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ABSTRACT 

The objective of this capstone project is to conduct a fatigue analysis of the blades of a small wind 

turbine. Indeed, the small wind turbine (SWT) blades are subjected to repetitive load application 

by many external factors – mainly wind loads. That is why a fatigue analysis is conducted in order 

to evaluate whether the designed blades are going to withstand the applied loads for the desired 

life period.  

The capstone consists of three main milestones. The first milestone is devoted to the mechanical 

characterization of the blade’s fiber reinforced E-glass/Epoxy composite. This characterization is 

achieved using both the analytical models and The Laminator software and the results of the two 

methods were compared. After the mechanical characterization, comes the fatigue analysis which 

consists of two milestones (the second and third one). The second milestone consists of generating 

the time-series of the blades using FAST. FAST is a tool used to generate simulations and time-

series using the properties of the blades, their geometry, the material, the tower properties, the 

furling parameters, the wind conditions and so on. As for the third milestone, it consists of using 

the generated time-series is to run MLife which is a tool used to compute the accumulated damage 

using the Miner’s rule. If the damage is greater than or equal to 1, it means that the blades fail the 

fatigue test. In other words, it means that the damage due to the cycles is greater than the allowed 

damage, which means that the blades will fail before the designed life-time (20 years). 

 

Keywords: small wind turbine, blade, fatigue, mechanical characterization, FAST, MLife, 

damage. 
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1. INTRODUCTION 
 

1.1. Project Description 

This capstone project is part of a project aiming at designing and manufacturing a wind 

turbine in a Moroccan context. Indeed, all the steps going from design of the wind turbine to its 

installation in an appropriate site passing through its manufacturing are to be done in Morocco. 

The social motivation behind this project is being able to reduce Morocco’s dependency on fuel 

sources of energies as well as increasing the electrification of rural areas. 

The wind turbine in this project is a small one with a power of 11 Kilo Watts, three blades 

and a horizontal rotational axis. The length of each blade is 3.5 m. The parameters of the small 

wind turbine in this project are summarized in the following table. 

Table 1: Small wind turbine design parameters 

Design Parameter Value 

Wind turbine generator rated power (W) 11,000 

Design wind speed (rated wind speed) (m/s) 10.5 

Assumed rotor aerodynamic power coefficient 0.449 

Assumed total power coefficient 0.4 

Number of blades 3 

Design tip speed ratio 6 

Design angle of attack (in degrees) 4.5 

Air Density (kg/m3) 1.225 

Rotor radius (m) 3.5 

Design rotational speed (rpm) 172 

Design Reynolds number 600,000 

Airfoil type DU 93-W-210 

 

A question that one may ask about the blade’s design is the choice of three-blade wind 

turbine and not another number. To justify this choice, the three-blade design can be compared to 

the two-blade and four-blade ones. From an efficiency point of view, adding more blades means 
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that more energy is going to be extracted from the wind, and that knowing that the wind energy is 

a function of the area of contact. So, increasing the number of blades means increasing the energy 

extracted, and thus the four-blade design is more efficient. However, adding more blades means 

also increasing the cost of the wind turbine, a cost that cannot be justified by its efficiency. Indeed, 

one more blades does not significantly increase the efficiency if compared the increase of the cost. 

Therefore, the four-blade design can be eliminated.  

Compared to the two-blade design, one less blade means a lower cost. The difference in 

efficiency between a two-blade design and a three-blade design under the same wind conditions 

can be compensated by increasing the cord of the blade by 50 percent. However, increasing the 

cord means increasing the cost because more material is needed, which eliminates the cost 

advantage of the two-blade design. Another solution for the two-blade design is to increase the 

rotational speed by 22.5 percent. This will lead the two-blade design to spin faster when subjected 

to the same wind conditions as the three-blade design. Knowing that the faster the blades, the more 

noise they generate and the greater the centrifugal force, a stronger hub will be needed to withstand 

the applied forces and thus the cost of the wind turbine will increase. As a result, the three-blade 

design seems to be the best choice in terms of efficiency and cost when compared to other designs. 

Figure 1: 3D drawing of the small wind turbine using Solidworks 
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1.2. Capstone Project Overview 

The blades of a wind turbine are a very important yet brittle component, and that is due 

to the repetitive loads applied on them during their life. That is why, they need to always be 

checked and maintained so as to ensure their well-functioning and efficiency. However, neither 

the time nor the budget allow for substitution each time a component is deficient which requires 

that the blade design has to be at the same time reliable and efficient during its lifetime.  

To ensure the reliability of the blades, it is necessary to improve the stiffness, improve 

the resistance to fatigue due to loading in normal conditions, and increase the value of the 

resistance to extreme conditions. In other words, the design of the blade should make sure to 

improve both the blade structural efficiency and aerodynamic characteristics. For this reason, a 

mechanical characterization is needed. This characterization can be achieved through the 

computation of the blade composite properties based on the chosen fiber volume fraction and 

stitching sequence. Also, it is worth mentioning that the chosen volume fraction and stitching 
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sequence have to give us high values for stiffness, resistance to fatigue and resistance to extreme 

wind conditions. Not only the efficiency but also the cost should be taken into consideration during 

the design process.  

To achieve the project goals, it necessary to go through three fundamental steps. The first 

one consists of determining the mechanical characteristics of the composite material resulting from 

the combination of E-glass fiber and Epoxy matrix. Recall that the goal of creating composite 

materials is to produce a material with better properties for a specific application. However, one 

should not forget that the properties of the resultant do not depend only on the properties of the 

fiber and matrix, but also on the orientation and volume fraction of the fiber in the matrix as well 

as the manufacturing processes. The goal of this part is then to determine first the typical properties 

of an E-glass fiber and epoxy resin materials, then compute the properties of the resulting 

composite based on the chosen fiber volume fraction and stitching sequence using both the 

analytical models and The Laminator program.  

The obtained results are then compared and the properties to be used for the fatigue analysis 

are determined. Then the material characterization results are used for the fatigue analysis. The 

fatigue analysis consists of, first, generating the time-series of the blades using FAST. FAST is a 

tool used to generate simulations and time-series using the properties of the blades, their geometry, 

the material, the tower properties, the furling parameters, the wind conditions and so on. The 

generated time-series is then used to run MLife which is a tool used to compute the accumulated 

damage using the Miner’s rule. If the damage is greater than or equal to 1, it means that the blades 

fail the fatigue test. In other words, it means that the damage due to the cycles is greater than the 

allowed damage, which means that the blades will fail before the designed life-time (20 years). 

Figure 2: 3-D model of the blade shape 
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1.3. Blade Design Description 

1.3.1. Root Design 

The blade’s root can be looked at as the link between the blade and the wind 

turbine’s hub. Thus, it has to be strong enough to withstand great bending in addition 

to the blade’s weight. For this reason, it is the heaviest component of the blade. Since 

the root’s material is different than that of the hub, connecting the two parts is usually 

not an easy task. Indeed, there exist many ways to link the root to the hub, from which 

one of the most common ones is the T-bolt attachement:  

T-bolt root attachment  

T-bolt have been widely used in energy applications especially wind 

turbines and tidal turbines. Indeed, they are used to attach the blades to the hubs 

of the rotor. In order to fit the t-bolt to the blade, an intersection is made. This 

intersection is simply an in-plane hole with a through plane hole [14]. 

Figure 3: T-bolt root connection 

 

 

 

1.3.2. Internal Beam Design 

The blade of a wind turbine can be visualized as a beam attached at one end to a 

rotating hub. Due to the loads applied on it, this beam has to exhibit high strength and 
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stiffness. These properties do not depend only on the blade’s composite material but 

also on the blade’s design and geometry.  

As mentioned in the project description, each one of the three blades has a length 

of 3.5 m. The chosen airfoil type is DU 93-W-210. The following figures show 

respectively the blade geometry throughout its length and the shape of the chosen airfoil 

type. 

  

Figure 4: Blade geometry throughout its length 

 

 

Figure 5: Airfoil type shape 
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Concerning the interior support, it is made of two pieces of blister caps made 

from carbon fiber joined to foam and a shear web with two spar caps made from E-

glass fiber. The following figures is a cross-section of the blade that shows its interior 

support: 

Figure 6: Cross section of a small wind turbine showing its interior support design 

 

 

1.4. STEEPLE Analysis 

The STEEPLE analysis is an approach used to assess the different aspects of a specific 

product or service of a specific organization and that while taking into consideration its external 

environment. The acronym STEEPLE stands for: Social, Technological, Economic, 

Environmental, Political, Legal and Ethical [10,12]. 

 The social part deals with the demographic information and distribution of the concerned 

population. The technological part deals with the technological innovations and trends of the 

business. The economic and environmental parts deal respectively with the population economic 
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ratios and the effects of the project on the environment. For the last three parts, the political one 

takes into consideration the political stability and government ideology, the legal part discusses 

the legal aspect and different laws involved to make sure they are respected, and finally the ethical 

part discusses the ethical norms and rules of the concerned population [11].  

 Socially speaking, the project is going to be implemented in Morocco and will definitely 

impact positively the population life since it will provide an additional source of electricity. To 

better state the social impact, the fact that Morocco produces energy means that the electrification 

rate will increase as well, and that will improve the life conditions of the Moroccan population 

especially in the countryside.  

 As for the technological aspect, the fatigue analysis and generation of the load spectra and 

(S-N) curve will be performed using FAST and MLife programs. These tools are not only used for 

academic purposes but are also used by industrials in the field of wind energy. In fact, FAST is 

believed to be able to give very accurate results and that using real conditions’ simulation. 

Furthermore, The Laminator program used in the mechanical characterization of the blade 

composite material is also highly recommended for real manufacturing purposes as it gives very 

accurate results. 

 Concerning the economic aspect of this project, it is clear that producing energy in 

Morocco is much more economically beneficial for the country than outsourcing it from nearby 

countries such as Algeria and Spain. That is why Morocco has been involved in constructing 

energy plants of different kinds including the wind energy and has reached 787 MW by the end of 

2015 from a total potential of about 2600 GW [13]. 

 Environmentally, since wind is a form of renewable energies, the electricity production 

will be environmentally friendly. This will reinforce the environmental position of Morocco as a 

country willing to invest more in technologies related to renewable resources and to reduce its 

dependency on fuel-based sources of energies.  

 As for the political side of the project, Morocco has shown his ability to maintain its 

political stability when its nearby countries were in difficult times. Thus, the country can be 

considered as a good destination for investments in general, and more specifically to the ones 

related to sustainable energy production. 
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 There is not much to mention about the legal side of this project but the fact that the 

Morocco penal code has to be respected while manufacturing the wind turbine. Moreover, the wind 

turbine’s site has to be a property of IRESEN or of one of its partners.   

 Last but not least, since this capstone project is part of a small wind turbine design and 

manufacturing, its ethical side consists of promoting the production of electricity using sustainable 

sources in Morocco and raising the awareness of people about the importance of protecting the 

environment. 

1.5. Previous Work 

Previously, a fatigue analysis was conducted in order to assess the blades of the wind 

turbine. This fatigue analysis was based upon IEC (International Electro technical Commission) 

standards which recommend using the Simple Load Model (SLM). The SLM sheet is then filled 

with the appropriate information about the composite material used, in this case E-glass/Epoxy, 

as well as the applied loads, the fatigue and material safety factors, the fatigue coefficient, the 

number of cycles of loading and the number of cycles to failure.  

As far as the fatigue coefficient and safety factors are concerned, the IEC standards 

recommend using a value of b=0.1 (which means m=10; given b=1/m) for E-glass/Epoxy 

composites. The fatigue coefficient b is simply the slope of the normalized S-N curve. As for the 

safety factors, the fatigue safety factor is given the value 1 while the material safety factor can be 

given a value ranging between 1.25 and 10. A material safety factor of 1.25 is used when the 

designer is fully confident about their material, and the value 10 is used for the most 

conservative approach.  

For the SLM approach in fatigue analysis, the damage is computed using Miner’s law: 

Damage = ∑
ni

Ncycle(γf. γm. Si)
i

 

i: The level loading index 

𝒏𝒊: The number of cycles performed for loading i 

𝑵𝒄𝒚𝒄𝒍𝒆: The number of cycles to failure 
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𝑺𝒊: The stress level of the fatigue cycles 

𝜸𝒇 : Partial safety factor for the corresponding load case 

𝜸𝒎: Partial safety factor for material characterization 

 

To compute the number of cycles performed for loading i (in this case, a single bin 

loading is considered), the following formula is used: 

n =
B Ωdesign Td

60
= 5.43 109 

𝑻𝒅: The design life of the wind turbine (20 years) in seconds;  

𝜴𝒅𝒆𝒔𝒊𝒈𝒏: Design rotational speed (RPM), in our case =172 rpm 

B: number of blades 

To compute the number of cycles performed by the blade before it fails, the following 

equation is used: 

S

S0
= 1 − b log Ncycle   

𝑺: the maximum cyclic stress (or the stress level)  

𝑵𝒄𝒚𝒄𝒍𝒆: the number of cycles to failure 

b: the fatigue coefficient (the slope of the normalized S-N curve)  

In order to use this formula, the stress level as well as the ultimate stress of the material 

are to be computed. To do so, the ultimate stress of the materials is calculated using either 

analytical methods or the finite element analysis. Previously, the value that was found is: 450 

MPa. According to experts, this value was overestimated and they suggested to modify it. 

Concerning the stress level, since the load case corresponding to fatigue analysis is: Load Case A 

(Normal Operation), the stress level is computed using the equivalent stress. The equivalent 

stress is the sum of the stresses due to the centrifugal force and bending moments (edgewise and 
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flap wise moments). The equation relating the stress level and the equivalent stress is the 

following: 

Stress level = equivalent stress * material safety factor * material safety factor 

𝑆 = 𝜎𝑒𝑞 ∗ 𝛾𝑚 ∗ 𝛾𝑓 

Using the recommended material safety factor (material safety factor = 10) according to 

IEC standards, the blades fail the fatigue test: 

Figure 7: Screenshot of the portion of the Simple Load Model sheet showing the fatigue analysis 

results using IEC standards 

 

Since the fatigue analysis using IEC standards failed, it was necessary to find an 

alternative. This alternative was the Germanischer Lloyd (GL) standards. These standards are 

complementary to those in present in the IEC standards. According to GL, a value of 1.48 can be 

given as material safety factor, and below are the results of the new fatigue test using the SLM 

sheet: 

Figure 8: Screenshot of the portion of the Simple Load Model sheet showing the fatigue analysis 

results using GL standards 
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Therefore, since the fatigue test failed again, the alternative way to conduct the fatigue 

analysis is by changing the approach used. In order to do so, two main problems are to be solved: 

1- Performing a material characterization of the composite material in order to get more 

realistic results of the composite mechanical properties (including the ultimate tensile 

strength); 

2- Using simulation tools for the computation of the load spectra of the blade when 

subject to load exerted by the wind and using the results to compute the damage 

accumulated and time to failure. 

This capstone project goal is then to conduct a fatigue analysis using another approach in 

order to validate the procedure and re-compute the mechanical properties of the blade composite 

material. 
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2. METHODOLOGY 
 

As mentioned earlier, the capstone project consists of three main parts: mechanical 

characterization of the blade composite material, the computation of the time-series of the blade, 

and the computation of the damage coefficient.  

Concerning the first part, it will begin by the identification of the different analytical 

models used for fiber reinforcements’ characterization. Then, those models are described along 

with the equations used in each model. The analytical methods used are: The Rule of Mixture, 

Halpin-Tsai model and Chamis model. They are chosen because they seem to be the most widely 

used ones [1, 4]. The Laminator program is also introduced as well as a brief overview of its input 

and output parameters. The reason behind using this software is the fact that it was recommended 

by many foreign engineers who have been working in the wind blade industry. Indeed, they 

emphasized on the accuracy of the output values of this program. After introducing the methods 

used for mechanical characterization, those same methods are all used to come up with the 

properties of the composite material. To do so, the literature is reviewed in order to get typical 

values of the mechanical parameters for E-glass fiber and epoxy resin materials. After that, the 

results obtained using the different methods are compared and the final results to be used in the 

fatigue analysis are determined. 

The fatigue analysis consists of, generating the time-series of the blades using FAST. 

FAST is a tool used to generate simulations and time-series using the properties of the blades, their 

geometry, the material, the tower properties, the furling parameters, the wind conditions and so 

on. Recall that time series are the sequences of the loads applied on the blades due to different 

wind speeds at different instants within a chosen time interval (for instance ten minutes).The 

generated time-series is then used to run MLife which is a tool used to compute the accumulated 

damage using the Miner’s rule. To do so, MLife extrapolates the time series over the desired life-

time of the blades to be tested (for instance twenty years). If the damage is greater than or equal to 

1, it means that the blades fail the fatigue test and will not last for the desired life time. MLife also 

computes the time to failure of the blades in seconds. 
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Figure 9: Steps followed to perform the blade’s fatigue analysis 
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3. MECHANICAL CHARACTERIZATION OF THE BLADE 

MATERIAL 

3.1. Fiber Reinforced Composites 

The first milestone of this capstone project consists of characterizing the blade material. 

The blades are an important component of the wind turbine and their role is to transmit the 

mechanical power due to the wind motion to the wind turbine shaft which rotates the rotor and 

generates electricity. That is why, researches have been conducted to improve the blade material 

properties and come up with lighter and stronger blades. This need was the main reason behind 

the production of composite materials, and more specifically for this application fiber reinforced 

composites.   

 Fibers are introduced to a matrix to produce a composite having high strength and stiffness 

ratios which include properties of strength, impact resistance, and tensile modulus given its low 

weight [4]. Recall that the role of the reinforcing phase is to increase the strength as well as the 

stiffness of the composite since it is often stiffer and harder than the continuous phase also known 

as the matrix. The fiber is characterized by a length that is significantly greater than its diameter, 

and this feature is quantified by the aspect ratio which is calculated using the formula: 

𝑠𝑝𝑒𝑐𝑡 𝑟𝑎𝑡𝑖𝑜 =
𝐿𝑒𝑛𝑔𝑡ℎ

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟
 . Concerning the matrix, its role is to keep the fiber in its orientation and 

to protect it from damage [6]. 

 There are two types of fiber reinforcement composites: continuous fiber reinforcements 

and discontinuous fiber reinforcements. The reinforcements belonging to the first category usually 

have a specific orientation of the fiber within the matrix and are usually manufactured by stacking 

sheets of the fibers in different orientations [6]. In fact, the fiber orientation affects the properties 

of the composite material. A research aiming at determining the effect of fiber orientation on the 

mechanical properties of the fiber reinforcement using epoxy resins and E-glass has shown it on 

the impact strength and tensile strength. Also, the same research results have shown that fracture 

occurs differently depending on the fiber orientation; for an angle of 90 degrees, the failure occurs 

as a result of the matrix break and propagates orthogonal to the load direction. For an angle of 0 

degrees, there was an irregular failure due to the high strength of the fiber in the longitudinal 
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direction while an angle of 45 degrees results in failure by shear of the matrix parallel to the fiber 

direction [3]. 

 Other factors that can affect the mechanical properties of the composite other than the fiber 

orientation are the fiber volume fraction and the presence of additives. A research had explored 

the effect of fiber volume fraction and the organically modified additive (octadecyl amine) 

montimorillonite nanoclay. The reason why this specific additive was chosen is its high 

compatibility with both E-glass and epoxy materials. It was concluded from the experiment 

involving both composites with and without additive and with different volume fractions that the 

presence of nanoclay can improve significantly the tensile and flexural strengths of the composite 

for volume fractions ranging between 40 and 60%. However, as the volume fraction exceeds 60%, 

those properties decrease in composites with additives as a result of the inability of the matrix to 

create a strong bonding between the additive and the fiber [2]. 

 In this project, the chosen fiber and matrix materials are respectively E-glass fiber and 

epoxy and that is because of their wide use in the wind turbine blades manufacturing. Indeed, 

epoxy resins are known for their good strength and low shrinkage. Also, they belong to a family 

of materials containing a reactive functional group in their molecular, which makes them show the 

best characteristics among all other resins, and that especially when it comes to the marine industry 

[3]. Epoxy resins do not only outperform other resins when it comes to resistance to the 

environment degradation in water mediums and marine applications, but are also considered the 

number one choice in the manufacturing of aircraft components [8]. Moreover, compared to 

polyester resins which are also very widely used, epoxy resin exhibits inherently high strength, 

adhesion and flexibility, while polyester resins have lower strength and ductility unless reinforced 

by fibers. For these reasons, epoxy resins was chosen to be the composite’s continuous phase 

instead of polyester resin. 

As far as the stitching pattern is concerned, it varies in a way that will make the material 

stronger and more resistant to load throughout the blade. That is why it has to be chosen carefully. 

Recall that it is crucial to be aware of the symmetry and balance of the laminate’s stack. Indeed, 

symmetry tends to minimize any potential bending, warping or twisting. Balance, which means 

the equal number of plies with the same orientation, prevents shear coupling. The following figure 

shows an example of a stitching (or stacking) pattern [8]: 
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Figure 10: Example of a stitching pattern 

 

Knowing that the greatest edgewise bending takes place near the blade’s root, it is 

necessary to choose a stitching pattern that is going to withstand it, stabilize the blade and minimize 

the tip deflection. The stitching sequence ensuring these conditions is:  

 At the blade’s root: [02/±45°/90°] 

 Throughout the blade shell: [0°/±45°/0°] 𝑠 

The tables below show the typical characteristics of the chosen fiber and matrix materials. 

Table 2: Typical characteristics of E-glass reinforcing phase (fiber) 

E-glass Fiber Characteristics 

Long modulus E1f (Pa) 7.40E+10 

Trans modulus E2f (Pa) 7.40E+10 

Shear modulus G12f (Pa) 3.00E+10 

Poisson's ratio v12f 0.22 

Thermal expansion CTE 1f 5.30E-06 

Thermal expansion CTE 2f 5.30E-06 

Moisture expansion CME1f 0 
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Moisture expansion CME2f 0 

Tensile strength Xtf (Pa) 1.80E+09 

Compressive strength Xcf (Pa) 1.50E+09 

Shear strength Sf (Pa) 6.00E+07 

Volume fraction Vf 0.5 

Density Df (kg/m3) 2500 

Thermal conduction K1f 1.28 

Thermal conduction K2f 1.28 

 

Table 3: Typical characteristics of Epoxy continuous phase (matrix) 

Epoxy Matrix Characteristics 

Modulus Em (Pa) 3.35E+09 

Shear modulus Gm (Pa) 1.30E+05 

Poisson's ratio vm 3.50E-01 

Thermal expansion CTEm 4.50E-05 

Moisture expansion CMEm 0.0033 

Tensile strength Xtm (Pa) 7.50E+07 

Compressive strength Xcm (Pa) 9.00E+07 

Shear strength Sm (Pa) 5.50E+07 

Volume fraction Vm 0.5 

Density Dm (kg/m3) 1200 

Thermal conduction Km 0.2 
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3.2. Methods of Mechanical Characterization of Composites 

3.2.1. Analytical Models 

The analytical models aim at characterizing the resulting composite material using 

mathematical formulae, and so the properties of the composite are written as functions of the fiber 

and matrix properties. Those models are usually easier to use to perform the mechanical 

characterization of the composite material than the numerical models. However, they are also less 

accurate than the numerical methods since they are based upon idealizations and assumptions. 

There are many analytical models that can be used such as the Rule of Mixtures, the Modified 

Rule of Mixtures, the Halphin-Tsai Model, Chamis Model and Nielsen Elastic Model. 

3.2.1.1. Rule of Mixtures 

The Rule of Mixtures (ROM) is the simplest known method to compute the 

mechanical properties of a composite using the properties of the fiber and the matrix [4]. 

In fact, this method enables the calculation of the longitudinal, transverse and shear 

properties of the fiber reinforced composite using the following equations [1, 4]: 

3.2.1.1.1. Longitudinal Properties 

Young’s Modulus: 𝐸1 =  𝑉𝑓 ∗ 𝐸1,𝑓 + (1 − 𝑉𝑓) ∗ 𝐸𝑚 

Poisson’s Ratio: 𝜈12 = 𝑉𝑓 ∗ 𝜈12,𝑓 + (1 − 𝑉𝑓) ∗ 𝜈𝑚 

3.2.1.1.2. Transverse Properties 

Young’s Modulus: 𝐸2 =
𝐸2,𝑓∗𝐸𝑚

𝐸𝑚∗𝑉𝑓 + 𝐸2,𝑓∗(1−𝑉𝑓)
 

Poisson’s Ratio: 𝜈21 =
𝐸2

𝐸1
∗ 𝜈12 

3.2.1.1.3. Shear Properties 

Longitudinal Shear Modulus: 𝐺12 =
𝐺12,𝑓∗𝐺𝑚

𝐺𝑚∗𝑉𝑓+ 𝐺12,𝑓∗(1−𝑉𝑓)
 

With: 𝐸1,𝑓 & 𝐸2,𝑓 respectively the fiber’s longitudinal and transverse moduli; 

ν12, f and G12, f are respectively the longitudinal Poisson’s ratio of the fiber and the 

fiber’s longitudinal shear modulus; 
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 𝐸𝑚, 𝐺𝑚 & 𝜈𝑚 respectively the matrix longitudinal and shear moduli and 

longitudinal Poisson’s ratio; 

Vf = fiber volume fraction; 

E1, ν12 respectively the longitudinal Young’s modulus and Poisson’s ratio of the 

composite; 

E2, ν21 respectively the transverse Young’s modulus and Poisson’s ratio of the 

composite; 

G12 = the longitudinal shear modulus of the composite. 

3.2.1.2. Halpin-Tsai Model 

The Halpin-Tsai model was developed in order to correct the errors in the 

calculations of the transverse and shear properties. In fact, the computation of the 

longitudinal properties using the Rule of Mixture show very good agreement with the 

numerical results [4]. The equations used in this method to compute the transverse and 

shear properties are the following [1, 4]:  

3.2.1.2.1. Transverse Young’s Modulus 

Equation: 𝐸2 = 𝐸𝑚 ∗ (
1 + 𝜉∗𝜂∗𝑉𝑓

1− 𝜂∗𝑉𝑓
) 

3.2.1.2.2. Longitudinal Shear Modulus 

Equation: 𝐺12 = 𝐺𝑚 ∗ (
1+ 𝜉∗𝜂∗𝑉𝑓

1− 𝜂∗𝑉𝑓
) 

With: 𝜂 =
(
𝑃𝑓

𝑃𝑚
⁄ )−1

(
𝑃𝑓

𝑃𝑚
⁄ )+ 𝜉

 

P = composite modulus, either 𝐸2 or 𝐺12 

Pf = fiber modulus, either 𝐸2,𝑓 or 𝐺12,𝑓 

Pm = matrix modulus, either 𝐸𝑚 or 𝐺𝑚 

ξ = empirical factor, it quantifies the fiber reinforcement depending on the loading 

boundary condition of the fiber’s geometry 
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3.2.1.3. Chamis Model 

Chamis model is believed to be the most commonly used and relevant method in 

determining the composite’s elastic characteristics [1]. This method is a modified version 

of the Rule of Mixture as it uses almost the same equation with square root of the fiber 

volume fraction instead of only the fiber volume fraction [4]. The longitudinal properties 

are computed using the Rule of Mixture while the remaining properties are computed 

using the following equations [1]:  

3.2.1.3.1. Transverse Young’s Modulus 

Equation: 𝐸2 =  
𝐸𝑚

1−√𝑉𝑓 ∗ (1−
𝐸𝑚

𝐸2,𝑓
⁄ )

 

3.2.1.3.2. Shear Moduli 

Longitudinal shear modulus: 𝐺12 =  
𝐺𝑚

1−√𝑉𝑓 ∗ (1−
𝐺𝑚

𝐺12,𝑓
⁄ )

 

Transverse shear modulus: 𝐺23 =  
𝐺𝑚

1−√𝑉𝑓 ∗ (1−
𝐺𝑚

𝐺23,𝑓
⁄ )

  

With: E2 the composite’s transverse Young’s modulus; 

Em and Gm: respectively the matrix Young’s modulus and shear modulus; 

E2, f, G12, f and G23, f: respectively the fiber’s transverse Young’s modulus, and 

longitudinal and transverse shear moduli; 

Vf: the fiber’s volume fraction. 

3.2.1.4. Nielsen Elastic Model 

Nielsen Elastic Model is an improved version of the Halpin-Tsai model. Indeed, this 

model includes a coefficient called the maximum packing factor which depends on the 

model’s geometry. The composite’s properties are therefore computed in this model 

using the following equations: [4] 

P = 𝑃𝑚 ∗ (
1+ 𝜉∗𝜂∗𝑉𝑓

1− 𝜂∗𝜓∗𝑉𝑓
) 
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Where: 𝜂 =
(
𝑃𝑓

𝑃𝑚
⁄ ) − 1

(
𝑃𝑓

𝑃𝑚
⁄ )+ 𝜉

 

P = composite modulus, either 𝐸2 or 𝐺12; 

Pf = fiber modulus, either 𝐸2,𝑓 or 𝐺12,𝑓; 

Pm = matrix modulus, either 𝐸𝑚 or 𝐺𝑚; 

ξ = empirical factor, it quantifies the fiber reinforcement depending on the 

loading boundary condition of the fiber’s geometry; 

ψ = 1 + 
1 − 𝜙𝑚𝑎𝑥

𝜙𝑚𝑎𝑥²
∗  𝑉𝑓 ; 

𝜙𝑚𝑎𝑥: The maximum packing factor; for a square array of fibers, it takes 

the value of 0.785, for hexagonal arrangement of fibers, it takes the value 

of 0.907; for near random arrangements, the value is 0.820. 

3.2.2. Classical Laminate Theory: The Laminator 

The Laminator is an engineering tool used to study laminated composites. It relies 

on its study on the Classical Laminated Theory (CLT) also known as Laminate Plate Theory 

(LPT) [7]. The LPT is a complex yet accurate method used to describe the deformation of a 

laminate when it is subject to external loads. It uses the properties of the fiber and the matrix 

as well as the volume fraction of each one [8]. The program includes a micromechanics 

calculator which gives the user the properties of the composite lamina. To use it, the user has 

to prompt the properties of the matrix and fiber phases. The resulting properties include the 

longitudinal and transverse Young’s moduli, the longitudinal and transverse shear moduli, 

Poisson’s longitudinal an transverse ratios, tensile, shear and compressive strengths along 

both longitudinal and transverse directions, the density, the thermal and moisture expansion 

[7]. 

3.3. Results 

The following part of the report presents the results obtained using the analytical models 

(Rule of Mixtures, Halpin-Tsai model and Chamis model) and The Laminator program. Its goals 
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are to obtain the mechanical properties of the laminate composite made of chosen matrix and fiber 

phases and at the same time compare the analytical models with the program used. The chosen 

fiber and matrix materials are respectively E-glass fiber and Epoxy resin. The first section of this 

part presents in details the properties of both the fiber and the matrix materials. The following 

section presents the results of the analytical models, and the third section presents the results of 

The Laminator, and the last one interprets the results and draws conclusions. 

3.3.1. Selected Fiber and Matrix Materials 

The fiber and matrix materials chosen to manufacture the small wind turbine of this 

projects are respectively E-glass fiber and Epoxy resin. The reason behind choosing those 

specific materials is their common use in blades manufacturing as well as very good strength 

compared to their weight when used to make composites. The table below shows the 

properties of each of the composite fiber and matrix materials. The values of those properties 

are believed to be typical ones for E-glass and epoxy. Furthermore, their properties were 

compared to many values found in the literature so that they can be validated as typical 

values.  Tables 1 and 2 in Appendix A shows different values of the fiber and matrix 

materials’ properties respectively used to justify the following typical values. 

Table 4: Values of the properties of the chosen E-glass fiber and Epoxy matrix 

Fiber (E-glass) Matrix (Epoxy) 

Long modulus E1f (Pa) 7.40E+10 Modulus Em (Pa) 3.35E+09 

Trans modulus E2f (Pa) 7.40E+10     

Shear modulus G12f (Pa) 3.00E+10 Shear modulus Gm (Pa) 1.30E+05 

Poisson's ratio v12f  0.22 Poisson's ratio vm 3.50E-01 

Therm exp CTE 1f 5.30E-06 Therm exp CTEm 4.50E-05 

Therm exp CTE 2f 5.30E-06     

Mois exp CME1f 0 Mois exp CMEm 0.0033 

Mois exp CME2f 0     

Tens strength Xtf 1.80E+09 Tens strength Xtm 7.50E+07 

Comp strength Xcf 1.50E+09 Comp strength Xcm 9.00E+07 

Shear strength Sf 6.00E+07 Shear strength Sm 5.50E+07 

Volume fraction Vf 0.5 Volume fraction Vm 0.5 

Density Df 2500 Density Dm 1200 
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Therm cond K1f 1.28 Therm cond Km 0.2 

Therm cond K2f 1.28     

 

3.3.2. Analytical Models Results 

The previously described analytical models were used to characterize the blade’s 

composite material. Indeed, the equations for the Rule of Mixture, the Halpin-Tsai model 

and the Chamis model were used to compute the mechanical properties of the fiber 

reinforcement: longitudinal, shear and transverse properties. Then the average of the 

different computed values to make it easier to compare the analytical models with the 

Laminator results. The table below displays the results of the computations of the composite 

material using the different analytical models as well as the average value for each property. 

Table 5: Calculated values of the composite mechanical properties using the different analytical 

models 

Lamina Properties Output 
 

ROM Halphin-Tsai Chamis Average 

Long Modulus E1 (Pa) 3.87E+10 3.87E+10 3.87E+10 3.87E+10 

Trans Modulus E2 (Pa) 6.41E+09 8.98E+09 1.03E+10 8.57E+09 

Shear Modulus G12 (Pa) 2.60E+05 5.20E+05 4.44E+05 4.08E+05 

Long Poisson's Ratio v12 2.85E-01 2.85E-01 2.85E-01 2.85E-01 

Trans Poisson's Ratio v21 4.72E-02   4.72E-02 

 

3.3.3. The Laminator Results 

As stated in a previous section, The Laminator is a program that enables the 

characterization of fiber reinforcements based on the properties of the fiber and the matrix 

as well as their volume fractions. To characterize the composite used for the blade, the user 

has to enter a set of values for the different properties of fiber and matrix. The Laminator 

does not only compute the mechanical properties but also the thermal properties, moisture 

properties, density and strengths in different directions (longitudinal, shear and transverse, 
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compressive and tensile, strengths). The figures below show screenshots of the graphical 

interface for fiber, matrix and lamina properties. 

Figure 11: Screenshot of the Laminator graphical interface 
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Figure 12: Screenshot of the prompted values of the E-glass fiber properties 

 

Figure 13: Screenshot of the prompted values of the Epoxy resin properties 

 

Figure 14: Screenshot of the output values generated by the Laminator for the lamina propeties 
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3.3.4. Summary of the Results and Conclusions 

Part 3 of this capstone report was dedicated to the blade composite characterization. 

In fact, one should not underestimate this very important step towards the fatigue analysis. 

Historically speaking, the first megawatt wind turbine was manufactured in the 1940s in the 

United States. However, it only lasted some hundred hours before it fails, not because of its 

geometry nor because of the wind conditions, but because of the blades material as it was 

made of steel.  

Thus, due to the importance of this step, the composite characteristics were 

computed two different ways. The first way consists of using the analytical models which 
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include the Rule of Mixtures, Halpin-Tsai model, and Chamis model. The second way relies 

on the use of The Laminator program, which is based upon the Classical Laminate Theory. 

The results obtained using both ways show an agreement when it comes to the 

longitudinal properties, while they disagree when it comes to the transverse or shear ones. 

Also, the analytical methods are less powerful as they are limited to the computation of the 

mechanical properties only, while the Laminator program enables the user to compute the 

thermal, moisture, density and strengths in different directions and forms. The following 

table summarizes the results found both ways. 

Table 6: Mechanical characterization results found using the analytical models and the 

Laminator program 

 

  

ROM Halphin-Tsai Chamis Average

Long modulus E1f 7.40E+10 Modulus Em 3.35E+09 Long Modulus E1 3.87E+10 3.87E+10 3.87E+10 3.87E+10 3.87E+10

Trans modulus E2f 7.40E+10 Trans Modulus E2 6.41E+09 3.35E+09 1.03E+10 6.69E+09 1.12E+10

Shear modulus G12f 3.00E+10 Shear modulus Gm 1.30E+05 Shear Modulus G12 2.60E+05 1.30E+05 4.44E+05 2.78E+05 3.90E+05

Poisson's ratio v12f 0.22 Poisson's ratio vm 3.50E-01 Long Poisson's Ratio v12 2.85E-01 2.85E-01 2.85E-01 2.85E-01 2.85E-01

Trans Poisson's Ratio v21 4.72E-02 4.72E-02 8.23E-02

Therm exp CTE 1f 5.30E-06 Therm exp CTEm 4.50E-05 Therm Exp Cte 1 7.02E-06

Therm exp CTE 2f 5.30E-06 Therm Exp Cte 2 3.16E-05

Mois exp CME1f 0 Mois exp CMEm 0.0033 Mois Exp Cme1 0.0001

Mois exp CME2f 0 Mois Exp Cme2 0.0022

Tens strength Xtf 1.80E+09 Tens strength Xtm 7.50E+07 Long Tens Strength Xt 9.00E+08

Long Comp Strength Xc 7.84E+08

Comp strength Xcf 1.50E+09 Comp strength Xcm 9.00E+07 Trans Tens Strength Yt 6.02E+07

Trans Comp Strength Yc 7.22E+07

Shear strength Sf 6.00E+07 Shear strength Sm 5.50E+07 Shear Strength  S 4.36E+07

Volume fraction Vf 0.5 Volume fraction Vm 0.5

Density Df 2500 Density Dm 1200 Density D 1850

Therm cond K1f 1.28 Therm cond Km 0.2 Therm Cond K1 0.74

Therm cond K2f 1.28 Therm Cond K2 0.4842

Fiber (E-glass) Matrix (Epoxy)

Lamina Properties Output

Analytical Models
The Laminator
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4. BLADE FATIGUE ANALYSIS 

4.1. Background Information 

Any given structure when subjected to different loads, is necessary going to fail after a given 

operating time. This means that the structure design has to last for the maximum time and perform 

as efficiently as possible if it is to be called reliable. Wind turbine’s blades are not an exception. 

That is why a fatigue analysis is to be conducted to determine whether the damage they are going 

to undergo throughout their life time is greater or lower than the allowed damage.  

The design of the outer surface of the blade is determined by the aerodynamics of the blade. 

It can resist shear loads as it is hollow. However, it can develop buckling because of the application 

of compressive loads. Depending on the magnitude of the applied compressive force, the buckling 

can either be elastic or plastic. In the first case, the repetitive application of the load will lead to 

the blade’s fatigue, while in the second case it will lead to the blade failure at some specific 

positions. No matter how various the case-scenarios can be, all of them are to be handled during 

the blade’s design process. For instance, to prevent buckling, bending has to be prevented and that 

through increasing the blade’s stiffness. To do so, the shear strength has to be increased too. This 

is done through the reinforcing of the two faces of the blade by joining them using a shear web. 

These faces are the pressure side which is the upwind one, and the suction side which is the 

downwind one.  

There are three main models that are used in the analysis of a small wind turbine according 

to IEC-64100-2 where IEC stands for International Electro technical Commission. These three 

models are the following: 

- Simple Load Model (SLM): this model uses simple equation to generate the fatigue loads 

as well as the bending moments. 

- Aero elastic model: this model generate more accurate results compared to the simple 

load model as it uses computer modeling. Indeed, it models the loads applied on the 

turbine in different scenarios using stochastic input parameters like the wind directions. 

The drawbacks of this model is the high cost of the used software involved and the long 

run-time of the program. 
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- Measurements of loads and extrapolation for extreme conditions: this model requires 

making measurements and coming up with experimental results. 

According to IEC 61400-2, fatigue damage can be evaluated using the Miner’s law. This law 

is based on the linear accumulation of the damage and enables the forecast of the potential failure 

of an element when subjected to repetitive load. It uses the following equation: 

𝐷𝑎𝑚𝑎𝑔𝑒 =  ∑
𝑛𝑖

𝑁𝑐𝑦𝑐𝑙𝑒 ∗ 𝛾𝑓 ∗ 𝛾𝑚 ∗ 𝑆𝑖
𝑖

 

Where: i: the level loading index; 

ni: the number of cycles performed for loading i; 

Ncycle: the number of cycles to failure; 

Si: the stress level of the fatigue cycles; 

γf: partial safety factor corresponding to load case; 

γm: partial safety factor for material characterization. 

From the equation above, one can conclude that the element is going to fail when the damage 

is equal to 1. In other words, failure occurs when the number of cycles performed by the loading 

is equal to the number of allowable cycles or number of cycles to failure. The S-N curve (standing 

for maximum stress versus cycles to failure) is then used to determine the number of cycles to 

failure. This curve can be expressed by the following equation: 

𝑆

𝑆0
= 1 − 𝑏 log 𝑁𝐶𝑦𝑐𝑙𝑒 

Where: S: maximum cyclic stress; 

Ncycle: number of cycles to failure; 

B: the fatigue coefficient – slope of the normalized S-N curve. 
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4.2. FAST: Time-Series Generation 

4.2.1. Overview 

FAST is an acronym that stands for Fatigue, Aerodynamics, Structures, and Turbulence. 

It is a comprehensive aeroelastic code simulator that enables the user to predict both the 

extreme and fatigue loads for wind turbines having two or three blades with a horizontal axis 

of rotation known as HAWTs (Horizontal Axis Wind Turbines) [15]. 

To get the output of FAST needed in this capstone project, which consists of the time-

series of the blade based on the wind conditions, it is necessary to provide the code with various 

input parameters. These input parameters include properties related to the blade’s geometry, 

material, wind conditions, tower and so on. To make it easier for the user to modify them, the 

input parameters are divided into categories. This categorization results in FAST having eight 

different input files, where some of them are output values of other codes. The following parts 

describe the various input files associated with FAST code [15]. 
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Figure 15: Overview of FAST and MLife input and output files 

 

4.2.2. Input Files 

4.2.2.1. Primary Input File 

The primary input file is used by FAST to describe the wind turbine. Indeed, it 

enables the description of the wind turbine’s geometry and operating variables. However, 

it does not fully describe the wind turbine’s components such as the tower, the blades 

and so on. These parameters are present in separate input files and which are described 

below. Some of the parameters included in the primary input file are the number of the 

blade in the wind turbine, the aerodynamic noise caused by the airflow over the blades, 

etc [15]. 
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4.2.2.2. Platform Input File 

The platform input file contains input parameters related to the wind turbine’s 

support platform configuration, motion, and loading. These parameters are categorized 

depending on their type. There are feature flags which are enabled or disabled by the user 

depending on their needs and specific applications. There are also initial conditions of 

the platform, the turbine configuration, mass and inertia of the platform and the applied 

loading [15]. 

4.2.2.3. Furling Input File 

The furling input file includes inputs also feature flags, initial conditions of the 

rotor-furl angle and tail furl angle, turbine configuration, the mass and inertia of the 

structure that furls with the rotor, rotor-furl input parameters such as the rotor-furl springs 

and dampers modeling, tail-furl input parameters, and tail fin aerodynamics [15]. 

4.2.2.4. Tower Input File 

The tower input file includes information about the wind turbine’s tower 

characteristics. These characteristics include the tower’s stiffness based on its material, 

mass inertia per unit length, etc. [15] 

4.2.3. Output Files 

Figure 16: Screenshot of FAST sample output file 
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Figure 17: Screenshot of the generated time-series 

 

 



42 

 

4.3. MLife: Blade Fatigue Analysis 

MLife is a MATLAB-based program that enables the analysis of results from wind turbine 

experiments and simulations. In this project, MLife is used to analyze the time-series of a small 

wind turbine generated by FAST. Concerning MLife, as MATLAB is very powerful when it comes 

to handling time-series, this tool is very good at handling many time-series. MLife’s input can be 

either in the form of a text file or a MATLAB file. The same applies to its output as it is either 

created in the form of a text file, MATLAB file, or an Excel file which enables better manipulation 

of the output data using adequate software tools. This output includes damage equivalent loads 

(DELs), damage rates, the accumulated life damage and time to failure. In calculating these output 

parameters, MLife uses the accumulated damage method. In fact, it computes the accumulated 

damage throughout the life-time of the wind turbine and assumes a linear accumulation. Then 

using the Miner’s rule, it computes the total damage. The damage is calculated differently 

depending on the design load case (DLC). Indeed, MLife includes three DLCs: [16] 

- Power production; 

- Parked; 

- Discrete events. 

This capstone project will only deal with the case of power production. 

Figure 18:  Screenshot of a sample fatigue section of the setting file 



43 

 

 

 

Table 7: Results generated by MLife for lifetime damage 

Root Lifetime Damage (-) for various S/N Curves 

    RootFxc1 RootFyc1 RootFzc1 

    (kN) (kN) (kN) 

L_Ult    1.00e+000  1.10e+000  1.30e+001 

m 

8      2.95e-001 

9    8.77e-001   

10  1.07e-001     

 

Damage coefficient:  

 In the y-direction: 𝑑 = 0.877 
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Table 8: Results generated by MLife for time to failure 

Root Time Until Failure (s) for various S/N Curves 

    RootFxc1 RootFyc1 RootFzc1 

    (kN) (kN) (kN) 

L_Ult    1.00e+000  1.10e+000  1.30e+001 

m 

8      2.14e+009 

9    7.19e+008   

10  5.90e+009     

 

Time to failure: 

For 𝑡 = 7.19 ∗ 109(𝑦 − 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛) =
7.19 ∗ 108 

3600∗24∗365.25
 𝑦𝑒𝑎𝑟𝑠 = 22.78 years  
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5. CONCLUSION 

The objective of this capstone is to perform a fatigue analysis on the blades of a small wind turbine. 

To do so, the blade composite material was first characterized using both the analytical models 

and The Laminator program. Concerning the analytical models, the one used in this project are the 

one believed to be the most commonly used and which are: the Rule of Mixture, Halpin-Tsai model 

and Chamis model. The limitations of these analytical models is the fact that they can only be used 

to generate the mechanical properties of the composite material and not the thermal, moisture 

properties, density… Moreover, it gives inaccurate results when it comes to the transverse or shear 

mechanical properties. That is why, the results provided by The Laminator are the ones to be used 

in the mechanical characterization needed as an input for the fatigue analysis. In fact, the fatigue 

analysis consists of, first, generating the time-series of the blades using FAST. FAST is a tool used 

to generate simulations and time-series using the properties of the blades, their geometry, the 

material, the tower properties, the furling parameters, the wind conditions and so on. The generated 

time-series is then used to run MLife which is a tool used to compute the accumulated damage 

using the Miner’s rule. If the damage is greater than or equal to 1, it means that the blades fail the 

fatigue test. In other words, it means that the damage due to the cycles is greater than the allowed 

damage, which means that the blades will fail before the designed life-time (20 years). 
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6. APPENDICES 

Appendix A: Typical Values of Fiber and Matrix Mechanical Properties 

Table 1: Values of E-glass fiber material properties from the literature 

E-glass Fiber Properties 

Long Modulus E1,f 73.1 - 73 - 72.4 - 74 - 73.1 - 85 - 74 - 72 - 72.4 

Transverse Modulus E2,f 74.34 - 

Shear Modulus G12,f 30 - 29.75 - 29.95 - 30.8 - 30 - 30.3 

Poisson's Ratio v12 0.22 - 0.22 - 0.2 - 0.22 - 0.2 - 0.2 - 0.21 - 0.2 

Thermal Expansion CTE1,f 4.9 - 4.9 - 5.4 - 5.0 

Thermal Expansion CTE2,f 4.9 - 5.4 - 5.3 - 5.4 - 5.0 

Moisture Expansion 

CME1,f 0 -  

Moisture Expansion 

CME2,f 0 -  

Tensile Strength Xt,f 1750 - 3450 - 2150 - 1950 - 2000 - 1860 - 1725 - 2300 

Compressive Strength Xc,f 1450 - 1100 - 1550 

Shear Strength S,f 60 -  

Density Df 2500 - 2580 - 2600 - 2620 

Thermal Conduction Kf1 1.2 - 1.28 - 1.3 - 1.3 - 1.05 

Thermal Conduction Kf2 1.2 - 1.28 - 1.3 - 1.3 

 

Table 2: Values of Epoxy resin material properties from the literature 

  

Epoxy Resin Properties 

Modulus Em 

3.45 - 3.45 - 5.35 - 3.48 - 3.2 - 3.76 - 3.4 - 3.35 - 4.2 - 3.4 - 3.4 - 

3.53 

Shear Modulus Gm 1.28 - 1.98 - 1.16 - 1.36 - 1.3 - 1.48 - 1.24 - 1.48 - 1.48 - 1.26 

Poisson's Ratio vm 0.35 - 0.35 - 0.39 - 0.3 - 0.35 - 0.37 - 0.35 - 0.35 

Thermal Expansion CTEm 63 - 45 - 55 - 58 - 45 - 80 

Moisture Expansion 

CMEm 0.0033 - 

Tensile Strength Xt,m 55 to 130 - 75 - 72 - 69 - 75 - 80 - 85 - 90 - 60 - 75 

Compressive Strength 

Xc,m 102 - 120 - 150 - 250 - 130 - 100 to 200 

Shear Strength S,m 34 - 50 - 70 - 72 - 100 

Density Dm 1200 - 1153 - 1130 - 1170 - 1100 to 1400 

Thermal Conduction Km 0.19 - 0.2 - 0.36 
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