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The expansion and contraction of bamboo caused by temperature and moisture variations must be evaluated
if bamboo is to be utilised as a building material. However, detailed expansion data, especially data in the ascent and
descent processes of temperature and moisture are unexplored. The aim of this study is to investigate the expansion
characteristics of Phyllostachys edulis (Moso bamboo) in ascent and descent processes of temperature and moisture.
The measurement of linear thermal expansion and hygroexpansion of bamboo specimens were conducted with a
dilatometer and a micrometer, respectively. The temperature range of the linear thermal expansion measurement was
between 23 and 70°C. In the linear moisture expansion measurement, all specimens were measured at various relative
humidity (RH) conditions including oven dry, 27, 54, 76 and 95%RH, and water soaking stages. Major findings include:
the swell of bamboo specimens increases with RH, whereas the shrinkage of bamboo specimens decreases with RH.
The hygroexpansion is much more significant compared with the linear thermal expansion. Both linear thermal
expansion and hygroexpansion of the specimens from the longitudinal directions are smaller than those from the

radial direction and tangential direction.

Notation

/ length of the specimen in equilibrium state (mm)
Io length of the specimen in oven-dry state (mm)
Se expansion rate (%)

olll expansion value (%)

1. Introduction

This study investigated the linear thermal and hygroexpansion
characteristics of Phyllostachys edulis (Moso bamboo) in three
directions with respect to the cylindrical coordinate system. As
a biological building material resource, bamboo can be poten-
tially implemented as components of building envelopes owing
to its fast reproductive capacity and competitive thermal and
mechanical properties (Flander and Rovers, 2009; Majumdar
et al., 2010; Van Der Lugt et al., 2006). To assess the structural
stability of bamboo in different climatic conditions, expansion
and contraction data are indispensable when variations in
temperature and moisture occur. Linearly, the expansion and
contraction are similar to the Cauchy strain, which can be
expressed by the ratio of the increased or decreased length to
the initial length (Cverna, 2002). Temperature and humidity
are two common driving potentials of the expansion or con-
traction for bamboo. Thermal expansion is utilised to describe
the deformation by temperature variation, while the hygro-
expansion, namely shrinking and swelling, is used for defor-
mation caused by relative humidity (RH).

Thermal expansion, shrinking and swelling data of bamboo
are still scarce in the literature when compared with a related
research on wood. Thermal and moisture strain data of a
bamboo plywood wall were measured under periodic tempera-
ture and relatively humidity conditions by Li ez al. (2012). The
effect of utilising bamboo and hybrid bamboo-precipitated
calcium carbonate filler to improve the thermal expansion per-
formance of filled plastic composites was assessed by Huang
et al. (2012). The linear thermal expansion thermal coefficients
of nine wood species and resin-bonded birch laminates were
investigated in the three directions of the cylindrical coordinate
system (Weatherwax and Stamm, 1956). The hygroexpansion
of three wood species under sinusoidally varying RH con-
ditions was studied by Chomcharn and Skaar (1983). The
hygroscopic swelling and shrinkage of latewood cell wall was
investigated by a stereological technology (Rafsanjani et al.,
2014). The hygroexpansion of Cunninghamia lanceolata
(Chinese fir) during moisture adsorption and desorption pro-
cesses was reported by Ma et al. (2005).

In civil engineering, considerable attention needs to be paid
to deformation. Otherwise, cracks, undesired strain and move-
ment will lead to serious damage to the appearance and struc-
tural properties of buildings. To avoid these problems, it is
necessary to understand the value of the expansion or contrac-
tion of building materials. This study obtained the expansion
features of bamboo specimens in three directions of cylindrical
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coordinates. The results of this study provide criteria for evalu-
ating the deformation and structural stability of Moso
bamboo-based building materials.

2. Methodology

2.1 Specimens preparation

Figures 1(a)-1(c) explain the cutting positions and directions
of the bamboo specimens. Three cube specimens and three
cuboid specimens were, respectively, cut at both internode and
node from the external surface to the internal surface of a
Moso bamboo culm. The side length of cube specimens is
3+0-5 mm. The side length of cuboid specimens is equal to
cube specimens in the radial and tangential directions. The
side length of cuboid specimens in the longitudinal direction is
23+£0-5 mm. The cube specimens were utilised for thermal
expansion measurements and the cuboid specimens were uti-
lised for hygroexpansion measurements. Two different sizes of
specimens were used for the following reasons. After a number
of initial measurements, the results indicated that the hygro-
expansion of bamboo specimens in the longitudinal direction
is in a relatively small range. The micrometer has insufficient
accuracy to measure longitudinal direction hygroexpansion.
Likewise, due to the relatively higher length of the cuboid
specimens in the longitudinal direction, the thermal expansion
measurements in the radial and tangential directions of cuboid
specimens cannot be conducted in the chamber of the dilat-
ometer. To assess the thermal expansion in the radial and tan-
gential directions, the size of cube specimens is more suitable
for thermal expansion measurements. The moisture content
of all bamboo specimens was reduced to zero in an oven at
103£2°C. Then, the specimens were stored in a desiccator
with calcium chloride (CaCl,) as desiccant.

2.2 Thermal expansion measurements

The thermal expansion measurements of the bamboo speci-
mens were conducted with a Netzsch DIL 402C dilatometer.
The temperature settings for the linear thermal expansion
measurement were from room temperature to 23°C, from 23
to 70°C, maintained at 70°C for 30 min and then from 70
to 23°C. The rate of temperature change was 2°C/min. The
thermal expansion of the cube specimens was measured in the
radial, tangential and longitudinal directions.

2.3  Moisture expansion measurements

The hygroexpansion measurements were conducted in desicca-
tors with saturated solutions. The temperature of the exper-
iment was 23 = 2°C. The saturated solutions provide a steady
RH in each desiccator. Four saturated solutions were utilised
to determine the RH conditions in desiccators. Dettol fungi-
cide was added in the potassium nitrate (KNO3) solution to
avoid undesired mould and mildew growing on the bamboo
specimens. The real RH conditions were also monitored by
RH sensors; see Figure 2 and Table 1.

After oven drying, all bamboo specimens were first put into a de-
siccator with magnesium chloride hexahydrate (MgCl,-6H,0)
saturated solution at. Then, these specimens were weighed
every 24 h until the change of length among three consecutive
measurements was less than 0-1%. The hygroexpansion of
each specimen was calculated at this equilibrium state by
Equation 1.

-l

1. S A

After recording the hygroexpansion, all specimens were
moved into a new desiccator. In sorption processes, the
moving sequence of desiccators is from oven dry to magnesium
chloride hexahydrate to sodium bromide (NaBr) to sodium
chloride (NaCl) to potassium nitrate. In the desorption pro-
cesses, the moving sequence of desiccators is from potassium
nitrate to sodium chloride to sodium bromide to magnesium
chloride hexahydrate to oven dry.

3. Results and discussion

3.1  Thermal expansion results and discussion

The thermal expansion results of Moso bamboo specimens are
illustrated in Figures 3-8. The left vertical axis is the linear
thermal expansion. The right vertical axis represents the temp-
erature of the dilatometer chamber. The horizontal axis shows
the experiment time. The temperature setting of the dilato-
meter is marked by a solid line. The thermal expansion of the
external specimen, middle specimen and internal specimen
were designated as no. 1, no. 2 and no. 3, respectively. The
data marker of the no. 1, no. 2 and no. 3 are solid squares with
a solid line, crosses with a solid line and triangles with a solid
line, respectively. The actual temperatures of the three speci-
mens in the dilatometer are marked by squares, crosses and
triangles, respectively.

The thermal expansion results indicated that all specimens
demonstrated an ascending trend in the temperature ascent
process. When the temperature was held at 70°C, contraction
occurred in all specimens. During the temperature descent
process, a further contraction could be observed in the results.
The contraction was mitigated when the temperature returned
back to room temperature. Previous studies on thermogravi-
metric and differential scanning calorimetry analysis reported
that a noticeable weight loss, peak value of specific heat
capacity and thermal conductivity can be found around 70°C
(Li et al., 2011; Sun et al., 2006; Wu et al., 2004). This con-
traction has been attributed to the dehydration of specimens
by many researchers (e.g. Dong and Xiong, 2014; Li et al.,
2011; Sun et al., 2006). In the temperature ascent process,
the thermal expansion values from high to low are external
specimens, middle specimens and internal specimens. The
density of these specimens increased from the internal side to
the external side of the bamboo culm wall; previous thermal
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Figure 1. (a) Cutting position and directions of bamboo specimens. (b) Cutting position of cube bamboo specimens. (c) Cutting position

of cuboid bamboo specimens

expansion research on nine wood species indicated that the
density can be considered as a factor which influences
the thermal expansion (Weatherwax and Stamm, 1956). The
thermal expansion of the bamboo specimen in the radial and
the tangential direction is one order of magnitude higher
than the thermal expansion in the longitudinal direction.

This phenomenon has been reported in many previous
papers on wood (Hendershot, 1924; Pizzo et al., 2002; Stevens,
1960). One reason is that the bond energy of fibre tissue is
higher along the longitudinal direction than the radial and the
tangential directions (Pizzo et al., 2002; Tu and Xu, 2008).
Hori and Wada (2005) concluded that the crystal structure
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of the wood cellulose dominated the anisotropic thermal 3.2 Hygroexpansion results and discussion

expansion in the three coordinate directions and the macro- The hygroexpansion results of Moso bamboo specimens are
scopic thermal behaviour of solid wood. illustrated by Figures 9-14. The vertical axis represents the
hygroexpansion value. The horizontal axis shows the humidity
condition of the desiccators. The squares, crosses and triangles
represent the external, middle and internal specimens, respect-
ively. The data markers with solid lines are the data for the
sorption process. The data markers with dashed lines are the
data for the desorption process.

The hygroexpansion results illustrated that the swelling of
bamboo specimens increases with the RH whereas the shrink-
age of bamboo specimens decreased with the RH. In the
radial direction, the data indicated that the hygroexpansion
values from high to low were the external specimen, the
middle specimen and the internal specimen. The hygroexpan-
sion in the longitudinal direction is one order of magnitude
lower than hygroexpansion in the radial and tangential direc-
tions. Tu and Xu (2008) concluded that the high proportion of
vascular bundle tissue and vessels could be regarded as the
reason for the high hygroexpansion.

The gross wood structure, the fibre alignment and the layered
cell-wall construction have been considered as the factors
which influence the hygroexpansion in the radial and tangen-
tial directions (Pentoney, 1953). The microfibril angle (MFA)
theory was utilised to explain the anisotropic hygroexpansion
of wood specimens (Barber and Meylan, 1964). However, pre-
vious studies on the MFA of Moso bamboo indicated that the
MFA variation of Moso bamboo specimens in the radial and

Figure 2. Desiccator assemblies

Table 1. Relative humidities in desiccators

Theoretical Real tangential directions was much smaller than the MFA variation
Substance RH: % RH: % of wood (Tu and Xu, 2008). The MFA cannot be regarded as
Magnesium chloride hexahydrate 33 27 a decisive factor that influences the hygroexpansion of bamboo
(MgCl,-6H,0) (Jiang et al., 2000; Yu et al., 2007) in these directions.
Sodium bromide (NaBr) 57 54 However, the structure of the microfibrils is such that water
ggf;;‘g:};h:’i:rgfe('(\z\% ) ;g ;2 can enlarge the distance between microfibrils but cannot
? enlarge the length of the microfibrils (Tu and Xu, 2008).
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Figure 3. Thermal expansion of internode specimens in the radial direction
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Figure 4. Thermal expansion of node specimens in the radial direction
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Figure 5. Thermal expansion of internode specimens in the tangential direction
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Figure 6. Thermal expansion of node specimens in the tangential direction
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Figure 7. Thermal expansion of internode specimens in the longitudinal direction
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Figure 8. Thermal expansion of node specimens in the longitudinal direction
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Figure 9. Hygroexpansion of internode specimens in the radial direction
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Figure 10. Hygroexpansion of node specimens in the radial direction
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Figure 11. Hygroexpansion of internode specimens in the tangential direction

Research on late wood and early wood indicated that the
hygroexpansion of the early wood is highly dominated by the
late wood (Pentoney 1953; Skaar, 1988). Although no growth
ring can be found in the anatomic structure of bamboo, a
remarkable density difference between the vascular bundle
tissue and parenchyma ground tissue is similar to the density
difference between the early wood and late wood.

The thermal expansion and hygroexpansion results showed
that the swelling or shrinkage that is caused by moisture vari-
ation is much higher than that caused by temperature vari-
ation. The driving potential of the thermal expansion can be
attributed to the amplitude of the lattice vibration increasing
when the temperature is increasing. For hygroexpansion,
the water replaces the air to fill the holes between the solid
matter of bamboo when the moisture content is increasing.

The difference in driving potentials of the mass transfer and
energy transfer may lead to the different levels of deformation.
The effect of moisture variation on the expansion of Moso
bamboo-based building materials is much greater than the
effect of temperature variation.

3.3 Limitation and future directions

This study examined the thermal expansion and hygro-
expansion of Moso bamboo specimens by using one specimen
for each direction. The results would be more representative
if the number of specimens was to be increased in the future.
Both thermal expansion and hygroexpansion experiments were
only conducted for one cycle. Measurements for multiple
cycles will be performed to characterise the periodic features
of the expansion in future work.
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Figure 12. Hygroexpansion of node specimens in the tangential direction
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Figure 13. Hygroexpansion of internode specimens in the longitudinal direction
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Figure 14. Hygroexpansion of node specimens in the longitudinal direction
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4. Conclusion

The thermal expansion and hygroexpansion of Moso bamboo
specimens have been measured while increasing and subsequently
decreasing temperature and moisture, respectively, thereby contri-
buting to the scarce data in the literature. The thermal expansion
measurements were conducted with a dilatometer. The hygro-
expansion of bamboo specimens was measured with a
micrometer and desiccators using different saturated solutions.

The thermal expansion of the bamboo specimens in the radial
and the tangential directions is one order of magnitude higher
than the thermal expansion in the longitudinal direction. The
hygroexpansion results illustrated that the swelling of bamboo
specimens increases with the RH, while the shrinkage of
bamboo specimens decreases with reduction in RH. In the radial
direction, the data indicated that the hygroexpansion values from
high to low were for the external specimen, the middle specimen
and the internal specimen, respectively. The hygroexpansion in
the longitudinal direction is one order of magnitude lower than
the hygroexpansion in the radial and tangential directions. The
thermal expansion and hygroexpansion results showed that the
swelling or shrinkage caused by moisture variation is much
higher than that caused by temperature variation.
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