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Abstract

This paper explores the wood properties needed 
by structural engineers who are designing large span 
or multi-storey timber buildings. The principal wood 
properties required are strength, stiffness and density. 
Each of these are expanded on in the paper. 

Background

The term ‘engineered timber buildings’ describes 
a range of large timber buildings which depend on 
advanced structural engineering calculations, taking 
advantage of superior wood properties and new 
technology. Engineered timber buildings include long-
span industrial buildings and multi-storey timber 
structures. Multi-storey timber buildings can be 
residential buildings with a large number of structural 
walls or commercial buildings with large open spaces 
and very few walls.

Most engineered timber buildings require the use 
of ‘engineered wood products’, which are large wood 
components created by cutting or peeling logs into 
small pieces or thin layers before gluing back them 
together into larger sizes, often with superior properties. 
Engineering wood products include plywood, glued 
laminated timber (glulam), laminated veneer lumber 
(LVL) and cross laminated timber (CLT).

Wood properties

The principal wood properties required for 
engineering applications are:

• Wood density

• Wood stiffness 

• Wood strength.

These three properties are discussed in more 
detail below. Other significant wood properties such as 
stability and durability are slightly less important for 
structural engineering, so are not covered in this paper.

What can foresters do to improve wood 
properties?

The answer to this question is ‘very little’ other 
than the selection of tree species, planting location, 
and perhaps silviculture.

Wood species

Over 90% of wood grown commercially in New 
Zealand is radiata pine and the next most common 
species is Douglas-fir. Other commercial species consist 
of very small quantities of native, exotic or imported 
timber. Foresters may have some control over the 
species being planted, but economic considerations will 
almost always dictate the selection of radiata pine.

Tree breeders are continually improving the genetic 
stock of seedlings. Breeding for increased volume is an 
important objective, but it may lead to a consequent 
decrease in density. The most important structural 
property to breed for is stiffness, which is directly 
related to the angle of the micro-fibrils in the S2 layer 
of the cell walls. There is good correlation with density, 
so breeding for higher density will result in stiffer and 
stronger wood, on average.

Silviculture

The growing defects which produce the greatest 
loss of strength in wood are knots because of the 
disruption of the angle of the grain around knotty 
branches, especially in tensile regions of structural 
timber elements. For this reason, clear sawn timber 
from pruned logs will have much higher strength than 
from knotty logs. 

The strength-reducing effects of knots decrease if 
the wood is re-manufactured into a product like LVL, 
where the knots are cut up and scattered over several 
laminations in different places, in which case their 
effect on strength becomes minimal. Knots have a 
much lower impact on the stiffness of the wood than 
on the strength of the wood because stiffness depends 
more on the inherent properties of the wood, rather 
than on any particular defects.

It is well known that wood strength, stiffness and 
density are dependent on growing location, generally 
resulting in higher values for wood grown further north 
in New Zealand and at lower altitudes. 

Higher stocking of forests generally results in 
smaller branch sizes, slower individual tree growing 
rates and increased density, hence improved wood 
properties. However, most stocking decisions are based 
on maximising wood volume for economic reasons. 
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Wood density

Structural engineers do not rely on wood density 
because when they select wood for demanding structural 
applications the principal question is about wood 
stiffness. Wood stiffness affects the movement of the 
building under wind loads, snow loads or earthquake 
loads. These movements need to be controlled to 
meet building code requirements and to compete with 
other stiffer materials such as steel and concrete. Wood 
strength is also important, but this has less dependence 
on density.

Two other wood properties dependent on density are 
‘embedment strength’ and ‘charring rate’. Embedment 
strength is critical for the design of timber connections 
because the strength of many bolted, nailed and screwed 
connections is dependent on embedment strength. The 
new timber structures standard NZ AS 1720.1 requires a 
calculation of embedment strength based on the density 
of the wood. Connections are the critical components in 
many wood structures because wood cannot be welded 
like steel or poured like concrete. 

Another critical aspect of timber structure design 
is fire safety. It is well known that massive timber 
has excellent fire resistance because of the slow 
and predictable rate of charring in severe fires. The 
calculation for the rate of charring of structural timber 
in AS/NZS 1720.4 requires knowledge of the density of 
the wood because high-density wood chars at a slower 
rate than low-density wood.

Wood stiffness

The most important wood property for structural 
engineers is generally stiffness, which is a measure of 
how far a structure will deform under load. Stiffness 
is quantified with the modulus of elasticity (MOE) or 
‘E-value’ expressed in gigapascals (GPa). For example, 
the stiffness of typical New Zealand grown radiata pine 
is 8.0 GPa (1.2 x 106 psi).

Wood stiffness is very important to engineers 
designing timber structures because the member sizes 
are most often increased to the minimum size required 
to control deflections to allowable limits. The modulus 
of elasticity of wood is very low compared with other 
materials; steel, for example, has a value of 200 GPa, 25 
times higher than wood.

The modulus of elasticity describes the stiffness of 
wood parallel to the grain, which is most often critical. 
There are some situations where stiffness perpendicular 
to the grain is important, for example, in the top and 
bottom plates of light timber walls where the end studs 
produce high bearing stresses on the plates. 

Wood strength

Wood strength is described here in much more 
detail than wood density or wood stiffness. Wood is 
an anisotropic material, meaning that it has physical 

properties which have different values when measured 
in different directions. For example, wood is generally 
stronger along the grain (parallel to the grain) than 
across the grain (perpendicular to the grain), but this 
can be different for stresses in different directions, as 
shown in Figure 1.

The relationship between stress and strain (force and 
deflection) of defect-free wood is shown schematically 
in Figure 1. Wood is much stronger parallel to the grain 
than perpendicular to the grain, by a factor of 10 or 
more. For this reason, structural members are designed 
to take advantage of the high strength parallel to the 
grain. When considering the strength of wood in 
different directions, it is convenient to consider the 
wood structure to consist of parallel hollow fibres rather 
like a bundle of drinking straws, as shown in Figure 2.

Compressive strength

When wood is stressed in compression parallel 
to the grain (see Figure 3), each wood fibre acts as an 
individual hollow column, although the fibres give and 
receive support to neighbouring fibres. At failure fibres 
buckle simultaneously, producing a local failure visible 
on the wood surface, often called a compression crease. 
Compressive failures are ductile as shown in Figure 1.

Compression
stress

Splitting 
failure

Brittle fracture Tension
stress

Strain

1

E

Parallel to grain
Perpendicular to grain

Figure 1: Idealised stress-strain relationship for clear wood

Figure 2: Simplified wood structure consisting of parallel tubes
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Wood in compression perpendicular to the grain is 
weak because the cell wails do not offer much resistance 
to crushing. Fibres from unloaded areas assist those 
directly loaded, so small areas can develop higher unit 
stresses than larger areas. Compression perpendicular to 
the grain is critical in the bottom plates of light timber 
frame multi-storey buildings, where high bearing 
strength perpendicular to the grain is needed to prevent 
local crushing.

The compression strength of wood is affected by 
wood defects, but the effect is often not very great 
because compression stresses can be transferred through 
many defects. The compressive strength at an angle to 
the grain is intermediate to the strengths parallel and 
perpendicular to the grain. 

Tensile strength

Clear wood is very strong in tension parallel to the 
grain (see Figures 1 and 4). However, tensile failure in wood 
is inherently brittle. If a member contains defects such as 
knots, holes, notches or cuts, not only is there a net loss of 
area, but there is also a stress-concentrating effect which 
reduces tensile strength even further. The effect of defects 
is always much greater in tension than in compression.

Wood is very much weaker in tension perpendicular 
to the grain, where failure results in splitting, with 
separation between the wood fibres. It is good design 
practice to avoid any stresses in tension perpendicular 
to the grain, but these stresses are unavoidable in some 
structures such as curved members, in which case the 
stresses must be kept below acceptable limits.

Bending strength

Bending induces both tensile and compressive 
stresses (see Figure 5). The bending strength of wood 
depends on the relative values of the tensile and 
compressive strengths, each of which can depend 
on the presence of defects in the wood. The bending 
strength is much higher in a clear defect-free timber 
specimen than in commercial timber with defects in the 
tensile zone. The behaviour at failure is also different, 
as described below.

In a clear wood beam, the tensile strength is much 
higher than the compressive strength. As load on the 
beam is increased, the bending behaviour becomes non-
linear (at the proportional limit) after the wood in the 
compressive zone begins to crush (see Figures 6 and 7). 
Because the compressive behaviour of wood is ductile, 
as shown in Figure 1, there is now a redistribution of 
the stresses within the beam, leading to a drop in the 
neutral axis in order to maintain internal equilibrium. 
Stresses continue to increase until the extreme fibre 
stresses at the bottom of the beam reach the failure 
stress of the wood, at which point a brittle fracture 
occurs, as shown in Figure 6(b).

In a wood beam with defects in the tensile zone, 
the bending behaviour is very different because the 
tensile strength of the wood is less than the compressive 
strength. Failure occurs when the stresses at the bottom 
of the beam reach the tensile failure stress of the wood, 
before any crushing in the compressive zone and before 
any non-linear behaviour occurs.

Figure 4: Wood stressed in tension

Tension parallel to grain

Tension perpendicular to grain
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Shear strength

There are three different modes of shear failure in 
wood – vertical shear, longitudinal shear and rolling 
shear, shown in Figure 8. Wood is very strong when 
the shearing force and shearing plane are perpendicular 
to the fibres (vertical shear). It is much less strong 
in longitudinal shear, where the shearing force and 
shearing plane are parallel to the fibres. In a beam, 

longitudinal shear stress is maximum near the ends 
and central in the height of the beam, so shear failure 
will often be a horizontal crack parallel to the grain as 
shown in Figure 9. Any holes, notches or cuts which 
reduce the effective shear resisting area can cause stress 
concentrations and lead to premature shear failures. 

Shear strength is weakest in ‘rolling shear’, where 
the shearing force is perpendicular to the fibres but 
the shearing plane is parallel to the fibres, tending to 
result in rolling of the tubes shown in Figure 2. This 
shear mode is not stressed in solid wood beams, but 
it often occurs in plywood, in CLT, and in some glued 
connections.

Engineered wood products

Most structural wood products are graded and sold 
with a stress-rating, which indicates the stiffness (MOE) 
of the material in bending. 

Light timber framing

Light timber framing describes typical domestic 
house framing consisting of studs and joists, most 
often 45 mm in width, with depth varying from 95 
mm to 290 mm (called ‘2 by 4 construction’ in many 
parts of the world). Light timber framing is graded into 
structural grades, the most common being SG8 which is 
generally available throughout New Zealand. 

Higher grades of SG10 and SG12 may be available 
from some sawmills with access to high quality logs, but 
it is uneconomic for most sawmills to stock any grades 
higher than SG8. Grades of SG8 and higher require 
regular verification with a stress grading machine 
and routine monitoring of stiffness. Small production 
runs, e.g. from a small local sawmill or special purpose 
species, may be sold as No. 1 Framing grade with the 
properties of grade SG6 without any verification.

Wood beam with ‘four point bending’

Bending moment diagram

C

T

Figure 5: Wood stressed in bending; top in compression (C), 
bottom in tension (T)
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Figure 6: Stress distribution in a beam which is stronger in tension 
than in compression: (a) at proportional limit; and (b) at failure
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Figure 7: Load deflection plot for wood in bending
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Glulam

Glulam can be manufactured in almost any size 
and shape by gluing sawn timber boards together 
after surface planing. Curved glulam beams are more 
expensive than straight beams because they must be 
made from thinner laminates, requiring additional 
machining and more adhesive. Glulam beams generally 
have a structural grade equivalent to the grade of 
the boards from which the beams are made. For this 
reason, the most common grade is GL8 (average MOE 
8.0 GPa), with higher grades of GL10 and GL12 being 
occasionally available at a higher price.

CLT

Cross laminated timber (CLT) is made from sawn 
timber boards glued together in layers at 90° to each other, 
like very thick plywood. CLT is manufactured in large 
panels several metres in each direction. The individual 
board thickness is usually between 10 mm and 40 mm. The 
most common lay-ups are three-ply, five-ply or seven-ply, 
so the finished thickness of typical panels is from about 
40 mm (three thin layers) to 300 mm (seven thick layers). 

As with glulam, the structural grade of CLT is 
directly related to the structural grade of the boards 
used in the manufacturing process, most often SG8 for 
CLT manufactured in Australia or New Zealand.

Plywood and other panel products

Plywood and other structural panel products do 
not follow the same grading system as sawn timber 
or glulam. Individual manufacturers publish strength 
data for their proprietary products. The main structural 
panel products are plywood and oriented strand board 
(OSB). Other commonly available wood panel products, 

such as medium density fibreboard (MDF) and particle 
board, are not often used for structural applications.

LVL

Laminated veneer lumber (LVL) is a structural 
panel product manufactured from thin peeled veneers 
of wood (about 3 mm thick), rather like thick plywood, 
but with all the grain running in one direction. Long 
lengths are possible from a continuous manufacturing 
process. Structural LVL members such as beams and 
columns have high strength and stiffness because all 
the grain runs parallel to the main axis of the member. 
Stiffness and strength are considered separately below.

1. Stiffness of LVL

As with sawn timber, grading of LVL is based on 
a number reflecting the stiffness of the material. For 
LVL manufacturers in New Zealand and Australia, 
the stiffness varies, depending on the availability of 
high stiffness logs in different parts of the countries.

For example, Nelson Pine Industries make 
large quantities of LVL 8 and LVL 11 from radiata 
pine, and occasionally Douglas-fir. They can make 
small quantities of LVL 13 on request, but it is more 
expensive because they have to carefully select from 
their best veneers. JNL in the Central North Island 
concentrate on LVL 8. Further north, Carter Holt 
Harvey at Marsden Point routinely make LVL 13.2. 
They can make small quantities of LVL 16, but it is 
more expensive.

In Australia, Wesbeam’s standard product is 
LVL 15, made from Maritime Pine (Pinus pinaster). 
They can make small quantities of LVL 17, but 
again it is more expensive. In Europe and in the 
US, most production is from European or Norway 
spruce (Picea abies) or Douglas-fir, respectively, with 
a usual grade of LVL 13.8 (13.8 GPa = 2.0 x 106 

psi). Hardwood LVL made from European beech is 
available as LVL 16 in several European countries.

There will always be a demand for smaller 
quantities of high stiffness LVL to make timber more 
competitive with steel and concrete for tall timber 
buildings and long-span structures, but supply is 
severely limited due to inadequate log quality and 
high production costs.

2. Strength of LVL

LVL has by far the highest strength of all the 
wood-based materials made from radiata pine 
because the defects are effectively lost, scattered 
among the veneers. 

Horizontal
shear
failure

Figure 9: Typical shear failure in a wood beam

Figure 8: Wood stressed in shear

Vertical shear

Longitudinal shear

Rolling shear
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When high-quality wood is put into LVL, there 
will be an increase in strength, as well as an increase 
in stiffness. High strength is not important for many 
structural applications because stiffness governs, 
but there are some situations where strength is 
more important than stiffness. These include:

 – Domestic or commercial roof trusses

 – High-strength columns for tall buildings

 – Local high-stress regions of bracing walls.

Some LVL manufacturers can produce cross-
banded LVL with two or more veneers rotated 90˚ 
(like thick plywood). This is more expensive than 
normal LVL, but it gives increased stability in wet 
conditions, and much more strength to resist 
splitting at notches or connections.

Wood properties for long-span timber buildings

Long-span timber buildings tend to fall into two 
classes of structures, portal frames and trusses. Both of 
these classes are more often governed by strength than 
by stiffness because deflections are not considered to 
be as critical as in taller timber buildings. Portal frame 
buildings are often in direct competition with steel portal 
frames. The critical structural properties are bending 
strength and stiffness, and the strength of connections.

Trusses are triangulated structures where the critical 
structural properties are axial strength in tension and 
in compression, and the strength of connections. Most 
typical New Zealand houses have their roofs supported by 
trusses. With efficient connection systems, timber trusses 
can be designed for very large spans, up to 50 m or more. 

In all these cases, structural engineers are looking 
for long, straight and strong timber members with high 
density to allow efficient connections. LVL is often the 
material of choice for such timber structures.

Wood properties for multi-storey timber 
buildings

The design process for multi-storey timber 
buildings has two major components, vertical loads 
and lateral loads, being loads from gravity and loads 
from wind and earthquake.

Gravity load resistance

The critical structural elements for gravity load 
resistance are the floors. The design of floors in multi-
storey timber buildings is most often governed by 
deflection calculations, requiring high stiffness wood 
wherever possible. As well as strength and deflection, 
additional attention is needed to address vibrations, 
noise control and fire resistance, all assisted by high-
stiffness wood and high-density wood.

Most floors are supported on beams and columns. 
Beam design is mostly governed by deflection (stiffness) 
rather than strength, whereas column design is more 
often governed by strength, especially for very tall 
timber buildings.

Lateral load resistance

Lateral load resistance is very dependent on the 
structural form of the lateral load-resisting system. These 
may be moment-resisting frames, cantilevers, diagonal 
bracing or bracing walls, as shown in Figure 10.

The most efficient lateral load-resisting system 
is structural bracing walls. These can be light timber 
framed walls with plywood sheathing on timber studs, 
or mass timber walls manufactured from LVL or CLT. 
The design of structural bracing walls is most often 
governed by stiffness, to avoid structural or non-
structural damage from excessive lateral deflections in 
severe wind or earthquake loading. Strength is required 
at local areas at the ends of walls when they tend to 
‘rock on their toes’ during extreme lateral loading.

Multi-storey apartment buildings usually rely on 
structural walls because of the large number of walls 
separating the residential units from each other.

Many commercial building clients prefer a lateral 
load-resisting system consisting of beams and columns 
in a moment-resisting frame to allow large open spaces 
and large window areas. However, the low stiffness (low 
modulus of elasticity) of wood makes total dependence 
on frame design almost impossible for buildings taller 
than about four storeys, requiring the use of structural 
walls or diagonal bracing.

Frames of beams and columns can be combined with 
diagonal bracing, often passing through the windows or 
other open spaces, unacceptable to some building owners 

CantileverMoment-resisting Frame Diagonal bracing Shear panel

Figure 10: Lateral load-resisting systems
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but common in steel buildings in the Christchurch rebuild. 
In multi-storey timber buildings, diagonal timber braces, 
which can work effectively, are often highly stressed so 
strength becomes more critical than stiffness, provided 
that stiff and strong end connections are available. 

The Pres-Lam system

The Pres-Lam system is an innovative structural 
system for the design and construction of timber 
buildings developed at the University of Canterbury. Pres-
Lam is a system of mass engineered timber construction 
that uses high-strength unbonded steel cables or bars to 
create connections between timber beams and columns, 
or columns and walls and their foundations. 

As a pre-stressed structure, the steel cables clamp 
members together, creating connections that are stronger 
and more compact than traditional timber fastening 
systems. In earthquake zones, the steel cables can be 
coupled with internal or external steel reinforcing, which 
provides additional strength and energy dissipation, 
creating a damage-avoiding structural system. 

One of the big advantages is that Pres-Lam 
buildings require far fewer expensive connections 
between timber members. Pres-Lam can be used in 
conjunction with any mass engineered timber product 
such as glulam, LVL or CLT. The Pres-Lam system can 
be used in moment-resisting frames for buildings up to 
three or four storeys and in structural bracing walls for 
buildings up to 10 or 15 storeys. 

The first Pres-Lam building was the Arts and Media 
building for the Nelson Marlborough Institute of 
Technology in Nelson that opened in 2011, shown in 
the photo under construction. Also shown on the next 
page is Young Hunter House in Christchurch under 
construction in 2012.

Conclusions
The main wood properties needed by structural 

engineers for designing large-span or multi-storey 
timber buildings are strength, stiffness and density:

• Stiffness is most often the critical property when 
designing tall timber buildings to compete with 
steel or concrete buildings

Nelson Marlborough Institute of Technology in Nelson
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• Strength becomes critical when designing portal 
frames or trusses for long-span industrial buildings 
in competition with steel

• High wood density is important because high density 
generally indicates high stiffness, and high density 
also contributes to high strength connections and 
also low charring rates in severe fires.

Acknowledgements

The author wishes to acknowledge the assistance 
of staff at PTL Structural Consultants in the preparation 
of this paper. The drawings and some text have been 
taken from the Timber Design Guide (Buchanan, 2007).

Further reading

AS/NZS 1720.4:2019 (Draft for public comment). Timber 
Structures – Part 4: Fire Resistance of Timber Elements. 
Standards Australia.

Buchanan A.H. 2007. Timber Design Guide (3rd Edn). 
Wellington, NZ: New Zealand Timber Industry Federation. 

Mayo, J. 2015. Solid Wood: Case Studies in Mass Timber 
Architecture, Technology and Design. UK: Routledge. 

Novak, Evžen, Zondag, Samantha, Berry, Sarah and 
Hardy, Simon. 2018. Nelson Airport’s New Terminal 
– Overview of the Design of a Large Span Engineered 
Timber Specialist Building. New Zealand Journal of 
Forestry, 63(3): 11–17.

NZS AS 1720.1:2019 (Draft for public comment). Timber 
Structures – Part 1: Design methods. Superseding NZS 
3603:1993. Wellington, NZ: Standards New Zealand.

Pilon, Angelique, Teshnizi, Zahra and Lopez, Diana. 2018. 
An Overview of the Construction of a Tall Wood 
Building – Brock Commons Tallwood House. New 
Zealand Journal of Forestry, 63(1): 3–10.

Stulen J. 2019. The Use of Mass Timber – An Update. New 
Zealand Journal of Forestry, 64(1): 26–31. 

Andrew H. Buchanan is Professor Emeritus, University of 
Canterbury, and Principal at PTL Structural Consultants in 
Christchurch. Email: a.buchanan@ptlnz.com.

Young Hunter House in Christchurch

18 NZ Journal of Forestry, August 2019, Vol. 64, No. 2 


