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Abstract

Modern wind turbines are fatigue critical machines that are typically used to produce electrical
power from the wind. Operational experiences with these large rotating machines indicated that
their components (primarily blades and blade joints) were failing at unexpectedly high rates, which
led the wind turbine community to develop fatigue analysis capabilities for wind turbhes. Our
ability to analyze the fatigue behavior of wind turbke components has matured to the point that
the prediction of service lifetime is becoming an essential part of the design process. In this
review paper, I summarize the technology and describe the “best practices” for the fatigue
analysis of a wind turbine component. The paper focuses on U. S. technology, but cites European
references that provide important insights into the fatigue analysis of wind tw%kes.
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1. INTRODUCTION

Somewhat over two decades ago, utility grade wind turbines were designed using static and
quasi-static analyses. At best, these rather simple analyses led to over-designed turbhes, and at
worst, they led to premature failures. The latter is exemplified by high failure rates observed in
the early California wind farms. We, as designers, soon realized that wind turbines were fatigue
critical inachineq namely, the design of many of their components is dictated by fatigue
considerations. And, not only is this machine fhtigue critical, its unique load spectrum greatly
exceeds our previous experience. This realization led to a large quantity of research that has now
matured to the extent that state-of-the-art designs can include detailed fatigue analyses of the
wind turbine.

The intent of this paper is to review these developments and to descriie the “best practices” for
the fatigue analysis of wind turbine components. The paper focuses on U. S. technology but cites
European references that provide important insights. Most major sections are introduced with a
“tutorial” section that describes basic concepts and defines pertinent terms. In all cases, an
extended reference list is provided. Illustrative examples are included, as warranted. The author
assumes that the reader is acquainted with the general architecture of modern wind turbines and
the general concepts of their design. These concepts have been described in many previous
publications. The reader can draw upon several references that examine the history of wind
turbines [1, 2] and their design [3-7].

To facilitate this discussion, the first major section of the paper uses the Palrngren-Miner linear
damage rule [8], commonly called Miner’s Rule, to formulate the fatigue analysis of wind
turbines. This darnage rule is currently used throughout the industry, and it is a good starting
point to begin our discussions. Afler a general introduction to this rule, the rule is specialized to
the analysis of wind turbines. In the form used for the analysis of wind turbine components, the
rule requires three main classes of input data the load spectr~ material properties, and inflow
characterization. Each of these components is discussed in a major section of the paper. The
final major section of the paper pulls these components back together into the evaluation of
service Iiietime for a wind turbine component. Specific examples fi-omvarious wind turbines are
used throughout the paper to illustrate important points and to provide the reader with the details
of typical fatigue calculations for wind turbines.
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2. GENERAL FATIGUE NOMENCLATURE

Asillustrated in Fig. 1, the fatigue cycle is a closed stress-strain hysteresis loop in the stress-strain
time series of a solid material. For illustrative purposes, the cycle is usually depicted as a
sinusoid, see Fig. 2. The maximum stress, c-, is the largest algebraic value of the stress in the
stress cycle (commonly called the peak) and the minimum stress, crti, is the least (commonly
called the valley). Tensile stresses are tuk-ento be positive and compressive stresses are taken to
be negative.

The mean stress, o~, is the algebraic
average of cr- and crti:

Cr= + C7mk
am =

2“
(1)

The range of the stress cycle, CS,,is
defined to be:

Or=cm–omh, (2)

and the amplitude of the stress cycle,
era, equals half of the range and is
given by:

The R ratio is the ratio of afi to
cr-, namely,

(4)

The fatigue cycle for various mean
stresses and R values is depicted in
Fig. 3.
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Figure 1. The Stress-Strain Hysteresis Loop for a
Fatigue Cycle.
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Figure 3. The Fatigue Cycle at Various R-Values.
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3. DAMAGE RULE FORMULATION

General fatigue analysis has been discussed in an exceptionally large number of textbooks,
reference manuals and technical papers. The ones that I have found to be particularly usefid are
listed in Refs. 9 through 14. These references provide both a general introduction and detailed
analysis techniques for the fatigue analysis of common structures. They provide a common
starting point for fatigue analysis of wind turbines. Fatigue analyses that have been specialized to
the prediction of service lifetimes for wind turbines are discussed in Refs. 4,6, 15 and 16.

3.1. Miner’s Rule

The recognized standard [17] for the fatigue analysis of wind turbines is the Palmgren-Miner
linear aizmage rule, i.e., Miner’s Rule, [8]. The damage law may be written in the following
form:

M ni
z

~+n2+n3+ nM+—
,~=Nl N2 N~ ... NM

=~, (sj

where the total damage 9 is sustained by a structure that undergoes nl stress cycles at stress level
c1, n2 stress cycles at stress level Cz, n~ stress cycles at stress level crs and so on, for all stress
levels through the final level of M. INiis the number qfcycles to failure at stress level ~i. The
number of cycles ni is usually taken to be the number of Ml cycles (closed hysteresis loops). But
it can also be the number of reversals (two reversals for each fbll cycle) or the number of “cross-
overs” (zero-crossings). And the stress level is usually taken to be the amplitude or range at a
given R value or mean stress. l%us, one must be cautious with cycle counts and stress levels.
Always check the reference to ascertain the definition of the cycles used to characterize material
&ta andfatigue Ioads.

Miner’s Rule assumes that structural ftilure will occur when the damage equals one. As discussed
by Veers [18], the computed damage 9 at failure over a wide range of references varies between
0.79 and 1.53. When dealing with wind turbines, additional uncertainties arise fi-omthe variation
in material properties and applied loads. Thus, differences of a factor of 2 between alrrnage
predictions and measured Ilfetimes are not only common in wind turbine applications, they
should be expected.

Typically, the fatigue cycles imposed upon a structure are analyzed or measured over some fixed
period of time. Thus, 9, in Eq. 5, is usually expressed as the ahmage rate A9t associated with the
sample time t. If this damage rate is equal to average damage rate over the service lifetime of the
component T (i.e., A13t= ADT), then the service Metime of the structure T is the reciprocal of
A9,, namely:

(6)



Agaiq Eq. 6 is predicated on the assumption thatfailure will occur when the &wage equals

one, and that the alzmage rate computed over time t is represent~”ve of the merage abnage rate
imposed upon the structure dun”ng its sew”ce ll~etime. Namely, the number and dktribution of
fatigue cycles contained in the sample are essentially identical to the number and distribution over
the structure’s service lifetime.

The number of cycles to ftilure, N in Eq. 5, is a measure of the material’s ability to endure stress
cycles. This material property is typically described with an “S-N” curve. Actually, the S-N
description of the fatigue characteristics for a given material is a family of curves that depends on
both the mean @q. 1) and the range @q. 2) or amplitude (Eq. 3) of the stress cycle. The R
variable @q. 4) is also used extensively in the description of S-N dat~ e.g., see Rice et al. [9].

If we assume that the fatigue cycles imposed upon the structure may be described by some
fi.mction of omand o., then Eq. 5 can be written in integral form as:

(7)

Alternate formulation of Eq. 7 could be written in terms of n(~ma,) or n(o~R). When counted
over a specific period of time, the damage is typically cast as a damage rate A9t, namely the
damage D accumulated in time t. Rewriting Eq. 7 to include time dependence yields:

(8)

If the damage rate computed over time t is representative of the average damage rate accumulated
by a component over its service lifetime, then the service lifetime T is the reciprocal of the damage
rate computed over time t. Thus, the predicted service lifetime T, see Eq. 6, becomes:

(9)

For wind turbine applications, the cycle counts n(.) are typically taken to be an explicit finction of
the short-term average inilow velocity U (typically, U is based on a ten-minute average). Wind
speed is chosen as an independent variable because most loads, pefiormance parameters, and
control algorithms are directly related to the short-term average velocity of the intlow. Using the
probability density finction w for the inflow velocity U, Eq. 9, maybe written as:

(lo)

and if the turbine is only operated between a cut-in velocity of Uk and a cut-out velocity of U*,
then:
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(11)

The probability density fi.mction pu is usually taken to be the annual wind speed distribution at the
site of the wind turbine (see the discussion in section 6.2 “Inflow Characteristics” on p. 76).
Equation 11 describes the damage incurred on the wind turbine during normal operation. Other
terms, typically arising from transient events, are discussed in section 4.6 “Total Load Spectrum”
on p. 33. This integral equation is typically changed to a finite summation for numerical analysis
[19].

3.2. Linear Crack Propagation Models

In addition to a Miner’s rule based damage analysis, linear crack propagation models [12, 13]
have had successful applications to the analysis of wind turbine components. In this analysis
technique, a crack subjected to N load cycles will grow from an initial length of % to a final length
of af based on its crack growth rate of da/dK namely,

J(/)Nda
af-ao= & dn .

0
(12)

The growth rate is material dependent. Typical formulations characterize this behavior in terms of
the stress intensity factor & which has the form:

where y(~) is the shape factor that is a fimction of specimen geometry and crack length [14]. For
very large bodies subjected to tensile stress, y(0) is a constant equal to 1.

In an equivalent relationship to that shown in Eq. 11, Eq. 12 maybe expanded to the following:

U*. .

JH
Aa = pu

da[K~ , K, , y(+]
n,(cr~ , 0,, U) do, d~~ du ,

urn -- 0 dn
(14)

where IQ and & are stress intensity factors associated with the mean and alternating stress,
respectively. This form is easily changed to a finite summation for numerical analysis, see Eq. 62
and Sutherland and Schluter [20].
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3.3. Summary

Thus, three sets of information are required to estimate the service lifetime of a wind turbine: the
fatigue load cycles on the turbine as a fimction of the inflow condhions, the S-N behavior or the
linear crack growth of the material(s) being analyzed, and the annual wind speed distribution. The
following three sections describe these inputs in detail and present typical examples. Where
required, the examples have been obtained using the LIFE2 fatigue analysis code for wind
turbines [21]. This numerical simulation technique is described in section 7.2.1 “The LIFE Duo
of Fatigue Analysis Codes” on p. 83.



4. LOAD SPECTRA

As implied by the formulation presented in Eq. 11, the spectrum of fatigue loads on a wind
turbine, i.e., n(cr.,c,,U), has a significant dependence on the operational state of the turbine. In
Eq. 11, this dependency is described as a fimction of the inflow conditions. This characterization
is rather simplistic in that the operation of the turbiie is dependent on many variables, only one of
which is the inflow velocity. To make the problem tractable, most analysts dhide the operational
states of the turbine into a series of (independent) operational states that describe the various sets
of fatigue loads on the turbine. Atypical division would be:

1) A series of operation states that describes the loads on the turbine during normal
operation. In a typical formulatio~ these states are taken to be a fimction of the
inflow velocity. The range of the inilow velocity is from the cut-in velocity UCi of the
turbine to its cut-out velocity U~.

2) A series of “start/stop” operation states that describes the loads on the turbine during
normal stops, emergency stops, etc.

3) A series of “bufFeting” operational states that describes the loads on the turbine while it
is stopped, but its blades and other structural components are being buffeted by the
inflow.

4) Any additional operational states that impose significant fatigue loads on the structure
that are not covered by the other three operational states.

This division of load cases falls within the standizrdset of bad cares that has been established by
the International ElectrotechnicaI Commission, IEC, for the design of wind turbines [17, 22].

Once the load states are defined, each must be characterized through experimental and/or
analytical investigations. However, as wind turbines are subjected to random input from the
inflow, this task can be quite difficult. Typically, the analyst will obtain a representative sample of
the loads imposed on the turbine during each state and then weight them by their expected rate of
occurrence. In the above list, the first and third series of operational states are weighted by the
probability density fi.mctionfor the annual wind speed distribution w (see Eq. 11) and the second
state by the number of expected events in each one of its categories. T~ical/y, survival loaak
under extreme wind conditions are not included in thefatigue arzdyses.

In each operational state, the object is to obtain a numerical or analytical description of the
n((sm,cr.,U)finction. This finction may take the form of tabular data or it may be an analytical
expression. The former is commonly called a cycle count matrix, that “bins” the fatigue cycles by
their mew amplitude, range R value and/or sequence [23]. The fimctional form of choice for the
description of n(a~,cs.,U) depends on the damage rule chosen to predict service lifetimes, e.g., the
linear damage rule cited in Eq. 11. The cycle count distribution is usually presented in one of
three forms [24]:

1) range spectrum
2) range and mean spectrum

9



3) Markov matrix

These tkeerepresentations tietisted inincrewing order ofidomation. Therange spectrum is
simply a column of cycle counts, and the counts are placed in bins based upon their range, i.e., a
one-dimensional fimction. The range and mean spectrum is a two-dimensional (2-D) matrix of the
cycle counts that are placed in a two-dimensional array of bins based upon their range and mezq
i.e., a two-dimensional fhnction. The Markov matrix retains the peak and valley from each cycle
and some information about their sequence. In the Markov “fi-om-to” matrices, the sequence
information is a probability fiction that describes which peak will follow a given valley and
which valley will follow a given peak. For linear darnage analysis, Eq. 11, the sequence of the
fatigue cycles is not required. 27ms, characterization (I_)or (2) is the characterization of choice
for the ~icalfatigue ana/jwisof a wind turbine.

In this section of the paper, I describe the three primary methods for creating the n(crm,cs.,U)
function: time series dat~ fi-equency domain spectral data and analytical expressions. Each of
these methods may be obtained from experimental investigations and/or analytical simulations.
After the major techniques have been discussed, I will discuss related topics that arise when
conducting the fatigue analysis of wind turbines.

4.1. Analysis of Time Series Data

In many cases, the results of an experimental or an analytical investigation of the stress and strains
produced in the turbine structure by the loads imposed upon it are plots that follow the stress
(strain) as a fi.mction of time. These time series are typically generated from an experimental or
analytical investigation of the turbine. Detailed dkcussions of the techniques used to obtain these
time series are beyond the scope of this report. And, they have been discussed extensively in
previous reports, e.g., Madsen [25] and Pedersen [26]. For the purposes of this report, I assume
that the necesszuy time series are available for the fatigue analysis. A few precautions related to
time series data are discussed in section 4.5 “General Topics” on p. 29.

4.1.1. Rainflow Counting Algorithm

Time series data, either derived from analytical simulations or from actual measurements, have
been studied extensively by other researchers. The wind industry has drawn upon their techniques
for converting time series into cycle count matrices. A number of numerical techniques are
available from these previous studies. The technique typically used in the wind turbiie industry is
the rainflow counting algorithm presented in Downing and Socie [27]. A complete description of
this algorithm is also provided in Rice et al. [9]. One adaptation of the technique to wind turbhes
is described in Sutherland and Schluter [28]. Wu and Kammula [29] have developed a real-time
algorithm using rainflow-counting techniques that reduces memory requirements and speeds
computations.

The implementation presented by Downing and Socie [27], requires both a pre and a post
processor for its implementation into a form that is useii.d for analysis. This section discusses this
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counting process from the input of a time series to the final output. Also, several questions that
arise when this technique is used for the anrdysis of wind turbines are addressed.

4.1.1.1. Peak-Vallev Seauence

The input to the rainflow counting algorithm is a simple series of peaks and valleys (troughs), i.e.,
local maxima and minim% that form hysteresis loops, see Fig. 1. To convert a time series to the
appropriate list, a pre-processor searches for local extremes in the series and lists them in
sequence [28]. Typically, the algorithm uses a change in slope as an indicator that the time series
is going though a peak or valley. Only the magnitude of the peak or vrdley is then entered into the
rainilow counting algorithm.
entry in the peak-valley list.

4.1.1.2. Ditital M.nmling

Typically, the load time
series that is being analyzed
by the raintlow counter is
based on a time series that
has sampled digitally.
Because there is no
guarantee that the actual
extreme value was sampled,
see Fig. 4, a curve-fitting
algorithm may be used to
estimate the actual extreme.
In a typical algorithm [28
and 30], a parabola is fit to
the three data points that
surround each local
extreme. The correction
for sampling errors is
relatively small for the data
rates typically used to
sample loads data from
wind turbines. Figure 4
illustrates the extremes
predkted by this technique
with typical data.

4.1.1.3. Range Filter

To avoid counting the many
small cycles that result from
numerical jitter in the time

The algorithm defines the first-point in the time series to be the first
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Figure 4. Extrapolated Peak in a Typical Time Series.
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series and/or to eliminate the many small cycles that do not contribute significantly to the damage
of the wind turbine, a range filter is typically used. This filter requires that successive local
extremes must differ by a minimum value, typically called the threshold, before they are
considered to be extremes that should be retained by the filter. Various algorithms have been
proposed for processing time series data. A useiid one is the racetrack filter-described by Veers
et al. [30].

4.1.1.4. Residual Cvcles

The rainflow counting algorithm proceeds by matching peaks and
hysteresis loops. When the algorithm reaches the end of time-series

valleys to form closed
data record, a series of

unmatched peaks and valleys remains unclosed and, therefore, are not counted by the algorithm.
These so-called “half-cycles” typically include the largest peak and valley in the record and they
may also include other large events. Thus, the potentially most darnaging events (the largest
cycles) contained in the time series are not counted by the classical formulation of the rainflow
algorithm. If desired, the rainflow counting algorithm can be easily modfied to include these
half~ycles in the cycle count [28, 29].

Various researchers have proposed several techniques for handling these half-cycles in wind
turbine applications. Some ignore therq some count them as half of a complete cycle (hence,
their name), and others count them as fill cycles. The latter is the most conservative approach.
However, the recommendedpractice, as stated in Mhdren [25], is to treat all unclosed cycles as
ha~cycles. This recommendation is currently being retained in the IEC stanahra%[31J.

4.1.1.5. Cycle Count Matrix

The output of the rainflow counting algorithm is a characterization of the stress (strain) cycle by
its maximum and its minimum value, The counting algorithm counts each cycle in its order of
occurrence. The post-processor then puts this ifiormation into a form suitable for the fatigue
analysis package.

The first task of the postprocessor is to convert this characterization of a fatigue cycle to that
used by the fktigue analysis. As discussed above, the final data representation typically takes one
of three forms: range spectr~ range and mean spectr~ and Markov matrices. Thus, the post-
processor’s first task is to convert the maximurn/minimum representation of the data into one of
these forms. The second task is to format the data for processing by the damage analysis. This
step typically includes placing each cycle in the appropriate cycle-count binl and writing that
itiorrnation to file. The output file can take many forms, depending on the analysis and numerical
techniques being used to determine the damage. Thus, a specialized post-processor is usually
required for each fatigue analysis technique.

1A fatiguecycleis addedto a cyclecountbin if its magnitudeMIs withinthe boundsof the bin. All cyclecounts
within a bin are assumedto have the samemagnitude. Tlds characteristicmagnitudeis a functionof the end
pointsof the bin. Ane~ple ofa 2-Dbiningoperationis shownin the nextsectionofthepaper.
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4.1.2. Typical Rainflow Counting Example

Atypical rairdlow counted load spectrum is shown in Fig. 5 for the edgewise-bending stress and
in Fig. 6 for the flapwise-bending stress. These data were collected from an NPS 100-kW turbine
in Altamont Pass, California [32]. The data are for normal operating conditions with a mean
Mow velocity of 11.0 m/s. As shown in Figs. 5a and 6a, the distribution of cycle counts that is
obtained from the rainilow counting algorithm was post-processed into a 2-D matrix that places
each cycle into a cycle count bin based upon its mean and range (or amplitude). In this fo~ a
cycle count is added to bin (ij) when

(15)

(16)
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where bin (iJ) has the a maximum mean stress of (~.)i and a maximum alternating stress (range)
of (~.)j and the cycle being counted has a mean stress of (cr.) and a range (or amplitude) of (c@.
The width of each of the bins in this matrix can signljicantly influence the fatigue calculations.
See the guidelines discussed in section 4.5 “General Topics” on p. 29.

The 2-D form for the cycle count matrix may be simplified to a 1-D form for analysis (as noted
above) and/or for presentation of results. Figures 5b and 6b illustrate typical 1-D distributions of
the range of the cycle counts. The 1-D distributions in these two figures are derived from the 2-D
cycle count matrix by holding the range constant and summing over all means. In many analyses,
the 1-D distribution is used, because the range of mean stresses is typically not important for wind
turbine predictions. This observation is discussed in section 4.5.4 “Mean Value Bins” on p. 30

4.2. Analysis of Spectral Data

Typically the development of the cycle count ii.mction n(cr.,a,,U) from experimental or analytical
data depends heavily on time series data. However, many structural analysis techniques yield
frequency-domain stress spectr~ and a large body of experimental loads (stress) data is reported
in the fi-equency domain. To permit the fatigue analysis of this class of dat~ several approaches
have been developed to obtain cycle counts from frequency spectra. In one technique, a series of
computational algorithms based on Fourier analysis techniques has been developed [33, 34]. In
another technique, rainflow ranges are theoretically estimated directly from the power spectral
density (MD) finction for the turbhe [35, 36]. Only the former technique will be discussed here.

4.2.1. FFT Analysis

The Fourier analysis technique developed by Sutherland [33, 34] uses an inverse Fast Fourier
Transform (FFT) to transform the frequency spectrum to an equivalent time series suitable for
cycle counting [37]. In this formulatio~ the input fi-equency spectrum is taken to be a uniform
series of N components with frequency intervals of M. The spectrum is input as a series of
positive amplitudes Al and phase angles @i, i = 1, N., Most FFT algorithms are optimized for
values of N that are a power of 2.

The inverse FFT algorithm converts the frequency spectrum into a time series of the form

where the i* component of the amplitude spectrum corresponds to a frequency of

fi = (i-l)Af ,where i=l,..., N,

the j* component of the time series corresponds to a time of

tj = {j-l)At ,wherej=l, ....2N.

(17)

(18)

(19)
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and,

At= 1
2NAf “

The output time series has a total time length T equal to

(20)

(21)

Thus, the final output of the algorithm is a time-series that may be counted using the rainflow
counting algorithm cited above.

The edgewise blade spectrum for a HAWT typically shows a very strong deterministic signal that
is the dkect result of the gravity loads. This observation led Sutherland [33] to develop an
alternate formulation of the ITT shown in Eq. 17 that permits large deterministic signals to be
handled efficiently. This alternate formulation is not reproduced here.

4.2.1.1. Random Phase

The frequency spectrum of the operating loads on a wind turbine blade contains two classes of
signals. The first is a deterministic or “steady” signal that is obtained by averaging the time series
data as a fi.mction of the position of the rotor (the azimuth-average). The second signal in the
spectrum is the random (non-deterministic) variation about the azimuth-average. These random
components in the distribution imply that the synthesis of a time series from a frequency spectrum
for wind turbines does not have a unique solution, as implied by Eqs. 17 through 21.

Akins [37, 38] handled the synthesis of both signals using the average amplitude spectrum with a
random phase angle for each component. He concludes, however, that the synthesis process
would be more realktic if the phase angles used in the synthesis process have both deterministic
and random components. In particular, he notes that the phase angles for the az@th-average
components are essentially deterministic, and, therefore, the components of the spectra that
correspond to the azimuth-average signal should have deterministic phase angles. And he fi.uther
suggests that the remaining components be synthesized using random phase angles.
Computationally, the non-uniqueness of the input phase angles in the frequency spectrum implies
that much iteration is required to achieve a statistically meaningfid result.

4.2.1.2. Arn~litude Variations

The frequency spectra for typical wind turbines vary significantly about the average spectrum due
to the random nature (both in time and in space) of the inflow. Two classes of variations are
noted: the first is the random (non-deterministic) variation of the spectral amplitudes about their
average at a constant average wind speed and the second is the variation of the time series with
wind speed. The variation of the latter is typically handled by using multiple wind speed bins in
the fatigue analysis, see the discussion above. But, the variation of the former must be handled
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within each wind speed bin. Sutherland [33] presents one technique for handling this variation in
amplitude. His technique is used in the example presented next.

4.2.2. Typical Frequency Spectra Examples

The frequency spectra for the NPS 100-kW turbine [32], are shown in Fig. 7. The spectrum for
the flapwise bending stress is shown in Fig. 7r4 and for the edgewise bending stress in Fig. 7b.
The results of a rainflow count of the time series synthesized by the FFT analysis are shown as 2-
D cycle count matrices in Fig. 8. A comparison of the measured and the synthesized cycle-count
distributions is shown in Fig. 9. Similar results are presented in Fig. 10 for the 34-meter Test Bed
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As reported by Sutherland and
Osgood [40], the synthesis
process and rainflow counting
requires many iterations to
achieve a stable distribution of
cycle counts. For each
iteratio~ a difFerent set of
random phase angles is used for
the non-deterministic
components of the spectn.q
while constant phase angles are
used for the deterministic
components. And, the
amplitude spectrum was varied
about its mean. A cycle count
matrix is considered to be
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stable if the normalized distribution of the cycle counts does not change when addkional time
series are synthesized and counted. For these two examples, the cycle count matrix was
considered stable when the normalized number of cycle counts in each stress bin stayed within a
half cycle count of its previous value when the synthesis time was doubled.z Also, the high-stress
tail of the cycle count distribution was used to judge the stability of the synthesis process.
Namely, the distribution was considered stable if the tail of the distribution was a relatively
smooth fimction. For the two examples discussed here, the total synthesized time required to
achieve a stable cycle count distribution was approximately 240,000 seconds in the NPS turbine
and 10,200 seconds for the Test Bed turtine.

The comparisons shown in Figs. 9 and 10b illustrate that time series data for the determination of
stress cycles imposed on a wind turbine blade may be effectively synthesized from average
frequency-spectra data. Moreover, the abfity of the algorithm to generate long time series
permits the high-stress tail of the cycle count distribution to be defined within the accuracy of the
input frequency spectrum. However, the abili~ to$ll out the tail of the distribution should not
be confused with the actual distribution of stress cycles imposed upon the turbine. The
frequency spectra used in the analysis are still based upon a rather limited set of abta, and those
~ectra may not contain suficient information to define the correct high-stress tail of the
disti”bution of cycle counts.

4.3. Analytical Descriptions of Normal-Operation Load Spectra

Analytical representations have been used extensively to describe cycle count distributions. These
representations not only provide the analysts with closed-form solutions for the fatigue analysis
but through the insight they provide, these formulations permit incomplete data to be interpolated
and/or extrapolated to fill voids in the data. Moreover, these representations when combined with
reliability analysis permit the evaluation of the effects of randomness in the input variables on the
predicted service lifetime of a wind turbine.

Several analytical expressions have been used to describe the load spectra on a wind turbhe blade.
These expressions are typically derived from best-fit analyses of experimental data. Most of the
successful expressions fall within a generalized Weibull distribution with the narrow-band
Gaussian distribution (Rayleigh distribution) being used extensively to describe the load spectra
on Vertical Axis Wind Turbines (VAWS), and the exponential distribution for the load spectra
on Horizontal Axis Wind Turbines (HAWTs). ~eibull probability density fimctions for various
shape factors are shown below in Fig. 43.] In this section of the paper we discuss both of these
techniques and a generalized fitting technique that distorts a parent distribution to better fit the
loads on the machine.

2 The stabilityof a cyclecountmatrix(distribution)can Asobe definedbased on the damagerate. Namely,the
cyclecountdistributionis consideredstableif the damagerate representedby thesecycleschangesby somesmall
percentagewhenthe synthesistimeis increasedsignificantly.
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4.3.1. Narrow-Band Gaussian Formulation

One of the first uses of an analytical expression to describe the load spectra on a blade was the
characterization of the load spectra on VAWTS using a narrow-band Gaussian formulation by
Malcolm [41, 42], Veers [18, 43-45] and A.kins[46]. In this formulatio~ the distribution of cycle
counts takes the form of a Rayleigh distributio~ a specialized form of the general Weibull
distribution (see Appendix A). For this distributio~ the Weibull shape factor, ~ has a value of 2.
This distribution may be written in the following form:

(22)

where the probability density fimction pw of the cyclic stress cr, is a fimction of the standard
deviation of the cyclic stress Ou at a wind speed U. To convert this probability density fimction
into cycle counts, the cycle count rate, which is discussed in section 4.3.6 “Cycle Rate” on p. 23,
is required. The cycle count distribution is obtained by multiplying the probability density
fimction shown in Eq. 22 by the cycle count rate.

Figure 11 presents a comparison of the measured (and rainflow counted) cycle count dktribution
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and its Gaussian approximation for the 12 to 15 mk wind speed bm for the 34-meter Test Bed
VAWT in Bushland Texas [39]. This figure illustrates the very good agreement between the
measured and modeled cycle count distributions in the body and the tail of the dktribution. As
implied in this figure, this technique is only used to describe the distribution of the fatigue cycles
with respect to their alternating stress component. In cases where the S-N material prope~”es
are ajhnction of the mean stress, thisformulation of the cycle count distribution implies that the
dhrnage calculations must be based on a constant (non-zero) mean stress across the entire
distribution [43].

4.3.2. Exponential Formulation

The exponential distribution used by Jackson [47, 48], Kelley [49, 50] and Kelley and McKenna
[51] is also contained in the generalized Weibull distributio~ see Appendix A. For this
distributio~ the Weibull shape parameter rx has a value of 1. The distribution maybe written in
the following form:

‘a~=[+lexp[%l=[+ exp[%l> (23)

where the probability density finction pw of the cyclic stress cr. at a particular wind speed U is a
fi.mction of the standard deviation of the cyclic stress au (in this case, Cu is,equivalent to the mean
of the cyclic stress tiu ). Agai~ the mean stress is assumed to be a constant across this

distribution of cycle counts.

The distribution fimction that was proposed by Kelley [49] is actually the sum of three
distributions, with the exponential distribution describing the high-stress tail of the distribution.
Gaussian distribution is used to describe the low-stress region and a log-normal distribution
used to describe the transition between the low and high stress regions.

4.3.3. Generalized Curve Fitting Techniques

4.3.3.1. Weibull Distribution

A
is

The Rayleigh and exponential distributions cited above can be generalized to the Weibull
distribution. In its generahzed fo~ the distribution becomes

(24)

where the Weibull parameters ct and ~ can be expressed as fimctions of the mean and standard
deviation of the cycle count distribution (Appendix A).
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4.3.3.2. I&her Order Fits

A generalized curve fitting technique, named FITTING, that provides fourth order fits to the data
has been proposed by Wmterstein et al. [52, 53]. This formulation optimally retains the statistical
tiormation of the high-stress level data (i.e., the tail of the cycle count distribution) by distorting
a parent distribution to fit the first four statistical moments of the data. Importantly, this
technique distorts the parent distribution when the data indicate that the distribution differs fi-om
the parent dktribution. The tail is fit to the observed distribution by warping the parent
distribution (two parqneter distributions) using two additional parameters: the skewness (3d
moment of the distribution) and the kurtosis (4* moment of the distribution). Three parent
distributions are available in the FITTING routine: a Gaussiaq a Weibull, and a Gumbel. In
subsequent analyses, Winterstein and Kmhef [541 akrnonstrated that for the one-sidi?d
distributions typically encountered in cycle-counts, three-moment distributionsprovick betterfits
of the &ta thanfour-moment distributions.

As discussed above, previous fits to cyclic load distributions from wind turbines have emphasized
Rayleigh and exponential distributions, which are special cases of the Weibull distribution.
Weibull distributions can model a wide range of behaviors with two parameters to describe the
central tendency of the distribution (i.e., the body of the distribution) and the spread of the
distribution (i.e., the tail of the distribution). With its versatility and the previous emphasis that
has been placed on its use, a generalized Weibull fit will be used exclusively in the examples
presented here.

Typical generalized curve fits for the data presented in Figs. 8 and 11 are given in Figs. 12 and 13,
respectively. AS illustrated in these figures, the fit has excellent agreement with the data in the
body and the tail of the distribution, And, as discussed above, the low-amplitude portion of the
distribution is not included in the fit because it is of no consequence in the darnage calculations.
Moreover, Winterstein et al. have recommended that the curve fit should not include the low-
amplitude cycles because they will decrease the accuracy of the fit in the body and the tail of
distribution where the damage is concentrated for typical blade materials. As with its specialized
forms, the generalized technique only describes the distribution of the fatigue cycles with respect
to their alternating stress component. And, the mean stress is assumed to be a constant across
this distribution of cycle counts. The elimination of the low-amplitude stress cycles and the mean
stress variations ilom the fitting process are particularly evident when Fig. 8 is compared to Fig.
12.

The importance of defining the correct fictional form for the distribution of cycle counts is
discussed in Sutherland and Butterfield [55]. When the same cycle count distribution was fit with
an exponential distribution and with a Rayleigh distribution, the former was found to contain ten
times more damage than the latter. This significant increase in damage is a direct result of the
cycles contained in the tail of the distributions, with the exponential predicting more cycles in the
tail than the Rayleigh. Thus, the fitting technique is extremely important, and its form “shouldnot
be prejudged. And, by using the generalized fitting routine, the fitting algorithm obtains the best
fit to the data by choosing both the form of the underlying distribution and its distortion.
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Figure 12a. Flapwise Bending Stress.

Figure 12b. Edgewise Bending Stress.

Figure 12. Semi-Log Plot of the Cycle
Count Distribution on the NPS Turbine.

20
Iwlacu CmmhdCycha 1

L

Ahnmthgsttws RangqMPa

Figure 13a. Semi-Log Plot of the Cycle
Count Distributions.
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Figure 13b. WeibuIl Plot of the Cycle
Count Distributions.

Figure 13. Comparison of the Rainflow
Counted Cycle Count Distribution and
the Generalized Gaussian Model for the

Sandia 34-m Test Bed.

4.3.4. Low-Amplitude Truncation

The curve-fitting procedures described above are implicitly tied to the assumption that the initial
portion of the cycle count distribution is not important in a damage calculation. For example, the
analytical distribution shown in Fig. 13a matches the measured cycle counts very well above
approximately the 14 MPa bin. Below this bi~ the distribution falls to zero, while the measured
distribution increases dramatically, with the smallest bin having several thousand counts. As
discussed in section 4.4.1 “Minimum Data Requirements” on p. 24 and illustrated by Fig. 16,
these counts are typically not significant in the &termination of aknnageand may be ignored in
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the cz.nvefttingprocedure. In special cases, these low-damage (approaching zero) cycles can be
included in the damage analysis by maintaining them as true cycle count bins, as shown in Fig. 12
or by adding multiple piecewise distributions together [49].

4.3.5. Load Parameters

For all of the above formulations, the flmctional relationship between the stress state parameters
and the characteristics of the inflow must be determined before they can be applied. As cited in
Eqs. 22 and 23, the Rayleigh and the exponential formulations are one-parameter models that
describe this fictional
relationship. In both cases, this
parameter is related to the RMS
blade stress au; which is then
related to the average inflow
wind speed U. To date, the
majority of the work
characterizing this relationship
uses the Rayleigh model to
characterize VAWT loads. A
typical relationship between cru
and U, for the 34-m Test Bed
turbine [39], is shown in Fig. 14
[56]. This relationship is
typically characterized as a
piece-wise, linear relationship
for analysis [57].

As the formulations are
extended to higher orders, the
descriptions of the parameter
set required by the models can
become significantly more
complicated. Higher order
characterizations are reported in
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Figure 14. Comparison of the Measured and Predicted
RMS Flatwise Stresses for the Test Bed for Variable

Speed Operation.

Lange and Winterstein [58], Kashef and Winterstein [59] and Veers and Winterstein [60].

4.3.6. Cycle Rate

In most of these formulations, the distribution of stress cycles is represented as a normalized
distribution. Thus, the total number of stress cycles contained in the distribution (or, more
precisely, the average rate at which stress cycles are imposed upon the structure) is another
parameter required by the fitting procedure. There have been several techniques proposed for
assessing the value of this variable.
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The first, and the most obvious technique, is to use one of the cycle counting techniques discussed
above to determine the average rate of cycle accumulation. This technique was used by
Sutherland and Veers [61] in their evaluation of the effectiveness of these models and in the
detailed analysis of the fhtigue loads on the Sandia 34-m Test Bed [57]. Other methods, originally
proposed by Veers, use the dominant fkquency of blade vibration [43] or the rate of mean level
crossings [18] as the average cycle rate. In these two methods, the frequency is usually chosen to
be independent of wind speed. Typically for VAWTS, the cycle rate is chosen to be three times
the rotational rate of the turtine for edgewise stresses and two times for flatwise stresses. For
HAWTS, the edgewise rotation cycle rate is chosen equal to the rotation rate. In their
comparisons of results, Ashwill et al. [57] illustrate that the measured cyclic rates were higher
than the estimated rate, but, when the damage IYomthese two rates was compared, the differences
were not significant.

4.4. Representative Samples

As indicated in Eq. 11, the normal operation cyclic loads are typically weighted using the annual
wind speed distribution and then summed to find the total operating load spectrum. This analysis
technique implicitly assumes that each normal-operation wind-speed bin contains a representative
sample for all of the inflow condhions characterized by the short-term average inflow velocity.
Each sample is typically extremely short in time when compared to the design lifetime of the
turbine, i.e., minutes or hours as opposed to years.

As discussed by Wmterstein (his comments are reported in Sutherland and Butterfield [55]),
representative samples are adequate for this application because the fatigue analysis needs only to
accurately estimate the mean damage rate at a given operational state. In other words, fatigue
analysis should not require more loads data if the service lifetime is increased from 30 to 60 years,
say. This observation is especially important because it implies that the fatigue analysis can be
based on representative samples that can then be scaled to the lifetime of the turbine. However,
the representative sample conjecture requires that the sample be truly representative and that
statistical moakls can use this sample to extrapolate @om relative short-term alzta to long-term
dhta.

4.4.1. Minimum Data Requirements

The importance of obtaining a truly representative sample has been graphically presented in
Sutherland and Veers [61]. In this paper, Sutherland and Veers demonstrate that the damage
contained in separate 10-minute data segments, taken for normal operation of the 34-m Test Bed
at a constant mean wind speed, can vary by two orders of magnitude.

In a follow-on analytical study, Kelley and Sutherland [62] examined damage predictions for a
Micon 65/13 turbine installed in Row 37 of a 4 l-row wind fm in San Gorgonio Pass, Cdlfornia.
They examine accumulated damage in the blades during a typical diurnal variation of the intlow at
the San Gorgonio site. Of the total 144 ten-minute simulations, 37 simulations had a mean inflow
velocity between 11 and 13 m/s. The normalized damage trajectory based on the sequential
analysis of the 37 ten-minute simulations is illustrated in Fig. 15. In this plot, the average darnage
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Figure 15. Normalized Damage Trajectory for a Micon
65/13 Turbine.

rate for the 37 simulations is
normalized to one. The
average nominal damage rate
is then plotted as a fiuwtion
of the number of ten-minute
records included in the
average. This plot
demonstrates that the damage
stays within approximately +7
and -25 percent of its average
value after the first 19 10-
rninute simulations (3.1
hours). Thus, one would
surmise that a representative
sample requires a minimum of
19 simulations for this
operational state and turbine.
However, if sequencing in the

trajectory is change~ a very different result is obtained. Namely, consider the upper and lower
bound trajectories shown in the figure. In these plots, the simulations are added in the order of
the darnage they contai~ with the upper bound sorted in descending order and the lower bound
sorted in ascending order. First, these trajectories demonstrated that the simulation containing the
smallest damage underestimates the average damage by almost two orders of magnitude and the
largest overestimates the average damage by over one order of magnitude. And, the sample
requires almost all of 37 simulations before it stabilities to the average damage rate. Thus, when
the trajectory is based on ordered members of the data set, the trajecto~ essentially does not
stabilize until all members of the set have been added because the sample is not representative.
Techniques for insuring that a representative sample has been obtained are typically based on
obtaining a representative set of inflow conditions, such as turbulence intensity in each mean wind
speed bin. Criteria for this technique are discussed in section 4.4.2 “Intlow Parameters” on p. 26.

In another study, Winterstein and Lange [52] note that the data requirement for representative
samples also depends on the coefficient of variation (COV) that is acceptable in the damage
calculation. Using the data from the Northern Power Systems 100-kW turbine and assumed
values for the COV of the darnage and material variabWy, they estimated that at least 280
minutes (4.7 hours) are required to define the cyclic load distribution for a composite blade.

As reported in Sutherland and Butterfield [55], Winterstein notes another critical concept when
determining minimum data requirements for fatigue analyses. In particular, fatigue analyses
depend heavily on both the loads and thefatigue behavior of the materia~ e.g., the slope of the
S-N curve (i.e., m in Eq. 34, below) used to define damage rate @q. 8). As shown in Fig. 16, the
damage contained in the flapwise bending stress spectru~ Fig. 16a (also shown in Fig. 6b), is
concentrated in the body of the distribution when the exponential slope m is small (typical of
welded materials), Fig. 16b, and in the tail of the dk-ibution when the slope is large (typical of
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Figure 16c.Damage Density Function for
Composite (m z 10) Blade Materials.

Figure 16. Damage Density Functions for the
NPS 100kW Turbina

composite materials), Fig. 16C.3 Thus,
the blade material becomes an
important parameter when determining
whether a sample is representative and
suficient. For small exponents, the
bo@ of the distribution must be
determined accurately, and for lwge
exponents, the tail of the distribution is
more im~rtant.

Thus, these analyses indicate that the
current best estimate of the minimum
quantity of ahta required to obtain a
representative sample is on the orakr of
several hours for each operation state
with an m of approximately 10. This
statement is predicated on the
assumption that the external condhions
for that state are contained in the
sample and in their proper portions.
For example, each average wind speed
bm used to describe a normal
operational state should contain a
variation in turbulence levels that is
based on site characteristics or
certification requirements.

4.4.2. Inflow Parameter

To assist in collecting samples that are
truly representative, the data are usually
taken across a series of inflow
condhions. To the first order, normal
operational states depend mostly on the
mean wind speed, but secondary factors
are also important. These factors are
intended to describe the instantaneous
inflow velocity variations across the
rotor disk. They are typically
characterized by the vertical wind shear

3 Typical valuesof the fatigueexponentfor steeland aluminumare 3 and 6, mspeetively.For typkal fiberglass
bladematerials,the exponentis largerthan 10. Thefatigueexponentis discussedin detailin seetion5 ‘Material
Properties”onP. 41.
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across the rotor and the single-point turbulence intensity measured at hub-height in front of the
turbine. Although these parameters are typically the only ones specified in the certification
process, several other parameters have been proposed for characterizing the inflow across the
rotor. These parameters warrant consideration when defining a representative sample for all of
the inflow condhions from short-term average inflow velocity data. Sets of parameters that have
been proposed for defining the inflow are discussed in section 6.2 “Inflow Characteristics” on p.
76.

In another approach to the probleq Kashef and Wmterstein [59] have demonstrated that the
dependence of the blade loads on mean wind speed and turbulence maybe reduced to a single
variable that is based on the standard deviation of the high-kquency turbulence. Namely, when
the low-frequency components (well below the rotor speed) of the inflow velocity u are removed,
the resulting turbulence level ii~ can be correlated to the distribution of fatigue cycles across all

mean inflow velocities. The initial evaluation of this correlation was based on data from a single
turbine. When extended to another, smaller data set, the correlation to ii~ broke down and was

replaced by a dependence on the average inflow velocity U.

The crux of the analyses summarized here, as pointed out by Kashef and Wlnterstein [59], is that
the correlation between fatigue loads and inilow parameters is probably case dependent. At this
time, the appropriate distribution of inflow parameter(s) across a cycle count bin has not been
identified. The IEC Standards Committee, [17, 22] recommends that the turbulence intensity, as
a fi.mction of average inflow velocity, should be the governing parameter for describing the inflow
for design load calculations. The IEC recommendations define this fictional relationship.
Implicit to this formulation is that the turbulence intensity will be a constant across a cycle count
bin. My view is that this approach is somewhat simplistic and that the fat&ue load spectrum
should use, at the ve~ least, a distributionof turbulence intensities across each cycle count bin.

From an analysis standpoint, the inflow is typically described using the SNLWIND model [63-65].
In this model, the mean irdlow velocity, the integral length scale, and the shear velocity (related to
the turbulence ii) are typical input parameters for the turbulence and coherence modeling of the
inflow. Thus, additional variations in length scales and/or the Reynolds stresses [particularly the

(u’w’) term] are warranted when defining the inflow distributions across a particular cycle count

bin; see the detailed discussion of inflow parameters in section 6.2 “Inflow Characteristics” on p.
76.

Cuerva-Tejero et al. [66] have suggested yet another approach to solving this difficult problem.
They used “principal component” and regression analysis to identi$ combinations ,of inflow
parameters to develop a set of four factors that describe the inflow. In general, these four factors
may be associated with various parings of the common inflow parameters. One factor is
associated with the mean wind speed; the second with the high-level statistics of the wind speed
(skewness and kurtosis); and the third and fourth with the stochastic characteristics of the wind
speed (combinations of a length scale, a correlation coefficient and the standard deviations of its
three components), and the fourth is turbulence and the correlation between the horizontal
component and the vertical component).
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Adiwussed here, many pwmeters have been wggested ~desctiptors fortheifiow. Which
descriptors are necessmy and sufficient remain to be determined.

4.4.3. Scaling and Extrapolating Representative Samples

Once the representative sample of the loads has been determined, the sample must be scaled in
time to lifetime loads. Several techniques are currently used to scale them. Many designers
simply scale the sample loads directly. For normal operation, this scaling is typically based on the
average annual wind speed distribution dkcussed in section 6.2 “Inflow Characteristics” on p. 76.
These designers note that the samples define the main body of the load distributio~ and thus, they
capture all of the necessary loads on the turbke to define its service lifetime.

Other designers note that the infrequent occurrences of high-stress events contained in the “tail of
the load distribution” are affected by the specific data set, and that the distribution tails fill in as
more and more data are added to the record [47, 67]. And, as noted above, the existence of a
“high stress tail” on the distribution has significant influence on the predicted service lifetime of
the turbine. Thus, they believe that it must be well defined for an accurate analysis. This group of
designers typically extrapolates fi-omthe body of the cycle count distribution into this tail region.

As discussed by Lange and Wlnterstein [58], the data contained in a representative sample defines
the main body of the load dktribution on the turbine very well. However, the extreme loads in the
high-stress tail of the distribution may or may not be defined accurately. In section 4.3
“Analytical Descriptions of Normal-Operation Load Spectra” on p. 18, curve-fitting techniques
are used to develop analytical descriptions of the load distribution. These fits may also be used to
extrapolate limited data to the prediction of the tail of the load distribution. Thus, statistical
measures of the data are potentially very usefid for deducing the shape and magnitude of the low-
probability-of-occurrence, high-stress tail of the load distribution.

There are two critical issues for this technique. The first concerns the use of statistical modeling
to deduce the shape and magnitude of the low-probability-of-occurrence, high-stress tail of the
load distribution and the second concerns the extent of the predicted tail that is realized during the
life of the turbine.

For the latter, the argument is that under a probabilistic fiamewor~ large loads are possible, but
they are associated with a decreasing rate-of-occurrence (i.e., large return period or a decreasing
exceedence probability). Hence they may quickly become irrelevant in practical applications, such
as wind turbines with a finite service liftiime. While these large-load cycles may truly have a finite
probability of occurrence, their existence is controversial and typically difficult to estimate from
data. Several researchers have questioned the realism of the prediction in the tail of the
distribution [55]. Their skepticism is based on the realization that the relatively small
representative sample is to be extrapolated to a 3O-year lifetime. Consider the case where each
wind speed bln contains only a single 10-minute record. For an 8 rrds Ralei@ site (see the
discussion in section 6.1 “Annual Average Wind Speed” on p. 75), the turbine will operate
approximately 5.5 percent of the time in the 11-12 mk wind speed bin. Thus, the extrapolation
technique is being asked to extend the data from the 1 per 10 minutes fiactal to the 1 per 1.65
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year fiactal (5.5 percent of 30 years); i.e., by a factor of approximately 90 thousand
(0.055x30x365x24x6)! Even if an hour of data is used in each bi~ the extrapolation wdl be
almost 15 thousand.

The discussion on the existence and extent of this high stress tail is very important because, as
noted above, the tail of the distribution is critical to the predktion of service lifetimes for
composite turbine blades. Most designers fit the data with a distribution. In some cases, the
designer will use the entire predicted distribution while others will truncate the distribution at five
or ten times its RMS value (2ti moment of the distribution). However, at this time, there is no
consensus concerning the use of statistical moaklsfor predicting the shape and the extent of the
tail of the load distribution used in service hjietirnepredictions. For conservative predictions, a
distribution should be fit to the available data and used to extrapolate these data to long service
lifetimes. And, in no case should the distribution be truncated below the maximum measured or
simulated load level.

4.5. General Topics

4.5.1. Load Spectra Derived from Inflow Parameters

The analytical formulations cited in the previous section are descriptive models. Namely, they use
measured loads data at a given set of inflow conditions and operational parameters to obtain
mathematical formulations that describe the loads on the turbine. As discussed by Kashef and
Winterstein [59], the correlation between fatigue loads and inflow parameters is probably case
dependent, because each turbine will react to a turbulent inflow spectrum based on such
parameters as its size, architecture, modal frequencies, and damping characteristics. ZZus, the
&scriptive nature of these modkls implies that they are turbine and site Speclfm.

A number of techniques have been proposed for extending the description of a turbine at one site
to another site or to another turbine. Jackson [68] offers a classical route to the extension of
these formulations from descriptive models to predictive models. In this analysis, dnensional
amdysis is used to scale the size of the turbine. In another technique, Kashef and Winterstein [59]
use a de-trending analysis to change sites. Spera [69] uses empirical relationships, derived from
rotationally-sampled inflow dat~ to obtain fatigue loads from structural analysis codes. And, in
yet another approach developed by Kelley [49] and by Barnard and Wendell [70], the inflow time
series is rainflow counted. The inflow cycles are then related to the fatigue cycles using a transfer
fhnction. They postuiate that the transfer fimction is constant for a given turbine.

4.5.2. Structural Analyses

The only true prescriptive models that can be used to analyze the fatigue loads, without
experimental measurements, are based on analytical inflow and structural analysis codes [25, 26].
In this technique, an inflow model is combined with atmospheric design specifications and with
aerodynamic load and structural analysis models to prescribe the fatigue loads on the turbine [24].
The SNLWIND model, proposed by Veers [63, 64] and upgraded to three components by Kelley
[49, 65], is typically used in the U.S. The European models are typified by the work of Mann
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[71]. Popular aero/structural codes used in the U.S. are the analyses by Wilson et al. using the
FAST code [72], Hansen using the YawDyn code [73], and Elliott and Wright using the
Adams/WT code [74]. Detailed discussions of these codes are beyond the scope of this report.
Quarton [75] provides a detailed summary of wind turbine design analysis.

The direct application of the structural analysis codes for predicting of fatigue loads is beyond the
scope of this report and will not be discussed here. Direct ties between structural analysis codes
and fatigue analysis have been conducted by Wilson et al., [76] for the FAST code and Laino and
Hansen [77-79] for the YawDyn and Adams/WT codes.

4.5.3. Bin Size

Binsing rainflow cycle counts into count matrices is typically the technique of choice for analyzing
the cyclic loads on a wind turbine. However, the accuracy of this technique is limited by the size
of bins. In particular, the cycle counts within a bin are spread across the bm. Because the damage
contained within the bl~ see Eq. 5, is a non-linear fi.mctionof its stress level, the characterization
of all the load cycles within a bin at a single level can signiilcantly under or overestimate their
damage to the structure, Several analytical techniques, based on materials properties and on the
assumed distribution of the loads contained in the bin, can locate the damage centroid for the bin.
However, these techniques are typically overkill. A conservative technique is to use the highest
stress level for each bin as stress level for all cycles in that bin and to keep the size of each bh
relatively small. For the latter, the minimumrecommended number of bins isjj&y [25], and the
expected maximum cyclic stress is typically set to fall within the 70 percent bin.q

4.5.4. Mean Value Bins

As discussed above, the fatigue load spectrum may be described using one of three
representations: the range spectra in a column of cycle counts, a range and mean spectra in a 2-D
matrix of cycle counts, and a Markov matrix of peaks and valleys in a from-to matrix. The runge-
mean (2-D) cycle-count matrix is the form fwored by this author for most applications. The
inclusion of the mean value in the description of each cycle count adds important ir&ormation
concerning the general state of stress (strain) on the component. This ini?ormation can be used
effectively by the linear damage models and the additional itiormation is gained with little
additional complexity.

However, this view is not shared by all. In reduced formulations (2-D to l-D), the variation of
the mean stress across cycles is replaced by a single average value in some fitting techniques and,
in others, the variation is totally ignored. In an apparent contradiction to the statement in the
preceding paragraph the author has used several of the reduced formulations extensively, e.g., see
section 4.3.3 “Genertilzed Curve Fitting Techniques” on p. 20. The use of a reduced formulation

4 The purposeof the 70 percentvalue is to provideroom-at-the-topof the cyclecountmatri~ in particular,if an
unexpectedlyhigh stress cycle occurs, it will be includedaccuratelyin the cycle count matrix. If data are
preproces~ the 70percentvaluemaybe increasedto reflecttheknownvalueofthe higheststresscycle.
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is supported by several observations. For most turbkie load spectr~ the range of mean stresses is
relatively small. And, if the material properties are based on a mean stress or an R value that falls
somewhere near the middle of this range, service lifetime predictions are typically close to those
predicted using the mean stress tiormation.s Z%us,the variation of the cycle counts with mean
stress can sometimes be ignored z~the materialproperties used in their evaluation are based on
an average mean value. However, designers should evaluate their designs and load spectra using
both techniques before using one or the other, to ensure that their choice does not lead to a non-
conservative estimate of the service lifetime.

4.5.5. Counting Cycles

As discussed above, the data samples forming the representative data set are formulated Ilom
relatively short samples of data that are collectively on the order of several hours in duration.
Typically, the duration of each segment is 10 minutes. These segments are counted as series of
independent segments or concatenated into a single file for counting. As pointed out in Kelley—
and Sutherland [62] and MOUZZ
significantly different service
lifetime predictions because the
closeout cycles may not be
matched correctly and the low-
occurrence cycles may be
missed entirely. Mouzakis and
Morfiadakis [80] demonstrate
that the service lifetime
predictions based on segmented
data can underestimate damage
by over 40 percent for materials
with large fhtigue exponents.
For smaller material exponents,
the effects are less dramatic.
Using time-series data that was
divided into 10-minute
segments, they compared
predicted service lifetimes with
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is and Morfiadak.is [80], the two techniques can produc
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Figure 17. Effect of Segmented Data on the Prediction
of Service Lifetimes.

and without closeout and low-occurrence cycles. Their results are shown in Fig. 17. For this
figure, the time-series data were counted first in segments without closing the half-cycles. The
resulting darnage calculation yielded the reference service lifetime. The data were then re-counted
in segments with the half cycles included in the count. The resulting service lifetime is compared
to the reference service lifetime in the plots labeled “Half Cycles” in the figure. The data were
recounted a final time with all of the time-series data concatenated into a single file. Half cycles

5 As discussedin detaiI below,the fatiguepropertiesof typicalwind turbinematerialsare signitkantlymore
dependentonthe alternatingstresslevelthanonthemeanstresslevel.
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were included in this count as well. This resulting damage yielded plots labeled “Concatenated” in
the figure. Ihus, when the representative ahta set is segmented the sets should be counted ax a
single, continuous record. This discussion is continued in section 4.6.2 “Transition Cycles” on p.
33 where the cycles between operational states are discussed.

4.5.6. Equivalent Fatigue Load

To describe the impact on fatigue from a spectral load distributio~ the concept of an equivalent
fatigue load may be used [31]. In general, the equivalent fatigue load is determined using Miner’s
Rule (see Eqs. 5 through 7) to determine a single, constant-rate fatigue load that will produce
equivalent damage. If the equivalent cyclic load F(.) has a mean stress level of (om)e, and an
alternating level of (c,)=, then:

‘[(am)e,(aa)e]fO = “ - ‘(cm> ‘a) da da

N[(tTm)e , (aa)e] H-ON(om~aa) a m ‘
(25)

where &. is the cyclic rate for F(o) and N(0) is the number of cycles to failure at the specified mean
and alternating stress level, see Eq. 9. In the absence of actual cycle counts, the fiequency~o may
be taken to be 1 p (i.e., the blade rotation rate) for the edgewise bending moments and 3 p for
flapwise bending moments of three-bladed machines and 2 p for two-bladed machines. F(.) is not
unique. Typically, the mean value (cs~)eis chosen and then (cra)cis calculated.

Obviously, this equivalent fatigue load is material dependent. As discussed in section 5 “Material
Properties” starting on p. 41, this formulation may take one of several forms. For power law
formulations, see Eq. 31, with a constant mean stress, Eq. 25 maybe written in the form:

(“a)e = 1~(cra)mn, K
i

JOT ‘
(26)

where m is the fatigue exponent, and T is the total time covered by the load spectrum. Typical
values for m are 3 for welded steel, 6 for extruded aluminum and 10 for fiberglass composite
materials.

The equivalent fatigue load is one method used to test wind turbine components in fatigue [81].
In this simulation technique, the spectral loads on a component are replaced with a constant
amplitude load cycle. This technique for simulating spectral loads significantly simplifies the
experiment. Moreover, by increasing the amplitude of the equivalent fatigue load (mean and/or
alternating stress level), the service lifetime of the component can be simulated in a relatively short
time period. However, these simulations are predicated on the validity of the assumed damage
law and a detailed understanding of material behavior.
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4.6. Total Load Spectrum

The load spectrum for normal operating states is typically obtained by summing the time-scaled
representative samples for each operational state of the turbine. This summation does not include
the fatigue cycles from transient events and horn transitions between operational states. Because
these transitional states can contain high load events, they should be included in the total load
spectrum for a turbine component. This section of the paper highlights these events.

4.6.1. Transient Events

Wmd times maybe subjected to a large number of transient events that can significantly reduce
their service lifetime. Typical events include, but are not limited to, start-stop cycles, high-rate
yaw events, hitting the teeter stops, non-operating high-wind btieting loads, loss-of-grid
shutdowns and emergency shutdowns. Transient events are turbine dependent and must be
evaluated on a turbine-by-turbine basis. Some are created by inflow events, as with rapidly
changing inflow dkection [78], others are created by the turbine’s control system [82] and others
are created by starting and stopping the turbine [83]. Whatever their source, these loads can be
some of the largest loads on the turbine. Therefore, transient events should be analyzed and
inchui%din thefatigue analysis of the turbine.

While survival loads are transient events, their extremely low rate of occurrence (probably zero
for at least half of a fleet of turbines) and their very large size are not typical of the loads expected
on the turbine. Therefore, survival loads are typically not inchuzkd in the fatigue analysis of
wind turbines.

4.6.2. Transition Cycles

As discussed above, the load spectra for an operating wind turbine are formulated from relatively
short representative samples of data that collectively are on the order of several hours in duration.
The operational states are typically considered to be independent of one another. Thus, the
fatigue cycle produced by the transitionfiom one operational state to another are missed when
the states are added together to form the total spectrum. Larsen and Thomsen [84] conducted the
initial analytical study of these cycles. In their analysis of the load cycles imposed upon turbine
blades during a year of operation, the transition cycles increase the damage rate by 3 percent in
materials with low fatigue exponents and by 60 percent in materials with high exponents. Two
other studies on how these cycles afkt predicted service lifetimes have been conducted. Kelley
and Sutherland [62] have shown in their analytical study that the transition cycles are insignificant.
And, Mouzakis and Morfiadakis [80] in their analysis of experimental data indicate that these
loads increase damage by approximately 10 percent for low material exponents and by 70 percent
for high material exponents. The transition cycles between normal operational states of the turbine
are commonly called ground cycles.

Ground cycles are difficult to determine. However, they can be determined either analytically [62
and 84] or experimentally [62, 80]. In both cases, the simplest solution is to count aIl of the data
from all of the operational states together as a single record. Although simple in concept, the
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technique is very dficult in practice because a large amount of data must be analyzed. Moreover,
each sample must be added in proportion to its expected probabtity of occurrence and in its
expected sequence. Larsen and Thomsen [84] have actually conducted such a simulation. In their
technique, the load spectrum for the transition between operational states is predicted analytically,
then long-term inflow simulations are used to prdlct the number of transitions between each and
every two states for the life of the turbine. Their results are cited above.

Thus, if ground-cycle data are available, they should be used in the service lifetime analysis.
However, because these data are dficult to obtain and predktions of service lifetimes are, at
most only marginally affiected by therq we conclude that that ground cycles may be ignored in
most service lifetime predictions.

4.6.3. Comment

While differences of 10 percent and 70 percent variation in the predicted service lifetimes seem
hi~ one should remember that for many applications, uncertainties in the loads, materials and
damage typically yield widely varying damage predictions. For wind turbine applications,
d@erences of a factor of 2 between akwnagepredictions and measured lijietimesare not only
common, they should be expected Once said, there are several places were these relatively small
uncertainties occur, see above and below. Utiortunately, most are non-conservative and they can
add to a significant result. Thus, the designer should include as many of these special-case fatigue
loads in the design calculations as practically possible.

4.6.4. Summation of Load States

Once the representative samples of the load spectra have been assembled, they must be summed
to estimate the lifetime of the turbine. As indicated in Eq. 11, the normal operation cyclic loads
are weighted using the annual wind speed distribution and then summed to find the total operating
load spectrum. The number of significant transient events is projected and then added to the
operating spectrum. The result is the total load spectrum on the wind turbine.

4.6.5. Partial Safety Factors

To assure a .sr&edesi~ the IEC-61400-1 standard [17] uses partial safety factors to cover the
uncertainties and variabilities in the loads (and in the materials). Namely, the partial safety factors
account for the possibility of unfavorable deviations of the load from the characteristic value and
for uncertainties in the loading model. A discussion of partial safety factors and their application
to wind turbine design is beyond the scope of this report and will not be discussed here.

4.7. Off-Axis Analysis

In most wind turbine blade analyses and experimental data sets, the loads are decomposed into
two primary bending moments along the primary blade axes, The first primary moment, called the
“flap” or “flatwise” bending moment, is bending out of the plane of rotation. The second, called
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the “edgewise” or “lead-lag” bending moment, is bending in the plane of rotation.6 In the initial
discussions here, these loads are treated independently. However, the critical fatigue loads (stress
cycles) imposed on the blade may not be along one of these primary blade axes [85, 86]. Rather,
the critical loads may occur along another axis. Sutherland [85] has presented both time-domain
and frequency-domain analysis techniques for determining the off-axis fatigue cycles from
primary-axis loads.

4.7.1. Geometric Load Parameters

To determine the off-axis stress states in a blade sectio~ the two principal bending stresses at that
blade station may be added together vectorially, see Timoshenko [87]. Combining the stresses
yields:

(27)ad(t) = P#F(t) CoS(o)+ PEOE(t) ‘in(e) ,

where Oe is the bending stress at time t and angle 0, GFis the root flapwise bending stress, u~ is
the root edgewise bending stress, and p~ and p~ are geometric correction factors. The angle 6 is
defined here to be the angle from the positive edgewise bending principal (neutral) axis toward the
negative flapwise bending principal axis; i.e.,
from the tension side of the flapwise bending
moment to the tension side of the edgewise
bending moment, see Fig. 18. For time-series
dat~ the time t in Eq. 27 is simply replaced by
tj, namely the j~ component of the time series.
The geometric factors pF and pE adjust the
bending stress at the outer fibers of the
principal axes to the bending stress at the outer
fibers at the angle 0. The values for p~ and p~
are determined from:

/

(p,), = w.
(YO)F

/

(28)

(PE). = (Y”)’(y ) ‘
OE

where (yO)eis the distance from the intersection {

-
EdgewiseBending
NeutralAxis

i
Flapwise Bending
Neutral Axis

Figure 18. Geometric Parameters for an
Elliptical Root Section.

the principal axes to the outer fibers at angle 0,
md (yo)Fand (yo)~ are the dktances from the principal axis to the outer fibers along the flapwise
and the edgewise axes, respectively, see Fig. 18.

6 Thesedefinitionsare not universal Forturbineswithconedand/orpitchblades,the definitionsofflapwiseand
edgewisebendingmomentsare typicallymodifiedtobeperpendicularandparallelto the chordlineoftheblade.
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4.7.2. Typical Variations in OtWWs Load Spectra

Using the time-series data summarized in Figs. 5 and 6, Sutherland [85] used Eq. 27 to add
vectorially, point-by-point, the flapwise and edgewise loads for values of 0 that ranged from O to
360 degrees. The resulting time series was rainflow counted to determine the load spectrum
around the root of the turbine. The spectra for various angles are shown in Fig. 19.

Atypical result for the range load spectrum at +45°, i.e., halfivay between the tension side of the

flapwise bending moment and the tension side of the edgewise bending momen$ is given in Fig
19b. Similar plots for -30°,-45” and -60° are shown in Figs. 19d, e and f The range spectra at O
and 90° are duplicated in Figs. 19a and c to enhance the comparison of results. AS seen in both
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figures, the typical two-hump characteristic of the edgewise-bending stress is still strong in all of
the off-axis spectra. These plots are based on a frequency domain analysis proposed by
Sutherland [85].

4.8. Specialized Load Spectra for Testing

4.8.1. Variable Amplitude Test Spectrum

The bulk of the fatigue testing of materials and wind turbine components is constant amplitude
testing over a large variety of both compressive and tensile loads. However, wind turbines are
subjected to a spectrum of loads that can significantly change their behavior; see the discussion by
Veers et al. [30]. Thus, constant amplitude testing may not be charactetilng their fatigue
response correctly.

To determine if constant amplitude tests can be used to prdlct the service lifetimes of turbhe
components under spectral loading, specimens must be tested under spectral loads that are
representative of the loads on the turbine. The European community was the first to develop a
test-bad spectrum for wind turbine components. This spectrum is called WISPER (Wind turbine
reference SPEctRum) for short [88, 89]. It was designed to represent the loads on a generic
turbine operating alone in flat terrain. Because the loads in these conditions are relatively mild
when compared to the spectrum imposed on a wind fm turbine in mountainous terrai~ a second
test spectn.uq the U.S. Wind Farm spectru~ was proposed by Kelley [90]. This section
discusses these two variable-amplitude test spectra.

4.8.1.1. WISPER

The WISPER reference-loading spectrum was developed by an international working group
composed of thirteen different European research institutes and manufacturers [88]. The
objective of the effort was to speci~ variable-amplitude test-loading histories that model root
flapwise (out-of-plane) bending of horizontal-axis wind turbine blades in the field. These features
include exhibiting a spectral shape that is characteristic of the type of structure under test, while
also providing the interactions thought to be important in such a stochastic environment. Great
care was taken to ensure that the final loadhg spectra dld not represent any particular turbine
design or operating environment (e.g., the WISPER loads are not time correlated). These
fatures imply that this test-load spectrum is to be used for comparative purposes only.

WISPER is derived from eight load cases that are called classes or modes. The first two classes
are the loads for discrete events, specifically turbine start-up (Class 1) and stopping (Class 2).
The six remaining classes, 3 through 8, are based upon 10-minute load histories obtained during
continuous operation of the turbines over their operating wind speed range. Mode 3 contains
representative data for mean wind speeds below 9 rids. Modes 4 through 7 contain data for mean
wind speeds of 9-11, 11-13, 13-15, and 15-17 mls, respectively. Finally, Mode 8 describes the
loads for mean wind speeds exceeding 17 rids.
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The loads in WISPER are based on a large population of load measurements from nine two-
bladed and three-bladed turbines. Their rotor diameters ranged from 11.7 to 80 m. A total of 65
rainilow counted load cycle matrices (sorted by WISPER Wind Speed Class) were used to
construct the WISPER spectrum. For Modes 3-8, the individual matrices from each turline were
norrdzed by the magnitude of the load cycle occurring once per 1000 revolutions. The
normfllzed matrices for each wind speed class were then averaged together to reduce the
influence of individual turbines. Using this approach, six norms.liied load cycle matrices were
obtained; one each for Wind Speed Classes 3 through 8. The normaliition of Operating Modes
1 and 2 (start-up/stop) was handled somewhat differently. A detailed discussion of this procedure
is not warranted here.

The WISPER protocol uses the six normalized load spectra as representative samples for the
operation of the turbke. The total load spectrum is obtained by adding each of these
representative samples together in proportion to the number of hours the turbhe will operate
during a two-month period. The hours of operation used in the WISPER protocol are based on
the long-term wind statistics from two different sites along the northern coast of Germany.

While WISPER offers the complete range of loads on a wind turline (approximately 130,000 load
cycles), researchers have found that its many small load cycles make testing somewhat difficult.
To provide a shorter testing sequence, the low-amplitude cycles have been removed from the
WISPER load spectrum to form the WISPERX load spectrum. The latter reduces the number of
load cycles by approximately a factor of 10 (approximately 13,000 load cycles remain) by
removing all cycles with an amplitude of level 17 or less (WISPER has a total of 64 load levels).
WISPERX maintains all of the larger cycles in both tension and compression. For testing rates of
2 ~ a WISPERX test block will require approximately 2 hours to complete, while a WISPER
test block will require about 18 hours.

4.8.1.2. U.S. Wind Farm S~ectrum

The U.S. wind fm spectrum was developed by Kelley [90] based on operating data obtained
horn two Micon 65 turbines that were tested at Row 37 of a 41-row wind farm in San Gorgonio
Pass, California [91, 92]. The data set consisted of 397 10-minute records that were collected
over a wide range of inflow conditions during the late wind season (late July and early August).
These data were processed using the WISPER development protocol to form the load cycle
matrices for Modes 3 through 7.

The U.S. wind farm spectrum does not compare directly with the WISPER spectrum because they
are based on M?iierentwind speed distributions. To provide a compariso~ the normalized load
cycle matrices from the WISPER spectrum were combined with the San Gorgonio wind speed
distribution to form an equivalent WISPER spectrum for the San Gorgonio site. The equivalent
WISPER distribution is compared to the U.S. wind farm spectrum in Figure 20. As shown in this
figure, the San Gorgonio spectrum has many more cycles than does WISPER And as verified by
Sutherland and Kelley [93], the former is significantly more damaging.
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Figure 20. Cumulative 2-Month Reference Alternating had Spectrum.

4.8.2. Load Spectra for Gears

The conventional design technique used for a non-wind generator gearbox is based on the
maximum torque transmitted through the box and by the spectral content of the operational loads.
The spectral content is usually characterized by a service factor. Recommended service factors
for normal applications are supplied by gearbox manufactures and standardwed by the American
Gear Manufacturers Association (AGMA). For example, a service factor of 1.0 is recommended
for relatively short duration applications involving uniform loads, as with rotary pumps for liquids.
A factor of 2.0 is recommended for continuous
applications involving reciprocating loads, as
with cooliig tower fans or beet slicers in the
sugar industry. Utiortunately, the unique
torque spectrum imposed upon gearboxes used
in wind turbines precludes designs based upon
any of the standard categories.

In a technique that is used to characterize and
analyze the loads on a typical wind turbine
gearbox, McNiff et al. [83] developed a “time-
at-level” histogram for the loads on the
gearbox. In this technique, the torque applied
to the gearbox is characterized by the totai time
the gearbox will be subjected to a given
magnitude of torque. Figure 21 presents the
annual time-at-level histogram developed by
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Figure 21. High and Low Turbulence
Torque Spectrum for the Micon 65.
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McNifI, Musial and Errichello [83] for the
Micon65turhe. Thedevelopment. of these
loads is based on a point-by-point binsing of
the time series data by magnitude. The
service lifetime analysis assumes that each
torque bm is applied to the gearbox in a quasi-
static manneq namely, the torque is a slowly
varying fimction of time.7 Thomsen and
Petersen [94] conducted a similar study for
both stall and pitch controlled wind turbines.

In the time-at-level technique, the torque time
series is bhwed by magnitude. The number of
stress cycles on an average gear tooth is
determined from this histogram by dividing
the time in each torque bin by the duration of
a tooth engagement (or, conversely, multiply
by the rate of tooth engagement) and, then
dividing by the number of teeth on the gear.
Thus, the cycle count histograms and the
time-at-torque histograms are simple multiples
of one another.

The time-at-torque histogram for a Micon
65 turbine is shown in Fig. 22. As shown in
this figure, the time-at-torque is a fimction of
sample rate. Sutherland and Burwinkle [95]
have demonstrated that the time-at-torque
techniques yield essentially equivalent results
to raintlow counting the tooth loads; namely,
for thefatigue analysis of gears, torque loads
may be considered to be slowly varying
functions of time.

20, 1

Marl Tcque, Iwnl

Figure22a. Lhmar Hktogram.

10:
~ : Micon65

Nmmhzedto
r /

/
100se=

0.05
t

SmpkRele

_32Hz

— lqml/“’”RecordLea@
6LloaeG
AveraseWd SW?(I

0.02
,/ ,

13.5In/s
/“

0.01 1 1 I
2 2.2 24 26 2.8 3

Ln(Stress Range), MPa

Figure 22b. Weibull Plot.

Figure 22. Time-at-Torque Hktogram for
the Micon 65.

A joint AGMA (herican Gear Manufactures Association) and AWEA (American Wind Energy
Association) committee has developed design guidelines for gearboxes used in wind turbhe
applications [96].

7 A “slowlyvaryingfimctionof time”impliesthat the torqueloadsonthe gearteethproducea singlestresscycle
pereaehtoothengagement.
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5. MATERIAL PROPERTIES

Most of the materials used in the
construction of wind turbines are
typical of those materials that are
used in rotating machinery and
towers. Thus, the turbine system
is primarily composed of materials
that are relatively common
structural materials with extensive
engineering applications and
databases. However, blades are
unique structural components of
wind turbines. They are a
minimum weight and cost
component that must endure a very
large number of fatigue cycles
during their service lifetime. As
shown in Fig. 23, blades must
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Figure 23. Schematic S-N Diagram for Various
Fatigue Critical Structures.

endure several orders of magnitude more cycles than an airplane, the original fatigue critical
structure. Thus, turbine blades are also fati~e critical structures. Moreover, the cost of the
materials used in the turbine must be kept at a relative minimum to ensure a commercially viable
product.

Wind turbine blades have been made fi-om a variety of materials that range from wood to metals
to composites. Wood (a naturally occurring composite material) has proven to be a successful
material. Its relatively high strength-to-weight ratio, and good stiffhess and resilience yield high
quality blades. Wood was used in the early windmills (including the early Dutch windmills and the
U.S. water pumpers) and has remained a favorite with the designer of small and medium sized
wind turbines. However, wood’s inherent problems with moisture stability and joining efficiency
[97] have forced designers to examine other materials. Metals were initially a popular material
because they yield a low-cost blade and can be manufactured with a high degree of reliability.
However, most metallic blades (steel) proved to be relatively heavy, which limits their application
in commercial turbines. Lightweight metals (aluminum) have found some applications.
Composites have become the blade material of choice. High strength and stiffhess and the ability
to tailor the material to the loads has led to its widespread use as a blade material.

The bulk of the fatigue properties developed for materials that are used in wind turbine
components are based on coupon tests conducted under constant amplitude loading. The
techniques used in these tests have varied widely. Swanson [98] provides a general reference for ‘
typical testing techniques. This section provides a general’overview of the fatigue properties for
the various wind turbine blade materials and references to fhtigue databases.
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5.1. Characterization of Fatigue Propeti#es

Typically, the fatigue characteristics of materials are determined by subjecting test specimens to
fatigue cycles and counting the number of cycles to failure. h constant-amplitude fatigue tests,
the data are typically called S-N dat~ reflecting the number of cycles, N, at the stress (or strain)
level S required to fail the sample. For crack propagation the dat~ normally called dakln dat~
track the number of cycles required to extend a crack of length a by a length da. In both cases,
experimental procedures lend themselves to tracking the cycles to failure as a fiinction of the
cyclic amplitude while holding the mean or R ratio constant. This testing procedure yields a ftily
of curves that describes the fatigue behavior of the material.

The information contained in these curves is typically characterized using several standard
techniques. The first and foremost is a presentation of the family of S-N curves themselves. This
simple presentation can be somewhat deceiving, because various authors use various forms of S
and n; see section 2 “General Fatigue Nomenclature” on p. 3. In particular, the value of S can be
chosen to be the range of the cycle, the amplitude of the cycle, the maximum of the cycle
(tension) or the minimum of the cycle (compression). Moreover, these values maybe normaliid
by ultimate tensile or compressive strength. The number of cycles n is usually the number of fill
cycles to fhilure. But it can also be the number of “cross-overs” (zero-crossings) or the number of
reversals (two reversals for each fill cycle). Thus, one must also be cautious with S-N hta.
Always check the reference to wcertain the de]nitions of the variables used to characterize the
&ta.

In addition to the presentation of the fimily of curves, several other graphical and mathematical
descriptions of the data have proven useii.d. A very popular graphical technique is the constant-
liiie Goodman Diagram and log-linear and log-log curve fitting techniques. This section of the
paper discusses several of these
techniques.

5.1.1. Goodman Diagram

For design, a family of S-N curves is
typically not very usefbl. Rather, the
designer prefers constant-life curves
that depict the locus of all stress
states that produce a given fatigue
life. These curves allow the designer
to determine quickly and accurately
the effect on lifetime of changes in
the stress or strain in a component
under design [1O]. A typical
Goodman diagram is illustrated in
Fig. 24. In this figure, the vertical
axis is a measure of the cyclic
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Figure 24. Typical Symmetric Goodman
Diagram.
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amplitude, and the horizontal axis is a measure of the mean stress. In both cases, theses stress
levels have been normalized by the ultimate tensile strength of the material.

Figure 24 illustrates that a constant R ratio plots as a straight line in this diagram. Ml constant R
ratio plots have their origin at zero mean and zero amplitude. Fully reverse bending, R = -1, is the
vertical axis; i.e., the mean stress is zero.

In this figure, the constant life curves are bounded by the ultimate tensile strength of the material
on the tensile side (right side) of the diagram. This stress level plots as a straight line between
(O,1) and (1,0). Likewise, the ultimate compressive strength bounds the compressive side of
diagram (left side). It plots between (O,1) and (-1,0). Similar straight limes are shown in the
figure for the tensile and compressive yield stress. k this illustratio~ we assumed that the tensile
and compressive strengths are equal

Three representative constant life diagrams
10,000,000 cycles. Each constant-ltie plot
Depending on the data behind the plot, the
curve or a smooth fitted curve.

are shown in this figure, at 10,000, 100,000 and
can be constructed from a family of S-N curves.
constant-life curve may be straight-line segmented

This diagram illustrated in Fig. 24 is called symmetric; namely the left side of the plot is the mirror
image of the right side of the plot. Thus, for symmetric materials, the ultimate tensile and
compressive strength must be equal, and fatigue life is dependent on the absolute value of the
mean stress. For symmetric materials, only the right half of the fill Goodman diagram is typically
plotted. Metals are typically symmetric materials; fiberglass materials typically are not.

5.1.2. General Characterizations of Fatigue Behavior

5.1.2.1. Curve Fitting S-N Data

As discussed by many authors, the S-N behavior of composite materials at a
typically fit using one of two equations. The first is a power law of the form:

~ = @/m = ~N1/k
>

or alternately,

log(a) = log(c) +: log(N) ,
m

constant R value is

(29)

(30)

where N is the number of cycles to failure at stress level cr, and the coefficient q sometimes
denoted by k or b, is called the fatigue exponent. In this form, thefatigue exponent is a negative
number; i.e., the stress level decreases as the number of cycles increases. However, mostfatigue
literature reports positive fatigue exponents; namely, Eqs. 29 and 30 have been rewritten with an
explicit negative sign. Thus, these two equations become:
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log(a) = log(c) -+ log(N) .

In nondimensional form, Eq. 31 takes the form:

or

{)10 ~ = log(c’) -~ log(N) ,
Cro

(31)

(32)

(33)

(34)

where CJOis the static strength of the composite. In this fo~ C’ has a value of 1 when the curve
fit to the S-N data set passes through the static strength at 10° cycles, i. e., at static failure in the
first fatigue cycle. However, best fits for many materials yield values for C that are typically much
larger than one. Thus, a multi-segmented curve is typically required to characterize the low and
high cycle fatigue behavior of composites. For wind turbine applications where design lifetimes
are relatively long, this region of the curve is typicafly not important.

The second form is given by a log-linear fimction of the form:

O=c -: log(N) = C -b log(N) , (35)

or alternately,

10” = CN-l\m
> (36)

where the inverse of m is typically denoted by b. In nondimensional form, Eq. 35 takes the
following form:

(7
— = C’ -~ log(N) = C’ -b log(N) .
00

(37)

In this fo~ C’ also has a value of 1 when the curve fit to the S-N data set passes through the
static strength at 10° cycles. Best fits typically yield values of C that are very close to one.

Ihe exponent m in Eqs. 35 and 37 is dl~erent. When a specz~c S-Nalrta set is~t with these two
equations, the respective fatigue exponents are comparable, but they ~ically will not have the
same magmtude. As discussed in section 5.4.6.2 “Predicted Service Lifetime” on p. 65, fits of
composite data with one of these two forms will have comparable goodness of fits. However,
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when used in damage analysis for spectral loads, the two fits produce significantly different
predicted liiletimes.

5.1.2.2. Goodman Fit for Mean Stress

As discussed in preceding sectio~ the family of S-N curves maybe formed into the Goodman
diagram shown in Fig. 24. For many materials, the dependence of’ the constant-liie curves on
alternating and mean stress may be collapsed into a single cwve using a Goodman fit [8]; i.e., the
Goodman diagram is mapped into a single curve that is based on an equivalent stress level.
TypicaUy, the data are collapsed to a single, zero-mean-stress S-N curve (equivalent to R = -l).

The Goodman Fit defines the relationship between mean and alternating stress levels. This rule
states that the fatiWe life at alternating stress cr. and mean stress cs~is equal to the fatigue life at
an equivalent zero-mean-stress alternating stress state of o=through the relation:

[1

c
CTm

cra’oel —— >
o“

(38)

.

where a, is the ultimate strength of the material. Variations on this equation replace the ultimate
strength of the material with the yield stress, or various fractions and/or combinations of the
ultimate strength and yield stress. Usually the exponent c is taken to be equal to one, but other
values are oflen used to improve the fitting characteristics. The form chosen for a particular
material is usually determined using a best-fit algorithm.

5.1.2.3. Crack Pro~agation Model

A generalized crack propagation model was proposed by Forman et al. [99]. This formulation
takes the following form:

da = C (1 - R)m AKn (AK - A&)’

z [@R)Kc-AK~ ‘
(39)

where da/dn is the crack propagation rate (see Eq. 12), AK is the change in the stress intensity
factor K at the crack tip for the nti cycle, and C!,m, n, p, q, A& and & are material constants.
The equation reduces to traditional formulations via the specialized values shown in Table I. In
this table, m. is a material constant. This formulation has been fit to a selected set of materials in
Forman et al. [100].
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Table I. Specialized Values for the Forman Crack Growth Model.

rConstitutive Exponent
Relationship

m P 4

Paris o 0 0

Forman o 0 1“

Walker (m. - 1) n o 0

5.2. Wood

The W&d Handbook [101] is a general reference for the structural properties of solid wood.
Wood is not a single material; rather, it includes many species with a wide range of mechanical
properties and densities. Density variations range over an order of magnitude, from
approximately 96 kg/m3 (6 lb/ft3) to 960 kg/m3 (60 lb/f13). In general, the mechanical properties
of wood, moduli and strengt~ are proportional to density because the basic organic material is
essentially the same in all species. The design flexibility of wood is obvious.” Low-density
species, e.g. balsa wood, can be used as the core for sandwich panels where stiflhess and bucklkg
resistance must be accomplished with a minimum weight design. And, high-density species, e.g.,
Douglas fir, are used for the blade skin and structural stiffeners where high strength is essential
[97].

5.2.1. General Properties

5.2.1.1. Mechanical Prot)erties

The mechanical properties of wood are influenced significantly by a number of variables. As
noted above, moisture content is the most significant. T’he Wood Handbook [101] presents a
general empirical relationship that characterizes the changes in mechanical properties with
moisture content. This relationship is for “clear” wood at approximately 20”C. The mechanical
property P (i.e., the various anisotropic moduli and strength properties) is related to the moisture
content M (in percent by weight) by the following equation:

[)M–12

[1
...—

MB–12

PP,2~=—=
P,

)Pn [K]-(~;~z ,

where P12 is the property at 12 percent moisture
changes in the property first occur as the wood
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moisture content at which
the property (in the green



condition) for all wood moisture contents greater than h& ~ varies between 18 and 21 percent
for most wood varieties. And the property P varies on the order of & 20 percent for moduli and
up to 35 percent for strength. The ratio of P12 and P~, ~ is a constant for a given wood and
property. The adjustment of physical properties for moisture content is also covered by standards
ASTMD 245 and 2915.

The mechanical properties of wood are also a finction of temperature, time-at-load and sample
volume. At constant moisture content and below about 150”C, mechanical properties are
approximately linearly related to temperature, with the properties decreasing as the temperature
increases. A change of 500C!from 20”C can produce as much as 50 percent change in modulus
and, typically, a 20 or 30 percent change in strength. Time at load can increase strain by
approximately 100 percent in a year’s time, and decrease strength by 50 percent relative to
properties determined in short-term tests.

5.2.1.2. Grading

Wood is a natural material. Thus, natural variations within a given species are common and are
important to the design of structures made from wood. To obtain a consistent set of mechanical
properties, wood is typically graded by visual inspection. This qualitative measure of the grain
structure in a given piece (batch) of wood has proven to be a good indicator of the qualhy of its
mechanical properties. The Wood Handbook [101] provides a detailed description of a typical
visual grading system.

A quantitative grading system for grading veneer sheets was developed by Jung [102, 103]. In this
systerq an acoustic wave (a 50 lcEk wave was used in these studies) is passed along the length of
the sheet [2.44 m (8 R)]. The transit time k then used to estimate the qualhy of veneer sheet.
While the transit time is primarily a finction of sheet’s modulus, this measurement also reflects
grain slope and knots, which can significantly reduce the quality of a veneer sheet. Gougeon
Brothers, Inc. [97] has used this system successfully for grading the veneers they use in the
construction of their laminated wood blades.

5.2.2. Laminated Wood

The techniques for manufacturing wooden wind turbine blades were drawn from the aircrail and
boating industries. The process uses a laminated wood manufacturing technique to create a wood
composite from sheet veneers [approximately 2.5 mm (O.1 in) thick] and epoxy. This process is
quite similar to that used for building hand-layup fiberglass composites structures. Wood veneers
are first cut to size and then wetted with epoxy. They are then placed into a female mold. During
the layup process, particular attention must be paid to the alignment of each sheet to ensure that
the intra-layer joints are properly aligned. And, to ensure that the sheets lay flat in the mold, the
curvature of each sheet is typically limited to a single axis of cuivature. The entire stack of
veneers are then cured as a single block that is typically vacuum bagged to remove excess air and
to apply a utiorrn pressure to the stack as the bond is cured. In wind turbine applications, the
resulting laminate is approximately 20 percent resin. This relatively high resin ratio is used to seal
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all the veneer’s surfaces, thus controlling moisture, and to iill the voids and gaps that are typical
of this relatively low-pressure manufacturing process [97].

Although rather simplistic in concept, the design of a laminate structure is particularly complex in
practice. Namely, the manufacturing process requires that each sheet be cut and trimmed to a
shape that will fit precisely into the complex geometry of the mold. The shape of each piece of
veneer is dictated by a number of considerations. First, each piece must lay properly in the veneer
staclq i.e., the veneer’s stiflhess essentially restricts each piece to a single axis of curvature.
Second, the inter-layer joints between pieces of veneer must be precisely aligned to ensure high-
strengt~ fatigue-resistant joints. And, third, the joints must be staggered between the various
layers to ensure that the final stack does not have joints occurring so close to one another that the
structural integrity of the stack is compromised. Thus, sizing each piece of veneer becomes a
difficult task in conformal geometry.

5.2.2.1. Moisture Content

The effects of moisture on a laminate-wood structure can be deduced by modifjing Eq. 40 [97].
For a weight ilaction of epoxy that is given by a~, the moisture content of the wood is given by:

M=(l+o,)M, , (41)

where ML is the moisture content of laminate. Thus, Eq. 40 becomes:

[

_ (I+ aE)ML-12

[1
MP–12 )p=p,2k

P,

The parameters contained in

(1+@E)ML-12
= )P12[K]-( M,-lz .

these two equations are described in the discussion of Eq. 40.

(42)

5.2.2.2. Attachments

As with most blades, the attachment of the blade root to the hub is critical to a reliable blade
design. For wood blades, a bonded stud system has proven to be quite successfid, see the
discussion in section 8.2.3 “Bolted Studs” on p. 96.

5.2.3. Laminated Douglas Fir

In the U. S., laminated Douglas fir is the wood of choice for wood blades. Spera et al. [97] have
characterized this material.

5.2.3.1. Moisture Content

The effect of moisture content on the mechanical properties of a laminated structure may be
characterized using Eq. 42. In this equatio~ ~ equals 24 percent for Douglas fir, @Eequals
0.22 and various values of the parameter K are summarized in Table H.
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Table IL Typical Mechanical Property Ratios for Laminated Douglas Fir.

Property K Values Used in Eq. 42.

Static tension parallel to grain 1.21”

Static tension perpendicular to grain 1.13”

Static compression parallel to grain 1.92*

Static compression perpendicular to grain 1.50

Static shear parallel to grain 1.07

Modulus of elasticity parallel to grain 1.05

Tension-tension fatigue parallel to grain 1.21

Compression-compression fatigue parallel to grain 1.92

Tension-compression fatigue parallel to grain 1.57

~- ..,. .—. -. .-. .
rroperues 01ckar uougm nr ~lull.

5.2.3.2. Fati~e Pro~erties

A typical set of fatigue
results of this study is
shown in Fig. 25.
Three important
features in the fatigue
design of these
laminate structures are
illustrated in this figure:
grade, joint structure
and size.

Grade. As illustrated in
~25, the grade of
the veneer does not
imply consistent
structural performance.
In this case, a grade A
veneer outpetiorms a
grade A+ veneer.
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Figure 25. S-N Diagram for Douglas Fir/Epoxy Laminate.
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From a structural standpoint, the gradkg system quantifies the straightness of grain (grain
distortions). A discussed above, the veneer can be graded either visually or mechanically. The
acoustic technique provides a quantitative measure of the veneer’s mechanical properties
(modulus) and has proven to be the most consistent technique for gradiig veneers for wind
turbine applications. This technique, to the extent possible, ensures a consistent structural grading
of the quasi-static properties of the veneer coming into their process line, but not its dynamic
(fatigue) properties. Thus, the designer must always remember that wood is a natural materia!
and can have subtle variations inproperties that can only be detected with akstructive testing,

Joint Structure: The second effect illustrated in Fig. 25 concerns how two pieces of veneer in the
same laminate layer are joined together. In this compariso~ two internal joints are examined. In
the first, called a butt joint, the edges of both veneers are square and they are simply butted up
next to one another. In the second, called a scarfjoint, the edges are tapered with complementary
angles that permit the veneers to overlay one another in the joint.

Figure 25 illustrates that a scarf joint decreases the static and the low-cycle fatigue strength of a
laminate structure. ‘l%is measurement is in direct contradiction to what engineering judgment
would indkate. Namely, the increased sufiace area in the joint created in the scarf does not
translate into an increase in strength and fatigue resistance. In retrospect, several possibilities may
be the cause of this reduced strength. The first is that the larger area of the scarf allows the
veneer to out-gas during the layup process. Thus, the bond in the joint would contain a larger
number of voids and significantly degrade the bond. Another possibility is that the joint is not
aligned properly, which creates a thickness variation in the stack, namely the layer thickness is
increased if the veneers are too close together (too much overlap) and is decreased when the
veneers are too fw apart (too little overlap). And, the thickness of the bond line will also be
changed accordingly. At this time, the &use(s) of the reduced static strength and low-cycle
fatigue resistance is unknown. These data also illustrate that high-cycle fatigue strength is
increased by the scarfj oint.

Size effects: As shown in this figure, wood, as with most natural materials, is subject to decrease
in properties with increasing size. For the scarf joint, data from two sizes of samples are
compared. In the first, the sample volume is 521 cm3 (31.8 in3) and in the second, it is 81,804
cm3 (4992 ins). Thus, the specimen volume has been increased by over two orders of magnitude.
The data illustrate that the strength is decreased by approximately 20 percent from the first to the
second. The size effect for the laminate strength cr. may be characterized using:

au = AV-B +C , (43)

where V is the volume and ~ B, and C are empirical constants. For the tensile strength of
laminated Douglas fir, the values of these constants are 126 MPa (18300 psi), 0.320, and 56.2
MPa (8 150 psi), respectively. The volume effect is typically less in compression than in tension.
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5.2.3.3. Goodman Diamun

The data contained in Fig. 25 and
other data can be combined to
form a Goodman diagram for the
Douglas fidepoxy laminate.
Rather than show the entire
diagram here, the partial diagram
for 107cycles is shown in Fig. 26.
As shown in this figure, the
diagram is approximately
symmetric and, at 107 cycles, the
scarf joint outperforms the butt
joint. All of these data are for
521 cm3 (31,8 in3) test sections, a
test temperature of 21°C (70°F)
and the moisture content
normahzed to 6 percent.

5.2.4. Other Wood Laminates
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Figure 26. Goodman Diagram at 107 Cycles for
Douglas FWEpoxy Laminate.
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Douglas fir is the material of choice for U.S. companies. However, other woods have been
chosen and used successfully by other companies. Some of the woods that have been investigated
include Khaya ivorensis (an African mahogany) [104], Swedish spruce and birch plywood [105],
Sitka spruce [106] and Baltic pine, popular, beech birch [107].

5.3. Metals

Metals are the primary class of materials used to construct wind turbines. With the exception of
the blades, most major components are constructed with ferrous alloys (primarily steel). Ferrous
materials are fhvored by designers because there k extensive design experience with these
materials from the rotating machine industry, they are relatively cheap to purchase and machine,
and they can be fabricated easily using conventional practices. Moreover, they typically have a
fatigue limit that permits the designer to design the turbine component to a stress level that
essentially precludes failure in unjointed material.

In the early years of windmills and in the initial designs of modem wind turbines [1, 2], most
blades were constructed exclusive fi-ommetals. The modem turbine has forced turbine designers
away from the relatively heavy metallic designs. Rather, they use composite materials to achieve
the relatively lightweight designs that typify modem wind turbines. However, metfllc alloys are
the materials of choice for making strong, reliable bolted joints. Thus, most current blade designs
transition to aluminum or steel at the hub joint, debatably the most important joint in the entire
turbine assembly.
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From a material standpoint, this class of materials has been studied and extensively documented; e
g., see Fuchs and Stephens [11], Forman [100], Boyer and Gall [108], Aluminum Standzrd and
Data [109], and Boyer [1 10, 111].

5.3.1. Steel

Most of a wind turbine’s structural components are constructed flom ferrous alloys that are
typically a variety of steel. From a fktigue standpoint, the drivers in the design of these materials
are the joint structures used to combine the subcomponents of the wind turbine into its final
structure. Joints, both mechanicrd and welded, create high stress concentrations [112], introduce
flaws and/or leave residual stresses that lead to failure [1 13].

Discussions of these mechanisms are outside the realm of this report and are not discussed here.
However, they are extremely important to building a reliable wind turbine and should not be
overlooked in the design process.

5.3.2. Aluminum ‘

The use of aluminum in wind turbine blades is an outgrowth of vertical-axis wind turbine
(VAWT) technology. In this class of turbines, the blades do not require the twisted and tapered
sections of HAWTS to achieve relatively high aerodynamic efficiencies. Moreover, through the
use of extrusion technology, VAWT aluminum blades can be constructed quickly and relatively
inexpensively [114]. Addkional innovations in the manufacturing process also allow some
variations in the aerodynamic cross sections of the blade through step tapering [115]. For these
applications, the material of choice is 6063-T5 aluminum.

5.3.2.1. S-N Data Base

General properties for aluminum are provided in Aluminum Siandhrd and Data [109] and Boyer
[110> 111].

VanDenAvyle and Sutherland [116] have developed a specialized database for extruded 6063-T5
aluminum. 6063-T5 aluminum had a measured yield stress of 205 MPa (29.7 ksi) and a measured
ultimate stress of 244 MPa (35.4 ksi). The fatigue database for this material contains
approximately 100 fatigue data points obtained from bend specimens cycled at five alternating
stress amplitudes and at four mean stress levels. The samples were tested to a maximum of 5x108
(500,000,000) cycles.

When the S-N data are mapped into the equivalent stress state using the Goodman rule, see Eq.
38, there are two distinct regions to the curve, see Fig. 27. Each segment may be fit with a
straight line on a log-log plot of the form shown in Eq. 37; namely,

log,, [c.] = C + b log,, [n] .
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This segmented curve fit is
shown in the figure as a solid
line (labeled least squares curve
fit). The respective confidence
limits on the dat~ based on a
statistical analysis for a Weibull
fit to the variations “about the
least-squares fit, are also shown
in the figure.

The a.huninum data presented in
Fig. 27 indicate that the
aluminum has an apparent
fatigue limit or at least a
significant change in the slope of
its S-N curve near 107 cycles.
This break in the curve is
particularly significant for
characterizing the fatigue
properties of aluminum for wind
turbine applications.

5.3.2.2. S~ectral Loading

As noted above, typical S-N data
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Figure 27. Normalized S-N Diagram for 6063-T5
Aluminum.

are based on constant amplitude tests. The data plotted in Fig.
27 are no exception. As discussed by Mitchell [1 17], if the aluminum specimens had been based
on spectral loads instead of constant amplitude loads, the observed break in the data would
probably disappear and the S-N data would follow a linear extension of the initial slope of the
curve. This extension to the least-squares fit is shown in Fig. 27 as the short-dash line. Mitchell’s
argument is based on a crack-propagation view of the process. Under both classes of loading, a
plastically deformed region surrounds the crack tip. Under high-stress constant-amplitude testing,
each cycle is strong enough to overcome the residual stress field and, thereby, open and propagate
the crack. However, under relative low-stress testing, the residual stresses restrict the crack
opening displacement, and thereby, significantly reduce the growth rate of the crack, When
spectral loads are applied, the relatively large components of the load spectra drive the crack into
virgin material with little or no residual stresses. Thus, the crack growth rate is not restrained
under low-stress loads, and the crack grows at the high stress rate.

Ashwill et al. [57] have investigated the influence of this extension on the fatigue life of a Sandia
34-m Test Bed [39]. In those calculations, the linear extension is shown to have little effect on
the pret~cted service lifetime of this turbine. As noted in section 4.4.1 “Minimum Data
Requirements” on p. 24, the fatigue exponent for metals (i.e., the reciprocal of b in Eq. 44) is
typically relatively small, and the darnage to the structure is governed primarily by the main body
of the fatigue-load distribution. As the stress levels on this turbine are primarily above the stress
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threshold, see Fig. 27, the low stress region
is of minor importance in the predktion of
semice lifetimes for this turbine, i.e., these
cycles do not count when lifetimes are
relatively short.

As with all designs, the finding that this
region is not important for the predktion of
service lifetimes in the Test Bed should only
serve as a guide. In other turlines, this
extension may be significant. I%us, to
remain conservative in thefatigue design of
a turbine, the linear extension should be
examined &ring the fatigue analysis of the
turbine.

5.3.2.3. Lkear Crack ProvaEation Data
B=

In addition to the development of S-N dat~
da/dn crack propagation curves have been
developed for aluminum. Rolfe and Barsom
[118] reported the general crack
propagation properties of aluminum. The
properties of 6063 aluminum are reported in
Van Den Avyle and Sutherland [116],
Hatc& Van Den Avyle and Laing [119] and
Warren and Pelloux [120]. -

Sutherland and Schluter [20] have
investigated this analysis technique to
predict crack propagation in an aluminum
blade on the 34-m test Bed Turbine [39].
In this analysis, the crack growth rate for
aluminum was taken to be the generalized
form developed by Rolfe and Barsom
[118], see Fig. 28. Starting from a rather
small crack of 0.025 mm (0.001 in), the
crack will grow to critical length
(essentially infinite growth rate) in less
than 6 months, see Fig. 29. Thus, this
linemfiacture analysis suggests that the
service Izfetime of this aluminum bkxa%is
relatively short once a crack ispresent.
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Veers and Van Den Avyle [121] have investigated the application of the constant amplitude data
to spectral loading conditions. Using the constant amplitude data obtained by Van Den Avyle and
Sutherland [116], the behavior of 6065-T5 aluminum is characterized using Eq. 39 with the
constants M, p and g set equal to zero. Predictions based on this model are then compared to
crack propagation data obtained under spectral loads. They find that linear models yield
predictions that are not
conservative for this material.

5.3.3. Gears

The AGMA has developed material
properties and design practices for
typical gear materials [122, 123].
A typical S-N diagram used by the
AGMA for alloy steels case
carburized to Rockwell C (IQ 58-
63 case hardness and 30-42 core
hardness is shown in Fig. 30. The
break in the curve, at
approximately 2x1Obcycles in Fig.
30, is representative of a fatigue or
endurance limit. The slope of the
curve after the break is a 34.5 MPa
(5 ksi) drop between 2x1O’ to 108
cycles (see the discussion directly
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Figure 30. S-N Diagram for Carbonized Steel
Gears.

above). Addhional S-N diagrams for gear materials are available in the literature and directly
from gear manufacturers (proprietary data).

5.4. Fiberglass Composites

Composites constructed with fiberglass reinforcements are currently the blade materials of choice
for wind turbine blades. This class of materials is called simply fiberglass composites or fiber
reinforced plastics (FRP). In turbine designs, they are usually composed of E-glass in a polyester,
vinyl ester or epoxy matrix. Blades are typically produced using hand-layup techniques, but
recent advances in RTM (Resin Transfer Molding) and pultrusion technology have blade
manufacturers examining new procedures for increasing the quality of the final product and
reducing manufacturing costs.

General references on designing with composite materials are provided in Composites,
En&”neeredMaterials Handbook [ 124] and Tsai and Hahn [125]. Mayer [126] describes the use
of fiberglass composites for the design of wind turbhe blades.
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5.4.1. Databases

There are two main fiberglass composite databases for wind turbine applications. The first is the
DOWMSU database that has been developed in the U.S. by Mandell and Sambors& [127], and
the second is the European database. The latter is the compilation of the work of many
researchers, that has been compiled as the FACT database by de Smet and Bach [128] and the
recent compilation by Kensche [16]. The European database is best characterized as the study of
a few materials in great dept~ and the former is best characterized as a study of many materials in
not as much depth. Here, the DOE/MSU database will be used to illustrate data trends and the
European database will be used to bring out the details that are important to the fatigue design of
a wind turbine blade.

5.4.1.1. DOE/MSU

The DOE/MSU database was developed by Mandell et al. in a series of papers [127, 129-137].
This database for E-glass composites contains over 4500 data points for 130 material systems. A
high fkquency database provides a significant data set for unidirectional composites to 108 cycles.
Most of the data are presented in terms of maximum initial strain measured in the early stages of
the test. The database explores such material parameters as reitiorcement fabric architecture, fiber
content, matrix materials and loading parameters (R values).

5.4.1.2. Euror,)eanDatabase

The European database is a compilation of data from many research groups. Most of these data
was collected under the auspices of the European Commission (EC). The objective of the EC’s
program was to develop the basic itiormation required to set design limits for rotor blades
constructed with Glass Fiber Rei&orced Plastics (GFRP). The compilation of these data is the
FACT database [128]. A complete collection of the database, an evaluation of results and a
detailed list of the references are provided in Kensche [16]. Only selected references from this
database are discussed here.

5.4.2. Trend Analysis

As discussed by van Delft et al. [138] and used by many other authors, the S-N behavior of
composite materials at a constant R value is typically described using either Eq. 34 or 37.
Typically, Eq. 37 has been used to characterize the DOE/MSU database [127]. The European
database is typically fit with Eq. 34, [128, 138].

Equation 37 was chosen to characterize the DOE/MSU database because the fit yields a value for
C that is very close to 1. As discussed below, this property is extremely important when
characterizing composite dat~ because normalkation to the static strength may then be used to
eliminate batch-to-batch material variation in the fati~e data.

The formulation shown in Eq. 37 has led to the “ten percent” rule that is typically used as a
general rule-of-thumb for the tensile titigue behavior (R s O.1) of uniaxkd composites [139].
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Namely, the fatigue strength of the composite is reduced by ten percent by each decade of fatigue
cycles, i.e., when C is one and b is one tenth (i.e., a fatigue exponent of 10). A similar rule-of-
thumb for compressive fatigue behavior (R ~ 10) reduces the compressive strength by
approximately 7 to 8 percent for each decade, i.e., when C is one and b is 0.07 or 0.08. This form
is typically used for composites when comparing difEerentmaterial systems because it normalizes
out variations in the static strength. Other typical values for the fatigue exponent m are 3 for
welded steel and 6 for aluminum.

Both forms of the material representation have been used extensively to fit composite fatigue data
and, as discussed later, they have important implications to darnage calculations for spectral data.

5.4.3. General Data Trends

A large number of data points from the DOIYMSU database are plotted in Fig. 31. These data
are for fiberglass composites with at least 25 percent fiber in the loading direction tested at R =
0.1. When fit with Eq. 37, the good materials have a slope of 0.10 and the poor have a slope of
0.14. Thus, the good materials in this figure are approaching the best fatigue behavior that can be
obtained for fiberglass materials in tensile fatigue (the ten percent rule for uniaxial composites at
R = O.1) [139], while the poor materials do not periiorm nearly as well. Indeed, the small
appearing variation in the fatigue slope b produces significant differences in fatigue performance.
As shown in the figure, at 20 percent of static strengt~ the good materials have almost 2.5 orders
of magnitude longer life than
the poor materials.

Figures 32 and 33 illustrate the
trends for compressive and
reverse fatigue. For
compressive fatigue, the good
materials have a slope of 0.07
and the poor materials have a
slope of O.11. For reverse
fatigue, the slopes are 0.12 and
0.18, respectively.

Even when a ftily of
laminates is tested, see Figure
34, similar behavior is
observed in tension (R s O.1),
with slopes of 0.10 and 0.14
for the good and poor
materials, respectively.g Thus,
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Figure 31. Extremes of Normalized S-N Tensile Fatigue
Data for Fiberglass Laminates, R=O.1.

8 In this ease,thevariationin propeties is a directresultof varyingthe overallvolumefractionfrom31 pereent
for the goodmaterialto 54 pereentfor the poormaterial.This remt is discussedin detail deseribedin section
5.4.3.2“FiberContent”onp. 60.
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Figure 32. Extremes of Normalized S-N
Compressive Fatigue Data for Fiberglass

Laminates, R = 10. Normalized to the
Ultimate Compressive Strength.

a major objective in the development of this
database has been to sort out the differences
between the good and the poor materials.

5.4.3.1. Fabric Architecture

The geometry of reinforcing fabrics plays a
major role in static and fatigue properties.
Woven glass-fabric composites typically show
poorer tensile fatigue resistance than well-
aligne~ unzformly dispersed composite
systems [139]. Mrnborsky et al. [136] give a
comparison of static and fatigue properties for
several types of E-glass fabric laminates with
0° plies. Ultimate tensile strength and elastic
modulus are relatively insensitive to fabric
type, but ultimate compressive strength is
significantly lower for fabrics like A130 with a

J
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Figure 33. Extremes of Normalized S-N
Reverse Fatigue Data for Fiberglass

Laminates, R = -1. Normalized to the
Ultimate Tensile Strength.
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Figure 34. Extremes of Normalized S-N
Fatigue Data for a Single Family of

Fiberglass Laminates with 72% 0° Plies
and 28°A +45° Plies, R = 0.1.

weave geometry that produces an out-of-plane curvature in the strands. Woven fabrics have
about half the compressive strength of fabrics with straight strands. Mandell and Samborsky [127]
note that the compressive fatigue resistance, when normalized by the ultimate compressive
strength, is insensitive to fabric type or fiber content.g

9The straight-strandfabricswillalsohavesignikantly reducedcompressivestrengthif the fibersbecome“wavy”
duringfabrication.
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Typically, the fabrics used in
wind turbine application
have either stitched or woven
stand structures, see~ig. 35.

A material that WaS
investigated early in the
development of this database
was a stitched-triax material,
i.e., the material contains 0°
and ~45° layers that are
stitched together with
organic fibers at the factory
to save handling costs during
blade fabrication. Two
laminate constructions yith
the same triax fabric were
studied. The first had a 35
percent volume fraction of
fibers and the second had a
40 percent volume fraction.
Both laminates, called
Material AA in the database
[127], behaved uniformly in
the poor category, as did
many other types of triax
fabrics [127]. They are very

D155 A130

UCI018V DB120

2 cm

Figure 35. Dry Fabric Samples.

important in this study because they provide an understanding of the basic difference between the
best and worst materials in the entire database.

The essence of the results is that when the stitching is removed, the unstitched-triax behaves as
one of the best materials. This observation is also true for an equivalent laminate (same layup
schedule) constructed from unstitched 0° and +45° layers. This result was explained with the aid
of a detailed finite element analysis (FEA) of the local fiber stress in the composite near off-axis
matrix cracks [129, 131, 135]. As the composite is loaded in tension, the matrix in the off-axis
(45°) layers cracks (these cracks start forming at stress levels that are relatively low when
compared to the static strength of the laminate). The FEA analysis of one of these cracked
regions demonstrates that a locaI stress concentration factor of approximately 2.5 is generated in
the 0° strands at the crossing of a 0° and a 45° layer. This large stress concentration is a dkect
result of the construction techniques used in the triax material. Namely, the organic fibers that are
used to tie the various layers of the laminate together hold the glass fibers very close to one
another, essentially touching. Under normal separation (obtained by not stitching the 0° and +45°
layers together), the stress concentration is approximately 1.4 to 1.7. Thu~ the large local
stresses produce early failure and uniformly poor fatigue behavior in the stitched triax material.
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5.4.3.2. Fiber Content r
Xhe implication of the previous
discussion is that behavior of
composite systems will, in
genera( dkgraak wjber content,
is increased [127]. In earlier
worlq Mandell [139] found that
many woven glass-fabric
composites show poorer tensile
fatigue resistance than the well-
al@ed, Uniformly dispersed
systems. Fig. 36 illustrates this
behavior in several materials for
fiber content, by volume, between
approximately 30 and 60 percent.
The materials cited in this figure
are both cross-plied composite
laminates, [0/f45/0]., (Materials
~ and ~D) and uniaxial
laminates (Materials A130 and
D1 55). As illustrated in Fig. 36%
material AA (stitched triax plies)
has unifonqiy poor behavior, but
when the separate, unstitched 0°
and ~4s” layers are used, there is
a transition from good to poor
behavior that begins at an
approximate fiber content of 35
percent (see Fig. 34). Note once
again that the main difference
between the AA triax and the DD
laminate is that the 0° and &45°
layers in the ~ material are
stitched together.
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Figure 36a. Fatigue Sensitivity Coefficient for
Various Fiber Contents in Fiberglass Laminates with
O“and ~45° Plies.
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Figure 36b. Fatigue Sensitivity Coefficient for
Unidirectional Fiberglass Laminates.

Figure 36. Fatigue Sensitivity Coefficient for
Fiberglass Laminates as a Function of Fiber Conten~

at R = 0.1.

Similar data for unidirectional
materials are shown in F@ure 36b. As shown by data for the A130 (woven), D092 and D155
(loosely held together with organic fibers) composites, the optimum fatigue performance is
achieved with a fiber content of approximately 40 percent. Moreover, as illustrated by unstitched
D 155 material dat~ if all stitching, be it relatively loose or otherwise, k removed, the progression
from good to poor fatigue behavior is delayed to almost 50 percent fiber volume.

60



As discussed above, the origin of the sharp decrease in fatigue resistance as the iiber content
increases apparently lies in a transition to a condition where the laminate fails in fatigue soon after
the matrix cracks, usually along the stitching or weave cross-over [127]. When 45° plies are
present, poor performance is observed if the 0° plies fail soon after the +45° plies form matrix
cracks. Good petiormance is associated with the 0° fiber wearing-out gradually, as occurs in the
testing of a single strand of material [127, 139].

Z4us, the jiber separation is an important parameter for%&fining the fatigue behavior of
composite laminate systems. A& although stitching makes j?ber l~ers and bundles easier to
handle in the manufacturingprocess, they &grade thefatigue behavior of the composite system.

5.4.3.3. Normalization

The above discussion uses normalized data to enable a relatively large number of laminate systems
to be compared directly to one another. As the static tensile strength is approximately
proportional to fiber volume fiactio~ the minimum fatigue coefficient b does not guarantee the
optimum fatigue behavior. Rather, the increased strength offered by more fibers will offset a
small amount of the decrease in the fatigue petiorrnance, depending on the design loads for the
blade. However, the strain-to-failure infatigue is much lower @y a“factor of approximately 2)
for the materials with thepoor behavior

5.4.3.4. Matrix Material

Three matrix materials are commonly
used in the construction of composite
blades for wind turbines. They are
vinyl ester, polyester and epoxy. As
reported in the DOE/MSU database
[127] and the FACT database [128],
the matrix material has minimal effect
on the static and fatigue properties of
this class of composites because
typical blade materials are primarily
uniaxial. The various resin systems
are compared in Fig. 37. These data
are for tension fatigue (R=O.1) in an
unstitched [0/i45/0], composite.
Similar results are obtained in both
compressive and reverse fatigue.

5.4.4. Modulus Changes
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Figure 37. Effect of Matrix Material on Tensile
Fatigue in a Fiberglass Laminate with 0° and

+45° plies.

The composite laminates that are typically used in wind turbine blades have very low strain-to-
ftilure in the transverse direction. This characteristic implies that matrix cracking will be present
in the off-axis +45° plies of a laminated structure long before it fails. As shown in the MSU/DOE

61



database [127], the transverse
ply’s ultimate strain-to-fdure is
approximately 0.24 percent. This
value translates to 0.39 percent
strain in &45° plies along the 0°
direction of a [0/+45], laminate.
At a million cycles in tensile
fatigue, the strain to failure in the
45’s reduces to approximately
0.14 percent strain. The early
loss of the matrix fi.mction in
these layers translates into a
decreasing laminate modulus.

Figure 38 illustrates the drop in
modulus for a cross-plied
composite laminate, as a fi.mction
of the norrmdiied fatigue Metime,
i.e., n/N. As shown in this figure,
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Figure 38. Reduction of Tensile Modulus in a
Fiberglass Laminate with 0° and ~45° Plies Damaged

in Tensile Fatigue

the longitudinal modulus drips initially by 10 to 15 percent and then remains approximately
constant for most of the laminate’s lifetime. As the laminate approaches failure, the modulus
drops precipitously.

Mandell and Sarnborslg [127] used standard laminated plate theory to estimate stifiess reduction
as the off-axis plies are damaged. Their results, shown in Table III, are presented as the expected
drop in laminate stifiess for several composite laminates. This prediction is based on the
assumption that the transverse modulus ET and the shear modulus ~T of the *45 layers decreases
to 25 percent of the original value when their matrix material cracks. The 25 percent value was
derived empirically and only applies to low cycle fatigue. ??%enempirical hta are not available,
the conservative approach to predicting stlfiess reduction is to delete or severely &crease the
properties of the matrix-dbminate~ ofi%xisplies, i.e., assume that the ofi%zrisplies will be~lly
cracked almost immediately after the bhak has been put into service. Thus, ET and fi’T for the
off-axis plies are reduced to zero (or a slightly positive number).

Table III. Predicted and Measured Percent Decrease in Longitudinal Modulus due to
Cracking of the +45 Plies.

Layup Volume Fraction of Decrease in Longitudinal Modulus
Fibers, percent percent

Predicted Measured

[o/*45/o]* 38 6.2 10
[o/*45]4 36 16 10-20

[*45/o/*45]* 36 31 31-42
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Mer the initial loss of modulus, the laminate continues to lose stiilhess, see Fig. 38. This
reduction should not be attributed to the cracking of the &45 layers alone. Rather, the additional
reduction is due to darnage accumulation in the other layers of the laminate.

Mohamadian and Graham [140] have found similar results in composites constructed with
chopped mat.

5.4.5. Predicting Service Lifetimes

5.4.5.1. Industrial Materials

Sutherland and Mandell [141] have
demonstrated how the MSUiDOE
database may be used to predict
service lifetimes for wind turbine
blades. Because the high-cycle
portion of the database is primarily
composed of data obtained fkom
specialized material coupons, the
requisite Goodman diagram is
constructed using normalized
coupon data. It is then de-
normaliied to typical industrial
laminates for the analysis of service
lifetimes. The procedures
described in this reference should
be used to ensure the blade material
used in the construction of the wind
turbine is the same as the blade
material being analyzed. The
analysis is based on material
coupons, which perform close to
the good line in Fig. 31 and will be
non-conservative for poor
laminates.

5.4.5.2. Database Comparison

A comparison of the Goodman
Diagram from the two databases is
shown in Fig. 39. Of particular
significance in this comparison is
that the diagrams for the
MSWDOE and the European
(FACT) database are very similar

z Normalized Mean Strain, &/&ti

Figure 39a. Goodman Diagram based on the
MSUIDOE Database.
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Figure 39b. Goodman Diagram Based on the
FACT Database.

Figure 39. Goodman Diagrams for Fiberglass
Composites.
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to one another on the tension side (right side) of the diagram and ve~ dissimilar to one another
on the compression side (lefl side). This variation is a significant change in the form of the
Goodman diagram. In particular, the MSU/DOE database yields a highly non-symmetric diagram
with a strain to failure of 2.7 and 1.5 percent for tensile and compressive strengths, respectively
[132]. This ratio of the tensile and compressive failure strains of 1.80 is significantly different
from the European database which has a ratio of 1.33. Namely, the European database yields an
approximately symmetric (about the zero mean-stress axis) Goodman diagram with strain-to-
failure of 2.58 and 1.94 in tension and compressio~ respectively [128]. A symmetric diagram
implies that there are only small dfierences between tensile and compressive failures.

Although they could not prove it, Sutherland and Mandell [141] suggest that the discrepancy in
the compressive ftilure-strain reflects the difference in compressive testing techniques. In
particular, the compressive tests conducted for the MSU/DOE database used gauge sections with
no lateral supports, whereas, the FACT database has a preponderance of data obtained from
compression tests with lateral constraints. A sample of the more recent data horn the MSU/DOE
database illustrates that the ratio of the ultimate tensile to the ultimate compressive strain varies
ilom 0.94 to 2.23 with an average vahe of 1.50 [127]. Thus, differences in the databases can be
attributed entirely to material variation. However, the differences in the testing techniques should
not be discounted. Detailed comparisons of fatigue data from identical materials will be required
to sort out the differences in the two databases.

When the two databases are compared on a non-normalized basis, the FACT data are found to
contain a preponderance of the data that behave as the good material in the MSU database. Thus,
the MSU/DOE database will predict a service lifetime that is equal to or shorter than that
predicted by the FACT database.

Sutherland and Mandell [141] investigated the effect of these differences on pre&cted service
lifetimes. Using the WISPER-protocol U.S. wind farm load spectrum (see the discussion in
section 4.8.1.2 “U. S. Wind Farm Spectrum” on p. 38), the predicted service lifetimes for tensile
ftilure were comparable (44.9 to 67.5 years based on the MSU/DOE and the FACT databases,
respectively). However, for compressive failures, the predictions differed by approximately a
factor of 5 (23.5 and 136 years, respectively).

5.4.6. Spectral Loading

As discussed extensively above, wind turbines are subjected to spectral loads that are unique to
this structure. Test spectra have been proposed, and fatigue data on material behavior are being
obtained. However, to date, these data are limited in extent. Van Delfl et al. [138, 142, 143]
have examined the differences between the response in fiberglass to constant and variable
amplitude loading using the WISPER and the WISPERX spectrum. Their experiments on a
polyester fiberglass laminated with 0° and *45° layers at approximately 32 percent fiber volume
provide insight into using constant amplitude S-N data to predict service lifetimes under the
spectral loads normally encountered by wind turbines.
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5.4.6.1. WISPER VS.WISPERX

As discussed in section 4.8.1.1
“WISPER” on p. 37, the
WISPERX load spectrum is the
WISPER spectrum with the small
cycles removed. Damage estimates
predict that the removal of the
smal~cycles should have less than a
10 percent effect. However, the
measured data indicated that a
dtierence of the order of 50
percent (a factor of 2) is actually
observed, see Fig. 40. These data
imply that the low-amplitude cycles
are more damaging than suggested
by the constant amplitude S-N
data.

400

a = co [1+b 1os(N)]

:m:~
m

b= 0.120

[ ,00 -

5 WISPER +
+ o

WISPERX 0

100 1 1 1 1 I 1
1 3 10 30 100 300 linlo

Number of Sequences

Figure 40. S-N Diagram for a Fiberglass Laminate
with 0° and +45° Plies, under WISPER Loading

Conditions.

Also the fatigue exponent b is changed from approximately 0.10 for the constant amplitude data
to approximately 0.12 for the spectral data, a significant change.l”

5.4.6,2. Predicted Service Lifetime

Van Delft et al. [138, 143] have used the constant-amplitude European database to predict the
response of composite coupons to the WISPER and the WISPERX loads. Lifetimes were
predicted using Miner’s rule and a power-law fit, see Eq. 32, to constant-amplitude S-N data for
an R-value of a -1 (reverse loading). The data were expanded to a fill Goodman diagram using a
Goodman rule of the form shown in Eq. 38. The predicted service lijietimeis approximately two
orders of magnituh higher than the znewred l~~eiime.However, when the S-N data were fit to
a log-linear curve, Eq. 35, the predicted and measured service lifetimes were essentially the same,
with the predicted service lit?etimebeing slightly conservative.

In another study, Echtermeyer et al. [144] compared the predicted and measured fatigue life for
several composite laminates to WISPERX spectral loads. These predictions of service Metimes
were based on a Goodman diagram constructed from S-N data for R-values of 0.1, -1 and 10.
These data were fit best using a log-log representation. In one laminate, the predictions agreed
with measured lifetimes. In two others, the prediction was a factor of approximately 5 higher
than the measured ZzJietime.And in the final laminate, the predictions varied between a factor of 4
higher to a factor of 0.6 lower.

10In this case,the exponentbeingcomparedis basedon the fit of the S-Ncurvefor the numberoftheWISPERor
WBPERXloadsequencesto failure.
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Thus, the behavior of composites under typical wind turbine loads is not well unakrstood and is
the subject of on-going research in various wind programs throughout the world. Based on the
limited data discussed above and the data presented in Fig. 40, we can surmise that the low
amplitude fatigue cycles are more damaging than indicated by the constant-amplitude S-N data.

5.4.7. Structural Details

The extension of coupon data to the behavior of full-size structural components is being studied
by Mandell et al. [127, 134, 145-148]. The results of their studies on such details as ply drops,
local fiber content and transverse cracks are summarized in Table IV. The “knock-down” factor
F in this table is defined to be the ratio of the maximum cyclic strain (R = O.1) of a uniform
coupon to that of a structured coupon at one fllon (106) cycles; namely:

F
= Uniform Coupon Strain@ 106 Cycles

Structured Coupon Strain @ 106 Cycles “

5.4.7.1. PIv Drom

One common feature of blade structures is the use of ply drops to tailor the thickness of the
composite structure to meet loads criteria while minimizing weight. In the detailed studies by
Cairns et al. [134, 146], several contlgurations for the ply drops have been experimentally
investigated and analyzed. As shown in Fig. 41, the ply drop maybe internal (covered by at least
one layer of fabric) or external.

The internal ply drop creates local stress concentrations that initiate failures. As shown in Table

(45)

IV, these local stress concentrations can
significantly reduce fatigue Iiietimes.
The investigation illustrated that
internal ply drops are less susceptible
to GMzwination than exterrudply hops
and that for the same ply drops, thicker
laminates are better in resisting
&laminations. As indicated by an
increased knockdown factor [127],
dropping two pIys in the same location
is twice ax har@id as dropping a single
ply, and that feathering (i.e., staggering
tijacent tows) or “Z-spikingll” the ply
will signzjicantly &crease delamination
growth rate.

1 I
1 I

Figure 41a. External Ply Drop.

Resin Rich Area

I

t {

Figure 41b. Internal Ply Drop.

Figure 41. Typical Ply Drop Configurations.

11Z-spilcingconsistsof plungingsomeof the fibers from the ply drop edge into the adjacentlayers (the z-
direction).
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Table IV. Knock-Down Factors for Selected Structural Details in Tension and
Compression for Approximately 70% 0° Materials.

DETAU SKETCH KNOCK-DOWNFACTORF

A 130 D155 UC1018V
Fabric Fabric Fabric

SimpleCoupon
D

1.0 1.0 1.0
(straightMaterial)

i

SurfaceIndentation t

+

Vf = 45-s2%
Tensio~R=O.1 r=6rnm

(Vfincreasedthicknessreducedby y =35-=% 1.6 2.5 1.2
25%) i

SurfaceIndentation t

$

Vf= 52 ‘YO

Compression,R=1O
(Vfin_ thicknessreducedby

Vr= 37v. r=6mm 1.0 1.4 -
25%) J

LocallyHigherFiberContent t

4

v, = 47%
Tension,R=O.1 Vf= 34%

(2-90°Pilesin center) 2.1 1.5 -

i

Locally HigherFiberContent t

4

Vt = 47 ?4
Compression,R=1O Vf= 34’?4 ~

(2-90°Pilesin center) 1.0 1.4 -

i

ExteriorCrackedTransverse
Tensio~R=O.1

90°Patch
o

1.0 -

DoubleInterior0°PlyDrop
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h 1.4 1.6 -
i
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5.4.7.2. Locallv Hkher Fiber Content

As discussed above (see the discussion in section 5.4.3.2 “Fiber Content” on p. 60), the fiberglass
laminates typically used in wind turbine blades are susceptible to signl~cant akgradiztion in their

fatigue properties #fibers are Jorced very close to one another. The effect is noted in the
dependence in fatigue coefficient on fiber density shown in Fig. 36. I%is eflect also transhtes
into bca~ manufacturing defects, simulated by surface indentations and excess j?ber layers. As
shown in Table IV, a surface indentation produces a knock-down factor of 2.5 for a local increase
in fiber content fi-om35 percent to 47 percent in tension. h compressio~ the knock-down factor
is 1.4 for a local increase in the fiber volume from 37 percent to 52 percent.

5.4.7.3. Transverse Cracks

In typical lay-ups of composite structures and especially for wind turline blades, a high percent of
the fibers is a@ned with the primary load direction. Additional off-axis layers are added to
prevent splitting and to increase shear properties. As discussed above, these off-axis layers are
typically more susceptible to fatigue damage. Ideally, these layers would split off born the
underlying layers that carry the main loads without causing them to fail prematurely. 12 Thus,
Table IV supports the concept that no knock-down factor is required for the propagation of
transverse cracks into uniaxial composites. As discussed above, this factor is based on the
assumption that fiber separation is adequate to prevent the fiber density effects discussed above.

5.4.7.4. Environmental Effects

As discussed by Kensche [16], wind turbine blades are subjected to a hostile environment
throughout their sefice lifetimes. The primary effects include ultra violet (UV’) radiatiory
temperature fluctuations; ra~ ice, humidity; thunderstormtilghting; hailstones; erosion from sand
particles; and extreme dryness in desert environments. A matrix-rich outer-layer of gel coat is
typically applied to the blades to provide W protection and to seal the exterior surface of the
composite.

Kensche [16] summarizes the degradation of the mechanical properties of various laminate
systems used in wind turbine blades and presents a general discussion of the topic. Bach [149]
presents a general discussion of the influence of moisture on bolted joints in composite materials.

In terms of fatigue behavior for composite laminates in turbine applications, the three most
important environmental factors are attacks on the matrix material by temperature, humidity and
UV radiation. The gel coating offers good protection from W radiation. Temperature alone is
typically not an important environmental parameter because the turbine blades are designed for a
specific range of operating temperatures and the laminate’s matrix is chosen to meet those

12Thus, the resultingfailure of the cross sectionwill be
catastrophicfailureof the seetion(andtheblade)oeeurs.
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condhions.13 However, temperature and humidity combined to become the primary
environmental f~tors that must be considered in the fatigue design of the blade. The discussions
here will concentrate on these two environmental factors.

5.4.7.5. Equilibrium Moisture Content

Under time-varying environmental loads, Fick’s law [16] maybe used to predict moisture content.
Several authors have used this technique to analyze the yearly cycle of environmental loads of
temperature, humidity and rain on a turbine blade. Kensche [16] used this technique to analyze
the moisture content of a blade subjected to a yearly cycle of cold-wet and warm-dry conditions.
His predktions indicate that the moisture content will stabiize at 0.4 to 0.5 percent. Similar
simulations have been conducted by de Bruijn [150, 151] for the Dutch climatological cyclq see
the discussion in section 5.4.7.8 “EN-WISPER Spectrum” on p. 70. For this set of conditions,
the total moisture content is predicted to stabtie at approximately 0.25 percent. Measurements
from a blade exposed to the Dutch environment for approximately four years agrees with the 0.25
percent prediction.

A question does arise concerning the use of the Dutch (northern European) climatological cycle
for a general characterization of the behavior of composites under environmental loads. The
Dutch cycle, and for that matter, a typical U.S. climatological cycle, is relatively benign. Turbines
designed for deployment in other regions, e.g. Indiz will have significantly higher environmental
loads. Designers of advanced composite structures (e.g., those using carbon fibers) consider
Vietnam’s climatological cycle as their extreme case. Thus, a moisture content of of 0.4 to 0.5
percent is non-conservative for many applications.

5.4.7.6. Matrix Degradation

The matrix materials used in turbine blades are typically polymeric materials that absorb moisture
from the humidity in the surrounding air and/or from water lying on their surfaces. The
temperature governs the velocity of the dtision process, and the humidity governs the moisture
content. As the moisture content increases, the glass transition temperature, T~, of the matrix is
depressed, and the matrix will swell. Eventually, rnicrocracks (crazing) may form in the matrix.
Depending on the physical and chemical properties of the matrix (i.e., toughness, etc,), these
changes may destroy the structural integrity of the laminate. This damage to the matrix has
minimal effect on the tensile behavior of the laminate because the fibers are the primary load
carrier. However, these effects are significant in compression and shear, where the matrix is the
primary load carrier.

13DiiTerentialthermal expansioncan damagecomponentsof the wind turbineblade. However,as thermal
expansionis moreofa structuraldesignproblemthan a materialproblemit is notconsideredhere.
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5.4.7.7. Prot)ertv Demadation

Kensche [16] presents a detailed examination of the effects of absorbed moisture on the physical
properties of a typical epoxy laminate system. In this set of datrq the test specimens have been
preconditioned using continuous hot-wet conditions. These conditions are 90 percent humidity at
45”C. Under these conditions, specimens reach equilibrium in approximately 120 days with
moisture content between 0.4 and 0.5 percent.

When comparing the properties of moist and dry virgin specimens, the static tensile strength was
essentially not afikcted by absorbed moisture (as one would anticipate). The static compressive
strength was reduced by approximately one third and the interhuninar shear strength by slightly
over ten percent.

Figure 42 compares the fatigue
pefiormance of wet and dry samples
under reverse loading (R = - 1). These
data illustrate that the strain-to-ftilure for
a given lifetime (number of cycles to
failure) is reduced by 15 to 20 percent.
Whh the larger value occurring in the
low-cycle region.

Mandell [152] predicts similar results in
compression tests of fiberglass coupons
subjected to distilled water at 40°C for
approximately 190 days. Under these
condhions, the polyester matrix has a
weight gain of approximately 3 percent.
The compressive strength of these
coupons is reduced by 10 to 20 percent
when tested at room temperature. When
tested at 50°C, the compressive strength
is reduced by 20 to 35 percent.

R=-1
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Figure 42. S-N Diagram for a Fiberglass
Laminate with 0° and +45° Plies, under Wet

and Dry Environment Conditions.

5.4.7.8. EN-WISPER S~ectrum

A discussed above, many of these tests are based on pre-conditioning the samples in a hot-wet
environment. However, wind turbine blades in the field undergo a series of environmental
changes, typically on an annual cycle that both adds and removes absorbed moisture from the
blade. To help quanti~ the effects of field environment, de Bruijn [150, 151] and Joosse [153]
have proposed a reference environmental spectrum. The spectrum is based on the annual Dutch
climatological cycle, summarized and idealiied (simplified) in Table V. The accelerated pre-
condhioning cycle they proposed to simulate this climatological cycle is shown in Table VI. Both
simulations and field measurements were used to validate that the accelerated cycle reproduced
both the moisture profile and the moisture content.
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Table V. Idealized Annual Climatological Cycle for the Dutch Environment.

Condition Time, days T, “C AT, Relative Humidity,
OC/hour percent

Normal 228 10 5*
80

Hot 5.5 32 -5*
50

Frosty 22 -15 5*
85

Wet I 109 8 I 100 I
‘Rateofchangeofthe temperaturefromthecurrentto thenextcondition.

Table VI. Accelerated Climatological Cycle for the Dutch Environment.

Condition ~me, days ] T, “C I AT, ‘1 ‘Relative Humidity,

OC/hour percent

Normal 105 18 50” 85

Hot 2.5 45 -50’
40

Frosty 10 -23 50” 100

Wet 49 16 100
*Rateofchangeofthe temperaturefromthecurrentto the nextcondition.

When tested, the S-N &ta from samples that have been pre-conditioned by the EN-J??HPER
spectrum are not sign@antly dflferent from non-conditioned specimenq in contrast with the
hot-wet pre-conditioned specimens discussion above. Joose [153] attributes this apparent
discrepancy to a dominance of the test on the ambient conditions during the test. Implications of
this observation are many. However, as noted by Joose, some test procedures have been called
into question and require more study. Thus, the pre-conditioned hot-wet samples do bound the
problem, but the penalties in materialperformance theypredict are probably too highfor actual
field conditions in Northern Europe and in most of the U.S. Zhis may not be the case for Ihdia
and Southeast Asia.

5.4.7.9. Effects of the Environment

At this time, environmental effects on composite turbine blades are not well understood, and are
currently a subject of researc~ dkcussion and speculation. For instance, some studies of
advanced composites for aircraft indicate that the daily maximum use temperature is more
important than the average temperature. lhus, current aWabases may yield non-conservative
&signs for environmental loads And the &signer should use them only with extreme care.

5.4.8. Comments

The design of composite materials for wind turbine blades has relied heavily on fiberglass
technology. This material system has proven adequate to the task even though it must withstand
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extremely large numbers of fhtigue loads with varying amplitudes under extreme environmental
condhions. Potential areas for increasing the performance of this system have been identified and
are be”mg pursued. In addition to increasing the peflormance characteristics of the materials
systerq an understanding of the influence of spectral and hi-axial loading on cumulative damage
rules must be developed [154]. Also, design criteria for fill-sized stmctures that are based on
coupon data must be determined.

As blades become larger, stfiess considerations are becoming more and more important to the
design. Fiberglass systems may not be able to meet these requirements within reasonable design
constraints on weight. The obvious answer to this design issue is to introduce stiRer fibers, i.e.,
carbon fibers, into the composite system. Typically, carbon fiber designs have been too expensive
for wind turbine applications. However, mixed fiber designs are currently under consideration
and appear to be cost effective. These systems are not represented in the databases described
above, but will need to be added. Specifically, the composite system with a mix of glass and
carbon fibers will have to be addressed.

5.5. Fatigue Limit Design

The use of a fatigue limit for the fatigue analysis of structures is based on the observation that
some metals have an essentially infinite life when tested at or below the value of their fatigue limit.
Thus, the structural design is based on reducing the stress level at the highest load to the fatigue
limit.

In terms of the S-N curve, an infinite life translates to a zero slope. Most materials do not have a
true fatigue limit. However, many metals exhibh a significant reduction in the slope of their S-N
curve as the number of cycles to failure gets vely large. Figures 27 and 30 illustrate this behavior
in aluminum and steel, respectively. For this class of behavior, a fatigue limit analysis can be
conducted by assuming a quasi-fatigue limit that corresponds to the largest number of the cycles
the structure will have to bear. In Fig. 27, the quasi-fatigue limit would be between 60 and 80
MPa for 109cycles; in Fig. 30 the limit occurs at approximately 2X10Gcycles.

The existence of a true or quasi fatigue limit is usually based on the experimental data obtained
fi-om constant amplitude fatigue tests. In many cases, when these materials are tested with
variable amplitude loads, the initial slope of the S-N curve does not change as the number of
cycles become very large, see section 5.3.2.1 “S-N Data Base” on p. 52. Because wind turbines
are subjected to pectral loads, the use of constant-amplitudk fatigue limit is probably not
appropriate for most materials used in wind turbine structures.

5.6. Partial Safety Factors

The IEC has adopted a set of partial safety factors in IEC-6 1400-1 [17] to account for the
uncertainties and variabilities in material properties (and in loads). For material properties, the
partial sr&ety factors are included for the following: utiavorable deviations of the strength of
material from the characteristic value; inaccurate assessment of the resistance of sections or load-
carrying capacity of parts of the structurq uncertainties in the geometrical parameters; and
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uncertainties in the relation between the material properties in the structure and those measured
by tests on control specimens. A discussion of partial stiety factors and their application to wind
turbine design is beyond the scope of this report and is not discussed here.
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6. INFLOW

6.1 .Annual Average Wind Speed

The determination of damage in a wind turbine is predicated on the development of a load
spectrum for the turbine. As shown in Eq. 11, the typical formulation uses the annual average
probability density fimction for the wind speed as a primary parameter in the description of the
load spectrum. Rohatgi and Nelson [155] provide a detailed discussion of annual wind speed
distributions and they provide a compilation of the annual average wind speed for numerous sites.

6.’1.1. Formulation

The annual wind speed distribution is typically posed as a probabfity density fimction [155]. The
Weibull distribution that is discussed in Appendii A has proven to be particularly effective in
depicting the annual wind speed distribution above approximately 3 m/sat a number of U.S. and
world sites [4]. This two-parameter distribution takes the following form:

pu=[;][;~f=’{-[;J’}7 P-07P=>U=) ,
(46)

where w is the probability density fimctioq et and ~ are the shape factor and the amplitude factor

of the dkributio~ respectively. As cited in Eq. A-3, the average annual wind speed, ~, is given
in terms of the Weibull parameters by:

[1U=flrl+l ,
a

where 17[o]is the gamma fbnction.

6.1.2. Typical Distributions

Extensive data have been gathered,
collated and published that describe the
annual wind speeds for the U.S. and
vast regions of the world [3, 155, 156
and 157]. Typical annual wind speed
distributions for several characteristic
members of the Weibull distribution
family are shown in Fig. 43. For this
example, ~ is normalized to a value of
one.

Because the measurement and analysis

(47)

n

“o 0.5 1 1.s 2

Normalized Wmd Speed

Figure 43. Weibull Probability Density
Functions for Various Shape Factors.
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of these data are outside the scope of this report and they appear elsewhere in the open literature,
detailed discussions of this subject are not presented here.

6.2. Inflow Characteristics

While” .. tempting to think of wind as a constant homogeneous velocity field of fixed duectio~”
the inflow is actually a three-dimensional, inhomogeneous, and unsteady flow field [4]. The
challenge to the modeler is to describe those characteristics of the inflow that produce loads on
the turbine. The three principal characteristics that have found favor with designers are the mean
horizontal wind speed, the turbulence and the vertical shear.lA As discussed above, this parameter
set is probably not sufficient. Moreover, at this time, there is no clear picture as to which iny%w
parameters govern the bad& on the various machine configurations. This section describes some
of the atmospheric/inflow parameters that are currently being staled as potential predictors of
turbke loads through the characterization of the inflow.

6.2.1.1. Turbulence

The primary characterization of the instantaneous flow field into the rotor has been the single-
point turbulence intensity measured at hub-height in front of the turbine [5]. If the instantaneous
horizontal velocity at rotor height, denoted by u(t), is separated into its long-term component U
and its fluctuating value (about zero mean), such that,

u(t) = u’(t) + U , where (48)

T

u=~ J()To
utdt . (49)

As noted above, the averaging time T is typically 10 minutes. The turbulence intensity I. is the
RMS of u’ divided by its long-term average U. Namely,

(50)

The parameter ii, is commonly called the turbulence.

When determining operational loads on a turbine, each mean wind speed bln is assumed to have a
weighted summation of the loads across the expected distribution for turbulence intensity.

14 Variationsin the inflow velocitycan be separatedinto mean and turbulent components(i.e., long-term
variationseanbe separatedfromshort-termvariations)becausethe powerspectrumof the velocityof the inflowis
dividedmturallyintotwopeaks.Thelow-fkequencypeakdefinesthevariationof the meaninflowvelocityand the
high-fkquencypeakdefinesthe turbulence.Thepeaksare separatedby a spectmlgap that coversthe rangefrom
approximately5 minutesto 2 hours[5].
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6.2.1.2. Vertical Shear

The wind shear exponent ct is typically used to characterize the variation c
fi-omthe bottom of the rotor disk to its top. In this fo~ the wind speed U
is given by:

[1

U(z,) z, a—= .
U(Z2) z, ‘

where z is the height above the prevailing terrain.

Wind shear is an integral part of the certification standard for wind turbine:
in all structural analyses.

6.2.1.3. Additional Inflow Parameters

while turbulence and vertical shear are the two parameters typically used
many addhional inflow parameters are being investigated as descriptors for
as predictors of turbine loads. In one of the more comprehensive experi
the relationship between inflow and fatigue loads to date, Mouzakis et al
long list of inflow statistics to determine which are important for introducing
turbhe. Their list includes mean horizontal velocity, standard deviation
directions, wind shear exponent, the skewness and kurtosis of the inflo
directio~ turbulence length scales in three directions and the Davenport
and space between the hub and the top of the rotor. The turbulence lengt
the average size of eddies in the inflow [5]. The longitudinal length scale’1
the cross-correlation fimction R(r) by the following:

‘LU = ~4R(r) dr ,

where

Using a regression analysis on three wind-speed bins that cover 7-9, ~
Mouzakis et al. calculate the correlation coefficient between fatigue load
Their evaluation of blade loads in mountainous terrain illustrates that the
the vertical component of the inJow, G, dominates theflatwise blade lom
followed in importance by the average inflow velocity U, the standard devi
wind speed components (parallel and perpendkular to the direction of th
and the wind shear exponent a. Some additional dependencies were note
kurtosis of the inflow. For edgewise blade loads, the inflow velocit
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parameter, with standard deviations of the vertical and horizontal wind speed components, and
the shear exponent u following in their order of importance.

6.2.1.4. Revnolds Stresses

Kelley [49, 50] and Kelley and McKenna [51] have examined several other parameters for
describing the inflow. The first are the Reynolds stresses. In a 3D flow field, these stresses are
the average cross products of the fluctuating components of the inflow,

(u’w’) ~ (tl’V’) and (V’W’) , (54)

where u’ and v’ are the fluctuating components of the wind speed in the horizontal direction
parallel and perpendicular to the direction of the average wind speed, respectively, and w’ is the
vertical component.

Richardson Number: Continuing the evaluatio~ Kelley et al. [49, 51] examined the gradient
Richardson number, Ri. This parameter is a measure of the atmospheric stabWy between two
elevations. For wind turbine applications, the two elevations are typically chosen with the
reference elevation relatively close to ground level, denoted here with the subscript 1, and the
other, the subscript 2, at the top of the rotor disk. If T is the temperature in degrees centigrade
and the atmospheric pressure in hPa, then the layer mean potential temperature is given by:

~ = [~+ 273.16]
1

0.286
1000

T
(55)

L.-1

The over bar on a quantity denotes its 10-minute average. The index i refers to the vertical
position z of the measurement, i.e.; i = 1 refers to the reference height (typically near ground
level) and i = 2 refers to an elevated height. Then the Ri is given by:

(56)

where g is the gravitational acceleration (m/s*). Based on the Richardson number, the atmosphere
is said to be unstable when Ri c O,near-stable when 0< Ri K 0.01 and stable when Ri 20.01.

Obukhov Lewzth Scale: The final parameter investigated by Kelley et al. [49, 51] is the Obukhov
length scale. This length is measured at a single elevation. This parameter is used in boundary
layer turbulence scaling and is related to the gradient Richardson number. When divided into the
elevation of the measurement, the result is the Monin-Obukhov stability parameter. In unstable
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flows, the Richardson number is identical to the Monin-Obukhov stability parameter [49]. The
Obukhov length scale is given by:

~_ z[p)l]~—-
0.4 g (w’@) ‘

(57)

where (u’w’) is the time average of the cross product of the fluctuating velocity components u’

and w’ described in Eq. 54 and (w’8) is the time average of the product of w’ and the

temperature (1’is fluctuating temperature components about the average temperature ~.

Kelley found that the flap bending loads were dominated by the vertical component of the

Reynolds stress (u’w’) . Thus, this term and the Richardson number dominate the edgewise-

bending loads.

6.2.1.5. Summary

The effects of many inflow parameters have been shown to significantly ird-luenceturbine loads.
Current practices reduce intlow descriptions to the mean horizontal inflow velocity, wind shear
and the turbulence intensity. However, additional parameters must be examined to ensure that a
complete set of loads on an operating turbine has been obtained; see section 4.4.2 “Inflow
Parameters” on p. 26.
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7. SOLUTION TECHNIQUES

The solution of Eq. 11,

1 J JJ=A9t= ;: “ * ‘(cm’ aa’u) da,
T urn -m o N(~rn , ~a )

da. dU , (11)

for the darnage rate in a wind turbine component can take many forms, depending on the
assumptions about its characteristics. In this section of the paper, various solution techniques are
presented.

7.1. Closed Form Solution

Although most solutions to Eq. 11 are numerical in form, Veers et al. [162, 163] have posed a
closed form solution. The groundwork for this solution was laid by Veers in his analyses of the
service lifetimes for VAWTS [18, 43-45]. As with all solutions, and in particular with closed form
solutions, the assumptions behind the solution are very important.

7.1.1. Basic Assumptions

7.1.1.1. Annual Wind S~eed Distribution

The wind speed distribution is assumed to be a Weibull distribution of the form cited in Appendix
A and shown in Eq. 46. This two-parameter distribution is a finction of the average annual wind

speed ~ and the shape factor czu.

7.1.1.2. Cyclic Stress

The distribution of cyclic stresses is also assumed to have a generalized Weibull distribution of the
form shown in Eq. 24. The standard deviation of the cyclic stresses is assumed to depend directly
on the mean wind speed. In this case, the dependence takes the form of a power law, namely:

[)up
cr=KoC~U —

u’char
(58)

where K is the stress concentration factor that relates global stresses to local stresses, and UCk is
the standard deviation of the cycle count distribution at a wind speed of Ucti. The Weibull
parameter for this distribution is ~. The stress cycles are all assumed to have the same mean o~;
see the discussion in section 4.5.4 “Mean Value Bins” on p. 30.

The rate at which these cycles are occurring is assumed to be a power series in wind speed of the
form:
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‘=’0+4%)+’2[$3~ (59)

7.1.1.3. Material Behavior

The S-N curve is taken to be a straight-line fit on a log-log scale of the form cited in Eq. 31.
Veers et al. have chosen to write the equation as follows:

H
-b

N(oa , am) =
o,

>
1–KU

Cru

(60)

where the Goodman correctio~ see Eq. 38, based on the ultimate stress au is used to include the
effect of the constant mean stress cs~.

7.1.1.4. Damage Rule

Miners Rule assumes that failure occurs when the damage equals one; i.e., when the damage rate
AQ in Eq. 11 for a representative time t multiplied by the projected lifetime T equals 1, see Eq. 6.
However, depending on the material and the load spectru~ failure can occur at values of 9 that
vary widely from one. For this analysis, failure is assumed to occur at a value of 6.

7.1.1.5. Run Time

The turbine is assumed to be available for the fraction A of each year of its operational lifetime,
and the turline is assumed to operate in all wind speeds between O and the cut-out wind speed
Vd.

7.1.2. Solution

For the case, VOti+ 00 and F = ~0, the predicted service lifetime T equals

where the factorial (~)! is the gamma fimction.

(61)

The solution of this equation can be computed directly or by using the FAROW computer code
[163].

82



7.2. Numerical Solutions

7.2.1. The LIFE Duo of Fatigue Analysis Codes

The initial analysis of the load spectra on a VAWT was addressed by Veers [18, 4
analyses laid the foundation for the LIFE series of fatigue analysis codes [164]. Thi
is essentially the numerical solution of Eq. 61 with a more restrictive set of assumpt
the narrow-band Gaussian model for the stress spectra with a constant mean stre
frequency, a Rayleigh wind speed distribution and a log-log description of the S-I
initial code was later modified and used by Akins [165] and Malcolm [166]. Sut
[167] released the final version.

The gxeat strength of the LIFE code was its simplicity. A VAWT could be analyzed
and with a minimum of input. However, its relatively restrictive assumption set s
reformulation of its numerical algorithms that permitted the analysis of componenl
classes of wind turbines. The code was completely rewritten and released by Sut
[168, 169]. The code, called the LIFE2 code, is essentially a solution for Eq. 11 T
flmctions described as tables. The table for each fimction can be input directly into 1
can be generated using an internal algorithm. A six-volume set of reference manuals
is available [170-175].

The code is a PC-based, menu-driven FORTRAN code that is written in a top-d
format. The package leads the user through the input definitions required to predi
lifetime of a turbine component. The damage calculation may be based on Mini
linear-elastic crack propagation model [169]. Plotting capabilities are also included
part of the code.

The LIFE2 code is used for most of the examples discussed above.

7.2.1.1. Numerical Formulation

The numerical formulation of the LIFE2 code is discussed in detail in Sutherland
numerical implementation in Schluter and Sutherland [170]. The numerical form
with Eq. 11. The integrals in that equation maybe dkcretized to the following finite

1 Q~s
= A~t = ~x~(Tu)q %&d >@J.s>‘, >4

T q=l 1=1 5=1 ‘rs[(crn)r J (Oa)J

QRS

+ XXmJ)q
‘qm[(~m)r > (~a)~ > Uq t At]

q=l r=l s=l WS[(dr , (d,] ‘

C2RS

+ Zzz(wq

‘qr.[(cm)r > (O.)S > ‘q]

q=l r=l S=1 ‘m[(am)r > (ca)s]
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with

(m, = q’]Pu du ,

uq4

(63)

where UO= Uti and U~= Uow,and TYis the time in one year (in appropriate time units). The time
steps in the second te~ (Su)~ are similar to those in the first, but they start at UO= Uti and U~ =
maximum anticipated wind speed in term 2. In the first two terms, the matrix n(s) contains the
cycle counts observed in time At. In each wind speed bm U~ (the bin size is from UT1 to U~, the
cycle counts are blnsed in R mean stress bms and S alternating stress bins. Although their form is
identical, these terms have been separated in this analysis for convenience because the cycle count
matrices, n(o), are typically derived from different data sets and/or analyses. In the last terq n(-)
is the cycle count matrix for ~ occurrences of the discrete event q. These discrete events occur,
on average, N&times per year. In all three terms, the N(c) matrix is number of cycles to fhilure at
the mean stress (o~), and alternating stress (G.),.

In this fonq Eq. 62 expresses the three classes of damage events explicitly. The first represents
the damage from the operational stresses that occur between the cut-in and the cut-out wind
speed. The second is the buffeting stresses that occur above the cut-out wind speed when the
turbine is not operating. And the third is the transient events that occur during operation but are
not covered by the first term. The latter term is typically used to describe stress cycles that occur
during start/stop cycles, emergency shutdowns of various varieties, and any other transient events
that damage the turbine.

In the LIFE2 forrnulatio~ all of the factors in Eq. 62 are held internally in tabular form. The input
does not require that the tables match in size, bounds or intervals. Thus, the computational
algorithms contained in the code typically interpolate between tabular inputs to obtain the size,
bounds and intervals required to perilorm the summation cited in this equation.

7.2.1.2. Int.mt Variables

Following 13q. 62, the LIFE2 code requires four sets of input for the prediction of the service
lifetime of a turbine component. The first is the annual wind speed distribution at the site under
investigation. The second is a description of the S-N (fatigue data) or crack growth rate data
(linear crack propagation) for the material comprising the component under investigation. The
third is the stress cycles on the component as a iimction of the operating state of the turbine and
the average wind speed. And the fourth is the operating parameters and stress concentration
factor(s) for the component.

The LIFE2 code contains many of the wind speed distributions, material models and load
spectrum models that are discussed above. To use these internal models, the user supplies the
parameters for the model, and the code constructs the appropriate discretization.

84



7.2.2. The ASYM Code

The ASYM code, originally started by McNerney [176] and continued by Vachon [177-182],
performs a time-domain simulation that creates a random wind forcing fbnction and predicts the
second-to-second on-line control and damage of a wind turbine. Its output summarizes the
energy produced, the sources of lost energy, the number of starts and stops at low and high wind-
speed cut-outs, and the predicted service Iiietime of the turbine.

The key elements of the code area Markov wind simulator [183], the LIFE fatigue analysis [167]
and a control module. The control module is rather simplistic in that the controller can only start
and stop the turbine based upon current wind speed, moving averages of the wind speed and wait
times following a shutdown. Control decisions are based on one-second updates of the inflow
velocity. Initial formulations were limited to constant speed operation and instantaneous turbine
response. Subsequent formulations [180, 182] added variable speed and inertial terms for the
rotor. In addition to the standard LIFE fatigue analysis, ASYM includes the damage from
starthtop cycles in its prediction of service lif?etime.

ASYM is a unique analysis tool in that it permits a direct comparison of energy production and
fatigue damage under various control algorithms. Vachon [179] used the Sandia 34-m Test Bed
turline (see Appendix B) to illustrate the ability of this code to evaluate control parameters. In
this test case, the ASYM code was used to estimate the influence of the low-speed cut-in power
on energy production and fatigue life at various Rayleigh wind speed sites with moderate
turbulence. The basic controls for the turbine were assumed to have the following form: 1) The
turbine is started afier a moving average of the power in the wind, “low wind speed cut-in
power,” was exceeded; 2) the turbine coasts if it is running and the intlow ftils to produce
positive poweq 3) if the turline is coasting and the rpm falls below a low-rpm set point, the
turbine is stopped; 4) if the intlow exceeds the “low-high” cut-out wind speed for a relatively
long low-high moving average the turbine is stopped; 5) if the inflow exceeds the “high-high” cut-
out wind speed for the relative short high-
high moving average; and 6) once stopped,
the turbine will remain stopped for a
minimum time determined by the wait
period set point. Typical values for these
parameters are: a 30 kW (6 m/s) cut-in
power for a 300-second moving average,
low-high set point of 18 m/s for a 20-
second moving average, a high-high set
point of 22 mh for a 4 second moving
average and a 120-second wait time. As
shown in Fig. 44, for various annual
average wind speeds, the annual number of
start/stop cycles is highly dependent on the
low speed cut-in power control parameter
and has significant site-to-site variability.

w.-t -a Average Annual Wind Speed
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Figure 44. Variation of Low Wind Speed
Start/Stop Cycles with Cut-h Power.
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The evaluation continues with the
determination of annual energy capture and
fhtigue life, see Figs. 45 and 46. Similar
plots for the other control variables are
provided in, Vachon [179]. This
information then permits current value
analyses to project earnings and thereby
optimize the control parameters.

The ASX#4 code is an excellent code for
setting the initialparameters in a turbine
control system based on predictions of
service lljietimesand cashflow. However,
the code is based on a rather restrictive set
of conditions that limits its effectiveness.
Its obvious limits are the simplistic
approach to turbine dynamics and the
lhnited set of control options. Finally, the
limited fatigue formulation hampers its use
on a wide variety of turbines.

7.2.3. Gear Codes

As discussed in section 4.8.2 “Load
Spectra for Gears” on p. 39, the large
variations in the torque supplied by the
blades generally happen relatively slowly
when compared to the time of gear teeth
engagements. Thus, time-at-torque
histograms are adequate for the analysis of

~
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Figure 45. Variation of Annual Energy
Production with Cut-In Power.
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Figure 46. Variation of Service Lifetime
with Cut-In Power.

fatigue of turbine gears and many commercial packages and propriety codes can be used for this
analysis.

One code that has been applied successfidly to the analysis wind turbine gears is the AGMA218
code developed by Errichello [83]. This code uses Miner’s rule to perllorm either life ratings or
power ratings of spur or helical gears. The code assumes that the gears conform to at least
AGMA grade 2, their geometric accuracy conforms to at least AGMA qualhy No. 11, gear mesh
ahgnment under load gives fill-face contact consistent with a maximum load distribution factor of
1.2, and gear tooth stresses remain within elastic limits.
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8. SPECIAL TOPICS

8.1. Reliability Analysis

After all of these analyses for fatigue are said and done, one must
asked the correct question?” All of the analyses dhwussed above are
long will this component last?” This question assumes that all oft
service lifetime are known with a relatively high degree of confidel
mathematically the behavior of the turbine, the inflow, and its mate
illustrate that this is simply not the case. The inflow has a random
tiects the loads on the turbine. The turbine is a highlycomplex rota
least is subject to changes in its reaction to loads. These variations
individual components that arise fi-omdifferent suppliers and variatio
their manufacturing processes, and variations in the system resulti
many components. Further, the structural properties of each compc
variations. These variations are especially large in the composite:
addition to these deterministic variations in properties, there are ev
state-of-nature, measurement, and modeling uncertainties and oth(
summary, perhaps we should be asking: “What is the probability thi
design life?’

Obviously, fatigue analysis is the starting point for the answer t~
previous work has not been in vain. Moreover, reliability analys
poorly understood and has not gained acceptance in the wind turbin
case in many other structures that are subjected to random loads, e.~
platforms. And, with all of the uncertainties and randomness in the 1
for wind turbines, this is the wave of the fbture. Studies are currentl:
[162, 163] and in Europe [184-187].

8.1.1. The Farow Code

The reliability studies by Veers et al. [162, 163] produced the FA
analysis of turbine blades (see the discussion in section 7.1 “Close
This code, upgraded to do numerical integration and thus allow for n
the following analysis.

8.1.2. Economic Implications

The form of the underlying fati~e question posed above raises a si{
type of fatigue failures one might see in a fleet of identical wind
component has been under-designed, 15each machine will have the

15For example,the designloadsareunder-estimat~ or a seeminglyminorch
resultsin an inferiorproduc~or the materialsarebehavingat the lowerendofti
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failures at approximately the same service lifetime. This class of failures will require a large
capital outlay in a single installment to fix the fleet. In the opposite case when the turbine is not
under-designed, the fleet will simply wear out over some period of time. Equivalent components
on the various turbiies will fail at some statistical variation about their mean service lifetimes. As
a result, the capital outlays for maintaining the fleet will be distributed over time, rather than be
concentrated in a single outlay.

Reliability analyses permit the designer to quantitatively determine the probability of fdures over
the operational life of a fleet of wind turbhes based upon the statistical variations of the input
parameters used to estimate the service lifetime of the fleet. Veers [188] details the techniques
used in a typical evaluation. Once know the failure probability can be incorporated into a
financial analysis program to determine the financial risk for investors.

8.2. Analysis of Bonded Joints

The success or failure of a structure subjected to dynamic loads depends on the details of its
design. This is especially true for wind turbine blades because they have both minimum weight
and cost constraints placed on their design. One particular design detail that has proven to be
very dficult is the bonded joint. This classical joint is used throughout wood and composite
blades as the process of choice for joining blade parts. Primzuy applications have been for the
blade root and for bonding span-wise beams (spars) to the blade skin, with the root joint being of
paramount concern because all of the blade loads must be transfemed through this structure to the
hub. Detailed discussions of typical techniques for designing bonded joints are widely discussed
[189-192], as are composite materials [193].

In classical wind turbine designs, two classes of bonded joints are favored. In the first, the root
section of the blade is captured in metallic clamshell. The clamshell is typically bonded to the
root. In the second, a hollow metallic cylinder is inserted into the blade root for bonding. In both
cases, the metallic component contains the necessay attachment points that permit a metal-to-
metal joint at the hub.

The bonded joints do not lend themselves to the fatigue or structural analysis techniques described
above for other classes of structural components. The significant difference between the two is
that the bond contains high-stress singularities at each of its ends. These singularities severely
limit our ability to analyze these joints, and, therefore, most bonded joints must be tested to
validate their design. Thus, the bonded joint is unique, and it is addressed in this special section of
the paper. The section starts with a discussion of the singularities and then proceeds to
discussions of the two classes of bonded joints.

8.2.1. The Bonded Joint

For illustration purposes, consider the bonded joint shown in Fig. 47a. Goland and Reissner
[194] have analyzed this joint. Their analysis for a uniform, thin, elastic adhesive yields the shear
stress distribution shown in Fig. 47b. As seen in this figure, the shear stresses are relatively small
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along the bond line, except for
very high stresses at each
end.16 Because the load on
this joint is not symmetric, the
bond is subjected to an internal
bending moment that imposes
a uniform tensile stress across
the bond. This tensile stress,
commonly called the “peel
stress,” is pulliig the adhesive-
adherend interfaces apart.
And, the combined stress state
produces premature failure of
the bond joint; namely, the
measured strength in this bond
joint will be less than the
strength of an equivalent
symmetric joint with no peel
stress across the bond.
Moreover, if compressive peel
stresses are placed across the
bond, its apparent strength
would increase.

For petiectly elastic materials,
the singularities at both ends of
the adhesive have an infinite

‘-+&LP

Figure 47a. Corner of a Lap Joint.
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Figure 47b. Shear Stress in a Lap Joint.

Figure 47. A Typical Lap Joint

stress level. When real materials are introduced into the problem, the adhesive at the end of the
bond is deformed plastically and the stress is reduced to a finite level. As noted in the literature,
e.g. see Carpenter and Patton [195], the singularity must be analyzed before the joint can be
modeled adequately. When geometries are relatively simple, a fracture mechanics analysis that
uses stress intensity factors works reasonably well. And when combined with specialized finite
element analyses, more complex joint structures can be analyzed, e.g., see Habib, Aivazzadeh and
Verche~ [196]. However, most bonded joints must be tested to validate design loads.

8.2.2. Tubular Lap Joints

As discussed above, the bonded root joint for a turbine blade generally is cylindrical in geometry
with a relatively thick layer of adhesive that varies in thickness in both the radhd and
circumferential dh-ections. The bonded joint is required to support both axial and bending loads.

16Asnotedby CarpenterandPatton[195],“thissolutionisbasedon certainassumptionsaboutthebehaviorof the
adhesive... these assumptionscan violate the equilibriumor compatibilityequationsas well as the boundary
conditions.”However,for ourdiscussionshere,this solutionis adequate.
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Figure 48. Geometry of the Tubular Lap Joint.

In a series of papers, MetZinger et al. [197-203] have combined state-of-the-art finite element
analysis (FEA) techniques with experimental vdldation to examine idealized tubular lap joints that
approximately represent the root connections in wind turbine blades. The joints that they
analyzed, for the most part, are metallic (aluminum or steel) cylinders bonded to a fiberglass
cylinder. Depending on the test series, the fiberglass cylinder was bonded either to the interior or
the exterior of the metallic cyliider. For testing purposes, the specimens were constructed
symmetrically, with the metallic cylinders bonded to either end of a composite cylinder. Atypical
specimen from this series of tests is shown in Fig. 48.

8.2.2.1. Axial Loads

To analyze this joing detailed finite element analyses of the joint were first conducted for axial
loads using two-dimensional (2D) axisyrnmetric meshes [198]. In two of the analyses presented
in that paper, the adhesive is characterized as an unflawed (untracked), elastic-plastic material
and, in the another analysis, an elastic fi-acture mechanics methodology is used. The effective
(von M&s) and the radial (peel) stress distributions along the joint, shown in Fig. 48, are plotted
in Fig. 49. As shown in Fig. 49% the percentage of the adhesive in plastic yield (i.e., at a von
Mises stress of 60 MPa) increases to a significant portion of the bond length as the average shear
stress is increased from 0.9 to 20.4 MPa. When loaded in tension, the peel stress is tensile at the
outer bond end and compressive at the inner bond end. Thus, a tensile load places a compressive
peel stress on the large plastic zone. When the joint is subjected to a compressive loa~ the sign is
reversed, and the plastic zone is subjected to a tensile peel stress. Thus, the joint would be
expected to fail at a lower load in compression than tension.
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Figure 49. Stress Distribution in
Cylindrical Lap Joint Under Tensile
Loads (Distance measured from the

outer bond end in elements adjacent to
the bond end).

2s ~
o Tension

● Cc.mpsssion

i’ ; L---. -.-s---- ~
~ M

g

8

8- ------
g 10- ------- *

s
C-.*

5 -

0
lE-I lE+O lE+l 1E+2 1E+3 IE+4 1E+5 1E+6

Cyciw to Failwe

Figure 50. S-N Fatigue Data for an
Aluminum-to-Fiberglass Bonded Joint.

The joint was tested under quasi-static loachg
to failure and under low-cycle fatigue loads,
with R values of 0.1 and 10. These results are
shown in Fig. 50. As shown in this figure and
surmised above, the joint is weaker in
compression than in tension and bond failures
start in the regions with high plastic
deformations (the inner bond end). These
results also illustrate that bond failure is very
susceptible to cyclic loading, with ftilure
occurring in less than 10,000 cycles at 70
percent of its static strength.

These results are based on specimens
constructed with the fiberglass cylinder bonded
to the external surface on the steel cylinders.
When this geometry is reverse~ the sign of the
peel stress will also be reversed [201]; namely,
the peel stress is compressive with the joint in
placed in tension and tensile when the joint is
place in compression. The change in sign of the
peel stress (tensile to compressive) is a direct
result of the relatively large radial
expansions/contractions (due to Poisson’s
effect) of the composite compared to that of the
steel.
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Figure 51. Tubular Lap Joint Under Bending Loads.

8.2.2.2. Bendk Loads

The axial Ioadiig results discussed above were extended to bending loads in Refs. 200 and 201.
In the initial study [200], the tubular lap joint, depicted in Fig. 5la, was tested and analyzed using
both a three-dimensional (3D) and
a two-dimensional (2D) finite
element model. Both PEA models
illustrate that the peel stress is
relatively large at the inner bond
end at the 0° circumferential
position and the outer bond end at
the 180° circumferential position.
Post-failure examination of the test
specimens using C-scan images
(see section 8.3 “Nondestructive
Testing” on page 99) illustrated
that the bond failed in these high-
stress locations, see Fig. 5lb.

MetZinger and Guess [201]
analyzed turbine-size joints
subjected to bending loads. They
idSO USti both 2D and 3D PEA
models. Figure 52 presents a
portion of the mesh used for the 3D
finite element analysis of a circular
turbine joint. As described above,
relatively large peel stresses are

v

Figure 52. 3-D Finite Element Mesh of a Circular
Bond Joint.
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found at the 0° and the 180° positions. Atypical sel
of distributions for the composite peel stresses (neal
its surface) the top of the joint (0° circutierentia
position) is presented in Fig. 53. These distribution:
are a fi.mction of the adhesive geometries shown ir
Fig. 54. The distributions along the bottom of th{
joint (at the 180° circumferential position) would b~
equal in magnitude and opposite in sign from thi
plot. These analyses indicated that the yield zone:
and the peel stress riser are moved into the dab 01

dollop of adhesive, but they remain approximatel~
the same in magnitude and extent, see Fig. 53.

In addition to locating the areas where failures wil
probably occur and using the geometry of th(
adhesive to inhibit failure, Metzinger and Gues:
[201] did a detailed comparison of the 2D and tht
3D FEA predictions. Based on the results shown il
Fig. 55, they conclude that a 2D axisymmetri

Figure 54a. Truncated Adhesive.

Figure 54b. Dab of Adhesive.

Figure 54c.Dollop of Adhesive.

Figure 54. Partial Finite Element
Meshes with Varying Adhesive

Geometries.

analysis of a joint under axial loads can be used effectively to analyze the shear stress distribution
in a circular joint under bending loads. However, if the j_ointhas ‘an elliptical cross sectio~ their
results indicated that the 3D model is required. Because the 3D analyses typically require an
order of magnitude more degrees of freedom than a 2D analysis, their results provide an effective
technique for reducing the cost and computational capacity required to periiorm an analysis of a
bonded joint under bending loads.
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8.2.2.3. Geometric Considerations

The magnitude of the plastic zone at
the end of the bond line and the sign
of the peel stress can be controlle~
somewhat, by the geometry of the
joint. To investigate how the
geometric variables might be
manipulated to improve the joint,
Metzinger and Guess [201-202]
addressed both the geometry of the
adhesive and the adherents.

Tapered Adherents: A common
technique for reducing the stress
risers at the ends of the bond joint is
tapering the adherents to eliminate
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Figure 55. Normalized Shear Stress Distribution
Along the Joint.

abrupt changes in the section I I
modulus. This strain matching technique seeks to reduce the size of the singularities at the end of
the bond, i.e. the extent of the plastic von Mises stresses in the adhesive, by having smooth
transitions between the two adherents and minimizing all changes in section modulus. ~ noted in
section 8.2.2.4 “Contraction of the Adhesive During Cure” on p. 96, this technique can increase
the performance of the joint. In the limited studies conducted by Reedy and Guess [198] and
Metzinger and Guess [202], the results are inconclusive because of the limited number of
specimens tested and because no attempts were made to optimize the taper. However, these first
look results do indicate that for this geometry, tapering the adherents will probably be a second
order effect to the sign of the peel stresses (see the “Peel Stress” discussion in section 8.2.2.3
“Geometric Considerations” on p. 95).

Excess Adhesive: As discussed above, a common technique used to increase the performance of
a bonded joint is to form the shape of the adhesive at the end of the bond. In the results reported
by MetZinger and Guess [201], several adhesive geometries were investigated, see Fig. 54. These
analyses indicate that for bending loads, the yield zones and the peel stress riser are moved into
the dab or dollop of adhesive but they remain approximately the same in magnitude and extent,
see Fig. 53.

In another examination of the influence of adhesive geomet~ on joint performance, Metzinger
and Guess [202] examined a geometrically different joint with two additional adhesive geometries,
see Fig. 56. In this case, the extra adhesive configuration lowers the maximum tensile peel stress
and produces a section of large compressive peel stress, see Fig. 57. As discussed in the next
sectio~ the minimization of the tensile peel stresses increases the performance of the joint in both
quasi-static strength and fatigue liie. lhus, ding adhesive to the end of the joint mayor may
not help its performance, depending on the geometric and material consia%rations. A FEA of
the joint is required to evaluate enhancement to joint efficiency through the use of additional
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adhesive, and testing of the joint
is required to determine if the
excess adhesive is predkposed
to the formation of cracks that
can ftil the joint prematurely.

Peel Stress: In the initial studies
of the bonded joints, the extent
of the plastic strain region in the
adhesive and the sign of the peel
stress were identified as
important parameters in the
design of the joint. These
results are based on the static
analyses and the limited number
of quasi-static and low-cycle
fatigue tests that are cited
above. To clarifi the relative
importance of these two
parameters on high-cycle
fatigue, Metzinger and Guess
[203] began a systematic
investigation of the bonded joint
structure under axial and
bending loads with quasi-static
and fatigue applications. In this
study and in previous stales,
they noted that the plastic strain
distribution in the joint would
remain essentially constant when
the joint was loaded with either
a tensile or compressive load of
equal magnitude, while the peel
stress would reverse sign. To
facilitate the fatigue study, a
high-speed testing technique
(based on resonance techniques)
was developed to permit high-
cycle fatigue testing of bending
specimens.

To date, the results have
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Figure 56. Schematic of the Joint Geometries.
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demonstrated that the initial adhesive fkilure (debonding of the adhesive at the adhesive/steel
interface) occurs where the peel stress is tensile, in both quasi-static tests and in a limited number
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of high-cycle fatigue tests (107
cycles). Addkional tests are
on-going to determine
consistency of these results in
high-cycle fatigue and to
enhance the statistical
measures of these results.

8.2.2.4. Contraction of the
Adhesive Dw-hw Cure

As adhesives cure, they
undergo volumetric
contractions. This contraction
is relatively small, on the order
of a few tenths of a percent,
for most adhesives used for
industrial applications. And,
most of the shrinkage occurs
before the adhesive has
solidified. However, in the
FEA of a tubular lap joint with
a tapered adherend, MetZinger

10

8

— Truncated
— Dollop l!

---- TaperedAdherend
;~

~1
,1

-2 :
7

-4 1 I I t t I I I

012345678 9
Bond Length, cm

Figure 58. Composite Peel Stress due to Adhesive
Contraction.

and Guess [203] demonstrated that the contraction of the adhesive can produce high tensile
residual peel stresses in the adhesive, see Fig. 58, and thereby, reduce its petiorrnance.

8.2.3. Bolted Studs

Another class of bonded joints used in wind turbine applications is the bonded stud. In this
technique, the stud is bonded d~ectly into a preformed or drilled hole in the cross section of the
blade. The connection has found favor in many designs because it provides metallic coupling
elements between the root and the hub. The initial application of this jointing technique has been
for the root joint of laminated wood structures, but additional applications as root joints in
composite blades are also appearing.

Atypical stud is shown in Fig. 59, [97, 204]. In this version of the design, the shank of the stud is
a linear-tapered tube with a smooth exterior. The shank is bonded into a step-tapered hole in the
root of the blade with an epoxy adhesive. The length and angle of the exterior taper and the size
of the interior hole are adjusted in a strain-matching scheme to provide the necessary strength
requirements and to improve its performance. Although steel is typically the material of choice
for the studs, titanium studs have been used in optimal designs because the lower modulus of
elasticity of titanium is closer to that of wood. In designs similar to that shown in Fig. 59, the
exterior of the shank is threaded with rounded rings (threads with a zero helix angle). The shape
of these threads varies between designs, but generally follow a rounded Acme or “Zuteclc” thread
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Figure 59. Typical Metal Stud Design.

profile [204]. Other designs have a hollow stud with a tapered internal cavity and a smooth
exterior shank [149].

As reported by Pedersen and Clorius [105], the strength of a bonded stud is in general
proportional to the square root of the glued-in length and directly proportional to the diameter. A
balanced design calls for the quasi-static strength of the studs to be approximately the same as the
shear strength of the bond. Faddoul [204] demonstrated that reinforcing the adhesive and the
wood laminate can enhance the performance of a bonded stud system in wood laminates. He
suggests reinforcing the adhesive with short chopped carbon fibers and the wood laminate with
plies of carbon fibers. Chopped asbestos fibers also may be used to reinforce the adhesive, but
they are not as effective as the carbon fibers and may create environmental problems. Additional
performance gains can be achieved by using a non-linear taper on the shank.

The typical fatigue behavior of a bonded stud system is shown in Fig. 60 [97]. The curve fit to
the data takes the form shown in Eq. 32, with a fatigue exponent of approximately 14. As one
would anticipate, this joint periiorms better in comt)ression than in tension. Reverse loading
reduces tensile fatigue
performance by
approximately 25 percent,
and, even moderate
temperatures of 38°C
(1OO”F)with high relatively
humidity, degrades
performance by 30 to 50
percent.

In similar experiments on
studs that were bonded into
a fiberglass laminate with an
epoxy, Bach [149] showed
shown a fatigue exponent of
approximately 9, with most
ftilure occurring at the
composite/adhesive
interface.
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Figure 60. Fatigue Behavior of a Typical Metal Stud
Bonded into a Wood Laminate.
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In a recent study, Pedersen and Clorius [105] investigated the residual quasi-static strength of
hollow, tapered bonded studs. These studs were bonded into a Swedish spruce glulamlT blade.
The 20-tn blade was mounted on a wind turbine for 9 years (the turbine was operated only 3 of
these 9 years). The authors estimate the studs had endured 5X107fatigue cycles when the blade
was removed from the turbine because it had been struck by lightning. Based on a sample of 11
pull-out tests, the ultimate strength of the stud had been reduced by 5 percent from previously
tested studs of this design. Failures were like a cork pulled from a bottle with all ftilures
occurring in the immediate proximity of the wood/adhesive interface. The individual failures were
either at the interface or a fhilure in the wood near that interface, with the former dominating.

8.2.4. Adhesives

The reader may note that this section of the paper does not include a detailed discussion of the
material properties of the adhesive. Utiortunately, this is not an oversight. Rather it reflects a
lack of material characterizations for typical adhesives that are in the public domain. Although
some references are available, e.g. DeLollis [191] and Kinloch [205], only limited properties are
available and those are usually limited to a single surface preparation and/or primer.

Typically, the designer is forced to develop the required material characterization as part of the
design process, e.g. see Guess et al. [199], or use proprietary information obtained directly from
the manufacturer. In most cases, the designer is forced to take a best practice approach and use
supplier specifications and recommendations for the design and manufacturing of the complex
joint structures. And, finally, component tests must be used to quali@ the joint.

8.2.5. Comments

Although not proven conclusively, theperj40rmanceof tubular lap joints appears to be direcdy
rekzted to the peel stress that acts across the azi%esive. Because the stresses are singular at each
end of the adhesive, the analysis of these joint systems are difficult at best, and even FEA must be
used with extreme care because its predktions are mesh dependent. However, the designer can
use FEA effectively to investigate the geometry of the joint that minimizes these stresses and,
thus, maximizes the petiormance of the joint.

Uni?ortunately, the quasi-static and fatigue strength of joints typically used for wind turbine
applications cannot be predicted accurately. A fracture mechanics approach based on stress
intensity factors has had reasonably good success when geometries are relatively simple. And
when combined with specialized finite element analyses, more complex joint structures can be
analyzed, but filure strength typically cannot be predicted accurately. And as the design process
for bonded studs indicates, most bonded joints must be tested to validate design

*7A woodcompositecreatedfromsheetveneersandepoxy. Seethe loads discussion in section 5.2.2 “Laminated
Woo& on p. 47.
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8.3. Nondestructive Testing

Nondestructive Testing and Evaluation (NDT and NDE) offer proven techniques for the
inspection of structural components. General descriptions of techniques and applications exist in
the literature [206, 207]. A well as applications of these techniques to wind turbines [208-210].

Two techniques that have proven to be especially usefid in wind turbine applications are ultrasonic
testing and acoustic emissions. The former uses the propagation characteristics of ultrasonic
(acoustic) waves to measure material properties throughout the volume of an object. This
technique is especially useiid for the detection and characterization of surface and subsurface
flaws. Acoustic emissions (AE) are elastic waves generated by the rapid release of energy from
localized sources within a material. By monitoring AE events, typically an array of acoustic
transducers is used, information concerning the location and structural significance of the detected
events can be ascertained.

In the discussion entitled “Tubular Lap Joints” on p. 89, ultrasonic testing techniques [211] are
used to detect damage, debonds and cracks in bonded joints that are tested to failure. This
technique was extended to the inspection of bonded joints in wind turbine blades [200, 208].

Ultrasonic wave propagation techniques have also been used very successfully to grade veneers,
st%the discussion entitled “Grading” on p. 47.

Acoustic emissions have shown great promise in detecting the primary failure site of blades, in
real time, while they were being tested in laboratory environments [209, 212]. Of primary
importance is the ability of this technique to also identifi areas of seconda~ damage. These are
areas of high damage that typically do not fail during the test, and, therefore, are difficult or
impossible to locate. They are important to designers because they identi$ weak points in the
blade design. These sites will probably be the location of blade failures if the primary failure site is
reitiorced. Or, if the failure mechanism changes under field loads, these secondary sites may
become primary failure sites.

Wei et al. [213] have used acoustic emissions to follow the damage of composite coupons under
laboratory testing.

Additional applications of standard and non-standard NDT and NDE techniques to wind turbine
components, in both laboratory and field environments, have been explored [209, 210,214, 215].
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8.4. Full Scale Testing

Once the design of a wind turbine blade has been completed and the turbine has been built, there
is no guarantee that it will petiorm as intended. These highly complicated structures are
susceptible to size effects, manufacturing variations, and inadequate designs. The only real tests
of a blade design are through rigorous testing of the blade in a laboratory environment and on an
operating wind turbine.

Musial et al. [81] and Musial and Allread [216] discuss fill-blade testing in a laboratory
environment. An IEC committee is currently developing a set of recommended practices for the
fill-scale testing of turline blades [217]. Their guide identifies commonly accepted practices and
provides guidance in establishing blade test criteria. Although outside the scope of this report,
these testing techniques should be taken into consideration and used as a ve~ important tool in
the design of wind turbine blades.
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9. CONCLUDING REMARKS

Wind turbines are fatigue critical structures that require detailed analyses to ensures
normaI operating conditions in a turbulent environment. While these designs are cliff
not impossible. The research of the past few years provides the designer with mos
and knowledge to address design problems with a high degree of confidence. So
have yet to be answered, but research is ongoing. This paper was intended to ~
turbine designer through the issues that ai%ectfatigue pefiormance of turbine comp~
describe best practices when appropriate.
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’11. APPENDICES

Appendix A The Weibull Distribution

The Weibull distributio~ see Ref [218], has been used extensively in this report to describe
various physical phenomenologies. A discussion of this distribution is included here for
completeness.

A.1. Generalized Distribution

The generalized Weibull distribution is given by:

(A-1)

where M is the probability density fimction for the variable x, and ct and p are the shape factor
and the amplitude factor of the distributio~ respectively. The equivalent expression for the
cumulative density fimctio~ CDF, of the Weibull distribution is given by:

- [{)]
a

CDF=l-exp ~ . (A-2)

In this formulation the average value of A x, is given in terms of the Weibull parameters by:

[1
X=/?rl+L

a’
(A-3)

where r[o] is the gamma fimction. The standard deviation o(x) of this distributio~ cited in Eq.
22, is related to P through the relationship:

[1()
1/2

r~+l

4)
a

x = x

()

-1 .
rzl+l

a

And, the coefficient-of-variation (COV) is given by:

(A-4)

(A-5)

121



The shape of these distributions for various values of czare given in Fig. 43. In this figure, the x
parameter has been replaced with a wind speed parameter and ~ has been normalized to a value of
one.

A.2. Special Distributions

The generalized Weibull distribution contains
importance to this discussion are the Rayleigh and

A.2. 1. Ravleid

several named distributions. Of particular
the exponential distributions.

For the special case of a Rayleigh distribution the shape factor a equals two. Thus, Eq. 1 takes
the form:

(A-6)

and Eq. 2 becomes:

[{)]
2

CDF=l-exp ~ .
P

The average value of x reduces to:

and the standard deviation reduces to:

(A-7)

(A-8)

and the COV becomes a constant:

COV = 4X) = @-4632 ...) ~
x (0.8862 ...) B = 0522”

11=—= —
a 2

(A-9)

(A-1O)
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As noted in this equation, the approximation for the COV given in Eq. 5 holds even at the end of
the defined range.

A.2.2, Exponential

For the special case of an exponential distribution, the shape factor ct equals one. And, in
common notatio~ the parameter (1/J3)is called L Thus, Eq. 1 takes the form:

‘x=[;lexp{{;l}= iexp’-Ax’ y ‘P>”>x>”) >
(A-n)

and Eq. 2 becomes:

[{)1
CLW = 1- exp ~ = 1- exp[dx] .

The average value of x reduces to:

z=pr[2]=p=~a ,

the standard deviation to:

dx)=x[--l]=x=fl=fi

and the COV to:

cov=~=l .
a!

A.3. Time Series Relationships

(A-12)

(A-13)

> (A-14)

As used in section 4.3.1 “Narrow-Band Gaussian Formulation” on p. 19, the Weibull distribution
is used to represent the distribution of the peaks and valleys in a time series. The standard
deviation G of the time series, easily deduced from the time series, is not equal to the standard
deviation of the distribution a(x). Unfortunately, a direct relationship between the two for the
generalized Weibull distribution does not exist. However, this relationship can be approximated
for the standard Weibull distribution.

For a Weibull distributio~ ~ can be approximately by:

p=fio , (A-15)
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X = (0.8862...) P = (0.8862...) (fi~) = (1.2533...) o ,

and

O(X) = (0.4632 ...)fl = (0.4632 ...)(fic) = (0.6551 ...)o .

(A-16)

(A-17)
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Appendix B Turbine Data

The data and analysis of several turbines are reported throughout this report. Rather than
describe each turbine within the report, a thumbnail description and appropriate references are
provided here.

B.1. SandialDOE 34-rYI VAWT Test Bed

The Test Bed (see Fig. 61) is a 34-meter diameter VAWT erected by Sandia National
Laboratories near Bushland, Texas (just west of Amarillo) for research purposes. The turbine has
a nominal power rating of 500 kW
electric with a peak power rating of
625 kW. The generator’s torque,
and thus speed, is controlled by a
load-cornmutated-inverter (LCI)
variable speed motor drive. The LCI
connects the turbine to the utility
system by converting the variable
voltage and frequency of the
generator to the constant voltage and
frequency of the utility system. The
turbine is operated over a speed
range from 18 to 39 rpm. The
turbine’s two blades incorporate
variable chord and variable section
profiles, includlng the first VAWT-
specific, natural laminar flow airfoil
sections. Each is step-tapered with
five sections. They are constructed
from extruded 6063-T6 aluminum.

Figure 61. The Sandia 34-m Test Bed Turbine.

The turbine and site have been
equipped with a large array of sensors that permit the characterization of the turbine under field
conditions [39, 56, 219, 220]. The extensive experimental database allows us to illustrate the
fatigue analysis of a wind turbine component and to examine the sensitivity of lifetime predictions
to various estimates of the input data.

B.2. Northern Power Systems 100kW Turbine

The Northern Power Systems (NPS) 100-kW turbine is a horizontal-axis turbine, see Figure 62.
The turbine is a two-bladed, upwind, teetering hub design utilizing Ml-span hydraulic passive
pitch control. The fiberglass blades, including the elastomeric teetering hub, span 17.8 meters
(rotor diameter). The rotor’s low speed shaft turns a two-stage, two-speed gearbox. The high-
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speed shail of the gearbox is connected to one of two filly enclosed induction generators. Its
100-kW generator is rated at fidl power when rotating at 71.8 rpm in a 14 nds wind.

Several of these turbines were erected and tested, under the auspices of the NREL Cooperative
Research Progr~ in Altamont Pass, California in 1988 [32]. The test program produced an
extensive data set for this turbine. Several turbine configurations were tested. For the data set
discussed above, the turbine configuration was “locked yaw” (stiff spring) and “flee teeter” with
damping and stifiess elements. During this data collection period, the turline was operated
continuously at approximately 71.6 rpm.

B.3. Micon

The Micon 65/13 turbine is a horizontal
axis turbine. It is a three-bladed, up-
wind fixed-pitch turbine. Its rotor
diameter is 16 m with a hub height of 23
m. The blades turn a parallel shaft, 3-
stage gearbox with a 25:1 gear ratio.
The turbine has two generators: a 65
kW generator and a 13 kW generator.
The 65 kW generator is the main
generator. It reaches fill power in a 15
m/s wind. Rotor speed is 48 rpm. The
13 kW generator is only used for low
wind-speed operation.

The data sets for this turbine were
obtained from two turbhes located in a
wind fkrm in San Gorgonio, CA [91,
92]. Both turbines were located in Row
37 of the wind farm. The first turbine
was fitted with standard 7.4 m blades
(Aerostar) and the second was fitted
with special 7.9 m blades. The former
design used conventional airfoils while
the latter used SERI thin airfoils
specially designed for this turbine.

Figure 62. The Northern Power Systems 100
kW Turbine.
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