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Abstract 
One main defect found when examining rotor blades of wind turbines are ondulations within the layers 
of the composite material. These may result in structural failure of the rotor blade and thus account for 
extensive cost for repair and downtime of the facility. 
Within a study, methods are being developed and apparatus investigated to locate such defects by 
means of thermography, in order to consecutively acquire high-resolution 3-D images thereof by 
computed tomography and to develop algorithms to automatically evaluate those ondulations. The 
methods that we are going to demonstrate include detection, segmentation and measurement of length 
and height of the epoxy forming underneath an ondulation as well as segmentation of single glass-fiber 
rovings, evaluation of their orientation through the composite material and maps of these artifacts. 
Modeling of whole rotor blades and simulation of X-ray images along different trajectories is used to 
evaluate the necessary geometry and acquisition parameters for a concept to be applied both to quality 
control during the production and as inspection platform in situ. 
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1  Background 
Since the decision to retreat from nuclear energy, power generation in developed countries like e.g. 
Austria and Germany is being focused towards renewable energies and especially wind energy. Those 
wind turbines’ rotor blades are heavily loaded due to the high circumference speeds of up to 300 km/h 
at radii of up to 90 meters. Wind power industry provides both endurable and lightweight constructions 
for these conditions by employing glass-fiber reinforced composite materials in semi-monocoque 
construction. However, failure of wind turbines’ rotor blades can often be traced back to defects 
originating in manual production steps therein. The high monetary causes of such failure demand for 
the development of non-destructive testing methods applicable both for quality control during 
production and for inspections in situ to identify and locate those defects. 

2  Study’s Aims and Overview 
Fraunhofer Society’s Wilhelm-Klauditz-Institute for Wood Research (WKI) together with the 
Development Center X-Ray Technology (EZRT) are expediting a study to allow measurement and 
evaluation of critical structures within such composite materials during construction as well as at the 
site of operation. 
The idea of the study is to combine the expressiveness of IR thermography and X-ray imaging. 
Thermography is used to identify and locate suspicious regions in the object. X-ray imaging and 
computed tomography are applied to provide volumetric data sets of these regions of interest allowing 
deeper inspections, measurement and evaluation of the found defects. 
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Rotor blades [Figure 1a)] are built in semi-monocoque construction technique. They consist of an 
upper and a lower shell and one or more spars of different possible kinds that are put in between in 
order to support the formation of the aerodynamic structure of the blade [Figure 1b)]. 
The first and probably most obvious severity of defects comprises failures of the bonding at locations 
where both halves of the blade and the spar are connected. These defects can reliably be shown by 
means of active infrared thermography [1] or by acoustic echo measurements. 
This study focuses on a class of manufacturing defects that is less obvious and more difficult to detect 
and to interpret. Along the center part of each blade extends a belt of unidirectional GFRP about 50 cm 
wide and in the blade’s mid span about 5 cm thick [Figure 1c)]. These belts have the purpose of 
carrying the centripetal force that results when the blades with their weight of up to 60 tons rotate with 
circumference speeds of up to 300 km/h. Manufacturing processes are still in early stages of 
automation and thus, the sheets of glass fiber rovings usually are manually put in shape during 
construction. This results in bends and waves in the material – called ondulations. 

Material scientists indicate ondulation angles of 20° to the fibers’ main propagation direction as cause 
of a reduction of their load carrying capacity by one half. Manufacturers of rotor blades give a heuristic 
threshold for such ondulations – they indicate that deviations of 3 mm in height over a length of 10 cm 
would already be reason to reject a blade. The reason for the fiber material’s reduced stability around 
such ondulations can be given by imagining that the bent fibers will no longer compensate the 
appearing forces which, as a result, have to be born alone by the epoxy. 
Aims of our study are to give experimental evidence and quantification for the severity of these 
ondulations, to evaluate thermography as a means to detect and locate these defects, to develop 
methods and devices to acquire highly resolved volumetric data thereof by X-ray imaging and to 
measure the ondulations by processing the acquired images. Fraunhofer WKI will examine the load 
carrying capacity of samples of unidirectional GFRP and the impact of ondulations thereon by tensile 
testing. WKI will apply their expertise in active thermography to locate regions suspicious for 
ondulations within the blades. Fraunhofer EZRT started their contribution to the study by acquiring 3-
D CT images of smaller sections of the aforementioned belts and algorithmic processing of these. We 
built models of a rotor’s blade sections within Fraunhofer EZRT’s Scorpius XLab® X-ray simulation 
platform [2] and are now examining different image acquisition principles concerning their 
expressiveness for the problem by means of simulations and by reproducing the real world acquisition 
scenarios in the lab. 

 
 a) rotor blade b) blade segment in mid span c) load-carrying belt with cross section 
   showing an ondulation 

Figure 1: GFRP belts and ondulations in a rotor blade’s structure 
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3 Observations with smaller Specimens 
We started by examining imaging capabilities with smaller specimens. Those are samples of 
unidirectional glass fiber reinforced plastics cut out of a real rotor blade’s belt. The samples have sizes 
of about 25·4·3 cm3 and show different kinds and severities of ondulations [Figures 2 and 3].  
The sample in Figures 2 and 3 is made up of unidirectional glass fiber rovings with elliptical cross 
sections of about 3.5·1.5 mm2. In the shown images, these rovings lead from left to right. The warp that 
is used to create carpets of unidirectionally arranged rovings allows us to see the orientation of the 
glass fiber layers throughout the sample [Figure 3]. These small samples allow the computation of 
high-resolution 3-D CT images as are shown in Figures 4 and 5. 

3.1 Evaluation of Ondulations by Epoxy’s Expansion 
Computed tomography reconstructions of our sample objects were made with resolutions of 130µm. 
This resolution ensures the ability to separate different rovings from each other. The difference in 
attenuation of the glass fibers versus epoxy gives high enough contrast to visually follow the roving 
layers and to see the ondulations in the material. 
Our first approach to evaluate the ondulations’ severity uses the idea that the formation of an 
ondulation requires that the area underneath that bump in the fibers will be filled by a lump of epoxy. 

 
Figure 3: ondulation in a close-up of the annotated part in Figure 2, 

the warps allow to follow the roving layers visually 

 
Figure 2: unidirectional GFRP sample from one rotor blade’s belt 
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That epoxy can easily be segmented just by features like its grey level in the images (i.e. by its 
difference in attenuation compared to the fiber material). 
Figure 4 shows an example for such a measurement. The segmentation of the epoxy is shown as red 
overlay over the volume rendering of one of our samples. Measurement of height and length of the 
lump of epoxy allow to conclude the dimensions of the ondulation that has formed above. In this case, 
the segmented area is 3 mm high and 22 mm long. 

This simple approach to measure ondulations comes with some few drawbacks that still need to be 
adressed. The same degree of ondulations might occur without forming one big single region of epoxy 
but with only smaller amounts distributed between several layers making the measurement of the sum 
of epoxy difficult or even impossible. Also, the dimensions of such a balloon of epoxy need to be 
interpreted in terms of the dimensions of the resulting ondulation since the roving layers above smear 
it’s contours. Depending on a definition between which start and end points to measure their 
expansion, measurements of ondulations vary in length. Once, the tensile tests are going to be 
approached, one will need to specify precise definitions for angles and expansions of these defects. 

3.2 Evaluation of Ondulations by Roving Orientation 
A second approach to measure the degree of an ondulation is of course to directly identify the 
orientation of the single glass fiber rovings. This involves segmentation and separation of every 
individual roving and allows to precisely compute their orientations at any position of the sample. 
Figure 5 shows an example for such an orientation map. The overlaid lines indicate the rovings’ 
centerlines while the colour codes the rovings’ deviation from the main propagation direction of the 
belt (correct orientation to severe ondulation from green to red). 
While this way provides best results in the laboratory under ideal conditions, it does not seem 
reasonable to get perfect CT reconstructions of a whole blade’s parts with such high resolutions. For 
the final concept going to be achieved by this study, we expect that we will need to apply acquisitions 
in limited angle trajectories without these high micro-CT resolutions. 

 
Figure 4: examination of an ondulation by segmentation of the epoxy underneath 

3 mm 
22 mm 
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4  Modelling and Simulation 
We will need to develop a concept to apply X-ray imaging to objects that seem not to be manageable, 
today. Now, the largest rotor blades have lengths up to 90 m, cross sections 1.75 m high and 7 m wide 
and root segments with diameters of up to 3.5 m – and even bigger blades have been announced for the 
future. 
In order to develop a concept to examine defects in these big objects, we use X-ray simulation to 
investigate the demands for trajectories and components of the needed X-ray system. 
We created models of blade sections at the root and in mid span of a typical blade [Figure 6] for the 
simulation framework Scorpius XLab® [2]. The models provide the two halves of the outer shell and 
incorporate the spar and belts as homogeneous materials. Due to reasons in computational complexity, 
there are only smaller packs of 17·9 rovings in each belt with epoxy in between, reproducing a fiber 
content of about 60%. The model uses realistic chemical descriptions of the materials in use up to the 
most likely mixing ratios of epoxy and hardener. 

Scorpius XLab® is used to simulate X-ray images of these models under conditions as realistic as 
achievable. We use descriptions of real flat panel detectors and spectra of high energy X-ray tubes, 

 
Figure 5: orientation map with colour-coded centerlines along each roving 

 

 
Figure 6: model of rotor blade in mid span and magnification of a modeled roving pack 
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betatrons and of the linear accelerator used in our XXL-CT testing facility simulated by Monte Carlo 
method and we emulate the focal spot, noise and scatter radiation. This groundwork shall provide us 
with a reliable basis and evaluation of acquisition systems applicable for our task. Due to the absence 
of acquisition systems similar to our needs, this could hardly be achieved without simulation. 
Today, it still seems to be a long way to systems being able to acquire full 360° acquisitions for 
computed tomography of objects with a bounding cylinder of 7 to 8 m in diameter. This and the fact 
that the blades’ most interesting parts for this study are in locations close to the blade’s outer hull let us 
concentrate on limited angle trajectories and laminographic reconstruction techniques [3]. 

Figure 6 shows first results for limited angle reconstruction of the modeled roving pack in the blade’s 
belt. This image results from a trajectory with 80° angular coverage, the detector moving along a path 
of approximately 35 cm close to the region of interest and the source moving along approximately 
160 cm on the other side of the blade. The image allows to clearly distinguish the (still straight) layers 
of GFRP rovings. This result promises to be applicable to show ondulations in the fiber layers. 

5  Outlook 
We are about to incorporate ondulations in the model of our rotor blade and will investigate the 
reliability to display these dependent on different trajectories, X-ray sources and reconstruction 
techniques. More sophisticated methods to identify the rovings’ orientations [4] [5] will be evaluated 
to give reliable measurements even with noisy and lower resolved images. Tensile tests are going to be 
executed to give a solid basis for statements regarding the loss in stability that is caused by a measured 
ondulation. 
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Figure 6: laminographic reconstruction of belt ROI with roving layers 


