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Flexural Characteristics of Eucalyptus nitens Timber
with High Moisture Content
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The demand for timber resources in the building industry has been
increasing. Plantation Eucalyptus nitens is of interest because of its
sustainable supply and potential for structural applications. However, few
design standards cover strength values of plantation eucalypt timber,
especially flexural failure below and above the fibre saturation point, which
is an important mechanism of failure in bending members used in the
building industry. Static bending tests were undertaken using a universal
testing machine to examine nonlinear bending behaviour of 130 fibre
managed E. nitens small clear wood samples at low and high moisture
contents (MC). The mean bending modulus of rupture (MOR) was 80.7
MPa for low MC and 59.0 MPa for high MC. The high MC samples
exhibited larger displacements at low ultimate loads, while the low MC
samples showed abrupt failures at relatively small displacements with high
ultimate loads. The design characteristic values for low and high MC E.
nitens were 68.5 MPa and 39.8 MPa, respectively. This research
demonstrates that fibre managed E. nitens timber is a promising timber for
structural applications, especially when exposed to water, as the MOR
reduction of E. nitens timber above FSP is relatively lower than those of
P. radiata, which is a traditional construction material.
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INTRODUCTION

Timbers from fast-growing eucalypts are now considered to be building materials
with extensive potential (Gilbert et al. 2017; Nocetti et al. 2017; Hein and Brancheriau
2018; Derikvand et al. 2019a, 2019b; Pagel et al. 2020); one such resource is plantation
Eucalyptus nitens (Derikvand et al. 2019b, 2019c). For many practical applications,
bending stiffness (modulus of elasticity, MOE) and strength (modulus of rupture, MOR)
are of interest, as they determine the mechanical performance of timber members (Arnold
2009; Nocetti et al. 2015, 2016; Hein and Brancheriau 2018; Derikvand et al. 2019a;
Brunetti et al. 2020). However, the stiffness and strength of wood can decrease
significantly as moisture content (MC) increases above equilibrium (i.e., the fibre
saturation point, FSP) (Nocetti et al. 2015; Aicher and Stapf 2016). The aim of this study
was to determine the MOE and MOR values at low and high moisture contents in E. nitens
timber, harvested from fibre managed (thinned and pruned) plantations. In this study, low
MC means that MC is less than 15%, which is the normal situation for E. nitens timber as
used in the building industry, and high MC means that the MC is above equilibrium, which
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is the extreme situation for E. nitens in structural applications when exposed to water. This
information will be used to establish design characteristic values that can allow E. nitens
to be used as a structural material, and in particular, for its potential application in a water-
saturated state.

The increasing demand for timber in the construction industry together with a
shortage of supply from native forests has called for additional plantation resources
(Crafford and Wessels 2016; Derikvand et al. 2016; Gilbert et al. 2017). A potential new
resource is fast-growing plantation eucalypts; E. nitens is one option because of its
sustainable supply and possible use in building applications (Derikvand et al. 2019b,
2019c; Pagel et al. 2020). To use such a resource as structural or engineered timber, its
mechanical properties need to be known, so as to establish design codes and specifications
(Derikvand et al. 2019c), although a number of previous studies have been undertaken to
examine the physical properties of wood fibre (Medhurst et al. 2012; Zhao et al. 2020) or
bending properties of sawn boards from E. nitens plantations (Derikvand et al. 2019a,
2019b). A visual grading method was applied to evaluate the strength grade of dimensioned
E. nitens timber. However, this method was not always appropriate (Derikvand et al.
2019b), and more experimental work was needed.

The safety of timber structures is a major concern in construction. The strength of
timber usually decreases as the MC increases, and in the case of high MC, the strength can
decrease by a factor of up to 50% (Aicher and Stapf 2016). At the same time, wood has
many mechanical failure modes: tensile failure; compressive failure; shear failure, and
flexural failure (Polyanin and Manzhirov 2000). Flexural failure is particularly important
in beams and in bending members in buildings, bridges, and foundations (Bal and Bektas
2012; Gilbert et al. 2014; Derikvand et al. 2019a, 2019b). At present, few design standards
cover flexural strength values for E. nitens timber, especially in the high MC range (Aicher
and Stapf 2016; AS/NZS 4063 2010; ASTM D2899 2012). Lack of this information may
lead to the unsafe use of E. nitens, especially where the timber is saturated. For example,
timber piles immersed in soil near coast for a long time. For timber above the water table,
water can be drawn into the wood by capillary action and can lead to moisture content in
the piles above their fibre saturation point. Another example in which wood would become
completely soaked in normal usage is when a timber houses in a flood zone. In such cases,
the timber members may become immersed in flood water for a long time and became
saturated with water. Bending properties in engineered E. nitens wood products proposed
for design purposes must therefore be addressed for both low and high moisture content
situations.

The design characteristic values for wood strength are key parameters in
determining the safety of wood members in structural applications and these are generally
determined by full-size and small clear sample testing (Gong et al. 2017). Full-size testing
takes natural defects and size into consideration (Gong et al. 2017); test results are therefore
close to reality. However, according to the design code for timber structures (AS/NZS 4063
2010; ASTM D2899 2012), design characteristic values are still based on small clear
sample testing; therefore, for this study, small clear samples were used as a first step in the
development of the design characteristic values for E. nitens timber at both low and high
moisture contents.

This study uses national testing standards (ASTMD 143-09 2009) to examine the
effects of high moisture content on the bending strength of wood from fibre-managed
plantation-grown E. nitens. An experimental investigation on the MOR and MOE of
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commercial timber species, radiata pine (P. radiata), at both low and high moisture

contents was also undertaken as a comparison. The specific objectives were to:

e Obtain load-displacement curves of fibre managed E. nitens samples in four-point
bending for both low and high moisture contents;

e Determine the flexural characteristic (MOR and MOE) of fibre managed E. nitens
samples for both low and high moisture contents; and

e Obtain the design characteristic values for fibre managed E. nitens bending samples
for both low and high moisture contents.

EXPERIMENTAL

Materials

An experimental investigation of E. nitens was undertaken to obtain load and
deflection curves in four-point bending tests, at both low and high moisture contents. Here,
low moisture content means that the MC was less than 15%, also called “dry condition”.
High MC means that the MC is above the fibre saturation point (FSP), also called “wet
condition”. The FSP varies between species but is typically in the range 20 to 30% (Ross
2010; Dieste et al. 2013; Engelund et al. 2013; Nocetti et al. 2015; Aicher and Stapf 2016).
The FSP for E. nitens is usually assumed be 30% (Dawson et al. 2020). MC for the “dry”
and “wet” E. nitens samples tested in the present study were in the range from 9.7% to
12.6% for dry samples and from 57.9% to 124.3% for wet samples, with mean (COV)
values of 12% (5.4%) and 86% (16.7%), respectively (Table 2). The MOE and MOR in
bending at both high and low moisture contents were determined from these load-
displacement curves. The test samples and methods are summarised in Table 1.

Table 1. Summary of Experiments for Small Clear E. nitens and P. radiata
Bending Samples

Samples Loading Rate Moisture Species Code Number of
Size Content Replicated
(MC) Samples
410 mm (L) < 15% E. nitens Dry-E 65
x 25 mm 2 5 mm/min P. radiata Dry-P 50
(W) x 25 ' > 30% E. nitens Wet-E 65
mm (D) P. radiata Wet-P 50

As E. nitens is currently used for wood pulp in industry, E. nitens samples are not
available in the market. E. nitens boards were specially ordered from the industry partner,
Britton Timbers (Smithton TAS, Australia). The samples were cut from well-defined
tangential, radial, and transverse faces of E. nitens boards. The boards were randomly
selected from different logs at a local mill and were originally from a 16-year-old E. nitens
pulpwood plantation located in the Woolnorth region of NE Tasmania, Australia, which
has a maximum altitude of 190 m.

These were compared with P. radiata samples for the same dimension, cut from P.
radiata boards with same feature. The P. radiata boards were purchased from a local trader
(McKay Timber, Glenorchy TAS, Australia).

In total, 130 small clear E. nitens samples were used in the four-point bending tests.
Half of them had a low moisture content (i.e., 65 dry samples) and the other half had a high
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moisture content (65 wet samples). The dry samples were from boards dried in an industrial
hardwood kiln and then stored indoors 20 °C and 65% relative humidity (RH) for 3 months,
while the wet samples were soaked in deionised water for 3 months to make sure they were
fully saturated. They were then tested within one day of removal from the water to make
sure the wet samples were in a MC value above FSP. A simple soaking process (normal
soaking) was used to increase the MC of the timber samples (Arnold 2009), i.e., samples
were simply placed into a large container filled with water and a heavy weight placed on
the samples to keep them fully submerged.

In this study 100 P. radiata samples were used. Fifty were tested at dry condition
and the rest were tested at wet condition, which used the same soaking process as the E.
nitens samples. Moisture content (MC) for dry samples is below the fibre saturation point
(FSP), whilst wet is above. The FSP for P. radiata is 21 to 30% (Ross 2010). Moisture
content distribution for P. radiata was provided in Fig. 1 compared with E. nitens samples.
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Fig. 1. Boxplot of MC for P. radiata samples compared with E. nitens samples

Testing Facilities and Procedure

The support frame consisted of a four-point bending test frame with 3 spans of 120
mm each (Fig. 2). These tests were performed on a universal testing machine (Hounsfield
H50KM 50 kN, serial number H50KM/669; Tinius Olsen Ltd., Surrey, UK). Prior to
testing, the weights and dimensions of the samples were measured to determine their
densities and volumes at testing time.
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Fig. 2. Schematic diagram of four-point bending
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The tests were conducted at roughly 20 °C, and the RH was in the range of 50% to
70%. Immediately after testing, small pieces from each sample were cut and oven dried for
72 h to determine moisture content according to AS/NZS 1080.1 (2012).

The samples had five types of the test sample direction, as they have annual growth
ring angles of 0°, 30°, 45°, 60° or 90° in the cross section defined by wood handbook (Ross
2010). Each annual growth ring angle had 26 samples for E. nitens and 20 samples for P.
radiata, while half was dry samples (MC < 15%), and the other half was wet samples (MC
> FSP).

Data Analysis
MOE and MOR

Material properties of timber in bending (MOE and MOR) were calculated
according to Egs. 1 and 2, respectively.

The MOE was calculated, as shown in Eq. 1, based on the load (N), APe, and one-
third span displacement (mm), A9, ;, measured within the elastic range of each sample,

MOE = (5AP°)/(27WD’Ab,,;) Q)

where | is the working span (mm), i.e., the span between supports, W is beam width (mm),
and D is beam depth (mm). The derivation of Eq. 1 is provided in the Appendix. To
determine the load APe and the displacement, A9, ;, a linear relationship was fitted through

the linear elastic range of the load and displacement curves.
The MOR was calculated from the maximum load (N), Pmax, as given in Eq. 2 (Brol
and Wdowiak-Postulak 2019; Derikvand et al. 2019c):

MOR = (P. )/(WD?) (2)

max

Moisture content and basic density
The moisture content (MC) of the samples was calculated using AS/NZS 1080.1
(2012), while basic density was calculated using Eq. 3 (Derikvand et al. 2019c),

100M

P g0+ MOV @)

where pv is basic density (kg/m®), M is the mass of the test piece after oven drying (kg), V
is the volume of test piece before oven-drying (m?), and MC is the moisture content (%).

Moisture adjustment factor of completely water-saturated state to dry

A moisture adjustment factor (Nocetti et al. 2015), F(MC), is defined as showing
the relative influence of moisture on MOR compared with a reference MC, usually at 12%.
Moisture modification factor above FSP, Eq. 4, is given by,

F (MC > FSP) = MORmc/ MOR12=¢ 4)
where c is constant depending on experimental results.

Statistical analyses

Statistical analyses were undertaken using Matlab (The MathWorks Inc., version
2018a, Natick, MA, USA). Theoretical probability functions of normal distribution and
lognormal distribution were applied to fit the probability distributions of MOR for dry and
wet samples. A Kolmogorov—Smirnov test (K-S test) was applied to evaluate the fit

Cheng et al. (2021). “Flexure of eucalyptus timber,” BioResources 16(2), 2921-2936. 2925



PEER-REVIEWED ARTICLE b | oresources.com

between the theoretical probability distribution and the empirical probability distribution
obtained from the experimental data, as it is sensitive to differences in both the location
and shape of the probability distribution functions (Bryc 1995). The formula for the K-S
test can be expressed as follows,

D, = mfzx|an(x) -F,(x)| )

where mgx| | is the maximum absolute distance, while the terms F, (x) and F,(x)
represent the empirical probability distribution function and the theoretical probability
distribution function, respectively. D, is the maximum absolute difference between
F,.(x) and F (x).

At the 0.05 level of significance, D,, =K/~/n, where K is Kurtosis and n is the
number of samples. If D, is smaller than D, , the theoretical probability distribution

provides a good fit to the empirical probability distribution obtained from the test data;
otherwise, the fit is unacceptable.

RESULTS AND DISCUSSION

Load-displacement Curves

Figure 3 presents typical load-displacement behaviour for small clear E. nitens and
P. radiata samples at the loading point, i.e., the one-third point. The dry samples exhibited
a more extensive linear phase in the load-displacement curve with sudden brittle ruptures
compared with the wet samples (Figs. 3a and 3b).
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Fig. 3. Load-displacement curves of E. nitens in bending compared with P. radiata samples, (a) E.
nitens samples and (b) P. radiata samples. “Dry” means that the MC of the samples is less than
15%. “Wet” means that the MC of the samples is above FSP, approximately 30%. The wet samples
were immersed in water for 3 months to let the samples be as saturated as possible.

A distinctly different ductile bending behaviour in wet samples was observed in the
load—displacement curves. The wet samples exhibited considerably larger displacements
at lower maximum loads, while the dry samples showed relatively small displacements just
beyond the proportional limit, connected with somewhat higher maximum loads. This
reveals that the samples become more flexible after absorbing water compared with the
brittle and sudden failure in dry samples.
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A significant difference in the value of ultimate loads and the displacement at
ultimate load can be seen when comparing E. nitens and P. radiata samples at high MC.
The P. radiata samples exhibited more ductile character, i.e., they attained the higher value
of displacement at their ultimate load (before the curve goes down) than E. nitens. This is
because P. radiata is a soft wood, and the loading nose penetrated the sample (Fig. 4),
causing bearing failure during testing and affecting the load and displacement curves. This
was observed in most of the P. radiata samples at high MC.

wt 2

Fig. 4. Bearing failure for P. radiata samples, (a) penetration of loading nose during testing; (b)
impression of loading nose

Failure Modes

Although the failure was initiated in different areas in various samples, two types
of failure were most frequently observed during testing: combined compression with
tension failure (Fig. 5a, b) and bending tension failure (Fig. 5c, d).

Fig. 5. Failure modes of the four-point bending E. nitens samples; dry samples (a, c); wet samples
(b, d); combined compression with tension failure (a, b); bending tension failure (c, d). The values of
MC on the photos are the specific MC of the testing samples shown in the photos. The 86% is a
mean value of MC for the wet samples.
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All the dry samples of E. nitens, (i.e., with MC less than 15%), showed a sudden
tensile rupture (Fig. 5a, ¢), which is consistent with typical observations for clear timber
beams (ASTMD 143-09 2009; Ross 2010; Bal and Bektas 2012; Derikvand et al. 2019c).
Once a tensile rupture occurred, it propagated rapidly throughout the test sample. The
current study firstly examined the nonlinear bending behaviour of wet E. nitens samples
and found ductile failure behaviours comparable to behaviour in the dry samples with the
cracks remaining localised (Fig. 5b, d). This is due to the water present in the wet samples
providing lubrication between the grain fibres, allowing them to slide easily from one state
to another at a microscopic level, while undergoing shear deformation, thus allowing a
redistribution of local stresses. Similar failure modes were found for P. radiata.

For combined compression with tension failure mode, three phases of bending
failure were observed: The first, an elastic phase indicates that neither the tensile stress nor
the compressive stress is larger than its ultimate value and the corresponding deformation
can be fully recovered. The next phase was compression failure, when compressive
strength was reached in the compressive side of the sample (i.e., the top surface) while the
tensile stress was less than its ultimate values. At this time, compression failure appeared
in the compressive side of the sample and the neutral axis shifted toward its tensile side
(i.e., the bottom surface). In other areas of the samples that were under bending-induced
tension and compression, the material was loaded elastically. The third phase, tension
failure appearance with crack initiation, was characterised by the appearance and
development of cracks in the tensile side of the samples when the tensile strength was
reached. These cracks caused the neutral axis to shift toward the compression side. This
three-phase failure behaviour, which was found in both dry and wet test samples, was
generally found in good quality test specimens where the tensile capacity was higher than
the compressive capacity.

For the bending tensile failure mode, the only phases observed were the elastic
phase and the crack initiation phase (on the tensile surface of the test specimen). This
failure mode, characterised by brittle failure of the tensile side, without a yielding on the
compressive side, was usually observed in test specimens having a slight grain angle. After
cracks were initiated, they developed along the grain.

Basic Density, MOE, and MOR

There was acceptable agreement with values of basic density measured with
previous studies (Farrell et al. 2008; Derikvand et al. 2019c). The average values of the
basic density from both dry and wet plantation E. nitens samples were 520.4 kg/m® and
496.9 kg/m?, respectively (Table 2). It also was found that the mean values for basic density
were close to that reported by Farrell et al. (2008) for wet samples and Derikvand et al.
(2019c) for dry samples, with the difference less than 5%.

Another important measure, MOE, ranged from 10.0 to 13.2 GPa for dry samples
and from 6.4 to 11.6 GPa for wet samples, with mean values of 11.8 and 9.5 GPa,
respectively (Fig. 5 and Table 2). The MOR values were in the range of 62.2 to 100.3 MPa
for dry samples and 23.9 to 87.7 MPa for wet samples, with mean values of 80.7 and 59.0
MPa, respectively. These lie in the ranges of those of Farrell et al. (2008) and Hein and
Brancheriau (2018) for high moisture samples and for low moisture samples, respectively
(Fig. 5). The coefficients of variation (COV) for MOE and MOR in both dry and wet
samples were also examined. The COVs of MOR and MOE for dry samples were lower
than the corresponding cases provided by the Wood Handbook (Ross 2010) and Hein and
Brancheriau (2018) (Table 2). These lower COVs were due to the samples being cut from
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the same boards and being defect-free, with clear samples being selected to avoid the
influences of non-uniformities in the wood samples, as studied in the Wood Handbook
(Ross 2010), Farrell et al. (2008), and Hein and Brancheriau (2018). The COVs of MOR
and MOE for wet samples were higher than those for dry samples due to the wet samples
covering a broad moisture range. Therefore, this study is shown to be reasonable and
repeatable data for plantation-grown E. nitens.

Table 2. Physical Properties of E. nitens Samples in Four Point Bending

Physical property Testing Other Studies
Dry-E | Wet-E | Dry-E (H18) * Wet-E (F08) **
MC (%) Mean 11.6 86.4 14 100.1
(COV %) | (5.4 (16.7) - (20.5)
MOE (GPa) Mean 11.8 9.5 12.5 10.6
(COV %) | (6.81) | (12.0) (18.9) (21.1)
MOR (MPa) Mean 80.7 59.0 76.8 51.9
(COV %) | (9.01l) | (19.8) (20.5) (30.0)
Basic Density (kg/m?) Mean 520.4 496.9 517.7 479.8
(COV%) | (8.7) (7.8) (11.6) (7.8)
*Hein and Brancheriau 2018 (H18), for other plantation eucalypt species at low moisture
condition; **Farrell et al. 2008 (F08), for plantation E. nitens at high moisture condition; |
and Il: The suggested COV values by Wood Handbook (Ross 2010): |1 22% and 1l 16%

Significant influence from high MC was found on the MOR and MOE of samples
for E. nitens and P. radiata in this study (Fig. 6). The high MC correlates with low values
of MOR and MOE. At high MC, the maximum MOR among the group of P. radiata
samples was less than those in the group of E. nitens, while they are close for dry samples,
indicating a higher value of the mean moisture adjustment factor above FSP for E. nitens.
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Fig. 6. Boxplot of MOE and MOR for E. nitens samples compared with other studies on plantation
eucalypt species, H18 (Hein and Brancheriau 2018), FO8 (Farrell et al. 2008), and P. radiata
samples: (a) MOE; (b) MOR

Linear Regression Models for MOE-MOR
The regression statistics between the MOE and MOR of E. nitens samples for dry
and wet conditions are presented in Table 3, comparing with the P. radiata samples.
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Table 3. Linear Regression Models for the Correlation Between MOR and MOE

Code Linear Regression Model R? Mean MC (COV %)
Dry-E MOR (MPa) = 6.4 x MOE (GPa) + 5.4 0.48 11.6 (5.4)
Wet-E MOR (MPa) = 6.6 x MOE (GPa) - 3.2 0.41 86.4 (16.7)
Dry-P MOR (MPa) = 3.3 x MOE (GPa) + 47.7 0.47 11.1 (5.2)
Wet-P MOR (MPa) = 3.5 x MOE (GPa) + 25.3 0.34 86.9 (20.5)

Positive correlations between MOE and MOR for the two species at both dry and
wet conditions were found. In other words, MOR increased with an increase in MOE.
Linear-regression models were also developed in the study and showed that more than 48%
of variations in the MOR for dry E. nitens samples and 41% of variations in the MOR for
wet E. nitens samples could be explained by their MOE values (Table 3).

The relationship between MOE and MOR for P. radiata samples showed a weak
correlation (R% = 0.47 for dry and R? = 0.34 for wet), implying that MOE of E. nitens affects
its MOR more significantly compared with softwood species, P. radiata, in this study. The
similarity between the regression models for both dry and wet samples indicates that the
MOR of E. nitens samples can be predicted from their MOE below and above FSP.

Characteristic Values and Moisture Adjustment Factors Above FSP

For many practical applications, the MOR is of interest, as it indicates the
mechanical performance of timber bending members. The empirical probability
distributions of MOR of E. nitens in both dry and wet states were determined from the test
data to assess its suitability for use in building structures. The results of the K-S test are
presented in Table 4, in which different data sets had different critical (Do.os) and maximum
(Dbn) absolute difference values.

Table 4. Statistical Parameters and Characteristic Values

Statistical Propert Testing Other Studies
perty Dry-E Wet-E | Dry-H18* | Wet-FO8*
Mean (MPa) 4.4 4.06 4.31 3.90
S.D.*** (MPa) 0.09 0.21 0.22 0.35
Lognormal Characteristic 70.3 41.1 51.9 27.8
distribution value, f (MPa)
Maximum Absolute
Difference (Dbn) 0.0730 0.0756 0.0908 0.1268
Mean (MPa) 80.7 59.0 76.8 51.9
S.D. (MPa) 7.4 11.7 15.8 15.6
Normal Characteristic
distribution value, f (MPa) 68.5 39.8 50.9 26.3
Maximum Absolute
Difference (D, ) 0.0644 0.0592 0.0550 0.0599
Critical Value (D, ) for K-S Testing 0.1657 0.1657 0.1152 0.1097
*Hein and Brancheriau 2018; **Farrell et al. 2008; ***S.D.-Standard deviation

With the exception of Wet-E (F08), which showed only the normal probability
distribution fitted the testing data, both theoretical probability distributions fitted the
experimental data; however, the normal probability distribution showed a better fit as it
had smaller maximum absolute difference. An additional check has been undertaken using
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Anderson-Darling (A-D) Test. It gives more weight to the tails than does the K-S test
(Anderson and Darling 1952; Anderson and Darling 1954; Stephens 1974). By putting the
same data through the A-D test, all the experimental data were confirmed to fit a normal
distribution (Fig. 7).
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Fig. 7. The result of Anderson-Darling (A-D) Test for normal distribution of MOR from plantation
eucalypt samples; dry samples (a, c); wet samples (b, d); A-D Test for the MOR from authors’
testing (a, b); A-D Test for the MOR from values given in other research, (c) Hein and Brancheriau
(2018) and (d) Farrell et al. (2008). If squared distance A? is less than critical value at the 0.05 level
of significance, the data fit the normal distribution, otherwise, the fit is unacceptable.

This finding was consistent with previous research for other species, for example
P. radiata species (AS/NZS 4063 2010). Basic statistical parameters and the characteristic
values of lognormal distribution and normal distribution for Eucalyptus timber are shown
in Table 4. For the better fitting probability distribution, i.e., normal distribution, suggested
design characteristic values of fibre managed plantation-grown small clear E. nitens
samples for dry and wet conditions were 68.5 and 39.8 MPa, respectively.

The moisture adjustment factor of completely water-saturated state to dry for fibre
managed plantation E. nitens in this study was at 0.58 at a 5% percentile level and 0.73 at
mean level (Table 4 and Fig 8), respectively, while the mean moisture adjustment factor
above FSP for P. radiata was 0.55, which was close to that provided in the Wood Handbook
(Ross 2010), in which this the moisture adjustment factor was 0.52 at mean level for P.
radiata. The moisture adjustment factor of E. nitens at the mean level was relevantly higher
than P. radiata, and other hardwood species, such as Mora, F(MC > FSP)mean = 0.57 (Ross
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2010), and other softwood species, for example Spruce F(MC > FSP)mean = 0.53 (R0SS
2010), implying a potential use of E. nitens by the building industry, especially where the

timber is vulnerable to water.
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Fig. 8. Relationship of MORmc/ MOR12vs.MC for E. nitens timber. S.D. = Standard deviation.

CONCLUSIONS

1.

This study determined the mechanical bending strength of E. nitens from fibre-
managed plantation at both low and high moisture contents. It was found that fibre-
managed plantation E. nitens is promising to use as a structural material. The bending
strength values were obtained by performing four-point bending tests with a universal
testing machine, and samples were from a 16-year-old fibre managed E. nitens sourced
from Tasmania, Australia. Similar tests were undertaken on P. radiata for comparison.

Load and displacement curves for E. nitens samples in bending were determined. Dry
samples, in general, failed by brittle fracture with a sudden tensile rupture in the timber,
while wet samples featured larger displacements at lower maximum loads and failed
by ductile failure with several drops in their load-displacement curves, indicating
alternating periods of rupture and hardening.

The mean and variation of material properties for E. nitens, such as MOE and MOR, at
both low and high moisture contents were determined. The agreement between the data
in this study and findings reported by other research (Farrell et al. 2008; Hein and
Brancheriau 2018) on plantation Eucalyptus timber for low and high moisture contents
showed that the results of E. nitens in these tests are reasonable for both low and high
moisture content states.

For design purposes, linear-regression models were developed based on the
correlations between MOR and MOE of the E. nitens in low and high MC and
compared with the models for P. radiata samples. The correlation between MOR and
MOE was also sufficiently good to allow estimates of MOR from its MOE of E. nitens
to be obtained.
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5.

The bending strength probability distributions of E. nitens at both low and high
moisture contents were estimated. The normal distribution showed a better fit and was
selected to determine design characteristic values presented in this paper. The design
characteristic values for small clear E. nitens samples with low and high moisture
contents were 68.5 and 39.8 MPa, respectively.

Significant influence from high MC was found on the MOR and MOE of samples for
E. nitens in this study. The high MC links with low values of MOR and MOE. The test
results for small clear E. nitens wood in four-point bending provided moisture
modification factors above FSP for 0.58 and 0.73 at the 5" percentile and mean strength
level, respectively, which was relevantly higher than those of P. radiata.

The results showed that fibre managed plantation E. nitens shows promise as a material
to be used in the construction industry for bending members especially in water
saturated conditions. However, there is still a lack of knowledge on the mechanical
properties of full-size E. nitens timber with consideration of knots and defects at high
moisture content, further work could include experimental work on full-size E. nitens
timber to facilitate using this resource in a fully water-saturated state for building
applications.
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APPENDIX

Supplementary Information
Derivation of Equation 1

Following the notation of Fig. 2, with x measured from the left support, the
moment-curvature relationship for a Euler-Bernoulli (slender) beam in four-point bending
may be expressed as,

Px i
d:L‘ ? 0= x =< —

Pl 1 21
— if—-=x=—
G 3 3

L

(A1)

where El is the flexural rigidity, comprising the MOE (E) and the second moment of area
of the cross section (I = BD3/ 12). Integrating this, one obtains,

"

x_+ it 0 = ~-~::!1
. — a 1 e
dL_ 2 3
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(A.2)
and,
* +ax + if0<x < :
_ —_.P P ax c 1 =X = 3
2EI 3x3+b id i I - ::23’
6 " t3=r=3 (A3)
in which constants a, b, ¢, and d are to be determined.
The boundary conditions v(0) = 0 and dv(l/2)/dx = 0 easily yield,
respectively,
c=0 (A.4)
and,
b= - (A.5)
while compatibility of slope (dv/dx) at x = /3 requires i—; +a= % - % S0:
—12
a=—. (A.6)

9
Note that d is not required so we can proceed directly to determine:

G = (,)_—P 1*  1*1\ 5P
3 = P\s) T 2pr\162 93) 3241 (A7)

Finally, putting I = BD3/12 and rearranging one obtains the MOE as:

5 pl3
E=——u—.
27 Wﬂgﬂ.ﬁlm (A.8)
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