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The primary aim of this work was to assess the fatigue performance of scarf-jointed
laminated wood composites used to manufacture wind turbine blades and establish simple
fatigue design procedures. Laminates made from poplar (Populus canadensis/serotina),
Khaya (Khaya ivorensis) and beech (Fagus sylvatica), incorporating typical scarf joints, were
assessed under reversed loading (R=—1). Scarf joints were found to be great equalizers of
fatigue performance for wood species with different static strengths. Poplar was
investigated at several other R ratios (+3, —3, —0.84 and 0.33). The application of 95%
survival probability limits derived from pooled data increases the statistical reliability of c-N
curves and gives an improved estimate of a material’s minimum performance. The o-N
curves derived for all three wood species at R=— 1 were normalized with respect to ultimate
compressive strength values and found to be practically coincidental. This allowed the
derivation of a master curve for a generic scarf-jointed wood laminate under reversed load
conditions. This relationship was verified using data from the literature and found to be

a good predictor of fatigue performance. The construction of simple triangulated constant
life diagrams based on static tensile and compressive tests and fatigue testing at f=—1
brings about a rapid assessment of the overall fatigue performance of any wood composite.
These can then be used in the fatigue design or life prediction of wood composites under

cyclic loading. © 7998 Kluwer Academic Publishers

1. Introduction

The commercial exploitation of wind energy initiated
substantial research into optimizing and standardiz-
ing the criteria by which wind turbine blades (the most
critical components of the machine) are designed and
manufactured, with particular reference to fatigue per-
formance. ,

Glass fibre-reinforced plastic (GFRP) is the most
widely used material for rotor blades throughout the
world. This is probably because it is relatively cheap,
has good specific properties, is easy to fabricate and is
well understood in terms of its behaviour under dy-
namic loading. However, laminated wood composite
blades have been developed and used in the UK and
the US since 1980, resulting in well-designed, low-cost
wind turbine rotors. Wood used in this form has
proved to be an excellent blade material and despite
the continued development of GFRP and carbon
fibre-reinforced plastic (CFRP) blades over the same
period, this technology remains highly competitive,
particularly for larger blades where its superior speci-
fic properties offer a distinct advantage [1,2].
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Wood is essentially a natural fibre-reinforced com-
posite. It has a cellular, low-mass structure which
gives it very good specific properties. It is cheap,
readily available and performs well under fatigue
loading. It is orthotropic in nature and its physical
and mechanical properties are greatly dependent on
moisture content. These limitations are overcome by
a process of laminating thin veneers of wood with
epoxy resin which reinforces and seals the wood in
a way that is impossible with conventional paints. The
veneers are end-jointed with glued scarf joints to min-
imize stress raisers. The scarf joints are staggered to
avoid adjacent joints which would reduce strength.
The addition of an encapsulating GFRP blade sheath
helps resist splitting and shearing and provides
a smooth aerodynamic surface. It also maintains a
steady moisture content within the wood veneers. The
anisotropy of wood means that shear and cross-grain
stresses should be avoided, therefore the lay-up is such
that the principal axis of loading is along the longitu-
dinal or growth direction. Wood is weaker in com-
pression than tension, thus compressive loading is
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a dominant factor in blade design. Its low density and
low strength mean that thick sections have to be used,
providing excellent buckling resistance. The different
species of wood show less variability in fatigue
strength than different GFRP systems because fatigue
strength depends mainly on the cellulose content re-
flected by the density of the wood [1, 3-5].

1.1. Wood fatigue

The world production of timber currently stands at
around 10° tonnes per annum, making it a very im-
portant structural material [3]. Despite this high
volume, information on the fatigue behaviour of wood
is limited compared to metals or even advanced com-
posite materials. This can probably be attributed to
the major use of wood as a structural material in civil
engineering where creep or duration of loading is the
dominant design factor rather than fatigue. The occur-
rence of fatigue in wood was treated with scepticism
until the advent of the Second World War [6]. This
saw the increasing use of wood as an airframe material
creating a sudden need for an understanding of its
fatigue behaviour. The development of lightweight
metals after the war meant a decline in the use of wood
for this demanding application. The fatigue strength of
wood is actually much higher than that of crystalline
materials when compared to the static strength limit
of the substance. This has led in the past to the rather
widespread practice of ignoring fatigue properties.

Much of the literature regarding the fatigue of wood
has concerned testing in flexure [7]. This is a legacy of
wood being used as beams, flooring, etc., in the con-
struction industries. In addition, the lack of sophisti-
cated testing equipment available to early workers
resulted in most testing being carried out under deflec-
tion control, load control being difficult to achieve.
Wood being a viscoelastic material is susceptible to
creep and reduction in modulus with time, therefore,
under deflection control, peak loads gradually decline
over the test period allowing indefinite continuation
with no visible sign of failure [6]. Much of the work
performed in this way must be treated with suspicion,
particularly at long lifetimes.

An extensive review of wood fatigue literature has
been carried out by Tsai and Ansell [8] and supple-
mented by Bonfield and Ansell [9]. Readers are refer-
red to these two papers for detailed study of wood
fatigue. Both solid and laminated wood have been
tested in flexure and rotating bending by numerous
workers [8, 10-19]. Although there is a large degree of
uncertainty regarding the actual fatigue strengths of
various wood species, the consensus seems to be that
solid and laminated wood do not greatly differ in
fatigue behaviour. In complete contrast, Sterr [20]
concluded that laminated wood had a higher fatigue
strength than solid wood and Ota and Tsubota [21]
concluded that the resin type used for laminating also
affected fatigue strength.

A further area of debate is the form of the o—N
curve for wood fatigue. Kommers [13] suggests an
asymptotic value is approached at low stress levels,
although his data were obtained using constant deflec-
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tion testing and a test frequency of 30 Hz which intro-
duces the problem of adiabatic heating, giving rise to
a change in wood properties. Lewis [22] also assumes
from his work on tensile axial fatigue that extrapola-
tion of data lines show an asymptotic trend. Most of
the published data is for less than 5 x 10° cycles so the
case for extrapolation to 107 cycles and beyond is, at
best, questionable.

The same factors that affect static mechanical prop-
erties also affect fatigue life. For example, moisture
content, temperature, density, grain angle and defects
will all have an effect and have been investigated by
several workers [11, 17, 19, 23-25].

Bonfield et al. [26-29] and Johnson [24] carried
out a great deal of axial fatigue testing at various
R ratios. Bonfield and Ansell [26] went on to derive
a constant life diagram for Khaya ivorensis after test-
ing at R ratios of —1, —2, —10 and 0.1. In a later
paper [27], the same authors looked at the effects of
specimen size and block loading. They concluded that
size had negligible effect on fatigue life at R = — 1
although size is probably an important variable in
bending. Block loading was used to try and verify
Miner’s Rule [30] ; the result, however, was critically
dependent on o—N data interpretation.

1.2. Jointed wood

The effect of joints, whether glued, bolted or nailed, on
mechanical performance, is of great interest to de-
signers and users of wooden structures. Most wooden
structures will require the use of several members
necessitating the use of joints.

Maku and Sasaki [19] examined, in rotating
bending fatigue, various configurations of scarf- and
butt-jointed wood laminates. Scarfed specimens per-
formed similarly to unjointed specimens in both static
and fatigue, whilst butt-jointed specimens performed
much more poorly. Bonfield et al. [29] carried out
a similar study comparing various joint configura-
tions incorporating butt, scarf, overscarf and under-
scarf joints in Khaya ivorensis, Black Italian poplar
and European beech. Little difference was found in the
performance of Khaya, all joint configurations, except
overscarf, having similar failure modes. In the case of
beech and poplar, all scarf-jointed specimens outper-
formed those containing butt joints. Lewis [22] com-
pared solid and scarf-jointed Douglas Fir and found
no decrease in fatigue life with the presence of joints,
provided the lower static strength was accounted for.

Bohannan and Kanvik [31] studied two types of
finger-jointed Douglas fir. They found that after
30 x 10° cycles at R =0.1, the specimens pos-
sessed approximately 40% of their static strength and
approximately 80% of the strength of 1:8 slope
scarf-jointed specimens that had undergone similar
testing.

1.3. Fatigue design

Critical to the success of a dynamically loaded
structure is its fatigue design which relies on the un-
derstanding of fatigue behaviour at all R ratios



(O min/Omax)- This can be determined from a constant
life or a Goodman diagram where mean stress versus
alternating stress is plotted for numerous different
R ratios and bell-shaped curves representing constant
lives can be constructed. The generation of such dia-
grams normally requires a large number of tests of
representative material to provide c—-N curves from
which constant life data can be derived. Previous work
at the University of Bath [32] generated a compre-
hensive fatigue database which led to the derivation of
a constant life diagram for unjointed Khaya laminate.
However, joints in a large wood structure are a practi-
cal requirement. Scarf joints are easy to fabricate and
provide good load transfer with little stress concentra-
tion. An assessment of their performance in fatigue is
necessary for reliable and safe fatigue design of wood
composite wind turbine blades. A method of easily
assessing the global fatigue performance of jointed
wood composite systems is a principal aim of this
paper.

Principal changes to a wood composite, such as use
of an alternative wood species or resin type, require
a sensible number of tests to give a clear indication of
structural fatigue performance. The effect on fatigue
life of smaller changes to the manufacturing method,
such as joint type, joint configuration, components of
the GRP skin, etc.,, could be assessed by minimal
testing. If the general bell shape of the constant life
diagram in Fig. 1 is assumed to be typical for all
structural wood species, then imposing a triangle with
corners at ultimate tensile strength (UTS), R = 1 and
ultimate compressive strength (UCS) values creates
a conservative constant life diagram that fits within
the original comprehensive curve.

Measurement of the UTS and UCS and generation
of a o—N curve at R = — 1 and statistical treatment of
the data to improve its reliability allows the rapid
generation of simplified constant life diagrams which
offer a safe estimate of fatigue life. These diagrams can
subsequently be used for the fatigue design and predic-
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Figure I Comprehensive constant life diagram for Khaya ivorensis
overlaid with simplified triangulated constant lifelines. (03) 107
cycles, (@) 10° cycles, (H) 10° cycles.

tion of lifetime to failure of blade materials. A method
of statistically treating fatigue data is discussed below.

2. Data analysis and statistical treatment
2.1. Regression of c—N data

The calculation of regression curves is invaluable in
determining the relationships between stress and
cycles to failure at a particular R ratio. It must be
noted that in the case of —N data, the applied stress,
o, is the independent variable and the number of
cycles to failure, N, is the dependent variable. This
must be taken into account when performing any
statistical analysis on the data.

In the cases of log-log o-N plots, several log
N values were obtained for each o level tested and
thus median value of log N have been used in the
regression analysis according to the recommendation
in ASTM E206 [33].

2.2. Statistical intervals

Any measurement of a material property is liable to
show scatter. In the case of fatigue testing, this scatter
is generally large, often spanning three orders of mag-
nitude. This problem of scatter has made it common
practice to estimate and construct an interval around
the data which, with a high degree of probability,
contains a specific value of interest.

Three different types of statistical intervals are com-
monly used.

(i) A confidence interval is an estimate of an interval
which will contain the population mean, p. The
sample mean, X, is an estimate of the unknown popu-
lation mean, , but differs because of sampling fluc-
tuations. The confidence interval contains p with
a specific degree of probability, known as the confi-
dence level. The confidence limits are calculated from
% + Cn(n)s, where c,(n) is a tabulated value depend-
ing on the degree of probability required, m, and the
number of observations in the sample, n. s is the
standard deviation (s.n.) of the sample.

(i) A prediction interval is an interval calculated to
contain all of a number of future observations with
a certain degree of probability. Prediction limits are
calculated using the formula x + cpy,(n)s, where
¢p,i.,(n) is a tabulated prediction constant, ¢, for v,
the percentage probability to include k future obser-
vations and is dependent on n, the number of ob-
servations in the sample.

(iii) A rolerance interval is an interval calculated to
include at least a stated proportion, P, of the popula-
tion with a stated probability, y. For a normal distri-
bution, if u, the mean, and o, the standard deviation,
of the population are known, it can be stated that
a certain percentage of the population will lie within
the interval u + Ac, where 4 is a tabulated value
dependent upon the proportion of the population that
is to be included in the interval. However, if only x, the
sample mean, and s, the sample s.b, are known, then it
can only be stated that an interval will contain a cer-
tain proportion of a population with a specified prob-
ability. For example, we can say with 95% confidence
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that 95% of the population will lie within this interval.
Tolerance limits are calculated using the formula
X + cr,p,(n)s, where cr p ,(n) is a tabulated tolerance
constant, which depends on the proportion of the
population to be included, P, the percentage confi-
dence that this interval includes this proportion, v,
and the number of observations in the sample, n.
These probability constraints can be chosen to reflect
the degree of certainty that is required to be enforced
upon the data. The constants necessary for the deriva-
tion of these limits are available in the literature, for
example, Natrella [34].

Sometimes it is only of interest to estimate a value
above or below which a certain proportion of a popu-
lation will lie. In this case it is only necessary to use
one-sided upper or lower tolerance limits which are
calculated in the same way as above; however, the
cr,p,,(n) values must be different to accommodate the
change in statistical requirements.

2.3. One sided 95% tolerance limits applied
to pooled data

A one-sided 95% tolerance limit can describe a lower
limit to data, above which one can say with 95%
confidence that there is a 95% survival probability for
any future sample. In the case of o—N data for any
R ratio, there is a need for a statistical limit that
defines a minimum boundary below which the major-
ity of experimental data will not be expected to lie.
This boundary can subsequently be used in the fatigue
design of components subjected to dynamic loading.
A 95% survival probability was chosen because it
provides a precise statistical lower boundary which is
not too stringent when applied to widely scattered
fatigue data.

Pooling data creates a larger sample and thus im-
proves statistical accuracy. It can be done by plotting
cycles to failure, N, and applied peak stress, ,, data
on log-log axes and then subjecting the data to a
50% median linear regression analysis to generate
Equation 1

logN = ¢ —mlog oy (1)

The experimental values of 6, are then transformed
using Equation 2 to form data set o*. The standard
deviation, S, can then be calculated for this data set of
log c*

logo™ =logo, + logN/m 2)
The lower limit value is calculated by
low lim = Cy p (1) Sm (3)

where Cr p [(n) is a tabulated value for a one-sided
lower tolerance limit as described above.

Finally, the 95% survival probability boundary
curve is expressed by

logN =¢ —mlogo (4)
where ¢’ = ¢ — low lim.
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3. Experimental procedure

3.1. Sample lay-up and geometry

The laminated wood composites used in this invest-
igation were made from African mahogany (Khaya
ivorensis), black poplar (Populus canadensis/serotina)
and European beech (Fagus sylvatica). Test panels
were fabricated from rotary cut veneers. The laminat-
ing procedure used a gap-filling epoxy resin (“SP
Ampreg 20”) with filler additions to avoid excessive
absorption of the resin into the porous wood. Lami-
nates of four 5mm and five 4 mm veneers thick were
produced with a single scarf joint in each layer with
a spacing of 30mm. After lay-up the panels were
vacuum consolidated at room temperature for several
hours. Finally, an outer skin of 1600g m™2 + 45°
non-woven glass/epoxy overlaid with a layer of 290 g
m~ 2 woven 0°/90° glass/epoxy was applied to each
panel face. Dogbone specimens with a gauge length of
150mm and a gauge width of 18mm (Fig. 2) were
produced using a profiled jig and router. Prior to
testing, the samples were stored in a controlled envi-
ronment to maintain a moisture content of 12% in the
wood.

To study the effect joints have no mechanical per-
formance, laminates were made incorporating two
different joint types. The first was 1:7 slope scarf joint
bonded with epoxy resin (“SP125”) and the second
was a micro-finger joint (length = 9mm, pitch =
3mm) using a water-based, room-temperature cure
phenol-resorcinol-formaldehyde resin.

3.2. Mechanical testing

3.2.1. Static testing

Tensile testing of all samples was carried out using
a 200kN servohydraulic test machine. Aluminium
end-tabs were bonded to the sample ends using epoxy
resin to prevent samples from being crushed and pull-
ing out of the grips. Tensile testing was carried out by
applying a ramp load and setting a trip to trigger as
the movement of the hydraulic ram exceeded a certain
pre-set limit, i.e. as the sample failed. The maximum
tensile load the sample sustained was recorded using
a hold function on the load-cell display.

The long, thin specimen geometry of the jointed
samples (Fig. 2) meant that for compressive testing an
anti-buckling guide was necessary. This was construc-
ted from thick aluminium plate lined with polytetra
fluoroethylene (PTFE) tape to reduce friction and
small pieces of wood veneer were used as packing to
hold the guide in position over the sample gauge

R=150 mm

18 mm \/_____
135 mm
T
G length 1
auge length 150 mm Pm,'
gﬁm#'
- . - | IZZ mm
GRP N
coating Scarf joint

Figure 2 Test specimen profile and joint geometry.



length and protect the sample edges. This device al-
lowed free longitudinal movement of the specimen but
restricted any lateral movement. Testing was carried
out in exactly the same way as described above, except
the loading was in compression and the hold function
was set to record the minimum compressive load
sustained before failure.

3.2.2. Fatigue testing

Fatigue data at stress ratios of R = — 1, —0.84, —3,
+3 and 0.33 were obtained by axially testing samples
in load control using a 200 kN Mayes servohydraulic
test machine. The long, thin specimen geometry of the
dogbone samples required the use of an anti-buckling
guide at R = — 3 and + 3. A plastic sheet was used to
form an enclosed chamber around the sample during
testing in which the relative humidity was maintained
at 65%. A constant rate of stress application (RSA) of
400 MPas~ ! was selected for all the fatigue testing.
This was because a change in peak stress level for
a test at the same frequency will result in a change in
RSA (Fig. 3a). The RSA has a considerable effect on
the fatigue life of wood due to its viscoelastic behav-
iour and so a fixed RSA/variable frequency condition
was adopted (Fig. 3b). Adiabatic heating of the sam-
ples is a concern during fatigue testing because cyclic
loading of wood results in hysteresis leading to heat
generation. Frictional heating will also occur in loca-
tions such as joint surfaces. These two heating effects,
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coupled with the insulating property of wood, lead to
considerable heat build-up in the samples, particularly
as the frequency of stress application increases. Thus
8Hz was deemed to be the maximum frequency for
testing because at this level adiabatic heat generation
causes a change in wood properties.

This use of a fixed RSA is in agreement with the
literature [35] which suggests that due to frequency
effects encountered in many composite materials, all
static and fatigue testing for a particular material
should be carried out at the same rate and at a level
which avoids any hysteretic effects. An RSA of
400 MPas™! was chosen because it was sufficiently
high to provide a practical testing timescale without
leading to adiabatic heating of samples under test.

4. Results
4.1. Axial testing in monotonic tension and
compression

The strength of wood is mainly a function of its
density, which reflects the cellulose content in the
material. The results of testing in tension and com-
pression gives rise to strengths which strongly corre-
late with the wood densities. Poplar is the lightest
wood (380-530kgm™3), Khaya the intermediate
(450-580kgm~%) and beech the  heaviest
(670-710kgm ~3). This order is mirrored in both the
compressive and tensile test results.

Table I compares the UTS and UCS values of
scarf-joined poplar. The presence of good-quality
joints was found to have a lesser effect on the ultimate
compressive strength than on the ultimate tensile
strength as expressed by the degree of scatter in the
data. This results in the 95% survival probabilities for
tensile and compressive strength being of similar mag-
nitude.

Table IT compares the UTS and UCS values of scarf-
jointed and unjointed Khaya. When compared to
unjointed material, scarf joints appear to cause a

TABLE I Strength data for scarf-jointed poplar laminate

ucs UTS
Mean (MPa) — 52,51 62.58
S.D. (MPa) —4.94 9.31
95% Surv. prob. (MPa) — 3876 37.38
Coeff. of variation (%) 11.04 14.88

No. of samples 11 12

Figure 3 The effect on stress rate and frequency of cyclicall}{ tesFing Specific strength (MPa kg™ 'm™3) 0.115 0.138
at (a) a fixed frequency and (b) a constant rate of stress application.
TABLE II Strength data for scarf and unjointed Khaya laminate

UCs UTS

Unjointed Scarf Unjointed Scarf
Mean (MPa) —4947 —54.16 81.80 76.16
sD. (MPa) 277 — 598 9.3 5.59
95% Surv. prob. (MPa) — 4341 — 37.52 58.88 59.41
Coeff. of var. (%) 5.60 11.04 11.37 7.35
No. of samples 32 11 17 9
Specific strength (MPa kg™ 'm™3) 0.096 0.105 0.159 0.148
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reduction in the scatter of the UTS data due to their
action as stress concentrators which dominates the
inherent variability in the wood. Conversely, for the
compressive strength, the presence of joints increases
the scatter in the data. This can be attributed to the
different numbers of samples tested and also the fact
that different sample geometries were investigated.
Table III compares UTS and UCS data for scarf-
jointed beech. The tensile performance shows a high
degree of scatter which is reflected in the low value for
the 95% survival probability.

The results suggest that in monotonic tension, joints
in wood laminates have a detrimental effect, acting as
initiation sites for tensile failure. However, this loss in
performance can be minimized by stringent quality
control during manufacture. Under compressive load,
joints seem to have little effect on the failure mode of
the wood and thus are less detrimental to the wood
strength. Compressive failure occurs in a localized
damage region which appears in a plane perpendicu-
lar to the loading direction with no obvious interac-
tion with joints. Generally, joints are a great leveller of
a wood’s strength and the stronger the wood, the more

TABLE III Strength data for scarf-jointed beech laminate

UTS UCS
Mean (MPa) 84.66 —69.29
s.D. (MPa) 14.18 — 498
95% tol. limit (MPa) 49.19 —56.39
Coeff. of var. (%) 16.75 7.19
No. of samples 16 14

Specific strength (MPa kg~ 'm~3) 0.123 0.100

difficult it is to maintain that strength once joints are
present.

4.2. Axial constant amplitude fatigue
testing at various R-ratios

An important force behind this work was the eco-
nomic and environmental need to change the design of
wood composite wind turbine blades from using
Khaya ivorensis (a tropical hardwood) to a more be-
nign wood source. Several candidate woods are
studied [29] with poplar and, to a lesser extent, beech
being chosen for further investigation. The compre-
hensive fatigue database produced for Khaya in a pre-
vious research effort [32] meant that comparable data
would be needed for poplar if it were ever to be
implemented in blade manufacture. Thus, six 6-N
curves were produced, five for poplar, one for beech
and the R = — 1 curve for Khaya [32] was further
supplemented.

4.2.1. Results for scarf-jointed poplar

Fig. 4 is a log-log o—N plot for scarf jointed poplar
which has been subjected to fatigue loading at
R=-—1, —084, — 3, + 3 and 0.33. All the curves
except that for R = 0.33 have fatigue data co-plotted
with UCS data, because in each of these conditions the
compression component of the cyclic loading is
a higher proportion of the UCS than the tensile com-
ponent is of the UTS. It is, therefore, presumed the
compressive component is the predominant factor in
the damage-accumulation process. For the R = 0.33
data, the loading is all tensile and thus UTS data are

Log{peak stress) {log(MPa})

e R=3 ———50%S.P. —e—95%S.P
o R=-1 — — 50%SP —e 95%SP

0sd A R=-3 - 50%S.P - -A- 95%S.P .

< 3 x R=-084 —  —50%SP —x-95%SP T~
3 O R=033 —--—50%S.P —@-—95%SP I
0.7 + UTS x UCS T~
-1 0 1 2 3 4 5 6 7 8
Log (cycles to failure)
Figure 4 Log—log 6N curves for scarf-jointed poplar fatigue tested at R= — 1, —0.84, — 3, + 3, + 0.33. The diagram shows 50%

probability of failure median regression curves.
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included. Each curve shows a 50% probability of
failure regression curve for median values of the data
at each stress level tested and a 95% survival probabil-
ity curve obtained using the method described in
Section 2.

For the data obtained at R = — 1 (reversed load-
ing), scatter of up to two orders of magnitude is
observed. The R ratio of — 0.84 (tension—compres-
sion) corresponds to the ratio of UCS/UTS for poplar.
As Fig. 4 shows, the regression curve has the steepest
gradient of all the R ratios investigated indicating the
highest rate of damage accumulation occurs at the
highest rate and thus compressive and tensile damage
are possibly taking place simultaneously. Relatively
few data points were obtained at R = — 3 (compres-
sion—tension). However, they do include two runout
points of 107 cycles at a G, = 20 MPa implying
a possible fatigue limit at this stress level. Fatigue
testing at R = + 3 (compression—compression) gave
a very shallow gradient regression curve which sug-
gests that compressive stresses up to 35 MPa can be
applied and still result in > 10° cycles to failure. It
could also be inferred that a fatigue limit is ap-
proached at a minimum stress value of 30 MPa where
lifetimes approach or exceed 107 cycles. The scatter in
the data is extremely large for some stress levels, for
example at 47.5 MPa over three orders of magnitude.
Generally, the data lie within a narrow stress region
with widely varying lives to failure for the same ap-
plied stress. Again the regression curve has a shallow
gradient for results at R = 0.33 (tension—tension). A
fatigue limit is implied below 35MPa where three
runouts of 107 cycles were observed. There is a large
degree of scatter in the data.

Fig. 5 shows a normalized o—N plot for poplar
comparing all the R ratios tested, R=—1,
—0.84, —3, +3 and 0.33. The positional order of the
o-N curves is, from the top, R=+3,
R=033,R=—3,R=—1 and R= —084. This
clearly shows the detrimental effect of having a mixed-
mode load regime which passes through zero stress
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Figure 5 Normalized o—-N plot for scarf-jointed poplar at all R ra-
tios based on median fatigue lives. R: (x) + 3, (A) + 0.33, () — 3,
(+)—-1,(0)—0.284.

because the shallowest gradients are found near
single-mode compressive (R = +3) or tensile
(R = 0.33) loading. The R ratio —0.84 (tensile-com-
pressive) denotes a condition where both tensile and
compressive damage mechanisms are equally active.
Correspondingly, this R ratio shows the steepest
gradient for its c—N curve as damage is accumulating
in both modes.

4.2.2. Results for scarf-jointed Khaya
The fatigue performance of unjointed Khaya has been
extensively characterized at numerous R ratios in pre-
vious work [9, 32] so it was not deemed necessary to
test Khaya extensively at these same R ratios. How-
ever, some testing was essential to allow comparison
with the alternative wood species under the same test
conditions and to provide some indication of the
changes in behaviour due to the presence of the joints.
Fig. 6 is a log-log o—N plot for scarf-jointed Khaya
which has been subjected to R = — 1 fatigue loading.
Again, the fatigue data are co-plotted with the UCS
data as explained in Section 4.2.1. and have a 50%
probability of failure regression curve and a 95%
survival probability curve fitted to the data, derived
according to the method described in Section 2. The
data exhibit a degree of scatter up to two orders of
magnitude of life. A fatigue limit may be present below
a minimum stress level of ~20 MPa where data
points were clustering around 3-4 million cycles and
a runout of 107 cycles were measured.

4.2.3. Results for scarf-jointed beech

Fig. 7 is a log-log o—N plot for scarf-jointed beech
which has been subjected to R = — 1 fatigue loading.
The fatigue data are co-plotted with the UCS data as
explained in Section 4.2.1 and have a 50% probability
of failure regression curve and a 95% survival prob-
ability curve fitted to the data, derived according to
the method described in Section 2. The scatter in the

2.0 5
1.9 3
1.8 — $
17 3
16
1.5 3
1.4 3
1.3
1.2
1.1

Runout
—

Log (minimum stress) (log(MPa))

0.9
0.8 e

Log (cycles to failure)

Figure 6 Log-log c—N curves for scarf-jointed Khaya fatigue tested
at R= — 1. (—) 50% probability of failure median regression
curves, (—-—) 95% survival probability (+) experimental data.
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Figure 7 Log—log 6—N curves for scarf-jointed beech fatigue tested
at R=—1. (—) 50% probability of failure median regression
curves, (—-) 95% survival probability (+) experimental data.

data is up to two orders of magnitude of life with
a fatigue limit suggested below 17.5MPa by the re-
cording of a failure at 9 x 10° cycles and a runout of
greater than 107 cycles.

4.3. Discussion of fatigue performance
and failure

Comparison of all three scarf-jointed species, poplar,
Khaya and beech, tested under R = — 1 fatigue load-
ing suggests that wood composite performance is
remarkably similar. Interpolation of allowable min-
imum stresses from regression curve fits to the data
reveals that poplar and Khaya behave very similarly
throughout the whole fatigue range. Beech, although
a stronger wood, shows a more rapid decline in fatigue
strength with increasing cycles and thus at high life-
times its stress allowables are close to the other two
species. Once again it would appear that the presence
of joints is a great equalizer of fatigue performance for
wood species of different static strength.

Poplar, being the preferred choice of blade material
for economic reasons, was characterized under fatigue
loading to a greater extent. The ratio R = — 0.84 was
found to be the most demanding on the poplar lami-
nate. This R ratio corresponds to the ratio of
UCS/UTS for poplar, therefore, the compressive and
tensile components of each cycle are proportionally
the same when compared to their respective static
strengths. The resulting steep 6—N curve suggests that
both damage mechanisms are occurring simulta-
neously, producing the poorest fatigue performance.
Similar R ratios for other materials would be useful in
establishing an understanding of “worst case” cyclic
loading and Ansell et al. [36] studied this interesting
load condition when applied to several forms of fibre-
reinforced composite material.

In general, fatigue failure under mixed-mode load-
ing is observed at stress levels well below the scatter
band of the respective static strengths suggesting that
this is more detrimental to wood laminates than all
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tensile or all compressive loading. This behaviour is in
agreement with studies on fibre-reinforced plastics by
Curtis [35] and Poppen and Bach [37]. The critical
factor in determining the onset of failure is the stress
range, Ao, of the cycle. For a given applied stress,
mixed-mode loading will always have a larger Ac than
single-mode loading. These larger Ac values lead to
the dissipation of more hysteresis energy per
stress—strain cycle in the viscoelastic wood and thus
must lead to a higher rate of damage accumulation.

From the single-mode fatigue loading results for
poplar at R = +3 and 0.33 (Fig. 4) and beech at
R =0.33 (Fig. 7), fatigue failure is observed at stress
levels near to or coincident with the scatter of UCS or
UTS values. This results in a large spread of lifetimes
to failure as “weak samples” show poor fatigue perfor-
mance at the same stress levels where “strong sam-
ples” are more impressive. This interdependence of
static and fatigue strength is exhibited in many fibre-
reinforced polymer composites [38, 39] and has been
labelled the Strength—Life Equal Rank Assumption or
SLERA, and appears equally applicable to laminated
wood composites. The theory states that for a given
specimen its rank in static strength is equal to its rank
in fatigue life under single-mode loading.

A large amount of static and fatigue data for scarf-
jointed Douglas fir/epoxy wood composites has been
generated in the USA under the administration of
NASA and funded by the US Department of Energy
[40]. They found that all tensile (R =0.1) and all
compressive (R = 10} fatigue loading resulted in
markedly different c—N curve gradients, the lines con-
verging at approximately 108 cycles. This contrasts
with Fig. 4 where the results from testing scarf-jointed
poplar indicate that for single-mode loading (R = 0.33
and 3) the 6—N curves are almost coincidental. These
differences are probably attributable to the larger joint
area (higher stress transfer capability) and thinner
2.5mm veneer (larger volume fraction of resin) in the
Douglas fir material tested in the USA.

5. Derivation of c—/V master curve
atR= —1

Fig. 8 is a direct comparison of three species, Khaya
poplar and beech, after fatigue testing at R = — 1
[2].The data have been normalized with respect to the
respective UCS values. The regression curves are al-
most coincidental which implies that once the respect-
ive compressive strength is taken into account, all
three scarf-jointed species give a remarkably similar
performance under reversed axial fatigue loading.
There is, therefore, some justification for deriving
a general c—N master curve for scarf-jointed wood
laminate behaviour under reversed loading condi-
tions, as a function of the compressive strength, o,

o = 6.[097 —0.103log N] ()

where N is the cycles to failure, ¢, the UCS, and o the
allowable minimum stress.

Bonfield [32] has provided static and fatigue data
for several wood species, including Douglas fir, Baltic
pine and birch. Regression curves have been applied
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Figure 8 Normalized o—-N curves for (A, - --) Khaya, (O, - -) poplar
and (O, ---) beech at R = — 1. 50% survival probability regression
curves. (—) y = 0982 — 0.108x, (---) y=0941 —0.097x, (-—-)
y =0.985 — 0.103x.

TABLE IV o—N relationships

Master curve derived
o~N relationships

Experimentally derived
o-N relationships

Douglas fir o =159.17 — 6.283logN o =60.29 — 5.678log N
Baltic pine o =38.80 —4.120logN o =43.00 — 3.831logN
Birch o =53.35 -~ 5665logN o©=5556—5618logN

Minimum stress (MPa)

Y -""I""I""I""I"''l""I""I""I'IIl

-1 0 1 2 3 4 5 6 7 8
Log (cycles to failure)

Figure 9 Comparison of empirical and master curve derived rela-
tionships for (1,2) (OJ) Douglas fir, (3,4) (O) Baltic pine and (5,6) (A)
birch: (1,3,5) 50% regression, (2,4,6) master curves.

to the data based on 50% probability of failure and
the resulting relationships are shown below. If the
UCS values for these wood species (Douglas fir =
61 MPa, Baltic pine = 40 MPa and birch = 55 MPa)
are used with the master curve equation above, the
o—N relationships shown in Table IV result.

In Fig. 9, the master curve derived relationships are
seen to correlate reasonably well with the regression
curves through the data. The Douglas fir and Baltic

=1
Constant life at:

Alternating stress (MPa)

A Ak i R et

-60 -40 -20 0 20 40 60 70
Mean stress (MPa)

Figure 10 Simplified constant life diagram for scarf-jointed poplar
derived from (A, O, O, + ) 50% probability median regression and
(A, @, @, *) 95% survival probability curves.

pine relationships show a divergence with increasing
numbers of cycles. The Baltic pine shows the worst
correlation of the three data groups, probably due to
the large scatter within the data set. The birch data
(although only five data points) correlate most closely
with the master curve derived relation. The discrep-
ancy between the two relationships is to be expected,
as the experimental data were obtained using un-
jointed material, whereas the master curve relation-
ships predict the behaviour of scarf-jointed material.
Comparison of the pairs of relationships shown in
Table IV displays a good correlation, implying that
the master curve relationship could be applied to
wood laminate systems in general.

6. Constant life diagrams

A simplified, triangulated constant life diagram based
on fatigue data at R = — 1, UTS data and UCS data
for scarf-jointed poplar (Fig. 4) is shown in Fig. 10.
The lines define combinations of mean and alternating
stress, o, and o, respectively, for lifetimes to failure
of 10%, 10°, 10° or 107 cycles. The full lines represent
a 50% survival probability and the broken lines rep-
resent a 95% survival probability. The decrease in
allowable combinations of ¢, and c,, when statistical
limits are applied is quite marked and this is a result of
the original o—N data containing large scatter and
relatively few data points.

A constant life diagram for poplar incorporating
R ratios of 0.33, —0.84, —1, —3, +3, and UCS and
UTS data is shown in Fig. 11. The approximately
parabolic form of the diagram becomes distorted at
the ratio R = — 0.84. The allowable o, and &, values
at this ratio seem inconsistent with the general form of
the diagram, particularly at lifetimes above 10* cycles.
This is a result of the steep gradient regression curve
applied to the o—N data (Fig. 4). As discussed in
Section 4.3, this R ratio coincides with a condition
where both compressive and tensile damage modes
occur with equal likelihood. Another feature of the
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Figure 11 Comprehensive constant life diagram for scarf-jointed
poplar derived from 50% probability median regression curves: ()
104, (O) 10°, (O) 108, (+) 107

Alternating stress (MPa)
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Mean stress (MPa)

Figure 12 Comparison of () comprehensive and (M) simplified
constant life lines for scarf-jointed poplar at 10° cycles.

diagram is that as the lifetime to failure increases, the
apex in the family of iso-cycle curves moves from the
reversed load condition (R = — 1) towards an in-
creasingly compressive cyclic loading. This reflects the
superior fatigue performance of wood laminates under
compressive load, e.g. R = + 3, where the lowest rate
of damage accumulation is observed (Fig. 5).

A comparison of a simple triangulated constant life
line taken from Fig. 10, and a comprehensive lifeline
from Fig. 11, both at lifetime of 10° cycles, is made in
Fig. 12. As can be seen there is a marginal difference in
geometry. The triangulated iso-cycle curve is slightly
optimistic  in  tension—compression  loading
(— 1 <R <0), and is slightly conservative in compres-
sion—tension (— o <R < — 1) and compression—
compression ( + 1 <R < + oo)loading. It is clear that
the use of simplified, triangulated constant lifelines as
a method of characterizing a laminated wood com-
posite in fatigue does not lead to an excessively opti-
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Figure 13 Simplified constant life diagram for scarf-jointed poplar
with a compression loading of (o, + ©,) = UCS. (0, A, O, +)
50% probability median regression, ( @, A) 95% survival prob-
ability, ( @, x) 50% survival probability.

mistic or conservative understanding of its fatigue
behaviour.

From the results of fatigue testing poplar at
R = + 3, Figs 4 and 5, it can be argued that compres-
sion—-compression fatigue of wood laminates does not
occur outside the scatter of UCS values. This is sup-
ported by results from fatigue testing of full-scale
wood composite wind turbine blades [41] where fail-
ure under cyclic loading was only achieved after the
application of stresses within the scatter range of the
compressive strength of the wood.

If this argument is carried forward and considered
applicable to constant life data, the result is a mark-
edly different diagram, Fig. 13. The compression—com-
pression iso-cycle lines of the Fig. 10 have been
replaced by values which are derived from the equa-
tions below.

(Gm + Ga) = UCSmean (63.)
(Om + Ga) = UCSgs0sp. (6b)

where o, is the mean stress, o, the alternating stress,
UCS,can the mean compressive strength and
UCSg50,5.p. the 95% survival probability compressive
strength.

The iso-cycle lines for 10*, 10°, 10° and 107 cycles
are coincident. This creates an irregular constant life
diagram but considerably increases the allowable
stresses under all compressive loading and increases
the overall area of the fatigue performance envelope.
The assumption that fatigue does not occur under
a compressive load regime is justified, but further
study of the behaviour of wood under this load regime
is required to provide a degree of certainty.

In theory, the master curve for fatigue performance
of a wood composite at R = — 1 (Section 5) could be
used, with appropriate UTS and UCS data, to gener-
ate simple triangulated constant life diagrams for any
wood species. This would allow generation of a safe
basic fatigue performance envelope derived with only
minimal static testing.



7. Conclusion

Under constant amplitude cyclic loading at R = — 1,
laminated wood composites made from poplar, Khaya
and beech gave fatigue performances which were very
similar when normalized with respect to UCS. Scarf-
jointed poplar was investigated over a range of other
R ratios ( +3, —3, —0.84 and 0.33). Single-mode
loading, R = + 3 (compression—compression) and
R =0.33 (tension—tension), resulted in very similar
behaviour with large scatter in the data and almost
coincident regression curves. In both cases it was
found that stress levels which caused fatigue were very
near or overlapped the scatter band of the respective
static strengths. The R ratio of —0.84, equal to the
UCS/UTS ratio was investigated as it is a condition at
which the likelihood of tensile and compressive dam-
age occurring is equal. The o—N relationship at
R = — 0.84 has the greatest slope, suggesting that
both modes of damage (tensile and compressive) were
occurring simultaneously.

The application of 95% survival probability lower
limits to o—N curves using pooled data increases their
statistical reliability and reduces the number of data
points necessary for deriving a characteristic 6—-N
curve. Their subsequent use in simplified constant life
diagrams increases safety margins over and above the
simple triangulated procedure and gives a reliable
estimate of a material’s minimum performance level.

The o—-N data at R = — 1 for three different wood
composites were normalized with respect to their UCS
values and found to be practically coincidental. This
allowed the derivation of a master curve for scarf-
jointed wood laminate fatigue performance at
R = — 1. The master curve was also verified using
fatigue data from the literature. The large degree of
scatter throughout all the fatigue data would suggest
that the Strength-Life Equal Rank Assumption,
where a sample occupies the same rank in terms of its
static strength and its lifetime to failure, is very applic-
able to laminated wood composites.

A test and analysis methodology has been demon-
strated that allows a rapid assessment of the fatigue
performance of new or modified blade materials. By
performing only static tensile and compressive tests
and fatigue testing at an R ratio of —1 (reversed
loading), a simplified, triangulated constant life dia-
gram can be constructed and used in the fatigue design
or life prediction of blades where scarf joints are
routinely used to join the ends of wood veneer sheets.
This provides benefits in that many samples can be
static and fatigue tested at one R ratio in a short
period of time and at a lower cost than a comprehen-
sive test programme.
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