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ABSTRACT

Eucalyptus nitens (E. nitens) has been much used for producing paper but also shows promise for structural appli-
cations. In this study, static compressive tests were undertaken to examine its suitability to be used in an inno-
vative composite column. The composite column was comprised of a rectangular steel tube with E. nitens timber
infill. The nonlinear compressive behaviour of the composite column filled with E. nitens wood for both dry and
wet conditions was examined. The same tests on rectangular steel tubes and bare dry and wet E. nitens samples
were also undertaken as a comparison. For samples with different conditions, the ultimate capacity was evaluated
and the effect of each condition on the compressive behaviour of the composite column was clarified. The steel
tubes showed greater ductile behaviour, and more ductility was found in the wet samples. The steel tubes with E.
nitens timber infill samples exhibited a greater linear elastic range connected with higher maximum loads, while
the bare timber samples could support only lower maximum loads. The results from this research were promising
for the use of rectangular steel tubes with E. nitens timber infill in structural applications.
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1 Introduction

Composite members are increasingly being used in the building industry [1-4]. Many studies have
examined the compressive behaviour of composite columns with infilled timber, and the deformations, as
well as the failure modes of such composites, have been assessed [2,5]. However, previous studies
focused on coniferous species, such as P. radiata and Douglas fir [1,2,5]. Currently, there is a serious
shortage of timber from softwood plantation resources due to the increasing demand for timber resources
used in structural applications [6]. Fast-growing plantation hardwood species such as Eucalyptus nitens
(E. nitens) are drawing attention with their potential for various structural building applications [7—11].
However, the available information on E. nitens to date is limited to its basic mechanical properties, such
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as bending strength, compressive stiffness, and so on [9,10,12]. To gather the missing information, it is,
therefore, necessary to assess the compressive behaviour of composite columns with E. nitens wood infill.

The safety assessment of timber structures has been of much concern recently, especially in situations
with moisture contents (MCs) above fibre saturation point (FSP) [11]. However, very few standards give the
maximum load carrying allowances for such timber elements above F'SP, especially for compressive failure,
which is an important failure mechanism of columns or piles in buildings and bridges [7]. Only those design
standards for soil and water immersed piles [13] and wet piles [14] address this issue. While the research
above was for a limited number of species [15—17], several new studies show an increasing interest in
Eucalypt but very few studies have examined the moisture/strength relationship in this timber [9,10,17].
Lack of design values for composite columns filled with E. nitens wood below and above FSP, may lead
to unsafe use of this composite column when the E. nitens timber is exposed to water, for example in
wood piling foundations near the coast for a long time [10].

The design values are usually determined based on the small clear sample or the full-size testing [10,18].
The test results from full-size testing are much closer to the actual situation as it takes the effect of size into
consideration [18]. Small clear samples were used to develop design values for the composite columns filled
with E. nitens wood below and above FSP because they were still used to determine the design values based
on the design code of timber structures as well as timber members [19,20].

This study examines the comprehensive behaviours of composite columns filled with E. nitens timber
for dry and wet conditions. Here, “low MC” or “dry” means the moisture content (MC) of the timber is about
12%, which is the standard condition below FSP, and “high MC” or “wet” means the MC is above fibre
saturation point (FSP), with the assumption that FSP of E. nitens is 30% [10]. In this study, the specific
objectives are listed as follows:

e Determine the load-deformation curves for the composite columns with E. nitens timber infill under
axial compression for dry and wet conditions.

e Investigate the impact of the steel tube on the compressive behaviour of the composite columns with
E. nitens timber infill for dry and wet conditions.

e Obtain the design values for composite columns filled with E. nitens timber for dry and wet
conditions.

2 Method and Materials

An experimental investigation of steel composite columns filled with E. nitens timber under axial
compression was undertaken to obtain the load and deformation curves. The loads and deformations were
measured by a Universal Testing Machine according to ASTM D143-09 [21]. The machine has a
maximum loading capacity of 1000 kN. The ultimate capacity of the composite columns was obtained
from these load-deformation curves. The test series and sample configurations used were summarised in
Table 1 and Fig. 1.

2.1 Sample Preparation

The samples were 150 mm (in length) x 50 mm (in width) X 35 mm (in depth) in accordance with ASTM
D143-09 [21]. Steel tubes (cold-formed mild steel sections) were bought from local traders with detailed
dimensions provided in Figs. 2b and 2c. The yield strength and modulus of elasticity of steel tubes were
415.00 MPa and 185.00 GPa, respectively. E. nitens timber samples were prepared according to the work
of Cheng et al. [10]. The grain direction coincided with the longitude of the samples. Two kinds of
moisture content (MC) conditions were considered. The first was the “dry condition”, which means with
MC of around 12%, and the second was the “wet condition” with MC > FSP (FSP = 30% [10] assumed
in this study). E. nitens timber samples were originally cut to be a larger size with dimensions 200 mm
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(in length) x 50 mm (in width) x 35 mm (in depth), then cut to the final size just before the testing. The cut
pieces from the timber samples were used to determine the MCs and the basic densities according to the work
of Cheng et al. [10].

Table 1: Summary of sample configurations

Code Description Moisture content of Number of Outside size of the
E. nitens timber replicate samples
samples
BS Steel tube samples — 70 150 mm (L) x 50 mm
ST-DRY  Steel tube filled with dry E. =12% 70 (W) x 35 mm (D)
nitens timber samples
ST-WET Steel tube filled with wet E.  >30% 70
nitens timber samples
BT-DRY Bare dry E. nitens timber  =12% 70
samples
BT-WET Bare wet E. nitens timber  >30% 70
samples

Figure 1: The samples with different configurations
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Figure 2: Dimensions of the samples for testing
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The bare steel (BS) and bare timber samples (BT) tests were measured directly from the prepared steel
tubes and E. nitens samples, respectively. For the steel tube filled with E. nitens timber samples (ST), the
timber blocks, both wet and dry, were machined using a planer to allow the dimension of a timber block
to fit tightly into the inside of a steel tube (Fig. 2a). Then the timber block was placed at one end of the
steel tube and the impact of a hammer was used to insert the block into the steel tube.

2.2 Methods for the Test and the Data Analysis

The tests were undertaken at roughly 18°C with relative humidity (RH) between 60% and 70%. The test
for each sample was performed on a Universal Testing Machine with a loading rate of 0.3 mm/mins. The test
photos were provided in Fig. 3.

Figure 3: Test photos for the samples in axial compression

The compressive strength (o,;,) was calculated from the ultimate capacity P,;; (N):
Oult = Pult/A (1)

where, 4 (mm?) is the area of the section applied the load. This equation was consistent with the previous
studies [9,22] and the Standards [21,23]. The ultimate capacity was the peak value obtained directly from
the experimental load-deformation curve for each sample, while the area of the section applied the load
(4) for the sample with different configurations was 4 = D x W — (D — 2f) x (W — 2f) for BS samples
and 4 = D x W for ST/BT samples, respectively.

The compressive strain was calculated from the relative deformation in relation to the original
dimensions.

The ductility coefficient, p, which is an important measure to show the elastic-plastic deformation
capacity of structural members, was calculated as:

w = Au/Ay 2)

where, Ay (mm) is yield displacement, and Au (mm) is the maximum displacement. The yield displacement
and maximum displacement are defined as the pre-peak displacement corresponding to 75% of peak load and
post-peak displacement at 80% of peak load, respectively [24,25].

Statistical analyses were used to determine the design characteristic values at 95% confidence via Matlab
(version R2021a, Natick, Massachusetts: The MathWorks Inc.). MCs and basic densities for E. nitens timber
samples were determined in accordance with the work of Cheng et al. [10].

3 Results and Discussions

This study shows the compressive properties of the composite columns, i.e., rectangular steel tubes filled
with dry (MC = 12%) and wet (MC > FSP) E. nitens, under axial compression. It first assesses the
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experimental findings with the work of previous studies in Section 3.1 to give a rationale for the compressive
behaviour of composite columns with E. nitens timber infill. In Sections 3.2-3.4, the effect of the steel tube
and the E. nitens timber on the compressive behaviour of the composite columns are explored and the usage
of such composite columns is considered.

3.1 Physical Properties of E. nitens Timber

Table 2 presented a statistical summary of the E. nitens samples. The mean values of the basic density
were 511.7 kg/m® and 528.2 kg/m® for dry condition (MC = 12%) and 499.8 and 507.4 kg/m’ for wet
condition (MC > FSP), respectively, which was lower than that from native forests (670 kg/m®) [26]. This
was because the samples of this study were from an E. nitens plantation resource, which was younger
than those from native forests and density increases with age [27,28]. Basic densities of the E. nitens in
this study lay in the range of those obtained by Cheng et al. [9] and Derikvand et al. [12], respectively,
showing that the data was reasonable for plantation E. nitens timber.

Table 2: Statistical summary of the basic density and moisture content of the E. nitens samples

Physical Statistical This research for plantation E. nitens Other studies [9,12] for plantation
property quantity E. nitens
ST samples BT samples C22 [9] D19 [12]
ST-DRY ST-WET BT-DRY BT-WET CPA-DRY CPA-WET CPA-DRY
MC (%) Mean (COV*%) 12.8 (3.2) 65.1 12.2 (3.3) 64.2 11.9 (2.6) 66.9 (19.3) 8.7
(13.1) (13.1) (2.3)

Max 13.6 87.3 13.3 84.3 12.8 109.4 9.1

Min 11.8 45.0 11.3 445 10.9 37.5 8.5
Basic Mean (COV*%) 511.7 499.8 528.2 507.4 521.8 484.5 508.5
Density 6.7) 8.2) (6.2) (8.3) (7.4) (10.2) (13.1)

3

(kg/m’)  Max 603.1  607.6 6342 6263 6247 617.7 652.3

Min 434.1 414.0 453.2 438.6 408.4 387.8 4293

Note: *COV, coefficient of variation.

The MCs of E. nitens timber in ST samples were 11.8%—13.6% with a mean value of 12.8% for the dry
condition and 45.0%—87.3% with an average of 65.1% for the wet condition, respectively. MC of BT samples
varied between 11.3% to 13.3% for dry samples and between 44.5% to 84.3% for wet samples, with average
(coefficient of variation, COV) values of 12.2% (3.3%) and 64.2% (13.1%), respectively. In the present study
for E. nitens, ST samples had similar MCs compared to the corresponding BT samples (Table 2). Thus, the
samples with different configurations were comparable.

Fig. 4 presented a boxplot of compressive strengths of BT samples and the data from other studies on
plantation E. nitens [9,12]. The compressive strength for each sample was obtained using Eq. (1). In this
figure, the red lines in the boxplots represented the median, while the red crosses represented possible
outliers. Wet samples were linked with low values of failure strengths compared to the corresponding dry
samples. High MC significantly reduced the compressive strength in this study, which agreed with the
findings reported by other research on plantation E. nitens timber [9].

A similar MC range between the bare E. nitens (BT) samples and other experimental work of
compression on E. nitens was found, and the strengths of dry BT samples in this study lay in the range of
those obtained by Cheng et al. [9] and Derikvand et al. [12] (Fig. 4), implying the repeatability of this study.
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Figure 4: Boxplot of the compressive strength for bare E. nifens timber in this study compared with the
work of Cheng et al. 2022 (C22 [9]) and Derikvand et al. 2019 (D19 [12])

3.2 Load and Deformation Curves

In this section, the load and deformation curves for the samples with different configurations under axis
compression were provided (Fig. 5). Generally, the compressive behaviour of the samples can be classified
into three stages: (a) the elastic stage, (b) the inelastic stage with the yielding, and (c) the load drop. For both
dry and wet conditions, an approximately linear relationship at the beginning of the load and deformation
curve was found (Fig. 5), and the deformation increased when the load increased. At a certain level of
loading, which is defined as yield load, the samples yielded, and permanent deformations occurred. Then,
as the load continued to increase, loading reached its peak. At this stage, the deformation of the sample
can be visibly detected. The gradually decreasing loads were observed after their peaks, which is called
softening (load drop), and the samples were functionally unacceptable. Fig. 5 also explored the effect of
the steel tubes on the compressive behaviour of composite columns filled with E. nitens timber. The
compressive behaviours of ST samples were stiffer as well in higher strengths than the corresponding BS
and BT samples (Figs. 5a and 5b). This is because E. niten timber in a steel tube acts as a stiffener,
supporting the steel tube and results in a higher peak load.

250 :
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Figure 5: Load (kN) vs. Deformation (mm) for the samples with different configurations: Left plot, dry E.
nitens timber; right plot, wet E. nitens timber
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Fig. 6 presented the ductility coefficients (ductility indices) of each group of samples. In general,
samples under compression exhibited relatively ductile behaviour. ST samples (steel tubes filled with E.
nitens timber) tended to exhibit higher ductility compared with the bare timber samples. This behaviour
was also reported by Ghanbari Ghazijahani et al. for composite columns filled with P. radiata timber [5],
i.e., the steel tubes resulted in greater ductile behaviour for the samples filled with timber when compared
with their bare counterparts. Results also indicated that increasing the moisture content in similar samples
could increase the ductility, i.e., wet samples had higher ductility coefficients compared to the
corresponding dry samples. The ductility in ST samples increased more than 100% compared with the
corresponding bare timber samples, while an increase in ductility coefficients from dry to wet samples
was round 30%. Thus, steel tubes had a stronger effect on the performance of composite columns
compared with the effect of moisture content on the samples.

Bare E. nitens timber Steel tubes with Steel tubes
samples E. mtens timber infilll

BT-DRY BT-WET ST-DRY ST-WET

Figure 6: Ductility coefficients (i) for the samples with different configurations

3.3 Ultimate Capacities

The boxplot of ultimate capacities for the samples with different configurations was provided in Fig. 7.
The average values were 109.4 kN for BS, 217.8 kN for ST-DRY, 82.8 kN for BT-DRY, 186.2 kN for ST-

WET and 50.7 kN for BT-WET, respectively.
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Figure 7: Boxplot of the ultimate capacities for the samples with different configurations
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A remarkable difference in the value of ultimate capacities can be seen. The highest value was in the ST-
DRY samples, implying that the composite columns filled with E. nitens timber have higher failure capacities
than the BS and BT samples. The ultimate capacity decreased with the increases in moisture content for both
ST samples and BT samples. But a greater decrease in the ratio of the ultimate capacity for BT samples than
for ST samples when the cell walls of E. nitens timber were filled with water was found, ie., in the group of
ST samples; only 14.5% reduction in the mean ultimate capacity was observed, while a 38.8% reduction was
found in BT samples from wet to dry, indicating that the ultimate capacities of bare E. nitens timber (BT
samples) were more sensitive to moisture content than the composite columns filled with E. nitens timber
(ST samples).

3.4 Probability Distributions of the Compressive Strength for Composite Column Filled with E. nitens
Timber
For practical use, failure strength, which shows the maximum load carrying capacity of the timber
[29], at a 95% confidence level has gained the attention of the designers. The histograms of compressive
failure strengths based on the test data were fitted by lognormal and normal probability distribution
functions (Fig. 8).
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Figure 8: Histograms of compressive strengths for dry (a, ¢) and wet (b, d) samples: top row: the bare
E. nitens timber (BT) samples (a, b); bottom row: the composite column filled with E. nitens timber (ST)
samples (c, d)

Both the normal probability distribution and the lognormal probability distribution showed good fits
(Table 3). The normal distribution was preferable for determining the design characteristic values as it
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was simpler and was correlated with previous studies for bare E. nitens timber samples [10] and traditional
construction timbers, e.g., Spruce and Pine [30].

Table 3: Results of goodness-of-fit tests for compressive strengths based on the test data using Kolmogorov-
Smirnov (KS) [31] and Anderson-Darling (AD) [32] (‘one’ rejects the assumed probability distribution,
while a ‘zero’ means the acceptance)

Code Normal distribution  Log normal distribution
KS AD KS AD

BT-DRY 0 0 0 0

BT-WET 0 0 0 0

ST-DRY 0 0 0 0

ST-WET 0 0 0 0

The distributions of measured compressive strengths for ST samples were relatively broader than for BT
samples (Fig. 9). An obvious impact of high MC on the design value of the samples was found. Both ST
samples and BT samples were comparable because they had similar MCs. ST samples lay a higher value
region compared with the corresponding BT samples (Fig. 9), implying that the composite materials (steel
tube and E. nitens timber infill) rose the compressive strength of the columns under axial compression.
The remarkable increases up to 163.2% for dry ST samples and 266.9% for wet ST samples, respectively,
were found compared with their bare E. nitens timber counterparts (Table 4).
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Figure 9: Probability distribution of the compressive strengths for composite columns filled with dry and
wet E. nitens timber compared with the bared timber counterparts

For both ST and BT samples, the COVs among the samples under wet conditions were higher than those
under dry conditions due to a broader range of MC for the wet samples (Table 4). A smaller COV of ST
samples than BT samples was found. This lower variance was because the ST samples were more
consistent because of the effect of greater uniformity of the steel tubes than the E. nitens timber samples.
When both ST samples and BT samples had a similar MC range, the high moisture content produced less
decline in compressive strengths and COVs of the composite columns filled with E. nifens timber
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compared with the bare E. nitens timber samples. This showed that composite columns filled with E. nitens
timber were promising as structural compressive members, especially in water-saturated conditions. This was
because of the lower strength reduction compared with those of the bare E. nitens timber counterparts. The
suggested design characteristic values for composite columns, i.e., rectangular steel tubes filled with E. nitens
timber, were 113.5 MPa for low MC and 91.0 MPa for high MC, respectively (Table 4).

Table 4: Characteristic values of composite columns filled with dry and wet E. nitens timber compared with
their bare timber counterparts

Code Compressive strength
Mean Max Min COV* Characteristic value at
(MPa) (MPa) (MPa) (%) 95% confidence level
BT-DRY 473 60.4 37.2 10.0 39.5
BT-WET 29.0 39.4 19.7 16.4 21.2
ST-DRY 124.5 141.0 105.4 5.5 113.5
ST-WET 106.4 127.1 87.1 8.8 91

Note: *COV, coefficient of variation.

4 Conclusion

This study characterized the compressive behaviour of composite columns filled with E. nitens timber,
proposed as the new application of E. nifens for structural use. It examined the suitability of composite
columns filled with E. nitens timber both below and above FSP as structural members for the first time.

The findings can be summarised as follows:

e The effect of the steel tube was that it caused more ductility and higher load carrying capacity of the
composite column. E. nitens timber in the steel tube supported the samples. The steel tube filled with
E. nitens timber samples performed relatively higher slopes of the elastic stage together with higher
maximum loads, while the bare timber samples showed quite smaller maximum loads with less
ductile compressive behaviour. Wet samples were lower in failure strengths and had more ductile
compressive behaviours.

e A notable difference can be seen in the values of ultimate capacity of the samples with different
configurations. The composite materials (i.e., steel tube and E. nitens timber infill) increased the
ultimate capacity of the columns under axial compression, and the steel tube played more of a role
in the ultimate capacity of composite columns than the moisture content (MC) of the E. nitens
timber infill. Lower moisture content was linked with stronger samples.

e The probability distributions of compressive strengths were determined using the test data and design
characteristic values of composite columns filled with E. nitens timber were suggested. The composite
columns can potentially be used by designers as structural members.
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