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Abstract Polymer composite materials combine high
strength with low weight. This makes composites an inter-
esting material for different industrial applications. In the
aerospace industry, the use of composites is already com-
mon practice, while in the automotive industry carbon fiber-
reinforced polymers have begun to replace metal in some
parts. However, the nature of damage within composites
is different from that within metal parts, so common tech-
niques available for damage detection in metal may not work
for composites thus new techniques for damage detection
need to be developed. A technique that is often used but re-
quires experienced technicians is the so-called coin tapping
test where changes in sound waves generated by the impact
of a hard object are detected. LARS is a (new) technique that
avoids the errors due to variations in operator technique by
using a instrumented impact device to generate controlled
sound signals. If a hammer is used as an impact device it
could be equipped with a dynamic force sensor to measure
and record the excitation force of the sound signal. The force
and the excited sound signal are related to the contact stiff-
ness between the hammer and the test part. Flaws such as
voids and delaminations affect the contact stiffness and can
be detected under certain conditions. To the knowledge of
the authors, no such technique has appeared in the litera-
ture. In regard to the frequencies, LARS is operated at much
shorter wavelengths than in vibration analysis techniques
(making it “local””) and at much larger wavelengths than in
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ultrasound. The material is excited to frequencies that are
recorded by a microphone. To demonstrate the method, it is
applied to the inspection of wind turbine rotor blades.
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1 Introduction

The formation of voids within materials or between material
layers is a known problem in different branches of industry.
Composite materials especially tend to form cavities and de-
laminations due to the combination of different materials.
There are several non-destructive testing techniques using,
for example, ultrasound to detect voids within different ma-
terials. However, it is difficult to detect flaws with ultrasonic
techniques in materials with high ultrasonic attenuation. The
high attenuation necessitates the use of high energy pulses
and low transducer frequencies. The resolution of ultrasonic
inspection depends on the frequencies used. Some compo-
nents contain materials with a high degree of damping so
ultrasonic waves cannot propagate through them. The pulse-
echo technique requires the identification of the defect echo.
Shallow defects (like delaminations) are often camouflaged
by the emitted pulse, and upper material layers cannot be
tested at all.

In aerospace applications, simple coin tapping tests are
used to detect these shallow flaws within composites. A hard
item such as a coin is used to tap the surface. The loca-
tion of delaminations can be determined by the registra-
tion of a hollow sound. As will be shown, this technique
can be performed using a microphone to record the excited
sound. A Fourier analysis of the sound is conducted whereby

@ Springer


mailto:anne.juengert@mpa.uni-stuttgart.de

24

J Nondestruct Eval (2014) 33:23-33

changes in the sound signals seen as changes in their fre-
quency content. Additionally, the excitation force can be
recorded using a dynamic force sensor implemented in the
tip of the excitation hammer. Together, these procedures are
known as Local Acoustic Resonance Spectroscopy (LARS).

2 Local Acoustic Resonance Spectroscopy
2.1 Measurement Principle

Non-destructive testing techniques using object resonance
are well established in the testing of different kinds of mate-
rials [12]. For the investigation of metal and ceramic parts,
acoustic resonance analyses are used. The objects are hit
with a hard item and elastic waves are excited within the
material. Due to the physical boundaries of the object, stand-
ing waves are formed and the object resonates in its normal
modes. The air around the object starts to oscillate at the
same frequencies and a sound is emitted. Flaws within the
structure change the normal modes and therefore the sound.
A change in the frequency content of the sound signal is
recorded and defective parts can be quickly identified. This
technique, however, only works for small parts with low
sound attenuation. Due to the small size, the normal modes
then lie in the audible frequency range. The low sound atten-
uation is required so that the waves can propagate through
the part and standing waves are formed. For larger parts
in the civil engineering, naval architecture, and aerospace
industries, similar vibration analyses are used [3, 11]. The
eigenfrequencies of these structures lie below the audible
frequency range and have to be recorded using acceleration
sensors. The vibrations can be excited using suitable sources
or the vibrations excited during operation can be used. Dam-
age within the structure change the eigenfrequencies and
therefore can be detected. However, neither the acoustic res-
onance analysis nor the vibration analysis allows a localiza-
tion of damages.

For damage localization in large structures made of fiber-
reinforced plastic materials a related technique can be ap-
plied, such as LARS. During LARS, the structure is hit at a
specific spot with a hard item and flaws such as voids under-
neath the surface lead to a change in the sound response of
the structure. In general, the structures under investigation
have normal modes that are very low in frequency and out-
side the audible frequency range. On one hand, this is caused
by the size of the structures. On the other, the high sound at-
tenuation of the materials affects the higher frequencies and
higher modes are dampened quickly. Therefore, the excited
sound is a very local response to the excitation and is not
affected by the eigenmodes of the structure. The mechanism
is explained in the next section.

LARS is mainly an advancement of standard coin-
tapping tests [8, 16, 22, 30]. For LARS measurements it
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is suggested to use an impulse hammer with an integrated
force sensor for tapping. The ear of the observer is replaced
by a microphone and a data recorder. The change in sound
arises in a change of the frequency content of the recorded
signal.

The measurements are taken at specific points along mea-
surement lines or grids that allow the creation of two and
three-dimensional images of the structure (the 3rd dimen-
sion is given by the half-widths of the excitation forces or
frequency data).

2.2 Mechanics of LARS

Local acoustic resonance spectroscopy seems to be similar
to resonance analyses, but the underlying physical mecha-
nism is different.

The elastic properties of the test specimen play a major
role, e.g. the bending stiffness

B =E-I (1

where E is Young’s modulus and / the moment of inertia.

LARS can only be applied to materials with an interme-
diate bending stiffness, which is related to an intermediate
E-modulus, and an intermediate sound attenuation. Soft ma-
terials like rubber or foam polymers exhibit a high damping
of the impact sound and the propagation of elastic waves and
are therefore not suitable. With very hard materials, the lo-
cal character of the technique gets lost, because the bending
amplitude will be smaller and covers a broader area of the
test specimen.

However, the bending stiffness depends on the geome-
try of the structure. A structure that is thin relative to its
length is easier to bend than a thick and short part. The tech-
nique therefore works very well on plate-like structures and
is more sensitive to flaws near the surface.

Instead of the bending stiffness, the contact stiffness can
be used to describe the mechanics of the technique. The con-
tact stiffness depends not only on the properties of the in-
vestigated material, but also on the elastic properties of the
hammer used and on the exciting force [21, 28].

According to Cawley and Adams [4], the contact en-
durance and the excited frequencies change if the contact
stiffness changes. Following Hertz impact theory [13] the
contact stiffness k¢ is

3/16rE*2\ /3
. 1 1—v|2 l—v% .
with = F + 0 E; are the E-moduli, v the Pos-

sion’s ratios of the two materials and F the excitation force.

In addition to the sound signals, the force at the tip of
the hammer is recorded with a dynamic force sensor. These
are two independent parameters that are both linked to the
contact stiffness.
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2.3 Signal Analysis

According to Cawley and Adams and Hertz, the contact time
increases if the contact stiffness between the hammer and
the inspected structure decreases. This shows in the excita-
tion force signal. Under ideal conditions the hammer impact
produces a bell shaped curve at the force gauge in the ham-
mer tip. The energy of the hammer impact is given as the
area beneath the curve. The impact on a stiff surface (high
contact stiffness) will lead to a high and narrow bell curve;
the impact on a soft material (low contact stiffness) will pro-
duce a broader curve. Based on similar excitation forces, the
area beneath the curves should be equal. Thus, the width of
the bell curve depends on the contact stiffness. Flaws like
delaminations or cavities decrease the contact stiffness and
therefore lead to broader force signals.

To analyze the excitation forces, the contact time is calcu-
lated from the dynamic force sensor data. The half-width of
the excitation force is determined for every excitation point.
These half-widths can be linked to the measurement grid
transformed into a 3-D color-coded or grayscale image.

The sound data from the microphone is converted to the
frequency domain using a Fourier transform [2]. Changes
in the contact stiffness lead to changes in the frequency con-
tent of the sound response and contain information about the
condition of the structure at this specific location.

3 Investigation of Error Sources

During experimental measurements, errors occur for differ-
ent reasons. The devices used are limited (e.g. by sampling
rates and resolution of data acquisition) and peculiarities of
some materials or components can affect the results. There-
fore, it is important to examine the limits of new techniques
to avoid misinterpretations.

3.1 Variation of the Excitation Force

According to Eq. (2), the contact stiffness, which is the cause
of changes in the recorded signals, depends on the excitation
force. If the excitation of the signal during LARS is done
manually, the amplitude of the excitation force can vary.
Therefore, it is necessary to investigate the effect of chang-
ing excitation forces versus the effects that are caused by
material properties. To study these effects, an instrumented
impulse hammer was used to manually tap a flawless glass
fiber-reinforced polymer (GFRP) plate. Different hammer
tips were used—hard and small tips made of steel and plastic
and larger tips made from elastomers. In Fig. 1 the excitation
signals for different excitations using a polyoxymethylene
(POM) tip are shown. The left picture shows the recorded
forces over time. The differences in the excitation force are
visible in the different amplitudes of the signals. The small-
est amplitude is more than three times smaller than the high-
est amplitude. Equation (2) predicts a change in the contact
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Fig. 2 Signals recorded at the x10°

force gauge using a elastomer
hammer tip and different
excitation forces

amplitude [V]

1

16 17
time [ms]

stiffness. This change should lead to a change in the con-
tact time between hammer and GFRP plate. Therefore, it is
necessary to look at the widths of the different excitation
signals. The right picture in Fig. 1 shows the normalized ex-
citation signals for a POM tip. It can be seen that differences
in width are visible but small. If we take a closer (Table 1)
look it can be seen that the half-widths of the curves vary by
50 ps from the lightest to the strongest tap. This difference
is at least one order of magnitude smaller than differences
caused by damages within GFRP. If a soft elastomer ham-
mer tip is chosen instead of the POM tip, the differences in
the half-width are much larger (Fig. 2). The measuring er-
rors in the half-width determination are smaller if the ham-
mer tip is harder. The POM tip is a suitable choice for the
use at GFRP because steel tips could cause damage to the
surface or the coating of the GFRP.

3.2 Investigation of Small Parts

In laboratory tests, investigated parts often are cutouts of
bigger components and detached from their real environ-
ment. Therefore, tests have to be planned properly and the
mounting of the test specimen plays a major role. It is sen-
sible to mount the specimen such that the constraints mimic
those of the part in an actual service environment.

In the following, a part of a fiber-reinforced plastic pipe
is investigated. The pipe is usually used as a liner within
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Fig. 3 Mounting of a pipe segment

a larger stone/concrete pipe and is not under pressure. It is
difficult to create similar mounting in the laboratory. There-
fore, a pipe segment is mounted softly at two points of the
test specimen to avoid the excitation of vibrations within the
mounting. This scheme is shown in Fig. 3.

However, the analysis of the signals shows that the
mounting still has an influence on the recorded data. The
amplitude spectra of the sound signals at each measuring
point were calculated and after normalization of the data,
the energy of the signal was calculated as the area beneath
the amplitude spectra. An energy value for each measuring
point was evaluated and after a cubic interpolation the re-
sults are shown as grayscale images (Fig. 4). The mounting
of the pipe segment is represented by the two dark areas
of low energy. The soft mounting of the test specimen led
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Table 1 Maximum amplitudes
and corresponding half-width of

Material (line style in Figs. 1 and 2)

Maximum amplitude [uV] Half-width [ms]

the excitation with an impulse

hammer POM 1 (solid)

POM 2 (dashed)

POM 3 (dotted)

POM 4 (dash-dotted)
Elastomer 1 (solid)
Elastomer 2 (dashed)
Elastomer 3 (dotted)
Elastomer 4 (dash-dotted)

175 +4 0.0354+0.04
153 +4 0.0354+0.04
73+£2 0.039 +0.04
55+£2 0.040 £ 0.04
67+2 0.076 +0.04
51+£2 0.090 £ 0.04
50+£2 0.090 £ 0.04
38+1 0.096 £ 0.04

Fig. 4 Cumulated energy from 5
the amplitude spectra of the
sound signals recorded at a pipe
segment
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to a damping of the vibrations in the direct surrounding of
the mounting. This effect was so strong that possible ma-
terial defects could not be resolved. However, it is a good
example for the locality of the technique. The mounting was
localized very well using this technique.

If LARS is applied to smaller parts it is possible that
the normal modes of test parts lie in the frequency range
of the excited sound. In these cases the normal modes of
the whole structure should be damped to conserve the lo-
cal resonances only. Otherwise, the normal modes cover
the local resonances and damage detection becomes diffi-
cult. Figure 5 shows the energy of the amplitude spectra
within a certain frequency band of a flawed GFRP plate.
The flaws were created using inserts of other materials. The
flaws were localized using transillumination and thermog-
raphy as Ref. [14]. The results of the analysis of the sound
signals show a pattern which represents the normal modes
of the plate comparable to Chladni figures [5, 26]. The pat-
tern is visibly disturbed by a defect only at the lower edge
((0.10,0) to (0.15, 0)). This was caused by a delamination in
the material. Other damages are covered by the eigenmodes
and could not be detected. Comparable patterns are visible
in the other frequency bands as well.

3.3 Variation of Stress State

In practice, components often have to be investigated dur-
ing production, before installation or built in as in-service

high

y[m]

0.03

low high

Fig. 5 Energy content of the sound signals within the frequency band
from 120 to 135 Hz, recorded at a plate with flaws known from tran-
sillumination and thermography. The flaws are marked in the picture.
Flaw 1 is a triangular delamination; flaw 2 and flaw 4 are inserts of
other materials. The flaws marked with 3 only shows in the transil-
lumination and are probably metal spikes. The transillumination and
thermography results are shown in [14]

inspections. The stress state of the component is therefore
variable. Whether the stress state of a component will af-
fect the results of LARS was investigated. For this purpose,
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Fig. 6 Half-width of excitation

force at test field under (a) low
stress and (b) high stress
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a test field within a larger component was investigated in
two different stress states. The investigated material was a
sandwich composite containing plastic foam and GFRP.

During the first test, the component was bedded on the
ground. A grid defining the test points was marked on the
component. The stress within the test field (especially per-
pendicular to the sound excitation) was expected to be low.
In the second test the component was fixed at one end and
loaded with a static load, causing bending. Therefore, the
stress within the test field was high.

In Fig. 6 the results of the analysis of the excitation forces
is shown. The half-width of the excitation force was evalu-
ated at each point of the test field and a grayscale image
was generated. In Fig. 6(a) the data from the unstressed test
field are shown; in Fig. 6(b) the data from the stressed test
field can be seen using the same scale. As a result, the half-
widths are smaller overall if the test field is under tension.
The differences within the test field are still visible but are
less distinctive. Thus, the contact stiffness is affected by the
stress state of the component. High tension within the mate-
rial decreases the resolution of the LARS measurements.

4 Application at Wind Turbine Blades

Rotor blades of wind turbines are lightweight structures with
an aerodynamic shape comparable to the airfoils of glid-
ers. The blades are mainly built of fiber-reinforced poly-
mers. All highly stressed parts are realized as monolithic
GFRP or CFRP laminates. The parts that are mainly re-
sponsible for the aerodynamic shape are built of sandwich
materials containing wood (Balsa) or plastic foam. Possi-
ble flaws within the material are versatile and subject to
current research [18, 19]. Wind turbine blades are difficult
to investigate using non-destructive testing techniques. The
thick GRFP laminates highly dampen elastic waves and the
heat conduction is low. Besides, the sandwich areas are
even more difficult to investigate with ultrasonic techniques.
However, ultrasonic and thermographic techniques can be
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adapted and applied to wind turbine blades to a certain ex-
tent [1, 29]. Ultrasound-Echo methods can be used to in-
spect the bond areas between different structural elements
[9, 15, 20]. Techniques using ultrasonic guided waves are
investigated as well [25]. Additionally, techniques for struc-
tural health monitoring in condition monitoring systems for
existing blades are investigated [6, 17, 23]. In particular,
LARS was developed to investigate the important struc-
tures of wind turbine blades to detect shallow delaminations,
voids, and material changes.

4.1 Laboratory Test

A part of a damaged wind turbine blade was used to evaluate
the LARS technique. The part (Fig. 7) was cut out near the
flange of a wind turbine blade. The investigated surface cov-
ers 75 cm in the x-direction and 20 cm in the y-direction.
Different material layers are visible in the cross section as
well as a crack along the surface and a delamination of the
different materials. A measurement grid with 5 cm spacing
was used for LARS measurements.

The analysis of the excitation forces leads to Fig. 8(a). In
the upper right corner of the test field an area of longer con-
tact times (dark area) is observed. The delaminated layers
are pressed together during the hammer impact. This leads
to lower contact stiffness and a longer contact time. Smaller
changes in contact time could be related to the structural
changes due to material changes and material thicknesses.
The dark area corresponds well to the cracked area, visible
in the photo in Fig. 7. In Fig. 8(b) the results of the damaged
area are plotted as an overlay onto the photo. It seems the de-
lamination slightly overestimated by LARS. This is caused
by the chosen measurement grid. The damage ends between
two measurement points. The analysis uses an interpolation
algorithm, so that the damage seems to be larger. The res-
olution of the analysis can be increased by decreasing the
spacing between the measurement points. The analysis of
the sound signals can be found in [14] and mainly confirm
the results of this analysis.
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Fig. 7 Photo of wind turbine

blade part
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4.2 Field Test test, monitored by vibration and sound emission analyses.

Results of these other NDT techniques can be found in [27].
Field tests were performed on a wind turbine blade that had ~ The wind turbine blade was delivered without a gel coat so
several visible defects and was scheduled for a dynamic load  some defects were already visible from outside the blade. An
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Fig. 9 Photo of the inspected area of a wind turbine blade. The encir-
cled area corresponds to a delamination. The dashed encircled areas
mark near surface material changes (degradation caused by ingress of
moisture)

experienced rotor blade inspector (see acknowledgement)
examined the turbine blade in advance by using a conven-
tional coin tapping test and marking critical areas (Fig. 9).
Due to the missing gel coat some structural details of the
turbine blade can be seen through the GFRP. In the lower
part there are small cubical inserts made of plastic foam. In
the upper part the CFRP-belt is visible. The CFRP-belt is
covered by a copper mesh which serves as lightning protec-
tion. The critical area is encircled. In the middle of the circle
a hollow sound (supposedly a delamination) is marked with
the word ‘Hohlklang’. Left and right from the delamination
near surface, material changes can be seen as a snowflake-
like pattern. They are encircled with a dashed line. The ma-
terial changes are supposedly embrittlements or other degra-
dations due to water inclusions [7].

Local acoustic resonance spectroscopy was applied along
a staggered grid with a spacing of 5 cm covering the encir-
cled area.

First, the excitation signals were analyzed. In Fig. 10 the
half-widths of the excitation signals are plotted in 2D over
the measurement grid. It can be seen that there is an area
of enlarged half-width in the middle of the test field. The
contact times between hammer and turbine blade are longer
in this area than in the adjacent areas of the test field. This
coincides with the delamination as marked by the inspec-
tor. To illustrate the similarities more clearly, Figs. 9 and 10
are combined in Fig. 11. The measured longer contact times
between hammer and surface and the delamination clearly
match. Also, the material changes near the surface (dashed
line areas) affect the contact time.

After that, the recorded sound signals were analyzed.
A fast Fourier transform was used to calculate the ampli-
tude spectra of the sound signals. Two amplitude spectra of
sound signals recorded in different areas of the test field are
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Fig. 10 Half-widths of the LARS at the test area

Fig. 11 Overlay of photo (Fig. 9) and results shown in Fig. 10. A de-
lamination (hollow sound) is marked with the word “Hohlklang”. The
delamination corresponds to the bright area (elongated contact times)
in the middle. The encircled areas with dashed lines mark near sur-
face material changes which overlay the elongated contact times of the
delamination

shown in Fig. 12. The solid line belongs to a sound signal
excited at the edge of the grid, where no damage was ex-
pected. The dashed line corresponds to sound excited in the
center of the grid, where the delamination was marked. Dif-
ferences in the frequency content of the two sound signals
are visible. The spectral centroids [24] can be calculated for
intact and damaged areas. In the intact area the main part
of the sound energy (spectral centroid) is about 0.7 kHz and
lower. The main part of the sound energy on the damaged
areas lies above 0.9 kHz.

To compare the frequency content in the tested area,
slices through the data-cube, containing the amplitude spec-
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Fig. 12 Amplitude spectra of 1
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tra along the measurement grid, were cut and are shown in
Fig. 13. The slice at 500 Hz shows very low amplitudes
(dark color) in the middle of the grid; the slices at 700 Hz
and 800 Hz exhibit high amplitudes (light color) in the mid-
dle of the tested area. This is interpreted as the response to
the delamination, which corresponds well to the delamina-
tion that was marked before by the inspector. These changes
are not visible in other frequencies.

The analysis of the sound signals shows the delamina-
tion larger than the analysis of the excitation forces. The
excitation signal is more affected by material changes near
the surface than the sound signal. The grey spots around the
marked delamination in the excitation signals (Fig. 11) fol-
low the visible material changes in the first fiber layers. The
sound signals does not seem to be affected by this mate-
rial changes. Therefore, it is necessary to look at both signal

types.

5 Discussion and Conclusions

Local acoustic resonance spectroscopy is an advancement of
the tapping tests commonly used in the aerospace industry
and in wind turbine blade inspections. The excitation force
is recorded using a force gauge within the tip of a hammer,
and the resulting sound is recorded using a microphone.
During the measurement process there is always un-
certainty within the results. One source of uncertainty us-
ing LARS is the manual excitation of the sound signals.
Changes in sound are caused by changes in the contact stiff-
ness between hammer and test part. This contact stiffness
depends to some degree on the excitation force. Within a lab
test, the influence of this dependency was investigated. It
could be shown that the differences in contact stiffness due
to different excitation forces are measurable. Fortunately,
they are one order smaller than the differences caused by
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defects within the test part. However, for higher resolution
measurements an automated excitation is required similar to
the impacts used in impact-echo testing [10].

LARS works well on large components with intermediate
sound attenuation. If small parts or cutouts of large compo-
nents are to be investigated, problems may occur during the
measurements. It is therefore recommended that the part be
mounted such that the kinematic constraints and stress state
match those of the part in a service environment. Due to the
physical boundaries of smaller components, eigenmodes of
the structure can be excited. It is required to dampen these
normal modes to a certain degree using a suitable mounting
of the test piece. But also the mounting of smaller compo-
nents can affect the results as has been shown. The tech-
nique is particularly suitable for in-situ applications, and,
to a lesser extent, small cutout parts. In addition, it was
shown that the stress state of the investigated parts affects
the results of a LARS test. This has to be kept in mind with
moving components that change their location and stress
state, e.g. wind turbine blades, and for parts that have to be
inspected periodically. Furthermore, it was shown that the
stress within the part should be kept low to allow higher res-
olution results.

Application of LARS to wind turbines showed that the
method is a suitable technique for the detection of defects
in the blades. In particular, delaminations and hollow ar-
eas can be detected using both contact time and sound re-
sponse analysis. Because of its simplicity and insensitivity
to weather conditions, the LARS method is particularly at-
tractive for wind turbine blade testing. Moisture does not
appear to affect the analysis, but temperature induced stress
changes might affect the results. Further, it is a fast mea-
suring technique and further automation is possible and will
be explored for future applications to fiber-reinforced poly-
mer constructions, including wind turbine blades. Another
field of investigation will be the implementation of advanced
analysis and signal processing algorithms to create images
that could be interpreted by the rotor blade inspectors.

LARS is comparable to commercial equipment for bond
testing (e.g. Mitsui Woodpecker) in aerospace industries.
However, the Woodpecker analyses the contact times of
the sound excitation only. LARS additionally provides the
recording of the sound signals. The sound signals contain
additional information and the combined analysis of excita-
tion forces and sound signals could give information about
the nature of flaws. This is especially important for the ap-
plication to wind turbine blades, as damage here is more
variable in size and origin, and has, in the case of aerospace
materials, received less research attention.

There still is potential for improvement in the analysis of
the sound signals. A systematic evaluation of the technique
using artificial and realistic flaws with known dimensions
and locations has to be done to distinguish different types of

@ Springer

flaws by their frequency content. It also is needed to iden-
tify the significant frequency ranges for different flaw types
and rotor blade regions. Advanced techniques of signal pro-
cessing and pattern recognition could also lead to automated
damage detection.
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