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1 Introduction
1.1 Aim of this study
The aim of this project is to develop new or refine existing Wood-Based Mass Panel (WBMP) products
specifically for use in Australia. WBMPs offer the construction industry more than a new product; they
offer a potential change in approach and integration of the supply chain with producers engaging with
designers and vice-a-versa.
In order to innovate appropriately, there is a key advantage to develop products where there is a
commercial need and a genuine willingness for change. In order to successfully introduce new WBMPs
or refine existing products for Australian buildings, the context around building procurement, climate,
construction practices, design practices, as well as market trends need to be understood, as well as
technical performance requirements.

1.2 Background
WBMPs, also known as mass timber products or wood-based engineered construction materials, are
gaining popularity in the construction sector. Growing experience in construction supported by many
research projects has shown that timber can be well suited for construction across many scales,
including ‘tall-timber’ structures. WBMPs are a key component to be considered in future construction
trends; they can be considered as performing similarly to reinforced concrete and can potentially replace
concrete without compromising the resilience of the structure whilst offering many benefits. WBMPs
can have excellent seismic performance, advantages of prefabrication, cleaner and faster on-site
construction timelines, significant carbon storage, avoidance of fossil-fuel intensive materials, reduced
construction cost and the potential for improved building envelope thermal performance [1, 2]. In
Europe, WBMPs have already had a profound impact in residential and non-residential applications
due to being a cost-effective, carbon-efficient, durable, and sustainable building option [3]. Similarly,
WBMPs are now becoming popular in Canada, the US and Australia. The notable mass timber buildings
in Australia are Forte, Melbourne (10 storeys), Aveo Norwest, Sydney (10 storeys) and King St,
Brisbane (said to be the largest engineered-timber office tower at 45 metres tall). Cross-laminated
timber (CLT) panels were one of the main structural elements in all of these buildings. Evison, Kremer
[4] presented details about a number of projects currently complete or near completion (at the time or
writing) in Australia and New Zealand. Li, Rismanchi [5] investigated the feasibility, benefits and
limitations of timber construction in Australia. They conducted parametric studies on the effects of
materials, size and shape of the structural elements on the performance of the building and found that
timber would provide the best solution in terms of structural and environmental benefits for the selected
site, using timber to construct internal parts of high-rise buildings.
To develop appropriate WBMP products, the context for their use in construction needs to be well
understood. Overcoming a technical challenge in order to commercially produce a WBMP is only one
aspect of developing a potential fit-for-market product. Critical aspects include:


Fabrication scale – How and where is this WBMP to be fabricated? Is it a primary process
associated with an extensive, dedicated, high-tech facility? Or is it to be made by a carpenter
on-site on an ad-hoc basis as it’s needed?



Certification for use – Expanding from the point above; how are engineers, builders, and end
users confident that the WBMP is fit for purpose? Is it sold with performance as certified by the
producer, or is it certified by an engineer each time based on some clear rules?
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Performance criteria – What level of performance is required from the WBMP? Strength for
structural performance is critical, but so too is stiffness for dynamic performance. More complex
again are requirements for fire and acoustic performance, air-tightness and tolerance.



Building procurement and supply chain – How is the WBMP procured? Developments in the
CLT market mean that CLT producers are engaging with designers and producing components
for buildings rather than a commodity product. There are many options for the WBMP producer
to engage with the supply chain or produce a commodity.

An introduction to these considerations is presented below. They are complex and are covered here in
sufficient detail to help inform decisions as to opportunities to further develop WBMPs and for which
markets. Where appropriate, specific considerations are discussed within each sub-section of this
document with reference to specific WBMPs.

1.3 Definitions
For the purposes of this literature review, and the wider project objective, the following assumptions
apply:


A wood-based mass panel (WBMP) is a panel product used as a structural element, typically
walls and floors, though sometimes as deep beams or wide columns. WBMP use is discussed
below.



WBMPs can be glued or mechanically fixed from smaller elements which may be solid sawn
timber, individual timber veneers, or a composite of solid timber and veneer-based. Appropriate
methods for WBMP make-up are discussed within each of the WBMP sections of this
document.



Production of WBMPs can be by primary or secondary fabrication process across a range of
scales. This is discussed in more detail below and within each of the WBMP sections of this
document.



Cassette panel construction is growing in popularity and provides a good opportunity to use
wood products. Cassette systems can work well with WBMPs in certain contexts. This review
will not ignore the use of cassettes but will consider them where they are relevant to mass
timber elements.

WBMPs can be broadly categorised into four classes (as shown Figure 1).


Timber or sawn board-based products: These products are manufactured by attaching or
bonding multiple swan boards together such as Glue Laminated Timber (GLT), Cross
Laminated Timber (CLT) or Nail Laminated Timber (NLT).



Veneer-based products: These products are manufactured by bonding multiple rotary veneer
sheets together using adhesives and in some applications adhesives and mechanical fixings.
Examples of these include Laminated Veneer Lumber (LVL), Mass Plywood Panel (MPP).



Strand-based products: These products are made from flaked wood strands having various
length-to-thickness ratios. Depending on the length-to-thickness ratio, they can be classified as
Parallel Strand Lumber (PSL), Laminated Strand Lumber (LSL), and Oriented Strand Lumber
(OSL) or Oriented Strand Board (OSB).
Combinations of above or composites: The above three can be combined, for example, a
combination of GLT and LVL can be used as a mass timber panel in construction. This category
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also includes the combination of timber products with other building materials, for example,
Timber Concrete Composite (TCC).

Figure 1: Categories of wood-based mass panel (WBMP)

The various types of wood-based panel products are reviewed in later sections of this document.
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2 Context for mass panel use in Australia
2.1 Local Considerations
It is important to acknowledge that the majority of WBMPs were developed in Europe and North America
and have subsequently been refined to suit those markets. The opportunities in Australia for WBMPs
require a different optimisation of the WBMP products and systems of which they form a part. Critical
differences are discussed throughout this document, particularly with respect to performance
requirements. Broadly, key differences in markets include:


Climate variation



Resource type (forestry)



Geographic and population spread



Construction techniques



Building procurement



Hazards, including termites.

2.2 Resource
2.2.1 Introduction
To successfully develop a WBMP product, the available material for input needs to be well
understood. In this context, there are two main factors which influence the material available:


the resource as found within existing industrial forests; and



the timber product output from the processors, and the process used by those operations.

This section focusses on the forest resource and Section 2.3 discusses processing considerations.
Australian commercially managed forests includes both softwoods and hardwoods. On a national scale,
softwoods tend to be predominantly plantation-grown radiata pine with carribean pine, slash pine or
hybrids common in Queensland. Native and plantation hardwood species vary significantly nationally.
Over time, several hundred native forest species have been processed commercially, and there are
currently around a dozen species in industrial hardwood plantations. Traditionally, native forest grown
hardwoods have been very suitable for conversion into structural product; however, the suitability of the
plantations is extremely variable. Veneer peeling offers an alternative where recovery of suitable
material from sawing is too low in both plantation and small diameter native forest logs.
Matching forest resource to the performance of structural products on a stand-by-stand or tree-by-tree
basis is an ongoing field of research [6] and not covered in detail in this report. The key considerations
with respect to resource for this study are:


A widely available sustainable hardwood resource, many of which are characterised by high
mechanical performance, high density and high natural durability. Significant national and
regional variation exist with this resource.



A softwood industry producing structural timbers to a common national grading system from
two specie groups (predominantly) with national variation in characteristics.
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Structural veneer recovery focussed around available softwood and hardwood resource near
the mills to produce mostly small dimension LVL and plywood.

The unique opportunity and aim for this project will be to identify how different available resources can
be efficiently combined to produce WBMPs, fabricated at different scales, to suit a range of possible
markets.

2.2.2 Softwood resource
Total Australian plantation softwood sales of sawn boards in 2019 (to December) are included in Figure
2, below [7]. The maximum opportunity for increased value recovery will likely be from the packaging,
ungraded timber, and export products that make up 33% of the total production. These products may
or may not have grading information available for them, making it potentially more difficult to consider
their use in WBMPs.

VOLUME (M3)
Export, 67,365
Ungraded, 200,038

Outdoor Domestic,
176,751
Appearance, 11,530
Outdoor other,
173,072

Packaging, 435,497

Structural Untreated,
541,685

Structural H2 and H2F,
505,851

Figure 2: 2019 Softwood production volumes

Over the past decade, Australia has consistently been a net importer of plywood products, whilst also
being a net exporter of veneer, as shown in Figure 3 and Figure 4, respectively [8]. Whilst the included
figures do not give an indication of the proportions of hardwood and softwood material, or the relative
grade/quality of the product, they do clearly show that production capability exists within Australia, along
with a strong appetite for veneer-based products. Accordingly, it appears likely that opportunity exists
for increased value recovery through the production of veneer-based WBMPs.
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Figure 3: Import and export volumes of plywood 2008/09 to 2018/19

Figure 4: Import and export volumes of veneer 2008/09 to 2018/19

2.2.3 Hardwood resource
Hardwood varies significantly nationally due to a wide range of commercial species, along with grade,
common dimensioning etc. The highest value products recovered will be those targeting appearance
markets such as joinery, flooring etc. Figure 5 below, presents the 10 year trend for plantation hardwood
log harvest volumes [9]. There are significant opportunities in value-adding to pulp logs and sawn
boards which do not meet the grade required by current markets for appearance and structural
products.
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Figure 5: 2016/2017 Australian hardwood plantation log volumes harvested

In addition to the opportunity provided by increasing plantation hardwood log harvests, as shown in
Figure 5, native forest hardwoods likely have an important role to play in potential WBMP production.
Although the overall volume of native forest hardwood being harvested is decreasing, the comparative
log quality is superior to the plantation hardwood material. In 2014–15, 46% of the Australian native
forest hardwood log production was sawlogs and veneer logs and 49% was pulplogs [10]. In the same
year 3% of the plantation hardwood log production was sawlogs and 97% was pulplogs [10]. Combining
material of varying quality, obtained from both of these resources, will likely aid in the most efficient
production of WBMPs.

2.3 Feedstock
2.3.1 Introduction
European considerations of feedstock are different from the Australian context. The timber species are
significantly different, but so too is the model of resource, mill and supply chain ownership. The large
producers of WBMPs in Europe are owned and operated by large companies who also manage the
forest resource, harvesting, transport, and produce a large range of products from their fibre. Stora
Enso (Figure 6) and Binder are good examples of companies that reach end-to-end across the wood
products supply chain. They are well integrated into the entire supply chain, and are in control as to
which material they target.
Conversely, the typical model in Australia is separate companies at each stage of the supply chain, with
separate contractual arrangements. This reduces the appetite for risk and the agility to adapt and
embrace opportunities. Examples of Australian companies integrating into the supply chain include
OneFortyOne, who manage plantations and produce timber, and Hyne Timber, who produce various
sawn wood products along with GLT and CLT.
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Figure 6: Stora Enso product range

Mill processes for different sawn wood products vary significantly between small-scale local hardwood
mills with regional resource, to large-scale national softwood machine graded pine (MGP) producers.
The agility of the different scale mills to respond to potential WBMP markets depends on the mill
processes and the scale of the potential WBMP market. Veneer production within Australia tends to be
at large scale production facilities associated with the manufacture of plywood or LVL in both softwoods
and hardwoods. However, there are models internationally of spoke and hub production where local
small-scale operations recover veneer that is forwarded to a central product manufacturing facility.

2.3.2 Characterising feedstock
Well understood grading systems exist for structural sawn timbers with associated design values for
relevant mechanical properties. As such, common mechanical properties of sawn feedstock are
generally well understood for their intended uses which, typically, is not currently WBMPs. WBMPs
may require additional information in order to allow efficient design; for example, rolling shear modulus
for CLT.
The grading requirements for machine graded pine (MGP) (defined by the Australian Standard AS/NZS
4490:2011), the most common structural product in Australia, are typically addressed by directly
measuring the flat-wise bending stiffness of each piece with some visual over-ride. This determines the
MGP grade with a defined suite of properties suitable for intended use with Australian Standard
AS1720.1 in structural timber engineering design. The relationship between the measured stiffness and
other mechanical properties was developed through an extensive national research programme in the
1990s. The grading method adopted by a sawmill must be qualified. The qualified processes are
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typically those on 35mm and 45mm thick boards in the dry mill targeting lightweight timber framing. Any
boards cut thinner or taken from the green mill will not have a qualified structural grade assigned. The
suite of MGP properties is insufficient for the efficient design of WBMPs because there is no reference
to rolling shear strength or stiffness, and potentially other important properties.
Sawn timber sizes are defined based on the current market demands. For MGP grades, these are
dimensions appropriate for structural timber-framed construction. Sawmills produce other products
which are non-structural, such as fence palings and pallet feedstock, for which mechanical properties
are not required to be well understood. Accordingly, the properties are not measured or recorded, and
a qualified grading method is therefore not applied. There would need to be a significant market demand
and close coordination across the industry for a WBMP to influence large mills to produce structurally
graded timber in sizes outside of those produced for the MGP grades.
For the development of WBMPs in the short term, it should be assumed that the only information directly
available on the mechanical properties of the feedstock is that defined by grade, as presented in
Australian standard AS1720.1. Supplementary research will be needed to determine additional critical
properties such as rolling shear stiffness and strength. In the short-term, gathering data on such
properties will be driven by the commercial developers of the WBMPs rather than sawmills (feedstock
suppliers). An alternative approach is to introduce a method of ‘grading’ the manufactured WBMP prior
to use with properties or performance reported for designers.
Timber which falls below current marketable, profitable timber grades is economically desirable for use
as feedstock in WBMP manufacture. However, without grade information and the associated properties
determining the WBMP properties for use in structural design is difficult. Long-term, as markets for
WBMPs grow, mills can respond by refining the range of sizes and grades produced, and the range of
defined mechanical properties associated with each grade, to suit the needs of WBMP feedstock.
An opportunity exists to immediately utilise timber that does not meet the current grades with an
engineered solution if the properties considered in the design of the WBMP considers species
dependent properties relating to strength group according to AS1720.1-2010 Table H2.2, such as
bearing, local (joint) shear, and tension perpendicular to grain. This opportunity should be considered
further.
Similar to sawn structural softwood, rotary veneer grading often utilises visual and acoustic grading
systems to provide an estimate of stiffness. The individual producers of veneer-based product monitor
the requirements or grade for individual sheets. Opportunities to use a wide range of veneer qualities
(including low-grade) in WBMP manufacture justifies further investigations.

2.3.3 Sawn softwood production
Softwood sawmill processes vary but have similar characteristics with respect to the opportunity for
producing feedstock for WBMPs; they are large, high throughput operations which cannot easily be
interrupted. The most likely feedstock for WBMPs in the short-term will be the output from the mill for
its current target market; MGP grade studs and joists.
An example softwood sawmill process is shown diagrammatically in Figure 7, with further description
of the various stages following.
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Subject: Greenmill processes Wespine
Date: 21 May 2019 at 2:07 pm
To: Jon Shanks jonshanks@timbered.com.au

Figure 7: Softwood sawmill process example

Log yard:
Logs are supplied from surrounding forests by agreed contract. Logs are scanned and sorted into
classes by size, shape and, in some cases, an indicator of ‘grade’.
Green mill:
The sawing pattern choice for the boards is made in the green mill as the log enters (with some primary
sorting in the log yard). Sawing patterns typically target MGP structural product of certain sizes
(90x35mm, 190x45mm etc). Once rough sawn, the boards are often graded using an acoustic tool (this
is not a qualified grading process but is used by the mill to target drying and dry mill processes). Nonstructural products of different sizes such as fence palings, sleepers, and pallet feedstock are also cut.
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Drying:
Rough sawn timber is dried from the green mill in batches of similar sizes/grades/densities (varies with
mills). Drying is either by batch in a static kiln, or as continuous throughput from a continuous drying
kiln (CDK). The process of drying and reconditioning is typically <30 hours.
Dry mill:
Once material enters the dry mill from the kilns as rough-sawn boards, the process is automated through
planning, mechanical stress grading (e.g. Metriguard), visual override, optimising, and docking to the
sorter ‘bins’ where material is sorted by size and grade. Optimising is the process whereby the boards
are scanned and graded along their lengths and a decision is made, based on current market values,
as to which length to recover at which grade. For material that meets MGP10 grade and above, longer
lengths are typically valued higher regardless of grade. Opportunities to interrupt dry mill processes are
very limited.

2.3.4 Sawn hardwood production
The fundamental steps of sawn hardwood production are similar to the process above for sawn
softwood, with the following differences:


Hardwood species and resource vary significantly regionally making nationalising a market very
difficult.



Mills are generally much smaller in volume production (say 10,000m 3 per year as opposed to
>200,000m3 per year).



Visual grading (by people) is the typical method of grading for appearance and structural
products.



A broader product range is targeted including more appearance grade products (for
architectural/joinery). These are the highest value products.



Boards are required to be air-dried before they can be kiln dried. This process can take up to
around 12 months and requires significant space.



Kiln drying takes longer than for softwoods and is a more challenging process to retain the
integrity of the boards.

The smaller scale of the hardwood mills, along with the broader range of products targeted, in theory
makes them more capable of responding to an emerging market demand from a newly developed
WBMP. However, the long drying process makes the response of the overall hardwood production
process relatively slow.

2.3.5 Veneer production
LVL and plywood production processes are highly automated (Figure 8). Opportunities for veneerbased WBMPs in Australia are likely to be based around WBMPs made using a secondary fabrication
process using existing LVL and plywood production, or working with LVL producers to refine the blend
or ‘recipe’ of veneers used to lay-up mass products. The Australian plywood industry has some
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experience with WBMP manufacture with the commercial production of mass plywood bridge decks,
which began in the mid 1980’s.

Figure 8: LVL production diagram

2.3.6 Opportunities for WBMPs
The European model for softwood WBMP production by the large companies tends to be fully
integrated. A company manages forest resource, operates sawmills and WBMP production, as well as
a range of other wood products. In such a case, they influence what resource they use to produce a
specific feedstock destined for what final product. In the Australian context, there is more fragmentation.
Only a large-scale WBMP producer would be in a position to influence the processes in softwood MGP
production. Opportunities for national softwood mills to produce grades and sizes of timber to target
WBMPs (different from current MGP grades and sizes) will only happen if there is a clear and valid
market of a suitable size for the material produced at the desired sizes, grades etc. For example, if a
new grade was developed for CLT feedstock that matched the size for fencing palings, then material
produced which did not meet the specification for the CLT could be sold for fencing palings. This will
take time for markets to grow. A more likely short-term outcome is that WBMP production will make use
of the currently produced sawn softwood stock which targets the MGP market whether it meets the
MGP benchmark or its currently ‘non-structural’ (below MGP10 requirements for stiffness typically,
though sometimes limited by strength). The most desirable outcome for the industry would be for a
WBMP to use ‘non-structural’ MGP material (but that which still meets AS/NZS1748 requirements for
utilisation). The formal partnership between Hyne Timber and X-Lam, a CLT producer, provides an
opportunity for European style feedstock optimisation (although smaller scale).
There should be different strategies for short-term WBMP development and long-term aims. Given the
way in which sawn timber is produced in Australia, the most feasible short-term strategy for the WBMP
development will be to utilise sawn softwood material already sawn as part of the production processes
targeting MGP structural timber. This includes grade and size. The outcome with maximum impact
would be if a WBMP can be produced that makes use of material sawn which targets MGP10 and above
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for the stick framing market, but which falls below the requirements for MGP10. This is usually because
of lack of stiffness and therefore offers a challenge in the development of WBMPs.
Sawn hardwood production operates across a range of scales with more opportunity to respond to new
requirements for sawn board production in terms of board size, grade, drying and species. However,
the response time will be slow with a long drying process. The regional variation of hardwood species
and resource makes a national programme for development unlikely. There are technical problems
associated with hardwood processes to make engineered products, such as gluing challenges. One
opportunity for WBMP from hardwood is to use the fall-down from material targeting a high value,
appearance grade market. There is opportunity to visually regrade the fall-down as structural product
(graded to Australian Standard AS 2082) which would allow a suite of properties to be used in design.
If Appendix C of Australian Standard AS/NZS 4490 was followed, then there could be a system
established where the mill producing appearance product could add value to their fall-down by visually
grading as structural product without the need for daily quality assurance tests normally associated with
producing structural product.
Opportunities for veneer-based WBMP lie in both the use of LVL and plywood commercially produced
as components in WBMPs made through secondary fabrication, and through influencing the
commercially produced veneer-based products. Hardwood in the form of rotary veneer may be a very
efficient way to incorporate hardwood into WBMPs. This allows the benefits of hardwoods inclusion
(e.g. superior mechanical properties) but overcomes many of the processing challenges that are
present with sawn hardwood production.

2.4 Fabrication type and style
A WBMP may be supplied to market as a commodity or a bespoke building product. A commodity
element will be fabricated to standard sizes and sold through a wholesaler (who potentially maintains
stock). The WBMP would then be modified for use on a specific project by a third party, either on site
or in a workshop. A bespoke building product is fabricated for a project with a specific end use in mind.
This may be from end-to-end, i.e. even the lay-up of the panel is bespoke, or it may be that the WBMP
producer holds some stock then through a process of secondary fabrication delivers bespoke building
products. The key difference in the two models is the need for the WBMP producer to actively engage
with builders and building designers in order to produce a bespoke building product that meets their
requirements. This engagement is across many scales including contractual, information & technology,
and understanding/empathy. Some WBMPs, such as glulam, have the flexibility to sit in both commodity
and bespoke categories.
Different WBMPs use different methods of fabrication. The infrastructure needed for fabrication is a
significant consideration in determining whether a particular WBMP is feasible for a particular market.
For example, Section 5.3 describes the process for the manufacture of CLT, whereas Section 7.3
presents the very different manufacturing of NLT. Both of these processes can produce WBMPs
valuable to different markets. The key differentiator is the use of gluing versus mechanical fixing.
Gluing a WBMP requires a financial and intellectual investment in infrastructure from the producers.
The use of gluing is a highly controlled manufacturing process with requirements for rigorous, multifaceted quality assurance processes and significant equipment for applying pressure during curing.
Mechanical fixings provide the opportunity for smaller scale fabricators to produce WBMPs as and when
required for specific products.
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Fabrication scale is a consideration with respect to market and building scale. For example, regional
fabricators supplying a local market will look for opportunities for WBMPs of smaller scale than large
volume WBMP producers with access to a large metropolitan area, such as Melbourne.
It is reasonable to surmise that a smaller-scale operation will likely be mechanically laminating a product
given the simpler process of quality control, smaller scale capital investment and therefore required
throughout. Larger scale production can afford the more complex quality assurance procedures
associated with gluing product. This is the trend seen in Europe. A hybrid option is for a smaller scale
producer to use mechanical fixings for lamination in order to satisfy strength performance requirements,
but still glue the product in order to satisfy stiffness performance requirements (lower consequence of
failure). A similar approach could be adopted for a glued, parallel laminated (a.k.a. ‘unilam’) floor panel
where gluing provides the panel integrity, but the panel could still function with inferior bonds (except in
the longitudinal joints).
There is a significant network of frame and truss manufacturers around Australia. Frame and Truss
Manufacturers Association (FTMA) has a membership of 182 nationally. As fabricators, the frame and
truss supplier model is to buy in structural timber, and use a system of mechanical fixings to produce
building components. They are familiar with quality assurance requirements based around mechanical
fixings and they have the physical and intellectual infrastructure to engage with building designers and
erectors. Frame and truss fabricators are well placed to quickly adopt mechanically laminated WBMPs
manufacture and supply to market.
The use of mechanical fixings versus gluing influences the process for certification for use. See the
following section for more information. For each of the WBMPs described in this document the
opportunities for fabrication are discussed.

2.5 Certification for use
In order to use a WBMP in an Australian building, the structure must be designed and ‘signed-off’ or
certified by a professional engineer. To enable the completion of the engineering design, the WBMP
must have a suite of known/predicted properties such as bending strength (5%ile), bending stiffness
(average), shrinkage properties, density etc, which allow the engineer to produce a design.
Any WBMP used as a structural element in an Australian building is required to be fit-for-purpose, with
suitable confidence that its performance will correspond to the suite of properties used by the engineer
in design. Fit-for-purpose performance can be demonstrated in a number of different ways:


Direct Assessment (DA): A WBMP producer conducts their own research and testing to
develop a product which can be produced with a corresponding suite of characteristics to be
used in design. The producer is responsible for monitoring raw material inputs, manufacturing,
and end-product performance to ensure ongoing compliance. This approach is typically
adopted for LVL, with full scale testing to Australian Standard AS/NZS 4357.2, and for MPP.



Indirect Assessment (IA): A WBMP produced following a pre-determined process using raw
materials of known performance resulting in an end product with predictable performance. This
is the case for GLT manufactured to Australian Standard AS/NZS 1328.1:1998 2.4.3.2
Qualification Method 2. A similar process exists within the European jurisdiction for manufacture
of CLT to British Standard EN 16351:2015 5.2.3.2.
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Engineered Solution (ES): A WBMP produced as part of a secondary fabrication process may
be designed and ‘signed off’ by an engineer directly. An example could be a nail-laminated
product fabricated with MGP material; this could be designed to Australian Standard AS 1720.1
by a suitably experienced engineer, with production checks involving counting nail heads.
Additional testing may be required in order to increase confidence in the stiffness performance
of the solution, which can be difficult to establish to AS 1720.1. This is the process by which
glulam was produced until AS/NZS 1328 was introduced.

In order to capitalise on all appropriate opportunities for WBMP in the Australian market, the various
means of ‘Certification for use’ should be considered.

2.6 Performance criteria
A successful WBMP must satisfy multiple performance requirements. Structural performance
requirements are a minimum, but the largest possible uptake of a WBMP will occur if there are benefits
associated with satisfying other performance requirements in its use. For example, as well as being a
lightweight carbon-sink, CLT provides a robust air-tight envelope (without the use of vulnerable taped
membranes) which is critical for the thermal performance of buildings. Performance requirements vary
with building type, climate zone, building design etc. The performance requirements for a WBMP are
defined by regulation, the market, or the client. Section 13.2 discusses performance requirements in
detail for a range of possible products and associated markets. Performance criteria can be categorised
broadly as:
Material


Durability – Material used in the WBMP and the method for fabricating the WBMP
should have durability suitable for intended use. This not only includes the in-service
conditions but all processing, fabrication, and construction conditions. Durability
considers resistance to insects, decay, and that associated with mechanical wear from
handling and processing.



Stability – There will be performance requirements for dimensional stability of the
finished WBMP, which will be influenced by the dimensional stability of the feedstock
material. Material should be sufficiently stable to perform as intended in-service, and
throughout the production process including gluing, and machining/processing into
building components.

Structural (element)


Strength – The WBMP must have sufficient strength for the intended application.
Strength performance must be well understood to ensure correct safety factors are
applied through design. Strength is a life-safety consideration. Strength performance
requirements are determined by the suite of Australian Standards, including AS/NZS
1170 and AS 1720.



Stiffness (static) – WBMPs must have sufficient stiffness for the intended use. Stiffness
must be well understood for short and long-term performance. Stiffness is usually a
serviceability consideration, which, if not well understood, renders a WBMP not
fit-for-purpose. Recommended stiffness performance criteria are presented in AS/NZS
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1170.0 Appendix C, with the process for determining performance established in AS
1720.1. The informed design team, in discussion with the client, typically establishes
stiffness performance criteria.


Dynamic – WBMPs used as floor panels may be governed by their dynamic
performance; the way people feel as they walk over the floor. There are many methods
of assessing dynamic performance. There are currently no Australian regulated
acceptance criteria. Eurocode 5 and Canadian standards can provide some guidance
(BS EN 1995 and CSA O86); however, it should be noted that they have different ways
of analysing floor systems for vibration, and different acceptability limits.



Reliability – WBMP performance needs to be reliable. Material choice, methods of
design, fabrication and installation, along with use in service need to be well understood
both in the short and long terms. The confidence levels for the performance of the
WBMPs need to be understood in order to develop appropriate design values for use.

Structural (system)


Connections – WBMPs are required to perform as part of an overall system. WBMPs are
connected together using fasteners in order to make up a construction system. Connection may
be between similar WBMPs or with other element types and materials. Both connection strength
and stiffness performance are critical. Connection design using simple fasteners can be carried
out to AS 1720.1. As fastener complexity increased, a European Yield Model (EYM) was
adopted in Eurocode 5 and is to be adopted in AS 1720.1. As fasteners become more complex,
the design and performance information is held by the fastener manufacturers (such as
Rothoblaas, Spax, Simpson Strong Tie etc).



Flexibility – There may be a requirement in a particular market for flexibility in the structural
system. For example, using post and beam on a regular grid allows more future flexibility of
layout and use than a system of load-bearing walls.

Construction & Fabrication


Handling – Even WBMPs with high structural performance will not be adopted if handling and
machining through fabrication and erection are not suited to the target market. It is hard to
define such performance criteria, but, as a general rule, an iteration from current practices will
be more easily adopted than a wholesale reinvention.



Tolerances – Suitable tolerances through fabrication and erection ensure ‘first-fit’ whilst
maintaining acceptable aesthetics and predictable load path. Acceptable production tolerances
for sawn timber are defined in AS/NZS 1748. AS/NZS 2589:2017 Gypsum lining: Application
and finishing gives tolerance limits for framing which are more onerous than the production
limits which sawmills work to in AS/NZS 1748. There is no single document to specify
tolerances once these products are made into other elements, or constructed into buildings.
The best example internationally can be found in the UK with TRADA’s National Structural
Timber Specification (NSTS) [11].



Interfaces – In order to maximise the potential for use of a WBMP it should be compatible in a
range of structural uses. For example, as a floor panel mounted onto a steel frame (Figure 9).
To facilitate this the WBMP should allow connections and interfaces with all typical construction
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materials, including steel, concrete and masonry, as well as timber. As well as compatibility of
physical interfaces the procurement interfaces need to also be considered; fabrication
information, programming, and installation should not preclude construction solutions with a
mixed material palette.

Figure 9: CLT on steel frame; Royal Shakespeare Theatre UK



Cost – Considerations of cost are complex. At its most basic, the choice on any given project
to use a particular WBMP will be based solely on the cost of the WBMP per square metre.
However, the balance of cost is more complex as there are many other factors such as
construction time, and the possibility for a WBMP to satisfy many performance requirements
(as listed here). Fundamentally, the cost of a WBMP should not be so high as to preclude or
discourage its use. Construction costs on projects vary significantly by project type and use. A
WBMP developed for single residential construction for a mass market will need to be delivered
at a far lower cost than a WBMP for a ‘high grade’ office development in which it can satisfy
many functions.



Certainty – Decisions around construction are guided by risk. Any new WBMP developed
should acknowledge this. If a WBMP is seen as a high-risk solution then it is unlikely to be used
on a large scale, though it may be adopted by some experimental designers, on a small scale.
Risk in this context is risk around not meeting the complex performance requirements it is
targeting, including cost, time, and aesthetic, as well as structural.

Envelope


Acoustic – Mid-rise multi-residential, student accommodation or hotels have been one of the
most significant markets for WBMPs (CLT specifically) to date internationally. These are
defined as Class 2 and 3 buildings in the National Construction Code (NCC). Acoustics
separation between residential units is critical with minimum limits set by the NCC often
exceeded by the Employers’ Requirements defined by the developers, who target higher
performance for an outcome of higher quality as perceived by the occupier. In developing a
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WBMP for acceptance into the market of Class 2 and 3 buildings, its acoustic performance
should be investigated.


Thermal – A perceived benefit of CLT versus concrete is CLT’s reduced heat conductivity, i.e.
it is not considered to be a ‘thermal bridge’ between conditioned internal space and
unconditioned external space. However, the consideration is complex. Alternatives such as
insulated, panelised, stud frames offer a significantly higher thermal performance. Many
building designers (architects and engineers) consider the need to internally expose thermal
mass as critical and prefer concrete soffits on slabs to exposed WBMP soffits. However, the
truth behind the relative effectiveness of exposed mass-timber versus concrete is not fully
resolved. Massive timber as effective thermal mass in Australian contemporary houses
considers this relative effect [12]. Considering the density and hygroscopy of the feedstock of
the face elements of any proposed WBMP provides opportunities for thermal benefits.



Airtightness – As the required thermal performance of buildings increase, the need for airtight
envelopes increases. Airtightness is tested on completed buildings by the ability of the building
to maintain an imposed positive internal pressure. The typical way in which this is achieved is
by multiple membranes in the envelope build-ups with taped and sealed seams and interfaces.
Taped membrane systems are susceptible to damage on site. One significant benefit of CLT is
that it provides inherent airtightness as part of standard construction methods with the only
addition required being taped junctions. Specific airtightness requirements vary with regulatory
jurisdiction and climate. Opportunities for WBMPs developed to satisfy airtightness
requirements in lieu of membranes should be explored.



Fire – Performance of buildings in fire has always been a critical consideration, but the focus
has increased following a number of significant recent events such as Grenfell in the UK. NCC
2019 provides for a deemed-to-satisfy solution for timber-framed construction up to 25m
(highest occupied floor) with an encapsulated solution whereby the timber-frame is covered in
plasterboard of specific thickness and specification. Similar considerations exist for CLT where
the performance of the CLT in the context of the overall wall build-up is fire tested and,
therefore, ‘deemed-to-satisfy’. NCC 2019 includes a change from NCC 2016 where mass
timber is either now defined as mechanically or chemically bonded. Many designers aspire to
express the mass timber panels as an internal finish. In such a case, a performance solution
will be needed under NCC where a fire engineer is required. Mass timber structural components
exposed to fire can be designed based on charring to AS 1720.4-2006, but care is needed in
understanding the performance of adhesives and fasteners under heat, plus the overall
insulation and integrity requirements of the WBMP.

Design process


Performance data – The information required by the building designers, fabricators and
constructors for the WBMP must be available in a format that is easily adopted into each step
of the building design and construction process. Information must be presented in an
appropriate way – this is particularly important with WBMPs addressing multiple performance
requirements such as visual characteristics.

Environmental


Embodied Carbon/LCA – Considerations of embodied carbon vary internationally. For example,
in the UK it is often a planning or client requirement for a building to reach a certain BREEAM
rating which will require consideration of embodied carbon in construction materials. Of

Optimisation of WBMP - Literature, market and product review, Department of Agriculture and Fisheries, 2020 18

significant impact for WBMP use is where local planning requirements force consideration of
renewable electricity generation on the proposed building to reduce carbon, and sequestered
carbon in mass-timber can be considered as a viable alternative to extensive solar arrays.


End of life – Of growing importance to progressive clients is end-of-life considerations of
materials. Specific projects (clients) may require full end-of-life recyclability of structure. In such
a case, mechanically laminated WBMP have an advantage over glued alternatives.



Chain of custody – Understanding the provenance of all components that go into a WBMP is a
requirement. This should include any fasteners used for mechanically laminated WBMPs.



Health, Well-Being and Productivity – Health and Well-Being is a growing area of opportunity
for timber and WBMPs. There are international standards such as WELL. Some progressive
and high-profile end-users, such as large international corporations, are requiring buildings with
WELL certification. There are currently (at time of writing) 180 WELL certified projects Australia
[13]. There is a growing body of research which suggests that environments that are devoid of
natural materials, and views to natural environments, can have a negative impact on mood and
wellbeing [14]. Timber is well placed with respect to the well-being aspects of connection to
nature (biophilia), indoor air-quality and internal acoustic quality.
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3 Markets, procurement and supply chains
WBMPs are typically used as prefabricated components. Prefabrication as a concept covers a range of
terms and scales. Figure 10 presents a matrix of prefabrication. On this matrix, WBMPs are defined as
2D panel construction. For WBMP prefabrication, the level of prefabrication needs to be a conscious
decision; which performance requirements are being prefabricated for? Structural only, or visual and
envelope too? This has significant implications on the process of prefabrication. Figure 11 shows
differing levels of panel prefabrication.

Figure 10: Matrix of prefabrication

Figure 11: Open (single sided) or closed prefabricated panels
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For the purposes of this report, the primary focus will be producing WBMPs which can perform well to
a known set of performance requirements, but which are fabricated for structural use. Secondary
fabricators may choose to prefabricate additional performance requirements into components as
markets grow.
WBMPs are procured for use into buildings and structures in a range of different frameworks. The detail
of the process is critical as it clarifies the points of potential risk that may stifle innovation, and
opportunities to embrace innovation. The process for each market type is described below.
Fundamentally, the process, as it relates to the WBMP, is roughly as follows:


Someone makes the decision to explore the possible use of a WBMP. For buildings, this may
be an architect, engineer, developer, builder, or fabricator. For different building scales and
markets different parties influence the decision, as detailed below. In order to make the decision
to explore the use of a WBMP there needs to be appropriate information available; span tables,
cost, acoustic performance etc.



The use of the WBMP is specified in some way. For a competitively tendered building, this may
need to be a generic specification. So, for example, if a project team for a building want to use
CLT in Australia, they may have to specify it generically such that an imported or local product
can be used (as there’s only one main producer in Australia). The specification may be through
drawings, reports, NATSPEC, or Employer’s Requirements. It may be explicitly specified (CLT
of this thickness and grade goes here, for example), or performance specified (a mass-timber
panel of max thickness X needs to span Y metres supporting Z load with acoustic performance
P etc).



A decision is made as to which product to use based on many factors, but typically cost and
managing risk, in the case of buildings.



The project team (the design team in this case) will produce information to pass down the
supply chain to allow the WBMPs to be produced AND fabricated into building components.
This is a significant difference from typically produced sawn products. WBMPs are typically
supplied to market as bespoke, building-ready components rather than as a commodity.
Exceptions do exist where intermediaries provide secondary fabrication services to commodity
produced WBMPs, but the typical case requires the producers of the WBMPs to be actively
engaged with the building design process.



Fabricated WBMP building components are supplied to a contractor for erection on site. This
erection team may be from the WBMP producer, an intermediary or a main contractor (overall
builder). The WBMPs, being panel products and critical elements with respect to the building
envelope, must be able to interface with and engage with the whole range of performance
requirements, products and companies associated with the entire building construction.

The following sections consider several possible markets and provide commentary on opportunities for,
and impediments to, the use of WBMPs for each.

3.1 Industrial
A significant market for WBMPs in North America is temporary road surfaces associated with forestry
or mining [15]. These products are known as swamp mats, bridge mats or bog mats. The most similar
product in Australia would be a stress-laminated bridge deck (Section 3.2). The North American swamp
mats may be CLT or NLT (cross or parallel laminated) [16] (Figure 12 and Figure 13).
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An interesting aspect of these products is the way in which they are procured and used. The mats can
be purchased or leased. The selling companies offer services of initial selection and specification,
refurbishment and re-grading as mats deteriorate in service. The selling and ongoing use of the mats
is well supported.

Figure 12: Viking Mats from North America (CLT, NLT, solid timber)

Figure 13: Birketts bog mats UK (https://www.birkettsbogmats.com/size-bogmat/)

Opportunities for similar products in Australia are limited. The climate tends to be drier, hence, ground
conditions firmer, so the process adopted for mining and forestry mean that similar products are not as
common. Temporary road surfaces are used for various reasons such as temporary car-parking at
festivals etc. However, the ground conditions tend to support more load and therefore require a wearing
surface rather than a load distribution or bearing surface as is the case with swamp mats for industrial
use. Typical Australian temporary load surfaces are thinner for stacking and transport because they
can be more flexible. Figure 14 shows a blast mat, which can also be a road surface, made from
recycled truck tyres.
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Figure 14: Flintstone blast mats and bog mats Australia (http://www.blastmat.com.au)

3.2 Infrastructure
There are many thousands (estimated 40,000) of timber bridges throughout Australia, many of which
are in remote locations [17]. The truss or column support structure for these bridges is beyond the scope
of this report, but there is opportunity for WBMP use in the bridge decks, some of which have significant
spans. Two main options for WBMP bridge decks are:




Stress laminated timber (SLT): Solid sawn timber is mechanically fixed parallel. SLT decks
are fabricated bespoke for specific projects, on site, or with some extent of prefabrication. For
bridge decks this is often through the use of threaded bar, or DYWIDAG bars, which allow a
significant prestress to be imposed perpendicular to grain.
Figure 15, below, shows the use of prestressing jacks on a hardwood deck in New South Wales,
and Figure 16 shows a typical SLT cross section. The SLT deck typically features staggered
butt joints in the boards and achieves bending stiffness through a combination of moment action
of the joining bars, and friction. Depending on the design adopted, the strength design may be
mechanical bar performance, and stiffness design by friction. Recent research projects have
extended the concept to consider pedestrian arch bridges in SLT [18]. SLT in combination with
other engineered wood products has been proposed in the 1990s [19].

Figure 15: SLT hardwood deck at Molong, NSW
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Figure 16 Typical SLT deck [19]

Parallel NLT is a similar technology that has been used to produce large deck structures for long span
access platforms, which are bridge-like. Research work at CBT i-bois led to timber-concrete composite
deck structures spanning 18m (Figure 17) [20].

Figure 17: O'portune deck system Sandoz et al CBT i bois



Mass plywood panels (MPP): MPP bridge decks have been manufactured and used in
Australia since the mid 1980’s (Figure 18). The panels are made as a secondary fabrication
process by screwing and gluing commercially produced plywood into larger WBMP MPPs.
Additionally, Hyne Timber [20] has manufactured an engineered timber bridge with a MPP deck
imported from Papua New Guinea. The deck was fabricated similarly to the Australian systems.

Figure 18 MPP bridge decks (Big River left, Hyne right)
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3.3 Detached housing
The single residential market represents a significant market for the use of timber as both on-site stick
built stud frames and prefabricated frame and truss. Figure 19 shows housing starts in 2018. With nearly
120,000 housing starts nationally it represents a significant market. Key to note is that Western Australia
has significant opportunity for timber to displace the predominant double-brick construction which in
2018 accounted for >70% of the housing starts.

Figure 19 Housing starts [21]

In order to best identify the opportunities for WBMPs in housing, it is necessary to interrogate the way
in which houses are procured, and who makes the decisions. Figure 20 represents typical single
residential procurement. This is deliberately ‘sketchy’, as the procurement varies case-by-case, but is
intended to represent a trend in order to compare against other markets.
Clients, who represent themselves, approach a developer/builder to design and construct the house.
The developer/builder engages with the fabricator/carpenter throughout construction of the house. Cost
is typically the key driver. A significant portion of the market consists of project homes in which decisions
on material choice are made by the developer/builder. If they can see advantage in using timber, then
it will be used.
The use of WBMPs in single residential construction is limited currently to a few architecturally designed
houses. The drivers for use of WBMPs in single residential are not as tangible as other markets, as
loads and spans are lower, for example. Currently, if speed of construction is sought, a prefabricated
timber framed solution with single sided sheathing is a more likely solution than a WBMP.
Figure 21 shows an example of a detached timber framed house.
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Figure 20: Typical building procurement for single residential

Figure 21: Detached timber framed house
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3.4 Multi-residential
There is a drive to increase the densities of sub-urban areas of Perth (Figure 22), with a similar trend
in urban areas across Australia. The driver comes in part from providing pedestrian access to transport
nodes, such as railway stations, and in part from managing the sprawl associated with increasing
population. As part of this densification, the associated re-zoning is allowing mid-rise developments. In
the NCC 2019 revision, two significant changes occurred:


Mid-rise (up to 25m highest occupied floor) was extended to all building classes with deemed
to satisfy timber solutions.



The definition of mass-timber panels was extended from chemically bonded to include
mechanically fixed.

The densifying of cities and towns, coupled with changes in the 2019 NCC, is significantly increasing
the market and opportunities for timber and WBMPs.

Figure 22: Rezoning to densify Perth [22]

Figure 23 and Figure 24 present building approvals and housing starts historically. The increasing
density of towns and cities show increasing starts of smaller houses/units relative to detached housing.
It should also be noted that even within detached housing, there would be a reasonable percentage of
narrow block ‘detached houses’ with zero-lot boundaries (immediately adjacent to the neighbour).
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Figure 23: National building approvals [23]

Figure 24: Housing overview [24]

The procurement of mid-rise multi-residential buildings is driven by a developer, who is likely to have a
strong relationship with a builder. The builder will subcontract the various fabrication and erection roles.
The design team may be appointed by the client/developer, or work under the builder/contractor. The
primary driver for such construction tends to be cost, with the developer and builder having significant
influence over the choice of construction. As construction moves from detached houses to mid-rise, the
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need for quality control, specification, and clearer contractual relationships becomes more important.
This procurement process is presented in Figure 25.

Influence

Influence

Figure 25: Typical procurement routes for mid-rise
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In order to judge the potential market size for WBMPs, consider the example building as presented in
the WoodSolutions Technical Design Guide (TDG) 27[25], see Figure 26.

Figure 26: WoodSolutions example building

For TDG 27, the example building was engineered as a CLT solution for cost comparison against more
commonplace construction types such as concrete. The scale of the building, and volume of CLT, allow
an estimation of CLT volume per unit to be extrapolated as a national market.


The example building features 42 units totally 1730m3 CLT, therefore, 40 m3 CLT per unit.



Total sawn softwood output = 1,500,000 m3 per annum, as presented in Section 2.2.2.



Assuming WBMP use (equivalent to CLT) grows to 2% of 100,000 units per annum (2,000 units
or approximately 40 mass timber buildings), WBMPs would then utilise ~ 80,000 m3 or
approximately 5% of current sawn softwood production.
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Even with a significant increase in WBMP construction, it will only use a small percentage of
softwood production. It is therefore imperative that WBMP production responds to current
softwood production processes.



It was noted through the research used to develop TDG 27 that the timber-framed version of
the example building used 350m 3 of timber, so approximately 20% of the volume of the CLT
version.

3.5 Commercial
Cost is an important factor for commercial/office buildings, but other factors become increasingly
important which are not as relevant in residential markets. In this market, the end-users, as in the
tenants of the offices, have significant influence on the decisions made by the developers. In order to
commit to procure such a building, the developers need confidence in finding high value tenants. The
typical procurement process is demonstrated in
Figure 27.

Figure 27: Typical building procurement for commercial/office buildings

Increasingly, tenants are acknowledging the benefits of timber construction with respect to health, wellbeing and productivity considerations as set out in standards like WELL [26]. High-end tenants are
beginning to demand high WELL (or similar) standard spaces. However, not all office space
accommodates high-end tenants who are striving for certified WELL spaces. Whilst the general trend
will likely head in that direction, there is also a market for WBMP in more typical commercial
construction, for example, being used in conjunction with more commonplace structural systems such
as hot-rolled steel frames. In such a case, WBMP would be displacing a prefabricated concrete panel,
or an in-situ concrete slab, used compositely with the steel structure below, or an entirely concrete
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solution. For a WBMP to compete in this market, it would need to be able to compete with low cost
systems in which builders and developers have high confidence. An example WBMP commercial
building is shown in Figure 28.

Figure 28: International House, Sydney, Tzannes Architects

3.6 Cultural/civic
Cultural and civic buildings tend to be those with high profile, and high design drivers such as new
museums or galleries. The volume of a potential WBMP used in such projects will be relatively small,
but these projects can significantly raise the profile of products. The structural concept for such projects
varies significantly project-to-project. The common feature is that the key concepts for the structure are
often defined early in the project by the design team through a design competition in engagement
directly to the client; contractor/builder/fabricators may have no early involvement. Figure 29 shows the
typical procurement process.
Being so varied, it is hard to define a WBMP to target such a market, but the method for any WBMP to
penetrate into this market will be by having information widely available to those involved in building
design at the concept stages such as engineers and architects, with a clear narrative as to the benefits.
Reliable information will then need to be accessible to those in a project team who can encourage
product use such as quantity surveyors and project managers.
Figure 30 presents an example WBMP civic building.
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Figure 29: Typical building procurement for architect-led cultural or civic building

Figure 30: John Hope Gateway, Edinburgh, Edward Cullinan Arch. & BuroHappold Engineering
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3.7 Market opportunities for WBMPs in Australia
Any WBMP should allow multiple options for procurement and be capable of interfacing with different
materials and systems in order to achieve impact across a range of markets.
The largest potential market is likely in mid-rise construction as cities increase in density. Changes to
the NCC 2019 facilitate the uptake of timber and WBMPs in such construction by introducing deemedto-satisfy provisions for performance in fire. Developing WBMPs to suit the mid-rise market will force
considerations of most performance criteria, but particularly cost, construction and diversity of supply
chain. Once such factors have been addressed, the use of the developed WBMPs in other smaller
markets, which have higher profile, such as commercial or cultural, will be more straightforward and will
be limited by aesthetic considerations and perception.
There are opportunities in residential construction for WBMPs. It is unlikely that a significant percentage
of project homes will make use of WBMPs, but if a WBMP can be developed to allow a ‘mass-timber’
type finish internally, whilst also providing the benefits of prefabrication, within a flexible supply chain,
then there can be growth in uptake.
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4 Sawn timber based: Glue-laminated timber (GLT or Glulam)
4.1 Introduction
GLT (or Glulam) has been used since the 1800s and experienced extensive use during and after World
War II in buildings and bridges [27]. GLT comprises individual timber boards, stacked in parallel layers,
and bonded with durable and moisture resistant adhesives. In contrast to CLT (alternating grain
direction for each layer), GLT laminates are glued together by layering them with the grain. Figure 31
shows the grain orientation of GLT. GLT can be large and long length members with excellent strength
and stiffness properties, and is typically used for beams and columns in residential and commercial
construction [3]. Figure 32 shows GLT in use as beams.

Figure 31: GLT or Glulam

Figure 32: Glulam beam

4.2 Characteristics of GLT
Modern gluing technology and the high strength properties of timber, makes glulam a highly competent
structural material. There are many benefits of GLT [28, 29] such as:



straight and curved members for architectural and design benefit;
high strength to weight ratio enabling wide spans and large panels;
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structural capabilities;
visual appeal; and
maximum use of local resource – hardwoods and softwoods.

Some other factors that require consideration include:



Moisture induced movement through connections of deep beams can lead to cracking; and
Gluing and finger jointing requires careful research and development for each new species or
new resource characteristic.

4.3 Manufacturing process
The GLT manufacturing process and production specifications are similar to CLT, as described in
Section 5, below. First, the sawn timber is kiln dried to a moisture content of 6 to 15%, or 11 to 18%, if
the pieces are treated with preservatives. To avoid high moisture gradient, which may affect the
bonding, the difference in moisture content between the laminates should not be more than 5% (Annex
I.4.4 of BS EN 14080:2013). The timber pieces are then planed and later strength graded visually and/or
by machine as required in BS EN 14080:2013, which is the commonly used standard for glulam
production in the United Kingdom and other European countries. There are many grading standards
available in different regions of the world and the BS EN 14081 series provide general guidelines for
both visual grading and machine grading in most European countries [30]. Then, the boards are finger
jointed and glued together to form glulam. More information regarding finger jointing and laminating,
and applicable standards, can be found from the references used by Ong [31]. The step-by-step
procedure to manufacture glulam described by Borgström [32] is illustrated in Figure 33.

Figure 33: Manufacturing process of glulam beams [32]
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4.4 Typical supply chain
Glulam is supplied as both a commodity product, and as a bespoke component for building design. The
use of glulam may be specified by the Architect as a key part of the building’s concept, due to its visual
appeal. The process of manufacture requires high quality control processes and is therefore suited to
medium to large-scale producers with dedicated production lines.

4.5 Review of recent research
The majority of research conducted on reinforced glulam, is on beam reinforced with fibre such as
CFRP [27, 33-35]. Ferrier, Labossière [36] developed a new type of hybrid glulam beam that will
increase the performance of a timber structural element by combining it with ultra-high-performance
concrete with short fibre reinforcement (UHPC-SFR). The hybrid beam possesses a lower bending
stiffness than a glulam beam of similar overall dimensions but has a higher ultimate load capacity. Ong
[30] investigated the factors influencing the mechanical properties of finger joints and bonding
performance of glulam manufactured from Malaysian Dark Red Meranti (DRM) using phenol resorcinol
formaldehyde (PRF). DRM finger joints exhibited better bending strength than Spruce, and finger joints
were affected by wood density and end pressure. The glulam beam with CFRP reinforcement had a
higher bending strength than the unreinforced glulam beams, but partial reinforcement had an adverse
effect on beam strength. In the bench-scale fire test, DRM finger-jointed specimens exhibited lower
charring rate than Spruce. Furthermore, PRF finger-jointed specimens showed better fire performance
than finger-jointed specimens bonded with polyurethane (PUR) adhesive [30].
Uzel, Togay [27] studied the flexural behaviour of glulam beams manufactured from Pinus sylvestris by
relating the results with those of massive timber beams. The study investigated the effect of number of
laminations (3 or 5 laminations; 90 x 90 mm beam section), types of adhesive materials (epoxy and
polyurethane) and reinforcement nets (aluminium, fiberglass and steel wire nets) used in the lamination
surfaces. Load-displacement responses, ultimate capacities, ductility ratios, initial stiffness, energy
dissipation capacities and failure mechanisms of glue-laminated beams were compared with those of
massive beams. It was observed that the general bending responses of glue-laminated beams were
better than those of massive beams. Moreover, the use of reinforcement nets at the lamination surfaces
increased the ultimate load capacities of the tested beams. The highest ultimate load capacities were
observed from the tests of glue-laminated beams manufactured using five laminated layers and
retrofitted with polyurethane glue using steel wire reinforcement nets, in the direction normal to the
lamination surface. Finally, the finite element simulations of some test specimens were performed to
observe the accuracy of finite element technology in the estimation of ultimate capacities of gluelaminated timber beams [27].
The mechanical properties of glulam have been predicted using theoretical models. For example,
Fiorelli and Dias [37] presented a model for designing reinforced glulam beams. The model allowed for
the calculation of the bending moment, the hypothetical distribution of linear strains along the height of
the beam, and considers that the wood has a linear elastic fragile behaviour in tension parallel to the
fibres. Ferrier, Labossière [36] developed analytical and FEM models of composite glulam beams with
ultra-high-performance concrete with short fibre reinforcement (UHPC-SFR). Anshari, Guan [38]
developed FEM models to simulate the pre-stressing behaviour of glulam beams with insertion of
compressed wood blocks, considering both materials as orthotropic elasto-viscoplastic. The moisturedependent, including spring back, swelling of the compressed wood block and the creep of the glulam
were considered in the modelling. The edveloped models were validated against the corresponding
experimental results. Blokhina and Nazarenko [39] developed 3D analysis of a beam composed of
glued laminated timber, reinforcement bars and epoxy resin using ANSYS. Aicher and Tapia [40]
presented their research on timber composites with large holes made of glulam and LVL (as
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reinforcement), which is currently being used in industry. They proved the suitability to accommodating
large holes in GLT-LVL composites.
The vibration response of glulam is an important issue. Gu [41] pointed out that the CLT-Glulam
composite system is governed by serviceability and not ultimate strengths. Ebadi, Doudak [42]
investigated the construction variables that influence static and dynamic response characteristics, and
examined the ability of standard engineering analysis methods to predict those characteristics.
Performance of lamination [43] and finger joints [44] in glulam beams have also been investigated.
Non-destructive ultrasound methods for delamination detection have been investigated by
Neuenschwander, Sanabria [45] and Sanabria, Furrer [46]. Angst-Nicollier [47] investigated moistureinduced stress in glulam and develop and calibrated a model of mechanosorption. Their review revealed
that selection of correct material parameters is more important than formulation of the mechanosorption
model. Their experiment confirmed that wetting creates more stress than drying. “A study of Australian
Glulam” was presented by Milner and Adam [48] where the potential pathway forward for development
of structural glulam in Australia/New Zealand is outlined.
Glulam in Australia is used, almost exclusively, as beam and column elements (1D elements). However,
the trend in Europe is for uni-lam, or parallel laminated glulam, to be used as floor/ceiling panels [49].
In this case, the load-sharing offered by the gluing can mitigate use of a lower grade timber. Note
though, that being uni-lam (as opposed to cross-laminated), movement associated with changes in
moisture content require provision of movement joints through or around the floors (see edge profile
and surface recess in Figure 34). However, the continued decrease in the price of CLT is suppressing
the uni-lam market.

Figure 34 Hasslacher Norica Timber (HLT) uni-lam Germany [49]
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4.6 Considerations for Australian markets
Glulam for use as beams and columns is a relatively mature market in Australia. It is a familiar product
in the community at large. Designers, fabricators and builders have a familiarity with it and confidence
in it. In the context of this project, glulam beams and columns are not considered as WBMPs.
However, glue-laminated parallel (uni-lam) floor/ceiling panels offer a potential market solution. Such a
solution could be sold as a commodity product for residential and multi-residential markets, with a
bespoke solution for larger spans and larger loads. The mature European market for uni-lam panels is
being suppressed by decreasing costs of CLT [50].
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5 Sawn timber based: Cross-Laminated Timber (CLT)
5.1 Introduction
CLT is the most high-profile mass panel timber product and is being used as roof, floor and wall
elements. CLT consists of an odd number of layers (typically three to nine) of dimensional timber
stacked perpendicular to the adjacent layers and then glued together to form structural panels, as
shown in Figure 35 [3].

Figure 35: a) assembly method of CLT and b) final CLT product

In North America, CLT panels can be up to 60 feet (~18m) long and 10 feet (~3m) wide, and are typically
prefabricated with pre-cut openings for doors, windows, and stairs. One example of CLT use is shown
in Figure 36, the completed Brock Commons, an 18-story housing complex, at the University of British
Columbia.

Figure 36: CLT use in Brock Commons Tallwood House in Vancouver, BC [51]

Originally invented in Switzerland in the early 1990s (Gagnon & Crespell, 2010), Europe remains the
leading producer of CLT, with a few relatively new manufacturers in North America [52]. Major European
manufacturers of CLT are listed below in Table 1 [52].
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Table 1: Major European CLT manufacturers
Company

Country

Volume (m3)

KLH

Austria, UK, Sweden

71,000

Stora Enso

Austria

60,000

Binderholz

Austria

25,000

Martinsons

Sweden

5,000

Moelven

Norway

4,000

Thoma Holz GmbH

Austria

Unknown

FinnForest Merk

Germany/UK

Unknown

HMS

Germany

Unknown

Structurlam (Canada) and Nordic Engineered Wood (US and Canada) started producing CLT in North
America [53]. Currently, there are two main manufacturer in Australia and New Zealand. The largest
company is XLam Ltd., originally located in Nelson, New Zealand; they have recently opened a larger
capacity plant in Wodonga, Victoria, Australia. The other local producer is CrossLam Australia, in
Western Australia, now in the start-up phase and producing small volumes of material.

5.2 Characteristics of CLT
Cross laminating with alternating, perpendicular layers improves the in-plane and out-of-plane strength,
dimensional stability, rigidity and mechanical properties of CLT. The degree of anisotropy in properties,
and the detrimental effect of natural defects such as knots, are reduced [54]. Moreover, load-bearing
CLT wall and floor panels are easily assembled on site to form multi-storey buildings, improving
construction and project delivery time, reducing costs, and maximising efficiency on all levels [54].
A qualitative study by Mallo and Espinoza [55] mentioned the main benefit of a CLT based system is
using a natural renewable resources like wood as opposed to energy intensive and non-renewable
materials like concrete. There are many benefits on the construction side, such as shorter construction
time, as CLT is prefabricated, and reduced labour time, on site waste, occurrence of accidents,
disturbance of a site’s surroundings, and building weight.
Australian Sustainable Hardwoods [28] also listed the following benefits of CLT:














Strength and uniformity of properties;
Reductions in assembly time and labour;
Fire resistant;
Sound absorption;
Insulating properties;
High aesthetic quality;
Lighter than concrete;
Easy to erect;
Similar characteristics to pre-cast concrete;
Sustainable building material;
Short construction time;
Cost effective; and
Mass timber’s attractions include excellent seismic performance.
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Moreover, low-grade materials can be used for inner layers in CLT manufacturing [53]. The main drivers
identified were CLT’s carbon sequestration, low embodied carbon, renewability, efficient manufacturing
and construction, cost competitiveness, and prefabrication.
The main disadvantages of CLT found in literature are:




Handling and transportation being solid and dense;
Thermal conductivity high, might need extra insulation material;
Acoustic performances (low sound insulation) looks to be one of CLT’s biggest limitations. This
can be directly related to its lightweight features (small mass), and high bending stiffness,
resulting in high levels of vibration.

5.3 Manufacturing process
Generally, 3 to 7 layers of softwood boards are bonded together crosswise to manufacture CLT.
Common dimensions of CLT are a length of up to 18 m (or even 30 m), a width of up to 3.0 m (or even
4.8 m) and a thickness seldom above 300-400 mm [56]. The individual boards are connected to one
another longitudinally by finger joints and the layers are glued together. Depending on the method of
production, the first step is usually to produce single-layer panels by gluing the individual boards
together along their narrow edges. These layers of boards are then stacked to form multiple layer
panels. The process is highly automated and can provide ready-to-use CLT elements [57]. The
production process of CLT is shown in Figure 37, and described in this section.

Figure 37: production process of CLT
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5.3.1 Wood resource selection of feedstock
The feedstock depends on the availability of resources based on geographical locations. In Europe, the
main species currently used for CLT is spruce, however, Scots pine, larch and Douglas fir are also
available and suitable. Swiss stone pine (Pinus sylvestris) and some other species can be used in in
an outer layer to provide a high quality decorative, non-loadbearing covering layers [57, 58].
Whilst spruce is commonly used in Europe, within Australia, locally grown pine is proposed to construct
panels. Experimental research at the University of Technology Sydney (UTS) has shown that Australian
sourced pine has properties comparable with European spruce, and could be used to successfully
manufacture CLT panels [59]. In Australia and New Zealand, most CLT production is from radiata pine,
with smaller quantities of Douglas fir. Current volumes of CLT produced are for small jobs in New
Zealand and Australia, whereas the CLT for larger jobs is being imported from Austria. No CLT imports
from North America are known of [60]. Radiata pine, the main feedstock for both LVL and glulam in
Australia and New Zealand, is a widely grown softwood with excellent properties for machining, and
adequate strength values. However, the main limiting factor of radiata pine is sourcing high-stiffness
feedstock [4].

5.3.2 Boards or raw material for CLT
The boards are generally of prismatic cross section with a thickness of 12 to 45 mm. The dimensions
and quality requirements are provided in the European product standard [61] to ensure consistency. In
central Europe, the generally accepted CLT layer thicknesses are 20, 30 and 40 mm. A minimum board
width of 4 times the thickness is recommended, otherwise a reduction of the resistance to rolling shear
has to be considered [56]. The boards are recommended to be conditioned at 12 ± 2 % MC and visually
or mechanically strength graded. In Europe, boards are graded in the range C16 to C24 according to
EN 338. C24 are used for homogenous layups, and C24 for longitudinal layers with C16/C18 for
transverse layers are used in a combined layups [58]. Moisture levelling of the boards is important as it
can cause weak bond strength and may develop joint failure, which might cause further cracking of the
lamination Xu [53]. In Europe, some manufacturers select timber stock to produce two grades of CLT
panels, construction grade and appearance grade. For appearance grade, the outermost layers may
have specific visual characteristic for aesthetic purposes [62].

5.3.3 Finger jointed lamellas
Finger jointing provides an economical way to join boards or board segments longitudinally. The
requirements for producing good finger joints for glulam are stated in BS EN 14080:2013. It is important
to avoid wane, edge damage, knots and distinct grain deviation within the joints. The knots should be
located away from the finger joints, with minimum distance of three times the knot diameter. The other
main requirements are a suitable adhesive system and the technical requirement of using this adhesive
system [63]. An adhesive with elastic and shear properties comparable to the adherent is recommended
to reduce stress concentration [64]. Melamine-urea–formaldehyde (MUF) and one-component
polyurethane adhesives (1K-PUR), as well as emulsion polymer isocyanate adhesives (EPI), are mainly
used [56]. Flatwise finger joint (finger visible on the narrow face) is considered advantageous, as no
fingers are visible on the surface of CLT as shown in Figure 38 [56].
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Figure 38: Edgewise FJ (left) flatwise FJ (right)

The recommended finger geometries and cutter profiles are also given in BS EN 14080:2013 and BS
EN 15497:2014, respectively, as shown in Figure 39 [30]. Joints with a finger length of 15 or 20 mm are
typically used as these have already been optimised and approved for the production of glulam. It is
possible to produce large fingers with recommended finger profiles according to EN387 [63].

Figure 39: Finger joint profiles, geometric measures and loss in cross section [30]

5.3.4 Single-layer panels (optional)
The gaps between lamellas should be minimised to improve fire design, airborne sound insulation, airtightness and aesthetics. Production of single-layer panels can help to achieve this. Moreover, it can
reduce the gaps between the panels and surface bonding pressure. Pressure on narrow faces can be
applied by vacuum presses or by bracket, nail or screw pressing. Single-layer panels can be produced
as an intermediate step of CLT panel production, using one of the following three methods: (1) singlelayer panels made by narrow face bonding of boards or lamellas, (2) single-layer panels according to
EN 13986 (2002), and (3) single-layer panels produced by axial splitting of glulam. These three methods
are described by Brandner [63]. However, variations in final environmental conditions of CLT can
develop internal stress due to shrinkage and swelling which can induce unavoidable checks. Thus,
producing single panel layers by narrow face bonding has limited advantages. Single layer panels of
CLT can be substituted with LVL, OSB, plywood or multilayer solid wood panels, however, the suitability
of the substitute has to be verified if such layer is used in load transfer. MF, MUF and 1K-PUR are
frequently used adhesives for manufacturing single layer panels [63].

5.3.5 Panel assembly by applying adhesive for side face bonding
For the panel assembly, the guidelines and requirements of the adhesive manufacturers must be
followed. Although some adhesive producers have adapted their regulations for CLT, some parameters
such as bonding pressure, quantity of applied adhesive and moisture content of adherends have been
based on experience with glulam. The bonding pressure and glue quality are most important. Adhesive
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application can be contactless on single lamellas in a continuous through-feed device, or press-bed on
pre-positioned CLT layers. However, a line-wise discrete application of adhesive is preferred [63].
Three different bonding devices, hydraulic press, vacuum press and using screws, brackets and nail
can provide bonding pressure of 0.10–1.00 or more , 0.05–0.10 and 0.01–0.20 N/mm2, respectively
[65].
The regulations for ideal surface bonding for CLT are still not available [63]. A minimum bonding
pressure is required due to roughness, warp, and twist of the adherends. The minimum pressure has
to be regulated based on several main parameters to ensure complete wetting, and permitted bond line
thickness. Maximum bonding pressure is also important as excessively high pressure can damage
surface of adherends [66] e.g. by crushing the cell structure. This can lead to reduced adhesive
penetration, shear resistance and insufficient bonding due to squeezing out of adhesive from bond line
[63]. Consideration of the timber species is important in determining maximum pressure. For example,
Norway spruce starts to be damaged in horizontal and vertical annual growth rings at 0.6 N/mm² and
1.0 N/mm² respectively. In summary, the surface bonding pressure can be defined as function of (i) the
adhesive system, (ii) the timber species, (iii) the geometry of the adherends in regard to roughness and
flatness of the surface and allowed tolerances in thickness, (iv) the adhesive application system, (v) the
applied quantity of adhesive, and, vi) bond line thickness. The applied quantity itself depends on the
roughness of the adherends’ surface and on the timber species (for example ringporous vs. diffuse
porous hardwoods) [63].
Bondline thickness depends on the characteristics of adhesives, such as a) close contact adhesives
versus gap filling adhesives, and b) swelling adhesives (e.g. polyurethane adhesives) versus shrinking
adhesives (e.g. aminoplast- and phenoplast- adhesives). Moreover, quantity and bonding pressure is
also important for bond line thickness. With respect to the requirements on maximum bond-line
thickness, a thickness tolerance of <±0.10 mm is advised for CLT lamellas. Further information
concerning press equipment and required bonding pressure can be found, for example, in [63].

5.4 Typical supply chain
CLT producers are typically large scale with high throughput. Generally, the CLT producer provides a
bespoke building solution, fabricating the CLT panel and machining it into a component ready for
erection on site. This sometimes includes insulating, wrapping, and including windows and doors, etc.
CLT manufacturers are therefore required to engage fully with the building design process.

5.4.1 Current market and future prospects of CLT
Recently, the market for CLT and other mass timber products has been boosted as the requirement for
sustainable, durable, and eco-friendly building materials has increased. The worldwide annual
production volume of CLT was 625,000 m3 in 2014 and 700,000 m3 (predicted) by the end of 2015 [56].
The annual production volume of CLT is predicted to be 1.2 million m³ by 2020 [67]. Figure 40 shows
the production volume of CLT adapted from Brandner, Flatscher [56] with a predicted volume in 2020.
North America’s demand for CLT was valued at $119 million in 2016. As consumers are expected to
prefer wood-based construction over concrete in the future [3], the global CLT market is projected to be
valued at $2.07 billion by 2025.
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Figure 40: Development of the worldwide production volume (m3) [56]

5.5 Review of recent research
In this section, recent research on CLT and its performance as a building material is reviewed.

5.5.1 Mechanical performance and adhesives
Sikora, McPolin [54] determined the strength and stiffness properties of CLT panels made from Sitka
spruce (Picea sitchensis) and established the effects of the thickness of the CLT panels on the
mechanical performance in bending. The study found that the bending strength and rolling shear
decreased with panel thickness, the maximum bending stress value was obtained for the thinnest
sample and the thickest sample had the highest stiffness. Sikora, McPolin [68] addressed the quality
of the interface and edge-bonded joints, and assessed the suitability and optimum clamping pressure
of polyurethane (PUR) and phenol–resorcinol–formaldehyde (PRF) adhesives. Although PUR had
better shear strength properties that PRF, the durability of PUR, as assessed by delamination testing,
was unsatisfactory when manufactured with pressure below 0.8 MPa. PRF specimens had superior
durability in the delamination test even when manufactured with a pressure as low as 0.4MPa.
Hindman and Bouldin [69] tested bending strength, bending stiffness, shear strength, resistance to
shear by compression loading strength, and resistance to delamination of CLT material fabricated using
Southern pine according to ANSI/APA PRG-320. Bending strength, bending stiffness, and wood failure
in resistance to shear by compression loading tests exceeded the published values for the V3 grade
while resistance to delamination did not meet the established criteria [70]. Hindman and Bouldin [69]
suggested that the resistance to delamination results may have been effected by the uncontrolled
moisture content of the timber during fabrication of the CLT, and encouraged moisture content quality
control for production. However, the bending strength and stiffness of CLT can vary significantly within
one single panel [71].
Flores, Saavedra [72] investigated the rolling shear failure in CLT fabricated with Chilean radiata pine
bonded with Emulsion Polymer Isocyanate (EPI) adhesive. However, a very limited number of
specimens were tested and the study focused on developing cohesive zone models to simulate the
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cracking in the material. These numerical predictions were in line with experimental results. By using
the three-dimensional digital image correlation technique, full-field deformation information of the CLT
shear wall were obtained by Kuo, Wang [73].

5.5.2 Thermal performance
Thermal conductivity of CLT is similar to that of its constituent wood species and is 2-4
times greater than common insulating material. Thermal conductivity of structural softwood
timber at 12% moisture content is in the range of 0.10 to 0.14 W m –1 K–1 compared with 216 for
aluminium, 45 for steel, 0.9 for concrete, 1 for glass, 0.7 for plaster, and 0.036 for mineral wool. Thermal
conductivity of selected hardwoods and softwoods are listed in Glass and Zelinka [74].

5.5.3 Acoustic performance
Sound insulation is important as transmitted noise can have a negative impact on occupants’ comfort,
happiness, privacy, well-being and satisfaction of the building. Burrows and Craig [75] explained how
sound moves through buildings, and how designers can control airborne, impact and flanking noise
transmission. It suggests ways to control sound in wood-frame, multi-family buildings and best practices
for acoustic isolation. To ensure the desired level of sound reduction, any leaks and flanking paths
(gaps or short circuits) must be avoided through which sound may travel.
Minimum recommended sound transmission class (STC), and impact insulation class (IIC) ratings in
Canada are shown in Table 2 [75].
Table 2: Minimum recommended STC and IIC ratings [75]
Assemblies

NBCC-required STC

Best practice STC

Best practice IIC

Party walls or corridor
walls

50

55

-

Bare party floors

50

55

55

Carpeted party floors

50

55

65

Source: Warnock, A.C.C, J.D. Quirt and M. Lio. Fire and Sound Control in Wood-Frame Multi-Family Buildings

Crespell and Gagnon [52] reported that the attenuation of a 5-ply CLT panel (146 mm) is insufficient
(STC is 38 db and IIC is 26 db) to meet the National Building Code of Canada (NBCC) requirements.
However, they found that by using a combination of CLT, suspended ceiling, fibreglass and gypsum
boards, it is possible to achieve a higher degree of acoustic comfort as shown in Figure 41 [52].
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Figure 41: STC and IIC rating of CLT floor

5.5.4 Fire resistance
The building code specifies the requirement for fire-resistance in some countries. Generally, CLT, being
thicker than traditional wood panels, is relatively hard to ignite and when a charcoal outer layer forms
during burning, it acts as insulation and helps to protect the interior of the panel. Thicker CLT would
obviously take longer to burn; however, the mass and cost will increase with thickness. Buchanan, Dunn
[60] summarises the design procedures for ensuring fire safety in cross laminated timber (CLT)
buildings in Australia and New Zealand, with reference to the Building Codes in both countries. They
recognise that the available guidance is less prescriptive and restrictive than in other countries, with a
heavy reliance on the design team to produce an acceptable solution.
The behaviour of adhesives at higher temperatures influences the fire behaviour of CLT panels. Failure
of the adhesive at higher temperature affects the integrity of the developed charred layer through
delamination. The behaviour of CLT is similar to that of homogeneous timber panels when the charred
layer is removed; an uncharred layer is exposed, leading to an increased charring rate [76]. Hoehler,
Su [77] highlights the need to use better heat-resistant adhesives in CLT for exposed CLT applications
to minimize delamination. Schaffer [78] observed that melamine formaldehyde (MF) and phenol
resorcinol formaldehyde (PRF) adhesives did not separate from the char layer and the fire front moved
through these adhesives similarly to solid wood. Rammer, Zelinka [79] also found that samples finger
jointed with melamine formaldehyde and phenol resorcinol formaldehyde adhesives had the same
creep behaviour as solid wood at the target temperature (204°C). Polyurethane adhesives are easier
to work with but one-component polyurethane and polyvinyl acetate adhesives could not maintain the
load at the target temperature [79]. Dagenais, White [80] suggested that standardized adjustments to
design stresses, a standardized stepped char rate, and the use of the National Design Specification for
Wood Construction (NDS) in USA’s behavioural equations adequately address the fire resistance
design of CLT assemblies.
Delamination also has a severe impact on the fire development, increasing the temperatures and
extending the duration of the fire [81]. Premature delamination (delaminated wood that is not fully
charred) can add significant fuel load to the compartment and also expose fresh wood surface for fire
consumption [82]. Zelinka, Pei [82] tested glue interface and wood samples in a controlled elevated
temperature chamber of Spruce Pine Fir (SPF), Southern Yellow Pine (SYP), and Douglas Fir (DF).
Four adhesive types were tested, namely, two types of polyurethane (PUR-1 and PUR-2), a phenolresorcinol-formaldehyde (PRF), and a melamine-formaldehyde (MF) adhesive. The test results showed
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that the strength and stiffness of wood and glue joints change with temperature, and the sensitivity of
different glue and wood types to temperature is variable.
Analytical Methods for Determining Fire Resistance of Timber Members is explained by White [83].
Schmid, König [84] presented a simple design model using the effective cross-section method for the
structural fire design, i.e. the determination of the mechanical resistance with respect to bending (floors).

5.5.5 Seismic behaviour
CLT panels exhibit excellent seismic behaviour because of their high strength to weight ratio and inplane stiffness. Izzi, Casagrande [85] presented an in-depth review of the research works that have
analysed the seismic behaviour of CLT structural systems. Firstly, they presented the outcomes of the
15 year testing program and the modelling strategies recommended in the literature. Secondly, they
introduced the q-behaviour factor of CLT structures and provided capacity-based principles for their
seismic design. A 3 and 7 storey full scale CLT building were tested by IVALSA (Trees and Timber
Research Institute of Italy) in Japan, and found that the buildings performed remarkably well even when
subjected to severe earthquake motion like that of the devastating Kobe earthquake (magnitude of 7.2
to acceleration of 0.8 to 1.2g) [52]. For the 7-storey building, the maximum inter-storey drift was 40 mm
(1.3%) and maximum later deformation at the top of the building was only 287 mm. However, it was
concluded that the behaviour of CLT walls was not controlled by the CLT panels, but by the connections.

5.5.6 Durability
Biodegradation of WBMPs needs special consideration to ensure proper performance and longevity.
Moisture from vapour condensation, roof leaks and failure of the building envelope can help mould and
fungi to grow leading to quality and aesthetic concerns. Water can also cause corrosion in metal
connections and fasteners. To date, most mass timber buildings have been constructed in low decay
and hazard locations, but construction is rapidly expanding to diverse conditions with higher risks of
fungal and termite attack [86]. Therefore, special consideration is required to ensure that the systems
are properly designed, constructed, and maintained, to avoid creating conditions that foster
degradation. Wang, Stirling [1] reviewed the potential sources of biodegradation that exist for traditional
wood construction with those in mass timber construction and identified methods for limiting the
degradation risk and outlined future research needs.

5.6 Considerations for Australian markets
Although there has been a lot of investigation of CLT, and the theory of the mechanical behaviour of
CLT is well understood [63, 87], there is still a lack of research on the strength, durability and fire
behaviour of CLT panels manufactured from Australian timber. CLT has been used extensively in
Europe and is being manufactured according to European standards and methods. Lewis, Shrestha
[59] proposed to modify these design guidelines to meet Australian standards, and to be applicable to
local species of timber. CLT manufactured from locally grown pine species in Australia showed
potentially comparable properties with European research and hence has manufacturing potential [59].
However, European suppliers use stiffer wood, producing higher performing panels, and the price of
imported CLT is similar to Australian manufactured product, therefore, it is likely that European supplied
CLT is going to be a permanent competitor in the local markets, based on price alone [4]. The potential
of hybrid panels (different species, softwood/hardwood) to service multiple performance criteria may
prove a significant opportunity in the WBMP market. However, technical issues such as procurement,
gluing, cost differential and grading need to be resolved [88]. Along with the ultimate strength, acoustics
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and vibrational performance also need to considered as important for the performance of WBMP [41,
55].
Other challenges for overall CLT applications are updating local building codes, demystifying seismic
and fire performance and balancing supply and demand [3, 55]. In the US, the greatest barrier to the
establishment and expansion of CLT is the lack of availability in the marketplace. Although CLT has
excellent performance ratings against earthquake and fire, many consumers and construction
professionals still fear that CLT buildings are at greater risk to seismic and fire hazards [3]. Therefore,
the gaps in knowledge among market participants is one of the biggest barriers. The misinformation
and myths about WBMP need to be corrected by education and training covering the entire supply chain
[3].
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6 Sawn timber based: Dowel-laminated timber (DLT)
6.1 Introduction
While NLT was first developed in the 1970s in Europe, DLT was only later developed in the early 1990s
in Switzerland, and the first DLT American production plant was installed in 2017.
DLT is typically produced from stacked softwood timber boards utilizing hardwood dowels (between 1224mm diameter) to friction fit instead of glues, resins, nails, or other metal fasteners, to form beams
and panels. The dowels hold the boards together, and the friction fit, achieved by the differing moisture
content of the softwood panels and the hardwood dowels, affords additional dimensional stability [89].
The friction fit is achieved by inserting hardwood dowels with a lower moisture content than the
surrounding laminations. The moisture differential causes the hardwood dowels to swell, securing the
solid timber panel. To ensure locking, the laminations are required to be kiln dried to 12±2% and the
dowels to much lower levels [90]. StructureCraft is the first company to bring DLT to the North American
market with the world’s largest automated DLT manufacturing line housed in a new state of the art
50,000 square feet facility in Abbotsford, BC. Detailed information regarding the fabrication, installation
and characteristics of DLT is contained in the StructureCraft DLT Mass Timber Design Guide [91].

6.2 Characteristics of DLT
DLT is typically parallel laminated (uni-lam), though there have been trials with cross-laminated DLT
[92]. As a uni-lam product, DLT can be well suited for use in floors with spanning capacity focussed in
a single spanning direction. A key characteristic is not using adhesives, which:




reduces QA in fabrication;
improves perceived environmental impact (embodied energy, off-gassing, end-of-life); and
allows working with standard carpentry tools (as opposed to NLT).

However, without the presence of glue, the movement of the timber with changes in moisture content
is less constrained, particularly in parallel laminated product.
DLT is particularly suited for horizontal spans in flooring and roofing applications due to its
unidirectional grain structure [3]. Advantages of DLT systems are a high degree of prefabrication, and
the possibility to use small-section sawn boards as lamellae.
Figure 42 displays sample DLT product.

Figure 42: DLT
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A wide variety of profiles can be obtained, with minimal cost, to suit the particular performance and
aesthetic requirements, as shown in Figure 43. For example, a kerf profile creates a shadow gap while
maintaining standard board thickness. Acoustic profiles are used to increase the value of the noise
reduction coefficient. Further details of DLT profiles can be found in the handbook published by
StructureCraft [93].

Figure 43: Profiles of DLT panel [94]

DLT is a highly efficient structural panel as a floor or roof deck as the fibre orientation is the same as
the span direction. For longer panels (>6m), structurally finger-jointed timber is used to maintain the
strength and stiffness. Alternatively, butt joints are used between elements, which reduces stiffness and
confidence in performance as fit can be hard to maintain. Additional sheathing may be required in floor
design to develop diaphragm action, or in walls to provide stability.

6.3 Manufacturing process
Large-scale DLT production requires a semi-automated fabrication line. Holes drilled for dowels are
relatively large diameter (auger drilled), long, and need to be positioned with a degree of accuracy that
is very hard to achieve with a long auger on a hand drill. The holes can be drilled in individual boards
before they are laid up, or through a panel, once the timbers are clamped. Should hand drilling with no
automation be adopted, a narrow panel of timber (say 300mm) is best suited. For the automated option,
timbers can be drilled individually or as a panel.
Panel quality can vary enormously depending on feedstock quality and the fabrication process adopted.
It may be possible to develop markets to match a range of panel qualities, and the relatively small
volumes of panel produced.

6.4 Typical supply chain
The market for DLT is small internationally compared to CLT: and is not present in Australia. However,
the range of options available for the feedstock, fabrication, processing and construction of DLT mean
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that it could penetrate a range of markets, manufactured either as a commodity, or a bespoke, building
product.

6.5 Review of recent research
Considerable research was carried out concerning DLT plates loaded out-of-plane, both in timber-only
[95] and timber-concrete [96] applications. Sandhaas, Schädle [97] Investigated the seismic capability
of DLT by testing the lateral behaviour of timber building systems, monotonic and cyclic shear wall tests
were carried out. DLT proved to be the most suitable and most resisting material with greatest horizontal
force and shear capability.

6.6 Considerations for Australian markets
There is potential in Australia for a mechanically laminated uni-lam product. Whether this product is
best produced as DLT or NLT (Section 7) is to be determined. There are clear pros and cons with both
DLT and NLT. The consideration with DLT is who would manufacture it? Whereas the frame and truss
fabricators are well placed to fabricate NLT.
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7 Sawn timber based: Nail laminated timber (NLT)
7.1 Introduction
Nail laminated timber (NLT) is manufactured from a series of boards stacked on edge and nailed
together through their wide faces. NLT is used in flooring, decking, roofing and walls, and even in
elevator and stair shafts in mid-rise wood-frame buildings. It is most commonly nailed, but may also be
screwed (Figure 44 and Figure 45, respectively). The main advantages of NLT over other WBMPs are:




Economical construction, as it is able to utilise medium to low quality wood in some applications
[98];
A defect on one plank has little influence on the failure as load is transferred through the nails
[98]; and
Can be fabricated by almost anyone.

Figure 44: Nail laminated timber (NLT) [3]

Figure 45: W.I.S.E at CAT, Wales. Pat Borer and David Lea Architects. Screw laminated timber
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7.2 Characteristics of NLT
The inherent flexibility in fabrication of NLT means it can be made of almost any (graded) feedstock, by
anyone, at a number of different stages through the fabrication and construction process. The structural
performance of NLT depends on the feedstock used and the presence / arrangement of butt joints.
Within a floor panel, the use of fasteners act as a load-sharing mechanism between adjacent boards
and, therefore, are less critical than a glue-bond in a CLT floor panel. However, the use of metallic
fasteners leads to difficulties in modification of the panels on-site and, therefore, NLT panels are best
suited to bespoke, project-specific fabrication (on-site or prefabrication), rather than commodity
production.
The fire performance of NLT can be better than that of CLT; without the use of adhesives, the connection
between boards is typically assumed to remain intact during a fire event. In such a case, the structural
performance of the NLT panel can be determined based on the charring rate of the feedstock.

7.3 Manufacturing process
The performance of a nail (or screw) laminated member depends on the orientation and number of
layers, how they are fixed together and how the external loads are applied and shared between layers.
One governing factor is whether the layers are oriented vertically or horizontally [99]. Common nailing
patterns for NLT consist of two rows of nails, spaced appropriately (<300mm apart) to resist shear. If
one row is used, it should be alternately spaced with the rows in adjacent laminates, creating a zig-zag
pattern as shown in Figure 46. The nails should meet two criteria: 1) the length of the nails should be
long enough to penetrate through the widths of two timber pieces to achieve double shear-planes per
nail connection and 2) installation should be efficient in terms of constructability [98].

Figure 46: Nailing Pattern of NLT [98]

Timmerman Timberworks Inc. Canada is building the first new timber frame commercial building in
Canada at 80 Atlantic Ave, Toronto, ON using automatic fabrication of nail-laminated timber (NLT)
panels. As the task is repetitive, the company installed an automatic machine that is able to apply 12
nails per second, allowing an entire panel up to 10 feet (~3m) by 50 feet (~15m) to be completed in only
45 minutes [100].
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Rebecca Holt [101] presented a design and construction guide for NLT covering broader aspects
including fire, structure, fabrication and installation. The guide presents research results and technical
information made available from many sources, including researchers, manufacturers, and design
professionals.

7.4 Typical supply chain
Similarly to DLT, the market for NLT is small internationally compared to CLT: and is not present in
Australia. However, the range of options available for the feedstock, fabrication, processing and
construction of NLT mean that it could penetrate a range of markets, and be manufactured at numerous
stages in the supply chain, either as a commodity, or a bespoke, building product.

7.5 Review of recent research
A common current use of NLT is in the construction of Nail Laminated Posts (NLP) in North America.
Consequently, there has been significant research in the US regarding NLP, primarily focused on threelayer NLT posts. NLP can be constructed in two ways [102]:



Unspliced: each layer consists of only one piece of dimension timber; or
Spliced: at least one of the layers contains two or more pieces of dimension timber, butt-jointed
together. Spliced posts can be categorised further depending on whether the butt-joint is
reinforced.

Spliced posts offer the most economical option as only the wood in contact with the soil, or directly
exposed to the outside environment, is treated. Both spliced and unspliced NLP are designed to resist
vertical loads, parallel to the interlayer planes, therefore, adequate lateral support is required.
Williams, Bohnhoff [103] compared the bending strength and stiffness of spliced and unspliced four
layer NLP with single members of the constituent feedstock. They found that the 15-percent increase
in bending design stress currently permitted for unspliced laminated assemblies is conservative. Fourlayer unspliced nail-laminated posts could be assigned an allowable bending stress 30 percent greater
than current design values for single members. In tests on spliced posts, strength and stiffness were
increased by longer splices and outside butt-joint reinforcement. Splice arrangement also affected
strength and stiffness. Byerly, Woeste [104] tested the performance in bending of treated and untreated
6x6 and 6x8 inch NLT posts with metal plate joints. The mentioned NLT posts are more economical
than solid timber posts in North America.
The European market has tended to move from NLT to glued uni-lam as their market tends to suit
medium scale glulam producers [50]. Research in Australia, conducted by the University of Tasmania,
has investigated NLT uni-lam and cross-lam in low-grade radiata pine and plantation eucalyptus nitens.
Systems have been investigated containing solid timber alone, and in composite with other materials
such as plywood, cold-formed steel, or fibre cement sheeting [105], [106], [107], [108]. The objective
of using low-grade material in composite with an engineered product is to produce a WBMP which:





can be made by anyone (of moderate skill);
can be designed to satisfy multiple performance requirements;
can be engineered for strength based on the low-grade timber species (not grade) and the
strength of the composite partner material; and
stiffness performance can be estimated from dynamic excitation.
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7.6 Considerations for Australian markets
As previously identified, a common current use of NLT is in the construction of NLP in North America,
which offer an economic competitor to steel frame structures when used in post-frame buildings as the
main vertical supports. Australian Standard AS 1684 allows provision for nail-laminated studs, which
are similar to North American NLP.
The flexibility in fabrication offered by NLT significantly increases its feasibility in the Australian context.
Opportunities likely exist for:





the use of mixed species;
manufacture by small-scale fabricators;
a variety of applications & markets; and
different methods of certification.

It is strongly recommended that NLT be investigated further in this project. The main consideration
is how to modify NLT on site (for building services, docking, etc) considering the presence of a large
number of metal fasteners. A number of potential options exist, including:


Only producing NLT as a bespoke building-ready component to avoid (reduce) the need for site
works.



Producing NLT in such a way as to allow the easy spotting and removal of metal fixings for site
modification.



Using mechanical fixings that can be worked with standard tools (aluminium nails, plastic nails,
wood nails).



Using special carpentry tools which can also work steel nails/screws occasionally (safely), such
as multi-material saws and drill bits which are increasingly common.
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8 Veneer based: Laminated Veneer Lumber (LVL) Panels
8.1 Introduction
Laminated veneer lumber (LVL) is a composite wood material made from sheets of veneer, 2.5 mm to
4.4 mm thick, that are laminated together with their grain orientation in the same direction and then hotpressed [109] . LVL can vary in thickness and width but is most commonly produced as a panel
approximately 4 cm thick and 120 cm wide, in lengths up to 18 m. After being ripped into narrower
dimensions, it is used as an alternative to structural timber for headers and beams, and as the flange
component in wood composite I-joists. Examples of LVL product and application are shown in Figure
47.

Figure 47: A LVL portal frame in New Zealand [109]

8.2 Characteristics of LVL
The advantages of CLT and GLT mentioned above also apply to LVL. Some specific advantages of
LVL are identified below:


Controlled grain orientation can maximize strength and stiffness in the spanned direction
[110];



Ability to span longer distance and have reliable mechanical properties;



Adaptability to design to specific performance characteristics enables its use in structural
components, wind turbine blades and other specialty products [111] ;



Availability, renewability, lower processing costs and simplicity of dismounting and disposal at
the end of their service life [112];



Possible to manufacture product acceptable performance characteristics by combining low
quality and high quality material [112];



Use of forest resource can be maximised by veneering and gluing small diameter logs;



Potential value to the furniture industry for both aesthetic and economic reasons [113]; and



Can potentially achieve a higher performance with fasteners than a WBMP of sawn boards.
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8.3 Manufacturing process
The manufacturing process of LVL is described in the Australian and New Zealand Standard AS/NZS
4357, and the European Standard EN 14374. Green veneer sheets are obtained by peeling selected,
debarked and hot water conditioned logs. Subsequent steps of the LVL manufacturing process are
summarised below, and shown in Figure 48.


Drying of veneers to achieve a moisture content (MC) between 8-10%.



Grading of veneers based on MC, stiffness and visual appearance.



Scarfing of veneer edges to provide a uniform thickness at joints, and aligning veneers in their
grain direction.



Coating of veneers with adhesive (e.g. phenol formaldehyde resin).



Stacking of veneers to form 1.2 m wide by 2 - 120 mm thick and 8 - 18 m long LVL panels.



Hot pressing of the panel at temperatures and pressures appropriate for the adhesive used.



Cutting of panels to required widths and finishing of LVL elements.

Figure 48: Schematic view of LVL manufacturing process [109]

Typically, LVL is produced from green veneer. The drying step is required, prior to resin application, to
reduce the risk of blowouts in the pressing stage due to steam formation inside the panel. The preferred
moisture content of the veneer following drying is within the range of 8-15%, with an ideal of 10%.
The dimensional tolerances for structural LVL (measured in accordance with AS/NZS 2098), and the
testing and evaluation procedures for determining it’s characteristic strength and stiffness properties,
are specified in AS/NZS 4357 [110]. McDowall and Punton [110] also presented the determination of
design strength and stiffness capacities of structural LVL by the application of standard principles of
engineering mechanics. The design capacity of structural LVL is determined by modifying the
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characteristic strengths by a geometric section property, a material capacity factor, ∅, and in-service
factors (k and j factors) according to AS 1720.1-1997.

8.4 Typical supply chain
LVL is currently manufactured in Australia, primarily for use as beams, in a large volume, highly
automated facility. The process of manufacture requires high quality control processes and is therefore
suited to medium to large-scale producers with dedicated production lines. Feedstock for the production
of LVL is sourced, in the form of logs, from state-owned forest growers by contractual arrangement.
Finished LVL beams are supplied to market as a commodity product (with proprietary mechanical
properties) via the producer’s internal wholesale network, or through other intermediary wholesale
and/or retail operations. The fabrication and supply of mass LVL panels would likely be a bespoke
process, similar to the approach typically adopted for CLT. Manufacturers would be required to engage
fully with the building design process.

8.5 Review of recent research
8.5.1 Species
In Australian and New Zealand, the most frequently used timber species to manufacture LVL are
planation grown pines (radiata and maritime). However, Australian Standard AS/NZS 4357 permits the
use of any hardwood or softwood timber veneers, or a combination of both, in the manufacture of
structural LVL [110]. Research has been conducted into the use of several other species, as shown in
Table 3.
Table 3. Timber species used in LVL production
Timber (Species)

References

Radiata pe (Pinus radiata)

[109]

Beech Wood (Fagus orientalis L.)

[114]

Scotch Pine (Pinus sylvestris)

[115]

Eucalyptus (Eucalyptus camaldulensis)

[116]

Douglas Fir-Larch

[117]

Cizhu Bamboo (Neosinocalamusaffinis)

[118]

Oak wood (Quercus petraea)

[119]

Sugi, Karamatsu, Akamatsu, and Dahurian larch

[120]

Burdurlu, Kilic [121] investigated the effects of veneer arrangement and loading direction on bending
strength and modulus of elasticity in LVL produced from 3 mm thick veneers of beech (Fagus orientalis
L.) and lombardy poplar (Populus nigra L.). The best results were achieved when all veneer grain
directions were parallel, and when all veneers were of a high quality. However, in order to minimise
cost and maximise usage, the optimal veneer arrangement is AABABAA where A is high-quality wood
(beech) and B is lower-quality wood (poplar). This offers the highest bending strength and modulus of
elasticity of the mixed species arrangements tested.
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8.5.2 Adhesives
Sulaiman, Salim [122] evaluated the suitability of using urea formaldehyde (UF), phenol formaldehyde
(PF), melamine urea formaldehyde (MUF), and phenol resorcinol formaldehyde (PRF) adhesives for
LVL. They found LVL manufactured with PRF showed higher shear strength compared to other
adhesives. The contact angle on the loose surface was lower than on the tight surface. PF adhesive
has a higher contact angle compared to the other adhesives. UF has excellent adhesion to
lignocelluloses, intrinsic cohesion, and ease of handing. UF is also colourless and a low cost product.
However, a lack of resistance to weather and water are the main disadvantages of UF adhesives. PF
cures slower than UF and is more heat stable. Panels bonded with MUF resin were not as resistant as
panels bonded with PF, under exterior conditions. PVA is odourless, non-flammable and easily
machined, but loses its bonding resistance capacity over 70 oC. PUR is popular in the furniture industry
where it is used for gluing wood, metal, polyester, stone, glass, ceramic, PVC, and other plastic
materials. PUR is recommended for high humidity applications. Pizzi and Mittal [123] presented a book
on adhesives based on special issues of the “Journal of Adhesion Science and Technology Vol 24”.
For structural LVL, a Type A phenolic bond is considered the most suitable bond type as per AS/NZS
4357 [110]. The Type A bond is produced from phenol or resorcinol formaldehyde and is recognisable
by its dark colour. The Type A bond is durable and permanent under conditions of full weather exposure,
long term stress, and combinations of exposure and stress.
Kurt, Uysal [115] studied the effects of adhesives (PVAc-polyurethane and urea formaldehyde) on the
thermal conductivity of LVL made from Scotch pine and oriental beech cut tangentially and radially. The
lowest thermal conductivity of 0.105 𝑘𝑐𝑎𝑙/(𝑚ℎ℃) was obtained in Scotch pine, cut tangentially, three
layer LVL bonded with polyurethane. The highest thermal conductivity of 0.159 𝑘𝑐𝑎𝑙/(𝑚ℎ℃) was
obtained in oriental beech, cut radially, five layer LVL bonded with PVAc.
Although phenolic bonds are durable, the LVL will only be as durable as the timber species from which
it is made. For example, in weather exposed applications, or under other exposure conditions of severe
hazard, the durability of the timber veneers must be considered and the LVL preservative treated to
meet the hazard requirement [110]. Moreover, long-term behaviour also needs to be considered as the
deflection and rotation of LVL structures will vary over their service life. Granello, Giorgini [124]
investigated long-term behaviour of LVL.

8.5.3 Seismic behaviour
LVL seismic resistance is possible through the enhancement of innovative connections. The flexibility
of design and speed of construction of the LVL components, combined with the enhanced seismic
performance of the hybrid solutions, creates unique potential for future development and increased use
of this type of construction in low-rise multi-storey buildings around the world [125]. Palermo, Pampanin
[125] investigated the seismic resistance of LVL by conducting quasi-static cyclic and pseudo-dynamic
testing in typical beam-column and wall-to-foundation subassemblies.

8.5.4 Fire resistance
The fire performance of LVL manufactured from radiata pine was investigated by Lane, Buchanan [126],
considering the early fire hazard and the structural fire performance. Instrumented LVL beams were
exposed to the standard ISO 834 design fire using a pilot furnace. In the first two tests, the beams were
105 mm x 300mm deep and 2200 mm long. In the third test, two 66 mm thick by 360 mm beams were
glued together using resorcinol adhesive prior to being instrumented, to give a beam size 132 mm x
360 mm deep. The average char rate obtained from the 3 pilot tests varied from E = 0.72 mm/min at
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18mm depth to E = 0.70 mm/min at 36 mm depth. The char rate of 0.72 mm/min was used to predict
the behaviour of the load test in the full-scale furnace.
Suzuki, Mizukami [109] investigated the thermal and structural performance of laminated veneer lumber
(LVL) elements experimentally and numerically. Tests of small and medium LVL beam members
subjected to two-dimensional fire exposure were performed in different fire laboratories of New Zealand.
Two and three-dimensional finite element models were implemented in the Abaqus software to simulate
the fire tests and to carry out parametric studies.
Candan, Ayrilmis [127] evaluated the combustion properties of (LVL) panels treated with various fire
retardant chemicals including Borax-boric acid mixture (BX-BA), monoammonium phosphate (MAP)
and diammonium phosphate (DAP). The lowest combustion temperatures were observed in panels
treated with DAP (220°C), while the highest combustion temperatures were observed in panels treated
with a BX-BA (420°C). The average combustion temperature was 262 oC for MAP. Chemically treated
panels experienced less mass loss than untreated panels. Chemically treated panels could be used
safely in building construction due to their improved fire performance. Kremer [128] carried out tests in
accordance with AS3959:2009 to assess the material properties and fire resistance qualities (to BAL
29) of LVL treated with Thermex-FR, a commercial fire retardant chemical. They showed that fullpenetration, pressure impregnated, intumescent fire retardant treated LVL is suitable for use in
structures in bushfire prone areas, to Bushfire Attack Level 29 (BAL29), and meet the criteria of AS/NZS
3837.
Moss, Buchanan [129] tested the fire performance of three different bolted connections using radiata
pine LVL; wood–wood–wood (W–W–W), steel–wood–steel (S–W–S) and wood–steel–wood (W–S–W).
The aim was to understand the relationship of the wood capacity over time and develop a prediction
method for the time to failure. They found that the W–W–W and W–S–W connections had similar
ultimate strength, and the S–W–S connections were found to have lower ultimate strength. Fire testing
showed that the connections with mostly wood exposed to the fire (W–W–W and W–S–W) lasted much
longer than samples with large areas of exposed steel (S–W–S), due to the higher heat transfer into
the connection via the steel side plates.

8.5.5 Mechanical properties
Viguier, Bourgeay [130] proposed an innovative model based on local grain angle measurements to
predict the modulus of elasticity of LVL made from beech.
The mechanical properties of LVL can be calculated using non-destructive testing as suggested in [131].
The MOE can be calculated using non-destructive vibration testing methods to give the resonance
frequencies (𝑓𝑛 ) of the tap tone. From this, the dynamic MOE (𝐸𝑝 ) can be calculated as 𝐸𝑝 =
𝜌(

2𝐿𝑓𝑛 2
𝑛

) , 𝑛 = 1,2,3 𝑒𝑡𝑐 where L is the length of the specimen and 𝜌 is the density of the specimen. From

research by Lv, Qin [132], the relationship between the tensile strength of LVL and the volume of the
−𝑥

specimen is given by: 𝑦 = 104.13 + 158.30𝑒 76.68 and the normal value of tensile strength of LVL is
calculated using 𝑓𝑏𝑢,𝑘 = 𝜇 − 1645𝜎 where 𝜇 is the average value of tensile strength of wood, and 𝜎 is
the standard deviation of tensile strength of wood.
Kobel, Frangi [114] studied the development of more efficient connections (dowel type) by applying LVL
made of beech. They found a very ductile behaviour of the material, high values of embedment strength
and a low scatter in the results (CoV < 5%).
Chen, Jiang [118] investigated the bending properties of bamboo bundle LVL (BLVL). They found that
large span BLVLs could meet the mechanical properties requirements of 160-E superior products
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according to Chinese national standard GB/T 17657-2013. Moreover, cross-section flexural rigidity and
bending modulus of BLVL double beams were extremely high.
Bal [133] tested poplar LVL reinforced with woven glass fibres using phenol formaldehyde and reported
both increases and decreases for different mechanical properties. In their later study Bal [134], they
investigated other important physical properties including impact bending, shear strength, and wood–
water relationships and found significant increase (213%) in the shear strength of reinforced LVL.
Ido, Nagao [120] tested the strength properties of LVL produced from five different species and
compared the results to solid timber, with loading applied in different directions. The average stress of
LVL in the edge wise direction was larger than timber in the tangential direction; however, the
differences were not significant when comparing flat wise LVL and timber loaded in the radial direction.
Radiata pine did not follow the trend of the other species; the large annual ring width of radiata pine
was considered to have affected the results.
Milan, Daniel [135] investigated the glue line strength of beech and aspen LVL to understand the
influence of wood species, composition, densification, and cyclic loading. Densified and non-densified
veneers had the most significant effect on maximum shear strength for both wood species. The effect
of cyclic loading on the shear strength of aspen and beech LVL did not have a consistent trend.
Granello, Giorgini [124] investigated the long-term behaviour of LVL in an uncontrolled environment
over the course of 4 years. Musselman, Dinehart [117] looked at the effects of holes in LVL and found
that holes located within the allowable regions of the beam could be larger than the sizes currently
allowed, without having a substantial negative impact on the long-term deflection or ultimate capacity;
however, when the holes are shifted outside of the allowable region the performance decreases
significantly.

8.6 Considerations for Australian markets
The use of LVL in a veneer-based mass panel (VBMP) provides the potential for a panel product with
high structural and connection performance. Wesbeam have recently released a guide to tall timber
construction in LVL; they are pushing ahead in this space [136]. An additional opportunity may exist for
VBMP in mid-rise (and higher) construction as stability core elements. Currently, these are typically
constructed of concrete, as WBMPs do not provide adequate connection performance at interfaces and
hold-downs. An optimised VBMP has the potential to address this.
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9 Veneer based: Mass Plywood Panel (MPP)
9.1 Introduction
MPPs are produced by laminating commercially produced plywood products into WBMPs. Lamination
is through some combination of mechanical fasteners and gluing. MPPs can be used as slab or wall
elements, similarly to CLT.

9.2 Characteristics of MPP
A mass plywood panel (MPP) uses engineered veneer and custom plywood layups as a base material
rather than sawn board [3]. Freres Lumber Company in Lyons is the first, and currently, only
manufacturer of MPP, based in the northwest United States [137, 138]. In Australia, Big River Timbers
[139] are producing MPP bridge decks, and Hyne Timber constructed a timber bridge with a MPP deck
imported from Papua New Guinea [140]. MPPs are shown in Figure 49.

Figure 49: Mass plywood panel

The advantages of MPPs are:


MPP can potentially achieve the same structural attributes of a CLT panel with less wood than
CLT (depending on grade, lay-up and use).



Window, door and other required cut-outs can be completed in the factory, minimising waste
and labour on the job site.



Reduced transportation and logistics costs due to the relative lightness of the panels.



MPPs suit prefabrication.



The aesthetic appeal of a rotary peeled veneer face makes MPP a competitive new option
[141].

There are several patents on plywood panels such as grooved, fibre-clad plywood panel [142],
composite of fibrous core and plywood face [143], high quality surface with wood core [144], and
perpendicular grain between face and core [145]. Collins [146] patented an ultrasonic inspection
apparatus for identifying bond defects in plywood panels. There are many options for the lay-up of MPP.
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9.3 Manufacturing process
The fabrication of the MPP from the commercial plywood feedstock can use various methods with a
combination of mechanical fasteners and glue. MPP fabrication in Australia for bridge decks typically
uses a combination of screws and glues. MPP fabrication at its most basic can be a relatively simple,
low cap-ex process using mechanical fasteners.

9.4 Typical supply chain
The supply chain adopted by Big River Group, Australia’s only current manufacturer of MPP, for the
fabrication and supply of its MPP bridge decks, contains the following general steps:


Feedstock is sourced in the form of logs, by contractual arrangement with commercial forest
growers (state or privately owned).



Plywood sheets are produced using the standard peeling, drying, gluing and pressing process.



A secondary fabrication process is conducted to manufacture MPPs from standard plywood
sheets using additional adhesive and mechanical fasteners.



MPP bridge deck panels are supplied to bridge construction contractors who typically have
been engaged by infrastructure owners (normally state or local government).

9.5 Review of recent research
Boral Hancock originally developed MPP in Australia as a commercial bridge deck product in the 1980s.
Subsequently, much of the research underpinning this product is proprietary and/or commercial in
confidence. With the cessation of trade of Boral Hancock, this idea is now being continued by Big River
Group and PNG Forest Products, due to historical links to Boral Hancock.
The use of MPPs in multi residential construction is in its infancy, despite the existence of MPPs for
several decades. Freres Lumber Company has recently commissioned a new operation to produce
MPP in North America, and locally, Wesbeam and Big River Group are looking to develop this market.
Wesbeam released a Tall timber Building Systems guide in 2019 [147].

9.6 Considerations for Australian markets
MPPs are being successfully fabricated in Australia for use as bridge decks, an application for which
MPP is well suited. It is harder to identify a structural element or building market for which MPP would
be suited in Australian building construction. The cross-laminating throughout the panel depth reduces
the panel’s effectiveness as a floor in a building, or as a vertical load carrying element. However,
laminating LVL billets and plywood together as a hybrid could provide an opportunity for a high
performance VBMP. The majority of grain would be orientated in the loaded direction for structural
efficiency, with sufficient cross-banding for dimensional stability and perpendicular to grain
reinforcement.
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10 Strand based panels
10.1 Introduction
Engineered wood products of various forms are made from pressing and gluing strands or flakes of
timber. Such products are more common in North America and Europe than in Australia. Strand based
products are included in this review for completeness. The most common strand-based product
internationally is oriented strand board (OSB). OSB is common as a low-cost sheathing material on
timber-framed construction in North America and Europe. There is one manufacturer in Australia, Lignor
[148], that produces beams, boards and WBMPs manufactured from plantation eucalypts (various
species). Market uptake of their product has been relatively limited.

10.2 Parallel strand lumber (PSL or paralam)
Parallel strand lumber (PSL), shown in Figure 50, is manufactured by gluing strands of wood together
under pressure, using a waterproof adhesive (typically phenol resorcinol formaldehyde). The strands
are oriented primarily along the length of the member. PSL is manufactured using veneer approximately
3 mm thick, that is clipped into strands approximately 19 mm wide and a minimum of 600 mm long
[149]. The length-to-thickness ratio of the strands in PSL is around 300 [150]. In North America, PSL is
commonly used for heavily loaded beams, headers, and lintels for light framing construction in place of
sawn timber or GLT. It is not common in Australia. PSL in North America is commonly manufactured
from Douglas-fir, southern pines, western hemlock, and yellow-poplar [149, 151].

Figure 50: Parallel strand lumber (PSL)

Material from the rounding up of logs in veneer cutting operations can be used to make PSL [149],
providing a valuable use for this by-product of plywood or LVL manufacture. For example, Mizi,
Ruoxuan [152] investigated the feasibility of using waste veneer reinforced with 1.2mm thick bamboo
strips to make PSL. Their results showed that the bamboo strip was most effective in improving
mechanical properties when the waste veneer strip to bamboo strip ratio was between 1:1 and 2:1. The
temperature, pressure and hot-press time had the largest influence on the PSL’s properties. Lower
temperature and longer press time was favourable to increase the MOR and MOE. There was a close
relationship between pressure and density.

Optimisation of WBMP - Literature, market and product review, Department of Agriculture and Fisheries, 2020 66

Ahmad and Kamke [153] analysed the physical (dimensional stability and water absorption) and
mechanical (compression and bending) properties of PSL made from Calcutta bamboo
(Dendrocalamus strictus). Generally, the mechanical properties of the bamboo PSL compared
favourably to commercial structural composite lumber products (SCL). Accelerated aging testing was
found to reduce bending strength, but no significant difference was detected in bending stiffness, or
compression strength and stiffness. This is a promising indication of the suitability of Calcutta bamboo
as a raw material for SCLs.
Kurt and Cavus [154] investigated the effect of adhesive type (phenol formaldehyde (PF) and urea
formaldehyde (UF)) on selected PSLs’ physical and mechanical properties. As expected, PF adhesives
gave better physical and mechanical properties due to PF adhesives superior performance. The
mechanical properties of the PSLs were reported as higher than those of solid wood of the constituent
species.

10.3 Laminated strand lumber (LSL)
Similar to PSL, LSL is made from flaked wood strands that have a length-to-thickness ratio of
approximately 150. Combined with an adhesive, the strands are oriented and formed into a large mat
or billet and pressed [150]. LSL product is shown in Figure 51.

Figure 51: Laminated Strand Lumber (LSL) [150]

The mechanical properties of LSL depends on the orientation of strands and on the variability of strand
alignment in the production process. Moses, Prion [155] proposed a model based on the theory of the
mechanics of composites to predict the in-plane properties of panels fabricated using various strand
orientations. The result obtained from modelling matched well with experimental results, and the model
allows manufacturers to set target reliability levels in the production process based on the achievable
degree of strand alignment and the desired end-use applications. The mechanical properties of LSL
(and OSL) manufactured from Poplar and Paulownia was investigated by Bayatkashkoli and Faegh
[156]. Their statistical analysis showed that the effects on panel properties of species and nanoclay
content in the resin were statistically significant at a 95% confidence interval. The properties can be
significantly improved if the nanoclay content in the resin is increased to 5 or 7·5%. White [157] showed
that charring of LSLs, LVLs, and PSLs in the standard fire endurance test are comparable with solid
wood according to one-dimensional charring tests (depending on adhesives and species used).
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[148] report to have conducted extensive testing on their eucalypt strand beams with positive results.
At the time of writing this report, the source data/papers for the testing were not available for review.

10.4 Orientated strand lumber (OSL or OSB)
OSL, as shown in Figure 52, is also made from flaked wood strands, with a length-to-thickness ratio of
approximately 75, bonded together with water-resistant adhesive under heat and pressure. OSL is used
in a variety of applications from studs to millwork components [150, 158]. In North America and Europe,
OSL is used extensively for roof, wall and floor sheathing in residential and commercial construction. It
is less common in Australia; however, the market is increasing. OSB of certain specification can be
used as internal sheathing on timber-framed construction where it can also perform as vapour control
and air leakage control layer (without taping seams), displacing the need for vulnerable membranes. In
such an application, the OSB is fulfilling multiple performance requirements and therefore offers a high
value option.

Figure 52: Oriented Strand Lumber (OSL) [150]

Cates [159] investigated the effects of strand geometry and level of strand orientation on dowel bearing
strength to evaluate bolted connection performance in OSL. It was found that strand geometry alone
did not affect dowel-bearing strength; however, the level of strand orientation (mean strand angle) was
found to affect the dowel bearing strength of specimens loaded perpendicular to the strand orientation.
Moreover, specific gravity also influence the dowel bearing strength in both loading scenarios. The
European yield model (EYM) can adequately model the yield behaviour of bolted connections made
with OSL.
Beck, Cloutier [160] compared the mechanical properties of OSL made from trembling aspen and paper
birch. MOE in flatwise bending showed that the panels made from aspen performed better than those
made from paper birch, however, the MOE and MOR value for edgewise bending was not significantly
different. An edgewise MOE of 10.5 GPa, and edgewise MOR of 43.2 MPa, was achieved. The
mechanical properties of OSB are given by Cai and Ross [158] in Figure 53.
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Figure 53: Selected properties of North American OSB products [158]

Malanit, Barbu [161] investigated physical and mechanical properties such as modulus of rupture,
modulus of elasticity, internal bond strength, thickness swelling and water absorption of OSL made from
the Asian bamboo Dendrocalamus asper Backer. Bamboo OSL showed better strength properties
compared to the commercial products made from wood, however, bamboo-based OSL had a lower
internal bond strength than wood-based boards. The resin type has a significant effect on board
properties and properties of the board generally improve with increasing resin content. The best results
were obtained by using 13% pMDI content at 750 kg/m3 density.
Barnes [162] developed an integrated model to understand the effect of processing parameters on the
strength properties of OSB and OSL, with good predictive effectiveness. The effect of strand length on
the mechanical properties (tension, compression and bending) of OSL made of rubberwood (Hevea
brasiliensis Muell. Arg.) was reported by Chirasatitsin, Prasertsan [163]. It was found that for the
parallel-to-grain direction, the longer strand OSL gave higher strength. The role of the strand length did
not appear for the perpendicular-to-grain direction. The relationship between the mechanical properties
of OSL and strand length is well described by the modified Hankinson formula. OSL produced from
residues of rubberwood species was studied to find the effect of processing parameters on strength
properties, and hence, identify optimum parameters [164]. Experiments were conducted with two resin
types (pMDI and PF), three levels of resin content (3, 6, 9%) and three strand lengths (60, 100, 140
mm). The results demonstrated that the strength properties of the produced OSL were higher than
those of solid wood of the constituent species. The optimum parameters were found to be pMDI resin,
9% resin content and a strand length of 140 mm. The effect of hybrid adhesives of PhenolFormaldehyde (PF) and Polymeric Diphenylmethane Diisocyanate (MDI) on OSL produced from rubber
wood waste has been investigated by Preechatiwong, Yingprasert [165]. It was found that OSL formed
using both pure adhesive and hybrid adhesives (3 blends: 25:75, 50:50 and 75:25) had properties that
pass the CSA O437.1 standards, including modulus of rupture, modulus of elasticity and internal bond
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strength. However, the thickness swelling and bond durability of OSL formed using pure MDI failed to
meet the standard, while those formed using pure PF or hybrid adhesives passed. Among the three
blends of adhesives, the blend 75:25 (PF: MDI) gave the best properties while a ratio of 50:50 gave the
worst properties, particularly for internal bond strength, due to the phase separation of both adhesives.

10.5 Cross-laminated strand timber
Lingor [148] are manufacturing a product comprising layers of engineered strand lumber crosslaminated into a panel (Figure 54). The feedstock is a plantation eucalypt (of potentially various
species). The advertised product is a high density, high stiffness panel.

Figure 54: Cross-laminated strand timber, Lignor [148]

10.6 Considerations for Australian markets
Strand-based products are popular in construction in North America and Europe. OSB enjoys a large
and mature market share, particularly where its use can satisfy multiple performance requirements,
such as vapour and leakage control, sheathing, and robustness in prefabrication. It is predicted that
OSB use will rise in Australia as timber-framed prefabrication increases and thermal performance
requirements increase.
The benefits of using strand-based feedstock in WBMP compared to veneer-based feedstock is not
clear. There is a significant availability of high strength, small diameter log resource from plantation
hardwoods and softwoods well suited to veneer production with high recovery rates. There is no clear
benefit in chipping the veneer prior to manufacturing into an EWP or WBMP.
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11 Wood fibre boards
11.1 Introduction
Wood fibre products have been available on the market in various forms for many years. Traditionally,
these products have not been considered as building construction products; however, there is some
potential for future development in a low-carbon construction industry where such products can be
developed to address multiple performance requirements. Wood fibre board use is typically defined by
the density of the manufactured board; low, medium and high.

11.2 Low density
Low density wood fibre boards are very popular in Europe for use in the overall building envelope wall
build-up. These are not structural products but are used to address thermal and vapour control
performance requirements. Wood fibre boards are produced in various thicknesses, densities, and
treatments (Figure 55). The most common uses include insulation batts (between studs in walls), board
insulation (over studs), and as coated vapour permeable insulation layer under a rain screen. Wood
fibre batts are now considered cost comparable with mineral wool in German construction [50]. These
products are not strictly WBMPs but are mentioned here for completeness. In the future, local
production of low-density wood fibre boards for use in timber-framed and mass-timber construction will
complement the other wood products available, and potentially make use of a forest resource planted
for fibre production.

Figure 55: Low density wood fibre insulation, Steico [166]
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11.3 Medium density
Medium density fibre boards (MDF) have been common in joinery and internal fit-out for many years.
Recent developments include the production of durable MDF by acetylation; Tricoya [167]. The Tricoya
product claims suitability for use as external cladding.

11.4 High density
Masonite is a ‘hardboard’ that has been produced since the mid-20th century. Traditionally, it was
produced without the use of additional adhesives, instead relying on steam and pressure. Variations of
Masonite include oil-tempered panels for improved performance in moisture. In some cases, Masonite
has been used in construction as part of the vapour control and sheathing of timber-framed construction.

11.5 Considerations for Australian markets
Wood fibre-based panel products will grow to become an essential part of the wood product mix for
construction in a low-carbon economy. However, most of the potential uses are as relatively high value
products forming part of the overall wall build-up (insulation, vapour control, sheathing, cladding).
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12 Composite panels
12.1 Introduction
Composite timber panels can take many forms, including combinations of the various panels described
in previous sections, and composites of the above panels with other materials such as bamboo or
concrete. This section briefly discusses available literature on timber composite panels.

12.2 Combination mass panel
It is possible to achieve better strength and serviceability properties by combining the above mass
panels. There are numerous examples of research focused on composite panels manufactured by
mixing various mass panels. Timber consisting of softwood GLT intercalated with cross-layered plates
of hardwood (beech) LVL was investigated by [40]. The structure is especially suited for beams with
multiple, large rectangular holes, where the LVL acts as a highly efficient internal reinforcement and
contributes to a damage-tolerant ultimate load behaviour. Similar Glulam-LVL composite panels [40]
were used in the 25 King Street building in Brisbane. A hybrid panel made of CLT and LSL was
examined by Davids, Willey [168]. It was found that a composite CLT panel with a LSL core layer gave
a 23% higher bending strength compared to standard CLT. Wang, Gong [169] investigated the
mechanical properties of hybrid CLT fabricated using timber and/or LSL. They found that hybrid CLT
had better bending and planar shear properties than that of generic CLT. The MOE and MOR of hybrid
CLT having LSL as the outer layers were 19% and 36% higher than that of generic CLT, respectively.
The MOE and MOR of hybrid CLT having LSL as the core layer (replacing the cross timber layer) were
13% and 24% higher than that of generic CLT, respectively. Gu [41] investigated the strength and
serviceability performance of a CLT-Glulam composite floor system. They conducted a non-destructive
vibration (modal) test to evaluate flexure and shear strength for long span applications, and found that
the composite floor system could safely carry the design load in terms of bending and shear strength.
Therefore, the spanability of the CLT-Glulam composite system should be governed by serviceability
criteria, not by ultimate strength. In addition to composite panels, reinforced mass panels have been
widely investigated. Numerous researchers have found that reinforcing timber laminated beams with
materials such as carbon or glass fibre leads to improved material properties [27, 33-35, 37].

12.3 Timber-Concrete Composite (TCC) Panels
Timber-concrete composite (TCC) systems are based on the integration of timber and concrete into a
single structural element. TCCs were originally developed after World War II because of the shortage
of steel for the reinforcement of concrete. This technique became widely used in ensuring that the
structural performance of historical buildings attains the requirements current regulations. Its use can
also be seen in the construction of bridges, timber floors and new, multi-storey bridges. TCC is
manufactured by connecting a timber beam, such as GLT, solid timber or LVL, to a concrete slab above,
as shown in Figure 56. The connection system, which transfers shear force between the timber and
concrete, can be mechanical fasteners (nails, screws, or toothed metal plates embedded into the
timber), notches cut from the timber, or a combination of both. TCCs perform by the concrete primarily
providing resistance to compression, and the timber resisting tensile stresses, meaning that each
material is exploited to its full potential [170].
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Figure 56: Timber Concrete Composite (TCC) Floors

According to [170], advantages of TCC include:







greater strength and stiffness;
less susceptibility to vibration;
improved seismic and fire resistance;
possibility to use the timber as a decorative ceiling lining;
better acoustic separation and thermal mass; and
reduced thermal mass compared to timber.

Limitations also exist, including:





high labour cost;
performance and cost is dependent upon the connection system, therefore stiff and strong
shear connectors are needed;
not 100% renewable material; and
lower strength to weight ratio compared to other timber panels.

The most common application of TCC panels is as floors. Over the past decade, TCC floors have been
widely investigated [171-175]. Yeoh [170] focused his PhD thesis on the behaviour and design of TCC
panel floors under short and long-term loading. The detailing of connection systems was also discussed.
Yeoh, Fragiacomo [176] presented the prospect of combining LVL with concrete as a composite floor
system, and concluded that an off-site semi-prefabricated LVL-concrete composite floor system could
reduce the cost and time of construction in the Australasian market. Various types of connections to a
prefabricated concrete slab were investigated by [177]. High load-carrying capacity and stiffness (with
up to 98% composite efficiency) was achieved using alternate shear connectors, and the feasibility of
manufacturing TCC structures as prefabricated elements was proven. Additionally, some of the systems
are fully demountable, allowing the owner to disassemble the timber beams and concrete panels at the
end of their service life. Yeoh, Fragiacomo [178] provided an excellent review on TCC floors. A range
of developments regarding TCC floors and connection systems are presented, along with the results
of numerous experimental and numerical investigations. Hong [98] investigated the structural
performance of the experimental NLT-concrete composite panel discussed in the NLT section, above.
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The fire performance of timber is a major limiting factor to its potential use in structural buildings.
However, the addition of concrete to the system can reduce the char rate and increase its safety
capability (depending on application). O'Neill [179] investigated the fire performance and failure
behaviour of TCC floor systems currently under development in New Zealand, resulting in a calculation
method for evaluating the fire resistance of these floors.

12.4 Timber-bamboo composite
Bamboo is a strong, lightweight, renewable material. It has a higher strength-to-weight ratio, better
abrasive resistance, and a lower swelling rate after absorbing moisture when compared to wood [180].
Opportunities for the use of bamboo in composite with timber include sandwich panels consisting of
wood faces with a bamboo core (Figure 57), or the use of bamboo veneer as faces for a timber panel
for aesthetic purposes.

Figure 57: Bamboo-plywood sandwich panel [181]

Darzi, Karampour [181] investigated the flexural stiffness and ultimate load capacity of novel ultralight
composite sandwich panels, made of plywood faces and a bamboo core. A model was developed using
the Ritz method, and subsequently validated against published experimental results of a glass fibre
reinforced polymer (GFRP) sandwich panel. The developed method was used to investigate the effect
of thickness and material properties of the plywood skins, and the height of the core, on the bending
stiffness of the panels. A similar panel, manufactured using peeler cores sourced from a plywood mill
as the core, was also investigated. For similar panel depths, the composite panels were found to be as
much as 15% stiffer and 40% lighter than existing commercial CLT. The results of a parametric study
on selected composite panels with different yield stresses in compression showed that panels with
bamboo cores exhibit relatively more ductile behaviour compared to those manufactured using peeler
cores. At the ultimate flexural capacity, the tensile face of the panels failed in tension parallel to the
grain, while the compressive face almost reached its yield capacity.
The efficiency of sandwich bamboo-plywood (BCS) floor panels with various core configurations was
investigated by [182]. Numerical results indicated, that while a higher core density within the panel
increases the stiffness and the ultimate capacity, a more efficient BCS panel can be achieved using a
fewer number of the bamboo cores in an appropriate configuration. It was also shown that strengthening
the BCS panel with a thicker plywood skin on the compression face enhances stiffness and ultimate
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bending capacity. However, further investigation of the fire performance of the BCS panel is required
due to the larger exposed surface area of the core.
A bamboo and LVL composite (BLVL) was investigated by Chen, Jiang [118]. It was found that large
span BLVLs could meet the mechanical property the requirements of Chinese National Standard GB/T
17657-2013. Moreover, the flexural rigidity and bending modulus of BLVL double beams was extremely
high. OSL made from bamboo showed better strength properties compared to the commercial products
made from wood, however, bamboo-based OSL possesses a lower internal bond strength than woodbased boards. [161].

12.5 Steel-timber composites
Steel is a common component in any timber building; usually forming an essential part of connections
and interfaces. Expanding on this there has been significant research into steel-timber composites as
bending elements including [105], [107] and [108]. The critical consideration with a steel-timber
composite is at which stage in the process is the steel added, and how the composite component can
be modified on site. [105] considered the use of a galvanised strap, typically used as bracing, as a
stiffener for a NLT floor slab. Adopting this approach could potentially allow carpenters to easily make
any required modifications to the panel, on site. Similarly, [107] and [108] considered the use of coldformed steel sections as tension elements on the underside of NLT slabs, again, allowing simple site
modification.
The use of steel plates as embedments into WBMPs at areas of high load offers potential for optimising
the use of WBMPs. For example, a steel plate added into the lay-up of a WBMP shear wall could
significantly improve the performance of a hold down connection. A key to the success of this approach
would be to ensure the plate is inserted at such a point in the fabrication process that the WBMP has
been identified for a project specific application, eliminating the need to modify the panel containing the
using timber processing tools.
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13 Product opportunities for WBMPs in Australia
13.1 Introduction
WBMPs is an emerging sector of the forest product industry that has tremendous potential in both
residential and commercial construction. Renewable raw materials, excellent seismic performances,
and cleaner and faster construction are some common benefits of WBMP. This report provides a brief
introduction to the various WBMPs, their manufacturing process and review of recent research.
Moreover, targeted benefits can be achieved using particular WBMPs and combining them depending
on application and manufacturing process. CLT, GLT, LVL and reinforced timber panels have been
more extensively studied compared to other panels. Currently, CLT, and some other panels, are being
manufactured according to European standards, and imported to Australia. However, these design
guidelines should be modified in order to meet Australian standards and to resolve technical issues
such as dimensional tolerances, adhesive application parameters, and Australian environmental
conditions for local timber species. Hybrid composites, manufactured by combining various types of
mass panel, mixing hardwood/softwood, or reinforced with synthetic or natural fibre, can provide better
performance and may provide a winning combination in the marketplace. However, technical issues,
such as dimensional stability and gluing of these hybrid panels, need to be well understood. Moreover,
the utilisation of low-grade material and waste material to manufacture composite panels may provide
an economic solution. Finally, in addition to mechanical properties, other attributes such as dimensional
stability, resistance to fire, biological degradation, vibration and noise, and long-term behaviour need to
be considered when manufacturing WBMPs.

13.2 Performance requirements
Figure 58 presents an assessment of various performance requirements by market and element type,
and considers these paired against possible WBMP performance. The discussion below sets the
context for the proposed WBMPs to be developed as part of this project. These are expanded upon in
project sub-plans, reported separately.
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What are the most important performane criteria for WBMPs?

Performance criteria
Material
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Strength
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Construction & Fabrication

Envelope

Dynamic

Reliability

Connection

Flexibility

Handling

Tolerances

Interfaces

Cost

Certainty

Acoustic
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How do the products typically perform against the performance criteria?

Performance criteria
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Figure 58: Matrix of performance requirements
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13.3 Opportunities by product type
13.3.1 GLT
The GLT market is mature and well serviced with commodity and bespoke products locally produced
from hardwoods and softwoods. Opportunities for uni-lam floor panels may exist in Australia, but are
likely best served by a product fabricated through an agile, dispersed network of fabricators rather than
a centralised plant making glued uni-lam.

13.3.2 CLT
Market growth of CLT in Europe and North America has demonstrated the importance of CLT as part
of the WBMP mix in a growing low-carbon construction industry. It is imperative that Australia has local
production of CLT from locally grown feedstock. International research to date linking CLT panel
performance to feedstock character has not covered common Australian species. To support the
burgeoning local production of CLT there needs to be increased confidence in the feedstock properties
for use in CLT panel design and optimisation. CLT is well suited to wall and floor elements. Wall element
and floor design is typically governed by parallel to grain stiffness properties, which are relatively well
understood. However, rolling shear performance of the feedstock is not well understood and has a
significant impact on floor design and wall buckling. Rolling shear is also very hard to determine through
the current grading processes in softwood mills. The performance of CLT panels to address multiple
performance requirements is reasonably well understood.

13.3.3 DLT
There are growing markets for DLT internationally, in Canada for example, where StructureCraft has
opened a new dedicated uni-lam line. The geographic spread of Canada is similar to that in Australia,
and similarly, imported CLT is seen on projects to be cost competitive with local CLT. However, DLT
requires a reasonably significant cap-ex investment, which then centralises production in a similar way
to a CLT plant.

13.3.4 NLT
Nail or screw laminated timber can be referred to generally as mechanically laminated timber (MLT). It
offers a versatile option for WBMP use in Australia, allowing fabrication by various people at various
stages of the production, fabrication and construction process. As such, it can suit various markets from
residential, through mid-rise, to commercial. Feedstock can vary based on what is available.
Certification can be flexible based on layup – for example, an engineer can design a MLT of graded
timber, without butt joints, to AS 1720.1. Maximum value recovery from feedstock will be in the use of
short lengths of low-grade material, which will require research & development, and consideration of
certification. Considering the performance requirements in Figure 58, a uni-lam MLT will be well suited
to slab elements such as floors or ceilings/roofs. The maximum opportunity will be in understanding if
a MLT floor panel can also satisfy the requirements of a visually expressed ceiling and/or an appealing
exposed timber floor, whilst achieving acceptable acoustic separation between spaces.

13.3.5 LVL and MPP
A veneer-based mass panel (VBMP) can allow a refined blending of grain direction and species. It is
well placed to allow optimisation to maximise connection / fastener performance whilst also achieving
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panel dimensional stability (Figure 58). A significant market opportunity are cores / stability walls in midrise and taller buildings. Concrete cores are typically considered in design to have significantly higher
stiffness than a timber core. This is largely due to the constraint on the design assumptions in timber
cores and stability walls i.e. that they are limited to activate only the walls parallel to the load direction
because of the difficulty in achieving connections of required strength at the corners. Figure 59 presents
the current design assumptions on the left and what may be possible on the right. Core / shear wall
design is currently governed by a single point hold-down, wall buckling, and a possible lack of vertical
dead load. These assumptions can all be improved by being able to achieve a WBMP to WBMP
connection that allows a T section, I section or tube to be formed in WBMPs. This could be achieved
by optimising a VBMP to realise the maximum performance of fasteners. An optimised VBMP is likely
to be a fabricated WBMP including commercially produced (optimised) LVL in composite with plywood:
an LVL-MPP composite. Such a VBMP would likely be reasonably high density and therefore perform
well regarding two key performance criteria for cores: fire and acoustic separation. It should be noted,
that the glue used for the commercially produced LVL will perform well in fire, but care is needed in the
method adopted for fabrication into the WBMP.

Figure 59: Timber shear wall assumptions: left is current, right is compound
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13.3.6 Strand-based WBMP
Strand-based panels are not considered here. It is a fledgling market, and international experience
suggests that strand-based WBMPs are unlikely to achieve significant market uptake, particularly given
the availability of high performance timber for efficient veneer recovery.

13.4 Summary
The optimised solution for any building will likely be a blend of different WBMPs, in combination with
other wood products and other construction materials. Key findings through the review covered in this
document:


Opportunities for WBMPs will be maximised if the panel can address multiple performance
requirements, as well as addressing the required structural performance. For example,
aesthetic, vapour control, acoustic, fire etc.



Mid-rise and taller building construction will continue to increase as cities and urban areas
densify. There are many excellent wood product options for floors and walls, but there are few
timber options for cores and stability walls.



Supporting local production of CLT in Australia is critical in order to develop a robust, lowcarbon supply chain. The production of structural softwood in Australia targets the stud frame
market, producing section sizes and grades that may not be suited to CLT. CLT fabrication in
Australia from locally grown timber requires investigation into timber properties.



Australia is a vast country with focussed urban centres. There are opportunities to supply
WBMPs into regional towns and cities into various building types, but fabrication will need to
be ad-hoc and dispersed, rather than centralised.

13.5 Recommendations
It is proposed that three products be explored further to develop plans for testing and prototyping:


Refinement of Australian produced CLT. CLT produced in Australia should compete with
European imports on overall package cost, part of which is about structural performance.
Can local CLT perform as a floor panel with equivalent or shallower depth compared to
imported product? This is likely best addressed through a better understanding of the
rolling shear characteristics of feedstock and how it affects the performance of the CLT
panel. Consider perpendicular layer thickness, grade.



The geographic size of Australia and population spread make servicing all possible markets
for a WBMP from a large scale CLT mill unlikely. Alternatively, an agile approach to
fabrication using NLT/SLT/DLT is more likely to achieve market uptake. Those best placed
to fabricate the product are the current frame and truss manufacturers who enjoy good
market integration, and who have established processes for logistics and quality control.
The product is likely to be a uni-lam product targeting a range of possible markets, with the
scope to address multiple performance requirements: exposed soffit, acoustic,
diaphragm action and possibly including the wearing floor surface in residential
applications. The use of local hardwoods as fall-down from appearance products should
be explored, along with opportunities for visually structurally grading the fall-down.



A veneer-based product, optimised to increase connection strength, should be explored.
There is an opportunity to use WBMPs as shear walls and cores in buildings that attract
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significant connection forces at interfaces (corners in cores, and tie-downs). A veneerbased product has the potential to provide a high-performance substrate for fasteners. The
product may be a composite of hardwood and softwood veneers, and is likely to be
fabricated into a WBMP as a composite of commercially produced LVL and plywood.
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