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INTERNATIONAL ELECTROTECHNICAL COMMISSION
____________

WIND TURBINE GENERATOR SYSTEMS –

Part 23: Full-scale structural testing of rotor blades

FOREWORD

1) The IEC (International Electrotechnical Commission) is a worldwide organization for standardization comprising all
national electrotechnical committees (IEC National Committees). The object of the IEC is to promote international
co-operation on all questions concerning standardization in the electrical and electronic fields. To this end and in
addition to other activities, the IEC publishes International Standards. Their preparation is entrusted to technical
committees; any IEC National Committee interested in the subject dealt with may participate in this preparatory work.
International, governmental and non-governmental organizations liaising with the IEC also participate in this
preparation. The IEC collaborates closely with the International Organization for Standardization (ISO) in accordance
with conditions determined by agreement between the two organizations.

2) The formal decisions or agreements of the IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all interested
National Committees.

3) The documents produced have the form of recommendations for international use and are published in the form of
standards, technical specifications, technical reports or guides and they are accepted by the National Committees
in that sense.

4) In order to promote international unification, IEC National Committees undertake to apply IEC International Standards
transparently to the maximum extent possible in their national and regional standards. Any divergence between the
IEC Standard and the corresponding national or regional standard shall be clearly indicated in the latter.

5) The IEC provides no marking procedure to indicate its approval and cannot be rendered responsible for any
equipment declared to be in conformity with one of its standards.

6)  Attention is drawn to the possibility that some of the elements of this technical specification may be the subject of
patent rights. The IEC shall not be held responsible for identifying any or all such patent rights.

The main task of IEC technical committees is to prepare International Standards. In exceptional
circumstances, a technical committee may propose the publication of a technical specification
when

• the required support cannot be obtained for the publication of an International Standard,
despite repeated efforts, or

• the subject is still under technical development or where, for any other reason, there is the
future but no immediate possibility of an agreement on an International Standard.

IEC 61400-23, which is a technical specification, has been prepared by IEC Technical Commit-
tee 88: Wind turbine systems.

The text of this technical specification is based on the following documents:

Enquiry draft Report on voting

88/116/CDV 88/137/RVC

Full information on the voting for the approval of this technical specification can be found in the
report on voting indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 3.
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The committee has decided that the contents of this publication will remain unchanged until 2003.
At this date, the publication will be

• transformed into an International Standard;
• reconfirmed;
• withdrawn;
• replaced by a revised edition, or
• amended.

Annexes A, B and C form an integral part of this technical specification.

Annex D is for information only.

Compliance with this technical specification does not relieve any person, organization or
corporation of the responsibility of observing other applicable regulations.
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INTRODUCTION

The blades of a wind turbine rotor are generally regarded as the most critical components of the
wind turbine system. Many national standards address the blades separately in the design, but few
require the testing of blades as a requisite for certification. Nevertheless, blade testing laboratories
are currently operating in many countries throughout the world. Each laboratory has independently
developed a unique set of test equipment, procedures and terminology that are used to test
blades. Though each laboratory's techniques may be valid, the results of blade tests done at
different facilities may be difficult to compare and evaluate.

The primary emphasis of the IEC TC 88 Working Group 8 effort was to identify commonly accepted
practices among the various laboratories and to give guidance in establishing blade test criteria.
Due to the wide range of methods (dictated by the test system hardware) used by the various
laboratories, writing a restrictive standard that favoured one method to the exclusion of all others
would not have been equitable. Therefore, the present technical specification has been written to
provide guidelines on recommended practices. Many different methods are included.

The full collection of tests described in this specification should not be considered a requirement
for every blade design. The need for tests will depend on the level of uncertainty in the design
assessment due to the use of new materials, new design concepts, new production processes, etc.
and the possible impact on the structural integrity. In some cases, alternative ways to perform a
test are commonly used (see annex D). For the alternatives discussed in this specification, the
advantages and disadvantages are noted.
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WIND TURBINE GENERATOR SYSTEMS –

Part 23: Full-scale structural testing of rotor blades

1 Scope

This technical specification provides guidelines for the full-scale structural testing of wind turbine
blades and for the interpretation or evaluation of results, as a possible part of a design verification
of the integrity of the blade.

The following tests are considered in this technical specification:

– static strength tests;

– fatigue tests;

– other tests determining blade properties.

It is assumed that the data required to define the parameters of the test are available. In this
technical specification, the design loads and blade material data are considered starting points for
establishing and evaluating the test loads. The evaluation of the design loads with respect to the
actual loads is outside the scope of this technical specification.

The technical specification is not intended to:

– form a detailed specification for the procurement of the test equipment;

– be a detailed work instruction covering all aspects of conducting a strength test;

– be used for establishing basic material strength or fatigue design data for blades and/or
components;

– replace a rigorous design process;

– address the testing of mechanism function.

At the time this technical specification was drawn up, full-scale tests were carried out on blades
of horizontal axis wind turbines. The blades were mostly made of fibre reinforced plastics and
wood/epoxy. However, most principles would be applicable to any WTGS configuration, size and
material.

2 Normative references

The following normative documents contain provisions which, through reference in this text,
constitute provisions of this technical specification. For dated references, subsequent amendments
to, or revisions of, any of these publications do not apply. However, parties to agreements based
on this technical specification are encouraged to investigate the possibility of applying the most
recent editions of the normative documents indicated below. For undated references, the latest
edition of the normative document referred to applies. Members of IEC and ISO maintain registers
of currently valid International Standards.

IEC 60050-415:1999, International Electrotechnical Vocabulary – Part 415: Wind turbine generator
systems

IEC 61400-1:1999, Wind turbine generator systems – Part 1: Safety requirements

ISO 2394:1998, General principles on reliability for structures

ISO/IEC 17025:1999, General requirements for the competence of calibration and testing
laboratories
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3 Definitions

For the purpose of this technical specification, definitions related to wind turbines or wind energy
in general, given in IEC 60050-415 apply, as well as the following definitions, which are more
specific to this publication.

3.1
actuator
device that can be controlled to apply a constant or varying force and displacement

3.2
blade
rotating, aerodynamically active part of the rotor

3.3
blade root
that part of the rotor blade that is connected to the hub of the rotor

3.4
buckling
failure mode characterized by a non-linear increase in deflection with a change in compressive
load

3.5
chord
length of a reference straight line (the chord line) that joins, by certain defined conventions, the
leading and trailing edges of a blade aerofoil cross-section

3.6
constant amplitude loading
during a fatigue test, the application of load cycles with a constant amplitude and mean value

3.7
creep
time-dependant increase in strain under a sustained load

3.8
design loads
loads the blade is designed to withstand, including appropriate partial safety factors

3.9
edgewise
direction that is parallel to the local chord

3.10
fatigue formulation
methodology by which the fatigue life is estimated

3.11
fatigue strength
measure of the load-bearing capacity of a material or structural element subjected to repetitive
loading

3.12
fatigue test
test in which a cyclic load of constant or varying amplitude is applied to the test specimen

DD IEC TS 61400−23:2002
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3.13
fixture
component or device to introduce loads or to support the test specimen

3.14
flapwise
direction that is perpendicular to the surface swept by the undeformed rotor blade axis

3.15
flatwise
direction that is perpendicular to the local chord, and spanwise blade axis

3.16
full-scale test
test carried out on the actual structure or component

3.17
inboard
towards the blade root

3.18
lead-lag
direction that is parallel to the plane of the swept surface and perpendicular to the longitudinal axis
of the undeformed rotor blade

3.19
load envelope
collection of maximum design loads in all directions and spanwise positions

3.20
modal tests
test carried out to determine the natural frequencies, damping and mode shapes of a structure

3.21
natural frequency
(eigen frequency) frequency at which a structure will vibrate when perturbed and allowed to vibrate
freely

3.22
non-destructive testing (NDT)
inspection methods that do not alter the properties of the structure

3.23
outboard
towards the blade tip

3.24
partial safety factors
factors that are applied to loads and material strengths to account for uncertainties in the
representative (characteristic) values

3.25
point loading
load or series of loads that are applied at discrete spanwise positions
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3.26
radial position
the distance from the rotor centre in a plane perpendicular to the rotor axis

3.27
R-ratio
ratio between minimum and maximum value during a load cycle

3.28
service loads
load spectrum, including sequence, which is representative of the actual operating conditions

3.29
S-N formulation
method used to describe the stress (S) vs. cycle (N) characteristics of a material, component or
structure

3.30
spanwise
direction parallel to the longitudinal axis of a rotor blade

3.31
static test
test in which a specified load of constant magnitude and direction is applied to a test specimen

3.32
stiffness
ratio of change of force (or torque) to the corresponding change in displacement of an elastic body

3.33
strain
ratio of the elongation (or shear displacement) of a material subject to stress, to the original length
of the material

3.34
tare loads
forces and moments created by gravity

3.35
tested area
region of the test object that experiences the intended loading

3.36
test load
forces and moments applied during a test

3.37
thickness
maximum distance, measured perpendicular to the chord, between the upper and lower surfaces
of an aerofoil

3.38
twist
spanwise variation in angle of the chord lines of blade cross-sections
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3.39
ultimate strength
measure of the maximum (static) load-bearing capacity of a material or structural element

3.40
variable amplitude loading
application of load cycles of non-constant mean, and/or cyclic range

3.41
Whiffle tree
device for distributing a single load source over multiple points on a test specimen

4 Notation

4.1 Symbols

Fx flapwise shear force (rotor co-ordinate system)

Fy lead-lag shear force (rotor co-ordinate system)

Fz spanwise (tensile) force (rotor co-ordinate system)

Mx lead-lag bending moment (rotor co-ordinate system)

My flapwise bending moment (rotor co-ordinate system)

Mz blade torsional moment (rotor co-ordinate system)

Fa flatwise shear force (chordwise co-ordinates)

Fb edgewise shear force (chordwise co-ordinates)

Fc spanwise (tensile) force (chordwise co-ordinates)

Ma edgewise bending moment (chordwise co-ordinates)

Mb flatwise bending moment (chordwise co-ordinates)

Mc blade torsional moment (chordwise co-ordinates)

D theoretical damage

C conversion factors for material strength

f strength

F load

q strength parameter

4.2 Greek symbols

γ partial factor

σ applied stress or strain

4.3 Subscripts

design design loading conditions

df design load: fatigue

du design load: static

ef uncertainty in fatigue formulation of test load

f load

ff fatigue load

fu static load
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k characteristic value

m material

n consequence of failure

nf consequence of failure in fatigue

nu consequence of failure in fatigue

sf blade to blade variation: fatigue test load

su blade to blade variation: static test load

target target loading conditions

test test loading conditions

4.4 Abbreviations

SSF Static strength factor

RSSF Relative SSF

MSS Minimum static strength

RMSS Relative MSS

FSF Fatigue stress factor

RFSF Relative FSF

MFS Minimum fatigue strength

RMFS Relative MFS

WGTS Wind Turbine Generator System(s)

5 General principles

5.1 Purpose of tests

The fundamental purpose of a wind turbine blade test is to demonstrate to a reasonable level of
certainty that a blade type, when manufactured according to a certain set of specifications, has the
prescribed reliability with reference to specific limit states, or, more precisely, to verify that the
specified limit states are not reached and the blades therefore possess the strength and service
life provided for in the design. It must be demonstrated that the blade can withstand both the
ultimate loads and the fatigue loads to which the blade is expected to be subjected during its
designed service life.

Normally, the full-scale tests dealt with in this technical specification are tests on a limited number
of samples; only one or two blades of a given design are tested, so no statistical distribution of
production blade strength can be obtained. Although the tests do give information valid for the
blade type, they cannot replace either a rigorous design process or the quality system for series
blade production.

5.2 Limit states

To establish and evaluate the test load, a certain amount of information about the design must be
known. Usually the blades are designed according to some standard or code of practice such as
IEC 61400-1 that uses the principles of ISO 2394 defining the limit states and partial coefficients,
which have to be applied to obtain the corresponding design values. Simply expressed, the limit
state is the maximum load that a structure can sustain and still meet the design requirements. The
partial coefficients reflect uncertainties and are chosen – at least in principle – in order to keep the
probability of a limit state being reached below a certain value prescribed for the structure.
According to this, a blade should pass the test if the limit state is not reached when the blade is
exposed to the test load, representative of the design load.
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The representative test load can be higher than the design load to account for other influences,
for example, environmental effects, test uncertainties, and variations in production (see clause 9).

The determination of the actual margins to the limit states might be desirable because such
margins can provide a measure of the actual safety obtained for the resistance of the test blade.
However, interpretation of such values is not straightforward and probabilistic methods have to be
applied.

5.3 Practical constraints

The practical execution of the tests is subject to many constraints of a technical and economic
character. Some of the most important are listed below:

– the distributed load on the blade can be simulated only approximately;

– the time available for testing is generally one year or less;

– only one or a few blades can be tested;

– certain failures are difficult to detect.

The test will be a compromise because these constraints have to be dealt with in such a way that
the final test result can be used for evaluation of the defined limit states.

As regards the interpretation of the results, it should be borne in mind that the blade used for
testing will normally be one of the first blades from series production which will be subject to
evolutionary modifications. Even minor modifications could compromise the validity of the tests.

5.4 Results of test

The design loads form the basis of the test loading and the subsequent evaluation of the severity
of the test loading. If no damage to the blade has occurred during the test and the blade structure
and the test loading has been evaluated correctly, there is a strong indication that the blade design
will fulfil its requirements. Nevertheless, one should be aware of what has been tested and what
has not been tested.

5.4.1 What is tested

According to the design calculation, the blade must be able to survive the design loading. In these
design calculations a number of assumptions are implicitly being made:

– the stresses or strains are calculated accurately or conservatively estimated;

– the classifications of strength and fatigue resistance of all relevant materials and details are
estimated accurately or conservatively;

– the strength and fatigue formulations used to calculate the strength are accurate or
conservative;

– the production is according to the design.

In a full-scale test used as a final design verification, the validity of the assumptions mentioned
above are checked simultaneously. When a blade fails during testing, at least one of these
assumptions has been violated, although without further analysis it might not be clear what caused
this unexpected failure.

When a blade withstands the test without unexpected or severe damage, it gives some confidence
that the design and production have no large errors leading to an unsafe situation. However, it is
not an absolute proof, because it is possible that some errors in the design assumptions are
compensating each other under the circumstances present during the full-scale test, whereas they
might not under the actual operational circumstances.
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5.4.2 What is not tested

During a full-scale test the following are not tested (and verified):

− the validity of the design loads;

− effects due to environmental conditions that are different during testing;

− the scatter in the results;

− possible changes in the production or design.

6 Blade data

6.1 General

In general, the blade shall be described by means of drawings, specifications and a parts list. Also,
instructions for handling, lifting, and storage should be available.

There should be traceable documentary evidence for the design and construction of the test blade,
for example, drawings, reference to a lamination scheme, and signed inspection reports. The blade
itself should have a unique identification. In particular, if differences between the test blade and
a series production blade exist, they shall be clearly documented.

There is a great range of data required to completely specify the blade, which may be used by
various parties. For example, the test lab must have basic dimensional data to determine if the
blade will fit the test bed, whereas more detailed material information is required for evaluation and
testing. These basic categories are described in the following lists.

6.2 External dimensions and interfaces

The dimensions of the blade shall be specified preferably in a drawing, giving at least the following
data (for an example, see figure 1):

– blade length from blade root to blade tip;

– bolt pattern and blade root interface dimensions;

– chord and twist distribution.

For assessing the overall dimensional envelope and equipment needed to execute the tests, the
maximum expected blade deflections and loads should be provided.
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Figure 1 – Example of drawing showing the external dimensions and interfaces

6.3 Blade characteristics

In particular, the following should be specified for test and evaluation purposes:

– profile geometry, on at least five well-distributed locations of the blade including the load
application sections;

– location and properties of major internal components;

– materials used (see 6.4);

– material distribution;

– essential manufacturing process characteristics;

– composition of laminated and sandwich structures;

– steel and metal components;

– fasteners;

– bonded joints;

– the following cross-sectional properties of at least five well-distributed locations on the blade:

– elastic area,
– principle bending stiffnesses,
– position of principal axes,
– torsional stiffness,
– shear centre;

– total mass and mass distribution;
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– location of the centre of gravity;

– natural frequencies (1st and 2nd flatwise and edgewise, and 1st torsional);

– tolerances on major properties.

For the strength-based tests the relevant strength at each chosen cross-section shall be given.

6.4 Material data

Appropriate strength and/or fatigue formulations and elastic properties for the materials used in
the areas to be tested should be given. For fatigue, this includes appropriate S-N formulation(s),
cycle counting procedures, an appropriate damage summation model, R-ratio effects, etc.

6.5 Design loads and conditions

6.5.1 General

The test load is generally a reduction of the distributed aerodynamic and inertial blade moments
into discrete forces positioned along the span that describes a particular load case. For load-based
testing (see 8.2), the design loads shall be specified, whereas for strength-based testing (see 8.3)
they are unnecessary. The standards applied and all partial safety factors included in the design
loads shall be declared.

6.5.2 Load cases

Each design load case shall be defined with up to six load components (Fx, Fy, Fz, Mx, My, Mz)
along the blade span with enough spanwise points to allow the test load to be accurately assessed
at the critical areas to be tested. The six load components should be given, including phase and
frequency information required to generate combined load cases1). However, not all loads are of
equal importance and not all loads can be applied during the test (see clause 7). The co-ordinate
system relevant for the load components shall be clearly specified. Normally, either the chordwise
co-ordinate system (see figure 2) or the rotor co-ordinate system (see figure 3) is used. For test
purposes, the rotor co-ordinate system in figure 3 is recommended.

___________

1)  This is automatically fulfilled when the six components are given as time series.
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Figure 2 – Chordwise (flatwise, edgewise) co-ordinate system
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Figure 3 – Rotor (flapwise, lead-lag) co-ordinate system (preferred)
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6.5.3 Environmental conditions

In addition to the loads, the assumptions about the design operating conditions as well as the test
conditions, which affect the material behaviour (e.g. humidity, temperature), should be specified.

6.5.4 Mechanisms

Loads on critical components such as tip brakes are often different in character from the general
loads on the blades and may need extra specification and specific tests (see 8.7).

6.6 Areas to be tested

No single test can load the whole blade optimally. Representative loading should be applied to
critical areas. The following potential critical areas should be considered:

– the inboard part of the blade out to the span where the section properties change only
gradually;

– those parts of the blade where calculations show the smallest reserve factors against buckling,
strength or fatigue life;

– if there is an aerodynamic braking device, that part of the blade incorporating this device,
particularly where the structure is affected by this device.

The areas to be tested should be specified.

6.7 Special blade modifications

Special blade modifications can be present for test purposes. During the fatigue tests the loads
have to be magnified to do the test within an acceptable time-frame. In some cases, the required
magnification of the fatigue loads may lead to failure of areas not considered to be tested. In these
cases, special blade modifications can be considered. Modification might also be due to load
introduction reinforcements. All special blade modifications shall be specified.

6.8 Root fixing

In case the root area is considered for testing, the root assembly details shall be specified. This
includes the bolt specification and tightening procedure, clamping length, hub stiffness, etc.

6.9 Mechanisms

If the structural interface to a mechanism is to be tested, it is preferred that the mechanism or a
suitable fixture for introducing the load be supplied with the blade. Any additional data required to
mount, position, and configure the mechanism or loading fixtures should be supplied.

7 Differences between design and test load conditions

7.1 General

The blade design will include the following load components:

– flatwise bending moment;

– edgewise bending moment;

– shear loading in flatwise direction;

– shear loading in edgewise direction;

– torsional moment;

– radial load.
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