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Today’s topics

• Toughness of wood: why wood is a good 
engineering material

• Long-term mechanical behaviour: creep and 
fatigue



Toughness

“The worst sin in an engineering material is not 
lack of strength or lack of stiffness, desirable 
as these properties are, but lack of toughness, 
that is to say, lack of resistance to the 
propagation of cracks”

J.E. Gordon, The New Science of Strong Materials



Is toughness important?Catastrophic failure!

WW II Liberty ship



How are materials loaded? Tension, 
compression and shear

• In most structures there is the 
need to carry tensile and shear
as well as compressive loads

• Brittle materials are okay in 
compression (mainly) as cracks 
are not “opened”

• Think of how, for example, 
masonry (brick, stone) is used in 
construction 

Tension:

The Menai suspension bridge, Wales

Compression:

A Roman arch



Cracks and crack “opening” modes

Tension Forward shear Anti-planar shear



Cracks and “crack-like” defects 

• All real materials contain cracks or crack-like defects 
at some scale

• These could be macroscopic cracks or “stress 
concentrators” or “stress risers” such a holes or 
sharp changes in section
– The failure of the Liberty ships initiated at the corners of 

hatches (openings in the decks)

• Or they could be microscopic cracks
• There will be some kind of cracks or discontinuities 

(changes in section or in material properties) in all 
forms of material. Here cracks can initiate and 
propagate



What is the effect of a crack?

• These cracks result in 
localised stress 
concentrations, the 
magnitude of which depend 
upon the size and shape of 
the crack



What is the effect of a crack?

• If the stress concentrations 
are high enough, the material 
near the crack-tip may fail.  
Under certain conditions a 
crack may propagate 
catastrophically, leading to 
sudden failure of the material

• The crack-tip may, therefore, 
be viewed as a mechanism 
whereby local stresses in the 
material are raised 
sufficiently for fracture to 
occur



Joensuu sports arena



“Roof collapses in Jyväskylä; major 
disaster narrowly averted”









Engineering materials

Engineering materials need to be “tough” (i.e. 
be resistant to crack propagation) in order to 
carry loads safely! 



What is tough and what is brittle?

• Examples of brittle materials:

– Glass

– Thermosetting resins (phenol formaldehyde, 
epoxy, unsaturated polyesters)

– Cookies!

• And tough materials:

– Mild steel

– GRP (glass fiber Reinforced Plastic)



Toughness of materials 

(Source Hull and Clyne 1996)



Conditions for fracture

• Cracks or crack-like defects provide the “mechanism” for high 
local stresses to be generated

• However energy is needed to “drive” the crack forwards. This 
is provided by the stored “strain energy” and any external 
work
– Think of bows and arrows: energy is stored in the bow as strain 

energy by pulling the string back, this is converted to the kinetic 
energy of the arrow as the arrow is released 



Stress concentrators

• Stress concentration is dependent 
upon the shape of the crack

• Can be modelled as an ellipse

• As the crack tip radius approaches 
zero (i.e. very sharp – ratio of 
major to minor axis is high) then 
the theoretical stress 
concentration approaches infinity
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Conclusion: “sharp” cracks are bad, so if a crack can 
be “blunted” then it will not be as problematic!



(Not all cracks are bad though!)

• Stress concentrators can be 
used to advantage too…



Fracture in wood

• Wood contains numerous crack-
blunting/deflecting mechanisms as well as 
energy absorbing mechanisms

• These are once again directionally dependent

• Think structure!! 



Crack propagation directions

Notation:
1. The first letter, “T” 
(tangential), denotes the 
orientation of the crack 
relative to the structure of 
wood (note that the crack 
plane is perpendicular to 
the anatomical 
orientation)
2. The second letter, “L” 
(longitudinal), denotes the 
direction of crack 
propagation



Dependence of fracture toughness on 
crack propagation direction

(Source: Ashby et al, 1980)



Why is wood tough “across the grain” 
but not along it? 



A bit more about cracks…

(Source: Piggott, 1980)

(Cook & Gordon 1964)
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“Weak interfaces”: crack-
stopping/blunting mechanisms

• If an interface is “weak” (about one fifth of the cohesive strength of the 
material), it can open up and effectively blunt or stop a propagating crack, or 
divert its path 

• Wood contains multiple interfaces at several hierarchical levels!

Interface







Energy absorption

• Work of fracture of wood is ~ 10-30 kJ m-2, but:

– The “intrinsic toughness” of cell wall material across the 
cell wall is ~ 1.65-3.45 kJ m-2

– And the “intrinsic toughness” of cell wall material along 
the cell wall ~ 0.2-0.3 kJ m-2

• These are much lower than wood itself

• The difference due to energy absorbing mechanisms 
such as fibre pull-out (1.6 kJ m-2) and pseudo-plastic 
buckling of cell wall (90% of overall work of fracture)  



“Pseudo-plastic buckling”:
The ‘secret weapon’ of the wood cell wall

• Observations that wood pulp fibre collapsed inwards 
during tensile testing, showing a distinct yield point, 
with post yield extension being significant, indicating 
large energy absorption

• Hypothesis was tested by making glass and carbon 
fibre analogues of wood and testing these

• Showed the dependence of work of fracture of the 
winding angle 



Dependence of work of fracture on 
microfibril angle 

(Source: Reiterer et al, 2001)



(Source: Reiterer et al, 2001)



(Source: Reiterer et al, 2001)



Long-term mechanical 
properties

Creep & fatigue



Creep

• Over time, wood “creeps”, in other 
words it undergoes further 
deformation under a static load

• This is often visible as sagging 
bookshelves, and roofs in old 
buildings………..

• Creep happens at stress levels below 
the ultimate stress (strength) of the 
wood

• Creep is not only particular to wood, 
but is also observed in materials such 
as concrete, bitumen and plastics   



Time dependent deformation

• When load is applied, there is an 
instantaneous deflection

• If the load is maintained the 
deflection will gradually increase 
(the wood is said to “creep”)

• If the load is removed, the wood will 
recover….. but often not fully!

• If the applied load is a significant 
percentage of the ultimate load, 
then in time the creep may lead to 
failure!

• It has been established that if a 
piece of wood is to carry a load for 
100 years then the imposed load 
must be < 50% of max. load    



Wood material behaviour
• Wood behaviour is neither fully elastic (i.e. when loaded it 

fully recovers it shape), nor is it fully viscous (i.e. it flows and 
does not recover its initial shape at all), but displays 
behaviour somewhere in between

• This is known as viscoelastic behaviour
• Creep is a form of this behaviour. Creep is the deformation 

under constant load over and above  the elastic component of 
deformation

• Total deflection after a certain time can be thought of as 
consisting of three components:
– Elastic deflection (the initial deflection due to the applied load, that is 

recovered fully and instantaneously when the load is removed)
– Delayed elastic (further, but time dependent, recoverable 

deformation – therefore ‘elastic’). Recoverable ‘creep’
– Irreversible or ‘plastic’ deflection that cannot be recovered when the 

piece of wood is unloaded). Irrecoverable ‘creep’   



(Source: Dinwoodie, 2000)



Creep deflection

• Rate of creep is 
dependent on the 
stress level, i.e. the 
how big the dead 
load is

• Creep is accelerated 
by moisture and 
especially changes in 
moisture content 

(Source: Dinwoodie, 2000)



Creep and moisture cycling

(Source: Dinwoodie, 2000)



Some further thoughts about creep

• Important property in buildings and structures

• Most long term creep behaviour is extrapolated from 
“short-term” tests

• “Stress relaxation” is another manifestation of 
viscoelastic behaviour – this is important in the 
manufacture of wood-based panels



Fatigue

• In certain situations, cyclic loading will take place

• This leads to a process known a  fatigue (literally the 
material becomes “tired”)

• This may become very important in certain 
applications such a wind turbines for example, 
where gravitational forces and wind will result in 
complex cyclical stressing   



Fatigue in wood

(Source: Dinwoodie 2000)
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