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ABSTRACT 

A fracture mechanics approach is presented for the analysis of structures that develop 
large-scale damage along adhesively bonded joints. The approach is based on the use 
of double cantilever beam specimens loaded with uneven bending moments to 
determine the fracture resistance of the adhesive joints. Next, the measured fracture 
resistance is used in a model for the prediction of the load-carrying capability of some 
"medium size" specimens. As an example of use of the approach, some medium size 
specimens were manufactured and subjected to four point flexure. The measured 
strength of the medium size specimens were found to agree well with predictions. 
Finally, we briefly discuss some ideas that may be used in the future combining 
fracture mechanics and maintenance for wind turbine blade.  

1. INTRODUCTION 

Modern wind turbine blades are made by polymer matrix composites utilising the high 
stiffness- and strength-to-weight ratio of glass- and carbon fibres. In most cases, large 
wind turbine blades are manufactured by assembling parts that are united by adhesive 
joints. This offers the advantage of allowing inspection of the parts before the 
assemblage and thus enables a high quality control.  

Since wind turbine blades are made for a lifetime of 20 years or more, there is a need 
for reliable design criteria for adhesive joints. Obviously, such criteria should be robust 
and relative easy to use in practical engineering design. Yet they should be based on 
rigorous analysis of the stress state in wind turbine blades and should account for the 
possible failure modes that may develop.  
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The analysis is complicated by a number of issues such as material orthotropy and non-
linearity and large displacements. Furthermore, the stress state is required at a level of 
detail (e.g. spatial resolution) that is difficult to combine with the large scale of the 
blade itself. Consequently, a multiscale approach, in which a global model is combined 
with models of structural details, is useful.  

There are many models of adhesive joints and many methods for measuring strength 
controlling parameters (see e.g. the excellent books by Mathews (1987) and by Kinlock 
(1987)). It is important to distinguish between structural parameters and material 
properties. A material property should be independent of specimen geometry and size. 
Thus, having measured a strength parameter, considered being a material property, it 
should be possible to predict the strength of other components of different shape and 
size. An example is the single overlap joint. It is widely used to characterise the 
strength of adhesively bonded joints. Never the less, the strength values obtained from 
single lap joints can only be used for qualitatively ranking of the bond strength of 
adhesive, not for quantitatively prediction of other joint geometries. 

Two philosophies can be used in the design of wind turbine blades: The first 
philosophy is based on the assumption that blades are free of defects so that their 
strengths can be assessed by a stress analysis of a perfect blade. The second philosophy 
assumes that components contain flaws and a strength calculation thus requires 
information of the damage, e.g. the flaw size and position. 

Since wind turbine blades are large structures (the largest ones exceed 60 meters in 
length), it is difficult to process them without manufacturing flaws. For instance, it is 
practically impossible to avoid the entrapment of air bubbles in adhesive joints. Such 
cavities in adhesive layers can act as crack starters. Obvious, large flaws (say, a tenth of 
a meter in size) can cause crack propagation and thus reduce the load carrying capacity 
of blade. On the other hand, it is unlikely that very small (mm size) flaws has a big 
effect in the structural strength of such big structures. It would be useful, if a 
methodology could be established that could determine a critical flaw size, so that 
flaws smaller than this size was insignificant, whereas flaws larger than this size should 
be detected by Non Destructive Techniques (NDT's). This critical flaw size could then 
be used in the quality control. With this in mind, we therefore choose the fracture 
mechanics approach for strength prediction. 

In the present paper we describe and apply a fracture mechanics design method that 
allows the prediction of strength of adhesive joints from measurements from smaller 
laboratory test specimens. 

The paper is organised as follows: First we review the basic areas where adhesive joints 
are used in wind turbine blades. Next, we present a methodology that allows the 
prediction of strength of component parts from measurements made on smaller 
laboratory specimens. We illustrate the approach by a case story in which we attempt 
to predict the strength of "medium size" adhesive joint specimens from fracture 
resistance measurements made on smaller laboratory specimens. Towards the end we 
speculate about the use of fracture mechanics in future design and maintenance of 
wind turbine blades. Finally, the major conclusions are summarised. 
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2. OVERVIEW AND APPROACH 

2.1 Overview of adhesive joints in a wind turbine blade. Fig. 1 shows a sketch of a wind 
turbine blade. The blade has an aerodynamic shell, but the main structural part is the 
load-carrying laminates that for a beam in the middle of the blade. The load-carrying 
laminates are supported by webs that prevent structural buckling of the blade. The 
aerodynamical shell is usually made as a sandwich construction consisting of thin 
glass-fibre skins enclosing a light-weight core material made of e.g. balsa wood or 
plastic foam. Wind turbine blades are often manufactured as follows: First two half-
shells are made. The supporting webs are placed inside the two half-shells that are then 
joined. The blade thus becomes glued together at the leading edge, the trailing edge 
and at the webs/load-carrying laminate. Since those adhesive joints should not 
fracture, design criteria are needed.  

 

 

Fig. 1. Sketch of a wind turbine blade and a cross section of a blade.  

Fig. 2 shows a simplified way of analysing the adhesive joints in the wind turbine 
blade. Details that are expected to play a minor role; curvatures and thickness 
variations are disregarded. As shown, the simplified joint configurations ("elementary 
cases") are loaded with axial forces and bending moments. This, too, is a simplification, 
since the joints in a real structure is likely to be subjected to 3-dimensional stress state. 
However, we think that the in-plane forces and moments shown in Fig. 2 are most 
important. Problems of this type can be recast to a reduced problem which has been 
analysed by Suo and Hutchinson (1990). 

2.2 Methodology for testing of design approach. Cracking along an interface can occur 
at the interface (this is denoted interface cracking), or as a sub-interface crack running 
inside the adhesive layer paralleling the interface (this is called cohesive failure) 
and/or by crack growth inside the laminate (delamination). There may only be a small 
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difference between the potential energy release of the three cracking modes. However, 
the fracture resistance of the three cracking paths can differ significantly.  

 

Fig. 2. Simplifications of joints to elementary cases. 

A general methodology for testing the predictive nature of a fracture mechanics design 
approach is outlined in Fig. 3. Coupon test specimens are used for measuring 
properties assumed to be material properties (i.e., independent of specimen geometry), 
such as stress-strain and fracture toughness. The measured material properties are then 
used in a model assumed to be capable of predicting the load-carrying capacity of other 
specimens (here called "medium size" specimens), having another size, geometry and 
loading. In parallel, medium size specimens are manufactured, and the strength is 
measured under the same boundary conditions used in the strength predictions. 
Finally, the strength predictions for the medium size specimens are compared with the 
measured strengths. If a good agreement is found, it is likely that the properties 
assumed to be material properties are indeed material properties. On the other hand, if 
there is a significant difference between predicted and measured strengths, it is 
unlikely that the design approach relies on truly specimen size independent material 
properties. Then, the design approach should be discarded or at least carefully 
reconsidered.  

2.3 Fracture mechanics concepts. Linear Elastic Fracture Mechanics (LEFM) is 
applicable when the failure process zone is much smaller than the smallest specimen 
dimension, so that the failure process zone is embedded in the so-called K-dominated 
zone, where a singular stress field exists. For specimens made of a isotropic 
homogeneous material, the singular crack tip stress field is usually characterised in 
terms of the energy release rate, G, and the mode mixity, ψ, which is defined as the 
phase angle of the stress intensity factors (Rice 1988; Hutchinson and Suo 1992),  
 

     ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= −

I

II

K
K1tanψ      (1) 
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with KII and KI being the mode II and mode I stress intensity factors, respectively. Note 
that equation (1) is valid only for homogeneous solids; a slightly different definition, 
whih includes a length scale, is used for the mode mixity for cracks along a bimaterial 
interface (Hutchinson and Suo 1992). For the sake of simplicity, we use the definition 
(1) in the present paper.  
 

Model prediction
• model of component
  - prediction of deformation

redicting of load carrying capacity   - p

Component testing
• test of medium size specimen
   - measurement of deformation
   - measurement of maximum load

Characterisation
• measurement of material properties
   - stress/strain
  - fracture toughness (cohesive laws)

Manufacturing
•
•
 coupon test specimens
 medium-size specimens

Comparison
•
•
 predicted maximum load
 experimental maximum load

 
 

Fig. 3. A methodology for validation of approach for prediction of strength of 
components. 

 
An appropriate failure criterion for mixed mode crack propagation along a weak plane 
is of the form (Jensen 1990; Hutchinson and Suo 1992) 
 
     G = Gc(ψ)      (2) 
 
where Gc is the critical energy release rate. Equation (2) implies that the critical energy 
release rate depends on the mode mixity. Usually, Gc(ψ) increases significantly as ψ 
approaches 90°, see e.g. Liechti and Chai (1992). 
 
Another situation, called Large Scale Bridging (LSB), can also develop during the 
failure of composite structures. This occurs e.g. when fibres bridge the crack faces 
behind the crack tip. The fibres in the bridging zone uptakes strain energy and thus 
increase the fracture resistance of the material. Thus, the bridging zone should be 
treated as being a part of the failure process zone. Under LSB, the failure process zone 
is larger than the K-dominated zone. Then, G and ψ are no longer sufficient to 
characterise the failure process zone, except for the situation where crack growth 
initiates from an unbridged crack. Assuming that the bridging zone can be represented 
by a so-called bridging law (a stress-opening relationship), the path-independent J 
integral (Rice 1968) can be used for characterisation of the fracture resistance (Suo et al. 
1992).  
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3. A CASE STORY 

3.1 A fracture mechanics based design approach. We now present a fracture 
mechanical approach as a design method for strength predictions of adhesively bonded 
joints for wind turbine blades. We consider a problem that involves crack growth along 
the interface of a unidirectional polymer matrix composite consisting on nearly 
unidirectional glass fibres. The cracking problem involves LSB, which invalidates the 
use of LEFM. Instead, the J integral will be used.  

The idea is as follows. A fracture mechanics test specimen (Fig. 4a) is used for 
measurement of the initiation fracture resistance, J0, (the value of J at the onset of crack 
growth of an unbridged crack) and the steady-state fracture resistance, Jss (the value of J 
during steady-state cracking, i.e. when the bridging zone is fully developed and the 
bridging ligaments are broken at the initial crack tip, so that the failure process zones 
translate along the specimen in a self-similar fashion). Both J0 and Jss are determined for 
various rations of the moments, M1/M2 and the fracture resistance will be presented as 
a function of the nominal mode mixity, ψ (this is of course only an approximate 
characterisation measure for the loading of the failure process zone since ψ is a LEFM 
concept).  

Having determined the fracture resistance parameters J0 and Jss, we process to predict 
the load carrying capacity of the medium size specimens shown in Fig. 4b. This 
specimen has been analysed by Charalambides et al. (1989); pertinent results will be 
summarised below. In parallel, medium size specimens were made and tested by four 
point flexure. The applied load for crack growth was recorded. Finally the 
experimental results were compared with the predictions. 
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Fig. 4. Sketches of (a) the DCB-UBM fracture mechanics test specimen and (b) the 
medium-size adhesive joint specimen. 
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3.2 The DCB-UBM specimen. The test specimen used for the characterisation of fracture 
properties is a Double Cantilever Beam specimen loaded with Uneven Bending 
Moments (DCB-UBM). For this configuration the only contributions to the J integral 
come from the ends of the specimen, where the specimen is subjected to pure bending. 
Assume, for simplicity, that the material has isotropic elastic properties (equations for 
layered or orthotropic materials are given in Sørensen et al. (2006)). Then, the result for 
the homogenous DCB-UBM specimen shown in Fig. 4a is (plane strain) 

   ( ) ( )
EHB

MMMMJ 32
21

2
2

2
12

4
6211 −+

−= ν      (3) 

where M1 and M2 denote the applied bending moments (positive signs are shown in 
Fig. 4a), E and ν denotes the Young's modulus and the Poisson's ratio, B is the 
specimen width and H is the beam height. For plane stress, the terms 1-ν2 should be 
replaced by unity. Note that the J integral is independent of crack length; the DCM-
UBM is a steady-state specimen. Note also from (3) that J is independent of details of 
the bridging law. This is a prominent feature it shares with a family of DCB specimens 
loaded by axial forces and bending moments (Suo et al., 1992). For most other well 
known LEFM fracture mechanics test specimens (including the traditional DCB 
specimen loaded with transverse forces) the J integral evaluated around the external 
boundaries cannot be determined in closed analytical for under LSB.  
 
For crack growth initiation, the LEFM concepts of energy release rate and the mode 
mixity, ψ, is still applicable. Then, for the DCB-UBM specimen G = J as given by (3) 
while ψ is obtained as (Sørensen et al. 2006) 
 

    21
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−
+

= −ψ .   (4) 

 
In deriving (3) and (4) the effect of the adhesive layer is neglected; the specimen is 
analysed as a homogenous specimen. The presence to a thin elastic layer does not alter 
the energy release rate significantly. However, the mode mixity changes somewhat, see 
Suo and Hutchinson (1989). In the present context, this change is considered 
insignificant and is ignored in the present paper.  
 

3.3 The medium size specimen. As mentioned, the medium size specimen has been 
analysed earlier (Charalambides et al. 1989). This specimen is also a steady-state 
fracture specimen; G is independent of the crack length and the analysis is valid for 
both LEFM and LSB (G = J). In the results give below the presence of the adhesive layer 
is neglected. Knowing the steady-state fracture resistance, Jss, the load at cracking, Pc, 
can be predicted as  
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where l is the moments arm, W is the specimen width, h1 and h2 are the thicknesses of 
the short and long beam respectively (se Fig. 4b) and E is the Young's modulus (in the 
direction of the beam length).  

The mode mixity, ψ, defined by (1), is 40.9 degrees for h1/h2 =1, and increasing 
relatively slowly with decreasing h1/h2 ratio to about 49 degrees for h1/h2 = 0.1 
(Charalambides et al. 1989).  

3.4 Specimen manufacture. The DCB-UBM specimens were cut from glass fibre 
reinforced plastic composite plates made by vacuum infusion and post-cured. The 
material had a major Young's modulus of about 34 GPa and a major Poisson's ratio of 
0.25. A thin slip foil was placed at the one end of the plates to act as a pre-crack and 
ease crack initiation. Then, an adhesive was applied to the surface of the one plate. The 
other plate was then put on the top of the adhesive. Spacers were used to control the 
thickness of the adhesive layer to approximately 3 mm. Following post-curing, 
specimens 30 mm in width were cut from the sandwich plates. Steel parts were fixed to 
each beam by 4 steel screws (M5) and an epoxy adhesive. 

The medium size specimens were also made by vacuum infusion and post-curing. The 
layup was predominating unidirectional fibres oriented parallel to the beam direction. 
After curing, two laminates, having uneven lengths, were joined by an adhesive layer. 
A pre-cut was made to act as a crack starter. Six specimens were made in total. For all 
specimens the length of the longest part was 2000 mm, the width, W, was 60 mm 
nominally, and the thickness, h2, was nominally 60 mm. The length of the shorter 
laminate was approximately 1380 mm, and the width was also 60 mm. The thickness of 
the adhesive layer was approximately 5 mm. Three thicknesses of the shorter beam, h1, 
were investigated: h1 = 10 mm, h1 = 32.5 mm and h1 = 60 mm.  

3.5 Test procedures. The DCB-UBM specimens were tested in a specially developed test 
fixture utilising a wire and rollers (Sørensen et al. 2006). The experiments were 
conducted in two parts, (i) crack initiation and (ii) monotonic loading following re-
notching. The purpose of this re-notching was to create a specimen that had a truly 
sharp crack tip with very limited fibre bridging. Then, in the second part, the specimen 
was loaded monotonically at a constant displacement rate (5 mm/min). Loading was 
continued until a stationary load level (indicating steady-state fracture resistance) was 
achieved. During the experiments, data for the applied moments and the opening at the 
end of the slip foil (end-opening of bridging zone) were recorded. 

The medium size specimens were tested in four point flexure in a fixture made for the 
purpose. All experiments were made under a constant cross head speed of 2 or 5 
mm/min. More details about the processing and testing will be published elsewhere 
(Jacobsen and Sørensen 2006). 

 
76



Joining Structural Parts for Large Rotorblades 

3.6 Test results for DCB-UBM specimens. Initially, the crack propagation occurred 
along the adhesive/laminate interface towards the beam that was subjected to the 
highest moment. After some, say, 20 mm crack extension, a new crack formed at the 
next interface within the laminate. Subsequently, both the delamination crack and the 
interface crack grew. Fibre cross over bridging was observed for both cracking planes.  

The fracture resistance, JR, was calculated from (3). Some typical results are shown in 
Fig. 5. Here, the loading is expressed in terms of the nominal mode mixity, as 
calculated by (4). It is obvious that the fracture resistance depends strongly on ψ and on 
the crack opening. The latter is likely to be an effect of the fibre bridging. 
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Fig. 5 Measured fracture resistance, JR, as a function of the end-opening for several 
specimens subjected to various nominal mode mixities. 

 
The initiation and steady-state values of the JR-data are shown in Fig. 6. The 
experimental points are shown as points.  

0 10 20 30 40 50 60 70 80 90
0

1000

2000

3000

4000

5000

Jc(ψ)= J0
c{1+tan2[(1-Λ)ψ]}

Fr
ac

tu
re

 R
es

is
ta

nc
e,

 J
c (J

/m
2 )

Nominal Mode Mixity, ψ (degrees)

 

 Initiation
 Steady-state (interface)
 Steady-state (interface/delamination)

 
Fig. 6. Measured fracture resistance (crack growth initiation and steady-state 

cracking) as a function of nominal mode mixity. Points are measured values; solid 
lines represent best fit while dashed lines are upper- and lower bounds. 
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The values for the crack growth initiation value, J0, data was fitted (by eye) with the 
phenomenological criterion proposed by Hutchinson and Suo (1992) 

    ( ) ( )[ ]{ }ψψ Λ−−= 1tan1 20
00 JJ     (6) 

where  is the initial fracture resistance at ψ = 0° and Λ is a dimensionless constant. A 
similar fit was also made to the steady-state fracture resistance, J

0
0J

ss. The fitted curves are 
included in Fig. 6; upper and lower bounds are shown as dash-dotted lines. The 
corresponding parameters are listed in Table 1.  

Table 1. Fitting parameters to J0 and Jss. 
 

 Initiation Steady-state 

 0
0J (J/m2) Λ (-) 0

ssJ (J/m2) Λ (-) 

Upper bound 450 0.33 2000 0.45 
Best fit 300 0.39 1850 0.5 
Lower bound 125 0.42 1450 0.55 

 
3.7 Test results for medium size specimens. In all experiments on the medium size 
specimens a crack initiated from the pre-cut notch along the adhesive/laminate 
interface, but immediately grew out to the interface between the adhesive and the 
laminate of the long beam. Then, extensive fibre bridging occurred. The crack 
propagation usually occurred stably, but occasionally, rapid crack occurred.  

Fig. 7 shows the applied moment required to propagate the crack in the medium size 
specimens as a function of the crack extension. As expected from such a steady-state 
specimen, the major part of the tests occurs under near-constant applied load level. 
Note, that with decreasing thickness of the shortest beam, h , the load level required for 
crack propagation increases. 
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Fig. 7. Measured moment-at-crack-growth as a function of crack extension, Δa, for 
various thicknesses of the thin beam, h1.
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3.8 Comparison of results with predictions. The steady-state force to propagate the 
crack along the interface in the medium size specimens can be predicted from the 
fracture resistance data of the DCB-UBM specimens (Fig. 6) using equation (5). To use 
(5), we must first determine the appropriate value of Jss. For the small scale bridging 
solution by Charalambides et al. (1989) we have that 41° < ψ < 49° for the thickness 
ratios investigated. However, there are no measured values of Jss for that nominal mode 
mixity value. Therefore, we use the interpolation function (6) with the parameters 
given in Table 1. Then, we obtain Jss ≈ 2.2 kJ/m2.  

The predicted load levels are shown as lines in Fig. 8. The solid line is the predictions 
based on Jss = 2.2 kJ/m2; upper and lower bound curves are based on upper and lower 
bound values of Jss from the DCB-UBM experiments at ψ ≈ 45 degrees. 

Fig. 8 also shows with the experimental values of the force at crack growth; average 
values are shown as points. The error bars indicate highest and lowest values. It is seen 
that there is a good agreement between predictions based on the independent fracture 
resistance measurements by the DCB-UBM specimens and the experimental results.  
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Fig. 8. Comparison between predicted (solid line) and measured values (points) of 
applied force at crack growth as a function of thickness ratio. Dashed lines represent 

upper and lower bounds predictions. 

Since we were successful in the prediction of the strength of the medium-size joints 
from the fracture data determined independently from the DCB-UBM specimens, it is 
reasonable to expect that the strength of real structures can also be predicted by the use 
of the present approach. The major difference between a real component and the 
problem chosen here is that the present problem is very easy to analyse; an analytical 
solution exists (equation (5)). A real structure, having a more complex geometry, would 
most likely require a numerical solution.  
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4. PERSPECTIVES 

The fracture mechanics approach can be seen in a broader perspective than just a 
method for the design of wind turbine blades. We anticipate that it can become a very 
useful tool for assessment of detected damaged in blades in use.  

The trend is that future wind turbines will be increasingly larger than those made 
today. Another trend is that wind turbines are often placed offshore in so-called wind 
farms. This makes regular inspection and repair more difficult and more costly than if 
the turbines were land-based. Therefore, it is attractive to reduce the need for human 
inspection. This can be achieved by the use of Structural Health Monitoring (SHM), i.e. 
by the use of built-in sensors that can record the damage state of the blade. Then, 
inspections should be made only to blades that experience damage. Regular inspection 
with fixed time intervals can then be avoided, saving tie and costs. The idea is 
visualised in Fig. 9.  

NDT 
inspection

NDT-inspection
•
•
 e.g. ultrasound scanning, X-ray 
 damage type

• damage size and depth

Investigation

Damage

•

•

Surveillance
•
•
 built-in sensors, e.g. AE
 detection of damage (location)

Alert

Modelling
• model of blade with damage
• stress analysis

Prediction
 

Fig. 9. Vision for the combination of structural health monitoring and modelling for 
the prediction of residual strength and fatigue life. 

The build-in sensors (e.g. acoustic emission sensors or accelerometers recording the 
eigenmodes of the blade) should detect when and where damage evolves, i.e. the load 
level that cause damage evolution and the location of the damage area within the 
blade. Then, by remote surveillance an alert should appear at land in the surveillance 
office of the wind park. Knowing which wind turbine, which blade and the location of 
the damage, the damaged area of the blade can subsequently be investigated more 
carefully by NDT. Using methods such as ultrasound scanning and X-ray transmission, 
the precise damage type, the precise damage size and position within the blade can be 
determined. This information can then be used in a detailed fracture mechanics model 
of the blade (for instance using finite element models) including the identified damage. 
The fracture mechanical analysis can assess how fast the damage will propagate under 
normal service load (possibly also predict any shift in damage modes) and calculate 
how much the residual strength is reduced due to the damage.  
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Such information can be used for making decision on what action should be made for 
the damaged wind turbine blade:  

• do nothing (the damage is insignificant) 
• reduce maximum aerodynamic loads (reduce the damage growth) 
• repair blade (while damage is still small) 
• replace blade (damage so severe it cannot be repaired)  

In any case, the important point is that the decision on what to do can be taken on a 
rational basis. The required action can be scheduled e.g. to be conducted in connection 
with inspection or repair of other blades in the same wind farm.  

On a longer term, the insight gained by such approaches can be used for optimising 
materials and components such that they become more damage tolerant. Clearly, a 
more damage tolerant material would be beneficial, since this could increase the time 
which damage can propagate stably. It is then much more likely that damage is 
detected before it becomes severe (In this respect, fibre bridging is an interesting 
phenomenon, since it gives increasing fracture resistance and a lot of acoustic emission 
activity, making damage detection relative easier (McGugan et al. 2004)). It may even 
be possible to design materials and components that would lead to arrest of damage 
instead of continuing damage growth.  

5. CONCLUSIONS 

By the use of a fracture mechanics method, it is possible to measure fracture data by the 
use of small test specimens (DCB-UBM), and use this information to predict the load 
carrying capability of medium size specimens (2 m in length). The predictions agreed 
very well with the experimental data.  
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