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Abstract Here we characterise the thermal properties of
engineered bamboo panels produced in Canada, China, and
Colombia. Specimens are processed from either Moso or
Guadua bamboo into multi-layered panels for use as
cladding, flooring or walling. We utilise the transient plane
source method to measure their thermal properties and
confirm a linear relationship between density and thermal
conductivity. Furthermore, we predict the thermal con-
ductivity of a three-phase composite material, as these
engineered bamboo products can be described, using
micromechanical analysis. This provides important insights
on density-thermal conductivity relations in bamboo, and
for the first time, enables us to determine the fundamental
thermal properties of the bamboo cell wall. Moreover, the
density-conductivity relations in bamboo and engineered
bamboo products are compared to wood and other engi-
neered wood products. We find that bamboo composites
present specific characteristics, for example lower con-
ductivities—particularly at high density—than equivalent
timber products. These characteristics are potentially of
great interest for low-energy building design. This manu-
script fills a gap in existing knowledge on the thermal
transport properties of engineered bamboo products, which
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is critical for both material development and building
design.

Introduction

Bamboo is a rapidly growing and renewable material with
increasing interest for its use as a structural building mate-
rial [1-5]. As a natural, cellulosic material, bamboo is
comparable to timber; however, bamboo species belong to
the family of grasses and differ from timber in both gross
morphology and cellular structure: a comparison is given in
Fig. 1. Due to the highly axially oriented cellulose
microfibrils within bamboo cells, and cells that form lon-
gitudinal vascular bundles within ground tissue (par-
enchyma), bamboo is stronger in axial tension and axial
compression than timber [1]. To take advantage of this,
various advancements have been made over the past decade
in the development of engineered bamboo products, such as
laminated bamboo, bamboo scrimber, and bamboo-oriented
strand board [6], in some ways mimicking the fundamental
concepts behind engineered wood products [7], for the rapid
construction of low-embodied energy buildings.

Characteristics of bamboo: thermal properties

Assessment of the thermal properties of engineered bam-
boo composites and a comprehensive understanding of how
their properties can be tailored (for example by altering the
structure of the composite) are critical for the design of
buildings constructed with them. Thermal conductivity
governs the heat transfer rate through the bulk material
during processing and therefore controls heating and
cooling processes during manufacture (including drying,
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Fig. 1 Bamboo has a more heterogeneous microstructure in com-
parison to wood (image showing Sitka spruce). In bamboo, vascular
bundles, which comprise hollow vessels surrounded by long and
thick, fibrous sclerenchyma cells (with secondary cell walls), are

hot-pressing, and steaming) and determines appropriate
adhesive cure rates. With regard to the long-term durability
of a building, material thermal properties play an important
role in fire safety; thermal conductivity, for instance, dic-
tates the rate of temperature increase through a material
and subsequent rate of degradation in mechanical proper-
ties under extreme heat.

In terms of building functions, the thermal properties of
materials, including conductivity and capacitance, control
their environmental performance and thus the energy per-
formance of the fabric, governing heating and cooling of
buildings constructed from them. In turn this has a major
influence on the carbon emission during lifetime use of the
building. Together with the life-cycle analysis of the
bamboo composite structure [4], whole life-costing of the
building’s performance can be derived.

Thermal transport properties of bamboo and engineered
bamboo composites are only sparsely reported in the lit-
erature. Huang et al. [8] have examined the thermal
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embedded in a matrix of brick-like, thin-walled, hollow parenchyma
cells (with only primary cell walls). In softwoods, over 90 % of cells
are longitudinal tracheids with thickened secondary cell walls; the
remaining cells are principally transverse ray parenchyma cells

properties of bamboo culm, and ascribe fluctuations in
conductivity as a function of radial location to changes in
the culm microstructure (viz. spatial variation in the mor-
phology of vascular bundles and proportion of par-
enchyma). On the thermal properties of engineered bamboo
composites, Kiran et al. [9] have characterised the thermal
conductivity of bamboo mat board and Mounika et al. [10]
that of bamboo fibre-reinforced composites. While these
studies report a correlation between density (or fibre vol-
ume fraction) and thermal conductivity, there is a lack of
substantial analysis and discussion on the structure—prop-
erty relations, in particular from a micromechanical mod-
elling perspective. This is in contrast to wood and
engineered wood composites whose thermal properties and
behaviour have been thoroughly characterised since the
studies by MacLean [11], Maku [12], and Kollmann and
Malmquist [13, 14] in the early-to-mid 1900s.

Here, we evaluated the thermal conductivity of various
engineered bamboo products using a transient technique.
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The effect of product type and density, and environment-
protective coatings, on panel thermal properties was
specifically investigated. Moreover, the experimental
results were compared to results predicted from microme-
chanical models, which considered the engineered bamboo
products as three-phase composites. This enabled us to
determine constituent material properties that are otherwise
difficult to measure (e.g. thermal conductivity of the solid
cell wall material in the longitudinal and transverse
directions). Furthermore, we could accurately predict the
thermal properties of engineered bamboo products based
on their density. As a useful comparison, the properties of
engineered bamboo composites were benchmarked against
engineered wood composites.

Experiments
Materials

Four different engineered bamboo products were examined
(see Table 1; Fig. 2):

e Laminated Bamboo is fabricated from strips of bamboo
that are processed into rectangular cross sections and
thereafter laminated to form a macro-composite.

e Bamboo-Oriented Strand Board is manufactured by
compressing bamboo strand elements embedded in a
polymer; the strands are aligned in specific orientations
for different layers [15].

e Laminated Bamboo Esterilla Sheet comprises mechan-
ically flattened bamboo poles; the finished sheet has
visible air gaps.

Table 1 Engineered bamboo products specifications

e Bamboo Veneer Board, which also has a laminate
structure, involves the composite assembly of thin
bamboo veneers.

With the exception of bamboo-oriented strand board [6],
all products are commercially available.

The materials were obtained as 10- to 20-mm-thick
panels, 200—400 mm?2. The fibre orientation and layer
configuration (including relative thickness of the layers) of
the different products is presented in Table 1, and quali-
tatively visible in Fig. 2. For the products used here,
laminated bamboo and bamboo veneer board comprise
Moso bamboo (Phyllostachys pubescens), while bamboo-
oriented strand board and laminated bamboo esterilla sheet
of Guadua (Guadua angustifolia). Some of the products
were also obtained with environmental-protective treat-
ments and external, micro-thickness coatings, as is neces-
sary when using the products for exterior use.

All material samples were conditioned at 60 % relative
humidity and ambient temperature for a minimum of
30 days. The moisture content of the samples was mea-
sured at approximately 12 % via a moisture content reader
(MO220 Extech Instruments Moisture Meter).

Density and volumetric composition

The apparent density p. of the materials was calculated
from their mass and apparent volume measured under
controlled conditions. This is reported in Table 1.

The volumetric composition of the samples was calcu-
lated for three constituent phases: (i) cell wall material, (ii)
air, and (iii) polymer matrix (Fig. 3). The polymer matrix
weight fraction w,, was obtained from the material

Image Product type  Treatment Sheet size Sheet Density®  Number of layers, and their Manufacturer Species
in (mm x mm) thickness® (kg/m3) relative orientations and
Fig. 1 (mm) thickness proportions
(a) Laminated Uncoated 200 x 200 19.0 £ 0.1 626 £ 1  Three layers (0°, 90°, 0°) Smith and Fong Moso
Bamboo orientation. Thickness of (20, Plyboo (US)
60, 20 %)
(b) Bamboo Uncoated 300 x 300 1154+ 03 714 £ 9 No distinct layers. Strand University of Guadua
Oriented orientation typically 0° £ 30°  British Columbia
Strand (Canada)
Board
(c) Laminated Uncoated 200 x 200 16.7 £ 0.4 792 + 32 Three layers (0°, 90°, 0°) Guadua Bamboo Guadua
Bamboo Indoor 400 x 400 151 4+ 05 713 & 27 orientation. Thickness of (33, S.A. (Colombia)
Esterill
sterilla o door 200 x 200 158 £0.1 75039 0P
Sheet
(d) Bamboo Indoor 300 x 150 113 £0.1 960 £2  Thirteen layers. Woven Anji Chenbao Moso
Veneer structure with equal Bamboo Veneer
Board proportions of 0° and 90° Factory (China)

slivers

Refer to Fig. 1 for images of the products
* Mean =+ one standard deviation
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Fig. 2 Surface layer and side
view of Laminated Bamboo (a),
Bamboo-Oriented Strand Board
(b), Laminated Bamboo
Esterilla Sheet (¢), Bamboo
Veneer Board (d). Refer to
Table 1 for more detail on
product specifications

o t o - Lignocellulosic
[ ' cell wall material
Air (within cells)

Polymer matrix
__(between strips)

Fig. 3 Schematic illustration of the separation of the engineered
bamboo composite material unit volume v, into three constituent
volumes of the solid cell wall material v, air within the cells v,, and

manufacturers to range between 5 and 15 wt% with the
median at 8 wt%; the wide range is indicative of the
inexact manufacturing process employed, particularly in
producing bamboo-oriented strand board. Assuming a
density p,, of 1250 kg/m* for phenol formaldehyde [16], a
commonly used resin in engineered bamboo composites
manufacture [6], the polymer matrix volume fraction v,
was calculated using Eq. 1. Assuming a density pf of
1500 kg/m3 for the solid cell wall material [17], the volume
fraction of the cell wall material v; and air v, were subse-
quently determined using Eqs. 2 and 3. Here, the propor-
tion of protective polymer coating is considered to be part
of the polymer matrix.

Pe

Vm = — Wn 1

Pm M)

ve = (1= wy) 2 2)
Pg
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polymer matrix v,,. The material volumes are represented as slabs
with thicknesses in proportion to their volumetric sizes

va=1—vf —vn (3)

Thermal conductivity measurement

A Hot Disk™ Thermal Constants Analyser, which uses the
transient plane source method [18], was employed to
measure the thermal conductivity of the various samples.
The element/sensor that we used for both transient heating
and temperature measurement comprised a Kapton (poly-
imide) film insulated nickel double-spiral with a radius of
2.0 mm. The sensor was sandwiched between two sample
pieces (Fig. 4). To ensure good thermal contact, it was
visually established that the sensor was not adjacent to
naturally occurring or process-induced air gaps or cracks
on the sample surface. All tests were conducted under
ambient environmental conditions (20-22 °C).

The experiment was performed by applying a constant
current pulse through the sensor to heat the sample by
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Top Specimen

Heat Source and
Temperature Sensor

Bottom Specimen

Fig. 4 Experimental setup for transient plane source method using a
Hot Disk Thermal Constants Analyser (from [18])

1 °C. The time-dependent resistance variation R(f) is
recorded over a sensor with known resistance R, and
temperature coefficient o, thereby revealing the time-de-
pendent temperature increase of the element AT (Eq. 4)
[19].

R(t) = Ro[l + o - AT(7)] (4)
where
VD (5)

r

with average temperature increase 7T as a function of the
time measured from the start of the transient heating f,
thermal diffusivity D of the sample, and radius r of the Hot
Disk. Thermal diffusivity D is equal to the thermal con-
ductivity k over density p and specific heat capacity c,, of
the sample (Eq. 6).
k
p-Cp

D =

(6)

To obtain the thermal conductivity k of the sample, both
the density and specific heat capacity need to be known.
We have obtained the sample density through direct mea-
surement, and the specific heat capacity via a numeric
approximation as no verified information is available in the
literature. Numeric approximations were made using the
estimated thermal conductivity value and diffusivity value
given by the Hot Disk analyser software and the measured
density of the sample. The specific heat capacity for Moso
bamboo composites was estimated at 1.80 + 0.38 J/kg K
which is in agreement with the specific heat capacity of
Moso bamboo [8], and with 1.75 £ 0.38 J/kg K for Gua-
dua bamboo composites (for which no value is available in
literature).

The measurement time and output power were con-
trolled at 20 s and 100 mW, respectively, resulting in a
probing depth of ~5 mm. As the sample dimensions

(thickness of 10-20 mm and diameter of at least 45 mm)
were much larger than the probing depth, the assumption of
an infinite sample domain was met and edge effects were
not encountered. Calibration on cast acrylic sheet yielded a
thermal conductivity of 0.186 W/m K, which is in agree-
ment with the manufacturer’s datasheet value of 0.19 W/
m K. The test method repeatability error, obtained through
repeated tests on the same point on a laminated bamboo
Esterilla sheet, was found to be ~1 %. In addition, pre-
liminary studies carried out to investigate the effect of
orientation on thermal conductivity revealed that the vari-
ation in the thermal conductivity of a bamboo product
measured at different orientations (at the same point) were
significantly smaller than variation in thermal conductivity
of a bamboo product measured at different points. In
essence, point-to-point variation was larger than variation
due to changing in-plane orientation. This gave us confi-
dence that although the TPS technique is by nature omni-
directional as a temperature increase is applied in all
directions (Fig. 4), the thermal conductivity measurements
were being principally made in the in-plane direction, axial
to the fibre direction.

Data accessibility

The datasets supporting this article have been uploaded as
part of the Supplementary Material.

Results and discussion
Density and volumetric composition

The density of the various engineered bamboo composites
ranged from 600 to 1000 kg/m3, with laminated bamboo
exhibiting the lowest density and bamboo veneer board the
highest (Table 1). The density of the products depends on
the species of bamboo used and the manufacturing process
employed. Guadua bamboo products, such as bamboo-
oriented strand board and laminated bamboo Esterilla
sheet, have a higher density than Moso bamboo products
like laminated bamboo and bamboo veneer board. Bamboo
veneer board has the highest density entirely due to the
manufacturing process: the use of thin veneers which are
hot-pressed during assembly and flattened cell walls which
reduce air gaps.

The relative proportions of solid cell wall material, air
and polymer matrix in the various products are presented in
Fig. 5. For each product, two ‘extreme’ compositions are
presented for polymer matrix weight fractions wy, of 5 and
15 wt%. Laminated bamboo exhibited the lowest density
and consequently the lowest cell wall fraction (approxi-
mately 3540 vol% of the material). Bamboo veneer board

@ Springer



2996

J Mater Sci (2016) 51:2991-3002

B Polymer matrix @Air OCell wall material

100% 11— — — — — —

90% - <
=] S X ° X N
=} 0% =X S
Rt i |
8 70% A = @ ¥ < 5
o <
g 60% 1 1 &
S 1
S s0%+ L
B 40% 1|
£ ol |8 & & 5 g
v wy w

S 2%l 0 v g “ 2

- <
> o ~

10% -
9
0% 3-8% 3-9% 3-10% 3-9% 3-9%
Uncoated | Uncoated | Uncoated Indoor Outdoor
LB BOSB LBES LBES LBES

Fig. 5 Volumetric composition of the various engineered bamboo
composites: uncoated Laminated Bamboo (LB), uncoated Bamboo-
Oriented Strand Board (BOSB), Laminated Bamboo Esterilla Sheet
(LBES) that was uncoated, coated for indoor use and coated for
outdoor use, and Bamboo Veneer Board (BVB) that was coated for
indoor use. Solid bars show the volumetric composition for a polymer
matrix weight fraction of wy,, =5 wt%. Error bars indicate the
possible range in volumetric composition if polymer matrix weight
fraction was w,, = 15 wt%. Note that w, was obtained from the
material manufacturers to range between 5 and 15 wt%

has the highest cell wall fraction: up to 60 vol% of the
material was accounted for by the cell wall.

Thermal conductivity of different engineered
bamboo composites

Hot Disk measurements of the selected engineered bamboo
products range between 0.20 and 0.35 W/m K (Fig. 6).
The ratios of the median absolute deviation to the median,
a measure of dispersion in the measurements, were in the
range of 0.01-0.07 for the bamboo products. The disper-
sion was smallest for laminated bamboo and largest for
bamboo-oriented strand board.

We then compared laminated bamboo Esterilla sheet
products finished with different coatings for indoor and
outdoor use (Fig. 6). We observed that while the indoor
coated product had a 17 % lower median thermal con-
ductivity than its uncoated counterpart, the outdoor-coated
product had a comparable median thermal conductivity to
the uncoated product. While the external coating may
influence the thermal properties of the material, it is evi-
dent from Fig. 7 that material density has a clear and more
substantial influence on thermal conductivity. The lower
thermal conductivity of the indoor coated product is
therefore more likely due to its lower density (Table 1).

Increasing density typically implies an increase in pro-
portion of solid cell wall material (i.e. relative conductor)
and a reduction in proportion of air (i.e. relative insulator);
the consequent increase in thermal conductivity is expec-
ted. While the strong positive correlation between thermal

B Guadua Linear (Guadua)
& Moso = = -Linear (Moso)
0.40
<
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Fig. 7 Thermal conductivity versus density with linear curve fits for
Moso (diamond markers and dotted line) and Guadua (square
markers and solid line) engineered bamboo products. Refer to
Supplementary Material for the dataset

Fig. 6 Box plot of thermal 0.40 -
conductivity measurements for
uncoated Laminated Bamboo 0.35 1 =
vy T -
(LB), uncoated Bamboo- é T _
Oriented Strand Board (BOSB), = 030 1 | T ] Maximum
Laminated Bamboo Esterilla = 025 -|-
Sheet (LBES) that was Z ’ -|- | I Q3
uncoated, coated for indoor use B 0204 —1— Medi
and coated for outdoor use, and -§ ’ edian
Bamboo Veneer Board (BVB) 2 0.15 -
. o Y Q1
that was coated for indoor use =
g 0.10 1 Minimum
&
0.05 -
0.00
Uncoated | Uncoated | Uncoated Indoor Outdoor Indoor
LB BOSB LBES LBES LBES BVB
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conductivity and density for wood and engineered wood
products is well known [11-14, 20], recent studies on
bamboo and engineered bamboo products have also shown
similar trends [8—10].

Micromechanical analysis for a three-phase
composite

Engineered bamboo products, like engineered wood prod-
ucts, have a composite nature with effectively three phases:
namely, (i) lignocellulosic cell wall material, (ii) air, and
(iii) polymer matrix (e.g. ply-joining adhesive as in lami-
nated bamboo). Composite properties are therefore gov-
erned by the properties and volumetric ratios of the
constituent phases. In addition, the alignment of one of the
phases (specifically the cell wall) leads to parallel and
series coupling of the phases when loaded in two planar
directions; this results in a difference between longitudinal
(axial) and transverse properties of the aligned fibre com-
posite (e.g. engineered bamboo composite). The aniso-
tropic nature of the reinforcing phase (i.e. cell wall) itself,
and therefore the difference in longitudinal and transverse
conductivity of the cell wall, also contributes to this dif-
ference in axial and transverse properties of the composite.

Various micromechanical models have been previously
developed to relate various composite bulk properties,
including thermal conductivity, to their structure. Most
models have been developed for a two-phase composite
system, typically where a dispersed reinforcement phase is
embedded in a continuous matrix phase. However, it is
relatively straightforward to modify these into models for a
three-phase composite where a single fibrous phase (viz.
cell wall material in the case of engineered bamboo com-
posites) is embedded in a merged, continuous matrix phase
comprising two matrices (viz. air and polymer matrix in the
case of engineered bamboo composites). Table 2 lists a few
models that may be applicable to such a three-phase
composite system. As the two matrices are adjacent to each
other and can be considered isotropic, the thermal con-
ductivity of the ‘merged’ matrix phase (or non-fibrous
phases) can be obtained by applying the Voigt ‘rule of
mixtures’, based on thermal conductivity of the individual
phases and their relative volumetric ratios (Table 2).

To understand density-thermal conductivity relations in
engineered bamboo composites, we therefore applied these
models to values obtained from the literature and our own
experimental data. The ‘goodness of fit” of the models was
determined from the ‘adjusted’ non-linear regression
coefficient Ri, described mathematically in Table 2, which
accounted for the number of parameters in the models;
R? = 1 denotes perfect fit. Fitting the models in Table 2 to
experimental data also enabled the ‘back-calculation’ of
fundamental material properties, such as the axial and

transverse thermal conductivity of the solid cell wall. We
also compared the behaviour of bamboo and engineered
bamboo composites with wood and engineered wood
composites, respectively.

Modelling engineered bamboo composites

The two most commonly applied models in the literature
are based on the rule of mixtures laws (Table 2): the Voigt
model is suitable for conductivity measured parallel to the
fibre/cell axis k.;; and therefore provides an upper-bound,
while the Reuss model is adopted for conductivity mea-
sured transverse to the fibre/cell axis k., and therefore
provides a lower-bound. Often, the Reuss model provides a
conservative estimate for transverse thermal conductivity,
and therefore other models may be more appropriate. In
literature on wood conductivity [13], an intermediate of the
two rule-of-mixtures bounds (using an arithmetic mean, for
example) has been previously used to describe transversely
thermal conductivity. In such a model, a fitting factor ¢
(sometimes referred to as a ‘bridge factor’) is used as a
weighting for the relative contributions of parallel and
perpendicular cells. The Halpin—Tsai equations [21], while
commonly used to model transverse elastic moduli, may
also be used to model transverse thermal conductivity.
Springer and Tsai [22] and Zou et al. [23] have also
developed models for the transverse thermal conductivities
of unidirectional composites, based on a thermal-shear
loading analogy and a thermal-electrical analogy, respec-
tively. The Springer and Tsai model is referred to as the
C-S model as they assume circular cross section fibre
reinforcements in a square-packing arrangement, while the
model presented by Zou et al. [23] is referred to as the E-S
model as they assume elliptical cross section fibres in a
square-packing arrangement.

Axial conductivity As illustrated in Fig. 8, a strong fit
(with R2 ~ 0.97) was observed when we applied the Voigt
upper-bound equation to our experimental data for model
constants specified in Table 2. This is despite the fact that
the various engineered bamboo products studied here have
different fibre orientations (and proportions). This indi-
cated that the transient plane source technique used in this
study to measure thermal conductivity properties princi-
pally accounted for thermal transfer in the direction parallel
to the cell axis. The estimated longitudinal thermal con-
ductivity of the bamboo cell wall material was
kip = 0.55-0.59 W/m K. A fully densified bamboo (i.e.
where there is no air or polymer matrix and p. = -
pr = 1500 kg/m*) would therefore have a longitudinal
thermal conductivity around kg = 0.55-0.59 W/m K. In
Fig. 8, a typical best-fit curve to the experimental data for a
single set of input parameters (i.e. single value of
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Table 2 Micromechanical
models and model constants to
predict thermal conductivity of
a three-phase composite
material, like engineered
bamboo composites

@ Springer

Density, p (kg/m3) Thermal conductivity, k£ (W/m K) Reference
Model constants
Bamboo cell wall 1500 - [17]
Air 1.2 0.025 [18]
Polymer matrix 1250 0.145 [16]

Use matrix weight fraction wy, to be 5 % (minimum) or 15 % (maximum)

Micromechanical models

Rule of mixtures models

Voigt (upper-bound) for longitudinal properties ken = kave + kv + kava
Reuss (lower-bound) for transverse properties kclL = k\Tl + ]‘T + ]‘Ta
Arithmetic mean for mixed orientation properties ke = kené + key (1 — &), & is a fitting factor

Halpin—Tsai model (for longitudinal or transverse properties)

kg
1+Enve) =1
ke = ke 5 where n = 3t ke = kg or ki
¢ nf Tpvy) n e f fII 1

nf

£ is a geometric fitting factor (usually two times the longitudinal aspect ratio for k. = ke andk; = kgyy and two times
the transverse aspect ratio for k. = k., and k¢ = k¢))

C-S model (for transverse properties)

ku:knf[l—z\/fnfﬁ(n—ﬁtanf« “”;))] where B = 2(f — 1)

E-S model (for transverse properties)

T
%

ket :knf[l 7%+ﬁ747”"c§74200571(%)]’ where ¢ = ﬁ, d = é(ﬂf 1)

n

¢ is a geometric fitting factor (usually the reciprocal of the transverse aspect ratio)

Other equations

Conductivity of merged matrix phase

In the above models, the conductivity of the merged (air and polymer) matrix phase is obtained using:
— kmvmtkavy
kap = Vin+va
This is obtained through the application of the Voigt rule of mixtures on the adjacent air and polymer matrix phases
Converting between density and volumetric composition

For a given material density p. (ranging between nil and the density of the bamboo cell wall), and a fixed matrix
weight fraction wy, (5 or 15 %), the volumetric composition can be determined through Eqs. 1-3

The obtained volumetric composition can then be used as inputs, alongside the model constants, to the
micromechanical models.

Paired values of material density p. and thermal conductivity k. are therefore obtained at the same volumetric
composition

Determining the ‘adjusted’ non-linear regression coefficient R>

The non-linear regression coefficient R is obtained from R> = 1 — SSS%, SSE = 3 (vi —f)%, SST =3 (yi — V)7,
i i

3
where y; is the observed value of thermal conductivity, Y is the mean of the observed values, and f; is the estimated/
predicted value of thermal conductivity (obtained from the model).

The ‘adjusted’ non-linear regression coefficient R2 accounts for the number of input parameters p, and the sample size 7.
R2 — 1 — SSE _n—1
a

SST n—p-1

Notation and information on Supplementary Material in table footnote

k, p and v denote thermal conductivity, density and volume fraction, respectively. Subscripts c, f, m, a, and
nf denote composite, cell wall material, polymer matrix, air, and non-cell wall material (i.e. polymer matrix
and air), respectively. Subscripts || and L denote parallel and transverse to the fibre direction, respectively

Please refer to Supplementary Material to see the template for modelling of the experimental data through
the various models, including how density is converted to volumetric composition, how the conductivity of
the merged (air and polymer) matrix phase is determined, and how the ‘adjusted’ non-linear regression
coefficient R? is obtained
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Fig. 8 The effect of density on thermal conductivity of engineered
bamboo composites. Our experimental data on longitudinal (axial)
conductivity is presented as filled dots, and data on transverse
(through-thickness) thermal conductivity data from Kiran et al. [9] is
presented as filled squares. Curves represent micro-mechanical
models that have been fitted to the experimental data. Solid and
dashed lines represent estimations for an assumed polymer matrix
weight fraction of 5 and 15 wt%, respectively. The colours are
indicative of the model used: black Voigt model, blue Reuss model,

longitudinal thermal conductivity of the cell wall) is
shown; for reference, the range of parameter values (i.e.
axial and transverse bamboo cell wall thermal conductiv-
ity) that would yield a family of best-fit curves have been
presented next to the curve.

Notably, applying the Halpin—Tsai equation to the
experimental data also yielded similar values for the lon-
gitudinal thermal conductivity of the solid cell wall mate-
rial. For the Halpin—Tsai equation, the geometric fitting
factor & was based on an average longitudinal cell aspect
ratio of 35-90, which in turn was calculated based on
aspect ratios for sclerenchyma fibres (vascular bundles) and
parenchyma cells of 100 [24] and 2 [25], respectively, and
noting that sclerenchyma fibres form 35-90 % of the solid
cell wall material [25]. The results of the Halpin—Tsai
equation are not plotted on Fig. 8 as they coincided with
the Voigt upper-bound equation; the reader is referred to
the Supplementary Material excel file to access this data.

As there is a strong, well-predicted relationship between
density and longitudinal thermal conductivity for a range of
engineered bamboo composites, it is possible to predict the
longitudinal thermal conductivity of an engineered bamboo
composite based on a measured apparent density.

green arithmetic mean model, and orange Halpin—Tsai model. The fit
of the curves to the experimental data is disclosed by the ‘adjusted’
non-linear regression coefficient R2. A typical best-fit curve is shown
for an example estimated best-fit axial or thermal conductivity; for
reference, the range of parameter values (i.e. axial and transverse
bamboo cell wall thermal conductivity) that would yield a family of
best-fit curves have been presented next to the curve. Refer to
Supplementary Material to see the template for modelling of the
experimental data, including how R? is obtained (Color figure online)

It is interesting to note from Fig. 8 that over the density
range studied (i.e. 600—1000 kg/m?) the ratio of longitu-
dinal thermal conductivity to density is constant. This
suggests that the product of specific heat capacity and
longitudinal thermal diffusivity of engineered bamboo
composites must also be constant (around 0. 34 mW m?/
kg K) over this density range.

Transverse (through-thickness) conductivity Kiran et al.
[9] have previously measured the transverse (through-
thickness) thermal conductivity of a specific category of
engineered bamboo composites (namely, bamboo mat
board) for a range of densities. The bamboo mat boards
were produced by hot-pressing multiple woven mats of
bamboo slivers that were soaked in resin. Comparing these
results with our data, it was evident that at the same den-
sity, the longitudinal (axial) conductivity k. of engineered
bamboo composites was 2.0-2.6 times higher than the
transverse (through-thickness) conductivity k., (Fig. 8).
Applying the relevant micromechanical models in
Table 2 to the results from Kiran et al. [9], we firstly found
that the Reuss model was an inappropriate fit to the data
(R < —3) for all inputs of transverse thermal conductivity
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of the cell wall (Fig. 8). This suggests that a simplistic
series model is unsuitable for bamboo and engineered
bamboo composites. This is most likely because the cells
are not entirely dispersed in the matrix (cell walls are
interconnected through a pectin-rich middle lamella), and
furthermore there is a mix of parallel and transverse (ser-
ies) cell walls. While the C-S and E-S models were also a
poor fit to the data with R2 < 0.4 for all inputs of transverse
thermal conductivity of the cell wall, the arithmetic mean
(between the Voigt upper- and Reuss lower-bound) and the
Halpin—Tsai model were found to be more suitable with
R2 ~ 09 (Fig. 8). The arithmetic mean model was based
on the previously determined longitudinal cell conductivity
ke of 0.55-0.59 W/m K, transverse cell conductivity k.
of 0.30-0.50 W/m K and bridge factor ¢ of 0.35-0.40. The
bridge factor, which describes the relative proportions of
parallel and series cell walls, is revealing, in that it
strengthens the argument of why the Reuss (series-only)
model is not an appropriate fit to the data. However, in this
arithmetic mean model, the wide range of possible trans-
verse cell conductivity was due to the few data points at
higher densities (>1200 kg/m?), only above which the
Reuss lower-bound has a more notable contribution (rela-
tive to the Voigt model). In contrast, the Halpin—Tsai
model provided a narrower estimate of the transverse cell
conductivity in the range of 0.39-0.43 W/m K. For the
Halpin—Tsai model, longitudinal cell conductivity kg of
0.55-0.59 W/m K and a fitting factor ¢ of 2-3 (based on a
transverse cell aspect ratio of 1.0-1.5) were used. We
estimated, therefore, that a fully densified bamboo would
have a transverse thermal conductivity of k¢, = 0.39—
0.43 W/m K.

Comparison with wood and engineered wood composites

As bamboo is often considered as an alternative to wood,
and indeed analogous to wood with respect to materials
development, testing standards, and end-use (but impor-
tantly not in microstructure and mechanical behaviour) [1,
2, 7], a comparison of the thermal properties of engineered
bamboo composites with engineered wood composites is
useful.

There is substantial amount of the literature on the
thermal transport properties of wood and engineered wood
composites that is based on extensive experimental data
and semi-empirical modelling [11-14, 20]. The researchers
have primarily used the rule-of-mixtures models to
describe density-conductivity relations Voigt model for
longitudinal properties, and arithmetic mean model with
the bridge factor ¢ ranging from 0.14 to 0.58 for transverse
properties. They have observed similar trends, and
extracted the same fundamental material properties as we
have in this study.

@ Springer

Figure 9 presents a comparison of the density-conduc-
tivity relationship in wood and wood products and bamboo
products. It was observed that at the same density, bamboo
products had the same or lower thermal conductivity in
comparison to wood. In a building context, such engi-
neered bamboo composites would therefore perform better
as thermal insulants. This is particularly pronounced at
high densities—and thus higher levels of volumetric
capacitance. Engineered bamboo composites may hence
provide useful alternatives to timber components where
thermal mass is desirable for environmental performance.

Assuming the density of the lignocellulosic cell wall in
wood to be 1560 kg/m>, Maku [12] find the longitudinal
and transverse thermal conductivity of the cell wall in
wood to be kg = 0.654 W/m K and k¢, = 0.421 W/m K.
Similarly, Kollmann and Malmquist [13, 14] find the lon-
gitudinal and transverse thermal conductivity of the cell
wall in wood to be kg =0.628 W/m K and
ker = 0.395 W/m K. Comparing these results with bam-
boo, for an assumed density of 1500 kg/m?, we found that
the longitudinal conductivity of the bamboo cell wall
(ke = 0.55-0.59 W/m K) was lower than that of that
wood cell wall, but the transverse thermal conductivity of
the bamboo cell wall (k;; = 0.39-0.43 W/m K) was sim-
ilar to that of wood cell wall. The values for wood and
bamboo are in a similar range as the chemical composition
of the cell walls in wood and bamboo are quite similar—

Wood and engineered wiood composjtes

0 6 | ==AXxial - hardwood anf softwood (kj, = 0.63)
=T - , particle board, fibre board
Engineered bamboo corpposites
0.5 o il Voigt mode fl, =0.55-0.39)
- === Transverse - Halpirj-Tsai model (k,, = 0.39-0.43)
0.4

Thermal conductivity [W/m-K]
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Fig. 9 Comparison of the typical density-conductivity relationship in
engineered bamboo composites (black curves) and engineered wood
composites (red curves) in the axial (solid curves) and transverse
(dashed curves) directions based on experimentally verified models.
The shaded regions represent the typical density range in which the
products are commercially available, with engineered wood compos-
ites available in the range of 400-600 kg/m® and engineered bamboo
composites in the range of 600-1000 kg/m® (Color figure online)
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they comprise the same organic polymers (cellulose,
hemicelluloses, lignin and pectin), albeit in different
proportions.

Here, we note that these are calculated/estimated values
of the ‘average’ conductivity of the solid cell wall material.
These do not distinguish between intra-cell variations in
conductivity (e.g. between the middle lamella, and differ-
ent cell wall layers) nor the difference in conductivity of
different cell types (e.g. parenchyma and sclerenchyma
fibres in bamboo). While it would be interesting to com-
pare these estimations with measurements of the single cell
wall thermal conductivity, a suitable experimental tech-
nique is not available in the literature. Recently, Vay et al.
[26] have used scanning thermal microscopy to qualita-
tively assess the local variability in thermal conductivity at
the cell wall level. While they do observe a clear qualita-
tive difference in the conductivity of the different cell wall
layers (viz. S1 and S2 secondary layers, and the middle
lamella) and anatomical directions (i.e. longitudinal vs.
transverse to cell axis), they are unable to measure values.

Evidently, the ratio of longitudinal to transverse thermal
conductivity of both engineered bamboo composites and
engineered wood composites is k./k.; = 2.0-2.6. How-
ever, the ratio of longitudinal to transverse thermal con-
ductivity of the wood cell wall (kgi/ke; = 1.55-1.60) is
higher than that of the bamboo cell wall (key/
kiy = 1.30-1.50). These findings merit further investiga-
tion. The microstructure of wood and bamboo is funda-
mentally different (Fig. 1): while both wood and bamboo
have a cellular nature, cells in bamboo are principally
axially oriented (as in a unidirectional composite) [25],
while in wood some cells (viz. ray cells) are aligned in the
radial/transverse direction. One would expect, therefore,
that the longitudinal cell conductivity in bamboo would be
higher (due to better cell alignment), while the transverse
cell conductivity in bamboo would be lower (due to fewer
cells oriented in the transverse direction). Consequently,
the ratio of longitudinal to transverse thermal conductivity
would be expected to be higher in bamboo than in wood
than is currently observed. We do acknowledge that the
experimental observation may be the result of the use of
simplified models (such as the rule-of-mixtures model) that
do not, for instance, account for the complex, hierarchical
microstructure of these natural materials. For example, in
bamboo, cells and cell walls are not homogenous. Rather,
vascular bundles (comprising of hollow vessels surrounded
by sclerenchyma fibres with thick cell walls) are embedded
in parenchyma cells with thin walls [25]. This hetero-
geneity in cell types and structure is not reflected in a
single estimated characteristic value for the bamboo cell
wall thermal conductivity.

Another similarity in the density-conductivity trend in
engineered bamboo composites and engineered wood

composites is that ratio of longitudinal thermal conduc-
tivity to density is constant in both. Maku [12] notes that
the product of specific heat capacity and longitudinal
thermal diffusivity of engineered wood composites must
also be constant (around 0.40 mW rn2/kg K); this is
slightly higher than the value we found for engineered
bamboo composites. Maku [12] also argues that as the
specific heat capacity is not correlated with density in the
case of wood, the relationship between density and longi-
tudinal thermal diffusivity of wood and engineered wood
composites can be determined through the constant of
proportionality. It is possible that this is also the case for
bamboo and engineered bamboo composites.

Researchers have noted that the thermal conductivity of
wood and engineered wood composites is influenced not
only be density, but also by moisture content: conductivity
increases by 1-2 % for a 1 % increase in moisture content
[27]. The effect of temperature on thermal conductivity of
wood is relatively minor: conductivity increases by 2-3 %
for 10 °C increase in temperature [12, 27]. Studying the
effect of moisture content and temperature on the thermal
conductivity of bamboo and engineered bamboo compos-
ites would be an important next step forward.

Conclusions

The characterisation of the thermal properties of engi-
neered bamboo products is a crucial step towards their
incorporation in building designs that value and aim to
harness the environmental benefits of using natural mate-
rials. It shows that bamboo composites present specific
characteristics, for example lower conductivities—partic-
ularly at high density—than equivalent timber products.
These characteristics are potentially of great interest for
low-energy building design.

The present work characterises the thermal properties of
engineered bamboo products for their use in the construc-
tion sector. The study utilised the transient plane source
method to record the thermal properties and extrapolate the
thermal conductivity values of Moso and Guadua engi-
neered bamboo panels.

Our results confirm that thermal conductivity is a
structure-dependent property. Specifically, the volumetric
composition, reflected by the apparent density, has a well-
predicted effect on thermal transport properties. Describing
engineered bamboo products as three-phase composites,
we applied micromechanical models to understand density-
thermal conductivity relations in bamboo and also extract
fundamental material properties. Moreover, the density-
conductivity relations in bamboo and engineered bamboo
products were compared to wood and other engineered
wood products.
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Future work envisions the use of thermal chambers to
evaluate and compare the results presented here. Unlike a
Hot Disk Thermal Constants Analyser, which accurately
measures the thermal transport properties within a small
volume (~ 100 mm?®) and short time span (~1 s), a ther-
mal chamber simulates thermal conditions as found in and
around buildings and has become an internationally
recognised methodology for characterising specimens. A
full-scale specimen testing could elucidate any effects in
comparison to small specimens and allow further com-
parison to timber. Both results would also be useful in
modelling of heat transfer in buildings.
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