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Abstract 

In Australia, a significant amount of suboptimal-quality native forest resources 

(e.g., short length or small diameter logs of low value) have resulted from the 

sustainable management of native Australian forests and the processing sector. 

These resources, despite possessing high mechanical properties and often high 

durability, are not converted into value-added products due to size, technical 

and economic constraints. Additionally, a large amount of processed plantation-

grown softwood is sold for low profit because it does not meet target product 

requirements despite being processed with an efficient system. To maximise 

Australia’s available forest resources and capitalise on their positive attributes, 

it is necessary to investigate the potential to blend these resources into an 

innovative, high-value engineered wood product. A potential commercialisation 

opportunity for the small volume of rotary veneers sourced from native forest 

logs is blending them with available plantation-grown softwood veneers to 

produce veneer-based products. 

This study aims to investigate the technical feasibility of blending veneers 

recovered from suboptimal-quality native forest logs of different species, with 

veneers from commercial softwood plantation logs to manufacture high-

performance engineered wood products suitable for structural applications, 

namely beams. 

In the first stage, to understand the mechanical properties of veneer that can be 

recovered from select species, two native forest species (spotted gum 

[Corymbia] [SPG] and white cypress pine [Callitris glaucophylla] [CYP]) and 

one plantation-grown species (hoop pine [Araucaria cunninghamii] [HP]) were 
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investigated. In total, 60 SPG logs, 60 CYP logs and eight HP logs were rotary 

peeled, providing the veneer feedstock for the sample manufacture. The native 

wood veneers were visually graded according to Australian and New Zealand 

standards. The dynamic modulus of elasticity (MOE) and density of each veneer 

were determined and plotted for all species according to the best fit Weibull 

distributions. 

In the second stage, a total of 18 panels of 15-ply laminated veneer lumber 

(LVL) were manufactured using six construction strategies influenced by best 

industry practice and knowledge to develop the concept of mixed-species 

veneer-based products. This process ascertained that LVL products can be 

manufactured from the three species examined and that blending species within 

a construction strategy can provide opportunities to maximise use of various 

forest resources. The mixed-species LVL demonstrated generally superior 

mechanical properties (bending, tension, bearing and longitudinal-tangential 

shear strength) to the reference single-species HP. 

In the third stage, a methodology was developed based on the genetic algorithm 

(GA) to optimise the manufacturing strategy for structural cross-banded 

laminated veneer lumbers (LVL-C) manufactured by mixing species. It aimed 

to minimise the cost of a family of LVL and LVL-C products by maximising 

the use of low-grade native wood veneers while targeting different stiffness and 

embedment strengths. The methodology was first developed using SPG and 

southern pine [SP] species. Accuracy of the approach was then verified using 

SPG and HP species. The developed algorithm consistently converged to similar 

solutions for all investigated cases, demonstrating its robustness. Finally, the 
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obtained optimum construction strategies were validated against experimental 

results. 

In the final stage, a total of 12 panels manufactured from two different 

construction strategies for both the reference 12-ply LVL and optimised 12-ply 

LVL-C were examined. SPG and HP veneer were used to manufacture these 

panels. Minor correlation was identified between visual grading and dynamic 

MOE-based grading, suggesting that visual grading may not be the most 

appropriate method for manufacturing veneer-based products with targeted 

MOEs from native forest SPG veneers. Mixed-species LVL-C manufactured 

from native forest SPG and plantation HP veneers demonstrated mechanical 

properties higher than those readily commercially available LVL-C. This 

utilisation approach could represent a market opportunity for the veneers 

produced from under-utilised and under-valued native forest resources. 
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Chapter 1: Introduction 

1.1 Timber Resources and Problem Statements 

1.1.1 General introduction of Australian resources. 

In 2016, 17% of Australia’s land area (134 million hectares) was covered by 

forests, of which 132 million hectares were native forests, 1.95 million were commercial 

plantations and 0.47 million were other forests (Australian Bureau of Agricultural and 

Resource Economics [ABARES], 2018). Queensland is reported to contain 39% of 

Australia’s forest area (51.8 million hectares), followed by the Northern Territory (18% 

[23.7 million hectares]), Western Australia (16% [21 million hectares]) and New South 

Wales (15% [20.4 million hectares]) (ABARES, 2018). 

The majority of Australia’s native forests (92%) are eucalypt forests (e.g., spotted 

gum [Corymbia maculata] and river red gum [Eucalyptus camaldulensis]) and acacia 

forests (e.g., brigalow [Acacia harpophylla] and mulga [Acacia aneura]). The remainder 

of Australia’s native forests includes melaleuca (5%) and small areas of rainforest (3%). 

Australia’s commercial plantations comprise exotic softwood species (largely radiata 

pine [Pinus radiata]) and mostly native hardwood species (largely blue gum [Eucalyptus 

globulus]). 

Both native forests and commercial plantation forests are important resources for 

the Australian timber processing sector. The ABARES (2018) stated that in 2016–2017, 

87% of Australia’s total log harvest came from commercial plantations and 13% came 

from native forests. However, there are several persistent challenges involved in 

maximising the use, recovery and appearance qualities of these resources (McGavin, 

2016; Nguyen et al., 2018; Ozarska, 1999) 
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1.1.2 Current uses of native forest logs and associated challenges. 

In 2016–2017, 4.3 million cubic metres of logs were sourced from Australia’s 

native forests; this included 95% hardwood species (e.g., spotted gum, blackbutt 

[Eucalyptus pilularis], and rose gum [Eucalyptus grandis]) and 5% softwood species 

(e.g., cypress pine [Callitris glaucophylla]) (ABARES, 2018). Due to their high-quality 

properties, such as natural durability and strength (Bootle, 2005), the majority of 

harvested natural logs are currently processed by various traditional processing systems 

into high-performance construction and decorative products suitable for Australian 

domestic markets, such as sawn timber and veneer-based products. 

For many years, relatively large-diameter native forest logs have been converted 

into a traditional suite of sawn products with a recovery rate of less than 40% (e.g., large- 

and small-dimension structural posts and beams, bridge members, furniture, flooring and 

fencing and landscaping timbers), mainly using a conventional sawing system (Leggate 

et al., 2000; McGavin, Bailleres, Lane, Blackburn, et al., 2014). Generally, this 

conventional system is considered inefficient for small-diameter hardwood logs (less than 

40 cm in diameter) (McGavin & Leggate, 2019). Although markets do exist for some 

products from these small-diameter logs (e.g., fence posts and firewood), these markets 

are limited and have low value. This illustrates the current underuse of small-diameter 

logs, which are often considered suboptimal quality with low value although their wood 

properties are potentially suitable for a wide range of high-value products. 

An alternative processing method for transforming logs into structural veneer-

based products (e.g., plywood and LVL) is the traditional spindled veneer lathe. However, 

as with the traditional sawing system, existing knowledge and technical experience 

regarding the use of spindled lathes is limited to processing relatively large-diameter 

hardwood native forest logs of high quality. Using this system to process small-diameter 
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native forest logs (e.g., spotted gum and cypress pine logs) into veneer-based products 

has posed many challenges, including economic issues, due to processing equipment 

limitations such as large peel core diameter, billet end splitting, large capital investments 

and limited recovery rate (McGavin, 2016; McGavin & Leggate, 2019). Recently, 

spindleless technology has emerged to accommodate peeling small-diameter logs. This 

technology has been demonstrated to be efficient and can recover up to 70% of the logs 

into rotary veneers (McGavin, Bailleres, Lane, Blackburn, et al., 2014; McGavin & 

Leggate, 2019). Using this method on small-diameter native forest logs, McGavin and 

Leggate (2019) reported that the characteristics of the peeled veneer enable the 

manufacture of high-performance products. Therefore, it is necessary to examine suitable 

end products for these veneers and evaluate their performance. 

1.1.3 Current uses of plantation forest logs and associated challenges. 

Australia has approximately 1.0 million hectares of softwood plantations and 

approximately 0.9 million hectares of hardwood plantations from which commercial 

wood products (e.g., sawn wood, wood-based panels, paper and paperboard) are sourced 

(ABARES, 2018). These plantations have become a primary resource for wood 

production in Australia. In 2016–2017, 17.5 million cubic metres of softwood plantation 

logs were harvested, of which 10.6 million cubic metres were sawlogs and 6.5 and 0.4 

million cubic metres were pulp logs and veneer logs. In this period, saw and veneer logs 

accounted for 61% of softwood logs harvested from commercial plantations (ABARES, 

2018). The hardwood plantation log harvest in this period was 11.4 million cubic metres, 

of which 96% were pulp logs and only 4% were saw and veneer logs (ABARES, 2018). 

Knowledge and experience exist regarding common processing techniques 

(sawmilling and veneer processing) for plantation forest logs, mainly plantation softwood 

(e.g., exotic pine [e.g. radiata pine] and hoop pine [Araucaria cunninghamii]). However, 
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the use of available plantation forest resources has not yet been optimised for high-quality 

engineered wood products, especially veneer-based products, to maximise the economic 

and market potential of the Australian plantation forest and forest product industries. For 

example, several types of structural plywood and laminated veneer lumber (LVL) 

products manufactured from softwood plantation veneers such as radiata pine [Pinus 

radiata] and hoop pine [Araucaria cunninghamii] can be easily found in Australian 

markets and are currently supplied by local manufacturers (Austral Plywoods, 2019; 

Future Build LVL, 2012; Wesbeam, 2019). However, the mechanical properties of these 

products, used commonly in engineering practice, are not greater than the characteristic 

properties of the F17 grade in the Australian and New Zealand standard (AS/NZS 2269.0 

(2012)) (i.e., modulus of elasticity [MOE] is less than 14 GPa). In part, the unfavourable 

mechanical properties from at least part of these resources limit the likelihood of their use 

in the manufacture of high-performance structural products. Finding an efficient use for 

these forest resources is a priority for the industry. There is a lack of commercial interest 

and capacity for softwood plantations for different reasons. Hoop pine plantation, for 

instance, is not favoured due to high management, pruning and harvesting costs despite 

their unique and commercially attractive wood qualities. These costs are largely caused 

by the steep topography of the plantation sites (Department of Agriculture Fisheries and 

Forestry, 2012). 

1.1.4 The potentiality of mixed-species veneer-based products. 

Given the aforementioned challenges in maximising Australia’s available forest 

resources, there are two main knowledge gaps: 1) existing processing knowledge for 

small-diameter native forest logs is restricted to traditional processing systems such as 

sawmilling and 2) plantation forest resources have not been used to manufacture high-

performance veneer-based products (MOE > 14 GPa). A potential solution could be 
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blending the small number of rotary veneers from small-diameter native forest logs with 

available plantation forest veneers to produce veneer-based products (VBPs) (Burdurlu 

et al., 2007; H’ng et al., 2010; McGavin et al., 2013). Additionally, optimising 

combinations of different forest resources to produce innovative VBPs could maximise 

the economic and market potential of the Australian forest and forest product industries 

by facilitating greater and more profitable use of available resources (McGavin, 2016; 

McGavin & Leggate, 2019). 

Numerous VBPs, such as plywood and LVL, exist in the Australian market. 

However, the possibility of manufacturing VBPs from blends of native forest resources 

and plantation forest resources has not yet been adequately examined. Therefore, the 

current study aims to explore opportunities to combine resources in the manufacture of 

VBPs to facilitate greater and more profitable use of small-diameter native forest logs and 

plantation logs by spindleless veneering system. 

1.2 Research Objectives 

1.2.1 Main Objectives 

The main objective of this research is to investigate the technical feasibility of 

blending veneers from different small-diameter native forests resources with veneers 

from commercial softwood plantation logs to manufacture high-performance engineered 

wood products suitable for structural applications, namely beams. 

Underpinning objectives are: 

Aim 1. Available resources: To identify the distribution of mechanical properties 

within rotary-peeled veneers produced from selected small-diameter native forest logs 

(spotted gum [C. citriodora] [SPG] and white cypress pine [C. glaucophylla] [CYP]) and 

commercial plantation logs (hoop pine [A. cunninghamii] [HP]). 
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Aim 2. Proof of concept: To experimentally validate that mixing lower-quality 

plantation softwood veneers with native veneers can lead to the fabrication of structural 

VBPs of grades similar to or higher than currently manufactured products. 

Aim 3. Optimisation model: To develop a tool to establish construction strategies 

for the manufacture of cross-banded laminated veneer lumber (LVL-C) and LVL that 

optimises the use of the available veneers determined in Aim 1. 

Aim 4. Optimisation products: To experimentally evaluate the physical and 

mechanical properties of the LVL-C and LVL produced by mixing available forest 

resources using the selected design configurations from Aim 2. 

1.2.2 Research questions  

The following research questions have been developed for the study: 

1. What is the MOE and density distribution of rotary-peeled veneers produced 

from SPG, CYP and HP?  

2. To what extent can the structural LVL manufactured from mixing lower-

quality plantation softwood veneers with native forest veneers compete with 

commercially available VBP? 

3. What is the most efficient construction strategy for the rotary-peeled veneers 

from the investigated wood species to achieve targeted bending properties and 

bearing strength in bolt LVL-C and LVL structural products? 

4. To what extent does LVL-C manufactured from blending SPG and HP veneers 

competre with commercially available LVL-C? 

5. To which proportion can the bearing strength can be increased in LVL-C when 

compared to LVL? 
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1.3 Research Approach 

The research methodology is schematically presented in the flowchart in Figure 

1. 

Figure 1. Flowchart of the adopted research methodology. 

1.4 Thesis Outline 

This thesis comprises seven chapters. Chapter 1 provides background information 

regarding timber resources in Australia and introduces the project, while Chapter 2 
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reviews the relevant literature. The next four chapters are journal papers that have been 

submitted or are under review. 

Chapter 3 is based on a paper that aimed to investigate the mechanical properties 

of six construction types of LVL manufacturing through blending SPG and CYP veneers 

with commercial HP veneers. The dynamic MOE and density of all investigated veneers 

were determined. Bending properties, tension perpendicular to grain, bearing 

perpendicular to the grain and longitudinal-tangential shear were investigated to 

understand the performance of mixed-species LVL. 

Chapter 4 is based on a paper that developed an optimisation model founded on 

the genetic algorithm (GA) to identify optimal construction strategies for LVL and LVL-

C products by mixing different wood veneers. Note that available date for spotted gum 

and southern pine (Caribbean pine [Pinus caribaea var. hondurensis] and slash pine 

[Pinus elliottii var. elliottii]) veneers were used to illustrate the potential of the algorithm. 

This model can be applied to identify optimal construction strategies for LVL from other 

wood species. 

Chapter 5 is based on a paper that validates the optimal LVL and LVL-C against 

the developed model and evaluates the mechanical and physical properties of the LVL 

and LVL-C products manufactured by blending spotted gum veneers with hoop pine 

veneers. 

Chapter 6 is based on a paper that aimed to experimentally evaluate the 

embedment strength and behaviour of mixed-species LVL and LVL-C, both 

manufactured from spotted gum and hoop pine veneers. These test results both formed 

essential data to verify the accuracy of the embedment strength design equations in 

international design specifications and served as benchmark data for numerical models. 

Embedment tests were performed at load-to-grain angles (i.e., orientation of fastener with 
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reference to timber grain) α of 00, 300, 600 and 900, with dowel diameters of 12 mm, 

16 mm and 20 mm, on three different types of mixed-species LVL and LVL-C samples 

and one HP LVL for comparison purposes. 

Chapter 7 provides a synthesis of the PhD study and recommendations for future research. 

The majority of the research for these papers was carried out independently. 

Contributions from co-authors took the form of supervision of the experimental design 

components and the presentation of the research findings in manuscript form. The 

citations for the published articles and those undergoing peer review are listed below. 

Chapter 3. 

McGavin R, Nguyen H.H, Gilbert BP, Tony Dakin, Adam Faircloth (2019). A 

comparative study on mechanical properties of laminated veneer lumber (LVL) 

produced from blending various wood veneer, Bioresources, 14(4), 9064-9081. 

Chapter 4. 

Nguyen H. H., Gilbert, B. P., McGavin, R. & Bailleres, H. (2018). Optimisation of cross-

banded laminated veneer lumber manufactured from spotted gum and southern 

pine veneers. European Journal of wood and wood products, 77(5), 783 – 797. 

Nguyen H. H., Gilbert B. P., McGavin, R. & Bailleres, H. (2018). Optimisation of cross-

banded laminated veneer lumbers manufactured from spotted gum and southern 

pine veneers, Proceedings of the World Conference on Timber Engineering 2018. 

Seoul, South Korea, Electronic Proceedings. 

Chapter 5. 

Nguyen H. H., Gilbert B. P., McGavin, R. & Bailleres, H. (2019). Key mechanical 

properties of optimum cross-banded laminated veneer lumber (LVL-C) produced 

from spotted gum and hoop pine. Bioresources, 14(4), 9117-9131. 

Chapter 6. 
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Nguyen H. H., Gilbert B. P., McGavin, R., Bailleres, H. & Karampour, H. (2019). 

Embedment strength of mixed-species laminated veneer lumbers and cross-

banded laminated veneer lumbers. European Journal of wood and wood products, 

(Submitted May 2019, under review). 

Nguyen H. H., Gilbert, B. P., McGavin, R. & Bailleres, H. (2018). Embedment strength 

of LVL and cross-banded LVL manufactured from blending hardwood and 

softwood species, Proceedings of the 25th Australasian Conference on the 

Mechanics of Structures and Materials. Brisbane, Australia, Electronic 

Proceedings.
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Chapter 2: Literature Review 

This chapter summarises the existing research relevant to the current study. The 

chapter consists of three main sections: 

• Veneer based products—review of VBPs manufactured from blending various

wood species. Four types of commercial products (LVL, LVL-C, plywood and

parallel strand lumber [PSL]) are reviewed to understand the effects of mixing

species on VBP performance.

• Genetic Algorithm—introduction and background information regarding the

essential principles behind the GA. Different types of encoding, selection,

crossover and mutation are reviewed in this section. Regarding Aim 3, these

principles will assist in the development of an optimisation tool to identify the

LVL and LVL-C construction strategies that use available veneers from native

forest and plantation forest logs.

• Embedment strength—review of failure mode and the effect of density, load-

to-grain angle and dowel diameter on the embedment behaviour of wood and

wood-based products. This review is necessary because the embedment

strength of timber or wood-based products is one of the critical material

property parameters for timber joint design according to the European Yield

Model (EYM) (Johnsen, 1949); it is used to estimate the overall connection

capacity in timber structures. Further, the high-performance products (namely

beams) investigated in this study are intended for structural applications such

as trusses or frames with multiple connections.
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2.1 Overview of Veneer-Based Products 

VBPs include LVL, LVL-C, plywood and PSL; these are assembled from veneer 

sheets or strands (Walker, 2006). As a substitute for solid timber, whose availability is 

becoming increasingly limited, these products are currently used not only for structural 

applications (e.g., beams, headers and columns) but also for decorative products (Walker, 

2006). VBPs offer many advantages that may not be present in traditional sawn products, 

including increased value-adding and efficient use of resource, capacity to incorporate 

wood  of low grade and small-sized pieces, suitability for many structural applications 

and availability in a wide range of sizes with quality consistency (Bejo & Lang, 2004; 

Liu, 2002; Walker, 2006). 

In addition to single-species VBPs, VBPs manufactured by blending different 

wood species have been extensively studied for potential structural applications across 

the globe because they could overcome the disadvantages of non–mixed species VBPs 

regarding mechanical properties, dimensional stability and biological resistance. The aim 

of this literature review is to summarise research conducted on different types of mixed-

species VBPs and the effects of wood species and layer organisation on their 

performance. 

2.1.1 Laminated veneer lumber. 

2.1.1.1 General. 

LVL is structural composite lumber constructed from wood veneer layers; its 

grain is mostly arranged in the longitudinal direction of the finished products. LVL has 

several advantages over solid wood lumber (Bejo & Lang, 2004), including better 

recovery rate, higher strength and less variation in mechanical and physical properties; it 

is also more competitive due to weight and size. 
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 The first commercially available LVL, constructed from Sitka spruce [Picea 

sitchensis] veneer, was introduced to the market in the 1940s (Forest Products Laboratory, 

2010). Since the 1960s, numerous studies have manufactured LVL products with 

different veneer thicknesses and investigated the influence of processing parameters on 

their properties (Laufenberg, 1983). Today, LVL is commonly produced from rotary-

peeled veneers (2.5 mm to 3.2 mm thick), hot-pressed into lengths from 2.4 m to over 

18.3 m using phenol formaldehyde (PF) adhesive. Recently, some manufacturers have 

used continuous pressing technology to create endless LVL sheets that are sawn to the 

desired length. This capacity for length has allowed LVL to be used as a building material 

with various structural applications (e.g., as the flanges in composite I-joints). 

Commonly, LVL sheets are manufactured with dimensions of 38 mm thickness and 0.6 m 

to 1.2 m width. The manufacturing process for LVL is presented in Figure 2. 

Figure 2. LVL manufacturing process (STEICO group, 2019). 

2.1.1.2 Single-species laminated veneer lumber. 

Single-species LVL has been extensively produced and investigated worldwide 

for structural and furniture applications such as roof trusses, framing and portal frames 

(Forest Products Laboratory, 2010; Walker, 2006). These products are generally 

manufactured from softwood species such as douglas fir (Pseudotsuga mensiesii) and 

southern pine (Pinus spp.) (Bejo & Lang, 2004); however, the manufacture of LVL from 

hardwood species such as aspen (Populus tremuloides) and yellow poplar (Liriodendron 
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tulipifera) has recently received attention in some countries such as North America and 

Canada (Ozarska, 1999). 

The mechanical properties of singe-species LVL products are affected by many 

factors, including characteristics of the wood species (Ozarska, 1999), adhesive (Aydin 

et al., 2004; Blomqvist, 2015), veneer characteristics (DeVallance et al., 2011; Wang et 

al., 2006) and size (Fonselius, 1997). Despite being affected by such factors, these 

properties are regarded as potentially sufficient for LVL products to be used in various 

structural applications (e.g., Çolak, Aydin, Demirkir & Çolakoğlu, 2004; de Souza, Del 

Menezzi, and Bortoletto Júnior (2011); (Leen & Tang, 1999) (Shukla & Kamdem, 2008); 

(Çolak et al., 2004). For example, LVL made from yellow poplar using PF adhesive (Leen 

& Tang, 1999) obtained an edgewise static modulus of rupture (MOR) ranging from 80.94 

to 81.47 MPa. Çolak et al. (2004) manufactured LVL from Scots pine (Pinus sylvestris) 

using different types of adhesive and the MOE and MOR values of PF-bonded LVL were 

10.5 GPa and 63 MPa respectively. Wang and Dai (2005) reported that LVL produced 

from single aspen veneer can satisfy the Japanese standard for engineered application, 

with a minimum stiffness of 12 GPa (Japanese Agricultural Standard, 2007). 

Additionally, the longitudinal shear strength of LVL ranged from 4.0–7.9 MPa (Wang & 

Dai, 2005). The MOR and MOE of 3-ply LVL produced from silver maple veneer ranged 

from 108–112 MPa and 9.82–9.96 GPa respectively—higher than those of solid wood 

(Shukla & Kamdem, 2008). Further, LVL products manufactured from yellow poplar and 

aspen veneers were reported to achieve a stiffness of up to 9.04 GPa and up to 8.37 GPa 

respectively. According to de Carvalho et al. (2004), the MOE of LVL made from a 

Eucalyptus urophylla (Eucalyptus grandis) hybrid was 13 GPa in flatwise mode and 

12 GPa in edgewise mode. The MOR values in flatwise and edgewise mode were 59 MPa 

and 55 MPa respectively. 
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2.1.1.3 Mixed-species laminated veneer lumber. 

LVL for structural applications can be fabricated by mixing various species to use 

available wood resources more efficiently (McGavin et al., 2013). As with single-species 

LVL, the physical and mechanical properties of mixed-species LVL are influenced by 

various factors including wood characteristics and layer organisation. Numerous studies 

have confirmed that the combination of wood species also has significant effects on the 

mechanical properties of mixed-species LVL (Aydin et al., 2004; Burdurlu et al., 2007; 

Celebi & Kilic, 2007; Keskin, 2004; Kilic, 2004; Kilic & Celebi, 2006; Kilic  ̧et al., 2012; 

Xue & Hu, 2012). For example, Wong et al. (1996) investigated the properties of 15-ply 

LVL produced from the blending of rubberwood (Hevea brasiliensis) veneer in the face 

and mangium (Acacia mangium) in the core. The results demonstrated that (1) water 

absorption of mixed-species LVL (rubberwood and mangium veneer) was reduced by 

40–58%, (2) increasing the volume of mangium veneer from three to five plies on the 

surface led to a slight decrease in dry shear value in both flatwise and edgewise bending 

modes and 3) MOE and MOR of LVL reinforced with five plies of mangium were 12% 

and 13% respectively—higher than those of single rubberwood LVL. Additionally, 

Keskin (2004) found that MOE and shear strength of 15-ply LVL that included a mix of 

oak (Quercus petraea Liebl.) and scotch pine (Pinus sylvestris Lipsky) were 5% and 2% 

respectively—higher than those of single pine LVL. Such results indicate that the 

mechanical properties of mixed-species LVL (Oak and Pine) could meet the requirement 

of F11 in the AS/NZS 2269.0 Plywood Structural Specification. Therefore, the study 

concluded that mixed-species LVL can be used for building materials and non-structural 

applications such as stairs, ceilings, walls and flooring, doors, windows, border 

productions, in aesthetically pleasing interiors, furniture productions, music instruments 

and in packing industry. 
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A study by Burdurlu et al. (2007) investigated the MOE and MOR of mixed-

species LVL manufactured from 3-mm-thick veneers of beech (Fagus orientalis Lipsky 

[A]) and Lombardy poplar (Populus nigra [B]) across a range of construction types. Eight 

construction types (AAAAAAA, BBBBBBB, ABBBBBA, ABABABA, AABBBAA, 

AABABAA, ABBABBA and BABABAB) were assembled. Results revealed that 

increasing the contribution ratio of high-density beech resulted in increased MOE and 

MOR. These results were confirmed in a later study by Kılıç (2011), which reported that 

the MOE and MOR of mixed-species LVL (oriental beech and Lombardy poplar) 

respectively increased by at least 5% and 10% on average when the number of beech 

veneers increased. Additionally, the difference in MOE and MOR between the LVL 

construction strategies was insignificant, even if LVLs shared a similar mixture rate of 

poplar and beech (i.e., layer arrangement had no influence on the bending performance 

of LVL). Similarly, a study by Xue and Hu (2012) demonstrated that despite an LVL 

containing equal quantities of poplar (Populus ussuriensis kom.) and birch (Betula 

platyphylla Suk.) veneers, the bending strength of construction type that used birch 

veneers on the face was approximately 4% superior to that of the construction type that 

used poplar veneers on the face. Additionally, the significant effect of ply organisation 

on the performance of mixed-species LVL was evident in this study. 

Kilic et al. (2010) compared 7-ply LVL of eight different construction types 

manufactured from a mixture of solid Austrian pine (Pinus nigra) and Lombardy poplar 

veneer. Results demonstrated that the stiffness and strength values of all the mixed-

species LVL were observed to be at least 7% higher than those of single poplar LVL. 

Further, the difference between the MOE and MOR values among the mixed-species LVL 

construction types were insignificant (i.e., layer organisation did not affect the MOE and 

MOR of LVL). 
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H’ng et al. (2010) investigated blending high-density keruing veneers 

(Dipterocarpus sp.) (surface layers) and low-density wood veneers (core layers) such as 

pulai (Alstonia sp.), sesendok (Endospermum sp.) and kekabu hutan (Bombax sp.) to 

manufacture 11-ply and 15-ply LVL. They found that increasing the number of keruing 

veneers into these products resulted in considerable improvement in MOR (30% for 11-

ply LVL and up to 52% for 15-ply LVL) and MOE (15% for 11-ply LVL and up to 44% 

for 15-ply LVL). 

Bal (2016) studied 7-ply LVL produced from different combinations of fast-

growing poplar (P) and eucalyptus (E) veneers. PF resin was used to manufacture four 

different construction types: A (PPPPPPP), B (EPPPPPPE), C (EEPPPEE) and D 

(EEEEEEE). The mixed-species LVL products (B and C) displayed lower levels of water 

absorption than the single-species LVL products (A and D). Further, the stiffness and 

strength of the LVL construction types that were reinforced with eucalyptus veneers on 

the surfaces (B and C) were significantly higher than the single-species poplar LVL (A). 

Additionally, using decay-resistant wood veneer (black locust [Robinia 

pseudoacacia] and European larch [Larix decidua]) into the faces of non-durable red 

maple [Acer rubrum] LVL  improved the natural durability (e.g., decay and termite 

resistance) of these LVL products, which could be beneficial for outdoor structural 

applications (Nzokou et al., 2005). 

Conclusively, the literature review above reveals the benefits of mixing different 

wood species in manufacturing LVL. Most of review demonstrated that layer 

arrangement (i.e. construction strategy types) of veneer from different wood species had 

a significant influence on bending properties of LVL products. Increasing high-density 

wood species veneer in the face into mixed-species LVL products can improve up to 44% 

of the bending properties of LVL and reduce water absorption as well as enhance the 
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natural durability. However, for a few layer organisations, they represented a very slight 

increase in bending properties compared to single-species LVL because they have been 

not optimised to meet the targeted bending properties. Additionally, in a number of 

studies, the construction type of mixed-species LVL had little influence on the bending 

performance, i.e. the bending mechanical properties between construction types were 

very close to each other.  

2.1.2 Cross-banded laminated veneer lumber. 

2.1.2.1 General. 

LVL-C, a variation of LVL, comprises a few veneers glued crosswise without 

significantly decreasing the parallel-to-grain strength and stiffness of the product. LVL-

C, which has been introduced to the market, overcomes the limitations of LVL and solid 

wood in the perpendicular direction due to its improved perpendicular properties, such as 

tension-perpendicular-to-grain strength and longitudinal shear strength (Ardalany et al., 

2011; Kawazoe et al., 2006; Kobel, Steiger, et al., 2014). Due to the rotated veneers, LVL-

C products can be useful for elements of timber structures that require more strength 

perpendicular to the grain or require holes and notches. For example, holes or notches in 

LVL beams that are loaded perpendicular to the grain may introduce stress concentrations 

at the holes and notching locations (Murphy, 2019)  

2.1.2.2 Single-species cross-banded laminated veneer lumber. 

Most commercial LVL-C products are manufactured from softwood species by 

manufacturers in European countries (Metsä Wood company, 2019; STEICO group, 

2019). At laboratory scale, a few studies have been undertaken to evaluate the 

perpendicular-to-grain mechanical properties of LVL-C (Ardalany et al., 2011; Kairi, 

2001; Kawazoe et al., 2006; Kobel, Steiger, et al., 2014; Norlin et al., 1999) and have 



40 

found that these properties can satisfy the target requirements for structural materials. 

Norlin et al. (1999) stated that the rolling shear and longitudinal shear strength of LVL-

C with three cross-banded veneers produced from Douglas fir veneer can reach 2.26 MPa 

and 4.80 MPa respectively. Increased ductility and perpendicular tension strength of 

LVL-C with 20% cross-banded veneers was observed in a study by Kairi (2001), although 

there was a slight decrease in strength in the longitudinal direction. Additionally, in the 

joint test, the increase in ductility ratio from 2.5 to 4.0 prevented premature splitting in 

the products when large-diameter dowels were used (Kairi, 2001). Regarding LVL-C 

manufactured from sugi (Cryptomeria japonica D. Don) veneer, Kawazoe et al. (2006) 

reported that the cross-banded veneer counteracted the embedment of the drift pin, 

leading to 16 to 23 times higher ductility than the single-species sugi LVL. Additionally, 

the stiffness of 10-ply LVL-C with four cross-banded veneers was at least 50% superior 

to that of the sugi LVL. However, the initial stiffness veneer decreased when the ratio of 

cross-banded veneer increased. In a more recent study, radiata pine LVL-C was observed 

to have an average tensile strength at least two times higher than radiata pine LVL and 

sawn timber (Ardalany et al., 2011). Kobel, Steiger, et al. (2014) investigated LVL-C 

manufactured from beech veneer. The embedment strength of LVL-C was significantly 

superior to the corresponding values of solid beech wood and glulam (glued laminated 

timber) determined by the design equation in the European design standard (EC5) 

(EN1995-1-1, 2004). In addition, beech LVL-C successfully avoided premature splitting 

failures in dowel-type connections in joints. 

2.1.2.3 Mixed-species cross-banded laminated veneer lumber. 

A review of the literature revealed that many studies focused on single-species 

LVL-C (Adam, 2008; Ardalany et al., 2011; Kawazoe et al., 2006; Kobel, Steiger, et al., 

2014); there is little published research on the properties of LVL-C manufactured by 
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mixing wood species. Recently, a study of Iwakiri et al. (2015) evaluated the performance 

of LVL-C manufactured by blending slash pine and Sydney blue gum (Eucalyptus 

saligna). Six-ply organisations for manufacturing LVL-C were considered in this study. 

The MOE and MOR of the LVL-C in parallel-to-grain loading were found to be 43% and 

18% higher on average, respectively, than in single Pinus LVL-C, while those values for 

the perpendicular-to-grain direction were 56% and 47% respectively. 

2.1.3 Plywood. 

2.1.3.1 General. 

Plywood, which has a symmetric structure usually with an odd number of layers, 

is manufactured from wood veneer sheets that are alternately assembled with the grain in 

adjacent layers rotating up to 90 degrees. Figure 3 depicts the plywood manufacturing 

process. This type of layer organisation not only helps reduce movement within the plane 

of a flat sheet, resulting in improved strength and durability, but also enhances resistance 

to premature splitting and cracking. Plywood is currently manufactured from a variety of 

wood species, including softwood species in North America, tropical hardwood species 

in Asia and both softwood and tropical hardwood species in Europe (Walker, 2006). 
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Figure 3. Plywood manufacturing process (Walker, 2006). 

2.1.3.2 Single-species plywood. 

Single-species plywood manufactured from softwood and hardwood species has 

been extensively studied and utilised for different construction applications and 

decorative purposes (Forest Products Laboratory, 2010). In the last two decades, a 

number of studies have revealed that the mechanical properties of plywood can satisfy 

the requirements of traditionally high-demand products such as floorings, framing, shear 

walls and exterior stairs (Bal & Bektaþ, 2014; Baldassino et al., 1998; Bekhta et al., 2009; 

Bekhta et al., 2012; Biadała et al., 2015; McGavin et al., 2013; Wascher et al., 2017). For 

example, Bal and Bektaþ (2014) manufactured 5-ply plywood from beech and hybrid 

poplar (Populus x euramericana). In general, MOE and MOR values parallel to the grain 

in beech plywood were at least 8.2 MPa and 80.2 MPa respectively—24% and 35% 

higher than those of poplar plywood. Plywood manufactured from densified birch (Betula 

pubescens) and alder (Alnus glutinosa) veneer was reported to have potential use as a 

building material (Bekhta et al., 2009). Bekhta et al. (2009) observed that these products 
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displayed shear strength values ranging from 1.7–3.2 MPa and bending strength values 

ranging from 121–148 MPa. Regarding 5-ply plywood produced from mountain pine 

veneer at 5.5% moisture content, Wang et al. (2007) observed that MOE and MOR could 

reach 10.2 GPa and 72.5 MPa respectively. The highest shear strength value was 

1.16 MPa. According to Wilczynski and Warmbier (2012), the stiffness of 3-ply and 5-

ply plywood manufactured from pine and beech was at least 11.5 GPa, depending on the 

glue type used. 

2.1.3.3 Mixed-species plywood. 

Manufacturers have attempted to create plywood from a mixture of wood species 

since the early 1970s (Walker, 2006). Examples of this include plywood comprising birch 

veneer in the face and spruce in the core manufactured in Europe and mixed-species 

plywood from Russian larch and poplar veneers manufactured in China. Additionally, 

several studies (Biadała et al., 2015; Biblis, 1999; Jokerst & Lutz, 1974b) have attempted 

to produce mixed-species plywood with mechanical properties that satisfy the 

requirements for use in internal and external applications. 

Early research in the United States of America carried out by Jokerst and Lutz 

(1974b) found that plywood produced from the blending of oak (Quercus sp.) and 

cottonwood (Populus deltoides) veneers can meet the requirements for external 

application with use of a low-solid phenolic adhesive. In a follow-up study, Biblis and 

Lee (1982) concluded that the mechanical properties of 5-ply plywood with southern pine 

(Pinus echinata) veneer in the face and sweetgum (Liquidambar styraciflua) veneer in 

the core were superior to those of commercial single pine plywood. The mechanical 

properties of 3-ply and 4-ply plywood with a mixture of southern red oak (Quercus spp.) 

in the face and both sweetgum and loblolly pine (Pinus taeda) in the core were tested in 

three moisture conditions (original, water-soaked and cycled) in a study by Biblis (1999). 
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Results showed that stiffness and bending strength of 3-ply plywood (oak veneer face and 

sweetgum core) parallel to the grain were typically at least 14.5% and 6% lower than in 

plywood produced from southern red oak in the face and sweetgum or loblolly pine in the 

core. Further, the edgewise shear strength of these 3-ply mixed-species plywoods (oak 

veneer face and sweetgum core) in the original and cycled conditions was at least 7% 

superior to that of single oak plywood. No improvement was identified in the bonding, 

water absorption and thickness swelling of mixed-species plywood with sweetgum or 

southern pine veneer cores. 

As with any mixed-species product, wood species’ characteristics and the 

strategic mixing of different wood species are key factors affecting the performance of 

mixed-species plywood; low-grade veneers can be possibly used as inner plies without 

significantly reducing the MOE and MOR of the panel (McGavin et al., 2013; Wang, 

2009). Wang (2009) fabricated three panels of different construction types with stress-

graded mountain pine beetle veneer as the core and Douglas fir as the face. Conclusively, 

the mixed-species plywood demonstrated enhanced dimensional stability because of the 

decrease in water absorption and thickness swell. The average MOE and MOR values 

parallel to the grain in the mixed-species plywood were up to 17% and 14% higher, 

respectively, than in the mixed-grade mountain beetle pine plywood and the mixed-grade 

Douglas fir plywood. (McGavin et al., 2013) found the stiffness and bending strength of 

mixed-species plywood manufactured from graded Gympie messmate (Eucalyptus 

cloeziana) and radiata pine veneers to be superior to those of single radiata pine plywood. 

With samples tested in parallel-to-face grain, plywood with Gympie messmate veneers in 

the faces and radiata pine veneers in the cores showed an improvement in MOE from 

13.9 MPa to 19.6 MPa and MOR from 78 MPa to 118 MPa. In contrast, there was no 
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improvement in bending MOE and MOR in perpendicular-to-face grain due to the 

radiata-pine veneers that mainly contributed to stiffness and strength. 

Similarly, Biadała et al. (2015) studied the impact of veneer thickness and wood 

species on the mechanical properties of mixed-species plywood with Scots pine core and 

various European wood species in the faces (e.g., alder [Alnus glutinosa Gaertn.], birch 

[Betula pendula Roth], beech [Fagus sylvatica L.], linden [Tilia cordata Mill.], poplar 

[Populus alba L.], willow [Salix alba L.] and spruce [Picea abies L.]). The stiffness, 

bending strength and tensile strength values of mixed-species plywood (1.0 mm–thick 

pine veneer in the core in the cross-grain direction and 1.4 mm–thick veneer of other 

species in the face) were significantly lower than in the corresponding single-species 

plywood. However, plywood with poplar, birch and linden in the face showed a slightly 

increased MOE. Further, mixed-species plywoods that used 0.8 mm–thick pine veneer in 

the core and 2.4 mm–thick veneer of either poplar, birch or linden in the face 

demonstrated a deflection radius of 120 mm. Borysiuk et al. (2007) found this value for 

plywood fabricated from 0.8 mm–thick pine veneer in the core and 3 mm–thick veneer 

of either aspen or birch in the face to be 200 mm and 250 mm, respectively. 

Generally, the strength properties of plywood panels do not favour structural 

applications that require high strength characteristics. As such, there have been some 

attempts to enhance the strength properties of not only single-species plywood but also 

mixed-species plywood. For example, Král and Klímek (2014) reported that when 

densification pressure was increased from 1.9 N/mm-2 to 3.8 N/mm-2, the average MOR 

perpendicular to the grain of the mixed-species plywood (three spruce veneer cores and 

two beech veneer faces) improved from 2% to 38% compared to the single spruce 

plywood. 
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In brief, the effect of wood characteristic, construction types and veneer thickness 

on mixed-species plywood products has been considered in this literature. Generally, the 

performance of mixed-species plywood satisfied the requirements for use in internal 

application and showed at least 6% superior to that those of the single-species plywood. 

Additionally, the dimensional stability of mixed-species plywood was enhanced because 

of the decrease in water absorption and thickness swell. 

2.1.4 Parallel strand lumber. 

2.1.4.1 General. 

PSL is a high-strength structural composite lumber composed of wood veneer 

strands, the fibres of which are primarily oriented along the length of final products. It is 

normally used for posts, lintels and beam construction. PSL is manufactured from veneers 

that are clipped into strands with a maximum width of 6.4 mm and a length of at least 150 

times the width (Forest Products Laboratory, 2010). PSL can salvage residue from 

plywood and LVL mills (e.g., lathe waste material and discarded veneer sheets from 

plywood or LVL operations) as raw material (Nelson, 1997). Therefore, PSL can use 

wood resources more efficiently than other VBPs. The PSL manufacturing process is 

shown in Figure 4. 
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Figure 4. PSL Manufacturing process (Forest Products Laboratory, 2010). 

2.1.4.2 Single-species parallel strand lumber. 

The majority of PSL is currently produced from fast-growing species such as 

Douglas fir, southern pine and yellow poplar (Walker, 2006). Several reports have 

addressed the effects of these wood species on PSL performance (Bejo & Lang, 2004; 

Clouston, 2007; Edgar, 2003; Kurt et al., 2013; Kurt et al., 2012; Kurt & Cavus, 2011; 

Liu, 2002). Generally, the mechanical properties of PSL are higher than those of solid 

wood because the natural defects in wood can be dispersed and excluded in the 

manufacturing process. 

According to Merrick et al. (1997), PSL manufactured from southern pine and 

yellow poplar achieved similar average MOE and MOR values of 13.7 GPa and 68.7 MPa 

respectively. Additionally, average compression values parallel and perpendicular to the 

grain were 6.6 MPa for pine PSL and 9.8 MPa for poplar PSL. Compared to solid wood 

products, these products demonstrated higher MOE, compression strength perpendicular 

to the grain and shear strength parallel to the grain, but lower MOR and tension strength 

parallel to the grain. However, Liu (2002) reported that southern pine PSL and yellow 

poplar PSL demonstrated average edgewise MOE values of approximately 11.8 GPa and 
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10.9 GPa respectively. These values are similar to the values for southern pine and yellow 

poplar solid wood provided in the wood handbook (Forest Products Laboratory, 2010). 

In Liu’s (2002) study, the average MOR values in edgewise and flatwise bending for 

southern pine PSL were 80.2 MPa and 66.5 MPa respectively, while yellow poplar PSL 

achieved 87.5 MPa and 76.7 MPa respectively. For the perpendicular direction, the 

longitudinal shear strength and tensile strength of both PSL types were found to be up to 

8.57 MPa and up to 1.15 MPa. Kurt et al. (2012) considered the effects of using veneer 

strands from fast-growing hybrid poplar clones (I-214 and I-77/51) on the mechanical 

properties of PSL. PSL products demonstrated average MOE values of 6.5–7.0 GPa and 

average MOR values of 76.2–84.1 MPa. Further, the mechanical properties of PSL were 

generally superior to those of poplar LVL and poplar solid wood. 

2.1.4.3 Mixed-species parallel strand lumber. 

While studies regarding single-species PSL (Edgar, 2003; Kurt & Cavus, 2011; 

Liu, 2002; Liu & Lee, 2003; Merrick et al., 1997; Wang & Lam, 1998) are readily 

available in the literature, research published directly regarding producing mixed-species 

PSL is limited. To date, existing literature is limited to one study by Bejo and Lang 

(2004), who manufactured PSL beams (75 mm x 140 mm x 2500 mm) from a blend of 

75% yellow poplar and 25% southern yellow pine (Pinus spp.) strands to investigate the 

effects of strand orientation and validate the predictions of their simulation models in 

terms of various mechanical properties. The MOE of mixed-species PSL was found to be 

12.8 GPa in edgewise mode and 12.5 GPa in flatwise mode; these values were, on 

average, approximately 5% to 10% higher than those of single yellow poplar PSL in (Liu, 

2002) study. However, Bejo and Lang (2004) did not investigate the influence of strand 

mixture proportions of yellow poplar and southern yellow pine on the mechanical 

properties of PSL. 
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2.1.5 Summary. 

The review in Section 2.1 regarding the manufacture of various VBPs through 

mixing species reveals that most existing research focused largely on studying the 

mechanical properties of VBPs in certain combinations of wood species rather than 

investigating optimum mixing strategies for wood veneers. It can be ascertained from the 

literature that mixed-species VBPs offer the following general advantages: 

• It is possible to manufacture VBPs by blending low-grade veneers with high-

grade veneers to create high-value and high-performance structural products

that satisfy the requirements for structural material.

• VBPs that used a blend of low-density wood veneers and high-density wood

veneers typically performed better in terms of bending properties than single-

species VBPs.

• The dimensional stability and biological resistance of VBPs could be

improved by mixing a durable wood veneer as the outer plies with a non-

durable veneer as the inner plies.

Conversely, a disadvantage of mixed-species VBPs is that the different properties 

of wood species used to manufacture VBPs can cause variation in dimension and shape 

and can lead to gluing problems. 

Upon review of the aforementioned literature, it is apparent that the optimisation 

of mixing species for manufacturing VBPs has been not fully investigated. Particularly, 

limited research has been conducted regarding mixed-species LVL-C. Therefore, it is 

necessary to conduct further research regarding optimal strategic mixing of these species 

for VBPs. Currently, many mathematical methods such as calculus-based methods and 

enumerative methods and intelligent optimisation algorithms such as Genetic Algorithms 

(GA), Simulated annealing and Artificial Neural Network (ANN) are being applied to 
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deal with optimisation problems regarding composite laminate design in structural 

engineering. 

Within these methods, GA has been extensively applied to solve many composite 

laminated structures such as strength (Park et al., 2001), stacking sequence design (Park 

et al., 2001), stiffness (Potgieter & Stander, 1998; Todoroki et al., 1995) and deflection 

(Walker & Smith, 2003). Because GA is extensively used, it is a proven tool to solve 

optimisation problems in structural engineering. Therefore, in this study, GA will be 

applied to find the best design constructions of the investigated products. Section 2.2 

provides information regarding the GA in terms of solving the aforementioned 

optimisation problem. 

2.2 Genetic Algorithm 

The GA, developed in the 1960s, is an optimisation method inspired by Darwin’s 

evolutionary theory of the ‘survival of the fittest’ (Holland, 1975). The method can 

efficiently identify optimum solutions, especially for highly nonlinear problems, without 

necessitating the solving of complex optimisation equations (Gilbert et al., 2011). The 

GA is grounded in genetic operators (crossover, mutation and selection) to generate high-

quality solutions to optimisation and search problems (Goldberg, 1989). The GA’s 

structure is outlined in Figure 5. 
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Figure 5. The basic steps of the GA (Polhlheim, 1994-1997). 

First, a population (the first generation) of several individuals (solutions) is 

randomly generalised by GA-based optimisation. Fitness value of these individuals is 

then evaluated through the fitness function. The fittest individuals (the optimum solution) 

are identified when the set-up criteria are met. Otherwise, these individuals are part of an 

evolution process to create a new population. They are evolved to generate ‘offspring’ 

using genetic operators with a selected probability. The offspring are fed back into the 

population, forming a new generation. The whole process recurs until the previously 

determined stopping criteria are achieved. 

The GA has various advantages over other traditional search and optimisation 

algorithms. First, in the GA, a set of points are searched at the same time. Second, 

derivative information is not required; the search direction only depends on the fitness 

function. Finally, probability rules are used to provide several possible solutions to a 

problem (Rashidian & Hassanlourad, 2013). 

Consequently, GA has been widely applied to solve many engineering 

optimisation issues regarding, for example, strength (Park et al., 2001), stacking sequence 

design (Park et al., 2001), stiffness (Potgieter & Stander, 1998; Todoroki et al., 1995) and 
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deflection (Walker & Smith, 2003). In addition, the GA can be used to search for optimum 

solutions to non-convex, multimodal and discrete optimisation problems that are 

normally found in designs with composite structures (Almeida & Awruch, 2009; 

Cherniaev, 2014; Le Riche & Haftka, 1993; Lopez et al., 2009). 

2.2.1 Chromosome structure. 

GA begins with an initial population represented by chromosomes, which are 

encoded depending on the given problem. A search space to illustrate a certain problem 

can be encoded using different data structures such as binary encoding, permutation 

encoding, value-based encoding and tree-based encoding. Each chromosome must be 

decoded in accordance with the encoding rules to evaluate fitness. 

2.2.1.1 Binary encoding. 

By using binary encoding, every chromosome is illustrated naturally by a string 

of bits (0 and 1) (see Table 1). This is the same encoding method as used in computers. 

Binary encoding is one of the most straightforward and common encoding methods. 

However, it is limited in that the real design value is always affected by minor changes 

in the encoding (Sharpe, 2002) and it is not natural for many problems. 

Table 1 Chromosomes Represented by Strings of Bits 

Chromosome A 1011001011001010111 

Chromosome B 1111111000001100000 

2.2.1.2 Permutation encoding. 

In this encoding method, each chromosome is represented by a string of numbers 

and words in a designed order (Pandey et al., 2012). Values should not be repeated within 

a single chromosome. Each chromosome is a sequence of genes and a population is 

essentially a group of permutations or chromosomes (see Table 2). Below are examples 

of possible chromosomes constructed from a given set of genes (1,2,3,4,5). 
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Table 2 Chromosomes Represented by Strings of numbers 

Chromosome one 12345 

Chromosome two 43215 

Chromosome three 32541 

This encoding type deals efficiently with ordering optimisation problems such as 

the ‘travelling salesman problem’. In this method, crossover and mutation operations 

might be considered and modified within a given problem to ensure the consistency of 

the chromosomes. 

2.2.1.3 Value-based encoding. 

In this encoding type, complicated values such as real numbers, words and 

complicated objects are represented in a string (Lu, 2003) (see Table 3). Value-based 

coding is most useful when the given problem values cannot be captured in a binary 

encoding format. However, to facilitate this type of encoding, new crossover and 

mutation operators must be modified for certain optimisation problems. Below are some 

typical examples of value-based encoding. 

Table 3 Chromosomes Represented by Strings of real numbers, words, and directions 

Chromosome 1 2.3345, 3.2552, 1.9334, 223.454 (real numbers) 

Chromosome 2 word, VND, cents, dollar (words) 

Chromosome 3 right, back, right, forward, left (directions) 

2.2.1.4 Tree-based encoding. 

The tree-based encoding method is illustrated by a tree of objects (e.g. functions 

and commands) that are interlinked following a certain sequence (Pandey et al., 2012). 

This encoding method is most suitable for programming languages such as genetic 

programming (Koza, 1992). Figure 6 presents an example of tree-based encoding. 
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Figure 6. Example of tree-based encoding. 

2.2.2 Fitness function. 

The fitness function is an vital aspect of the algorithm that evaluates how strong 

effectively an individual will evolve over time in its current environment (search space). 

It is useful for the algorithm to decide the evolutionary direction of a population by 

examining the most favoured individuals over other less-preferred individuals. Every 

individual is scored with a fitness value that is calculated using a function. This function 

could be simple or complex and is developed based on the given problem. 

The GA is devised for unconstrained optimisation problems; however, in 

engineering practice, the majority of optimisation problems are constrained. As such, 

constrained problems must be transformed into unconstrained problems by incorporating 

penalty functions into the objective function. When penalty functions are introduced, 

infeasible solutions are penalised based on a penalty value calculated using penalty 

functions (Le Riche & Haftka, 1993). Normally, these infeasible solutions are not passed 

to the next generations. Researchers have applied various forms of penalty functions to 

identify optimum solutions, such as static penalty functions (Le Riche & Haftka, 1993), 

dynamic penalty functions (Joines & Houck, 1994) and adaptive penalty functions (Hadj-

Alouane & Bean, 1997) The fitness function f, including the objective function and 

penalty functions in minimisation form, is presented in Equation (1): 
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where g(x) is the objective function, x is the vector of design variables, wi(x) and 

di(x) are the ith inequality and equality constraint violations (n inequality and k-n 

equality constraints) respectively and αi and βi are penalty factors. (Wang et al., 

2016) 

2.2.3 Selection rules. 

Selection is an essential aspect of GA that aims to select the best individual 

solution for breeding to create offspring for the next generation. In the fitness process, 

each individual solution is assigned a fitness value. In the selection process, the higher an 

individual solution’s fitness value, the more likely it is to be chosen for the next 

generation. This process aims to maintain all feasible solutions in the population and 

avoid premature identification of infeasible solutions. Several selection methods exist, 

including fitness proportionate selection, tournament selection and ranking selection. In 

the GA, the first two methods are of potential research interest. 

2.2.3.1 Fitness proportionate selection. 

Fitness proportionate selection is the most common technique for selecting 

parents that breed to generate off-springs for the next generation. This method gives every 

individual an opportunity to be selected with a probability proportional to its fitness value. 

The most common fitness proportionate selection method is called ‘roulette wheel 

selection’, in which each individual is assigned a portion of a wheel proportional to its 

fitness divided by the average of fitness values of the whole population. The larger the 

fraction of the wheel assigned to an individual, the greater that individual’s likelihood of 

being selected (Goldberg, 1989). The selection probability is presented in the following 

equation: 

i
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where ρi is the selection probability of each individual, fi is the individual fitness 

and ftotal is the sum fitness of the whole population. 

To create a sample of individuals, the number of individuals n is chosen by 

rotating the wheel n times. The individuals in front of which the wheel marker point stops 

are selected for inclusion in the mating pool as parents for the next generation. 

Stochastic universal sampling is a variation of roulette wheel selection. 

Conceptually, all feasible solutions (parents) are selected in one spin of the wheel and are 

subsequently sorted by their fitness values (i.e., there is more than one marker point in 

the wheel’s circumference) (Pencheva et al., 2009). This technique avoids the dominance 

of strong individuals (of high fitness values) by providing weaker individuals (of low 

fitness values) in the population with a chance to be selected. This minimises the unfair 

nature of fitness proportionate selection methods. 

2.2.3.2 Tournament selection. 

In tournament selection, k individuals are arbitrarily selected from a population; 

the fittest individual of these is chosen to become a parent. The process recurs n times for 

the whole population until the desired number of populations is reached (Fang & Li, 

2010). If the k value is large, loss of diversity increases, and weak individuals have less 

chances to be chosen. Inspired by the competition of individuals for food or mating in 

nature, tournament selection aims to identify the best individual in a population subgroup 

without ordering the whole population (Miller & Goldberg, 1996). However, the 

disadvantage of this selection process is that the survival of the best individual is not 

guaranteed (Matoušek, 2009). 

2.2.3.3 Ranking selection. 

Ranking selection involves sorting all individuals in a population from the worst 

to the best, eliminating premature convergence of the GA to a local optimum and avoiding 



57 

the dominance of individuals with high fitness values (Goldberg & Deb, 1991). After 

being ranked, every individual receives a ranking fitness instead of its explicit fitness 

value, with the worst being fitness 1 and the best being fitness n (number of individuals 

in the population). Based on ranking fitness, each individual i is assigned a probability of 

being selected, calculated by Equation 3. 
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After every individual has had a chance to be chosen, proportionate selection is 

performed according to probability. Due to the limited difference between the best 

individuals and the other ones, this approach could slow convergence of the algorithm. 

2.2.4 Crossover. 

The crossover process recombines the genes of the parents with the aim of 

breeding better offspring without creating new individuals in the population—that is, the 

process helps parents to pass their genes to their offspring. Three basic methods are 

applied in GA practice: one-point crossover, multi-point crossover and uniform 

crossover. Regardless of the applied technique, the range of crossover probability applied 

to the individuals of a population is normally 0.6 to 0.9. 

2.2.4.1 One-point crossover. 

In one-point crossover, an arbitrary crossover point is selected for two parents. 

From the chosen point, the genes of the parents are then swapped to the right-hand side 

of their sub-chromosomes (Lu, 2003). An example of one-point crossover for parents is 

illustrated in Figure 7. 
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Figure 7. One-point crossover example (Lu, 2003). 

2.2.4.2 Multipoint crossover. 

Multipoint crossover, which is a variant of one-point crossover, involves multiple 

arbitrarily chosen points instead of one (Hasançebi & Erbatur, 2000). The sub-

chromosomes of two parents, as illustrated by the multi-point crossover example in 

Figure 8, are swapped between the crossover points. 

Figure 8. Multi-point crossover example (Lu, 2003). 

2.2.4.3 Uniform crossover. 

Unlike the multi-point crossover technique, uniform crossover exchanges 

individual genes (i.e., each gene is a crossover point) selected arbitrarily from the genes 

of two parents according to a random binary crossover mask to breed new offspring. The 

crossover mask has the same number of genes as the parent chromosome and is a 

randomly selected assortment of 0 and 1 bits. Each bit of the mask decides from which 

parent an offspring will inherit the gene (see Table 4). Therefore, offspring inherit a 
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combination of genes from each parent, which can eliminate bias in which closely situated 

genes within a chromosome are copied to the offspring together. 

Table 4 Uniform Crossover Example 

Parent 1 1011000111 

Parent 2 0001111000 

Mask 0011001100 

Offspring 1 0011110100 

Offspring 2 1001001011 

As demonstrated in Table 2, Offspring 1 inherits the gene from Parent 1 when the 

mask bit is 1 and from Parent 2 when the mask bit is 0. The opposite rule is applied to 

generate Offspring 2. 

2.2.5 Mutation. 

Mutation is an essential operator in which a gene is occasionally changed by 

another to produce divergent individuals (i.e., new genetic structures for new 

generations). In GAs, mutation plays two key roles: (1) replacing genes that might be lost 

during the process of crossover and selection and (2) introducing new genes that were not 

initialised in the original population. The new generation is usually mutated with a 

probability between 0.001 and 0.01 for each gene in the population. There are several 

mutation techniques, including flipping, interchanging and reversing. Figure 9 displays 

an example of a mutation process. 

Figure 9. Mutation example (Lu, 2003). 
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2.2.6 Elitism. 

Elitism is a process employed to guarantee that the highest fitness in the current 

generation is maintained in the next generation. It ensures that the fittest individuals of 

each generation appear in the next generation with no modification (Affenzeller et al., 

2009). Elitism may assist in reducing the possibility that the best individuals are excluded 

due to crossover, mutation or selection pressure. However, it increases the risk that the 

algorithm becomes trapped in a local maximum (Sharpe, 2002). 

2.3 Embedment Strength 

2.3.1 Background. 

In timber structures, connections are crucial in maintaining the stability and 

reliability of timber components. Dowel-type fasteners (e.g., bolts, nails and dowels) are 

among the most commonly used connectors in timber construction (among other options 

such as glued connections and metal ring connections) because of their flexibility, 

availability and relatively low cost (Glišović et al., 2012). 

Various studies have found that connections using dowel-type fasteners could 

demonstrate ductile and brittle failure, as demonstrated in Figure 10 (Habkirk, 2006; 

Quenneville & Mohammad, 2000; Quenneville, 2008). Ductile failure, known as ‘bearing 

failure’ or ‘embedment failure’, is acknowledged in the mechanisms associated with the 

EYM (Johnsen (1949). This model is used in various standards, such as the EC5 and the 

standards of the AF&PA (2005). In the EYM, embedment strength (dowel-bearing 

strength) is among the main parameters for timber connections. It is related to the capacity 

of wood or wood-based products to support the forces beneath a laterally loaded fastener. 

This property depends on numerous factors such as wood density, fastener size and load-

to-grain angle of the fastener (Zhou & Guan, 2006). 
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Figure 10. Timber bolted connection failure modes. a) Net tension, b) group tear-out, c) 

row shear, d) bearing and e) splitting (Quenneville, 2008). 

In this section, because there are limited studies addressing the embedment strength of 

mixed-species LVL or LVL-C, embedment strength was examined in the context of 

existing test results of single-species LVL. These can be used as guidelines to devise a 

model to estimate the embedment strength of LVL and LVL-C manufactured by blending 

various wood species (Aim 3). 

2.3.2 Failure mode. 

Generally, the failure modes of embedment strength samples involve the splitting, 

crushing and end shear of the material (Hilson et al., 1987; Rammer, 2001; 

Schoenmakers, 2010); these are induced by stress developed in shear, compression and 

tension (Schoenmakers, 2010). 

Rammer and Winistorfer (2007) identified the failure mode of crushing and 

splitting in embedment test samples with a 12.7 mm bolt diameter at five moisture content 

environments (4%, 6%, 12%, 19% and green). The splitting failure was also observed in 

previous studies by Rammer (2001) and Suddarth (1990), with a notable difference 

between specimens parallel to grain and perpendicular to grain. These studies concluded 

that the method used to test embedment strength sample significantly affected the failure 

mode. 

Santos et al. (2010) compared the results between embedment strength tests 

perpendicular and parallel to the grain covered by the EN383 and ASTM D5764 
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standards. Generally, bearing and shear splitting failures were detected in several 

embedding test series with a constant 14 mm bolt. Santos et al. (2010) also stated that the 

failure modes of embedment samples were dependent upon the testing method. Further, 

Schoenmakers (2010) conducted a study with the aim of understanding the fracture and 

failure mechanisms of embedment strength perpendicular to the grain; findings reported 

crushing and splitting failure induced by bearing stress and tension stress when testing on 

either small-size specimens or structural-size specimens. Finally, Sandhaas et al. (2013) 

reported that purpleheart (Peltogyne spp. ) and azobé (Lophira alata) specimens 

demonstrated crushing beneath a 24 mm bolt diameter before splitting.  

2.3.3 Influence of density. 

Density or specific gravity of wood or wood-based products is widely considered 

the most common factor affecting embedment strength (Hassan et al., 2014; Rammer, 

2001; Whale & Smith, 1989; Wilkinson, 1991). It has also been proven that density can 

possibly estimate the embedment strength of wood and engineered wood products with 

different models based on the correlation between embedment strength and timber density 

(Whale & Smith, 1989; Wilkinson, 1991). Whale et al. (1989) analysed the embedment 

strengths of hardwood and softwood subjected to various diameters of bolt  and nail 

fasteners. The mean density and embedment strength of each test (20 replicates) was 

obtained and evaluated. The correlation between embedment strengths and dowel 

diameters (d) of softwood and hardwood is shown in Equation 4: 

0.36
0.09( )

h w
f d

−
=

4 

Hirai (1989) proposed empirical Equations 5 and 6 to predict the bearing strength 

for parallel and perpendicular loading angles to the grain respectively. The embedment 

strength was illustrated as the function of specific gravity, ranging from 0.38 to 0.55 for 

some wood species (spruce, hemlock and Douglas fir): 
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 91.44 11.6
h

f G= −  (parallel) (5) 

 0.4
(25.04 1.35)( / 10)

h h
f G d

−
= +  (perpendicular) (6) 

Wilkinson (1991) presented a power formula (Equation 7) derived from the 

correlation between embedment strength and specific gravity (G) in seven wood species 

(0.36–0.52) at 12% moisture content. The embedment strength tests were loaded at 

parallel-to-grain loading and perpendicular-to-grain loading beneath bolts (Equation 7). 

This equation was then applied to the 2005 edition current national design specification 

of wood construction  (American Forest and Paper Association (AF&PA), 2005) after a 

few modifications as: 

 11, 200hf G=  (Parallel) 

(7) 
1.45 0.5

6,100f G d
h

−
=  (Perpendicular) 

Based on studies by Hilson et al. (1987), Whale et al. (1989) and Rodd et al. 

(1987), Ehlbeck and Werner (1992) reported the result of 3200 embedment strength tests 

on four softwoods and two tropical hardwoods and conducted a further study on the 

embedment strength of several species at five load-to-grain angles. Ehlbeck and Werner 

(1992) developed a model illustrating the dependence of embedment strength on density. 

This was then adopted into the EC5 for nails and bolts as shown in Equations 8 and 9. 

 0.3
0.082( )

h w
f d

−
=  (driven nails) (8) 

 0.082 (1 0.01 )
h w

f d= −  (bolts and nails in predrill holes) (9) 

Based on Larsen (1973) study regarding timber joints fastened using square nails 

with a presumed wood moisture content of 12%, Kevarinmäki (2000) generalised an 

equation (Equation 10) to estimate the embedment strength of wood from wood density 

(ρw): 



64 

45.5(0.003 0.407)
h w

f = − (10) 

Rammer (2001) demonstrated a strong relationship between nail-bearing strength 

and specific gravity. Four species (southern pine, yellow cedar [Cupressus nootkatensis] 

, spruce–pine–fir and maple [Acer] ) with specific gravities between 0.42 and 0.70 were 

used. Based on Rammer (2001) findings, Zhou and Guan (2006) derived the following 

relationships (Equation 11) for embedment strength and density at tests by substituting 

density at tests for specific gravity: 

1.009 25.694
101.86 13.68

1000

w
hf

 −
= −

 
 
 

(11) 

To determine a model for calculating the embedment strength of hardwood, 

Hübner (2012) merged the results of Ehlbeck and Werner (1992), Whale et al. (1986) and 

his own work with ash (Fraxinus), beech and black locust  (Robinia pseudoacacia) to 

create one database. Based on the equations in the identified studies, he extrapolated a 

model regarding the embedment strength of hardwood with some modifications, as shown 

in Equation 12. 

1.3 0.2

2 2

0.015

(0.62 0.035 ) sin cos

k
h

d
f

d



 

−

=
+ +

(12) 

Recently, the above models have been validated by several studies regarding the 

large density range of softwood and hardwood species (Franke & Quenneville, 2011; 

Sandhaas et al., 2013; Sosa Zitto et al., 2012; Zhou & Guan, 2006). Sandhaas et al. (2013) 

assembled a database on the embedment strength of various softwood and hardwood 

species from their own test results and results from the literature. Comparing their results 

with the embedment strength predicted by the EC5, Sandhaas et al. (2013) stated that the 

embedment strength calculated by the EC5 models overestimated for low-density species 

but underestimated for high-density species with exception of softwood. These results 
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were supported by the work of Sosa Zitto et al. (2012), which asserted that the 

characteristic embedment strengths of fast-growing South American softwood species 

(Eucalyptus urophylla) estimated by the EC5 model were 37% higher than the results 

obtained in the study. 

2.3.4 Influence of load-to-grain angles. 

In engineering application, it is vital to understand the embedment behaviour of 

individual dowels within multi-dowel connections at different load-to-grain angles of 

wood and wood-based products. Extensive tests regarding embedment behaviour of 

various wood species at different load-to-grain angles have been conducted, reporting on 

the effect of load-to-grain angles on embedment performance. 

A study by Larsen (1973) effectively predicted the embedment strength (using 

Johnsen’s theory) of timber in dowel-type joints either parallel or perpendicular to the 

grain. Larsen (1973) proposed a model to obtain the embedment strength for arbitrary 

fastener angles from the interpolation, as shown in Equation 13: 

 
, ,0 , ,

( ) sin
h h h h

f f f f   = − −   (13) 

Whale (1986) conducted further tests, investigating the embedment behaviour of 

nails either parallel or perpendicular to the grain for different softwood and hardwood 

species. Later, Whale et al. (1989) found that the embedment strength of solid timber 

loaded by bolts was significantly dependent on grain orientation. Based on the results of 

embedment tests parallel and perpendicular to the grain, Whale et al. (1989) proposed 

equations for bolts at any arbitrary angle to the grain (Equations 14 and 15 respectively). 

 
, w

0.082(1 0.01 )
h

f d = −   (14) 

 
,0

, 2 2
2.3sin cos
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h

f
f 

 
=

+
  (15) 
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While investigating three intermediate orientations for hardwood species, Ehlbeck 

and Werner (1992) also found that the effect of load-to-grain angle on the embedment 

strength of bolted connections is significant. Ehlbeck (1992) proposed the following 

interpolation formula (Equation 16) in the form of Hankinson’s types (Hankinson, 1921). 

This formula was then adopted into the EC5 for timber structure: 

,0

, 2 2

90
sin cos

h

h

f
f

k


 
=

+
(16) 

where k90 = 1.35 + 0.015d for softwoods and k90 = 0.90 + 0.015d for hardwoods.

Further investigations regarding the effects of load-to-grain angle on embedment 

performance have been undertaken and proposals for the modification of designed 

equations have been made for various softwoods and hardwoods (e.g., Bader et al. (2016) 

Bleron and Duchanois (2006); Franke and Quenneville (2011); Hübner (2012) 

Schweigler et al. (2016). Hübner (2012) derived the following regression equation 

(Equation 17) from the measured embedment strength values of various European 

hardwoods (12% moisture content) at different load-to-grain angles to compare with the 

values predicted by the equations in the EC5: 

1.3 0.2

, 2 2

0.015

(0.62 0.035 )sin cos
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h

d
f

d



 

−

=
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(17) 

Franke and Quenneville (2011), based on the equation predicting embedment 

strength parallel to the grain published in the EC5, proposed an adjusted equation 

(Equation 18) for the prediction of embedment strength perpendicular to the grain. This 

equation was grounded on radiata pine lumber and radiata pine LVL as follows: 

,0,
2 2,

90
sin cos

h k
h

f
f

k  
=

+
18 



67 

where the characteristic embedment strength fh,0,k at a load-to-grain angle α = 0o is 

attained as: 

 
,0

0.072(1 0.0024 )
h k

f d = −  (for radiata pine lumber) 19 

 ,0 0.075(1 0.0037 )h kf d = −  (for radiata pine LVL) 20 

and k90 = 2.0 for radiata pine lumber and k90 = 1.5 for radiata pine LVL. 

2.3.5 Influence of fastener size. 

Fasteners has long been among the main factors that impact behaviour of dowel-

type connection timber joints. Many previous studies have focused on embedment 

behaviour of wood and wood-based products, considering fastener characteristics 

including the sizes and types of fasteners. Using bolt (8 mm to 20 mm) and nail (2.65 mm 

to 6 mm) fastener timber joints, Whale et al. (1989) conducted a thorough examination 

of the embedment strengths of softwood, hardwood and plywood. Results revealed that 

embedment strength was dependent upon dowel diameter. For bolts driven into softwood 

and hardwood, Whale et al. (1989) generalised an empirical model to express the 

dependence, as shown in Equations 21 and 22: 

 , w0.082(1 0.01 )hf d = −  (parallel to grain) (21) 

 0.036(1 0.01 )h wf d = −  (perpendicular to grain) (22) 

Wilkinson (1991) found an insignificant influence of nail diameter and bolt 

diameter (loaded parallel to grain) on embedment strength. Therefore, embedment 

strength of the fastener depends on specific gravity only. However, the effect on 

embedment strength of bolts loaded perpendicular to grain was significant and integrated 

by Wilkinson (1991) into the following empirical equation (Equation 23): 

 1.45 0.55.570hf G d −=  (23) 
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Findings from other studies (Franke & Quenneville, 2011; Hwang & Komatsu, 

2002; Sawata & Yasumura, 2002; Schweigler et al., 2016) confirmed that as dowel 

diameter increased, the degree of embedment strength decreased depending on 

orientation of loading. Regarding parallel-to-grain loading of LVL and radiata pine, 

Franke and Quenneville (2011) identified a weak correlation between 5% offset 

embedment strength (using a half-hole test) and bolt diameter. These results aligned with 

previous findings by Sawata and Yasumura (2002) and are further supported by recent 

research on embedment strength of spruce LVL by Schweigler et al. (2016). A declining 

trend in embedment strength with increased bolt diameter loaded perpendicular to grain 

was reported by Sawata and Yasumura (2002) for timber, Schweigler et al. (2016) for 

LVL and Harada (2000) for glued laminated timber. 
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A comparative study on mechanical properties of laminated veneer lumber 

(LVL) produced from blending various wood veneers 

Australia’s native forest timber species have largely been limited to utilisation by 

the timber industry as sawn timber. Sawing has provided a viable processing method for 

larger diameter logs, however, provides unacceptably low recovery rates for smaller 

diameter logs. Rotary veneer processing and laminated veneer lumber (LVL) 

manufacture could provide a more attractive utilisation option for the substantial volume 

of small-diameter logs that are currently considered under-utilised. Rotary veneers 

recovered from Queensland native forest spotted gum and white cypress logs and 

Queensland plantation hoop pine logs were used to manufacture LVL products following 

six designed lay-up strategies including blended species LVL. The manufactured 

products were evaluated for flatwise and edgewise bending performance, tension and 

compression perpendicular to grain and longitudinal-tangential shear strength. The 

single-species spotted gum LVL showed superior performance in all testing compared to 

other construction types. Blending even a small amount of spotted gum veneer with 

plantation hoop pine veneer resulted in gains in mechanical performance, especially in 

flatwise bending. Opportunities exist to develop more optimised construction strategies 

that target specific product performances while optimising the use of the variable veneer 

qualities generated from log processing. 

Keywords: laminated veneer lumber, mixing species, small-diameter native forest 

3.1 Introduction 

Australia’s native forest resources cover approximately 137 million hectares and 

constitute about 90% of Australian forests (ABARES, 2018). For many years, mainly 

larger diameter logs from these forests have been transformed using traditional 

sawmilling technologies, into a range of end-products such as beams, bridge members, 
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flooring, decking, and landscaping timbers. However, despite there being a significant 

volume of small-diameter native forest logs potentially available to the timber industry, 

these log types have been demonstrated to yield poor recovery rates when processed by 

traditional sawmilling technology. This has resulted in much of this resource being under-

utilised and under-valued, despite the wood properties being well-suited to a range of 

high-value products (McGavin & Leggate, 2019). Recently, spindleless veneering 

technologies have been demonstrated as capable of efficiently processing small-diameter 

plantation and native forest logs and hence offering the potential of utilising these 

resource types for veneer-based products such as laminated veneer lumber (LVL) 

(McGavin, 2016; McGavin & Leggate, 2019).  

An appropriate commercialisation pathway for rotary veneer produced from 

small-diameter native forest resources may be through blending with existing commercial 

plantation softwood resources. Producing high-value and high-performance LVL for 

structural applications by blending various wood resources has been identified in previous 

research as advantageous as these products possess apparent advantages in comparison to 

traditional sawn products including increased product performances, efficient resource 

utilization and compatibility with modern building systems (Burdurlu et al., 2007; 

Keskin, 2004; Kilic & Celebi, 2006; Kilic  ̧ et al., 2012; Xue & Hu, 2012). More 

importantly, these applications allow the increased use of lower cost, low-grade and low-

density wood veneers as core veneers in mixed-species LVL products in order to not only 

reduce material cost (Burdurlu et al., 2007; Keskin & Musa, 2005; Wang & Dai, 2013; 

Xue & Hu, 2012) but also increase the mechanical properties of  predominately low-

density wood LVL (Bal, 2016; H’ng et al., 2010; Wong et al., 1996; Xue & Hu, 2012). 

According to Wong et al. (1996), it was possible to increase the use of low-grade wood 

veneers from fast-growing trees such as rubberwood (Hevea brasiliensis) into high-
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performance products by processing them into mixed-species structural LVL with higher 

quality mangium (Acacia mangium) veneers. The study showed that the mechanical 

properties of rubberwood LVL can increase up to 13% in the modulus of elasticity (MOE) 

and 12% in the modulus of rupture (MOR) by positioning mangium veneers in the surface 

layers. Another study on manufacturing 7-ply LVL in 8 different lay-up compositions 

that blended higher-density Austrian pine (Pinus nigra) veneers and lower-density 

lombardy poplar (Populus nigra) veneers was conducted by Kilic et al. (2010). Results 

showed that as the ratio of contribution of the Austrian pine veneers increased in mixed-

species LVLs, the MOR and MOE increased up to 40% and 69% on average, compared 

to LVL manufactured of only  lombardy poplar.  

A study reported by Burdurlu et al. (2007), in which the MOE and MOR of LVL 

fabricated from beech (Fagus orientalis L.) and lombardy poplar (Populus nigra L.) 

veneers were investigated through eight different lay-up strategies, showed that (i) 

increasing the proportion of high-density beech veneers led to increase in the MOE and 

MOR; (ii) The flatwise MOE and MOR of LVL with two beech veneers on each of the 

outer layers were observed to be 49% and 27% higher on average in compassion with 

LVL manufacturer from poplar alone. The results were consistent with the previous study 

conducted by Xue and Hu (2012) which considered ten-ply LVL manufactured from 

poplar (Populus ussuriensis Kom.) as core layers, and birch (Betula platyphylla Suk.) as 

outer layers. The authors also reported that the bending strength of LVL with high 

strength birch veneers on the outer layers was much greater than LVL with low strength 

poplar veneers on the surface layers. In another study,  Bal (2016) noted that simply 

replacing the fast-growing poplar veneers with two eucalyptus veneers on 7-ply LVL 

resulted in an increase in the edgewise bending MOE (30%) and the flatwise bending 

MOE (63%) in comparison to poplar LVL. H’ng et al. (2010) reinforced low-density pulai 
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(Alstonia sp.), sesendok (Endsopermum sp.) and kekabu hutan (Bombax sp.) LVL 

products using high-density keruing (Dipterocarpus sp.) veneers as outside layers. 

Results showed that an increase in the MOR and MOE of 30-52% and 12-44% 

respectively were observed when the number of keruing veneers was increased from 2 to 

4 plies in 15-ply LVL. 

Although manufacturing LVL from blending different wood species has been 

advanced in some countries, the opportunities for adopting this approach in Australia is 

not well understood. The key objectives of this study were to examine the structural 

performance of LVL products manufactured from rotary veneers recovered from small-

diameter select Australian native forest timber species and an Australian commercial 

plantation grown softwood and various blends of veneers from these species. 

3.2 Methodology 

3.2.1 Rotary veneers 

Spotted gum (Corymbia citriodora) (SPG), white cypress pine (Callitris 

glaucophylla) (CYP) and hoop pine (Araucaria cunninghamii) (HP) were included in the 

study. The SPG and CYP veneers were sourced from small-diameter log processing trials 

previously undertaken and reported by McGavin and Leggate (2019), and represent two 

different resources commercially available to the timber industry from Australia’s native 

forests. These species respectively represent a high-density, durable hardwood and a mid-

density, durable softwood. The processing was completed using a spindleless veneer lathe 

targeting a nominal dried veneer thickness of 3.0 mm. The HP veneers were recovered 

from approximately eight logs peeled by a commercial veneer producer during standard 

commercial operations and also targeted a nominal dried veneer thickness of 3.0 mm. 



74 

3.2.2 Veneer properties 

To evaluate the distribution of veneer dynamic MOE parallel to grain (EL_Veneer), 

veneer dynamic MOE of the SPG, CYP and HP veneers were measured by an acoustic 

natural vibration method (Brancheriau & Baillères, 2002) on sample strips 

(approximately 1200 mm x 200 mm) removed from a subset of recovered veneers 

(McGavin and Leggate (2019). Sample strips were positioned on elastic supports to 

achieve a weightless boundary condition during the longitudinal propagation of sound 

through the veneer, minimising external interference during dynamic analysis. A simple 

percussion was then induced in the direction of the grain at on one end of the sample, 

while at the other end, a Lavalier type microphone recorded the vibrations before 

transmitting the signal via an anti-aliasing filter (low-pass) to an acquisition card that 

included an analog-to-digital converter to provide a digitized signal (Figure 11). A Fast 

Fourier Transform processed the signal to convert the information from the time to the 

frequency domain. The mathematical processing of selected frequencies was undertaken 

using BING (Beam Identification using Non-destructive Grading) software in 

combination with the geometrical characteristics and the weight of the specimen, to 

provide the dynamic MOE, among other specific mechanical characteristics (CIRAD, 

2018). 

Figure 11. Experimental set-up for the acoustic testing. 
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3.2.3 Veneer grading 

The veneer quality was assessed by visual grading in accordance with AS/NZS 

2269.0:2012 (2012). This standard is widely used across the Australian veneer industry 

and follows the same principles as other international veneer visual grading classification 

systems. The standard separates structural veneers into four veneer surface grades with 

each grade corresponding to a quality group in accordance with the standard. The grading 

was conducted on both face surfaces and based on visual aspects of the veneers such as 

splits, various knot types and roughness. 

3.2.4 Target LVL construction strategies 

Six different LVL construction or lay-up strategies were implemented to 

manufacture 12-ply LVL from the three species to demonstrate the impact of construction 

strategies on the mechanical properties of the manufactured products and to 

experimentally prove that blending native veneers with lower-quality plantation softwood 

veneers with native veneers can result in the fabrication of structural VBPs. They 

comprised three single-species reference LVL and three blended-species LVL (Figure 

12). The construction strategies were: 

• LVL1 - 12 CYP veneers throughout the panel thickness; 

• LVL2 - 12 HP veneer throughout the panel thickness; 

• LVL3 - 12 SPG veneer throughout the panel thickness; 

• LVL4 - one SPG veneer for each face and 10 HP veneers for the internal core; 

• LVL5 - alternating SPG and HP veneers with SPG veneers on the outside 

faces; and 

• LVL6 - alternating CYP and HP veneers with CYP veneers on the outside 

faces. 
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Figure 12. Assembly patterns of the samples. 

3.2.5 Veneer selection and allocation 

The strategy to select individual veneers and their placement within the LVL 

panels had the following main objectives: 

• To minimise the within-species variation of veneer structural quality (MOE)

of veneers included for the panel manufacture.

• To target ‘average’ structural quality veneers.

• To ensure individual veneers are in the optimum position within the allocated

panel to maximise the panel mechanical properties.

• To minimise the variation of within-species veneers and veneer locations

between panels of the same construction type.

Veneer selection and placement followed these steps: 
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1. From the available veneers of the three species, the veneers that did not 

achieve a visual grade of D-grade or better were discarded. While the veneer 

visual grading was not used as the primary selection method to influence of 

the LVL mechanical performance, the criterion of D-grade or better was 

adopted to ensure a commercially relevant quality criterion, in terms of surface 

roughness, representation of visual defects and splitting, etc. 

2. For the remaining veneer sheets, the mean dynamic MOE of the veneer 

population was calculated and used to guide veneer selection. Given the 

study’s objective of assessing the mechanical performance of the 

manufactured LVL, the veneer MOE was used as the primary veneer selection 

method. This approach is a common practice in commercial LVL manufacture 

using equipment such as Metriguard produced by the Raute Group. 

3. Veneers within each population were sorted by their MOE in descending 

order. 

4. The required subsets of each species (the number of veneers required from 

each species to manufacture the require LVL panels including contingency 

veneers) were taken as a series of consecutive veneers to minimise MOE 

variation. Then, the mean dynamic MOE (as per Step 1) was calculated for 

each possible subset. 

5. The veneer subsets that had a mean MOE closest to the entire population MOE 

mean were selected for panel manufacturing. 

6. The veneers from each subset were systematically distributed among the final 

panels of each construction type. These veneers were distributed, in order of 

decreasing MOE, starting with the outer layers of all panels and progressing 

to the core. This ensured that veneers were optimally located from a structural 
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perspective with higher MOE veneers located towards the panel periphery, 

and the consistency was achieved across the panels of the same construction 

type. Once all the veneers had been assigned, the statistics for the desired 

combinations of panels and positions were reviewed to ensure the objectives 

were achieved.  

3.2.6 LVL panel manufacturing 

A total of 18 LVL panels (approximately 1200 mm x 1200 mm x 36 mm) were 

manufactured with three panels for each construction type.  A melamine urea 

formaldehyde was selected, aiming at achieving a B-bond glue line, the service conditions 

for which are outlined in Australian Standard AS/NZS 2754.1 (2016). The formulation 

was comprised of the following additives: 90.4% resin, 2.1% of a formic acid solution 

(25% concentration), and 7.5% plain flour. 

The adhesive was applied to each face of the veneers targeting a total spread rate 

of 400 gsm (grams per square metre) per glue line. The assembly stage included an open 

assembly time of approximately 22 minutes (measured from adhesive application to the 

first veneer to when pressure was applied in the press). Pre-pressing was undertaken at 1 

MPa for a duration of 8 minutes. At the completion of pre-pressing, the panels were 

transferred to the hot press and pressed at 1.1 MPa, for a duration of 26 minutes, and at 

135°C. After pressing was complete, the panels were removed from the hot press, both 

panel surfaces misted with water and panels where block stacked for a minimum of 48 

hours.  

3.2.7 Test samples and mechanical properties test method 

Figure 13 illustrates the LVL panel cutting pattern and test sample location. Six 

samples per construction lay-up type (i.e. 2 samples per panel) were tested for edgewise 

and flatwise static bending, longitudinal-tangential shear and bearing perpendicular to 
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grain. For tension perpendicular to grain, nine samples per construction lay-up type were 

tested. After the test samples were removed from the LVL panels, they were conditioned 

at 20°C and at a relative humidity of 65% in accordance with Australian Standard 

AS/NZS 4357.2 (2006) targeting a sample moisture content of approximately 12%. 

Figure 13. The cutting pattern for the LVL for property tests. Note: BE = edgewise 

bending tests, BF = flatwise bending tests, S = longitudinal-tangential shear bending 

tests, C = bearing perpendicular to the grain tests, T = tension perpendicular to the grain 

tests. 

All testing was undertaken within the NATA-accredited test laboratories at the 

Department of Agriculture and Fisheries’ Salisbury Research Facility or testing 

laboratories at Griffith University. The testing methodology for each test are described in 

Nguyen, McGavin, et al. (2019) and summarised below: 

• Static bending was tested following Australian Standard AS/NZS 4357.2

(2006) using a four-point bending test set-up. From each panel, two 60 mm

(height) x 1,200 mm (long) samples were tested in the edgewise bending and

two 100 mm (wide) x 800 mm (long) samples were tested in flatwise bending.
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A Shimadzu Universal Testing Machine (AG-100X) was used and a stroke 

rate of 5 mm/min applied so that failure was reached in three to five minutes 

(Figure 14). 

• Bearing strength perpendicular to the grain was measured using the bearing 

strength test method from Australian Standard AS/NZS 4063.1:2010 (2010). 

Two 70 mm (height) x 200 mm (long) test samples were cut from each panel. 

A Shimadzu Universal Testing Machine was used, and the load was applied 

with a speed rate of 1.0 mm/minute so that failure was reached in two to five 

minutes (Figure15). 

• The tensile strength perpendicular to the grain was measured following the 

configuration in the ASTM D143-14 (2014) which was devised for solid 

timber specimens. The procedure has been successfully applied to LVL 

samples (Ardalany et al., 2011; Gilbert, Husson, et al., 2018). From each 

panel, three samples were cut with the dimensions shown in Figure16a. The 

samples were then inserted into an aluminium jig as demonstrated in Figure 

16b. The jig was gripped in the jaw of a 30 kN-capacity Lloyd universal 

testing machine that ran in displacement control at a stroke rate of 2.5 mm/min 

so that failure was reached in one to three minutes. 

• Longitudinal-tangential shear strength testing was conducted following 

Australian Standard AS/NZS 4063.1 (2010). In this method, a three-point 

bending test configuration was used as illustrated in Figure 17. As outlined in 

(ii) stroke rate was set to ensure failure was achieved within 2 to 5 minutes, as 

specified by the standard. 
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Figure 14. Testing configuration for flatwise (left) and edgewise bending (right). 

 

Figure 15. Testing configuration for bearing strength perpendicular to the grain. 

  

(a) (b) 

Figure 16. Testing configuration for tensile strength perpendicular to the grain. 

 

Figure 17. Testing configuration for longitudinal shear strength. 
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3.3 Results and discussion 

3.3.1 Veneer properties and selection 

The veneer population statistics for each species are shown in Table 5, and the 

statistics of selected subset of veneers are shown in Table 6. The SPG yielded much 

higher veneer stiffness with over 85% of the veneers exceeding the maximum MOE 

recorded for HP. This highlights the opportunities to use SPG and other high-density 

Australian hardwoods to manufacture veneer-based products such as LVL that achieve 

structural performances superior to that possible from plantation softwood resources. The 

white CYP pine recorded a lower average MOE (8,998 MPa) compared to HP (12,169 

MPa) and the SPG (22,437 MPa). 

Table 5 Veneer population statistics 

 Spotted gum White cypress pine Hoop pine 

Veneer count 127 91 246 

Average MOE (MPa) 22,437 8,998 12,169 

Std. dev. MOE (MPa) 3,541 1,509 2,338 

Coeff. of variation (%) 15.8% 16.8% 19.2% 

Min MOE (MPa) 13,407 6,070 4,655 

Max MOE (MPa) 29,679 11,813 18,716 
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Table 6. Veneer subset statistics 

Spotted gum White cypress pine Hoop pine 

Veneer count 70 63 119 

Average MOE (MPa) 22,449 9,015 12,174 

Std. dev. MOE (MPa) 1,724 964 779 

Coeff. of variation (%) 7.7% 10.7% 6.4% 

Min MOE (MPa) 19,955 7,513 10,699 

Max MOE (MPa) 25,684 11,014 13,485 

Comparative statistics for veneers allocated to each LVL panel are shown in Table 7. 

Table 7. Panel statistics for the investigated construction lay-up 

Construction 

lay-up 
Panel 

Average 

veneer MOE 

(MPa) 

Std. dev. 

MOE (MPa) 

Coeff. of 

variation (%) 

Min. veneer 

MOE (MPa) 

Max. 

veneer 

MOE 

(MPa) 

LVL1 

1 9,428 1,845 19.6% 6,435 11,604 

2 9,380 1,356 14.5% 7,292 11,479 

3 9,405 1,697 18.0% 6,948 11,628 

LVL2 

1 12,364 993 8.0% 11,037 14,457 

2 12,842 1,310 10.2% 11,030 15,079 

3 12,275 826 6.7% 10,955 13,454 

LVL3 

1 22,378 2,352 10.5% 19,918 26,885 

2 22,536 2,750 12.2% 19,579 26,558 

3 23,014 2,232 9.7% 20,229 26,546 

LVL4 

1 13,953 4,949 35.5% 8,966 26,280 

2 13,854 4,833 34.9% 8,997 25,684 

3 13,929 4,429 31.8% 8,455 24,298 

LVL5 

1 17,616 5,458 31.0% 10,936 24,134 

2 17,580 5,666 32.2% 8,889 24,679 

3 17,666 4,968 28.1% 11,496 23,493 

LVL6 

1 11,000 2,234 20.3% 7,888 16,095 

2 11,046 2,494 22.6% 8,031 16,271 

3 10,912 2,013 18.4% 8,091 13,683 

3.3.2 Mechanical properties testing 

Table 8 provides the test results of MOE and MOR in both flatwise and edgewise 

bending, tension strength, bearing strength and shear strength for the six different 

construction layup types. The results show relatively narrow variation within the 

construction layup types which is reflective of the veneer selection and positioning 

strategies adopted during the sample manufacture. There was, however, wide variation 
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between the six LVL constructions which highlights the substantial differences between 

fundamental wood properties of the species included. 

Table 8 Mechanical properties of mixed-species LVL 

Type Panel 

Flatwise bending 
Edgewise 

bending 
Tension 

strength 

(ft_⊥) 

(MPa) 

Bearing 

strength 

(fc_⊥) 

(MPa) 

Shear 

strength 

(fs) 

(MPa) 

MOE 

(Eb_e) 

(GPa) 

MOR 

(fb_e) 

(MPa) 

MOE 

(Eb_f ) 

(GPa) 

MOR 

(fb_e) 

(MPa) 

LVL1 

1 11.1 60.7 10.2 55.5 2.01 29.7 6.0# 

2 10.3 50.1 9.7 48.7 1.80 30.7 6.4# 

3 10.7 62.7 9.6 44.3 2.16 31.8 5.5# 

Mean 10.7 57.8 9.8 49.5 2.0 30.7 5.9# 

LVL2 

1 14.3 72.5 12.0 68.3 2.89 16.0 7.0# 

2 14.2 81.1 12.2 69.4 2.78 16.1 6.5# 

3 14.1 78.3 11.5 62.2 2.38 15.9 5.8# 

Mean 14.2 77.3 11.9 66.6 2.7 16.0 6.4# 

LVL3  

1 25.7 161.8 25.4 143.7 3.65 40.9 14.9# 

2 25.6 139.4 23.4 140.0 3.54 40.9 13.5# 

3 25.9 167.1 22.7 134.2 3.40 40.8 13.9 

Mean 25.8 156.1 23.9 139.3 3.5 40.8 14.1# 

LVL4  

1 19.3 110.2 14.2 76.6 2.72 17.7 7.0# 

2 19.2 109.2 12.0 65.0 3.19 17.9 7.3# 

3 18.8 101.8 14.6 83.2 2.67 17.9 7.3# 

Mean 19.1 107.1 13.6 74.9 2.9 17.8 7.2# 

LVL5  

1 21.2 141.1 17.6 100.9 3.56 32.1 10.4# 

2 22.2 141.3 19.3 108.5 3.05 30.4 10.5# 

3 21.4 110.2 17.5 101.3 2.82 29.0 10.6 

Mean 21.6 130.9 18.1 103.6 3.1 30.5 10.5# 

LVL6  

1 12.7 69.1 11.8 66.6 2.78 24.2 4.7# 

2 12.0 70.6 12.1 68.3 2.56 22.9 7.1# 

3 12.5 77.6 11.2 66.7 2.26 24.4 5.2# 

Mean 12.4 72.4 11.7 67.2 2.5 23.8 5.7# 

# represents the samples which failed in bending modes. 

3.3.2.1 Flatwise bending tests 

The static flatwise bending test results for the six LVL construction types are 

tabulated in Table 8 and Figure 18. For single species LVL, the construction that utilised 

all-SPG veneers (LVL3) yielded the highest performance with an average MOE of 25.8 

GPa and an average MOR of 156.1 MPa. The all-HP construction (LVL2) had an average 

MOE of 14.2 GPa and an average MOR of 77.3 MPa. The all-CYP construction (LVL1) 
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provided the lowest test result with an average MOE of 10.7 GPa and an average MOR 

of 57.8 MPa.  

The constructions that utilised a blend of both SPG and HP veneers performed in 

between and in line with the proportion of the blend. The construction (LVL5) that 

included an alternate mix of both species (6 SPG and 6 HP veneers) had an average MOE 

of 21.6 GPa and an average MOR of 130.9 MPa while the SPG face and HP core 

construction (LVL4) provided a slightly lower average MOE of 19.1 GPa and an average 

MOR of 107.1 MPa. The construction that alternated CYP veneers with HP veneers 

(LVL6) performed between the LVL1 (all-CYP) and LVL2 (all-HP) constructions. 

Construction LVL4 clearly demonstrates that significant gain in performance can 

be achieved with the substitution of even a small amount of higher performing veneers 

when positioned in the optimal location within the construction cross-section, when tested 

in the flatwise direction. 

(a)
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(b) 

Figure 18. Flatwise bending MOE (a) and flatwise bending strength (MOR) (b) per 

LVL construction type. 

3.3.2.2 Edgewise bending tests 

The static edgewise bending test results for the six LVL construction types are 

reported in Table 8 and Figure 19. The trend of edgewise bending results between 

construction types was similar to the flatwise bending results with the LVL3 (all-SPG) 

construction providing the highest performance with an average MOE of 23.9 GPa and 

an average MOR of 139.3 MPa, and the LVL1 (all-CYP) construction provided the lowest 

performance with an average MOE of 9.8 GPa and an average MOR of 49.5 MPa. The 

all-HP construction (LVL2) was slightly better than the all-CYP (LVL1) with an average 

MOE of 11.9 GPa and an average MOR of 66.6 MPa.  

The blended constructions performed in between the relevant single species 

constructions. To illustrate, construction LVL4 (two SPG face and HP core) was found 

to have higher MOE (up to 34.5 %) and higher MOR (up to 38.5%) than single species 

HP LVL2. However, compared to single SPG LVL3, the bending properties of LVL4 was 

up to 43% (MOE) and up to 46% (MOR) lower.  

Compared to flatwise bending tests, the performance gains with the blended 

constructions remained although the gains were not as strong as the flatwise bending tests 
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because the strategic positioning of the higher performing veneers towards the outer 

laminations had less of an impact when tested in the edgewise direction. Instead, all the 

veneers within a construction equally contribute to the final beam performance; therefore, 

it is not surprising that the average MOE of each construction was very similar to the 

average veneer MOE used in that construction type. 

(a) 

(b) 

Figure 19. Edgewise bending MOE (a) and edgewise bending strength (MOR) (b) per 

LVL construction type. 

3.3.2.3 Tensile strength perpendicular to grain 

Table 8 and Figure 20 show the tension strength perpendicular to the grain for all 

investigated products. The rank of the single-species products was similar to the bending 
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performance in both edgewise and flatwise mode. Particularly, LVL3 construction (all 

SPG) displayed the highest average tensile strength of 3.5 MPa followed by the all-HP 

construction LVL2 with a mean tensile strength of 2.7 MPa. The all-CYP LVL1 had the 

lowest tensile strength of 2.0 MPa that is partly due to the high proportion of natural 

defects in the CYP veneers. 

The tensile strength of the blended-species constructions performed in between 

the relevant single species constructions. To illustrate, the tensile strength of the 

construction LVL5 (six SPG and six HP veneers) was observed to be 15% higher than 

that of single-species HP LVL2, but 13% lower than that of single-species SPG LVL3. 

 

Figure 20. Comparison of tension strength perpendicular to the grain for all investigated 

products. 

3.3.2.4 Bearing strength perpendicular to grain 

Table 8 and Figure 21 present the results from the bearing strength tests 

(perpendicular to the grain direction) conducted on the six LVL constructions. Compared 

to tensile strength, the bearing strength values of all the construction strategies were about 

6 to 17 times higher. 
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The all-SPG LVL3 was again the highest performing construction type achieving 

a mean bearing strength of 40.8 MPa. The second ranked construction was the all-CYP 

LVL1 which achieved an average bearing strength of 30.7 MPa, followed by the 

construction that alternated spotted gum with hoop pine (LVL5) (30.5 MPa).  

The all-HP LVL2 achieved the lowest mean result of 16.0 MPa. Minimal gains in 

bearing strength were observed when positioning SPG on the faces and using HP in the 

cores (LVL4) compared with the all HP construction (LVL2) with the former achieving 

a mean bearing strength result of 17.8 MPa.  

While the all-CYP LVL1 did not perform well in other mechanical tests, it did 

perform very well in the bearing strength testing with a mean bearing strength of 30.2 

MPa which is approximately two times higher than the bearing strength value of single 

species HP LVL2. This could be an attractive asset for this species for the manufacture 

of products that require high bearing strength. 

 

Figure 21. Bearing strength perpendicular to grain between investigated products. 

3.3.2.5 Longitudinal-tangential shear strength 

The shear strength test method adopted has a propensity for inducing failure in 

bending rather than shear. As a result, the actual shear strength of the LVL specimens is 

unknown. The results presented were calculated based on the shear stress present in the 
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sample at the time of failure, whether it was in bending or in shear. The maximum shear 

stresses reached during the tests are conservatively reported in Table 8 and Figure 22 and, 

therefore, represents lower band values of the shear strengths. According to Australian 

standard AS4063.1 (2010), the test is likely to result in failure due to bending in products 

where the beam shear strength is lower than 1/12th of the bending strength value (MOR). 

A failure as a result of bending may also indicate beam shear need not be taken into 

consideration as a failure criterion, as outlined in the standard. 

The all-SPG construction LVL3 performed the best with an average beam shear 

strength greater than 14 MPa.  The three construction types (all-CYP LVL1, all-HP LVL2 

and LVL6 [CYP and HP alternating]) not containing SPG veneers showed varying, yet 

approximately similar results, with all displaying an average beam shear strength greater 

than 5.7 MPa. The LVL4 (SPG face and HP core) performed only marginally better than 

the all-HP construction LVL2 (average of 7.2 MPa versus 6.4 MPa) as the better 

performing SPG veneers were not positioned optimally to counteract the shear stress. 

Including more SPG veneers throughout the LVL beam, such as the SPG and HP 

alternating construction LVL5, improved the shear strength performance (average 10.5 

MPa).  
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Figure 22. Shear strength results per construction type. 

3.4 Conclusions 

The work investigated selected mechanical properties of 12-ply LVL 

manufactured from mixing native forest SPG and CYP and commercial plantation-grown 

HP veneers. The following conclusions can be drawn:  

• This study demonstrated that there is a considerable difference in dynamic

MOE between native hardwood species and either native softwood and

softwood plantation. SPG veneers showed superior stiffness properties (an

average of 22.4  GPa), followed by HP veneers and CYP veneers (an average

of 12.2 GPa and 9.0 GPa respectively).

• LVL products are able to be manufactured from the three included species

using a variety of different construction strategies. It should be noted that the

adopted construction strategies used veneers with MOEs close to the

population mean for each species. This therefore suggests that opportunities

exist to manufacture LVL products targeting specific performances while
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optimising the use of the variable veneer qualities generated from log 

processing. 

• For both edgewise and flatwise bending, the all-SPG LVL3 performed the best 

among the investigated single-species construction types ( 25.8 GPa for MOE 

and 156.1 MPa for MOR for flatwise bending), while the lowest values were 

found in all-CYP LVL1 (10.7 GPa for MOE and 57.8 MPa for flatwise 

bending). The construction strategy that included all-SPG consistently 

outperformed the other construction strategies across all mechanical testing. 

The substitution of only two SPG veneers on the face of the HP 12-ply LVL 

yielded an increase of up to 34.5 % (MOE) and 38.5% MOR compared with 

the all HP LVL. Replacing every second HP veneer with SPG resulted in an 

increase of 52% compared with the all HP construction. 

• The bearing strength perpendicular to grain was approximately 6 to 17 times 

higher than tensile strength perpendicular to grain, with the all-SPG LVL3 

having the highest tensile and bearing strength. The lowest tension strength 

was observed in single-species CYP LVL1 and single-species HP LVL2, 

respectively, however the single-species CYP LVL1 ranked second for 

bearing strength. On average, the tensile and bearing strengths of the mixed-

species LVL showed to be superior to the reference single-species HP LVL 

and the single-species CYP LVL.   

• Regarding the longitudinal-tangential shear strength, the majority of testing 

samples of the investigated LVL products were found to fail in bending rather 

than shear. The highest shear strength was observed in single-species SPG 

LVL3 (14 MPa) and mixed-species LVL5 (average 10.5 MPa).  
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• The study has revealed that LVL products are able to be manufactured from

the three included species using a variety of different construction strategies.

It should be noted that the adopted construction strategies used veneers with

MOEs close to the population mean for each species. This therefore suggests

that opportunities exist to manufacture LVL products targeting specific

performances while optimising the use of the variable veneer qualities

generated from log processing. With accurate product performance criteria,

construction strategies that minimise manufacturing cost, and product weight,

as well as maximise utilisation of variable feedstocks could be achieved, while

still manufacturing fit-for-purpose products. The exploration of construction

strategy modelling would provide guidance for developing the most efficient

construction strategies taking into account the various constraints and

objectives, and the targeted product performance.

Acknowledgments 

The authors are grateful for the support of the Queensland Government, 

Department of Agriculture and Fisheries (DAF), Forest and Wood Products Australia, 

Big River Group, Austral Plywoods, Parkside Group, Hurford Wholesale, Engineered 

Wood Products Association of Australasia, Timber Queensland and HQ Plantations for 

their participation in the overarching project of which this study formed a part. Mr Rod 

Vella, Mr Eric Littee, Dan Field and Rica Minett (of the DAF) are acknowledged for their 

assistance with product manufacturing, sample preparation and testing. 

Photos related to this chapter are presented in Appendix 1 to 3 



94 

Chapter 4: Optimisation of Cross-banded Laminated Veneer 

Lumbers manufactured from blending hardwood and 

softwood veneers 

Statement of contribution to co-authored published paper 

This chapter includes a co-authored paper. The bibliographic details of the co-authored 

paper, including all authors, are: 

Nguyen H.H, Gilbert BP, McGavin R, Bailleres H, Karampour H (2018). Optimisation 

of Cross-banded Laminated Veneer Lumbers manufactured from blending hardwood and 

softwood veneers, European Journal of wood and wood products, DOI: 10.1007/s00107-

019-01434-7. 

The paper has been reformatted to meet the guidelines of the thesis. Minor explanation 

has been added in the paper for further clarity 

My contribution to this paper involved: literature review, develop model, conduct 

experiments, analyses of the results and writing. 

Signed:________________________________Date: 10/7/2019 

PhD Candidate: Hoan Hai Nguyen 

Countersigned:________________________________Date: 10/7/2019 

Principal Supervisor: Associate Professor Benoit P. Gilbert 

Countersigned:________________________________Date: 10/7/2019 

External Supervisor: Dr. Robbie R. McGavin  



95 

Optimisation of Cross-banded Laminated Veneer Lumbers manufactured 

from blending hardwood and softwood veneers 

Abstract 

This paper presents a methodology to optimise the manufacturing strategy of 

structural cross-banded laminated veneer lumbers (LVL-C) manufactured by mixing 

species. The methodology is illustrated by blending native-forest spotted gum  with 

plantation southern pine (Caribbean pine [Pinus caribaea var. hondurensis] and slash 

pine [Pinus elliottii var. elliottii]) veneers. The aim is to minimise the cost of a family of 

products (i.e. several types of product manufactured from the same veneered stock) using 

a maximum allowable number of hardwood veneers, and in which each product has 

different targeted stiffness and embedment strength. Genetic algorithm, which is widely 

used in the optimisation of structural products, was selected as the optimisation algorithm. 

The orientation of the veneers and veneer grades are considered as design variables. 

Results show that the developed algorithm was able to consistently converge to similar 

solutions for all investigated cases, demonstrating its robustness. For all cases, the “high” 

Modulus of Elasticity graded spotted gum and southern pine veneers were found to be 

predominant in the final products. LVL-C was found in cases with high targeted 

embedment strength. Finally, the obtained optimum construction strategies are validated 

against experimental results. 

Keywords: Cross-banded laminated veneer lumber, genetic algorithm, embedment 

strength 
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4.1 Introduction 

Within Queensland’s sustainably managed native forests, a supply of small 

diameter (i.e. less than 30 cm in diameter) spotted gum logs are potentially available. 

Despite their high mechanical properties, these small diameter logs have limited 

opportunities for profitable conversion into value-added products. This is due to the 

incompatibility between the log size and traditional processing techniques. Processing 

small diameter logs through conventional sawing system leads to recovery rates well 

below 40% (McGavin, Bailleres, Lane, Blackburn, et al., 2014). However, transforming 

these logs into rotary veneers, using low cost spindleless lathe technology, can produce 

recovery rates double that of sawing, thus providing a more attractive processing option 

(McGavin, Bailleres, Lane, Blackburn, et al., 2014). While the quantity of the 

aforementioned SPG logs is yet to be determined, a large quantity of plantation softwood 

southern pine (Caribbean pine [Pinus caribaea var. hondurensis] and slash pine [Pinus 

elliottii var. elliottii] – SP) and Hoop Pine logs are available. These logs have lower 

mechanical properties than SPG logs and their likelihood of being used in the manufacture 

of high performing structural products is limited. However, manufacturing structural 

products, such as veneer-based products (VBP), by mixing these hardwood and softwood 

species may result in attractive products that maximise the advantages and overcome the 

disadvantages of the two resources, i.e. low available quantity for SPG and low 

mechanical properties for SP and HP.  

The mechanical properties of structural VBP manufactured from blending species 

are affected by different factors, such as wood species (Erdil et al., 2009; H’ng et al., 

2010) and adhesive types (Aydin et al., 2004; Kilic  ̧et al., 2012). Various studies (Bal, 

2016; Dai & Wang, 2005; De Souza, Del Menezzi, & Júnior, 2011; Kilic et al., 2010; 

Xue & Hu, 2012) on laminated veneer lumbers (LVL) indicate that the layering pattern 
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(or construction strategy) is a key factor in maximizing the products’ mechanical 

properties and profitable utilisation of available resources. The effect of the layering 

pattern on the bending properties of mixed-species LVL, manufactured from oriental 

beech (Fagus orientalis L.) and Lombardy poplar (Populus nigra L.) veneers, was 

examined in Burdurlu et al. (2007). In this study, eight different combinations were 

assembled, namely (AAAAAAA) (7A), (BBBBBBB) (7B), (ABBBBBA), 

(ABABABA), (AABBBAA), (AABABAA), (ABBABBA), (BABABAB), in which (A) 

represents beech wood and (B) represents poplar wood. The flatwise bending property of 

these construction types will change depending on the position of beech veneer in the 

construction strategy which have high density. However, for flatwise bending, the MOR 

and the MOE differences between LVLs manufactured with the configuration 

combination (BABABAB)- (ABBABBA), and (AABBBAA) - (ABABABA) were 

insignificant, even if these combinations have similar mixture ratio of poplar and beech. 

Another study conducted by Xue and Hu (2012), in which the Modulus of Elasticity 

(MOE) and Modulus of Rupture (MOR) of LVL manufactured from birch (Betula 

platyphylla Suk.) and poplar (Populus ussuriensis Kom.) veneers were investigated 

through the change of the ply pattern, noted that a suitable mix can result in products with 

high strength, thus profitable utilisation of available resources. Using softwood and 

hardwood veneers for manufacturing mixed-species plywood and LVL, McGavin et al. 

(2013) also concluded that correct mixing strategies could maximise the use and value of 

the available veneers. H’ng et al. (2010), for a series of LVL manufactured from 

combining high-density keruing (Dipterocarpus sp.) veneers (as outside veneers) with 

low-density wood veneers such as pulai (Alstonia sp.), sesendok (Endsopermum sp.) and 

kekabu hutan (Bombax sp.), also reported that an increased number of keruing veneers 

from 2 to 3 plies in 11-ply LVL led to an increase of the MOR and MOE of 5-30% and 
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10-15%, respectively. These results are consistent with the recent research conducted by 

Bal (2016) in which 7-ply LVL, fabricated from fast-growing poplar veneers, as inner 

layers, and eucalyptus veneers, as outer layers, were used to investigate the influence of 

mixing species on the LVL physical and mechanical properties. The author demonstrated 

that using two eucalyptus veneers on the faces significantly increased the edgewise 

bending MOE (30%) and MOR (12%) in comparison to single poplar LVL. 

While studies on cross-banded laminated veneer lumbers (LVL-C) manufactured 

from single species (Ardalany et al., 2011; Kawazoe et al., 2006; Kobel, Steiger, et al., 

2014; Norlin et al., 1999) are available in the literature, studies on LVL-C manufactured 

from mixing species are almost non-existent. A study on LVL-C from blending Pinus sp. 

and Eucalyptus sp. veneers was conducted by Iwakiri et al. (2015) and indicated that 

mixed-species LVL-C offer high bending properties when compared to LVL-C 

manufactured from Pinus sp. veneers alone. This result indicates a benefit in using mixed-

species LVL-C as an alternative to single species LVL to increase MOE and possibly also 

to benefit embedment strength, and MOR properties. 

While the aforementioned studies demonstrate a performance benefit of 

manufacturing structural VBP by mixing species, no effective tool exists to optimise the 

mix of available resources. This study aims to develop a tool to optimise the construction 

strategy of LVL-C and to demonstrate the effectiveness of blending SPG and either SP 

or HP veneers in the manufacturing process. Specifically, it investigates the more 

economical veneer arrangement to produce a family of three LVL-C structural products, 

each product with a targeted MOE and embedment strength (fh,T), while limiting the use 

of SPG veneers. Representative distributions of the veneer MOE, as expected in a 

commercial veneer processing facility, are used as input values. Genetic Algorithm (GA) 

is used as the optimisation tool. This paper is divided into two main sections with the 
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methodology behind the optimisation algorithm introduced, followed by the wood 

characteristics, the optimisation problem and the algorithm used. The results on optimised 

VBP from blending SPG and SP veneers are then presented and discussed. Furthermore, 

the accuracy of the algorithm was tested against manufactured “optimised” LVL and 

LVL-C from which the edge bending, and 5%-offset embedment strength were 

determined 

4.2 Material and Methods 

4.2.1 Wood species and characteristics. 

As part of a collaborative project between the Australian timber industry and the 

Queensland Department of Agriculture and Fisheries, aiming at developing solutions for 

the use of low-value native forest resources (harvested from the sustainable management 

of native forests), native forest SPG and plantation SP logs were harvested from four sites 

in South-west and South-east Queensland. In total, 163 SPG (2.6 m × 1.2 m) and 1091(SP 

(1.2 m × 1.2 m) veneer sheets were peeled from 21 and 60 logs, respectively, using 

spindleless lathes. The longitudinal dynamic MOE of each veneer sheet was determined 

through a non-destructive acoustic method (Brancheriau & Baillères, 2002; CIRAD, 

2018). Due to the viscoelastic nature of wood, this measured dynamic MOE is higher than 

the corresponding static MOE (Banks et al., 2011; Bruel & Kjaer, 1982), usually about 

10% higher based on the authors’ experience. As part of the veneer sheet MOE 

measurement, veneer density (at 12% moisture content) was also measured. This aimed 

at characterising the MOE distribution which would be expected in a commercial 

processing facility for each resource. For each species, the grades are referred to as 

“Low”, “Medium” and “High”. They are termed “HL”, “HM” and “HH” for the SPG 

hardwood species and “SL”, “SM” and “SH” for the SP softwood species. For SPG, the 

cut-off values between the Low-Medium and Medium-High grades represent the 33th and 
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66th percentile values of the MOE cumulative distribution function (Figure 23 and Table 

9). For SP, veneers with MOE greater than 12 GPa would be usually used to manufacture 

currently commercialised structural VBP. This corresponds to about half of the veneers 

peeled, leaving the other half to be used with SPG veneers. The MOE cut-off values for 

SP between the Low-Medium and Medium-High grades therefore represent the 17th and 

33th percentile values of the overall MOE cumulative distribution function (Figure 23 and 

Table 9). Note that this grading approach represents a simple way for a manufacturer to 

classify veneers and may not be representative on actual practices. The average MOE 

value of each grade is used in the optimisation algorithm as an input value as detailed 

later.  

In the algorithm, each grade is given a “weight” value (g) which represents its 

usage priority in the manufacturing process. The weightings are defined by the 

manufacturer based on its business strategy and associated costs. The greater the weight, 

the less the manufacturer wishes to use this grade. As the commercial value for graded 

SPG and SP veneers is difficult to access, for all investigated cases herein, the weight g 

for each grade per species is taken to be proportional to the average MOE value of the 

grade (See section “Optimisation problem”). It is therefore assumed in some ways that 

the price of a veneer is proportional to its MOE value. Additionally, while the availability 

of SPG logs is limited, a large quantity of plantation softwood SP logs is available. Hence, 

it is recognised in this work that the price of a SPG veneer is higher than the price of a SP 

veneer. Therefore, the weight of the highest SP grade is assumed to be less than the weight 

of the lowest SPG grade. Setting the lowest weight as 1.0, from above and discussions 

with industry, the ‘weights’ are set to 5.0, 4.0, 3.5, 2.5, 1.5 and 1.0 for the “HH”, “HM”, 

“HL”, “SH”, “SM” and “SL” grades, respectively, in this study. 
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Table 9 MOE cut-off value based on dynamic MOE for each wood species 

Species Grade MOE threshold (MPa) Average MOE (MPa) 

Spotted 

gum 

Low MOE < 20,340 18,380 

Medium 20,340 ≤ MOE <23,750 22,165 

High MOE ≥ 23,750 26,175 

Southern 

pine 

Low MOE < 7,880 6,400 

Medium 7,880 ≤ MOE < 10,000 8,945 

High 10,000 ≤ MOE ≤11,860 10,980 

Figure 23. Measured MOE Cumulative distribution function (CDF) for all investigated 

species 
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Figure 24. The relationship between density and MOE of SP species (a) and SPG 

species (b) 

4.2.2 Optimisation problem. 

4.2.2.1 General. 

The optimisation problem in this research consists of identifying construction 

strategies for a family (i.e. several types of product manufactured from the same veneered 

stock) of three symmetric 15-ply LVL or LVL-C products, manufactured from mixing 

SPG and SP veneers, which limit the use of SPG veneers while achieving given target 



103 

structural grades. Optimising for a family of products allows a more efficient use of the 

veneered stock than if a single product was manufactured from the same stock. The 

construction strategy of each product in a family must satisfy two constraints representing 

(i) a targeted edge bending stiffness (MOE), and (ii) a targeted dowel connection

embedment strength. The reasons for using MOE and embedment strength as constraints 

are (i) MOE is a common property to evaluate the performance of EWPs, and (ii) 

embedment strength is a crucial material parameter commonly used for designing 

laterally loaded timber joints fastened with dowel-type fasteners. Additionally, the 

number of SPG veneers used in the overall family is capped. Each product in the family 

are set to represent different manufacturing volume (Pv).  

4.2.2.2 Modulus of elasticity. 

The MOE often represents one of the reference properties considered when 

selecting a timber structural product as there is typically a strong correlation between the 

MOE and strength (JCSS, 2006). The edge bending stiffness of a final product is 

calculated herein from the dynamic MOE value of each individual veneer (taken as the 

average value of the veneer grade in Table 1) and the transformed cross-section method 

(Bodig & Jayne, 1982). Considering a 15-ply LVL beam of height h, with each veneer of 

equal thickness t, the method consists of transforming each veneer i into a veneer of 

thickness ti and of a reference MOE, taken herein as the MOE of the first veneer MOE1, 

ti is calculated as, 

1

( )i
i

MOE
t t

MOE
= (24) 

where MOEi is the MOE of the ith veneer. This results in the MOE of the 15-ply 

LVL beam in edge bending (MOEb) being simply calculated as the average of the veneer 

MOE as,   
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1

1

15
b i

i

MOE MOE
=

=  (25) 

Note that only the veneer MOE value parallel to the grain was measured and the 

MOE value perpendicular to the grain also needs to be known to calculate the edge 

bending stiffness of LVL-C. Herein, the MOE perpendicular to the grain of the SPG and 

SP veneers were taken as 1/11 and 1/20 of the MOE parallel to the grain, respectively, 

based on the equation established in Guitard and El Amri (1987). 

4.2.2.3 Embedment strength. 

Embedment strength is an important material parameter to evaluate the strength 

of timber joints. The embedment strength of VBP is calculated herein from the 5%-offset 

of bolt diameter method (ASTM D5764-97a, 2018) of computed embedment stress-

displacement curves. These curves are derived for each product from the representative 

stress-displacement curves of each veneer which are defined below when the veneers are 

loaded parallel and perpendicular to the grain.  

Based on the experimental observations in Franke and Quenneville (2011), 

Sawata and Yasumura (2002) and Sandhaas et al. (2013), the embedment stress-

displacement curve of a timber element loaded parallel to the grain is approximated herein 

by a trilinear curve (Figure 25a). The initial stiffness K0 of the curve is calculated from 

the equation developed and validated on various types of engineered wood products 

(EWPs) in Hwang and Komatsu (2002) as, 

0 0
/ (3.16 10.9 )K MOE d= + (26) 

where MOE0 = the MOE of the veneers parallel to the grain (in MPa) and d = bolt diameter

(in mm). 

Also based on experimental observations, when loaded perpendicular to the grain, 

the embedment stress-displacement curve of a timber element is approximated in this 
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study by a bilinear curve (Figure 25b). The initial stiffness K90 is taken as 1/3 of K0 based 

on the values derived from the studies reported in Table 10. 

The embedment strengths fh,0 and fh,90 when loaded parallel and perpendicular to 

the grain, respectively, are estimated from the Hankinson formula in the Eurocode 5 

(EN1995-1-1, 2004) as, 

2 2

90,
0.082(1 0.01 ) / ( sin cos )

kh
f d k


  = − + (27) 

where α = the load to the grain angle, ρk = the mean timber density (in kg/m3), d = the bolt 

diameter (in mm) and k90 = the reduction factor (equal to 1.35 + 0.015d for SP (Softwood) 

and 0.90 + 0.015d for SPG (Hardwood)). 

In Eq. (4), the wood density is determined herein from the reference dynamic 

MOE parallel to the grain, as there is theoretically some correlation between the two 

values (JCSS, 2006). The relationships between the dynamic MOE of the veneers and 

their density are given in Figure 24 for the two species of interest and extracted from the 

data collected. While a strong correlation exists between the two properties for the SP 

species (R2 = 0.41), this correlation is significantly weaker for the SPG species (R2 = 

0.08). Nevertheless, the density of a veneer is estimated herein from its dynamic MOE 

using the linear interpolations shown in Figure 24 as, for the SPG and SP species 

respectively.  

0
0.005 860

SPG
MOE = + (28) 

0
0.0132 442

SP
MOE = + (29) 

where 
SPG

 = the density of SPG (kg/m3) and 
SP

 = the density of SP (kg/m3).

In this paper, and to illustrate the methodology employed, the density value 

needed to predict the embedment strength is solely estimated based on the dynamic MOE 

of veneers. For SPG veneers, the correlation between density and MOE is weak which 

may affect the accuracy of the model and therefore of the “optimised” construction 
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strategies and associated estimated optimised properties. However, a manufacturer has 

the possibility to use more accurate prediction equations than Eqs ((28, (29) based on 

other properties recorded in-line. Note that the prediction equation for the SP veneers (Eq. 

(29)) is affected by a large number of measurements with low MOE and high-density, as 

shown in Figure 24(a). However, all measurements shown in Figure 24 represents the 

actual distribution of veneers expected in a mill and all data points were kept in the 

prediction equation.  

All other parameters to plot the embedment stress-displacement curves of a given 

veneer are given in Figure 25. The stress-displacement curve of a 15-ply LVL is 

constructed herein by combining the stress-displacement curves of all its 15 single 

veneers as shown in Figure 26. During an embedment test, the displacement of each 

veneer is the same and the load F applied on a 15-ply LVL at any displacement δ can be 

calculated from the stress-displacement curve of each veneer as, 

 ( ) ( )
15

1

i

i

F dt f 
=

=   (30) 

where d = bolt diameter, t = veneer thickness and fi(δ) = embedment stress of veneer i at 

displacement δ obtained from the curves in Figure 25. 
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Table 10 Initial stiffness ratio between loading parallel and perpendicular to the grain 

Author Species Products 
Average 

ratio K0/K90 

CoV 

(%) 

Santos et al. (2010) 
Maritime 

pine 

Solid 

wood 
3.05 - 

Dos Santos et al. (2015) 
Maritime 

pine 

Solid 

wood 
3.04 - 

Franke and Quenneville (2011) Radiata pine LVL 3.43 17.0 

Franke and Magnière (2014b) Beech 
Solid 

wood 
2.98 20.1 

Franke and Magnière Spruce 
Solid 

wood 
4.33 - 

Awaludin et al. (2007) 

Balau 

(Shorea 

obtusa) 

Solid 

wood 
2.77 - 

Schweigler et al. (2016) Spruce 
Solid 

wood 
2.14 1.6 

Karagiannis et al. (2016) Spruce Glulam 3.52 31.0 

Hwang and Komatsu (2002) 

- 
Solid 

wood 
3.4 - 

Douglar fir PSL* 3.38 - 

Radiata pine 
LVL100E 2.33 - 

LVL80E 1.46 - 

Average 2.98 

* Parallel strand lumber
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Figure 25. (a)Tri-linear model when loaded parallel to grain and (b) Bi-linear model 

when loaded perpendicular to grain 
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Figure 26. The load-displacement curve of a i-ply LVL 

4.2.2.4 Maximum number of SPG constraint 

The total number of SPG veneers used (hc) is introduced in the algorithm to limit the use 

of SPG veneers and to reflect the potential limited availability of this resource. This value 

is calculated as: 
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3

1

.
vic i

i

h P h

=

=  (31) 

where: hc = total number of SPG veneers used in a family, Pvi = percentage of 

manufacturing volume of product i, hi = number of SPG veneers in product i.  

4.2.2.5 Case studies. 

In this study, different families are optimised representing different targets of 

manufacturing volume, edge bending stiffness and embedment strength. In total, 10 Cases 

(Case I to X) of 3 families each are optimised. In each case, the 1st, 2nd and 3rd product 

have a target edge bending stiffness of 14 GPa, 16 GPa and 18.5 GPa, respectively, to 

reflect various grades in the AS/NZS 2269.0 (2012). 

All the families in Cases I to IV (detailed in Table 11) have targeted embedment 

strengths fh,T, for a 16 mm diameter bolt, of 27 MPa, 28.5 MPa and 30 MPa for the 1st, 2nd 

and 3rd product in each family, respectively. These embedment strengths correspond to 

the expected strengths of commercialised softwood LVL beams of MOE equal to 14 GPa, 

16 GPa and 18.5 GPa, and therefore the optimised products could directly compete with 

these existing products. The maximum number of SPG veneers is targeted to be 35% of 

total volume and the manufacturing volume of each product in a family varies among 

Cases as follows: 

• Case I: the 1st, 2nd and 3rd product in each family are set to represent 20%,

30%, and 50% of the manufacturing volume, respectively.

• Case II: the 1st, 2nd and 3rd product in each family are set to represent 20%,

60%, and 20% of the manufacturing volume, respectively.

• Case III: the 1st, 2nd and 3rd product in each family are set to represent 40%,

30%, and 30% of the manufacturing volume, respectively.
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• Case IV: the 1st, 2nd and 3rd product in each family are set to represent 45%,

45%, and 10% of the manufacturing volume, respectively.

In Cases V to VII (detailed in Table 11), the 1st, 2nd and 3rd product in a family represent 

40%, 30%, and 30% of manufacturing volume, respectively, and the maximum number 

of SPG veneers is targeted to be 35% of total volume. However, the embedment strengths 

vary as follows. 

• Case V: The embedment strength of each product in a family is targeted to be

15% higher than the expected strength of currently commercialised softwood

LVL beams. The embedment strength of the 1st, 2nd and 3rd product in a family

is therefore targeted to be 31 MPa, 33 MPa and 34.5 MPa, respectively.

• Case VI: The embedment strength of each product in a family is targeted to

be 20% higher than the expected strength of currently commercialised

softwood LVL beams. The embedment strength of the 1st, 2nd and 3rd product

in a family is therefore targeted to be 32.5 MPa, 34 MPa and 36 MPa,

respectively.

• Case VII: The embedment strength of each product in a family is targeted to

be 25% higher than the expected strength of currently commercialised

softwood LVL beams. The embedment strength of the 1st, 2nd and 3rd product

in a family is therefore targeted to be 34 MPa, 35.5 MPa and 37.5 MPa,

respectively.

Cases VIII to X (detailed in Table 11) are the same as Cases V to VII, respectively, but 

the maximum number of targeted SPG veneer is set to 45% of total volume instead of 

35%. 
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Table 11 Case studies 

Cases   
Target values 

MOE (GPa) fh,T (MPa) Pv (%) hT(%) 

I 

14 27 20 

35% 16 28.5 30 

18.5 30 50 

II 

14 27 20 

35% 16 28.5 60 

18.5 30 20 

III 

14 27 40 

35% 16 28.5 30 

18.5 30 30 

IV 

14 27 45 

35% 16 28.5 45 

18.5 30 10 

 

V 

14 31 40 

35% 16 33 30 

18.5 34.5 30 

VI 

14 32.5 40 

35% 16 34 30 

18.5 36 30 

VII 

14 34 40 

35% 16 35.5 30 

18.5 37.5 30 

 

VIII 

14 31 40 

45% 16 33 30 

18.5 34.5 30 

IX 

14 32.5 40 

45% 16 34 30 

18.5 36 30 

X 

14 34 40 

45% 16 35.5 30 

18.5 37.5 30 

 

4.2.3 Genetic algorithm. 

4.2.3.1 Overview. 

Genetic Algorithm (GA) is an optimisation tool which has been developed from 

the inspiration of biological evolution (Goldberg, 1989; Holland, 1975). It has the ability 

to solve non-linear problems without the need of solving complex equations. In GA, a 

constrained optimisation problem must be transformed into an unconstrained problem by 

including penalty functions. GA has been widely applied to solve many engineering 

optimisation problems such as strength (Park et al., 2001), stacking sequence design (Park 
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et al., 2001) , stiffness (Potgieter & Stander, 1998; Todoroki et al., 1995) and deflection 

(Walker & Smith, 2003).  

4.2.3.2 Fitness function. 

For the analysis, the optimisation algorithm was subjected to three constraints, 

representing the targeted edge bending stiffness and dowel connection embedment 

strength, and the maximum number of allowable hardwood veneers. The constrained 

optimisation problem, aiming at minimising the fitness function f, is transformed into an 

unconstrainted problem as: 

, ,

3 6 3

1 1 1

,
. . . .max 0,1- .max 0,1- .max 0, - 1w

T
Ti h T i

MOE
f

MOE
i j i

hfh i cif P P evi j ij vi f h h
n  

   
          = = =

= + + +  
 
 
 

(32) 

where: f = the fitness function, wj =  weight of jth veneer grade (Section “Wood 

species and characteristics”), nij = number of veneers of grade j in ith product in the family 

of three, Pvi = percentage of manufacturing volume of product i, αf, αe, αh = penalty factors 

associated with each constraint, MOEi and MOETi = actual and targeted MOE, 

respectively, of product i, fh,i and fh,T,i= actual (see Section “Embedment strength 

constraint”) and targeted embedment strengths, respectively, of product i, hc and hT = 

actual (see Eq. (31)) and maximum allowable number of hardwood veneers, respectively. 

4.2.3.3 GA flowchart. 

Figure 27 shows the flowchart of the algorithm, following the main characteristics 

of GA-based design (Goldberg, 1989): 

• The initial population in the GA is randomly generated with the structure of

each individual given in Section “Chromosome structure”.

• Half of the population is allowed to enter the mating pool and the roulette

wheel selection method is used.
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• Crossover and mutation operators are performed to create the next generation 

from combining the fittest individuals in the population, as detailed in Sections 

“Crossover operator” and “Mutation operator”. 

• To avoid individual with the same construction strategy but different 

chromosome structures, the chromosomes are ranked in each individual, so 

two identical construction strategies have the same chromosome structure (see 

Section “Chromosome structure”). 

• Elitism is also applied to the optimisation process, i.e. the best two 

construction strategies in each generation are automatically copied to the next 

generation. 

 

 

Figure 27. GA optimisation flowchart 

4.2.3.4 Chromosome structure. 

Each individual in the population is encoded by two chromosomes, with one 

chromosome (C1) representing the orientation of each veneer (0o or 90o), and the other 
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one (C2) representing the veneer grade. As symmetric VBP are considered, only half of 

the products needs to be encoded, so the total number of genes in a chromosome is eight 

(seven symmetric veneers + one middle veneer). Table 12 shows the coding system. The 

orientation genes for veneer orientation (angle of 0o or 90o) are represented by the 

numbers “1” and “2”, respectively, and the numbers “1” to “6” are used to code the veneer 

grades. 

Table 12 Chromosome coding 

Veneer orientation chromosome (C1) 

Angle 0o 90o 

Code 1 2 

Veneer Grade chromosome (C2) 

Grade HH HM HL SH SM SL 

Code 1 2 3 4 5 6 

One example of a chromosome of one individual and its signification is shown in Figure 

28. 

Figure 28. Example of chromosome decoding 

Note that all the genes of each chromosome of an individual are ranked with the 

exception of the last gene. The first seven genes represent the symmetric veneers and the 

last gene the unique middle veneer, as seen in Figure 28. Particularly, the first seven genes 

of chromosome C1 are first ranked from the lowest to highest number (“1” and “2”), then, 

within each veneer orientation of C1, the corresponding numbers of chromosome C2 are 

also ranked from the lowest to highest grade.  
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4.2.3.5 Crossover operator. 

In this work, a one-point crossover is used in which the crossover point is 

randomly generated and is the same for the two chromosomes of an individual, as shown 

in Figure 29. A typical cross-over rate of 80% is chosen in this work. 

Figure 29. Example of crossover operation 

4.2.3.6 Mutation operator. 

For the mutation, a classical mutation is applied to both chromosomes. Each gene 

(integer number) in a chromosome has a probability of 1% to change to any other 

permissible integer number in its code system (excepting its current number). An example 

of a mutated individual is shown in Figure 30. 

Figure 30. Example of mutation operation 

4.2.3.7 Other parameters used. 

The parameters used in the GA were determined by performing parametric 

studies, not reported in this paper. The number of individuals is set to 3,000 per 

generation. Values of penalty factors αfe, αe, αh associated with each constraint were set 

to 50, 50 and 100, respectively. The algorithm is run 10 times to verify its robustness and 

stopped after 150 generations when convergence is always obtained. 
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4.3 Results and discussion 

4.3.1 Convergence. 

The average fitness functions f given in Eq. (32) over 10 runs for Cases I-X to 

demonstrate the convergence and robustness of the algorithm is displayed in Figure 31. 

Generally, Figure 31 shows that about 50 generations are sufficient for the algorithm to 

converge to an optimised solution. The algorithm converged for at least 5 to 6 runs out of 

10 to the same solution. Note that for Cases VIII to X, the algorithm converged to 7 to 8 

out of 10 to the same optimized solution. 

 

Figure 31. Average fitness f for parametric study for Cases I to X 

4.3.2 Optimal construction strategies. 

4.3.2.1 Cases I to IV . 

Table 13 shows the values of the MOE and embedment strength of the fittest 

family out of 10 runs for Cases I to IV. The algorithm typically satisfied the MOE 

constraint, with an error of less than 3%, except for Case I and the product with a target 

MOE of 18.5 GPa. The constraint on the embedment strength is always satisfied, with the 

embedment strength exceeding the target by up to 43%. The optimum solutions fully 
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satisfied the maximum number of SPG veneers set to 35% of the total volume with the 

exception of Case IV (46% of SPG veneers). 

The fittest construction strategies for all cases are presented in Table 14. No cross-

banded plies have been found for the investigated cases, and the majority of veneers in 

the LVL products are of “High” graded SPG and SP, with an average percentage of up to 

46% and 66%, respectively. The higher the target MOE and embedment strength required, 

the higher the percentage of SPG veneer used. 

Table 13 Fittest values for Cases I to IV and SPG and SP products 

Case  
Target values Fittest values out of 10 runs 

MOE(GPa) fh,T(MPa) Pv (%) hT(%) MOE(GPa) fh(MPa) hc(%) 

I 

14 27 20 

35% 

13.989 (-0.07%) 28.7 (6%) 
35 

(0%) 
16 28.5 30 16.043 (0%) 31.4 (10%) 

18.5 30 50 17.057 (-7.8%) 33.4 (11%) 

II 

14 27 20 

35% 

13.989 (-0.1%) 28.7 (6.2%) 
35 

(0%) 
16 28.5 60 16.043 (0%) 31.5 (10%) 

18.5 30 20 18.070 (-2.3%) 35.4 (18%) 

III 

14 27 40 

35% 

14.017 (0.2%) 27.5 (2%) 
35 

(0%)  
16 28.5 30 16.043 (0.3%) 31.5 (10.4%) 

18.5 30 30 18.676 (0.93%) 37.0 (23%) 

IV 

14 27 45 

35% 

14.013 (0.1%) 28.6 (6%) 
46 

(31%) 
16 28.5 45 16.043 (0%) 31.4 (10%) 

18.5 30 10 18.564 (0%) 42.8 (43%) 

Error (%) on MOE, hc and fh is presented in brackets. A negative value indicates that the value is below 

the targeted value 

Table 14 Optimum construction strategies for Cases I to IV and SPG and SP products 

Case 
Fittest solution out of 10 runs Grade percentage (%) 

Cross-layers Non-cross layers HH HM HL SH SM SL

I 

- 2x(HH), 2x(HL),11x(SH) 13 - 13 73 - 

- 5x(HH),10x(SH) 33 - - 67 - - 

- 6x(HH),9x(SH) 40 - - 60 - - 

II 

- 2x(HH), 2x(HL),11x(SH) 13 - 13 73 - - 

- 5x(HH),10x(SH) 33 - - 67 - - 

- 7x(HH),8x(SH) 47 - - 53 - - 

III 

- 3x(HH),12x(SH) 20 - - 80 - - 

- 5x(HH),10x(SH) 33 - - 67 - - 

- 8x(HH),4x(SH),3x(SM) 53 - - 27 20 - 

IV 

- 4x(HH),6x(SH),3x(SM),2x(SL) 27 - - 40 20 13 

- 5x(HH),10x(SH) 33 - - 67 - - 

- 4x(HH), 8x(HL), 3x(SH) 27 - 53 - 20 -
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4.3.2.2 Cases V to VII. 

The fittest values for optimisation Cases V to VII are given in Table 15. The 

algorithm typically satisfied the constraints with a maximum error of less than 8.5% on 

the MOE and up to 10% on the embedment strength. The optimum solution fully satisfied 

the SPG proportion target of 35%. Table 16 shows the optimum construction strategies 

for Cases V to VII. Cross-banded layers (LVL-C) are found in these cases and are 

generally made of “Low” and “High” graded SP veneers. Non-crossbanded plies are 

mainly made of “high “graded SP and SPG veneers. For Cases V to VII, the third product 

in a family does not need cross-banded plies to satisfy their constraints.  

Table 15 Fittest values for Cases V to VII and SPG and SP products 

Case 

Target value Fittest values out of 10 runs 

MOE 

(GPa) 
fh,T(MPa) 

Pv 

(%) 

hT 

(%) 
MOE (GPa) fh (MPa) hc (%) 

V 

14 31 40 

35% 

14.330 (2.3%) 30.6 (-1.2%) 

35 (0%) 16 33 30 16.522 (3.2%) 33.0 (0%) 

18.5 34.5 30 17.057 (-7.8%) 33.4 (-3%) 

VI 

14 32.5 40 

35% 

13.643 (-2.5%) 31.6 (-2.7%) 

35 (0%) 16 34 30 14.625 (-8.5%) 33.4 (-1.7%) 

18.5 36 30 18.070 (-2.3%) 35.4 (-1.6%) 

VII 

14 34 40 

35% 

13.643(-2.5%) 31.6 (-7%) 

35 (0%) 16 35.5 30 15.638(-2.2%) 35.3 (-0.3%) 

18.5 37.5 30 17.057(-7.8%) 33.4 (-10%) 

Error (%) on MOE,hc and fh is presented in brackets; A negative value indicates that the value is below 

the targeted value 

Table 16 Optimum construction strategies for Cases V to VII and SPG and SP products 

Case 
Fittest solution out of 10 runs Grade percentage (%) 

Cross-layers Non-cross layers HH HM HL SH SM SL

V 

2x(SL) 4x(HH),9x(SH) 27 - - 60 - 13 

1x(SL) 6x(HH),6x(SH),2x(SM) 40 - - 40 13 7 

- 6x(HH), 9x(SH) 40 - - 60 - - 

VI 

2x(SH) 4x(HH), 9x(SH) 27 - - 73 - - 

2x(SL) 5x(HH), 8x(SH) 33 - - 53 - 13 

- 7x(HH), 8x(SH) 47 - - 53 - - 

VII 

2x(SH) 4x(HH), 9x(SH) 27 - - 73 - - 

2x(SL) 6x(HH), 7x(SH) 40 - - 47 - 13 

- 6x(HH), 9x(SH) 40 - - 60 - - 

4.3.2.3 Cases VIII to X. 

Table 17 shows the fittest values for optimisation Cases VIII to X. The algorithm 

typically satisfied the constraints with a maximum error of less than 3% for MOE. The 
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embedment strength constraints are always satisfied, and the obtained values are up to 

6.6% greater than the targets. The optimum solutions always fully satisfied the number 

of maximum SPG veneers, set to 45%. 

The optimum construction strategies for Cases VIII to X are given in Table 18. 

Although the “High” grade is predominant in the SPG and SP veneers, there is an increase 

of the “Medium” and “Low” graded SP veneers found in each construction strategies 

when compared to Cases I to VII. The “Medium” and “Low” graded SP veneers represent 

on average up to 24% and 13% of the total number of veneers, respectively.  

Table 17 Fittest values for Cases VIII to X and SPG and SP products 

Case 

Target value Fittest values out of 10 runs 

MOE 

(GPa) 
fh,T(MPa) 

Pv 

(%) 

hT 

(%) 
MOE (GPa) fh (MPa) hc (%) 

VIII 

14 31 40 

45% 

14.020 (0.2%) 31.4 (1.3%) 

45 (0%) 16 33 30 16.076 (0.4%) 34.2 (3.6%) 

18.5 34.5 30 18.500 (0%) 36.8 (6.6%) 

IX 

14 32.5 40 

45% 

14 (0%) 33.0 (1.5%) 

45 (0%) 16 34 30 16.076 (.04%) 34.0 (0%) 

18.5 36 30 18.5 (0%) 36.8 (2.2%) 

X 

14 34 40 

45% 

13.643 (-2.5%) 34.0 (0%) 

45 (0%) 16 35.5 30 15.638 (-2.2%) 35.5 (0%) 

18.5 37.5 30 18.374 (-1%) 38.3 (2.1%) 

Error (%) on MOE,hc and fh is presented in brackets; A negative value indicates that the value is below 

the targeted value 

Table 18 Optimum construction strategies for Cases VIII to X and SPG and SP products 

Case 
Fittest solution out of 10 runs Grade percentage (%) 

Cross-layers Non-cross layers HH HM HL SH SM SL

VIII 

- 2x(HH), 4x(HL),2x(SH), 7x(SM) 13 - 27 13 47 - 

1x(SL) 6x(HH),6x(SH),2x(SM) 40 - - 40 13 7 

- 8x(HH),4x(SH),2x(SM),1x(SL) 53 - - 27 13 7 

IX 

1x(SL) 2x(HH), 2x(HL),6x(SH), 2x(SM) 13 - 27 40 13 7 

1x(SL) 6x(HH),6x(SH),2x(SM) 40 - - 40 13 7 

- 8x(HH),4x(SH),2x(SM),1x(SL) 53 - - 27 13 7 

X 

2x(SL) 4x(HH), 2x(HL),4x(SH), 2x(SM),1x(SL) 27 - 13 27 13 20 

2x(SL) 6x(HH),7x(SH) 40 - - 47 - 13 

- 8x(HH), 6x(SH), 1x(SL) 53 - - 40 - 7 
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4.3.3 Methodology validation. 

In this section, the accuracy of the proposed methodology is verified on 12-ply 

LVL and 12-ply LVL-C “optimised” mixed species SPG and HP products. Note that at 

the start of the collaborative project between the industry and the QLD Government (see 

Section “Wood species and characteristics”), the industry incentive was to use SPG and 

SP logs. The methodology presented in this paper was developed and the algorithm 

therefore extensively ran to optimise for these two species, as illustrated in the paper. 

However, when time to manufacture the “optimised” products came, there was a shift in 

the project scope and an industrial need to now utilise the same SPG veneers but mixed 

with plantation Hoop Pine veneers. Therefore, the developed methodology was applied 

to these two species, but only selected optimisation cases were run. The optimised 

products were manufactured and tested in edge bending and embedment strength at a 

load-to-grain angle of 0°.  

First, the material properties of the HP veneers used in the algorithm and 

manufacture are presented for information. Second, the “optimised” manufactured 

strategies are presented. Finally, the edge bending, and embedment strength of the 

“optimised” manufactured products are compared to the “optimised” targeted properties. 

Note that the change of input properties of the veneers resulted in different optimised 

solutions but did not change the optimisation process. Therefore, the optimisation process 

did not have to be revised to include the properties of hoop pine 

4.3.3.1 Hoop pine veneers. 

246 HP veneer sheets of 3.0 mm nominal thickness were used to find the 

distribution of veneers to be expected in the mill and the relationship between the dynamic 

MOE and density. These sheets were selected from the production line of a commercial 

veneer manufacturer and estimated to come from eight different logs. Similar to the SPG 
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and SP veneers, the dynamic MOE of the veneers was measured using a non-destructive 

acoustic resonance method (CIRAD, 2018) 

The density 
HP

  of a HP veneer (in kg/m3) is estimated herein from its dynamic 

MOE using the linear interpolations shown in Figure 10. The correlation (R2 = 0.03) is 

significantly weaker than the SP species and this would affect the accuracy of the model 

 
0

0.0025 446
HP

MOE = +  (33) 

 

Figure 32. The relationship between density and dynamic MOE of HP species 

For HP species, the cut-off values between the Low-Medium and Medium-High 

grades represent the 33th and 66th percentile values of the MOE cumulative distribution 

function and are is given in Table 19. The grades are referred to as “Low”, “Medium” 

and “High” of which are termed similarly to the SP veneers “SL”, “SM” and “SH”. The 

average MOE value per grade used as input value in the model are also given in Table 

19.  

Table 19 MOE cut-off values based on dynamic MOE for each wood species 

Species Grade MOE threshold (MPa) Average MOE (MPa) 

Hoop pine 

Low MOE < 11,300 9,600 

Medium 11,300 ≤ MOE < 13,100 12,150 

High 13,100 ≤ MOE ≤18,716 14,700 
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4.3.3.2 Optimised strategies. 

To manufacture the products, optimisation Cases III and V given in Table 11 were 

run with the SPG and HP veneers. The fittest values for both cases are given in Table 20. 

The algorithm always satisfied the constraints on the MOE, embedment strength and 

maximum number of SPG veneers. The optimum construction strategies are given in 

Table 21 

4.3.3.3 Validation of the algorithm. 

Only the 1st “optimised” product of each Case in Table 21 was chosen to be 

manufactured. Three LVL panels of dimensions equal to 1,200 mm × 1,200 mm for each 

construction strategy were hot-pressed using a melamine urea formaldehyde (Hexion 

M8188) structural adhesive. For each panel, the veneers in a grade were randomly chosen. 

Note that one panel for Case V experienced gluing problems during the manufacturing 

process and was disregarded. After manufacturing, two beams (1,200 mm × 60 mm) were 

cut from each panel and tested on edge bending following the Australian New-Zealand 

standard AS/NZS 4357.2 (2006). i.e. with a distance between supports of 1,080 mm. Two 

120 mm × 85 mm samples were also cut from each panel and tested for embedment 

strength at a load-to-grain angle of 0° and a dowel diameter of 16 mm, following the half-

hole embedment strength recommendations in the ASTM D5764-97a. Before testing, all 

test samples were conditioned at 20°C and 65% relative humidity. Table 20 gives the 

average measured static apparent edge bending MOE (Eb_e), bending strength (fb_e) and 

5%-offset embedment strength fh-test  per product type. The coefficient of variation for 

each type of test is also given in the table. 

The measured static MOE of the two products satisfies the targeted MOE and is 

on average 15% and 8.5% higher than the targeted MOE for Cases III and V, respectively. 

In terms of the embedment strength, the experimental results were found to fully satisfy 
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the targeted embedment strengths and be 110% and 83% higher than the targeted values 

for Cases III and V, respectively. This significant difference may be due to (i) the 

accuracy of the embedment strength equations in the EC5 which have not been verified 

yet for mixed species LVL and LVL-C, (ii) the conservatism of the EC5 equations when 

used to calculate the embedment strength of SPG veneered-based products (Nguyen, 

Gilbert, McGavin, Bailleres, et al., 2019) and (iii) the low correlation between the MOE 

and density (Eqs ((28(33) ). The embedment strength predicting equations could be 

refined in the algorithm when more accurate equations are available for the veneered-

based products under consideration in the paper. Anyhow, the manufactured products 

fully satisfied the constraints, validating the methodology. 

Table 20 Comparison the experimental and fittest value of the model for selected 

products 

Case 

Target values Fittest values out of 10 runs Experimental values 

MOE 

(GPa) 
fh,T(MPa) 

hT 

(%) 
MOE(GPa) fh(MPa) hc(%) 

Eb_e 

(GPa) 

fb_e 

(MPa) 

fh-test 

(MPa) 

III 

14 27 

35% 

14.680 (5%) 28.5 (5%) 

35 

(0%) 

16.097 

(6%) 

94.3 

(4.5%) 

56.5 

(7%) 

16 28.5 
15.982 

(-0.1%) 

28.97 

(1.5%) 
- - - 

18.5 30 
18.524 

(0.2%) 

29.95 (-

0.2%) 
- - - 

V 

14 31 

35% 

14.034 

(0.2%) 
30.7 (-1%) 

35 

(0%) 

15.180 

(4%) 

93.4 

(3%) 

56.7 

(3%) 

16 33 16.154 (1%) 32 (-3) - - - 

18.5 34.5 
18.099 

(-2%) 
30 (-13%) - - - 

Fittest values: Error (%) on MOE, hc and fh is presented in brackets. A negative value indicates that the 

value is below the targeted value 

Experimental values: Coefficient of variation (%) presented in bracket 
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Table 21 Optimum construction strategies for selected products 

Case 
Fittest solution out of 10 runs Grade percentage (%) 

Cross-layers Non-cross layers HH HM HL SH SM SL

 III 

- 2x(HH), 2x(HL),2x(SH), 6x(SL) 16.6 16.6 - 16.6 - 50 

- 4x(HH),2x(SH), 6x(SL) 33.3 - - 16.6 - 50 

- 4x(HH), 8x(SH) 33.3 - - 66.6 - - 

V 

2x(SL) 4x(HH), 2x(SM),4x(SL) 33.3 - - - 16.7 50 

2x(SL) 4x(HH),6x(SH) 33.3 - - 50 - 16.6 

- 4x(HH), 6x(SH),2x(SM) 33.3 - - 50 16.6 - 

4.4 Conclusions 

The paper presented a tool, using genetic algorithm, to optimise the construction 

strategy of mixed-species LVL and LVL-C. The objective is to minimise the cost of a 

family of products subjected to different targeted stiffness and embedment strength, and 

a maximum allowable number of hardwood veneers. SPG and SP veneers were used to 

illustrate the potential of the algorithm. In total, three main construction strategies were 

analysed and consisted of (i) products with a maximum of 35% of SPG veneers in the 

overall manufacturing volume and having similar stiffness and embedment strength to 

commercially available products (Cases I to IV), (ii) products with and a maximum of 

35% of SPG veneers in the overall manufacturing volume and having similar stiffness to 

commercially available products but higher embedment strength (Cases V to VII) and 

(iii) same as (ii) but with and a maximum of 45% of SPG veneers in the overall

manufacturing volume (Cases VIII to X). The main conclusions are summarised 

below and may provide guidance on manufacturing structural LVL and LVL-C from SPG 

and SP veneers in further research. 

• For all cases, the robustness of the algorithm was demonstrated by the

consistency of the construction strategies of the optimized products over 10

runs.
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• Regarding the different investigated cases, the construction strategy depends

on the choice of the input parameters. Only LVL products were found when

optimising for Cases I to IV. However, LVL-C were solely found in all other

investigated cases. The cross-banded veneers were generally consisted of

“Low” and “High” graded SP veneers. For all cases, the “high” MOE graded

SPG and SP veneers were found to be predominant in the final products.

• Results showed that increasing the number of hardwood veneers to 45% of the

overall manufacturing volume (Cases VIII to X) instead of 35% (Cases I to

VII) resulted in an increase utilization of the “Medium” and “Low” graded SP

veneers. The “Medium” and “Low” graded SP veneers represented on average 

up to 24% and 13% of the total number of veneers, respectively. 

• The accuracy of the algorithm was verified against manufactured “optimised”

LVL and LVL-C from which the edge bending and 5%-offset embedment

strength was determined. The manufactured products were found to fully

satisfy the constraints.
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Key mechanical properties of cross-banded laminated veneer lumbers 

manufactured from blending spotted gum and hoop pine veneers 

Abstract 

The key objectives of this work are to (i) investigate the mechanical properties of 

cross-banded Laminated Veneer Lumbers (LVL-C) manufactured from blending veneers 

recovered from sub-optimal native forest spotted gum  and plantation hoop pine  logs and 

(ii) compare their performance relative to either Laminated Veneer Lumbers (LVL)

manufactured from the same species or commercially available LVL-C. Especially, this 

work focuses on LVL-C construction strategies derived from an optimisation algorithm 

which aims at producing final products of given grades while optimising the use of the 

available resources. Veneers were peeled from spotted gum and hoop pine logs and 

separated into three grades based on their dynamic Modulus of Elasticity (MOE). 

Additionally, spotted gum veneers were visually graded to verify if a relationship exists 

between the MOE-based and visual grades. In total, six 12-ply reference LVL (three 

single-species and three mixed-species) and six mixed-species 12 ply LVL-C panels were 

manufactured. Samples were cut from each panel to assess their (i) flatwise and edgewise 

bending static MOE and Modulus of Rupture (MOR), (ii) bearing and tension strength 

perpendicular to the grain and (iii) longitudinal-tangential shear strength. The results 

demonstrated that little correlation exists between MOE-based and visual grades for the 

spotted gum veneers. The LVL-C showed flatwise and edgewise MOE and MOR up to 

19% and 28% lower, respectively, than the reference mixed-species LVL, but up to 27% 

and 15% higher, respectively, than the reference single-species hoop pine LVL. On 

average, the tensile and bearing strengths of the LVL-C were observed to be significantly 

higher than  the reference single-species hoop pine and mixed-species LVL, with the 

former being approximately three times higher. When compared to commercial LVL-C 
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products, the investigated LVL-C showed significantly higher bending properties, tensile 

and bearing strength perpendicular to the grain. 

Keywords: cross-banded laminated veneer lumber, mixing species, sub-optimal native 

forest logs 

5.1 Introduction 

From sustainably managed native Australian forests, a volume of small-diameter 

(less than 30 cm in diameter at breast height) spotted gum hardwood logs is potentially 

available. However, this resource is currently considered sub-optimal in quality due to 

incompatibility with traditional converting techniques, and therefore attracts minimal or 

no value. This has resulted in the resource not been fully utilised (McGavin & Leggate, 

2019). This species is known for its high mechanical properties and durability (Bootle, 

2005), and therefore could be used for structural applications. To process such small 

diameter logs, relatively new spindle-less rotary veneer technology has been 

demonstrated to be efficient means to convert this log type, recovering up to 70% of the 

log into veneers which have properties well suited to structural veneer-based products 

(VBP) (McGavin, Bailleres, Lane, Blackburn, et al., 2014; McGavin & Leggate, 2019).  

While the volume of the above SPG logs is limited, a large volume of HP  

softwood plantation logs are available, with HP being one of the well-established 

commercial plantation trees in Queensland. A potential commercialisation opportunity 

for the small quantity of rotary-peeled veneers from small-diameter native SPG logs is 

currently being investigated through a strategy of blending SPG and HP veneers to 

produce laminated veneer lumbers (LVL) and cross-banded laminated veneer lumbers 

(LVL-C) (McGavin & Leggate, 2019; Nguyen, Gilbert, McGavin, & Bailleres, 2019). It 

has been proven that mixing these two species into LVL and LVL-C results in products 

with structural characteristics which are comparable or superior to currently 
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commercialised VBP (McGavin et al., 2019; Nguyen, Gilbert, McGavin, & Bailleres, 

2019). However, the number and grade of SPG and HP veneers used to manufacture the 

products in these studies were chosen to provide benchmark performance data using 

generic product construction strategies and identified opportunities for further 

optimisation. To further pursue this opportunity, Nguyen, Gilbert, McGavin, and 

Bailleres (2019) developed a tool to optimise the use of given resources while targeting 

final grades of products. Yet, the optimum LVL-C products resulted from this 

optimisation tool were not fully tested. Although in Nguyen, Gilbert, McGavin, and 

Bailleres (2019), dynamic Modulus of Elasticity (MOE)-based veneer grading was 

adopted to optimise the products, visual grading is still widely accepted for veneer-based 

products in Australia (McGavin, Bailleres, Lane, Fehrmann, et al., 2014; McGavin & 

Leggate, 2019) and research is still needed to understand the relationship between MOE-

based veneer grading for the SPG veneers and the visual grading method. 

Consequently, the key objectives of this work are to: (i) evaluate the difference 

between visual-grading and MOE-grading methods when applied to SPG veneers rotary 

peeled from small-diameter logs; (ii) examine the mechanical properties (density, 

edgewise and flatwise bending static MOE and Modulus of Rupture (MOR), tension and 

bearing strength perpendicular to the grain, and longitudinal-tangential shear strength) of 

optimised LVL-C products manufactured by blending SPG and HP veneers, and (iii) 

compare the measured properties to those of LVL manufactured from SPG and HP 

veneers or commercially available LVL-C. 

LVL-C was targeted in this study to overcome the low mechanical properties 

perpendicular to the grain typically encountered in LVL, resulting in the possibility of 

premature splitting failure in structural connections (Kobel, Steiger, et al., 2014). 

Especially, relevant to this study, low tension perpendicular to the grain capacity (about 
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1-1.5MPa) were reported for veneer-based products manufactured from small-diameter 

plantation-grown SPG logs (Gilbert, Husson, et al., 2018).  

This paper is part of various Australian projects aiming at developing a market for 

forest resources with sized and qualities considered inadequate to be efficiently 

processed, see McGavin et al. (2013), Gilbert et al. (2014), Gilbert, Underhill, et al. 

(2018) and McGavin et al. (2019) for instance 

5.2 Methodology 

5.2.1 Timber used. 

As part of a collaborative project between the timber industry and the Queensland 

government, aiming at transforming lower-value logs into high-performance engineered 

wood products, small diameter native forest SPG and commercial plantation HP logs 

were rotary peeled using spindle-less rotary veneer lathes into nominal 3.0 mm thick 

veneers. In total 60 SPG logs were peeled and produced the feedstock for the LVL 

manufacturing. A sub-set of 163 SPG veneer sheets of 1.5 m × 2.6 m were taken from the 

recovered veneers, whereas 246 HP veneer sheets of 1.5 m × 2.6 m were selected from 

the production line of a commercial veneer manufacturer. The details (age of the trees, 

breast height diameter, number of trees, etc.) of the SPG resource and processing 

information has been previously reported by McGavin and Leggate (2019). Resource 

information was not available for the HP as the veneers were collected from within a 

commercial process. After peeling, the veneer sheets were dried to a target moisture 

content of 8%. 

5.2.2 Veneer grading. 

The dried SPG veneers were visually graded first and their dynamic MOE was then 

measured. For the HP veneers, only their dynamic MOE was measured.  
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Visual grading of each 1.5 m × 2.6 m SPG veneers was undertaken in accordance 

with Australian and New Zealand Standard AS/NZS 2269.0 (2012). This standard 

separated veneers into the following grades: A (high-quality appearance), B, C, D and 

reject F-grade, based on the presence and severity of defects. This grading process is well 

accepted by the Australian veneer industry and similar systems exist internationally 

(Leggate et al., 2017; McGavin & Leggate, 2019; Wang & Dai, 2013).  

To measure the dynamic MOE parallel to the grain (EL_Veneer) of the SPG and HP 

veneers, a 200 mm (tangential direction) x 1,200 mm (longitudinal direction) strip was 

cut from each veneer sheet. An acoustic natural-vibration method (Brancheriau & 

Baillères, 2002; CIRAD, 2018) was used to measure the dynamic MOE of each strip, 

following the procedure as detailed in McGavin et al. (2019). The longitudinal natural 

frequency of the strip were recorded and analysed using the software Beam Identification 

by Non-destructive Grading (CIRAD, 2018). For each species, three grades, referred to 

as Low, Medium and High, were determined and equally divided the veneers into three 

bins. The MOE cut-off values between grades were the 33rd and 66th percentile values of 

the cumulative distributive function of each species. The MOE cut-off values and the 

grade notations for the two species followed the methodology reported by Nguyen, 

Gilbert, McGavin, and Bailleres (2019), and given in Table 22.  

To assess the correlation between MOE-based and visual grading, the distribution 

of MOE-based grades (i.e. “Low”, “Medium” and “High”) in each visual grade (i.e. A, B 

C, D and F) is compared. 
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Table 22 Veneer MOE grading  

Species Grade MOE threshold 

Spotted Gum 

SPGL MOE < 20,340 

SPGM 20,340 ≤ MOE<23,750 

SPGH MOE ≥ 23,750 

Hoop Pine 

HPL MOE < 11,300 

HPM 11,300≤ MOE <13,100 

HPH MOE ≥ 13,100 

 

5.2.3 Construction strategies and LVL manufacturing. 

Two different construction strategies for both the reference 12-ply LVL and 

optimised 12-ply LVL-C were investigated and are shown in Figure 33. They consist of 

one single-species reference HP LVL, one mixed-species reference LVL and two mixed-

species LVL-C. The construction strategies are detailed as follow: 

• Strategy LVL7 consisted of a reference LVL manufactured from HP veneers 

only. All veneers have a dynamic MOE greater than 13.1 GPa (High grade).  

• Strategy LVL8 consisted of a reference LVL with eight HP veneers of 

different grades (6 × Low grade (MOE < 11.3 GPa) and 2 × High grade (MOE 

> 13.1 GPa)) in core and two SPG veneers (one High grade (MOE ≥ 23.7 GPa) 

and one Low grade (MOE < 20.3 GPa)) on each face. In the optimisation 

process (Nguyen, Gilbert, McGavin, & Bailleres, 2019), this strategy aimed 

at targeting a final product with an edgewise bending MOE greater than 14 

GPa while maximising the use of Low-grade HP veneers and minimising the 

use of High-grade SPG veneers. 

• Strategy LVL-C1 consisted of mixed-species LVL-C with eight HP veneers 

of different grades (6 × Low grade and 2 × Medium grade (11.3 GPa ≤ MOE 

< 13.1 GPa) in core and two High-grade SPG (MOE > 23.7 GPa) veneers on 

each face. Two out of the six Low-grade HP veneers were rotated 90o (cross-
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banded veneers). LVL-C1 aimed at minimising the use of High-grade SPG 

veneers while targeting average edge bending dynamic MOE greater than 14 

GPa (Nguyen, Gilbert, McGavin, & Bailleres, 2019). 

• Strategy LVL-C2 consisted of mixed-species LVL-C which were 

manufactured from the exact same veneer sheets used in the manufacture of 

LVL8, but with two HP veneers rotated 90o. This allows a direct comparison 

between the two products.  

 

Figure 33. Construction strategies of LVL and LVL-C 

5.2.4 Panel manufacturing. 

Three panels per construction strategy, i.e. total of 12 panels with a targeted 

thickness of 36 mm, were manufactured. The veneers were bonded with a commercial 

melamine urea formaldehyde (MUF) adhesive with a glue spread level of 400 g/m2 per 

glue line. This adhesive was selected to achieve a B-bond glue line as outlined in 

Australian Standard AS/NZS 2754.1 (2016). The panels were pre-pressed with an open 

assembly time of 22 minutes (measured from adhesive application to the first veneer to 

when pressure was applied in the press) and hot-pressed at 1.1 MPa and at a temperature 

of 135oC during 26 minutes. After hot-pressing, the panels were stacked for two weeks 

for post curing. 

Two panels (one for Strategy LVL-C1 and one for Strategy LVL-C2) experienced 

gluing problems during the manufacturing process and were discarded. 
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5.2.5 Test samples and test set-up for mechanical properties. 

After manufacturing, samples were cut from each panel to experimentally assess 

their (1) static edgewise bending MOE (Eb_e), (2) static flatwise bending MOE (Eb_f), (3) 

edgewise bending MOR (fb_e), (4) flatwise bending MOR (fb_f), (5) tension perpendicular 

to grain strength (ft_⊥), (6) bearing perpendicular to grain strength (fc_⊥) and (7) 

longitudinal-tangential shear strengths (fs ) following the cutting patterns reported by 

McGavin et al. (2019).  

The samples were conditioned at 20°C and 65% relative humidity before being 

tested, following the recommendations in the Australian standard AS/NZS 4357.2 (2006). 

Bearing and tension samples tested perpendicular to the grain were weighed immediately 

after being tested to calculate the moisture content of the timber at the time of testing, 

following the over-dry methodology in the Australian and New Zealand standard 

AS/NZS 1080.1 (2012). Similarly, for bending samples, a 25 mm long piece was cut from 

each sample and weighed immediately after testing to determine the moisture content of 

the samples. 

For all LVL and LVL-C samples, the thickness (tLVL) of each panel was measured 

by averaging the thickness of all the test samples cut from the same panel. The same 

calculation was applied for density and moisture content (MC).  

Note that due to the nature of rotary peel veneers the perpendicular direction to 

the grain corresponds to the tangential direction of the wooden material. The testing 

methodology for each test are described in the following subsections. 

5.2.5.1 Edgewise and flatwise bending strength and static MOE 

The static bending tests were conducted in accordance with the Australian 

standard AS/NZS 4357.2 (2006) using a four-point bending test set-up. From each panel, 

two 60 mm (height) × 1,200 mm (long) samples were tested in the edgewise bending and 
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two 100 mm (wide) × 800 mm (long) samples were tested in flatwise bending in a  

Shimadzu Universal Testing Machine (AG-100X) at a stroke rate of 5 mm/min to reach 

failure between 3 and 5 minutes. The apparent static MOE was determined from the 

measurement of the mid-span vertical displacement, measured with a digital camera 

(Figure 34(a-c)), of the samples as, 

 3

3

23

108
elas

L
MOE K

b d


=

 
 

(34) 

where L is the total span, d and b are the measured depth and width of the samples, 

respectively, and Kelas is the elastic stiffness of the load-displacement curve, calculated 

herein by performing a linear regression on the linear part of the curve.  

The MOR of the samples is calculated as: 
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where Fult is the ultimate load.  
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(a) 

  

(b) (c) 

Figure 34. Static bending test set-up, (a) schematic and (b-c) photos 

5.2.5.2 Tensile strength perpendicular to the grain. 

The tensile strength perpendicular to the grain was determined following the 

configuration in the ASTM D143-14 (2014) that was developed for solid timber 

specimens. The procedure was successfully adopted in the literature to LVL samples 

(Ardalany et al., 2011; Gilbert, Husson, et al., 2018). Three samples were cut per panel 

to the dimensions given in Figure 35a. The samples were then inserted into an aluminium 

jig as shown in Figure 35b. The jig was gripped in the jaw of a 30 kN capacity Lloyd 

universal testing machine which was driven in displacement control, at a stroke rate of 

2.5 mm/min, to reach failure between 1 and 3 minutes. The tensile strength perpendicular 

to grain ft_⊥ of the samples is calculated as, 
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where Fult is the ultimate applied force, and w and t are measured width and thickness of 

the sample, respectively. w is measured at the minimum cross-sectional width in Figure 

35, with nominal w equal to 25 mm. 

(a) (b) 

Figure 35. Tension perpendicular to grain test set-up, (a) schematic and (b) photo 

5.2.5.3 Bearing strength perpendicular to the grain. 

Bearing strength perpendicular to the grain was determined using the bearing 

strength test method from Australian Standard AS/NZS 4063.1:2010 (2010). Two 70 mm 

(height) × 200 mm (long) test samples were cut from each panel. The tests were conducted 

in a Shimadzu Universal Testing Machine and the load was applied at a speed rate of 1.0 

mm/minute to reach failure between 2 and 5 minutes. The load was transferred to the 

samples through a metal bearing plate of 50 mm in width placed across the upper surface 

of the samples at equal distances from the ends of the sample (Figure 36).  
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The bearing strength perpendicular to the grain fc_⊥ is calculated from the 

following equation: 
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f

b
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(37) 

where Fp is the value of applied load corresponding to a 2.0 mm deformation, b is the 

breadth of the test piece. Note that the displacement of the stroke of the testing machine 

was taken as the deformation of the testing sample. 

 

 

(a) (b) 

Figure 36. Bearing perpendicular to grain test set-up, (a) schematic and (b) photo 

5.2.5.4 Longitudinal-tangential shear strength. 

Longitudinal-tangential shear strength testing was conducted in accordance with 

Australian Standard AS/NZS 4063.1 (2010). Two 70 mm (height) x 570 mm (long) 

samples were cut per panel and tested using a three-point bending test set-up, as shown 

in Figure 37. The shear strength fs of a sample is calculated from the following equation: 
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(38) 

where Fult is the ultimate value of the applied load, b and d are the measured width and 

depth of the cross-section, respectively.  
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(a) (b) 

Figure 37. Longitudinal-tangential shear test set-up, (a) schematic and (b) photo 

5.2.6 Commercial LVL-C used for comparison. 

The mechanical properties of the investigated LVL-C are compared in this paper 

to product literature for commercially available 11-ply LVL-C products, namely Kerto-

Q and STEICO LVL X manufactured from Metsä wood company (Metsä Wood company, 

2019), and STEICO company (STEICO group, 2019), respectively. These LVL-C 

products included two cross-banded veneers and were manufactured from spruce (Picea 

abies) or pine (Pinus sylvestris) veneers of nominal thickness 3 mm.  

5.3 Results and discussion 

5.3.1 Veneer grading. 

Figure 38 presents the visual-grading distribution of SPG veneers with 3%, 6% 

and 70% of veneer sheets being classified into B-grade, C-grade and D-grade, 

respectively. The remaining veneers were classified into F Reject. No veneers were 

graded into A-grade. 

Figure 39 plots the distribution of MOE-based grades for each visual grade and 

indicates that there is limited correlation between visual-grading and the MOE-based 

grading, especially for C-grade and below. Veneers visually graded as B-grade were all 
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Testing 
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graded as having high MOE, while C-grade, D-grade and F-grade had a relatively uniform 

distribution of Low, Medium and High dynamic MOE graded veneers. This suggests 

there is limited opportunity for a commercial product manufacturer to utilise a visual 

grading system to target veneers with specific veneer stiffness properties. 

Figure 38. SPG veneer visual grade distribution 

Figure 39. Correlation between visual grading and MOE grading of SPG veneers 

5.3.2 Panel thickness and moisture content. 

The average thickness, density and moisture content at the time of testing for all 

panels are summarised in Table 23. The mean oven-dry moisture content at the time of 

testing for all investigated products ranges from 11.5% to 13.6%.  
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Table 23 Physical properties of LVL-C and LVL 

Types Panel 
 

Thickness tLVL Moisture content Density 

Average (mm) CoV (%) Average (%) 
CoV 

(%) 

Average 

(kg/m3) 

CoV 

(%) 

LVL7 
 

1 33.2 3.05 12.7 2.26 629 1.55 

2 33.7 2.47 13.1 2.30 658 1.40 

3 33.0 1.69 13.6 5.27 637 2.60 

Ave. 33.4  13.1  648  

LVL8 
 

1 34.8 2.24 11.8 2.23 779 2.32 

2 34.5 1.15 12.5 2.88 805 2.10 

3 34.4 0.67 12.2 2.26 780 2.09 

Ave. 34.5  12.2  788  

LVL-C1 
 

1 35.0 3.60 12.3 1.31 766 2.85 

2 34.9 1.44 11.8 4.20 793 1.40 

Ave. 35.0  12  780  

LVL-C2 
 

1 34.4 3.80 12.1 2.07 746 2.80 

2 33.8 0.88 11.5 1.97 756 2.30 

Ave. 34.1  11.8  751  

 

5.3.2.1 Edgewise and flatwise bending test results.  

Table 24 shows the calculated static MOE and MOR for both flatwise and 

edgewise bending for all investigated products. Due to LVL8, LVL-C1 and LVL-C2 

construction strategies which use high MOE veneers as face veneers, their static flatwise 

bending MOE Eb_f was found to be 20% higher on average than the corresponding static 

edgewise bending MOE Eb_e. The average flatwise and edgewise bending MOE value 

of the single-species HP LVL7 was up to 29% and 12% lower, respectively, than the 

mixed-species LVL and LVL-C. Despite sharing the same veneers in the manufacture, 

LVL8 had an edgewise and flatwise bending MOE 12% and 24% higher, respectively, 

than LVL-C2. This indicates a relatively large contribution of the two cross-banded Low 

MOE HP veneers on the stiffness of the products. Due to the High MOE SPG face 

veneers, LVL-C1 showed higher MOE values than LVL-C2. 



143 

On average, the MOR of the investigated products was significantly higher for 

flatwise bending than edgewise bending, as shown in Table 24. Due to the strategic 

positioning of higher MOE veneers on the faces than in the core, LVL8 had the average 

highest flatwise MOR value of 144 MPa, followed by LVL-C1 with the value of 126.4 

MPa. However, both the edgewise and flatwise bending MOR values of single-species 

HP LVL7 were observed to be higher (up to 8.2%) than the cross-banded LVL-C2. LVL-

C2 also showed an edgewise and flatwise MOR about 20% lower than LVL8, as detailed 

in Table 3. These results compare to previous studies on single-species LVL-C  (Kawazoe 

et al., 2006; Kobel, Steiger, et al., 2014). 

When compared to commercial LVL-C products (see Table 24), the average 

flatwise bending MOE and MOR, of the two investigated LVL-C were found to be up to 

72% and 251% higher than the single cross-banded Kerto-Q LVL, with thickness of 27 

to 69 mm, (Metsä Wood company, 2019) and single cross-banded STEICO LVL-X 

(STEICO group, 2019). The values for edgewise bending were up to 44% (MOE) and 

191% (MOR) higher than the commercialised LVL-C products.   
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Table 24 Mechanical properties of investigated products versus commercial LVL-C 

products 

Type 

 

Panel 

 

Flatwise bending Edgewise bending Tension 

strength  

(ft_⊥) 

(MPa) 

Bearing 

strength 

(fc_⊥)  

(MPa) 

Shear 

strength 

(fs) 

(MPa) 

MOE 

(Eb_f ) 

(MPa) 

MOR 

(fb_f) 

(MPa) 

MOE 

(Eb_e) 

(MPa) 

MOR 

(fb_e) 

 (MPa) 

LVL7 
 

1 13,911 94.7 14,233 89.1 2.72 14.05 9.6 

2 14,481 112.6 14,314 84.9 2.92 15.85 12.2 

3 14,433 120.6 14,094 81.7 2.56 18.56 10.7 

Ave. 
14,274 

 (4%) 

109.3 

(11.4%) 

14,213 

(1.2%) 

85.2 

(6.4%) 

2.74 

(11.6%) 

16.15 

(13.6%) 

10.8 

(22.6%) 

LVL8 
 

1 20,575 131.1 16,411 92.5 3.66 19.83 16.9 

2 20,214 155.5 15,431 95.2 2.97 19.98 9.3 

3 19,605 146.6 16,764 93.4 3.15 18.29 10.1 

Ave. 
20,131 

(5%) 

144.4 

(9.5%) 

16,202 

(4%) 

93.6 

(2.87%) 

3.26  

(12.14%) 

19.13  

(4.8%) 

12.1 

(31.5%) 

LVL-C1 
 

1 18,870 138.7 14,404 85.0 7.31 23.50 10.3 

2 17,387 114.0 15,956 101.9 9.84 23.37 9.2 

Ave. 
18,128 

(6.2%) 

126.4 

(11.5%) 

15,180 

(6.08%) 

93.4 

(11.4%) 

8.58 

(19.4%) 

23.44  

(2.41%) 

9.8  

(7.7%) 

LVL-C2 
 

1 16,250 104.3 14,866 84.6 9.34 23.50 7.7 

2 16,318 103.1 13,777 72.9 10.42 23.11 9.2 

Ave. 
16,284 

(5.4%) 

103.7 

(13.2%) 

14,321 

(4.5%) 

78.7 

(9.5%) 

9.88 

(14.35%) 

23.30  

(3.12%) 

8.4 

(13.2%) 

Kerto® -Q - 10,500 36 10,500 32 6.0 - - 

STEICO 

LVL X  
- 10,600 36 10,600 36 5.0 - - 

5.3.2.2 Tensile strength perpendicular to the grain. 

Table 24 shows the tensile strength perpendicular to the grain (ft_⊥) for all the 

investigated products. On average, the tensile strengths of LVL-C products (LVLC-1 and 

LVL-C2) was observed to be about 3 times higher than that of single-species HP LVL 

and mixed-species LVL. This is explained by the positive effect of the cross-layer veneers 

in LVL-C products that results in a significant improvement in tensile strength. 

Specifically, LVL-C2 had the highest tensile strength value of 9.88 MPa, whereas the 
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lowest value of 2.74 MPa was found for single-species HP LVL. There is no significant 

difference in ft_⊥ between the mixed-species LVL and the single-species HP LVL.  

When compared to commercial cross-baned LVL-C in Table 24, the average ft_⊥ 

of the investigated LVL-C were up to 97% superior to the cross-bonded Kerto-Q LVL 

and STEICO LVL-X. 

5.3.2.3 Bearing strength perpendicular to the grain. 

Table 24 depicts the bearing strength perpendicular to the grain (fc_⊥) for all the 

investigated products. There is a difference by up to 45% between LVL-C products and 

LVL products in the average fc_⊥, but no significant difference between the two mixed-

species LVL-C products. The average fc_⊥ was found to be 17.2 MPa, 19.1 MPa, 23.4 

MPa and 23.3 MPa for LVL7, LVL8, LVL-C1 and LVL-C2, respectively. In addition, 

the average bearing strength value for LVL-C2 was observed to be 21% superior to that 

of mixed-species LVL8, which was manufactured from the exact same veneer sheets.  

5.3.2.4 Longitudinal-tangential shear strength. 

All three-point bending test performed to investigate the longitudinal-tangential 

shear strength failed in bending. The maximum shear stresses reached during the tests are 

conservatively reported in Table 3 and therefore represents lower band values of the shear 

strengths. 

LVL8 had the highest shear strength with an average shear strength greater than 

12 MPa, followed by single species HP LVL7 with 10.8 MPa. The shear strength of LVL-

C1 (9.7 MPa) was higher than that of mixed-species LVL-C2 (8.4 MPa). Due to the 

presence of the cross-layered veneers, one would expect the shear strength value of the 

LVL-C to be higher than the one of the LVL. This counter-intuitive result is likely due to 

the observed bending failure and to the bending MOR of LVL-C being lower than that of 
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LVL (see Table 3). Bending failure likely occurred in the LVL-C significant before shear 

failure would have occurred.  

5.4 Conclusions 

The work investigated selected mechanical properties of 12-ply LVL-C and LVL 

manufactured from blending native forest SPG and commercial plantation-grown HP 

veneers. The correlation between visual grades and MOE grades was also considered. 

The following conclusions can be drawn:  

• D-grade was the dominant grade for the SPG veneers and accounted for 

around 70% of the veneers recovered from the peeling process. 21% of the 

veneers were graded as F-grade (reject). Limited correlation between visual 

grading and dynamic MOE-based grading was found meaning that visual 

grading may not be the most appropriate method to guide the manufacture of 

veneer-based products of targeted MOE from the native forest SPG veneers. 

• For both edgewise and flatwise bending, the average MOE and MOR values 

of cross-banded LVL were found to be (i) up to 19% (MOE) and 28% (MOR) 

lower than the investigated LVL but (ii) up to 72% (MOE) and 251% (MOR) 

higher than commercially available LVL-C. 

• The average bearing strength perpendicular to the grain of LVL-C was found 

to be 23% higher than the investigated LVL. The tensile strength 

perpendicular to the grain of the investigated LVL-C products was observed 

to be approximately 3 times higher on average than the other investigated LVL 

products. 

• Regarding the longitudinal-tangential shear strength, all the samples were 

observed to fail in bending rather than shear. The maximum shear stress 
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reached was reported and showed that the LVL-C showed a shear strength of 

at least 8.4 MPa. 

• In view of the reported characteristic, mixed-species LVL-C manufactured

from native forest SPG and plantation HP veneers show mechanical properties

superior to commercially available LVL-C and could represent a market for

the studied veneers.
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Embedment strength of veneer-based products from blending various wood 

species 

Abstract 

This paper experimentally evaluates the embedment strength of Laminated 

Veneer Lumbers (LVL) and cross-banded Laminated Veneer Lumbers (LVL-C) 

manufactured from blending spotted gum (Corymbia citriodora) or white cypress pine 

(Callitris glaucophylla) veneers with hoop pine (Araucaria cunninghamii) veneers. 

Nominal 3.0 mm thick veneers were rotary peeled from small diameter (less than 30 cm) 

native forest sourced spotted gum and white cypress pine logs, and plantation grown hoop 

pine logs. 12-ply × 1.2 m (long) × 0.9 m (wide) LVL and LVL-C panels were 

manufactured using ten different construction strategies by mixing (i) the number of 

veneers from each species, (ii) the modulus of elasticity of the veneers and (iii) the veneer 

orientations (cross-banding). A total of 672 embedment tests, using three different dowel 

diameters and four different load-to-grain orientation angles, were performed using the 

half-hole test method described in the ASTM D5764-97a. This paper (i) compares the 

proportional limit strength, 5%-offset embedment strength and maximum embedment 

strength across the different construction strategies adopted in the study and (ii) discusses 

the results in terms of load-to-grain angle and dowel diameter. More importantly, the test 

results are also compared to the embedment strength prediction equations detailed in the 

Eurocode 5 to determine their suitability for mixed-species LVL and LVL-C products. 

Overall, the mixed-species LVL and LVL-C showed significantly higher 5%-offset 

embedment strengths than single-species commercial softwood LVL products. The effect 

of the cross-banded veneers on the embedment strength was not found to be significant, 

however, the LVL-C samples exhibited a highly ductile behaviour for all load-to-grain 
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angles and dowel diameters when compared to the LVL samples. The experimentally 

determined 5%-offset embedment strengths were on average equal to the predicted values 

given in Eurocode 5. 

Keywords: Cross-banded Laminated Veneer Lumber, Laminated Veneer Lumber, 

Embedment strength, Mixed-species engineered wood products 

6.1 Introduction 

Connections with dowel-type fasteners are very common in timber structures and 

are generally deemed to be the weakest structural link (Leijten, 1993). This type of 

connection can be either ductile, brittle or a combination of both (Habkirk, 2006; 

Quenneville & Mohammad, 2000; Quenneville, 2008). To estimate their ductile failure 

capacity, the European Yield Model (EYM) (Johnsen, 1949) forms the basis of the 

prediction equations in standards such as the Eurocode 5 (EN1995-1-1, 2004), and is 

considered to be accurate (Franke & Quenneville, 2011). In this model, the embedment 

strength of the timber is one of the key input parameters to determine the overall 

connection capacity and is related to the capacity of wood or wood-based products to 

resist the load induced by a rigid fastener.  

The estimation of the embedment strength of various timber species and fastener 

types has been extensively studied, see Ehlbeck and Werner (1992), Hirai (1989), Hübner 

(2012), Larsen (1973), Whale et al. (1989), Whale et al. (1986), Wilkinson (1991) for 

instance. This led to the development of various forms of empirical equations. Wilkinson 

(1991) derived Eqs. (39) and (40) (in psi and inches) below for the 5%-offset embedment 

strength (ASTM D5764-97a, 2018) from tests performed on several softwood and 

hardwood species with load-to-grain angles of 00 (parallel to grain) fh,0 and 900 

(perpendicular to grain) fh,90. These equations were constructed based on the timber 

specific gravity (G) and fastener (bolt and nail) diameter (d), and were applied into the 
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2005 Edition of the North American National Design Specification (NDS) for timber 

construction (AF&PA, 2005) with a few modifications (Hassan et al., 2014): 

,0
11, 200

h
f G= (39) 

1.45 0.5

,90
6,100

h
f G d

−
= (40) 

Ehlbeck and Werner (1992) proposed Eqs. (41) to (44)  (in MPa and mm) hereafter 

for bolts up to 30 mm in diameter (d) at an arbitrary load-to-grain angle (α), derived from 

embedment tests performed on softwood and hardwood species. In these equations, the 

embedment strength is evaluated from the characteristic timber density (ρk), load-to-grain 

angle and fastener diameter. These equations were adopted in the current version of the 

Eurocode 5 (EN1995-1-1, 2004) as stated in Zhou and Guan (2006): 
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where the characteristic embedment strength fh,0 at a load-to-grain angle α = 0o is 

obtained as,  

,0
0.082(1 0.01 )

h k
f d = − (42) 

and k90 is taken as, 

90
1.35 0.015k d= + for softwoods 

(43) 

90
0.90 0.015k d= + for hardwoods 

(44) 

Hübner (2012) modified the predicted equation for the embedment strength in the 

Eurocode 5 (EN1995-1-1, 2004) and published Eq. (45) below to best represent the results 

of embedment strength tests performed on European hardwood species:  
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The equations above were derived for solid wood specimens. However, 

Laminated Veneer Lumber (LVL) and cross-banded Laminated Veneer Lumber (LVL-

C) are increasingly been used in structural engineering due their high strength and low 

variability in material properties, allowing longer spans than solid wood products to be 

achieved (Stark et al., 2010). A number of studies verified the accuracy of the Eurocode 

5 embedment strength equations for LVL (Bader et al., 2016; Franke & Quenneville, 

2011; Schweigler et al., 2016) and LVL-C (Kobel, Steiger, et al., 2014) manufactured 

from various wood species. Specifically, Franke and Quenneville (2011) reported that the 

experimental embedment strength of radiata pine LVL, obtained by the 5%-offset bolt 

diameter method and derived from tests performed at various load-to-grain angles and 

bolt diameters, is on average in good agreement with the strength prediction in the 

Eurocode 5 (EN1995-1-1, 2004). They proposed an adjustment to the Eurocode 5 

equations based on the experimental results. These results were somewhat confirmed by 

Schweigler et al. (2016) and Bader et al. (2016), who found that the embedment strength 

prediction in the Eurocode 5 reasonably approximates the experimental results on spruce 

LVL when the embedment strength is calculated at a 5 mm dowel displacement. 

Regarding LVL-C, Kobel, Steiger, et al. (2014) investigated the embedment strength of 

beech LVL-C following the tensile test method in the EN383:2007 (2007). They 

concluded that the equations in the Eurocode 5, using the average density of the LVL-C 

in the equations, underestimates the experimental embedment strength by up to 7%. 

Kobel, Steiger, et al. (2014) also, demonstrated that LVL-C showed a more ductile 

embedment behaviour than LVL.  

In view of the above, while the embedment strength of LVL has been investigated 

in the literature, it has been limited to single-species products, and investigations on LVL-

C are scarce. The extent to which the embedment strength design equations in the 

Eurocode 5 (EN1995-1-1, 2004) are applicable to mixed-species LVL and LVL-C (i.e. 
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manufactured from blending different wood species) has not been thoroughly 

investigated. This product manufacturing approach could be an attractive alternative in 

Australia for the manufacture of some high-performance engineered wood products 

(EWP) to optimise the use of available resources (McGavin & Leggate, 2019). For 

example, structural veneer-based products manufactured from blending high-density 

hardwood species such as spotted gum  or naturally durable and termite resistant white 

cypress pine veneers peeled from logs cut from sustainably managed native forests with 

more commonly available plantation softwood veneers such as  hoop pine  may offer 

some key performance advantages and is  being investigated (McGavin et al., 2017). As 

such, the key objective of the present work is to experimentally evaluate the embedment 

strength and behaviour of mixed-species LVL and LVL-C, both manufactured by either 

mixing native forest spotted gum or white cypress pine veneers with hoop pine veneers. 

These test results provide essential data to verify the accuracy of the embedment strength 

design equations in international design specifications and serve as benchmark data for 

numerical models. In this paper, embedment tests have been performed at load-to-grain 

angles α of 00, 300, 600 and 900, with dowel diameters of 12 mm, 16 mm and 20 mm, on 

six different types of mixed-species LVL and LVL-C samples and four single-species 

LVL for comparison purposes. First, this paper presents the different construction 

strategies used in the manufacturing of the samples and the test methodology. Second, 

the test results are discussed in terms of the load-displacement behaviour, the slip 

modulus, the proportional limit strength, 5%-offset embedment strength and maximum 

embedment strength. Finally, the experimental embedment strength results are compared 

to the prediction equations in the Eurocode 5 and recommendations are made on the best 

form of the equations to be used in design. 
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6.2 Materials And Methods 

6.2.1 Wood species.  

As part of a collaborative project between the Australian forest and forest product 

industry and the Queensland Government, Australia, which aim to develop and evaluate 

new EWP manufactured from both under-utilised native-forest logs not suitable for 

traditional processing systems and other available forest resources, two native forest 

species (SPG and CYP) and one fast-growing plantation species (HP) were considered in 

this study. 2.7 m long logs sourced from South-west Queensland for the SPG and CYP 

species and a commercial veneer producer for the HP species were rotary peeled using an 

industrial spindle-less lathe (McGavin & Leggate, 2019) into veneer sheets of nominal 

dimensions of 1,350 mm (wide) × 2,600 mm (long) × 3 mm (thick). In total 60 logs for 

each the SPG and CYP as well as 8 logs for the HP species were peeled and provided the 

feedstock for the sample manufacture. The details (age of the trees, breast height 

diameter, number of trees, etc.) of SPG and CYP logs peeled during the projects are 

provided in McGavin and Leggate (2019).  

6.2.2 Modulus of Elasticity and grades. 

In this study, the dynamic Modulus of Elasticity (MOE) is used in following 

sections to guide the veneer selection in the manufacturing of the LVL and LVL-C. From 

each peeled veneer sheet, a strip of nominal dimensions of 1,200 mm (long) × 200 mm 

(wide) was cut to measure the sheet dynamic MOE. The MOE was measured using a non-

destructive acoustic method by recording the longitudinal natural frequency of the strip 

and analysing it using the software Beam Identification by Non-destructive Grading 

(BING) (Brancheriau & Baillères, 2002; CIRAD, 2018). Dimensions and mass of each 

veneer strip were measured and used as input data into the software.  

The distribution of the MOE values obtained for each species is assumed herein 

to represent the expected distribution encountered in the mill. For SPG and HP only, three 
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grades, referred to “Low”, “Medium” and “High”, were defined and equally divided the 

veneers into three bins. The MOE cut-off values between grades are therefore taken at 

the 33rd and 66th percentile values of the cumulative distributive function of each species. 

The MOE cut-off values as well as the grade notations for these two species are given in 

Table 25. For CYP, the veneers were not graded as such as not needed in the construction 

strategies. 

Table 25 MOE cut-off values based on dynamic MOE distributions 

Species Grade Term MOE range (MPa) 

Spotted 

gum 

Low SPGL MOE < 20,340 

Medium SPGM 20,340 ≤ MOE <23,750 

High SPGH MOE ≥ 23,750 

Hoop 

pine 

Low HPL MOE < 11,300 

Medium HPM 11,300 ≤ MOE < 13,100 

High HPH MOE ≥18,700 

6.2.3 Construction strategies. 

In this study, a total of 10 different construction strategies were used to 

manufacture the LVL and LVL-C and are categorised into three different batches for 

analysis. All construction strategies in each batch are detailed hereafter. 

6.2.3.1 Batch 1- Single-species LVL (reference batch). 

Four different construction strategies of single-species LVL were manufactured 

in this batch. This batch is used in this study as a reference to better understand the results 

arising from the mixed-species products. Three different construction strategies (LVL1, 

LVL2 and LVL3) were based on the best industry practice and knowledge and one 

strategy (LVL7) was derived from the veneer grades described above. The construction 

strategies are given in Figure 40 and are as follow: 
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• Strategy LVL1 consists of 12 CYP veneers which were selected based on the 

industry practice detailed in McGavin et al. (2018) with a targeted average 

edge bending dynamic MOE greater than 9,380 MPa. 

• Strategy LVL2 consists of 12 HP veneers which were selected using the same 

methodology as LVL1 (McGavin et al., 2018). The targeted average edge 

bending dynamic MOE was greater than 12,275 MPa. 

• Strategy LVL3 consists of 12 SPG veneers which were also selected using the 

same methodology as LVL1 (McGavin et al., 2018). The targeted average 

edge bending dynamic MOE was greater than 22,378 MPa. 

• Strategy LVL7 consists of 12 randomaly selected “High” grade HP veneers, 

i.e. with dynamic MOE greater than 13,100 MPa. 

 

Figure 40. Construction strategies of single-species LVL 

6.2.3.2 Batch 2 - Mixed-species LVL. 

Four different mixed-species construction strategies were investigated in Batch 2. 

This includes three construction strategies (LVL4, LVL5 and LVL6) influenced by the 

industry based on their best knowledge and practice and one construction strategy (LVL8) 

derived from the work in Nguyen, Gilbert, McGavin, and Bailleres (2019). LVL8 aims at 

maximising the use of “Low” graded veneers while targeting set mechanical properties, 
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see Nguyen, Gilbert, McGavin, and Bailleres (2019) for more details. The construction 

strategies given in Figure 41 are: 

• Strategy LVL4 consists of one SPG veneer on each face and ten HP veneers

for the core. All veneers were selected based on the industry practice detailed

in McGavin et al. (2018). The targeted average edge bending dynamic MOE

was greater than 13,854 MPa.

• Strategy LVL5 consists of alternate SPG and HP veneers, with the SPG as

face veneers. As LVL4, veneers selection process is defined in McGavin et al.

(2018). The targeted average edge bending dynamic MOE was greater than

17,580 MPa.

• Strategy LVL6 which is similar to LVL5 but with CYP veneers instead of

SPG veneers. The targeted average edge bending dynamic MOE was greater

than 10,912 MPa.

• Strategy LVL8 consists of eight HP veneers of different grades (6 × Low grade

and 2 × High grade) in the core and two SPG veneers (1 × High grade and 1

× Low grade) on each face. All veneers were randomly selected in each grade.

Figure 41. Construction strategies of mixed-species LVL 
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6.2.3.3 Batch 3 - Mixed-species LVL-C. 

Two construction mixed-species LVL-C strategies (LVL-C1 and LVL-C2), aimed 

at improving the perpendicular to grain mechanical properties of the products, were 

investigated and derived from the optimisation model described in Nguyen, Gilbert, 

McGavin, and Bailleres (2019). The construction strategies given in Figure 42 are:  

• Strategy LVL-C1 consists of eight HP veneers of different grades (6 × Low 

grade and 2 × Medium grade) in the core and two High grade SPG veneers on 

each face. Two out of the six Low grade HP veneers were rotated 90o (cross-

banded veneers) as shown in Figure 42. All veneers were randomly selected 

in each grade.  

• Strategy LVL-C2 is the same as LVL8 (Batch 2) but with two of the HP 

veneers used as cross-banded veneers. Especially, LVL8 and LVL-C2 were 

manufactured from exactly the same veneer sheets (cut in two) to allow direct 

comparison between the performance of the two products. 

 

Figure 42. Construction strategies of mixed-species LVL-C  

6.2.4 Panel manufacturing. 

Three panels, of nominal dimensions of 1,200 mm × 1,200 mm, were 

manufactured for each construction strategy, totalling 30 LVL and LVL-C. Different 

veneer sheets were used for each of the three panels per construction strategy. The veneers 

were glued together with a commercially available melamine urea formaldehyde (MUF) 
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adhesive which was applied to each face of the veneers to target a total spread rate of 400 

gsm (grams per square metre) per glue line.  

The assembly stage included (i) an open assembly time of 22 minutes (measured 

from adhesive application to the first veneer to when pressure was applied in the next 

stage), (ii) cold-pressing the panels at 1 MPa for a duration of 8 minutes and (iii) hot-

pressing at 1.1 MPa and 135°C for a duration of 26 minutes. Note that two LVL-C panels 

(one from each construction strategy) experienced gluing problems during the 

manufacturing process and were disregarded. 

6.2.5 Test Samples and Test Set-up. 

24 test samples were cut from each panel to assess the embedment strength under 

load-to-grain angles α of 0o, 30o, 60o and 90o, and three different dowel diameters of 12 

mm, 16 mm and 20 mm. The test set-up is illustrated in and Figure 43 follows the half-

hole embedment strength recommendations in the ASTM D5764-97a (2018). Two tests 

were performed per configuration and panel, totalling 672 tests, and only the average of 

the two tests are reported in the paper. All specimens had a nominal height and width of 

85 mm and 120 mm, respectively. A half-hole of diameter equal to the diameter of the 

investigated dowel was drilled in the middle of one of the 120 mm edges, as shown in 

Figure 43 (a). A steel dowel was then positioned in the half-hole and driven in 

displacement control, at a rate of 1.0 mm/min, using a 100 kN capacity INSTRON 

universal testing machine for Strategies LVL1, LVL2, LVL3, LVL4, LVL5 and LVL6 

and a 500 kN capacity MTS universal testing machine for Strategies LVL7, LVL8, LVL-

C1 and LVL-C2. The bottom of the samples was positioned on a fixed platen while a steel 

block was positioned on top of the dowel and loaded through a top platen mounted on a 

spherical seat so as to apply a uniform pressure to the dowel (Figure 43 (b)). The dowel 

displacement relative to the bottom platen was recorded as the average of two laser 

displacement transducers, symmetrically positioned on each side of the sample, and 
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attached to the bottom platen. Two aluminium plates were glued to the dowels and offered 

flat targets to the transducers, as shown in Figure 43 (c, d). The tests were stopped when 

either brittle failure occurred (i.e. the load dropped significantly) or when the dowel 

displaced by 8 mm, whichever came first. Grade 8.8 steel dowels were used.  

All specimens were conditioned at 20°C and 65% relative humidity before testing. 

Selected samples were weighed immediately after testing to determine their moisture 

content at the time of testing following the oven dry methodology specified in the 

Australian and New Zealand standard AS/NZS 1080.1 (2012).  

6.2.6 Evaluation Method. 

For each test, the load-displacement curve is used to evaluate the following 

characteristics (ASTM D5764-97a, 2018), also summarised in Figure 44:  

• The slip modulus Ktest, defined as the slope of the linear part of the curve and 

calculated herein by performing a linear regression between 15% and 40% of 

the maximum load.  

• The proportional limit load Fprop, defined as the point when the load-

displacement curve deviates from the initial linear (elastic) portion of the 

curve.  

• The maximum load Fmax corresponding to either the ultimate load or the load 

at a displacement of 5 mm, which ever came first.  

• The yield load Fh,5% corresponding to the load at which a line of stiffness Ktest 

and offset by 5% of the bolt diameter from the linear part of the load-

deformation curve intersects this curve. Note that Fh,5% is taken herein as the 

maximum load Fmax, if the yield load is found at a displacement greater than 

the one corresponding to Fmax. 

The yield proportional limit fh,prop, the 5%-offset embedment strength fh,5% and the 

maximum embedment strength fh,max are then calculated from Fprop, Fh5% and Fmax, 
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respectively, and the measured thickness of the samples and dowel diameter. These 

strength values are reported in this paper. 

Figure 43. Test set-up (a) schematic view and (b-d) photos 

(a

)

(b) (c) 

(d)
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Figure 44. Evaluation methods for embedment loads 

6.2.7 Eurocode 5 comparison 

6.2.7.1 Slip modulus 

The measured slip modulus is compared in this paper to the predicted one (Kser) 

in the first equation given in Table 7.1 of the Eurocode 5 (EN1995-1-1, 2004) and 

reproduced below in Eq. (46). Note that in the Eurode 5, Kser value is only dependent on 

the average timber density m (in kg/m3) and dowel diamter d (in mm), not on the load-

to-grain angle. 

 1.5

23
ser

mK d


=  
(46) 

6.2.7.2 Embedment strength 

Regarding the investigated LVL, the experimental 5%-offset embedment strength 

is compared herein to the prediction embedment strength fh,EC  equations for LVL from 

the Eurocode 5 (EN1995-1-1, 2004) (Eqs. (8.31) to (8.33)). The embedment strength fh,EC 

at a load-to-grain angle α is calculated in terms of the dowel diameter d (in mm) and the 

characteristic timber density ρk (in kg/m3), and is given in this paper in Eqs. (41) and (42). 

For LVL, k90 is taken as, 

 1.30 0.015
90

k d= +  
(47) 

and is in the Eurocode independent of the species for LVL.  
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Regarding the investigated LVL-C and as no predicting equations are given in the 

Eurocode 5 for this type of products, two approaches are taken herein. First, the 

experimental 5%-offset embedment strength of the LVL-C is compared to the LVL 

predicting equations given above in Eqs. (41), (42) and (47). Second, the embedment 

strength predicting equations for plywood boards, given in Eq. (8.36) of the Eurocode 5 

as, 

,0,
0.11(1 0.01d)

h k k
f = − for LVL-C

(48) 

is also compared to experimental 5%-offset embedment strength of the LVL-C. 

6.3 Results and discussion 

6.3.1 Test results 

6.3.1.1 Density and Moisture content 

The average density and oven dry moisture content at the time of testing for all 

test samples are summarised in Table 26. The number of samples on which these values 

were calculated and associated coefficient of variation (COV) are also given in the table. 

The results show consistent density and moisture content between the three panels of the 

same construction strategy. 

For single-species LVL (Batch 1), the SPG LVL (LVL3) had the highest average 

density of 1,126 kg/m3 and the single-species HP LVL (LVL2) had the lowest average 

density of 584 kg/m3. 

Regarding the mixed-species LVL (Batch 2), LVL5, i.e. manufactured from SPG 

and HP veneers, had the highest average density of 875 kg/m3, and LVL6, i.e. 

manufactured from CYP and HP veneers, had the lowest average density of 681 kg/m3.  
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Table 26 Moisture content and density for all construction strategies 

Construction 

strategies 
Batch  

Average moisture content 

(%) 
Average density (kg/m3) 

Mean(1) COV Mean(2) COV 

LVL1 

Batch 1 

12.5 3.4% 701 6.6% 

LVL2 13.0 3.2% 584 2.2% 

LVL3 10.0 4.5% 1,126 1.3% 

LVL7 13.5 2.7% 628 2.6% 

LVL4 

Batch 2 

13.0 3.0% 695 2.6% 

LVL5 12.0 4.4% 875 1.7% 

LVL6 13.0 2.5% 681 2.8% 

LVL8 12.5 3.3% 780 1.5% 

LVL-C1 
Batch 3 

12.5 1.7% 778 1.8% 

LVL-C2 12.5 2.0% 770 2.1% 
(1): Moisture content measured on 12 samples for each strategy.  
(2): Density measured on all tested samples for each strategy. 

6.3.1.2 Load-displacement curves 

Figure 45 presents typical load-displacement curves for the single-species LVL in 

Batch 1 for all dowel diameters and load-to-grain angles. Generally, the load-

displacement curves showed different behaviours relative to the load-to-grain angle and 

wood species. 

• For the single-species HP LVL (LVL7 and LVL2), two main load-

displacement behaviours were observed: (i) for α = 0o and 30o, the curves 

showed an almost perfect elasto-plastic behaviour with the plastic load being 

of the same order of magnitude for the two values of angle α, and (ii) for α = 

60o and 90o, a linear hardening was encountered after the elastic region, with 

the hardening being more pronounced for α = 90o. Such behaviours were also 

observed in Hwang and Komatsu (2002) and Franke and Quenneville (2011).  

• For the single-species CYP and SPG LVL (LVL1 and LVL3, respectively), 

the load-displacement curves typically reached a short plateau for load-to-

grain angles α = 0o and 30o until sudden failure eventually occurred at various 

ranges of plastic deformations (typically 1.5-3.5mm). Larger plastic 
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deformations were observed for CYP LVL1 than for SPG LVL3. Interstingly, 

the load was observed to drop at a smaller displacement for the samples tested 

with a dowel diameter of 20 mm compared with those tested with a dowel 

diameter of 12 mm and 16 mm. For α = 60o, while the load-displacement 

curves of single-species SPG LVL3 were found to be somewhat similar to the 

behavior at load-to-grain angles α = 0o and 30o, the load-displacement curve 

of single-species CYP LVL1 hardened after the initial linear stage. For α = 

90o, a similar behaviour to the single-species HP LVL was observed for both 

the single-species SPG and CYP LVL with occurrence of a linear hardening 

behaviour.  

  

(a) angle 0o (b) angle 30o 

  

(c) angle 60o (d) angle 90o 
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Figure 45. Typical load-displacement curves for all diameter dowel and load-to-grain 

angle for Batch 1 (“D12”, “D16” and “D20” stand for dowel diameters of 12 mm, 16 

mm and 20 mm, respectively) 

Figure 46 presents the typical load-displacement curves for the mixed-species 

LVL in Batch 2 for all dowel diameters and load-to-grain angles. The behaviour of the 

load-displacement curves is typically independent of the dowel diameter. The following 

observations can be made:  

• For load-to-grain angles α = 0o and 30o, the load-displacement curves were

characterized by an almost elasto-plastic behaviour until sudden failure

occurred at small plastic deformation. Larger plastic displacements were

observed for α = 30o than for α = 0o.

• For load-to-grain angle α = 60o, a hardening behaviour was encountered for

almost all cases with the exception of Strategy LVL4 (two SPG face veneers

and HP core veneers), LVL5 (six SPG and six HP veneers) and LVL8 (four

SPG face veneers and HP core veneers) tested with a dowel diameter of 20

mm. These LVL exhibited sudden failure at a deformation of 3-4 mm. For all

dowel diameters, tests performed with 20 mm diameter dowels showed higher 

capacities than tests performed with the other two dowel diameters. 

• For load-to-grain angle α = 90o, a more pronounced hardending behavior than

α = 60o was observed for all construction strategies. This behaviour is similar

to the one encountered for the single-species LVL (Batch 1) and, as outlined

in following sub-section, for mixed-species LVL-C (Batch 3).
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(a) angle 0o (b) angle 30o 

  

(c) angle 60o (d) angle 90o 

 

Figure 46. Typical load-displacement curves for all dowel diameters and load-to-grain 

angles for Batch 2 (“D12”, “D16” and “D20” stand for dowel diameters of 12 mm, 16 

mm and 20 mm, respectively) 

Figure 47 presents typical load-displacement curves of the LVL-C samples (Batch 

3) for all dowel diameters and load-to-grain angles. For all tests performed, the load-

displacement curves are somewhat elasto-plastic. Specifically, for α = 0o and 30o, a 

moderate softening behaviour was observed, while no softening was observed for α = 60o 

and 90o.  
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(b) angle 0o
(b) angle 30o

(c) angle 60o (d) angle 90o

Figure 47. Typical load-displacement curves for all dowel diameters and load-to-grain 

angles for Batch 3 (“D12”, “D16” and “D20” stand for dowel diameters of 12 mm, 

16 mm and 20 mm, respectively) 

6.3.1.3 Failure modes 

Figure 48 shows the different failure modes typically observed for the four-

investigated load-to-grain angles and for both LVL and LVL-C samples.  

• For all LVL samples and load-to-grain angles α = 0o and 30o, crushing of the

wood fibres first occurred. With increasing deformation, splitting of the

products induced by shear, as shown in Figure 48 (a, b), eventually occurred

(at a deformation of about 1-2 mm for α = 0o and 2-3 mm for α = 30o), resulting

in a sudden drop of the applied load. The specimens loaded with 20 mm
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diameter dowels were found to develop the shear splitting failure mode earlier 

than those loaded with the 12 mm and 16 mm diameter dowels.  

• For all LVL samples and a load-to-grain angle α = 60o, wood fibre crushing 

occurred first until shear splitting failure was encountered to some extent at 

large deformation (i.e. greater than 5 mm), see Figure 48 (c). Similarly, to the 

first dot point, shear splitting failure occurs earlier for tests performed with a 

20 mm dowel than tests performed with 12 mm and 16 mm diameter dowels.  

• For all LVL samples and α = 90o, only wood fibres crushing was observed for 

all dowel diameters (Figure 48 (d)). Note that cracks induced from tensile 

failure perpendicular to the grain were observed to develop at the specimen’s 

sides (Figure 48 (d)) at large dowel deformation, typically for the 20 mm 

diameter dowels.  

For all LVL-C specimens and all dowel diameters, only wood fibres crushing 

failure modes (Figure 48 (e-h)) were observed for all load-to-grain angles. The 

cross-banded veneers are therefore efficient in preventing the shear splitting 

modes to develop, which agrees well with the results reported in Kobel, 

Frangi, et al. (2014). Note that for a few specimens tested with 16 mm and 20 

mm diameter dowels, delamination of the outer layers at large dowel 

displacement (> 7 mm) was encountered.
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(a) α = 0o (b) α = 30o (c) α = 60o (d) α = 90o 

LVL samples 

    

(e) α = 0o (f) α = 30o (g) α = 60o (h) α = 90o 

LVL-C sample 

Figure 48. Typical failure modes of LVL and LVL-C samples 

6.3.1.4 Slip modulus  

The calculated slip modulus average values Ktest are tabulated in Table 27 to Table 

29 as well as reported graphically in Figure 49. Typically, the values of slip modulus 

varied depending upon the load-to-grain angle and dowel diameter as follows: 

• For single-species LVL (Table 27) and all load-to-grain angles and dowel 

diameters, the highest and lowest average slip modulus Ktest of 38.3 kN/mm 

and 16 kN/mm were found for the SPG LVL (LVL3) and the HP LVL (LVL2), 

respectively.  

• For mixed-species SPG and HP LVL (Table 28), the greater the number of 

SPG veneers, the higher the slip modulus was.  

• LVL-C1 and LVL-C2 showed similar slip moduli for given load-to-grain 

angles and dowel diameters.  

• The slip modulus of LVL8 and LVL-C2, i.e. the two construction strategies 

which shared the exact same veneer sheets, were typically within 8% of each 

other for all load-to-grain angles and dowel diameters. This tends to indicate 

that the cross-layers have little effect on the value of the slip modulus. 
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• For all the investigated construction strategies, the slip modulus typically

decreased with increasing load-to-grain angle due to the anisotropic nature of

the LVL. Such phenomenon was previously showed in several studies

(Awaludin et al., 2007; Franke & Quenneville, 2011; Schweigler et al., 2016).

Comparing to single-species LVL, there is a slightly higher decrease (about

5%) in the slip modulus between α = 0o and α = 90o for the mixed-species

LVL. To illustrate, the decrease in Ktest between α = 0o and α = 90o of the

single-species SPG LVL3 was of 62%, 71% and 65% for the 12 mm, 16 mm

and 20 mm dowels, respectively, while for the mixed-species LVL4 these

values were 60%, 70% and 61%.

• For all construction strategies, the values of Ktest typically increased with

increasing dowel diameters regardless of the load-to-grain angle. This

observation is well in line with the studies of Franke and Quenneville (2011)

and Schweigler et al. (2016).
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(a) LVL1 (b) LVL2 

  

(c) LVL5 (d) LVL6 

  

(e) LVL-C1 (f) LVL-C2 

Figure 49. Comparison of the experimental average stiffness to the predicted one in the 

Eurocode 5 for selected LVL products in Bath 1, 2 and 3 for all load-to-grain angles 

6.3.1.5 Embedment strength  

Table 27 to Table 29 provide the average values and the COV of the yield 

proportional limit fh,prop, the 5%-offset embedment strength fh,5% and the maximum 

embedment strength fh,max analysed for all the investigated construction strategies. Note 

that the COV corresponding to the yield proportional limit fh,prop was typically large (up 
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to 20.3%) due to the nature of this criterion in which the point at which the load-

displacement curve deviates from the initial linear region may vary significantly from one 

curve to another. Figure 50 to Figure 52 visualises the experimentally determined fh,5% 

versus the load-to-grain angle for all dowel diameters. The main findings from the tables 

and Figure 50 are as follow: 

• For single-species LVL (Table 27) and all load-to-grain angles and dowel

diameters, the SPG LVL3 provided the highest average embedment strength

fh,5% of 70 MPa, while the HP LVL2 achieved the lowest strength of 29 MPa.

• For mixed-species LVL (Table 28) and similarly to the slip modulus, the

higher the number of SPG veneers, the greater the embedment strength was.

To illustrate, for a 16 mm diameter dowel, LVL5 (i.e. six SPG and six HP

veneers) showed an average embedment strengths fh,5% of 54.5 MPa, while

LVL8 (i.e. two SPG face veneers and HP core) showed an average fh,5%  of

45.2 MPa. LVL4 (i.e. one SPG face veneer and HP core) showed the lowest

average fh,5% (38.1 MPa) of all mixed-species SPG and HP LVL. The

embedment strength fh,5% of LVL6 (i.e. six CYP and six HP veneers) was

found to be on average, for a 16 mm dowel diameter and all angles, about 40%

higher and 20% lower than the average fh,5% of single-species HP LVL2 and

CYP LVL1, respectively.

• Regarding the LVL-C (Table 29) for all load-to-grain angles and dowel

diameters, the fh,5% of the two investigated LVL-C were in the same order of

magnitude. On the other hand, the embedment strength of the mixed-species

LVL8 was also found to typically be of the same order of magnitude of the

embedment strengths of LVL-C2, which is contradictory to the study by

Kobel, Steiger, et al. (2014). The present results are likely due to the high

density (>1,100 kg/m3) of SPG veneers which mainly contribute to the
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resistance of the applied force. The contribution of the low density (584-628 

kg/m3) cross-banded HP veneers is minimum. Therefore, the cross-layers had 

little effect in the present case on the embedment strength despite their positive 

effect on the ductility, as shown in Figure 47.  

• Typically, the 5%-offset embedment strength fh,5% decreased with increasing 

load-to-grain angle for all the construction strategies and all dowel diameters, 

except for the single-species SPG LVL3 tested with dowel diameters of 12 

mm and 16 mm.  

• Regarding the maximum embedment strength, fh,max was less dependent of the 

load-to-grain angle than fh,5%.  

• For all the investigated configurations, the embedment strengths were 

typically higher for samples tested with a 16 mm dowel than for samples tested 

with either a 12 mm or 20 mm dowel. The lowest embedment strengths were 

generally encountered for the 20 mm dowel.  
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(a) LVL1 (single-species CYP) (b) LVL2 (all HP)

(c) LVL3 (all SPG) (d) LVL7 (all HP grade)

Figure 50. Embedment strength properties versus load-to-grain angles for 12 mm, 16 

mm and 20 mm diameter dowels for all products in Batch 1 
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(e) LVL4 (SPG faces and HP core) (f) LVL5 (six SPG and six HP veneers) 

  

(g) LVL6 (six CYP and six HP veneers) (h) LVL8 (four SPG face and HP core) 

Figure 51. Embedment strength properties versus load-to-grain angles for 12 mm, 16 mm and 

20 mm diameter dowels for all products in Batch 2 

  

(i) LVL-C1 (j) LVL-C2 

Figure 52. Embedment strength properties versus load-to-grain angles for 12 mm, 16 mm and 

20 mm diameter dowels for all products in Batch 3 
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Table 27 Test results for all tested configurations of single-species LVL in Batch 1 

Group 
d α 

Slip modulus 

(kN/mm) 
fh,prop (MPa) fh,5% (MPa) fh,max (MPa) 

fh,EC

(MPa) 

(Eq.(41)) 

fh,EC/ fh,5%  

(Eq.(41)) 

(mm) (o) Mean COV Mean COV Mean COV Mean COV 

LVL1 

(CYP) 

12 

0 43.1 8.7% 41.7 4.4% 67.4 4.9% 67.4 4.9% 50.60 0.75 

30 29.7 10.4% 35.2 3.9% 56.1 3.9% 60.2 5.5% 45.18 0.81 

60 21.4 9.6% 25.4 5.0% 43.8 5.1% 57.5 3.0% 37.21 0.85 

90 16.1 9.8% 26.0 7.6% 43.6 4.4% 60.4 3.1% 34.19 0.78 

16 

0 43.5 10.4% 54.2 8.1% 69.3 3.9% 69.3 3.9% 48.30 0.70 

30 33.1 12.4% 36.8 10.9% 55.4 3.2% 58.4 2.7% 42.56 0.77 

60 24.9 13.0% 24.0 4.2% 47.2 5.7% 56.1 3.2% 34.38 0.73 

90 20.1 8.7% 23.2 5.4% 42.3 5.8% 54.3 4.3% 31.37 0.74 

20 

0 58.5 10.2% 43.1 3.1% 58.6 3.3% 58.6 3.3% 46.00 0.78 

30 39.2 6.1% 36.8 7.6% 50.1 6.9% 50.1 6.9% 40.00 0.80 

60 30.9 12.1% 25.1 4.2% 43.6 3.0% 47.2 2.8% 31.73 0.73 

90 23.4 3.5% 20.03 7.4% 39.1 6.1% 48.3 4.4% 28.75 0.74 

LVL2 

(HP) 

12 

0 22.2 7.3% 20.4 9.1% 36.3 3.2% 37.2 4.0% 42.20 1.16 

30 16.7 5.5% 16.2 9.7% 28.9 7.0% 32.3 8.0% 37.68 1.30 

60 9.5 4.2% 15.1 11.4% 24.7 8.0% 32.4 7.6% 31.03 1.26 

90 7.4 8.9% 14.3 2.4% 23.1 3.1% 33.4 3.2% 28.51 1.23 

16 

0 24.5 6.2% 30.6 14.8% 43.9 1.3% 44.3 1.6% 40.28 0.92 

30 20.1 5.6% 18.3 7.9% 34.1 5.9% 40.9 4.5% 35.49 1.04 

60 10.2 7.4% 15.8 5.8% 26.1 4.1% 31.9 4.4% 28.67 1.10 

90 7.8 2.5% 14.7 14.7% 23.9 6.8% 30.7 4.6% 26.15 1.09 

20 

0 28.7 5.3% 21.8 6.8% 31.6 4.1% 31.8 5.0% 38.36 1.21 

30 21.7 5.7% 19.1 14.7% 32.6 5.3% 34.6 7.4% 33.36 1.02 

60 14.5 3.8% 14.3 11.4% 25.7 7.8% 29.4 8.0% 26.46 1.03 

90 10.1 9.1% 11.8 3.8% 21.2 2.9% 26.7 3.6% 23.98 1.13 

LVL3 

(SPG) 

12 

0 50.0 10.8% 50.7 8.4% 72.6 5.9% 72.8 5.6% 81.28 1.12 

30 34.6 7.1% 47.6 12.9% 73.3 6.1% 75.3 7.0% 72.57 0.99 

60 21.9 5.8% 41.3 4.7% 71.4 4.5% 77.1 4.6% 59.76 0.84 

90 18.7 7.0% 42.3 5.1% 74.3 5.4% 99.9 5.6% 54.92 0.74 

16 

0 71.4 8.5% 42.5 7.9% 78.6 7.3% 78.6 7.3% 77.58 0.99 

30 42.5 7.0% 53.0 4.3% 77.6 4.4% 78.4 4.6% 68.35 0.88 

60 26.5 6.3% 35.6 11.2% 70.2 3.3% 78.4 7.6% 55.22 0.79 

90 20.2 3.7% 38.5 7.0% 72.2 8.2% 90.7 6.8% 50.38 0.70 

20 

0 74.0 7.9% 49.6 11.7% 64.7 5.2% 64.7 5.3% 73.89 1.14 

30 43.6 15.0% 49.7 2.1% 58.4 3.7% 58.4 3.7% 64.25 1.10 

60 31.0 9.0% 31.6 5.4% 57.6 5.5% 57.6 5.4% 50.96 0.88 

90 25.1 8.4% 32.7 3.6% 66.6 3.7% 76.4 5.4% 46.18 0.69 

LVL7 

(HP 

Grade) 

12 

0 20.5 4.5% 31.4 3.5% 43.1 3.3% 43.8 4.3% 45.31 1.05 

30 14.3 6.0% 20.8 5.9% 36.1 3.5% 43.0 4.1% 40.5 1.12 

60 9.7 5.7% 16.4 5.3% 27.6 4.6% 37.6 3.5% 33.33 1.21 

90 7.2 5.5% 17.6 9.3% 29.0 9.1% 40.9 9.0% 30.6 1.06 

16 

0 28.9 3.5% 29.1 18.4% 50.5 4.9% 50.9 4.6% 43.3 0.86 

30 21.2 6.1% 21.5 4.1% 39.4 5.0% 46.1 4.7% 38.12 0.97 

60 12.1 3.5% 16.4 4.4% 29.7 5.9% 36.9 5.5% 30.83 1.04 

90 9.5 3.8% 15.7 9.7% 28.3 10.5% 36.9 9.9% 28.1 0.99 

20 

0 33.4 2.4% 31.3 8.8% 38.3 5.3% 38.3 5.3% 41.24 1.08 

30 23.7 5.6% 21.5 10.3% 32.7 5.8% 33.6 7.6% 35.8 1.09 

60 16.2 7.8% 15.6 11.5% 29.1 9.3% 32.0 8.4% 28.4 0.98 

90 11.5 5.5% 14.5 4.1% 27.1 5.3% 33.3 5.5% 25.75 0.95 

Average 42.28 1.09 

COV(%) 16.73 
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Table 28 Test results for all tested configurations of mixed-species LVL in Batch 2 

Group 
d α 

Slip modulus 

(kN/mm) 
fh,prop (MPa) fh,5% (MPa) fh,max (MPa) 

fh,EC 

(MPa) 

(Eq.(41)) 

fh,EC/ fh,5% 

(Eq.(41)) 

(mm) (o) Mean COV Mean COV Mean COV Mean COV 

LVL4 

(SPG face 

&HP core) 

12 

0 23.1 9.9% 30.8 12.7% 39.8 4.3% 39.8 4.3% 50.22 1.26 

30 17.1 3.7% 19.4 15.2% 36.1 4.3% 38.2 4.7% 44.84 1.24 

60 10.6 11.3% 20.5 8.8% 30.9 3.1% 34.3 3.9% 36.92 1.19 

90 9.1 4.9% 16.5 5.9% 29.1 4.5% 36.8 5.2% 33.93 1.16 

16 

0 33.1 4.6% 33.5 13.2% 48.2 4.6% 48.7 3.9% 48.93 1.01 

30 21.5 5.3% 28.4 7.3% 42.4 3.0% 43.8 2.4% 43.23 1.02 

60 13.4 4.4% 19.8 5.8% 33.4 10.6% 36.7 10.7% 34.12 1.02 

90 10.1 10.7% 15.8 12.2% 28.3 4.1% 33.3 1.9% 31.13 1.10 

20 

0 31.3 12.1% 27.9 14.0% 36.0 4.3% 36.0 4.3% 45.65 1.27 

30 24.7 4.8% 24.4 8.7% 34.9 4.6% 34.9 4.6% 39.70 1.14 

60 18.7 8.3% 16.8 10.6% 31.1 4.8% 31.3 4.8% 31.48 1.01 

90 12.4 6.1% 12.7 6.0% 25.4 6.8% 28.8 6.4% 28.53 1.12 

LVL5 

(6 SPG & 6 

HP) 

12 

0 42.4 6.1% 28.3 14.6% 52.0 5.7% 53.1 5.4% 63.18 1.21 

30 26.9 10.4% 32.3 22.8% 53.0 3.8% 55.7 4.4% 56.41 1.06 

60 17.6 6.5% 25.0 8.4% 46.7 4.5% 52.3 4.4% 46.45 0.99 

90 13.9 7.0% 27.0 10.4% 46.4 7.4% 64.2 8.8% 42.69 0.91 

16 

0 49.8 3.6% 41.7 4.8% 64.3 0.9% 64.2 0.9% 60.31 0.94 

30 31.6 15.5% 32.6 9.8% 57.3 4.1% 60.6 5.6% 53.13 0.93 

60 20.6 4.1% 26.5 7.1% 49.1 3.1% 56.9 6.3% 42.92 0.87 

90 16.3 9.3% 25.5 3.6% 47.6 2.7% 60.2 3.8% 39.16 0.82 

20 

0 46.9 7.8% 34.3 5.2% 47.6 2.9% 47.6 2.9% 57.43 1.21 

30 33.8 9.1% 35.1 7.9% 47.3 3.7% 47.3 3.7% 49.94 1.06 

60 23.5 11.1% 26.8 10.4% 44.5 5.2% 44.7 5.5% 39.61 0.89 

90 18.9 8.2% 20.4 4.2% 41.7 4.4% 48.6 5.6% 35.90 0.86 

LVL6 

(6 CYP & 6 

HP) 

12 

0 32.1 8.5% 31.3 6.9% 55.4 4.6% 55.6 4.7% 49.16 0.89 

30 24.8 8.6% 25.3 11.8% 45.6 6.9% 52.3 6.5% 43.89 0.96 

60 14.9 6.8% 22.4 4.1% 39.1 13.6% 52.0 11.4% 36.15 0.92 

90 11.4 9.9% 20.4 8.1% 33.3 5.6% 47.2 5.0% 33.22 1.00 

16 

0 28.6 10.9% 48.4 8.9% 58.2 3.8% 58.2 3.8% 46.92 0.81 

30 30.6 4.6% 26.6 10.5% 47.7 4.7% 54.7 6.5% 41.34 0.87 

60 16.2 6.5% 21.9 9.1% 38.7 3.4% 47.0 5.1% 33.40 0.86 

90 15.4 7.4% 18.8 4.3% 33.9 3.4% 44.5 4.1% 30.47 0.90 

20 

0 40.6 3.5% 41.2 11.9% 51.6 8.3% 51.6 8.3% 44.69 0.87 

30 33.2 10.5% 28.4 15.9% 48.7 7.7% 50.8 6.7% 38.86 0.80 

60 22.6 2.4% 23.3 6.4% 39.6 4.3% 45.1 5.3% 30.82 0.78 

90 17.5 5.2% 17.6 5.1% 32.4 6.3% 41.2 6.5% 27.93 0.86 

LVL8 

(4 SPG face 

& HP core) 

12 

0 23.7 8.1% 33.2 7.3% 47.1 3.5% 47.2 3.3% 56.3 1.20 

30 17.2 10.0% 27.9 15.1% 45.1 3.7% 47.3 4.4% 50.3 1.12 

60 12.5 5.2% 20.9 7.4% 38.1 3.3% 43.8 3.0% 41.4 1.09 

90 9.7 1.3% 20.5 3.2% 36.9 3.7% 47.7 2.7% 38 1.03 

16 

0 31.5 6.1% 43.1 13.3% 56.7 2.8% 56.7 2.8% 53.7 0.95 

30 23.7 5.7% 30.3 10.8% 47.2 3.4% 49 2.7% 47.3 1.00 

60 15.0 7.4% 20.5 5.2% 40.1 7.7% 44.1 9.2% 38.2 0.95 

90 12.2 4.4% 19.1 4.6% 37.1 2.8% 43.7 3.8% 34.9 0.94 

20 

0 36.8 4.2% 37.3 7.3% 41.5 3.6% 41.5 3.6% 51.2 1.23 

30 25.9 4.8% 29.9 8.4% 39.3 4.5% 39.4 4.8% 44.5 1.13 

60 17.0 5.2% 17.2 4.9% 34.3 4.1% 35.1 3.8% 35.3 1.03 

90 14.2 3.8% 16.5 9.6% 34.2 7.5% 36.8 8.5% 32 0.94 

 Average 42.41 1.01 

 COV(%)  13.47 
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Table 29 Test results for all tested configurations of mixed-species LVL-C in Batch 3 

Group 

d α 
Slip modulus 

(kN/mm) 
fh,prop (MPa) fh,5% (MPa) fh,max (MPa) 

fh,EC 

(MPa) 

(Eq.(41)

) 

fh,EC 

(MPa) 

(Eq.(48) 

fh,EC/ 

fh,5% 

(Eq.(41)

) 

fh,EC/ 

fh,5% 

(Eq.(48) (mm) (o) Mean COV Mean COV Mean COV Mean COV 

LVL-C1 

12 

0 25.2 5.3% 31.7 2.0% 49.2 5.4% 50.8 5.6% 56.1 75.3 1.13 1.52 

30 18.5 4.2% 22.6 11.9% 44.1 7.7% 47 6.7% 50.1 67.2 1.13 1.52 

60 14.4 7.7% 22.5 3.1% 40.5 6.3% 46.5 6.3% 41.3 55.4 1.01 1.36 

90 12.5 4.5% 22.6 10.7% 40.8 8.2% 50.1 10.3% 37.9 50.9 0.92 1.24 

16 

0 31.9 3.7% 37.2 9.3% 56.7 7.1% 58.5 8% 53.6 71.9 0.94 1.26 

30 24.0 6.6% 29.8 9.7% 50.1 6.3% 53.5 9.1% 47.2 63.3 0.94 1.26 

60 16.8 5.5% 21.5 7.9% 41.6 6.8% 45.9 9.4% 38.1 51.2 0.91 1.22 

90 15.7 5.5% 21.5 7.4% 40.7 5.5% 50.5 7.4% 34.8 46.7 0.85 1.14 

20 

0 36.4 7.2% 37.6 2.5% 46.1 6.1% 46.2 5.8% 51.0 68.5 1.10 1.48 

30 25.8 8.9% 31.5 15.1% 42.6 9.8% 43 10.2% 44.4 59.5 1.04 1.39 

60 20.2 3.4% 18.5 2.7% 35.6 2.7% 37.4 2.2% 35.2 47.2 0.98 1.32 

90 18.8 3.9% 17.9 4.9% 37.6 3.6% 40.5 3.7% 31.9 42.8 0.84 1.13 

LVL-C2 

12 

0 22.3 3.4% 29.4 11.7% 45.7 4.3% 47.9 4.2% 55.6 74.5 1.21 1.63 

30 17.3 5.5% 22.1 6.3% 42.5 5.2% 46.3 4.6% 49.6 66.5 1.16 1.56 

60 13 3.3% 21.3 3.2% 38 5.8% 43.9 5.3% 40.9 54.8 1.07 1.44 

90 12.5 2.1% 20.2 1.9% 36.9 1.1% 45.7 3.2% 37.6 50.3 1.01 1.36 

16 

0 32.9 4.1% 33.8 10.5% 55.5 3.1% 57.3 2.3% 53.1 71.1 0.95 1.28 

30 23.4 5.5% 26.2 7.1% 47.1 3.4% 50.9 1.5% 46.8 62.7 0.99 1.32 

60 16.7 10.4% 21.2 8.5% 40.5 7.4% 44.8 10% 37.8 50.6 0.93 1.24 

90 16.22 1.9% 19.9 4.8% 38.5 4.9% 45.2 6.50% 34.5 46.2 0.89 1.19 

20 

0 32.7 4.5% 33.9 9.2% 44 4.9% 44.1 4.90% 50.5 67.8 1.14 1.54 

30 23.4 8.6% 25.6 20.3% 40 2.2% 40.9 3.20% 44.0 58.9 1.09 1.47 

60 20.3 5.1% 18.5 9.5% 35.6 5.0% 36.9 4.20% 34.9 46.7 0.97 1.31 

90 19.0 4.7% 16.5 4.7% 34.2 5.6% 37.3 6.80% 31.6 42.3 0.92 1.23 

      
Average  43.2 58.01 1.00 1.34 

      COV (%)   10.2 10.4 

6.3.2 Eurocode 5 predictions 

6.3.2.1 Slip Modulus 

For all construction strategies, the experimental average slip modulus for load-to-

grain angle of 0o and 30o was 58% and 43% higher than the predicted slip modulus Kser 

in the Eurocode 5, whereas a lower difference was observed for load-to-grain angle of 

60o (17%) and 90o (13%), as illustrated in Figure 49. Additionally, the experimental slip 

modulus for all load-to-grain angles were found to be closer to Kser for single-species 

LVL (Batch 1) than for mixed-species LVL (Batch 2). 

6.3.2.2 Embedment strength 

The embedment strengths predicted by the Eurocode 5 equations and the predicted 

to experimental ratios from all investigated cases are detailed in Table 27 to Table 29. In 
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this work, the experimental average density values reported in Table 26 for both LVL and 

LVL-C samples were used as input values for ρk in the Eurocode equations. The following 

remarks can be drawn from the tables:  

• For single-species LVL (Table 27 and Figure 50 ), the predicted embedment

strength fh,EC for the SPG LVL3 and the CYP LVL1 underestimated the one

experimentally determined  fh,5% by 9.5% and 23.5% on average, respectively.

On the other hand, fh,EC for the HP LVL2 and LVL7 was on average 12% and

3.3% higher than fh,5%, respectively.

• As for mixed-species SPG and HP LVL (Table 28 and Figure 51), the

accuracy of the embedment strength prediction fh,EC of the three construction

strategies veneers mainly depended on the load-to-grain angle and dowel

diameter. Typically, the lower the load-to-grain angle, the less the accuracy of

the prediction. Additionally, the predicted embedment strength fh,EC

overestimated the embedment strength fh,5% by 13% and 5% on average for

LVL4 (one SPG face veneers and HP core) and LVL8 (two SPG face veneers

and HP core), respectively, and underestimated it by 2% on average for LVL5

(six SPG and six HP veneers).

• Regarding LVL6 (six CYP and six HP veneers), the predicted embedment

strength fh,EC was on average 12.3% lower than the experimental values fh,5%.

No real correlation between either the load-to-grain angle or dowel diameter

and the accuracy of the predicted equations was observed.

• As for all the LVL-C products (Table 29) and Figure 52), the embedment

strength fh,EC calculated using the equation proposed for plywood in the

Eurocode 5 (Eq. (48)) significantly overestimated the embedment strength by

35% on average. However, the Eurocode 5 equations for LVL accurately
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predicted the embedment strength with an average predicted to experimental 

ratio of 1.0. Typically, for load-to-grain angle of 0°, the predicted equations 

for LVL overestimated the embedment strength (by up to 21%), while for 

load-to-grain angle of 90°, the same equations underestimated the embedment 

strength (by up to 16%).    

6.4 Conclusion 

The embedment strength of single-species and mixed-species LVL and cross-

banded LVL was investigated in this paper for ten different manufacturing strategies, four 

load-to-grain angles and three dowel diameters. The samples were manufactured from 

blending native-forest-sourced either spotted gum or white cypress pine veneers with 

commercial plantation hoop pine veneers. The following general conclusions can be 

drawn from the test results. 

• For all dowel diameters and load-to-grain angles, the load-displacement

curves of the cross-banded LVL samples showed a more ductile behaviour

than the LVL samples. The cross-banded LVL samples were observed to fail

only in wood fibre crushing, whereas both wood fibre crushing and shear

splitting modes were encountered in the LVL samples.

• For single-species LVL, the spotted gum LVL performed the best in terms of

embedment strength and slip modulus, while the hoop pine LVL performed

the worse.

• No significant difference in embedment strengths was observed between

mixed-species LVL and cross-banded LVL manufactured from the same

veneer sheets, which implies that the cross-layers have little effect on the

embedment strength of the analysed products.
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• The slip modulus and the 5%-offset embedment strength typically decreased

with increasing load-to-grain angles for all construction strategies and all

dowel diameters. On the other hand, the slip modulus typically increased with

increasing dowel diameters.

• The embedment strength prediction equations detailed in the Eurocode 5

correctly predicted the experimental 5%-offset embedment strength on

average of the mixed-species LVL and cross-banded LVL-C products, with

an average predicted to experimental ratio of 1.00. The maximum observed

difference between the predicting equation and the experimental results was

of 27%. However, the Eurocode 5 equations tended to underestimate the

experimental embedment strength of single-species spotted gum and white

cypress LVL by 9.5% and 23.5% on average, respectively. For the single-

species HP LVL, the Eurocode 5 equations overestimated the experimental

embedment strength by 7.8% on average.
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Chapter 7: Conclusions and Recommendations 

7.1 Thesis findings 

This thesis investigated the manufacture of ten construction types of LVL and 

LVL-C that used bends of native forest veneers with commercial plantation-grown 

softwood veneers. The methodology was outlined in Figure 1 of Chapter 1 and consisted 

of four stages. The first stage developed the understanding of the distribution of 

mechanical properties within rotary-peeled veneers produced from native forest logs ( 

SGP and CYP) and commercial plantation-grown logs (HP and SP). The second stage 

aimed to design and manufacture different prototypes of mixed-species LVLs (based on 

the best industry knowledge) that used veneers from the investigated SPG, CYP and HP 

species. The third stage was to develop a methodology to identify the construction 

strategies of a family (i.e., several types of product manufactured from the same veneered 

stock) of mixed-species LVL and LVL-C products, which minimised the use of high-

grade SPG veneers and maximised the use of low-grade HP veneers while achieving 

given target stiffness and embedment strength. The final stage was the experiment to 

investigate the mechanical properties of LVL-C manufactured from SPG and HP veneer 

using selected optimal design configurations in the third stage. The main contributions 

and outcomes of this research are summarised below. 

The first preliminary experiment, described in Chapter 3, was conducted with the 

purpose of investigating the feasibility of using sub-optimal SPG and CYP veneers in 

combination with commercial HP veneers for manufacturing structural LVL. The results 

demonstrated that the LVL products could be manufactured from the three included 

species using a variety of different construction strategies. The adopted construction 

strategies used veneers with MOEs close to the population mean for each species, which 
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suggests that opportunities exist to manufacture LVL products targeting specific 

performance while optimising the use of the variable veneer qualities generated from log 

processing. The study also showed that SPG can be used to produce high mechanical 

performing LVL, and it is possible to boost the mechanical performance of plantation 

softwood LVL through the addition of even small quantities of SPG within the LVL 

construction strategies. For all the investigated properties, the construction strategies that 

include only SPG consistently outperformed the other construction strategies. On 

average, the mixed-species LVL were superior to the reference single-species HP LVL 

and the single-species CYP LVL. It is recommended that the exploration of construction 

strategy modelling would provide guidance for developing the most efficient construction 

strategies taking into account the various constraints, objectives and targeted product 

performance.  

 

A methodology to optimise the construction strategy of mixed-species LVL and 

LVL-C was developed with the aim of minimising the cost of a family of products while 

achieving different targeted stiffness, embedment strength and a maximum allowable 

number of native forest hardwood veneers (as outlined in Chapter 4). SPG and SP veneers 

were used to illustrate the potential of the algorithm. In total, ten cases (Cases I–X) of 

three main construction strategies were analysed. The results, published in Nguyen et al. 

(2019a), showed that, for all cases, the robustness of the algorithm was demonstrated by 

the consistency of the construction strategies of the optimised products over ten runs. The 

construction strategies of LVL and LVL-C depends on the input of the different targeted 

stiffness, embedment strength and manufacturing volume. Only LVL products were 

found when optimising for Cases I–IV. However, LVL-C were solely found in all the 

other investigated cases. The cross-banded veneers were generally consisted of low- and 
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high-graded SP veneers. For the all cases, the high MOE–graded SPG and SP veneers 

were found to be predominant in the final products. The accuracy of the algorithm was 

verified against manufactured ‘optimised’ LVL and LVL-C from which the edge bending 

and 5%-offset embedment strength was determined. The manufactured products were 

found to fully satisfy all the constraints. 

The selected mechanical properties of 12-ply LVL-C and LVL manufactured from 

blending native SPG and commercial plantation-grown HP were presented in the Chapter 

5. For both edgewise and flatwise bending, the average MOE and MOR of cross-banded

LVL were found to be up to 19% and 28% lower respectively than those of the other 

investigated LVL, but up to 72% and 251% higher respectively than commercially 

available LVL-C. The average bearing strength perpendicular to the grain of LVL-C was 

found to be 23% and 160% higher than the investigated LVL and commercial LVL-C 

respectively. The tensile strength perpendicular to the grain of the investigated LVL-C 

products was observed to be approximately three times higher on average than the other 

investigated LVL products. In general, mixed-species LVL-C manufactured from native 

forest SPG and plantation-grown HP veneers show superior mechanical properties than 

commercially available LVL-C and could represent a market for the study’s veneers. 

Chapter 6 presented the embedment strength of single-species and mixed-species 

LVL and cross-banded LVL manufactured from blending SPG or CYP veneers with HP 

veneers for ten different manufacturing strategies, four load-to-grain angles and three 

dowel diameters. Results revealed that, for single-species LVL, the spotted gum LVL 

performed the best in terms of embedment strength and slip modulus while the hoop pine 

LVL performed the worst. The slip modulus and the embedment strength typically 
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decrease with increasing load-to-grain angles for all the construction strategies and all the 

dowel diameters.  On the other hand, the slip modulus typically increased with increasing 

dowel diameters. For mixed-species LVL, the higher the number of SPG veneers were, 

the greater the embedment strength and slip modulus became. For all dowel diameters 

and load-to-grain angles, the load-displacement curves of the cross-banded LVL samples 

showed a more ductile behaviour than the LVL samples. The cross-banded LVL samples 

were observed to fail only in wood fibre crushing, whereas both wood fibre crushing and 

shear splitting modes were encountered in the LVL samples. The embedment strength 

prediction equations detailed in the Eurocode 5 were compared herein to both the 

experimental 5%-offset (fh,5%) and maximum (fh,max) embedment strengths, 

determined from the half-hole testing method employed in this study. For the mixed-

species products, average predicted to experimental ratios of (i) 1.01 (fh,5%) and 0.93 

(fh,max) for mixed-species LVL, and (ii) 1.00 (fh,5%) and 0.94 (fh,max) for mixed 

species LVL-C were found. For the single-species products, the Eurocode 5 equations 

tended to underestimate the experimental embedment strength of single-species spotted 

gum and white cypress LVL. As for the single-species HP LVL, the Eurocode 5 equations 

overestimated the experimental embedment strength fh,5% by 7.1% on average and 

underestimated fh,max by 7.0% on average.  

7.2 The contribution of study to the knowledge and practical application 

A major contribution of this study to the field of wood technology is the 

development of new high-value LVL and LVL-C products through blending small-

diameter native forest resources with existing commercial plantation Hoop Pine. An 

optimisation tool, using Genetic Algorithm, was developed to optimise the construction 

strategies of LVL and LVL-C from given wood species. The optimised constructions of 

the investigated products could maximise the economic and market potential of the 
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Australian forest and forest product industries by allowing more profitable utilisation of 

the available but variable forest resources.  

 

Understanding the mechanical properties of mixed-species LVL and LVL-C 

products provide valuable scientific data and information for future research and 

industrial studies as well as suggesting a new direction for the wood processing industry 

based on the sustainable utilisation of native forest resources. Additionally, this 

knowledge plays an important role in adding value to commercial plantation timbers. 

 

As a result of this study, a viable market for sub-optimal forest resources could be 

developed, which would significantly improve the profitability of the forest industry in 

Australia. It also encourages growth in the processing sector, through development of 

simple processing technologies that use low-cost infrastructures to produce high-value 

saleable products. 

7.3 Recommendation 

The study’s findings have highlighted research gaps that need to be addressed in future 

studies. These are summarised below. 

In the optimisation model, the targeted embedment strength is developed based 

on the stress-strain model of the individual veneers without considering brittle failures 

such as splitting and row shear and slippage occurring between veneers. To improve the 

accuracy of the prediction, the finite element model of mixed-species LVL and LVL-C, 

including the effect of glue and crack, must be used to predict the embedment strength 

value of these products. 

The study investigated the technical possibilities of producing innovative LVL 

and LVL-C products using a mixture of native forest veneers and plantation-grown 
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softwood veneers at the laboratory scale. The mechanical properties of these products 

must be investigated at various dimensions and a larger scale than the ones used in this 

study to apply the investigated LVL products for structural applications. Additionally, the 

number of tested samples for each property needs to be increased to accurately calculate 

the characteristic properties 

Further investigations are needed to understand the mechanical properties of 

mixed-species LVL-C with different numbers and positions of cross-banded veneers. An 

economic evaluation is also necessary to determine the potential profitability of the 

product. 

These products should be investigated at the joint and connection levels with 

multiple dowels and development of numerical models to predict failure modes and 

associated ultimate loads. 
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Appendices 

The photos in the Appendices illustrate experimental activities conducted within various 

stages of the study. 

Appendix 1. Harvesting and veneer production 

1.1 Harvesting 

  
Harvesting spotted gum trees at the site 

1.2 Veneer production 

  
(a) (b) 

 
(c) 

Peeling (a), trimming (b) and drying process (c) 
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1.3 Veneer property 

 
 

 
Veneer stiffness determined by acoustic method (BING test) 

  



211 

Appendix 2. Manufacturing process 

2.1. Lay-up veneer 

Lay-up following designed construction strategies 

2.2 Adhesive preparation and application 

Melamine urea formaldehyde preparation 
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Applying glue used double-side glue spreader machine 

2.3 Pressing process 

Pre-pressing process 
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Hot-pressing process 

 

After removing from hot-press, both panel surfaces are misted with water 
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Stacking for cooling 
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Appendix 3. Sample preparation and testing 

3.1 Sample preparation 

 

The cutting pattern for all samples 

  

Condition for shear and bending samples 
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Embedment strength samples 

Tension perpendicular to grain sample 
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3.2 Testing and failure mode 

(a) (b) 

(c) 

Flatwise bending test of HP LVL (a), mixed-species LVL (b) and mixed-species LVL-C 

(c)
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(a) (b) 

 

(c) 

Edgewise bending test of HP LVL (a), mixed-species LVL (b) and mixed-species LVL-

C (c) 
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Longitudinal-tangential shear test 
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(a) (b) 

 

(c) 

Tension perpendicular to grain test of single-species LVL (a), mixed-species LVL (b) 

and mixed-species LVL-C (c) 
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Compression perpendicular to grain test 

(a) 0o (b) 30o

(c) 60o (d) 90o

Embedment strength test 




