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ABSTRACT: Wind turbine blades are composed of different structural parts such as root
laminates (manufactured as multiaxial thick laminates composites), aerodynamical shells
(manufactured as sandwich structures) and caps which are manufactured as thick laminates and
are the main load carrier. The loss of structural integrity in wind turbine blades is driven by
fatigue loads and extreme loads. The action of these loads drives the progression of different
failure mechanisms such as adhesive delaminations, composite fatigue degradation, and
sandwich failures, which lead to the loss of stiffness and structural integrity.
Stiffness degradation during fatigue loading is an indicator that can be used to evaluate the
structural health of composite structures such as wind turbine blades under flexural loading.
However, to evaluate stiffness, it is required to measure forces and displacements. In this work,
the measurement of deflection angles using inclinometers is evaluated as an alternative to
displacement sensors in order to evaluate stiffness degradation. For this purpose, thick laminates
flexural tests were instrumented with MEMS inclinometers to evaluate stiffness degradation and
measurements were compared with alternative displacement signals.
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INTRODUCTION

Wind turbines have been operating for power generation during the last 50 years showing an
exponential growth in terms of installed power, and also in terms of turbine nominal power and
blade length. Condition monitoring and structural health monitoring (SHM) of wind turbine
blades has gained relevance during the years with the rotor diameter increase. In particular,
SHM systems for offshore wind turbines has become a matter of interest due to the high
operational and maintenance cost, where the operational cost OPEX can sum up to 20-35% of
the life cycle costs (Coronado and Fischer 2015). Moreover, the use of SHM for blades has been
reflected in the standards of the sector (Germanischer Lloyd (GL) 2013).
The main objective of SHM systems is to detect structural damage initiation and propagation.
The different principles of the monitoring approaches can be summarized in vibration based
methods (i.e. BLADEcontrol by Bosch Rexroth), acoustic emission (Rolfes, Tsiapoki, and
Häckell 2014), ultrasonic wave propagation, strain measurement (Rotor Monitoring System
(RMS) by Moog) and deflection based methods (SKF Blade Monitoring System). Regarding
deflection based methods different principles are available in the literature. Zhang (Zhang et al.
2015) described tip deflection measurements using ultra-wide band technology. Moreover, the
SKF Blade Monitoring System and (Kim, Giri, and Lee 2012) proposed a condition monitoring
based on the measurement of the amplitude deflection at the tip when blade passes the tower

using a laser beam. In addition, Xu (Fu, He, and Qiu 2013) proposed to monitor the tip
deflection using gyroscopes and the measurements were compared with the tip deflections
measured with a laser beam. The measurement of tip deflection is used as an indicator to
monitor degradation of the structure. Tip deflection measurements can be also evaluated with
force measurements in order to compute the stiffness. However, measurements of displacements
along the blade present technical difficulties since the lack of reference where to measure the
increments of displacement. Therefore, this work proposes the use of inclinometers in order to
evaluate the stiffness degradation instead of the use of displacement sensors. The work reports
the monitoring of thick laminates coupons (up to 65mm) (Lahuerta et al. 2016) loaded on three
points bending for static and fatigue conditions and instrumented with inclinometers. Stiffnesses
computed from the inclinometers are compared with the stiffnesses computed from
displacement sensor signals. This work shows that displacement sensors or inclinometers both
can be used to monitor stiffness degradation during fatigue in bending loading cases.
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MATERIALS AND METHODS

2.1.1

Coupons and materials

Thick laminates coupons were manufactured according the nominal specifications of Table 1.
These coupons were manufactured in two different series of coupons. Table 1 shows that series
of coupons WT belong to plates manufactured with a 33mm thicknesses and hybrid layouts of
biax material and unidirectional material (UD). And the series of coupons named as WW belong
to plates manufactured with thicknesses of 56mm and a monolithic layout of UD material.
Table 1. Coupons description. Dimensions and layouts

Coupons Thickness Width x Length Span length

Layout

[mm]

[mm]

[mm]

[-]

WT

33

50x800

700

[10xBiax | 20xUD | 10xBiax]

WW

56

60x900

700

[70xUD]

Plates of 900x600mm were vacuum infused with an epoxy resin commonly used for wind
energy applications (Hexion RIM135). The core material was a UD glass fibre type E of 900
g/m2 non-crimp fabric, and the tab material was a biaxial glass fibre type E of 600 g/m2 noncrimp fabric. For all manufactured plates, fibre content and glass transition temperature were
measured. Averaged fibre weight ratios were 70% (averaged fibre volume contents of 53%),
void content was under 0.1% and DSC glass transition temperature (Tg) was around 80-85ºC.
Once plates were vacuum infused, coupons were cut to nominal dimensions according Table 1
using a water jet. After, coupons were individually measured observing differences no larger
than 2mm in comparison with nominal dimensions. Figure 1 shows plate WW cut into coupons
using a water jet cut and top and side view of one of the WT coupons.

Figure 1. WW Plate cut with water jet and 33mm thick coupon from WT series

Figure 2. Three point bending test setup (400kN test frame). Flexion coupon instrumented with dual axis
MEMS inclinometers.

2.1.2

Test setup

Three point bending test were performed for coupons WT and WW in a Schenk 400kN test
frame (see Figure 2). For this purpose a three point bending fixture for nominal loads up to 250
kN was used. The span length between the supports was of 700 mm for all the cases. Coupons
were instrumented with inclinometers (I1, I2) on the extremes of the thick laminate beam in
order to measure the Euler angles and inclination 𝜃1 , 𝜃2 . An extra inclinometer I0 was installed
on the test fixture in order to be used as a reference Euler angle, where inclination 𝜃0 is
considered and the reference plane attached to the horizontal plane of the machine. The use of
the reference inclinometer I0 allows balancing possible test frame vibrations or deviations with
respect the floor plane, providing a horizontal plane of reference. As inclinometer sensor was
used the dual axis inclinometer SIKO IK360Lwith a pitch/roll range of ±80 and a resolution of

0.01º. In addition, the load cell and LDVT test frame sensor were used to record the force and
displacement at the middle of the thick laminate beam where the deflection w is maximal. The
size of the inclinometers in comparison with the coupons and the range of deflection necessary
to measure a significant inclination angles during the static and fatigue tests drive the selection
of the coupon thickness and test span lengths.
Static test were performed for four coupons of series WT and WW until failure. The test speed
was 5 mm/min. Moreover, fatigue test were performed for coupons of series WT and WW
applying a sinusoidal load control at a stress ratio R=10. The maximum and minimum load for
fatigue tests are shown in Table 2. The fatigue test frequency was 0.5 Hz for all the coupons.
Packages of data were recorded at a 400Hz sampling rate with lengths of 5 seconds. The
packages of data were recorded during the fatigue test for selected moments according a
progressive series. The data was summarized in maximum, minimum and average of each
package of data.
Table 2. Test matrix & specifications.

Coupons Type Test Nº Coupons
Speed
[-]
[mm/min]
WT
Static
4
5
WW
Static
3
5
Coupons Type Test Nº Coupons Frequency
[-]
[Hz]

2.1.3

WT

Fatigue
R=10

6
(2 per load)

0.5

WW

Fatigue
R=10

6
(2 per load)

0.5

Fmax /Fmin
[kN]
(-16.5/ -1.65)
(-14.3/ -1.43)
(-12.1/ -1.21)
(-64.07/ -6.41)
(-58.65/ -5.87)
(-55.04/ -5.50)

Data acquisition and computations

According to the diagram in Figure 3, the coupons were monitored with two inclinometers
named as I1, I2 which measure the inclinations 𝜃1 , 𝜃2 at both sides of the beam. Inclinometer I0
was used as a reference inclinometer of the horizontal plane of the test machine. Inclinometer
signal I0 is subtracted from inclinometer signals I1, I2 to have them referenced to the same plane
independently of the movements or vibrations of the tests frame. In addition, displacement w
and force P were instrumented using the test frame load cell and displacement sensor.
In order to compute the moment and the stiffness derived from the inclinometer signals or the
displacement sensors signals, the Euler-Bernoulli beam theory was assumed as descriptive
model of a three point bending beam. Therefore the moment M at the middle section of the
beam was computed as
𝑀=

𝑃∙𝐿
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( 1)

According to the Euler-Bernoulli beam theory, the deflection can be computed as follows,
where the inclination angle 𝜃𝑖 is the resultant of the derivative,
𝑤(𝑥) = −

𝑃∙𝑥∙�4∙𝑥 2 −3∙𝐿2 �
48∙𝐸𝐼

and 𝜃(𝑥) =

𝑑𝑤(𝑥)
𝑑𝑥

( 2)

Considering EI as the flexural rigidity or stiffness, this parameter includes information from the
material properties (E as elastic modulus) and information of the cross sectional geometry (I as
cross sectional inertia). Using the instrumentation of the beam described before, it is possible to
compute the flexural stiffness in two different ways. The first one considering the measurements
of the deflection at x= 𝐿⁄2 as follows,
𝐸𝐼𝑑𝑖𝑠𝑝 =

𝑃 ∙ 𝐿3
48 ∙ 𝑤

and the second one considering the measurements of the inclinometers at x= 0 as follows,
𝐸𝐼𝑖𝑛𝑐𝑙 =

3 ∙ 𝑃 ∙ 𝐿2
48 ∙ 𝜃

( 3)

( 4)

Figure 3. Three point bending test setup model diagram.

3

RESULTS AND DISCUSSION

3.1

Static test

The behavior of the force versus the displacement and the moment versus the inclination is
shown in Figure 4 for coupon series WT and Figure 5 for coupon series WW. In both cases, the
trace of the curves plotted with the displacement sensor or the inclinometer shows a similar
slope behavior. In the case of WT coupons, the curve appear to loose linearity sooner than for
coupons WW, showing drops of force at displacement level of 50mm. These drops of force are
related with realignments or early local damages on the biax material due to the lower
compression/tension allowables. Moreover, the loose of linearity for WT coupons in
comparison with WW coupons can be related with the hybrid UD/Biax layout and the different
span length and thickness ratio of both series of coupons. However, these layout and
configuration disparities between both series does not seem to influence the stiffness behavior
of the curves, showing in both cases comparable curves trace with similar slope behaviors when
the inclinometer measurements are compared with the displacement measurements.
Figure 6 shows the signals of inclinometer I1 and I2 plotted versus the moment. Those plots
allow comparing if the inclination between both sides of the beam is symmetric. In both cases,
series of coupons WW and WT show a symmetric behavior in terms of slopes and absolute
values independently when inclinometer I1 and I2 are visualized.

Figure 4. Force versus displacement and Moment versus inclination for static test of WT series

Figure 5. Force versus displacement and Moment versus inclination for static test of WW series

Figure 6. Moment versus inclination I1 and I2 for static test of WT & WW series.

Failure of the coupons occurs by delamination at the middle plane of the thickness, driven by a
shear failure (see Figure 7). Failure occurs rapidly at the maximum load showing no previous
visible damage at the failure plane. In addition, local damage at the middle of the beam occurred
due to the single point of load introduction where superficial pressure exceeded the material
resistance. This failure mechanism was consistent for the different coupons tested.

Figure 7. Failure of the WW coupons by shear.

Figure 8. Flexural stiffness progression with fatigue life for coupon WT10 (33mm thick) and WW07
(56mm thick).

3.2

Fatigue tests

Flexural stiffness was recorded according the Bernoulli-Euler model using inclinometers I1,I2
and the deflection of the beam. The evolution of the stiffness was measured independently of
the use of inclinometers or deflection sensors. 𝐸𝐼𝑑𝑖𝑠𝑝 and 𝐸𝐼𝑖𝑛𝑐𝑙 should be equivalent values
independently of the measuring method. However, some differences were observed. Figure 8
shows on the left the flexural stiffness of the coupon WT10 (33mm thick) and WW07 (56mm
thick). While WT10 coupons show differences between 𝐸𝐼𝑑𝑖𝑠𝑝 and 𝐸𝐼𝑖𝑛𝑐𝑙 with less than a <5%,
WW07 coupons shows differences lower than a 25% in terms of quantitative values. Since it is
well known that Bernoulli-Euler models loose accuracy with the beam thickness or slenderness
ratio (Sayyad 2011), the quantitative differences between coupons WT and WW can be related
with the accuracy of the model used. Similar differences were observed for the different
coupons tested. It is expected that the use of higher order models will reduce the quantitative
differences between both monitoring systems, e.g. Timoshenko beam models.
The stiffness 𝐸𝐼𝑑𝑖𝑠𝑝 and 𝐸𝐼𝑖𝑛𝑐𝑙 monitoring degrades with fatigue life according Figure 8. This
decrement on the stiffness and change of slope is equivalent for both signals since it is

independent of the model used. A linear regression between the flexural stiffness obtained with
the inclinometer and deflection sensor was performed. The linear regression showed coefficients
of determination R2 between 0.92 and 0.98 for the set of coupons tested. Therefore, it was
possible to monitor the development of the flexural stiffness with both methods independently
of the instrumentation sensor used in place. These readings were consistent for the different
coupons tested in fatigue at different stress levels.
4

CONCLUSIONS

Thick laminates composite beams were tested in static and fatigue conditions on a three point
bending configuration. The beams were monitored using inclinometers and deflection sensors.
Both monitoring systems were compared showing equivalent behavior in the case of the static
tests. Flexural stiffness degradation during fatigue was computed using an Euler-Bernoulli
model and according the two different instrumentations systems. Independently of the
instrumentation system used, both were able to monitor the flexural stiffness degradation with
fatigue life showing similar slopes evolution. Differences dependent on the thickness were
observed due to the model used for the computations. High cross correlation values between
both monitoring systems were found, showing that the monitoring of the stiffness degradation
can be performed independently of the use of displacement sensors or inclinometers.
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