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A B S T R A C T

A method for optimized testing of wind turbine blades under cyclic loading is experimentally demonstrated in
this paper. The method uses continuous linear optimization to find the best combination of different uniaxial
and multiaxial test blocks to achieve material-based damage targets across the blade and minimize test time.
By applying the method on a real commercial wind turbine blade and comparing it with a standard fatigue test
performed on a blade of the same type, the present work shows that improved fatigue tests can be obtained
in terms of both accuracy and total test time.
1. Introduction

Full-scale fatigue testing of wind turbine blades has faced dif-
ferent challenges since its inception. Among the different challenges
are the test time which increases as the blades get longer [1], and
the test loads which are too simple and may not sufficiently repre-
sent the actual operating loads [2], as there seems to be a mismatch
between failures observed during operation and during certification
tests [3]. Different test methods have been developed to face these
challenges, which include the development of multiaxial fatigue tests
using dual-axis forced-displacement methods [4–6], combined forced-
displacement and resonance methods [7,8], and dual-axis resonance
methods [1,9–13]. Although all these methods have been shown to
contribute to overcoming these challenges, there is a growing need to
further improve these tests as blades above 100 m [14] will be tested,
which will require a significant long test time (i.e., about a year or
longer) if current standard fatigue tests are used [1].

Some of those fatigue test methods were applied on real blades to
demonstrate their capabilities compared to the methods used up to the
time of their conception. Some of them totally or partially changed the
way of testing wind turbine blades until current standard tests were
defined [15,16], in which the blades are consecutively tested under
flapwise and lead–lag loading using resonance excitation for a number
of cycles equivalent to their design lifetime of 20–25 years. Some other
methods continue to inspire the development of new fatigue tests.

In 1988, van Delft et al. [4] tested a WPS30 wind turbine blade
under dual-axis cyclic forced-displacement using two hydraulic actu-
ators to obtain a realistic loading. A methodology was proposed to
reduce the test time in order not to test the blade for a time equal to

∗ Corresponding author.
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the design fatigue lifetime, which was 20 years for that type of blade.
The methodology included the omission of non-damaging load cases,
filtering non-damaging load cycles, and increasing the load by a factor
of 1.25. This led to the test lasting nine months, in which it was as-
sumed that the blade was tested for a fatigue lifetime equivalent to the
design fatigue lifetime. A decade later, Hughes and Stensland [6] tested
three blades from different manufacturers also under dual-axis cyclic
forced-displacement using a test configuration consisting of a flapwise
actuator, a lead–lag actuator, a bellcrank assembly, and a pushrod. The
test setup was designed to minimize the different challenges related
to dual-axis forced-displacement methods, such as applying the right
angle between the two forces. However, it was also observed from
the experiments that more advance tools were needed to minimize the
complexity of the tests.

In 2004, White [7] tested a wind turbine blade using lead–lag
forced-displacement combined with flapwise resonance excitation to
demonstrate the new resonance excitation method at the time. This
study showed that the resonance test system can accurately reproduce
the fatigue results of the forced-displacement system saving half the test
time. Later, Beckwith [10] tested a CX-100 blade to demonstrate the
proposed Phase-Locked Excitation (PhLEX) fatigue test method to lower
power requirements while maintaining test accuracy compared to the
dual-axis forced-displacement methods. The PhLEX method consisted
of a combination of resonant excitation and forced-displacement, using
three linear resonant loading actuators in the lead–lag direction and
a hydraulic actuator in the flapwise direction called PhLEX actuator.
The PhLEX actuator contributed to control the phase angle between
the forces by controlling the flapwise displacement. The drawback
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Fig. 1. Flowchart of the simulation process of the optimization fatigue test method proposed in [1], which is experimentally demonstrated in the present paper.
Fig. 2. (a) Target equivalent strain amplitud, �̂�𝑡𝑔𝑡𝑧,𝑎𝑚𝑝,𝑖, in micro-strains, and (b) target damage, 𝐷𝑡𝑔𝑡
𝑖 , along the blades under analysis in this paper for �̂� = 10 and �̂� = 2𝐸6 cycles;

where �̂� is the slope of the equivalent 𝜀–𝑁 curves and �̂� is the equivalent number of cycles, see more details in [1]. Trailing-edge, TE, spar-cap, SC, and leading-edge, LE, all at
both the suction-side, SS, and pressure-side, PS.
of that method was the fact that the blade was subjected to forced-
displacement in the flapwise direction, thus increasing test time and
power consumption compared to full resonance tests.

In 2011, Bürkner and van Wingerde [8] tested a commercial wind
turbine blade using the dual-axis resonance method. The study showed
that this type of test can be performed with servo-hydraulic cylinders
directly attached to the blade and that test time can be reduced by
a factor of two compared to uniaxial resonance tests. Chaotic and
phase-locked tests were performed during that study. In the chaotic
tests, only the amplitude ratio between the two load directions was
controlled; whereas, in the phase-locked tests, not only the amplitude
ratio between the loads was controlled but also their frequency ratio
and phase angle. Other analyzes have also been carried out to study and
demonstrate the capabilities of the dual-axis resonance method [11,12].

In 2020, an experimental study [17] was performed on a commer-
cial blade between 60 m and 70 m long to demonstrate the elliptical
biaxial resonance fatigue test method proposed in [13]. That method
focused on a phase-locked resonant biaxial excitation with a frequency
ratio of 1:1, so that the counting of damage equivalent load cycles
was simplified in comparison to biaxial tests with multiple frequencies.
The experimental study showed that this type of test was feasible with
the blade under analysis by using load elements such as spring beams,
decoupled masses and hydraulic actuators. However, the implementa-
tion of that method in modern wind turbine blades whose length is
greater than 100 m could be a challenge since such load elements have
to be large and very robust, which could make their installation and
operation difficult.

Recently, a method for optimized multiaxial fatigue testing of wind
turbine blades was suggested in [1]. This method allows to reduce test
time and better account for the effect of loads on the blade response at
the material level compared to current standard tests [15,16]. Unlike
the standard tests in which uniaxial fatigue tests in the flapwise and
lead–lag directions are performed consecutively, an optimal combina-
tion of uniaxial and multiaxial test blocks that minimizes test time
can be found with the method suggested in [1]. Using multiaxial
2

loading instead of independent uniaxial loading contributes to reduce
test time since the blade is excited in several directions at the same
time. Furthermore, such a combination of test blocks is also defined so
that strain-based damage targets are reached throughout the blade. This
is currently not possible with the standard tests as only independent
bending moments in the flapwise and lead–lag directions are consid-
ered as target, and therefore regions subjected to loads in directions
other than those two may not be properly tested [2]. When the method
in question was applied numerically on a 14.3 m commercial blade
in [1], it was shown that the strain-based damage target was achieved
in all blade regions unlike the standard test, that the test time was
halved in comparison with the standard test, and that there was no
need to use complex load elements such as those used in the method
demonstrated in [17], thus showing the potential and simplicity of this
method.

Motivated by those results, this paper presents the experimental
demonstration of the method suggested in [1] on a commercial wind
turbine blade, and a comparison with fatigue tests performed on a
blade of the same type following current standards. We believe that the
method demonstrated in this study could contribute to make current
standard tests faster and more representative.

2. Summary of the optimization fatigue test method

Below is a summary of the main steps suggested by the fatigue
test method proposed in [1] (see Fig. 1), which will be experimentally
demonstrated in this paper. For more details on this method, see [1].

• Estimate the target equivalent strain amplitude, �̂�𝑡𝑔𝑡𝑎𝑚𝑝,𝑖, at each
blade point 𝑖 under interest considering the combined effect of
flapwise and lead–lag bending moments, see, e.g., in Fig. 2a.
Aeroelastic simulations according to the design load cases for
fatigue suggested by the standards [18] can be used to obtain such
bending moments. Structural properties, aerodynamic properties,
and half-chord coordinates of the blade under analysis may be
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Fig. 3. (a) Blade test setup and (b) load and control system used in both standard and optimized test campaigns.
needed as input for this process, see, e.g., in Tables A.6–A.8,
respectively.

• Define different input test blocks 𝑗, covering different test setups
(e.g., different location and values of tuning masses, different ex-
citer locations, etc.) and different uniaxial and multiaxial loading
conditions (e.g., different values of flapwise and lead–lag forces),
see, e.g., in Section 3.2. Ultimate loads (see, e.g., in Table A.9)
must be considered when selecting these test blocks to prevent
the blade from failing during testing by exceeding the maximum
load capacity.

• Estimate the equivalent damage ratio 𝐸𝐷𝑅𝑗𝑖,𝑡0 , which is defined
as the ratio between the test damage caused by each test block 𝑗
for a given time period 𝑡0, 𝐷𝑡𝑒𝑠𝑡

𝑗𝑖,𝑡0
, and the target damage, 𝐷𝑡𝑔𝑡

𝑖 , at
each blade point 𝑖 of interest, as follows:

𝐸𝐷𝑅𝑗𝑖,𝑡0 =
𝐷𝑡𝑒𝑠𝑡

𝑗𝑖,𝑡0

𝐷𝑡𝑔𝑡
𝑖

=
( �̂�𝑡𝑒𝑠𝑡𝑧,𝑎𝑚𝑝,𝑗𝑖,𝑡0

�̂�𝑡𝑔𝑡𝑧,𝑎𝑚𝑝,𝑖

)�̂�
(1)

where, �̂�𝑡𝑒𝑠𝑡𝑧,𝑎𝑚𝑝,𝑗𝑖,𝑡0
is the test equivalent strain amplitude at the

blade point 𝑖 during the test block 𝑗 for a given time period 𝑡0,
�̂�𝑡𝑔𝑡𝑧,𝑎𝑚𝑝,𝑖 is the target equivalent strain amplitude, and �̂� is the slope
of the corresponding 𝜀–𝑁 curve, see [1,2] for more details.

• Solve a continuous linear optimization problem to find the opti-
mal combination of test blocks (see, e.g., in Table 1) that mini-
mizes the total test time, 𝑇 , while keeping the error 𝑒𝑖 between
the lower and upper limits, 𝑒 and 𝑒 respectively, supplied by the
3

𝑖 𝑖
user. This is
minimize

𝑥𝑗∈R𝑛𝑙
𝑇 = 𝑡0

∑𝑛𝑙
𝑗=1 𝑥𝑗

subject to 𝑒𝑖 ≤ 𝑒𝑖(𝑥𝑗 ) ≤ 𝑒𝑖
𝑥𝑗 ≥ 0

(2)

where 𝑛𝑙 is the total number of evaluated test blocks, 𝑥𝑗 is the
number of times that the test block 𝑗 should be repeated, and the
error 𝑒𝑖 is defined as the difference between the target equivalent
damage ratio, 𝐸𝐷𝑅𝑖,𝑡𝑔𝑡, and the total equivalent damage ratio at
the end of the test, i.e., 𝐸𝐷𝑅𝑖,𝑡𝑒𝑠𝑡 =

∑𝑛𝑙
𝑗=1 𝑥𝑗𝐸𝐷𝑅𝑗𝑖,𝑡0 , as follows:

𝑒𝑖 = 𝐸𝐷𝑅𝑖,𝑡𝑔𝑡 −
𝑛𝑙
∑

𝑗=1
𝑥𝑗𝐸𝐷𝑅𝑗𝑖,𝑡0 (3)

Note that 𝐸𝐷𝑅𝑖,𝑡𝑔𝑡 is normally assumed equal to one, which means
that the test damage at the end of the test, 𝐷𝑡𝑒𝑠𝑡

𝑖 , must be ideally equal
to the target damage, 𝐷𝑡𝑔𝑡

𝑖 , at the blade point 𝑖 and not that the blade
fails at that location. 𝐸𝐷𝑅𝑖,𝑡𝑔𝑡 can also be lower than one when, for
example, the blade point under analysis is not critical.

3. Experiment description

In this study, two blades were tested under cyclic loading to demon-
strate the capabilities of the optimization test method for wind turbine
blades described in Section 2. One of the blades was tested according
to the standard guidelines [15] and the other according to the opti-
mization method in question. A comparison was made between both
methods in terms of accuracy and test time. This section presents a



Composite Structures 293 (2022) 115683O. Castro et al.
Table 1
Simulated test blocks for optimized test campaign.
Tuning masses Blade excitation

Block-01 - Single-axial lead–lag - 𝑡𝑠𝑖𝑚𝑏𝑙𝑘 = 0.2 days

𝑧𝑡 [%] 𝑚𝑠𝑖𝑚
𝑡 ∕𝑚𝑏𝑙𝑎𝑑𝑒 𝐹 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝐸𝐶𝑓𝑙𝑎𝑝 𝐹 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝐸𝐶𝑙𝑒𝑎𝑑 𝑓 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝 𝑓 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑

21.0 0.87 – 0.14 – 0.94
31.5 0.98 – – – –
42.7 0.19 – – – –

Block-02 - Single-axial lead–lag - 𝑡𝑠𝑖𝑚𝑏𝑙𝑘 = 0.2 days

𝑧𝑡 [%] 𝑚𝑠𝑖𝑚
𝑡 ∕𝑚𝑏𝑙𝑎𝑑𝑒 𝐹 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝐸𝐶𝑓𝑙𝑎𝑝 𝐹 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝐸𝐶𝑙𝑒𝑎𝑑 𝑓 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝 𝑓 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑

21.0 0.87 – 0.14 – 0.88
31.5 0.98 – – – –
42.7 0.13 – – – –
69.9 0.05 – – – –

Block-03 - Chaotic - 𝑡𝑠𝑖𝑚𝑏𝑙𝑘 = 3.8 days

𝑧𝑡 [%] 𝑚𝑠𝑖𝑚
𝑡 ∕𝑚𝑏𝑙𝑎𝑑𝑒 𝐹 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝐸𝐶𝑓𝑙𝑎𝑝 𝐹 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝐸𝐶𝑙𝑒𝑎𝑑 𝑓 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝 𝑓 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑

21.0 0.73 – 0.14 – 0.98
31.5 0.98 1.00 – 0.99 –

Block-04 - Chaotic - 𝑡𝑠𝑖𝑚𝑏𝑙𝑘 = 2.3 days

𝑧𝑡 [%] 𝑚𝑠𝑖𝑚
𝑡 ∕𝑚𝑏𝑙𝑎𝑑𝑒 𝐹 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝐸𝐶𝑓𝑙𝑎𝑝 𝐹 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝐸𝐶𝑙𝑒𝑎𝑑 𝑓 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝 𝑓 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑

21.0 0.87 – 0.11 – 0.91
31.5 0.98 1.00 – 0.98 –
42.7 0.37 – – – –

Block-05 - Chaotic - 𝑡𝑠𝑖𝑚𝑏𝑙𝑘 = 0.2 days

𝑧𝑡 [%] 𝑚𝑠𝑖𝑚
𝑡 ∕𝑚𝑏𝑙𝑎𝑑𝑒 𝐹 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝐸𝐶𝑓𝑙𝑎𝑝 𝐹 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝐸𝐶𝑙𝑒𝑎𝑑 𝑓 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝 𝑓 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑

21.0 1.00 – 0.11 – 0.83
31.5 0.98 1.00 – 0.85 –
69.9 0.11 – – – –

Block-06 - Chaotic - 𝑡𝑠𝑖𝑚𝑏𝑙𝑘 = 0.5 days

𝑧𝑡 [%] 𝑚𝑠𝑖𝑚
𝑡 ∕𝑚𝑏𝑙𝑎𝑑𝑒 𝐹 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝐸𝐶𝑓𝑙𝑎𝑝 𝐹 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝐸𝐶𝑙𝑒𝑎𝑑 𝑓 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝 𝑓 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑

21.0 0.73 – 0.11 – 0.80
31.5 0.98 1.00 – 0.82 –
42.7 0.08 – – – –
69.9 0.13 – – – –
a
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description of the experimental tests performed, including a description
of the blade specimens, the standard test setup, the optimized test
setup, the blade instrumentation, and how the tests were performed.

3.1. Blade description

Two 14.3 m commercial wind turbine blades manufactured by Olsen
Wings A/S [19] were used in this study. The information related to the
blade properties can be found in Appendix A, which were assumed the
same in both cases.

The simulated target equivalent strain amplitude, �̂�𝑡𝑔𝑡𝑎𝑚𝑝,𝑖, across the
blades is shown in Fig. 2a and Appendix B; whereas, the target damage,
𝐷𝑡𝑔𝑡

𝑖 , along the blades is shown in Fig. 2b. These targets were calculated
using the same procedure described in [1] and the updated blade
properties shown in Appendix A. As described in [1], this analysis used
several points (or stations), 𝑖, along each blade. In this case, 18 cross-
sections were considered, each with 50 points located on the outer
surface, for a total of 900 points along each blade.

3.2. Optimized fatigue test

The method outlined in Section 2 was used to obtain a simulated
optimal test solution for one of the blades analyzed in this study. This
solution was used to define the experimental test setup to demonstrate
said method. The same input data used to analyze the blade in [1] were
used in the simulations since both blades were of the same type and
only some structural properties changed from one to the other. This
input data includes, locations and values of tuning masses, lead–lag and
flapwise exciter locations, and evaluated exciter load levels.
4

r

Accordingly, the normalized tuning mass distribution, 𝑚𝑠𝑖𝑚
𝑡 ∕

𝑚𝑏𝑙𝑎𝑑𝑒, the normalized excitation configurations, 𝐹 𝑠𝑖𝑚
𝑓𝑙𝑎𝑝∕𝐸𝐶𝑓𝑙𝑎𝑝 and

𝐹 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝐸𝐶𝑙𝑒𝑎𝑑 , and the normalized load frequencies, 𝑓 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝 and
𝑓 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑 , for the optimized test campaign obtained from the

simulations is presented in Table 1. In this table, 𝑧𝑡 is percentage of the
blade span from the root, 𝑚𝑠𝑖𝑚

𝑡 is the simulated tuning mass; 𝑚𝑏𝑙𝑎𝑑𝑒 is
the blade mass (i.e., 𝑚𝑏𝑙𝑎𝑑𝑒 = 750 kg); 𝐹 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝 and 𝐹 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑 are the simulated

forces applied in the flapwise and lead–lag directions, respectively;
𝐸𝐶𝑓𝑙𝑎𝑝 and 𝐸𝐶𝑙𝑒𝑎𝑑 are the load capacity of the exciters in the flapwise
nd lead–lag directions (i.e., 𝐸𝐶𝑓𝑙𝑎𝑝 = 7.0𝑘𝑁 and 𝐸𝐶𝑙𝑒𝑎𝑑 = 3.5𝑘𝑁 ,
espectively); 𝑓 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝 and 𝑓 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑 are the simulated frequencies in which

he flapwise and lead–lag forces should be applied, respectively; and
𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝 and 𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑 are the blade natural frequencies in the flapwise
nd lead–lag directions (i.e., 𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝 = 2.2806 Hz and 𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑 =
.9194 Hz, respectively).

As shown in Table 1, two lead–lag and four chaotic test blocks
efine the simulated optimal test campaign. Each of these blocks should
e applied during different simulated time periods, 𝑡𝑠𝑖𝑚𝑏𝑙𝑘 , which lead to
total simulated test time of 𝑇 𝑠𝑖𝑚

𝑜𝑝𝑡 = 7.2 days. How this solution was
mplemented in reality is presented in Sections 3.4 and 3.5.

.3. Standard fatigue test

According to current standards [15,16], wind turbine blades are
onsecutively tested under cyclic flapwise and lead–lag loads, consid-
ring target fatigue bending moments, 𝑀 𝑡𝑔𝑡, in those two directions.
uring the tests, the blades are loaded for an equivalent number of
ycles �̂� in each direction so that the 𝑀 𝑡𝑔𝑡 moments are reached by the
orresponding test fatigue bending moments, 𝑀 𝑡𝑒𝑠𝑡, in the most critical
egions of the blade.
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𝑛

Fig. 4. Comparison between the simulated and experimental total equivalent damage ratio, EDR, after the three first test blocks of the optimized test. Data from different
cross-section regions (i.e., trailing-edge, TE, trailing-edge panel, TE-Panel, spar-cap, SC, and leading-edge, LE, all at both the suction-side, SS, and pressure-side, PS) and at different
blade spans: (a) 0.75 m (5.2%); (b) 2.18 m (15.2%); (c) 4.00 m (28.0%); (d) 8.25 m (57.7%); (e) 9.25 m (64.7%); and (f) 12.00 m (83.9%). The values in parentheses correspond
to 𝑧𝑡.
Following this methodology, the simulated test setup obtained for
the standard flapwise and lead–lag fatigue tests for the blade type under
analysis is shown in Table D.12. These test setups were defined to
achieve the 𝑀 𝑡𝑔𝑡 moments in both directions in regions between the
root and 70% of the blade span based on suggestions provided by the
manufacturer. The total time required to perform the standard test
campaign according to the simulations was 𝑇 𝑠𝑖𝑚

𝑠𝑡𝑑 = 14.9 days, assuming
̂ = 2𝐸6 cycles in each direction.

3.4. Test setup and blade instrumentation

The general test setup used in the standard and optimized fatigue
test campaigns is shown in Fig. 3. The test campaigns were carried out
at the DTU Large Scale Facility (LSF) of the Department of Wind Energy
at the Technical University of Denmark. The blades were installed on
the 25 m test stand1, which has a tilt angle of approximately 3.5◦. The
blades were oriented so that the pressure side was upward and the root
was orientated at a zero pitch angle (i.e., angle between the root chord
and the horizontal plane).

Moog MRE3 [20] mass resonance exciters were used to excite the
blades in the flapwise and lead–lag directions, see Fig. 3 and Table 2.
The lead–lag and flapwise exciters were installed in the locations
along the blade presented in the Tables 1 and D.12 for the optimized
and standard tests, respectively. For the lead–lag case, a single mass
resonance exciter installed in the upper part of the loading saddle was

1 Meaning that the test stand is designed to test blades up to 25 m in length.
5

Table 2
Mass resonance exciter information.

Test type Number of exciters Total static mass Total moving mass
[−] [−] [kg] [kg]

Flapwise 2 150 336
lead–lag 1 75 50

used; whereas, for the flapwise case, two mass resonance exciters were
used with masses installed on the lateral faces of the loading saddle.

Additionally, tuning masses on saddles located at the blade span
locations shown in the Tables 1 and D.12 were used to adjust the loads
during the optimized and standard test campaigns, respectively. The
saddles were made up of two blocks of plywood connected by threaded
bolts and C-channels.

The tests were conducted in displacement control using Moog’s test
controller hardware and Moog Integrated Test Suite software [20],
see Fig. 3. The test loads were applied by moving the mass on the
exciters with a sinusoidal signal. Various safety features were applied
in the test control to protect the test sample from excessive loading
and displacement, including displacement and error limits in software
and mechanical displacement limiting systems, such as the safety frame
with laser sensors shown in Fig. 3.

Moreover, linear strain gauges HBM 1-LY61-10/350 were installed
in 12 different cross-sections along the span of each blade. In each
cross-section, four or eight gauges were installed, resulting in a total of
76 strain gauges per blade. The deployment of the strain gauges on each
blade is given in Table C.11. The locations are given in circumferential
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Table 3
Experimental test blocks according to the first three blocks within the optimized test campaign presented in Table 1. See
values of 𝑚𝑏𝑙𝑎𝑑𝑒, 𝐸𝐶𝑓𝑙𝑎𝑝, 𝐸𝐶𝑙𝑒𝑎𝑑 , 𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝, and 𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑 in Section 3.2.

Tuning masses Blade excitation

Block-01 - Single-axial lead–lag - 𝑡𝑒𝑥𝑝𝑏𝑙𝑘 = 0.2 days

𝑧𝑡 [%] 𝑚𝑒𝑥𝑝
𝑡 ∕𝑚𝑏𝑙𝑎𝑑𝑒 𝐹 𝑒𝑥𝑝

𝑓𝑙𝑎𝑝∕𝐸𝐶𝑓𝑙𝑎𝑝 𝐹 𝑒𝑥𝑝
𝑙𝑒𝑎𝑑∕𝐸𝐶𝑙𝑒𝑎𝑑 𝑓 𝑒𝑥𝑝

𝑓𝑙𝑎𝑝∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝 𝑓 𝑒𝑥𝑝
𝑙𝑒𝑎𝑑∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑

21.0 0.87 – 0.14 – 0.90
31.5 0.98 – – – –
42.7 0.19 – – – –

Block-02 - Single-axial lead–lag - 𝑡𝑒𝑥𝑝𝑏𝑙𝑘 = 0.2 days

𝑧𝑡 [%] 𝑚𝑒𝑥𝑝
𝑡 ∕𝑚𝑏𝑙𝑎𝑑𝑒 𝐹 𝑒𝑥𝑝

𝑓𝑙𝑎𝑝∕𝐸𝐶𝑓𝑙𝑎𝑝 𝐹 𝑒𝑥𝑝
𝑙𝑒𝑎𝑑∕𝐸𝐶𝑙𝑒𝑎𝑑 𝑓 𝑒𝑥𝑝

𝑓𝑙𝑎𝑝∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝 𝑓 𝑒𝑥𝑝
𝑙𝑒𝑎𝑑∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑

21.0 0.87 – 0.14 – 0.84
31.5 0.98 – – – –
42.7 0.13 – – – –
69.9 0.05 – – – –

Block-03 - Chaotic - 𝑡𝑒𝑥𝑝𝑏𝑙𝑘 = 3.8 days

𝑧𝑡 [%] 𝑚𝑒𝑥𝑝
𝑡 ∕𝑚𝑏𝑙𝑎𝑑𝑒 𝐹 𝑒𝑥𝑝

𝑓𝑙𝑎𝑝∕𝐸𝐶𝑓𝑙𝑎𝑝 𝐹 𝑒𝑥𝑝
𝑙𝑒𝑎𝑑∕𝐸𝐶𝑙𝑒𝑎𝑑 𝑓 𝑒𝑥𝑝

𝑓𝑙𝑎𝑝∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝 𝑓 𝑒𝑥𝑝
𝑙𝑒𝑎𝑑∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑

21.0 0.73 – 0.14 – 0.94
31.5 0.98 1.00 – 0.99 –
Table 4
Simulated test blocks for updated optimized test campaign. See values of 𝑚𝑏𝑙𝑎𝑑𝑒, 𝐸𝐶𝑓𝑙𝑎𝑝, 𝐸𝐶𝑙𝑒𝑎𝑑 , 𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝, and 𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑 in
Section 3.2.
Tuning masses Blade excitation

Block-04b - Chaotic - 𝑡𝑠𝑖𝑚𝑏𝑙𝑘 = 3.0 days

𝑧𝑡 [%] 𝑚𝑠𝑖𝑚
𝑡 ∕𝑚𝑏𝑙𝑎𝑑𝑒 𝐹 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝐸𝐶𝑓𝑙𝑎𝑝 𝐹 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝐸𝐶𝑙𝑒𝑎𝑑 𝑓 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝 𝑓 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑

21.0 0.73 – 0.14 – 0.98
31.5 0.98 1.00 – 0.99 –

Block-05b - Chaotic - 𝑡𝑠𝑖𝑚𝑏𝑙𝑘 = 0.2 days

𝑧𝑡 [%] 𝑚𝑠𝑖𝑚
𝑡 ∕𝑚𝑏𝑙𝑎𝑑𝑒 𝐹 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝐸𝐶𝑓𝑙𝑎𝑝 𝐹 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝐸𝐶𝑙𝑒𝑎𝑑 𝑓 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝 𝑓 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑

21.0 0.60 – 0.11 – 0.87
31.5 0.98 1.00 – 0.88 –
69.9 0.08 – – – –

Block-06b - Chaotic - 𝑡𝑠𝑖𝑚𝑏𝑙𝑘 = 0.5 days

𝑧𝑡 [%] 𝑚𝑠𝑖𝑚
𝑡 ∕𝑚𝑏𝑙𝑎𝑑𝑒 𝐹 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝐸𝐶𝑓𝑙𝑎𝑝 𝐹 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝐸𝐶𝑙𝑒𝑎𝑑 𝑓 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝 𝑓 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑

21.0 0.87 – 0.11 – 0.84
31.5 0.98 1.00 – 0.88 –
42.7 0.19 – – – –
69.9 0.08 – – – –
Table 5
Experimental test blocks based on the simulated test blocks for updated optimized test campaign shown in Table 4. See values
of 𝑚𝑏𝑙𝑎𝑑𝑒, 𝐸𝐶𝑓𝑙𝑎𝑝, 𝐸𝐶𝑙𝑒𝑎𝑑 , 𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝, and 𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑 in Section 3.2.

Tuning masses Blade excitation

Block-04b - Chaotic - 𝑡𝑒𝑥𝑝𝑏𝑙𝑘 = 3.0 days

𝑧𝑡 [%] 𝑚𝑒𝑥𝑝
𝑡 ∕𝑚𝑏𝑙𝑎𝑑𝑒 𝐹 𝑒𝑥𝑝

𝑓𝑙𝑎𝑝∕𝐸𝐶𝑓𝑙𝑎𝑝 𝐹 𝑒𝑥𝑝
𝑙𝑒𝑎𝑑∕𝐸𝐶𝑙𝑒𝑎𝑑 𝑓 𝑒𝑥𝑝

𝑓𝑙𝑎𝑝∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝 𝑓 𝑒𝑥𝑝
𝑙𝑒𝑎𝑑∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑

21.0 0.73 – 0.14 – 0.94
31.5 0.98 1.00 – 0.99 –

Block-05b - Chaotic - 𝑡𝑒𝑥𝑝𝑏𝑙𝑘 = 0.2 days

𝑧𝑡 [%] 𝑚𝑒𝑥𝑝
𝑡 ∕𝑚𝑏𝑙𝑎𝑑𝑒 𝐹 𝑒𝑥𝑝

𝑓𝑙𝑎𝑝∕𝐸𝐶𝑓𝑙𝑎𝑝 𝐹 𝑒𝑥𝑝
𝑙𝑒𝑎𝑑∕𝐸𝐶𝑙𝑒𝑎𝑑 𝑓 𝑒𝑥𝑝

𝑓𝑙𝑎𝑝∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝 𝑓 𝑒𝑥𝑝
𝑙𝑒𝑎𝑑∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑

21.0 0.60 – 0.11 – 0.83
31.5 0.98 1.00 – 0.88 –
69.9 0.08 – – – –

Block-06b - Chaotic - 𝑡𝑒𝑥𝑝𝑏𝑙𝑘 = 0.5 days

𝑧𝑡 [%] 𝑚𝑒𝑥𝑝
𝑡 ∕𝑚𝑏𝑙𝑎𝑑𝑒 𝐹 𝑒𝑥𝑝

𝑓𝑙𝑎𝑝∕𝐸𝐶𝑓𝑙𝑎𝑝 𝐹 𝑒𝑥𝑝
𝑙𝑒𝑎𝑑∕𝐸𝐶𝑙𝑒𝑎𝑑 𝑓 𝑒𝑥𝑝

𝑓𝑙𝑎𝑝∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝 𝑓 𝑒𝑥𝑝
𝑙𝑒𝑎𝑑∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑

21.0 0.87 – 0.11 – 0.80
31.5 0.98 1.00 – 0.87 –
42.7 0.19 – – – –
69.9 0.08 – – – –
coordinates from the suction side of the trailing-edge to the pressure
side of the trailing-edge. These strain gauge locations (denoted from
now on as 𝑘) were included within the points 𝑖 along the blade defined
to perform the simulations described in Section 3.1. A GANTNER data
6

acquisition system [21] was used for strain gauge measurements, see
Fig. 3.

Before the fatigue tests, static calibration tests were performed in
order to estimate the bending moments applied to the blades during
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Fig. 5. Comparison between the simulated and experimental EDR at the end of the optimized test and the experimental EDR at the end of the standard test. Data from different
cross-section regions (i.e., trailing-edge, TE, trailing-edge panel, TE-Panel, spar-cap, SC, and leading-edge, LE, all at both the suction-side, SS, and pressure-side, PS, and at different
blade spans: (a) 0.75 m (5.2%); (b) 2.18 m (15.2%); (c) 4.00 m (28.0%); (d) 8.25 m (57.7%); (e) 9.25 m (64.7%); and (f) 12.00 m (83.9%). The values in parentheses correspond
to 𝑧𝑡.
testing. In the calibration tests, the blades were pulled in flapwise and
lead–lag directions separately from a loading saddle located 13.0 m
from the root with a known mass of 150 kg. The strains at the pressure
and suction spar-caps and at the trailing and leading edges were mea-
sured during the pulls. By using the cross-talk matrix method [22], the
calibration constant matrix that relates the bending moments and the
measured strain values was obtained for each blade. This calibration
matrix was used especially during the standard fatigue test to monitor
and control the applied bending moments.

3.5. Implementation during testing

During testing, both the applied frequencies, 𝑓 𝑒𝑥𝑝, and the applied
load levels, 𝐹 𝑒𝑥𝑝, were adjusted at the beginning of each block to match
the natural frequencies of the actual blade system (i.e., blade, tuning
masses, and exciters) and meet the target bending moments along the
blade for the standard test, and the target strain levels in most strain
gauge locations 𝑘 for the optimized test.

In the standard test, the experimental test time for each test block
(i.e., flapwise and lead–lag blocks), 𝑡𝑒𝑥𝑝𝑏𝑙𝑘 , was adjusted according to the
actual frequencies of the blade system to reach the assumed �̂� = 2𝐸6
cycles in each direction, giving a total experimental test time of 15.6
days. The experimental applied frequencies, applied load levels, and
test time for the standard test are shown in Table D.13.

In the case of the optimized test, the campaign started by perform-
ing the first three test blocks presented in Table 1. The experimental
test time for each test block, 𝑡𝑒𝑥𝑝𝑏𝑙𝑘 , remained the same as the simulated
one, 𝑡𝑠𝑖𝑚, presented in Table 1. The experimental applied frequencies,
7

𝑏𝑙𝑘
applied load levels, and test time for these three blocks are shown in
Table 3.

Subsequently, as the actual strain level at some strain gauge loca-
tions was found to be lower or higher than the expected strain level
obtained from the simulations, a new optimization analysis was carried
out based on the accumulated 𝐸𝐷𝑅𝑒𝑥𝑝

𝑘,𝑎𝑐𝑐𝑢𝑚 up to the third block in order
to reduce the error at the end of the test campaign. To carry out the
new optimization, the equality presented in Eq. (3) was modified as
follows:

𝑒𝑘 = 𝐸𝐷𝑅𝑛𝑒𝑤
𝑘,𝑡𝑔𝑡 −

𝑛𝑙
∑

𝑗=1
𝑥𝑗𝐸𝐷𝑅𝑠𝑖𝑚

𝑗𝑘,𝑡0
(4)

where 𝑒𝑘 is the difference between the new target equivalent damage
ratio, 𝐸𝐷𝑅𝑛𝑒𝑤

𝑘,𝑡𝑔𝑡, and the total equivalent damage ratio at the end of
the new simulated test blocks, ∑𝑛𝑙

𝑗=1 𝑥𝑗𝐸𝐷𝑅𝑠𝑖𝑚
𝑗𝑘,𝑡0

, at each strain gauge
location 𝑘. 𝐸𝐷𝑅𝑛𝑒𝑤

𝑘,𝑡𝑔𝑡 is defined as

𝐸𝐷𝑅𝑛𝑒𝑤
𝑘,𝑡𝑔𝑡 = 𝐸𝐷𝑅𝑘,𝑡𝑔𝑡 − 𝐸𝐷𝑅𝑒𝑥𝑝

𝑘,𝑎𝑐𝑐𝑢𝑚 (5)

where 𝐸𝐷𝑅𝑘,𝑡𝑔𝑡 is the initial target equivalent damage ratio, and
𝐸𝐷𝑅𝑒𝑥𝑝

𝑘,𝑎𝑐𝑐𝑢𝑚 is the accumulated experimental equivalent damage ratio
(in this case up to the third block), both at the strain gauge location 𝑘.
𝐸𝐷𝑅𝑘,𝑡𝑔𝑡 was assumed equal to one [1]. Note that the subscript 𝑘 was
used instead of 𝑖 to differentiate between the strain gauge locations
(i.e., 76 total) and the blade locations used to get the initial test
campaign from the simulations (i.e., 900 in total). The strain gauge
locations 𝑘 were included within the blade locations 𝑖 as described in
Section 3.4.

As seen in Table 4, three new chaotic test blocks (i.e., Block-04b,
Block-05b, and Block-06b) were needed to reach the target equivalent
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Table A.6
Radial position, 𝑟; mass per unit length, 𝑚𝑔 , [1]; radius of inertia with respect to elastic center, 𝑟𝑖𝑥 and 𝑟𝑖𝑦; flapwise bending stiffness, 𝐸𝐼𝑥;
lead–lag bending stiffness, 𝐸𝐼𝑦; torsional stiffness, 𝐺𝐽 , [1]; axial stiffness, 𝐸𝐴, [1]; structural pitch, 𝜃𝑝.

𝑟 𝑚𝑔 𝑟𝑖𝑥 𝑟𝑖𝑦 𝐸𝐼𝑥 𝐸𝐼𝑦 𝐺𝐽 𝐸𝐴 𝜃𝑝
[m] [kg/m] [m] [m] [N m2] [N m2] [N m2/rad] [N] [◦]

0.00 2.71E+02 2.31E−01 2.32E−01 3.20E+08 2.17E+08 6.69E+07 4.82E+09 0.00E+00
0.75 1.80E+02 2.41E−01 2.90E−01 1.80E+08 2.27E+08 5.34E+07 1.45E+09 −2.20E+01
1.50 1.09E+02 2.33E−01 3.11E−01 5.67E+07 8.67E+07 3.05E+07 8.68E+08 −4.23E+01
2.18 7.37E+01 2.06E−01 3.02E−01 4.05E+07 9.68E+07 2.09E+07 7.69E+08 −2.47E+01
2.75 6.63E+01 1.75E−01 2.89E−01 3.21E+07 9.27E+07 1.51E+07 7.55E+08 −1.90E+01
3.50 6.17E+01 1.36E−01 2.65E−01 1.98E+07 6.97E+07 8.67E+06 7.64E+08 −1.54E+01
4.00 5.74E+01 1.14E−01 2.44E−01 1.34E+07 5.38E+07 5.96E+06 7.56E+08 −1.32E+01
4.50 5.41E+01 9.77E−02 2.24E−01 9.41E+06 4.22E+07 4.14E+06 7.28E+08 −1.10E+01
5.50 4.78E+01 7.46E−02 1.98E−01 4.68E+06 2.49E+07 2.16E+06 5.99E+08 −7.21E+00
6.10 4.34E+01 6.52E−02 1.83E−01 3.42E+06 1.91E+07 1.55E+06 5.31E+08 −5.63E+00
7.00 3.72E+01 5.49E−02 1.65E−01 2.06E+06 1.29E+07 1.00E+06 4.42E+08 −4.20E+00
8.25 3.02E+01 4.57E−02 1.45E−01 1.10E+06 8.29E+06 6.10E+05 3.44E+08 −3.79E+00
9.00 2.66E+01 4.20E−02 1.38E−01 7.16E+05 5.82E+06 4.64E+05 2.74E+08 −3.05E+00
9.75 2.31E+01 3.89E−02 1.33E−01 5.31E+05 4.59E+06 3.71E+05 2.31E+08 −2.94E+00
11.00 1.92E+01 3.40E−02 1.28E−01 3.41E+05 3.38E+06 2.79E+05 1.75E+08 −2.28E+00
12.00 1.58E+01 2.91E−02 1.21E−01 2.01E+05 2.63E+06 1.76E+05 1.38E+08 −1.76E+00
13.55 7.08E+00 1.46E−02 7.84E−02 4.95E+04 9.56E+05 3.15E+04 6.60E+07 −6.29E−01
14.30 1.31E+00 1.42E−03 1.03E−02 5.00E+02 5.00E+02 4.60E+01 4.51E+06 1.75E−02
Table A.7
Radial position, 𝑟; chord length, 𝑐; ratio between profile chord and height, 𝑐∕𝑡, [1].
𝑟 𝑐 𝑐∕𝑡 𝑟 𝑐 𝑐∕𝑡
[m] [m] [−] [m] [m] [−]

0.00 7.21E−01 1.00E+02 9.37 5.77E−01 2.04E+01
0.50 6.94E−01 1.00E+02 9.94 5.56E−01 2.01E+01
1.03 1.13E+00 5.72E+01 10.50 5.40E−01 1.96E+01
1.59 1.32E+00 4.40E+01 11.00 5.26E−01 1.91E+01
2.18 1.33E+00 3.89E+01 11.40 5.11E−01 1.86E+01
2.80 1.28E+00 3.43E+01 11.90 4.93E−01 1.80E+01
3.45 1.20E+00 2.98E+01 12.30 4.70E−01 1.74E+01
4.11 1.10E+00 2.64E+01 12.60 4.41E−01 1.68E+01
4.79 1.01E+00 2.40E+01 12.90 4.06E−01 1.62E+01
5.47 9.10E−01 2.27E+01 13.20 3.63E−01 1.57E+01
6.16 8.24E−01 2.19E+01 13.50 3.13E−01 1.52E+01
6.83 7.50E−01 2.15E+01 13.70 2.55E−01 1.47E+01
7.50 6.89E−01 2.12E+01 14.00 1.90E−01 1.44E+01
8.15 6.41E−01 2.10E+01 14.10 1.18E−01 1.40E+01
8.77 6.04E−01 2.07E+01 14.30 3.96E−02 1.37E+01
Table A.8
Section number, 𝑠𝑒𝑐; half-chord coordinates, 𝑥𝑝𝑜𝑠, 𝑦𝑝𝑜𝑠, and 𝑧𝑝𝑜𝑠; aerodynamic twist, 𝛽, [1].

𝑠𝑒𝑐 𝑥𝑝𝑜𝑠 𝑦𝑝𝑜𝑠 𝑧𝑝𝑜𝑠 𝛽 𝑠𝑒𝑐 𝑥𝑝𝑜𝑠 𝑦𝑝𝑜𝑠 𝑧𝑝𝑜𝑠 𝛽
[−] [m] [m] [m] [◦] [−] [m] [m] [m] [◦]

1 0.00E+00 0.00E+00 0.00E+00 −1.60E+01 11 −1.03E−01 4.36E−03 7.52E+00 −2.43E+00
2 −4.78E−02 1.38E−02 7.46E−01 −1.60E+01 12 −9.48E−02 3.11E−03 8.27E+00 −1.88E+00
3 −1.87E−01 5.16E−02 1.49E+00 −1.54E+01 13 −8.87E−02 2.35E−03 9.02E+00 −1.52E+00
4 −1.94E−01 4.84E−02 2.24E+00 −1.40E+01 14 −8.42E−02 1.91E−03 9.78E+00 −1.30E+00
5 −1.85E−01 3.94E−02 2.99E+00 −1.20E+01 15 −8.08E−02 1.63E−03 1.05E+01 −1.16E+00
6 −1.71E−01 2.96E−02 3.75E+00 −9.82E+00 16 −7.74E−02 1.39E−03 1.13E+01 −1.03E+00
7 −1.56E−01 2.10E−02 4.50E+00 −7.68E+00 17 −7.25E−02 1.05E−03 1.20E+01 −8.27E−01
8 −1.40E−01 1.43E−02 5.25E+00 −5.83E+00 18 −6.33E−02 4.65E−04 1.28E+01 −4.21E−01
9 −1.26E−01 9.56E−03 6.01E+00 −4.35E+00 19 −4.51E−02 −3.09E−04 1.35E+01 3.92E−01
10 −1.13E−01 6.40E−03 6.76E+00 −3.23E+00 20 −5.94E−03 −2.07E−04 1.43E+01 2.00E+00
Table A.9
Maximum and minimum ultimate bending moments, 𝑈𝑚𝑎𝑥 and 𝑈𝑚𝑖𝑛 respectively, in flapwise and lead–lag
directions including safety factors; and target range fatigue bending moments, 𝑀 𝑡𝑔𝑡, in flapwise and lead–lag
directions for �̂� = 10 and �̂� = 2𝐸6 cycles [1].
𝑟 𝑈𝑚𝑎𝑥

𝑓𝑙𝑎𝑝 𝑈𝑚𝑖𝑛
𝑓𝑙𝑎𝑝 𝑈𝑚𝑎𝑥

𝑙𝑒𝑎𝑑 𝑈𝑚𝑖𝑛
𝑙𝑒𝑎𝑑 𝑀 𝑡𝑔𝑡

𝑓 𝑙𝑎𝑝 𝑀 𝑡𝑔𝑡
𝑙𝑒𝑎𝑑

[m] [kN m] [kN m] [kN m] [kN m] [kN m] [kN m]

0.00 217.20 −285.50 86.00 −74.62 208.52 121.58
1.49 175.42 −228.85 64.94 −57.31 167.98 91.03
2.99 137.39 −176.42 51.19 −43.76 133.83 66.95
6.01 72.14 −91.91 27.73 −24.82 75.80 32.02
6.76 58.35 −75.04 22.94 −21.32 62.47 25.71
9.02 27.20 −34.57 11.78 −11.62 30.89 11.54
12.04 4.16 −4.73 2.18 −2.12 4.60 1.59
13.55 0.30 −0.30 0.19 −0.19 0.34 0.12
8
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Table B.10
Equivalent target strain amplitude, �̂�𝑡𝑔𝑡𝑧,𝑎𝑚𝑝,𝑖, along the blade in [𝑚∕𝑚] for �̂� = 10 and �̂� = 2𝐸6 cycles.

Cross-section 𝑟 [m]

point 0.00 0.75 1.50 2.18 2.75 3.00 3.50 4.00 4.50 5.50 6.10 7.00 8.25 9.00 9.75 10.00 11.00 12.00

1 1.01E−04 9.53E−05 4.61E−04 3.34E−04 2.89E−04 2.89E−04 3.12E−04 3.46E−04 3.71E−04 4.27E−04 4.34E−04 4.48E−04 4.63E−04 5.05E−04 4.76E−04 4.50E−04 3.25E−04 2.00E−04
2 1.04E−04 8.28E−05 4.37E−04 3.06E−04 2.64E−04 2.63E−04 2.85E−04 3.17E−04 3.42E−04 4.01E−04 4.07E−04 4.17E−04 4.43E−04 4.45E−04 4.18E−04 3.95E−04 2.84E−04 1.71E−04
3 1.07E−04 7.76E−05 3.93E−04 2.71E−04 2.34E−04 2.34E−04 2.55E−04 2.84E−04 3.05E−04 3.56E−04 3.61E−04 3.63E−04 3.68E−04 3.49E−04 3.21E−04 3.03E−04 2.15E−04 1.24E−04
4 1.10E−04 7.91E−05 3.54E−04 2.45E−04 2.14E−04 2.14E−04 2.35E−04 2.64E−04 2.82E−04 3.25E−04 3.30E−04 3.27E−04 3.02E−04 2.91E−04 2.56E−04 2.39E−04 1.65E−04 8.77E−05
5 1.12E−04 8.88E−05 3.21E−04 2.32E−04 2.07E−04 2.07E−04 2.31E−04 2.62E−04 2.78E−04 3.22E−04 3.30E−04 3.25E−04 2.69E−04 2.90E−04 2.35E−04 2.15E−04 1.38E−04 6.86E−05
6 1.15E−04 1.02E−04 2.97E−04 2.33E−04 2.14E−04 2.14E−04 2.40E−04 2.75E−04 2.94E−04 3.48E−04 3.59E−04 3.59E−04 3.02E−04 3.47E−04 2.80E−04 2.55E−04 1.63E−04 9.08E−05
7 1.17E−04 1.17E−04 2.84E−04 2.45E−04 2.29E−04 2.29E−04 2.59E−04 2.98E−04 3.21E−04 3.90E−04 4.05E−04 4.16E−04 3.71E−04 4.32E−04 3.58E−04 3.28E−04 2.17E−04 1.33E−04
8 1.18E−04 1.25E−04 2.80E−04 2.62E−04 2.49E−04 2.52E−04 2.89E−04 3.39E−04 3.66E−04 4.41E−04 4.62E−04 4.86E−04 4.61E−04 5.33E−04 4.52E−04 4.17E−04 2.86E−04 1.85E−04
9 1.19E−04 1.47E−04 2.84E−04 2.88E−04 2.74E−04 2.75E−04 3.11E−04 3.61E−04 3.96E−04 5.00E−04 5.31E−04 5.66E−04 5.29E−04 6.16E−04 5.22E−04 4.88E−04 3.61E−04 2.39E−04
10 1.20E−04 1.60E−04 2.93E−04 3.15E−04 3.01E−04 3.03E−04 3.42E−04 3.98E−04 4.39E−04 5.62E−04 5.97E−04 6.49E−04 6.63E−04 7.57E−04 6.67E−04 6.20E−04 4.36E−04 2.95E−04
11 1.20E−04 1.71E−04 3.07E−04 3.44E−04 3.30E−04 3.33E−04 3.74E−04 4.37E−04 4.84E−04 6.27E−04 6.67E−04 7.33E−04 7.68E−04 8.72E−04 7.75E−04 7.23E−04 5.11E−04 3.48E−04
12 1.19E−04 1.80E−04 3.25E−04 3.73E−04 3.59E−04 3.63E−04 4.08E−04 4.75E−04 5.29E−04 6.90E−04 7.36E−04 8.16E−04 8.72E−04 9.83E−04 8.79E−04 8.21E−04 5.81E−04 3.99E−04
13 1.18E−04 1.88E−04 3.44E−04 4.02E−04 3.87E−04 3.92E−04 4.40E−04 5.13E−04 5.74E−04 7.51E−04 8.04E−04 8.96E−04 9.69E−04 1.09E−03 9.76E−04 9.11E−04 6.45E−04 4.43E−04
14 1.16E−04 1.91E−04 3.63E−04 4.30E−04 4.14E−04 4.20E−04 4.71E−04 5.49E−04 6.15E−04 8.08E−04 8.65E−04 9.68E−04 1.06E−03 1.18E−03 1.06E−03 9.91E−04 7.00E−04 4.79E−04
15 1.13E−04 1.93E−04 3.81E−04 4.49E−04 4.43E−04 4.50E−04 5.00E−04 5.81E−04 6.53E−04 8.58E−04 9.18E−04 1.03E−03 1.13E−03 1.26E−03 1.13E−03 1.06E−03 7.45E−04 5.06E−04
16 1.10E−04 1.92E−04 3.97E−04 4.76E−04 4.62E−04 4.68E−04 5.21E−04 6.06E−04 6.85E−04 9.09E−04 9.65E−04 1.08E−03 1.21E−03 1.32E−03 1.19E−03 1.11E−03 7.77E−04 5.24E−04
17 1.07E−04 1.88E−04 4.09E−04 4.94E−04 4.80E−04 4.87E−04 5.43E−04 6.29E−04 7.04E−04 9.22E−04 9.80E−04 1.10E−03 1.23E−03 1.34E−03 1.21E−03 1.13E−03 7.92E−04 5.32E−04
18 1.03E−04 1.82E−04 4.17E−04 5.06E−04 4.91E−04 4.99E−04 5.54E−04 6.40E−04 7.13E−04 9.31E−04 9.91E−04 1.11E−03 1.24E−03 1.36E−03 1.23E−03 1.14E−03 7.95E−04 5.28E−04
19 9.94E−05 1.76E−04 4.21E−04 5.10E−04 4.94E−04 5.02E−04 5.55E−04 6.39E−04 7.11E−04 9.21E−04 9.77E−04 1.10E−03 1.22E−03 1.34E−03 1.21E−03 1.12E−03 7.76E−04 5.13E−04
20 9.60E−05 1.64E−04 4.20E−04 5.06E−04 4.86E−04 4.93E−04 5.44E−04 6.26E−04 6.94E−04 8.89E−04 9.39E−04 1.05E−03 1.17E−03 1.28E−03 1.16E−03 1.07E−03 7.36E−04 4.84E−04
21 9.33E−05 1.52E−04 4.11E−04 4.84E−04 4.65E−04 4.72E−04 5.25E−04 6.06E−04 6.68E−04 8.31E−04 8.74E−04 9.77E−04 1.09E−03 1.17E−03 1.04E−03 9.72E−04 6.76E−04 4.40E−04
22 9.19E−05 1.40E−04 3.95E−04 4.51E−04 4.28E−04 4.34E−04 4.79E−04 5.50E−04 6.04E−04 7.52E−04 7.86E−04 8.75E−04 9.86E−04 1.07E−03 9.57E−04 8.87E−04 5.96E−04 3.83E−04
23 9.25E−05 1.28E−04 3.72E−04 4.02E−04 3.75E−04 3.79E−04 4.19E−04 4.81E−04 5.23E−04 6.43E−04 6.68E−04 7.39E−04 8.35E−04 9.01E−04 8.05E−04 7.45E−04 4.90E−04 3.08E−04
24 9.47E−05 1.13E−04 3.25E−04 2.99E−04 2.77E−04 2.82E−04 3.27E−04 3.90E−04 4.25E−04 5.01E−04 5.13E−04 5.61E−04 6.33E−04 6.78E−04 6.01E−04 5.52E−04 3.50E−04 2.15E−04
25 9.77E−05 1.05E−04 3.14E−04 2.82E−04 2.41E−04 2.34E−04 2.39E−04 2.49E−04 2.54E−04 3.07E−04 2.92E−04 2.73E−04 4.07E−04 3.97E−04 3.34E−04 2.97E−04 1.56E−04 9.14E−05
26 1.01E−04 9.81E−05 2.86E−04 2.33E−04 2.01E−04 1.95E−04 1.96E−04 2.05E−04 2.12E−04 2.41E−04 2.51E−04 2.90E−04 2.59E−04 2.69E−04 2.47E−04 2.39E−04 1.99E−04 1.32E−04
27 1.04E−04 9.34E−05 2.74E−04 2.25E−04 2.32E−04 2.35E−04 2.44E−04 2.64E−04 3.04E−04 4.18E−04 4.53E−04 4.99E−04 4.98E−04 5.40E−04 5.04E−04 4.82E−04 3.81E−04 2.59E−04
28 1.07E−04 9.50E−05 2.87E−04 2.65E−04 2.96E−04 3.04E−04 3.23E−04 3.56E−04 4.10E−04 5.53E−04 5.94E−04 6.57E−04 6.80E−04 7.33E−04 6.76E−04 6.44E−04 4.98E−04 3.23E−04
29 1.10E−04 1.03E−04 3.13E−04 3.28E−04 3.55E−04 3.64E−04 3.92E−04 4.40E−04 5.03E−04 6.69E−04 7.14E−04 7.90E−04 8.33E−04 8.98E−04 8.23E−04 7.79E−04 5.85E−04 3.69E−04
30 1.13E−04 1.21E−04 3.34E−04 3.53E−04 4.01E−04 4.16E−04 4.51E−04 5.06E−04 5.79E−04 7.63E−04 8.10E−04 8.99E−04 9.76E−04 1.07E−03 9.81E−04 9.20E−04 6.48E−04 4.03E−04
31 1.15E−04 1.28E−04 3.63E−04 3.85E−04 4.35E−04 4.52E−04 4.94E−04 5.57E−04 6.36E−04 8.34E−04 8.84E−04 9.81E−04 1.06E−03 1.13E−03 1.03E−03 9.69E−04 6.96E−04 4.29E−04
32 1.17E−04 1.41E−04 3.84E−04 4.08E−04 4.59E−04 4.76E−04 5.23E−04 5.93E−04 6.77E−04 8.82E−04 9.34E−04 1.04E−03 1.12E−03 1.20E−03 1.09E−03 1.03E−03 7.32E−04 4.47E−04
33 1.18E−04 1.52E−04 3.99E−04 4.24E−04 4.72E−04 4.89E−04 5.40E−04 6.14E−04 6.99E−04 9.08E−04 9.60E−04 1.07E−03 1.17E−03 1.24E−03 1.13E−03 1.06E−03 7.54E−04 4.59E−04
34 1.20E−04 1.62E−04 4.12E−04 4.33E−04 4.74E−04 4.90E−04 5.42E−04 6.19E−04 7.03E−04 9.14E−04 9.67E−04 1.08E−03 1.18E−03 1.26E−03 1.15E−03 1.08E−03 7.61E−04 4.64E−04
35 1.20E−04 1.70E−04 4.12E−04 4.32E−04 4.69E−04 4.85E−04 5.36E−04 6.13E−04 6.98E−04 9.03E−04 9.48E−04 1.05E−03 1.18E−03 1.24E−03 1.14E−03 1.07E−03 7.54E−04 4.61E−04
36 1.21E−04 1.76E−04 4.11E−04 4.26E−04 4.55E−04 4.70E−04 5.19E−04 5.94E−04 6.73E−04 8.67E−04 9.13E−04 1.02E−03 1.13E−03 1.20E−03 1.10E−03 1.03E−03 7.34E−04 4.52E−04
37 1.20E−04 1.79E−04 4.05E−04 4.12E−04 4.34E−04 4.48E−04 4.93E−04 5.64E−04 6.38E−04 8.14E−04 8.55E−04 9.55E−04 1.07E−03 1.13E−03 1.04E−03 9.79E−04 7.03E−04 4.35E−04
38 1.19E−04 1.79E−04 3.95E−04 3.94E−04 4.07E−04 4.19E−04 4.60E−04 5.25E−04 5.92E−04 7.47E−04 7.82E−04 8.74E−04 9.87E−04 1.04E−03 9.62E−04 9.09E−04 6.60E−04 4.12E−04
39 1.17E−04 1.77E−04 3.83E−04 3.70E−04 3.76E−04 3.86E−04 4.21E−04 4.78E−04 5.36E−04 6.69E−04 6.98E−04 7.80E−04 8.89E−04 9.35E−04 8.73E−04 8.26E−04 6.07E−04 3.86E−04
40 1.14E−04 1.72E−04 3.71E−04 3.44E−04 3.42E−04 3.50E−04 3.79E−04 4.27E−04 4.77E−04 5.87E−04 6.09E−04 6.79E−04 7.84E−04 8.24E−04 7.76E−04 7.37E−04 5.49E−04 3.58E−04
41 1.11E−04 1.64E−04 3.59E−04 3.17E−04 3.06E−04 3.13E−04 3.36E−04 3.76E−04 4.18E−04 5.04E−04 5.21E−04 5.80E−04 6.79E−04 7.09E−04 6.78E−04 6.47E−04 4.91E−04 3.29E−04
42 1.07E−04 1.53E−04 3.46E−04 2.85E−04 2.73E−04 2.75E−04 2.87E−04 3.10E−04 3.43E−04 4.29E−04 4.40E−04 4.89E−04 5.64E−04 6.03E−04 5.78E−04 5.55E−04 4.36E−04 3.00E−04
43 1.04E−04 1.44E−04 3.45E−04 2.72E−04 2.46E−04 2.49E−04 2.66E−04 2.94E−04 3.20E−04 3.72E−04 3.76E−04 4.18E−04 5.29E−04 5.13E−04 5.06E−04 4.88E−04 3.86E−04 2.73E−04
44 9.98E−05 1.32E−04 3.45E−04 2.58E−04 2.26E−04 2.29E−04 2.45E−04 2.70E−04 2.92E−04 3.38E−04 3.41E−04 3.70E−04 4.36E−04 4.42E−04 4.37E−04 4.24E−04 3.43E−04 2.47E−04
45 9.63E−05 1.20E−04 3.50E−04 2.53E−04 2.18E−04 2.19E−04 2.37E−04 2.62E−04 2.82E−04 3.25E−04 3.28E−04 3.47E−04 3.97E−04 3.96E−04 3.91E−04 3.80E−04 3.10E−04 2.26E−04
46 9.35E−05 1.08E−04 3.61E−04 2.56E−04 2.20E−04 2.21E−04 2.39E−04 2.67E−04 2.87E−04 3.29E−04 3.32E−04 3.45E−04 3.82E−04 3.75E−04 3.68E−04 3.56E−04 2.89E−04 2.09E−04
47 9.20E−05 9.72E−05 3.78E−04 2.68E−04 2.30E−04 2.31E−04 2.52E−04 2.82E−04 3.04E−04 3.46E−04 3.49E−04 3.58E−04 3.87E−04 3.77E−04 3.65E−04 3.52E−04 2.80E−04 1.99E−04
48 9.24E−05 8.83E−05 4.01E−04 2.86E−04 2.47E−04 2.48E−04 2.71E−04 3.04E−04 3.27E−04 3.73E−04 3.76E−04 3.85E−04 4.11E−04 3.99E−04 3.83E−04 3.67E−04 2.85E−04 1.97E−04
49 9.45E−05 9.55E−05 4.32E−04 3.12E−04 2.71E−04 2.72E−04 2.97E−04 3.32E−04 3.58E−04 4.10E−04 4.12E−04 4.25E−04 4.56E−04 4.43E−04 4.23E−04 4.03E−04 3.04E−04 2.02E−04
50 9.75E−05 9.79E−05 4.79E−04 3.46E−04 3.02E−04 3.04E−04 3.31E−04 3.69E−04 3.98E−04 4.58E−04 4.62E−04 4.80E−04 5.24E−04 5.12E−04 4.87E−04 4.62E−04 3.38E−04 2.15E−04
Table C.11
Circumferential strain gauge locations from the suction side of the trailing-edge to the pressure side of the
trailing-edge, along each blade.

𝑟 [m] Circumferential strain gauge locations [mm]

0.75 48 368 650 926 1201 1508 1788 2088
1.50 20 431 861 1172 1462 1781 2080 2583
2.18 20 426 852 1158 1440 1743 2045 2532
2.75 20 – 823 – 1373 – 1942 –
4.00 20 365 732 964 1178 1414 1634 2024
5.50 20 – 605 – 963 – 1318 –
7.00 20 – 493 – 768 – 1070 –
8.25 20 208 417 542 647 789 911 1123
9.00 20 198 396 511 608 741 858 1058
9.75 20 188 376 487 577 704 811 1002
11.00 20 – 353 – 539 – 755 –
12.00 20 – 330 – 494 – 696 –
Table D.12
Simulated test blocks for the standard test. See values of 𝑚𝑏𝑙𝑎𝑑𝑒, 𝐸𝐶𝑓𝑙𝑎𝑝, 𝐸𝐶𝑙𝑒𝑎𝑑 , 𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝, and 𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑 in Section 3.2.

Tuning masses Blade excitation

Single-axial flapwise (𝑡𝑠𝑖𝑚𝑏𝑙𝑘 = 10.2 days)

𝑧𝑡 [%] 𝑚𝑠𝑖𝑚
𝑡 ∕𝑚𝑏𝑙𝑎𝑑𝑒 𝐹 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝐸𝐶𝑓𝑙𝑎𝑝 𝐹 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝐸𝐶𝑙𝑒𝑎𝑑 𝑓 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝 𝑓 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑

36.4 0.32 0.57 – 0.97 –
42.7 0.07 – – – –

Single-axial lead–lag (𝑡𝑠𝑖𝑚𝑏𝑙𝑘 = 4.7 days)

𝑧𝑡 [%] 𝑚𝑠𝑖𝑚
𝑡 ∕𝑚𝑏𝑙𝑎𝑑𝑒 𝐹 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝐸𝐶𝑓𝑙𝑎𝑝 𝐹 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝐸𝐶𝑙𝑒𝑎𝑑 𝑓 𝑠𝑖𝑚

𝑓𝑙𝑎𝑝∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝 𝑓 𝑠𝑖𝑚
𝑙𝑒𝑎𝑑∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑

21.0 0.33 – 0.14 – 0.91
31.5 0.40 – – – –
42.7 0.27 – – – –
9
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Table D.13
Experimental test blocks for the standard test based on the simulated test blocks shown in Table D.12. See values of 𝑚𝑏𝑙𝑎𝑑𝑒,
𝐸𝐶𝑓𝑙𝑎𝑝, 𝐸𝐶𝑙𝑒𝑎𝑑 , 𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝, and 𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑 in Section 3.2.

Tuning masses Blade excitation

Single-axial flapwise (𝑡𝑒𝑥𝑝𝑏𝑙𝑘 = 10.3 days)

𝑧𝑡 [%] 𝑚𝑒𝑥𝑝
𝑡 ∕𝑚𝑏𝑙𝑎𝑑𝑒 𝐹 𝑒𝑥𝑝

𝑓𝑙𝑎𝑝∕𝐸𝐶𝑓𝑙𝑎𝑝 𝐹 𝑒𝑥𝑝
𝑙𝑒𝑎𝑑∕𝐸𝐶𝑙𝑒𝑎𝑑 𝑓 𝑒𝑥𝑝

𝑓𝑙𝑎𝑝∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝 𝑓 𝑒𝑥𝑝
𝑙𝑒𝑎𝑑∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑

36.4 0.32 0.62 – 0.99 –
42.7 0.07 – – – –

Single-axial lead–lag (𝑡𝑒𝑥𝑝𝑏𝑙𝑘 = 5.3 days)

𝑧𝑡 [%] 𝑚𝑠𝑖𝑚
𝑡 ∕𝑚𝑏𝑙𝑎𝑑𝑒 𝐹 𝑒𝑥𝑝

𝑓𝑙𝑎𝑝∕𝐸𝐶𝑓𝑙𝑎𝑝 𝐹 𝑒𝑥𝑝
𝑙𝑒𝑎𝑑∕𝐸𝐶𝑙𝑒𝑎𝑑 𝑓 𝑒𝑥𝑝

𝑓𝑙𝑎𝑝∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑓 𝑙𝑎𝑝 𝑓 𝑒𝑥𝑝
𝑙𝑒𝑎𝑑∕𝑓𝑏𝑙𝑎𝑑𝑒,𝑙𝑒𝑎𝑑

21.0 0.33 – 0.14 – 0.89
31.5 0.40 – – – –
42.7 0.27 – – – –
Fig. E.6. Comparison between experimental and simulated longitudinal strains at the gauge locations, 𝜀𝑘, and at different blade spans: (a) 0.75 m (5.2%); (b) 2.18 m (15.2%); (c)
4.00 m (28.0%); (d) 8.25 m (57.7%); (e) 9.25 m (64.7%); and (f) 12.00 m (83.9%), from a static flapwise test with applied forces of 4.15 kN and 1.77 kN at 6.1 m and 13.0 m
from the root, respectively. The values in parentheses correspond to 𝑧𝑡.
10
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Fig. E.7. Comparison between experimental and simulated longitudinal strains at the gauge locations, 𝜀𝑘, and at different blade spans: (a) 0.75 m (5.2%); (b) 2.18 m (15.2%);
(c) 4.00 m (28.0%); (d) 8.25 m (57.7%); (e) 9.25 m (64.7%); and (f) 12.00 m (83.9%), from a static lead–lag test with applied forces of 4.15 kN, 1.72 kN and 1.38 kN at 6.1 m,
10.0 m, and 13.0 m from the root, respectively. The values in parentheses correspond to 𝑧𝑡.
damage ratio, 𝐸𝐷𝑅𝑘,𝑡𝑔𝑡, at all strain gauge locations 𝑘 of the blade.
These updated test blocks were similar to the initial ones (i.e., Block-
04, Block-05, and Block-06 in Table 1, respectively), except for a few
differences in the tuning mass values, applied frequencies and forces,
and test time. With the new test time per test block, the total time for
the test campaign was 7.9 days instead of the initial 7.2 days.

These new three test blocks were then performed in reality to finish
the test campaign. The experimental test setups based on the new test
blocks are presented in Table 5

4. Experimental results and discussion

In this section, a comparison between the simulated and exper-
imental results is carried out for the optimized test. In addition, a
11
comparison between the experimental results obtained from the opti-
mized test and the standard test is also made in terms of total test time
and test accuracy.

It is experimentally shown that a reduction of about half the total
test time was obtained with the optimized test compared to the stan-
dard test, since the first took 7.9 days and the second 15.6 days. This
experimentally verifies the results obtained from a similar comparison
based on simulations presented in [1]. It is worth noting that only
operational test time is considered here and changes to test setup are
not included.

On the other hand, the total experimental EDRs obtained after
the three test blocks of the optimized test are compared in Fig. 4
with the corresponding simulated. The results are shown for different
cross-section regions (i.e., trailing-edge, TE, trailing-edge panel, TE-
Panel, spar-cap, SC, and leading-edge, LE, all at both the suction-side,



Composite Structures 293 (2022) 115683O. Castro et al.

t
d
t
v
V
t
t
B
P

D

c
i

D

a

A

E
G
F
c
W

A

s
s
p
a
r

A

s

A

SS, and pressure-side, PS) and at different span-wise locations along
the blade. As seen in Fig. 4, the behavior of the experimental EDRs
generally followed the trend obtained from the simulations. However,
the magnitudes of both were not always close to each other, especially
in the inner part of the blade (i.e., between the root and 2.18 m span,
see Figs. 4a and 4b), close to the tip (i.e., at 12.0 m span, see Fig. 4f),
and at the SS-TE region of the 8.25 m cross-section (see Fig. 4d).

The differences between the simulated and experimental results
may be due to different factors. One of them is the low level of the
target equivalent strains near the root (which are close to zero, see
Fig. 2a), so any difference between the test strains, whether simulated
or experimental, and the target strains will be highly reflected in the
EDR values, as shown in Figs. 4a and 4b. This given that EDR can be
calculated as the ratio between the test strains and the target strains to
the power of �̂�, see Eq. (1).

Other factors include uncertainty in strain measurements and pos-
sible tapered effects [23] that were probably not well modeled by
the applied beam model [1]. A comparison between simulated and
measured strains along the blade obtained from static tests in the
flapwise and lead–lag directions performed on the blade used for the
optimized fatigue test is presented in Figs. E.6 and E.7, respectively. As
shown in these figures, the largest differences between the experimental
and simulated strains are found in the same cross-sections where the
largest EDR errors occurred, i.e., in the inner part of the blade (see
Figs. 4a-b, E.6a-b, and E.7a-b) and in cross-sections such as that at
8.25 m span (see e.g. in Figs. 4d, E.6d, and Fig. E.7d). This shows the
need to improve both the strain measurements across the blade and the
modeling of the structural response of the blade to obtain better results.

The comparison between the experimental and simulated EDRs at
the end of the optimized test campaign, including the first three blocks
and the three updated test blocks, is shown in Fig. 5. As shown in
Fig. 5, an overall reduction in the difference between experimental and
simulated results was obtained with the updated test blocks relative to
that obtained up to the first three blocks shown in Fig. 4. The largest
discrepancies between the experimental results and the simulations
remained in the inner part of the blade (i.e., between the root and
2.18 m span, see Fig. 5a-b) and in the SS-TE region of the 8.25 m
cross-section, see Fig. 5f.

This shows how a reduction in the propagation of errors can be
obtained when updating the test campaign based on the accumulated
damage during the test. However, care must be taken as a considerable
increase in test time and number of blocks to be tested can occur when
updating the test campaign. Therefore, limits of acceptance should also
be established in the errors, preferably in each of the blade regions
(e.g., in the inner, middle and outer parts, and/or in the TE, LE, Caps,
etc.), to prevent test time and cost from being affected by the increased
accuracy.

Moreover, it can also be seen in Fig. 5 that the target damage was
reached at the end of the optimized test campaign in most of the blade
regions (i.e., when 𝐸𝐷𝑅 >= 1), except for a few locations in the inner
cross-section regions. This contrasts with the results obtained from the
standard test in which the target damage was not reached at many
stations along the blade, especially those located in the LE, TE and
TE-Panel regions, see Fig. 5. These results are consistent with those
obtained from a similar comparison based on simulations presented
in [1].

Finally, it is worth saying that the solution found by the optimiza-
tion method for the blade analyzed in this study does not include any
phase-locked case (see Tables 1 and 4). Therefore, no additional loading
elements that could increase the complexity of the test setup were
needed, such as the spring beams and decouple masses used in [17] to
demonstrate the elliptical method proposed in [13]. Phase-locked load
cases may not be selected either when analyzing larger blades with the
method demonstrated in this study, as only specific cross-section points
are excited with this type of load and, therefore, longer test time would
12

be needed to reach the target damage everywhere on the blade [1]. t
5. Conclusions

In this paper, the method for optimized multi-axial fatigue testing of
wind turbine blades proposed in [1] was experimentally demonstrated
on a commercial wind turbine blade and compared with experimental
results obtained from a standard fatigue test performed on a blade of
the same type. This analysis showed how improved fatigue tests can
be obtained with the optimization method in question compared to
current standard fatigue tests in terms of both accuracy and total test
time, as the target strain-based damage was reached in almost the entire
blade in about half the time. It was also shown that an increase in
test accuracy can be obtained if the test campaign is updated during
the test based on the actual strain-based damage, since differences
between the experimental and simulated strains may occur as a result
of uncertainties in the measurements and in the modeling.
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ppendix A. Blade properties

The structural properties of the blades analyzed in this study are
hown in Table A.6, in which the mass per unit length, torsional
tiffness and axial stiffness were taken from [1]. The aerodynamic
roperties, half-chord coordinates, and ultimate loads of the blades,
lso taken from [1], are shown in Table A.7, Table A.8, and Table A.9,
espectively.

ppendix B. Target equivalent strain amplitude

The target equivalent strains of the blades analyzed in this study are
hown in Table B.10.

ppendix C. Strain gauge locations

The circumferential location of the strain gauges installed on the

wo blades is shown in Table C.11.
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Appendix D. Simulated and experimental test blocks for standard
test

The simulated and experimental test blocks for the standard test are
shown in Table D.12 and Table D.13, respectively.

Appendix E. Strains measured during static tests

The strains measured during static tests in the flapwise and lead–lag
directions performed on the blade used to carry out the optimized test
campaign are shown in Figs. E.6 and E.7, respectively.
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