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ABSTRACT 

Rotor blades for 10-20MW wind turbines may exceed 120m. To meet the demanding requirements 

of the blade design, structural analysis tools have been developed individually and combined with 

commercial available ones by blade designers. Due to the various available codes, understanding and 

estimating the uncertainty introduced in the design calculations by using these tools is needed to allow 

assessment of the effectiveness of any future design modification. For quantifying the introduced 

uncertainty a reference base was established within INNWIND.EU in which the several structural 

analysis concepts are evaluated. This paper shows the major findings of the comparative work 

performed by six organizations (universities and research institutes) participating in the benchmark 

exercise. The case concerns a 90m Glass/Epoxy blade of a horizontal axis 10MW wind turbine. The 

detailed blade geometry, the material properties of the constitutive layers and the aero-elastic loads 

formed the base by which global and local blade stiffness and strength are evaluated and compared. 

Static, modal, buckling and fatigue analysis of the blade were performed by each partner using their 

own tools; fully in-house developed or combined with commercially available ones, with its specific 

structural analysis approach (thin wall theory and finite element models using beam, shell or solid 

elements) and their preferable analysis type (linear or geometrical non-linear). Along with sectional 

mass and stiffness properties, the outcome is compared in terms of displacements, stresses, strains and 

failure indices at the ply level of the blade structure, eigen-frequencies and eigen-modes, critical 

buckling loads and Palmgren-Miner damage indices due to cycle loading. Results indicate that 

differences between estimations range from 0.5% to even 40%, depending on the property compared. 

Modelling details, e.g. load application on the numerical models and assumptions, e.g. type of 

analysis, lead to these differences. The paper covers these subjects, presenting the modelling 

uncertainty derived. 
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1 INTRODUCTION 

The Wind Energy community faces the great challenge to successfully establish cost-effective 

designs for even larger wind turbines (WTs) with output capacity of 10-20 MW. For these machines, 

the rotor blades may exceed the length of 120m. To assure safe and affordable design of these huge 

composite material structures, several innovations should be devised and adopted in current practice. 

In order to meet the demanding requirements of the structural design of the rotor blade, structural 

analysis tools have been developed individually and combined with commercial available ones by the 

blade designers. Yet, due to the various available codes, it is quite difficult to assess the effectiveness 

of any future design modification without first understanding and estimating the uncertainty 

introduced in the design calculations by using these tools. Thus, a crucial step, before any new idea 

comes up, comprises the establishment of a reference base in which the several structural analysis 

concepts will have been evaluated quantifying the introduced uncertainty.  

Actions in this direction have been carried out in the frame of the EC co-funded INNWIND.EU 

research project [1]. This paper shows the major findings of the comparative work performed by six 

organizations (universities and research institutes) participating in this benchmark exercise. The case 

concerns a 90m Glass/Epoxy blade of a horizontal axis 10 MW wind turbine [2]. The detailed blade 

structure along with the material properties of the constitutive layers and the aero-elastic loads formed 

the base by which global and local blade stiffness and strength were evaluated and compared. Static, 

modal, buckling and fatigue analysis of the reference blade were performed. Along with the sectional 

mass and stiffness properties, the outcome was compared in terms of displacements, stresses, strains 

and failure indices at the ply level of the blade structure, eigen-frequencies and eigen-modes, critical 

buckling loads and Palmgren-Miner damage indices due to cycle loading. Results were derived by 

each partner using their own tools fully in-house developed or combined with commercially available 

ones, with its specific structural analysis approach (thin wall theory and finite element (FE) models 

using beam, shell or solid elements) and their preferable analysis type (linear or geometrical non-

linear).  

Results of this comparative research work are presented focusing on strength and aspects where 

validation of analysis tools with experimental data (following full-scale blade testing standard) is 

difficult. Depending on the property, differences between results range from 0.5% to even 40%. 

Modelling details, e.g. load application on the FE models and assumptions, e.g. type of analysis, lead 

to these differences. The paper covers these subjects, indicating the modelling uncertainty derived. 

2 BASELINE OF THE BENCHMARK 

Detailed description of the blade geometry and structural configuration was provided by DTU to all 

partners for this benchmark. For the structural benchmark only the straight version of the DTU 10MW 

reference blade [2] is used. That is the models of the blade run by the participants did not include pre-

bending. The blade model starts at z0 = 2.8m and ends at zL = 89.166m. Details between the blade root 

and the rotor centre were ignored in this benchmark. The detailed external geometry of the blade, i.e. 

the coordinates of sections defined along the blade length, was provided by DTU. The internal 

structure of the blade was also provided at the same level of detail. This included following 

information: 

• Material distribution (position of each lamination sequence on the section and along the blade) 

• Lamination sequences (on a layer by layer basis the thickness of the layer, the orientation of 

the fibres and the material type of each composite layer in the stacking sequence) 

• Material properties (mechanical properties for each anisotropic composite material layer) 

The above information was combined with specific locations for output reporting, as well as with 

specific of loading that was used in each analysis. Detailed comparison was performed at 5 reference 

sections along the blade; the root section (r/R = 3%), a section near the maximum chord (r/R = 30%) 

and three sections at r/R equal to 43%, 60% and 80%, respectively. The key points (KP) and the 

segments where the deflection, stress and strain values as well as damage index (fatigue) values are 

compared for each of the reference sections are illustrated in Figure 1. KP1 is located on the pressure 

side Trailing Edge segment and KP5, KP9 and KP12 are consequently numbered counter-clockwise 

around the section. KP5 is connected to elements (and therefore lamination sequences) in the trailing 
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panel (left on the figure), the spar cap on the pressure side of the section (right on the figure) and the 

shear web towards the trailing edge (up on the figure). KP9 is at the nose of the leading edge, while 

KP12 is a point on the spar cap of the suction side of the blade. 

  

 

Figure 1: Key point numbering definition and lamination sequence direction 

For the strength estimations (static and buckling analysis) to compare methods and criteria used, 

disregarding failure criteria employed, simulations are run in two steps; First step involves running 

simulation using the reference load as given and checking whether failure is predicted or not. Failure 

was defined by each partner, following approaches acceptable in a blade certification procedure such 

as [3]. In the second step, the load is modified (by multiplying it with a coefficient) until load with the 

opposite prediction is obtained. For example, if, when applying the reference load (extreme case 

evaluation), no failure is predicted for the whole blade then, the load is multiplied to reach the load 

where failure is first predicted. The coefficient used for the load increase is then reported. Otherwise, 

if failure is predicted under the reference load, then the load is reduced until there is no prediction of 

failure. 

2.1 Loading conditions 

The reference load case selected for the benchmark on blade structural models under static and 

buckling analysis is representing an extreme load case formed by selecting for each reference section 

along the blade the aero-elastic simulation output corresponding to the maximum resultant bending 

moment provided by DTU in [2]. The data provided to the partners participating in the comparison 

exercise presented sectional stress resultants (forces and moments) on each section.  

The proposed load case does not describe simultaneous applied loads across all sections and it does 

not cover all load cases that the blade should sustain. Therefore, this might result to non-conservative 

or conservative results regarding the blade strength output. However, this reference load case was 

considered to be effective for the purposes of the benchmark.  

In order to reduce the variability in simulation results stemming from the translation of the 

sectional stress resultants to external loads, especially in 3-dimensional finite element models a simple 

load case was also provided for results comparison within the benchmark. In this, the external forces 

that should be applied (e.g. in a FEM model) were provided to the participants, specifying magnitude 

and position along the blade, to form a “simple” load case to be used in the benchmark. These external 

forces have been estimated using the reference load case, following the procedure used in blade testing 

to define the loads that should be applied on the blade. 

The reference load case selected for the benchmark on variable load blade structural models 

comprises normal operational cases and parked (standstill or idling) cases covering the whole range of 

potential wind speeds, under the assumptions explained in this section. The time series are provided by 

POLIMI as results of POLIMI’s aero-elastic analysis of the reference wind turbine. Aero-elastic 

simulations were run following the normal turbulence model for the wind inflow (NTM) 

corresponding to design load case DLC11 and only one seed, which for the benchmark case with 

specified load conditions does not influence the comparison of results. The parked load cases 

correspond to DLC64. The simulations by POLIMI were computed with the INNWIND.EU baseline 

blade [2] using the same control parameters but without pre-bending. The latter was selected to match 
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the structural benchmark on extreme loading, which is also performed on the straight blade. Time 

series of sectional stress resultants (forces and moments) on the reference sections along the blade 

were provided to the participants in the comparison exercise.  

For the definition of the load sequence representative of the complete life of the blade on the wind 

turbine following parameters have been assumed: i) the operational life of the blade is 25 years, ii) the 

average wind speed at the site is equal to 10m/s and iii) the wind speed follows a Weibull distribution 

with k parameter equal to 2 (i.e. corresponding to Rayleigh distribution).  

The number of occurrences of the each load case with a specific 10-min average wind speed was 

provided to the partners in the benchmark. It is recognized that the proposed load sequence does not 

comply with the requirements of the design standards relevant to the number of simulations and 

number of load cases included in the simulation. But, this does not affect the benchmark results 

relevant to the fatigue analysis tools of the partners.  

2.2 Structural analysis tools used by the partners  

Six organizations participated in the benchmark on structural analysis tools for wind turbine blades. 

The results provided by each participant in the benchmark were estimated by different tools by the 

partners, as shown in Table 1. All partners used commercial finite element software indicated by FEM 

in Table 1 to provide part (or all) of the data. In Table 1, by 2D FEM, FE models using beam elements 

are implied, 3D FEM implies the use of shell elements and SOFEM implies use of solid elements. The 

FE software used by the partners was for CRES NISA II (EMRC). For CENER, MSC.Patran was used 

for modelling in combination with MSC.Nastran solver. DTU also used MSC.Patran for modelling in 

combination with the in-house tool BECAS [7], but MSC.Marc was used as the solver. MSC.Marc 

was also used as a solver for the buckling analysis using commercial FE software by WMC. POLIMI 

used MSC Nastran 2011 for data extracted by FE models, while UPAT used ANSYS. In house 

developed tools which were used for extraction of data by the partners are explicitly mentioned in the 

following table (Table 1). As indicated in the table, some partners used more than one model for a 

specific analysis type.  

 

Results for CRES CENER DTU PoliMi UPAT WMC 

Global blade properties 3D FEM 
BASSF [4]+ 

3D FEM 
SOFEM 3D FEM 3D FEM 

FOCUS6 

[10] 

Natural frequencies 3D FEM 
2D FEM+ 

3D FEM 
SOFEM 3D FEM 3D FEM FOCUS6 

Buckling analysis 3D FEM --- SOFEM 3D FEM 3D FEM 
3D FEM+ 

FOCUS6 

Section properties 
THIN 

[5][4],[6] 
BASSF  BECAS ANBA [8] PROBUST [9] FOCUS6 

Displacements  3D FEM 
2D FEM+ 

3D FEM 
SOFEM 3D FEM 3D FEM FOCUS6 

Strength analysis 
3D FEM + 

THIN 

BASSF+ 

3D FEM 
SOFEM 3D FEM 

3D FEM + 

PROBUST 
FOCUS6 

Strains 3D FEM 
BASSF+ 

3D FEM 
SOFEM 3D FEM 3D FEM FOCUS6 

Stresses 
3D FEM + 

THIN 

BASSF+ 

3D FEM 
SOFEM 3D FEM 3D FEM FOCUS6 

Rainflow Counting [11] --- --- --- [12] [13] 

Stresses (Fatigue) THIN --- --- 3D FEM PROBUST FOCUS 6 

Table 1: Tools used by partners 

In the benchmark of fatigue tools 4 organizations participated. Concerning the cycle counting 

method, all partners used the well-known rainflow counting technique implementing various 

algorithms proposed in the literature, as shown in Table 1. Despite the slight differences, all the 

employed algorithms have in common the searching procedure, a four point searching algorithm that is 

used to identify the range-pairs and “residu” for every peak/trough sequence. For the calculation of the 
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linear damage index, stresses/strains at the ply level of the blade structure must be computed at some 

stage of the calculation procedure. Tools used for these calculations are summarized in Table 1.  

3 RESULTS 

While a comparison regarding the sectional properties of a blade, e.g. bending stiffness, mass 

inertia and shear centre as obtained by several available tools has been reported in the past, [14], it is 

the first time that the comparison extends to modal analysis, as well as strength results. In [14] large 

differences for the cross-section properties were reported among the compared tools. Differences 

reaching even 100%. Yet, in the present work, the differences were found quite small.  

Specifically, as an initial check to assure correctness of input data interpretation the total mass and 

centre of gravity for the whole blade, was compared for all models. A coefficient of variation of less 

than 1% is obtained for the total mass and of 1% for the centre of gravity with respect to the blade 

length. The results for the centre of gravity relative to the flap direction show a standard deviation of 

0.002m (2mm) and in the edge direction 0.03m (30mm) on a section having a chord of about 6m. 

Taking into account the different modelling approaches employed the results are in very good 

agreement.  

Mass and stiffness sectional properties were requested to compare data that are provided for 

performing an aero-elastic analysis upon structural design information of the blade. The data should be 

provided with respect to a commonly agreed global coordinate system, although each participant uses 

its own reference system. This constraint revealed larger deviations for properties that are affected by 

the selection of reference points and coordinate systems, such as the coordinates of the mass and/or 

elastic centre on the section and the properties incorporating the 2nd moment of inertias. 

The coefficient of variation for the linear mass ranges from 1% to 2.1%, while the worst coefficient 

of variation for the 5 sections along the blade of the mass moment of inertia (ρI) in the flap direction is 

6.6% in the edge direction is 12.4% and the cross term is 14.5%. As already noted the dispersion of the 

mass centre coordinates and the coupling term of the mass moment of inertia, which depend on the 

coordinate system and are small values, is larger. The standard deviation of the mass centre in the edge 

(chord) direction reaches 0.089m for reference section 2, while the standard deviation on the same 

section in the flap (thickness) direction reaches 0.0154m. 

The location of the mass, elastic and shear centre is shown in Figure 2 for reference section 2 

(r/R = 30%) with respect to the section’s dimensions. The small dispersion in prediction of the 

location of the mass, elastic and shear centres is evident in this figure, despite the absolute number of 

coefficient of variation of even 700%.  

 

 

Figure 2: Location of mass, elastic and shear centre on RefSec_2 (r/R = 30%) 

Regarding the location of the elastic centre on the section, the standard deviation of the reported 

values is less than 0.05m in the x direction (chord) and less than 0.008m in the y direction (thickness). 

One partner had a strong deviation from the others in the x-location. For the shear centre, the 

dispersion of results is a little larger than that of the elastic centre, but comparable. The standard 

deviation in this case is less than 0.03m (for the x direction).  
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Relevant to the rest of the stiffness properties from the 5 reference sections along the length, the 

axial stiffness has a coefficient of variation ranging from 0.7% to 1.8%, the worst coefficient of 

variation of the bending stiffness (EI) in the flap and edge direction is 6.4% (on different section 

nevertheless), while for the cross-term it is 9.2% and the torsional stiffness (GJ) has a maximum 

coefficient of variation equal to 13%. Only three participants reported on shear stiffness. The values 

differ for the root section, but for the other sections their difference is close to the difference of the 

torsional stiffness.  

3.1 Modal analysis results 

The results for the modal analysis are collectively presented in Table 2. Results are in very good 

agreement up to and including the 5th mode of vibration. For most of the partners modes 1, 3 and 5 

correspond to the first three bending natural frequencies in the flap direction, whereas modes 2, 4 refer 

to the first two bending natural frequencies in the edge direction of the structure. Actually, results of 

mode shapes reveal the existence of a small coupling between the flapwise and the edgewise mode-

shapes of the blade. With the exception of one partner, the 6th mode identified corresponds to a 

torsional mode. Partner A identified the torsional mode under the 7th mode, shown in the table. 

 

Mode A B C D E F G Average StDev CoV 

(%) 

1 0.64 0.62 0.61 0.61 0.61 0.61 0.62 0.62 0.011 1.8 

2 0.96 0.99 0.97 0.95 0.91 0.95 0.97 0.96 0.024 2.5 

 1.85 1.81 1.75 1.74 1.74 1.75 1.80 1.78 0.042 2.3 

4 2.86 3.00 2.88 2.87 2.77 2.83 2.98 2.88 0.080 2.8 

5 3.76 3.77 3.56 3.52 3.55 3.57 3.77 3.65 0.117 3.2 

6 5.82 6.23 5.61 5.53 5.70 5.55 6.17 5.80 0.291 5.0 

7 6.01          

Table 2: Natural frequencies of the blade (all frequencies in Hz) 

For the first mode of vibration (flap direction) the coefficient of variation among the partners’ 

results is 1.8%, while for the second mode of vibration (in the edge direction) the coefficient of 

variation is 2.5%. The coefficient of variation for the modes 3-5 varies between 2.3% and 3.2%. The 

results for the 6th mode of vibration lead to a coefficient of variation of 5%. A similar coefficient of 

variation (5.6%) and a comparable average value (5.815Hz) is obtained if the torsional modes of 

vibration reported by partnres are treated disregarding the mode number. It is evident that the largest 

uncertainty is identified for the torsion response of the blade. This is also shown from the deflection 

analysis presented in the following section. 

3.2 Deflection results 

Results for the deflection along the blade in the flap direction for the simple and reference load 

case are shown in Figure 3. For the simple case one partner performed a geometrically non-linear 

analysis and for comparison purposes reported also the results at 5% load scaled to full load. Both 

curves along the blade are shown in the left graph of Figure 3. For the two load cases Table 3 shows 

the average values of the displacement along the blade length, as well as the coefficient of variation 

observed in the flap and edge direction. Results for the simple load case are in better agreement than 

for the reference load case, as expected, because of the constraint posed on modelling the applied load. 

The non-linear solution falls within the estimation of the other (linear) predictions. The only difference 

being that the displacement in the z-direction (along the blade) for the non-linear solution approaches 

the magnitude of that in the x-direction (edge direction). 

The data provided by the partners allow for a simplified estimation of torsion along the blade 

length. Since the displacements are provided for 4 key points on the section, which more or less form a 

rhombus, the difference between the rhombus’s diagonals before and after loading can be used as a 

measure of torsion on the sections. Considering the mean value between the two results (torsion 

between trailing edge and nose at leading edge, as well as torsion between cap of suction and suction 
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side) from each partner the torsion for the reference case is shown in Figure 4. Two groups are clearly 

formed and these are connected with the fact that partners predicting larger torsion values are using 

links in modelling the applied forces, while those with the smaller results directly apply loads on the 

shell structure.  

 

 

Figure 3: Displacement in the flap direction for the simple (left) and the reference load case (right)  

 Simple load case Reference load case 

 Flap  Edge Flap Edge 

Position 

(m) 

Average 

(m) 

CoV 

(%) 

Average 

(m) 

CoV 

(%) 

Average 

(m) 

CoV 

(%) 

Average 

(m) 

CoV 

(%) 
2.800 0 -- 0 -- 0 -- 0 -- 

26.694 0.394 2.2 0.188 9.1 0.397 1.9 0.187 12.8 
37.907 1.259 2.4 0.483 5.9 1.266 2.9 0.467 12.0 
54.149 4.084 3.2 1.171 5.9 4.085 3.9 1.123 11.8 
71.592 10.283 4.3 2.177 7.1 10.245 4.8 2.062 13.0 
89.166 19.828 4.7 3.264 7.7 20.014 4.2 3.053 14.6 

Table 3: Deflection average and coefficient of variation along the blade in flap and edge direction 

for the simple load case (left) and the reference case (right) 

 

Figure 4: Simplified torsion estimation under reference load case along the blade length   

3.3 Buckling results 

The dispersion of results of the buckling analysis performed is quite high. Buckling load factor 

ranges from 1.8 to 3.1. The numerical model of the blade, the analysis followed as well as the 

modelling of the load on the blade have a crucial effect on the predictions. Even the buckling location 

was found different with other partners locating the mode shape in the root area (on the suction side 

spar cap) of the blade and others around 75% of the rotor radius (at the trailing edge region). A 

detailed analysis performed by one partner looking into higher buckling modes revealed that the first 

five eigen-modes are quite close together (in the range 1.9 to 2.0, corresponding to a difference of 5% 
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over the original result), while there is also a mode shape change in the 5
th
 mode, moving the location 

of the buckling from the root area of the blade to the outboard part. This observation justifies the 

differences observed in buckling location, since slight modifications on the applied load pattern can 

easily lead to an adjacent mode shape with nearly the same load factor. 

Gross stiffness does not seem to play an important role, since those partners that have estimated 

lower deflections under the static analysis do not predict higher buckling load factors. The difference 

are more so coming from local modelling details. The effect of distributing the applied load on all 

nodes of the section or on nodes of the spar caps only was investigated by another partner, revealing a 

difference of 4% between results.The effect of using the simple load case or the reference one, was 

studied by a third partner showing a difference in buckling prediction of 7%. The coefficient of 

variation between partners results on the reference load case was estimated to 23% with the average 

buckling load factor being 2.2.  

3.4 Extreme load carrying capacity results 

The choice of failure criterion was open to partners for the case of the extreme load carrying 

capacity, limited only by recommendations from certification bodies (e.g. [3],[15]). First ply failure 

was considered and progressive damage was not taken into account. Several partners used the Tsai-Wu 

failure criterion, with the Tsai-Hahn expression for the coupling term. One partner provided data with 

several formulations of the Tsai-Wu criterion including the Tsai-Hahn the Hoffman and the Hill 

failure criterion, in addition to the maximum strain and the Puck criterion checking fibre and inter 

fibre failure. The maximum strain criterion and the Puck failure criteria were used by two partners, 

while another partner used also the the maximum stress criterion.  

Agreement was achieved for the location of the critical failure area among the partners. Except for 

one case, all participants estimated the critical area to be in the suction side of the blade, close to the 

maximum chord section and towards the leading edge. But, the estimation of the load criticality, i.e. 

the ratio of the load where failure is predicted against the reference load used in the benchmark is quite 

different depending on the numerical model, on the failure criterion used, but also on the modelling of 

the applied load on the blade.  

Results indicate that the coefficient of variation of the partner estimating failure by 4 different 

failure criteria but using the same model ranges from 5 to 10%. Lower difference is shown when the 

load is distributed only on the spar cap nodes, while if the applied load is distributed on all nodes 

around the section then the scatter of estimations increases. The effect of the failure criteria on the 

predictions has been studied earlier, as e.g. [16] and differences are within the expected range.  

The coefficient of variation from results of partners using the same failure criterion, i.e. Tsai-Hahn 

formulation, is found 20%. The different models used, as well as differences in modelling of the 

applied load lead to this scatter. Distribution of the load on more nodes around the section, has a 

benign effect on the prediction of failure, which could reach even prediction of failure at 20% higher 

load. There are also indications that a similar benign effect is observed when sectional analysis tools 

are employed, in which case the loading is considered through residual loads of the section, rather than 

external applied loads.   

3.5 Fatigue results 

For fatigue strength, the failure model employed by all partners in the benchmark is based on GL’s 

[3] approach. Following the GL design guideline [3] the constant life diagram (Goodman diagram) in 

absence of experimental data is described per: 

     (1) 

Where N is the allowable number of cycles, Sk,M and Sk,A denote the mean value and the amplitude, 

respectively of the characteristic actions (loads), m equals 10 for Glass/epoxy composites, Rk,t and Rk,c 

are the characteristic short-term structural member resistance for tension and compression, γMA, the 

material safety factor for extreme analysis, was taken equal to 2.205 for the benchmark, C1B is N
1/m
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and γMB is the material safety factor for fatigue analysis. The above expression can be used both in 

strain format as well in stresses format. 

To identify differences that might influence the fatigue strength results comparisons were 

performed also in the rainflow counting algorithms and strategies of each partner. The accumulated 

number of full cycles against the range showed small differences as shown in Figure 5 (left), although 

partners used different discretization on the cycle range (20, 50, 64 and 128 bins), as well as different 

handling of residues. Comparison of rainflow counting against the range have been also performed in 

the past. 

In the fatigue analysis of composite materials and following the design guidelines for wind turbine 

blades (e.g. GL), except for the range, the mean value also plays a vital role in the estimation of the 

fatigue life of a structural component. Therefore, to shed more light in the interpretation of the results 

regarding damage estimation, a comparison also relevant to the mean value reported should be 

performed. The best way to do that would be a contour plot, with x and y axis the mean and range 

value of the bin and the contour referring to the number of cycles in the bin. Yet, due to the differences 

in the bin definition by each participant it is quite difficult to compare the graphs visually. Therefore, a 

new type of graph was presented: Plots of the mean value against the accumulated number of full 

cycle are depicted in Figure 5 (right) for the Mx moment stress resultants at the RefSec_2 (r/R=30%). 

The horizontal axis (x-axis) of the graph is in logarithmic scale, again. But, note is to be taken that the 

following curves cannot be interpreted as the traditional cumulative load curves (shown left). While 

the effect of the range magnitude is clear on the fatigue damage of the material, the effect of mean can 

be interpreted only if combined with the range. Therefore, in case of the cumulative number of cycles 

ploted against the mean value the graph should be interpreted as: the bending moment stress resultant 

has a cumulative number of cycles (read from x-axis) which have mean below the mean value (read 

from y-axis). As for the range, the discretization of the mean value in bins was different between the 

partners; 32, 50 and 64 bins were used.     

  

Figure 5: Accumulated number of full-cycles for the bending moment stress resultant in the flap 

direction against range (left) and mean value for RefSec_2 (r/R=30%) 

Larger deviations exist between the partners in the case of the mean values, than in the case for the 

range values. Again, these differences noticed could be attributed to small variations in handling of 

residues and threshold used (if applicable) in counting cycles. 

For comparing the damage index results, the fatigue stress factor (FSF) is used, whereby if the 

applied stresses are multiplied with this factor you obtain a damage index of 1 [17]. This quantity 

scales like D
(-1/m)

, where D is the Palmgren-Miner damage index and m equals 10 for Glass/epoxy 

composites as per eq.(1). In Figure 6 the minimum fatigue stress factor over all layers in the 

lamination sequence is presented for two sections (r/R equal to 30% and 60%) at 6 key points (see 

Figure 1) around each reference section.  
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Figure 6: Fatigue stress factor in RefSec_2 (r/R=30%) left and RefSec_4 (r/R=60%) right  

The diversity on the fatigue stress factor and in turn also the damage index values as calculated by 

each partner is evident, although the failure criterion is common to all. The largest coefficient of 

variation among the fatigue stress factors estimated reaches 34% at the leading edge nose of the 

outboard section (at r/R=60%). This is due to the differences of the stress analysis tools and the 

rainflow counting algorithms used by the partners. For example, also when comparing stress and strain 

output under static load it was noticed that some tools underestimated the stresses developed at 

specific key points, due to specific assumptions in the model. These differences are now mixed with 

the dissimilarities of the rainflow counting algorithms and strategies followed by each partner 

(discussed earlier). Analysis of the effect of the stiffness of the section on the fatigue results was 

performed.  

Further to that, one would expect that taking into consideration the multi-axial state of stress, of the 

material (as per [18], [19]) would result in an increased damage index than considering only the 

longitudinal stress. Yet, as shown by results from one partner running both cases, indicated as case C 

and C (multi) in the graphs, this is not always the case. In fact for some specific key points the results 

(between uniaxial and multi-axial criterion) are reversed with the uniaxial criterion giving a more 

conservative output. This is also seen in Figure 6 presented above, e.g. on KP5 for RefSec_2, but also 

on the values directly reported by the partner.   

From the study performed it was shown that differences in fatigue analysis results can occur 

because of differences in: a) the blade model, b) the calculation method of the stresses, c) rainflow 

counting method used (including parameters such as the bin size) and d) the calculation of the damage 

from a pair of stress mean and amplitude. But, differences in the rainflow counting results found due 

to different choices of bin size and threshold the differences in the fatigue index of up to a factor of 6 

could not be explained, if differences in stiffness properties used in the calculation are not taken into 

account. Relatively small differences in the stiffness magnify differences in the damage index because 

of the slope of 10. 

4 CONCLUSIONS 

The work performed within the INNWIND.EU project and presented in here sets the baseline for 

the estimation of model uncertainty. As all partners were provided with the same information 

regarding the blade external structure, the internal material lay-out and configuration, as well as the 

loading that should be imposed on the blade it is possible to compare the output and assess the 

variability of the results. At this stage neither the accuracy nor the correctness of the numerical 

simulation results can be assessed, since for that purpose comparison against experimental data should 

be available. Yet, given the capacity of the participants in the benchmark study and their experience in 

comparing numerical simulation results of wind turbine blades against test data the relevance of the 

results is evident. Further to that the number of independent results increases the statistical 

significance of the data. 

The results show that the gross properties of the blade (mass and center of gravity) are estimated 
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with a very low variation between the partners. A little higher was the coefficient of variation for the 

sectional mass properties (linear mass and mass moment of inertia). Disregarding small 

inconsistencies observed the coefficient of variation for mass properties of inertia is about 5%, while 

the standard deviation of the mass center on the section is below 90mm in the edge and 20mm in the 

flap direction (on section with 6m chord). Similar results are obtained for the sectional elastic 

properties (axial, bending and torsional stiffness, elastic and shear center). Yet, this exercise revealed 

the importance of consistently reporting on the coordinate system of reference if data are to be 

exchanged between partners with different simulation tools. This is especially important for providing 

blade structural data for performing aero-elastic analysis.  

The coefficient of variation for the natural frequencies of the blade was found to be below 3% up to 

the 5th mode of vibration, i.e. mainly flap and edge modes. A larger coefficient of variation of about 

5% was noticed for the torsional eigen-frequency of blade. Regarding the tip deflection of the blade 

under load, in two different load cases the coefficient of variation was found below 7% for the flap 

direction and up to 15% for the edge direction. These results include different modelling methods for 

the load, i.e. whether loads are directly applied on the shell nodes or through links with a reference 

node, as well as results from geometrically non-linear analysis. The variation noted for the deflections 

is considerably reduced if the results of two partners are excluded. Specifically, disregarding results of 

a partner that did not include the third shear web of the reference blade in the model, as well as that, 

which modelled the mid-plane of the shell elements on the external surface of the blade, the coefficient 

of variation for the displacement drops to below 3%. The results by non-linear geometric analysis are 

close to the average of the other partners, possibly indicating that a linear analysis suffices for this 

case.  

The results on the torsion of the blade revealed larger differences. In this case, all differences in 

modelling affect the results. That is, even when excluding partners with modelling differences in the 

internal structure of the blade, as per the deflections, the standard deviation of the torsion is 1 degree. 

The difference in the torsion at the tip of the blade for the linear and the non-linear case is above 1 

degree, indicating that the analysis type has an effect on the results for this case. Further to that, the 

different modelling of the imposed loads, as discussed in the previous section, also affects the results, 

leading to a difference of about 2 degrees.  

Coefficients of variation of strain data reported within the benchmark were below 5% for 

longitudinal strains (along the blade direction) for positions on the spar caps, but, they were above 

15% for positions on the leading edge and close to the trailing edge of blade. Even larger differences 

were obtained for the shear and transverse strains, irrespective of the position on the blade. 

The same large differences were obtained for predictions of strength. Whether buckling, strength 

under extreme loads or fatigue, the estimations where in some cases double. 

Even for buckling predictions, which depend only on the (local) stiffness and the loading, the 

differences were above 50%. The modelling of loads was found as playing a significant role in these. 

Probably the differences in local stiffness, as indicated by strain/stress results also play a significant 

role. Similar for strength predictions under extreme loading, where multiaxial stress was taken into 

consideration by the participants there were large differences. Less was the difference for strength 

prediction under fatigue, but in this case the failure criterion was common to all and (mainly) only 

longitudinal stress was considered. 

It becomes therefore, obvious that to reduce the modelling uncertainty obtained through the 

benchmark presented experimental data are required. Yet, also the experimental data involve 

uncertainties that might intervene and potential blur the statistical interpretation of the results. These 

include not only measurement uncertainties, but also the definition of failure under static and cyclic 

load. To note is that in the present work failure is taken in a first ply failure condition, which during an 

experiment is difficult to obtain, even with the use of methods such as acoustic emission.  
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