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Introduction 
This report outlines the glulam production work using fibre-managed plantation sawn boards 
in the framework of the NIFPI080 project Developing laminated structural elements from 
fibre-managed plantation hardwood.  

The project aims to develop the grading, jointing and gluing expertise necessary for the 
production of structurally reliable glue-laminated timber (GLT) using boards from a fibre-
managed plantation hardwood resource. The aim of the structural GLT production is to 
explore the technical feasibility and potential in utilisation of sawn structural boards 
recovered mostly from plantation E. nitens as a feedstock for glulam as a high-value 
engineering wood product. The mind map below shows the works and reports done in his 
project. The objectives of this project can be summarised as following:  

• Understand the correlation between the NDT technique and mechanical 
properties of the E. nitens sawn boards feedstock. 

• Sort and grade the sawn boards into structural groups based on mechanical 
properties. 

• Investigate structurally effective glulam manufacturing method using the 
laminates from different structural groups. 

• Manufacture glulam elements in the first stage. 

• Explore means to efficiently and reliably finger joint the material into laminates 
for further assembly. 

• Invetigate the adhesive performance of the glulam beam through 
delamination testing. 

 

 

Figure.1 Summary of activities completed as part of NIFPI080 research 



 

 

Resource assessment and grading 
The first phase of the project aimed to examine the mechanical properties of the boards, 
evaluate the grading methods, and suggest effective and simple criteria for sorting feedstock 
for glulam production. The following steps were taken for this phase:  

• Visual stress grading according to AS 2082-2007 

• Examining the correlation between the grade-determining mechanical 
properties such as Modulus of Elasticity (MoE) and Modulus of Rupture (MoR) of the 
fibre-managed unthinned and unpruned E. nitens boards.  

• Investigating potential NDT technique using acoustic wave velocity (AWV) of 
MoE for effective sorting of the feedstock  

Based on the results, the visual stress grading using AS 2082 was not a suitable method for 
grading the feedstock and can restrict the use of fibre-managed plantation E. nitens 
resources for engineered wood products. In order to characterise the material and evaluate 
the mechanical properties of feedstock, 37 boards were selected randomly from the batch. 
The samples' mechanical properties, MoE and MoR, were determined through a simply 
supported four-point beam test according to AS 4063.1:2000, as shown in Figure 2. In 
addition, three samples were recovered from different areas of each tested board to 
determine the basic density and moisture content (MC) as shown in Table 1. Those samples 
were defect-free and have a nominal size of 70 x 35 x 25mm3 (refer to Appendix 1). 

 

Figure 2. Static four-point bending test 

In view of the NDT technique, AWV and density of the board were proven to be highly 
effective variables for predicting the structural quality of unthinned and unpruned E. nitens 
boards. Figure 3 shows the testing procedure of NDT technique through measuring AWV. 



 

 

The dynamic MoE of the 118 boards through the NDT technique has been successfully 
employed to sort the plantation E. nitens feedstock into three quality groups: 37 boards to 
High, 42 to Medium and 39 to Low-grade group. The mean value and standard deviation of 
the evaluated dynamic MoE values of 118 boards are 13,042 MPa and 2,035 MPa, 
respectively. The dynamic MoE at the 33-percentile (11,677 MPa) and 66-percentile (13,602 
MPa) of 118 samples were used as the upper limits for low- and medium-quality sorting. The 
results of the static four-point bending test and NDT, together with other characteristics, are 
presented in Table 1. The mean value and standard deviation of the static MOE and static 
MOR obtained by the bending test are greater than those that are obtained by the previous 
study of approximately 4.5 m boards with four different widths, 70mm, 90mm, 120mm and 
140mm (Derikvand et al., 2018): the MOE and MOR of 55 boards range within 10.80 ± 1.88 
GPa and 43.55 ± 14.37 MPa, respectively (see Table 2). This is attributed to the smaller 
number of samples in this test and the younger material used in the previous study (refer to 
Appendix 1). 

 

Table 1. Static bending test result of E. nitens boards (70x35x2100 m3) 

Sample 

ID 

MoEstatic 
[GPa] 

MoRstatic 
[MPa] 

Weight of 
board [kg] 

Density 
[kg/m3] 

AWV 
[km/sec] 

Moisture 
Content 
[%] 

Dynamic 
MOE 

[GPa] 

Max. 17.88 90.95 3.65 619.20 5.36 17.62 17.26 

Min. 7.91 22.86 2.70 422.10 4.06 12.38 8.81 

Mean 13.25 54.04 3.24 529.23 4.83 17.62 12.44 

STD 2.50 18.47 0.26 52.69 0.31 12.38 2.29 

COV 18.87 34.17 7.97 9.96 6.38 14.95 18.39 

 

Table 2. MoE and MoR values in this study against those reported by Derikvand et al. 
2018 

 
Size Age MoE (GPa) MoR (MPa) 

Test by Derikvand et 
al. 2018 

70, 90, 120, 140 x 

35 x 4500 mm3 

16 10.80 ± 1.88 43.55 ± 14.37 

Test 2020 70 x 35 x 2100 mm3 21 13.25 ± 2.5 54.04 ± 18.47 

 

Figure 3. NDT technique testing procedure  



 

 

Study of the relationship between flatwise and 
edgewise modulus of elasticity of plantation fibre-
managed E. nitens sawn boards 
Recently, Jian Hou and other researchers from centre for sustainable Architecture with wood 
have investigated the relationship between flatwise and edgewise MoE of plantation fibre-
managed E. nitens sawn boards. They tested 331 boards to build a complete picture of this 
resource by measuring the density, moisture content, and static edgewise MoE. Then, 147 
boards were tested for static flatwise MoE (in 100mm increments). Results showed that 
average static flatwise MoE is highly linearly related to static edgewise MoE. The average 
flatwise MoE could be predicted through the linear relationship considering the contribution 
of the width of the boards. The R2 value of this linear regression formula is 0.9. The bending 
test results of the boards showed that the static edgewise MoE values conformed to a 
normal distribution (Figure 4). Potential application prospects of manufacturing mass timber 
products by using E. nitens were observed. Both density and moisture content were 
statically significantly correlated to the static edgewise MoE. A linear regression model was 
built to predict static edgewise MoE based on the density, however, the correlation 
coefficient R2 = 0.49 was low. Even the linear combination of density and moisture content 
did not significantly increase the prediction quality. They claimed that although the Australian 
visual grade standard is inefficient in grading plantation fibre-managed E. nitens, visual 
feature groups play a role in predicting the average static flatwise MoE. Density and the 
visual group were statistically significantly correlated to the average static flatwise MoE. A 
linear regression model considering density and the visual group was built up to predict 
average static flatwise MoE. The prediction quality was acceptable with the correlation 
coefficient R2 = 0.77. The relationship between edgewise and flatwise MoE was determined. 
Given any one of them, the other could be predicted. The prediction accuracy was high with 
R2 = 0.90. Width has been considered because of the shear deformation. Further study 
could be conducted to investigate the influence of width on determining the flatwise MoE. 
Two test subsets were used to verify the prediction accuracy of the models. The relationship 
model performed better than the factor-based models for predicting edgewise or flatwise 
MoE. In addition, the relationship model worked well on the quarter-sawn test set (subset C). 
A full-scale sawing study may provide more comprehensive results in terms of comparing 
the sawing method of E. nitens (refer to Appendix 7). 



 

 

Fig. 4 Static edgewise MoE distribution (n = 331) 
 

Manufacturing glue-laminated elements using 
graded feedstock 
The project's next phase was to manufacture the glulam beams based on graded boards 
and examine the structural performance of the elements. In total, six full-size glulam samples 
were produced and tested under bending test to investigate the sorting feedstock by the 
NDE method, load-bearing capacity and failure mode. Three lay-up combinations for the 9-
ply glulam beams (70x295x6000mm) were used. Figure 4 (a) illustrates an elevation of the 
tested beams and (b) shows the test setup of these beams. Three different lay-up 
combinations were applied to evaluate the static MoE and MoR with different qualities of the 
lamellae. The laminations of higher quality were placed in the outer six layers (three top and 
three bottom), and lower quality laminations were used in the middle third. The grade and 
position combinations were: 

• Medium/Low/Medium (MLM) – Samples GNC 1, 4 and 6  

• High/Low/High (HLH) – Samples GNC 3 and 5  

• High/Medium/High (HMH) – Sample GNC 2 

The static MoE of 6 glulam beams were determined and compared with the average 
dynamic MoE of the laminations in the test rig's top, middle and bottom positions. Figure 5 
illustrates the MoE results of all six beams (refer to Appendix 8). 



 

 

 

(a) 

(b) 

 

Figure 5. Elevation view of the tested beam (a), Bending test of a combined glulam 
sample (b) 

As shown in Figure 6, it is apparent that the quality characterised by the average dynamic 
MoE value in the top and bottom layers are crucial in the global static MoE of the glulam 
element. On the other hand, the influence of the lower quality lamination in the middle third 
of the beam on the MoE of the glulam is marginal. This finding supports the assumption that 
the use of the low-quality E. nitnes feedstock in the region in the beam where lower stress 
occurs through bending is acceptable for producing reliable glulam elements (refer to 
Appendix 8). 



 

 

 

Figure 6. The result of six glulam elements and dynamic MoE of the laminations 

The glulam samples with the high MoE laminations in the outer layers (GNC 2,3 and 5) show 
higher static MoE and MoR values than those with medium MoE boards as shown in Figure 
7. All samples fell in GL13 (MoR>33 MPa, MoE>13,300 MPa) grade. The maximum and 
minimum static MoE value of the glulam were 15571 MPa and 13576 MPa, respectively. The 
maximum and minimum static MoR value were 39.85 MPa and 61.43 MPa, respectively. 
Three out of six samples exhibited clean failure in the finger joints. These are GNC2, GNC4 
and GNC5.  

Improving finger joint tensile strength could increase the bending performance of the glulam 
from plantation E. nitnes. Further finger joint test and delamination tests are in progress and 
will provide a practice guide for optimal finger joint production and face gluing (refer to 
Appendix 8). 

 

 

Figure 7. Static MoE and MoR of 6 glulam samples 



 

 

Bending test of TasOak Glulam 
In addition to the E. nitens GLT, the glulam production work using Tasoak sawn boards in 
the framework of the NIFPI project developing laminated structural elements from fibre-
managed plantation hardwood was conducted. Five three-plyTasOak glulam beams (1815 x 
100 x 70 mm) with vertical finger-joint were tested under four-point bending. The samples 
have vertical finger joints. Finger length and pitch are approximately 19 mm, and 4 mm, 
respectively (see Figure 8). The glulam elements were tested under the test methods in 
AS/NZS 4063.1:2010 to determine bending strength, apparent modulus of elasticity 
(stiffness) and shear strength. The average MoE and MoR of five TasOak glulam beams 
were 15458 MPa GPa and 51.4 MPa respectively (see Table 3). Sample B-3 showed shear 
failure in the glue line and a low MoR. The finger joints in the glulam elements exhibited a 
good load-bearing capacity in bending, while glue line failure was observed in two samples 
(B-2 and B-3). More samples need to be produced and tested to characterise the 
mechanical properties of the glulam from TasOak. In addition, characterisation of 
mechanical properties of the lamination is also required. Delamination test to determine 
bonding performance is required to evaluate the shear strength of the glue line and 
determine effective gluing practice for reliable glulam product (see Appendix 5). 

 

 

 

 

 

Figure 8. TasOak Glulam configuration 

 

 

 

 



 

 

 

 

 

Table 3. Results of the four-point bending test 

Means to efficiently and reliably finger joint the 
material into laminates for further assembly 
The assessment of the feedstock was performed at Bern University of Applied Sciences 
(BFH) in Switzerland. The density of the joining members were determined to segregate 
the finger joint samples into three groups based on the density, defects on the boards, 
location of the planned and existing finger joint and the type of industrial jointing process to 
be applied. The size of the density sample is based on the requirements of the EN 13183-1 
and corrected for moisture content.  

From the total number of samples, 11 were selected for the determination of the moisture 
content. In addition, the 11 samples were selected so to represent the range of the density 
of the boards, which varied from 466 kg/m3 to 717 kg/m3. The average moisture content 
was 11%. The density and M.C. strips were scanned to have their growth rigs documented. 

Requirements and limitations for new finger joint production and 
testing 
For the new finger joints, a total length of at least 1 meter was required by the companies for 
each of the two connecting members (each side of the finger joint). This is the lower limit that 
the joint finger machine can handle. Also, for the process and workability, a maximum board 
length of 1.2 m was decided. Based on the EN 14080 & EN 408 standards requirements for 
the allowable position of knots in the board and the configuration of the tensile testing 
machine, the tensile test pieces were specified. Initially, the position of the new finger joint 
was chosen so that the existing finger joints and major knots in the boards would be at least 
40 cm and 35 cm away from the new finger joint, respectively. The test sample for the tensile 
test should be at least 120 cm; 60 cm on each side of the new finger joint, 20cm clear and 
40cm clamped. The sample Is then placed in two 40 cm clamps on each side, leaving a total 
of 40 cm in the middle unclamped (see Appendix 4). 

 

 

Sample MoE (MPa) MoR (MPa) Ultimate load (kg) 

A-1 16,376 53.1 2,044 

A-3 15,625 62.9 2,532 

B-1 14,420 56.3 2,172 

B-2 15,722 55.2 2,790 

B-3 15,145 29.3 1,162 

Average 15,458 51.4 2,140 



 

 

 

Figure 9. simplified setup of the tension test with the position of the new finger joint 
and the clamps 

Finger joints 
The boards were selected in such a way to ensure defect-free timber portions to locate the 
finger joints. Densities on both sides of the future finger joint have been determined and 
finger joints were produced by a Swiss glulam manufacturer. The pressure was adjusted to 
avoid crushing the fingers but ensure that the joint was closed properly.  

Loctite HB S109 Purbond was used for both series and a 15/3,8 mm finger joint profile was 
applied. Two series with similar density distribution were produced: for series 1 the standard 
process for spruce was applied, for series 2 a special hardwood process developed by the 
glulam manufacturer was applied. Series 3 represents the finger joints produced by CLTP 
(now CUSP) at an earlier stage for the Dubai project. The tension tests were carried out at 
the laboratory of the BFH in Biel. The tests were done along EN 408:2010 & A1:2012. The 
exact measurements and positioning of the finger joint are shown in Figure 9. The load was 
applied force controlled to failure, and the speed was chosen that it could be expected that 
failure would occur in 300 ± 120 seconds (see Appendix 6). 

Some of the specimens failed in tension in the timber section; the finger joints did not 
influence the failure. These specimens were not considered in the analysis, however, most 
failures occurred in the region of/in the finger joints and therefore represented the strength 
of this connection (13). The tension strength achieved by series 1 and 2 was sufficient to 
produce glulam with the strength class GL24 and GL28. The finger joints supplied by CLTP 
show clearly lower tensile strength and are not sufficient to produce structural glulam (See 
Figure 10 and Table 4). 

 

Figure 10. Typical failure of the finger joints in series one and two 

Table 4 shows the results from the tension tests on finger joints. For the calculation of the 
5%- percentile, the number of the specimens was considered as required in EN 
14358:2016 as proposed for initial type testing, assuming a log-normal distribution of the 

New finger joint position 

Clamp 

Clamp 



 

 

tensile strength of the finger joint. A student-test showed no significant difference between 
the two series produced in Switzerland. The 5%-percentile value of these two series is 
nearly equal; the coefficient of variation for the hardwood process is higher compared to the 
softwood process if the outlier in the softwood process is not considered. No grading routine 
could be undertaken to separate the timber forming the specimens into 2 or 3 stress 
grades. The results are obtained on ungraded timber. Table 4 clearly shows that the 
hardwood process (series 2) enables for higher tension strength than the softwood process. 
However, this potential can only be realised if the 5%-percentile can be increased by 
avoiding failure at "low" strength in optimising the MOE and density profiles of the boards.

In order to estimate the cause for the "low" values in Series 2, a larger testing campaign 
with stress graded boards with a finally established grading routine on the finally used 
resource would be necessary (stress grading criteria needed). Table 4 also clearly shows 
the significant difference between the finger joints produced using shorter fingers and the 
ones using longer fingers, both produced in Switzerland. It must be kept in mind that 
Schilliger Holz (Dubai project) came up with some doubts regarding the quality of gluing 
from this early-stage finger joint production. It can be concluded from this small test series 
that eucalyptus nitens has a promising potential if the right finger joint profile and the right 
process are used (Appendix 6). 

 

Table 4. Overview of the results 

 Series 1 Series 2 Series 3 

Number of specimens considered 17 17 9 

Average tension strength 43.8 MPa 48.3 MPa 18.7 MPa 

5%-percentile 28.6 MPa 28.1 MPa 10.8 MPa 

min 30.0 MPa 30.6 MPa 12.9 MPa 

max 69.6 MPa 69.0 MPa 25.0 MPa 

 

Adhesion assessment (face gluing) 
Delamination tests proved to be an adequate method for quality control and to determine 
suitable adhesives with and without primer in the gluing process. It is important to 
investigate the bonding performance of PUR using fibre-managed plantation E. nitens and 
to perform delamination test to proof that bonding is adequate. For the species in question 
it must be shown if a pre-treatment with primer is required or not. To do so, the first 
delamination test is done without the use of a primer. In this way, if the delamination 
exceeds the limit, the use of primer could be considered to bring the delamination below the 
limit required by the standard. 

Production of glulam specimens for delamination test 
The delamination test was done based on the EN 302-2 standard. A total of 30 boards with 
a length of 600mm were cut out from the 3m boards, and stored in the climate room (M.C. 
65%, temp 20°C) for a period of 2 weeks. Then 12 of the boards with the highest density 
were planed and two glulam beams were produced (180g/mm2 of one component PUR 
glue) in the Energy lab at the BFH in Biel. The density range of the first glulam (G1) is from 
617 kg/m3 to 706 kg/m3 with the average of 654 kg/m3. The density range of the second 
glulam (G2) varied from 568 kg/m3 to 609 kg/m3 with an average of 586kg/m3. The two 
glulam beams were then climatised again for two weeks (a minimum of 7 days is required 
by the standard) before the specimens were prepared (Figures 11 and 12).  



 

 

 

Glulam 

name 

Element 

name 

Density 

kg/m3 

 Glulam 

name 

Element 

name 

Density 

kg/m3 

 

 

G1 

E80_D1 676   

 

G2 

E38_D1 606 

E2_D1 665 E18_D2 608 

E15_D1 630 E1_D2 590 

E17_D1 628 E72_D2 578 

E17_D2 617 E1_D1 568 

E36_D1 706 E45_D1 568 

  

 

Figure 11. List of the two produced glulam beams comprising 
lamellas along with their densities and their cross-section after first 
drying 

 

Figure 12. Laminated beam and specimen (red and right) as required by EN 302-2 

Delamination test 
The delamination test comprises of three set of cycles. Each cycle includes the water 
absorption phase and drying phase. The water absorption is done in an autoclave, Figure 
13 (a). The drying is done in the dryer, Figure 13 (b), with controlled humidity and airflow 
speed (Appendix 3 and 4). 



 

 

 

 

(a) (b) 

Figure 13. Devices used in delamination test, (a) Autoclave, Air dryer with controlled 
humidity and airflow speed (b) 

Optimising the adhesive performance of mass 
timber elements from Eucalyptus plantation 
hardwood 
In addition to the tests above, a team of researchers lead by Dr Kyra Wood at the University 
of Tasmnia prototyped and produced three key mass timber elements using plantation 
Eucalyptus nitens, including GLT, cross-laminated timber (CLT), and finger joints (Figure 14) 
as part of the “National University Wood Challenge”. The team undertook product 
prototyping and testing to enhance the bonding performance of plantation Eucalyptus nitens 
hardwood for these products. They used targeted approaches for each element by altering 
the glue types, pressing times, press pressures, spread rate and surface preparation 
treatments. Then, they tested our samples by selectively subjecting them to a series of 
engineering stress tests, including delamination, wet and dry block shear, bending (MoE) 
and rupture (MoR). To test the structural performance of our prototypes, the researchers 
primarily based their analytic methods on the requirements outlined in the Australian 
standards for manufacturing softwood GLT, AS/NZS 1328.1 and the European Standard, EN 
16351. It is important to note that there is no Australian Standard for making or testing CLT 
and no standard anywhere in the world for CLT or GLT made from hardwoods.  

This presents a significant problem for the Australian timber manufacturing industry as well 
as for those seeking to use engineered wood products made from hardwoods in the built 
environment. Based on the results of the CLT assemblies, it can be concluded that press 
pressure had a significant impact on enhancing the bond performance, whereas, press time 
and adhesive spread rate did not have a remarkable effect on percentages of delamination. 
It is also worth noting that increasing the glue spread rate did not improve the performance 
of the prototype. The results from the GLT specimens with three different glue types and 
different surface treatments indicated that the use of primer when using PUR glue improved 
the adhesion performance of E. nitens mass timber.  

Furthermore, face milling of the sawn timber prior to gluing was found to positively affect the 
bonding performance compared to surface planing. In terms of shear bond strength, the 
highest values were recorded when using primer and PUR adhesive for assemblies. In 
addition to PUR, resorcinol formaldehyde adhesive demonstrated good bonding 
performance.  



 

 

 

The results from the joint finger assemblies showed that a vertical finger joint has higher 
efficiency of MoR, but not MoE, while the use of a primer helps improve the overall finger 
joint efficiency of MoE, but not the MoR. Geometry also affects the bonding performance of 
finger joints, with longer fingers performing significantly better. Although the mean value and 
damage mode showed differences in glue types, there was no statistical evidence that they 
performed differently; however, this warrants further research (refer to Appendix 2). 

 

(a)                                                      (b)                                           (c) 

 

Figure 14. GLT samples (a), CLT samples (b), and finger jointed assemblies (c) 

Report on Australian and European standards for 
glulam with focus on hardwood and bonding 
This report was completed as part of the project and provides a review and comparative 
analysis of the Australian and European standards regarding the glue and glue line of glue 
laminated (glulam) timber with a particular focus on glulam made from plantation Eucalyptus 
Nitens (E. Nitens). The goal of the comparison is to identify the differences between the 
“Australian way” and the “European way” and whether project-relevant “holes” exist in the 
Australian standards. In other words, because the European standards cover more aspects 
and tests relating to glulam than the Australian standards, this document will outline which 
tests should be considered that are not necessarily required by the Australian standards for 
glulam, but which may increase the long term credibility and thus commercial potential of 
E.Nitens glulam products for domestic and international markets. The standards reviewed 
and compared in this document are outlined in Section 3. Each comparison is explicated 
partly using screenshots taken directly from the standards, and followed by a conclusion, 
which includes recommendations about how to proceed for the above mentioned NIFPI 
project. The recommendations are often distinguished between project phase 1 and 2, an 
approach which is explained further in Section 4. The conclusions and recommendations for 
all the standards reviewed in this document are then summarised again in Section 4. In 
addition to glue and bonding tests, bending tests are also discussed in this document, 
because they are in some cases closely linked with bonding (e.g. tests for bending strength 
to test the finger joints) and because bending-test-equipment is available and ready to use at 
UTAS at Inveresk Campus.  

Topics that were not included in this review and comparative analysis of Australian and 
European standards are as follows:  

- CLT  



 

 

 

- Glued solid timber  

- Glulam with large finger joints  

- Block glued glulam  

- Nailed laminated timber  

- Stress laminated timber  

- Technical parameters (such as stress grading) apart from glue, bonding and bending tests  

- Service class 3 according to AS 1328.1 (as only Service class 1 and 2 are envisaged for   
glulam in this project).  

 

For more information please refer to Appendix 9. 

 

Glue Laminated Timber in Australian and European 
Standards  
This document provides a review and comparative analysis of the Australian and European 
building and product standards that relate to the glue and glue line performance in glue-
laminated timber (glulam). It focuses on the potential for glulam made from plantation 
Eucalyptus nitens (E. nitens). In general, European glulam production standards are more 
extensive than comparable Australian standards and cover more design aspects and tests. 
This document outlines which European glulam production tests Australian producers should 
consider in addition to those required in Australian Standards. Conducting these additional 
tests may increase the long-term credibility and the commercial potential of E. nitens glulam 
products in domestic and international markets1. This report will firstly provide an overview 
of the standards (Section A. Overview of the Standards), a summary of the review of 
standards (Section B. Executive Summary), then list the tests that the standards include 
(Section C. Important Tests). Following this, there is a case study on E. nitens (Section D. 
Case study) and then a detailed review of each standard, with screenshots provided for key 
formulas and test methods (Appendix 2, Detailed Analysis). It is expected that for most 
audiences, the first three sections (A - D) will be of most use to understand the context of 
standards relevant to glulam products in Australia. For more information please refer to 
Appendix 10. 
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Introduction 
As stage 1 task of NIFPI 080 glulam project, grading of E. nitens feedstock was carried out through a 4-point 
bending test. The objective of the bending test is as follows: 

1. Examining the correlation between the grade-determining mechanical properties such as Modulus of 
Elasticity (MOE) and Modulus of Rupture (MOR) of the fibre-managed unthinned and unpruned E. 
nitens boards. 

2. Validating visual stress grading according to AS 2082-2007 

3. Investigating potential NDE approximation of MOE for effective sorting feedstock for glulam 
 

Materials and method of testing 
The impacts of the basic density, acoustic wave velocity, visual characteristics on the quality of plantation E. 
nitens boards were investigated. The information about the materials and image are provided in Table 1 and 
Figure 1 (a). The mechanical properties, MOE and MOR of the samples were determined through a simply 
supported four-point beam test according to AS 4063.1:2000, as shown in Figure 1 (b). 37 boards were 
selected randomly from the unknown quality batch and cut to a length equal to 20 times the width of the board. 
End splits, large knot holes and wane were docked off. 

 

Table 1 Specimen data for the bending test 
 

Material Unthinned and unpruned plantation E. nitens 

Plantation South of Tasmania, Australia 

Age 21-year old 

Sawing method Backsawn 

Drying method Air drying 

Dimension 70X35X2100 m3 (dressed and docked) 

Number of specimens 37 

 

(a) (b) 

 
 
 
 

 
(c) 

 
 
 
 

 
(d) 

Figure 1 Testing procedure 
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Acoustic wave velocity (AWV) is one of a suite of non-destructive evaluation tools available to the Australian 
sawn hardwood industry. AWV of each board was assessed using HITMAN HM200, as shown in Figure 1 
(c). Taken with wood density, AWV provides a direct measure of timber stiffness. It has been shown to be a 
good indicator of dray wood stiffness, i.e., MOE, and has been successful in segregation of softwood for 
structural timber production (Tippner et al. 2016). 

Three samples were recovered from different areas of each tested board to determine the basic density and 
moisture content (MC). Those samples are defect-free and had a nominal size of 70 X 35 X 25mm3. 

 

Test Result 
The result of the 4-point bending test (MOE and MOR) together with weight, density and AWV are presented 
in Table 2. The MOE and MOR values were determined for the 37 test samples using equations (1) and (2). 

 
23 𝐿𝐿 3 ∆𝐹𝐹 1 

𝐸𝐸 = � � � � 
108  𝑑𝑑 ∆𝑒𝑒 𝑏𝑏 

Eq. (1) 

 
 

𝐹𝐹𝑢𝑢𝑢𝑢𝑢𝑢𝐿𝐿 
𝑓𝑓𝑏𝑏 = 

𝑏𝑏𝑑𝑑2 
Eq. (2) 

where b and d are the thickness and the width of boards in mm, L is the span length in mm, ∆𝐹𝐹 is difference 
in the loads between 40% and 10% of the maximum load at the ultimate failure point, ∆𝑒𝑒 is the difference in 
deflections corresponding to the 40% and 10% of the maximum load. 

The moisture content of 37 boards was variable. 

As a non-destructive evaluation method (NDE), AWV of each board was measured by HTMAN 200. The 
conversion of AWV into dynamic MOE is calculated by equation (3). 

 

𝑀𝑀𝑀𝑀𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑑𝑑𝑒𝑒𝑑𝑑𝐵𝐵𝐵𝐵𝑑𝑑𝑑𝑑 × 𝐴𝐴𝐴𝐴𝐴𝐴2 Eq. (3) 

 
Figure 2 shows the typical failure mode of the samples at the ultimate state. Tensile failure perpendicular to 
the grain shown in Figure 5 (a) and (b), is predominant for most samples together with bearing/compression 
failure in the top compression zone (Figure 5 (c)). Tensile failure parallel to the grain was also observed in 
some boards (see Figure 5(d)). Most cracks were initiated above or below the major knots in the pure 
bending zone due to the tensile stress created between the deviated grains around the knots. 

 

 
 

(a) (b) 

  



Evaluation of MOE and MOR of fibre-managed unthinned and unpruned E. nitens boards 6  

  
 

(c) (d) 

Figure 2 Failure mode of the E. nitnes boards in bending 
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Table 2 Static bending test result of E. nitens boards (70X35X2100 m3) 
 

 
Sample 

ID 

MOEstatic 

[GPa] 
MORstatic 

[MPa] 
Weight of 
board [kg] 

Density 
[kg/m3] 

AWV 
[km/sec] 

Moisture 
Content 

[%] 

Dynamic 

MOE 

[GPa] 

1 6A 17.88 75.37 3.65 619.15 5.25 14.39 17.09 

2 6B 16.50 90.95 3.60 619.15 4.96 14.73 15.23 

3 7A 11.61 44.76 3.00 452.17 5.03 14.36 11.44 

4 7B 9.87 38.06 2.80 452.17 4.50 14.23 9.17 

5 8A 16.82 42.54 2.95 600.07 5.36 15.50 17.26 

6 8B 15.77 72.88 2.80 600.07 5.00 16.08 15.00 

7 9A 10.01 22.86 3.60 468.51 4.52 15.99 9.59 

8 9B 12.98 61.55 3.40 468.51 4.98 15.59 11.62 

9 10A 11.69 42.53 3.00 490.64 4.76 14.75 11.13 

10 17A 16.36 81.50 3.10 567.92 5.13 13.23 14.93 

11 17B 12.71 52.09 2.90 567.92 5.00 12.89 14.22 

12 18A 7.91 25.48 3.65 533.06 4.24 16.19 9.60 

13 18B 11.64 49.96 3.40 533.06 4.50 14.95 10.78 

14 20A 12.38 38.84 3.20 556.51 4.72 14.75 12.40 

15 20B 14.10 49.80 3.05 556.51 4.70 15.72 12.28 

16 21A 13.98 68.42 3.15 578.67 5.12 14.62 15.17 

17 21B 12.39 62.23 3.35 578.67 5.01 15.02 14.52 

18 22A 9.06 40.56 3.15 480.68 4.45 14.74 9.52 

19 22B 11.46 26.70 3.20 480.68 4.47 14.98 9.60 

20 24A 16.52 61.27 2.70 422.13 5.07 12.38 10.87 

21 24B 16.10 65.49 3.20 422.13 5.25 13.29 11.65 

22 25A 10.04 30.93 3.60 468.58 4.34 13.90 8.81 

23 26A 12.45 30.18 3.00 499.45 4.83 13.25 11.67 

24 26B 14.50 78.69 3.30 499.45 4.97 13.69 12.35 

25 27A 15.70 70.67 3.40 571.30 5.29 13.57 15.99 

26 27B 17.76 86.57 3.50 571.30 5.20 14.83 15.47 

27 28A 11.28 52.84 2.90 495.42 4.65 14.60 10.70 

28 28B 12.77 24.72 3.35 495.42 4.50 15.21 10.02 

29 30A 14.84 67.38 3.35 538.61 4.99 14.95 13.39 

30 30B 13.60 77.56 3.30 538.61 4.78 15.66 12.31 

31 71A 15.43 75.35 3.50 567.31 4.95 17.09 13.92 

32 71B 13.11 51.11 3.25 567.31 4.75 15.40 12.78 

33 92B 11.16 45.36 3.35 572.15 4.68 15.00 12.51 

34 96A 13.60 49.65 3.30 560.92 4.93 16.63 13.61 

35 96B 9.85 34.55 3.65 560.92 4.06 16.21 9.25 

36 97A 11.47 56.87 3.05 513.14 4.70 17.05 11.34 

37 97B 12.92 53.15 3.10 513.14 5.05 17.62 13.07 

Max. 17.88 90.95 3.65 619.20 5.36 17.62 17.26 

Min. 7.91 22.86 2.70 422.10 4.06 12.38 8.81 

Mean 13.25 54.04 3.24 529.23 4.83 17.62 12.44 

STD 2.50 18.47 0.26 52.69 0.31 12.38 2.29 

COV 18.87 34.17 7.97 9.96 6.38 14.95 18.39 
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Discussion 

Predicting mechanical properties 

 
Modulus of Elasticity 

The results of the static 4-point bending test and non-destructive testing together with other features are 
presented in Table 2. The mean value and standard deviation of the static MOE and static MOR obtained by 
the bending test are greater than those that are obtained by the previous study of approximately 4.5 m boards 
with four different widths, 70mm, 90mm, 120mm and 140mm (Derikvand et al., 2018): the MOE and MOR of 
55 boards range within 10.80 ± 1.88 GPa and 43.55 ± 14.37 MPa, respectively (see Table 3). This is 
attributed to the smaller number of the samples in this test and younger material use in the previous study. 

 

Table 3 MOE and MOR values in this study against those reported by Derikvant et al. 2018 
 

 Size Age MOE (GPa) MOR (MPa) 

Test by Derikvant et 
al. 2018 

70, 90, 120, 140 X 
35 X 4500 mm3 

16 10.80 ± 1.88 43.55 ± 14.37 

Test 2020 
70 X 

35 X 2100 mm3 
21 13.25 ± 2.5 54.04 ± 18.47 

 
The dynamic MOE is calculated using Equation (3). Distribution of static MOE, dynamic MOE and static 
MOR are illustrated in Figure 3 (a), (b) and (c). It is noted that the range of the static MOE values is in a good 
agreement with that of the dynamic MOE determined by using the density and AWV squared of each board 
as shown in Figure 4 (a). The mean value and standard deviation of dynamic MOE is 5.7% and 8.5% 
smaller, respectively than those of static MOE values. The underestimated dynamic MOE values compared to 
the static MOE can be explained by the decrease of AWV due to the average moisture content of the tested 
samples higher than 12 % (mean MC: 14.95%). 

The Pearson correlation coefficient (R-value) between static MOE and dynamic MOE is 0.8. This significant 
correlation indicates that the reading AWV of an E. nitens sawn board can be an effective predictor of the 
stiffness of the plantation hardwood timber. This finding also sheds light on the possible non-destructive 
evaluation for grading the plantation E. nitens boards for structure purpose. Farrell et al. conducted a similar 
study on sorting E. nitnes logs using AWV (2012) and also showed the effectiveness of the AWV for 
segregating the logs into MPG equivalent grades. 

The correlation between the timber’s mechanical properties and other variables obtained from 37 boards are 
summarised in Table 4. The statistical significance level between variables is evaluated using Pearson’s 
correlation coefficients and p-value. In this study, it is assumed that if the p-value between two variables is 
not greater than 0.05, two variables are significantly correlated with each other since the 0.05 score means 
the probability that no correlation exists is 5%. The R-value marked with asterisks in Table 4 indicate the 
statistical significance level of correlation. Other correlations among the variables obtained from the static 
bending test are illustrated in Appendix A. A significant correlation is observed between static MOE and 
dynamic MOE, static MOR, density, and AWV. Figure 4 (b) illustrates that the AWV is a key variable to 
estimate static MOE. This means that AWV can also be used alone to segregate the E. nitens boards in case 
measurement of basic density is not available in the mill. 

For more accurate prediction of static MOE, a fitting technique, linear regression was used to investigate how 
closely the available data such as density and AWV can estimate the static MOE values of the timber 
boards. Using multiple linear regression (MLR), as known simply as multiple regression, the static MOE can 
be approximated using a linear combination of the weighted values of the basic density and AWV of each 
board. From 37 samples, the linear equations for predicting static MOE are presented in Table 5. The 
percentage of the considered variable variation in the last column shows how close the predicted MOE values 
from the considered variables in the first column are to the fitted regression line calculated by the regression 
equations in the second column. The
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relationship between static MOE and predicted MOE from the basic density and AWV (the last equation in 
Table 5) is exhibited in Figure 4 (c). As shown, a combination of weighted density and AWV of each board can 
effectively predict the static MOE since the linear model from two variables, density and AWV can explain 75% 
of the actual MOE values from the testing. 

The 3-dimensional scatter plot of the predicted MOE data is shown in Figure 4 (d). In the 3D plot, the 
contoured mesh shows the regression plane in the space constructed with predicted MOE, density and 
AWV. The data points of predicted MOE are positioned close to the regression plane determined by the 
multivariable regression. The prediction using the two variables outperformed the simple linear regression 
models with a single variable. Comparison of static and dynamic MOE value to MGP grade characteristic 
stiffness are also exhibited in Figure 4 (a) and (c). The lower bound stiffness values for MGP 10, 12 and 15 
grade are 10 GPa, 12.7GPa and 15.2 GPa and displayed at vertical dashed lines. By the estimated MOE 
values, most plantation E. nitens boards are sorted into MGP 10 and MGP 12 grade while 81% of the 
samples can not be used for a structural member as per the visual stress grading criteria of AS 2082. This 
will be further discussed in the next section. 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
(a) (b) 

 
 
 
 

 
(c) 

 
 
 
 

 
(d) 

 

Figure 3 Histogram of key mechanical properties of the 70mm boards: (a) Static MOE, (b) 
Dynamic MOE and (c) Predicted MOE and (d) Static MOR 

 

Table 4 Pearson's correlation coefficients among the variables for 37 boards 
 

 MOE MOE_dyn MOR Density AWV MC 

MOE  0.80** 0.78** 0.41* 0.84** -0.23 

MOE_dyn   0.69** 0.76** 0.83** -0.04 

MOR    0.43** 0.69** -0.12 

Density     0.28 -0.26 

AWV      0.26 

MC       

*= P < 0.05, **= P < 0.01 
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Table 5 Linear regression equations for predicting static MOE from the variables 
 

 
Variables 

 
Regression equation (MOE in MPa) 

The percentage of the 
response variable 

variation 

Basic density MOE1 = 3459.7+17.39 x1 17% 

AWV MOE2 = 20640+6905.8 x1 71% 

Dynamic MOE MOE3 = 2197.2+0.8404 x1 33% 

Basic density & AWV MOE4 = -22629.01+8.8667 x1 + 6446.39 x2 75% 

 

 

 

(a) (b) 

 
 
 
 
 
 
(c) 

 
 
 
 
 

 
(d) 

Figure 4 Linear regression model to predict static MOE 

 

Modulus of Rupture 

As a measure of bending strength, MOR values of 37 plantation E. nitens boards were investigated by 

applying load up to ultimate failure state and using Equation (2) from AS 4063.1:2000. The MOR values 

obtained from the bending test were also adjusted, taking into account the moisture content of each board. 

Static MOR values of 37 boards show considerable variability (coefficient of variation: 34.17). It is likely 

attributed to presence, frequency, types and location of the strength reducing characteristics such as knots, 

grain deviation and check, and the associated failure mode accordingly. MOR values estimated by this test is 

24% greater than those obtained using a younger resource (Derikvant et al., 2018) as presented in Table 3. 

This increase in strength can also be explained by age. 

Predicting the MOR values of plantation E. nitens was attempted using the linear regression from static 
MOE, AWV and density of each board. As presented in Table 4, those variables are highly correlated with 
static MOR values. From 37 samples, the linear equations for predicting static MOR 
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are presented in Table 6. The relationship between static MOR and static MOE and between static MOR and 

AWV is shown in Figure 5 (a) and (b). The predicted MOR values from the linear equations in Table 6 are 

displayed against the static MOR values from the testing in Figure 6. It is apparent that the prediction using 

three key variables (static MOE, basic density and AWV) is more precise than those from single or two 

variables. However, the difference in R-squared values between different prediction is not significant. This 

implies that predicting MOR of plantation E. nitens is more difficult than predicting MOE. 
 

Table 6 Linear regression equations for predicting static MOR from the variables 
 

 
Variables 

 
Regression equation (MOR in MPa) 

The percentage of the 
response 

variable variation 

Static MOE MOR1 = -20.921+0.0057 x1 59.2% 

AWV MOR2 = -145.44+41.304 x1 48.1% 

MOE and density MOR3 = -40.39+0.0053 x1 + 0.0469 x2 60.7% 

MOE and AWV MOR4 = -49.664+0.0048 x1 + 8.3095 x2 59.7% 

MOE, density and AWV MOR5 = -77.957+0.0042 x1 + 10.3 x2 + 0.052 x3 61.5% 

 
 

 

 

(a) (b) 

Figure 5 Relationship between static MOR and static MOE(a) and between static MOR and AWV (b) 
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(a) (b) 

 
 
 
 
 
 
(c) 

 
 
 
 
 
 

(d) 

Figure 6 Predicted MOR values using the linear regression equations 
 

Validation of visual stress grading method 
Visual stress grading of the sample boards was performed in accordance with AS 2082-2007 Timber- 
Hardwood-visually stress-graded for structural purposes before the bending test. As per Table A1 Seasoned 
hardwood species in AS 2082-2007, the stress grades of the seasoned E. nitens timber with strength group 
of SD4 fall into four structural grades ranging from F11 to F22 (see Figure 7). 

Table D1, Summary table of grade descriptions for structural hardwood in AS 2082 provides detailed visual 
grading criteria to determine the properties of the hardwood species. As summarised in Table 7, 30 out of 37 
boards did not meet the criteria of the lowest structural grade (No. 4) due to the size of the existing knot 
diameter on either face of edge of the sawn boards. The out-of-grade boards usually contain edge knots with 
a large diameter. This indicates those that fail in meeting grade No. 4 (F11 equivalent) are very likely to 
exhibit MOE smaller than 10.5 GPa as presented in Table H2.1 of AS 1720.1-2010 Design methods for 
timber structures, but 84% of the evaluated static MOE is greater than 10.5 GPa. It is apparent that the grade 
determined by AS 2082 is significantly underestimated compared to the actual MOE determined by the 
bending test. This discrepancy is further examined using the other visual characteristics registered more 
specifically such as Knot- diameter ratio (KDR), arris and edge knots, the number of knots and type of knots. 

 
 

 

Figure 7 Stress grades and strength groups of seasoned E. nitens in AS 2082-2007 
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Table 7 Visual stress grading according to AS 2082-2007 
 

AS 2082 Structural grade Number of samples 

No.1 2 

No.2 5 

No.3 0 

No.4 0 

Out of grade 30 

 
In addition to the type of visual characteristics specified in AS 2082-2007, more knot features in the 2-m-long 
E. nitens boards were assessed as presented in Table 8. The sound and dead knot mean tight and encased 
knot, respectively. The bending zone refers to the area between two intermediates loading points where the 
section subject to bending moment without internal shear force (6d in the middle in Figure 1 (b)). Knot 
Diameter Ratio (KDR) is a ratio of the maximum diameter of a knot measured perpendicular to the 
longitudinal direction of the board to the width of either face or edge of the board. 

The correlation between knots characteristics and static MOE and MOR are examined in terms of the p-
value. The result is presented in Table 9. Most knot-related variables do not show a significant level of 
correlation except for that between static MOR and the number of dead knots in the bending zone. This can 
be explained by the lower ultimate strength of the board that is attributed to stress concentration in the 
reduced of cross-section area due to the encased (dead) knots. 

The difference in the influence of the maximum diameter on face and edge on the static MOE and MOR is 
marginal, as shown in Table 10. Table 11 presents the influence of arris and edge knots on the static MOE 
and MOR. Change in static MOE value is negligible while static MOR value of the boards 7% greater than 
those with arris and edge knots. However, the knot-related characteristics are not determining factors to the 
structural grades of the plantation hardwood samples. 
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Table 8 Knot characteristics of the E. nitens samples 
 

 
Sample 

No. of 
arris/edge 

knots 

Total No. of 
knots in the 

bending zone 

No. of sound 
knots in the 

bending zone 

No. of dead 
knots in the 

bending 

zone 

No. of knots 
in the 

bending 

zone 

 
KDR 

6A 2 5 0 2 2 0.71 

6B 3 5 1 1 2 0.50 

7A 0 8 0 3 3 0.50 

7B 0 5 0 1 1 0.29 

8A 0 5 0 2 2 0.36 

8B 0 3 0 1 1 0.29 

9A 0 4 0 1 1 0.14 

9B 1 3 1 0 1 0.39 

10A 3 6 2 1 3 0.69 

17A 0 4 0 1 1 0.50 

17B 1 7 1 3 4 1.00 

18A 0 4 0 2 2 1.00 

18B 1 4 0 1 1 0.57 

20A 4 9 1 1 2 1.00 

20B 1 6 2 0 2 0.46 

21A 0 2 0 0 0 0.14 

21B 0 2 0 1 1 0.29 

22A 9 3 1 0 1 0.36 

22B 0 9 1 4 5 0.64 

24A 1 0 0 0 0 0.57 

24B 4 4 1 0 1 1.00 

25A 3 7 1 1 2 0.57 

26A 0 2 0 1 1 0.29 

26B 0 7 1 0 1 0.50 

27A 0 3 0 0 0 0.29 

27B 0 4 0 1 1 0.50 

28A 1 2 0 0 0 0.91 

28B 1 5 0 1 1 0.57 

30A 0 6 0 1 1 0.71 

30B 0 6 2 1 3 0.43 

71A 0 9 0 2 2 0.36 

71B 0 2 0 1 1 0.14 

92B 0 7 0 1 1 0.43 

96A 0 7 0 3 3 0.50 

96B 1 3 0 2 2 0.50 

97A 2 6 0 2 2 0.71 

97B 0 3 2 0 2 0.17 
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Table 9 p-value between knots characteristics and mechanical properties 
 

  
KDR 

Total No. of 
knots in the 

bending zone 

No. of dead knots in 
the bending zone 

No. of sound knots 
in the bending zone 

No. of arris/edge 
knots 

MOE 0.817 0.249 0.333 0.683 0.320 

MOR 0.690 0.134 0.083 0.891 0.571 

 
 

Table 10 Influence of the location of the largest knot 
 

 The largest knot on the face The largest knot on the edge 

 MOE MOR MOE MOR 

Mean value 13.16 GPa 52.66 MPa 12.37 GPa 56.68 MPa 

p-value 0.235 0.801 0.273 0.305 

 
 

Table 11 Influence of the arris and edge knots on MOE and MOR 
 

 Samples with arris or edge knots Samples without arris or edge knots 

 MOE MOR MOE MOR 

Mean 12.45 GPa 49.82 MPa 12.80 GPa 53.32 MPa 

Standard 

deviation 
2.54 16 2.38 19 

Coefficient 

of 

variation 

20.41 32.13 18.61 35.60 
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Conclusion 
4-point bending test of 37 fibre-managed unthinned and unpruned plantation E. nitens boards serves three 
purposes: 1) determining static MOE and MOR of the feedstock for glulam, 2) validating visual stress grading 
according AS 2082-2007 and 3) suggesting the effective and simple criteria of sorting feedstock for glulam. 

The results of the bending test and NDE of MOE using AWV show that visual stress grading using AS 2082 
significantly underestimates the MOE and MOR of the timber boards. This unsuitability of the standard for 
plantation hardwood species can restrict the use of fibre-managed plantation E. nitens resource for 
engineered wood products 

In view of the NDE for grading, AWV and density of the board are proven to be highly effective variables to 
predict the structural quality of unthinned and unpruned E. nitens boards. The approximated MOE values 
calculated by MLR demonstrated an excellent agreement with the actual MOE values of each board obtained 
by the bending test. The test also revealed that without measuring density which is a time-consuming 
procedure, AWV alone could be used to predict the stiffness property of the board. Thus, measuring AWV of 
the boards longer than 2 m in the production mill will facilitate sorting practice prior to lamination of feedstock 
for glulam and cross-laminated timber products. 

The limitation of this study rises from a small number of samples. The correlation between knot- related 
visual characteristics and feedstock quality needs to be further investigated to supplement the grading 
feedstock process since it appears that the edge and arris knot might affect the strength of the boards and 
failure mode. On top of that, the linear regression equations to approximate the MOE and MOR will be 
refined with more sample observation. The following tasks are required for reliable glulam production using 
plantation E. nitens: 

1. Determining the maximum dimension of knots in the laminate to be docked 

2. Predicting MOE and MOR of full-length boards using AWV and weight 

3. Establishing optimal finger joint production procedure 

4. Ascertaining bonding performance of face gluing 

5. Examining efficient use of resource in the full-length glulam samples 

6. Producing full-length glulam samples with finger joints and qualification test 

7. Providing industry with a guideline for structurally reliable glulam production 
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Appendix A: Correlation between the variables 
 

 

 

Figure A1 Correlation between MOE and 

density 

Figure A2 Correlation between density and 

AWV 
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Executive Summary 

Problem statement: 

Gluing fibre-managed plantation Eucalyptus nitens (a hardwood) to make structural timber elements is a new 

frontier in the global timber industry. Very little is known about the characteristics of the material or how it 

bonds when different adhesives, processing parameters, or surface treatments are applied. Our goal for the 

challenge, was to establish the optimal adhesive type, parameters and processes for making engineered wood 

products from Tasmanian plantation Eucalyptus nitens. 

 
Approach: 

First, we prototyped and produced three key mass timber elements using plantation Eucalyptus nitens: 

• glued laminated timber (GLT) 

• cross laminated timber (CLT), and 

• finger joints 

We used targeted approaches for each element by altering the glue types, pressing times, press pressures, 

spread rate and surface treatments. Then, we tested our samples by selectively subjecting them to a series of 

engineering stress tests, including delamination, wet and dry block shear, bending (MoE) and rupture (MoR). 

 
Key findings: 

From the GLT tests we learned that: 

• face milling and using a primer prior to gluing had a significant effect on enhancing the bonding 

performance; resorcinol formaldehyde (RF) demonstrated a good bonding performance; and a higher 

spread rate (effectively, a greater amount of glue) did not improve the overall performance 

From the CLT test we learned that: 

• press pressure significantly influences the bond line failure, whereas spread rate and pressing time 

does not have a significant effect on delamination or shear failure 

And from the finger joint test we learned that: 

• vertical finger joints performed better than horizontal finger joints in MoR, but not in MoE; primer 

helps improve the finger joint efficiency in MoE, but not in MoR; and longer finger joint geometry 

performed better in general. 

Overall, our findings reveal important new information for product and process optimisation for any industry 

looking to make mass timber elements from the abundant plantation Eucalyptus nitens resource. 

 
Next steps: 

If we win this challenge, we will use the funds to upscale this trial to validate our results, potentially apply for a 

patent through UTAS Holdings (and/or work with interested industry partners to do so), and seek peer review 

through a scientific publication in a relevant journal. 

 
Primary research team: 

Dr Kyra Wood, principal researcher Ms 

Azin Ettelaei 

Ms Jian Hou 

Mr Stuart Meldrum Dr 

Assaad Taoum 
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Report 

Introduction 

Our team 

Our team is from the University of Tasmania’s Centre for Sustainable Architecture with Wood (CSAW). The 

primary team members include principal researcher and postdoctoral fellow, Dr Kyra Wood, PhD candidates, 

Ms Azin Ettelaei and Ms Jian Hou, senior technical officer, Mr Stuart Meldrum, and senior engineering lecturer, 

Dr Assaad Taoum. 

Research Questions and Approach 

For the challenge we undertook product prototyping and 

testing to enhance the bonding performance of plantation 

Eucalyptus nitens hardwood for engineered wood products 

like glued laminated timber (GLT) and cross laminated 

timber (CLT). 

The idea for this project arose out of recent research 

undertaken by team members, Azin Ettelaei and Jian Hou 

(see Figure 1), which indicated that when subject to high 

pressure loads, CLT and GLT samples made from fibre- 

managed E. nitens were failing frequently along bond lines 

and at finger joints (Ettelaei et al., 2021). Their research 

raised several important questions about the bonding 

characteristics of fibre-managed E. nitens and helped us 

establish the need to improve adhesive performance and 

processes. 

First, we wanted to know whether using different glue types 
would have a significant effect on the structural performance 
of our E. nitens mass timber elements. We 
trialled two different brands of one-component polyurethane 
(1CPUR) and a resorcinol formaldehyde (RF) in our 
experiment. We decided against testing phenolic 
formaldehyde, although it was outlined in our original 
application, because of the complex infrastructure that would 
be required for industrial processes to work with an adhesive 
system that requires heat to set. We also tried but failed to 
source at least one new generation bio-based structural glue, 
because one of our current areas of interest is end-of-life uses 
for mass timber products, and most contemporary adhesives 
used for structural timber applications limit recyclability. 
However, despite contacting multiple adhesive providers and 
contacting international researchers at the University of 
Gottingen who are researching and developing a special bio-
based adhesive for structural uses, we could not source any 
suitable adhesives for the purposes of this challenge. 

Next, we needed to know whether certain industrial 
processes have a significant effect on the performance of our 
E. nitens mass timber elements. Industrial processes can 
vary significantly between companies who manufacture 
engineered wood products, but three key parameters that 
are universally relevant include press pressure (the amount 
of force used to push glued timber boards together while the 
glue sets), pressing time (how long the boards are allowed to 
cure) and spread rate (the amount of glue that is used). Press 
pressure may be limited 

Figure 1. PhD Candidates Azin Ettelaei and 
Jian Hou at DAF research facility holding 
some of our prototype GLT samples. 

 

Figure 2. Azin mixing RF glue for the 
sample production at DAF research 
facility. 
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by the type of equipment that a manufacturer has access 
to and pressing time and spread rate can significantly 
affect production costs, so optimising these key 
parameters is useful for anyone planning to manufacture 
mass timber. 

Finally, we needed to know whether surface treatments 
like planing, face milling, or using a primer would 
influence the performance of our E. nitens mass timber 
elements. Preparing timber prior to gluing, for example by 
cleaning or wetting the surface, making it smoother or 
rougher, can change the way in which adhesives 
penetrate the timber and limit or enhance their 
effectiveness (Dugmore et al. 2019, Luedtke et al. 2015). 

Given the limited timeframe for the challenge, we 
streamlined our research and development process into 
three key tests each designed to answer our specific 
questions about optimal adhesive types, parameters, and 
production processes. After brainstorming and designing 
our prototypes, we enlisted the help of Queensland 
Department of Agriculture, Forestry and Fisheries (DAF) 
to manufacture our samples following our methods, but 
using their specialist equipment. Azin and Jian travelled to 
DAF to take part in the manufacturing and testing process 
(see Figures 1 & 2). 

Innovation 

 

 

Figure 3. Face milling equipment at the 
DAF research facility, with some of our 
E. nitens sample boards waiting to be 
milled. 

To test the structural performance of our prototypes, we primarily based our analytic methods on the 
requirements outlined in the Australian standards for manufacturing softwood GLT, AS/NZS1328.1 
(Standards Australia, 2011), and the European Standard, EN 16351 (British Standards, 2021). It is important 
to note, that there is no Australian Standard for making or testing CLT, and no standard anywhere in the 
world for CLT or GLT made from hardwoods. This presents a significant problem for the Australian timber 
manufacturing industry as well as for those seeking to use engineered wood products made from hardwoods 
in the built environment. 

While preparing our research plan, we consulted with experts at the University of Bern in Switzerland to 
establish whether we could receive an advance draft copy of a European Standard that they are currently 
helping to develop for engineered wood products made from hardwoods, but they told us that the draft 
standard is not even close to completion yet as progress was delayed by the COVID-19 pandemic. However, 
they did express interest in our research and advised us to use as much precision as possible in the 
manufacture of our samples, and subject them to a more stringent set of tests than would normally be used to 
test GLT made from softwoods (i.e. harsher than the tests outlined in AS/NZS1328.1). This influenced our 
decision to include wet block shear tests into our regime, and to strictly adhere to the specific delamination test 
requirements by conducting these tests in the specialised facility and equipment at DAF. We also used dry 
block shear tests on the CLT and GLT samples, as well as bending (MoE) and breaking (MoR) tests on the 
finger joint samples (Standards Australia, 2006). 

Key features and market opportunity 

Our product responds to a groundswell of interest in the Australian timber industry in adapting the Eucalyptus 

plantation resource for Australian-based manufacture and production of higher value and more enduring wood 

products for use in the built environment (Derikvand et al., 2016). Fast growing Eucalyptus plantations are 

widespread throughout Australia and the world. Most of Australia’s Eucalyptus plantation resource is chipped 

and exported for pulp and paper production (ABARES, 2018). The economic value that can be returned from a 

cubic metre of woodchip is market-dependent and is often far less than could 
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potentially be gained by manufacturing and selling 

plantation material into local construction markets as 

higher value engineered wood products (ABAREs, 

There is an added environmental imperative, because 

unlike woodchips and paper products, wood products 

used in the built environment are more enduring and 

have the capacity to store carbon for decades or even 

centuries, thus potentially helping to slow down the short-

term carbon release cycle (Winchester & Reilly, 2020). 

The key features of our product are: 

• its specific applicability to an underutilised and 

undervalued plantation resource (which is 

abundant all over the world) 

• the rigour of our prototyping and testing 

• its focus on ease of application and industrial 

efficiency 

Although the adhesives, processing parameters, and 
surface treatments that we implemented are themselves 
not new or complicated, the innovation in our product is 
how we combine these elements to achieve a gluing 
process that is optimised for a specific hardwood species, 
and equally, the opportunity this provides to use the 
Tasmanian E. nitens plantation resource more effectively 
for higher economic returns. 

The market for this product would be timber or wood 
products manufacturers in Australia, but particularly, in 
Tasmania, who want to use the local Tasmanian 
plantation resource to make engineered wood products 
and are looking to streamline their process without 
reducing the structural efficacy of their product. There is 
already one company, CLTP / Cusp (2021) making CLT 
and GLT from fibre-managed plantation E. nitens in 
Tasmania and we could potentially propose this process 
to them. Another Tasmanian company (Neville Smith 
Forest Products) has recently greatly increased their 
production of sawn E. nitens boards for appearance 
applications, while other companies are also increasingly 
using finger joints and developing smaller scale 
adhesive-based engineered wood products like stair 
treads. In the current market, there is great potential for 
making engineered wood products from plantation 
Eucalyptus material both in Tasmania, Australia, and 
globally, so our optimised process and parameters are 
both timely and relevant. 

Steps to commercialisation 

To commercialise our output, we would first need to 
undertake further product development and testing to 
upscale and validate our results. At this point, we are 
currently at the idea generation stage. This competition 
has provided us with the ability to screen some of our 
ideas as well, so next steps would be concept testing and 
development to create an understanding of the 

 

 

Figure 4. GLT showing different glue types. 

 

Figure 5. CLT cut into blocks for shear test. 

 

Figure 6. Finger joints with different glues 
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and surface preparations. 
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user’s perspective, competitor analysis, value proposition, 
and presenting it to potential customers. There is a 
potential pathway and support at UTAS for the 
commercialisation of new products through UTAS 
Holdings PTY LTD. Alternatively, we could propose to 
share this work with the Tasmanian timber industry. 

Impact and next steps 

Both existing and emerging engineered wood products 
manufacturing processes could potentially change as a 
result of our findings. For example, existing operators 
might decide to alter their processing slightly to include 
face milling or primers as part of the board preparation. 
This research could also provide invaluable insight for 
start-up companies, for example regarding purchasing 
the appropriate equipment to achieve optimal press 
pressures or including custom-made machinery for 
specific surface treatments in their production lines. 

If we win this challenge, we would like to validate the 
results of our research with an upscaled trial, seek peer 
review on our methods by publication in a relevant 
scientific journal, and follow the steps outlined above 
towards commercialisation. 

The remainder of this document provides an abbreviated 
report on the materials and methods, results and 
conclusions from the research project. 

Materials and methods (abbreviated) 

The timber boards used in this research were sourced 
from plantation Eucalyptus nitens (E. nitens) and dried to 
a moisture content of 12% before docking and trimming 
to the dimension 1200mm × 125mm × 25mm (length × 
width × thickness) to transport to Queensland. The 
adhesives used were Henkel one component 
polyurethane, PUR (a), Jowat one component 
polyurethane, PUR (b) and resourcinol formaldehyde 
(RF). Throughout this study, cold pressing was used for 
face and finger joint bonding, and boards were non-edge 
glued. 

 
For the preparation of CLT specimens, the sawn timbers 
were further cut into 25mm (thick) × 100mm (width) × 
300mm (length). Three lamellas were face bonded using 
the three different glue types to create a ‘parent’ billet 
(see Figure 7). Each CLT billet was made with either 
different adhesive spread rates, press pressures, or 
pressing times. After curing, three small block specimens 
were cut from each parent billets (see Figure 5) and 
evaluated by delamination according to AS/NZ1328 and 
block shear tests according to EN 16351 in both dry and 
wet conditions (note that wet shear tests are not actually 
required by the standard for GLT from softwood). 

Preparation of the GLT billets, followed much the same 
process as for the CLT billets, however in addition to the 
use of three glue types, for this test we included different 
surface treatments prior to gluing as well (see 

 

 

Figure 7. CLT parent billets. 
 

 

Figure 8. CLT parent billets in the press. 
 

 
Figure 9. CLT and GLT blocks were 
block shear tested in both wet and dry 
condition, using a universal testing 
machine. 
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Figure 4). The surface treatments applied in this study 
were face milling, surface planing, and primer application 
(see Figure 3). From each GLT billet, three specimens for 
the delamination test (AS/NZ1328) and six specimens for 
the block shear test (in both dry and wet conditions, EN 
16351) (see Figure 9) were extracted. 

Finger joint parent board samples were made from E. 
nitens, using the glue manufacturer’s specifications for the 
parameters for press pressure, spread rate and press time, 
but with two different finger joint geometries and with one 
additional treatment type i.e. with primer (see Figure 6). At 
CSAW, each finger joint parent board was then ripped into 
three specimens. These samples were tested via a three-
point bending test according to AS 5068-2006 (Standards 
Australia, 2006) and tested either as horizontal finger 
joints, or vertical finger joints (see Figure 10). 

Results and discussion (abbreviated) 

The results showing shear strength, percentages of 
delaminated bond-line, and wood failure of our CLT and 
GLT specimens were generated via the standard 
evaluative tests outlined above. 

In delamination tests, a separation occurs at the interface 
between two lamellas when there is an adhesive failure, 
either within the adhesive or between the layers (see 
Figure 11). The performance of our CLT panels when 
subjected to delamination tests revealed that the press 
pressure significantly influenced bond line failure, whereas 
glue spread rate and press time did not have a significant 
effect on the percent of delamination of CLT. 

Results from our block shear tests (in both dry and wet 
condition) (see Figure 12) showed that the mean values of 
the shear strength under wet condition for all specimen 
groups were lower than those obtained from dry condition. 
There was no significant difference in shear strength mean 
value between the four groups of CLT specimens in dry 
condition. However, we did learn that press time did not 
have any significant effect on bonding properties. 

Analysis of the results for delamination and block shear 
tests on our GLT prototype samples 
indicate that surface milling, and using a primer prior to 
gluing had a significant effect, enhancing the bonding 
performance and resulting in no delamination. In contrast, 
the effect of surface planing was 
low, and samples showed a higher percentage of 
delamination than among other treatment groups. 

 
RF adhesive demonstrated good bonding performance. 
Therefore, it may be concluded that the percent of 
delamination was not affected by surface 
planing; however, face milling was found 
to have significantly affected the delamination percentage 
values. The highest percent of delamination was related to 
surface planing using Henkel adhesive. 

 

 
 

Figure 10. Three point bending test on 
finger joint samples at CSAW. 

 

 
Figure 11. CLT block showing signs of 
delamination 

 

 
Figure 12. Samples showing bond line 
failure after block shear test. 
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Overall, the results showed that the shear strength of 
specimens produced with PUR glue (from both Henkel 
and Jowat suppliers) was increased by using the primer 
before gluing. 

Results from the finger joint tests indicated that vertical 
finger joints have higher efficiency of MoR, but not MoE. 
Primer appears to improve the finger joint efficiency of 
MoE, but not MoR, while geometry affects bonding 
performance of finger joint significantly. Finger joints with 
the length of 20mm performed better than those of 10mm 
(see Figures 13 & 14). Although the mean value and 
damage mode showed differences in glue types, there 
was no statistical evidence that they performed 
differently. Therefore, further research on more samples 
would help us verify the conclusions obtained in statistical 
analysis and better understand the performance of 
different glues. 

The finger joint efficiency of MoE varied in different 
groups. There was no statistical evidence that the mean 
value tested in a vertical direction was higher than that in 
the horizontal direction. PUR (b) performed worse in the 
horizontal experiments than other two types of glue, but in 
the vertical tests, the efficiency means were similar 
among the three glue types. 

Primer helped PUR adhesives from both manufacturers to 
improve the finger joint efficiency of MoE in both 
directions. Meanwhile, the finger joints with the length of 
10mm decreased the average efficiency from 0.95 to 
0.65 in horizontal direction, and a similar decrease was 
observed in vertical testing groups (Tukey’s test, 
P<0.001). 

Conclusion 

 

 

 
 

Figure 13. (Top) 10mm finger joint samples 
after 3 point bending test showing signs of 
rupture. 

Figure 14 (Bottom) 20mm finger joint 
samples performed better in both MoE 
and MoR. 

This report presents our experimental research on the bonding performance of CLT, GLT and finger joint 
samples made from plantation E. nitens, using different glue types, manufacturing parameters and surface 
preparation treatments. Based on the results of our CLT assemblies, it can be concluded that press pressure 
had a significant impact on enhancing the bond performance whereas, press time and adhesive spread rate 
did not have a remarkable effect on percentages of delamination. It is also worth noting that increasing the 
glue spread rate did not improve the performance of our prototype mass laminated timber samples from E. 
nitens. 

The results from our GLT specimens with three different glue types and different surface treatments indicated 
that the use of primer when using PUR glue improved the adhesion performance of E. nitens 
mass timber. Furthermore, face milling of the sawn timber prior to gluing was found to positively affect the 
bonding performance compared to surface planing. In terms of shear bond strength, the highest values were 
recorded when using primer and PUR adhesive for assemblies. In addition to PUR, resorcinol formaldehyde 
adhesive demonstrated good bonding performance. 

The results from our finger joint assemblies showed that a vertical finger joint has higher efficiency of MoR, but 
not MoE, while the use of a primer helps improve the overall finger joint efficiency of MoE, but not MoR. 
Geometry also affects the bonding performance of finger joints, with longer fingers performing significantly 
better. Although the mean value and damage mode showed differences in glue types, there was no statistical 
evidence that they performed differently, however this warrants further research. 

If we win this challenge, we will use the funds to upscale this trial to validate our results, potentially apply for a 
patent through UTAS Holdings (and/or work with interested industry partners to do so), and seek peer review 
through a scientific publication in a relevant journal. 
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