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ABSTRACT
Structural sawn timber, sourced from softwood plantations, is widely used in lightweight 
timber-framed residential housing and in engineered wood products for contemporary mass 
timber construction. However, a significant proportion of milled timber boards are considered 
‘out-of-grade’, failing to attain a structural grade under existing classifications systems due to 
various stiffness, strength, and/or utility-limiting features. This study investigates the potential 
of controlled lamination techniques to produce structurally usable laminated timber products 
from out-of-grade timber, using a minimal number of requisite boards. Numerical and experi
mental methods were employed to compare different board assignment heuristics, in terms of 
reducing the stiffness variability in laminated board populations. The results indicate that 
controlled board locations produced remarkably consistent laminated products, achieving 
very low variability even with a minimum lamination of only two boards. The findings of this 
paper suggest that controlled lamination techniques have the potential to transform low-value 
out-of-grade timber into a valuable resource for value-added applications, challenging the 
existing market perception that out-of-grade timber lacks structural usability.
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1. Introduction

1.1. Out-of-grade sawn timber

Structural sawn timber, sourced from softwood plan
tations, is a highly versatile and sustainable construc
tion material. Widely used in lightweight timber- 
framed residential housing, it is also critical to the 
production of engineered wood products used in con
temporary mass timber construction (Foliente 2000). 
Its renewability, carbon sequestration potential, and 
low embodied energy make it a highly attractive 
resource for sustainable building design (Thomas 
and Ding 2018). Its workability, versatility, and high 
strength-to-weight ratio make it an ideal resource for 
efficient and economical building construction 
(Balasbaneh and Marsono 2017; J. Li, Rismanchi, and 
Ngo 2019).

During the sawn timber production process, boards 
are assigned a structural grade based on their mechan
ical and visual characteristics. Machine-stress grading 
is the primary method used for grading structural 
softwood boards. This process evaluates board stiff
ness by measuring deformation and load resistance 
during flatwise bending, as well as physical character
istics based on testing standards defined in Australian/ 
New Zealand Standard AS/NZS 1748.2, for stress- 
grading solid timber for structural purposes (AS/NZS 
1748.2, 2011). Another method used is visual-stress 

grading, which has lower stiffness requirements but 
imposes additional limitations on strength-limiting 
physical characteristics (AS 2858, 2008).

In Australia, Machine Graded Pine (MGP) grades 
are used for the majority of structural pine. There is 
significant and ongoing research effort in optimisation 
of sawmill operations to maximise the volume and 
grade, and thus value, of boards recovered from pro
cessed logs (Hosseini and Peer 2022). However, even 
after process optimisation, a significant proportion of 
timber boards produced by Australian softwood plan
tations fail to attain a minimum classification of 
MGP10. From prior studies, for slash and southern 
pine resources, only 11–55% of processed boards meet 
an MGP grade, depending on sawlog quality (Bailleres 
et al. 2019; Harding 2009).

Out-of-grade timber boards can exhibit a wide vari
ety of stiffness, strength, and utility-limiting features 
that correspond to the range of physical and mechan
ical characteristics considered by grading rules 
(Cherry et al. 2019). These features include material 
inhomogeneities, such as knots, splits, resin pockets, 
and grain angle, which can reduce a board’s strength 
and stiffness (Buksnowitz et al. 2010; Cherry, 
Karunasena, and Manalo 2022; Lerm et al. 2017; 
Nicoletta et al. 2017). Geometric irregularities such 
as wane, cup, twist, bow, and spring distortions can 
also affect a board’s practical use and structural 
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function (Johansson and Kliger 2002; Martitegui et al.  
2007; Vestøl and Høibø 2010). Due to the range and 
variability of these features, the perceived structural 
usability and market value of out-of-grade timber is 
significantly reduced.

1.2. Mass lamination of alternative timber 
feedstocks

Engineered wood products, such as laminated timber 
products, have been shown to effectively reduce the 
influence of natural inhomogeneities and localised 
defects present in most timber materials (Gilbert 
et al. 2017). Laminated timber exhibits load sharing 
between connected lamellas, with load path redistri
bution around lower-performing material regions and 
into higher-stiffness material regions when loaded. As 
a result, laminated timber materials exhibit reduced 
variability in strength and stiffness compared to solid 
timber of the same dimension, which translates to 
higher characteristic strength values and less severe 
design capacity reduction factors (Falk and Colling  
1995).

Timber materials classified as low-grade and used 
for industrial markets often possess mechanical prop
erties exceeding minimum requirements for their 
application to value-added laminated products (da 
Rosa Azambuja et al. 2023; da Rosa Azambuja, 
DeVallance, and McNeel 2022). Thus, mass lamina
tion has been explored for the reconstitution of 
higher-value timber products from under-utilised or 
secondary timber feedstocks. Due to the high capital 
and operational costs that are required to support glue 
lamination, studies often consider mechanical lamina
tion techniques, such as nail-lamination (NLT), bolt- 
lamination, or integral joints. Materials investigated 
for mechanical lamination include recycled materials 
such as deconstructed decking lumber (Janowiak et al.  
2014) and salvaged construction waste (Fink, Ruan, 
and Filz 2019), and low-value log resources such as 
small-diameter logs (Herberg 2018), beetle-killed pine 
(Wilson 2012) and fast-growth eucalypt hardwoods 
(Derikvand, Jiao, et al. 2019).

The structural behaviours of mass laminated timber 
can be predicted and enhanced by controlling the 
location of individual timber boards within 
a manufactured cross-section (Kandler et al. 2015; 
Rose et al. 2018). When the properties of the consti
tuent boards are known, as is the case with structu
rally-graded timber in a grading process qualified to 
AS/NZS 1748.2–2011 (2011), this is well understood. 
For example, glue-laminated beams and cross-lami
nated panels can achieve high resource and structural 
efficiency by using lower-grade timber for internal 
lamellas and higher-grade timber for external lamellas 
(Lee et al. 2005; X. Li et al. 2020). However, for out-of- 
grade timber, there is much less understanding about 

how best to achieve a homogenous, structurally usable 
product. Studies have shown mixed results, with some 
reporting the successful use of non-structural pine 
boards as internal layers of CLT panels (Sigrist and 
Lehmann 2014), while others were unable to achieve 
satisfactory structural performance (Alencar and de 
Melo Moura 2019). In one study, a controlled lamina
tion system that combined high- and low-stiffness 
Eucalyptus nitens boards in a set of 9 NLT floor panels 
achieved an extremely low variability in the manufac
tured population stiffness performance (Derikvand, 
Kotlarewski, et al. 2019).

1.3. Aim

Existing research into lamination of underutilised tim
ber feedstocks has primarily focused on creation of 
mass laminated products. Out-of-grade pine timber is 
generated as a by-product of structural board produc
tion for lightweight framing in residential markets. As 
such, it has a distinct problem when considered as 
such a potential feedstock in that it is produced in 
a far higher volume than would be required for exist
ing markets for mass laminated timber products. In 
contrast, a minimally laminated product, made with as 
few as two boards only, would remain feasible for 
economic application in typical lightweight framing 
uses.

The research contribution of this paper is thus to 
explore how controlled lamination techniques can 
produce consistent and structurally usable laminated 
timber products from a minimal number of out-of- 
grade boards. Numerical and experimental methods 
will be used to investigate practical approaches to 
mitigate the negative impact of localised defects and 
population variability using two and four-board lami
nations of out-of-grade timber. Results of this study 
will provide valuable insights into the potential for 
using this low-value timber resource in value-added 
applications.

2. Materials and methods

2.1. Board inventory database

A pack of 220 non-structural timber boards was pro
vided by industry partner Hyne Timber, containing 
a representative range of defects and features contri
buting to their out-of-grade classification. Digital 
information collected during board production was 
also provided, including: a unique Board ID; average 
and rolling stiffness measurement data; four-sided 
image capture; and defect locations and types. Such 
information is typical to that captured in a mill produ
cing stress graded timber to AS/NZS 1748–2011 
(2011). Board data was stored in different formats 
and locations depending on its generating source. 
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For example, board production data was stored in 
a structured XML file, stiffness data in a CSV file, 
and image data in a nested folder hierarchy. 
A MATLAB toolbox was written to import and store 
data within a unified data structure; the imported set 
of board data is termed the board inventory database. 
The original board data (279Mb size on disk) was 
imported in 27 seconds using an Intel i7-4790 PC 
with 16Gb RAM, with the generated database stored 
as a MATLAB variable with 198Mb size in memory.

The average and rolling stiffness measurement data 
form the basis of the lamination studies conducted in 
this paper and so are explained in further detail. 
A single example board, inventory ID 1 and production 
ID 38190626, are shown in Figure 1(a) using top, bot
tom, left, and right side board images. The board is 
90 mm wide, 35 mm thick, and 4800 mm long. During 
production, the board travels through a Metriguard 
7200 High Capacity Lumber Tester (HCLT) which 
deflects the board both downwards and upwards by 
a fixed distance and over a 4-ft (1219 mm) span, 
Figure 1(b). There is assumed to be no contraflexure 
at the supports, as the HCLT rollers are inclined to the 
angle that a simply supported beam with uniform stiff
ness would meet over the given span. The force at the 
two mid-span deflections is stored and converted to 
a single local flatwise bending stiffness E measurement, 
with the double-bend compensating for deviations in 
the straightness of the board. Board E is collected at 1-in 

(25.4 mm) increments to give a continuous rolling stiff
ness measurement, starting and stopping approxi
mately 29-in (740 mm) from board ends, Figure 1(c). 
The average of all rolling stiffness measurements gives 
the board flatwise bending stiffness Eavg . The lowest 
recorded rolling stiffness measurement gives the mini
mum board stiffness Emin. The HCLT geometry means 
that the apparent reduction in E at a low point can be 
amplified; as such, Emin is not typically used in grading 
as a measure of stiffness, instead it is used as a proxy for 
strength, in conjunction with visual grading 
characteristics.

Stiffness data for all boards is plotted in Figure 2(a) as 
Eavg versus Emin=Eavg . Following nomenclature in 
Australia/New Zealand Standard AS/NZS 4063.2 for 
structural timber characterisation (AS4063.2 2010), 
population sample size n, mean modulus of elasticity 
E, standard deviation S, and fifth percentile modulus of 
elasticity E05 are summarised in Table 1, calculated with 
statistical functions in MATLAB. The coefficient of 
variation (CoV) for board stiffnesses is 36%, within 
the expected range for sawn timber boards of 35–45% 
(AS/NZS 4063.2 2010).

Many boards meet the stiffness threshold for MGP 
timber grades, however are classified as out-of-grade 
due to excessive wane or distortion. Many boards also 
have significant localised stiffness reductions, with 
Emin=Eavg as low as 13.7%. As would be expected, 
these often occur in locations where the stiffness 

Figure 1. Provided data for an individual board. (a) Four-sided image capture of board 1. (b) HCLT rolling stiffness sample 
collection. (c) Rolling, average, and minimum stiffness data for board 1. Location a in (b) shows the upwards and downwards 
deflection point, used to evaluate the local flatwise bending stiffness at the corresponding location in (c).
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sampling region (1219 mm length) contains a large 
number of stiffness-reducing defects such as knots and 
grain slope, as can be seen in Figure 1(a) for the mini
mum stiffness location in Figure 1(c). This low-stiffness 
skew has a detrimental impact on determining charac
teristic values from test data. From AS/NZS 4063.2, the 
MoE characteristic value Ek is taken as the lesser of 
mean E and factored 5th percentile E05=0:7 MoE values, 
adjusted for statistical sample factors.

2.2. Board assignment heuristics

This paper explores how variability in nail-laminated 
timber boards can be minimised through the con
trolled specification of board locations. As such, the 
digital inventory of timber boards was used to test 
three board assignment heuristics, developed to 
simulate differing levels of board location control 

within a production environment. The first heuristic 
is developed to optimise the board location assign
ments to give the lowest possible variability in the 
laminated product. It achieves this by progressively 
combining boards with the highest and lowest Eavg , 
Figure 3(a), thus requiring a complete prior knowl
edge of board properties. The second heuristic com
bines boards into a laminated product based on their 
production order, Figure 3(b). This is assumed as 
equivalent to randomly nailing the boards together, 
requiring no prior knowledge of board properties or 
location control.

The first and second heuristics serve as the limit 
cases, of complete control and no control over board 
locations, respectively. However, the handling require
ment for fabrication of boards generated using the first 
heuristic is unrealistic in an automated production 
environment, as each board would need to be sorted 

Figure 2. Average and minimum stiffness data in board inventory database. (a) All boards and (b) high/low stiffness groupings.

Table 1. Stiffness data for individual board populations. z indicates design characteristic value for MoE is 
governed by E05.

Group Count n Range Eavg E S (CoV) E05 Ek
– MPa MPa MPa (%) MPa MPa

All Boards 220 3940 –18,710 8530 3080 (36%) 4540 6490z

High/Low Heuristic
Low 110 3940 – 7830 6160 1080 (18%) 4270 6100z

High 110 7870 –18,710 10910 2560 (23%) 8060 10,910

Figure 3. Board assignment heuristics. (a) Optimised assignment based on performance order. (b) Random assignment based on 
production order. (c) High/low assignment based on production order within two presorted stiffness groups.
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and stored in order of highest-to-lowest stiffness, or 
into a different storage area for each laminated pro
duct. A third heuristic was thus developed as an inter
mediate case, based on a presorting of boards into two 
high or low stiffness groups. Subsequent lamination 
uses one board from each grouping, randomised based 
on production order, Figure 3(c). This heuristic 
requires prior historical knowledge of typical proper
ties for a similar board population, to establish cut-off 
values that give an equal number of boards in each 
stiffness group. The handling effort is significantly 
reduced as compared to the first heuristic, as boards 
need only be presorted into two storage areas for the 
high and low groups, similar to how boards are typi
cally sorted into separate grades.

Stiffness data for the high and low groups used for 
heuristic three are shown in Figure 1(b) and Table 1, 
using a cut-off value of 7850 MPa. Note that while 
both groups contain the same number of boards, there 
is a higher CoV and range for the high stiffness group. 
This arises from the presence of boards with very high 
bending stiffness classified as out-of-grade due to 
visual defects, typically wane. These occur in 
a relatively lower proportion as compared to boards 
classified as out-of-grade due to low stiffness or 
strength and stiffness-reducing defects such as knots.

2.3. Simulated lamination with board assignment 
heuristics

The three heuristics were applied to generate board 
location indexes for 110 pair laminations, comprising 
2 boards each. Pair laminations were investigated as 
both the minimum possible number of laminated 
boards and as a very common use-case in residential 
framing. On the latter, nail lamination of two to four 
boards for creating larger-dimension timber sections 
is allowed for in Australian Standard AS 1684 
(Residential timber-framed construction) (2010). 
Specific clauses describing use and required nail pat
terns for vertical lamination of beams, lamination of 
wall studs, and horizontal lamination of wall plates are 
described in Clauses 2.3–2.5, respectively. Span tables 
in AS1684 Supplements are also formulated to cover 
up to 4 board laminations, depending on structural 
element type (Jiang, Ottenhaus, and Gattas 2023).

The three developed heuristics were designated as 
‘optimised’, ‘randomised’, and ‘high/low’ pair lamina
tions, for heuristics one to three, respectively. The 
rolling flatwise bending stiffness of pair laminations 
was numerically evaluated by combining the rolling 
stiffness data of constituent boards with a 50% fibre 
volume fraction: 

where i and j superscripts denote the constituent 
board IDs. Average and minimum stiffness values 
are calculated from the laminated rolling stiffness, 
Figure 4.

Pairs were additionally combined into 55 quad 
laminations. Optimised pair laminations were com
bined through re-application of heuristic one. 
Randomised and high/low pair laminations were com
bined based on production order. Rolling flatwise 
bending stiffness for quad laminations was evaluated 
with a 25% fibre volume fraction: 

where i, j, k, and l superscripts denote the constituent 
board IDs. Average and minimum stiffness values are 
calculated from the laminated rolling stiffness, shown 
in Figure 4(a),(b) for an example pair and quad lami
nation, respectively.

For randomised and high/low laminations, board 
assignments will vary based on production order. 
Thus, a Monte Carlo simulation was used to randomly 
change the board production order and evaluate the 
distribution of laminated stiffness values in the simu
lation sample set. From a convergence study, 500 
simulation runs were found as sufficient to give 
a variance between simulation runs of below 1%.

2.4. Specimen manufacture and experimental 
testing

Experimental testing was conducted to obtain acoustic 
and static stiffness measurements for individual 
boards and static stiffness measurements for pair and 
quad laminations. Individual board measurements are 
used to verify board inventory database information. 
Pair and quad lamination measurements are used to 
verify the heuristic application and numerical evalua
tion of laminated stiffnesses.

For individual board testing, 32 boards were selected 
as a random subset of the 220 board pack. Full length 
boards were first tested using the Beam Identification by 
Non-destructive Grading (BINGÓ) acoustic resonance 
method. BING tests obtain the acoustic modulus of 
elasticity (Acoustic MoE), based on frequency and den
sity measurement, with further details available in 
(Baillères, Hopewell, and Boughton 2009). Boards were 
then cut to a partial 2880 mm length and tested under 
static four-point bending, to obtain the apparent mod
ulus of elasticity in bending (Apparent MoE). Static tests 
were conducted according to standard industry practice, 
with four-point bending over a span of approximately 
30d. Boards were tested edgewise to match their lami
nated orientation, for a 30� 90 ¼ 2700 mm test span 
plus 90 mm overhang at either end, for total board 
length of 2880 mm. Load application was at one-third 
and two-thirds of span length, giving a central mid- 
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region of 900 mm between load points. Using the rolling 
stiffness data, the partial board length was selected at 
a location with the highest average stiffness over the 
central 900 mm region, Eavg;900 in Figure 5(a).

For laminated board testing, board IDs for 16 pair 
and 8 quad laminations were generated as optimised 
laminations (heuristic one). Board assignments used 
the average stiffness of the 2880 mm board length, 
Eavg;2880 in Figure 5(b). Laminations were formed by 
clamping boards together at middle and end locations, 
with prior research showing mechanical clamping 
gives similar stiffness values to nail-jointed pine 
board laminations (Taoum et al. 2019).

3. Results and discussion

3.1. Verification of board inventory database and 
simulated laminations

A comparison of the inventory (continuous flatwise 
bending stiffness Eavg) and experimental (Acoustic 
and Static MoE) stiffness values for individual boards 
are shown in Figure 6(a),(b) and summarised in 
Table 2. For 2880 mm boards, Acoustic MoE values 
are within 1% of inventory Eavg values and approxi
mately 8% higher than Static MoE values. The over- 
prediction of continuous flatwise bending stiffness and 
acoustic MoE measurements, relative to static apparent 

MoE measurements, is a known occurrence, and the 
observed results are consistent with 10–20% over-pre
diction ranges reported previously for Southern Pine 
(Bailleres et al. 2019; Yang et al. 2015). For full-length 
boards, Acoustic MoE values are approximately 10% 
higher than inventory Eavg values. As mentioned in 
Section 2.1, HCLT can exaggerate MoE lows that 
impact Eavg measurement, which may cause this slight 
difference. It can be concluded that the board inventory 
database is correctly importing and storing stiffness 
data, and that the data itself is accurate.

A comparison of the simulated and experimental 
stiffness values for pair and quad laminations are 
shown in Figure 7(c),(d) and summarised in Table 2. 
There is a good correspondence between simulated 
values for stiffness and variance and those measured 
experimentally. The experimental coefficient of varia
tion is slightly higher than numerical prediction, which 
is expected due to the additional sources of variability 
inherent to physical testing. The relative over-predic
tion of simulated (continuous flatwise bending) and 
experimental (apparent MoE) stiffness reduces to 4% 
and 2% for pair and quad laminations, respectively. It 
can be concluded that numerical stiffness predictions 
for pair and quad laminations are sufficiently accurate 
for the relative evaluation of the developed board 
assignment heuristics, see next section.

Figure 4. Evaluation of (a) pair and (b) quad lamination stiffness properties from constituent board data.
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Figure 5. a) Selection of 2880mm region from 4800mm board length based on maximum Eavg;900. b) Example pair lamination from 
2880mm boards.

Figure 6. Board inventory data (left) and comparison with experimental results (right) for (a) 4800mm and (b) 2880mm long 
boards.

AUSTRALIAN JOURNAL OF CIVIL ENGINEERING 7



3.2. Lamination with board assignment heuristics

A comparison of simulated stiffness values for opti
mised, randomised, and high/low laminations is 
shown in Figure 8. For randomised and high/low 
laminations, data is plotted from the board assign
ment of a single iteration with similar mean and 
standard deviation to the Monte Carlo simulation 
sample set; a comparison of laminated board stiff
ness variation across iterations is plotted in 
Appendix A1. For optimised laminations, data is 

plotted from their single possible board assignment. 
Stiffness values are summarised in Table 3.

The first board assignment heuristic, with perfect 
control of board location within all laminations, is 
seen to succeed in achieving a rapid reduction in 
laminated population variance. The coefficient of var
iation for optimised pair and quad laminations of 9% 
and 4% is extremely low. This result is consistent with 
the low variability of 2.6% reported for the fully con
trolled 8-board lamination of Eucalyptus nitens in 
(Derikvand, Kotlarewski, et al. 2019).

Figure 7. Simulated lamination data (left) and comparison with experimental results (right) for optimised (a) pair and (b) quad 
laminations.

Table 2. Comparison of stiffness data obtained from board inventory database, 
simulated laminations and experimental testing. Note: 32 boards used for testing 
were selected as a random subset from the 220 boards in the inventory database.

Group Count n Range E S (CoV)
MPa MPa MPa (%)

4800mm Boards
Inventory Eavg 32 4280 – 18,710 8730 3920 (45%)
Acoustic MoE 32 4820 – 21,680 9620 4710 (49%)

2880mm Boards
Inventory Eavg 32 4300 – 18,960 8880 3920 (44%)
Acoustic MoE 32 3840 – 19,610 8920 4050 (45%)
Static MoE 32 2630 – 18,470 8240 3880 (47%)

Optimised Pair Laminations
Numerical Eavg 16 7250 – 11,630 8880 1380 (16%)
Static MoE 16 5780 – 11,340 8570 1530 (18%)

Optimised Quad Laminations
Numerical Eavg 8 8470 – 9550 8880 370 (4%)
Static MoE 8 7460 – 9740 8730 790 (9%)

8 J. M. GATTAS ET AL.



In the second board assignment heuristic, the 
randomised pair and quad laminations showed 
a much higher CoV of 25% and 17%, respectively. 
Quad lamination variation is consistent with 
a typical CoV range of 20–30% for glue-laminated 

timber Apparent MoEs, obtained from random posi
tion testing as per AS/NZS4063.1 (2010). The reduc
tion in CoV from the board population to the 
randomised pair and quad laminations is 29% and 
52%, respectively. The latter is consistent with the 

Figure 8. Pair (left) and quad (right) lamination population stiffness data. (a) Optimised, (b) random, (c) high/low. For (b)-(c), data 
is plotted from a single iteration with similar mean and standard deviation to simulation sample.

Table 3. Comparison of stiffness data for pair and quad laminations using optimised, randomised, and high/low 
board assignment heuristics. z indicates design characteristic value for MoE is governed by E05.

Group Count n Range E S (CoV) E05 Ek
MPa MPa MPa (%) MPa MPa

Pair Laminations
Optimised 110 7840 – 11,330 8530 760 (9%) 7850 8530
Randomised 110 3980 – 18,210 8530 2170 (25%) 5490 7840z

High/low 110 5900 – 13,270 8530 1380 (16%) 6640 8530

Quad Laminations
Optimised 55 8180 – 9580 8530 310 (4%) 8180 8530
Randomised 55 4990 – 15,500 8530 1470 (17%) 6410 8530
High/low 55 6360 – 12,450 8530 920 (11%) 7170 8530
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46–55% reduction reported for 4-board glue lamina
tion from a low-grade timber board population in 
(Kandler et al. 2015).

For the third board assignment heuristic, high/low 
pair and quad laminations achieve a much lower CoV 
than randomised laminations, of 16% and 11%, 
respectively. The reduction in CoV from the board 
population to high/low pair and quad laminations is 
55% and 70%, respectively. Of note is that the high/ 
low heuristic achieved the same reduction in variance 
with two boards, as randomised assignment in this 
and prior studies achieved with four boards.

3.3. Discussion

The results above provide several key insights into the 
potential of lamination techniques to produce consis
tent and structurally sound laminated timber products 
from timber that would otherwise be considered as 
out-of-grade.

First, the optimised and high/low assignment 
heuristics demonstrate remarkable consistency in 
their results, achieving very low variability even 
with a minimum lamination of only two boards. 
In these pair laminations, the CoV is significantly 
reduced and E05 is raised to the extent that the 
population mean MoE E governs Ek, Figure 9(a) 
Therefore, both optimised and high/low pair lami
nations have the same design characteristic stiff
ness Ek. However, the optimised heuristic requires 
considerably higher handling effort, making the 
high/low assignment heuristic a more efficient 
option to achieve the same level of stiffness.

Second, the randomised assignment heuristic results 
in relatively higher variability, which is insufficient to 
fully mitigate the negative impact of the boards with 
very low stiffness. This means that Ek is still governed by 
E05, resulting in an 8% lower Ek for randomised pair 
lamination than for other pair lamination types. 

Although variability in the randomised quad lamina
tion is sufficiently reduced to prevent this, Figure 9(b), 
it is still higher than the exhibited variability in the high/ 
low pair laminations. Thus, the high/low assignment 
heuristic is a more efficient option to achieve the same 
level of stiffness using fewer boards. It potentially also 
provides the opportunity to set limits for high and low 
groups, to achieve a target final laminated stiffness.

Third, regarding the structural usability of the lami
nated boards, the attained Ek ¼ 8530 MPa is below the 
required average MoE for MGP10 of 10,000 MPa, as 
expected for using out-grade timber. However, it is com
fortably above the minimum stiffness requirement for 
visual stress grading, which is 6,900 MPa for an F5 grade. 
It is also above the minimum stiffness requirement for 
glue-laminated timber grades as permitted by AS1720.1, 
which is 8,000 MPa for a GL8 grade (AS1720.1 2010).

As noted previously, visual stress grades have 
additional limitations on strength-limiting physical 
characteristics, with the minimum F5 grade almost 
always strength- rather than stiffness-limited. 
Consideration of mechanical strength properties in 
out-of-grade laminated timber is out-of-scope for 
the present study and should be studied in future 
research using the presented board assignments 
heuristics. Expanding the study to include lowest 
local bending stiffness Emin and Emin location in the 
lamination heuristic as a threshold parameter may 
also help in attaining a structural grade, as it is 
highly correlated to strength prediction in 
Australian pine (Baillères et al. 2012; Baillères, 
Hopewell, and Boughton 2009). Characteristic 
strength values are also based on material strength 
at the fifth percentile level, so achieving an efficient 
reduction in CoV using a controlled lamination 
heuristic may facilitate minimum strength attain
ment. Lamination may also assist to reduce the 
severity of geometric defects which could otherwise 
prevent attainment of a structural grade.

Figure 9. Population variability versus fifth percentile stiffness value for board assignment heuristics. (a) Pair and (b) quad 
laminations.
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4. Conclusions

In conclusion, this study has explored the use of 
controlled lamination techniques for producing 
reliable and structurally usable laminated timber 
products from out-of-grade timber. The study uti
lised both numerical and experimental methods to 
investigate practical approaches for mitigating the 
negative impact of localised defects and population 
variability while using a minimal number of lami
nated out-of-grade boards.

Three board assignment heuristics were devel
oped to simulate differing levels of board location 
control within two and four-board laminated tim
ber products. The first heuristic optimised the 
board locations to give the lowest possible varia
bility in a set of laminated products. The second 
heuristic combined boards into a laminated pro
duct based on their pseudo-random production 
order. The third heuristic presorted boards into 
two groups based on high or low stiffness, which 
were then combined when laminated in their pro
duction order. The following conclusions were 
drawn from the obtained results:

● Laminated products made with controlled board 
locations demonstrated remarkable consistency 
in their results, achieving very low variability 
even with a minimum lamination of only two 
boards from the sample population studied.

● A relatively simple ‘high/low’ board assignment 
heuristic, based on lamination between two pre
sorted stiffness groups, provided the same char
acteristic stiffness as an optimised board 
assignment heuristic.

● Randomised board assignment required more 
boards per lamination to achieve the same char
acteristic stiffness.

The attained stiffness values were too low for MGP10, 
but sufficient for other grades such as F5, GL8, or 
proprietary grades, indicating the potential for using 
out-of-grade timber in value-added applications. 
Future research can explore the potential of using 
these controlled lamination techniques for improving 
the mechanical strength properties of out-of-grade 
laminated timber.
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Appendix A1. Monte Carlo simulation results

Figure A1. Monte Carlo simulation of production order, first 30 of 500 samples. Randomised (a) pair and (b) quad laminations. 
High/low (c) pair and (d) quad laminations.
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