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h i g h l i g h t s

� PSB has better properties than commonly used structural woods.
� Strengths and moduli of PSB in principal direction and plane were reported.
� Failure mechanisms of each stress state were studied.
� Stress–strain relationships of PSB were functionally established.
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a b s t r a c t

Parallel strand bamboo (PSB) is a high strength and transversely isotropic biocomposite composed of long
narrow bamboo strands adhesively bonded under high pressure, which has been shown more and more
attractive structural applications in building and construction engineering. To well understand the
stress–strain relationships and failure mechanisms is fundamental to apply this material in construction
use. This paper aimed at studying the uniaxial properties in each principal material direction and the pure
shearing properties in each principal material plane by experiments. Stress–strain relationships and fail-
ure mechanisms in each stress state were investigated. It was found that PSB has higher and more con-
sistent strength than the commonly used woods in construction engineering. The stress–strain
relationships may be classified into 4 types, which depend on the failure modes of PSB. In parallel to grain
direction, tensile damage almost entirely contributes to the break of fibers, shows the highest strength
and linear brittle behavior among all stress states. In other cases, when the expanding of failure cracks
is restricted by fibers, the damage presents progressive process and higher strength, and the stress–strain
relationships exhibit nonlinear behaviors. When damages take place in matrix or in fiber–matrix inter-
face without fibers involved in, the material shows lower strength, and the stress–strain curves present
linear and brittle behavior. Strength of tension parallel to grain is nearly as twice as that of compression
parallel to grain. In perpendicular to grain direction, the strength of tension is much lower than the
strength of compression. The shearing strength which is perpendicular to grain is as about 3 times as that
of shearing in parallel to grain direction. Shearing in transverse-to-grain plane presents lowest modulus
and strength than those shearing in other two directions.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Parallel strand bamboo (PSB) is a high strength biocomposite
composed of long narrow bamboo strands adhesively bonded
under high pressure. The strands are often made from Phyllosta-
chys, a common bamboo species widely harvested in South China.
Usually, about 4- to 5-year-old bamboo culms are chosen to make
the strands because bamboo grows so fast that it attains maturity

within 4–6 years. Bamboo culms were firstly cut into about 2 m
long strips with the section of approximately 15 mm in width
and 3 mm in thickness, and then dried at about 80 �C tempera-
ture till the moisture content less than 11%. The strips are then
flattened into thin strands by crushing, impregnating them with
phenolic resin and gluing together parallel aligned strands under
high pressure, thus obtaining the required PSB composite. This
results in a product having consistent properties and high load-
carrying ability due to the defects of raw bamboo, such as the
part of lower strength bamboo in the top of the culm or the part
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of worm damaged, may be eliminated in the manufacturing pro-
cess. Therefore, PSB has highly distinctive microstructure and
very favorable mechanical properties, particularly a lower vari-
ability of both modulus and strength. PSB is manufactured to a
moisture content less than 11 percent, making it less prone to
shrinkage, warping, cupping, bowing or splitting. It is well suited
for using as beams and columns for post and beam construction,
and for large members in residential construction and as interme-
diate and large members in commercial building construction [1].
Since the sustainable and green buildings are gaining the interest
of designers looking to conserve energy and minimize the envi-
ronmental impact of building construction, PSB is becoming a
more and more attractive structural material used in building
engineering. Up to now, however, lots of engineering behaviors
of PSB composite, such as constitutive relations, failure mecha-
nisms, and failure criterion, are not yet well understood due to
lack of studies on this material. In fact, natural bamboo itself
can mechanically be considered as a 2-phase composite [2], in
which the long and parallel cellulose fibers serve as reinforce-
ment and the other tissues serve as matrix [2,3]. Hence the
mechanical properties of bamboo in the longitudinal direction
(parallel-to-grain direction) are significantly distinct from those
in transverse direction (perpendicular-to-grain direction) [4]. As
the bamboo strands are laid out parallel to each other in longitu-
dinal direction while they are approximately uniformly distrib-
uted in transverse direction, PSB material can be ideally treated
as a transversely isotropic composite. It has been found that
PSB composite exhibits distinct nonlinearities in constitutive rela-
tions, especially in compressive stress–strain relationship [5].
Consequently, great errors may be incurred by using linear prin-
cipal based method, which are currently used in the design of
wooden structures [6], to evaluate the load-carrying capacity or
deformation of PSB components in ultimate state.

Damage mechanism and constitutive law play an important
role in structural analysis and design. Many researches have been
implemented to study the damage mechanism or to predict the
uniaxial strength of fibrous composites [7–10]. Nonlinear uniaxial
stress–strain relationships of wood composites have been taken
into account to evaluate the structural behaviors of wood struc-
tures [11–15]. However, materials are often subjected to multi-
axial loading and been in complex stress state when they are
involved in structural use. Accordingly, failure criterion should be
taken into account for the structural application of PSB composite.
By extending von Mises yield isotropic criterion [16] to orthotropic
materials, Hill proposed a polynomial form of failure criterion for
orthotropic materials [17]. Six material constants, namely 3 tensile
and compressive strengths in principal axes and 3 shear strengths
in principal planes, should be determined by uniaxial tests for Hill’s
criterion. The differences between tensile and compressive proper-
ties were neglected in Hill’s theory; hence this criterion is not suit-
able for PSB composite because the tensile strength of it is
significantly distinct from the compressive strength. Tsai [18]
developed Hill’s theory and proposed a failure criterion for aniso-
tropic fiber reinforced composites, but the distinctions between
tension and compression of the material are still ignored. In order
to consider the differences between tensile and compressive prop-
erties of materials, Hoffman [19] developed a criterion which is as
follows

C1ðr2 � r3Þ2 þ C2ðr3 � r1Þ2 þ C3ðr1 � r2Þ2þ
C4r1 þ C5r2 þ C6r3 þ C7s2

23 þ C8s2
31 þ C9s2

12 ¼ 1
ð1Þ

In which, ri and sij (i, j = 1, 2, 3) are normal stresses in the direc-
tions of 3 principal material axes and the shear stresses in 3 prin-
cipal material planes; Ck (k = 1, 2, . . ., 9) are material constants,
which are determined by uniaxial and pure shearing experiments

in corresponding axes and planes. Perhaps Hoffman criterion can
be applied to assess the strength of PSB composite under multi-
axial stress state.

Failure criterion only establishes the correspondence between
damage and stress state for materials. To predict the overall
responses of structures, however, the entire stress–strain behav-
iors of structural materials from loading to failure must be taken
into account. For this reason, this paper aimed at studying the fail-
ure mechanisms and stress–strain relationships of PSB composite
under the uniaxial and pure shearing loading. PSB was treated as
a transversely isotropic composite. The properties of both tension
and compression in 3 principal material axes as well as the shear-
ing properties in 3 principal planes of PSB composite were investi-
gated by uniaxial and pure shear experiments. The corresponding
failure mechanisms and the stress–strain relationships were
investigated.

2. Description of PSB composite

Since natural bamboo may be treated as a fiber reinforced com-
posite with orthotropic properties [1], it is reasonable to ideally
treat PSB as an orthotropic composite as engineered wood or other
bamboo products be treated [20,21]. 3-D Descartes coordinate sys-
tem was employed in this study to describe the mechanical prop-
erties of PSB composite. The coordinate axis-1 was taken alone the
parallel to grain direction, i.e., the longitudinal direction of PSB
composite, and the coordinates axis-2 and -3 were taken alone
the other two transverse directions perpendicular to axis-1, as
shown in Fig. 1. Therefore, totally 9 elastic constants, namely 6 ten-
sile and compressive moduli in each principal direction and 3 shear
moduli, i.e., shearing in parallel to grain, in perpendicular to grain
and in transverse-to-grain plane, should be needed to describe the
elastic stiffness of this composite. Because the fibers are parallel
and continuously aligned in axial-1 direction and approximately
uniformly distributed in axial-2 and -3 directions, the material
properties are almost the same in any direction in planes 2–3
which are perpendicular to axial-1. This results in a reasonable
assumption that the PSB is a transversely isotropic material. Hence
there are actually 7 elastic constants needed to described the stiff-
ness of PSB composite, namely, 4 tensile and compressive moduli
represented by Et

11, Ec
11, Et

22, and Ec
22, and 3 shear moduli repre-

sented by G21, G23, and G12. Where, the first one of the two sub-
scripts indicates the normal direction of the plane under
consideration, and the second one indicates the direction of the
component of stress. The superscripts t and c represent tension
and compression, respectively.

Similarly, 7 strength parameters, say, tensile and compressive
strength, f t

11, f t
22, f c

11, and f c
22, and shear strength, S21, S23, and S12

respectively, are needed to describe the strength of PSB composite.
All the elastic constants and the strengths mentioned above can be
determined by uniaxial and pure shearing experiments for PSB
composite.

3. Brief to experiments

In order to investigate the failure mechanisms and the
stress–strain relationships of PSB composite, 4 types of uniaxial

1

2

3

Fig. 1. Priciple direction of PSB composite.
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