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INTERNATIONAL ELECTROTECHNICAL COMMISSION

WIND TURBINE GENERATOR SYSTEMS -

Part 23: Full-scale structural testing of rotor blades

FOREWORD

1) Th iging all
nafional electrotechnical committees (IEC National Committees). The object of the IEC ig i htional
co opera'uon on all quest|ons concernmg standardlzat|on in the electrical and electronjie\fi . i and in
ad & i § hnical
cofnmittees; any IEC National Committee interested in the subject dealt with may p3 &l i i work.
International, { n this
pre¢paration. The IEC collaborates closely with the International Organization fg dance
with conditions determined by agreement between the two organizations.

2) The formal decisions or agreements of the IEC on technical matters expre : i i htional
cofisensus of opinion on the relevant subjects since each technical committée.has sa¢ \ intgrested
Ngtional Committees

3) The documents produced have the form of recommendations fgr internat ] i i orm of
st hittees
in

4) In hdards
tr & andards. Any divergence betwden the
IEC Standard and the correspondlng national™s i ~ ha early indicated in the latter.

5) Th i S ap 2l and cannot be rendered responsible fpr any
€q

6) Atfention is drawn to the possibili s technical specification may be the suljject of

pafent rights. The IEC shallqot be i 8 ifying any or all such patent rights.

The
circumstances, a tech
when

C 2pare International Standards. In exceptional
opose the publication of a technical specifigation

e the required s 3 btgihed for the publication of an International Standard,
despite repe

e {H i i s nical development or where, for any other reason, there |s the
fy - el ROssibility of an agreement on an International Standard

IEC 61 chnical specification, has been prepared by IEC Technical Commit-

tee 8

The fext 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;
e reconfirmed;

e withdrawn;

* replaced by a revised edition, or

e 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 .pe jzation or
corpgration of the responsibility of observing other applicable regulati

N
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INTRODUCTION

01(E)

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
practjces among the various laboratories and to give guidance in establishing-blade test criteria.
Due o the wide range of methods (dictated by the test system hardware) grious
laborptories, writing a restrictive standard that favoured one method to the thers
wouldl not have been equitable. Therefore, the present technical specifi itfen to
provife guidelines on recommended practices. Many different methods areNincluded

The flull collection of tests described in this specification shou d n ment
for eyery blade design. The need for tests will depend on esign
assegsment due to the use of new materials, new design concepts, , etc.
and the possible impact on the structural integrity. In )rm a
test 4gre commonly used (see annex D). For the alterhatiye d|s his specification, the
advaptages 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 thé¢ integrity of the blade.

The following tests are considered in this technical specification:

— sflatic strength tests;

— fgtigue tests;

— other tests determining blade properties.
It is assumed that the data required to define the parg : e 2 i . In this
techrfical specification, the design loads and blade ma ints for

estafjlishing and evaluating the test loads. The evalu o the
actudl loads is outside the scope of this technical

— fd
— bg a detailed work instruction co
— be used for establishi

cpmponents;
— replace a rigoyeus
— afldress the@
At the ades
of hori ic$ and
wood ize and
materi

The following normative documents contain provisions which, through reference in this| text,
consitute provisions of this technical specification For dated references subsequent amendments
yased
on this technlcal specmcatlon are encouraged to mvestlgate the pos3|b|I|ty of applylng 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 L
blad

rotating, aerodynamically active part of the rotor

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

3.4
buckling

failure mode characterized by a non-linear increase
load

ange in compressive

3.5
chord

length of a reference straight line (the ¢hord-jne)
leadipg and trailing edges of a blade aeyofo Ss-

3.6
consitant amplitude | §
during a fatigue@ : i les with a constant amplitude and mean vajue

§, by certain defined convention$, the

creep

3.8

design toad
loadq

3.9
edgewise

direction-that is ps\rs\llnl 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
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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-gcale test
test garried out on the actual structure or component

3.17
inboard
towalds the blade root

3.18
leadlag
direction that is parallel to the plane of the yrfage and endlular to the longitudingl axis

of th¢ undeformed rotor blade

3.19
load |envelope
colle¢tion of maximum desi

3.20

modal tests
test darried out @er

3.21
natural frequené
(eigep frequencCy ich a structure will vibrate when perturbed and allowed to v|brate
freely

ture

3.22
non-flestruc ing (NDT)
inspdction 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

methpd used to describe the stress (S) vs. cycle (N) characteristics
structure

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

3.31
stati¢ test
test ih which a specified load of constant mag~f i men

3.32
stiffness

ratio pf change of force (or body

3.33

straip

ratio pf the eIon (o ength
of thg material

3.34

tare |oads

forcep and

3.35

tested area
regioh of the.test

ohject 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
Fy flapwise shear force (rotor co-ordinate system)
Fy lead-lag shear force (rotor co-ordinate system)
F, spanwise (tensile) force (rotor co-ordinate syste
M, lead-lag bending moment (rotor co-ordinate
My
MZ
Fa
Fy
FC
Ma
My
M, blade ta
D theoretical d
C
f
F
q
4.2
partial factor
o 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 lToading conditions

4.4 Abbreviations

SSF Static strength factor
RSSk Relative SSF
MSS Minimum static strength

RMS Relative MSS

[92)

FSF Fatigue stress factor

RFSK Relative FSF
MFS Minimum fatigue streng
RMF Relative MFS
WGT|S Wind Turbine Generator

UJ

5 (General principle

5.1 Purpose of tests

vel of
s the

The fundamenta
certa|nty that a blade
presgribed reliabilitt t the
specified limit st nd the blades therefore possess the strength and s{:vice
life provided fOx the
ultimate loads and atighe hg its
designed’s i

Nornally, the ¥ ; mber
of samples;‘only one or two blades of a given design are tested, so no statistical distributjon of
prod;ction blade stréngth can be obtained. Although the tests do give information valid fgr the

bladg type, they cannot replace either a rigorous design process or the quality system for geries
blade-produstion-

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 QIIthPf to many constraints of a technical and economic
chargcter. Some of the most important are listed below:

— the distributed load on the blade can be simulated only approximate

— the time available for testing is generally one year or less;
— oply one or a few blades can be tested;
— certain failures are difficult to detect.

The test will be a compromise because these constraints have g ith jp y that
the fipal test result can be used for evaluation of the defi i

As rdgards the interpretation of the results, it sh6 ' in ™y d for
testirlg will normally be one of the fir 3 ie jon which will be subjgct to
evolytionary modifications. Even minor iica ests.

5.4 Results of test

The design loads form thefasis ofthetes verity
of the test loading. If no dax 2 i cture
and the test loading has : esign
will fdilfil its requireme what
has rjot been tested

5.4.1 What is te

Accofding to the desigr ca ion;the blade must be able to survive the design loading. In these
design calcu{ations_g ¢ assumptions are implicitly being made:

— the gtresse are calculated accurately or conservatively estimated;

— the clas rength and fatigue resistance of all relevant materials and details are

eptimated aceurately or conservatively;

— tHe sfrength and fatigue formulations used to calculate the strength are accurate or
cpnsérvative;

— 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 Btadedata

6.1 General

In geperal, the blade shall be described by means of drawings, specificatio a .JAlso,
instryctions for handling, lifting, and storage should be available.

Ther¢ should be traceable documentary evidence for the desigh and\constructio lade,
for example, drawings, reference to a lamination scheme, andsigned iispe q eports. The plade
itself|should have a unique identification. In particular, /if differences bet b and
a ser

Thersg
vario
blade
testin

bd by
if the
n and

6.2

The ¢
data

bwing

5, the
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SW-L2

SW-L1

—_—
|
— — — — — — - — = — - —
~
o
— S o
LC-L S = ®
> wn
z (=
@ TB-L 3
L95 %
Blade dimension BL Blade length -
LC-L Largest chord lepdth po3itio Lqrgest chord
L95 %-L itiQn C

General dimensions 95 % Ienglp

TB-L
BL -
LC-L - LC-C - D1 Bplt type
L95 %-L| - L95 %-C |- D2 Nlimber of bolts
TB-L - BHC

Blade connection

D1 - Bolt .
o __ | b2 - Number
BHC -

Shear webs
SW-L1 SW-L2

ord at 95 % length position

ear web end length position
ear web end chord position

IEC TC88 WG8
Testing of Rotor Blades

Profil

Rotor blade

0003

h soorbensagen [ Forouat: AT

ACAD file nr: so-o003

IEC

load

— c hmnacitinn ~f |
J PU\JILIV AL )

— 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;

423/01
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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

6.5

6.5.1

The test load is generally a reduction of the distributed aerodyna

into d
testin
they
loads

6.5.2

Each
along

frequ
equa
syste|
co-of
purpd

r‘mlnfing prnr\nr‘lnrnc, an npprnprinfn dnmngn summation model R-ratio effects etc

Design loads and conditions

General

iscrete forces positioned along the span that describes a

shall be declared.

Load cases

est load to be accurately ass

). However, not all loads

ssed
s should be given, including phas} and

gnents (F,, Fy, F,, My, M{, M,)

re of

e test (see clause 7). The co-ordinate
specified. Normally, either the chorflwise

o-ordinate system (see figure 3) is used. Fqr test

1) This is automatically fulfilled when the six components are given as time series.
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X Key:
= g
i The loads are along
and perpendicular to the
. local blade chord directions
N Deformed
\f\\\blade axis . a, b, ¢ local blade direction vectors

N
~
N S

N

~ Edgewise bending moment
Flapwise bending moment

Blade torsional moment

~_/

Undeformed \\\ ,
blade axis

Flatwise shear forc
Edgewise sheaf force

Torsionahds
FlapwiSe dafoxmatio

M, Leadwise bending moment
y Flapwise bending moment

M, Blade torsional moment

F Flapwise shear force

Fy Leadwise shear force

F, Spanwise (tensile) force

1 Flapwise deformation
2 Leadwise deformation

blade axis

IEC 425/01
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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 l_ALp_as_Lo_b.e_mted
No single test can load the whole blade optimally. Representative loading

ed to
critical areas. The following potential critical areas should be considered
— tHe inboard part of the blade out to the span where the secti yel only
gfadually;
— tHose parts of the blade where calculations show the small kling,
s{rength or fatigue life;
— if[there is an aerodynamic braking device, that part© & orporating this device,

o

6.7

Spec] oads
have uired
mag these
case load
introg

6.8

In ca This
inclu

6.9

If the| ] e toya mechanism is to be tested, it is preferred that the mechanism or a
suita ¢ ed to
mour

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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However, laboratory testing necessarily has limitations. In a test, it is not practical to load the blade
with all these components and to establish the same conditions as in the design. Beyond that,
fatigue testing must be accelerated by increasing the test load above the design loads to expose
the blade to sufficient fatigue damage within a reasonable test period. Other differences from ideal
loading, such as concentrated load application, increased shear loading, and torsional loading
should also be considered. Also, it is usually not possible to test all parts of the blade equally. The
loading, though simplified, should be arranged to test at least the defined areas of interest.

In many cases, it may be necessary to modify the test load to account for differences between the
test conditions and the environment assumed in the load or strength data sets (i.e. the laboratory
environment is _generally different from the design and operational environment). Appropriate
factofs are a matter for judgement and evaluation and are discussed in clauses 9 and 10.

In the following subclauses, some of the possible differences betwee . load
cond|tions are discussed.

7.2 Load introduction

During a test, the load introduction is usually concentrated atspanwi 2.3).
Due [to the load concentration and possible reinfor brmal
deformations of the cross-section could be prevented, cally.
Thesg load introduction points should therefore be away from¢ihge’ are bsted

(see p.6 and 10.2). /\ /(>
Alea
load in
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Figure 4 — Difference of moment distribution for ideal and actual test load

7.3 Bending moments and shear

In a test rig, the load will normally be applied at a restricted number of sections, whereas the ideal
test load is continuous. This results in different spanwise distributions of section moments (see
figure 4) and shear forces.

By increasing the number of cross-sections where the actuators apply the load, this can be
improved. However, increasing the number of actuators also increases the blade area that is not
properly tested (see 7.1 and 10.2).

Nevertheless, the spanwise distribution of moments and shear in the test has to follow the design
load as closely as possible. In general, this is more important for the moment distribution.
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7.4 Flatwise and edgewise combinations

In static and fatigue tests, the results are most representative when the combinations of flatwise
and edgewise loads are applied. By applying only the flatwise bending moment or only the
edgewise bending moment, the resulting stresses and strains and/or damage rates may be lower
in some areas than the design values.

Particularly, if the stresses and strains are non-linear with the loads, and this is not taken into
account in the evaluation, then the evaluation is in principle less accurate than when the flatwise
and edgewise loads are applied simultaneously.

7.5 Radial loads

forcep. Generally, it is impractical to apply a well-distributed centrifuga
rig without significantly altering the structure. The stresses caused
relatiyely low.

This fan be compensated by adjusting the bending compene

7.6 Torsion loads

For most blades, the torsional momentg to be
relevpnt, they may be applied. More co ently
induded by the test load apparatus (see

7.7 Mechanisms

The dgynamic environment © isms Board on the blade is quite complicatgd. In
thesq outboard regions i . donfinant effect and should not be overlookgd. In

the apsence of the radijal lvads the structural interface of a mechanism might not
be tepted approy. Therefgre, set up to include radial loads might be consiflered
to tegt the structurgVinter ests of the structural interface to such mechanisnis will
generally be limited nosiisignificant components of the design loading, to |keep
complexity from becom

7.8

The enW 9 d time conditions during testing are different from those in the dpsign
situation. Th &

— humidity;
— tgmperature effects;

- Vradiation;

— ageing (interaction of fatigue and time);
— dust;

— salinity;

— chemical contamination.

Relevant effects have to be considered in the evaluation by using the appropriate strength and

fatigue formulation both for design and test. However, the validity of the different design
formulations for the different conditions is not tested.
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7.9 Load spectrum and sequence

The design loading is normally a set of load cases, with a variety of load cycles within each load
case, based upon the actual stochastic loading. For practical reasons, the test load based upon
the design loading is a further simplification. It can be a variable amplitude loading with a restricted
variation of amplitudes or even a constant amplitude loading. Also the number of cycles in the test
load is much less than in the design load. Because of this reduction in cycles and other effects,
the load amplitudes and mean value are higher for the test load. As a result, the test load spectrum
is very different from the design load.

Regardless of this difference, the test load and the design load can be equally severe. However,
the cpnclusion about this will be dependent on the accuracy of the fatigue formulation (see[9.3.2
and gnnex B). Moreover, the sequence of the load cycles in the design load he differgnt as
well. [The sequence effect of the load cycles is normally not taken intg the fdtigue

formdiilations. This is because the magnitude of the effect is not alwa en if
know, it is rather complex to take into account.

8 Test loading

8.1 General

The fesign loads or design strength shall be cleg pecified an be
determmined. The test load can either be : ¢ . - gt can
use gither the complete design load eqvelope ¢r a s :

The purpose of the load-envelope testing p the blade will sustain the intended Joads
without failure, and is normally used as(partofa ification process. Load-envelope testirjg will
necegsarily involve a pre-tes i 2 , Which is covered in clause 10.
Selegted-load testing us S i istribution as its basis. Strength-based tgsting
uses|as-manufactured y as iTS basis. Both of these test types are normally
used|by the desj r/ bU P ermine the reserve strength by loading the blade to
destruction [2]2).

8.2
8.2.1
8.2.11

This type of tx is, performed to demonstrate that the tested blade, within a certain leyel of
confilence, has met the structural design requirements concerning its operating or extremg load
conditiong” Testing to destruction is neither sought nor required; rather the objective is to shoy that
the bjade can sustain the required loads without failure. Load direction may vary significangly for
diffenentload r\nnrhhr\nc sofora gn/on blade it may not he nneelhlo to test all of the critical load
conditions and blade Iocat|ons with a single test. The basis for the test loads is the entire envelope
of blade design loads, derived according to generally accepted standards such as IEC 61400-1 or
equivalent. This type of testing is the logical minimum for design verification.

For deriving the appropriate test loads, the loads are adjusted using the factors discussed in
clause 9. The evaluation of these factors under load-envelope testing is done before testing. This
process is discussed in detail in clause 10.

2) Figures in square brackets refer to the bibliography.
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8.2.1.2  Static testing

In static testing, the blade should be loaded to each of its most severe design load conditions while
taking into account the variations in a population of manufactured blades and differences between
the laboratory and the design environmental conditions.

Because it is not expected that the blade will fail during design load-envelope testing, several
successive tests may be used to completely test the blade. For example, if different orientations
or load distributions are needed to represent different extreme load cases, each of these may be
tested in turn. Within any such loading case, load introduction fixtures might be shifted, and load
magnitudes changed, to ensure that all relevant blade areas are tested.

8.2.113 Fatigue testing

A tegt loading has to be generated giving fatigue damage equivalept\{o i S, on
selegted critical areas. The fatigue-test loads will generally be cho i hgt, for
practjcal reasons, the test time is reduced. To test areas around the 2 s“seftion,
variohs combinations of flatwise and edgewise loading may t Qyed. ’ ailed

discussion of the methodology and load factors to arrive 2 ing en in

Becapse it is not expected that the blade will fail during désj ption
exist$ to perform non-destructive static proof-loa {es S bilure
test, pfter the fatigue testing has been is i ; load-
envelope testing.

8.2.2 Selected-load testing

A blade-test load can be derived from.a si
testef to static or fatigue

distripution of the“bla
not be done priox to
destruction. For exa

testirl]g, or fatigu
typically used to ensuxe

Postitest
what|ma c
may be found thafithe applie
not proportiona
failurp are small.
fails furingythe test. If the primary purpose of testing is to demonstrate that a blade medts its
design.eriteria, the full methodology for load-envelope testing should be given first considerption.

8.3 Strength-based testing
8.3.1 General

Strength-based testing allows a direct verification of the blade strength, and an assessment of
ways in which the design computations, and the resulting design itself, might be improved. This
method can be used to find the lowest strength location, relative to expected strength, within a
broad region. The loading is chosen to be proportional to strength for the greatest possible length
of the blade in the region of interest. The nature of the strength distribution and the limitations of
the test set-up will ultimately determine the size of the area tested to the strength distribution.
Loading to either static destruction or to a fatigue loading level of interest, is then possible, with
a large region of the blade seeing the desired condition relative to its expected strength.
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Strength-based testing is particularly useful if the test loading type is desired to be different from
that which determined the design, such as if a blade whose design was determined by fatigue
operating loads is tested for extreme loading, or vice versa. For such cases, the blade strength
distribution will often be quite different from design load cases that did not determine its design.

Another purpose for strength-based testing might be to assess the strength reduction between bulk
material as it exists within the blade, and small coupons upon which material strength testing has
been performed. Since both the coupons and the final blade can be tested under similar, controlled
laboratory conditions, an assessment with minimal extraneous effects can be obtained. If a Whiffle
tree or other multiple-point loading is used, then the load application points are chosen to produce
a good fit between the shape of the loading curve and the shape of the strength curve. If a single
point[loading is used, then the loading point is chosen to provide a loading versus expgected
strength ratio that is highest in the region of interest.

Strength outside the chosen test region should be checked to reducg’ni adi b test
specimen due to failure in an unintended region. The loading distribut jugted if
an undesired failure mode is seen to be possible. Conversely, loads.that te iluhe hth in
multiple regions in the same test may be intentionally provided, s ith the lpwest

strength relative to predictions will be found.

Strength-based loading will, by its nature provide long i nt high
stresp. Thus, strain measurements may exhibit ne ‘ es/Over a wide rarj;e of
locat{ons. If placed at or near structural discontifiui rgest
strains in the blade can be monitored. |r i - C rains
can Qe determined. In either case, the 5train
may be used to help investigate features af inte

8.3.2 Static testing

For & strength-based stati i ng in
the chosen orientation i bthod
will npt lead to local bu Ckling
stability is a tesI, ) large
regions of high stxegsgs mit.
8.3.3

For fatigue {esting q tigue
performap { e unction of spanwise location. The fatigue effects of ply drops,
altergd i , and/or other structural details, which may have little effect in static
loading, should b&ascouniéd for. These details may have a different fatigue behaviour. Thefefore
a single strength curve, with an adjustment factor for cycle level, may not be a suitable bagis for
all pgssible-tests.

Load|ng'direction changes may alter the failure mode as well as the strength curve, if different
material types or structural features with different fatigue responses then become the limiting
factor. Care should be taken to ensure that the strength curve is appropriate for the condition and
orientation that is being tested.

8.4 Static-test load aspects
8.4.1 Load combination

If the blade is tested with combined loading, using both flatwise and edgewise components, the
maximum load in one direction should be combined with the appropriate load(s) (not necessarily
the maximum) in the other direction. In a load-envelope test, the maximum load in each direction
should be imposed in turn, combined with appropriate load(s) in the other direction(s).
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It should be noted that the blade may be most vulnerable to certain failure modes when a resultant
load combination, which is not necessarily the highest in magnitude, is appropriately applied in a
particular direction. For each load combination the blade should withstand the maximum load for
the specified load duration (see 8.4.2).

8.4.2 Static loading duration

Since most common blade materials exhibit a reduction of strength with duration of load, the
duration of the test load should be at least as long as the peak design load. If the design load
information provides a well-defined duration for the peak load on the blade, the test load and
duration should be based directly on that. If there is some difficulty in assessing what duration of
consfant test load is a good match for the time history of the design load, 10 s is suggested as a
minimum value. It is recommended that a value shorter than the design load duration bé“avpided
as this would require the introduction and use of a strength reduction factor, s hy-intrgduce
undespirable uncertainty in the interpretation of the test results.

8.5 Fatigue-test load aspects
8.5.1 Reduction of test time

The testing time has to be reduced for practical reaso
modifications of the design load:

e\doré by the follpwing

— ircreasing the frequency;

— opmitting non-damaging cycles;
— increasing the load.

The possible test frequency (ranging from ) is often not much higher thah the
domipant frequency of the design lez 3 Wmber of cycles in the design load is pbout
500 million for a 20-metre 3, [ Wld take about 15 years, which is clearly not
practjcal. Even if 2 Hz ¢ Z i i e time /s still too long. So apart from increasirg the
frequency other modificatien® 3ign head will also be needed.

The ¢ffect of omiiting i es depends on the material (e.g. slope of S-N qurve,
fatigge limit, etc.). is i &d te,See what portion of the total cycles can be consiglered
non-dlamaging.

Ofter} the load ha i d to obtain a practical test of perhaps 10 million cycles, of less
for laygepblades. Thisy promise between testing as realistically as possible, and obtaining
a mofe * j

8.5.2

Due {o the-considerations mentioned above, the design loads may have to be magnified to arrive
at anlappropriate test load. As the loads are magnified, the stresses and strains are increhsed.
This magnification should lead to the appropriate theoretical equivalent fatigue damage
accumulation. However, there are limitations to this. The maximum values of the stresses or
strains might surpass the static strength of the material and consequently lead to static damage
or failure.

Furthermore, the stresses or strains may be so high that the usual assumption of the linearity
between forces and stresses no longer applies, such as in the case of buckling. Resulting internal
forces or structural movements which would not occur with a non-magnified loading may result in
a test which is unrealistically severe or difficult to interpret.
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Therefore, there are practical limits to the extreme values of stresses and strains during fatigue
loading on the blade due to static strength and non-linearities. Especially in the case of variable
amplitude loading, these limits can be reached at a relatively low load magnification factor. In that
case, only the intermediate load cycles can be increased further, and the test loading becomes
more and more a constant amplitude loading as a consequence (see figure 5).

Another problem with increasing the fatigue loading and frequency can be the internal heating of
the highly stressed areas for some materials. This can also lead to accelerated fatigue damage.

Heating should be minimized to the extent that is practical and the temperature rise should be

monitered-anhd-trecorded-when eignifir\ant hnafing IS ||na\lnir*|ah|o’ so-that-its-effect can-be-ana yzed_

Severe design load case Practical limit

Practical limit

After further
reduction
of load cycles

IEC 427/01

8.5.3

|
(=2

ock leading;

— variabte amplitude loading;

— singte=axiattoading;
— multi-axial loading;
— multiple load points.

These types of loading are explained in 12.5.1.

8.6 Sequence of static and fatigue tests

The fatigue test can be performed on a rotor blade after it has been used for a non-destructive
static test, such as a load-envelope test. This may not be valid for materials such as steel that can
have improved fatigue behaviour after high loading. It is recommended that a residual strength test
be performed after the fatigue test is completed.
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8.7 Mechanisms

The loading of a mechanism and its mechanical interface may correspond to an overall blade
loading case, or to a special device operational condition. For instance, a pivoting blade tip in its
operational position could be loaded in a flatwise loading test, or in a specific test to apply loads
for the deployed tip position (see also 6.5.4 and 7.7). In the first instance, where the mechanism
and its mechanical interface are an integral part of the blade structural load path, the general
considerations for the test load apply, as they would to any other area of potential interest. For
structural tests with a mechanism in other conditions, such as a tip in the stopping position,
appropriate adjustments or tests for that condition should be considered.

9 Load factors for testing

9.1 General

In tegting, various load factors have to be taken into account. Tho Y design are
discussed in 9.2. Apart from these, additional test load factors L nt for
effects introduced by the test methodology. These test load facto

9.2 Partial safety factors used in the design
9.2.1 General

In the design calculations, partial safe ay€ to be included. Accdrding

to ISP 2394 these include:
Ym - | Partial material factors
Yn: | partial factors for copSe

y¢: | partial load facto

In the design ca@io - o al safetyfactors (y,,, v, and y;) have to be applied. The
product of these partig S portant figure for the overall safety level of the desigi For
the tgst load, only : zct the'test load for reasons given in the following subclauses.
It appears that tf g e\partial safety factors (y,,, 7, and y;) is similar in magnitugie for
many degig wWever, some standards allocate more of the overall safety tp one
or othher<af these . Far the design this makes no difference because all have to be applied.

However in“testing this makes a difference because only y; and y, will affect the test load| This

is illustrated.in.arnnex A which includes an example of how to deal with this problem.

9.2.2 Partial factors on materials

General partial factors for materials y,,, among other things, normally account for the

uncertainties in the relation between the material properties in the structure and those measured
by test control specimens, i.e. uncertainties in the conversion factors. In other words, the material
strength and fatigue behaviour for the actual material in produced blades can be worse than the
material in test coupons on which the strength and fatigue formulation is based. The loads should
not be increased by this factor because the material in the blade being tested is the actual
material.
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Material conversion factors take into account specific differences between the conditions of the
material in the structure and the conditions for which the strength and fatigue formulation were
derived. Examples of these conversion factors are factors for size effects, humidity, ageing,
temperature, etc. These will be applied implicitly using the appropriate strength and fatigue
formulation during the evaluation (see 9.3.3 and 10.4.4).

9.2.3 Partial factors for consequences of failure

The partial factors for consequences of failure y, are factors by which the importance of the

structure and the consequences of failure, including the significance of the type of failure are taken
intO cGOHA s :--9' A i . j IeVeI
of sa C scale

fatigu shall
be intluded in the test load.

9.2.4 Partial factors on loads

Durin bads.
Thergfore, the test blade must be able to resist the design load inelt artial
safety factors for loads.

9.3 Test load factors

9.3.1 Blade to blade variation

Often : nd no
infor i actual blade strength. This presgnts a
problem because there is ' blade
distribution the tested blade re from
a population of blades haw S was

belieyed that the test speci

Howgver, in a fu@
test Ipad equivalent ¢

ajarity of the area of the blade is being subjected to a
y details and a large area are tested simultanegusly.

This [is somewha} €0 S testing of a number of small specimens under s|milar
condfti g : pecimen that failed first as the test result. Statistically, this
woulg L ade aNower mean with less scatter can be expected than for small{scale
spec . . hand, the damage accumulation in a blade can be slower due to gtress
redisjribu s R area becomes more flexible.

atter’can be expected as a larger area of the blade is equally severely tgsted.
galized in a test with multidirectional loading than with a single axial fest.

Neve|
This |s more.elose

If thefe is/no failure probability distribution data available for the particular blade type, the follpwing
test |oad factorsare recommended:

for static tests: Ysu=1.1
for fatigue tests: Yot =1,1

3) In some codes, this is taken into account by applying different partial factors on loads.
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9.3.2 Possible errors in the fatigue formulation

01(E)

Due to the conversion of the original fatigue design load to a test load, the severity of the test load
with respect to the design load has to be evaluated (see clause 10). This evaluation for equal
severity is done using the appropriate fatigue formulation. As the test load deviates more from the
original design load (e.g. constant amplitude loading), this comparison becomes more and more
dependent on the validity of the fatigue formulation (see annex B). The factor to compensate for
this uncertainty (and which should be applied) is given by:

for fatigue tests: Ve =1,05
This factormay be reduced-if-it canbe shown that the evaluationof the testload compared{o the
design load is hardly affected by a variation of the characteristic values in the-fatigue formujation
(e.g. [the slope of the S-N curve, R-ratio models, sequence effects).
9.3.3 Environmental conditions
In general, the conditions at the test facility are more benign ationall and
consgequently design conditions. In many strength and fatigue hese
condftions is expressed by factors. However, it can also r in\dif ent St rength or fgtigue
formdilation for the different conditions.
The test conditions are more benign than the design conditi i g a magnification pf the
required test load. The appropriate factar has tg a.evaluation of the tes{ load
distripution, but for both conditions t ) fatigue formulation has fo be
applied (see 10.4.4). Whenever the effest is give , e can be used as a first guess

for the factor necessary to magnify the lo

9.4

The design load includi

loads y; and multiplied by consequg¢nces

of faifure y,,, and the te g f S fsconsidered as a starting point for the test|load.
This |oad is refo 2 - arget ). For the static and fatigue test this becpmes
respgctively:

for static tests: (1)
wherg

Ftarge t—u

Fau is.the desigh loading (including partial factor for loads ¥s);

Ynu is the partial factor for consequence of failure;

Ysu is the partiat-factor for bfadeto btade variation:

for fatigue tests: Ftarget-f = Fdf X Yt X Yt X Vet (2)
where

Frarget-f is the target loading;

Fy
Ynt
Vst
Yef

is the design loading (including partial factor for loads y;);
is the partial factor for consequence of failure;
is the partial factor for blade to blade variation;

is the partial factor for errors in the fatigue formulation.
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The test loading should ideally be equivalent to the target loading.

Further magnification of the loads will be required to cover the necessary modifications (such as
a reduction of the number of cycles and different conditions). The amount of magnification needed
will have to be checked by the evaluation of the test load distribution (see clause 10).

10 Evaluation of test load distribution in relation to design requirements

10.1 General
Becapise © erent
condjtions in the laboratory compared to outdoor use, the test loading will the

target loading (see 8.4).

The distribution and/or the ratio between the load components of the t€ from
the target load. Since the test must prove that the blade can suryi ' ; b test
loading must be evaluated. It should be checked in which areas of thed ity of the
test Ipading is indeed equal to or more severe than the target f0ading. ' ity pf the
test Ipading compared to the target loading will vary over the blade atea , ation

has fo be done at all locations of the blade area thg ed. W carrying out this
evalyation, it must be kept in mind that the difference , ' 7 are still presept.

10.2| Influence of load introductio

In the case where the test load is introduced\a ces at a restricted number of
locations (e.g. at actuator positions), the settions\whe e Ioa is applied are disturbed angl may
be stfengthened over a certain area by theseHi )

e fixtures:
be properly tested and showd not be co siin the Iysis or evaluation. The length (|n the
longi{udinal direction) of tke dis a8 catnbe estimated from calculations or measurements.

Withg is 3 is affected area might extend as much af one
chorg i

10.3

10.3.

In the foIIOW|g su possible approaches to evaluate the test load distributions for

statiq teg 2q._Each of them can be used to evaluate whether the test load is as sevgre as
the tg i Rl h one may correspond more closely to a particular design calcujation
apprgach, anditis thys easier to use. Other methods may also be appropriate.

10.3.2 , Evaluation on the basis of load component distribution

The severity of-thetest iuadillg compared-to-the target iuadillg canbeevattatedby-acomparison
of the six load components resulting from the test load versus the target load. For each cross-
section where each of the section forces and moments resulting from the test loading is larger than
those resulting from the target loading, the test is more severe than the target load. This means
that these sections are sufficiently tested for static strength.

However, not all load components resulting from the design loads can be applied during the test
for practical reasons (see clause 7). Furthermore, different critical stressed areas in the blade can
result from different load cases. This makes the evaluation on the basis of load component
distribution not always conclusive.
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10.3.3 Evaluation on the basis of static strength factor

The evaluation can be done by comparing the static strength factor (SSF) for the target loading
following from the design loads and conditions with the SSF for the test load and test conditions.

The static strength factor (SSF) expresses the reserve on the basis of stress or strain level. This

SSF

can be defined as follows:

the SSF is the factor by which the load or stresses have to be multiplied to arrive at the

design strength of the material or structural detail.

For the SSF the following expression can be given:

/
ssp=LkTm _ T«

c 0 XYm

wherg

fx is the characteristic strength;

o is the applied stress or strain level;

Ym is the partial material factor.

For the design and test loading and conditions

wher

Otargé

O'test

fk-de igh

fk-te‘

By cqmparing the SSFs based on the actual test loading and the target loading, the severity

test |

bading on the basis of load or stresses or strain is obtained. For a test loading to be at

(3)

(4)

(5)

bf the
least

as s

vere as the targettoading ata particutar tocatiom, the fottowing mustbe true:

SSFtest< SSFtarget

The ratio between the SSFs can be referred to as the relative SSF (RSSF):

SSFtarget
SSF test

RSSF =

(6)

(7)
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Substitution of (4) and (5) leads to:

OtestX fk-desi
RSSF = es k-design

Otarget X fk-test

(8)

At all locations where this factor is equal to or larger than one, the test loading is at least as severe

as the target loading.

The stress or strain level requwed to meet the cr|ter|on that RSSF is larger than one can be

dedug
the minimum required stress or strain level is given by:

f k-test

Otest = O'target
f k-design

Assuming a linear relation between load and stresses or st
given by:

Wherg Gyesign IS the stress or strain du

Substitution of (10) in (9) leads to the f¢
durinpg the test:

A Evaluatio

This value follows from:

MSS =0 Xy,

g

1ding,

(9)

get 1S

(10)

level

(11)

Hetail

S are

ristic

train)

(12)
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he target loading and test loading, this becomes respectively:

MSStarget= Otarget X Ym / Cdesign (13)
MSStest=0Otest X ¥Ym / Ctest (14)
where
Cdesign s the conversion from the defined reference condition to the design condition;
Chest is-the-conversionfrom-the-definedreferenceconditionto-the-test-conditien
Thesg conversion factors are given by:
Sk-
Crest="7"% (15)
fic-ref
(16)
By cq nd the target loading, the
seve to be
at lea
(17)
The fatio between the |
Q MSStest (1 8)
MSS'target
Substitution of (18
Otest X Cdesi
RMSS = test design (19)
Otarget X Ctest
In allllocatiens in this factor is equal to or larger than one, the test loading is at legst as
sevele as_the design loading. If the possible stress concentration factor is equal for all| load

components, the RMSS is independent of the actual value.

The stress or strain level required to meet the criterion that RMSS is larger than one, can be
deduced as follows. From (19) it follows that for a test loading to be as severe as the target
loading, the minimum required stress or strain level is given by:

Ctest

Otest = O'target
design

(20)
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Substitution of (10) in (20) leads to the following expression for the required stress or strain level
during the test:

Ctest
O'test = Odesign X Ynu X ¥su —== (21)
Cdesign

Substitution of (16) and (15) in (21) will again result in (11).

10.4 Fatigue tests

10.4.1 General

Within the area to be tested, the severity of the test loading compared ing will

vary.|For the fatigue test, this means that the equivalent severity for thé load
can b most
mateyi 5is of
load [evel is moderate.

When a certain area of the blade fails after it has been j C i o the
targe ' each
equa qtress
redisfribution due to the damage

By taki i [ i 5 test, it/can be verified which locations
have ¢ loading without failing before
reachi proven that these locations are fatigue

resistant enough.

It shq & aterial factors applied for the desigr load
and test load are not| ne i ~Ihe appropriate ones for the test and design

condftions respec:el
10.4.2 Evaluati

For ¢ , the theoretical damage (e.g. Miner summation) during the
fatigu than the theoretical damage based on the target load, th¢ test
loadi than the target load.
This

Dtest Dtarget (22)
wherg

Diest is the theoretical damage due to the actual test load;

Dtarget IS the theoretical damage due to the target load.
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10.4.3 Evaluation on the basis of load or stress level

10.4.3.1 General

Areas, that did not fail and for which the calculated fatigue damage due to the test load is larger
than the calculated fatigue damage due to the target load, have been demonstrated to be fatigue
resistant enough. However, the factor between those two damages is difficult to interpret. It does
not give a clear indication of by what factor the test load is more severe. This is because the value
of the damage itself gives no clear indication about the severity of the loading on the basis of
stresses or strains. Therefore, various factors are used to compare different load spectra or
fatigue formulations on the basis of load or stress/strain level. These can also be used to evaluate

the tg ; may
depehd on the particular design calculation approach.
10.4.3.2 Evaluation on the basis of the fatigue stress factor
A fatigue stress factor (FSF) can be used to evaluate the severity ofth ed to
the aftual strength4). This FSF can be defined as follows:
ht the
This FSF expresses the reserve on the basis of the™ i FSFs
resulting from the actual test loading vefs e tQrge hding
on the basis of load or stresses is ob 3 i s the
target loading at a particular location, th
(23)
wherg
FSF st is the ESF
FSFtlirget is the
The fatio betwee
D
FSF tarqet
RFSFP =——=%% (24)
FSFtest
At all|locatiens whe is factor is equal to or larger than one, the test loading is at least as spvere
as thp target loading.

4) The terminology stress reserve factor (SRF) was used in bibliographic reference [4] for comparing the results of various
design calculation. Later this factor was renamed fatigue stress factor (FSF) because a reserve is not always found.

5) In most cases, it is possible to arrive at an explicit numerical expression for the FSF or MFS. It can be obtained by
an iterative calculation procedure in which the Rkf is varied until the damage rate is equal to allowable damage D.
It is not always possible to arrive at a damage which equals the allowable damage exactly due to the discontinuities
in some fatigue formulations (e.g., fatigue limit). In that case the Rkf value, that by a limited variation gives a lower

an

d higher damage, can be used.
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10.4.3.3 Evaluation on the basis of the minimal required fatigue strength

In principle, to calculate the FSF, the fatigue strength of the relevant detail and material and the
possible stress concentrations have to be known as a prerequisite. By evaluation, on the basis of
the minimum required fatigue strength (MFS) to survive the load, the fatigue strength itself does
not have to be known completely.

Usually the fatigue resistance of a material or detail is characterized by an allowable stress level
at a particular number of cycles under defined conditions. This reference stress level can be
regarded as a parameter (¢;) by which the fatigue strength is characterized.

The rlninimum required fatigue strength (MFS) can be defined as follows:
the minimum required fatigue strength (MFSP) is the valug 3 bngth
parameter (q;) for which the fatigue damage rate is equa ¢ £ ue D
(normally one).
By comparing the MFSs resulting from the actual test loading™v , the
sevelity of the test loading on the basis of load or stressgsis.Qt be at
least|as severe as the design loading at a particular Ig
(25)
wherg
MFSPet
MFS{ger i the MFSD ¥
Note|that the characte st be
the spme and i .@,
The fatio betwee be referred to as the relative MFS® (RMFSP):
D
MFS
RMFSP=——=L (26)
MFStarget
In allllocations Wk Jis factor is equal to or larger than one, the test loading is at least as spvere
as thg targetloading/If the possible stress concentration factor is equal for all load comporjents,
the AMFSD is independent of the actual value.

Examples of this approach for the evaluation of test loads for wood/epoxy blades and glass fibre
reinforced plastic are given in bibliographic references [5] and [1] respectively.

10.4.4 Fatigue formulation considerations

The blade used in the full-scale fatigue test is in principle the same blade as the blades subjected
to the actual operational design loads. However, this does not imply that the fatigue formulation
used in calculating the damage caused by the target load is the same as the one for calculating
the damage as a result of the test loading. This is because a blade in a laboratory is governed by
different circumstances than the actual blade on the turbine.
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For instance, the fatigue behaviour of a material under humid conditions can be different from the
fatigue behaviour under dry conditions (by a different value of a constant or of the slope of the S-N
curve, etc.). If the test in the laboratory is carried out under dry conditions, the damage
accumulated during testing should be calculated using the fatigue formulation for dry conditions
and the damage during the design life should be calculated using the formulation that is valid for
the operational conditions.

In principle, for the test loading, the fatigue formulation valid or most applicable for the test
conditions has to be applied, whereas for the target loading the fatigue formulation valid or most
applicable for the operational conditions has to be applied.

Since , the
fatigu arget
loadi ctors
to co also
9.3.3).

10.4.

After . The
test 1 el, or
someg dl life.
Alter Id be
sustdi , is( hin he failure being maferial-

propérty dominated, without significanktest\induced\effécts such)as local heating, de-borjding,

buckli odel.
Howg S can
be regasonably accurate; those calculati ¢ i » i gtigue
perfo \ .

To increase insight w ins be

meagqured at the critica 2 i \ore accurate knowledge of material strain apd an
addef understa i

11 K

11.1

Detettia age or failure during the test can be difficult because of the complex
struc ich means that important structural elements are hidden and difficult

to ingpect and™ omto . Further the blade material can suffer local damage without showing it.

In this clause, only irreversible property changes of the blade are addressed as failure mpdes.
Whetiheror not the blade fails to meet certain design criteria or standards is not a subject gf this
clause; only possible failure modes that have to be monitored are described.

The following qualitative distinction of failure modes is used and defined in the following
subclauses 11.2 to 11.4:

— catastrophic failure;

— functional failure;

— superficial failure.

Buckling of components is not considered to be a failure mode by itself. But because of its

influence on internal strains and blade cross-sectional stiffness, buckling might initiate a failure
mode.
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Damage outside the tested area, that does not affect the strain distribution in the tested
should be reported but is not considered to be a failure.

11.2 Catastrophic failure

The IEC 60050-415 definition of catastrophic failure is:

area,

disintegration or collapse of a component or structure that results in loss of vital function which

impairs safety.

The fottowimgexampies cambe consideredas catastroptic faitures:

eaking or collapse of the primary blade structure;

b

cpmplete failure of structural elements, such as internal or externg
webs, root fasteners, etc.
n

ajor parts become separated from the main structure.

11.3| Functional failure

A furjctional failure is judged to have occurred when £he ¢
longgr functions within acceptable limits.

— tHe stiffness of the blade reduces significantly 2
after unloading, the blade shows a substantial
stibstantial permanen ) S(9) s-%n
— after unloading thg

opjective?d).

Whether an ite ist.i clidnal failure depends on the specific design cr
and ghould be evalu e by case basis. In any event, these items are to be note

repoited for evalu

114
A superf no immediate structural consequences.
The followingexamp an be considered as superficial failures:

— smalleracks, not‘causing significant strength degradation or bond line weakening;

— geheoat cracking;

shear

ly no

%9));

Esign

teria,
l and

— paint flaking;

— surface bubbles;

— minor elastic panel buckling;
— small delaminations.

Superficial failures might become a functional or catastrophic failure over time in outside

environmental conditions. In any event, these items are to be noted and reported for evalu

6) The relevant percentage is dependent on the design constraints.

7) Thought should be given to the fact that visco-elastic materials could restore this deflection totally or partly
a certain recovery time.

8) Testing of the function of the mechanism is not part of this specification.

ation.

during
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12 Test procedures and methods

12.1 General

This clause describes the various methods and procedures used to perform static and fatigue
strength tests. Test methods for experimentally determining blade properties are described in
clause 13. Tests to measure blade properties are commonly performed either in conjunction with
the static test described in this clause, or separately, as needed.

Procedures for controlling, calibrating, maintaining, and inspecting measuring and test equipment
should be kept and maintained (for example as described in ISO/IEC 17025 or equivalent). When
possible an end-to-end check of the system calibration should be made to verify all ,system
compgonents. If necessary, the measured data should be corrected for systemga i uced
by the test set-up or test geometry.

12.2| Test stand and root fixture requirements

All st
loadq,
fixed
span
stand.

P test
sually
g the
P test

ative
bnt. It
b root
Df the
d and

If vali
distri
may
is dirg
bolt @
acco

12.3

The |blade sh
appli¢ation point
by loqd transfer fro

alter the blade's structure.
ible to test this area of the
blade

For poi g,

moved, the bIade structure may also be relnforced
internally to prevent local crushing of the section.
Caution should be used to avoid changing the blade
stiffness near the area to be tested.

Internal reinforcement is usually irreversible and will
permanently alter the blade structure and the
natural frequencies, making it impossible to test the n
modified area. IEC 428/01

Figure 6 — Blade attachment fixture
using an external sleeve of wood.
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12.4 Static strength test

12.4.1 Type of loading

12.4.1.1 General

The blade can be loaded either with a surface load or with concentrated point loads (single/multi-

point loads). Each method has advantages and disadvantages which are summarized in table 1.
The method used will usually be determined by practical considerations discussed below.

12.4.1.2 Distributed surface loads

A conti istri i ade using a heavy
materi the
tensi ads cqgn be
achie we the mostxepresentative
distri i bf the
load

This large
mass reme
loadd. rface
loadq nitial
fractdire. This method is limited to single-axial sta

12.4

The application of a smgle concentrate point lo Ranwise location will generate a linear
bend jistri-
butio Df the
bladqg, t load
at all

The general pro iQ ing test
load.|Then the loadpe

This hose
gene

This me ence
is ap hilure
occufs. If the ad sters are small enough the result will be approximately the same as a muljtiple-
point|load test.

12.4.1+:4 Multiple-point method

Using multiple-point loading, the desired test load distribution (moment and shear) can be applied
to the blade all at one time. This method provides a more realistic load match in shear than single-
point loading. A full-span distributed load applied simultaneously at multiple spanwise locations
may be advantageously used to perform a load-to-failure test to determine the ultimate strength,
design margins, or buckling limit because most of the blade can be tested at one time.

It is important that the load at each point is increased uniformly to maintain the shape of the load
distribution as the load increases. This can be done by connecting each of the load introduction
points to a Whiffle tree or to individual loading devices, which increases the amount of hardware
needed. Caution should be taken to avoid placing the attachment points in critical areas of interest
because the load attachment areas are affected as described in 10.2. Load introduction areas can
be tested later by removing load fixtures in critical areas one at a time and re-testing the
attachment area.
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12.4.2 Test control methods

Static test loading usually involves the application of a monotonically increasing load sequence.
For a given load sequence, the static load is normally applied in even steps, or steadily increased
at a controlled rate. The rate of loading may be prescribed as part of the test load along with the
maximum level, if required. In general, the loading shall be slow enough to avoid dynamic effects
that may cause load fluctuations that could alter the test. Errors in the test load may also be
introduced because of changes in test geometry as the load increases, and by the masses of the
test system apparatus. Corrections for these effects are covered in 12.7.

12.4.3 Loading devices

The lpading devices commonly used for static blade testing are:

oyerhead cranes or hoists;
hydraulic or pneumatic actuators;
— dead weights (such as sandbags);
winches.

Othel equipment is sometimes required to modify or di oad onto different

points on the blade. Some of these devices are:

— Whiffle trees and spreader bars;

— rqgcker arms and levers;

— pplley and cable systems.

%ﬂ |

Som¢ examples of these devices are g|ven

X

12.5| Fatigue testing

12.5.1 Type of load

12.5.(1.1 Gene@

Therg¢ are many wa 8 int or
at mdltiple point i 3 . The
load [can be 9 ) i 5 and
disaqvantages. type : 2d.

12.5.[1.2~Co

In copstant amptit besting, the test load is characterized by a single-load cycle that is repgated
many time§;-and in which the maximum and minimum load values are fixed. Constant amplitude
bladg test-data are generally easier to compare with material coupon data because they are
comrmonly determined using the same method. With constant amplitude testing, non-linear fhilure
modes are easier to avoid when loads are amplified to accelerate tests. Constant amplitude tests
ignore the possibility of load sequence effects and will introduce some additional uncertainty
because of their sensitivity to the fatigue formulation (see annex B).

12.5.1.3 Block loading

Block loading is a variation of constant amplitude testing where the load is changed one or more
times after a prescribed duration of constant amplitude cycles. One objective can be to generate
a fatigue failure by applying blocks of load cycles at progressively increasing amplitudes. If the
blade survives a block of cycles, the load is increased by a prescribed amount and a new block
of cycles is applied. This process is repeated until a failure causes the test to stop. This loading
type allows a test to be conducted at a reasonable load level to qualify a blade's design (such as
with a design-verification test). However, increasing the load allows the test to be accelerated
further to determine the failure life, likely failure mode, and design margins or reserves.
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The contribution of damage from each load block can be computed using Miner's rule. Block
loading is generally used with constant amplitude loading. The load should not be increased above
the level that would alter the failure mode from the expected failure mode during normal operation.

Another variation of block loading is variable block loading where load blocks of various amplitudes
are alternately applied. The objective of variable block loading is to introduce some sequence
characteristics to a constant amplitude test when continuous variable amplitude loading is not
possible.

12.5.1.4 Variable amplitude loading

In vafiable amplitude Toading, the Toad is characterized by a series of Toad cycles with diffferent
magrnitudes and mean values. The load series is typically repeated many time load
specfrum may contain a range of load amplitude ratios and magnitudes. The more
difficlilt to compare with coupon data taken at constant amplitude. Load 2z more
difficjilt for variable amplitude loading because there are limits to load 5,8.5.1).
Varigble amplitude loading gives the highest accuracy in matchi Ctrum
becapise the fatigue computation is not as sensitive to uncertainiy (see
annek B).

12.5.[1.5 Single-axial loading

This allow
the Ig plied
sepaf mpo-
nents Il not
resulf i $ with
multi

Applyi Cur in
phase. S ‘ ing will
stresp f hending axis more severely, but will under-logd the
regio| j

Single-

12.5

Inm / g, are
appli d separate loading devices. The phase relationship between thg load
comgone ' o own and controlled throughout the test. This method is [more
representative f the\actual stress distributions around the cross-section of the blade during
operation. With twq axes of bending, fibres near the neutral axis of one load component are
stressed from the other bending direction. Multi-axial loading can be used with constant or vayriable
amplltude testing.

12.5.1.7 Multiple load points

For simplicity, a single spanwise load introduction point is often used in fatigue testing. A single
point can generally test a large portion of the blade span, but not the entire length. To increase the
length of the blade test section or the accuracy of the moment distribution, multiple points along
the blade can be used to introduce the load. This greatly increases the test complexity but it may
be necessary to involve all of the critical regions of the blade for a single load combination.
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12.5.1.8 Resonance loading

Resonance loading is achieved by exciting the blade at a frequency close to the natural frequency
of the blade. As the spanwise load distribution follows the mode shape of the blade, the desired
load can be obtained by adding mass in selected areas, and so, a large part of the blade can be
tested in one test. Resonance loading is often used for single-axial, constant amplitude loading,
but with certain limitations it may also be used for variable amplitude loading by changing the
excitation frequency.

12.5.2 Test control methods

12.5.f.1 General
Ther

princ|ple, the control method used is not dependent on the type of loadh
does|not cover specific hardware or test set-up configurations. Thes

12.5.2.2 Displacement control

Under displacement control the blade deflections are contro inde S being
applied. Displacement control may be necessary whe ‘ i hbout

20 %) the blade natural frequency. In these cases, bl plied
forcel|from its static level. In a linear-elastic structure load
and 9 i Ijvels.

jugted if

signifi

Test
natur
and t

guasi-static loading to beyond thg first
requency to maintain dynamic stability

12.5.p.

Forcg control us ne the movement of the blade. The force is applied
indegendently of thé b S natural frequencies. If the blade weakens or failg, the
force remains congfts i hNgher displacements. Additional measures should be taken

amic
hents

ange
de to
: : , the
amplitude of drsplacements can be adjusted by varyrng the excrter frequency Blade resonance can
be achieved by attaching an exciter to the blade or by moving the base at the blade's fundamental
frequency. Large changes in the ambient temperature may cause changes in the blade stiffness
and in the mean deflection of the blade, which may require adjustments to the test. Blade loads
are controlled by directly maintaining deflections or strain within a specific tolerance range or
indirectly using accelerometers.

12.5.3 Loading devices
The following types of equipment have been used to conduct fatigue tests on wind turbine blades:

— eccentric rotating mass;
— hydraulic actuators;
— camshaft.
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A more complete description of the loading devices is given in annex D.

12.6 Advantages and disadvantages of test alternatives

In table 1 the disadvantages of the test alternatives described above are summarized.

Table 1 — Advantages and disadvantages of test alternatives

Test alternative Advantage Disadvantage

Distributed surface loading Accurate load distribution Only single axial
(using dead weight such as
sandbags, efc.)

Shear load distribution is very accurate Only static loads

Failure energy r can leadto

Single-point loading Simple hardware elare

to test]

Multiple-point loading Larger part of the blade tested in one < e\complicated hardware and Iqad

test ont
Shear forces are more realistic \
Sing|e-axial loading Simpler hardware u/ Lithited i ieving the correct

damage distribution over thg
Multifaxial loading Possibility to make | mbingtions complicated hardware and Iqad
flap-wise and roI
edgewise loads realisti

hole cross-section
Resgnance testing Simple hardware \> Limited in achieving the correct
ener mphi strain/damage d|_str|but|on over thd
whole cross-section

Congtant amplitude loadin pl\&fast lowe k Ioads Sensitive to accuracy of fatigue
f\ formulation

Congtant amplitud Yim) r\0 cycl to failure Sensitive to accuracy of fatigue

progfessive block@%w formulation and sequence effects

Congtant amplitudew
block loading

imulate variable Sensitive to accuracy of fatigue
formulation and sequence effects,
although less than for constant
amplitude progressive block loading

Varigble amply ud}ﬁ%ing @alistic loading Higher peak loads
Lesswgensitive to accuracy of fatigue Complicated hardware and softwafe
& \ \?rmulation Can be slower
N

12.7 | Deterministicctorrections

12.7.1.</Tare loads

The test may be influenced by gravitational loads that are not part of the test load or measured by
the load cell. These loads should be properly accounted for during the test and processing of the
test data.

Tare loads can result from the masses of

— the blade itself;

— clamping structures to connect the actuators;
— hinges at the blade;

— actuators;

— Whiffle tree apparatus;

— cables, slings, and transducers.
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The masses of any of the above equipment and their location with respect to the blade co-ordinate
system shall be documented. The relevant test loads shall be corrected to account for these
additional mass loads. Care should be taken to establish the zero level of the load cells within a

kno

wn uncertainty level.

In some cases, tare loads may act perpendicular to the sensitive axis of the load cell. For example
a horizontally orientated actuator connected at one end to the test rig and at the other end to the
blade will transfer part of its dead weight to the blade. This load is not measured by the load cell
but should be accounted for. Some equipment (e.g. Whiffle tree components) may introduce local
moments to the blade that cannot be completely eliminated.

12.7.2 Load angle changes

As the blade deflects, the load direction relative to the blade orientation load
direction changes should be taken into account in evaluating the test loga more
detail in annex C.

12.7.8 Induced torsional loading

Torsipnal moments acting on the blade can be caused by span uring
loading. As the blade is deflected in one directio cting
perpgndicular to the first will generate a torsional maq nitial
defleftion times the perpendicular load. These mo d be
consijdered when specifying the test load

Torsipnal moments can also be applied™whe gition of the applied force|(s) is
different from the elastic axis of the blade™ m the
elast|c axis to give a prescribed torsion

12.8| Data collection

12.8.1 General

Datajcollection cd ding.
Thespg activities rarige franvy data.
The data requireme Hards
authqrities.

12.8.p

For strengt eNxmaghitude, location and direction of the loads applied shall be monitored
and fecorded ed in
clause 13, the-applied foad should also be recorded and, if applicable, data sampling frequencies
should be sufficient 1o measure dynamic load changes within acceptable tolerances.

The appltiedtoads can be monitored in differentways. T he mostappropriate method for monitoring

the loads is generally dependent on the test method used. In the following, the different principles

are

mentioned:

deflections;
forces/loads;
accelerations;

strain gauges;
combinations of these.
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Often the load can be determined from blade displacements, particularly during fatigue tests in
which the applied force is different to what it would be under static loading. The applied force is
measured directly in many cases, particularly during static loading. Accelerometers and strain
gauges may also be used to determine the load under some circumstances. These sensors may
also be used to control the load level that must be maintained within the specified tolerances
throughout the test.

A load cell should be placed between the blade and the load application device during static tests.
For a Whiffle tree, it is necessary to measure loads at the top of the Whiffle tree where the single
load is applied. The geometry of the Whiffle tree can be used to determine the loads at each blade
attachment point.

12.8.3 Damage inspection

At frgquent intervals during the test, the blade should be visually inspéxt mage
such|as cracks, delamination, and debonding. Obvious surface damage sk raphed.
Chanfges in deflections, strain levels, stiffness, damping, sound emissi & fal ghape
may flso be included in the inspection procedure. A video record ant evemts occlirring

during the test is recommended.

12.8.4 Changes in stiffness

Stiffnless changes can be used as failure criteriz af\the plage“fox static or fatigue tests| (see
clauge 11) and provide a reliable way o @ during a fatigue test psing
any test method.

During resonance fatigue testing, the stiffness isa ntial parameter to monitor becauge the
load [distribution depends on the stiffn diStgibuti e blade. Depending on the control
philosophy, the stiffness cdn\be monitore eflectign; strain gauge measurements, freuent
calibration loadings, or a : nese nrethaods.

For displacement cont ents are generally taken at slow speeds or yinder
quas|-static Ioa itig i ment
contrpl is used, thedisp

load
when

ness
bXxure
uring
Dlled.
may
| and

Changes in the blade condition that are not detectable by visual inspection can often be found by
the use of strain gauges. Strain gauges placed in a grid pattern and spaced over the tested region
may detect internal failures that might otherwise go unnoticed by showing a corresponding
redistribution in the strain patterns over the blade's surface. Alternatively, critical areas and areas
of high stress, identified by the blade structural design analysis, can be instrumented using strain
gauges. Strain magnitude shifts can be used to infer localized internal failures. This might be used
in the selection of the specific additional tests that might be performed after completion of the
primary fatigue testing. Strain gauges may also be used to measure blade properties but this topic
is covered in clause 13.
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12.8.6 Environmental conditions monitoring

The temperature and humidity in the laboratory should be recorded at intervals sufficient to monitor
ambient fluctuations during the test. These measurements may not be sufficient to establish the
true moisture condition of the blade at any given time. It may take several weeks at constant
humidity for a blade to reach an equilibrium state. Therefore, it may be necessary to section the
blade and test for moisture content after the test is over.

Similarly it takes several hours for a blade to reach an equilibrium temperature. Efforts should be
made to minimize temperature fluctuations by eliminating thermal draughts and local heating
sources. The test blade should be brought into the laboratory environment well in advance of the
test. |f ambient temperature cannot be stabilized over time, more frequent measurements, _should

be mpde. If different ambient conditions exist over the blade surface, multip ts on
the tgst blade should be made.

Envinronmental records may be necessary to quantify thermal effects 3 Ch as
stiffnpss variations, strain gauge drift (particularly on single ele ) ift" in [other
sensors.

Specjalized test environments may be specifically requested: ¥ eS,/additional ipstru-

mentption may be required.

12.8.f Failure description

Failufe modes should be described and G 'h the failure criteria mentjoned
in cldquse 11. At the end of a test it is reas 8 B Cti e blade at the failure location to

13 Qther tests deter

13.1| General

In the previous @ S

addit
comr
norm
tests
destr
tests

ted tests are dealt with. However, other tests giving
al or dynamic properties are important and are| also
be performed independently of the strength test$, but
stof them will be performed in connection with the strength
trength test. If required other supplementary tests, such ag non-
ied gut. These tests will only be mentioned briefly. For some of these
ctions (see 12.7) will be applicable as well.

13.2

The measured displacement and stiffness of the blade should be corrected for deformation pf the
bladg root fixture and the test stand. For the measured natural frequencies, damping and node
shaper_rh_n_l_rrh_l_l_m_h_n'ﬁﬁﬁl_ﬁ'l_l_l_d_(—w, € effect of the test stand shall be considered. For relatively rigid test stands (contribution

to tip deflection less than 1 %), the effect of the test stand can be ignored.

13.3 Deflection
Normally flatwise deflections have most significance because of limited clearance to the wind

turbine tower. During the test, deflections of the blade and test rig should be recorded. The test
will often be done in combination with the static strength test.

13.4 Stiffness distribution

The blade bending stiffness in given load directions can be derived from the load/strain
measurements or from deflection measurements.
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The load/strain method is very suitable if a detailed stiffness distribution is required — especially
in the root and inner part sections. The strain measurement points have to be chosen carefully and
sets of strain gauges — one on each side of the blade at the same spanwise positions — are to be
distributed along the blade. By loading the blade tip and measuring the strains on each side of the
blade and knowing the distance between the gauges, the local curvature can be calculated. From
the curvature and the bending moment the stiffness can be derived. Care has to be taken that the
gauges are placed in "undisturbed" areas of the skin.

Blade displacements should be measured at spanwise positions along the blade length for the
specified loads. The number of displacement measurement locations should be adequate to
determine the displacement curve and stiffness for the whole blade.

The (Iiisplacement method is in a way a simpler and quicker test, but the déflections have fto be
correpted for the deformation of the blade root fixture. Further, the resolutioriNg li inner
part of the blade using this method and some smoothing is necessary, givi i ee of
unceftainty of the result.

The fprsional stiffness of the blade can be expressed in terms of 3 on of
increpsing torque.

13.5| Strain distribution measurements

If requested, the strain distribution can be measu tra erest
giving the strain level distribution for g atioryand orientation should be
documented. The number of measurements,i size,
complexity, areas of interest). If non-lineaxities i level,

the gauges might have to be referencegwith an paded blade with compensation for the¢ tare
loadd (see 12.7.1).

Bladg strains should be me ice tions
in which geometry transitj it 3 bcted
to be[high. Some reco
— rgotto hubc
— blade root;
— rqgot to blade ansit

|
Q
=
«Q
(0]
[7)]
[¢)
Q
o
=)
=3
>
@)
D
¢

— ifternal joints, stiffeners and beams.

EachLme&asurement point can include up to three strain measurements. If the direction of the
principal strains is not known, a strain gauge rosette can be used to determine the magnitude and
direction of the principal strain values at the measurement points.

The use and calibration of strain gauges will not be described here — it should be known by the test
laboratories.

If only stress concentrations or a certain strain level are of interest, a stress coat can be used. This
is a strain-sensitive brittle lacquer with a well-defined cracking limit. After each load step, the coat
has to be inspected for cracks. Stress coat is to be used according to the manual.

Stresses can also be derived from photo-elastic measurements [3].
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13.6 Natural frequencies

Normally, the important frequencies are limited to the first and the second flatwise and the first
edgewise frequencies (and in some cases the first torsional frequency). For most blades, these
frequencies are well separated and more or less uncoupled. Consequently, they can be measured
directly one by one by putting the blade into the desired vibration mode while monitoring signals
from (for example) strain gauges, displacement transducers, or accelerometers representing the
vibration mode. Exciting the second flatwise mode can cause some problems — especially for very
stiff blades.

If it is not possible to excite the modes separately, a frequency analysis can be made on signals

gene ated by Ul\b;t;lly the-btade-infree—vibrationoutsidets harmontes {14+

13.7| Damping

The gtructural damping can be recorded for the flatwise and edgewise d ing the

logarjthmic decrement of an undisturbed oscillation. The amplitude to be

small to avoid influence from aerodynamic damping (a few centimég mind

that the damping is normally very dependent on the temperajuce.

13.8| Mode shapes

It car] be shown that the normal mode shape values, re ate o light S i 5 with

well-$eparated natural frequencies, ca i ginary part of the trgnsfer

functjon (at resonance) relating the forCe | : e i here

the mode shape values are to be determj

Flatwise and edgewise measurements t the

frequency of concern) at a bd on

a rigld test stand. The re table
e exciting force can be measured by afforce

resolution along the blade,

: g. The measurements can then be fed irfto an
analyizer that offepst ibility of extractings\the modulus as well as the phase of the complex
transfer functio ,

Instepd of moving/a\si : , i ivi blade
with i S g the
blade
13.9
A roy more
refing n can

be mpasuyred by cutting the blade into small sections and weighing each of those.

13.10 Creep

For materials sensitive to creep it may be necessary to do a test to define the creep and recovery
characteristics for the blade. These tests are performed for a longer time duration under static
loading of the blade (e.g. hours or days). During the test, the deflection should be measured
frequently and the deflection versus time should be recorded. After a period of time, the load is
removed and the recovery versus time should be recorded as the blade relaxes.

13.11 Other non-destructive testing

Non-destructive testing (NDT) techniques can, in some cases, be used to check that the blade is
built in accordance with the design assumptions and to find manufacturing defects. NDT can be
performed in connection with other tests. Some of the methods used are:
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— measurements checking the geometry of the blade (e.g. dimensions, profile, etc.);
— coin-tap;

— acoustic transmission;

— ultrasonic testing;

— acoustic emission [9];

— thermal imaging [10].

13.12 Blade sectioning

Blad¢ sectioning can be used to check that the blade is built in accordance with the, design
assumptions and to find manufacturing defects.

The following properties can be checked:

— the mass distribution of the blade;
— tHe (e.g. aerofoil) geometry;

— the build-up of laminates, beams, glued connections, ass content,| fibre

ofientation, porosities in a fibreglass blade).

Blade¢ sectioning can also be required to investigate

14 Reporting

14.1| General

The fests shall be documeg 5 and

their fresults comprehensibie

14.2| Content
The fest report sh;l i

c
d

— objectives;
b

ade data;

— blade identification;

— summary of tests and test results;

— appendices: drawings, measured data, logbook, photographs, etc.

14.2.2 Static tests and fatigue tests
The following information is to be given:

— description and derivation of test load;
— description of failure criteria;
— experimental set-up and procedures;
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— test equipment used;

— calibration of measurement equipment;

— locations of strain gauges and points for measuring deflections (drawing);
— measured deflections, loads and load directions;

— accuracy of test results;

— evaluation of test loads including test load distribution 9);

— description of failures 10);

— measured levels and ranges of strains, loads;

dad directions;
— sbmmary of loads and deflections throughout the test.

14.2.83 Other tests

The format and content of a report concerning other tests on & % follow that

described above.

N

9 For design load-envelope testing only.

10) It is also required that all failures on the blade are reported and documented even though it is decided that they are
irrelevant for the result.
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