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Multiscale Modelling of Moso Bamboo Oriented Strand
Board
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The modulus of elasticity (MOE) of three-layer moso bamboo
(Phyllostachys pubescens Mazel) Oriented Strand Board (OSB) was
modelled using a multiscale approach proposed for wood OSB. The
modelling approach for wood OSB was adapted to bamboo OSB by
accounting for the different structures of wood and bamboo tissue. The
MOE of moso bamboo OSB was measured previously in bending; the
strands in the surface layer had a preferred orientation and were either
from the internode region of the culm or contained node tissue. The model
for loading parallel to the preferred orientation of the surface strands gives
a good description of the measured values of MOE for boards with
internode surface strands (8.6 GPa modelled compared to 8.1 GPa
previously measured), but overpredicts that for boards with surface
strands containing nodes (8.8 GPa modelled compared to 6.7 previously
measured). The model for loading perpendicular to the preferred
orientation of the surface strands gives a good description of the MOE
data if the core layer moduli are estimated using compliance averaging,
for specimens with and without nodes (1.5 GPa modelled compared to 1.5
GPa previously measured).
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INTRODUCTION

The full potential of bamboo for structural applications has yet to be realized. The
design and use of structural bamboo products (SBP) allows more efficient use of this
renewable resource. Bamboo-bundle laminated veneer lumber, laminated bamboo lumber,
and bamboo Oriented Strand Board (OSB) are examples of such possibilities (Mahdavi et
al. 2011; Chen et al. 2014; Semple et al. 2015c). In particular, bamboo OSB can be used
in paneling and sheathing applications, with reduced material waste compared to laminated
boards. Bamboo OSB has great potential for industrial production, for example, in terms
of consistent quality and efficiency of mass production (Semple et al. 2015c¢).

Bamboo has a considerably more heterogeneous structure than wood (Liese 1987;
Sjostrom 1993; Wegst 2011). The tissue is primarily composed of vascular bundles and
parenchyma. The structure resembles a fiber-reinforced composite, with the vascular
bundles (composed of fibers and conducting cells) and parenchyma acting analogous to
fiber and matrix, respectively (Liese 1987; Amada et al. 1997). The volume fractions of
vascular bundles and their associated fibers increase sharply radially, going from the inside
to the outside of the culm wall (Liese 1987; Nogata and Takahashi 1995; Amada et al.
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1997; Ghavami et al. 2003; Liu et al. 2014). This heterogeneity and the resulting density
gradient are important to consider in manufacturing and modelling of structural bamboo
products. For instance, the heterogeneous tissue of bamboo can lead to significant strand
roughness, if not sliced cleanly (Semple et al. 2015a, b), which then could impact the
bonding and performance of a bamboo product.

Wood OSB is widely used in sheathing and other applications (Hoadley 2000;
Chapman 2006). Strands, which serve as the structural elements of the product, are cut
from logs, then spray coated with resin. These coated strands are then formed into a mat,
which undergoes a hot-pressing procedure, consolidating the mat into a board (Chapman
2006). Several interplaying phenomena occur in the mat during the pressing operation,
including heat and mass transfer, water-steam phase change, resin curing, and
consolidation, densification, and stress relaxation in the wood. These phenomena give rise
to a density gradient generally characterized by high-density faces and a low-density core;
the core typically has less densified material (Kamke and Casey 1988; Wolcott et al. 1994;
Xu 1999; Wang and Winistorfer 2000; Winistorfer et al. 2000). The density gradients
through the thickness of such composites are commonly referred to as vertical density
profiles (VDPs). The VDP is critical to the mechanical performance of a board (Wang and
Winistorfer 2000; Winistorfer et al. 2000; Wang et al. 2004; Painter et al. 2006a).

Early models for the mechanical properties of wood OSB assumed a uniform
density profile (Shaler and Blankenhorn 1990; Xu and Suchsland 1998). Subsequently,
laminate theory was used to model many layered boards with varying density in the
different layers, resulting from the compaction of the strands during processing (Xu 1999).
Painter and colleagues (2006a) constructed a model that predicts the VDP of OSB and then
uses the framework of Xu and Suchsland (Xu and Suchsland 1998; Xu 1999) to predict the
MOE of OSB (Painter et al. 2006b). A rigorous continuum micromechanics approach was
taken by Sturzenbecher et al. (2008) to model veneer strand board, consisting of slender
large area wood strands of uniform size and geometry. More recently, Malekmohammadi
et al. (2015) developed a multiscale analytical modelling framework for predicting the
MOE of OSB by accounting for the board’s properties at three length scales: micro, meso,
and macro. The latter, more comprehensive framework provides a multiscale approach to
modelling OSB, permitting adjustments for different types of plant tissues, such as
bamboo, other grasses, and palms. In this study, this multiscale approach was adapted to
model the flexural modulus of bamboo oriented strand board; the model is described in
more detail in the modelling section.

Using Phyllostachys pubescens Mazel, or moso bamboo, Lee et al. (1996)
demonstrated that it is possible to manufacture bamboo OSB and that its properties could
meet industrial requirements. The effects of strand orientation in the board layers, board
density, and strand length on the properties of moso bamboo OSB have been reported
previously (Sumardi et al. 2007; Sumardi and Suzuki 2013; Sumardi et al. 2015). Recently,
the fabrication and properties of moso bamboo OSB (Semple et al. 2015c, d), as well as
details regarding moso and Guadua angustifolia Kunth bamboo strand production and
classification, have been documented (Semple et al. 2015a, b). Moso OSB is stronger than
wood analogs, but similarly stiff (Lee et al. 1996; Semple et al. 2015c).

This study models the MOE of moso bamboo OSB, using the approach of
Malekmohammadi et al. (2015) to relate the properties of bamboo tissue to those of strand-
based bamboo products — specifically, the three-layer pure moso (core and surface moso
furnish) OSB manufactured by Semple et al. (2015c). These boards had average densities
(700 to 720 kg/m®) and MOEs (6 to 9 GPa) (Semple et al. 2015c) along the parallel
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direction slightly above the ranges reported for aspen OSB (450 to 710 kg/m? and 4 to 8
GPa) by Chen et al. (2010). Thus, they have potential for construction, and merit study.
The model results are compared to previously measured values of MOE for the moso
bamboo OSB boards (Semple et al. 2015c). This comparison is made to only assess initial
validity of the model. For full model verification a larger statistically valid sample size is
needed to capture the variability of bamboo OSB. The primary objective of this work is to
present a model for bamboo OSB built on data. The presented model would enable the
design of an extensive program in the future.

EXPERIMENTAL

Materials

The moso OSB boards modelled in this study were three-layer boards, with oriented
strands in the faces and random strands in the cores, manufactured and experimentally
characterized by Semple et al. (2015c). In addition to the strands, all three layers had
intermediates and fines. Furnish classified as intermediates was treated as strands in the
model. All of the furnish was moso bamboo, and the resin was phenol formaldehyde (PF).
Two types of the boards were manufactured and modelled: one with surface strands
containing no nodes, referred to as internode, and the other with surface strands containing
nodes, referred to as node. Details regarding the manufacture and testing of these materials
can be found in the work of Semple et al. (2015c, d).

Methods
VDP characterization

The distribution of density though the thickness of the boards was measured using
an X-ray density profilometer (Model QDP-01X, Quintek Measurement Systems,
Knoxville, TN) at intervals of 0.1 mm through the thickness of each specimen measuring
50 mm by 50 mm square. The VD profiler constructed an average profile from 10
specimens evenly distributed over the board and cut adjacent to the bending specimens,
with four boards total, representing two internode boards and two node boards. Data for
the density of the actual bending test specimens were not available for model development,
and so the density of the adjacent VDP specimens was considered to be representative of
the density of the rest of the board and test specimens.

Strand orientation distribution characterization

Three 150 mm by 150 mm sections of internode moso OSB were used to
characterize the in-plane strand orientation distribution. To characterize the distribution
throughout the board, layers were removed by milling. Images of the boards were captured
at the top surface, mid-depth in the surface layer, the initial core surface, and mid-depth in
the core layer (which was mid-depth of the entire board). A digital camera (Nikon J1
Model, Melville, NY) was used to capture images, which were then analyzed manually in
Image J software (National Institutes of Health; https://imagej.nih.gov/ij/) to determine the
strand orientation distribution.

Modelling
As shown schematically in Fig. 1, the board properties were calculated, considering
three length scales: micro (the bamboo strand), meso (the strand and resin), and macro (a
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thin sublayer with a distribution of strands and the entire board). Several parameters, such
as compacted strand densities and thicknesses; strand, fines, resin, and void volume
fractions; and resin coverage characteristics (resin thickness and resin area coverage) in the
different layers of the board were needed in this approach. In a preprocessing step, these
layer parameters were back-calculated from the board data such as the board resin content,
fines content, density profile, etc. These parameters were then used in the following steps.
In the micro-mechanical step, the compacted strand densities (calculated in the
preprocessing step), and the inputs of a density-Young’s modulus relationship and bamboo
elastic constant ratios were used to calculate the strand properties in each layer.
Subsequently, at the mesoscale these strand properties were used with the resin coverage
characteristics (calculated in the preprocessing step) and estimated resin properties (which
were inputs in this mesoscale step) to calculate the properties of the resin and bamboo
composite strand. In the first macro-mechanical step, these composite resin bamboo strand
properties were used with the strand orientation distribution, which was the external input
of this step, to calculate layer properties. In the final step, the relevant layer properties were
then integrated over the board thickness for effective rigidities, which are then used to
calculate board MOEs on the parallel and perpendicular directions to the preferred strand
orientation. The board and test geometry was the input of this final step. These steps of this
model are discussed in more detail in this section.
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Fig. 1. Schematic of model framework

In the preprocessing step, boards were divided into roughly 100 sublayers based on
experimental VDPs. The four measured summary VDPs, were employed for this purpose;
two for boards with surface layers with internode strands and two for boards with surface
layers with nodes in the strands.

The densities of the sublayers were determined from the VDPs and were combined
with board data to calculate the inputs to the model, including resin, void, fines, and strand
volume fractions; compacted strand thicknesses and densities; and resin coverage
characteristics of each sublayer. Note that the board data is often documented by board
manufacturers; thus many of the preprocessing input parameters’ values are based on the
work of Semple et al. (20154, c, d). As previously noted, furnish classified as intermediates
was treated as strands. These inputs are shown in Table 1.
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Table 1. Preprocessing Inputs

Pbamboo Strand
(parent Strand | Strand thickness
material)t | presn® | length* | width* | (uncompacted)*
Wistrands® Whines! Wresin?2 | Wwax!+? (kg/m3) (kg/m3) (mm) (mm) (mm)
81% 13% 6% 0% 745 1400 130 12.9 0.65
W refers to weight fraction. Furnish classified as intermediates is treated as fines. References: 1
(Semple et al. 2015c), 2 (Semple et al. 2015d), 3 (Malekmohammadi et al. 2015), 4 (Semple et al.
2015a)

The densities of the sublayers from the VDPs, PF resin weight fraction of 6%
(Semple et al. 2015¢, d), and assumed resin density of 1400 kg/m?® (Malekmohammadi et
al. 2015) are used to calculate resin volume fractions in each layer. VVoid volume fraction
is then calculated similarly, with a parent material density of 745 kg/m® (Semple et al.
2015c) and assuming no densification in the core (minimum density layer in middle region
of the board depth). The strand to fine weight ratio of the furnish is used with resin and
void volume fractions to calculate their volume fractions and compacted densities (density
of the fines and strands are equal in each layer) in each of the layers. Strand dimensions
are taken simply by using moso strand dimension averages noted by Semple et al. (2015a),
namely 0.65 mm for uncompacted thickness, 12.9 mm for width, and 130 mm for length.
These dimensions (thickness corrected for compaction) and the calculated strand volume
fraction are then used to estimate resin thickness, tr. This thickness is then used with the
resin volume fraction to calculate the resin area coverage. Further information on the
preprocessing step can be found in Malekmohammadi et al. (2015).

In the micro-mechanical step, in contrast to Malekmohammadi et al. (2015), the
longitudinal Young’s moduli of the strands was estimated using the linear density-Young’s
modulus relationship given by Dixon and Gibson (2014) for internode material (see Fig.
2). The linear relationship used was empirical; a model for the longitudinal Young's
modulus built from microstructural observations gives similar results (Dixon and Gibson
2014).
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Fig. 2. Moso bamboo E-p relationship for specimens from the internodes
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It should also be noted that this relationship, used to calculate longitudinal strand
Young’s moduli, was obtained from bending tests on small samples (n = 27), cut from
different positions in a moso bamboo culm section (Dixon and Gibson 2014). The
longitudinal MOE was approximated as the longitudinal Young’s modulus, E; shearing
effects were negligible because the span to depth ratio of the beams was greater than 20.

While the density-Young’s modulus relationship that was used in the model is
empirical, it has microstructural justification. As noted previously, the microstructure of
bamboo is similar to a unidirectional fiber-reinforced composite. The density, p* (kg/m3),
of such a structure is given by the rule of mixtures (treating all non-fiber tissue as
parenchyma matrix, Vi =1 — Vm),

,0* =PVt + PV 1)

where, p and V denote densities (kg/m®) and volume fractions, respectively, and the
subscripts f and m refer to the fibers (fibers) and matrix (parenchyma), respectively.
The longitudinal Young’s modulus, E* (GPa) follows the same rule of mixtures,

E'=E\V, +EV, @)

in which E refers to Young’s modulus (GPa). Combining Eq. 1 and Eqg. 2 results in a linear
density-Young’s modulus relationship,

. Ef-E ., E -E
_ f m P + mpf fpm (3)
Pt = Pnm Pt = Pnm

This is a departure from the approach of Malekmohammadi et al. (2015),
accounting for the different microstructures of wood and bamboo, while retaining the
analytical nature of the wood micro-mechanical relationship of Gibson and Ashby (1997)
used in the framework of Malekmohammadi et al. (2015). This relationship, developed
from internode material, is applied to the boards composed of surface strands both without
and with nodes; the nodes are not accounted for at the microscale. Notably, other linear fits
with different constants for bamboo developed in the future (be it for tissue of other species,
harvested from a particular location, etc.) could be easily exchanged here in this
framework.

The ratios of the Young’s moduli along the tangential and radial directions and all
the shear moduli to the longitudinal Young’s modulus for moso bamboo are given by Bai
(1996) in Table 2.

These ratios are used to calculate the radial and tangential Young’s moduli and the
shear moduli of the strands. These ratios are assumed constant at all densities. Likewise,
the Poisson’s ratios are taken as constants at all densities (Bai 1996).

E

Table 2. Elastic Constant Ratios (Bai 1996)

ET/EL Er/EL Gu1/EL GLr/EL Gr1/EL VLT VIR VRT

0.053 0.069 0.085 0.079 0.028 0.341 0.390 0.308

E refers to Young’s modulus, G to shear modulus, and v to Poisson’s ratio. L, T, and R refer to
the longitudinal, tangential, and radial directions of the wood respectively.
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In the mesoscale step, analytical micromechanics equations, developed by
Malekmohammadi et al. (2014) were then applied to calculate the properties of the unit
cell, namely, a bamboo strand covered in resin. These equations, which can be found in
Malekmohammadi et al. (2014), were developed from the application of iso-stress
conditions followed by iso-strain conditions on a strand completely covered with resin. The
resin’s Young’s modulus, Er (GPa), was taken to be 7.60 GPa, the value taken by
Malekmohammadi et al. (2015) to model experimental boards also made with PF resin
manufactured by Chen et al. (2010); assuming isotropy and using a Poisson's ratio of 0.3,
its shear modulus was taken to be 2.92 GPa. It is also noted the values of these elastic
properties and the resin density of 1400 kg/m?® are quite typical when the properties of
phenol formaldehyde resins are viewed in CES Selector 2016, materials selection software
by Granta Design (Cambridge, UK). The correction for partial strand coverage by the resin,
given by Malekmohammadi et al. (2014), was then made. Poisson’s ratios of the unit cell,
developed with similar treatment, are more involved expressions, which can be found in
Malekmohammadi et al. (2014). For simplicity, in this work the Poisson’s ratios of the
combined bamboo and resin strand were taken to be the same as those of the bamboo strand
(Table 2).

In the macroscale step, the local (meaning local to the strand as opposed to global
of the board) stiffness and compliance matrices, Cij (GPa) and Sij (GPa™), respectively,
were transformed to those of the strand at an orientation angle ¢ (°), Ci.4 and S;4, and then
weighted, based on the experimentally determined strand orientation distribution, to obtain

the matrices for the sublayer, C_IJ and S;; . Several researchers simply used the Hankinson

formula (Shaler and Blankenhorn 1990; Xu and Suchsland 1998; Barnes 2000; Painter et
al. 2006b), while matrix transformation is a more general approach that Malekmohammadi
et al. (2015) employed.

The surface-core boundaries were determined from the core and surface full layer
densities and total board densities noted by Semple et al. (2015c). Matrices were
transformed at angles, ¢, of -85° to 85° in 10° increments and weighted by frequency (count
fraction), fs, in the surrounding 10° of the rotation angle. For the core sublayers, a uniform
distribution was used rather than the experimentally obtained one; i.e., a constant weight
was used for all angles. This weighting assumes the count fraction (i.e., the frequency)
equals the volume fraction, and strand geometry, size, and size distribution are not
considered in the averaging. This is a considerable, but practical, simplification.

Only stiffness averaging is used in the framework of Malekmohammadi et al.
(2015). Similarly, previous OSB models took only an upper bound approach (Xu and
Suchsland 1998; Painter et al. 2006b). However, in the current work the stiffness averaging
is used for the relatively aligned faces for the parallel MOE model (for loading parallel to
the preferred strand orientation), but the compliance averaging method is used for the faces
for the perpendicular MOE model (for loading perpendicular to the preferred strand
orientation). The logic is based on the faces’ relatively high alignment with the parallel
loading direction. For the randomly oriented core sublayers, there is no preferred strand
orientation, and the effective elastic properties are expected to lie between those obtained
from stiffness or compliance averaging. Therefore, both averaging methods are applied to
the core. Expressions for the averaging methods are shown below. Equation 4 is the
stiffness averaging equation, and Eqg. 5 is the compliance averaging equation (Pastore and
Gowayed 1994),
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C_ij = Z fCiy (4)

Sij = Z FsSiig ®)
where fs is the fraction from the distributions, C;4 and S;,4 are the transformed strand
matrices, and C_IJ and S_IJ are the sublayer matrices. The local Cjj and S;j are inverses of
each other, and thus equivalent matrices, as are the transformed matrices, C;;4 and S;; 4 at a

given angle ¢. The averaged sublayer matrices, C_,J and S_IJ , however, generally are not.

The extraction of the relevant Young’s and shear moduli from the average matrix
of each sublayer was then performed. For this purpose, the board was treated as a multilayer
laminate beam, as in Malekmohammadi et al. (2015). Namely, sublayer properties were
integrated over the board sections to determine the effective rigidities (El)eq (GPa mm?)

and (AG)eq (GPa mm?), given in Egs. 6 and 7.

t-z
(EI )eq = _[Esublayerbzzdz (6)
0-z
t-z
(AG)eq = J.Gsublayerbdz (7)
0-z

In Egs. 6 and 7, Esublayer (GPa) and Gsublayer (GPa) are the relevant moduli of the

sublayers, b is the width (mm), t is the total board thickness (mm), and z is the location of
the neutral axis (mm). Board compliances (6/P) (mm/kN) are calculated for three-point
bending, the loading configuration used in the tests by Semple et al. (2015a),

s L L
P 48(El), 4(AG),
where L (mm) is the span of the beam (Allen 1969). The MOEs of the board in parallel and

perpendicular directions were then determined using the compliance values estimated from
the above equation.

(8)

RESULTS AND DISCUSSION

VDPs

The measured experimental summary VDPs are shown in Fig. 3. These four VDPs
were used as inputs to the model. They all show the typical high density surfaces and lower
density core common of oriented strand board (Xu 1999; Wang and Winistorfer 2000;
Winistorfer et al. 2000).

Strand Orientation Distribution

Figure 4 shows images of the surface (a) and core (b) with the measurements made
in Image J for the strand orientation overlaid. The edges of both boards are approximately
150 mm.
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Fig. 4. Images of (a) the surface and (b) the core layers

Figure 5 shows the measured strand orientation distribution for the surface and the
core layers.
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Fig. 5. Strand orientation distribution for (a) the surface and (b) the core layers
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Figure 5(a) is the measured surface strand orientation distribution, used calculate
average layer stiffness and compliance matrices for the surface sublayers. As previously
mentioned, a uniform strand orientation distribution, opposed to the measured distribution,
shown in Fig. 5(b), was used for calculation in the core sublayers.

MOE Predictions

The model estimates of the MOE of the boards, for the normal stresses in the boards
parallel and perpendicular to the preferred orientation of the strands in the surface layers,
are compared with the experimental values in Table 3, for boards with strand material from
the internodes or with nodes. The densities of the individual board specimens used in the
bending tests were not measured; however, density and VDPs were measured for a series
of adjacent 50 mm by 50 mm specimens of boards used to test internal bond strength,
giving densities representative of the modelled board materials and shown in Table 3.

There was relatively good agreement between the experimental values and the
model predictions for the MOE of the OSB with internode strands, for loading parallel to
the preferred strand orientation, especially for the case with the lower density VDP of
internode board no. 2 as input, which is probably closer to the density of the tested boards.
The agreement was less good for the OSB with surface strands containing nodes, for
loading parallel to the preferred strand orientation; this was probably due to a reduction in
the strand stiffness associated with the nodes and also interference of the more
heterogeneous node tissue in bonding and board consolidation during pressing. For loading
perpendicular to the preferred strand orientation, there was good agreement between the
model and the experimental values for both the OSB with internode strands and strands
with nodes, if compliance averaging is used to estimate the core properties in the model. It
should be clearly noted that this comparison between the modelled and experimental board
MOE is preliminary and qualitative in nature, the sample size is too small for statistical
comparison. However, the similarities and differences between the results will be discussed
further to illustrate aspects of the model and bamboo.

Table 3. Modulus of Elasticity: Comparison of Models and Measurements

Internode 1 Internode 2 Node 1 Node 2
Model MOE | MOE | MOE | MOE | MOE | MOE | MOE | MOE
Il L Il L Il L Il L
Stiffness Averaging
Core (GPa) 9.6 2.7 8.5 2.4 8.8 1.9 9.2 1.9
Compliance
Averaging Core (GPa) 8.6 1.7 7.6 15 8.4 14 8.7 15
Density (kg/m?) 770 697 695 710
Internode Node
Measurements MOE MOE MOE MOE
Il L Il L
8.09 1.58 6.67 1.40
(GPa) +0.54 | +0.52 +0.49 | +0.38
Board Type Density 713.4 706.0
(kg/m®) ' '
Note: Experimental results from Semple et al. (Semple et al., 2015c). Il — parallel to preferred
strand orientation, L — perpendicular to preferred strand orientation
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For boards made with internode strands and with strands with nodes, the model
predictions are similar. The linear density-Young’s modulus relationship of moso bamboo
used in the model was obtained for internode material only (Dixon and Gibson 2014). The
presence of nodes in strands may reduce their MOE, as postulated by Semple et al. (2015c).
The effect of nodes on the bending properties of bamboo is not yet clearly understood; the
literature is mixed on their effect (Lee et al. 1994; Hamdan et al. 2009; de VVos 2010; Shao
et al. 2010; Semple et al. 2013). Hamdan et al. (2009) found that nodes generally decrease
both the longitudinal MOE and MOR in Gigantochloa scortechinii bamboo specimens in
bending, but in general, the decrease was statistically significant only for the MOE.
Conversely, Lee et al. (1994) found that only the MOR s influenced by the presence of a
node. Similarly, Semple et al. (2013) using small bar (5 mm thick by 19 mm wide) flexural
tests found nodes significantly reduced MOR in raw dry moso bamboo tissue, but the effect
was small and not significant for MOE. When the tissue was compressed to 50% thickness
under controlled steam injection conditions, the difference in MOR between internode and
node tissue was amplified, but there was still relatively little effect on MOE.

Even if strands with nodes did not have lower longitudinal MOE of the moso tissue
itself, nodes are sites of roughness and unevenness in strands reducing adhesion and
consolidation, and contributing to lower board properties. This might be expected to also
reduce experimental MOE perpendicular to the direction of strand orientation, relative to
the internode values. Little reduction for loading in the perpendicular direction is observed
(Semple et al. 2015c). The high degree of surface strand alignment along the parallel
direction minimized the interlocking of strands along the perpendicular direction resulting
in much lower perpendicular MOE and MOR values for boards, likely masking the node-
induced bonding and consolidation effects influencing the parallel flexural properties. It is
also possible that MOE does become affected by node tissue if the test specimen is very
thin, such as a strand, which was not accounted for by the model. As Semple et al. (2015c)
note, the effect of nodes on the mechanical and bonding behavior of strands needs to be
understood in future research, in order to best address the problem of lower board MOE as
a result of nodes in a practical manner, i.e., without removing all nodes from the material
used for furnish.

A more detailed view of the results gives additional insights. The different
averaging methods in the core lead to a difference in the model MOE for loading parallel
to the preferred orientation of the strands of 0.4 to 1 GPa, or an average difference of
roughly 10%, for boards made from internode strands. For loading in the perpendicular
direction, for boards with internode strands, the difference in averaging methods gives a
difference similar to that for loading in the parallel direction in absolute value and thus
much higher in relative terms. This result is unsurprising, given that in the perpendicular
loading direction, the denser faces do not dominate the MOE as they do in the parallel
direction; the core, even with its uniform (random) orientation distribution, contributes
significantly to the board MOE. The model MOEs of the boards made from strands with
nodes show less difference between compliance and stiffness averaging methods in the
core for both loading directions. The smaller difference, here, is due to the thicker surfaces
of the boards, which were obtained with the general values given for the total board,
surface, and core layer densities by Semple and her co-workers (2015c).

The model results using compliance averaging method in the core predict the
experimental results better, especially so for loading in the perpendicular direction. This
would suggest compliance averaging is the appropriate method for estimating the elastic
properties of the core. However, there are a number of aspects in the modelling, for which
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an overprediction of MOE might be expected. Chief among these is the uncertainty in the
bamboo strand elastic properties. Uncertainty in the longitudinal Young’s modulus and the
elastic constant ratios of the bamboo strands as a result of moso bamboo’s natural
variability could increase or decrease the predicted results relative to the experimental data.
In addition, the moisture content of the bamboo specimens, for which the E-p relationship
was obtained, was quite low (~4%) (Dixon and Gibson 2014; Dixon et al. 2015); the
moisture content of the bamboo strands in the boards is uncertain, but likely higher given
the conditioning at two weeks at 65% relative humidity at 20 °C (Semple et al. 2015c, d).
Jiang et al. (2012) found a 1.56% average change in the longitudinal tensile Young’s
modulus (1.49% for bending) with 1% change in moisture content. Bai (1996) notes a
moisture content of roughly 12% for their bamboo elastic properties tests, and the moisture
content of bamboo strands in the board may well be lower, leading to possible under
predictions of the other elastic properties. This suggests that the error stemming from
moisture content differences, while uncertain, is likely small.

A more likely contributor to the possible overprediction by the model is that the E-
p relationship was obtained for strands cut from a bamboo culm; these values do not
account for any damage to the tissue resulting from processing. In the model, compaction
increases the properties as would a natural density increase; this is the same as in the
approach used for wood OSB (Malekmohammadi et al. 2015). However, for bamboo, this
assumption is more problematic. In wood, differences in density stem from differences in
the cell wall thickness relative to the cell wall lumen size (Gibson and Ashby 1997),
whereas in natural bamboo, density differences are primarily due to differences in the fiber
volume fraction (Dixon and Gibson 2014). Given bamboo’s heterogeneous structure and
the high density of many species’ bamboo fibers (Parameswaran and Liese 1976; Liese
1987), the densification of bamboo would likely primarily densify the parenchyma,
resulting in a larger fiber volume fraction, but one that is not as large as that of the natural
material at this density. This differential densification would result in lower properties at a
given density. The phenomenon of artificially increasing the fiber volume fraction through
controlled densification but being unable to match the flexural properties of natural tissue
from the outer culm wall that is naturally high density was observed by Semple et al. (2013)
and discussed by Dixon et al. (2016). The interpretation and relating the present findings
to wood OSB is further complicated by the observation by Semple et al. (2015c) that unlike
wood, the bamboo tissue in the surfaces of the board, even adjacent to the platens,
undergoes little densification during a typical hot press cycle for OSB.

These issues in the modelling, the small data set, and other issues (e.g.,
intermediates’ treatment as strands) limit the assessment of the core averaging methods.
However, along the parallel direction the two different methods give very similar model
results, and along the perpendicular direction the results are qualitatively similar. Further
exploration of compliance averaging for both the properties of uniformly (randomly)
aligned layers and the layer properties perpendicular to the aligned direction is warranted.

CONCLUSIONS

1. The MOE of moso bamboo OSB was predicted using a comprehensive multiscale
approach for wood, with a simple microscale adjustment accounting for the different
structures of wood and bamboo. Despite simplifications and limitations, the parallel
MOE of the three-layer moso boards made with internode strands is predicted quite
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well, showing an average relative error (average of both internode VDP models and
averaging methods in the core) of roughly 10%.

2. The parallel MOE in the boards made with strands with nodes are overpredicted by the
model, suggesting the presence of nodes in surface strands negatively impacts bamboo
boards” MOE.

3. Model results for loading perpendicular to the preferred strand orientation qualitatively
predicts the experimental results for both board types. However, along the
perpendicular direction, the modelled results vary considerably based on the averaging
method used in the core. Compliance averaging in the core sublayers gives results
which give a good description of the measured values.
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