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Abstract 
Plantation softwood is the future timber material resource for building and 
construction.  However, significant volumes of sawn softwood are considered out-
of-grade and sold at a loss.  New approaches and methods need to be 
implemented to value-add out-of-grade timber and increase structural yield from 
existing plantations.  This paper provides a critical review of out-of-grade 
characteristics of pine timber to gain an understanding of the strengths and 
weaknesses of this resource as a structural building material.  Methods to 
incorporate out-of-grade timber into current building systems are presented and 
building technologies that can facilitate this use are identified.  Finally, it discusses 
developments and important considerations for design of cross laminated timber 
(CLT) as a prime example of a building system with good capacity to incorporate 
high volumes of out-of-grade timber.  This provides critical information for the 
maximum utilisation of sawn out-of-grade pine and is anticipated to create new 
opportunities that can effectively incorporate this renewable and sustainable 
material resource into innovative building systems and technologies. 
Keywords 
Out-of-grade timber, low grade timber, Cross laminated timber, CLT, timber 
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1. Introduction 

Timber is a well-used and familiar material, which possesses many excellent 
attributes for construction, is renewable, adaptable, diverse, has a range of good 
mechanical properties, has low relative embodied energy, low carbon impact and 
where sustainable practices are used through forestry and harvesting, it will be 
available indefinitely [1].  Timber stores carbon during all stages of the life cycle 
with 171 million, 103 million and 123 million tonnes of carbon stored in 
plantations, timber and timber products in service and landfill respectively in 
Australia in 2010 [2].  Ramage et al. [3] stated that cultural and engineering 
practice play a large role in the influences of timber use in many regions around 
the world.  In Australia, local government associations and councils are seeing the 
benefits of timber and encouraging its use in building and construction. 

Australia has over 1.9 million hectares of tree plantations [4], of which 
1.036 million hectares are softwood  [2].  Of these softwood plantations, 97.7% 
are managed to supply the Australian housing market with sawlogs [5] and 
structural framing products [6].  Pine timber from sustainable softwood 
plantations is the foreseeable future of timber construction.  However, it is well 
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known that significant volumes of sawn Australian softwood do not meet the 
Machine Graded Pine (MGP) structural framing requirements [7] of AS1748 [8] 
and AS1720.1 [9], and are considered out-of-grade.  Cown et al. [10] found up to 
27.5% of total boards were rejected in a validation study for 27 to 33 year old 
radiata pine.  Based on sawmill recovery trials discussed by Harding [7], up to 
57.5% of sawn board volume from 28-year old southern pines are failing structural 
framing requirements.  With a volume of 4.4 million m3 of sawn Australian 
softwood in 2015/16 presented by ABARES [2] and the more conservative 27.5% 
out-of-grade estimation, at least 1.2 million m3 of sawn timber fell into out-of-
grade for structural framing products.  Predictions of increased demand and 
available resource in coming years [2] will lead to increased volumes of out-of-
grade timber, and for sawyers these out-of-grade products have limited market 
opportunities and are often sold at a loss [11].  Therefore, the development of 
new and innovative building technologies from out-of-grade sawn pine will value-
add and maximise utilisation of this timber resource.   

Out-of-grade timber is a highly variable resource containing equally 
variable structural properties and to randomly include all out-of-grade timber 
into a building system irrespective of this, will likely result in unpredictable and 
poor performance and the opportunity for optimisation will be missed.  A number 
of studies indicated that characteristics of out-of-grade timber still possess some 
good structural properties [1,3,12-18] that could be utilised to supplement the 
more expensive and highly sought after in-grade resource.  In the context of 
structural grading aimed at ensuring a single piece of timber performs 
satisfactorily in a yet unknown application, out-of-grade timber is rejected for 
good reason.  However, a good portion of this timber could be used where its 
structural properties can be matched to the demands of a known structural 
application.  By matching the properties of timber to the expectations of the end 
user, optimisation is possible and the image and profitability of the timber will 
improve [19].  It is critical therefore to have a detailed understanding of the out-
of-grade characteristics of timber as this is key to making an informed decision 
about what roles this material resource can play in a building system. 

Despite the enduring abundance of out-of-grade timber, it remains an 
underutilised and arguably underestimated resource.  Other research found in 
the literature rarely looks to exploit the good qualities of out-of-grade 
characteristics.  These are primary drivers for this review paper whereby a 
targeted approach will be taken to investigate a range of important out-of-grade 
pine timber characteristics, looking for their strength and weaknesses in order to 
find ways in which building systems can effectively incorporate this renewable 
and sustainable material resource.  It primarily contributes to the literature by 
critically reviewing the out-of-grade characteristics and in providing suggestions 
and an example of identifying building design methods and technologies which 
enable out-of-grade to be substituted in place of in-grade timber and in some 
cases may identify out-of-grade timber characteristics as superior.  It will focus 
on the recent developments on cross-laminated timber (CLT) and identify 
demands in their design.  Finally, effective ways in which this emerging building 
technology can incorporate the out-of-grade timber resource will be identified.  
This state-of-the-art review paper provides valuable information in addressing 
the long standing challenge of value adding loss generating out-of-grade sawn 
pine timber.   
2. Characteristics of out-of-grade timber 

Timber that does not meet the requirements of the selected grading rules is 
considered out-of-grade.  Timber grading is a sorting method that requires grading 
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rules, an assessment process and an identification system that communicates an 
estimate of timber properties to the designer including appearance, geometry, 
durability and structural properties.  Large softwood mills in Australia produce 
structural framing and truss timbers for which the most important characteristics 
are stiffness, strength and stability [7].   

Out-of-grade timber characteristics occur during the natural growth of a tree 
or are inflicted during processing and handling; these are not always exclusive of 
each other.  Machine Grade Pine (MGP) is the base grade for structural pine in 
Australia [7] for which minimum strength and stiffness properties are set in 
AS1720.1 [9].  AS/NZS1748 [8,20] are the grading rules relevant where machine 
stress grading is used and this standard places restrictions on knots, resin defects, 
splits, distortion, wane, moisture content, dimensional variance and machine skip.  
Therefore, in addition to clear wood with low stiffness and strength properties, an 
out-of-grade timber population using this grading system would contain these 
characteristics.  The following sections describe the naturally occurring out-of-
grade timber features and identify their strength and weaknesses in order to 
overcome these limitations for their possible use as a new material resource for 
construction and building applications. 

2.1 Low longitudinal bending stiffness 
The Australian MGP standards [8] require at least 10 GPa mean Modulus of 

Elasticity (MOE) for a batch population of MGP10 timber.  Low longitudinal MOE is 
often associated with juvenile wood, which develops in the first 10 to 20 years of 
a trees life during early growth and in the crown of maturing trees [21].  It grows 
in a cylindrical shape around the pith along the entire length of the tree [12].  Pith 
is a thin non-straight cylinder of encapsulated dead low quality cork like cells.   

Juvenile wood contains a high proportion of early wood [22], compression wood 
[23] and has a high microfibril angle [21].  Early wood is less dense and less stiff 
compared to late wood [22].  Compression wood [12,23] has densities up to 50% 
greater than normal wood but does not possess the normally associated increased 
mechanical properties and has unfavourable cell geometry leading to distortion 
issues [21].  Compression wood has lower longitudinal to grain tensile strength 
and longitudinal MOE than normal wood [12].  Microfibril angle and density can 
explain 90% of the wood stiffness variation in juvenile wood [24].  Compression 
and juvenile wood have a high microfibril angle in the S2 cell wall layer which is 
correlated with low longitudinal stiffness and high shrinkage [1,21]. 

Nevertheless, compression wood has higher bending and compression parallel 
to grain strengths than normal wood [12] and while high microfibril angle 
decreases longitudinal stiffness, it increases durability and is important for 
transverse direction mechanical properties [3].  Xavier et al. [13] found 
perpendicular to grain stiffness and longitudinal shear stiffness both decreased at 
mid-radius but increased again toward the pith where microfibril angle is high.  A 
model developed by Astley et al. [14] showed longitudinal shear stiffness 
increases significantly with increasing microfibril angle, rolling shear stiffness, 
radial and tangential to grain stiffness had minimal change.  Rolling shear is the 
shear stress applied in the radial – tangential plane of timber and is experienced 
by the perpendicular layers in CLT.  Aicher et al. [16] and Aicher and Dill-Langer 
[15] found no reduction in rolling shear stiffness for boards that contained pith 
whereas Erhart et al. [25] found it increased.  These findings mean that the linear 
relationships of perpendicular to grain stiffness (E90=E0/30), longitudinal shear 
stiffness (G0= E0/16) and rolling shear stiffness (G90= E0/160) given in the CLT 
handbook [26] for the shear analogy method may be under predicting 
performance of low stiffness juvenile wood.  Moreover, Denzler and Glos [27] 
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found that although boards containing pith had lower densities, they did not 
reduce in longitudinal shear strength.  Erhart et al. [25] found rolling shear 
strengths were just as high near the pith as they were at a radial distance 100mm 
from the pith, suggesting their possible use for structural applications. 

2.2 Sloping grain 
Ideally timber is cut with all the longitudinally strong fibres running parallel to 

the length of the piece however, this rarely happens in reality with at least some 
extent of sloping grain occurring.  Causes of sloping grain in sawn timber include 
grain deviation, spiral grain and cutting pattern.  The orientation of fusiform initial 
cells in the vascular cambium are responsible for the change in grain orientation 
in wood and are in response to stimuli such as death of a lateral branch, injury, 
constriction of the stem by a vine, auxin flux through the cambium and mechanical 
stresses in the wood [28].  It has been proposed that spiral grain develops as a 
result of wood grain rotating until it is parallel to tensile stresses caused by wind-
imposed torques on the tree [28].  An example of the resin and heartwood 
skeleton of a slash pine showing spiral grain can be seen in Figure 1.  

 
Figure 1 Spiral grain with 1.5 turns over a 4.2 meter length in slash pine. 

In a standing tree, grain deviation and spiral grain are of little concern as the 
longitudinally strong interlocking fibres continuously flow, effectively transferring 
stresses throughout the tree.  However, once sawn through this flow meets an 
abrupt halt and longitudinal loads can no longer be transferred along the strong 
axis.  Load transfer increasingly occurs perpendicular to grain and through shear 
depending on severity of grain angle [29] but timber is less stiff and weaker in 
these directions which leads to a reduction in stiffness and strength.  A simplistic 
example of sloping grain showing weakest and less stiff axis orientation can be 
seen in Figure 2.  Reductions of up to 60% of bending and longitudinal tension 
strengths and up to 44% compression strength can occur [30].   

 

 
Figure 2 (a) straight grain, (b) sloping grain across edge and (c) sloping grain across face 

 
Nevertheless, where grain deviation takes away from longitudinal strengths 

and stiffness, the redirected fibres can increase transverse properties.  The 
Hankinson formula provides a method to calculate the change in strength and 
stiffness properties due to varying grain angle in clear wood [1,17]. 
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2.3 Knots  
Knots in sawn timber are the result of branches encased in the trees’ stem and 

although structural grade timber is not free of knots, they are more frequent and 
larger in out-of-grade timber [31].  Their composition is highly variable and there 
still remains a lack of understanding around their complex structure and behaviour 
[32,33].  A knot encompasses both the branch wood and the associated 
surrounding timber fibre.  Knots may contain compression wood, resin streaks 
[23], grain deviation, grain disruption and drying shrinkage cracks, of which the 
latter three are of most significance to the longitudinal structural properties 
[1,23,32,34,35].   

The impact of a knot on structural performance is dependent on the 
combination of all characteristics including size, location, shape and soundness 
but also on the type of loading it is exposed to [1,36].  The location of a knot 
across the width and along the length of timber leads to changes in magnification 
and combinations of tensile, compressive and shear stresses depending on 
application [37].  An extensive study on radiata pine by Grant et al. [38] looked 
for relationships between knot area ratio (KAR), knot location and bending 
stiffness and strength which can be used to improve predictability.  They found 
that using KAR and in some instances knot position gave significantly improved 
MOR predictions in comparison to using MOE alone.  KAR is defined in AS 2858-
2008 [39] as the ratio of knot cross-sectional area to that of the piece and places 
limits on KAR by location.   

An encased knot or knot hole does not transfer stresses well through the 
branch but can be considered more as a 2 dimensional deviation.  They have 
reduced capacity to disperse strain [32].  On the other hand, despite the branch 
being interconnected, the inter-grown knots have significantly more of the 
problematic 3 dimensional grain deviation.  Where grain deviation effects both 
faces and edges of a piece of timber the reduction in strength is more significant 
than in face or edge alone [29].  Therefore encased and inter-grown knots are 
often considered equivalent for structural performance assessment [1].  Examples 
of simplistic grain deviation around encased and inter-grown knots are shown in 
Figure 3.  The Y axis indicates the direction of least stiffness and strength.  The 
closer aligned the Y axis is to the direction of load, the lower the structural 
performance of the piece. 

 

 
Figure 3 Simplistic example of grain deviation around encased (a) and inter-grown (b) knots 

 
Longitudinal tensile strength, modulus of rupture, longitudinal compressive 

strength followed by the modulus of elasticity are the order of most negatively 
impacted by knots [40].  Their impact on longitudinal tensile strength is 
significant, causing the majority of tensile failures [31] and are believed to be the 
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tensile strength limitation for Australian softwoods [41].  Wang et al. [42] found 
failure on the tension side of CLT occurred at knots.  Under longitudinal loading, 
edge knots introduce lateral bending stresses [38,43] reducing the capacity more 
significantly than centrally located knots [44] and grouped knots [31].  This is also 
the case for tensile transverse loading with edge knots having more negative 
impact on tensile strength compared to central knots [44].  ASTM International 
[30] give reductions of bending strength and compressive strength for a 32mm 
edge knot on a 90mm face width of 53% and 31% respectively while a 44mm 
knot reduces strengths by 74% and 44% respectively.   

The Forest Products Laboratory [1] highlighted that there is potential for an 
increase in some transverse directional properties in the region around a knot due 
to strong fibre direction being across the piece.  This grain deviation can disperse 
perpendicular to grain stresses and where branch wood is intact and knots provide 
reinforcement though a dowelling effect resisting shear [18].  Gupta et al. [45] 
found knots had no significant effect on longitudinal shear and Jockwer et al. [18] 
found knots can increase load carrying capacity in notched beams by disrupting 
and resisting crack propagation.  Moreover, knots have less negative impact in 
flatwise bending stiffness [46,47] and strength [48,49] therefore may be more 
suitable for flatwise than edgewise applications such as floor panelling.   

2.4 Shakes, splits, checks, resin and bark pockets  
Shakes, splits, checks, resin pockets and bark pockets are all separations in 

timber fibres occurring due to wounds during the life of a tree [50] or from the 
drying process.  These characteristics are illustrated in Figure 4.  AS/NZS 1748.1 
[8] restricts the size of resin pockets and end splits and prohibits other splits while 
AS/NZS 1748.2 [20] restricts heart-shakes and prohibits cross-shakes.  Harding 
et al. [51] estimate 4 to 5% of sawn timber boards on average are rejected due 
to shake but state this quantity can be significantly higher.  The loss due to resin 
defect for Queensland alone is estimate to be at least $4 to $5 million per year 
[51].   

 
Figure 4 (a) shakes, splits, checks, resin and bark pockets (b) heart shake in pine timber 

 
The fibre separation obstructs the transfer of stresses leading to stress 

concentrations and a reduction in shear [7,30,52] and perpendicular to grain 
tensile strength [35].  The width of a shake, its occurrence on two faces, presence 
with needle trace and with pith are all highly influential in reducing shear strength 
[52].  Even small shakes acceptable in structural grade timber reduce shear 
strength as much as 30% [52].  Nevertheless, outside critical areas, bending 
stiffness and strength [30,35] and axial strength can go unaffected [30].  
Depending on the size and orientation of the separation, perpendicular to grain 
compressive stiffness and strengths should be minimally impacted.  Additionally, 
the separation of fibre may provide opportunity for connection such as a glued 

(a) (b) 
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shear key although, the impact of resin on gluability where present would need to 
be investigated. 

2.5 Distortion 
Distortion in sawn timber occurs as bow, cup, twist and spring and is associated 

with timber processing and wood properties.  Growth stresses develop in wood 
during cell development and maturation.  Both new and matured tree cells are 
under tangential compression however, as new cells in the outer fibre mature they 
shrink longitudinally inflicting longitudinal compressive stresses on the inner cells 
while they themselves remain in tension [21].  Sawing through the wood releases 
these stresses resulting in strains and distortion [21].  Moreover, as timber dries 
it shrinks at different rates in the radial, tangential and longitudinal directions and 
the growth ring orientation of a board can dictate the type of distortion that occurs.  
Examples of timber distortion are illustrated in Figure 5.   

 

 
Figure 5 Timber Distortion 

 
Under end loading, a distorted piece of timber experiences both compression 

and a bending moment, reducing capacity in that application.  The distorted shape 
may cause conflicts with other building systems and components such as sheeting 
or connections.  When used in engineered wood products, if the distortion causes 
inconsistent bond line thickness, this will result in a weak glued connection [1].  A 
distorted piece of timber however does not necessarily have low stiffness or 
strength properties.  Further processing such as planing required in preparation 
for gluing engineered timber products or relief cutting would reduce or eliminate 
distortion.  Also, there is opportunity to use distorted timber in applications 
requiring specific shapes or as a prestressed member such as bow or spring 
upwards in a floor element.   

 
3. Building design methods and technologies using out-of-grade 

timber 
Many building systems currently in use have an opportunity to incorporate out-

of-grade timber in one or multiple ways by direct substitution for or in combination 
with in-grade timber.  These technologies can be designed, modified or selected 
to target high performing properties while avoiding or minimising dependence on 
lower performing properties.  A stacked building system (Figure 6) could 
incorporate out-of-grade timber with high perpendicular to grain compressive 
properties but low longitudinal properties.  Modifying an existing system such as 
decreasing the angle of the transverse layers [53] or modifying layer thickness 
[25] in CLT can change the type or magnitude of stresses required to be resisted 
by the out-of-grade timber content.  In addition, selecting engineered timber 
products and targeting their lower stressed zones or taking advantage of their 
inherent lamination effect which provides alternative stress paths around lower 
performing pieces, creates an opportunity for the use of out-of-grade timber [43].  
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Monizza et al. [54] developed an algorithm to identify low stress regions of 
complex timber members specifically for the purpose of using lower performing 
timber. 

 

  
Figure 6 Stacked timber bricks (Display at KY Wood museum South Korea) 

 
Architectural design using timber visually and structurally provides opportunity 

to engineer the skeleton of the structure from in-grade timber while the balance 
of the timber is out-of-grade.  Alternatively using computational methods of design 
allows the design of the building to fit the resource rather than forcing the resource 
to fit the building.  This would lead to interesting, unique and expressive projects.   

Building technologies facilitate the use of out-of-grade timber by providing 
knowledge, enhancement and assistance of structural performance, design, 
planning and construction.  This includes skills, knowledge, tools or materials that 
can be applied at all stages.  During milling and grading the information collected 
about every board can be extensive.  Ionizing radiation computed tomography, 
thermal imaging, microwave imaging, ultrasonic imaging, acoustic vibrations and 
dynamic bending techniques can all be used to gather information on the 
presence, geometry and location of surface and internal defects, knots, grain 
orientation, density, moisture content, surface roughness and board dimensions 
[55].  Figure 7 illustrates an example of wood imaging techniques used during the 
grading process.  Out-of-grade timber packs contain highly variable characteristics 
but this detailed information reduces uncertainty by giving an in-depth 
understanding of every board and could be used to inform computer aided design 
(CAD), engineering (CAE) and manufacture (CAM).  

 

 
Figure 7 Lucidyne GradeScan® wood imaging 
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Digital technologies in design, engineering and manufacture continue to 
advance and with further adaptation could be used to optimise and construct 
buildings incorporating out-of-grade timber.  Fully integrated systems for timber 
are possible however, information sharing and communication throughout the 
entire timber and building industries is essential.  Lipton et al. [56] developed a 
system for carpentry which uses CAD for parametric design, finite element method 
(FEM) for verification, an interface for user customisation and simulation, an 
algorithm for automated assignment and robots to manufacture parts and 
complete assembly.  Willmann et al. [57] argue that while still in its infancy, 
robotic timber construction including digital design and automated fabrication 
provides new possibilities for the future of timber construction but self-evaluation, 
problem solving and self-adjustment are needed to accommodate the variability 
of timber [57].  This variability is exasperated in out-of-grade timber packs.    

The use of reinforcement can enhance the properties of out-of-grade timber 
overcoming deficiencies in structural performance.  Many reinforcement materials 
have been successful in enhancing timber performance and could also be used for 
out-of-grade timber.  These include carbon fibre plates [58,59], glass fibre 
reinforced polymer plates (Figure 8b), woven fabric and pultruded rods [60-63], 
basalt fibre reinforced polymer sheets [64], steel reinforced plates [59,65], 
aluminium plates [66], self-tapping screws [67] metal rods [65,68] (Figure 8a), 
carbon nano tube epoxy coatings [69] and concrete [70].  Pre-stressing FRP 
tendons, sheet or rods [62], compressed wood inserts [66] and post tensioning of 
steel bars [71] have been successful in achieving higher flexural strength and 
stiffness and accomplishing extended spans.   

 

  
Figure 8 Timber reinforced with (a) metal rods [68], (b) glass fibre reinforced polymer plates [62] 

 
Timber adhesives are fundamental for connection of out-of-grade timber to 

reinforcing materials and to other timber in engineered timber products.  
Advancements in adhesive technologies are leading to performance that can 
overcome challenges associated with out-of-grade timber.  Nanomaterials are 
increasing the mechanical properties of wood adhesives [72].  The more brittle 
adhesives such as epoxy based or urea formaldehyde adhesives are prone to 
failure due to the dimensional changes of wood caused by changes in moisture 
content [59,73] however, the addition of nanomaterials such as graphene or 
cellulose nanofibrils have proven to increase fracture toughness [72-74].  
Moreover, some wood adhesives available change MOE with humidity levels and 
accommodate the dimensional changes in timber [73].  Furthermore, the use of 
primers can improve adhesions and shear strength, reducing delamination [75]. 

Wood modification can increase the strength, stiffness, hardness and 
dimension stability of timber by using chemical, physical or biological methods to 
change its properties at the cell wall level [76].  Acetylation [76-78], furfurylation 
[77,78], wax impregnation[78], resin impregnation, heat modification [76,78], 
densification [79], and some combinations of these [80,81] are some examples 

(b) (a) 
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showing positive results.  Recently, Song et al. [81] achieved impressive results 
by boiling timber in a mixture of sodium hydroxide and sodium sulphite then 
deionized water followed by hot-pressing.  Chemical, thermal and impregnations 
methods of wood modification are increasingly being commercialised today 
[76,77].  These technologies have demonstrated successful partnerships with 
timber and open up new and innovative opportunities in exploring new engineering 
applications to value-add this abundant out-of-grade timber resource.   
4. Developments and design of Cross Laminated Timber (CLT) 

Cross laminated timber (CLT) is a structural composite which possesses more 
uniform mechanical properties than solid sawn timber while allowing the use of 
smaller, lower quality and underutilised timber and residues keeping forest 
products competitive in the market [43,82].  CLT is a prefabricated engineered 
timber solution which is efficient, environmentally friendly, sustainable and a great 
alternative to concrete in urban infill developments for achieving housing targets 
[83].  Due to its size and extensive possible applications, CLT utilises large 
volumes of sawn timber and its unique design and intrinsic lamination effect give 
it good potential to substitute out-of-grade in place of in-grade timber.  First 
developed in the 1990’s in Austria and Germany, CLT is increasing in demand 
worldwide as people begin to see and take advantage of its benefits.   

CLT is manufactured with timber boards placed side by side commonly with 3, 
5 and 7 layers glued at 90 degrees to the adjacent layer (Figure 9) with panel 
thicknesses between 60mm and 500mm, in sizes typically 3.5m wide and up to 
16m long.  Adhesives are often used for timber connection, polyurethane being 
most common but melamine urea-formaldehyde or phenol-resorcinol-
formaldehyde are also used [84].  Mechanical fastening systems such as steel, 
aluminium or wooden - nails, screws or dowels and timber-to-timber interlocking 
systems are also used [85].  For a review on the manufacturing and mechanical 
properties of CLT panels, the readers are directed to Jelec et al. [86].  

 

 
Figure 9 Cross Laminated Timber 

 
The range of timber species that have been investigated for CLT continues to 

expand.  These include spruce [87-90], beech wood [16], southern pines [91,92], 
radiata pine [93,94], eucalyptus [95] and poplar [96,97].  Draft standards and 
CLT handbooks specify the use of graded timber to national standards with 
proprietary grades and wood based panels permitted under certain conditions 
[26,98-100].  Each layer of a CLT panel is exposed to different loadings depending 
on its application.  Lower timber grades are often used for the inner layers which 
experience lower stresses.  The American National standard specifies a minimum 
grade No. 2 for parallel and No. 3 for perpendicular layers [100], in Europe, 
structural grades C24 for outer and C16 or C18 for inner layers for floor elements 
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is common [26,94].  The New Zealand and Australian CLT manufacturer use lower 
stiffness timber for inner layers [101].   

Researchers continue to investigate the effect of different designs and 
materials for these inner layers.  Buck et al. [53] achieved higher structural 
performance in CLT by altering the angle of the transverse layers while other 
researchers looked for performance using oriented strand lumber, laminated 
strand lumber [42,102] laminated veneer lumber [103] and also mixing different 
timber species [97,104].  As with these examples, the structural performance of 
characteristics of out-of-grade timber can be matched to the structural demands 
of the various layers within CLT.  Moreover, the effective manufacture of CLT 
requires a good understanding of a number of design parameters.  

The design of CLT panels is usually serviceability governed [26] of which 
deflection is a major criteria.  The Shear Analogy Method by Kreuzinger [105] can 
be used to determine the stiffness and deflection of a panel under bending and 
the axial and shear stresses throughout its layers.  It is one of a number of 
analytical models that have been adopted in CLT standards and design guides and 
is argued to be the most accurate [26].  Using the relationships for timber 
properties specified in Gagnon and Popovski [26] (Table 1), the axial stresses 
throughout the depth of a 5 layer panel with longitudinal stiffness (E0) of 11GPa 
can be seen in Figure 10.  The span used is the longest allowable under a span/400 
deflection limit.  The impact on stress distribution and allowable span of changing 
layer stiffness can be determined and the stresses in each layer can be matched 
to the strength capacity of out-of-grade timber.   

 
Table 1 Layer Mechanical Property Assumptions 
Longitudinal to grain MOE E0 (GPa) Relationship to E0 11 GPa 

Perpendicular to grain MOE E90 (GPa) E0/30 0.367 
Longitudinal shear modulus GL (MPa) E0/16 687.5 
Rolling shear modulus GR (MPa) E0/160 68.75 

 

 
Figure 10 Total Axial Stresses at mid-span and Shear Stress at Distance 150mm from Support 

 
The percentage contribution of bending, longitudinal shear and rolling shear to 

total panel deflection and the deflection design limit can be seen over a range of 
panel span/depth ratios in Figure 11.  The larger span/depth ratio panels are more 
likely to fail due to deflection limits and hence, bending deflection becomes the 
more critical.  
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Figure 11 5 Layer CLT Panel Deflection at Mid span 

 
These findings raise the question of whether shear stiffness and specifically 

rolling shear stiffness is important to CLT design.  Rolling shear (Figure 12) 
accounts for at least 90% of shear deflection (Figure 11).  Mestek et al. [106] 
state that shear deflection is only important up to span/depth of 20 whereas, 
Gagnon and Popovski [26] argue it should be considered up to span/depth of 30.  
Niederwestberg and Chui [87] found that the shear analogy method overestimated 
the bending stiffness of CLT in span/depth ratio of 10 and attributed this to shear 
deflection.  The lower the rolling shear stiffness of the timber, the shorter the 
allowable span and the more important rolling shear stiffness becomes.  Therefore, 
shear deflection is considered important for panel design for low stiffness out-of-
grade timber. 

 
Figure 12 Shear deformation of a CLT-element [106] 

 
Rolling shear is a common failure mode when testing CLT [16,93,107] 

however, more information on rolling shear properties of timber are required.  A 
number of researchers have looked at the rolling shear properties of various 
species and found that grain orientation has an effect on rolling shear capacity of 
timber  [1,16,25,89,91,108].  Erhart et al. [25] compared rolling shear of spruce, 
birch, ash, poplar, beech and pine and found average stiffness between 100 to 
401 MPa and average strengths between 1.88 to 5.57 MPa.  Forest Products 
Laboratory [1] presents values of rolling shear stiffness for loblolly pine at 15.2% 
and slash at 18.2% of their longitudinal shear modulus and state rolling shear 
strengths are commonly between 18% and 28% of the longitudinal shear 
strength.  For CLT design, rolling shear stiffness values of 10% of longitudinal 
shear stiffness are often used [26,106].   
5. Opportunities for out-of-grade timber in CLT  

Although initially developed to value add to sawn side boards, CLT’s potential 
in markets not previously serviced by timber are driving demand worldwide [109].  
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This is driving research into optimisation and additional feedstock options for 
which out-of-grade timber may be one possible solution.   

Given the average stiffness and characteristic strength requirements set out 
for MGP grades in AS1720.1 [9], it is anticipated that some portion of both 
strength and stiffness limited out-of-grade timber will satisfy the demands of 
layers within CLT panels.  Moreover, if smaller span/depth ratios are acceptable, 
very low stiffness timber can be used especially in the centre layers, but the 
importance of rolling shear stiffness will increase.  The typical European CLT panel 
has outer E0=11GPa and inner and central E0=8GPa layers [26] which reduce the 
allowable span by only 1.3% and 1.2% compared to a panel with E0=11GPa for 
all layers.  Panels made from 100% out-of-grade timber due to low stiffness with 
E0=6GPa outer and E0=4GPa inner layers, still achieve 80% of the original 
E0=11GPa panel span despite containing timber equal to or less than 55% of the 
original stiffness values.   

Sigrist and Lehmann [94] investigated the use of non-structural radiata pine 
in CLT panels finding some achieved satisfactory performance.  They found that 
with some coarse grading and placement within specific layers, they were able to 
increase the structural properties of the CLT panel by up to 40%.  This research 
did not single out specific out-of-grade timber characteristics or investigate their 
structural properties therefore, no conclusions could be made about their 
individual performance and suitability.  However, it did demonstrate that out-of-
grade timber has potential to perform in the structural application of CLT.  
Nonetheless, CLT has many possible applications such as walls, roofs, on edge 
beams, floors and can be prestressed and/or part of a composite system.  All of 
these applications place many different demands on the timber used in its 
manufacture and therefore it is essential to investigate every out-of-grade timber 
characteristic for its potential in each CLT application.  Thorough investigation 
needs to look at not only all of its mechanical properties but also gluability and 
fire performance.  Although the work involved in such research would be 
extensive, out-of-grade timber continues to be produced in abundance worldwide 
and CLT could offer a solution to utilise and value add significant portions of this.  
Table 2 matches the out-of-grade characteristics discussed in section 2 with their 
potential for layers within CLT under bending.   

 
Table 2 Out-of-grade characteristics potential for layers within CLT 
Out-of-grade characteristic Potential for CLT layers 
Low longitudinal stiffness   Transverse layers 

 Central layer 
Sloping grain   Transverse layers 

 Central layer 
Knots   Top layer under compression 

 Transverse layers 
 Central layer 

Shakes, splits, checks, resin 
and back pockets  

 Top layer  
 Depending on extent and orientation of separation - 

transverse or central layers  
 Bottom layer 

Distortion  All layers-  where distortion can be reduced to within 
acceptable limits through preparation for gluing 

 
A better understanding and knowledge about CLT and more available technical 

information will increase its adoption [85,110-114] and increase confidence in its 
usage [115].  Jones et al. [112] argued that historic objectives in construction 
focus on reduced costs and risk leading to a lack of commercial opportunity to 
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adopt options perceived to be more expensive or to bring higher risk.  The recent 
changes made by the Australian Building Codes Board to the National Construction 
Code in 2016, which allows construction of timber buildings up to 25 metres in 
height under the deemed-to-satisfy provisions, provides potential for future 
development and innovation.  These represent positive steps toward adoption of 
timber products such as CLT as incompatibility with building codes is a significant 
barrier [115].  More importantly, forestry, logging and wood manufacturing 
employed an estimated 64,300 people in 2015/16 in Australia and contributed 
0.5% to GDP [2], thus manufacturing CLT from out-of-grade timber creates 
additional employment and promotes economic growth. 

It can be argued that research into the use of out-of-grade timber in CLT will 
provide a greater understanding of CLT, provide potential for design improvement, 
reduce perceived risk, reduce pricing and increased competition which will in turn 
also give financiers more confidence in funding CTL projects.  Furthermore, it will 
inform manufacturers on the feasibility of out-of-grade timber in CLT and under 
favourable results would assist in the adoption of this resource into CLT.  It would 
provide valuable information on the mechanical properties and gluability of the 
out-of-grade pine resource which is also translatable to other engineered timber 
products.  Moreover, it will inform sawyers worldwide on the potential for another 
avenue for the long standing challenge of value adding loss generating out-of-
grade sawn timber. 

 
6. Conclusion 

Significant volumes of sawn pine are considered out-of-grade and sold at a 
loss.  This paper provides a critical review of out-of-grade timber characteristics 
and of building design methods and technologies which can successfully 
incorporate this out-of-grade timber.  It looks at some design requirements for 
cross-laminated timber (CLT) as a prime example of a building system with good 
capacity to incorporate high volumes of out-of-grade timber.  Based on a 
comprehensive state-of-the-art review, the following conclusions have been 
drawn with the aim of value-adding to out-of-grade timber and creating new 
opportunities for maximising the use of this renewable and sustainable material 
resource into building and construction:  

 Out-of-grade sawn pine is an abundant resource that despite being 
rejected by structural grading rules would perform well in specific 
structural applications and lead to benefits for the environment, 
plantations mangers, sawyers, designers, builders and customers.   

 Low longitudinal bending stiffness, sloping grain, knots, distortion, resin 
shakes, splits and checks were the main characteristics of sawn out-of-
grade timber.  These perceived unfavourable properties can be overcome 
with a good understanding of their strengths, and through targeted 
placement in manufacturing building systems and utilisation of building 
technologies.   

 Fully integrated digital systems to make the use of out-of-grade timber 
easier and more efficient are possible.  Data collected at every stage from 
milling to construction can be used to inform subsequent stages but this 
requires a high level of information sharing and communication 
throughout the entire timber and building industries. 

 CLT’s unique design and intrinsic lamination effect give it good potential to 
substitute out-of-grade in place of in-grade timber however, significant 
research is still needed to confirm the suitability of each out-of-grade 
characteristic in all possible applications of CLT.  It is argued that the work 
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required for this research is warranted given the potential to utilise very 
large volumes of out-of-grade sawn timber in CLT. 

 CLT made from very low stiffness timber can still achieve spans 80% of 
the equivalent CLT made from in-grade timber.  The rolling shear however 
is an important design consideration for CLT when using low stiffness out-
of-grade timber due to the smaller span-to-depth ratios achievable.   
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