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Abstract 

Wind turbine rotor blades are exposed to arbitrary wind loadings and consequently their adhesive bond 

lines along the blade span. Residual stresses, developed due to the manufacturing curing process, are 

superimposed as steady state components on the wind loadings, shifting the fatigue stress ratios apart 

from the external imposed load ratios. The prediction of the cohesive failure of the adhesive (transverse 

to the blade length) is of vital importance since it could propagate in the adjacent laminates, leading 

potentially into catastrophic failures. A prediction method is proposed regarding the crack initiation and 

is validated in the adhesive bond line of a generic structural element. The modular method is based on 

a Goodman diagram and a linear damage accumulation rule. Thus, a generic composite I-beam adhesive 

joint was designed and manufactured, mimicking the axial-to-shear stress ratio in the bond line between 

spar caps and shear web of a MW scale wind turbine blade. This was tested under asymmetric three 

point bending, under static and fatigue variable amplitude loading. The manufacturing residual stresses 

were calculated analytically based on raw experimental data. 

 

 

1. Introduction  

 

Wind turbine rotor blades are exposed to varying wind loads, which are inducing fatigue stresses in 

different R ratios for all the implemented materials. These are design drivers especially for the large 

offshore structures [1]. Besides that, the blades manufacturing process can result in residual stresses, 

especially for polymers, which are superimposed to the fatigue stresses as steady state effects.    

Epoxy based adhesives are widely used in the blade manufacturing as a cost effective solution with good 

manufacturing and mechanical properties. Thick adhesive bond lines can be found in large structures 

where manufacturing tolerances are compensated. In the case of wind turbine blades e.g. in the blind 

bond line between shear webs and the spar caps, thicknesses can range between 5 and 20mm. 

 

Epoxy adhesives are reacting exothermally. Depending on the curing cycle and the applied material 

volume the exothermal peak might vary. Thus, they are deforming due to their thermal expansion factor. 

Simultaneously, a chemical shrinkage process is taking place, depending on the degree of curing. The 

difference of the thermal expansion factor between the adhesive material and the adjacent substrates is 

resulting in residual steady state strains [2]. These are laid over on the strains developed due to the 

chemical shrinkage. In the current study relaxation effects were neglected.  
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In state-of-the-art guidelines for wind turbine blades [3], towards the adhesive joint design verification 

for a life-span of at least twenty years, several damage modes are considered. Amongst others, it is 

recommended that the bond line should be designed against cohesive failure. Therefore, besides other 

stress components, shear and axial stress limits derived from demonstrated tests have to be considered. 

For the corresponding fatigue analysis, a stress-life approach is advised based on reliable experimental 

S/N data. Moreover, it is also stated that the adhesive joints are strongly dependent on the bond line 

thickness and therefore the characteristic strength of the materials have to be reduced by safety factors.  

 

The most common models found in literature for the fatigue design of bond lines subjected under 

arbitrary fatigue loads are based on an analysis methodology as described in [4]. The first step of the 

analysis procedure is to deconvolute the load time series into well-defined fatigue load sinusoidal cycles 

with the Rainflow counting method [5]. The corresponding load and thus the amplitudes and mean 

stresses are summarized in a Markov matrix. The accumulated damage is calculated with the linear 

Palmgren-Miner rule [6-7] based on an engineering approach for the allowable fatigue cycles for each 

R ratio and stress level, e.g. Goodman [8]. 

 

In the current proposed modelling sequence, the same modular analysis is implemented focused on the 

prediction of the bond line cohesive failure under the combination of uniaxial and shear stress 

components. Moreover, the residual stresses induced due to the curing cycle and the adhesive 

exothermal reaction are considered in the overall stress calculations. A modified Goodman criterion is 

implemented for the prediction of the adhesive fatigue resistance to cohesive failure, established on 

limited experimental data as proposed in [9].  

 

A generic beam element was designed [10], emulating the bond line axial to shear stress ratio of a MW 

scale wind turbine blade. It was used for benchmarking the analysis results. This was manufactured in 

the laboratory under temperature-controlled environment and tested under asymmetric three point 

bending both static and variable fatigue loading. Two different variable amplitude time series were 

applied experimentally as described in [11] and for the corresponding fatigue analysis.   

  

 

2. Description of modular fatigue damage model  

 

A fatigue analysis tool was developed consisting of the following modules, as described in Figure 1. 

  

 

 
 

Figure 1. Analysis method for modeling 

 

The two-parametric rainflow method [5] was facilitating the deconvolution of the imposed arbitrary 

external loads into a number of classes (bins) for the corresponding amplitudes and mean loads of the 

spectrum. The resulting Markov Matrix (64x64), was also summarizing the respective number of cycles 

for every class. Therefore, a MATLAB routine was implemented, created by A. Nieslony [12] according 



ECCM18 - 18th European Conference on Composite Materials  

Athens, Greece, 24-28th June 2018 3 

Alexandros A. Antoniou, Merle M. Vespermann, Florian Sayer and Alexander Krimmer 

 

to the standard procedure described in [5]. The analyses of both load time series are shown in Figure 2, 

as three dimensional bar charts. They both look very similar, whereby series No. 2 consisted of more 

cycles in classes with high amplitudes. Given that the load ± signal indicates different direction of the 

external imposed load, one bond line of the generic beam structure was loaded more in tension rather 

than in compression. The time of the cycle occurrence and their period were neglected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Results from the Rainflow Counting for two different load time series 

 

 

The corresponding mechanical stresses developed in the bond line were derived through a semi-

analytical Euler-Bernouli beam model [13]. A simplified biaxial stress state was assumed, taking under 

consideration the superposition of the axial and the shear stress components along the bond line length. 

The beam geometry and construction details are shown in Figure 3. 

 

 

  
 

Figure 3. Left: Beam geometry and construction details, Right: Beam test configuration 

 

 

The residual stresses (𝜎RS
Tot.) induced through the manufacturing process were determined under the 

following hypotheses, a. that there is no relaxation effects, b. that the bond line is almost fully cured i.e. 

95% degree of curing and c. that residual stresses consist of a thermal (𝜎RS
Therm.)and a chemical part 

(𝜎RS
Chem.) and d. that the adhesive was schrinking uniformly along and transverse to the beam length (x-

y plane). The shrinkage in through the thickness z-direction was neglected. Moreover, due to the fact 

that the spar-cap and the shear web laminates had a thermal expansion coefficient at least one order of 

magnitude lower than the adhesive material, the substrates were considered as non-deformable with the 

temperature. This led to a conservative residual stress prediction. Given a  linear-elastic performance of 

the adhesive, with an elastic modulus 𝐸A and a Poisson ratio 𝑣A, the bond-line residual stresses were 

derived based on Eq. (1):     

Load time series No. 1 Load time series No. 2 

Number of 

cycles 

Amplitude in kN Mean value in kN Mean value in kN Amplitude in kN 

Number of 

cycles 

Load time series No. 1 Load time series No. 2 
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𝜎RS =  
𝐸A ∙ 𝜀

1 − 𝑣A
     and     𝜀 = 𝛼A ⋅ Δ𝑇 (1)   

Two scenarios were implemented for the calculation of the thermal residual stresses. The first was based 

on an incremental stress development assumption, and their accumulation during the cooling phase of 

the curing cycle. At the same time the adhesive material elastic modulus 𝐸𝐴 and its Poisson ratio 𝑣𝐴 

were depending on the bond line temperature. These incremental stress steps are described below: 

  𝛥𝜎RS
Therm. =  

𝐸A(𝑇𝑖)∙𝛥𝜀𝑖

1−𝑣A(𝑇𝑖)
     𝑎𝑛𝑑     𝛥𝜀𝑖 = 𝛼A ⋅ Δ𝑇𝑖 (2)  

The temperature dependent material properties [14] are shown in Figure 4.  

 

 

  
 

Figure 4. Left: E-Modul vs. Temperature, Right: Poisson ratio vs. Temperature 

 

 

Based on an internal test campaign [15], the thermal expansion factor value between room temperature 

and 𝑇 = 54°C had a value of 𝛼A1 = 26,79 ⋅ 10−6 K−1, while at higher temperatures had a value of 

𝛼A2 = 95,10 ⋅ 10−6 𝐾−1. The intergration of the incremental stresses over the cooling phase of the 

curing cycle, resulted into thermal residual stresses of 𝜎RS1
Therm. = 10,2 MPa. In the alternative scenario, 

the cummulative residual strain value acted directly on the cured material with a modulus of Elasticity 

𝐸A of 4,5 GPa. The correpsonding stresses were calculated 𝜎RS2
Therm. = 16,41 MPa.   

 

According to the adhesive material commercial datasheet [16] the volumetric shrinkage was 4.16%. 

One-third of the total volumetric shrinkage corresponds to linear-axial shrinkage. It was also supposed 

that the gelation of the adhesive started after 50% of curing degree [17], which means that the rest 50% 

was responsible for the development of the residual strains. Assuming that the residual strains act on the 

cured material, the corresponding chemical stresses were 𝜎RS
Chem. = 0,9 MPa, Eq.(1). This is also a 

conservative approach since the Young’s Modulus of the adhesive is dependent on the temperature and 

thus the final stress level will be lower. 

 

For the derivation of the fatigue allowable cycle number for all possible R ratios, amplitude and mean 

stresses, i.e. for the prediction of the bond line transverse cracking initiation, the proposed model from 

Krimmer et al [9] was implemented. The stresses were expressed in terms of stress effort [18], Eq.  (3). 

𝑒 =
σ

𝑅t
   (3) 

 

where σ is the equivalent axial stress of the adhesive and Rt the material maximum quasi-static resistance. 

The equivalent stress was calculated through the von Mises formulation [19]: 

𝜎 =  √
1

2
[𝜎𝑥

2 + 𝜎𝑦
2 + 𝜎𝑧

2 − 𝜎𝑥𝜎𝑦 − 𝜎𝑥𝜎𝑧 − 𝜎𝑦𝜎𝑧 + 3(𝜏𝑥𝑦
2 + 𝜏𝑥𝑧

2 + 𝜏𝑦𝑧
2 )] (4)  
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It has to be noted that the cohesive failure prediction is performed only for the beam bond line which 

was mostly loaded under tension. Compressive stresses were also present but their contribution to 

damage was very small.  

 

The only non zero components in Eq.(4) were the in plane shear 𝜏𝑥𝑦 and the total axial stress 𝜎𝑥. The 

total axial stress was calculated according to Eq. (5).   

𝜎𝑥 = 𝜎mech. + 𝜎RS
Therm. + 𝜎RS

Chem. (5)  

For a given load spectrum i, the effort 𝑒𝑖𝑚 or 𝑒𝑖𝑎 is the ratio between the mean stress 𝜎𝑚 and the 

amplitude stress 𝜎𝑎 with the maximum allowable stress 𝑅𝑡 respectively. 

𝑒𝑖m =
𝜎m

𝑅t
     𝑎𝑛𝑑    𝑒𝑖a =

𝜎a

𝑅t
  (6)  

The corresponding maximum allowable number of cycles 𝑁𝑖 for each combination of amplitude and 

mean value of the rainflow matrix is given by (7): 

𝑁𝑖 = (
1 − 𝑒𝑖m

𝑒𝑖a
)

𝑚

 (7) 

A two parameter optimization fit on the experimental data [20-21]  presented in Figure 5, resulted on a 

set 𝑅t and 𝑚 parameters which are considered as characteristic for the specific adhesive material. 

 

 

 
Figure 5. Prediction model fitting. 

 

 

The Palmgren-Miner rule [6-7] was applied on the Markov matrix to derive the cumulative damage 𝐷𝑖. 

                                                        𝐷 = ∑
𝑛𝑖

𝑁𝑖

𝑘

𝑖=1
 (8) 

Where 𝑛𝑖 was the cycle number derived with the rainflow counting and 𝑁𝑖 the allowable number of 

cycles to damage. 

 

 

3. Experiment 

 

3.1.  Test specimen and manufacturing 

 

The beam was designed as described in [10]. The adhesive bond line between 690-890mm had a constant 

strain distribution. That was considered as the tested part of the structure, where the cohesive cracks 

were located. The asymmetric three point bending configuration was statically determinated, supported 

through a roller and a joint support.   
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The components of the test beam were individually manufactured with the vacuum infusion resin 

infusion moulding process. The web was designed as a sandwich construction with a foam core. Cover 

layers and the flanges were made from SAERTEX non-crimped fabric with E-Glass fibres and epoxy 

resin HEXION RIMR 135 with epoxy hardener RIMH 137. The infusion temperature was 45°C, which 

was kept constant during the curing process for a duration of eight hours.  

 

Under laboratory conditions the components were bonded with a thermosetting two-component epoxy 

adhesive, consisting of the adhesive resin HEXION 135G and the hardener 137G, mixed in the material 

datasheet defined stoichiometric ratio [16], in a planetary mixer. The bond line was applied manually 

from a cartridge in a thickness of 10mm. Subsequently, the beam was tempered for seven hours at 80°C. 

Reinforcement plates manufactured of glass fibre composites and plywood were added on both beam 

ends in the support areas. The beam was tempered again under the aforementioned conditions. The 

adhesive material temperature was measured during the curing cycle with an encapsulated Pt100. 

 

3.2.  Quasi-Static and Variable amplitude fatigue test  

 

All beams were tested quasi-statically before the variable amplitude fatigue loading. Absolute maximum 

peak and trough values of the implemented time series were applied respectively in the positive and 

negative directions, as illustrated in Figure 3. The load was introduced at one beam end through a special 

designed frame that allowed only axial load in the vertical z direction but no bending moment locally.   

 

The variable amplitude load-time series were derived based on the DLC 2.1 [22] calculation and the 

corresponding bending moments for an 80 m blade [23]. Twenty four-10 minute wind seeds each were 

generated for the flap wise loadings of the cross section at 25 m and at the wind speed of 21 m/sec. 

These were combined into a time vector of four hours which was repeated until the catastrophic failure 

of the beam. The test input force signal was generated from the normalised to unity bending moment 

vector, multiplied with different weighting load factors for each beam. The test was load controled.  

 
  

4. Results and discussion 

 

The cohesive cracks in the bond line of the tested beam are illustrated in Figure 6 (left).  

 

 

 
 

 

Figure 6. Damage initiation. Left: Vertical cracks in the beam adhesive bond line. Right: Vertical 

cracks in a WTRB spar to shear web bond line 

 

 

Their relevance to the wind turbine blades is shown in the the same Figure (right) where a full-scale spar 

to shear web connection of a tested blade is illustrated with the corresponding bond line cracks.   

 

The results of the proposed modular tool concerning the prediction of the crack initiation are listed in 

Table 1. Three different scenarios are summarized, two with the different values of the residual 

stresses and one without any residual stresses.   
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Table 1. Resulting crack life time from theor. Calc. (𝒕𝐭𝐡) and fatigue tests (𝒕𝐞𝐱𝐩), expressed in hours 

Time 

series 
Beam 

No. 
𝑡th1 
(h) 

𝑡th2 
(h) 

𝑡th3 
(h) 

𝑡exp 

(h) 

  𝜎RS = 0 𝑀𝑃𝑎 𝜎RS1 = 11.1 𝑀𝑃𝑎 𝜎RS2 = 17.31 𝑀𝑃𝑎  

01 003 35.17 2.74 0.57 9.0 

01 005 1091.33 100.30 21.96 41.0 

01 007 94.01 7.15 0 1.3 

01 009 218.08 21.83 2.96 1.5 

02 004 34.89 2.77 0.32 N/A 

02 006 1027.14 97.74 22.51 96.0 

02 008 91.80 7.87 1.59 5.3 

02 010 209.86 18.78 4.14 1.5 

 

In Figure 7 is illustrated the maximum test force vs. time of the cohesive crack occrance. The prediction 

of the cohesive damage initiation without considering any residual stresses was 1-3 orders of time 

magnitude offset in comparison to the experimental results of time series 01 pattern. The same is valid 

for time series 02. Encountering of the residual stresses was resulting to the reduction of the discrepancy 

down to one order of magnitude. The scatter has to be further investigated. It could be addressed to 

imperfections due the manual manufacturing process which, according to previous experience, can result 

into air trapping in the bond line. The test database has to be substantially extended in order to understand 

and characterize the effect statistically.   

 

 

 
 

Figure 7. Load time series No. 1: Theoretical and experimental crack life time expressed in hours 

 

5. Conclusions 

 

The contribution of the residual stresses resulting from the manufacturing process are substantial for the 

prediction of the mechanical performance of thick adhesive bond lines. It was shown that neglecting 

them can lead to significant errors for the estimation of the fatigue cohesive cracks initiation. The 

proposed model can analyse the bond line multiaxial fatigue stress states. Its core is the implementation 

of the residual stresses which are all calculated based on standard experimental data. Moreover, the 

integrated fatigue damage estimation methodology is based on limited test results. The modular setup 

of the model enhances the implementation of diverse cycle counting, fatigue and damage accumulation 

approaches.  
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