the advantage of fiber gradient
distribution, models, which were composed of fiber and
parenchymatous ground tissue with different fiber distri-
butions, were built for comparative analysis. Results show
that under the condition of using the same material, the
hollow structure as well as fiber gradient distribution of
bamboo possess excellent mechanical performance of
bamboo structure.
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Introduction

Moso bamboo is a common renewable structural material
with excellent mechanical performance. The structure of
moso bamboo is unique and perfect, which the conical and
hollow structure with diameter and culm-wall thickness
that decreases along the height direction. When the total
amount of the material as well as the height is constant, the
structure will have obvious advantages in bearing loads
compared with other structures.

At present, many studies focus on mechanical properties
of bamboo. Ahmad et al. [1] have studied the physical and
mechanical characteristics of Calcutta bamboo with respect
to location along the length of the bamboo culm, nodes
versus internodes section, and radial versus tangential
directions. Low et al. [2] have investigated the
microstructure, mechanical, impact, and fracture properties
of Australian bamboo. Hankun Wang et al. [3] established
and validated a two-variable model for predicting the
combined effects of moisture content and specific density
on compressive strength parallel to the grain for moso
bamboo. Amada et al. [4] have reported on the fracture
toughness of bamboo culms and nodes. It was concluded in
the paper that the fracture toughness of the bamboo culm
depends on the volume fraction of fibers. Obataya et al. [5]
have compared the bending properties of split bamboo
culm with those of spruce and beech wood specimens.
Verma et al. [6] have analyzed the tensile properties of
bamboo laminae, which were prepared from bamboo
slivers, and were selected from different regions of bamboo
culms (Dendrocalamus strictus). Yu et al. [7] have mea-
sured the mechanical properties of single bamboo fibers,
extracted from 11 commercial bamboo species with a
microtensile technique to understand bamboo fibers’ rein-
forcing potential. Gutu [8] carried out the experiments on
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the strength properties of bamboo, including tensile, com-
pressive, bending, stiffness, elasticity, hardness, and dura-
bility of bamboo, in order to resist different forces or loads
on structural members. Liu et al. [9] pointed that bamboo
fibers possess versatile advantages of easy accessibility,
high aspect ratio, and strength-to-weight ratio, which make
the ideal potential replacements for manmade fibers.

The bamboo culm wall is mainly composed of bamboo
fibers and parenchymatous ground tissue. An increasing
distribution density of bamboo fibers exists from the inner
to the outer part of the culm wall along the radial direc-
tion. Thus, the macro-mechanical properties of bamboo
are variable along the same direction. Ghavami et al. [10]
have made meso-structure analyses of bamboo culms
through Digital Image Analysis and established the vari-
ation of the volume fraction of the cellulose fibers across
the transversal section of the bamboo. Tommy et al. [11]
have concluded that the fiber density of sclerenchyma
tissue within the bamboo is a good indicator of the
strength capacity of bamboo. Ray et al. [12] pointed out
that bamboo is one of the best functionally gradient
composite materials available, with the fibers that vary
from outer to inner-most periphery, and the structural
behavior causes the variation of tensile strength. Hankun
Wang et al. [13] determined longitudinal tensile modulus,
ultimate tensile strength and elongation at break of single
bamboo fibers aged 0.5, 1.5 and 2.5 years old for four
different moisture content levels thinking that the
mechanical response of bamboo fibers to variation in
moisture content has a direct influence on the performance
of bamboo fiber-based products. Shao et al. [14] have
analyzed the mechanical properties of bamboo as a func-
tion of its components; they also have estimated the tensile
strength, modulus of elasticity (MOE) of bamboo fiber,
and parenchymatous tissue.

Most work in the literature that characterizes bamboo is
experimental, and dedicated to estimating strength and
stiffness properties. However, very little work, which treats
the modeling of natural fibers, has been found in the lit-
erature. Silva et al. [15] have investigated the structural
behavior of bamboo by using finite-element method and
homogenization methods. Three-dimensional models of
bamboo were built and simulated under tension, torsion,
and bending load cases. Tan et al. [16] studied the local
variations in the Young’s moduli of moso culm bamboo
cross-sections by using nanoindentation techniques. Then,
these are incorporated into finite-element models in which
the actual variations in Young’s moduli are used to model
the deformation of bamboo during fracture toughness
experiments, and to predict the toughening observed during
resistance curve tests.

Although bamboo is now a well-established area of
interest, there is still a dearth of knowledge relating to
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treating the modeling of natural fibers using numerical
methods. Most scholars dedicate to estimating strength and
stiffness properties experimentally, there is still very little
study on the bamboo about verifying the advantage of
bamboo construction numerically. Hence, this work will
address this issue by building models composed of fiber
and parenchymatous ground tissue with different fiber
distributions for the purpose of verifying the advantage of
fiber gradient distribution on the basis of the experimental
data.

In this study, tensile tests were performed on bamboo
test specimens. The volume fractions of bamboo fiber and
parenchymatous ground tissue along the radius of the culm
wall were measured and calculated. The elastic moduli of
bamboo fiber and parenchymatous ground tissue were
estimated according to the linear equations obtained by
regression analysis. A numerical hollow model and a
numerical solid model with the equivalent volume were
built to make comparative analysis on their mechanical
behavior. Models composed of fiber and parenchymatous
ground tissue were built to verifying the advantage of
bamboo construction, which were based on real distribu-
tion to analyze the effects of fiber gradient distributions on
bamboo structural behavior.

Experimental theory

Bamboo is a fiber-reinforced bio-composite whose culm
wall is mainly composed of bamboo fiber and parenchy-
matous ground tissue. Bamboo fibers have high strength
and MOE, while parenchymatous ground tissue has low
strength and MOE. In view of mechanical behavior, the
bamboo block can be simplified as a composite of parallel
connection model, which is composed of fibers and
parenchymatous ground tissue. g, o¢, o, were noted as the
tensile stress of the bamboo specimen, fiber and
parenchymatous ground tissue, respectively. ¢, E and A
were the corresponding strain, MOE, and area on the
transverse section of the bamboo specimen. The volume
fractions of bamboo fiber V; and parenchymatous ground
tissue V;, can be calculated as Vy = Ay/A and V, = A /A,
respectively. It is also obvious that Vy + V, = 1 is ten-
able. When the specimen bears external forces, according
to the parallel connection model, the fibers and
parenchymatous ground tissue should share the loads, and
their strains are equal. Therefore, the following equations
can be deduced:

o=ofVi+0o,Vy, =0oVi + Gp(l - Vi) (1)
E = E¢V; + E,V, = EfV; + E, (1 —=Vy) (2)

According to Egs. 1 and 2, the MOE of fiber and
parenchymatous ground tissue can be -calculated by



J Wood Sci (2015) 61:569-577 571
Fig. 1 Shape and dimension of
the bamboo specimens for
tensile test
10mm

analyzing the relationship between the MOE of bamboo
specimen and the corresponding fiber volume fraction.

Materials and experimental methods
Experimental material and tension specimen

The moso bamboo (Phyllostachys pubescens) used in the
experiment was 4 years old, and acquired from the Ling-
feng hill (30°36'27.63 N, 119°38'29.54 E), Anji County,
Zhejiang Province, China. The total height was about
11.5 m, and the diameter at breast height was 9-10 cm.
Specimens were taken from internode sections, which were
full meters (from 1 to 10 m) above the ground. The culm
sections were longitudinally split into 100 mm (longitudi-
nal) x 10 mm (tangential) strips after air-drying. Each
strip was delaminated into four pieces. The distribution
density of bamboo fiber increases from the inner to the
outer part of the culm wall along the radial direction in the
transverse section of moso bamboo. Therefore, bamboo is a
typical functional gradient material. As the radial thickness
of the specimen has the small size (1.2 mm), the specimen
can be considered as a uniformly unidirectional fiber-re-
inforced bio-composite. To keep fiber alignment straight,
each strip was delaminated into four pieces in the radius
direction along the fiber direction after the culm sections
were longitudinally split into strips. As the pieces are rel-
atively short, fiber integrity has been maintained well in the
pieces, and then polished the pieces very carefully to make
sure most of the fiber keeps straight in the specimens. Thus,
the final shape and the dimension of the specimens for
tensile tests are shown in Fig. 1.

Measurement of mechanical properties of moso
bamboo

Tensile tests on bamboo test specimens

Tensile tests were performed on an Instron model 5848 ultra-
high precision materials testing machine. The equilibrium
moisture content of the specimens was 9.7 %, the test room
temperature was 25 °C, and the humidity was 19 %. The

Fig. 2 Specimen mounted in the materials testing machine

specimens were placed on the testing machine with a dis-
placement sensor installed on the effective experiment sec-
tion of the specimen to obtain the elongation (Fig. 2). The
specimens were loaded at a constant crosshead speed of
1 mm/min until tensile strain reaches 1 %. Figure 3 shows
that four o—¢ curves are measured on bamboo blocks with
different V¢ values. The parts from the beginning of loading
to the ending point were entirely linear. Thus, the MOE of
each specimen can be calculated with the strain scope of
0.2-0.5 % according to its o—¢ curve.

Fiber volume fraction measurement

After the tensile tests, samples were taken near the fracture
surface of the bamboo specimens to estimate the value of
Vi by measuring A#A on transverse sections. After pol-
ishing until being smoothed, the transverse sections of the
specimens were observed under a stereoscopic microscope
to get the images of the sections. The values of Ay/A were
then measured by Digimizer, which is an image analysis
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software. An example of a series of treated images of the
sample section from the outer to the inner part of a culm
wall is shown in Fig. 4. The volume fractions of fiber were
42.39, 22.53, 14.98, and 11.11 %, respectively.

Mechanical properties of moso bamboo

Scatter diagram of the relationship between V; and MOE
was done linear fit, equation of linear regression and the
corresponding trend line were obtained and shown in
Fig. 5. The coefficient of determination R* is 0.9368, which
indicates using equation of linear regression to describe the
relationship of V; and MOE is appropriate. When the MOE
and fiber volume fraction were associated with each other,

300
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Fig. 3 Stress—strain curves of tensile tests on bamboo specimens with
different fiber volume fractions

Fig. 4 Section images obtained
from microscope. a—d Cross
images of sections of the
samples located along the radial
direction from the outer to the
inner part of a culm wall and the
corresponding values of V; were
42.39, 22.53, 14.98, and

11.11 %, respectively
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significant and positive linear relationships, were found
between the MOE and V; of the specimens, as shown in
Fig. 5.

Based on the fitted linear equation between the MOE
and V; of the specimens,

E =40.839V; +0.448 = 41.287 V; + 0.448 (1 — V¢) (3)

The MOE of fiber and parenchymatous ground tissue
were estimated as Ey = 41.287 GPa and E, = 0.448 GPa
via Eq. 3. And the numerical values of V; and MOE are
similar to those in the Ref. [14], respectively, in which
E; =404 GPa and E, =0.22 GPa. The difference
between the values of E, may be due to the type difference
of moso bamboo. Thus, it can be seen that fiber is the main
load-carrying part which determines the tensile properties
of bamboo. Besides, the results support the hypothesis that
bamboo is a unidirectional fiber-reinforced composite.

Finite-element analyses of bamboo

The hollow structure, as well as the gradient distribution of
bamboo fiber is the embodiment of the superior bamboo
construction. To validate this, numerical models were built
based on the experimental data for comparative analysis.

The effect of hollow structure on behavior
of bamboo structure

When the total amount of the material as well as the height
of the structure is constant, the hollow structure has
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Fig. 5 Relationship between fiber volume fraction (Vy) and MOE of
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Fig. 6 The hollow model (a) and the solid model (b)

obvious advantages over solid structure in bearing loads.
To validate the superiority of the hollow structure of
bamboo, a numerical hollow model and a numerical solid
model with equivalent volume of material were built to

make comparative analysis on their mechanical behavior.
The hollow model is a hollow tubular structure with a
length of 500 mm, an outer radius of 52.83 mm, and an
inside radius of 42.96 mm. The dimension data comes
from the measured data of a section of moso bamboo. The
solid model, which can be thought as wood which has a
solid structure with graded elastic properties depended on
microfibril angle in the cell wall, was built to emphasize
the advantages of hollow reinforced tubular structures. The
hollow model and solid model (Fig. 6) are divided into 4
layers along the radial direction, respectively, getting the
axial MOE of each layer from the tensile results of bamboo
specimens. Anisotropic materials were used in the two
models. The mechanical properties of the material of each
layer are the same except the axial MOE (E,), which is
shown in Tables 1, 2.

To simulate the actual situation of bamboo, the analysis
model is constrained by a fixed end, and the other end is free.
A bending moment of 10° N mm is loaded at the free end.

Since the hollow model and solid model are divided into
4 layers along the radial direction, respectively, the axial
MOE E,; and inertia moment I,; of each layer are different
from layer to layer. Thus, M = > M;, and the bending
moment M; of each layer can be obtained by Eq. 4.

1M
P Exilzi

(4)

The maximum axial stress appeared on the cross section
in the middle position of each model can be calculated via
Eq. 5, an equation for calculating the maximum stress of
pure bending.

E. .
O'max — xtymax (5)
p
The maximum displacement of each model can be
acquired by using the unit load method. The displacement
calculation equation is as Eq. 6.
MM,

A= (6)

)
0 Exilzi

@ Springer



574

J Wood Sci (2015) 61:569-577

Table 3 The analytical and numerical solutions of hollow model and solid model

Model Maximum displacement (mm)

Analytical solution Numerical solution

Maximum axial stress on the middle cross section (MPa)

Analytical solution Numerical solution

2.337
9.374

2.333
9.414

Hollow model
Solid model

where M is the bending moment caused by the unit load.

Thus, analytical and numerical solutions of the two
models are solved, and the data of maximum deformation
as well as maximum axial stress that appeared on the cross
section in the middle position of each model are extracted
from the solved results.

The analytical and numerical solutions of hollow model
(Fig. 6a) and solid model (Fig. 6b) are shown in Table 3.
As seen from the table, there is very small difference
between the solutions of the analytical model and the
numerical model. The maximum error between the two
solutions is only 0.57 %.

For the purpose of comparing the analytical and
numerical solutions of the maximum axial stress, the
maximum axial stress that appeared on the cross section in
the middle position of each model is extracted from the
results, as is shown in Fig. 7a, b.

As we can see in Fig. 7, the analytical and numerical
solutions of the maximum axial stress that appeared on the
cross section in the middle position of each model agreed
well with each other in every layer, but differ in the border
between two layers; because the axial MOE of the ana-
Iytical model suddenly changed in the border at the adja-
cent surface of two layers, the axial stress appeared step
changed in the analytical model. While the axial stress in
numerical model was the average of the axial stress at the
junction of two layers.

By comparing the analytical solutions of the two mod-
els, we can notice that the maximum displacement of
hollow model is only equal to 24.93 % of that of solid
model, while the maximum axial stress in the middle
position of hollow model is only 42.83 % of that of solid
model. Accordingly, we can draw a conclusion that under
the condition of using the same material, hollow structure
of moso bamboo has clear and significant advantages over
solid structure on the aspects of strength and stiffness.

The effect of fiber gradient distribution on behavior
of bamboo structure

Bamboo fiber volume fractions decrease along the radial
direction from the outer to the inner part of a culm wall,
making bamboo become a typical functionally graded
material. For the purpose of analyzing the effects of fiber
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Fig. 7 Axial stress of solid model (a) and hollow model (b)

gradient distribution on behavior of bamboo structure,
models, which are composed of fiber and parenchymatous
ground tissue, were built based on different fiber distribu-
tions for comparative analysis.

By analyzing the shape and distribution rule of bamboo
fiber on cross sections of natural bamboo (Fig. 8), squares
and triangles with different sizes are arranged in a hierar-
chy to simulate the distribution of bamboo fiber, while
materials among the fibers are set to be a parenchymatous
tissue. In the Fig. 8a, the dark part, which can be fit into a
square, represents that the shape of fiber can be simplified
as square. The area of the fiber close to outer of bamboo is
so small that we use triangle to simulate it. As to the dis-
tribution of bamboo fiber, the geometric centers of the
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Fig. 8 Cross section of natural bamboo (a) and numerical model (b)

adjacent squares in circumferential direction are on the
same circle, there is the same number of squares on the
same circle, and we control the fiber percentage by
adjusting the square area in the layers from outer to inner.

Three numerical models composed of fiber and
parenchymatous ground tissue were built. The first model
(Model 1) is solid cylinder, which has the same material
volume with the solid model as Fig. 6b (see Fig. 9a).
Figure 9a shows the cross section of Model I, from which
we can see fiber distributes evenly from outside to inside
along the radial direction. The volume fraction of the fiber
is 26.1 %, which comes from the measured data of moso
bamboo. The second model (Model II) and the third model
(Model III) are hollow cylinders whose shape and size are
the same as the above-mentioned hollow model (see
Fig. 6a). The difference between Model II and Model III is
that the fiber of Model II distributes evenly from outside to
inside along the radial direction (Fig. 9b) while the fiber
has graded distribution in Model III (Fig. 9c¢).

To make the analysis effectively and comparatively of
the three models, the cross section of each model was
divided into 8 layers. Changing the fiber volume fraction of
each layer simulates the uniform fiber distribution and the
gradient fiber distribution of the three models. Figure 10
shows the fiber volume fraction of each layer of Model II
(Fig. 10a) and Model III (Fig. 10b). By comparing the
results of Model II and Model I, whether hollow structure

Fig. 9 Cross section of Model I (a), Model II (b) and Model III (c)
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Fig. 10 Fiber volume fraction of each layer of Model II (a) and
Model III (b)

Table 4 Maximum displacement and maximum axial stress

Model Maximum Maximum axial
displacement stress (MPa)
(mm)
Model I: solid model with 12.249 172.830
uniform fiber distribution
Model II: hollow model with 2.483 62.284
uniform fiber distribution
Model III: hollow model with 2.177 54915

gradient fiber distribution

has advantage over solid structure on strength and stiffness
under the condition of using the same material can be
studied. And comparing the results of Model II with those
of Model III, we can investigate that whether the fiber
gradient distribution of bamboo makes the mechanical
performance excellent for the bamboo structure.

The three models were solved under the same loads and
boundary conditions. The maximum displacement of the
whole model as well as the maximum axial stress on the
cross section in the middle position of the model is
extracted from the solution, as is shown in Table 4.

By comparing the results of Model II and Model I, it can
be seen that the maximum displacement of Model II is only
20.27 % of the maximum displacement of Model I, while
the maximum axial stress in the middle position of the
former is only 36.04 % of the latter. This illustrates that
under the condition of using the same material, hollow
structure has clear advantage over solid structure on
strength and stiffness.
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Similarly, by comparing the results of Model II and
Model III, we can see that the maximum displacement of
Model III is 12.32 %, which is less than that of Model II;
the maximum axial stress in the middle position of the
former is 11.83 %, which is less than that of the latter. It
shows that the mechanical properties of bamboo structure
were significantly improved because of the fiber gradient
distribution.

As we can see via comparison, the maximum displace-
ment of Model III is only 17.77 % of the maximum dis-
placement of Model I, while the maximum axial stress in
the middle position of the former is only 31.77 % of that of
the latter. Accordingly, we can conclude that under the
condition of using the same material, hollow structures as
well as the fiber gradient distribution of bamboo make the
mechanics performance excellent for the bamboo structure.

For the purpose of characterizing the utilization degrees
of tensile strengths of fiber and parenchymatous ground
tissue in the analytical model, the notion of strength
capacity is introduced below. Taking fiber as an example,
the strength capacity of fiber is the ratio of the difference
between the tensile strength and the maximum axial stress
to the tensile strength of fiber. The ratio can be calculated
by Eq. 7.

o = 227 100 %, (7)
Ofb

where oy is the maximum axial stress and oy, is the tensile
strength of fiber. The tensile strength of fiber og, is
587.786 MPa, while the tensile strength of parenchymatous
ground tissue o, is 13.494 MPa. The maximum axial
stresses of fiber and parenchymatous tissue in the middle
position of each model are extracted from the solution, and
the strength capacities of fiber and parenchymatous tissue
are calculated, as is shown in Table 5.

By comparing the strength capacities of fiber and
parenchymatous ground tissue of Model III and Model I,
we can see that strength capacities of fiber and
parenchymatous tissue of the former model is 29.88 and
7.82 %, which are greater than those of the latter model,
respectively. In other words, assuming the safety factors
of fiber and parenchymatous ground tissue in Model I are
1, then the safety factors of fiber and parenchymatous
ground tissue in Model II are 2.83 and 2.89, respectively.
Further on, the safety factors of fiber and parenchyma-
tous ground tissue in Model III are 3.23 and 3.30,
respectively. In the perspective of comparing the strength
capacities of fiber and parenchymatous ground tissue of
each model, it can be seen that hollow structure as well
as fiber gradient distribution of bamboo are the major
reason why bamboo structure has excellent mechanics
performance.
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Table 5 The residual strengths of fiber and parenchymatous ground tissue
Model numbers Maximum axial Residual strengths Maximum axial stress of Residual strengths of
stress of fiber of fiber ay (%) parenchymatous ground parenchymatous
or (MPa) tissue o,,, (MPa) ground tissue o, (%)
Model 1 177.640 69.78 1.362 89.91
Model II 62.833 89.31 0.471 96.51
Model III 55.096 90.63 0.413 96.94
Conclusion 2. Low IM, Che ZY, Latella BA, Sim KS (2006) Mechanical and

The mechanical properties of moso bamboo were measured
and simulated. The main results show that:

(1) The maximum displacement of hollow model is only
2493 % of the maximum displacement of solid
model, while the maximum axial stress in the middle
position of hollow model is only 42.83 %. It
illustrates that under the condition of using the same
material, hollow structure, such as bamboo, has a
clear advantage over solid structure on strength and
stiffness.

(2) Bamboo fiber volume fractions decrease along the
radial direction from the outer to the inner part of a
culm wall making bamboo become a typical func-
tionally graded material. Three models composed of
fiber and parenchymatous ground tissue were built
based on different fiber distributions for comparative
analysis. Assuming the safety factors of fiber and
parenchymatous ground tissue in the solid model are
1, then the safety factors of fiber and parenchyma-
tous ground tissue in the fiber evenly distributed
hollow model are 2.83 and 2.89, respectively;
furthermore, the safety factors of fiber and parenchy-
matous ground tissue in the fiber gradient distributed
hollow model are 3.23 and 3.30, respectively. It can
be seen obviously that the mechanical properties of
bamboo structure are significantly improved by
hollow structure and fiber gradient distribution.
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