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Abstract
The main concept currently in use in wind energy involves horizontal-axis wind turbines with blades 

of fiber composite materials. This turbine concept is expected to remain as the major provider of 

wind power in the foreseeable future. However, turbine sizes are increasing, and installation off-

shore means that wind turbines will be exposed to more demanding environmental conditions. 

Many challenges are posed by the use of fiber composites in increasingly large blades and increas-

ingly hostile environments. Among these are achieving adequate stiffness to prevent excessive 

blade deflection, preventing buckling failure, ensuring adequate fatigue life under variable wind 

loading combined with gravitational loading, and minimizing the occurrence and consequences of 

production defects. A major challenge is to develop cost-effective ways to ensure that production 

defects do not cause unacceptable reductions in equipment strength and lifetime, given that 

inspection of large wind power structures is often problematic.

Introduction
Wind energy can be used to power individual installations 

directly or to generate electricity to be fed into a distribution 
system. Individual wind-powered installations can be either 
fixed, as in pumps, or moving, as in ships. Although the applica-
tion of wind power to generate electricity is by far the most 
widespread application, it should be mentioned that studies are 
in progress to apply wind energy in other ways. An example is 
the E/S Orcelle zero-emissions cargo ship concept,1 proposed 
by a Scandinavian shipping company to use only renewable 
energy sources, including the sun, wind, and waves, as well as 
fuel cell technology, to meet all propulsion and onboard power 
requirements.

Why Wind Energy?
Wind energy is clean and renewable, in the sense that pro-

duction of wind energy, once the equipment is installed, during 
the operational phase, does not result in any form of solid, liq-
uid, or gaseous emissions or residues, nor does it involve the 
depletion of any form of fuel, whether natural or manufactured. 
No hazardous waste is generated, and no CO2 or toxic fumes 
are emitted. The only forms of negative environmental impact 
in the operational phase are noise and visual disturbance, as 
well as possible effects on flora and wild life; these aspects may 
be a hindrance to installation in certain locations, but there are 
many locations where they are not a significant issue.

The time frame from planning to installation of new wind 
power can be on the order of months (although currently there 
is a delivery time of about 2 years for wind turbines), and there 
are no fuel costs that can threaten the potential return on invest-
ment. Lifecycle energy balance estimates indicate that the 
energy required for the combined installation and end-of-life 
disposal phases of a wind power system is typically recovered 
in 6–12 months of operation. With a standard lifetime of 20 

years this means an energy yield factor (the ratio of energy 
produced to energy consumed) of between 20 and 40.

The main disadvantage is that wind turbines deliver power 
not according to the demand but according to the wind speed. 
Existing electrical distribution systems cannot accumulate and 
store the electrical energy generated and distribute it when it is 
needed. (See the article by Whittingham in this issue for more 
information on electrical storage.) Thus, wind energy will have 
to be combined with other sources of energy until much more 
widespread means of storing electrical energy become avail-
able. Also, wind power requires a distributed power transmis-
sion network that is different from the type of distribution 
system needed for a small number of large power stations. A 
further disadvantage at present is that, although the lifecycle 
energy yield ratio is favorable, the cost of producing electrical 
energy from wind at most locations is still uncompetitive, so 
that subsidies and incentives are needed in order to make wind 
energy attractive.

Where Should Wind Power Be Installed?
Clearly, wind power is feasible only where the wind climate is 

suitable. However, there are a great many suitable locations. Wind 
maps are available for Europe2 (Figure 1) and for many individual 
countries and states,3,4 with varying degrees of detail. Global wind 
maps have been compiled by Archer and Jacobson.5

Wind Energy Statistics and Trends
At present, wind energy accounts for a small fraction of total 

electrical energy consumption worldwide. However, the contri-
bution is growing rapidly: In the 10 years between 1996 and 
2006, it rose from 0.1% to 0.8%.6 Whereas electrical energy con-
sumption increased by about 3.5% annually during this period, 
the average annual increase in the energy generated from wind 
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was about 29%. The growth in wind energy is also reflected in 
the figures for total installed wind power (i.e., the capacity for 
generating electrical power from wind). In 2006, the total installed 
wind power worldwide increased by 25% from 59.4 to 74.3 giga-
watts (GW). The average rate of increase for the 5 years between 
2001 and 2006 was 24.4%. On the basis of cumulative installed 

power, the Global Wind Energy 
Council7 predicts the annual 
growth for 2006–2010 to be 
lower, at 19.1%, largely because 
of limited equipment production 
capacity, but the market will still 
be increasing at an average rate of 
8.4% on an annual basis.

Some geographical consider-
ations may be relevant for an 
understanding of global devel-
opments in wind energy. Of the 
power installed in 2006, 51% 
was in Europe, 23% in the 
Americas, and 21% in South and 
East Asia.6 On a national basis, 
the United States represented 
the largest market, with Germany 
a close second, followed by 
India, Spain, and China. By far 
the largest supplier of wind tur-
bine generators (WTGs) in 2006 
was Denmark, with some 35% 
of the market, with Spain, the 
United States, and Germany 
each having between 15% and 
16%. In next place was India 
with about 8%. The geographi-
cal mismatch between supply 
and demand has resulted in a 
globalization of the market for 
wind turbine generators, with 
established European companies 
setting up Asian subsidiaries and 
new manufacturers appearing 
alongside them.

The size of individual units 
is increasing steadily, because 
the cost of generated power per 
 kilowatt-hour decreases with 
increasing turbine size. The aver-
age size of a WTG installed 
worldwide in 2006 was about 1.4 
megawatts (MW), compared to 
0.9 MW in 2001. The vast major-
ity of WTGs supplied lie in the 
range of 0.75–2.5 MW, but the 
share of “multimegawatt class” 
(>2.5 MW) WTGs is increasing 
and now stands at about 4%. 
These generators can produce up 
to 6 MW with rotor diameters 
up to 126 m.

An area of rapidly increasing 
activity is offshore wind power, 
but the total installed capacity is 
still less than 1 GW. Denmark is 
in the forefront with 45% of this 
capacity.

Environmental Impact and Lifecycle 
Assessment

Two distinct types of assessment are used when considering 
environmental aspects for wind turbine installations, whether 
for individual units or for entire wind farm projects. An envi-
ronmental impact assessment (EIA) considers the effects of the 

Figure 1.  Wind map of western Europe (www.windpower.org/en/tour/wres/euromap.htm) (accessed 

January 2008).  The data for Norway, Sweden, and Finland are from a later study, are calculated 

for 45 m height above ground level, and assume an open plain.

Wind Resources at 50 (45) m above Ground Level 
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installation and its operation on the environment at the specific 
location. It covers such aspects as pollution, including visual 
and noise pollution, and disturbances to flora and fauna that are 
inflicted on the local environment. It can also include impacts 
on human activity, such as trawling in the case of offshore loca-
tions. A lifecycle assessment (LCA), on the other hand, is a 
broad-ranging assessment of the consequences, taking account 
of the entire lifecycle, from extraction of raw materials to end-
of-life disposal. A lifecycle energy balance can be included in 
this or established separately.

Examples of EIAs and LCAs can be found on the Web sites 
of energy companies8,9 and wind turbine manufacturers.10,11

Recent studies by Vestas Wind Systems11,12 indicated that the 
energy used in manufacturing, installing, and disposing of a 
modern, 3 MW unit should be recovered in the first 6.6 months 
of operation for an onshore installation or 6.8 months for an off-
shore installation, giving an energy yield ratio of about 35 for 
both cases if a 20-year life is assumed. The yield ratios for a 
2 MW unit were 27 and 31 for onshore and offshore installations, 
respectively. Ratios above 20 are similarly quoted in a more 
recent study by Crawford,13 who also confirmed that large units 
gave a higher energy yield ratio than smaller ones.

Economics of Wind Energy
The installation of wind power, as with most renewable 

energy, is dependent on economic incentives based on political 
decisions (see the article by Lave in this issue). A comprehen-
sive overview is provided by the Global Wind Energy Council.7
An important factor behind the growth of the European wind 
market has been strong policy support at both European Union 
(EU) and national levels. The EU’s Renewables Directive of 
2001 established the aim of increasing the share of electricity 
produced from renewable energy sources (RES) in the EU from 
15.2% in 2001 to 21% by 2010, thus helping the EU to reach a 
RES target of 12% of overall energy consumption by 2010. The 
EU Renewables Directive sets out differentiated national indic-
ative targets. The actual incentives vary from country to coun-
try within the EU (as indeed they do worldwide), the most 
common being controlled feed-in tariffs, often combined with 
tax incentives. Some cost comparisons between different energy 
sources, valid in 2001 for the United States, are given by the 
American Wind Energy Association.14

Wind Power Generator Concepts
By far the most common type of wind turbine in use today has 

a rotor with three blades mounted in an approximately vertical 
plane, with a horizontal axis of rotation, facing the wind (Figure 
2). The blades are made of fiber-reinforced plastics, sometimes in 
combination with wood. During a development period of some 
decades, this arrangement, generally known as the Danish concept, 
has been found to have many advantages over its competitors.

The main advantage of the forward-facing design over an 
arrangement with the blades downwind of the tower is that the 
tower itself does not shield the blades, so that the blades experi-
ence a more even loading and the turbine has a greater effi-
ciency. However, an automatic yaw mechanism must be 
provided to ensure that the rotor always faces the wind direc-
tion, and the blades must be sufficiently stiff, and placed far 
enough ahead of the tower, to prevent collision with the tower 
under maximum wind conditions.

Three-blade designs are by far the most common, although 
two-blade designs are sometimes used. The optimum number 
of blades is determined largely by the need to minimize the 
loading on the shaft and bearings (and the variation in that load-
ing during rotation of the rotor) while extracting as much energy 
as possible from the wind.

Relatively few vertical-axis wind turbines have been built, 
and the reader is referred to a U.S. wind energy Web site for 
more information.15 Although, in principle, they can achieve 
efficiencies similar to those of horizontal-axis types, in practice, 
vertical-axis WTGs tend to have lower efficiencies. Furthermore, 
they are not inherently self-starting; the blades are susceptible to 
resonant vibration; and because the tower rotates with the blades, 
the bearings have a very large loading on them.

Because the wind speed increases and the wind flow stabi-
lizes and becomes less turbulent with height from the ground, 
there are potential benefits in building wind turbines with blades 
as high as possible. Attempts have been made to develop novel 
concepts involving kites or sails, such as Kite Gen,16 but these 
appear to be still in the virtual modeling stage and it is unclear 
whether any such concepts will be applied in practice in the 
coming decades. There are, for example, major challenges with 
respect to deployment and retraction of such systems, as well as 
to controlling their behavior in conditions with variable wind. 
However, these challenges are more concerned with system 
design than with materials, so attention here is focused on more 
conventional wind turbine concepts and, in particular, on hori-
zontal-axis turbines.

Two major developments are occurring in conventional wind 
power systems: First, the turbines are becoming larger, and sec-
ond, there is a shift from land-based to offshore locations. 
Offshore sites offer very high wind exposure levels combined 
with relatively large areas for utilization, while often having 
more limited local environmental impacts. The same basic wind 
turbine concepts are used as for onshore installations. The main 

Figure 2. Modern wind turbine at Risø National Laboratory test site, 

Høvsøre, Denmark. The tower height is 120 m; the rotor diameter, 

110 m; and the generator power, 3.6 MW.
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challenges concern foundations and supporting structures, 
which can be either fixed or floating and are broadly similar to 
those encountered in offshore oil and gas exploitation. However, 
the corrosive marine environment does impose additional 
requirements on the turbines themselves, including the blades 
and their attachments.

Design Standards and Guidelines
The design of modern electricity-generating wind turbines 

has, from the start, been subject to independent certification 
schemes. Initially, certification schemes were developed in 
Denmark, Germany, and the Netherlands in parallel with these 
countries’ wind turbine development. In the late 1990s, the 
International Electrotechnical Commission (IEC) established 
the IEC 61400 series of standards to consolidate these different 
local schemes, and today, these IEC standards are taking over 
as reference documents for design17 and testing18,19 in the certi-
fication schemes of each country. The IEC has also proposed an 
overall wind turbine certification scheme.20 A design standard 
specifically oriented toward wind turbine supporting structures 
installed offshore has recently been issued by the certifying 
organization Det Norske Veritas (DNV).21

The standard IEC 61400-117 covers design of the entire wind 
turbine, including how to determine the design loads. The 
requirement for structural safety is specified in general terms 
and allows acknowledged steel structural design standards to be 
used for detailed design. For composite material blades, the 
extent to which IEC 61400-1 can be applied is very limited, but 
an interpretation of the requirements is provided in a DNV 
 standard for the design and manufacture of wind turbine 
blades.22

A comprehensive set of guidelines for the design of wind 
turbines is also available (DNV/Risø).23 This handbook explains 
in more detail much of the information presented here about 
wind turbine design. Guidelines for certification of both onshore 
and offshore wind turbines are also published by Germanischer 
Lloyd.24,25

Blade Concepts, Materials, and Loads
Blade Concepts and Loading

Rotor blades resemble aircraft wings in that they consist of 
two faces, the suction side and the pressure side, which together 
form an optimized aerodynamic shape (Figure 3). The faces 
meet at the leading and trailing edges; the leading edge is 
rounded, but the trailing edge is sharp. The straight line between 
the leading and trailing edges at a given cross section is referred 
to as the chord line, and its length as the chord. Unlike aircraft 
wings, WTG rotor blades have a built-in twist, which ensures 
that the effective angle of attack between the blade and the air 
is kept roughly constant along the blade. In many turbine 
designs, a mechanism is also provided to rotate each blade as a 
whole so as to maintain the desired angle of attack under vary-
ing wind speed. Such a mechanism can also be used as a brak-
ing system. Braking of the rotor can also be achieved by 
mechanical or electrical means or by rotating just the tip of the 
blades (so-called tip brakes).

When the loadings on blades are described, the term edge-
wise is used to indicate loading and bending deformation in the 
direction of the chord line (the stiff direction), whereas flapwise 
indicates the direction normal to this (the more flexible direc-
tion). The main loads on the blades are the wind loads, which 
induce both flapwise and edgewise bending, and gravity, which 
induces edgewise bending when the blade is horizontal and 
some axial tension or compression when the blade is vertical. 
Torsional deformations due to the asymmetry of the blade sec-
tion also need to be taken into account, as do loadings associ-

ated with accelerations. The loads change with time because 
of rotation and because of the disturbance of the air flow by 
the tower.

As with any other beam-like structure, bending a blade 
induces longitudinal tensile stresses in part of the blade section 
and compressive stresses in the remainder. For flapwise bend-
ing, these are predominantly the pressure and suction sides, 
respectively. Shear (tangential) stresses are also induced in 
parts of the blade. Providing effective resistance to flapwise 
bending is a major consideration in blade design, and the outer 
shell cannot usually perform this function without the assis-
tance of some internal stiffening, as shown schematically in 
Figure 3. Two main arrangements are in use to provide the 
required bending strength and stiffness. In the first (Figure 4), 
the upper and lower parts of the blade shell itself are thickened 
to carry the longitudinal stresses caused by the bending loads. 
They are joined by one or more integral webs, which help to 
inhibit buckling of the shell and carry the shear stresses associ-
ated with flapwise bending. The second, alternative arrange-
ment uses a box beam or spar to which the upper and lower 
shells are adhesively bonded (Figure 5). The flanges and webs 
of the box beam perform the same functions as the thickened 
shell parts and webs of the first arrangement. Unsupported parts 
of the outer shells giving the aerodynamic shape are normally 
built as sandwich structures.

Blade Materials and Construction
Wind turbine blades must be strong enough to withstand the 

applied loads without fracturing; thus, the ultimate strength 
must be sufficient to withstand the extreme loads, and the 
fatigue strength must be sufficient to withstand the time-vary-
ing loads throughout the intended life of the blade. The blades 
must also be stiff enough to prevent collision with the tower 
under extreme conditions. Stiffness, at a more local level, is 

Figure 3. Schematic cross section of a blade (after Reference 26).

Figure 4. Cross section of blade with overall integrated beam and shell 

(from Reference 27).
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also important for preventing buckling of those parts of the 
blade that experience compressive stresses. To minimize the 
cost of the power generated, the blade construction needs to be 
as light as possible; this has to be achieved through optimiza-
tion of the structural arrangement and dimensions in parallel 
with the materials selection. The production processes used for 
manufacturing the blades must be sufficiently consistent and 
reliable to ensure that the end product is always compatible 
with the design assumptions and calculations.

To meet these demands, the blades are usually made from 
light, strong, and stiff material based on fiber-reinforced poly-
mers, wood, and combinations thereof. The reinforcements are 
typically fabrics consisting of continuous glass fibers and/or 
carbon fibers. These are combined in a laminated (i.e., layered) 
construction with thermosetting resins, generally polyester, 
vinylester, or epoxy; the resulting composite materials are com-
monly referred to as glass-reinforced plastic (GRP) and carbon-
fiber-reinforced plastic (CFRP). Blades made of wood or hybrid 
wood/carbon fibers are normally impregnated with epoxy resin. 
The review by Brøndsted et al.29 and the volume edited by 
Lilholt et al.30 cover many of the material topics in this field.

Fiber-reinforced composites of the type used in wind turbine 
blades are laminates composed of several layers of reinforcing 
fabric impregnated with and held together by an adhesive resin. 
Such laminates can be very strong and stiff when loaded in their 
own plane, but are much weaker when loaded out-of-plane 
because the layers, or plies, can more readily be pulled apart. 
The in-plane properties are largely determined by the fibers, 
whereas the out-of-plane properties depend heavily on the 
strength and adhesive capability of the resin matrix.

Material properties depend strongly on the fiber lay-up, the 
fiber content, and the chosen processing route. In much of the 
blade cross section, the stresses are predominantly longitudi-
nal, because of flapwise and edgewise bending loads. In these 
parts of the blade, unidirectional laminates dominate as per-
formance requirements of the materials are high stiffness and 
strength, both in tension and in compression. In the internal 
webs, the main requirement is to carry shear loads. Here, we 
find predominantly biaxial lay-ups with the fibers at +/  45°. 
These laminates are often built as sandwich structures to 
reduce the tendency for buckling. Unsupported parts of the 
shell giving the aerodynamic shape are also often sandwich 
structures with multidirectional (usually triaxial) face lami-
nates and a light core material, such as balsa wood or a poly-
mer foam—often poly(vinyl chloride) (PVC). The critical 
properties of the sandwich structure are the shear strength and 
stiffness of the core and compressive strength and stiffness of 
the faces.

The blade parts are generally assembled using adhesive 
bonding. The strength and durability of the adhesive bonds are 
major design considerations and can become the main limiting 
performance factor together with the performance of the lami-
nates themselves.

Qualification of Blades
Procedures for the qualification of wind turbine blades are 

given by Wedel-Heinen et al.31,32 and in DNV OS-J102.22 A 
major part of the process involves analysis to demonstrate ade-
quate strength and stiffness to withstand the applied loadings. 
The strength calculations must verify that both the ultimate 
strength and the fatigue strength, for a given design life (nor-
mally 20 years), are sufficient. For structural parts in compres-
sion, buckling must be considered.

Design Loads
The design loads for a wind turbine are divided into two 

groups: ultimate (extreme) and fatigue (cyclic) loads. IEC 61400-
117 specifies both types of loads in a way that allows for their cal-
culation from the aeroelastic response of the wind turbine 
determined from time simulations of different scenarios. 
Modeling of the turbine’s control and safety system is an impor-
tant part of the aeroelastic simulation. The loads are quantified 
primarily in terms of the flapwise and edgewise bending moments 
they induce at a given cross section of the blade. Figure 6 shows 
a typical time simulation of these bending moments at the blade 
root for a multi-megawatt turbine during operation in turbulent 
wind flow. Transverse flapwise and edgewise shear forces, axial 
forces, and torsional moments also need to be established, 
although these loading components are often of secondary 
importance.

The environmental conditions are defined17 in terms of a 
50-year extreme wind speed, a frequency distribution of the 
wind speed, and reference turbulence. Measurements of loads 
on prototype turbines18 are used as a verification of the simu-
lated extreme and fatigue loads for the turbine.

In addition to extreme wind speed, important extreme load 
cases are operational with high turbulence intensity in the wind 
flow and emergency braking of the rotor, where the blades are 
turned quickly to orient the chord line parallel to the rotor axis. 
Conditions accounting for malfunctions of the control or safety 
system must also be considered.

The fatigue loads for wind turbines are typically calculated 
from 10-min simulations of the response at 10 different wind 
speeds in the operational interval. Turbines are normally in 
operation at wind speeds of 4–25 m/s. Loads in frequent tran-
sient events such as starting and stopping are also included.

Figure 5. Section of blade with load-carrying box and attached shells: 

(a) perspective view, (b) cross-sectional view (from Reference 28).

a

b
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Structural Analysis
In principle, each load case can be defined in terms of the 

six load components and their variations along the blade: edge-
wise and flapwise bending moments, edgewise and flapwise 
transverse shear forces, torsional moments, and axial forces 
(tension or compression). From these load components are cal-
culated either stresses or strains at a series of locations in the 
blade. The negative influences of geometric imperfections 
(within the allowed manufacturing tolerances), fiber misalign-
ments, and variable quality of workmanship need to be taken 
into account in the calculations. In the past, the loads on the 
blades were transformed into stresses or strains by use of simple 
elastic beam theory. For recent blade designs for megawatt tur-
bines, the elements in the blade structure are more slender so 
that the blade cross section deforms during loading. In box-
girder bridge and ship hull structures, this distortion is limited 
by the presence of transverse internal frames or bulkheads, but 
such internal stiffening has not been provided in wind turbine 
blades thus far. Further, the strains are sensitive to buckling 
deformations combined with geometric imperfections. For this 
reason, linear or nonlinear finite element analysis is now often 
used to calculate the stresses or strains.

Special calculations may be necessary for the blade root, the 
root–blade transition, the tip brake system, bonded joints, and 
regions susceptible to local buckling. In some cases, it is neces-
sary to verify the strength and rigidity of complicated substruc-
tures by means of separate full-scale tests.

To an increasing extent, the properties of laminates and 
structural assemblies can be predicted from numerical models, 
combined with knowledge of the properties of the individual 
fiber, matrix, and sandwich core materials and the use of cohe-
sive laws for interfaces and joints.33,34 However, the properties 
must be verified by mechanical testing.

Mechanical Testing
Mechanical tests are carried out on coupons and subcompo-

nents with a representative lay-up and a processing route similar 
to that of the blade in question. This includes adhesive bonds, 
which must be tested for sufficient static and fatigue strength.28,35

The final qualification requires full-scale tests on prototype 
blades.19,36

Tests for stiffness and static (ultimate) strength of materials 
are carried out under quasistatic loading. Fatigue tests are 
 carried out under cyclic loading, normally with constant ampli-
tude. Properties are measured under tensile, compressive and 

shear loads, or combinations thereof. The measurement of 
 laminate properties for blade design has been the subject of a 
great deal of study, as there are many available test methods and 
ways of processing and presenting the results. Standards origi-
nally developed for the aerospace industry, which uses thin, 
optimized laminates with high homogeneity and only minor 
imperfections, have required adaptation to permit application to 
wind turbine blades. These aspects have been addressed in 
 several research projects, including a series of joint European 
 programs. Static and fatigue properties of glass–polyester and 
glass–epoxy laminate materials have been measured, test 
 techniques developed, and reference design curves established. 
The results have been collected and summarized in a series of 
books37,38 and articles,31,32,39 as well as databases such as FACT40

and the more recent OptiDAT.41 In parallel with the European 
activity, a nationally supported program in the United States 
has investigated the properties of polymer composite materials 
for wind turbines. The results are collected in the large DOE/
MSU (Department of Energy/Montana State University) 
database.42,43

In the current European project UpWind,44 models for dam-
age mechanics and micromechanics have been reviewed.45

Topics such as frequency and temperature effects,46 life exten-
sion, condition assessment, and repair will be further devel-
oped, and test methods will be systematized to form the basis 
for an extended standardization giving more accurate and reli-
able testing techniques.

Design Against Fatigue
Design of composite blades against fatigue presents special 

challenges. The load histories obtained as described earlier 
from simulation are transformed into stress (or possibly strain) 
histories at a given location, and a rain-flow counting proce-
dure23 is applied to divide the continuous histories for the indi-
vidual stress components into discrete stress cycles. Each stress 
cycle is represented by a mean stress value and a stress range. 
The cycles are then grouped into a number of mean stress and 
stress range intervals. Based on a specified wind speed distribu-
tion over the turbine’s 20-year life, the number of cycles in each 
group from the 10-min simulations is scaled according to the 
number of hours expected at each wind speed interval. Thus, 
the stress cycles are summarized for the complete 20-year life 
of the turbine.

Individual fatigue tests of blade materials are usually car-
ried out at constant stress amplitude. Specimens are tested at 
several different stress amplitudes (or ranges) and with selected 
values of the ratio between the minimum and maximum 
stresses. An interpolation procedure is used for intermediate 
values of the stress ratio, and the Palmgren–Miner rule is used 
for summing the damage from cycles of differing stress range 
and ratio, as is common for metals. Detailed testing with vari-
able-amplitude loading31,39 has shown that this approach intro-
duces a considerable amount of modeling uncertainty and that 
it is important to test coupons at stress ratios and ranges that 
are critical for the calculated fatigue life of the blade structure. 
Improved models for damage accumulation are needed to 
reduce the modeling uncertainty, allow the use of reduced par-
tial safety factors, and provide an improved basis for optimiza-
tion of design.

In addition to these issues, the procedure for fatigue life 
estimation assumes that coupon strength is representative of the 
strength of the laminates in the full-scale composite structure. 
However, experience with blade failures in full-scale approval 
tests and in the field indicates that manufacturing defects and 
imperfections that are not normally present in small-scale cou-
pons can also be very important for strength.

Figure 6. Flapwise and edgewise moments  and  at the root of a 

megawatt turbine in operation (from Reference 30).
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Production Processes, Defects, and Damage
Processes for Blade Production

Currently, the most commonly used processes for produc-
tion of the blade components involve resin infusion, generally 
vacuum-assisted. However, in some designs, fabrics that have 
been preimpregnated with resin (called prepregs) are laid up, 
covered by a sealed vacuum bag, and then cured by heating 
under vacuum. These processes have replaced the hand-layup 
processes used previously, largely to avoid exposure of the 
workforce to harmful fumes. The completed shell components 
making up the aerodynamic surfaces are joined to each other 
and to the internal parts using adhesive bonding.

Production Defects
Many types of production defects can arise in the composite 

production and bonding processes. Overviews are provided by 
Åström47 and Hayman et al.48

For single-skin (solid) laminates and face laminates of sand-
wich structures, production defects include

delaminations;
dry zones and voids;
poor curing (giving reduced physical properties);
wrinkles;
fiber reinforcement defects; and
misalignment of fibers, both small-scale (fiber waviness) and 
larger.
For sandwich structures, core/skin debonds must also be 

considered, as well as voids and inclusions in the core and lack 
of bonding at joints between blocks of core material.

Geometric imperfections can occur at a number of different 
levels, ranging from local out-of-straightness of the fiber tows 
associated with the weaving or stitching process to global out-
of-straightness or out-of-flatness in beams or panels. Geometric 
imperfections also include eccentricities of loading introduced 
at joints between structural elements and steps associated with 
joints and overlaps.

Defects in bonded joints are mainly of two types: voids due 
to partial filling of the joint with adhesive, often caused by 
badly fitting parts, and lack of adhesion caused by contamina-
tion or poor preparation of the surfaces to be joined.

At present, the defects and imperfections that appear to be 
of most concern in wind turbine blade production are delamina-
tions, bond defects, wrinkles, and other geometric imperfec-
tions that give rise to local stress concentrations (and thus to 
reduction of strength and shortening of fatigue life). Larger 
geometric imperfections that influence the buckling resistance 
are also of concern.

Consequences of Production Defects
As production defects in composites can be of many types 

and sizes, their influence on structural behavior can vary greatly. 
Generally, production defects reduce the strength and lifetime 
of the structure as compared to the corresponding properties of 
a defect-free structure. They can also reduce the stiffness, but 
generally the effect on stiffness is less than that on strength, as 
changing the stiffness of a part requires a change in the proper-
ties of a significant volume of material whereas the strength can 
be reduced by very localized changes.

Some types of production defects are small and are distrib-
uted through the material so that they are taken into account in 
the material testing, provided that the test specimens are taken 
from a batch of material that is typical for the production of the 
blades themselves. However, many types of defects and imper-
fections require specific consideration.

In structural design, defects and imperfections are normally 
taken into account at the design stage by using appropriate 

safety margins or knock-down factors when assessing the struc-
ture’s strength in relation to the loads it is intended to resist. If 
the extent of defects and thus their effects on strength are not 
well understood, it is necessary to build in large safety margins 
to cover this uncertainty. For composite structures, such an 
approach can lead to unnecessarily conservative designs that 
are not economically (or even technically) viable, but if these 
margins are not built into the design, there can be an unaccept-
able risk that the structure will fail as a result of the presence of 
defects.

The industry needs to have a good understanding of the 
causes of production defects and imperfections and the mea-
sures that can be taken during production to reduce or eliminate 
them. This is especially important when production facilities 
are being established at new sites, with new personnel who may 
lack experience in high-quality composite production. It is also 
important when the scale of production is increased, in terms of 
either size or quantity of items produced. Knowledge of the 
influence that a defect or imperfection of given type, size, and 
location can have on the strength or lifetime of a structure or 
component is needed in order to determine the production toler-
ances and the acceptance limits for defects that must be speci-
fied in a production control system.

When considering defects in metal structures, it is most 
common to focus on tensile stress situations, as these tend to 
initiate and open cracks at the defect sites. For laminated com-
posites, defects can reduce the tensile and shear strength of the 
bonds between layers. They can also reduce or destroy the sup-
port the resin matrix gives to the fibers, thereby allowing them 
to buckle under compressive loading in the fiber direction.

An important tool in the understanding and modeling of 
many types of defects, especially crack-like defects such as 
delaminations and debonds, is the science of fracture mechan-
ics. This science is appreciably more complex for composite 
materials than for metals because composites are both inhomo-
geneous and anisotropic.

Delaminations
Delamination is the separation of laminate plies as a 

result of absence or failure of the bonding between layers of 
 reinforcement, either locally or covering a wider area. It can 
occur during either the manufacturing process or the subse-
quent service life of the laminated part. During the manufactur-
ing process, delaminations are caused mainly by contaminated 
reinforcing fibers, by insufficient wetting of fibers, or by shrink-
age that occurs during the curing of the resin and the resulting 
exotherm.

Generally, delaminations reduce the compressive strength 
by lowering the resistance to out-of-plane buckling of the 
groups of plies to either side of the delamination. Furthermore, 
they can grow under repeated loading, with failure occurring 
when the delamination reaches a critical size.

As an illustration, a series of tests by Short et al.49 on flat and 
curved GRP specimens showed that compressive failure loads 
were, in some cases, reduced by as much as 34% by the presence 
of a delamination, whereas a study by Hwang et al.50 showed that 
multiple delaminations, which tend to occur when a laminate 
suffers impact damage, led to as much as a 65% reduction.

Sandwich Debonds
Among the most critical types of defects in sandwich struc-

tures is an absence of connection between the face and the core, 
generally referred to as a debond or disbond. This kind of defect 
resembles delamination in a solid laminate but can be highly 
critical to the sandwich structure, as the basic sandwich princi-
ple is compromised.
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Debonds can occur in production if the adhesive layer forming 
the interface between the face and the core is absent in parts of the 
panel or if the adhesion is deficient as a result of inadequate surface 
preparation or incomplete curing. Debonds occurring as produc-
tion defects may be difficult to identify, as they do not necessarily 
cause any visible disturbance to the face sheet, although they can 
often be detected by tapping a coin or light hammer on the surface. 
Debonds can also occur as a result of in-service damage.

The influence of debonds on the strength of foam-cored sand-
wich panels was investigated both experimentally and theoreti-
cally using an advanced mixed-mode fracture mechanics approach 
by Berggreen and co-workers.51–53 Thus far, the studies have been 
mainly confined to cases with single loading, but damage growth 
under repeated loadings is currently being studied.

Wrinkles
Wrinkles can arise in single-skin (solid) laminates and in 

face laminates of sandwich composites. A wrinkle is caused by 
an excess of reinforcement in one or more of the plies in relation 
to the surface area available when the reinforcement is being 
placed. These plies are unable to lie completely flat and there-
fore form a small, outward buckle or wrinkle. The wrinkle can 
involve only the outermost plies of the laminate, but it can also 
start deeper down in the lay-up, even involving the entire thick-
ness in extreme cases (Figure 7). Wrinkles can significantly 
reduce the compressive strength of a laminate for in-plane load-
ing applied perpendicularly to the line of the wrinkle. In single-
skin laminates, the strength reduction is often so severe that the 
defect has to be repaired or the component rejected. However, 
in sandwich configurations, the core seems to have a stabilizing 
effect so that the strength reduction is less dramatic.54 In wind 
turbine blades, a major concern is the reduction in fatigue life 
that can result from the stress concentration at a wrinkle.

Geometric Imperfections
Geometric imperfections in composite structures have been dis-

cussed by Hayman et al.48 and Berggreen et al.55 Such imperfections 
consist essentially of two main types: out-of-straightness or out-of-
flatness within components and eccentricities or misalignments at 
connections. They can exist at many different scales in a composite 
component or structure and have many different causes. Geometric 
imperfections can never be totally eliminated, but to some extent, it 
is possible to limit their size by careful design of the production 
processes and then to take them into account in design.

At the most local level, waviness in the reinforcing fibers can 
significantly reduce the compressive strength of unidirectional 
laminates, especially those with carbon reinforcements. Fiber 
waviness can be either in-plane or out-of-plane. For a unidirec-
tional material, several models have been developed to determine 
 theoretically the compressive failure due to microbuckling. 
Budiansky56 presented a model in which this “kinking” phenom-
enon was described for an elastic-perfectly plastic, unidirectional 
composite. Soutis, Curtis, and Fleck57 investigated theapplicability 

of this model to multiaxial CFRP lay-ups. These studies showed 
that an increase in the imperfection angle by just a few degrees 
reduces the compressive strength dramatically. The effect of this 
type of defect is taken into account in the material testing pro-
vided the test samples are representative for the blade production 
process.

Most types of geometric imperfections cause increases of 
local stresses that can reduce the fatigue life of a blade. Larger 
scale geometric imperfections arising in the curing process 
influence the performance of components and structures that 
are subject to buckling failure.

Failure Involving Buckling
Taking adequate account of buckling effects in combination 

with production defects and geometric imperfections presents 
considerable challenges in the design of wind turbine blades, 
especially as blades become larger and more highly optimized. 
In contrast to design of metal structures, design of FRP struc-
tures against buckling normally follows a much simplified 
approach based on the calculation of an elastic critical load of 
the idealized, geometrically perfect structure, at best modified 
by a knock-down factor to account for the effects of geometric 
imperfections and residual stresses. A separate check for local 
material failure is performed, but usually, this does not consider 
the amplification of stresses that results from buckling defor-
mations in combination with imperfections. This is probably 
due to the facts that relatively few test results are available for 
buckling of FRP structures and that there is little published 
information on the manufacturing imperfections for which 
allowance needs to be made. An additional aspect is that com-
posite structures generally have a lower sensitivity to geometric 
imperfections than many of their much thinner metal counter-
parts. However, this does not mean that the effects of geometric 
imperfections can be neglected. Furthermore, for thicker com-
posites, the effects of the shear deformation that occurs through 
the laminate section need to be taken into account in the buck-
ling assessment, as illustrated recently for thick cylindrical 
composite shells by Vedeld.58

Defect and Damage Tolerance
As described previously, the issues of understanding pro-

duction defects, limiting their occurrence, and taking into 
account in blade design those defects and imperfections that 
may arise are critical aspects of wind turbine production. 
Different production defects and imperfections influence the 
structural performance in different ways, and it is important to 
have models that reflect these different influences. A number of 
theoretical and empirical models exist or are under develop-
ment to predict the reductions of strength that result from such 
defects and imperfections, as well as from transportation dam-
age and in-service damage such as that caused by bird, hail, and 
ballistic impacts. Combining these models of local phenomena 
with the global strength modeling of a large structure such as a 
wind turbine blade presents some challenges, and there is a 
need to develop rational but manageable procedures for doing 
so. Approaches such as that proposed by Hayman59 for defect 
and damage assessment of ship hulls built from sandwich com-
posites may find some application in this context.

Even greater challenges arise with respect to the types of 
defects and damage that can grow as the structure is subjected 
to repeated loadings in service. The effects of small defects that 
are inherent in, and typical for, a given production process can 
be taken into account in the fatigue properties obtained from 
tests on representative coupon specimens; the uncertainties that 
nonetheless exist in fatigue design have already been mentioned. 
Larger defect types such as delaminations and debonds require 

Figure 7. Sections through wrinkle defects of differing depths 

in a sandwich face laminate. The face laminate thickness is 

5.4 mm in each of the cases shown.
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more specific attention. In some cases, damage growth can cause 
the structure to fail, or at least decrease the residual strength such 
that the margin of safety is reduced to an unacceptably low level. 
In other cases, the redistribution of stresses or the introduction 
of new mechanisms such as fiber bridging giving increased 
crack resistance can cause the damage growth to slow and even-
tually stop. These growth phenomena in composites are still not 
fully understood, and damage growth models for composites are 
less well established than are those for metals.

When models for damage growth are available, it is possible 
to use damage tolerance principles in design and in inspection 
and maintenance planning. The basic principle is that one deter-
mines the growth rate and maximum damage size that are 
acceptable for the structure to perform satisfactorily. Then, one 
ensures that inspection is carried out both immediately after pro-
duction and at specified intervals during the service life of the 
structure such that an undetected defect or damage cannot grow 
to an unacceptable level in the interval before the next inspec-
tion. This approach is required, for example, by the U.S. Federal 
Aviation Authority Rules60 in the case of composite structures 
used in aircraft. However, failure in an aircraft structure can 
involve the loss of many lives as well as high economic losses, 
and the qualification, production, and maintenance regimes 
reflect this. It is yet to be seen whether this kind of approach can 
be usefully and economically applied to wind turbine blades.59

The Challenges
Existing Materials

As already discussed, the main challenges related to the 
application of existing materials concern fatigue life prediction 
methods and the development of models to describe the effects 
of production defects and imperfections on the strength and 
lifetime of a wind turbine blade.

New Materials
In the longer term, there is scope for improving the materials 

used in wind turbine blades. As indicated previously, wind tur-
bine blades need to be strong, stiff, and of low weight. Two 
particular weaknesses of laminated fiber-reinforced composites 
are their low tensile and shear strength in the out-of-plane direc-
tion and the fact that developments that increase their stiffness 
and tensile strength in the fiber direction do not generally have 
the same beneficial effect on the compressive strength. A fur-
ther consideration is recyclability: The thermosetting resins 
currently used cannot be recycled, and the only disposal method 
for fiber-reinforced composites containing these resins is to 
break the composite up into small pieces and incinerate them, 
feeding the heat into a district heating system, for example. This 
is not necessarily a major disadvantage, but greater flexibility 
with regard to recycling and disposal is desirable.

Carbon fiber reinforcements are being introduced into blades. 
These can be used to improve the stiffness and tensile strength in 
the fiber direction, as compared to materials containing glass, but 
the gains in compressive strength are generally significantly lower. 
Thus, it is often most economical to use a mixture of glass and 
carbon, with carbon being used mainly to increase the global blade 
stiffness. The same is likely to apply to any new high-strength and 
high-stiffness reinforcement fibers that may be introduced.

At present, moderately priced polymer resins and adhesives 
tend to be either strong, stiff, and brittle or weak, compliant, and 
tough. The development of products that provide a better combi-
nation of strength (including good adhesion), stiffness, and tough-
ness than those available at present would be a great step forward. 
However, such materials must not degrade in service and should, 
if possible, be recyclable. As mentioned by Brøndsted et al.,29

thermoplastic resins offer a number of advantages, including high 

toughness and a higher degree of recyclability. Disadvantages are 
the high temperatures needed during blade production and the 
difficulty in bonding finished parts together.

Environmental considerations may also lead to greater inter-
est in renewable materials such as natural cellulose fibers for 
reinforcement and biobased resins, rather than polymer materi-
als based on oil.

Improved Structural Design
In addition to the introduction of new materials, the struc-

tural design of blades offers some potential for development. 
The three data points to the extreme right in Figure 8 show the 
weight reductions that have already been achieved in recent 
years for fiber composite blades, through improved structural 
arrangements combined with some use of carbon fiber rein-
forcements. The structural design of the heavy root section of 
rotor blades has been optimized, leading to thinner root diame-
ters and thus smaller, lighter, and less expensive hubs. As men-
tioned previously, further optimization of blades and increases 
in their size mean a greater susceptibility to buckling failures 
and a need for better methods for taking account of the effects 
of geometric imperfections. There is also a need to develop 
practical approaches for achieving damage tolerant design.

The special behavior of anisotropic nonsymmetrical lami-
nates under combined bending and twisting has been exploited 
to design composite laminates and blade structures in which the 
blade bends and twists simultaneously, in a predetermined way. 
Thus, the aerodynamic profile of the rotor blade can be made to 
adjust itself optimally at low wind speeds for maximum aero-
dynamic performance and to twist itself out of the wind at high 
wind speeds so that the loads on the blade are reduced. This 
replaces the need for a conventional pitch control mechanism, 
which is generally slow to respond to gusts. There is a potential 
for further development of such “smart” blades.

Nondestructive Inspection and Structural Health 
Monitoring

The ability to deal effectively with production defects will 
be central to the cost-effective production of larger blades. An 
important aspect is the ability to detect unacceptable defects at 
an early stage. This is a formidable task for nondestructive 
inspection (NDI) because of the large areas and curved shapes 
that have to be scanned, the difficulty of accessing internal 
parts, and the variety of defect types that may be present. 
Although much progress has been made in the development of 
NDI techniques for composites in recent years,59,61 this area still 
presents some major challenges. Currently most blades are sub-
jected only to visual inspection. In some cases, inspection is 

Figure 8. Development in rotor blade weight versus length. 

Symbols indicate different manufacturers and processing 

technologies (from Reference 29).
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performed using the pulse–echo ultrasound technique, which 
can be readily built into a rapid scanning system. However, it 
cannot detect all kinds of defects in all materials. Thick sand-
wich materials present special challenges for NDI, and at pres-
ent, it is necessary to use a combination of different NDI 
techniques, some requiring access from both sides of the sand-
wich, if all important defect types are to be detected.

In view of the uncertainties still present in the prediction of 
degradation due to fatigue, especially in the presence of unde-
tected production defects, it is also of great interest to be able 
to monitor degradation of a blade while in service and to detect 
the incidence of damage due to events such as lightning strikes 
and hailstorms. Structural health monitoring systems, based on 
acoustic emission, optical fibers, and advanced sensor technol-
ogy, are under development to allow continuous recording of 
important parameters for the state of degradation of the materi-
als and to predict remaining lifetime with the aid of damage 
models. An unexpected change in the state of degradation, if 
detected, can be used to initiate inspection, repair, or replace-
ment of rotor blades.

Conclusions
The installation of wind power is growing rapidly and is 

expected to continue to do so for many years to come. At 
present, the majority of the production of wind turbines is 
located in Europe, while the major markets now include Asia 
and the Americas. Much of the necessary expansion of pro-
duction capacity for wind turbines can be expected to occur 
in Asia.

In the foreseeable future, it is expected that the horizontal-
axis wind turbine concept, most commonly with three blades 
made of composite materials, will continue to dominate in the 
generation of electrical power from wind. This applies to both 
land-based and offshore applications. As the units become 
larger and more highly optimized, stiffness, strength, and 
fatigue life will continue to be the main design considerations 
for the blades, with the prevention of buckling failure having 
increasing importance. The main materials challenges will be 
to ensure a consistent quality in production as the blades become 
larger, as new large-scale production facilities are established 
and as variations in production techniques are introduced, and 
to take into account in a cost-effective way those production 
defects and geometric imperfections that may be present. 
Improved knowledge of defects, their causes, and their influ-
ence on structural behavior under both static and time-varying 
loads will be essential to achieve this.
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