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Summary

With the needs of the designers of Wind Energy Converter blades in mind, this
work sets out to improve the understanding of the fatigue properties of wood and
fatigue failure mechanisms. Three important areas were identifiedfor research: (a) the
effect of R ratio on fatigue life, (b) the effect of moisture on fatigue life, and (c) the
development of cumulative damage laws. In order to understand fatigue damage
mechanisms, a computer control and monitoring system called SArGen was developed.

The computer system is designed to accurately control a fatigue machine and
simultaneously monitor load, deflections and/or strains for every cycle in a fatigue test.
It is also capable of block loading a specimen with a load history consisting of up to
200 changes in load level. The systems includes a load level correction routine to
compansate for drift in load levels and can be used for static tests, monitoring load and
deflection or strain at high rates of loading.

Constant load flexural fatigue tests were conducted. Most of the tests were on
4-ply laminates of 4mm thick sliced Khaya ivorensis veneers glued with epoxy resin.
For comparison, fatigue tests were also performed on rotary cut Khaya ivorensis
laminates, solid Sitka spruce and unidirectional and 0/90 compressed Beech laminates.

The tests on the effect of R ratio showed clearly the severity of reversed fatigue
stress application at negative R ratios. At an R ratio of 0.5, the mean fatigue strength for
107 cycles was nearly 90% of static flexural strength but with fully reversed flexural
fatigue (R = -1), the mean fatigue strength was only about 35% of static strength. The
constant life diagram for 107 cycles showed that the mean stress is best related to the
alternating stress by a parabolic function or Gerber line. The results indicate that two
distinct fatigue mechanisms are operating for positive and negative R ratios.

The effect of moisture on fatigue life was investigated by fatigueing sliced
Khaya specimens at 5%, 11% and 35% Moisture contents. Increased moisture reduced

the static strength and increased the slopes of the fatigue curves.



The fatigue properties of sliced and rotary cut Khaya and Sitka spruce at the
same moisture content were found to be largely similar. When S-N lines were
normalized by static strengths, they were found to be almost identical. Only when the
wood structure has been greatly modified, as for the unidirectional and 0/90
compressed Beech laminates, is there a greater slope to the S-N curve.

The minimum fatigue deflection peak and modulus for sliced sliced Khaya and
Sitka spruce were found to change in three stages with fatigue cycles which may be
classified as primary, secondary and tertiary stages. For tests at R=0.1, when the
changes in deflection and modulus was plotted against different load levels, a transition
was found to occur at between 65% and 75% of static strength. It is suggested that this
transition corresponds to the movement of the neutral axis following progressive
compressive damage on the compression side of the specimen. An increase in modulus
was also found when the fatigue stress was below 65% of static strength. Various
mechanisms are proposed to explain this behavior.

With an R ratio of -1, no increase in modulus was observed, neither was there a
transition to the change in modulus. The maximum and minimum deflection peaks
changed in opposite directions and the modulus decreased consistently throughout the
range of load levels tested. Damage from compressive stresses affects tensile strengths
when the stress is reversed even at very low cyclic stresses.

Micro-cellular damage accumulation was observed in Sitka spruce stressed at
70% of the static strength is repeated loading at R=0.1. Compression kinks were
observed after only 500 fatigue load cycles and they developed progressively in bands
until visible compressive creases were formed. Macroscopically, tensile fractures was
observed from beyond 50% of thefatigue life of the specimen.

Some block loading experiments have been performed at R=0.1 and R=0.5.
The results suggests that sequence effects may have a major influence on the fatigue life
of WEC blades which experience complex loads in the field. The subject of block and
complex loading is one which should now receive detailed attention to more accurately

satisfy the needs of WEC blade designers using a probabilistic design method.
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In contrast to many engineering materials, wood has a very long history serving
man. With the world production of timber at 109 tonnes annually (Dinwoodie, 1981), it
is still a very important structural material. Despite this high production figure,
information on the fatigue behaviour of wood is limited compared to metals or even the
new composite materials. This is probably because wood has been used mainly in civil
engineering where creep or duration of loading is the dominant design factor rather than
fatigue. Even when wood was used in the aircraft industry, fatigue was considered
insignificant or at any rate covered by safety factors and factors accounting for creep. It
was not until just before the Second World War that fatigue in wood was recognized
with its increased use in aircraft such as the Mosquito. At any rate, with the
development of light weight metals, the use of wood in aircraft declined after the war.

In the past few decades, the interest in fatigue of wood has been sporadic.
When planes were made from ply-wood during the Second World War, the US Forest
Products Laboratory performed some tests to determine the fatigue life of various wood
species. That work destroyed the myth that fatigue was unimportant. However, interest
declined and publications since then have been scattered with most of the work done in
Germany and more recently, in Japan.

The current interest in fatigue is due directly to the advent of Wind Energy
Converters (WEC). Wood is potentially the most suitable material for WEC blades
which for medium and large machines are over 20 meters in diameter. A few medium
size WECs with wooden blades have been built with much success (Lark, 1983;
Jamieson and McLeish, 1983). The notable ones in the U.K. are the HWP-300, built in
1984 and installed in the Orkney Islands by James Howden Ltd., and the Wind Energy
Group's MS-2, which has been operating since 1985. These were commercial
prototypes of which over 50 machines have since been exported. The latest machine
constructed, the HWP750 has a blade diameter of 45 metres from tip to tip and the
possibility of blade diameters of about 100 metres are being studied. In the USA,

interest is also strong in wooden blades and a number have also been designed and
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manufactured (Zuteck, 1981).

Wood has many advantages over other materials for WEC blade applications.
Wyatt et al (1983) have made a careful study of candidate materials. To the supporters
of wood, its advantages are clear. It is light which reduces the weight of the blades and
consequently the fatigue stresses due to gravity loads. Manufacture is simple using
vacuum bagging with room temperature cure resins. Where stresses are very high,
wood can be conveniently combined with GRP in the blade structure. This is a much
clheaper option compared with the exclusive use of expensive composite materials such
as GRP or CFRP. However despite these excellent qualities, the use of wood has been
tentative due to the lack of design expertise with wood in fatigue. Fatigue data,
particularly in the high cycle region is scarce. This research sets ouf;*educc this lack of

data and to provide a sound basis for fatigue design with wood.
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2.1.1 Chemical Composition

In any study of a material, a basic understanding of its chemistry and structure
is essential. This is especially true of wood because its chemistry and structure is very
complex due to its natural origins. Many papers and books have been written on this
subject (Panshin and Zeeuw, 1970; Dinwoodie, 1981; Bodig and Jayne, 1982) and
only the relevant essentials are mentioned here. Table (2.1) summarizes its basic
chemical constituents, the proportions of which vary according to the wood type and
species.

The first class of constituents are the polysacharides, the most important in
terms of the mechanics of wood. These are subdivided into two distinct groups,
cellulose and hemicellulose. Cellulose (C¢H,05), is a linear polymer built up of
glucose units (CgH;,04) with oxygen linkages between the 1 and 4 atoms of adjacent
units. It is only a moderately large molecule with a degree of polymerization of around
5000 and 10,000. Cellulose molecules in wood are not totally crystalline. The degree of
crystallinity is quite high, up to 90%, with regions of complete crystallinity and totally
amorphous regions. X-ray analysis suggests that these crystalline regions, called

crystallites, are about 60nm in length, Snm in width and 3nm in thickness. This is much

Table (2.1)Chemical composition of timber. (Dinwoodie, 1981)

% Weight  Polymeric State Molecular derivatives  Function

Cellulose 40-50 Crystalline Glucose 'fibre’
highly oriented
large molecule

Hemicellulose 20-25 Semi-crystalline Galactose ‘'matrix’
smaller molecule ~ Mannose "
Xylose "
Lignin 25-30 Amorphous Phenyl Propane 'matrix’
large 3-D Molecule
Extractives 0-10 Some polymeric; e.g. Terpenes extraneous
others nonpolymeric Polyphenols

14



less than the length of the cellulose molecule. Cellulose molecules therefore passes
through many crystallites and interlocks to form long slender strands called
microfibrils. It is in fact surrounded by hemicellulose and lignin making the microfibrils
about 10nm to 30nm in breadth. Within the crystalline and noncrystalline regions, the
cellulose molecules also form strong éross—links with each other through its numerous
hydroxyl (OH) groups along its length making the microfibril stiff and strong. With
such a structure, it is estimated that the microfibrils have a modulus (in the axis of the
molecule) of 132 GPa. Also, because of the hydroxyl groups, cellulose is basically
hydrophilic.

While cellulose is analogous to fibres in composites, hemicellulose and lignin is
analogous to the matrix. Hemicellulose is derived from various sugars (mannose,
sucrose, lactose, etc.) and has a highly branched molecular structure. The molecular
weights of hemicelluloses are much less then cellulose and this is confirmed by their
solubility and ease of removal from wood. There are also many different side groups in
the molecular chain and it is amorphous. Like cellulose, it is hydrophilic and in fact,
because of its less rigid and amorphous state, it holds much of the moisture in wood.

Lignin is the most chemically complex of the main constituents and it is also
very difficult to extract. It is a phenolic polymer having a three-dimensional structure
with apparently no ordered molecular arrangement. Lignin results from free radical
polymerization of various phenolic substances. Unlike polysacharides, it is
hydrophobic. The elastic modulus of lignin has been estimated to be of the order of
2GPa.

Extractives are various oils and other chemicals which can control the durability,
colour, odour and taste of wood. They have little or no direct effect on the mechanical

properties of wood, only raising its density.

2.1.2 Cell Wall Structure

The arrangement of the constituents of wood may be described as a composite

15



of cellulose fibrils in a matrix of hemicellulose and lignin. The arrangement of these
components are however not entirely certain and models have been proposed to define
the structure. What is agreed however, is that the cellulose is arranged in a core with
hemicellulose and lignin. The core of cellulose is highly crystalline and it is enclosed by
an outer layer of semicrystalline hemicellulose and then amorphous lignin (Dinwoodie,
1981). This gradual transition of crystallinity from fibre to matrix results in high
interlaminar shear strength which contributes considerably to the high tensile strength
and toughness of wood.

The microfibrils form the basic unit in the cell walls. The cell wall itself
however may be described as a laminate of 4 plys with different orientations of the
microfibrils and a layer for bonding between the cells. Figure (2.1) shows a model of

wood structure. The whole structure may be described as made up of five concentric

P+ML

S§4+S,+S3

Ss
SECONDARY
S, WALL

Pp PRIMARY WALL

MIDDLE
ML LAMELLA

Figure (2.1) Simplified structure of the cell wall showing orientation of each

major wall layers. (Ansell and Tsai, 1984)
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cylindrical rings. The directional arrangement of the microfibrils of each cell wall also
vary amongst the layers as indicated in the figure. The middle lamella is the bonding
medium between the cells being made up of a lignin-pectin complex and is devoid of
cellulosic microfibrils. The primary or outer layer is very thin, usually no greater than
0.1pm, has a random arrangement of/the microfibrils and usually its contribution to
strength is minimal. The other three layers are usually referred to as the secondary wall
and form the main structural part of the cell wall. The S2 layer dominates the secondary
wall forming over 85% of its thickness and has a microfibrillar orientation typically of
between 10° and 30°. It therefore contributes most to the behaviour of wood and
properties such as shrinkage, tensile strength and failure morphology can be related to

the microfibrillar angle.

2.1.3 Structure at the Macroscopic and Microscopic Level

A tree trunk has to fulfill the functions of support, conduction of mineral

solutions and storage of food. Figure (2.2) shows the various parts of the cross-section

LATEWOOD

\
CAMBIUM | EARLYWOOD

SAPWOOD

OUTER BARK/
INNER BARK

Figure (2.2) Diagrammatic illustration of a wedge segment cut from a five year

old hardwood tree showing principal structural features. (Dinwoodie, 1981)
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of a trunk. The entire cross-section of the trunk fulfills the function of support but
conduction and storage is restricted only to the sapwood and growth in diameter is
restricted to the cambium. The widest and inner part, the heartwood, consists of cells
which were once part of the sapwood. With time cell changes occur and the functions
of conduction and storage cease. The heartwood is often distinguished by its darker
colour due to extractives.

The cambium i1s a thin layer of living wood cells and lies between the bark and
the woody part of the trunk. Growth occurs from this layer. In tropical climates,
growth is generally continuous but in temperate regions, climate affects the growth. In
the winter, the cambium is dormant but in the spring and through the growing season,
the cells divide radially to form daughter cells which further develop to form wood cells
or bark. Where the seasons affect growth, annual rings are formed. Wood formed in
the early or spring part of the growth season (earlywood) has a low density, but
towards the latter or autumn part of the season (latewood), the density increases as
growth slows and cells have a greater cell wall thickness. In winter, growth ceases and
with the new spring season, a transition between the high density latewood and the low
density earlywood is formed.

The radial growth of the trunk must also accommodate the branches. In so
doing, knots are formed. Where the cambium of the branch is still alive at the point of
fusion with the cambium of the trunk, a continuity in growth will arise although the cell
orientation will change. This results in a green or live knot. However if the cambium of
the branch is dead, a black or dead knot is formed where no continuity exists. Such
knots may drop out during sawing of planks.

At the microscopic level, the structure of wood remains sophisticated. Figure
(2.3) shows an electron micrograph of a temperate hardwood, oak. As a three
dimensional section, the figure shows the cell types present and their arrangement. The
transverse section shows the large vessels present which serve to transport fluid up the

tree. Also present are smaller cells for support called fibres. Annual ring interfaces of
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Figure (2.3) Transverse, tangential longitudinal and radial longitudinal

sections through English Oak. (Ansell and Tsai, 1984)
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Figure (2.4) Transverse, tangential longitudinal and radial longitudinal

sections through Scots Pine. (Ansell and Tsai, 1984)
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varying density can also be seen where the latewood growth ends and the earlywood
begins. As seen in figure (2.4), softwood structure is much simpler, without large
vessels, and is composed mainly of tracheids. This differ from hardwood fibers in
serving both functions of support and fluid transport. Tracheids are in fact also present
in hardwoods but in small amounts. In both hardwoods and softwoods, ray cells or
parenchyma cells are also found. These cells may be seen in figures (2.3) and (2.4) on
the radial longitudinal section lying in the radial direction. They are much shorter with
thinner cell walls than tracheids or fibers. They function mainly for storage of food

although their presence does affect properties in the radial direction.

2.2 Variability and Defects in Wood

Variability in the properties of wood is perhaps its greatest deficiency. Different
species of wood have very different mechanical properties due to genetics affecting cell
wall thickness, distribution of cell types, and other factors. This may in fact be an
advantage as it provides a wide range of woods to select from. However, variations
within each species are also present and can be quite considerable.

With a single tree, variability is systematic. Length of cells, thickness of cell
wall, grain angle, microfibrillar angle of the S2 layer all show systematic trends from
the centre of the tree to the bark and upwards from the base to the top of the tree.
Environmental factors affect properties from tree to tree and are therefore more random.
The relation is complex but for example in softwoods, an increased growth rate
generally results in a decrease in density and mechanical properties. All these factors
contribute to the scatter in any measured property of wood.

However, defects in wood can be much more specific and they contribute most
to reducing its strength. They are often due to unusual situations in the environment or
may be a product of processing. Reaction wood is particularly important defect in
timber used as structural members. When bending stresses are present in growth, as

with a tree at an incline or in large branches in hardwoods, the distribution of growth
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promoting hormones is disturbed causing formation of abnormal tissues. In softwoods,
compression wood is formed as the tissue develops on the compression side of the
trunk. The tissue is characterized by an abnormally high lignin content, higher
microfibrillar angle in the S2 layer and a generally darker appearance. Compression
wood is more brittle and has a lower tensile strength. In hardwoods, the growth is on
the tension side and is therefore referred to as tension wood. It has a high cellulosic
content imparting a rubbery characteristic to the fibres which causes difficulties in
sawing and machining. It raises the tensile strength of the timber but reduces its
compressive strength.

Another defect particularly significant with Khaya ivorensis and other low
density tropical hardwoods is brittleheart. This defect is due to the slight shrinkage of
the outer layers of the tree after its formation resulting in it being in a state of tension
and the core in compression. This compressive stress builds up as the tree grows
resulting in a critical state when the stress exceeds the compression strength and yield
occurs. Shear lines form on the cell walls which weaken the timber.

Checks and shakes are defects which greatly reduce the stiffness and strength.
They are defined as cracks perpendicular to the grain. Checks usually form from drying
stresses while shakes are usually present in trees but appear on processing. Members
with these defects when stressed behave as multiple members and have a weak shear
strength and low stiffness.

Defects can also be found within the grain. Ideally the wood should have a
straight grain but often this is not the case. If the trunk is crooked, diagonal grain will
result in the timber or the grain may spiral resulting in a twist in the grain direction. The
region around a knot is also not straight grained. Dead knots weaken timber especially
and tests have shown the number of knots per unit area of timber has an important
influence on strength. Other defects found in timber include compression failures (often
the result of tree felling), insect and fungal injuries. These defects can all seriously
affect strength and careful selection procedures must be used to avoid unexpected

failures.
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2.3 Mechanical Properties of Wood

2.3.1 On Determining Mechanical Properties

A comprehensive range of standard tests are available which describe in detail
the methods of determining various static mechanical properties. In the U.K. the BS
373:1957 '"Methods of Testing Small Clear Specimens of Timber' is available detailing
arange of tests. A wider range of tests are also available in the ASTM Standard D143-
52. These includes testing methods for measuring the following properties:

(1) 3-point static bending

(2) Compression parallel to grain

(3) Compression perpendicular to grain
(4) Shear parallel to grain

(5) Tension parallel to grain

(6) Tension perpendicular to grain

(7) Hardness

(8) Impact bending

(9) Toughness

(10) Cleavage perpendicular to grain
(11) Nail withdrawal

These tests are based on small, clear specimens requiring careful control of specimen
selection. Specimens may either be in the green condition or have a 12% moisture
content. Some of the tests are only for comparative purposes, such as hardness and
cleavage, and to make practical use of the other test results require adjustments using
factors to derive a working stress. The results therefore do not directly represent the
strength of larger scale timber, glue-laminated timber and plywood as used in industry.
Therefore other ASTM Standard tests are available for testing these directly. The ASTM
Designation D198-76 details tests on full -size lumber in bending, compression parallel
to grain and tension parallel to grain. These tests, which may also be used on glued-
laminated timber, include the effects of defects, moisture content, species, size and

other variables in their results which are relevant to the application.
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2.3.2 Elastic Deformation

Tested in tension, compression or bending, a specimen of wood will initially
deform almost linearly with increasing load but deviations occur at higher loads. Wood
therefore follows Hooke's Law in the early part of the test until the point of deviation
known as the limit of proportionality. Figure (2.5) illustrates the load-deflection
characteristics of timber. In tension, the limit of proportionality is much higher, around
60% of ultimate load, than in compression which occurs at between 30% to 50% of
ultimate. With wood, a modulus of elasticity can therefore be defined although its limits
must be recognized. It's value is also dependent on the test variables such as loading
rate.

Another important feature of timber is its anisotropy. From its structure, its is
not surprising that the properties all vary according to the three mutually perpendicular

axis, longitudinal, radial and tangential. Ignoring the fact that the tangential face is

Tension

Limit of propotionality

Load

Compression

Limit of propotionality

Deflection
Figure (2.5) Typical load-deflection graphs for timber in tension and

compression parallel to grain with the assumed limit of proportionality

indicated. (Dinwoodie, 1981)
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curved, timber can then be described as having orthotropic symmetry and the theory of
elasticity can be applied. It is not intended here to discuss the theory but to note that
considered in this manner, a general description of the deformation of timber under any
system of stress is possible. Also, there are only nine independent constants that need
be defined, three elastic moduli, one iri each of the L, R and T directions; three shear
moduli, one in each of the principal planes LT, LR and TR; and three Poisson's ratios
namely UgrT, V1 g and V. A comprehensive set of these constants for various species

are available from Hearmon (1948).

2.3.3 Factors affecting Strength and Elastic Modulus

Defects discussed in section 2.2 are obvious factors affecting strength and
modulus. Other factors which also affect strength and modulus are also present and are
of a more general nature such as test environment, material conditioning and treatment.
The following is a list of all these factors briefly described.

(a) Grain angle : The degree of anisotropy between the longitudinal and transverse
planes in timber is as high as 48:1. Therefore depending on the angle of grain of
the specimen, strength and modulus will vary greatly.

(b) Density : The greater the cell wall thickness, the greater is the density of the wood
and the greater the strength and modulus. Figure (2.6) shows the results of many
species of wood plotted to relate specific gravity and compression strength. As a
means of quality control for a single species, the density-compression strength
relationship may be considered to be linear.

(c) Ratio of Latewood to Earlywood : Latewood is about 150%-300% stronger than
earlywood. This is mainly due to the difference in cell wall thickness but other
more fundamental differences in the cells also make it weaker.

(d) Microfibrillar Angle : The microfibrillar angle of the S2 layer, measured by X-ray
diffraction, markedly affects strength and modulus. The higher the angle is from

the axis of the cell, the lower the strength and modulus.
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(e) Defects : The effect of defects on strength has been briefly discussed earlier. In
the application of Wind Energy Converter blades, reaction wood, brittleheart,
compression failures, checks, shakes, and other strength reducing defects should
be removed by good visual quality control. The effect of knots is more
complicated but in general, they should be as few as possible.

(f) Moisture : Moisture affects virtually all the physical properties of wood. Strength
and modulus as shown in figure (2.7), are greatly reduced with increasing
moisture content up to around 20% to 25% above which there is no significant
difference. The point of inflection in the graphs is known as the fibre saturation
point and is related to the point when any additional moisture in wood is related to
an increase in the free water in the cell cavities.

(g) Temperature : Between +200°C and -200°C and at constant moisture content,
strength and modulus can be considered to be linearly decreasing with increasing
temperature. There are complications however in that properties may not be
reversible when exposed to above 95°C for short periods, or 65°C, if it is for a

longer period of time.

2.4 Failure and Fracture Morphology

2.4.1 Tension Parallel to the Grain

There are four distinct macroscopic types of failure observed in wood loaded in
tension parallel to the grain. As shown schematically in figure (2.8), they are (a)
splintering tension, (b) combined tension and shear, (c) diagonal shear, and (d) brittle
tension. Closer studies using microtensile specimens have revealed a difference in the
failure types of the latewood and earlywood. For latewood, a shallow zig-zag fracture
plane appears to dominate while earlywood in contrast usually fail with a vertical
fracture plane and horizontally across the thin cell walls. Studies by electron microscope
of the fracture surface in latewood shows that the fracture occurs either in the S1 layer

or as is more common, between the S1 and S2 layers. It appears therefore that shear
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Figure (2.8) Failure types of clear wood in tension parallel to grain: (a)
splintering tension, (b) combined tension and shear, (c) shear, and (d) brittle

tension. (Bodig and Jayne, 1982)

within the cell wall is the dominant mode of failure. The exception is brittle tension
which is observed only if the specimen has been compressed prior to failure in tension.

Attempts have been made to estimate the theoretical tensile strength of wood.
There are two principal views here; chain scission or rupture of the primary C-O-C
covalent bonds (Meyer, 1950), and chain slippage where secondary hydrogen bonds
are broken. Of the two models, calculations have shown that chain slippage is unlikely,
requiring a much higher failure stress than chain scission. Including factors like finite
chain length and the presence of amorphous regions in the model for chain scission, it
is estimated that the minimum theoretical tensile strength is of the order of 1000-7000
MNm-2 (Mark, 1967).

Considering that the tensile strength of wood is of the order of 100 MNm2, the
theoretical calculations are at least a factor of 10 too high. With the observations made
in microscopic studies of latewood and earlywood, the current view of failure in tension
is one where failure is initiated by shear. Between the S1 and S2 layers, the opposite
orientations of the shear stresses would result in very high shear stresses and it is often
observed that delaminations occur there. Calculations by Mark (1967) of the theoretical
stresses in the various cell wall layers at the point of failure has indicated that these
shear stresses are such as to initiate failure. It therefore appears that both the

microscopic observations and developed theories agree that failure in tension is
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primarily by shear.

2.4.2 Compression Parallel to the Grain

The work of Dinwoodie (1968, 1974, 1978) and Keith (1968, 1971, 1972,
1974) has established a clear picture of the development of compressive damage in
wood. Compressive failures have always been recognized in wood because of the
characteristic crease formed. It does not lead to total separation of the specimen except
at very high strains. In tests, a range of types of failures have been found as shown in
figure (2.9). Usually, failure is by shear with the crease easily visible. This often
develops gradually as a slow yielding process although high strength specimens
sometimes shear suddenly.

Microscopic studies suggest that the yielding process begins at a stress much
less than the ultimate. Dinwoodie (1968) suggests damage begins at as low a stress as
25% of the ultimate though Keith (1971) considers damage begins from 60%.
Certainly, around 60% of the ultimate strength, a marked increase in damage has been
observed corresponding to the deviation from linearity in the stress-strain curve. The
compression damage in wood takes the form of kinks or slip lines in the cell walls. This
can be observed using polarized light through 20pum thick microtomed section (figure
(2.10)). These kinks are irreversible in nature and result from shearing of the cell wall.

Often "X-shaped" compression failures are observed as well as "<-shaped" failures.

(a) (b) (c) (d) (e) (f)

Figure (2.9) Failure types of nonbuckling clear wood in compression parallel
to grain: (a) crushing (b) wedge splitting, shearing, (d) splitting, (e) crushing
and splitting, (f) brooming and end rolling. (Bodig and Jayne, 1982)
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Figure (2.10) Formation of kinks, in the cell walls of spruce timber during

longitudinal compression stressing. (Dinwoodie, 1981)

As illustrated in figure (2.11), this is a consequence of the direction of the deformation
in the individual cell walls of a compound of two which are joined at the middle lamella.
With increased stress and strain, the number of kinks increase and become more
prominent. The line of kinks formed develops horizontally on the radial plane, but on
the tangential plane develops at an angle of 45° to 60° to the vertical. Only at or beyond

the ultimate stress is this line of damage visible to the naked eye in the form of the

crease.
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Figure (2.11) Diagram illustrating the appearance of minute compression

failures in the compound cell wall viewed in radial longitudinal section.
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2.4.3 Static Bending

In bending, the specimen is subjected to a compressive stress on one side with a
tensile stress on the other. At the centre of the specimen, or more accurately along the
line of neutral axis, there is no stress. In many materials, the tensile strength is less or
about equal to the compressive strength. Therefore, the standard beam formula used in
analysis of bend tests, gives strengths approximately equal to the tensile strength of the
material. However with wood, the compressive strength of clear timber is only about a
third of the tensile strength hence strictly, the beam equation is not applicable but is
used to define the modulus of rupture for wood. Also, compression failure would occur
well before the tensile strength of the wood is reached. However, since compression
failure is progressive, redistribution of stresses must occur as the load is increased
beyond the compressive strength. This stress redistribution can be achieved by the
movement of the neutral axis towards the tension side increasing the cross-sectional
area for the compressive load and reducing the section carrying the tensile load. This

would also effectively lower the failure load of the specimen.

Modelling of the stress distribution in a bend specimen was reviewed by

Malhotra and Bazan (1980). Using the simplified stress profile shown in figure (2.12),

€ |
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S .
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CROSS SECTION  STRAIN DIAGRAM STRESS DIAGRAM

Figure (2.12) Theoretical stress and strain distribution across the depth of a beam

of rectangular cross section in the inelastic range. (Malhotra and Bazan, 1950)
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Malhotra and Bazan derived the following expressions for the ultimate bending
moment, M,, and the distance of the neutral axis measured from the tensile face, v, at
ultimate bending moment.

2
bd" | 3N
M, = Fcu_[N+2 ..... 2.1

2N+1

Y e M—————————
d m™N+HN+2) e 2.2

where N is the ratio of the ultimate tensile strength to the ultimate compressive strength,

F.,. The specimen dimensions are b, the width, and d, the depth.
2.4.4 Fracture Mechanics

The fracture mechanics approach to strength of materials is well established and
developed in its application to isotropic and to a more limited extent, orthotropic
materials. In its essence, it proposes that the critical strain energy release rate of a crack
propagating through an infinite sheet of a homogeneous material is a constant.
Multiplied by the Young's modulus and taking the square root, the term critical stress
intensity factor, K¢ can be defined which is particularly useful since it is a material
property, independent of crack length. Therefore knowing its value, this factor provides
the means to calculate the critical flaw size for a material under stress. This approach
has been found to be particularly useful for brittle materials which is sensitive to cracks
and therefore a definition of strength is subjective.

Its applicability to timber has been much researched and discussed in the
literature. The assumptions made in the basic concept of fracture mechanics does not
directly apply to wood. Wood is orthotropic and inhomogenous. However,
modifications are possible to apply fracture mechanics to orthotropic materials. In the
crack opening mode (usually referred to as Mode 1), Atack et al (1961) showed that

fracture mechanics is applicable to wood for the fracture planes of RL and TL, ie. for
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crack extension along the direction of the grain. Schniewind and Centano (1973)
measured the K¢ values for Douglas fir in all six fracture planes. Two planes, the LT
and LR, where cracks were propagated across the grain had values of 2.4 and 2.7
MNm-3/72 respectively which was a factor of ten higher than the other fracture planes.
However in general, the applicability of fracture mechanics to these two tough fracture

planes is poor. For the other two fracture modes, forward shear and transverse shear,

research has been very limited.
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3.1 Intro ion

The properties of materials may be considered as two ideal types - the elastic
solid and the viscous liquid. However, wood, like most polymeric materials is a neither
an elastic or a viscous material. It is not purely elastic as strain continues to increase
even when stressed below the proportional limit. It is not purely viscous as viscous
liquids have no definite shape and flow irreversibly under stress. Having an
intermediate characteristic, wood is termed viscoelastic. As such, the stress-strain
behaviour of wood is strongly time dependent.

The time dependent nature of wood properties is in many applications very
important. Deflections in beams and other types of wooden members under long term
loading is often critical to their performance. Furthermore, failures can occur under
sustained loads which are less than their ultimate static loads. Design engineers must
therefore have a clear means of quantifying time dependent properties of wood.

Many factors also affect the time dependent behaviour of wood in creep. The
magnitude of stress, the rate of stress or strain and the duration of load are all important.
The condition of the wood is also important, its moisture content and temperature being
the most significant. All these have been studied in many different ways, the most
common are:

(a) Creep. This is the change in strain with time under a constant stress.

(b) Stress Relaxation. A corollary of creep where the stress changes with time under
constant strain.

(c) Duration of Load. The dependency of failure strength on the length of time under
stress.

(d) Rate of Loading. The rate of loading affects a variety of mechanical properties of
wood.

(e) Damping Capacity. The absorption of energy during oscillatory loads or deflection
is a consequence of viscoelastic behaviour.

(f) Intermittent Loading. A variation of creep and duration of load where the load is
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held for a period, removed for a period and repeated. This arises out of real life
situations where loads are rarely only dead loads.

Much has been published within all these areas as evidenced by the number of
review papers on the subject of time dependent behaviour (Schniewind, 1968;
Sugiyama, 1967; Grossman et. al, 1969;( Grossman, 1976; Ugulev, 1976; Westlund,
1976). Textbooks on wood invariably devote a substantial section on this phenomenon
(Bodig and Jayne, 1982; Dinwoodie, 1981). These references and others have been
used as the basis of the following review which, while not intending to be extensive,

covers the most important and relevant ground.

3.2 Duration of Load

When loaded over a period of time, failure in timber will occur at a stress much
less than that for short term tests. This is known in the timber industry as Duration of
load. Tt is also referred to as creep-rupture or static fatigue. Such a reduction in strength
of wood has enormous implications for the strength of wood that can be used in the

design of timber structures.
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A great deal of experimental work has been carried out to characterize duration
of load. The modulus of rupture or bend strength has been found to be nearly
proportional to the logarithm of time. Figure (3.1) shows two relationships based on
experimental tests from two early papers. The curvilinear relationship established by
Wood (1951) is based on a hyperbolic function fitted to test results for small clear
Douglas fir specimens. Such a relationship indicates a levelling off at the lower loads
suggesting a stress level at which failure will not occur. The linear relationship of
strength to the logarithm of time due to Pearson (1972) was derived from previously
published results for different species, moisture contents and solid or laminated timber.
The regréssion line through the data is given by

s=91.5-Tlog;ot L 3.1
where s is the percentage stress level and t, the duration of maximum load. Such a linear
relation will not have a critical stress level below which failure will not occur.

More recent work with full size lumber has found however that both the
relationships of Wood and Pearson do not accurately apply. The work of Madsen
(1978), Mindness, Madsen & Barret (1978) and Foschi & Barret (1982) with lumber
size specimens suggested that for higher stress ratios, the severity of duration of load is
less with times to failure all occurring above the Wood or Pearson lines. The general
trend of the results appeared to be opposite to that of Wood suggesting a downturn in
duration of load for lower stress ratios. However, longer term tests suggest that the
siope diminishes and appear asymptotic to a stress level of about 50%. To model this
behaviour, Barret & Foschi (1978) used a damage factor and suggested possible
damage accumulation rate functions. Another approach by Nadeau, Bennet & Fuller
(1982) uses fracture mechanics and the concept of slow crack growth. This is discussed
more fully in Section 3.3 in the context of rate of loading effects.

Where the level of the duration of load varies with time as is common in real life
conditions, the direct application of duration of load relationships such as equation 3.1

is not strictly applicable. The use of a high load in order to conservatively characterize
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the duration of load strength is often used. Gerhards (1979) suggested the use of a
cumulative damage approach in the form similar to Miner's Rule for the fatigue of

metals. This may be expressed using a residual lifetime factor, g, where g = 0 indicates

3
A 3.2

t; is the period under a load SL; and L; is the life time associated with that load. No

failure.

experimental verification of this however is available.

3.3 Rate of Loading Effects

The rate of loading to failure of small defect free specimens of wood has been
found to influence its strength, stiffness and proportional limit (Sugiyama, 1967).
These properties have been found to increase with rate of loading as schematically
illustrated in figure (3.2). This tendency has been shown to occur in tests made in
bending, in compression parallel to the grain and other stress states. Sugiyama reported
work by Liska (1950) which showed that the strength ratio (in %), P, followed the
equation:

P=121-AlogygT .. 3.3

where A=8.5 in compression and 7.5 in bending. T is the time to failure in seconds.

[

High

Loading rate

Load (stress)

Deformation ( srroin)

Figure (3.2) Effect of loading rate on stress-strain curve. (Sugiyama, 1967)

37



BARRETT & FOSCHI
MODEL |

o
%
S 10+
-
S
2 Ma BARRETT & FOSCHI
409 o MODEL 11
—
o N,
08y N
“3 .............
0.7‘ —
2
Z,
)
o' ._;L
0.6 T T T Ly T T T T T

-

~5 -4 -3 -2 0 1 2 3 4 5
LOG TIME TO FAILURE (HOURS)

Figure (3.3) Relationships for effect of time to failure on stress ratio for ramp
loading. Stress ratio, SR, is defined as the ratio of the failure strength to the

failure strength when the duration of stress is 5 minutes. (Spencer, 1978)

This implies that the strength of wood will be higher at higher loading rates. Strickler &
Pellerin (1973) found in tensile tests on Western Hemlock and Douglas-fir, that only the
proportional limit was affected but not the modulus and strength. It should be noted
though that the moisture content of their specimens was relatively low at 6% in Western
Hemlock and 10% for Douglas fir. Spencer (1978) reviewed various analytical and
experimental relationships from the literature. Figure (3.3) shows the behaviour of these
relationships reviewed all indicating a significant increase in strength with loading rate.
Recent work (Spencer, 1978; Nadeau et. all, 1982; McLain &Woester, 1986)
however has cast some doubt over this simple approach of modelling data from tests
with small defect free specimens. Such an approach may be misleading especially since
commercial lumber is never defect free. In flexural tests with commercial Douglas-fir
lumber of Grade 2 or better, Spencer found that only in comparing the higher strength
samples is there an increase in strength with rate of loading. Lower strength specimens

showed less increase and may in fact show a decrease in strength. As figure (3.4)
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shows, at the 95th percentile, there was an increase of about 40% for the very fast rates
but at the 5th percentile, the strength appeared to be independent of loading rate.
Nadeau, Bennet & Fuller (1982) in testing notched and unnotched Douglas-Fir showed
that only in unnotched specimens is there a rate effect. They also showed a correlation
with Spencer's result where the notched specimens were of the same mean strength as
the 5th percentile strength. Using a simple fracture mechanics model, Nadeau et all were
able to predict rate effects for Douglas-fir based on initial strengths. They also
suggested an explanation for the observed result showing that there exists two regions
in stress-rate behaviour - the higher rate region where strength is independent of rate
and the lower rate region where strength is influenced by subcritical crack growth. For
lower strength specimens where defect sizes are larger, the boundary between the two
regions would shift to lower stressing rates. Therefore short term rate effects will not be
found but duration of load effects will still occur since there, crack growth rate is slow.
It was acknowledged however that the model is simplistic as it assumes opening-mode

fracture when mixed-mode fracture is more the situation. Nevertheless the theory is

very attractive.
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Behaviour Under Sustained Loadin

3.4.1 Describing Creep and Creep Recovery

When a viscoelastic material is loaded and unloaded, the typical creep and
recovery curve obtained is as shown in figure (3.5). Creep is defined as the time
dependent deformation under constant load. Recovery follows when the load is
removed resulting in a decrease in deformation as a function of time.

If creep causes failure, three distinct stages of deformation can be identified as
shown in figure (3.6): primary, secondary and tertiary. The changing strain rates
between the three stages suggests a period of stabilization of stress(primary), a
transitional period(secondary) before the final failure process(tertiary). The length and
degree of these three stages vary greatly depending on the condition of the material and
its load level. Generally, the primary stage almost always occurs. The secondary stzge
can be very extended or very short while the tertiary stage may be nonexistent with
sudden catastrophic failure.

In describing creep, three components of the deformation are often defined.

(8) Elastic deformation. This is instantaneous and fully recoverable, dg.
(b) Delayed elastic deformation. This is time-dependent and recoverable, dpg-

(c) Viscous flow or plastic deformation. Permanent and nonrecoverzable, dy,.
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These components are simplistically illustrated in figure (3.5). The most basic form of
viscoelasticity is linear viscoelasticity whére the elastic and viscous components are
considered as linear following Hooke's Law and Newtonian fluid flow. The delayed
elastic deformation behaves bas a combination of linear elastic and linear viscous
behaviour. The behaviour of these three components with wood however is not straight
forward. While elastic deformation is generally linear, the viscous component may not
be linear. It is sufficient here to describe total creep deformation, dr, as the sum of the

three components.
OT = Og+ Opg + dy Cveeee 34
The concept of a linear viscoelastici'ty is described in greater dctai} in section (3 .13.4).
In experimental studies of creep, certain parameters and terms may be defined
namely creep compliance and relative creep. Creep compliance, also referred to as

specific creep, is defined as the ratio of strain (which is time dependent) to the applied

constant stress.

41



_ (varying) strain
" applied constant stress

C(®)

Relative creep, also known as the creep coefficient, is defined as a ratio of the

time dependent strain over the time independent strain. This may be expressed as

3,-9
CO=5- oo 5= 3.6

0

where 0, is the deflection at time t and do, the initial deflection. It may also be defined as
the change in compliance with time expressed as a ratio of the original compliance.
Another term, the stress ratio, used to describe the stress level. It is defined as

the ratio of the applied stress level over the static failure strength. In flexure, this would

be the extreme fiber stress over the modulus of rupture.

3.4.2 Creep of Wood

Factors Affecting Creep of Wood

The creep trajectories of wood depend greatly on the stress ratio. Figure (3.7)
illustrates the different trajectories at different stress ratios in bending. The higher the

stress, the higher the relative creep. In his excellens review, Schniewind (1968) reported
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Figure (3.7) CTCCP curves of Hoop pine at two temperatures and various stress

ratios.(Bodig and Jayne, 1982)
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that where moisture content and temperature is constant, at very low stress ratios, wood
behaves as a linear elastic solid following Hooke's Law. At intermediate levels
however, wood is linearly viscoelastic with increasing deviations from linearity at
higher stresses. Figure (3.8) shows the deviation from linear viscoelasticity for various
species between 56-60% of flexural strength. For modes of testing other then flexure, a
similar deviation has also been found. In tension it has been found to occur as high as
75% of ultimate strength although a great variation of the level of deviation has been
reported (Dinwoodie,1981). In compression parallel to the grain, the onset of
nonlinearity appears to occur at 70%. The stress level for this is much lower then that in
tension although it translates to about the same level as in flexure. Once nonlinearity
occurs, much of the increased deformation is nonrecoverable and has been associated
with progressive structural change.

As figure (3.7) shows, creep is also greatly affected by temperature. By

increasing the temperature from 21.5°C to 41.5°C, the relative creep of Hoop pine
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almost doubles. In fact, increase in temperature accelerates creep in the primary,
secondary and tertiary stages, with failure occurring at shorter times. Significantly,
most of the increase is due to the irreversible component. Also, cycling between low
and high temperatures repeatedly will result in even greater creep.

Moisture is one of the most important modifiers of wood response. The
plasticising effect of moisture invariably increases the creep compliance. The higher the
moisture content, the greater the creep compliance. This effect has been observed in
tension perpendicular and parallel to the grain, compression, torsion and bending.

If the moisture content of wood is cycled from dry to wet and back repeatedly,
the creep deformation will follow a cyclic pattern but with only a partial recovery.
Armstrong and Christenson (1961) investigated this phenomenon and found a great
increase in the nett deflection with a greatly reduced time to failure. The results of
Hearmon and Paton (1964) is shown in figure (3.9). It is significant that the creep of
beech at 93% RH tends to remain constant after approximately 15 days while for the

same load level but with cyclic changes in moisture, the creep increases by a factor of
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Figure (3.9) The relationship between deflection and length of exposure

cycle.(Hearmon and Paton, 1964)
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nearly 20 and is nearly 25 times the initial deflection. Even at a lower load, a cyclic
moisture content results in a greater amount of creep deflection. Also for the same load
level, failure occurred in less than 30 days whereas the uncycled moisture specimen
would not be expected to fail for a much longer period. Another characteristic seen in
figure (3.9) is that the creep strains increased during the drying cycle and recovery
occurs, though not totally, during the wetting cycle. An exception to this is the first
wetting cycle. This exception however depends on the initial moisture content
(Schniewind, 1968). Hearmon and Paton (1964) found that the increase in creep
deflection is dependent on the range of moisture change and the load level. Grossman
(1976), in reviewing this effect reported that the deformation is little affected by the
period of the moisture cycle, only its moisture step.

The recovery following cyclic moisture under constant load is also remarkable.
Armstrong and Christensen (1961) found that on removal of load, the elastic component
recovered immediately followed by a small amount of delayed elastic recovery.
Therefore the specimen was still considerably deformed. However, this is not truly
permanent as when the unloaded specimen is taken through another moisture cycle or
cycles, a large part is recovered.

Boltzmann's Superposition Principle and Time-Temperature Superposition

In most polymeric materials that are linearly viscoelastic, the Boltzmann's
principle of superposition applies. This principle states that the total creep occurring by
a sequence of stress increments is equivalent to the superposed sum of the creep at each
of the incremental stress level. At low moisture content and temperature, this principle
has been found to be applicable to wood. However, above the limits of linearity, this
principle no longer applies.

The time-temperature superposition principle is also another important principle
applicable to many linearly viscoelastic polymers. Here viscoelastic behaviour at one
temperature can be related to that at another temperature by a change in the time scale

only. However, in Schniewind's (1968) review, this principle has been found to be not
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applicable to wood. Extensions of the principle to time-temperature-moisture content

has been attempted but found to have limited or no application.

3.4.3 Theories of Wood Structure and Time Dependency

As yet, time dependency is far from clearly understood. No comprehensive
theory of the processes occurring during creep which results in failure is available. The
problem is complicated by the complex interactions of creep with temperature and
moisture content. Conceptually, creep processes may be explained according to the
elastic, delayed elastic and viscous components.

Elastic strain being instantaneous and fully recoverable must be associated with
the straining of molecular bonds. The molecular organization, described briefly in
section (2.1), suggests a complex system composed of many different substances with
amorphous and crystalline areas. A complete description of all the sources of elastic
strain is not feasible, however it is clear that many types of bonds would be involved;
both intramolecular and intermolecular. The important idea here is that bonds are not
broken or formed.

Following the molecular level of description, delayed elastic or recoverable
strains are ascribed to the uncoiling and recoiling of polymer chains. Cellulose,
hemicellulose and lignin macromolecules would be involved in this process. In the
absence of external forces, a polymer will take a shape which maximizes its randomness
and minimizes its free energy according to the laws of thermodynamics. Under external
forces, polymers chains will seek to reorientate, breaking and making secondary bonds
to establish a new thermodynamic equilibrium. As this occurs, a complex redistribution
of stresses would occur in parallel causing other areas to reorientate until total stability is
reached.

Cellulose is a more linear molecule than hemicellulose and lignin is highly
branched. Therefore, cellulose will reorientate while lignin will slowly flow transferring

stress to the cellulose. This will occur until the new orientation of cellulose fully
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accommodates the stress and the retarded elastic response ceases. On removal of stress,
the process occurs in reverse as the polymers seek to return to their original
thermodynamic equilibrium with a random, low energy state. While cellulose seeks to
return to its original orientation, the lignin will retard the process resulting in a delayed
elastic recovery.

Chow (1973) proposed an alternative theory suggesting from experimental
observations that the process is a two stage one involving all the three major wood
constituents. The first stage concerns the initial response to the application of stress. His
experimental studies in molecular motion of the constituents of wood suggested that the
carbohydrates crystallize while the lignin reorientates directionally differently to the
carbohydrates in the paracrystalline or amorphous regions. The directional difference in
molecular movement causes molecular interference between the lignin and
carbohydrates to occur which results in stress being transmitted through the lignin
network. This reduces the stress burden on the carbohydrates. The second stage
follows as the system recovers its equilibrium. Lignin therefore serves as an energy
transfer medium and it is postulated, serves also as an "energy sink" maintaining and
controlling the energy created by the stressing.

The irreversible strains or viscous component of creep has been associated with
the failure and reconstitution of secondary bonds. Once a bond is broken, load is
transferred to other areas allowing new bonds to form. The energy barriers present in
breaking bonds makes this a time dependent process according to the kinetics of the
system. Hydrogen bonds have been identified as the main source of these bond failures
and formation. Since the hydrogen bond has water molecules as a crosslink between the
carbohydrate molecules, the diffusion of moisture through wood would greatly affect
viscous flow. However, it appears that such a mechanism cannot wholly explain
irreversible deformation and cannot explain the deformation under cyclic moisture
condition. At moderate to high stress levels, it is suggested that the amount of
irreversible creep is closely associated with the development of incipient failures. The

work of Dinwoodie (1968) and Keith (1971) showed that under compressive stresses,
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compression kinks develop. The number and severity of the damage depends not only
on stress level but also the duration of load. Such compression kinks which develop
into compression creases would account for a considerable amount of irreversible

deformation for creep in compression and bending.

3.4.4 Modelling Creep

Mathematical modelling of experimental creep test results for polymeric
materials have been extensive (Bodig and Jayne, 1982). The application of these models
to wood however has been more limited with the Power Law or parabolic equation
being the most popular. The parabolic equation takes the form

g=gy+at™ . 3.7
where € is the instantaneous elastic strain, t the time, with a and m, experimentally
determined constants. Where instead of strain, relative creep is related to time, the
Power Law model would result.

E=At . 3.8
This equation has been found to be extremely successful in the modelling of wood
especially for primary creep. It is in fact found to fit creep trajectories better than linear
viscoelastic models described below (Hoyle, 1985). Hoyle has also successfully used
the Power Law to fit creep subjected to cyclic moisture content.

Schniewind (1968) reported that a logarithmic model has also been used for
short term experiments in tension parallel to the grain. This model may be expressed as

g=a+blogty .. 3.9
where a and b are constants.

Sugiyama (1967) used two empirical equations for creep in bending above and
below the limit of linear viscoelasticity. For creep below the limit,

g=(@@+bo)y™ . 3.10

and for creep above the limit,

g=aoltme” 3.11
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where « is the stress ratio, t, the time, d the % creep and the other terms are constants.
A more classical approach to viscoelasticity is the theory of linear viscoelasticity.

The basis of this approach, as suggested at the introduction of this chapter, is the
combined use of the Hookean model of a linear elastic solid and the Newtonian model
of a linear viscous liquid. Conventionally, the Hookean model is expressed as a spring
and described as

Pe=kve,. L 3.12
where load P, is linearly related to elastic deformation u, with a spring constant k.
Newton's law on viscous flow states that load P,, is proportional to the velocity gradient
in the liquid, 9uv/dt.

Pv=r(duv/g) L 3.13

This behaviour is often represented by a dashpot with viscosity r.

By combining these two models, two simple models are possible to describe
viscoelasticity. To model the stress-strain behaviour under constant deflection or under
stress relaxation conditions, the Maxwell body of a spring and dashpot in series may be
used. This is illustrated in figure (3.10a). Under constant stress, this model combines
the elastic and viscous components of creep. A Kelvin or Voight body of a spring and
dashpot in parallel however is often used to model the delayed elastic strain. This model

as illustrated in figure (3.10b), allows a slow transfer of load from the dashpot to the

(b)

p

Figure (3.10) (a) Two element Maxwell body for describing stress relaxation.

(b) Two element Kelvin or Voight body for describing recoverable strain.
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Figure (3.11) A four element burger body representing creep behaviour.(Bodig

and Jayne, 1982)

spring as the displacement of the dashpot increases. The two bodies can therefore be
combined to provide a four element body which includes an elastic, delayed elastic and
viscous component as illustrated in figure (3.11). The mathematical expression of the

four element body may be expressed as follows:

UTotal = UMaxwell T UVoight

P, P, P1-exp(ktf,)
+

0 0

= —t —
k T k
m m v

..... 3.14

where k, and r, are the spring constant and viscosity constants of the Maxwell body,
while k,, and r, are those of the Voight body. The ratio, kv/rv, is often referred to as the
retardation time constant, T. The experimental fit of this model is reasonable.
Improvements can be made to the model by adding more Voight bodies in series
extending the expression for creep. However, should the viscous component of creep
be non-linear as in compression creep at high stresses (Keith, 1974), such an approach

would not be accurate.
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3.5 Intermittent Loading in cree

Intermittent loading or cyclic loading is not immediately distinguishable from
fatigue. Indeed, the dividing line between the two may be quite arbitrary. Intermittent
loading is define here as loading where the time dependency is of greater importance
than the number of cycles to failure. Therefore while under load, creep must occur and
while unloaded, some recovery must also be present. Limiting the scope further,
intermittent loading is only where the loading pattern does not include reversals,
whether it be constant or variable and of load or deflection. In other words, the loading
pattern cannot include a combination of tension and compression. This limitation is
imposed as much of the interest iﬁ intermittent loading arises out of situations which in
the building industry are not classified as fatigue but rather of as combined 'dead’ and
live' loads .

The response of wood under intermittent loading is dependent on whether it is
subject to primary, secondary or tertiary creep. Assuming equal time loaded and
unloaded, under primary creep conditions, the recoverable component of creep would
dominate compared with the nonrecoverable component. This is illustrated in figure
(3.12). The change in residual deformation, Au, therefore decreases with every cycle.

Auy > Auy > Aug > e, > Au,. ... 3.15
Under secondary creep conditions, full recovery of the recoverable creep would occur
with only the nonrecoverable component as residual. Therefore,

Au; = Auy=Aug = e, = Au,. ..l 3.16
Once into tertiary stage, the nonlinear increase of strain would therefore imply that,

Au; < Auy < Auz < e, < Au,.

It is important to note that it is possible that the loading cycle will initiate with
primary creep, continue into secondary creep, and finally tertiary creep until failure. In
which case, a combination of the above will apply. It is assumed also that Boltzmann's
superposition principle applies implying a linear viscoelastic response. This means that

intermittent load response may be predicted from known creep response.
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Figure (3.12) Constant load level cycling in the primary creep range.(Bodig

and Jayne, 1982)

() (b)
Figure (3.13) Load-deformation relationship in cycling with a constant rate of
deformation to a constant load level: (a) primary creep range, (b) tertiary creep

range.(Bodig and Jayne, 1982)

Should the load pattern, instead of being a square wave function, involve a
triangular wave function, ie. a constant load rate, the deformation-time response would
be different. However, the change in the residual deformation would still follow
equations 3.15 to 3. 17 according to the creep stage. With regards to the changes in
stiffness with each intermittent load cycle, there is also a difference depending on the

creep conditions. Bodig and Jayne suggests that
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Figure (3.14) Step deflections due to successive applications and removals of

load: (a) low stress level, (b) high stress level.(Nakai and Grossman, 1983)

E;<E;<Ez< ... < E,. for primarycreep ..... 3.18
Ei=Ey=E3= .......... = E,. for secondary creep ..... 3.19
E{>E;>E3> ... > E, fortertiarycreep  ..... 3.20

The stiffness defined above does not include the residual deformation caused by the
previous cycles. If the original starting point for the deformation is used, then the
tangent modulus must consistently decrease with every cycle. Figure (3.13) shows the
load-deformation relationship in the primary and tertiary stages illustrating the change in
stiffness.

Sugiyama (1967) presented results under intermittent load, that indicated that the
reduction in modulus of rupture was much smaller than under constant load. The curve
joining the peaks of creep deformation was similar to the creep curve for constant load.
A difference was also noted above and below the limit of linear viscoelastic behaviour
of wood (see section 3.4.2). Nakai and Grossman (1983) found, as shown in figure
(3.14), that the change in deflection over the applied load was level or decreased slightly
when the load levels were low. At higher loads, the deflection over load increased with
each cycle. This suggests that the stiffness of the specimen increased when the load

level was low but decreased at a high load consistent with equations 3.18 and 3.20
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above. This also pointed to the difference in behaviour above and below the limit of
linearity. Their results suggested that Boltzmann's principle of superposition may be

used with a fair degree of confidence.
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4.1 Introduction

Considering the complexity of fatigue and the number of papers published on
fatigue of metals and composites, very little work has been done on the fatigue response
of wood. Publication has been very sparse' over the years with interest developing only
from the early 1940's. Probably, the view of fatigue of wood prior to World War II can
be summed up by Dr. Fokker, the noted aircraft designer, who once stated that "fatigue
in properly seasoned wood is unknown" (Lewis, 1960). The total number of
publications since 1940 number less than fifty, which probably reflects the decrease in
the use of wood for structural members in aircraft. The fact that wood had served well
in aircraft such as the De Haviland Mosquito bomber and in troop gliders made such
studies appear redundant. In recent decades, much of the papers published on fatigue
have come from Japan and some occasional publications from other countries.

Much of the published data on fatigue of wood has been based on constant
amplitude deflection tests. The limitations of early test equipment meant that constant
load tests were difficult to perform. Constant deflection tests however limit the
relevance of the data obtained since wood is susceptible to creep and a reduction in
modulus. The peak loads applied to the specimen therefore decrease significantly with
time. This can result in a test which can continue indefinitely without visible signs of
failure, so the point at which it ends becomes arbitrary. Direct comparison between
different published results is therefore difficult. Lewis (1946) has given a clear analysis
of the problems of constant deflection fatigue testing with wood. Difficulties in gripping
of specimens to avoid localised damage is also a problem. Various specimen geometries
have been used. Kommers (1943) attempted to use necked specimens and contoured
specimens which gave a constant bending stress from a cantilever arrangement. These
were found unsatisfactory as specimens developed longitudinal splits due to shear
stresses. Straight sided specimens with wood inserts at the grips were found to be the
best. Other configurations used in published results include three point and four point

bending but in all cases, some localised damage had to be accepted.
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Fatigue tests in the literature are generally described as repeated or reversed
fatigue tests. Reversed bending tests refer to tests where the stress level changes
between tension and compression with a mean stress of zero. Repeated fatigue simply
means that the stress level does not change sign and the minimum stress is nominally at
zero. Rotating bending is approximately similar to reversed bending with perhaps some
torsion and the entire circular surface is cyclically stressed rather than just the top and

bottom surfaces of a flexural specimen.

4.2 Fatique Life Data for Wood

Despite the few publications, a wide range of different wood and wood
laminates have been evaluated in constant deflection fatigue. Kommers (1943) tested in
repeated and reversed bending fatigue, Sitka spruce, Douglas fir, five-ply yellow birch
and five-ply yellow poplar.The results for all the reversed bending fatigue tests, as
shown in figure (4.1), fall in a single band when plotted as a percentage of the static
strength. The four types of wood had a fatigue strength of around 27% of static
strength at 50 million cycles. Dietz and Grinsfelder (1943) in flexural fatigue tests on 2
and 3 ply birch plywood found fatigue strengths of 25% of static at 2 million cycles.
Jenkins (1962) in tests on 4-ply birch plywood obtained similar results. Imayama and
Matsumoto (1970) in tests on Sugi using constant load amplitude tests in 3-point
bending found the fatigue strength at 1 million cycles to be around 35%. In tests on
solid and glued laminated Japanese Cypress bonded with urea or phenolic resin, Ibuki
et. al. (1962) estimated fatigue strengths of 15-20% at 10 million cycles.

In rotating bending Fuller and Oberg (1943) found results which superimpose
over Kommers' results. Their tests were on maple and yellow birch and they are shown
plotted together with Kommers' results in figure (4.1). Maku and Sasaki (1963) tested
solid and 4-ply urea or phenolic resin glue laminated wood of Hinoki in rotating
bending. The results for all three types were coincident when plotted as a percentage of

their respective static strengths. At 10 million cycles, a fatigue strength of around 20-
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25% was found. For repeated flexural fatigue, Kommers (1943) found only slightly
higher fatigue strengths in solid Douglas fir and Sitka spruce. At 50 million cycles, the
fatigue strength was approximately 35-40% of static.

In all the above results, it is clear that there is some uncertainty as to the correct
fatigue strength of wood. However, it is also apparent that when plotted as a function
of percentage static strength, the S-N data closely coincide. This means that solid wood
and laminated wood do not fundamentally differ in fatigue behaviour. Sterr (1963)
however concluded differently from results on tests with large sized specimens. He
suggested that fatigue strengths of laminated beams were 23% higher than solid beams,
density and moisture being equal. The above results also suggest that the type of resin
used has no influence on fatigue strengths. Ota and Tsubota (1966,) in a series of
papers, on Tanguile laminated with phenolic resin, polyvinylacetate resin and casein
glue, concluded that the resin did not affect the fatigue behaviour especially when the
repeated deflection was small. Ibuki et al. (1963) however found urea resin marginally
better then phenol laminated Japanese cypress.

The form of the fatigue curve plotted as stress against the logarithm of cycles
(S-N curve) is also subject to some uncertainty. The results of Kommers clearly

suggests that the data is asymptotic to a horizontal line as seen in figure (4.1).
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However, the significance of this is not wholly convincing. The use of constant
deflection tests means that the peak load levels would decrease during the test. A
relatively high test frequency (30 Hz) was used. This would result in some adiabatic
heating which would dry up the specimen giving longer fatigue lives. Most of the other
published fatigue results are for less than S million cycles and linear regression lines
were used to describe the data. McNatt (1978) in considering published data on particle
boards and hardboards recommended the use of linear regression analysis to extrapolate
data to 10 million cycles.

Also of great interest is the effect of joints on fatigue strength. Maku and Sasaki
(1963) examined in rotating bending fatigue, various configurations of scarf and butt
jointed wood laminates. No reduction in fatigue life was found with scarf joints of all
configurations, and results were coincident with unjéinted specimens. Significantly, the
static strength of all the scarf jointed specimens were about the same as unjointed
specimens. Some configurations of butt jointed specimens were however much weaker
than unjointed specimens and correspondingly, their fatigue strengths were much
lower. However, expressed as a percentage of static strengths, the results were
coincident with unjointed specimens. Lewis (1951) in tensile fatigue tests on solid and

scarf jointed Douglas fir found no difference in the fatigue curves.

4.3 Factors affecting Fatigue Life

The influence of moisture must be of singular importance in assessing the
fatigue properties of wood. However, no comprehensive study on the influence of
moisture content on the S-N curve of wood is available. Sekhar, Sukla and Gupta
(1963, 1964) showed that at a fixed stress level, in torsional fatigue, a higher moisture
content greatly reduced the fatigue life. This is not surprising since a higher moisture
content would reduce static properties. If S-N data was plotted as a percentage of static
strength, it is unclear whether moisture content would be a factor. Freas and Warren

(1959) found that at 50% of static strength, both dry (11% MC) and wet (>30% MC)
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specimens survived 9 million repeated stress cycles. Lewis (1962) compared green and
air-dried southern pine and Douglas fir. The specimens were quarter scale bridge
stringers with dimensions 2 by 4 by 43 inches. Green specimens with straight grain
were found to have a fatigue strength at 2 million cycles of 50% of static strength for
southern pine and 55% for Douglas fir. The result for air dry specimens were slightly
higher at 60% of static for both species. However, the green specimens did not fail in
10 million cycles unless the stress level was high enough to produce compression
wrinkles in the extreme fibers. The failure mode was different with either progressive
compression damage followed by shear or the compression damage reaching such an
extent that load could not be sustained. Air dry specimens failed by progressive
compressive damage followed by simple or splintering tensile damage.

The effect of temperature has not been investigated in fatigue. However, the
frequency of tests can raise the temperature of the specimen through adiabatic heating.
Kommers found that in reversed bending (38% of static MOR) at 30 Hz, the rise in
temperature can result in moisture loss of 1% in one hour. This must have an effect on
fatigue strength. At 40 Hz, Imayama and Matsumoto (1970) found temperature rises of
about 5°C until close to failure when temperature rises can be as much as 20°C. No
indication as to what the effect would be on the S-N curve is available.

The effect of density has been briefly investigated. Sekhar and Sukla (1979)
found the fatigue life at 30% to 45% of MOR increases with specific gravity. The tests
covered a wide range of species with moisture contents of around 11% to 15%.
Sieminski (1960), found the fatigue strength increased with density. Sapwood was
differentiated from the more dense heartwood with sapwood showing equal fatigue
strength to heartwood. The proportion of early wood to latewood was also found to
have an effect.

Lewis (1962) compared straight grained specimens and specimens with a 1:12
slope of grain. Straight grained specimens were found to have slightly higher fatigue

strengths although for green specimens the reverse was found. Air-dried straight
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grained specimens showed compressive failures followed by final tensile failure while
specimens with 1:12 slope of grain usually failed in cross-grain tension without
compression. He also investigated the effect of coal-tar creosote preservative treatment
on fatigue strength. Treatment not only reduced static properties but, when plotted as a
percentage of static strength, also showeci some reduction in fatigue resistance.

The effect of notches, holes and checks on the fatigue life has been studied by
Lewis (1962), Tbuki et al (1962, 1963) and Maku and Sasaki (1963). Maku and Sasaki
showed the stress concentrating effect of holes and surface notches. Most of the fatigue
failures were found to develop from these stress concentrations. Lewis tested the effect
of artificial checks on Southern pine and Douglas fir. The static properties were greatly
reduced by the checks as was the fatigue strength. Expressed as a percentage of static
strength for comparison, a small decrease in fatigue performance was found in the
checked specimens. Ibuki et al compared the effect of holes of various diameters and
side notches on flat plate bend specimens of solid and glue laminated Japanese cypress.
Comparison was made using the fatigue notch factor, 8.where 8 is the ratio of the
fatigue strength of solid (or laminated) specimens to fatigue strength of specimens with
holes or notches (the fatigue strength was calculated using the reduced cross sectional
area due to the hole). Remarkably, for solid Japanese cypress, the fatigue notch factor
was below 1 implying an increased fatigue strength due to the hole or notch. Glue
laminated wood had fatigue notch factors between 0.8 and 1.2. Also in general, the
specimens with holes of 7.1mm diameter had a greater fatigue strength than those with
holes of 2.6mm diameter. The specimens were 24mm in width with centrally located

holes. This suggests that wood is not very notch sensitive in fatigue.

4.4 Property Changes During Fatigue

The residual strength of wood as affected by fatigue cycling was first
investigated by Kommers (1943). 5-ply Sitka spruce plywood was fatigued without
stress reversals for 5000 cycles at various stress levels. Specimens were then statically

tested to failure, either in the same direction as the fatigue stress or in the reversed
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direction. As figure (4.2) shows, when tested in the same direction, even at 85% of
static strength, no reduction in strength, indeed possibly an increase in strength
resulted. That however may be due to drying out of the specimen as a result of adiabatic
heating. The damage in the compression side during fatigue cycling is evident in the
data from residual strength tests in the opposite direction to the repeated fatigue stress.
The effect of ten cycles of bending or compressive stress on Sitka spruce and
Douglas fir was also studied by Kommers (1943). Although the stress level was at
around 95% of static, no reduction in strength was found but the modulus of elasticity
decreased with each cycle, the greatest decrease after the first cycle. Kellogg (1958,
1960) found no significant change in tension modulus after 100 cycles except for tests
at very high levels of strain. Kommers found that after 5000 repeated fatigue cycles
above 80% of the flexural strength, specimens began to show a large decrease in
modulus. Imayama and Matsumoto (1970) found a sharp drop in dynamic modulus
towards the end of the fatigue life of the specimen. This was combined with a rise in
damping close to failure. Rose (1965) however found an increase in modulus with a

decrease at higher peak stresses.
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While the modulus may remain constant, Kellogg found in repeated tension
cycling, the residual strain after each cycle increased similar to the creep of wood under
a constant load. Gildwald (1961) also found this behaviour as did Noak and Stockmann
(1969). The change in residual strain with number of cycles was found to fit the power
law model as expressed in equation 3.7 with t, the time variable, replaced by N, the
cycle number. This behaviour was found in the nine species tested and even at very low
peak strain levels. Kellogg also showed that the amount of creep was largely
independent of species if the level of fatigue strain rather then stress was the same. This
is perhaps another indication of the relation between density, modulus and strength.

The temperature changes due to adiabatic heating in the specimen under reversed
bending fatigue at 40 Hz was investigated by Imayama and Matsumoto (1970, 1974).
They described the temperature change as a four stage process as illustrated in figure
(4.3). They found that the slope of stage I increased with the fatigue stress level. Stages
IT and 1T dominated the fatigue life of the specimen although for shorter fatigue lives,
their proportion of the number of fatigue cycles was less. Microcracks were also

observed around the transition between stage II and stage II1.

T 1 I T [
L
15 -
Step V
>
-
10+ —
~ 3
o 5. j
- N
¥
C Led
o \\\ & sep
e o,
p 1l g
5H - ) 1
Step | s
.(/
/v/
o | ] ] | ]
10 10t 105 106

n
Figure (4.3) The four stage temperature rise due to adiabatic heating under

reversed flexural fatigue.(Imayama and Matsumoto, 1974)
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The acoustic emission from wood during fatigue was studied by Dobraszcyk
(1983). He found that at very high fatigue stress levels (90%), the emissions were
greatest during the first cycle with emission during the loading as well as unloading.
With every subsequent cycle, the emissions were less with emission occurring around
the load cycle peak. In comparing the acoustic emission from samples tested to failure
after fatigue at various strain levels, the total number of acoustic events decreased with
increasing fatigue strains and also the acoustic events began at lower strain levels. Sato,
Noguchi and Fushitani (1983) also showed that acoustic events occurred in decreasing
quantities with every cycle. Figure (4.4) shows the result of ten tension cycles with the

specimen taken to failure at the tenth cycle.
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Figure (4.4) Cumulative acoustic emission count for each of the 10 cycles of

load with the specimen loaded to failure in the 10th cycle. .(Sato et al, 1983)

64



The many property changes observed in a fatigue test points to a damage
mechanism that begins from the very first cycle. The contribution of damage in every
subsequent cycle appears to decrease. This is evidenced by a reduced rate of decrease in
modulus, a decrease in rate of "creep" strain, temperature change and acoustic
emission. There appears to be no correlation of this "damage" with residual strength
however suggesting that only in the final damage development is it strength reducing.
This is evidenced in stage IIT and IV of the temperature rise reported by Imayama and
Matsumoto. Uncertainties however do exist as the picture of property changes is far

from complete, particularly in the modulus and "creep" changes.

4.5 Fatigue Mechanisms

In flexural fatigue, it is generally accepted that the low compression strength of
wood implies that in the compression side, some failure would occur. This is most
evident in tests on green wood of structural dimensions (Lewis, 1948). In air-dry wood
however, final failure is always in the tension side. Maku and Sasaki (1963) also
observed compression damage in rotating bending specimens after 10 million cycles.
However, apart from structural collapse as observed in green wood, such compression
damage is not the mode of final failure observed. Imayama and Matsumoto (1970)
observed the development of microcracks on the tension face in three-point flexural
fatigue and correlated it with stage III, a stage of steep temperature rise in the specimen.
Kollmann and Schmidt (1962) also found microscopic structural damage in fatigued
telegraph poles with separation of cells and spiral fractures in the cell wall following the
S2 winding direction. It therefore might be suggested that a combinationjfmechanisms
are at work. Most other descriptions of fatigue failure mechanisms such as the
extension of the Reiner and Weisenberg's fracture theory by Bach (1973) follow from
time dependent arguments although its relevance to a cycle-dependent fatigue situation

is debatable.
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Wind

5.1 The Load Spectrum of WEC Blades

The load spectrum of any machine is by nature complex. Every loading
possibility must be considered and an understanding of the sources of loads is
important. With Wind Energy Converters (WECs), the load spectrum is complicated
further by dependence on their type and location of operation. Two basic configurations
of WEC:s exist, the Horizontal Axis Wind Turbine (HAWT) and the Vertical Axis Wind
Turbine (VAWT), Figure (5.1) illustrates some variants of these two basic types. The
wind speed distribution varies with location hence even identical machines can have
very different load spectrums. These two complications mean that each WEC must be
properly analysed or unexpected disasters can easily occur. This research concentrates
on the HWP300 designed and built by James Howden Ltd. It is the first of a number of
machines sited at Burgar Hill in the Orkney Islands. This is a three bladed, horizontal
axis machine of medium size having a blade diameter of 22 meters. The wooden blades
of this machine were subcontracted to Gifford Technology Ltd. who designed and
constructed them.

Horizontal axis machines of this type experience a number of sources of fatigue

—> —p
Wind
—p —
! L\
(a) (b) (© (d) (e)

Figure (5.1) Basic Wind Energy Converter configuations. (a) Upwind
HAWT, (b) downwind HAWT, (c) Musgrove VAWT, (d) Dairrius VAWT
and (e) the Inverted Cone VAWT.
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Micro-strain RMS

load (Pretlove and Worthington, 1983). These may be considered as deterministic loads
and stochastic loads. Deterministic loads arise from many sources. They include gravity
loads which induces edgewise bending with the frequency corresponding to the
rotational speed of the blade. The HWP300 was found to have very low stresses due to
gravity loads. This is directly due to the exceptional specific properties of wood. The
most severe fatigue stresses are due to aerodynamic loadings. This induces flapwise
bending and some torsion. The stresses here show a few fundamental frequencies. The
first is due to wind shear. The wind speed profile from the ground upwards is always
in a form of an exponential curve with zero wind speed at ground level and increasing
wind speed with height. This means that with every cycle, the blade passes through a

region of low wind speeds and a region of high wind speeds. Another fundamental
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Figure (5.2) Sample frequency spectrum of the flapwise strains near the

root of the HWP-300 blade. (Smith, 1984)
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frequency arises due to blade resonance. Every blade has a resonant frequency and
careful design is necessary to minimize this effect. The vibrations of the tower add
another fundamental frequency. Figure (5.2) shows the frequency spectrum of the
flapwise strains (Smith, 1984).

Stochastic loads arise from Wi;'ld turbulence. While deterministic loads may be
predicted from the WEC design, stochastic loads are difficult to ascertain. They are
usually estimated from knowledge of the wind spectrum and turbulence of the
installation site of the machine. Computer simulation programs of the loadings on the
blade are now available and further developed.

The complete load spectrum of a WEC blade must include the operational
characteristics on top of the wind speed effects. A WEC does not operate throughout
the wind speed regimes but only within a specific band. Above and below the threshold
wind speeds, the machine would automatically shut down stopping the blades . With
the HWP300, this is achieved by rotating the top third of a blade which results in an
aerodynamic stall condition hence slowing down the blades. Disc brakes are also
present to bring the blade to a complete standstill. The shut down and start up procedure
must contribute its own load characteristics and indeed, the high wind shutdown results
in the most severe stresses. The HWP300 also uses its blade tips to regulate its blade
rotational speeds so as to generate a reasonably steady voltage. This means that loads
are proportional to wind speed and only direct measurements of the entire wind spéed
spectrum is necessary.

Although the above description of loads on a WEC is specific to the HWP300,
the principle of assembling the data from the instrumented blade is general to all
machines. The procedure requires,

(1) Obtaining data with the machine operating under different wind speed conditions.
This is not straight-forward since wind speeds are not controllable. Continuous
monitoring is necessary and careful editing is required.

(2) Transitions in wind speed alter the loading on the blade. Again careful analysis of

the load and wind characteristics is necessary. Computer analysis to segment the
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entire data collected is required.

(3) Assembling the load spectrum by combining representative parts of the data in
proportion to the annual wind speed data.

(4) Operational characteristics such as maintenance shutdowns, or long periods of
parking are finally included.

(5) The final step is one of editing the entire load history assembled. This cuts down the
time needed to test the specimen to failure while not seriously affecting the predicted
life. This may be done by filtering out the very low amplitude alternating loads.

The assembled load history may then be used to estimate the fatigue life of the blade and

to assess life prediction models.

5.2 Wood Design Methods

The many years of use of wood in industry and extensive research by forest
products laboratories throughout the world, notably in USA and Canada, has resulted
in a comprehensive design approach to wood. However, traditional applications for
wood are primarily in areas that involve long term static loads and where cyclic loads
are small in number. Under such conditions, fatigue may be safely ignored and hence
standard design procedures do not have the scope to consider fatigue (AITC, 1974).
However, before considering developments in fatigue design, it is instructive to
examine static design approaches to examine how fatigue could be incorporated. There
are two basic static design standards, the traditional Working Stress Design (WSD)
approach as given in the Wood Designers Handbook (AITC, 1974), and the newer
probability based design or Limit States Design (LSD) approach currently being
incorporated into design codes (Goodman, 1981).

5.2.1 Working Stress Design

This approach attempts to relate laboratory testing to real loading conditions by

the use of an array of factors. The starting point is the laboratory tests carried out using
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small clear specimens of wood selected for freedom of any defects and conditioned to a
standard moisture content (i.e. air-dried condition - 10% to 15% moisture content
depending on species). From a host of laboratory tests, a certain variation in results will
be obtained. This variation is assumed to be characterized by a normal distribution
function and to establish the allowable unit stress, the ASTM Designation D245-70 calls
for the use of the lower 5% exclusion limit, 5. This allowable unit stress is therefore
the strength value of the wood species based on the probability that only 5% of the
sample population will fail at that unit stress.

Although basic variations of wood properties is accounted for in the above, the
extension of controlled laboratory test results to visually graded lumber in real use
requires further modifications to the test results. This is achieved by using correction
factors (Bodig and Jayne, 1982).

(1) Duration of Loading, k¢

(2) Safety factor, kg

(3) Special condition, kp

(4) Defects, kg

(5) Special grading, kg

(6) Moisture condition of test material, ke

(7) Moisture condition of lumber, kf

These factors are established from all the mechanical test data that appear relevant.
Where test data is absent (or results of which are not obtainable from handbooks), the
experience of the designer and material supplier is relied on.

The duration of load factor, k¢, is the factor used to correct for the time
dependent strength of wood. Data suggests that the stress level for a clear wood
specimen to last for ten years is 62.5% of the short term strength. Accordingly, 0.625
is the value for k;. To account for high shorter term loads such as snow loads and wind
loads, factors are applied as illustrated by figure (5.3). The stress ratio is based on a ten

year load. The treatment then is an iterative process to determine which combination of
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Figure (5.3) Adjustment of allowable stress to duration of maximum load.

(Bodig and Jayne, 1982)

loads, while applying the factor for the load of the shortest duration, would give the
largest size member required. It is important to note however, that in the calculations,
the modulus of elasticity is time independent.

The safety factor kg,is a design factor against accidental or unpredictable high
loads. The l5 strength value only accounts for the material variability tested in three
point flexure. Table (5.3) lists some correction factors used for softwood lumber. The
values for hardwoods are shown in parentheses. The large reduction in allowable load
in shear, Fy, is due to the somewhat unpredictable behaviour of wood in shear.

The special conditions factor kp, is applicable to account for size effects and
most importantly, the depth of beam in bending. The presence of defects in
commercially graded lumber is accounted for by assigning a particular value of kg4 for
each grade. Lumber is generally visually graded at various defect densities. The special
grading factor kg, considers the effect on allowable stress of preservative treatments or
fire retardent treatment which affects wood species differently. All the factors are
applied and their effect may be reflected in the general equation :

F=Is*ki*ks*kp*kq*kg*ke*kf ... 5.1
where F represents a particular allowable stress (Bodig and Jayne, 1982).

The use of the strength of small clear specimens as the starting point results in

¥
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the use of the many factors which unfortunately lead to a considerable uncertainty as to
the level of safety in the design. It would always be desirable to reduce the number of
factors required to arrive at the allowable stress F. To do so, it has recently become
preferable to test full-size structural lumber or perform ingrade-testing. This alleviates
the need for most of the factors and thelASTM Designation D198-76 details the testing

procedure. This is however both time consuming and expensive.

5.2.2 Limit-States Design

While the WSD method has been used for many years, its drawbacks have been
well recognized and the need for an alternative method has resulted in the development
of probabilistic approaches. These methods come under various names; Limit-States
Design, Reliability-Based Design, Load-Resistance Factor Design, all being similar.
The advantage of this new method is that it seeks to quantify the risk level of the
design, in other words, to guarantee that an unacceptable level of in-service failures
does not occur (Ang and Cornell, 1974; Aplin and Keenan, 1977) This is a recognition
that structural problems are often non-deterministic and that there is a risk involved - no
matter how small.

The LSD method begins with a definition of the limit states. A structure may be
considered as no longer able to satisfy the requirements for which it was designed in
two categories of states (Zahn, 1977):

(1) Ultimate limit state (buckling, rupture of main member, collapse due to fatigue or
creep etc.)

(2) Serviceability limit states (excessive deflection, excessive vibration, cracking of
non-structural elements etc.)

These two categories of states indicate the nature of the level of risk each state defines.

To quantify the level of risk, the probability of failure, Py, is calculated - a
probability of one indicating certainty of failure and zero indicating impossibility of

failure. The required limit state then defines the acceptable failure probability. In the
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Figure (5.4) Probability density functions of loading and resistance

showing typical failure event. (Zahn, 1977)

ideal case, the two governing factors for failure are known - the load S, and the
resistance (or strength) R. These are defined using the probability density functions f(s)
and f(r) respectively as illustrated in figure (5.4). Here R and S are independent
variables and hence the probability of failure is given by;
Pr=P(R <S)
=,[{Jf(r)dr]f(s)ds .52

However, in structural design, the exact form of the probability functions is not
determinable. The alternative is to assume the form of the probability distribution -
normal, log-normal, Weibull, etc., have all been suggested. Using these standard
distributions has the advantage also of being able to calculate the moments of the
distribution. The simplest technique then is to use the second moment model where
only the first two moments of the distribution, the mean and variance, are used. The
complete procedure of the second moment model is beyond the scope of this report and

a paper by Zahn (1977) contains its full description.

5.2.3 Comparison of WSD and LSD

The WSD method has the advantage of simplicity and a long history of
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reliability. One suspects that structures built by this method are generally over designed.
This may be acceptable in many applications but with WECsS, weight is a critical factor
and any means of reducing it is desirable. Its chief disadvantage however is that it does
not provide the engineer with any indication of the survivability of the product.

The LSD method is new and promises to overcome this disadvantage. It is
however inherently complicated to use and a large data base is necessary so as to be
able to ascribe a more accurate probability density function. This is important as it is the
overlap of the tails of the S and R probability density functions that defines the failure
probability (see figure (5.4)). It is also the definition of the tails that is most difficult as
they are very sensitive to the size of the data group and the type of probability
functioned assumed. Limit-States Design can still be applied and be rigorously logical

and semantically pure.

5.3 Fatique Design

As suggested above, both WSD and the LSD do not have the capacity to
consider fatiguein its current state. The most straightforward way of accounting for
fatigue is simply the addition of another factor following the WSD approach. Lewis

(1960) suggested this while concluding that the current approach with the duration of

Materials Applied Load Installation
Properties and Distribution g and
Environment and Frequency Monitoring
Fatigue Life Structural . .
S-N Data Anaylsis +_‘ Design Final Design
Experimental .
Life Analysis Design Stress

Figure (5.5) Schematic of a fatigue design approach.
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load factor would account for fatigue up to 107 cycles. The additional factor could be
determined by simply extrapolating S-N (applied stress vs. number of cycles to failure)
curves to the required number of cycles. This method however would ignore the effect
of mean stress and complex loading and it is the only feasible option at present given
the current understanding of wood fatigue.

A more comprehensive approach is to develop fatigue design as has been done
for metals (Lewis, 1960). Research has also been underway in fatigue design of fiber
composites for a number of years and the lessons learnt would also be instructive
(Schijve, 1972). Fundamentally fatigue design seeks to relate the real loading
conditions of a component to S-N data through a life prediction model. The procedure
may be illustrated as in figure (5.5) where the life prediction model is central. Crack
propagation methods are the alternative. However, such approaches will not be
specifically considered in this research as wood, like composites, is notch insensitive
except in the grain direction.

There are various types of approaches to fati gile life prediction each having its
advantages. Various references exists which gives excellent reviews on the subject
(Osgood, 1982; Schijve, 1972; Gerharz 1982). Osgood (1982) classifies the
approaches in three basic groups.

(1) Linear Cumulative Damage based on S-N data or €-N data and cyclic properties.

(2) Nonlinear Cumulative Damage based on S-N data for each type of specimen
configuration.

(3) Cumulative Damage from Damage Boundaries or Modified S-N curves.

Avoiding a description of all the different theories, it suffices simply to look at
the most commonly quoted model, the Linear Cumulative Damage model which
embodies Palmgren-Miner's rule. The model introduces the idea of progressive damage

to the material and uses a damage parameter D, which may be given as,

-3
CLN, 5.3
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where n; is the number of cycles at a particular stress amplitude, S, and N; is the
corresponding number of cycles to failure derived from the S-N curve. The damage
parameter D, can therefore have a value between 0 and 1 where 1 indicates failure. This
model and indeed many other models, have significant limitations. A consequence of
using a damage parameter is that the true mechanisms of fatigue damage accumulation
are often ignored. It is an empirical parameter and its relevance and reliability is often
suspect. This is particularly the case when the Palmgren-Miner's rule is used with
composites where an error of 300% has been found (Schijve, 1972). The composite
researchers have therefore attempted to incorporate a more mechanistic approach
although these theories have yet to be developed to a state where they are applicable to
design.

It is impossible to consider all the many facets of fatigue life prediction in the
brief examination above. It has only so far been possible to provide a flavour of the
difficulties. A list the main considerations involved follows:

(1) Residual strength. This is a useful concept in seeking to follow the strength of the
material as it is subjected to fatigue. It provides some physical significance where as
damage parameters do not.

(2) Fracture mechanics. With metals where mechanisms are conceptually well
understood in terms of crack initiation and propagation, fracture mechanics is
particularly useful. Its relevance to wood is debatable but this approach has been
suggested (Gerharz,1982).

(3) Reliability. This cannot be ignored and the LSD approach or variations of it can be
incorporated in some life prediction models.

(4) Load Characteristics. Any model tends to assume certain load characteristics. The
Palmgren-Miner's rule neglects the effect of load sequence and the load history.

To sum up, the wood designer requires a design procedure which accounts for
fatigue and provides a measure of reliability. The approach is therefore one which

involves fatigue life prediction. This however is a complex subject which requires much

research.
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6.1 Fatigue Test Methodoloay

A fatigue test can be conducted in a wide variety of ways with many different
variables to consider. Traditionally, fatigue testing was limited by the type of machine
available. This meant having to test under conditions of constant deflection, whether it
be in axial loading, bending, torsion or a combination of these modes. Today, the wide
range of machines available allows almost the entire range of fatigue tests to be carried
out. This means not only constant deflection but also constant and variable load or any
other denominator such as stress intensity factor in a fatigue crack propagation test. In
the context of determining the fatigue properties of wood, the capability for load control
is essential although, as noted earlier in Chapter 4, almost all published results to date
are based on constant deflection tests. For any form of stressing (axial, bending or
crack propagation etc.) fatigue tests can be classified into Constant Amplitude» and

Variable Amplitude.

6.1.1 Constant Amplitude Tests

The simplest of all to perform, constant amplitude tests still requires careful
consideration before tests are carried out. The following defines the terms used in
describing fatigue tests.

Omax = Maximum peak stress

Omin = Minimum peak stress

R = stress Ratio = Omin / Omax

Gt = Alternating stress = (Omax- Omin)/2
Omean = Mean stress = (COmax+ Omin)/2

In the past, fatigue tests were conducted at a constant mean stress with a varying
alternating stress. The trend however is to use constant R ratio with varying peak stress
as it defines the nature of the fatigue test better. In axial fatigue, the R ratio can vary

between zero and one for tension-tension tests or infinity to. one for compression-

80



compression. Where stress reversals occur, the R ratio is always negative. Where the
tension stress is always greater than the compression stress, the R ratio varies from
minus one to zero. Where the compression stress is greater, it varies from minus one to
minus infinity. For bending fatigue, the R ratio can only vary between zero and 1 for
bending in one direction only and zero and -1 for when the stress reversals occur.

An important consideration in fatigue testing is the frequency at which the tests
is carried out. This consideration is particularly relevant for polymeric materials
including wood due to adiabatic heating. Imayama and Matsumoto (1970) has already
shown that for wood significant adiabatic heating occurs at a frequency of 40 Hz. Sims
and Gladman (1978) argues that keeping a constant frequency for different load levels
is not sufficient. Figure (6.1) illustrates the difference between keeping a constant
frequency and a constant rate of stress application (RSA). If samples are tested at
different stress levels and if the RSA is to be kept constant, the frequency has to be
changed. This mode of testing has the effect of isolating the effect of rate on the fatigue
life of the specimen. It has also a practical advantage in speeding up tests at lower

stresses which would have a corresponding longer life. The equation for the calculation
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Figure (6.1) Comparison of fatigue tests at (a) constant frequency and (b) constant

rates of stress application
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of the frequency for constant RSA may be expressed as
Frequency = (rate of stress application)/(4 * Alternating stress).....6.1
It should be noted that this expression is derived for fatigue tests using a
triangular waveform. In most fatigue tests however, a sinusoidal waveform is used
where it becomes the rate of changé of the RSA that is constant. However as an

approximation, the equation may still be used.

6.1.2 Variable Amplitude Tests

As the name suggests, with variable amplitude tests, the amplitude of the load
(or deflection) is not constant but may vary in some predefined way. The basic reason
for performing such tests is simply that engineering components in real life do not
experience a constant amplitude fatigue regime. Also it is not straightforward to extend
fatigue life from constant amplitude tests to real life variable amplitude. The only way to
do so is to use Life Prediction Models, the most popular being the Miner's Rule of
cumulative damage. This rule however is empirical and was proposed in the context of
metal fatigue and has been shown to be unreliable for other materials such as
composites (Shutz & Gerharz, 1971). Also for metals this rule is by no means accurate.
Therefore it is still necessary to simulate service conditions in tests especially for critical
components. However, as Figure (6.2) shows there are many possibilities in
performing these tests.

The most expensive and difficult to conduct would be random tests with the
number of stress levels not predetermined. The other approach is to reduce the complex
waveform into some groups of levels which can then be intimately mixed in a Random
Test or in a Block Program Test. By doing so, standard test programs have been
established such as FALSTAFF etc. The creation of such standard programs in the
context of Wind Energy Generators is discussed in Chapter 5.

Besides simply simulating service conditions, the design of a variable amplitude

fatigue program can yield much information. The most obvious of these is in the
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assessment of theoretical life prediction laws or the derivation of empirical laws. These
laws may be specific to particular types of load conditions or may be more general like
Miner's Rule. However, deviations from these laws often occur and the errors involved
must be assessed. These errors can arise for many reasons but the most important are
sequence effects. Sequence effects arise from inherent material properties. For example,
in some metals, high load cycles followed by low load cycles have been found to
extend fatigue life compared to prediction and the reverse reduces fatigue life. This
effect is thought to arise from work hardening or the creation of residual stresses at high
loads which extends the fatigue performance of the material at low loads (Osgood,
1982). With wood, summation of cycles of stress reversals with compression-
compression and tension-tension loads are not likely to be straight forward and requires

investigation.

6.1.3 Fatigue Test Machines

Over two decades, fatigue machines have greatly improved in capability,
reliability and cost effectiveness. The developments are in two main categories -
servohydraulic machines and the use of computers. Nowack (1981) has reviewed the
types of fatigue machines available and this will be briefly summarized here.

Fatigue machines can be broadly categorized into two types, resonant and non-
resonant machines. Within these two categories there are mechanical, electro-magnetic,
hydraulic and servohydraulic machines. Figures (6.3) and (6.4) schematically illustrates
the working principle of some non-resonant and resonant machines respectively.

Those types of machines where the loads are generated in a direct drive mode
are of the conventional non-resonant category. Screw drives, hydraulic drives, cam
drives or crank drives with adjustable eccentric or electro-magnetic drives are the oldest
types. Although the simplest, these machines are not ideally suited for fatigue tests.
These machines suffer the problem of slow test speeds (<1 Hz) or slightly higher test

speeds if the loads are very small (<5 kN). However accepting low speeds, mechanical
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Figure (6.3) Conventional non-resonant direct drive machines. (Nowack, 1981)
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Figure (6.4) Conventional resonance fatigue test machine. (Nowack, 1981)

and hydraulic machines can achieve extremely high loads. They do have the advantage
arising from their slow test speeds, that they are fundamentally easy to control and can
establish reliable load or deflection control conditions.

Conventional resonant drive fatigue machines utilize the principle that a big
spring mass system can be excited to perform sinusoidal oscillations with comparatively
small amounts of energy, if the energy is supplied to the system at a thythm and close
to the resonant frequency of the whole system. It is important therefore that the energy
dissipated by the specimen (eg. in thefrom of hysteretic heating) and the general
damping of the system is small. This allows the undisturbed oscillations of the system
to be rapidly built up. It is a characteristic of resonant machines that the load is
gradually built up hence it is more applicable to constant amplitude tests where
specimens can tolerate frequencies in excess of 10 Hz. They are therefore extremely

useful in long term fatigue tests and have low running costs.
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The servohydraulic fatigue machines are available in non-resonant and resonant
forms, but they are not limited to constant amplitude tests. Since the following section
is concerned with the development of a computer system to control a non-resonant
servohydraulic system, much more detail is given of its design principles and
characteristics. The resonant system is 6f less interest and is basically an extension of
the non-resonant system, again utilizing the principle of a large spring mass.

Servohydraulic machines are commonly used today in laboratories as general
purpose fatigue machines. They are extremely versatile and capable of applying a wide
range of loads and frequencies. The basic working principle is shown in figure (6.5)
and consists of four basic elements- the hydraulic pump, the servovalve, the actuator
and the servo or feedback loop controller. One or more hydraulic pumps are used to
keep the hydraulic fluid at a constant pressure of around 3000 psi. with accumulators to
level out any instantaneous variations. The servovalve is the most critical part of the
system as it controls the hydraulic flow into the actuator. The whole system is then

controlled by means of a feedback loop controller.

[ Function generatorj

Servo amplifier
feedback line | [N
hydraulic % |
Jack t-

servo valve

specimen

Load cell

CL /hdraulic pump

oil reservior

Figure (6.5) Basic components of a servohydraulic fatigue machine.
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‘signal is commonly from either a load cell or LVDT although any other source relevant]

The controller functions to ensure that the actuator performs as required. An
electrical command signal is fed into the servovalve so that its position determines that a
certain amount of hydraulic fluid flows into the appropriate chamber of the actuator
which causes a force at the test specimen and a feedback (control) signal. This feedback
to the type of test may be used. The command signal is balanced with the feedback
signal by means of an integrator circuit so that what is required by the command signal
is achieved. In practice careful optimization of the integrator circuit is necessary as two
conflicting requirements exist. The first, the deviation between the command and
feedback must be small, and second, the closed loop must be stable. Instability occurs
when the resonance frequency of the system is reached or the phase angle of the
servovalve reaches 90°. In tests, conditions of this nature rarely occur however in the
context of computer control this is important as should the command signal of the
computer be incorrectly defined instability can occur (and has been experienced).
Because a phase difference always occurs with the command signal leading the
feedback, attempts to use a computer to track and control the fatigue machine as a
secondary feedback loop can result in severe difficulties. This will be discussed further
in the design of the computer control system.

Two factors govern the design and hence the performance of a servohydraulic
system. First, the size of the actuator determines the maximum load capability of the
system. A larger actuator diameter provides a higher maximum load capability. Second,
the flow rate of hydraulic fluid as supplied by the hydraulic pump combined with the
number of servovalves limits the stroke amplitude versus the frequency capability of the
system. Figure (6.6) shows the performance limits of a typical system. At higher
frequencies, the maximum stroke amplitude that can be achieved is smaller. Also, this
limitation is dependent on the peak loads required and is due to the compressibility of
the fluid. To obtain high frequencies and stroke amplitudes, large or multiple hydraulic
pumps are required. This limitation often exhibits itself during a fatigue test when the

specimen looses its stiffness resulting in a fall in the peak load to compensate for the
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Figure (6.6) Example performance diagrams of a servovalve and of a

servohydraulic fatigue machine. (Nowack, 1981)

increased stroke required. This effect may be avoided by specifying a bigger pump and
increasing the number of servovalves. Alternatively, adjustments are necessary in the
command signal. For some materials this is not significant. However, polymers, some
composites and wood do show significant reductions in stiffness.

Another consequence of the limitation is experienced in variable amplitude
fatigue tests. Where the loads change sharply from high amplitudes to low and vice
versa. Overshoots and undershoots occur resulting in incorrect loading. Lanciotti
(1983) proposed a scheme to reduce this problem by performing dummy runs of the
load program measuring each peak and correcting the load program from that measured.
By repeating this the error involved was significantly reduced. With wood, a realtime

correction system would be of great benefit.

6.2 Why a New System?

6.2.1 Introduction

The development of a new computer control system has to be examined in the
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light of the effort and cost required. To use the latest in computer technology may be a
good reason but one that can hardly justify the many hours required in developing the
hardware and software. This section therefore reviews the current systems available on
the market and those developed by various laboratories. The decision to develop one's
own system can therefore be examined in the context of what is required and what is
available. However given that the decision to develop is taken, the nature of
developmental work is such that hindsight often exposes errors in judgement.
Underestimation of the time scale of a task is always the Achilles heel in development.
The experience of the author is no different.

Computer control systems may be considered as large scale systems and small
scale systems. Large systems are those using large mini computers for controlling one
or even multiple actuators. These are common in large fatigue laboratories where large
structures or an array of servohydraulic machines are used (Nowack et. all, 1979).
Commonly, PDP 11s or Minc 11/73s are used costing upwards of £20,000 for the
computer hardware alone. These systems are beyond the needs of the test program in
this research. Also it is interesting to note that the capability of these computers only
match modern microcomputers in speed with less memory available and cost ten times

as much. Therefore, they will not be discussed.

6.2.2 Basic Requirements of a Computer Control System

The basic functions required of the control system in its original conception may

be stated as follows:

(1) Cycle by cycle monitoring of peak loads and peak strains or deflection of the
specimen up to a test frequency in excess of 20 Hz. Data monitored should be
stored on magnetic discs for post test analysis.

(2) The system should be able to accurately control the loading of the sample by the
servohydraulic machine ensuring that load fluctuations associated with the changes

in specimen compliance are corrected for.
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(3) Complex loading. A minimum capability of programmed block loading with
possible extensions to more complex random loads.
(4) The system should be low cost, easily duplicated and uncomplicated to use

requiring no modifications to the servohydraulic machine.

6.2.3 Small Single Actuator Computer Control Systems

There are a variety of systems described by their designers in the literature.
Various commercial systems have also come on the market, some since the
development work of the author began. It is noted however that these systems are
generally designed for static testing and are therefore either unsuitable for the needs of
this project or need substantial modification. It is instructive however to consider their
designs and limitations.

Most systems described in the literature have been designed in the contéxt of
fracture mechanics type testing. A total of seven different systems were reviewed all of
them using different computers although Digital Equipment's range of computers were
most popular with the LSI/11 (Styles & Baker, 1978), PDP 11/23 (Jablonski & Lee,
1983), and Minc 11/23 (Griffiths, 1983) being used, the last being the most recent
machine. Other computers include the Apple II (Fleck & Hooley, 1983), Texas
Instrument's TM 990 (Barker & Smith, 1985) and the Commodore 8296 (Smith and
Abbot). Each system has its advantages although those based on Digital Equipment's
computers tend to be more expensive (>£10,000). Commercial systems available from
Dartec or Instron are often based on Digital Equipment computers and therefore costs
are prohibitive. These systems however have the advantage of being well designed but
are biased towards static testing and therefore require some custom software (which
would have to be purchased).

The concept of using computers to monitor fatigue crack propagation is similar
in all the published systems. The implementations however do vary greatly. Much
depends on the type of signal being monitored. The Krak-gauge which is an adhesively

bonded foil gauge makes less demands on the computer than the potential drop method
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which correspondingly demands less than the Crack Opening Displacement (COD)
method. This is because the COD method requires the following of an oscillating
displacement signal while the signal of the other two methods varies slowly. With the
compliance measurements necessary in the COD method, this is not very dissimilar to
the system required. A few limitations however exists in all these systems. Firstly,
sampling rates tend to be slow which means that the test frequency is slow. Fleck and
Hooley overcame this by interrupting the test cycles during data logging. With a more
powerful computer, Jablonski and Lee used "burst mode" which meant data was
continuously sampled and stored for a short time followed by the analysis. Either way,
the compliance is not continuously monitored and cycles are lost which would be
significant for shorter term (<10,000 cycles) fatigue tests. It is evident therefore that a
much more advanced computer system is necessary.

Another consideration is the ability of the computer control system to accurately
impose the load level required of the fatigue machine during test. As discussed earlier,
servo-hydraulic fatigue machines do not maintain peak loads when the compliance of
the specimen changes. In complex loading the problem is more serious due to the phase
lag of the feedback signal to the command signal. The computer controller should
automatically adjust for such changes. This can only be achieved if the monitoring of
the load signal is performed in real time. Low cost systems are not able to perform this
automatic correction and only with the more powerful PDP11/23 and Minc 11/23
systems is this possible.

It is interesting to note that for the system using the Commodore 8296 (Smith
and Abbott), the IEEE488 interface was used hence the computer was in a secondary
role, not directly controlling the fatigue machine. Digital volt meters with peak detectors
and IEEE function generators were used controlled via the IEEE488 interface. Using
this scheme the computer serves in a supervisory role and hence load correction
becomes possible. The simplicity and development time for such a system is relatively

low but it suffer from drawbacks. It is basically costly since each individual component
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such as the function generator, digital volt meter, peak detectors, etc., costs as much if

not more than the computer itself. Digital volt meters are slow in sample rates and peak

detection is not accurate. System extensions to perform complex load tests are not

possible without giving the computer direct control using digital to analogue converters

hence reverting to a system more similar to the others.

6.2.4 Problems and Principles in Computer Control of Servohydraulic

Machines

The principles associated with the computer control of a servohydraulic fatigue

machine and solutions to some of the problems involved were described briefly above.

They may be considered in four categories.

(1)

(2)

Sampling Rate.

The hardware and software must be able to handle the task of monitoring a
signal of at least 100 Hz and generating a signal of up to 50Hz continuously.
While a very smooth sinusoidal waveform is desirable in signal generation, in
practice this is not strictly necessary since the hydraulics will not be able to
respond to smooth steps. However, should the steps be too large, the ability of
the hydraulics to follow decreases. In the system developed, 180 steps are used.
The sampling rate required for monitoring the feedback signal depends on the
sophistication of the peak detection routine. For a simple routine as used in this
system, the sampling rate for 12 bits accuracy should be at least 90 to 180
samples per cycle depending on the signal amplitude. However the feedback
signal from the fatigue machine may not be purely sinusoidal. Slackness in joints
and clamps contribute to give some higher frequency components to the feedback
signal. Therefore in practice it is desirable to exceed the minimum sampling rate
by a factor of 3. Otherwise the accuracy of the system might be much less.

Phase lag between command and feedback signals.

Phase lag creates problems, especially for variable amplitude tests, in
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ensuring the accuracy of the peak loads on the sample. The phase lag has the
command signal leading the feedback and therefore making any direct comparison
of the two signals to make fine corrections is not possible. One solution is to
generate command signals of half sine waves from peak to peak with dwell times
at the peaks. As illustrated in figure (6.7), when the feedback signal has reached
the peak, comparisons and adjustments to the peak can then be made. Lanciotti
(1983) suggested an alternative solution which will avoid the slower test speeds
due to the dwell periods. The whole variable amplitude test block is initially used
and the corresponding actual peaks achieved in the test are recorded. The errors
associated with each peak are then calculated and the entire block can be corrected
as follows:

new input peak = old input peak + (required peak - old output peak).....6.2
This procedure was applied to a dummy specimen prior to the actual test. It can
conceivably be extended, repeating the procedure and applied in real time on a test
specimen provided there is sufficient computing power.
Stiffness Changes.

When the fatigue machine has a pump with a low flow rate, stiffness
changes in the specimen can result in a large drop in peak loads as the test

progresses. This problem is overcome when the routine for load peak correction
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as described above is applied. However, the problem is more gradual here hence
if Lanciotti's method is used, it has to be applied continuously throughout the test.
Also correction must be carried out for constant amplitude tests although this is
necessary only occasionally, eg. every 100 cycles.

(4) Signal Noise.

Electrical equipment inevitably suffers from signal noise. This can arise
from many sources. It can be due to its own circuitry although good design would
ensure that this source is minimized. Generally, the level of signal noise is
sufficiently low however if this not the case, for low frequency applications such
as fatigue testing, high frequency filters can be added easily. External sources

inducing signal noise into the equipment are however more difficult to overcome.
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Radio frequency and mains supply transients are the most common sources.
These often arise from adjacent heavy current equipment such as electric motors
and relay switches. A typical occurrence monitored during a fatigue test is
illustrated in figure (6.8). Such occurrences would interfere with load correction
procedures as they are randdm and can lead to over corrections. No workable
scheme has yet been found which eliminates this problem and it can only at best

be contained.

6.3 Design of SArGen - Signal Analyser and Generator

6.3.1 System Architecture

The concept of the new computer control system is illustrated in figure (6.9). It
centres around a custom designed 6800 microprocessor based computer (called
SArGen) with a digital to analogue converter (DAC) and analogue to digital converter
(ADC). An Apple Macintosh computer is used as the user-system interface which
supervises the SArGen and stores relevant data on 3.5" magnetic disks for later
analysis. The idea of this design is to separate the task of basic peak to peak detection
and function generation from online data analysis, decision making and data storage. In
other words, SArGen acts as an intelligent interface between the Macintosh computer
and the servohydraulic machine. The use of the 6800 based computer with 8K of
firmware (software in Read Only Memory or ROM) and 48K of Random Access
Memory (RAM) provides the necessary 'intelligence’. A high speed serial link is used
for communication with Macintosh. It may be argued that all the tasks could be
performed by just one powerful computer like the Macintosh or IBM PC, however the
software would largely have to be written in Assembly language and timing difficulties
would occur especially at higher test frequencies. By separating the tasks between
Macintosh and SArGen, the complications are reduced and only the firmware for
SArGen needs be written in Assembly Language. Software for the Macintosh is largely

written in Pascal with only the software for the serial interface in Assembly language.

96



"auryoew angney Jur[onuod pue FuLIOIIUOW JOJ INIIOIIYIIL WASAS UONIYS (6'9) 2anTrg

\ HsoLNDVI /

AOLVIANAD
TYNOIS N\
AALITANOD | 1 | 2ovaugiINg
MOLVALOY | YATIOUINOD | | 9000 vNy TVIES
DI INVIAJAH odLavda OLIVLIDIA d3ddsS HOIH
T1HD QVO1
YALNAANOOD | [ | WOudd s
SAOVND NIVHLS > YHHITANY ————f TVLIOIdOL NdIA 0089
4ND0TYNY
LAAT »| WANOLLIGNOD

97



6.3.2 SArGen Hardware Design

SArGen is designed in modular form with plug-in cards for each of its
functions. There are 5 cards apart from the power supplies - microprocessor, memory,
serial interface, DAC and ADC cards. The assembly is capable of taking additional
cards: a LVDT transducer card and a 3 channel autozeroing strain gauge amplifier card
are included.

The 6800 microprocessor unit or MPU forms the heart of SArGen. It is an 8 bit
processor running at 2 MHz and capable of addressing 64K of memory. All the
address, data and control lines have been made available on the backplane (see figure
(6.9)) so that the full capability of the MPU can be exploited. A particularly useful
feature of this processor is its interrupt capability which enables external timing signals
to be used to cause the 6800 MPU to perform specific tasks at regular intervals. This
facility is used in signal generation. The choice of the 6800 MPU is mainly dictated by
familiarity with it. It is not the most powerful MPU available but based on conservative
calculations, was deemed adequate for the task.

The memory of SArGen is decoded to give 48K of RAM located from $0000 to
$BFFF and 8K of ROM located at EOOO to FFFF. The remaining 8K is made available
as 8 chip select lines for input/output peripherals. The address of the select lines are
C000, C400, €800, CC00, D000, D400, D800, DCO0. The 8K of ROM is organized
to use two 4K EPROM chips which can then be independently programmed when
necessary. Four of the select lines are used in the basic system for the serial interface,
ADC, DAC and programmable timer (for interrupts). The other four may be used for
other devices as necessary. With the program stored into ROM, no down loading is
necessary and the system is ready from switch on. The 48K of RAM is used as a
temporary store of variables and as a buffer for data either to be used in digital to
analogue conversion or vice versa before transmitting to the Macintosh.

The analogue to digital converter card uses a high speed 12 bit converter. It is

capable of conversion rates of up to 20 KHz giving accuracy of 1 in 4096 or 0.025%.



Four input channels are available so that four different analogue sources can be
monitored. To avoid time delay differences when the four channels are monitored (it
takes over 50 [s between conversions) the card is designed so that all four channels are
sampled and the signal held until all four channels (or the required number) are
converted. This means that readings from the four channels are effectively performed at
the same time. This is important as in a fatigue test, all incoming signals are varying
rapidly and significant errors would result if readings were not taken simultaneously.
For example, with a 10 Hz sine wave, errors of greater than 0.5% can easily occur.

The digital to analogue converter card also uses a 12 bit converter. This is of a
standard design. The card also has a programmable timer. This is a device which can be
used as a counter or a timer which causes an interrupt signal to be generated to the MPU
at regular intervals set by the software program. In this case, the timer function is used
to vary the frequency of the sine wave generated to the fatigue machine. Interrupts can
occur at rates of 1 MHz down to 16 Hz. Since 180 discreet points (therefore interrupts
necessary) are used to define a sine wave, this corresponds to the generated signal
frequency of 5,555 Hz to 0.088 Hz (in practice the highest frequency is only about 500
Hz due to software delays).

Macintosh has the capability of communicating with other computers at speeds
of up to 0.9 MBits/sec using a RS232/422 interface. The serial interface card of
SArGen uses this interface and is designed to communicate with Macintosh at a speed
of 0.5 MBits/sec. At this speed data transfer can be achieved very rapidly with very

little delay.

6.3.3 SArGen Software Design

There are three components to the software. SArGen has a 4K ROM
programmed in 6800 Assembler language. The main control program on the Macintosh
is programmed in compiled Pascal with the serial communication software part coded in

68000 assembler for speed.
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With the Macintosh supplying commands to SArGen, the range of commands
that must be programmed into SArGen must be complete for all possible control
requirements. The commands are coded as single byte characters with data bytes
following if required. Table (6.1) lists all the commands and their respective command
code used. Most of these commands are associated with the setting up of test

parameters and manual control of the servohydraulic machine.

Table (6.1) Command codes used in the software for communication

between SArGen and Macintosh.

Code Hex. Code Command Description

1 01 Start ADC and DAC processing

96 60 Terminate processing

3 03 Transmitting 128 bytes of data

4 04 Transmitting 256 bytes of data

5 05 Transmitting 512 bytes of data

6 06 Transmitting 1024 bytes of data

128 t0 255 80toFF  Transmitting data: O to 127 bytes

8 08 Manual DAC control

80 50 Terminate manual DAC control

10 0A Option select: continuous ADC. Must be followed
by two bytes for time delay.

11 0B Option select: ADC with peak detection.

13 0D Option select: DAC sine wave generation. Must
be followed by 6 data bytes.

14 OE Option select: ADC off

15 OF Option select: DAC off

16 10 Transmitting program code. Followed by two

bytes of program size and program code.

17 11 Send XON Character

18 12 Send XOFF Character

20 14 JSR to RAM program

21 15 Set Strain Gauge amplifier offset

33t042 21t02A  JSR to ROM2: locations EQQQ to E012
113t0 127 71to7F  Channel selection
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The structure of the program in ROM is illustrated by the flowcharts in
Appendix A. The complete listing of the program is also given in Appendix C. On
turning on SArGen, the program immediately goes through an initialization routine to
ensure the DAC is set at zero volts, the timer is turned off and all the memory in RAM
is working. Also necessary is to ‘set up the serial interface chip for the correct
communications protocol ie. 8 bits data character with even parity and 1 stop bit. Once
initialization is done, SArGen is ready to perform any of the tasks required. It therefore
goes through a routine waiting for a command to be received from Macintosh. When a
command is received, it immediately checks if it is a command to perform the main test.
If not, it goes into a subroutine to check if the various other command options are
required. It then returns and repeats this until the command to start test is invoked.

Among the command options are two to control the digital to analogue
converter. Command code 16 turns off this facility but code 15 commands a sine wave
to be generated. Six data bytes must be provided with this command to specify the
maximum peak, minimum peak and conversion rate. When a test is to begin, two tables
are calculated from the given maximum and minimum peaks to describe the two half
waves of a sinusoidal waveform. This is done by scaling a quarter wave table stored in
ROM to give a half wave starting from the the minimum peak to the maximum peak (91
values) and another half wave from the value after the maximum to the value before the
minimum peak (89 values). A total of 180 conversions are therefore used to describe
one complete cycle. This also means that a conversion rate 180 times faster then the
required cycle frequency is required (eg. 1800 conversions per second for a 10 Hz
wave frequency). The timer has to be set to give this conversion rate. Once set, the
timer will interrupt the 6800 to perform D to A conversion at that rate. The routine that
initiates the conversion itself is a selfcontained program separate from the main
program. It is invoked by the jump vector which the MPU, when interrupted by the
timer, automatically goes to. On completion of the interrupt routine, the MPU returns to
the location of the main program where it was at the point of interrupt. The interrupt

routine is therefore invisible to the main routine except for the small delays associated
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with servicing the interrupt.

Two test options are available: fatigue testing and static testing. Static testing
simply enable continuous sampling and A to D conversions to be performed at a preset
rate (up to 1000 samples and convgrsions a second). This is therefore a simple routine
with a loop to perform these conversions. A software delay is used to adjust for
different sample rates. The routine for fatigue testing performs A to D conversions at
the full speed of the 6800 MPU. It includes routines to detect the peaks of the input
cyclic signals. The maximum peak is detected by comparing successive conversions
until the latest value is less than the maximum sampled value by a given threshold
amount. Once detected, the maximum is stored and the software begins seeking for the
minimum peak. This is found when the the value is greater then the minimum sampled
by the same threshold amount. The value of the threshold is not preset but variable and
can be adjusted by software. It is important that the threshold is not too small as then
spurious noise signals would be deemed as peaks or not too large resulting in no peaks
detected. A value of 128 (representing 0.6 Volts) has been found to be ideal.

When a specimen fails, SArGen must be able to terminate its fatigue testing
routine itself since such an event could occur when the machine is unattended. Fatigue
machines generally have trips to do this, shutting off the pump or isolating the machine
from the signal generator and switching to a safe mode. To reduce complications in the
development, this facility of the fatigue machine is used hence SArGen does not need to
directly stop the test but only recognise it. This it does by recognising the fact that when
a specimen fails, the cyclic input signals stop hence no peaks can be detected. If two
cycles have been generated by the DAC, without any peaks detected, this invariably

means sample failure. The program therefore performs the required termination routine.

6.3.4 Macintosh Software Design

The Display Screen for User Operation

The Macintosh side of the software has been developed making full use of the

102



windows, icons, menus and mouse facilities of the machine. There are two separate
programs for fatigue testing and static testing (see Appendix D for listing of fatigue
testing program). The program for static testing is a subset of that for fatigue testing
being simpler in concept. The image of the screen during fatigue testing is illustrated in
figure (6.10). The menu line at the top contains the following options.
(a) ® :These are Desk Accessories and are installed by the user for the machine.
(b) General: A general control menu.

Clear replies : Clears the data displayed on screen.

Clear Data : Clears the memory of the data from preceding test.

Save Data : Saves data from the completed test in an alternative file.

The following selects the active channels for data input.

Channel 1

R

ArGen Fatigue Testing

S

Cycle counter
SArGen Status

Max Peak Min Peak

CHANNEL 1
CHANNEL 2
CHANNEL 3
CHANNEL 4

Figure (6.10) The display screen on the Macintosh computer on startup.
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(d)

Channel 2

Channel 3
Channel 4

SArGen : A menu for direct communications with SArGen.
HON : Send XON Character.
HOFF : Send XOFF Character.
Calling SArGen : To test communications with SArGen; SArGen replies
with an XON which the screen will indicate with "OK".
DA Off : Tumns off digital to analogue signal generation.
DA Constant Amp Wave : Selects sine wave generation. The user will
be prompted for maximum peak, minimum peak and signal frequency.
DA Dariable Amp Wave : Selects a variable amplitude test. The user
will be prompted for a text file which contains the amplitude data.
Zero SGA : This facility is used to zero the 3 channel Strain Gauge
Amplifier card. The output from channel 1 to 3 of the SGA must be connected
to channels 2 to 4 of the ADC card.
Jack Control : A scroll bar is used to manually control the hydraulic jack.
The control mode (position or load) is dependent on the mode the fatigue
machine is in.
Begin Test : To initiate a fatigue test. A file name and the level for
recording of a change in peak level will be requested if needed for data
storage.
Stop Test : To terminate a current test.
Send Integer : This facility is for special situations where the user wishes
to send specific commands to SArGen.

Data:

A moving average routine which averages 5 peaks (maximum and minimum)
continuously can be selected for each channel. Where the peak changes by greater

than 1.2% of the fullscale, the routine starts afresh its moving average. The
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following selects the channels to which the smoothing routine is applied.
Smooth Channel 1
Smooth Channel 2
Smooth Channel 3

Smooth Channel 4

The next two options offer to save peak data or to control the fatigue machine.
These options are included for complex loading as the data recorded in a test can
be extremely large.
Sample and Save
Sample only
The default is for Sample and Save.
Program Structure
The programs for fatigue and static testing was developed using compiled
PASCAL. The version for static testing is a subset of that for fatigue testing. The flow
chart for the program is gi\;en in Appendix B. The Macintosh computer receives
commands from the operator through the screen as what is termed events. Data from
SArGen is received asynchronously via the RS422 serial port. An RS422 serial port
driver was developed and a listing is found in Appendix E. When data is transmitted by
SArGen, the Macintosh processor is interrupted to the driver to receive the data which
is stored in a temporary buffer. The processor than returns to the main program which
polls the buffer continuously to check and read the data. The main routine also checks
for any user initiated events diverting and branching to the appropriate routines for
processing. The cycle counter has also to be continuously maintained on screen and the
load level checked at programmed intervals. Should variable amplitude testing have

been selected, a check has also to be made if the next block level is to be initiated.
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7.1 Introduction

The main thrust of this research is to investigate the flexural fatigue properties
of wood under the condition of constant peak load as compared to previous work
published in the literature which is primarily in constant deflection. Constant deflection
suffers from the fact that the load level drops with cycles due to the increase in
compliance and the development of creep strains or perhaps, more appropriately,
fatigue strains. The experimental program therefore centres around the use of a servo-
hydraulic fatigue machine which can accurately apply a constant load to the specimens.

Early in the program, it was realised that more information on the changes
occurring in the specimen while being fatigued was necessary to obtain a better picture
of possible fatigue failure mechanisms in wood. It was therefore felt that two
approaches were necessary: (a) to follow the fatigue strains and stiffness changes
during fatigue, and, (b) to make a fresh study of wood microstructure, using electron
and optical microscopes.

To facilitate the first approach, a new computer system was developed. This is
described in detail in Chapter 6. The system enabled changes in applied peak loads and
the resulting peak deflections to be accurately monitored cycle by cycle. This allowed
the detection of the drift in deflection due to fatigue strains and allowed the calculation
of the secant modulus of the material. With the new system, complex block loading
fatigue was also possible and in view of the need to establish design procedures for the
new generation of wooden WEC blades, an exploratory study of block fatigue loading
was attempted.

Time prevented a detailed study of microstructural damage to be made using
electron and optical microscopes. With assistance from Dr. J. M. Dinwoodie of the
Building Research Establishment, a promising approach to the study of fatigue failure
mechanisms was developed. 20pm thick microtomed sections of wood were examined

with the optical microscope.

The needs of the Wind Energy Industry in this study of the fatigue failure of
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wood have been considered. As a result, two main types of wood were chosen for this
work - Khaya ivorensis, a tropical African hardwood and Sitka spruce from the UK.
Khaya has been used in the form of sliced 4mm thick veneers laminated with epoxy
resin for WEC blade manufacture. This was therefore the principle material tested.
Later on, rotary cut Khaya was used for the second generation blades. This new
material was therefore incorporated into the testing for comparative purposes. Because
Khaya is a hardwood it has a relatively complex structure. Sitka spruce, a softwood,
was therefore selected for studies of possible ways in which fatigue damage develops.
This also provided a means of comparison between the fatigue properties of hardwoods
and softwoods.

The experimental program therefore fell into three categories to obtain and
observe the following:
(a) The stress versus cycles to failure or fatigue life of wood.
(b) The development of fatigue damage as monitored by changes in fatigue strains and

stiffness.

(c) Anatomical changes during fatigue as observed using electron and optical

microscopy.

7.2 Sample Preparation

7.2.1 Khaya Ivorensis Laminates

Khaya ivorensis was supplied as 4mm thick veneers in two forms, sliced and
rotary cut. The sliced veneers were used in the HWP-300 WEC blades and supplies
were from the consignment used for the manufacture of the blades. Rotary cut Khaya
was introduced later for the second generation blades and subsequently incorporated
into the test program. The veneers were visually examined for defects following the
quality control procedure used by the blade manufacturers. Three types of defects were
found which resulted in the rejection of veneers. These were longitudinal splits and

transverse cracks, shakes and brittle heart. These defects would reduce the strength of
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the laminate and brittle heart also greatly increases its density.

The veneers were laminated together using a room temperature cure epoxy resin
purchased from Structural Polymers Ltd. This resin system consists of, by volume,
100 parts of SP110 epoxy resin and 20 parts of SP210 hardener. Because a vacuum
bagging technique was used in blade manufacture, a similar method was adopted. This
meant that the resin needed a filler to provide a more viscous resin characteristic during
vacuum bagging. The filler used was 20 parts of SP glass microfibre, also from
Structural Polymers, added to the resin mix.

The vacuum bagging manufacturing technique, widely used in the boat building
industry and in the making of composite structures, is an extremely simple and effective
method for laminating the veneers. The set up used is illustrated in figure (7.1). The
resin mix with filler was first applied to the surfaces of the veneers using approximately
300 gm/m2. The veneers, about 0.5m wide by 1m to 1.3m long, were then sandwiched
together, 4-ply thick, and placed into a polythene bag with a wooden base. Netting was
placed above the veneers and the bag sealed. A vacuum was then applied removing any
air bubbles between the laminations. The atmospheric pressure around the bag also
pressed the veneers together giving a laminate of very high integrity. Figure (7.2)
shows an electron micrograph of a section of the laminate showing that the resin has

penetrated some of the vessels in the veneers. The vacuum was applied for over 15

t0 vacuur PUmD

cozrse rlaszic neiting
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vacuun bag lemins te

cg bo.ra

Figure (7.1) Illustration showing the simple technique of vacuum bagging for

the manufacture of Khaya Laminates.
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Figure (7.2) Transverse and tangential-longitudinal sections of a Khaya

laminate showing a glue line on the far right.

hours before laminate removal. Specimens were then cut to the size of 30mm by
270mm with the longitudinal direction along the length of the specimen. Surfaces were
then sanded using a belt sander to remove excess resin before the samples were placed
into conditioning cabinets. Specimens were not measured and weighed until just before
testing. A total of 14 laminates were manufactured 13 of which were labelled A to N
omitting I. Each specimen cut from the laminate was then sequentially numbered, most
plates yielding around 35 to 40 specimens. The 14th laminate was a 0.4m long laminate

and the specimens cut were labelled KA to KH.

7.2.2 Sitka Spruce and Permali Compressed Laminates

A total of four beams of United Kingdom Sitka spruce were carefully selected
and purchased from a local lumber yard. They were chosen specially for straightness of
grain and a large radius of curvature of the growth rings. Specimens were cut ensuring
that the longitudinal, tangential and radial directions were parallel to the planes of the

specimen as shown in figure (7.3). The specimens selected for testing were clear being
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Figure (7.3) Dimensions and orientation of the Sitka spruce specimens.

straight grained and free from knots, resin bands and compression wood. Each
specimen was carefully labelled so that its source and location in the beam could be
traced. The cut specimens were then placed into conditioning cabinets for at least one
month before being measured and weighed for testing.

Compressed Beech laminates were also used initially in this study. These
' laminates were obtained from Permali Gloucester Limited. They were in two forms;
unidirectional and cross (0/90) laminated. The material was 12 plies of Beech veneer
thick, laminated using a phenolic resin and compressed with a force of 15 MN/m?2. This
type of material is often used in aircraft propellers and in subsonic wind tunnels. The
laminates supplied were both about 6.35mm thick and were cut into lengths of 150mm

and widths of 20mm. The laminates were cut with the outer plies in the direction of the

length of the specimen.
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7.3 Environmental Conditioning

With wood properties being strongly influenced by moisture content, careful
conditioning is necessary. Three different environments were used. The first was the
air-dry condition. Specimens were simply left in the laboratory atmosphere which had a
relative humidity of 40%. Most of the specimens tested were conditioned at 65% RH.
Glass tanks with a saturated salt solution of sodium nitrite were used to maintain this
humidity. To obtain an even higher humidity, a salt spray cabinet was used with
distilled water only. This created an environment of 98% RH. The cabinet was
carefully adjusted to ensure a low water collection rate to avoid excess condensation of
water onto the specimens. The salt spray cabinet design followed the ASTM B117-73
description.

Sliced Khaya conditioned in the three environments attained moisture contents
of approximately 5%, 11% and 35%, the last being above the fiber saturation point.
Sitka spruce and rotary cut Khaya was conditioned at 65% RH only which also gave a
moisture content of about 12-13% and 11% respectively. Compressed Beech wood
specimens were not specially conditioned and were tested as received. Their moisture
content was not sensitive to fluctuations in the humidity of the laboratory and were at
about 8%.

Specimens were conditioned for a minimum of three weeks in each
environment. Their moisture content was measured using the oven drying method as
described in the ASTM standards. This simply involved measuring the weight before
and after drying in a oven with a temperature of between 101°C and 103°C. At various
time intervals, a resistance type moisture meter was also used to monitor the moisture

content of specimens to ensure that the moisture content was as stated to within 1%.

7.4 Fatique Test and Monitoring Equipment

The fatigue tests were conducted on a S5kN capacity servo-hydraulic machine

supplied by Dartec Ltd. It had a 5kN fatigue rated load cell mounted on a hydraulic jack

112



with +50mm of travel. The load cell was calibrated to give £10 Volts fullscale. The jack
itself was mounted on a stiff load frame with a manually adjusted crosshead. This is
illustrated in figure (7.4). Hydraulic supply was provided by a =10 litres/min pump
which was aircooled and needed only a standard 13amp single phase supply. The
Dartec electronics was separated into two parts, the closed loop servo valve amplifier
which was mounted on the frame and a general purpose control console. The control
console consisted of various sections. The function generator was capable of generating
a ramp function and sinusoidal, square and triangular waveforms up to a frequency of
100 Hz although for the testing of wood, 30 Hz would be the practical limit of the
machine. Other sections include a digital volt meter with peak detectors for monitoring

the peak loads, a cycle counter, trips to shut the pump off when the specimen fails, and

Figure (7.4) Photograph of the Dartec fatigue machine.
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Phase 1 ' Phase 2

: 7 Chart Transient Transient Chart
Oscilloscope I Recorder Recorder Recorder Recorder
Fatigue Jack |
Load Cell and LVDT
Controller Transducer

p Computer ]‘_____‘

‘. |

Monitor Printer

Phase 3

Figure (7.5) Sequence of monitoring equipment added to fatigue machine. SArGen

was developed in Phase 3 which made Phase 1 and 2 redundant.

two sets of dials for controlling the command signal to obtain the appropriate peak
loads.

Additional monitoring equipment was added in three phases as illustrated in
figure (7.5). The first was a transient recorder of 8 bits (or 1 in 256) accuracy to
measure the peak failure loads during high speed ramp tests. A second transient
recorder was then added to measure deflections from an Linearly Variable Differential

Transformer (LVDT) transducer mounted on the specimen (see section 7.5). This set
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up enabled preliminary measurement of the development of fatigue strains. This setup
however has drawbacks. Firstly, the accuracy of the system was poor especially since
the drift in the signal due to fatigue strains meant that the sensitivity setting had to be
low. A greater problem however was associated with the manual nature of measuring.
Generally, the first few hundred cycles were lost due to the need to manually dial up the
loads until the peak loads required were reached. For short term tests, this loss of early
data would be a significant. Also being manual, the cycles leading up to failure would
generally be missed, likewise intermediate events such as the development of cracks. A
clear picture of the development of fatigue strains and stiffness changes would therefore
not be obtained. The need therefore existed for the third phase which would utilize a
computer to control and monitor the fatigue machine. The system would also provide
additional features such as complex loading facilities and automatic correction of drifts
in the peak loads. This system referred to as SArGen is described fully in Chaptér 6.
The calibrations of load cell and LVDT transducer with SArGen gave £100% fullscale
for 5KN or £8mm respectively, although the transducer was only physically capable
of deflecting through +4mm.

A perspex cabinet was also constructed to fit the fatigue frame to prevent the
drying out of specimens during a fatigue test. This drying out can be significant for
longer term tests and the cabinet with a beaker of saturated sodium nitrite solution was
used to prevent this from occurring. For tests at 98% RH, the fog from the salt spray

cabinet was ducted over to the cabinet ensuring that the specimen remained moist.

7.5 4-Point bend Rig

All fatigue tests on Khaya and Sitka spruce specimens were conducted in
flexure using a four point bend rig with the supports made from one inch diameter
rollers spaced at 70mm apart. This gave a total outer support span of 210mm. The

flexural strength, o, is calculated using the formula:
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where P is the applied load, L is the distance between the outer rollers and b and d are
the specimen width and depth respectively.

Problems were encountered however with this standard arrangement as, in a
fatigue test, the two central rollers had a tendency to dig into the specimen creating a
damage zone. This effect did not appear to seriously affect fatigue lives but affected the
measurement of deflections. To minimize this, polyethylene pads with a surface
curvature of about two inches radius were used spreading out the area of contact and
reducing any damage due to the relative movement between
the specimen and rollers. The problem was not totally removed but the damage with the
pads was much less and its effect fell within acceptable limits.

For reversed flexural fatigue, the rig had to be greatly modified. The basic four
point frame was used but additional rollers were added so that there were now eight
rollers in four pairs. These pairs of rollers were attached to each other by means of a
steel ring which provided a hinge for movement. The arrangement is illustrated in
figure (7.6). The arrangement is by no means ideal. Firstly, as the specimen was
fatigued, the rollers inevitably dug into the specimen resulting in premature failure. The

use of polyethylene pads as before was not possible as it would add too much thickness

Hinges
0 () () ?
Specimen
I O ORI
Hinges

Figure (7.6) Arrangement used for reversed four point bending fatigue. GRP

pads were glued to reduce lateral damage at the central load points.
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between the rollers. Therefore an alternative method had to be considered and it was
found that GRP pads glued to the specimen was the most satisfactory. Woven glass in
epoxy resin was used which had the advantage that it was harder than wood, so did not
crush easily. Also, since it had a modulus not much greater than wood, it reinforced the
area of greatest stress without inducing excessive shear stress between the pads and
wood, unlike aluminum pads. The use of these glued on pads however, has the
disadvantage of affecting the flexural rigidity of the specimen and the deflections
measured would not correspond to the stiffness of wood and can only be used for
comparative purposes.

Another weakness of the arrangement is that it does not fully address the
manner in which the rollers move as the specimen is loaded in each direction. Ideally,
the hinge should be frictionless and located at the line of the neutral axis of the
specimen. This would enable both rollers to rotate with the surface of the specimén as
illustrated in figure (7.7). The rollers should also be free to rotate to allow for some

small expansion and contraction of the specimen when bent. But the ideal arrangement

]
) Hinges ' Hinges |

D/ \® :
O

OO

_________ [
J.

Figure (7.7) Ideal arrangement for reversed four point bending fatigue. The

hinge should be frictionless and located at the neutral axis (N - A) of the

specimen.
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would still have the problem of rollers digging into the specimen, hence it was felt that

time expended to redesign and construct a new rig was not justifiable.
Deflections were measured using a LVDT transducer mounted on the specimen
by means of an aluminum frame as shown in figure (7.8). Pointed screws were used to

hold the frame at the neutral axis of the specimen. The two outer locating points were

Locating screws

/

(Y

! ! o

Aluminium Frame —~—
T LVDT

Figure (7.8) Illustration of the rail used to measure centre-point deflections of

the specimen,

170mm apart with one at the centre of the specimen. The LVDT transducer therefore
measured the relative movement between the two outer and the central points. The
deflection measured was therefore non-standard. This was necessary as it would
increase the sensitivity of the deflection measured. Also the form of the loading jig
imposed considerable restrictions on the possible frame design. The system worked
well although the locating points would need improvements for tests exceeding

100,000 cycles as there was a tendency for them to become slack due to the vibrations.

Bl
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Figure (7.9) Schematic of the terms used in equation 7.2.

The LVDT transducer itself was capable of measuring deflections of 4mm. It was

calibrated to give 15 Volts fullscale.

Based on this arrangement, no standard formula for modulus calculation exists.
The formula has therefore to be derived. The general formula for the deflection, J, at a

distance X from R in a four point test may be given as (Urrey, 1953)

3 3 3
3 X (x-a) (X-b)
EIS = -RA-6— +W1__6 +W2——6 +Cx+D _—

where the terms used are as shown in figure (7.9) and the expressions in the brackets

are ignored if negative. The constants C and D may be determined from the conditions

at the outer two rollers. For the configuration of the test,

D=0,
o P
18

Equation 7.2 may be rewritten as

px> L P a) , Px- by . PL%x
2 12 12 36 .. 7.3

EId =-

where the expressions are again ignored if negative. The deflection measured in the
test, 8 is the relative movement of the central point with respect to the outer points.
Therefore, the equation for the modulus may be expressed as

EI8;=EI§, -EI5, .. 7.4
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where 51 is the deflection for x=105 mm (the center point deflection) and 0, is the
deflection for Xx=20 mm. Since L=210 mm, it can be shown that

E= 1392250P

— 7.5
bd’8 ..

It must be noted that shear has not been included in the derivation and that its
contribution is not insignificant. Care should therefore be exercised when comparing
measured values based on equation 7.5 with flexural moduli quoted in the literature.
The ASTM standard for modulus calculations based on the three point bend test also
ignores the shear contribution. However the smaller shear area of the test used would
result in a higher modulus.

Permali compressed Beech wood specimens were tested on the fatigue machine
using a four point bend rig with the outer rollers spaced at 85mm apart and the two

inner rollers 28.5mm apart. No deflection measurements were made with these tests.

7.6 Microscopy

Sections and fracture surfaces of fatigued and ramp tested specimens were
examined under the Scanning Electron Microscopes to study fracture morphology. The
work was carried out on two models, JEOL 35C and JEOL T20. Fracture surfaces
were first coated with a thin layer (=15nm) of gold-palladiun in a sputter coater using
an accelerating voltage of 20kV for 10 mins. Photomicrographs were taken of the
fracture surfaces.

Optical microscopy was performed using the technique developed by C.T.
Keith (1968) and J.M. Dinwoodie (1966, 1968) to study compression damage in
wood. This technique involves taking a 5Smm by 5Smm by 15mm section of wood and
boiling it for 2-4 hours until softened. The section can then be microtomed into 20Um
thick sections using a base sledge microtome. Great care was taken to orient the
microtome blade to 1.5° to the sample axis in order to avoid inducing compression

damage into the microtomed section. This is a common problem as described by
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Dinwoodie (1966). Sections were then mounted on microscope slides and examined

using polarized light microscopy. Grateful thanks is due to Dr. Dinwoodie for

introducing this technique to the author and preparing the slides.

7.7 The Experimental Program

7.7.1 Static Flexural and Compression Tests

The main aim of this work was to characterize the properties of the Khaya
laminates, compressed Beech laminates and Sitka spruce. About 20% of the specimens
were ramp tested to obtain their flexural strengths using the ramp function of the fatigue
machine and the same four-point bending rig as the fatigue tests. The tests were carried
out at a constant rate of loading of 40 KN/sec which corresponded to a rate of stress
application (RSA) of about 1000 MPa/sec for Khaya and Sitka spruce, and 3900
MPa/sec for compressed Beech specimens.

A number of compression tests parallel to the grain were also made. The
specimens for these tests were cut from standard flexural specimens into dimensions
15mm by 30mm by 90mm. These tests were performed using a 100KN, screw driven
Instron, model 1195, at a crosshead speed of Imm/min. A total of 6 sliced Khaya

specimens and 15 Sitka spruce specimens conditioned at 65% RH were tested.

7.7.2 Rate of Stress Application Effects

Since wood is sensitive to the RSA of the test, rate effect was examined in a
series of tests carried out on the 5% and 11% moisture content sliced Khaya specimen.
The RSAs used were 1, 14, 150, 1115, 3230 MPa/sec. giving a range of over three
decades. The specimens were all taken from two laminates, one for each moisture
content to reduce the spread of results within each family of tests. A series of tests were

also performed on 0/90 compressed Beech specimens with RSAs of 5, 50, 600, 4200,

and 145600 MPa/sec.
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7.7.3 Fatigue Testing

The fatigue tests carried out on the specimens followed various themes. These

are listed as follows.

(a)

(b)

(c)

(d)

Comparison of various species and types of wood.

With five very different types of wood and wood composites, a comparative
study was performed by establishing S-N curves for each type. They were all
tested at an R ratio of 0.1. Test frequency however was not fixed. The
unidirectional compressed Beech specimens were tested at a fixed frequency of
20Hz but the 0/90° specimens were tested at a constant RSA of 2600 MPa/sec.
Sitka spruce specimens could not be tested at that rate due to the limitations of the
fatigue machine and the rate was therefore reduced to 1600 MPa/sec. Tests on the

sliced and rotary cut Khaya laminates were at a slower rate of 1000MPa/sec.

Moisture effects.
The three moisture conditions of the sliced Khaya specimens, 5%, 11% and

35%, were compared by fatigue tests at a R ratio of 0.1. The 5% moisture
specimens were tested at a fixed frequency of 15 Hz while the other two tests
were conducted at an RSA of 1000MPa/sec.

R ratio effects.

The R ratio is an important test variable. Five different R ratios were used to
generate fatigue curves. Two R ratios, -1 and -0.5, involved stress reversals. The

other three R ratios were at 0.1, 0.3 and 0.5. In all the tests a constant RSA of

approximately 1000 MPa/sec was used.

Block loading.
Within the time scale of the research project, it was impossible to perform a

thorough investigation into the problem of complex loading. A wide variety of
tests would be necessary. Therefore, an exploratory study in to the possible
problems associated with complex loading fatigue of wood was made. Sliced

Khaya specimens conditioned at 65% RH were used in all the tests. Until the
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development of SArGen, block loading had to be done manually. Initially an
attempt was made to reduce the burden of manual operation by conducting a two
level block test using R=ratios of 0.1 and 0.5. Stress reversals were avoided in
view of the problems in the loading rig.

From the S-N curves established earlier, a stress level for the two R ratios
were chosen to give a mean failure life of around 5 million cycles as estimated
using Miner's Rule. Therefore, for R = 0.1, the stress level of 75% of flexural
strength was chosen and for R = 0.5, 85%. Specimens were first fatigued at R =
0.1 for 2*10° cycles followed by R = 0.5 till failure. The sequence was then
reversed with tests at R =0.5 for 10° cycles followed by R = 0.1 till failure. Two
other programs with shorter blocks of two levels but repeated until failure were
attempted but it was found to be tedious to conduct manually and only a few tests
were performed. These were at two stress levels with R=0.1. Two specimens
were tested at 63.2% for 100,000 cycles followed by 73.7% for 10,000 cycles,
the sequence repeated till failure. Another two specimens were tested at 60% for
10,000 cycles and 70% for 10,000 cycles.

Following the development of SArGen, more tests were conducted but
these samples did not all fail. Changes in peak loads and deflections were
recorded during these tests and unfortunately due to the size of data files created,
the tests automatically terminated with less then 250,000 cycles tested. There
were also difficulties with over loads during the transitions from one load level to
another. The software for SArGen was later improved but the limited time

available meant only a few tests could be performed.

7.7.4 Fatigue Testing with SArGen

Tests with SArGen were carried out initially on sliced Khaya conditioned at
65% RH. These tests were conducted at an R ratio of 0.1 with the aim of looking at the

changes in stiffness and fatigue strains from the start of the tests till failure. Most tests
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were therefore conducted between the stress levels of 85% to 70% of flexural strength.
Subsequently, stiffness and strain changes at low stress levels were also felt to be of

interest hence tests were conducted without taking them to failure, up to 150,000

cycles.

A more comprehensive examination of the effect of stress level on the changes
in stiffness and fatigue strains were carried out on Sitka spruce conditioned at 65% RH.
These tests were carried out at R = 0.1 with tests conducted till the data recorded by
SArGen was no longer meaningful due to movement of the LVDT frame caused by

vibration. A number of tests on rotary cut Khaya were also made at 75% of flexural

strength with R = 0.1.

The effect of stress reversals was also examined with a series of tests at

different load levels and at R = -1. Tests were conducted on both sliced Khaya and

Sitka spruce conditioned at 65% RH.

7.7.5 Microscopy

The work on microscopy is relatively limited. Examination of sliced Khaya
specimens failed in ramp tests and fatigue tests were made using the SEM for
comparison of microstructural differences. Using the optical microscope technique to
examine compression creases, the development of damage in fatigue of Sitka spruce
was studied. Closely matched specimens from the same block were used. They were
fatigued at 75% of flexural strength at R = 0.1 to 100, 500, 1000, 10,000 and 100,000

cycles. Each specimen were then microtomed at the region of maximum compressive

stress and examined for structural changes.
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atic Mechanical Propertie

8.1.1 Results

The properties of the materials tested are summarised in table (8.1). In all cases,
the flexural strengths were measured althou gh for sliced Khaya and Sitka spruce, the
main species investigated, the properties were more thoroughly characterized. A total of
86 specimens of sliced Khaya at 11% MC and 27 specimens of Sitka spruce were
statically tested. The density results included the densities of the fatigue specimens.
Early tests on sliced Khaya at 5% MC and the Permali compressed Beech laminates did
not include density measurements and no data was available. In addition to the data in
table (8.1), the flexural modulus of Sitka spruce was also measured using the high
sampling rate available with SArGen. The modulus, based on 14 specimens was found
to be 11.9 GPa with a standard deviation of 1.5. The compression strength were
measured using the Instron 1195 and was tested at a relatively low speed of 0.1

mm/min or approximately 0.05 MPa/sec, more than four decades slower than the stress

rate of the flexural tests.

Table 8.1 The density and basic static mechanical properties of species tested.

Moisture Flex. Str.(MPa) Density (kg/m3) Comp. Strength(MPa)
Material Content Mean Std.Dev No. Mean Std.Dev No. Mean Std. Dev No.

Sliced Khaya 5%  106.74 7.23 18
11% 9558 1261 8  572.16 50.21 170 4368 266 6

>35% 6746  3.37 6 9857 499 19
Rotary Khaya 11%  109.04 1085 5 54042 16.08 19
Permali UD 8%  255.0 8.6 4

Permali 0/90 8%  227.88 13.24 7
Sitka spruce  12% 9132 464 27 4165 302 35 3766 531 15

Compared with the data for solid wood published in Lavers (1983), the flexural
properties of both the Khaya laminates and Sitka spruce shown in table (8.1) are much

higher. For solid Khaya ivorensis at 12% MC, Lavers reported a flexural strength of
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only 78 MPa with a density of 497 kg/m3. While the lamination process with the added
resin would account for the 13% difference in densities, this would not be expected to
make a major effect on the mean strength. The measured flexural strength was found to
be 22% higher. Sitka Spruce at 12% MC from the U.K. was reported to have a flexural
strength of only 74 MPa and a modulus of 8.1 GPa with a density of 384 kg/m3. The
density of the Sitka tested was only 8.5% higher and cannot account for the 23%
difference in strength and 46.9% difference in modulus. The higher flexural properties
measured compared to that reported by Lavers may be due to the difference in test
method, a 4 pt. test being used rather than a 3 pt. test. However, as seen in the results
on rate effects (section 8.1.3), most of the difference must be due to the high stress rate
used. It was significant that the compression strength results measured under similar
test conditions (except for the difference in size) were slightly lower than those reported
by Lavers. Given the statistical scatter, however, the difference was not significant and

it can be concluded that the material tested did not have exceptional properties.

8.1.2 Statistical Variation in Strength and Density properties.

As the aim of the fatigue program on sliced Khaya ivorensis was to test material
as used on the HWP-300 Wind Energy Converter blades, the veneers for tests were
sourced from the same consignment used for blade manufacture with similar quality
control procedures. Since only veneers with obvious defects such as brittle heart,
cracks and shakes were rejected, a high variability in properties would be expected.
This was due to the fact that the veneers, although sourced from the same consignment,
would be from different trees. Therefore a variation in density, chemical composition
and cell wall structure would occur from veneer to veneer all contributing to scatter of
properties. Even within a veneer or tree, properties will vary due to changes in
conditions and rate of growth. To characterize this variability, a large number of tests
were carried out. A closer analysis of the sliced Khaya and Sitka spruce results was

therefore possible.
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About 20% of specimens from each laminate of sliced Khaya manufactured
were statically tested. Results for the tests and the densities of the specimens from each
laminate is summarised in table (8.2). Considering all specimens together, it can be
seen that the scatter of bend strengths is quite large, ranging from 60.15 to 123.2 MPa
with the mean of 95.58 MPa mcuﬁng approximately at the middle. A large scatter in
results also exists for the densities which range from 488.1 to 717.1 kg/m3 with a mean
of 563.4 kg/m3. Using a simple statistical test for comparison of two normal
distributions with known variances, it was found that there exists a difference in
strength and densities between laminates E, F and G and laminates J, N and KA at the
95% confidence level. Some laminates are therefore significantly stronger and denser

then others. However, taken as a whole, the standard deviation remains quite small and

is of the order of that of individual laminated boards.

Table 8.2 Flexural strength and density of sliced Khaya ivorensis laminates

Laminate  No. of Flexural Strength (MPa) Density (kg/m>)

Samples Mean Std. Dev Range Mean Sid. Dev Range

C 5 96.93 7.01 18.29 - - -

D 4 95.68 1.18 2.3 - - -
E 4 108.10 13.49 28.10 698.4 17.8 34.4
F 5 112.73 8.72 21.11 608.9 448 107.8
G 5 106.27 12.10 32.54 585.3 9.4 26.1
H 11 96.78 11.49 39.66 566.3 23.0 773
: J 5 88.62 7.10 17.47 527.2 3.9 10.8
K 8 94.97 8.31 22.73 5479 16.2 459
L 7 91.41 12.26 28.58 551.8 31.6 914
M 12 93.80 15.00 57.53 544.7 352 110.2
N 12 89.64 14.54 43.06 561.5 15.2 47.2
KA 8 89.59 7.29 20.38 528.5 15.9 50.5
Total 86 95.58 12.61 63.05 563.4 44.4 229.0

The distribution of the flexural strengths can also be seen in figure (8.1) as a
cumulative failure probability plot based on a median ranking of data. The fitted normal

distribution function of the data is also plotted with the data. The figure clearly shows
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that the distribution closely fits that of a normal distribution. The good fit reinforces the
use of the total sample of specimens as the basis of estimating the strength of the sliced

Khaya laminates. The cumulative probability plot of the density is shown in figure
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Figure (8.1). Cumulative probability plot for the static flexural strength of sliced

khaya laminates. The curve shows the normal distribution function fitted to the

data.
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Figure (8.2). Cumulative probability plot for the density of sliced khaya

laminates. The curve shows the normal distribution function fitted to the data.
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Figure (8.3). Cumulative probability plot for the density of sliced khaya

laminates with laminate E omitted. The data shows an improved fit to the normal

distribution function.
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Figure (8.4). Cumulative probability plot for the flexural strength of Sitka

spruce with the normal distribution function fitted to the data.

(8.2). Unlike the strength plots however, the data does not closely follow a normal
distribution. A closer look at the results reveal however that a bias in density was

created by an exceptionally high density laminate labelled E. Laminate E was 90k g/m3
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greater in density than the next highest density lJaminate. When the data was plotted
omitting this laminate, the density distribution follows closely a normal distribution as
seen in figure (8.3). Laminate E is therefore an exceptionally dense laminate although
this does not appear to affect the flexural strengths. The laminate was visibly darker
reflecting the high extractive content of heartwood.

The flexural strengths distribution of Sitka spruce similarly followed a normal
variate as seen in figure (8.4). The density probability plot however does not follow the
normal function. Figure (8.5) shows that like Khaya, it is at the high density tail of the
distribution that the deviation occurs. That the distribution in strength remains normal
despite the skewness in the density distribution suggests that a non-strength affecting

factor, such as extractive content, was influencing the density of the specimens.
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Figure (8.5). Cumulative probability plot for the density of Sitka spruce with the

normal distribution function fitted to the data.

8.1.3 Effect of Stress Rate

The effect of stress rate was studied with 5% MC and 11% MC sliced Khaya
and 0/90 Permali compressed Beech laminates. At 5% MC, the results, as shown in

figure (8.6), indicate no increase in strength over a three decade change in stress rate.
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Any effect, if present was totally masked by the scatter of results. Figure (8.7)
however, shows that for 11% MC, there was a significant increase in strength. The
data is based on tests using one laminate and there was a very small scatter of results

with a strength increase of over 10% from 10° to 10 MPa/sec. It is therefore important

130
1 a
g 120': o
o]
S 110 4 8 = B o 8
:‘:/ - o] - m
o 100 + a 8 a
53 ] a
B 90 -
w ;
< 80 -
5 ]
5 704
E o
60
50 T T TP T T TP T T ——T—T T
1071 109 10! 102 103 104
Stress Rate (MPa/sec)

Figure (8.6).Effect of stress rate on the flexural strength of 5% MC sliced

khaya laminates.
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Figure (8.7). Effect of stress rate on the flexural strength of 11% MC sliced

khaya laminates.
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Figure (8.8). Effect of stress rate on the flexural strength of 0/90 Permali

Compressed Beech laminates

that the estimation of flexural strengths for fatigue tests be based on tests at the
appropriate stress rate. Figure (8.7) also shows that above 10® MPa/sec, the stren gth
increase is not significant supporting the result of Nadeau et. al. (1982).

For 0/90 Permali laminates, the stress rate also greatly affects the flexural
strength as shown in figure (8.8). This sensitivity to stress rate can be explained by the

opening of flaws in the 90° laminae, following the slow crack growth theory of Nadeau

et. al. (1982).

8.1.4 Relation between Strength, Modulus and Density

The relation between strength, modulus and density are well established as
reviewed in Chapter 2. However it is of interest here to examine these relationships for
Khaya and Sitka spruce specimens to determine if they are sufficiently reliable for
reducing the scatter of the results in the fatigue tests. For sliced Khaya at 11% MC,
figure (8.9) shows that a relationship does exist between flexural strength and density.
The correlation of the data is however quite low (0.46) due to the fact that most of the

data is concentrated around the average density. As noted earlier, laminate E also
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created a bias in the results and it may be concluded that for sliced Khaya, any attempt

to use density for correction of estimated static strength is futile.

Figures (8.10) and (8.11) shows the relation of flexural strength to density and

modulus respectively for Sitka spruce. Again the correlations of the regression lines
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Figure (8.9). Flexural strength versus density plot of 11% MC sliced Khaya

laminates.
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Figure (8.10). Flexural strength versus density plot for Sitka spruce.
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are not high. However, when the compression strengths are plotted against density,
figure (8.12), the correlation is much greater and the regression line extrapolates to
nearly zero strength at zero density. It therefore suggests that where compression

strength is to be estimated, the regression equation may be used from the measured

specimen density.
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Figure (8.11). Flexural strength versus modulus plot for Sitka spruce.
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Figure (8.12). Compression strength versus density plot for Sitka spruce.
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8.2 Fatigue Life of Various Types of Wood at R = 0.1

8.2.1 S-N Fatigue curves at R = 0.1

The fatigue curves for the five different types of wood and wood laminates are
shown in figures (8.13) to (8.17) as plots of maximum applied peak stress against the
logarithm of the number of cycles (S-N curve). The fatigue curves for Sitka spruce,
rotary cut Khaya and Permali 0/90 laminate support the log-linear model for the fatigue
of wood.All their respective linear regression lines extrapolate to values very close to
the measured static strength. For sliced Khaya (figure(8.14)) however, the line
extrapolates to a value nearly 9MPa less than that measured. This however is still
within one standard deviation of the scatter of measured values and with the small
gradient of the line, it is unlikely that the fatigue behaviour of sliced Khaya is
significantly different from the other three.

The unidirectional Permali compressed Beech laminates however, show a

strong non-linear behaviour for low cycle fatigue. It would be unlikely for the fatigue
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Figure (8.13). S-N fatigue curve for Sitka spruce with regression line through

data. The static strength and its error bars indicating one standard deviation is

also included in the plot.
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Figure (8.14). S-N fatigue curve for 11% MC sliced Khaya laminates with
regression line through data but excluding the static strengths. The static strength

and its error bars indicating one standard deviation is also included in the plot.
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Figure (8.15). S-N fatigue curve for rotary cut Khaya with regression line
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deviation is also included in the plot.
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Figure (8.16). S-N fatigue curve for 0/90 Permali compressed Beech laminates
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laminates with regression line through data. The static strength and its error bars

indicating one standard deviation is also included in the plot.
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strength to be greater than the static strength hence the curve must flatten towards the
static strength for fatigue lives of less than 1000 cycles. A comparison of the fatigue
curves plotted together in figure (8.18) and in their normalized form in figure (8.19)
suggests that the Sitka spruce and Khaya laminate fatigue curves differ greatly to the
Permali compressed beech laminate fatigue curves. While the curves for Sitka spruce
and Khaya laminates appear to have similar gradients when normalized (especially if the
line for sliced Khaya is made to regress through its static strength), those for the
compressed laminates have greater and almost equal gradients. This would indicate that
the two compressed Beech laminates have a similar fatigue behaviour distinct from the
other three. This is not surprising since the structure of the compressed laminates is
very different from the uncompressed Khaya and solid Sitka. The cellular structure of
wood is destroyed in compressed laminates to give a more homogeneous material less
susceptible to compression damage. Furthermore, since the tests are in flexure, the
unidirectional and 0/90 laminates behave quite similarly with the highly stressed outer
plies of the laminates being in the same direction. The 90° plies of the 0/90 laminate do
not contribute significantly to the strength and serve more as a shear stress transfer

medium. Also where tensile cracks occur in the 90° plies, they act as stress
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Figure (8.18). A combined plot of the regression lines of figures (8.13) to (8.17).
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Figure (8.19) A combined plot of the regression lines in figures (8.13) to (8.17)

with maximum stress expressed as a percentage of static strength.

concentrators. However, as the cracks would be against plies in the direction resistant
to crack growth their role would be more severe in fatigue in the form of slow crack
growth. Fatigue crack growth studies on the 0/90 laminates (Ansell and Tsai, 1984)

have shown this slow fatigue crack growth.

8.2.2 Assessment of the Scatter of Fatigue Data

It should be noted that the scatter in results as shown in the fatigue graphs is
quite high. With the larger data set of 11% MC sliced Khaya, further analysis of the
nature of this scatter was made. First, an improvement was obtained when the stresses
were normalized using their respective laminate strength as listed in table (8.2). This
new plot was assessed using a log-linear regression analysis with a constant of 100%
assumed. This ensured that the line regressed through the static strength of the slice
Khaya. This is shown in figure (8.20). The error of the data from the model, called
residuals, was stored as the scatter in fatigue strength. The residuals can then be
analysed for comparison with the scatter of the static strength.The regression model is

given by the equation,
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% Static Strength = 98.8 - 4.038 log(Cycles) ... 8.1
The residuals to this regression model had a standard deviation of only 4.77% of static

strength. Figure (8.21) shows the cumulative probability plot and its fit to the normal
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Figure (8.20). Fatigue plot for 11% sliced Khaya with fatigue strength

normalized with the laminate strength of the specimen. The log-linear regression

model used in the statistical analysis is also shown.
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Figure (8.21). Cumulative probability plot for the residuals in fatigue strength

based on data normalized with laminate strength.
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Figure (8.22). Relation between the residuals of fatigue strength with density.

distribution function. The fit is reasonable and the small scatter in results suggests that
the log-linear model with a constant assumed was reasonable. Also like the static data,
there was a similar correlation between the residuals and density as figure (8.22)

shows. Further similar analysis of rotary cut Khaya and Sitka spruce confirmed this

model.

8.3 Effect of Moisture on Fatigue Life

Table (8.1) shows clearly that with the increase in moisture content, the flexural
strength of sliced Khaya is greatly reduced. This is also well established in the literature
but in fatigue, it is important to consider if the reduction in fatigue life is proportional to
the reduction in static strength. The data for the three moisture contents of sliced Khaya
assessed (5%, 11% and >35%) is plotted in its normalized static strength form in figure
(8.23). Moisture can clearly be seen to have a strong effect on fatigue strength and the
reduction in strength cannot be factored based on the static properties. Plotting the
gradients against the moisture contents shows a very good linear relationship. Figure
(8.24) shows this with the regression equation included. It should be noted that there is |

some error involved in the moisture determination particularly for the 35% moisture
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content results. Nonetheless, the trend is clear and extrapolating the line towards zero
moisture level gives a gradient of -2.5, suggesting that fatigue still occurs and is not

negligible. Also since 35% MC is about the fibre saturation point of wood, the trend
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Figure (8.23) The effect of moisture content on sliced Khaya laminates fatigued

at an R ratio of 0.1. The maximum peak stresses is expressed as a percentage of

static flexural strengths.
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beyond 35% may not follow the line but, like the effect of moisture on compression
strength, may level off. A further element of the effect of moisture can be seen in figure
(8.25) where the fatigue data is plotted in absolute stress terms. The curves show
clearly that moisture has not only affected the static strength but also the fatigue
process. The higher the moisture content, the greater the gradient of the line indicating a

higher rate of fatigue damage accumulation.
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