
 

Assessment of the impact of air voids on adhesive joints in rotor blades by 
use of NDT and FEA  

 
Dragan KOVAČEVIĆ1, Yuri PETRYNA2, Mira PETRONIJEVIĆ3 

 

1 Faculty of Civil Engineering, University of Belgrade, Bulevar kralja Aleksandra 73, 11000 
Belgrade, Serbia, dkovacevic252@gmail.com 

 

2 Institute of Civil Engineering, Technische Universität Berlin, Gustav-Meyer-Allee 25, 
13355 Berlin, Germany, yuriy.petryna@tu-berlin.de  

 

3 Faculty of Civil Engineering, University of Belgrade, Bulevar kralja Aleksandra 73, 11000 
Belgrade, Serbia, pmira@grf.bg.ac.rs 

   

 
Abstract 
The present contribution develops investigation techniques suitable for the effects of defects in 
adhesive joints of composite structures like rotor blades. Based on the results of non-
destructive testing of a representative subcomponent¸ called Henkel beam, an approach is 
proposed for stochastic simulation and numerical testing of adhesive joint with randomly 
distributed voids. A parametric study delivers a few useful results with respect to the critical 
void properties like size, relative position and density. Further results of this ongoing research 
will be presented on the conference. 

Keywords: effects of defects, rotor blade, adhesive joint, void, NDT, FE simulation 
 

1 INTRODUCTION 

The overall integrity of rotor blades of wind turbines depends among others on the quality 
of adhesive joints between shear webs and spar caps. Several representative subcomponent 
tests have been developed in the past for experimental investigations of adhesive joints like in 
[1]. Such tests generally show a significant scatter of the component fatigue strength. One of 
the reasons for this are typical defects like voids and disbonds.  

The present contribution is dealing with the study of the effects of defects on the fatigue 
strength of adhesive joints in rotor blades. The main focus is set on the impact of voids which 
has been less investigated. It has been experimentally proven that the fatigue damage 
mechanism is initiated by multiple tensile cracks in the glue layer [1]. At that, the strain level 
under operational loading corresponds to a linear elastic behavior of the adhesive. The reason 
for the fatigue crack initiation is probably a critical stress concentration around the existing 
voids or defects. Such phenomena can be easily studied even during the linear response of 
joints to static loading.  

The present effects-of-defects study includes both experimental data and numerical 
simulations. Two different approaches could be considered. The first one includes non-
destructive testing (NDT) of the glue layer with the focus on voids within a representative area 
of the adhesive joint. The measurement data is then processed in order to obtain the statistics 
of voids with respect to their density, size, position, orientation, etc. This information is used 
to generate the finite element model with a random set of voids in the framework of the Monte-
Carlo simulation. The simulation results could be compared to the static tests of the glue layer 
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or a subcomponent, if available, and to clarify the reasons for the difference. Alternatively, 
stochastic simulations could be used to obtain the mean strength of the adhesive joint with 
random voids and to derive simple criteria for stress concentrations or strength reduction with 
respect to the properties of the voids. The present contribution is focused on the methodological 
aspects of this approach. 

The second approach is also based on the NDT of adhesive joints. For instance, alternative 
measurement data are available for a subcomponent from the computer tomography and 
ultrasonic testing. The main focus of this approach aims at 3D spatial reconstruction of the glue 
layer from the NDT data including voids and boundaries and to transfer this spatial model 
directly into the finite element model. The finite element analysis (FEA) based on such real 
model is expected to deliver realistic results that are quite close to experimental measurements. 
This approach is currently in progress and beyond the scope of the present paper. 

The present contribution uses experimental data available from the Joint Research Project 
BLADETESTER financed by the German Federal Ministry of Economic Affairs and Energy 
[2]. The subcomponent fatigue tests have been conducted by the Fraunhofer Institute for Wind 
Energy and Energy System Technology in Bremerhaven (IWES, Germany) in collaboration 
with the TU Berlin. The non-destructive testing of the same components has been done by TU 
Berlin.  

2 SUBCOMPONENT FATIGUE TEST WITH ADHESIVE JOINTS 

The full-size tests on real rotor blades for combined flap and edge wise static load case at 
IWES [1] delivered tensile and shear stresses in the adhesive layer that could be used to define 
an equivalent subcomponent according to Fig. 1. Such a subcomponent, called Henkel beam, 
has been designed so that a constant bending moment and constant tensile stresses in adhesive 
arises in a mid-part of the beam.  

Ten Henkel beams of that type have been used for the tests within the BLADETESTER 
project. Several void types have been introduced in the reference part of the beam with constant 
bending moments and then thoroughly investigated with respect to the damage and failure 
mechanisms. Both artificial voids of relatively large sizes and natural voids due to various 
mixing procedure and glue material properties have been investigated.  

 

Figure 1. Subcomponent geometry and relation to rotor blade according to [1] 

Typically, tensile cracks in the adhesive layer appear first in a certain sequence, following 
by debonding between the adhesive layer and a composite flange and component failure [1]. 
At that, tensile fatigue cracks under cyclic loading appear at integral strain levels that 
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correspond to a linear response of material. The main driven mechanism is probably a stress 
concentration and fatigue in a narrow vicinity of voids. This phenomenon is studied in the 
present work for a linear static response of the same component.  

The Henkel beam under consideration, its static loading and cracks at the end of fatigue life 
are shown in Fig. 2.  

 

Figure 2. Henkel beam with loading sketch and cracks in adhesive joints 

3 COMPUTER TOMOGRAPHY OF ADHESIVE JOINT 

Several Henkel beams have been thoroughly investigated by non-destructive testing before 
and after fatigue tests. Usual computer tomography (CT) devices from the human medicine 
technique as well as ultrasonic scanning have been applied. Details of the computer 
tomography of a Henkel beam can be seen in the PhD Thesis of A. Künzel [3]. In the present 
work, we use the data of CT usually available as 3D data arrays or section plots with a 
resolution of 3 mm in the longitudinal direction and 1 mm within the cross section. Several 
artificial voids in the adhesive layer can be clearly recognized on CT images shown in Fig. 3.  

 

Figure 3. Computer tomography images of Henkel beam 

It was possible by using this technique to analyze the amount, position and size of all voids 
along a reference part of the adhesive joint, of course, only those which are visible within the 
CT resolution. These voids have been systematically ordered in groups according to their size. 
Such statistical information has been used in the present work to generate random void sets for 
the finite element analysis described below.  

At that, we focus on static loading of a beam. Due to elastic behavior, the strain and stress 
distribution over the beam height can be assumed as linear according to the beam theory. The 
stress distribution over the height of the adhesive layer can be further considered as unified due 
to the fact that the thickness of the layer is small enough compared to the beam height. This 
formulation leads to the simulation of the adhesive layer as a 3D deformable body under 
constant tensile stresses and randomly distributed voids according to the above mentioned 
statistics. 
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4    RANDOM SIMULATION OF VOIDS IN ADHESIVE JOINT  

Real air voids in adhesive joints exhibit various dimensions and shapes. They are modeled 
in the present work as spheres, while the adhesive layer is represented as a cuboid. It seems to 
be a reasonable simplification.  

Generally, one sphere is totally determined by its radius and the spatial position of its center 
defined by three coordinates x, y and z. If dimensions of the adhesive layer are a, b and c in x, 
y and z directions, respectively, then x coordinate can be any value between 0 and a, coordinate 
y can be any value between 0 and b and coordinate z can be any value between 0 and c. The 
position of the center of each sphere is randomly generated by using the uniform probability 
density function (PDF) according to Fig. 4. The radius of the spheres is randomly generated 
according to the available statistics of the air voids in the adhesive joint obtained by NDT. 

  

Figure 4. Probability density function for the center 
coordinates 

Figure 5. Two spheres in space which do not overlap 

In the Figure 4, η represents any of the center coordinates x, y or z, while d represents 
dimension in the corresponding direction. Two geometrical conditions for the spherical voids 
are considered. First, any sphere is not allowed to go outside the volume of the cuboid. If  a 
sum of any coordinate of randomly chosen center position and randomly chosen radius exceeds 
joint boundaries, then those coordinates must be abandoned. The second restriction relates to 
the overlapping between spheres. Any sphere is not allowed to overlap other spheres. This is 
achieved by checking the distance between two random spheres (Fig. 5).  

In the Fig. 5, spheres S1 and S2 are defined by the radii R1 and R2 and the position of centers 
c1 and c2. Further, center positions are determined by vectors  1 1 1 1, ,r x y z  and  2 2 2 2, ,r x y z
. Regarding the Fig. 5, the following can be written: 

  3 1 2 1 2 1 2 1 2, ,r r r x x y y z z        (1) 

The length of the vector 3r  is equal to the distance between the two centers: 

      2 2 2

3 1 2 1 2 1 2r x x y y z z        (2) 

If the length 3r  is bigger than sum R1+R2, then these two spheres satisfy the non-

overlapping condition and can be taken into account.  
A program for stochastic modeling of air voids in a glue layer has been implemented in the 

programming language Python. It goes throw while loop and generates spheres one by one. If 
the previous condition has not been satisfied, the last sphere shall  be skipped. 

The above mentioned algorithm has been implemented in two commercial software 
packages: Abaqus/Standard [4] and Ansys Mechanical [5]. For Abaqus, an adequate Python 
script has been written, while in Ansys, the code has been written in Parametric Design 
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Language – APDL.  

 

Figure 6. Longitudinal section of adhesive joint with imperfections and finite element mesh 

The Boolean techniques have been used to obtain the cuboid geometry with voids. Due to a 
very complicated total geometry of adhesive joint, the mesh has been generated using the free 
meshing technique. A longitudinal section of the adhesive joint with voids together with the 
corresponding finite element mesh is exemplarily presented in Fig. 6. 

5 ANALYSIS OF DAMAGE MECHANISMS  

It has been assumed from the experimental observations that the fatigue crack initiation in 
real subcomponent tests is caused usually due to a critical stress concentration around the voids. 
In order to observe the damage mechanisms with multiple cracks, we use in the present work 
an elasto-plastic material law and a non-linear finite element analysis. The corresponding 
simulation control has been realized by a Python script for the Abaqus/Standard software. 
Usually, 50 stochastic simulations with each time different distribution of the air voids have 
been performed. For all of them, 2.5% of air voids with respect to the total volume of the 
adhesive layer has been assumed for demonstration purposes. The radius of any void is 
stochastically defined using uniform PDF between 0.1 cm and 0.5 cm. Geometrical and 
material properties of the adhesive are adopted according to Table 1. 
 

dimensions [cm] 50x3x1 
density [g/cm3] 1.15 
modulus of elasticity [GPa] 3 
yield stress [MPa] 60 
yield strain [%] 2 
failure stress [MPa] 70 
failure strain [%] 8 

Table 1: Geometrical and material properties of adhesive joint 

The boundary conditions and loading are presented in the Fig. 7. Two opposite sides have been 
restrained in y and z direction (Figure 7).  

 

Figure 7. Boundary conditions and load disposition of the adhesive layer 
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Figure 8. PDF for yield stress in adhesive joint with air voids 

In every simulation, the load magnitude at the appearance of the first yielding in the adhesive 
has been recalculated into an integral yield stress and compared with that one of the 
homogeneous adhesive layer without voids (60 MPa). A considerable decreasing in yield stress 
has been obtained in the present stochastic modelling. A stochastic analysis of that yield stress 
based on 50 simulations leads to the probability density function shown in Fig. 8, which has 
been fitted to the Gaussian distribution.  The average value of the yield stress is equal to 
15.60 MPa, that is 26% of the theoretical value. The standard deviation is calculated to be 
3.30 MPa. The number of simulation runs is considered as large enough to catch the properties 
of the distribution. It can be increased for the other tasks without any change in the simulation 
procedure. 

6 CRITICAL VOID PROPERTIES  

The analysis of the stress distribution around the voids has shown that several properties of 
the voids may be critical for the crack initiation in the adhesive joint. These are the total volume 
of the voids in a representative part of the adhesive layer, i.e. the void density, the size and the 
position of voids with respect to each other and to the boundaries. 

With aim to relate maximal normal stress concentration in load direction and void density, 
30 different linear elastic simulations have been performed in Ansys Mechanical, with different 
distribution of voids in a cuboid of 50x3x1cm. The adhesive layer has been loaded with 10 
MPa surface traction. For each simulation, 2.5% of air voids with respect to the total volume 
of the adhesive layer has been assumed. Adhesive joint has been divided into 25 segments in 
load direction (25 times 2x3x1cm), so that the volume of voids varied from segment to 
segment, but the mean value has been 2.5%. For every simulation, maximal normal stress in 
load direction has been captured and related to the void density in the segment where the 
maximal stress has occurred. The void density has been calculated as a ratio between volume 
of voids in one segment and total volume of the segment (2x3x1cm). It has been observed that 
larger local concentration of voids does not necessarily imply larger stress concentration 
(Figure 9). This means that relative position of locally concentrated voids cannot be skipped in 
analysis of air voids impact on adhesive joints. 
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Figure 9. Amplification of maximal normal stress in glue layer, depending on relative void density 

Having these facts in mind, a special parametric study on two voids has been performed in 
order to define their critical relative position with respect to the largest stress concentration. 
Two voids are considered to be in the same plane and to have equal radii, R=0.25cm. Different 
values of the distance between the voids and the relative orientation angle have been considered 
in this parametric study (Figure 10).  

 

Figure 10. Relative position of two voids 

The smallest considered distance has been set to Δ=0.1 cm, since numerical instability could 
be observed in Ansys Mechanical for the smaller magnitudes. The angle between the voids, 
relative to load direction, has been varied between 0 and 900, due to double symmetry in 
geometry. The ratio between the maximal local stress with two voids, maxStress2, and the 
maximal one around one void, maxStress1, is presented in the Figure 11. 

It can be seen that the critical relative angle is approximately 750 with respect to the loading 
direction. As the distance increase, the influence of the second void on the stress concentration 
becomes smaller. Also, if the relative angle is 00, there is no influence on the stress 
concentration.  

This fact is expected, and can be concluded from the normal stress flow illustrated in Figure 
12. In order to get better presentation of the obtained results, the stress distribution in Fig. 12 
has been limited to 15 MPa.  

It is obvious that several voids in one row parallel to the load direction will disturb the stress 
flow in completely the same way as the one sphere will do (Figure 12, detail B). This illustrates 
the fact that the overall volume of locally concentrated voids is an important factor for stress 
concentration, but not the most important. The relative position of the voids seems to be the 
most critical factor for stress concentration (Figure 12, detail A). 
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Figure 11. Ratio between maximal stress with two voids and maximal stress with one void in adhesive layer, 
depending on relative position of two voids  

 

Figure 12. Distribution of normal stress in x direction, in longitudinal cross-section of tensioned glue layer 

6 CONCLUSION  

In this paper, a probabilistic numerical model for investigation of air voids impact on 
adhesive joint is presented. The proposed numerical model is based on experimental data 
obtained by using NDT (computer tomography). Air voids are modeled as ideal spheres with 
randomly varied diameter and location according to the measured statistical distributions. 

Physically non-linear analysis of adhesive joint with voids has been performed 50 times 
within a Monte-Carlo simulation framework. In every simulation, different distribution of the 
same total volume of air voids has been considered. In comparison with the undamaged layer, 
the glue layer with imperfections has shown considerably smaller bearing capacity. 

In order to identify the main influence factors for the stress concentration in the glue layer, 
linear elastic analysis has been performed. It has been shown that the density of voids is 
important factor for the stress concentration, but not the only one. The relative position of voids 
is the parameter that must be taken into account. Geometrical condition for the critical relative 
position of two voids, with respect to maximal stress concentration, has been derived 
numerically. The relative angle of 750, combining with short distance between the voids is the 
most dangerous. As the distance increases, the influence of the second void on the stress 
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concentration becomes smaller. Also, if the relative angle is 00, there is no mutual influence on 
the stress concentration between two voids. 
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