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ABSTRACT 

Wind turbine blades are large composite structures with complex geometry, and are subjected to 

non-uniform pressure distributions. These factors tend to make modelling and analysis laborious and 

computationally expensive. Simplified loading approximations are commonly used in wind turbine 

blade analysis, in place of accurate 3D pressure distributions to reduce modelling time and 

computational requirements. A review of twenty recent wind turbine blade design and analysis studies 

found that a wide variety of loading approximations were used, however very little has been published 

regarding the effect these approximations have on the accuracy of predicted structural behaviour. A 

comparison was performed of three of the most common loading approximations used in the reviewed 

literature: 3D pressure distribution derived from computational fluid dynamics; uniform pressure load 

derived from a blade element momentum (BEM) model; and a single tip force derived from BEM and 

beam theory. A finite element model of a 30m wind turbine blade was analysed under each of the 

loading approximations, and topological optimisation of the blade structure was performed using each 

of the approximations. Deflection, stress and failure criteria results were compared. Large 

discrepancies between the models were observed, particularly for stress distribution and tip rotation. 

The CFD loading approximation predicted the failure location near the maximum chord location, with 

a safety factor of 1.55. The uniform pressure approximation predicted failure at the same location and 

with similar deflection as the CFD approximation, but with a higher safety factor of 1.69. The tip load 

approximation predicted failure near the blade tip with a lower safety factor of 1.39. It also 

overestimated deflection by 74% and underestimated tip rotation by 58% compared to the CFD 

pressure distribution. The topological optimisation results for the tip load approximation were very 

different to the other approximations, with more material located at the blade tip. The results indicate 

that the choice of loading approximation has the potential to significantly affect the outcome of wind 

turbine blade design. In particular, using a tip force approximation even early in the structural design 

process is likely to lead to a very different topology and higher material usage than if a more realistic 

load approximation method is used.  

1 INTRODUCTION 

The aim of wind turbine blade structural design is typically to minimise the cost or weight of the 

blade, subject to a number of structural constraints. Finite element analysis enables a designer to 

represent the geometry and materials properties of a wind turbine blade with sufficient accuracy that 

the number of prototypes required for physical testing is greatly reduced. Another advantage of FEA is 

that mathematical optimisation algorithms can easily be applied to the design problem, a technique 

which forms the basis of many recent studies [1-11].  

Modern wind turbine blades are up to 85m long, and consist of varying composite materials layups 

throughout the structure. They are subject to a variety of aerodynamic loading cases, with complex 

associated pressure distributions that can be accurately calculated using computational fluid dynamics 

(CFD). The large physical size and complex aerodynamic loads result in large computational 

requirements for numerical models of wind turbine blades. This is of particular concern in structural 



optimisation, as the model is analysed thousands of times through the course of the optimisation. One 

way to reduce the size of the numerical model is to approximate the loads that are applied to the blade 

structure. This occurs in full-scale testing for certification standards [12] and in academic literature. 

Although it is common practice to use loading approximations in wind turbine blade design and 

analysis, very little has been published regarding the accuracy and applicability of the various types of 

loading approximations used. Knill [13] compared stress results of a wind turbine blade structural 

model when the load was applied via a nodal pressure distribution versus the load applied via rigid 

link elements. Local stresses were found to be inaccurate with the rigid link model, although global 

results were similar. Joncas et al [4] performed a topology optimisation of a wind turbine blade 

segment using three different loading approximations: tip force, moment and constant pressure as well 

as combined loading. The topologies that resulted varied across the different modelling assumptions, 

suggesting that the loading approximation selected is an important factor in structural optimisation.  

The aim of this work is to investigate the effect that loading approximation has on deflection, stress 

and failure criterion results. Three loading approximation methods were formulated, derived from a 

review of twenty recent (published 2004-2015) wind turbine blade design or analysis studies that used 

the finite element method.  

The method used to apply the aerodynamic forces associated with the maximum gust loading case 

to the finite element model varied considerably amongst the literature reviewed. The most common 

approach was to apply one or a small number of point forces or moments to the blade (12 out of 20 [2-

6, 10, 14-21]). Others applied a uniform pressure load (3 out of 20 [7, 8, 22]) or distributed pressure 

load (5 out of 20). Of the distributed pressure models, 3 varied in the spanwise direction only [1, 9, 

23], with constant pressure across the chordwise direction and 2 varied in both the spanwise and 

edgewise directions: Knill [13] and Grujicic [24] used third party aerodynamics codes to calculate 2D 

pressure distributions at a number of spanwise stations and interpolated between them to obtain 3D 

pressure distributions. 

2 MODEL DESCRIPTION 

The blade design used in this work, illustrated in Figure 1, is adapted from a 30m blade from a 

1.5MW wind turbine blade presented in [25]. The blade is made of glass fibre reinforced polymer 

(GFRP), with sandwich sections in the shear webs of the structural spar and trailing edge panels. The 

blade’s geometry is representative of commercial designs, blending from a circular cross section at the 

blade root to a thickened S818 aerofoil at 25% span (l/l0=0.25, where l is the spanwise location and l0 

is the blade length, as shown in Figure 1b). The thickness, chord, twist and spar location vary along 

the span, as presented in Table 1. 

 

Figure 1: Blade design: a – materials placement; b - geometry 

  



 Span Chord, m Thickness Twist Aerofoil Spar location 

 0% 1.56 100% 29.5° Circle 10-60% 

25% 2.58 28% 13.0° S818 15-45% 

35% 2.28 24% 8.8° S818 15-45% 

55% 1.71 22% 4.4° S818 15-45% 

75% 1.2 20% 1.9° S818 15-45% 

100% 0.6 18% 0° S818 15-45% 

Table 1: Baseline blade geometry 

2.1 Finite Element Model 

A finite element model of the blade has been created in ANSYS [26] using Shell281 elements, a 

layered shell element based on first-order shear deformation theory. Quadrilateral elements are used 

with corner and midside nodes and 6 degrees of freedom at each node and 0.05m element length. The 

blade is modelled with the root constrained and the tip free. The analyses are static and linear. Figure 2 

shows the finite element model global (a) and element and fibre (b) coordinate systems.  

 

Figure 2: FE model coordinate systems: a – global, b – local 

2.2 Materials 

The blade structure has four different layups, as illustrated in Figure 1a. The leading edge section is 

comprised of two 1.5mm thick GFRP fabric layers. The spar caps consist of a unidirectional layer 

(thicknesses listed in Table 2) aligned with the longitudinal axis between two 1.5mm thick GFRP 

fabric skins. The shear webs and trailing edge are sandwich panels with a lightweight core 

(thicknesses listed in Table 2) and GFRP fabric skins. Materials properties are given in Table 3 

(sandwich core) and Table 4 (GFRP).  The GFRP fabric is oriented with fibre angle, ϕ = 45° in all 

cases. Material layer thickness is varied linearly between the values in Table 2 at 1.5m intervals. 

Unidirectional 

layer, mm 

Trailing edge 

core, mm 

Shear web 

core, mm 

22.1 10.1 30.3 

39.3 7.46 22.4 

39.3 4.73 14.2 

32.5 3.17 9.51 

17.5 1.88 5.64 

9.2 1.88 5.64 

Table 2: layer thicknesses 

 Property 

  

Core 

E Longitudinal modulus, GPa 0.13 

G Shear modulus, GPa 0.035 

𝜎̅𝑡 Tensile strength, MPa 3.5 

𝜎̅𝑐 Compressive strength, MPa 2 

𝜏̅ Shear strength, MPa 1.6 

ρ Density, kg/m
3
 100 

Table 3: Core material properties
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 Property GFRP fabric GFRP unidirectional 

E1 Longitudinal modulus, GPa 25 39 

E2 Transverse modulus, GPa 25 8.3 

G12 Shear modulus, GPa 6.3 4.1 

ν12 Poisson’s ratio 0.38 0.26 

𝜎̅1𝑡 Tensile strength, MPa 511 1062 

𝜎̅1𝑐 Compressive strength, MPa 628 610 

𝜎̅2𝑡 Tensile strength, MPa 511 31 

𝜎̅2𝑐 Compressive strength, MPa 628 118 

𝜏̅12 In-plane shear strength, MPa 790 72 

ρ Density, kg/m
3 

1900 1900 

Table 4: GFRP properties 

3 LOADING APPROXIMATIONS 

The loading case considered in this work is extreme aerodynamic loading, defined as the maximum 

gust wind speed expected in a 50 year period, as specified in the IEC design requirements [1]. This 

was the most common loading case used in the reviewed literature (16 out of 20). Under this 

condition, the turbine is parked, and the blade under consideration is vertical in the uppermost 

position, illustrated in Figure 3. For a Class I site the maximum gust wind speed is 70 m/s at the hub 

height, and due to wind shear the wind speed increases above that height according to: 

𝑣/𝑣𝑜  = (ℎ/ℎ𝑜 )0.14  ( 1 ) 

Where v is velocity, h, is height above ground, the subscript ‘o’ is the reference height, in this case 

the hub height, and the exponent 0.14 is the wind shear exponent specified in the IEC requirements.  

 

Figure 3: Maximum gust loading condition with wind shear  

The maximum gust loading condition was applied to the finite element structural model using three 

different methods of approximation, outlined in the following sections. 

3.1 Computational fluid dynamics  

The external surface from the blade FEA model was used to create a CFD model of the airflow 

around the blade. A finite volume method was employed to solve 3D, viscous, compressible Navier 

Stokes equations with the k-omega SST turbulence model in ANSYS Fluent [27]. A cylindrical fluid 

volume was analysed, with diameter 90m from 30m upstream to 60m downstream of the blade. The 

blade surface mesh was refined with face sizing of 0.1m, and ten inflation layers. The entire CFD 

model consisted of 853,986 cells. Wind shear was incorporated using a linear interpolation between 

the wind speed at hub height (70m/s) and at the blade tip (74.1m/s).  
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Figure 4: CDF mesh: a - entire model cross section; b - blade tip area 

The resulting pressure distribution has relatively uniform large magnitude positive pressure across 

the upwind side of the blade, and very small magnitude negative pressure across the downwind side. 

There are localised areas of large negative pressure at the leading and trailing edge of the blade, 

particularly the near-cylindrical portion of the blade root. The total pressure force components 

summed over the entire blade surface are given in Table 5. The CFD pressure distribution at the blade 

surface was exported to ANSYS APDL and translated to a series of nodal pressures to match the FEA 

mesh. Figure 5 shows the CFD pressure distribution as applied to the FEA model. The colour scale 

shows the absolute value of nodal pressure.  

 

Figure 5: CFD pressure distribution as applied to FE model (upwind side) 

Direction Total force  

X 63,518 N 

Y 163,658 N 

Z -5,908 N 

Resultant 175651 N 

Table 5: CFD force breakdown 

3.2 Uniform pressure load 

The second loading approximation applied the total drag force as a uniform pressure load on one 

side of the blade, as shown in Figure 6. The magnitude of the drag force was calculated using a blade 

element momentum (BEM) model. The BEM model splits the wind turbine blade into 20 spanwise 

elements. The drag force is calculated for each element, using local wind velocities that vary due to 

wind shear (Eq. 1) and assuming a flat plate drag coefficient, CD, of 1.2 from 10% to 90% span, with 
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reduced drag coefficients at the root and tip. The total drag force determined by the BEM model was 

184,338N, which correlates well to the total force obtained using the CFD model. The magnitude of 

the uniform pressure applied was obtained by dividing the total drag force by the planform area, 

resulting in a pressure load of 3,727 N/m
2
 which was applied to the upwind side of the blade. 

 

Figure 6: Uniform pressure load approximation (upwind side) 

Span, 

m 

Chord, 

m 

Velocity, 

m/s 

CD Force, 

N 

0 1.56 70.0 0.8  

1.5 1.56 70.2 0.8 5,657 

3.0 1.95 70.5 1.2 10,679 

4.5 2.34 70.7 1.2 12,900 

6.0 2.46 70.9 1.2 13,649 

7.5 2.58 71.2 1.2 14,405 

9.0 2.43 71.4 1.2 13,651 

10.5 2.28 71.6 1.2 12,886 

12.0 2.13 71.8 1.2 12,109 

13.5 1.98 72.0 1.2 11,322 

15.0 1.85 72.2 1.2 10,610 

16.5 1.71 72.4 1.2 9,888 

18.0 1.59 72.6 1.2 9,244 

19.5 1.47 72.8 1.2 8,592 

21.0 1.34 73.0 1.2 7,844 

22.5 1.20 73.2 1.2 7,087 

24.0 1.08 73.4 1.2 6,411 

25.5 0.96 73.6 1.2 5,727 

27.0 0.84 73.7 1.2 5,035 

28.5 0.72 73.9 1.0 3,614 

30.0 0.6 74.1 1.0 3,026 

    184,338 

Table 6: Blade element momentum model 

3.3 Point load 

The magnitude and location of the force applied in the point load approximation should be selected 

to yield results that are as similar to the real load as possible. Due to the complex geometry and 

materials of the wind turbine blade, determining what that load should be is not a trivial task. A typical 

approach to convert a distributed load to an equivalent point load is to apply the full magnitude of the 

distributed load at the centroid of the load area, in this case at approximately 40% span. This was the 

approach taken in the blade section analyses in [17, 18], and also in full-scale testing. With this 

approach, however, the behaviour of the blade outboard of this point cannot be accurately reflected. 

This is appropriate if only the section inboard of the applied load is being considered, as was the case 

in [17].  However, if the entire blade structure is of interest applying the load at the blade tip is 

considered more appropriate and was consequently the approach taken in this work.  

The method used to determine the magnitude of the force applied at the blade tip was based on 

beam theory formulations for deflection of a cantilever beam. The load distribution and bending 

moment distribution for the BEM model (blue, solid), linear tapered load (red, dotted) and uniform 
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load (green, dashed) are shown in Figure 7. In all cases the total load is the same: for the uniform load, 

the distributed load 𝜔 = 𝐷/𝑙, where D is the total drag force from the BEM model; and for the linear 

tapered distribution, 𝜔 =
𝜔0

𝑙
(𝑙 − 𝑥) → 𝜔0 = 2𝐷/𝑙.  Based on the load and bending moment 

distributions, the linear tapered distributed load was selected as a reasonable approximation of the 

BEM load distribution.  

 

Figure 7: simplified load comparisons: a – distributed load; b – bending moment 

For a cantilever beam of length l with a concentrated load, P, at the free end, the maximum 

deflection is given by: 

𝛿𝑚𝑎𝑥 =
𝑃𝑙3

3𝐸𝐼
 ( 2 ) 

Where E is Young’s modulus and I is the moment of inertia.  

For a linear tapered distributed load, the maximum deflection is: 

𝛿𝑚𝑎𝑥 =
𝜔0𝑙4

30𝐸𝐼
  ( 3 ) 

Combining (2) and (3): 

𝑃𝑙3

3𝐸𝐼
=

𝜔0𝑙4

30𝐸𝐼
  ( 4 ) 

∴ 𝑃 =
𝐷

5
 

The single load approximation therefore consisted of a 36,868N force applied at the blade tip. The 

blade tip is a rigid region, with all nodes located at the tip constrained to a master node in the centre, 

as shown in Figure 8. The force, P, was applied to the master node. 

 

Figure 8: Point load approximation: tip nodes are a rigid region with force, P, applied to master node 
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4 LOADING APPROXIMATION COMPARISON 

The finite element model described in Section 2 was analysed using each of the loading 

approximations in turn. Deflection, stress and failure criteria results were calculated, and are presented 

in Table 7. For each of the loading approximations, the magnitude was increased until the maximum 

failure criterion exceeded 1, in order to determine the failure location and safety factor associated with 

each loading approximation. For the uniform pressure and point load approximations, this was 

achieved by a simple scaling of the load magnitude. This method is not appropriate for the CFD 

approximation, so in this case the wind speed was increased and the CFD model rerun to get the new 

pressure distribution. The total resultant load at failure for the CFD approximation was 1.55 times the 

original load, corresponding to a 26% increase in wind speed. 

Loading 

approximation 

Applied 

load 

Tip 

deflection 

Tip 

rotation 

max σ1c 

value 

max σ1c 

location 

Safety 

factor 

Failure 

location 

   m ° MPa m  m 

1 CFD 175,651 N 3.23 4.88 140.7 7.5 1.55 7.5 

2 Uniform 3,727 Pa 3.23 4.09 174.7 0.7 1.69 7.5 

3 Point 36,868 N 5.62 2.04 384.9 25.6 1.39 25.6 

3b Point  23,042 N 3.50 1.27 242.5 25.6   

Table 7: Structural analysis results 

Tip deflection is measured as the Y-component nodal displacement of the tip node. Tip rotation is 

defined as shown in Figure 9. 

 

Figure 9: Tip rotation definition 

The maximum compressive stress in the fibre direction is designated max σ1c. In all cases this occurs 

in the unidirectional layer of the spar cap on the downwind side of the blade. The spanwise location 

for each model is also recorded. The failure criterion used is the Tsai-Wu criterion as implemented in 

ANSYS.  

 

Figure 10: Deformed models: 1 – CFD; 2 – uniform pressure; 3 – point load 

The deformed structures are shown in Figure 10. The maximum deflection of the CFD loading 

approximation (1) and uniform pressure approximation (2) are very close, but the point load 

approximation (3) is 74% higher. Due to the large discrepancy, a second variant of the tip load 

approximation was analysed, with a load magnitude of 23,042N (12.5% of the BEM force instead of 

20% in the original point load model). This approximation (3b) in Table 7, has a tip deflection closer 

(8% larger) to that of approximations 1 and 2.  
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There is a large variation in the tip rotation results throughout the loading approximations. The 

twist predicted by approximation 2 is 16% less than that of 1 and the point load approximations 3 and 

3b are less than half the value of 1. This is not surprising, as neither the uniform pressure load or point 

load approximations accurately represent the chordwise variation of the pressure distribution. Tip 

rotation is not necessarily relevant to the maximum gust loading condition investigated here, but 

would need to be accounted for if an operational loading condition is being considered, as excessive 

twisting would compromise aerodynamic performance. 

 

Figure 11: σ1c Stress distribution: 1 – CFD; 2 – uniform pressure; 3 – point load 

Figure 11 shows the stress distribution for each approximation. Dark blue corresponds to higher 

compressive stress; green corresponds to lower compressive stress. Note that the scale is not the same 

between the 3 approximations. The stress distributions are qualitatively fairly similar between 

approximations 1 and 2, with approximation 1 showing a slightly more even stress distribution along 

the span compared to approximation 2, which shows greater stress concentration at the blade root, and 

indeed this is the location of maximum stress for this approximation, whereas it is located near the 

maximum chord (l/l0=0.25) in approximation 1. The stress distribution of approximation 3 is very 

different to the other two, with stresses concentrated at the blade tip. The maximum compressive stress 

values differ significantly between the models. Approximation 2 has maximum compressive stress 

24% higher than the result from approximation 1, and the point load approximations 3 and 3b were 

higher again, with maximum compressive stress values 173% and 72% greater, respectively, than 

approximation 1.  

The Tsai-Wu failure criterion distributions at failure load are shown in Figure 12. Compared to 

approximation 1, the safety factor of approximation 3 was underestimated and 2 was overestimated. 

The predicted failure location is the same in approximation 1 and 2, at the maximum chord location, 

but is located near the blade tip for approximation 3.  

 

Figure 12: Tsai-Wu criterion distribution at failure load: 1 – CFD; 2 – uniform pressure; 3 – point load 
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5 STRUCTURAL OPTIMISATION 

The results from the previous section indicate that loading approximation has the potential to 

significantly affect the structural behaviour of the blade. Deflection, stress and strength criteria are 

used as constraints early in the structural design process, which means that erroneous results in these 

areas have the potential to significantly affect the design process. Topological optimisation of the 

blade structure was performed with each loading approximation in order to investigate this further. 

Wind turbine blades are particularly suited to topology optimisation as the asymmetrical structure 

and complex loading makes it difficult to intuitively obtain optimal layouts. The main advantage of 

topology optimisation is that it doesn't pre-define the configuration and so allows non-intuitive designs 

to result. Topology optimisation begins with the entire volume meshed with solid elements, and then 

determines where material should be placed within the volume to minimise the objective function. The 

design variables are the densities of every element of the interior volume, and the objective function is 

typically to minimise compliance (analogous to maximising stiffness) subject to a constraint on the 

proportion of volume to be removed. Penalty terms are used to try to ensure that elements have 

densities of either zero or 100% (corresponding to material absent or present, respectively).  

5.1 Optimisation problem formulations 

The topology optimisation feature in ANSYS 13.0 was used to create indicative structures for each 

of the loading models. The external blade geometry was maintained from the FEA model described in 

Section 2, but was meshed with solid tetrahedral elements throughout the entire interior blade volume, 

as well as shell elements on the exterior surfaces. In order to keep computational requirements 

moderate, the mesh density varied along the span. For the root section where the blade thickness is 

largest, an element length of 0.12m was used. The middle section had an element length of 0.06m, and 

the tip section where the blade thickness is smallest had an element length of 0.03m. The objective 

function of the optimisation was to minimise compliance, subject to a volume constraint of 25% (i.e. 

75% of the volume was removed). The exterior shell elements were not part of the design domain but 

were present to allow surface loads to be transferred and to provide the structural function that is 

performed by the external shell. The result of the optimisation is a material distribution that shows 

where material is best placed to resist the applied loads. These results do not represent feasible 

designs, but simply yield insights into the load paths and the structural topologies that are best suited 

to the different loading models. 

 

Table 8: Meshed model used for topology optimisation 

5.2 Optimisation results 

The topology optimisation results are shown in Figure 13. All three structures have a trailing edge 

spline, and spar caps that vary in width and chordwise location along the span. The point load 

structure has more material located at the tip than the other structures, which show spar caps that are 

very tapered at the tip. The CFD pressure distribution structure has a longer trailing edge spline than 

the uniform pressure distribution structure; although otherwise the structures are very similar. It should 

be noted that the mesh used in these optimisations is too coarse to allow subtle variations to show. For 

example, the spar caps in models 1 and 2 are a single layer of elements thick, which means it is not 

possible to draw any conclusions about the relative thickness and chordwise extent of the spar caps in 

these models. Sizing optimisation would be required to investigate this further. It is clear from the 

topology optimisations that the blade optimised for the tip load approximation is quite different to the 
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more accurate approximations. Using the tip load approximation even in preliminary design is likely 

to adversely affect the final blade design, likely resulting in increased material usage. 

 

Figure 13: topology optimisation results: 1 – CFD; 2 – uniform pressure; 3 – point load 

6 CONCLUSIONS 

The results show significant discrepancies between the loading approximation methods for both 

deflection and stress results. The safety factor varied significantly between all three approximations, 

compared to the CFD approximation with a safety factor of 1.55 and failure predicted at the maximum 

chord location, the uniform pressure approximation had a higher predicted safety factor of 1.69 and 

the same predicted failure location, whereas the tip load approximation had a lower safety factor of 

1.39 and predicted failure near the blade tip. The extent of tip rotation, 4.88° for the CFD 

approximation, was slightly underestimated by the uniform pressure distribution (4.09°), and much 

lower for the tip load approximations (2.04° and 1.27° for the larger and smaller point load 

approximations, respectively). This is not necessarily relevant to the maximum gust loading condition 

investigated here, but would need to be accounted for if an operational loading condition is being 

considered, as excessive twisting would compromise aerodynamic performance. Deflection was 

significantly overestimated by the point load approximation. Furthermore it was found that it was 

difficult to select an appropriate magnitude for the single force. The initial point load approximation 

had excessive tip deflection and maximum compressive stress results. The smaller of the two point 

load models was selected so as to result in reasonable tip deflection, which necessitated performing 

initial analysis with a more accurate loading model for comparison, somewhat reducing the benefit 

gained from using a simplified model in the first place. The smaller point load approximation still had 

maximum compressive stress 72% higher than the CFD approximation. The structure resulting from 

topology optimisation using the point load approximation was very different to the other 

approximation methods, demonstrating that even at the preliminary design level the point load 

approximation is likely to adversely affect the design process.  
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