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AbstractAbstractAbstractAbstract    
 
The awareness for the environment as well as the legislation restriction increased the 
interest towards the use of biocomposite material. An intense research activity is carried 
out nowadays in order to evaluate their behaviour in structural applications and to make 
this new class of material a suitable substitute for inorganic fibre reinforcement. 
 
The aim of this thesis work is to evaluate the potential of natural fibres reinforced 
composites in structural applications. 
 
In this thesis study, different flax reinforcements produced by different companies were 
purchased and analysed in order to investigate their prices in the current market and 

their main fabrics’ parameters. 
 
Different composite laminates were realized with the vacuum infusion process and several 
specimen were produced in order study the mechanical properties (tensile, shear and 
damping) of the materials. 
 
A Matlab program was developed in order to create a model able to optimize the 
structure layout of a small-scale wind turbine for a windmill car. At the same time a 
finite element model was created and a parametric study was performed. The data 
obtained from the mechanical investigation were inserted as input in the programs. The 
results of the two modelling programs were compared. 
 
The results of the investigation allowed the production of three blades, one with the 
conventional carbon composite, one with the flax reinforcement and one in with both 
carbon and flax hybrid reinforcements. 
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3.1 Natural Fibres Table of contents 

1111    Introduction to biocomposite materialsIntroduction to biocomposite materialsIntroduction to biocomposite materialsIntroduction to biocomposite materials    
 

 

Nowadays composite materials are largely used in many industrial sectors because of 
their remarkable properties such as lightweight and high mechanical strength. Their use 
started in the early 1960s and since that time a lot of research has been done in order to 
understand their behaviour and improve their properties [1]. 
 
In the recent years, the growing awareness for the environment, as well as legislation 
restrictions, led to a search for substitute for the currently used inorganic fibre 
reinforcements in order to lower the environmental impact. These reason led to an 
increasing interest in biocomposite materials. 
 
The use of natural fibres as reinforcement was already recognized more than 3000 years 
ago by the Egyptian civilization for the manufacturing of straw reinforced clay for wall 
construction [2] and, nowadays, the trend toward the utilization of biocomposites, which 
started in the 1990s mainly in Europe, is expecting to grow year after year [3] 
Biocomposite materials are manufactured with natural fibres as reinforcement and a 
polymer thermosetting or thermoplastic matrix.  
There are several aspects that make natural fibre interesting in the composite 
manufacturing industry. The main reasons are related to the low density of natural 
fibres, the high strength of the cellulose structure and most of all the great availability 
and low cost of natural fibres compared to other inorganic reinforcements [4] 
 
The first applications of fibre reinforced composites, also referred as to NFC, were mainly 
done in the automotive and building industries for non-structural purposes. These 
composites consisted on randomly oriented fibre impregnated in a polymer matrix. The 
interest toward this class of material is mainly due to the legislation, which forces the 
manufacturers to reuse and recycle the vehicle components [5] 
 
Despite the great variety of natural fibre, only few of them are suitable for the industrial 

production of “green” composites. Cotton in fact, although is one of the most available 
natural fibres, has many environmental drawbacks. Its production requires a large 
amount of fertilizers because the plants tend to exhaust the soil [2,4]. 
On the contrary flax, hemp and jute can be harvested with low amount of fertilizers, no 
pesticides and poor control of the crops[4]. 
 
At the moment, the commercial natural fibres available are mainly produced for the 
textile industry and not for composite manufacturing. Therefore, there are several reasons 
why their use in the composite industry is mainly related to non-structural purposes. 
Natural fibres properties in fact are extremely dependent on the growing season, growing 
environment and fibre processing procedures. These aspects lead to a great variability in 
the product properties, which is in conflict with the demand of constant properties 
required by the industries. 
Because of these reasons an intense research activity is carried out in order make these 
new class of material a suitable substitute for other inorganic types of reinforcement, and 
to overcome the main drawback, which until now limited their fields of application. 
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2 Thesis Objectives 

2 Thesis Objectives2 Thesis Objectives2 Thesis Objectives2 Thesis Objectives    
 
The thesis subject is the design and processing of a rotor blade in biocomposite materials 
for a wind turbine car. The overall objective of the study is to evaluate the potential of 
biocomposite materials in structural applications, as suitable substitutes for conventional 
composites. 
The case study is aimed at the optimization and construction of a rotor blade for a wind 

turbine car (Figure 2.1). The entire project is founded by the European “Woody Project”. 
 

 

Figure 2.1 Wind Turbine Car Blades [7] 

Different materials will be tested in order to find their mechanical properties and a finite 
element model will be developed in order to optimize the laminate layout and verify the 
behaviour in operative conditions. 
The project is divided in a number of different phases:  
 

• Selection of the natural fibre reinforcement: in this phase of the project, different 
companies all around Europe were contacted in order to obtain a detailed 
overview of the different fabrics features and prices. 
Once all the needed information was collected, the fabrics to be used were 
selected. The choice was made upon different considerations such as the quality of 
the material, the price of the fabric and the delivery time for the products.  

• Selection of the resin: The resin used for the fabrications of the composites 
material is the SuperSap 100/1000 produced by the entropy resins labs in 
California. This resin is 48% bio-based and it was already used in a previous 
study on the manufacturing of the blade. Since it has proved successful for the 
vacuum infusion process, it was decided to be used also in this case study. 

• Study of the Fabric Parameters: As soon as the products were delivered, they 

were examined in order to find the most interesting fabrics’ parameters, such as 
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the crimp of the yarn, the yarn linear density, the threads density and others. 
This procedure was carried out in order to understand the connection between 
the fabric parameters and the final properties of the composite component. 

• Mechanical Properties Investigation: composite plates were realized in order to 
investigate the mechanical properties of the materials in the different directions 
with respect the fibre orientation.  
The mechanical tests performed were tensile tests, shear test and fatigue test. 
This last mechanical testing was done in order to investigate the damping 
properties of the different materials analysed. 

• Matlab Modelling: a Matlab model was written in order to obtain a program 
capable of finding the layout of the laminate that could give the best performance 
in the blade. 

• Finite element Simulation: the composite layout and the mechanical properties 
were inserted as input in a finite element analysis program in order to predict the 
behaviour of the component under real operative conditions. 

• Parametric Study: the layup of the blade was optimized also with a parametric 
study carried out in Abaqus. 

• Model Comparison: the layup of the blades obtained with the parametric study 
and the Matlab code were compared 

• Blade Construction: after the determination of the best layout of the laminate 
and the finite element modelling, the blades are built 

• Economic and Environmental Impact considerations: assessment regarding the 
use of biocomposites compared to conventional inorganic fibre reinforced 
composite materials 
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3 Background 

3 Background3 Background3 Background3 Background    
 

3.1 Natural 3.1 Natural 3.1 Natural 3.1 Natural FibresFibresFibresFibres    
 
A detailed description of the natural fibre structure is a topic that goes beyond the 
objectives of this thesis work, anyway a brief description of the natural fibres chemistry 
and structure will be given in order to understand the behaviour of this kind of materials. 

3.1.1 Natural fibre3.1.1 Natural fibre3.1.1 Natural fibre3.1.1 Natural fibre    structurestructurestructurestructure    
 
The chemical and physical composition of the natural fibres is controlling their 
macroscopic properties.  
The main distinguishing feature of these materials is the presence of a cell wall 
surrounding the whole cell. 
 
In all plant types the cell is characterized by an elongated shape with a high aspect ratio 
(length/diameter ratio). Because of this reason they are addressed as fibres. The fibres 
possess a central empty cavity called lumen, whose function is to provide the transport of 
water and nutrient within the living cell. The size of the lumen varies depending on the 
plant type and growing conditions. [2,8]. In the following figure a representative sketch of 
the natural fibre structure is reported (Figure 3.1) 

 

Figure 3.1 Natural Fibre Structure [2] 

The cell structure depends on the nature and type of the plant from which they come 
from; however, within the same type of plant there might be a certain variability that 
can be due to the different growing season [4]. In the following table the values of the 
length, diameter and aspect ratio for some of the most common natural fibres is reported 
(Table 3.1). 

PlantPlantPlantPlant    Fibre Average Fibre Average Fibre Average Fibre Average 
Length (mm)Length (mm)Length (mm)Length (mm)    

Fibre Average Diameter Fibre Average Diameter Fibre Average Diameter Fibre Average Diameter 
(`m)(`m)(`m)(`m)    

Aspect RatioAspect RatioAspect RatioAspect Ratio    

Hemp 25 25 1000 
Flax 33 19 1750 

Jute 2 20 100 

Ramie 120 50 2400 

Sisal 3 20 150 

Cotton 18 20 900 

Wheat 1,4 15 90 

Softwood 3,3 33 100 

Hardwood 1 20 50 

Table 3.1: Natural Fibre dimensions and aspect ratio [2,4] 
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3.1 Natural Fibres 

3.1.2 Natural fibre composition and Structure organization3.1.2 Natural fibre composition and Structure organization3.1.2 Natural fibre composition and Structure organization3.1.2 Natural fibre composition and Structure organization    
 
The main constituents of the natural fibre structure are cellulose, hemicellulose and 
lignin. Which are present in different relative amount according to the different plant 
type. Furthermore is possible to find in smaller amounts waxes and other kind of lipids, 
ash and water-soluble compounds.  
The three main constituents, cellulose, hemicellulose and lignin, differ from each other 
from the relative amount of the component, the degree of linearity, branching and thus 
cristallinity. The relative amount of these species changes from plant to plant (Table 3.2) 
and within the same species, it is possible to identify a variation due to the growing 
environment [4]. 
 

PlantPlantPlantPlant    Fibre typeFibre typeFibre typeFibre type    Cell wall chemical compositionCell wall chemical compositionCell wall chemical compositionCell wall chemical composition    

  Cellulose [%]Cellulose [%]Cellulose [%]Cellulose [%]    Hemicellulose [%]Hemicellulose [%]Hemicellulose [%]Hemicellulose [%]    Lignin [%]Lignin [%]Lignin [%]Lignin [%]    

Hemp Bast 57-77 14-17 9-13 
Flax Bast 43-47 21-23 24-26 

Sisal Leaf 43-62 21-24 7-9 

Cotton Seed 85-96 1-3 0,7-1,6 

Wheat Stem 29-51 26-32 16-21 

Wood Tracheid 38-49 7-26 23-34 

Table 3.2: Cell Wall Structure Composition [4] 

The mechanical properties of the natural fibres are highly dependent on the relative 
amount of these three polymeric components (Table 3.3). 
 

FibreFibreFibreFibre    Density (g/mDensity (g/mDensity (g/mDensity (g/m3333))))    Elongation at break Elongation at break Elongation at break Elongation at break 
(%)(%)(%)(%)    

Tensile Strength Tensile Strength Tensile Strength Tensile Strength 
(MPa)(MPa)(MPa)(MPa)    

Cotton 1,21 2-10 287-597 
Flax 1,38-1,5 1,2-3 343-1035 

Hemp 1,23 1,6-4,5 580-1110 

Sisal 1,35 1,9-3 507-855 

Jute 1,2 1,5-3,1 187-773 

Kenaf 1,2 2,7-6,9 295-930 

Table 3.3 Mechanical Properties of Natural Fibres [4]. 
 
As it can be seen from the table above (Table 3.3) cellulose is the most present 
component and thanks to the linearity of the polymeric chain, it can reach a theoretical 
ultimate strength of 15 GPa [9]. 
Cellulose is a linear polymer of glucose. In its simplest form, cellulose is a linear 

carbohydrate polymer of β-1,4 linked glucose units. However the repeating unit of the 
polymer is the dimer cellubiose (Figure 3.2) [10]. 

 

Figure 3.2: Repetitive Unit Cellubiose in the Cellulose [10] 
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During the production of cellulose by the so-called cell membrane, different chains of 
cellulose polymers are arranged together to form microfibrils [11]. 
The second most abundant component in the cell wall is hemicellulose; this component is 
based on heterogeneous mixture of polysaccharides and carbohydrates. The structure of 
the polymer differs from cellulose because of shorter and more branched polymeric chains 
that cannot guarantee a perfect stacking and thus does not result in a crystalline domain. 
Finally, the third major component in the cell wall structure is lignin. This polymer 
consists on a highly branched three-dimensional structure, which produces an amorphous 
domain. 
The structural organization of the three components in the cell wall structure is not 
perfectly clear and it is still object of research. However it is widely believed that the 
three components are not homogeneously mixed but set in separate domains as 
represented in the following figure (Figure 3.3) [2]. 

 

Figure 3.3: Structural Organization of Cellulose, Hemicellulose and Lignin in Natural Fibre Cell 
Wall [2]. 

The microfibrils are surrounded by a matrix of hemicellulose polymers. The two 
components are bonded through hydrogen bonds. A lignin matrix surrounds the whole 
structure. 
The natural fibre structure is really complex and consists on different layers that differ 
from each other for the angle of orientation of the microfibrils along the direction 
correspondent to the length of the fibre, also referred as to longitudinal direction. 
In the following picture is reported an image representing the cell wall structure and the 
organization of the different layers in the fibre (Figure 3.4). 

 

Figure 3.4: Cell Wall layers in Natural fibres. [2]
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3.1 Natural Fibres 

The growth of the cell begins with the formation of the primary layer or primary wall (P) 
from the cell wall layer (W). The disposition of the microfibrils in this layer is not 
confined to one direction only but consists on microfibrils aligned in several directions in 
respect to the longitudinal axes. 
The effect is mainly due to a growth restriction effect between the first microfibrils 
generated and the new ones. 
After the primary wall is formed, the formation of the secondary wall starts. The 
secondary wall is divided in three different sub-layers called S1, S2 and S3. 
The disposition of the microfibril in the S1 and S3 layer is nearly along the transverse 
direction while the S2, the thickest layer in the cell structure, is oriented along the 
longitudinal axes with a misorientation angle depending on the plant type examined. 
Eventually the different fibres are separate from each other by the so-called middle 
lamella (M). [10] 

3.1.3 Mechanical Properties of Natural fibres and bi3.1.3 Mechanical Properties of Natural fibres and bi3.1.3 Mechanical Properties of Natural fibres and bi3.1.3 Mechanical Properties of Natural fibres and biocomposites materialsocomposites materialsocomposites materialsocomposites materials    
    
The structure of the natural fibre cell and its chemical composition is responsible for the 
high theoretical tensile modulus and strength. The tensile modulus is predicted to be 
around 138 GPa [8]. 
Moreover the theoretical tensile strength of cellulose I, cellulose II, and amorphous 

cellulose is reported to be 13-17 [12], 9 [12] and 800±100MPa [13]. It has to be considered 
anyway that the theoretical values are not obtainable in the real natural fibres due to 
many reasons such as the content of cellulose, the degree of cellulose crystallinity and the 
orientation of the microfibrils, in particular in the S2 layer, in respect to the direction 
laying on the fibre length. 
However the analysis of the theoretical mechanical properties determines a very positive 
picture for the use of natural fibre as reinforcement for composite materials in structural 
applications, especially considering that the content of cellulose in bast fibres can reach 
values up to 77% [11]. 
The experimental determination of the mechanical properties of a single natural fibre is 
not an easy task due to the small dimension of the fibre, the difficult determination of 
the cross sectional area and the problems related to the fibre gripping. Because of this 
reasons, the experimental values are affected by a certain degree of error. 
In the following table (Table 3.4) the experimental values obtained for a different number 
of natural fibres and also inorganic fibres, such as glass and carbon, is reported. 
 

Fibre Fibre Fibre Fibre 
TypeTypeTypeType    

DensityDensityDensityDensity    
TeTeTeTensile nsile nsile nsile 
Modulus Modulus Modulus Modulus 
[GPa][GPa][GPa][GPa]    

Tensile Tensile Tensile Tensile 
Strength Strength Strength Strength 
[MPa][MPa][MPa][MPa]    

Elongation Elongation Elongation Elongation 
[%][%][%][%]    

Microfibril Microfibril Microfibril Microfibril 
angleangleangleangle    (S2 (S2 (S2 (S2 
Layer)Layer)Layer)Layer)    

Cotton 1,5-1,6 5,5-12,6 300-600 7-8 - 
Jute 1,3-1,46 10-30 400-800 1,5-1.8 8 

Flax 1,38-1,5 60-80 800-1500 2,7-3,2 6-10 

Hemp 1,48 70 550-900 111,6 6 

Sisal 1,33-1,5 38 600-700 2-2,5 10-25 

Softwood 1,5 40 1000 - 3-50 

E-Glass 2,5 70 2000-3500 2,5 - 

S-Glass 2,5 86 4570 2,8 - 

Aramid 1,4 63-67 300-3150 3,3-3,7 - 

Carbon 1,9-2,05 522 1960 - - 

Table 3.4: Mechanical Properties of Natural and Inorganic Fibres; dependence of the Mechanical 
Properties of Natural Fibres from the Microfibril Angle in the S2 Layer [14-16]. 
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3 Background 

From the table 3.4 it is possible to understand the reason of the growing interest in 
natural fibre materials as reinforcement for composite. It is possible to observe that the 
tensile modulus for flax and hemp in particular is very close to the value of glass fibres 
and their density is lower in respect to glass. 
Thus natural fibre-reinforced materials can be thought as a suitable substitute for glass 
fibre reinforced composites. 
As a consequence of these results a great effort has been applied in order to improve the 
fibre extraction and bundles separation methods in order to remove the non-cellulose 
chemical constituents. Several pre-treatments must be applied on the fibres before their 
use in real composites. These treatments may provoke an increase of the surface 
roughness [4], which is a positive consequence since it may improve the interlocking 
between the fibre and the matrix, but they can also provoke a degradation of the fibre 
and thus a decrease of the mechanical properties [4]. 
Apart from all the benefits that natural fibres posses, there are still several drawbacks 
that limit their applications. 
One of the mayor disadvantages is the variation of the properties of natural fibres. The 
fibres are extremely sensible to growing conditions, thus the growth season and the 
geographical environment in which they grow, influence deeply the final properties of the 
fibres. 
Moreover the different processing and production routes will provoke differences in the 
properties even in the same batch of material [4]. 
Furthermore in order to provide the required mechanical properties it is important to 
control the fibre orientation of the fibres used and maximize their volume fraction in the 
composite. Because of the short dimension of the fibre, they are generally grouped in 
yarns. 
In order to provide mechanical stability of the yarn it is necessary to twist the angle of 
orientation of the fibre in respect to the longitudinal direction. This means that the fibre 
will not be loaded on its longitudinal axes, thus lowering their mechanical properties. 
Another limitation is due to the processing temperature of the composite material which 

cannot overcome 200°C because this will provoke natural fibre degradation. 
In addition to that, although the price of raw natural fibres is extremely low, the 
following textile treatments in order to produce reinforcements suitable for the composite 
industry makes the prices grow. 
Compared to glass fibre fabrics, whose price is stable since many years, natural fabric 
prices are facing an increase in the last past years [4]. 

3.1.4 Parameters influencing Bio3.1.4 Parameters influencing Bio3.1.4 Parameters influencing Bio3.1.4 Parameters influencing Bio----composite Propertiescomposite Propertiescomposite Propertiescomposite Properties    

3.1.4.1 Fibre type and chemical composition3.1.4.1 Fibre type and chemical composition3.1.4.1 Fibre type and chemical composition3.1.4.1 Fibre type and chemical composition    
 
The natural fibre type chosen in the composite material is the most determinant factor in 
the mechanical properties of the laminate. There are numerous types of natural fibres 
that differ in the chemical structure.  
The component that plays a determinant role in the mechanical properties of the fibre is 
cellulose. The amount of this component is very variable depending of the fibre type; it is 
around 38% for cereal straw, 40-50% for wood and up to 90% for cotton [4]. 
Another parameter that influences the mechanical properties in natural fibres is the 3D 
development of cellulose molecules. It is reported many research groups that the fibre cell 
modulus increases linearly as the cellulose content increases, but it decreases as the spiral 
angle of cellulose in the S2 layer increases [17]. 
Apart from the chemical composition, another parameter that affects the material 
properties is the fibre length. Usually it is possible to observe that the mechanical 
properties are enhanced when the aspect ratio (length/ diameter) is increased [18]. 
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3.1 Natural Fibres 

3333.4.1.2 Moisture Content.4.1.2 Moisture Content.4.1.2 Moisture Content.4.1.2 Moisture Content    
 
Polymers and fibres that constitute a composite material are very sensitive to any 
environmental change and their properties can be considerably affected by the condition 
of the environment in which they are used. 
In particular biocomposites material are characterized by a high moisture uptake. This is 
one of the may concern when dealing with natural fibres composites. 
The great moisture uptake can be explained by the presence of numerous hydroxyl 
groups that are strongly hydrophilic [19]. 
In particular water absorption provokes a reduction of the mechanical properties [20] and 
might lead to problems during the processing not allowing the bondage between fibres 
and matrix acting as a separating agent [18]. During the processing at temperatures 
higher than water boiling temperature, water can turn to vapour forming air inclusions in 
the composite.  
In addition to that, an increase in swelling and heat conductivity as well as fungal 
sensitivity is observed. The quantity of the water absorbed is related to the moisture 
content in the environment, as it increases, the content of water inside the composite 
increase [21]. 

3.1.4.3 Processing parameters3.1.4.3 Processing parameters3.1.4.3 Processing parameters3.1.4.3 Processing parameters    
 
Natural fibres are composed by cellulose, hemicellulose and lignin. The percentage of 
these components is variable in relation to the different natural species examined. 
Because of this chemical composition, an increase of the temperature during the 
processing operations will provoke a thermal degradation of the fibres. 
In the processing of a mineral fibre composite material, in order to improve the flow of 
the polymeric matrix between the fibres is sufficient to increase the temperature; this is 
not possible when dealing with natural fibre composites. 
In order to avoid the thermal degradation of the fibres other solutions that avoid raising 
the temperature should be chosen.  
The problem of thermal degradation is usually avoided by increasing the injecting 
pressure, using additives that can reduce the viscosity of the polymer, or using 
alternatives forming techniques such as a vacuum infusion process [4]. 

3.1.4.4 Additives3.1.4.4 Additives3.1.4.4 Additives3.1.4.4 Additives    
 
Additives are used in order to influence the process and improve the material 
characteristic. The use of appropriate additives in small quantities to treat the fibres can 
significantly improve the throughput of the cellulosic material and consequently, of the 
whole composite laminate. 
There are numerous additives that can be used during the processing, each one with 
different properties. Among the most important additives for biocomposite materials is 
worth to remember: 
 

• Coupling agents: One of the most important class of additives used in the 
fabrication of the composite material are coupling agents. These kinds of 
additives allow a better fibre-matrix interaction. 
Thanks to the presence of coupling agent it is observed a better stress transfer 
from polymer to fibre, thus results in higher mechanical properties of the final 
laminate structure [22]. The addition of too large quantities of coupling agent 
may also have a negative effect; in fact an as this additive increase, the moisture 
uptake increase [4]. 

• Light stabilizers and colorants: UV light and oxidation, besides moisture, are the 
most damaging atmospheric factors that affect the properties of the material. 
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3 Background 

Mechanical and physical properties, apart from optical appearance, are strongly 
influence by light exposure. 
There are several stabilizer used in relation to the different polymer and fibres 
used in the composite material in order to reduce photodegradation process. 

• Flame Retardants: One of the main concerns regarding the use of biocomposites is 
their low temperature resistance. The exposure of these materials to high 
temperature provokes a thermal degradation of the natural fibre structure 
lowering the mechanical properties [21]. Because of that is possible to add flame 
retardants among which the most important are the halogen and halogen free 
types. These additives can act both chemically (formation of gaseous phase) and 
physically (formation of protection layer). 

• Biocides: the use of the composites in alternating wet and dry environment may 
lead to the formation of fungi and bacteria that could cause the reduction of the 
performance of the composites. The use of chemical products such biocides may 
increase the resistivity of the material against biological impact. 

3.1.5 Biocomposite Materials Applications3.1.5 Biocomposite Materials Applications3.1.5 Biocomposite Materials Applications3.1.5 Biocomposite Materials Applications    
 
At the moment the most developed market for the use of biocomposite material is the 
automotive sector accounting the 63% of the total use at the end of 2007 [24].  
The trend toward the use of this class of materials started during the 1990s primarily in 
Europe and then spread to the U.S.A and it is expected to grow year after year [3].  
One of the reasons of the use of this class of materials is due to the recyclability of 
natural fibres. The current legislation imposes to car manufactures to improve the 
recyclability of the vehicle to 85%. The percentage will be increased up to 95% by the 
end of 2015 [26]. Another reason is due to the price of the natural fibre raw materials, 
which is sensibly lower compared to inorganic fibres reinforcements [26]. 
Furthermore the light weight of natural fibres compared to other class of composite 
materials and to other materials can allow a weight reduction of the vehicle that leads to 
a reduction of fuel efficiency and thus to a lower emission of carbon dioxide [3]. 
As it was said before in the automotive industry natural fibre based composite materials 
are already in use especially for interior but also for exterior applications. Several car 
companies such as BMW, Daimler-Benz and Toyota are already using natural fibres 
composite in different amounts depending on the vehicle model. For instance the BMW 
7-series contains 24 kg of renewable raw materials while the newest model of Mercedes S-
class contains 27 components made from natural fibre composite for a total weight of 43 
kg [27] 
The natural fibres primarily used for these applications are hemp, sisal and flax 
reinforced with thermoplastic polypropylene matrix. 
Regarding the interior applications, the present state of technology allows a use of about 
5-10 kg of natural fibres composite material per each vehicle. Table 3.5 reports the main 
component in which these class of material is used [16] 
 

Automotive ComponentsAutomotive ComponentsAutomotive ComponentsAutomotive Components    TyTyTyTypical Weight of Natupical Weight of Natupical Weight of Natupical Weight of Natural Fibres [kg]ral Fibres [kg]ral Fibres [kg]ral Fibres [kg]    

Seatbacks 1,6-2 
Headrests ˜2,5 

Front door-liners 1,2-1,8 

Rear door-liners 0,8-1,5 

Parcel Shelves ¡2 

Boot-liners 1,5-2,5 

Sunroof interior shield ¡0,4 

Noise, vibrations and harshness materials ¿0,5 

Table 3.5: Biocomposite Components in Automotive Applications [4,16]. 
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It is possible to find NFC also in exterior application in the automotive sectors, they are 
used in the production of dashboards, bumpers, door and exterior body panels, but at the 
moment their use is very limited because of the some of the features of natural fibres 
such as the moisture sensibility. In addition to that, since the variability in the 
mechanical products due to different origins, environmental conditions and processing 
techniques it is difficult to provide the low variability required by the industrial 
companies [4,28] 
However, the limitations like the water absorption and fibre-matrix interface are subject 
of research and can be overcome by the special surface treatments and the use of 
additives and coupling agents [22]. 
In the last years, flax and other natural fibres have been combined with other types of 
inorganic fibres in order to produce composite materials for structural applications.  
The most outstanding achievement at the moment is the Aralditeff boat (Figure 3.5) 

manufactured by the company “Huntsman Advance Materials”. The hull and the deck of 
this boat are realized by combining carbon and flax fibres reinforcements. The flax fibres 
constitute 50% of the total weight of the reinforcements used [29]. 
 

 
Figure 3.5: Araldite Boat Realized with Carbon and Flax Composites [29] 

Others of the most recent developments are presented in the following figures (Figure 3.6 
and Figure 3.7). They represent products that are already available in commerce and the 
presence of natural fibres is claimed to provide greater absorption vibrations properties 
compared to fully inorganic fibre-reinforced material.  
[30-32] 
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3 Background 

 
Figure 3.6: Museew Flax/Carbon Composite 
Racer Bike [30] 

 
Figure 3.7: Artengo Flax/Carbon Tennis 
Racket [31],

 
The current use of natural fibre composites and the wide research activity towards the 
development and improvement of this product prospects a bright future for the use of 
natural fibres as reinforcements in many fields of applications. 

3.2 3.2 3.2 3.2 Yarns and FabricsYarns and FabricsYarns and FabricsYarns and Fabrics    
 

The production and development of suitable reinforcements for biocomposite materials 
requires exploiting the knowledge in textile techniques. Textile industry is an essential 
part of daily life in many fields of applications. All textiles are formed by yarns. 
According to the different requirement, the textile product should have different features; 
because of that the production and design of the yarn must be done carefully in order to 
ensure the different properties desired for the final product. 
In these sense a compromise between the different properties must be found, since usually 
the improvement of one property can be obtained at the expenses of others. An 
optimization of the different properties such as strength, elasticity, resistance to abrasion, 
extension and also aesthetical appearance must be sought. 

The properties and character of the yarns are dependent partly on the fibres’ chemical 
and physical structure and partly by the way the different fibres are arranged into the 
yarn. Large differences in the final product can be found between yarns with different 
fibres arrangement. 
This is the reason why a deep understand of the yarn fabrication, especially in natural 
fibres product, assumes great importance. 
 

3.2.1 Yarns Features an3.2.1 Yarns Features an3.2.1 Yarns Features an3.2.1 Yarns Features and Productiond Productiond Productiond Production    
 

A textile yarn is defined as ”an assembly of substantial length and relatively small cross 

section of fibres and/or filaments with or without twist” [33]. 
The definition is very broad and many different kinds of yarns can be included in it. 
Apart from the general definition, a further subdivision of yarn type can be done. The 
yarn can be classified into spun staple yarn or continuous filaments yarns. 
The first class of yarns consists on staple fibres assembled and usually held together by 
twist, through the twist the desired properties of the yarn, such as strength and handle, 
are obtained. 
The latter class of yarns, continuous filaments yarns, is usually obtained by producing 
different number of filaments with desired thickness and simultaneously combining them 
through spinning process. This kind of production system is very common in the 
production of man-made fibres such as polymer fibres. 
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3.2 Yarns and Fabrics 

3.2.1.1 3.2.1.1 3.2.1.1 3.2.1.1 ContinuousContinuousContinuousContinuous    Filaments YarnsFilaments YarnsFilaments YarnsFilaments Yarns    
 
The fibres obtained in the case of continuous filaments yarns are usually characterized by 
continuous parallel filaments lying close together and running for the whole length of the 
yarn. 
Among this class of fibres two large categories of yarns can be distinguished: flat 
continuous filaments and textured continuous filaments. 
Flat continuous filaments are usually manufactured with man-made fibres and may be 
produced with either monofilament or multifilament form.  They can be also referred as 
to standard filaments yarns. 
Textured yarns, on the other hand, are produced by man-made fibres that have been 
modified in order to achieve the desired yarns parameters. Thought the processing of the 
filaments is possible to introduce durable crimps, coils, loops or other distortion, which 
generates modifications and deformation into the filaments in a different way according 
to the modification process used. 

3.2.1.2 Staple fibre yarns3.2.1.2 Staple fibre yarns3.2.1.2 Staple fibre yarns3.2.1.2 Staple fibre yarns    
 
This class of yarns is produced by using fibres or filaments with defined length that are 
usually held together by twist, although some exceptions may be found. In general the 
most important parameters to classify the yarn are the twisting angle (or the wrapping 
angle) and the fibre length and diameter. 
The staple fibres yarns can be classified in many different ways: by fibre length (short 
fibres: less than 60mm or long fibres: more than 60 mm), by yarns construction and 
finally by spinning method. 
The last method is far the most used in the textile industry and allows having a more 
detailed method of classification. By using this method of classification it is possible to 
identify different classes of yarns [33]: 
 

• Ring Spun Yarns: this is the most popular system in the staple fibre production 
as it allows the use of a large variety of fibre type, length and diameters. The 
production takes place on a ring and traveller system. 
The fibres used are twisted around each other; this allows the generation of 
frictional forces between the fibres that allows imparting strength to the yarn. 

• Rotor Spun Yarns: like the ring spun yarns the fibre are held together by twist 
but this technique is mainly used in case of short fibres. Another difference with 
ring spun yarns is the final quality of the product. 
In general then rotor-spun technique allows a better regularity in the yarns but 
weaker yarns are obtained. 

• Twistless Yarns: in this case the fibres are not held together by twist but some 
kinds of adhesive are used to have cohesion between the fibres 

• Wrap Spun Yarns: the yarn consists on a parallel bundle of staple fibres held 
together by a continuous filaments wrapping around the yarn, which allows 
having a compact structure. 

 
Other kind of techniques can be found; such as the self-twisting yarns and friction spun 
yarns. 

3.3.3.3.2222....1111.3 Yarn Production: Staple Spinning Systems.3 Yarn Production: Staple Spinning Systems.3 Yarn Production: Staple Spinning Systems.3 Yarn Production: Staple Spinning Systems    
 
The production of the yarn is made up by a series of different consecutive operations, of 
which each one guarantees to obtain desired properties. In order to obtain a product with 
satisfactory properties is necessary to follow the different steps: 
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• Mix and blend: this phase is extremely important because it allows obtaining a 
final product with homogeneous properties. During the mixing phase raw 
materials are mixed and blended.  
Nowadays the mixing is a crucial step in the yarn production because allows to 
supply to the consumer a product with a low variability in the final yarn 
properties. 
In the textile industry it is very common to mix raw materials coming from 
different harvesting sites; in addition to that the natural fibres are subjected to 
variability in the physical properties during the growing seasons [4]. Because of 
that the mixing procedure allows minimizing the differences in the properties in 
the final product. 

• Opening: this phase consists on the mechanical subdivision of the bales into 
smaller tufts of fibres, which can be used in the production. 

• Cleaning: this phase allows the cleaning of the raw material and the removal of 
the unwanted impurities produced during the opening procedure.  

• Fibres separation: the process is also known as carding; in this phase it is possible 
to observe a further subdivision of the tufts until the fibres are completely 
separated. 
In addition to that it is possible to observe an additional cleaning of a very fine 
dust formed during the separation, and the formation of a continuous rope of 
aligned fibres, also called sliver. 
The formation of the sliver allows also an additional degree of blending in the 
final product. 

• Regularizing and fibre alignment: this phase consists on a combination of different 
slivers in order to form a final single sliver. The process is also known as drawing.  
The drawing process allows increasing the regularity of the sliver by a factor 
equal to the square root of the number of slivers fed 

• Drafting: this phase allows having a reduction of the number of fibres in the cross 
section of the yarn. The technique is usually performed in a system with two 
rollers moving at different speed. The rollers are called input and output rollers, 
the last one moves at higher speed compared to the first. Through this is possible 
to have the required drafting effect and, by controlling the relative speed, is 
possible to obtain the required draft ratio. 
In the case of natural fibres, because of the variability in the fibre length it is 
possible to observe the presence of not drafted fibres, also called floating fibres, 
this lead to a certain degree of variability in the diameter and thus in the linear 
density of the yarn. 

• Twisting: this is the final stage of the yarn production. Though different spinning 
technique it is possible to insert the required amount of twist. It is important to 
mention that because of the variability in the diameter in the yarn, the twisting 
angle inserted will not be the same all over the yarn length. 

3.3.3.3.2222....1111.4 Linear Density and Twisting Angle.4 Linear Density and Twisting Angle.4 Linear Density and Twisting Angle.4 Linear Density and Twisting Angle    
 
The linear density and the twisting angle are the most important characterizing 
parameters for the yarn structure. 
The linear density is not based on the determination of the diameter of the yarn because 
of the large variability in the yarn dimensions and because the yarn can be deformed 
during the measuring procedure but is directly expressed as the weight per unit length. 
The international organization of standardization declared the method as the official one. 
The yarn linear density is also known as tex and is defined as the weight in grams of a 
thousand meters of material. 
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The twisting angle is defined as the twist inserted in continuous filaments yarns in order 
to hold the different filaments together [33]. 
The twist can be inserted in two different directions: clockwise and anticlockwise. Usually 
these two twisting direction can be also expressed as S twist or Z twist as it can be seen 
in the picture below (Figure 3.8) 
 

 

Figure 3.8: S-Twist and Z-Twist in Fibre Yarns [34]. 

The mechanical properties of the yarn are completely independent from the twisting 
angle direction [33].  
On the contrary an important parameter that affect the mechanical properties of the 
yarn is the twist level. This property is defined as the amount of twist, also called 
number of turns per unit length. 
It is important to say that the number of turns per length is not directly connected with 
the twisting angle. In fact the two yarns with the same amount of twist and two different 
diameters will show different twisting angle; this behaviour can be observed in the 
following figure (Figure 3.9) [33]. 
 

 

Figure 3.9: Variation of the Twisting Angle with the dependent on the Variation of the Diameter 
[33]. 

Because of the variability found in the diameter of the yarn, it is possible to find 
differences in the twisting angles along the yarn length.  
The twisting angle is a trivial parameter in the design of the yarn. In fact, it is possible 
to observe that if the twisting angle is too low, when the yarns are subjected to tensile 
stresses, the yarn breaks because of fibre slippage and not because of fibre breakage. 
As the twisting angle grows, a growth of the yarn strength and fibre compactness is 
observed. This behaviour is observed until an optimal point is observed. After this point 
it can be seen in Figure 3.10 that a drop in the strength is observed [6,33]. 
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The reason of this behaviour can be explained by studying the fibre compactness and the 
fibre angle. 

As the fibre angle increases, the fibre will be subjected to stresses that don’t lay in the 
fibre length direction, which is the high strength direction; thus is not possible to exploit 
fully the tensile properties of the fibre. 
 

 

Figure 3.10: Tenacity Versus Yarn Twist. 

3.2.2 Fabrics Types and Param3.2.2 Fabrics Types and Param3.2.2 Fabrics Types and Param3.2.2 Fabrics Types and Parameterseterseterseters    
 
Once the yarns production is completed, the different yarns are collected and assembled 
into fabrics. It is possible to find a great variety of different fabrics, among all of them it 
is possible to identify two large families: woven fabrics and non-woven fabrics.  
 

• Non-woven Fabrics: This fabrics is defined as a web or bats of directional or 
randomly oriented fibres held together by different techniques such as adhesive 
bonding, stitching an many others. The stitching bonding is one of the most 
common techniques and the stitching material can be of the same nature of the 
yarn used in the fabric or a different one. 

• Woven Fabrics: Woven fabrics are obtained by interlacing the different threads in 
the warp and weft directions. The aspect and properties of the fabric are function 
of the yarn and weaving technique used. 
Among the most important products it is possible to find the plain, twill, stain 
and sateen weaves.  

 
In general, in all kind of fabrics, it is possible to identify two main directions, which are 
referred as to weft and warp directions. 
The warp and weft directions can be respectively identified as the direction that runs 

along the fabric’s length and the direction that runs along the fabric’s width. 
The mechanical and physical properties of the fabrics produced are function of both the 
weaning technique used and the mechanical properties and composition of the yarns [33].  
Because of this reason it is possible to obtain fabrics with different mechanical properties 
despite the use of the same kind of yarn. 

3.2.2.3 Fabric parameters3.2.2.3 Fabric parameters3.2.2.3 Fabric parameters3.2.2.3 Fabric parameters    
 
In order to classify the fabric properties different significant parameters are given. The 
main parameters used in fabric characterization are: Sett, or thread density, linear 
density, crimp, cover factor and cover ratio, and fabric weight. 
 

• Threads density: This measure is defined as the number of threads per 
centimetre; usually this value is determined experimentally by either counting the 
number of threads in a defined length or by using line gratings [33]. 
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• Crimp (c): This property is defined as the amount of bending of a thread when 
interlaces with other threads lying in the opposite fabric direction. The crimp 
value can be calculated as the ratio between the difference in length between the 
straight and the crimped yarn, and the crimped yarn. 
Usually the crimp value is ranging between 1% and 14% although there might be 
some circumstances where the value can be greater [33] 
In the following picture (Figure 11) it can be seen a schematic drawing 
representing the crimped yarn in the fabric and the straight yarn once it is taken 
out from the fabric. 

 

 
Figure 3.11: Crimp of the Yarns in  
the  Fibre. 

 

 

 

• Cover Factor: this is a parameter used in the characterization of textile fabrics in 
order to investigate the openness of the fabric. This parameter is generally used in 
the textile industry but has no physical meaning; it is a merely qualitative 
parameter. The parameter is described by the following formulas: 
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Eq. 5 

 
 

Where n is the threads density and N is the yarn linear density [33]. 

• Cover Ratio: The openness of the fabrics can be also expressed through another 
parameter known as the cover ratio, c. This parameter is defined as the ratio 
between the area covered by the yarns and the total area of the fabric. 
It is possible to find the area covered by the yarns by using the following 
formulas: 
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Where c is the cover ratio, n is the threads linear density and d is the diameter of 
the threads [33]. 

• The fabric weight, wc, is defined as “the weight of yarns per square meter in a 

woven fabric” [33]. This is the sum of the weight of the warp and weft directions. 
This parameter can be found experimentally by weighting the fabric and 
measuring its area or can be found by multiplying the total length the yarns in 
one square meter (obtained by multiplying the thread density and the length of 
each thread) and the mass per unit length of the yarns. 
The following equations show how is possible to find the fabric weight: 
 

 '���� � ����� ∙ 100 ∙ (1 +  �����%)100 ∙ �����1000  Eq. 9 
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Where n is the threads density, c the crimp and N is the yarn linear density [33] 
 
 
 

3.3 Vacuum Infusion Process3.3 Vacuum Infusion Process3.3 Vacuum Infusion Process3.3 Vacuum Infusion Process    
 
 
Manufacturing processes for composite material usually differ from other manufacturing 
techniques for other structural materials like metals. The production techniques however, 
have some similarities with polymer processing technologies [35]. 
One thing in common to all composite manufacturing process is that they required the 
material to be shaped in its final shape. Thus the final shape of the component can be 
obtained with no or little finishing processes.  
The fact that there is no need of expensive finishing process compared to other materials 
like metals, make the composites materials interesting even from an economical point of 
view. One of the most common drawback of the technique is the shrinkage of the 
material due to the cross linking of the polymer used as a matrix. Depending on the 
polymer used in the process, the level of shrinkage can be different; however it can be 
reduced by the presence of the reinforcements as well as appropriate fillers [35]. 
Different composites manufacturing processes has been developed during the past 
decades; they differ from each other from the infusion technique, the fibre impregnation 
methods, the quality of the final product and the price. Among the most important 
techniques used for the production of fibre reinforced composite material it is worth to 
remember: 
 

• Contact Moulding 

• Spray Moulding 

• Bag Moulding and Autoclaving 

• Resin Transfer Moulding (RTM) 

• Vacuum Moulding 

• Vacuum Assisted Resin Injection or Vacuum Infusion Process 
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The composite manufacturing process used in this thesis work is the vacuum infusion 
process. The choice of this technique is due to its high performance and high flexibility. 
In this section a description of the process, as well as the major benefits and drawbacks 
will be given. 
The vacuum infusion process, or VIP, is a technique used for the production of fibre 
reinforced composite materials. In this technique the vacuum is applied in order to drive 
the resin into a laminate. 
The VIP process allows achieving a great number of improvements compared to other 
composite fabrications techniques [35]. 
For instance in the hand lay-up process, the reinforcements are placed into the mould 
and the resin is applied manually through the use of brushes, rollers or others means. The 
process leads to a low fibre-to-resin ratio. This technique can be anyway improved by 
introducing a vacuum bagging which allow sucking out the excess of resin. 
In contrast with others composites manufacturing techniques, in the VIP process, the dry 
material is laid in the mould and after the application of vacuum, the resin is introduced. 
The presence of vacuum allows the resin to flow into the laminate through special tubing 
system and impregnate the fibres [36]. 
 
The increasing number of benefits of the VIP process in the manufacturing of composites 
materials leads to an increasing interest towards this technique in many applications 
fields. 
Some of the most interesting benefits of VIP are [35,36]: 
 

• Better fibre-to resin ratio: Because of the application of the vacuum when the 
fabrics are still dry, ideally, only the required amount of resin is introduced into 
the composite. Therefore compared to common techniques such as hand lay-up 
and vacuum bagging the volume fraction of the fibre obtained in the composites 
is higher. 
In the normal hand lay-up system it can be observe an excess of 100% fabric 
weight by resin. Such a large excess of resin may largely weaken the mechanical 
properties of the finale laminate product. 
The VIP process then allows lowering the weight and maximizing the property of 
the composite plate.  
Thanks to these features, the fibre-reinforced composite materials manufactured 
with the VIP can approach the value of resin content typical of the prepreg-based 
composites. 

• Lower resin waste content: the prediction with a certain degree of accuracy of the 
resin consumption during the infusion allows the reduction of the resin wastes. 
The resin consumption can be predicted by knowing the type of fibres used and 
the weight of the reinforcements in the laminate (plus the resin consumption by 
the infusion equipment). The reduction of the resin waste means also a reduction 
of the use of toxic and polluting products, like in the case of epoxy resin, and a 
reduction of the cost. 
Furthermore the predictability of the resin consumption can be useful in case of a 
large production scale. 
Furthermore since no brushes or rollers are used, there will be no resin spattering 
or splashing; thus the emission of harmful resin fumes can be reduced or 
controlled. 

• Unlimited set-up time: the VIP process offers an unlimited set-up line since the 
vacuum and therefore the infusion are applied when the layers are still dry.  
The pot life of the resin is a key parameter in the manufacturing of composites 
with thermosetting resins. This is defined as the time in which the polymer is not 
yet reticulated and thus is able to flow and impregnate the fibres. 
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Because of this reason the hand layup process and the vacuum bagging process 
must be fast enough in order not to have curing and to have evacuation of the 
resin excess before the composite is finished. 

 
Apart from these major benefits, the techniques present also a certain amount of 
drawbacks, which at the time limit the VIP to small production scale [35,36]: 
 

• Complicated set-up: the layout of the infusion equipment is much more 
complicated compared to other techniques. In the VIP process resin inlet tubes 
and vacuum tubing is required. The placement of the infusion equipment as well 
as the reinforcement in the case of complex moulds results complicated. 
Sometimes in order to find the optimal lay-up it is necessary to perform several 
trial infusions in order to see which configuration can give the best results This 
provokes a waste of material, and thus money. 

• Easy to destroy parts: this can be considered as a consequence of the difficult 
equipment layup. Once the infusion starts it is almost impossible to intervene on 
the infusion and correct the errors.  
The presence of even small leaks during the infusion or during the curing process 
can be extremely dangerous for the result of the final component.  
The presence of leaks during the infusion may lead to undersaturation of the 
fibres, resin pooling and in some case can even stop the resin flow leaving the 
reinforcements not impregnated. 
On the other hand, in case a leak appears during the curing phase, the result 
might be an excess of resin and not compacted reinforcements in the matrix. 

 
Because of the complexity and ease of errors the VIP process should be considered as a 
trial-and error process. It is of vital importance that an adequate number of trial 
infusions are done in order to find the optimum parameters for the production of the 
component. Because of the large flexibility of the VIP process, it has to be taken into 
account that every mould presents different features and thus every project presents 
different optimum infusion settings. Furthermore it has to be considered that even small 
modifications in the layout can lead to drastic change in the process. 
 
The equipment used in the VIP consists on many different components and each of them 
carries out a precise function during the process. The principal components are: 
 

• The mould 

• Reinforcements 

• Flow Media 

• Resin and Vacuum Lines (inlet, outlet, spiral tubes) 

• Vacuum Bag 

• Vacuum Pump 
 
The procedure to follow in the VIP process will be further explained in the section 
number of the experimental procedure. 
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3.4 Micromechanical Model and laminate Theory3.4 Micromechanical Model and laminate Theory3.4 Micromechanical Model and laminate Theory3.4 Micromechanical Model and laminate Theory    
 

3.4.1 Micromechanical Model3.4.1 Micromechanical Model3.4.1 Micromechanical Model3.4.1 Micromechanical Model    
 
Fibre reinforced composites materials are composed by three different phases, which are 
the fibres, matrix and air. Because of this reason, it is possible to identify three different 
volume fractions: fibre volume fraction, matrix volume fraction and pores or voids 
volume fraction.  
The composition of the composite and the relative amount of these volume fractions 
influences several properties of the final laminate such as the density, the mechanical 
properties, the thermal and insulation properties and many others. 
Therefore, by knowing the volumetric composition of the designed component, it is 
possible to design a fibre-reinforced material with required properties. As it was discussed 
before, the important parameters to know in the design of a composite are: 
 

• Fibre volume fraction 

• Matrix volume fraction 

• Porosity 
 
The content of pores and voids inside the laminate changes deeply regarding the different 
manufacturing process chosen for the production. However the presence of pores and 
voids in the composite cannot be avoided, despite the accuracy of the process 
Porosity in the composite depends on many different factors and it can be related to 
different sources. Therefore it is possible to identify: 
 

• Porosity in the fibre: this porosity regards the presence of pores within the single 
fibre or yarn. Pores are present in each kind of reinforcements, but in the case of 
natural reinforcements, porosity greatly affects the reinforcement behaviour. 
Natural fibres are organized in yarns and they are not homogeneous entities but 
they present a certain degree of variation in the cross section as well as in the 
twisting angle [37] 
By assuming a circular cross-section of the yarn, it is possible to calculate the 
area occupied by fibres. The ratio between the area occupied and the total area 
determines the degree of compactness [37]. Thus it is possible to evaluate the 
degree of porosity within the single yarn.  

• Porosity in the matrix: this porosity regards the presence of pores in the polymer 
matrix, the amount of this voids can be reduced thanks to specific pre-treatment 
techniques. It is usually present in form of air bubbles trapped in the matrix. 

• Impregnation porosity: this porosity is due to a lack of impregnation of the 
matrix for the fibres. A certain amount of the pores in the yarn will be filled by 
the matrix leaving a certain percentage un-wetted. Because of that, the degree of 
compactness is extremely important in order to know the matrix impregnation 
behaviour during the manufacturing of the composite [37]. 

• Interface porosity: regards the lack of wetting at the interface between the fibre 
and the matrix. The presence coupling agent additives may improve the fibre-
matrix bonding, thus reducing the entity of this porosity type [22].  

 
The realization of a composite material is done by mixing the fibre reinforcements and 
the polymer (used as matrix); however in order to evaluate the performance of the 
composite it is crucial to know the relative volume fractions. The weight fractions and 
the volume fractions can be related through the densities of the different components. 
Through the following equations it is possible to define and relate these two parameters: 
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 '� � +�+% ; 	'� � +�+% ; 	'� ≈ 0; 
 

Eq. 12 

 .� = /�/% ; 	'� = /�/% ; 	.� = /�/% ; 
 

Eq. 13 

 .� = '� 0102; Eq. 14 

 .� = 1 − .� − .� Eq. 15 

 
Where m and v are the absolute weight and volume respectively, W and V define the 

weight fraction and the volume fraction respectively and ρ is the density. The subscripts 
f, m, p and c are fibres, matrix, porosity and composite respectively [35]. 
By taking into account the presence of a volume occupied by pores the resulting 
equations will be expressed by: 
 

 .� + .� + .� = 1 Eq. 16 

 3% = .�3� + .�3� 
Eq. 17 

 .� = '� 0104; Eq. 18 

 

3.4.2 Rule of Mixtures3.4.2 Rule of Mixtures3.4.2 Rule of Mixtures3.4.2 Rule of Mixtures    
 
Composite materials are composed by different phases and each one will contribute to the 
final mechanical properties of the component. A simple way in order to calculate the 
mechanical properties of the component is given by the rule of mixtures. This is a 
mathematical expression through which it is possible to calculate the properties of the 
composites by taking into account the arrangement and the quantity of the different 
constituents [38] 
The model is created by taking into account different boundary condition and simplifying 
assumption, because of that is believe to give a general estimation only and should be 
used with attention when designing a composite material. 
In the case of a composite material with unidirectional reinforcement, the assumptions 
made for the construction of the model are the following: 
 

• Uniform, continuous and parallel fibres 

• Perfect bonding at the fibre-matrix interface 

• Equal strains in the fibres and the matrix when the load is applied. 

• No porosity is present in the composite 
 
When the load is applied in the fibre direction the force is shared between the fibres and 
the matrix:  

 5 = 5� + 5� Eq. 19 

 
The stress can be then calculated by knowing the cross sectional area of the two 
components: 
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 67 � 6�7� � 6�7� Eq. 20 

 
Where A is the total area of the composite and Af and Am are the area of the fibres and 

matrix respectively. By applying the Hooke’s law and by knowing that the strain in the 
fibre and the matrix is the same: 

 8 ∙ 9 ∙ 7 = 9� ∙ 8� ∙ 7� + 9� ∙ 8�. 7� Eq. 21 

 9 = 9� = 9� Eq. 22 

 8 ∙ 7 = 8� ∙ 7� + 8�. 7� Eq. 23 

 
Thus by knowing that (Am/A) and (Af/A) correspond to Vm and Vf it is possible to find 
the following expression: 

 8 = 8� ∙ .� + 8�. .� Eq. 24 

The expression derived is a widely accepted micromechanical model in order to evaluate 
the stiffness of a composite material with unidirectional reinforcement. It is possible to 
observe anyway that the formulation can be improved by taking into account the 
presence of porosity and two efficiency factors. 
The formula derived in the following equation is referred as to combined rule of mixture 
[39-40]: 

 8 = (;<;=8� ∙ .� + 8�. .�)(1 − .�)� Eq. 25 

 

Where η0 and η1 are the fibre orientation and the fibre length efficiency factors and the 
coefficient n is the porosity efficiency exponent that depends on the effect of stress 
concentration due to the presence of pores, usually it is equal to 2. 
In particular the fibre length efficiency factor was calculated by Cox (1958) with the 
formula:  
 

 	η= = 2 @AB C�8� ln �.� Eq. 26 

 
Where L and D are the length and the diameter of the fibre, k is a constant that is 
regulated by the packing efficiency factor of the fibres and Gm is the shear stiffness of the 
matrix. [41] 
It was demonstrated that for ratios L/D higher than 50,  the fibre length efficiency factor 
tends asymptotically to 1, therefore it is common to consider this factor equal to one in 
case of high aspect ratios [41-42]. 
 

3.4.3 Laminate theory3.4.3 Laminate theory3.4.3 Laminate theory3.4.3 Laminate theory    
 
A laminate is defined as a stack of single laminae arbitrarily oriented in order to form a 
shell or a plate. A lamina is a thin layer of material that very often consists of a ply of 
unidirectional reinforcement. Therefore a lamina is the smallest element on a macroscopic 
level that builds up a composite material laminate. Hence, the knowledge of the 
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mechanical behaviour of the lamina is of great importance in the process of design and to 
understand laminated fibre reinforced structures. 
In particular it is interesting to know how the lamina responds to stresses and strains, 
and how its behaviour will influence the final laminate design.  
 

3.4.3.1 Stiffness matrix3.4.3.1 Stiffness matrix3.4.3.1 Stiffness matrix3.4.3.1 Stiffness matrix    
 

In mechanics of materials the stress-strain relations for an anisotropic linear elastic 

material is described by the generalized Hooke’s law, and can be written with the 
following notation: 
 6� � F�G9G 				H, J � 1,… , 6 
 

Where F�G is the stiffness matrix while 6�	and 9G are respectively the stresses and strains 

components shown below in a 3D material cube. The compliance matrix M�G is the inverse 
of the stiffness one. 

 
Figure 3.12: Stresses on an Element [1] 

 
The notations for the three dimensional strains and stresses used above are contracted. In 
the figure 3.13 it is possible to compare them with the usual tensor notations: 

 
Figure 3.13: Contracted Notation for Stresses and Strains [1] 

The stiffness matrix F�G shown above has 36 coefficients. However it is shown in [1] that 
for elastic materials only 21 of these coefficients are independent, leading to the following 
stress-strain relation: 
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OOP

ε=εRεSγRSγS=γ=RU
VVW Eq. 27 

 
This represents the most general relation for a linear elastic material, and in particular it 
defines an anisotropic material, where there are no planes of symmetries for the material 
properties, which are different in all directions. 
For certain types of materials it is possible to simplify the stiffness matrix thanks to 
property symmetries: this is the case of the orthotropic materials, where there are three 
orthogonal planes of symmetries for its materials properties (the stiffness matrix is 

independent of 180° rotations about the three orthogonal axes [38]. The stress-strain 
relations will then be: 
 

 

N
OOP

σ=σRσSτRSτS=τ=RU
VVW �

XYY
YYZ
C== C=R C=S 0 0 0C=R MRR CRS 0 0 0C=S CRS MSS 0 0 00 0 0 M\\ 0 00 0 0 0 M]] 00 0 0 0 0 M^^_̀̀

`̀a
N
OOP

ε=εRεSγRSγS=γ=RU
VVW Eq. 28 

 
Where only 9 coefficients are independent. It is possible to note that there is no 
interaction between normal stresses and shear strains. Moreover there is no interaction 
between shear stresses and normal strains and shear stresses and strains in different 
planes. 
If in a material every point in a plane has equal properties in all directions (isotropic in 
one plane), it is called transversely isotropic material, and the independent coefficients 
will be just 5: 

 

N
OOP

σ=σRσSτRSτS=τ=RU
VVW �

XYY
YYZ
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`̀a
N
OOP

ε=εRεSγRSγS=γ=RU
VVW Eq. 29 

 
This is the case of a single lamina of composite material: it is in fact possible to see that 
the 2-3 planes can be considered isotropic [38]: 
 

 

Figure 3.14: Structure of a Lamina with unidirectional Reinforcements [38] 
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It is convenient now to pass to engineering constants, which can be measured by material 
testing and have more direct meaning than the coefficients used before. For an 
orthotropic material the strain-stress relations are: 
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VVW Eq. 31 

 
This is written in 3-dimensions using engineering constants. The stiffness matrix is the 
opposite of the compliance one presented above. It this possible hence to fully 

characterize an orthotropic material knowing the Young’s moduli in the three directions, 

the Shear moduli in the 2-3, 3-1 and 1-2 planes and the poissons’ ratios. 
But, as stated before, a unidirectional lamina can be seen as a transversely isotropic 
material instead as of a orthotropic one; thus, a lamina is so thin that a plane stress 
prevails [38], so one can write: 

 6S = hRS = hS= = 0 Eq. 32 

 

Then the Hooke’s law for a unidirectional lamina is defined as: 

 

 

i ε=εRγ=Rj = k 1/E= −νR=/ER 0−ν=R/E= 1/ER 00 0 1/G=Rl i
σ=σRτ=Rj 

Eq. 33 

 
And  

 

 

iσ=σRτ=Rj = 11 − m=RmR= k 8= νR=ER 0ν=RE= ER 00 0 C=R(1 − m=RmR=)l i
ε=εRγ=Rj 

 

Eq. 34 

 
Or 

 
 6� = n�9� 
 

 Eq. 35 

 

Where the matrix n� is the lamina stiffness matrix. 
The lamina is therefore fully characterized by 5 engineering constants out of which only 4 
are independent. This is what is needed to design a laminate made out of several 
arbitrarily oriented laminae assembled on top of each other: 
 

• E=: Young’s modulus in the longitudinal direction; 
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• ER: Young’s modulus in the transverse direction; 

• G=R: Shear modulus in the plane 1-2; 

• ν=R: Poisson ratio. 
 

3.4.3.2 3.4.3.2 3.4.3.2 3.4.3.2 StressStressStressStress----strain relation for a lamina of arbitrary oriestrain relation for a lamina of arbitrary oriestrain relation for a lamina of arbitrary oriestrain relation for a lamina of arbitrary orientation:ntation:ntation:ntation:    
 
In the previous section the stress-strain relations are found in the principal materials 
coordinates. However, in the manufacturing of composite laminates several laminae with 
different fibres orientations are assembled. Therefore the principal direction of orthotropy 
of the single lamina often does not coincide with the coordinate directions of a laminate 
or of the final part. 
It is hence important in order to describe the behaviour of the laminate to know the 
behaviour of each lamina in the global coordinate system (x, y, z) and not in its local 
coordinate system (1,2,3). 

 

Figure 3.15: Rotation of +ϑ of Principal Material Axes from the x-y axes [1] 

 

Considering a rotation θ of the fibres with respect to the global coordinate system, the 
relation between stresses and strains in the (x,y,z) and the (1,2,3) system is: 

 

 

iσ=σRτ=Rj � k cosRθ	 sH�Rθ 2 ∙ sinθ ∙ cosθsH�Rθ cosRθ "2 ∙ sinθ ∙ cosθ"sinθ ∙ cosθ sinθ ∙ cosθ cosRθ " sH�Rθ liσuσvτuvj 
Eq. 36 

 
Where the transformation matrix it is usually called T matrix. 

 

 

i ε=εRγ=Rj � k cosRθ	 sH�Rθ sinθ ∙ cosθsH�Rθ cosRθ "sinθ ∙ cosθ"2 ∙ sinθ ∙ cosθ 2 ∙ sinθ ∙ cosθ cosRθ " sH�Rθli
εwεvγuvj 

Eq. 37 

 
From these relations it is possible to reach the stress strain relations in global coordinate: 
 

 iσuσvτuvj � kn==	 n=R n=^n=R nRR nR^n=^ nR^ n^^l i
εwεvγuvj Eq. 38 

 
Or 

 6 � n9 Eq. 39 
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Where the components of the global stiffness matrix n	are: 
 

 n== �	n�	== ∙  xs\y � 2(n�	=R � 2n�	^^* xsRysH�Ry � n�	RRsH�\y Eq. 40 

 n=R � (	n�	== � n�	RR � 4n�	^^* xsRysH�Ry � n�	=R(sH�\y �  xs\y* Eq. 41 

 nRR �	n�	== ∙ sH�\y � 2(n�	=R � 2n�	^^* xsRysH�Ry � n�	RR xs\y Eq. 42 

 n=^ � (n�	== " n�	=R " 2n�	^^*sH�y xsSy � (n�	=R " n�	RR � 2n�	^^*sH�Sy xsy Eq. 43 

 nR^ � (n�	== " n�	=R " 2n�	^^*sH�Sy xsy � (n�	=R " n�	RR � 2n�	^^*sH�y xsSy Eq. 44 

 n^^ � (n�	== " n�	=R " 2n�	=R " 2n�	^^*sH�Ry xsRy � n�	^^(sH�\y �  xs\y* 
 

Eq. 45 

 
So at this point one is able to relate stress and strains in the principal material direction 
for a lamina, and based on the lamina properties in the material principal coordinate 
system it is possible to find the stress strain relations in the global coordinate system (i.e. 
the geometrical principal direction of the laminate). Now it is time to see how a laminate 
constituted by several laminae will respond to loadings and how stiffnesses and strengths 
of the composite laminate can be defined. 
 

3.4.3.4 3.4.3.4 3.4.3.4 3.4.3.4 The laminateThe laminateThe laminateThe laminate    
 
As mentioned before a laminate is a stack of laminae. In order to describe and study the 
mechanics of a laminate it is useful the Classical lamination theory (CLT), that through 
some reasonably assumptions and simplifications permit to simplify the problem. 
 
 

 

Figure 3.16:Laminate Structure; Stack of Laminae [38]. 

    

3.4.3.5 3.4.3.5 3.4.3.5 3.4.3.5 Stress and strain variation Stress and strain variation Stress and strain variation Stress and strain variation in a in a in a in a laminatelaminatelaminatelaminate    
 
The first assumptions that the CLT presumes is that the laminate consists of perfectly 
bonded laminae. Thus, the bonds are presumed to be infinitesimally thin and no slip of a 
lamina relative to another is permitted. 
The second assumption is that the laminate is thin compared to the other dimensions 

and therefore follows Kirchhoff’s hypothesis: a line originally straight and perpendicular 
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to the middle surface of the laminate is assumed to remain straight and perpendicular to 
the middle surface when the laminate is deformed [1]. 
The consequence of this assumption is that the strain at each point in the laminate can 
be written as: 
 

 { 9w9|}w|~ � { 9w<9|<}w|<~� �� �w�|�w|
� � 9< � �� Eq. 46 

 

Where 9< are the strains in the middle surface, z the coordinate in the thickness direction 
and k are the curvatures of the middle planes in the three directions. 
If this equation is now inserted in the stress-strain relation in global coordinate one 
obtains: 
 

 iσuσvτuvj� � kn==	 n=R n=^n=R nRR nR^n=^ nR^ n^^l� �{
9w<9|<}w|<~� �� �w�|�w|

�� � n� ∙ �{ 9w<9|<}w|<~� �� �w�|�w|
�� 

 

Eq. 47 

Where the subscript H represents each different layer of the laminate. It is clear then that 

changing the n matrix (for istance changing the orientation of the fibres or changing 
reinforcement material) and changing the position of a certain layer in the laminate 
stack, the resultant stresses vary. In the pictures below it is shown an example of a 
tension (Figure 3.17) and bending load (Figure 3.18) on a laminate: 
 

 
Figure 3.17: Stresses Generated by in-plane 
deformation[38] 

 
Figure 3.18: Stresses Generated by Bending 
of the Laminate [38]

 
It is possible to note that the strains vary linearly while the stresses are linear in each 
layer but discontinuous at the boundaries between different laminae: this is due to the 

fact that the stiffness (n	+���H�) is different for different laminae. 
It is therefore important to keep track of the different laminae position in the laminae. 
The laminate geometry can be represented in this way [38]: 
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Figure 3.19: Geometry of n-Layered Laminate. 

The middle axis is the geometrical axis of the laminate and each lamina is located 
between two positions:  zi-1 and zi, where the subscript i is again the number of the layer. 
h is the total laminate thickness and the top and bottom of the laminate will be 
respectively at z0=-h/2 and zn=h/2. 
 

3.4.3.6 Laminate forces and moments3.4.3.6 Laminate forces and moments3.4.3.6 Laminate forces and moments3.4.3.6 Laminate forces and moments    
 
The aim now is to find an equation that relates the loads applied to the laminate to the 
displacements and rotations. The resultant forces and moments in a laminate are 
obtained by integration of the stresses in each lamina through the laminate thickness: 
 

 � � � 6	!�	 R⁄
�	 R⁄  Eq. 48 

 � � � 6	�!�	 R⁄
�	 R⁄  Eq. 49 

 
But in a laminate every lamina has its discrete thickness and stiffness properties, 
therefore it is convenient to rewrite the previous expressions In order to perform the 
integration over a single ply: 

 � � � � 6�	!���
����

�
��=  Eq. 50 

 � � � � 6�	�!���
����

�
��=  Eq. 51 

 
Where n is the number of plies, zi the distance from the middle of the laminate to the top 

of the i layer (Figure 3.19) and 6� is the stresses vector in global coordinates for each 
lamina: 
 

 6� � iσuσvτuvj� Eq. 52 

 
Therefore combining the equations 47 with 50 and 51 it is possible to write: 
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 � � �n� �(9< � ��*	!���
����

�
��=  Eq. 53 

 � � �n� � �(9< � ��*	!���
����

�
��=  

 

Eq. 54 

Where n� is the stiffness matrix of lamina i in the global coordinate system. Rewriting 
this in matrix form: 

 ���� � � � � n� n��n�� n��R�
��

����
�

��= �9<� �!� Eq. 55 

 
Or  

 ���� � �7 �� A� �9<� � Eq. 56 

 
Where: 

 �7, �, A � �n� �(�� " ���=*, 	12 (�� " ���=*	R, 13 (�� " ���=*S��
��=  Eq. 57 

 
A is called extensional stiffness matrix, B the bending-extension coupling matrix and D is 
the bending stiffness matrix. In the equation 58 the full ABD matrix is shown [38]: 
 

 

N
OOO
P �w�|�w|�w�|�w|U

VVV
W �

XYY
YYZ
7== 7=R 7=^ �== �=R �=^7=R 7RR 7R^ �=R �RR �R^7=^ 7R^ 7^^ �=^ �R^ �^^�== �=R �=^ A== A=R A=^�=R �RR �R^ A=R ARR AR^�=^ �R^ �^^ A=^ AR^ A^^_̀̀

`̀a
N
OOP

9w<9|<}w|<�w�|�w| U
VVW Eq. 58 

 

The ABD matrix shows that composite materials laminate can respond in a “not 

traditional” way to external loads: some couplings may exist if the matrix is fully 
populated. The possible couplings are shown in figure 3.20 [1]: 
 

 
Figure 3.20: Couplings in the [A], [B], [D] matrix 
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Moreover the ABD matrix shows that a laminate is defined by 18 stiffnesses. In 
conclusion CLT enables to calculate strains and curvatures knowing forces and moments 
(and vice versa)[1]. It is then possible to calculate stresses and strains in laminate 
coordinates and transform them in laminae principal materials direction: this will permit 
to apply failure criteria to single laminae. 
The elastic couplings in composite laminates depend on the configuration of the layers. 
Some examples are shown in the image below (Figure 3.22) [38]: 
 

 

 

Figure 3.21: Examples of different Laminates Structures with their Relative Stiffness Matrixes 

 
Composite designer for traditional application usually try to avoid couplings, using 

symmetric and balanced (equal number of layers with +y	and -y) layups. In this way 
they avoid unexpected behaviours such as deformation after curing or due to change in 
temperature or moisture. 
Anyway for certain applications designers try to exploit the possibility of having 
couplings in the structures: in this way some rotations and displacement due to external 
loads can be relieved and mitigated, leading to an increase of efficiency and performance 
of the designed part. This is the case for instance of some aerodynamic loaded wings in 
wind turbines, aircrafts and helicopters: usually the wings or the turbines blades are 
optimized in order to obtain maximum performances in a designed configuration, that 
will be modified during operation from loads (i.e. aerodynamic lift loads). Using elastic 
couplings it is possible to alleviate the effects of external loads contrasting them with 
displacement and rotations in the opposite sense. In Aerodynamic this is called 
aeroelastic tailoring of composite structures. 
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3.5 Anisotropic Beam Theory3.5 Anisotropic Beam Theory3.5 Anisotropic Beam Theory3.5 Anisotropic Beam Theory    
 

 
In order to exploit the elastic couplings from composite materials laminate it is 
convenient to look for a beam theory that accounts for these composites properties. Some 
literature research has been conducted in order to understand the state of the art and the 
studies performed in the past years regarding the design of coupled composite beams. 
The aeroelastic tailoring is taken into consideration for wind turbines, helicopter blades, 
aircrafts wings and other advanced composite applications such as sport cars. Many 
articles have been written to explain the possible advantages of using couplings in the 
design stages for the previous stated applications, in particular where the aerodynamic 
efficiency is important. 
 
Veers et al. [43] stated that aeroelastic design is a cost-effective, passive means to 
improve power from wind turbine and reduce loads and vibrations: in fact the tailored 
twisting created with a certain composite layup can create an aeroelastic effect that has a 

payoff in power production. This is due to the fact that “whenever wind turbine blades 
twist, there is a direct influence on the angle of attack, changing loads and affecting 

output power” and therefore “even quite small angles of twist can have significant 

impact”.  
 
De Goeij et al. [44] published a dissertation on the use of elastic couplings in blades 

design. They say “aeroelastic tailoring can be exploited to achieve lower fatigue loads and 

optimize energy output by adjusting the blade’s angle of attack to obtain optimal 

torque”. 
Aeroelastic tailoring was first implemented in helicopter blades, where the high rotational 
speed and therefore centrifugal loads permits to couple the axial load with the twist, 
giving the possibility to the designers to counterbalance the twist generated by 
aerodynamic lift. Moreover the desire of increasing rotor stability and reduce vibration 
urged even more the research in the helicopter field. 
In wind turbines instead the mission is to improve power output by adapting the angle of 
attack without increasing the fatigue loads. 
 
Various articles have been published regarding possible theories to study anisotropic thin-
walled beams with closed sectional contours, such as wind blades. This theories can be 
exploited also for all structural beam-like elements made out of composites: Examples of 
thin-walled beams include: plate, C-channel, I-beam, H-beam, box, wing-box, and many 
other complicated shapes available in the industry [45]. 

“A thin-walled beam is characterized by the relative magnitude of its dimensions. The 
wall thickness is small compared to the dimensions of the cross section, which are small 

compared to the length of the member.”[45]. 
As mentioned before, torsion and coupling of tensile and bending loads with twist is 
probably the most interesting issue to study when dealing with aerodynamic important 
part such as wind blades. Torsion was considered to be completely determined by the 
theory of St.Venant (45). Vlasov expanded the theory to isotropic thin-walled beams. 

This theory was extended for orthotropic beams with arbitrary section shape by Massa 
and Barbero [46] but they accounted only for balanced laminates, excluding therefore all 
the elastic couplings. 
Several authors extended the classical theories for non-orthotropic beams, with different 
approximations [47]. Chandra in [48], for instance, focused his work on the structural 
response of composite blades for helicopters. He studies a double cell blade validating the 
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theory with experimental work, though his theory can be applied also for single cell 
blades. 
The publications that were more relevant for the thesis work are the articles made by 
Chandra et al. [48], Johnson et al. [49], Rehfield et al.[50] and Kollar with Pluzsik [47].  
 

As stated by Johnson in [49], “in general the problems of thin-walled beam theory can be 

divided in two classes […]: free warping of the cross section, in which warping refers to 
the displacement of the cross section out of its flexural plane, and restrained warping, 
that occurs when the ends of the beam are prevented from warping by boundary 

conditions.” 
Therefore the wind car blade should be under the case of restrained warping, but Pluzsik 
et al. in [51] Effects of Shear Deformation and Restrained Warping on the Displacements 
of Composite Beams demonstrated that the restrained warping might be neglected for 
closed section beams. Therefore in this analysis the free warping case will be treated. 
 

3.5.1 Kollar and Pluzsik Model: Analysis of Thin3.5.1 Kollar and Pluzsik Model: Analysis of Thin3.5.1 Kollar and Pluzsik Model: Analysis of Thin3.5.1 Kollar and Pluzsik Model: Analysis of Thin----Walled Composite Beams With Walled Composite Beams With Walled Composite Beams With Walled Composite Beams With 
Arbitrary LayupArbitrary LayupArbitrary LayupArbitrary Layup    
 

The model chosen for the studies of the anisotropic beam theory is the model developed 
by Kollar and Pluzsik. The reason of the choice will be described in the section 4.12 

“Optimization Strategy”. 
In this section a description of the theory of the model will be given. 
Different theories, with different approximations, were presented in order to investigate 
the behaviour of thin-walled close section for non-orthotropic beams. This investigation is 
mainly due to the fact that the presence of shear deformation plays a crucial role in the 
final behaviour of the structure [46].  
In addition to that, for non-orthotropic beams it is possible to observe the twist of the 
structure when an axial load and bending are applied. 
Mansfield and Sobey described the behaviour of close section beams with non-orthotropic 

layup by neglecting the shear deformation, the strain warping (Mω) and the local bending 
stiffness of the wall. The constitutive equation they obtained is: 
 

 

���
����w̅��|����̅ ¡$¢���£�¤

�¥ � XYY
YZ¦�== ¦�=R ¦�=S ¦�=\¦�R= ¦�RR ¦�RS ¦�R\¦�S= ¦�SR ¦�SS ¦�S\¦�\= ¦�\R ¦�\S ¦�\\ _̀̀

à
���
��
��9w̅<13|�13�̅y̅ £��

¤�
�¥

 
Eq. 59 

    

 

Where ��w̅ is the normal force, ��|� and ���̅ are the bending moments about the y and z 

axes respectively,  ¡$¢��� is the Saint Venant torque 9w̅< is the axial strain of the �̅ axis, 1 3|�⁄  

and, 1 3�̅⁄  are the radii of curvature of the �̅ about the  §� and  �̅ axes and �¦���� is the 
stiffness matrix. 
The theory developed by Kollar et al. [47] also neglects the effects of restrained warping 
and shear deformation. This model is applicable to every close or open cross section beam 
realized with composite material.  
In addition to that the following assumptions are made [47]: 

• local bending stiffnesses are taken into account  

• no restriction on the composite layup 
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The section which is taken into account for the study of the theory is a prismatic beam, 
whose wall are composed by one or several layers of composite material. 
 

 
Figure 3.21 Forces Operating in a Close Section Thin-Walled Beam (Left); x–y–z and ©̈–ª©–«� 

Coordinates Systems (Right). 

The beam walls consist on flat segments (regarded with the k subscripts) and are 

subjected to an axial force ��, bending moments ��|� and ���̅ and torque  ¡ acting in the 
centroid (Figure 3.21 Left).  

For the beam the x–y–z coordinate system (Figure 3.21) with the origin at the centroid 

is used while the �̅–§�–�̅ coordinates (Figure 3.21 Right) are used for the system with the 
origin at an arbitrarily chosen point. 

The ¬̅–;̅–® coordinate system refers to the k-th wall segment with the origin in the 

centre of the reference plane and with the ;̅ axis pointing in the anticlockwise direction 
(Figure 3.22) 

 

Figure 3.22: �̄°–±©°–²° Coordinate System in a Closed Section Thin-Walled Beam [47]. 

The displacements are defined as u, v, w and ψ; where u is the axial displacement, v and 

w are the transverse displacements in the y and x directions and ψ is the rotation of the 
cross section. 

The  ³�, /̅, ©́ and µ� are the displacements in respect to the �̅–§�–�̅ coordinates system. 

In the x–y–z coordinate system the relationship between the displacement, the axial 
strain, the curvatures and the rate of twist are: 
 

 
¶·¶w � 9w<; ¶¸¢¶w¸ � " =0¹;  ¶¸�¶w¸ � " =0º; ¶»¶w � ¼ 

 

Eq. 60 
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In the �̅–§�–�̅ coordinates system the relations are equal to the equations reported above 
but referred to the new coordinate system. 
The presence of a cut in the close section beam would provoke a relative movement of 
the two parts as shown in figure 3.23  
 

 

Figure 3.23: Deformation and Forces Acting on the ”Cut” in a Closed Section Beam [47]. 

In the uncut configuration the deformation is prevented by the presence of an axial force 
X1, a bending moment X2, and two transverse forces X3 and X4. Those forces will 

generate in each wall segment the following forces: .¡½, ��½©, ��¾½ and ��|� (Figure 3.24) 
 

 
Figure 3.24: Forces and Moment Acting on the k-th wall of a Closed Section Beam [47]. 

It was demonstrated that the forces X3 and X4 can be neglected and thus: 
 

 
¿�¾½�½ À=	¿Á=ÁRÀ 

 

Eq. 61 
    

The analysis of a closed wall beam section is performed in to five different steps: 
 

1. Strain in each wall segment are related to the axial strain, curvatures and twist of 
the beam axis 

2. The forces in each wall segment are related to their relative strains and X1, X2. 
3. The resultant axial force, moments and torque in the beam are derived from the 

forces acting at the wall segments 
4. X1 and X2 are determined form the compatibility equations 
5. Determination of the stiffness matrix by the relating the axial force, moments and 

torque to the axial strain, curvatures and twist 
 
In each wall segments the axial strains are calculated in the plane strain condition and 
for each k wall segment they can be expressed as:  
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���
�� 9��¾����¼� £�¤

�¥ � �1 �̅ §� 00 cosÂ −sinÂ 00 sinÂ cosÂ 00 0 0 1����
��
��9w̅<13|�13�̅y̅ £��

¤�
�¥

 Eq. 62 

 

 

�Ã = �1 �̅ §� 00 cosÂ −sinÂ 00 sinÂ cosÂ 00 0 0 1� 
Eq. 63 

 

Where Â is the angle between ;̅ and §�. 
From the stress strain relationships in the wall segments, and assuming that X3 and X4 
are zero it is possible to calculate the forces and moments as: 
 

 
Ä 9<�¾�¾½Å = kÂ== Æ== Æ^=Æ== Ç== Ç=^Æ=^ Ç=^ Ç^^l Ä

�¾�¾�¾½Å
+ kÂ=^ Æ=RÆ^= Ç=RÆ^^ ÇR^l ¿Á=ÁRÀ 

 

Eq. 64 

 
 

ÈÉ = kÂ== Æ== Æ^=Æ== Ç== Ç=^Æ=^ Ç=^ Ç^^l 
 

Eq. 65 

 mÉ = kÂ=^ Æ=RÆ^= Ç=RÆ^^ ÇR^l Eq. 66 

 

 Ê}¾½<�¾ Ë = �Â=^ Æ^= Æ^^Æ=R Ç=R ÇR^� Ä
�¾�¾�¾½Å + �Â^^ ÆR^ÆR^ ÇRR� ¿Á=ÁRÀ Eq. 67 

 

Where [α], [β], [δ] are the inverse matrixes of [A], [B], [D] (Eq. 58). 
 

The resultant stresses in the segment’s ¬̅–;̅–® coordinates system are expressed as: 
 

 ��¾Ì� = ��¾Ì!;ÍÎ =	Ï�¾Ì Eq. 68 

 ¬�´ = ��¾Ì!;ÍÎ =	Ï�¾Ì Eq. 69 

 ���Ì� = ��¾Ì!;ÍÎ =	Ï�¾Ì Eq. 70 

  ¡¾Ì� = −2 ��¾½Ì!;ÍÎ =	−2Ï�¾½Ì Eq. Eq. Eq. Eq. 71717171    
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Where the bk is the width of the wall segment and the superscript w refers to the wall 
segment. The combination of the reported equation numbers allows finding the following 
relationship: 
 

 

���
����¾���¾����� ¡¾Ì� £�¤

�¥ �	 �Ð�=
���
�� 9��¾����¼� £�¤

�¥" �Ð�=
XYY
YZ Â=^ Æ=RÆ^= Ç=R0 0−12Æ^^ −12ÇR^ _̀̀

à

¿Á=ÁRÀ Eq. 72 

 

Where the matrix �Ð is represented by the equation: 
 

 
�Ð = 1Ï

XYY
YYY
YYZ Â== Æ== 0 −12Æ^=Æ== Ç== 0 −12Ç^=0 0 12(7Ñ==)ÏR 0
−12Æ^= −12 Ç^= 0 14 Ç^^ _̀̀

`̀̀
`̀a
 

 

Eq. 73 

At this point is possible to calculate the forces in the beam in the bar coordinate system �̅–§�–�̅. It has to be added that in a case section beam the value of the twist value of the 

torque is given by the twist moment Mξη and the shear flow X1. The torque was 
calculated with the Bredt-Batho formula [52]: 
 

 Ò ¡w̅Ó = 27Á= 
 

Eq. 74 

Where A is the enclosed area. By tacking account the effect on the torque by the 
moment and the shear, the equation obtained is: 
 

 
 ���

����w̅��|����̅ ¡w̅ £�¤
�¥ =	� �ÃÔ

���
�� ��¾���¾����� ¡¾Ì� £�¤

�¥Õ
�= + � 0 00 00 027 0� ¿

Á=ÁRÀ 
 

Eq. 75 

the forces X1 and X2 can be expressed as:  

 
 ¿Á=ÁRÀ = �5�=�@

���
��
��9w̅<13|�13�̅y̅ £��

¤�
�¥

 Eq. 76 

 

Where the matrix �5 and [L] are defined as: 
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�@ � Ö0 0 0 270 0 0 0 × − � �Â=^ Æ^= 0 −12Æ^^Æ=R Ç=R 0 −12ÇR^�
Õ

�=  

 

Eq. 
77 

�5 = �
NO
PÏ �Â^^ Æ^RÆ^R ÇR^� − �Â=^ Æ^= 0 −12Æ^^Æ=R Ç=R 0 −12ÇR^� �Ð�=

XYY
YZ Â=^ Æ=RÆ^= Ç=R0 0−12Æ^^ −12ÇR^ _̀̀

à
U
VWÕ

�=  

 

Eq. 
78 

 
Now, by combining the equations 72, 75 and 76 with the stress strain matrix (Eq. 58) in 
the cell wall, it is possible to calculate following relationship: 
 

 
 ���

����w̅��|����̅ ¡w̅ £�¤
�¥ = �� �ÃÔ�Ð�=�Ã + �@Ô�5�=�@Õ

�= �
���
��
��9w̅<13|�13�̅y̅ £��

¤�
�¥

 Eq. 79 

 

 
 �¦� = �� �ÃÔ�Ð�=�Ã + �@Ô�5�=�@Õ

�= � Eq. 80 

 

Where �¦� is the stiffness matric of the close section beam in the defined arbitrarily 

coordinate system. Through the knowledge of the stiffness matrix in the �̅–§�–�̅ system, it 
is possible to  calculate the stiffness matrix in the reference coordinate system x-y-z. 
For further details and explanations refer to the paper “Analysis of Thin-Walled 

Composite Beams with Arbitrary Layup” by Kollar P. and Plutsik A. [47]. 
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3.6 The Blade3.6 The Blade3.6 The Blade3.6 The Blade    
 

 
The aerodynamic optimization of the blade had been the subject of study in a prior thesis 
assignment [53]. 
The loads acting on the blades had been calculated in a previous work [54]. All the 
possible loads usually graving on a wind turbine were investigated and the most relevant 
for the small wind-car blades will be then implemented in the models in order to design 
the blade structure. 
A turbine blade usually experiences two kinds of loads: steady and unsteady. The first 
ones are the aerodynamic loads from the wind (if it is made the approximation of steady 
mean wind speed) and the centrifugal forces. The unsteady loads are due to gravity, non-
constant wind and gyroscopic loads.  
 

 

Figure 3.25: Aerodynamic Forces and Loads in a Wind Turbine [55] 

Fatigue was not studied because the wind car will race for short periods of time. 
Some loads will not be taken in consideration for this particular design: 

• The gravity loads, due to the low weight of the blades; 

• The gyroscopic loads have been demonstrated to be low; 

• The wind will be considered steady. 
Therefore the main forces sources are the aerodynamic and the centrifugal loads. 

3.6.1 Aerodynamic loads3.6.1 Aerodynamic loads3.6.1 Aerodynamic loads3.6.1 Aerodynamic loads    
 

The aerodynamic loads are caused by the air passing through the blade’s airfoil. The flow 
generates two forces: lift and drag. These two forces as shown in the figure below 
(Figure3.26) can be resolved in two components: axial force (thrust) and tangential force. 
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The thrust is generally bigger than the tangential force, causing the biggest deflections 
and stresses. 
 

 

Figure 3.26: Aerodynamic Forces Acting on the Airfoil. 

These forces were evaluated in nipper’s report [53] through a fluid dynamic simulation of 
the blade. The results are shown below (Figure 3.27) (Fn is the thrust and Ft is the 
tangential force): 
 

 

Figure 3.27: Graphs of the Normal and Tangential Forces Acting on the Blade [54]. 

The curves plotted above are normalized by 3 ∙ .R ∙ Ã, where 3 is the air density, V is the 
combined velocity of free wind and car, and R is the length of the blade. 
In the picture below there is a more extended view of the loads distribution on a wind 
turbine blade: 



 

RisØ DTU – August 2011                                                                                      42 
 

 

3 Background 

 

Figure 3.28: Loads Distribution on a Wind Turbine Blade [55]. 

The integration of the forces along the blade allows finding the flapwise and chordwise 
moments distributions (Figure 3.28) Anyway, as stated before the chordwise moments 
and tangential forces are much lower than the flapwise and thrust ones; moreover they 
bend the blade in the direction of higher stiffness due to the elongated shape of the 
airfoil. Therefore in order to simplify the model they will not be taken in account. 
For what concerns the thrust force the load distribution not normalized, the shear forces 
and moments along the blade are reported below (Figure 3.29): 
 

 

Figure 3.29: Distributed Load (Thrust), Shear and Moments Acting on the Wind Powered Car 
Blade [54]. 

Anyway this 2D load picture masks how the loads vary on the blade’s profile. 
Determining the distribution of pressure on the airfoil is of fundamental importance to 
understand the torsion in blades. It has also to be taken into account when dimensioning 
the sandwich panels in large windmills, to prevent indentation and too high local stresses. 
This distribution can be found by carrying some pressure distribution measurements on 
aerofoils: they are characteristic of the kind of airfoil and of the angle of attack. A typical 
pressure distribution follows a pattern like in the picture below (Figure 3.30): 
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Figure 3.30: Distribution of the Pressure on the Blade Airfoil [55]. 

It is a good approximation, as referred by many aerodynamic books, to account for this 
asymmetry in the pressure distribution to apply to aerodynamic loads at a distance of a 
quarter of the chord, as it is possible to see in the previous image. 
Applying the forces in that point, also called aerodynamic centre, generates a torque that 
is given by: 

 
   � F ∙  Øx�!/4 Eq. 81 

Where S is the shear load distribution presented before. In the following graph (Figure 
3.31) the diagram of the torque acting on the blade is reported. 
 

 

Figure 3.31: Torque Acting on the Wind Powered Car Blade [54]. 

    

3.6.2 Cent3.6.2 Cent3.6.2 Cent3.6.2 Centrifugal loadsrifugal loadsrifugal loadsrifugal loads    
 

These loads are due to the rotation of the blades’ mass around the centre of the rotor. 
The centrifugal force will cause stresses in the blades because it will tend to stretch the 
material along the radius. This effect is usually not important for windmills, because of 
their low rotational speed. But in the case of the windmill car blade the rotational speeds 
result much higher (160 radians/s). 
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The blade has not constant mass and this has to be taken into account. The formula to 

calculate the centrifugal force on a small length Ç� is: 

 
 

!5 � 37ÐR�!� 

 Eq. 82 

 

 

Figure 3.32: Bar with Uniform Cross-Section Rotating about its Centre [56]. 

 
Hence the centrifugal loads have been calculated. In the following plot (Figure 3.33) the 
forces distribution along the length is shown for the CFRP mass configuration and for 
the flax and carbon composite: 
 

 

Figure 3.33: Centrifugal Forces Amplitudes in the a Flax and Carbon Blades 

It can be noticed that the flax blade will have higher loads due to the higher mass that 
will be needed in order to fulfil the structural requirements. 
The centrifugal loads will be applied in the centre of mass of the blade. For the geometry 
of this blade and the purposes of this report the centre of mass is situated, with a good 
approximation, at one quarter of the chord. Therefore the centre of mass and the 
aerodynamic centre coincide. 
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4 Experimental Procedure4 Experimental Procedure4 Experimental Procedure4 Experimental Procedure    
 

 

4.1 Fabric selection4.1 Fabric selection4.1 Fabric selection4.1 Fabric selection    
 

4.1.1 Flax and Flax/Carbon Hybrid fabrics Available for the realization of the 4.1.1 Flax and Flax/Carbon Hybrid fabrics Available for the realization of the 4.1.1 Flax and Flax/Carbon Hybrid fabrics Available for the realization of the 4.1.1 Flax and Flax/Carbon Hybrid fabrics Available for the realization of the 
Blade.Blade.Blade.Blade.    
 
The first step in the realization of the composite blade was the choice of the 
reinforcement: this choice is highly important because through the different product 
available, the waving technique and the physical properties of the different fibres, 
different mechanical properties are obtained. 
During the first step of the project the products available among different companies in 
Europe were analysed. The final choice was made based on the waving technique used to 
produce the fibres, the cost of the fibres and their availability. 
At the beginning it was thought that the product chosen should come from the same 

company, in order to limit the different defects’ concentration and the variability due to 
the different provenience of the fibres. Due to time limitations this was not possible. 
Another reason why fibres from different companies were used is because it was thought 
that each of the products chosen could provide the best performance in the realization of 
the blade. In the section below the products available in the different companies taken 
into account are reported. The cost, the wave style as well as the width of the fabric and 
the areal weight are examined. 
    

4.1.2 Biotex (4.1.2 Biotex (4.1.2 Biotex (4.1.2 Biotex (England)England)England)England)    
 

Biotex Flax Fabrics Products (England)Biotex Flax Fabrics Products (England)Biotex Flax Fabrics Products (England)Biotex Flax Fabrics Products (England) 

CompositionCompositionCompositionComposition    Wave StyleWave StyleWave StyleWave Style    
Areal Areal Areal Areal 

Weight Weight Weight Weight 
[g/m[g/m[g/m[g/m2222]]]]    

Width [m]Width [m]Width [m]Width [m]    Price [Price [Price [Price [£/m]/m]/m]/m]    
Price Price Price Price 

[DDK/m][DDK/m][DDK/m][DDK/m]    

Flax 2x2 twill 420 1,25 6,58 57,62 

Flax 3H satin 420 1,25 6,58 57,62 

Flax 4x4 hopsack 510 1,25 8,58 75,13 

Flax 
Biaxial +/- 

45fl 
400 1,25 9,04 79,16 

Flax Unidirectional 275 0,18 1,18 10,33 

Table 4.1 Biotex Fabric Products [57]. 

 
The fist company examined was Biotex from England. The Biotex materials are based on 
twistless yarns with long, aligned fibres to exploit the inherent mechanical properties of 
flax in load-bearing applications. 
These fabric-based materials use long, aligned natural fibres and are said to provide a 
combination of sustainability, performance and processability. Through the twistless 
technology natural fibres are highly aligned. This alignment allows improving the fibre 
efficiency over 50% above twisted natural fibres [58]. The features of the products offered 
are reported in Table 4.1. 
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4 Experimental Procedure 

Among the products that this company can offer it was found of particular interest the 

biaxial +/- 45°. This kind of fabric is realized by putting a fabric with inclination +45fl 

on one side and another at -45° on the other side. The two fabrics are stitched together 
with a polyethylene wire. 
Thanks to the fact that the fibres are highly aligned and not woven these fabric is 
believed to guarantee high mechanical properties.  
 

4.1.3 Lineo (Belgium)4.1.3 Lineo (Belgium)4.1.3 Lineo (Belgium)4.1.3 Lineo (Belgium)    
 

Lineo Flax Fabrics ProductsLineo Flax Fabrics ProductsLineo Flax Fabrics ProductsLineo Flax Fabrics Products    
 

CompositionCompositionCompositionComposition    Wave StyleWave StyleWave StyleWave Style    
Areal Areal Areal Areal 

Weight Weight Weight Weight 
[g/m[g/m[g/m[g/m2222]]]]    

Width [m]Width [m]Width [m]Width [m]    
Price Price Price Price 

[[[[€/m/m/m/m2222]]]]    
Price Price Price Price 

[DDK/m[DDK/m[DDK/m[DDK/m2222]]]]    

Flax Unidirectional 150 1 20 150 

Flax 
Balanced 

Fabrics 0/90 
150 1 20 150 

Flax 
Balanced 

Fabrics 0/90 
200 1 20 150 

Flax 
Balanced 

Fabrics 0/90 
300 1 20 150 

Flax 
Balanced 

Fabrics 0/90 
550 1 25 185 

Flax/Carbon 
Balanced 

Fabrics 0/90 
220 1 27 200 

Table 4.2: Lineo Fabric Products [32] 

Lineo is a Belgian company focused on the use of flax fibre for the development of its 

products, flax fabrics (Table 4.2) and prepregs (FlaxPreg©) [32]. The flax fibres used for 

fabrics’ production are easily and massively available near the Lineo facilities. 
The company developed its own impregnation system for the realization of special 
products: this process allows creating: 
 

• A very strong linkage between the fibre and the resin [32] 

• Reduce the moisture absorption and degradation [32] 
 
In addition to that the fibres are pre-treated in order to improve temperature resistance 

up to 250°C. 
 

4.1.4 Selcom (Italy)4.1.4 Selcom (Italy)4.1.4 Selcom (Italy)4.1.4 Selcom (Italy)    
 
Selcom S.r.l. is a company that has been manufacturing high-performance multiaxial 
technical fabrics with different kind of fibres. Nowadays the fibres most widely used are 
carbon fibre and glass fibre fabrics. 
The production takes place in a moisture-controlled environment. Air-conditioned 
buildings with dust removal systems are use in order to control the production quality.  
The products available nowadays are unidirectional, biaxial, triaxial and quadriaxial 
fabrics. The unidirectional fabrics are available with or without stitching at different 

orientation angles (0°, 90°, 30°). 
The biaxial fabrics are made up of two layers of parallel fibres laid in two orientations; 

the orientation available are 0°/90°, ±30˚ and ±60˚. 
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4.1 Fabric selection 

The products are available at a weight varying between 200 and 2000 g/m2 with a 
standard width of 1270mm. The material used for the stitching is polyester.  
The features of the principal products offered by the Italian company are reported in 
table 4.3. 
 

Selcom Fabrics ProductsSelcom Fabrics ProductsSelcom Fabrics ProductsSelcom Fabrics Products    

CompositionCompositionCompositionComposition    Wave StyleWave StyleWave StyleWave Style    
Areal Weight Areal Weight Areal Weight Areal Weight 

[g/m[g/m[g/m[g/m2222]]]]    
Width [m]Width [m]Width [m]Width [m]    

Price Price Price Price 

[[[[€/m/m/m/m2222]]]]    
Price Price Price Price 

[DDK/m[DDK/m[DDK/m[DDK/m2222]]]]    

Flax 
Biaxial +/- 

45° 
620 1,27 9 80 

Flax 
Biaxial +/- 

45° 

Ordered 
desired 
weight 

1,27 9 80 

Flax Unidirectional 
Ordered 
desired 
weight 

1,27 9 80 

Carbon 
Biaxial +/- 

45° 
150 1,27 19 140 

Table 4.3: Selcom S.R.L Fabric Products [59] 

4.1.5 Procotex (Belgium)4.1.5 Procotex (Belgium)4.1.5 Procotex (Belgium)4.1.5 Procotex (Belgium)    
 

Procotex Fabrics ProductsProcotex Fabrics ProductsProcotex Fabrics ProductsProcotex Fabrics Products    

CompositionCompositionCompositionComposition    Wave StyleWave StyleWave StyleWave Style    
Areal Weight Areal Weight Areal Weight Areal Weight 

[g/m[g/m[g/m[g/m2222]]]]    
Width Width Width Width 

[m][m][m][m]    
Price Price Price Price 

[[[[€/m2]/m2]/m2]/m2]    
Price [DDK/m]Price [DDK/m]Price [DDK/m]Price [DDK/m]    

Flax Unidirectional 150 60 ? ? 

Table 4.4: Procotex Fabric Products [60] 

Procotex is a Belgian company geographically situated in the linen growing area. This 
company focuses its attention on the flax fibres and recycled fibres production. The flax 
used for the production of the fibres is harvested in Belgium and then sent to Lithuania 
where the fibres are treated and subsequently spun to form the yarns. 
In the last few years the company tried to develop new flax fabrics. The properties of the 
flax fabric available are reported in table 4.4. Since this fabric is a new product not yet 
available on the market, the price is still unknown. 
 

4.1.6 Fibre Selection4.1.6 Fibre Selection4.1.6 Fibre Selection4.1.6 Fibre Selection    
 
In this section the choice made will be described. The choice of the fabric to use was 
made by taking into account many parameters: the cost, fibre orientation, waving 
technique used as well as the immediate availability of the fabrics. 
In order to provide the best mechanical properties for the blade it was decide to choose a 
not-woven fabric. Among the not-woven fabrics the unidirectional and biaxial seemed the 
one that could provide the best mechanical properties. 
Among the different companies, Selcom seemed that could offer a wide variety of product 
at a relatively low price, the principal problem found with this company was that, since 
they usually deal with carbon and glass fibres, they should have ordered flax yarns in 
order to make the fabrics. Unfortunately it was not possible to wait because of time 
limitations. 
Furthermore the minimum order they could accept was a 50m roll. This amount of 
material was far too large for the investigation.  
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4 Experimental Procedure 

The unidirectional fabrics were purchased from the Belgian company Lineo. The choice 
was made despite the higher prices of the products and because of the surface treatments 
performed on the flax fibres, which were claimed to increase the bondage between fibre 
and matrix and reduce the moisture absorption. Therefore it was believed that higher 
mechanical properties could be obtained. 
Due to the lack of biaxial product from the Belgian company, the fabric was bought from 
the English company Biotex.  
This company could also offer a unidirectional product at a cheaper price, however the 
fibres were not pre-treated and its production and delivery would have taken more than 
one month. 
In addition to that, another fabric was bought, the Flax/Carbon hybrid fabric. This 
fabric is made up by 67% of flax and 33% of carbon fibres. The technique used for the 

realization of the material is balanced 0°/90° that means that it is a woven fabric and 
therefore that it is different from the other fabrics chosen.  
Although these differences, it was interesting to try this new material in order to 
investigate its mechanical properties. 
The material chosen, the quantities, and the properties are reported in the following table 
(Table 4.5). 
 

Flax Fabrics SelectedFlax Fabrics SelectedFlax Fabrics SelectedFlax Fabrics Selected    
    

CompanyCompanyCompanyCompany    CompositionCompositionCompositionComposition    Wave StyleWave StyleWave StyleWave Style    
Areal Areal Areal Areal 

Weight Weight Weight Weight 
[g/m[g/m[g/m[g/m2222]]]]    

Amount of Amount of Amount of Amount of 
Material Material Material Material 

Ordered [mOrdered [mOrdered [mOrdered [m2222]]]]    

Price Price Price Price 
[DKK][DKK][DKK][DKK]    

Biotex Flax 
Biaxial +/- 

45° 
400 20 1600 

Lineo Flax Unidirectional 150 20 3000 

Lineo Flax/Carbon 
Balanced 

0°/90° 
220 15 3000 

Table 4.5:Flax Fabrics Selected 

 

4.1.7 Carbon Fabrics Selection4.1.7 Carbon Fabrics Selection4.1.7 Carbon Fabrics Selection4.1.7 Carbon Fabrics Selection    
 
The choice of the carbon fabrics to use for the realization of the blade was easier than the 
case of the flax fabrics. 
First of all it has to be said that one carbon fabric was already available for the project 
since it was already used in the realization of the blade. This carbon fabric is the 
unidirectional carbon fabric whose properties are reported in table 4.6. 
 

GelGelGelGel----Top A/STop A/STop A/STop A/S    Fabrics ProductsFabrics ProductsFabrics ProductsFabrics Products    
 

CompositionCompositionCompositionComposition    Wave StyleWave StyleWave StyleWave Style    
Areal Weight Areal Weight Areal Weight Areal Weight 

[g/m[g/m[g/m[g/m2222]]]]    
Width Width Width Width 

[m][m][m][m]    Price [Price [Price [Price [€/m/m/m/m2222]]]]    
Price Price Price Price 

[DDK/m[DDK/m[DDK/m[DDK/m2222]]]]    

Carbon Unidirectional 375 0.1 36 270 

Table 4.6: Gel-Top A/S Fabrics Products [61] 

Apart from this, it was decided to buy another kind of fabric. In the world there are 
plenty of different companies who are selling carbon fabrics for composite realizations, 
among these, the German supplier R&G was chosen for the wide variety of different 
fabrics of different weights and weaving styles. In table 4.7 it is possible to observe the 
principal features of some of the different fabrics manufactured by the company. 
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4.2 Materials 

 
R&G Fabrics ProductsR&G Fabrics ProductsR&G Fabrics ProductsR&G Fabrics Products    

 
CompositionCompositionCompositionComposition    Wave StyleWave StyleWave StyleWave Style    Areal Weight Areal Weight Areal Weight Areal Weight 

[g/m[g/m[g/m[g/m2222]]]]    
Width Width Width Width 

[m][m][m][m]    
Price* Price* Price* Price* 

[[[[€/m/m/m/m2222]]]]    

Price [DDK/mPrice [DDK/mPrice [DDK/mPrice [DDK/m2222]]]]    

Carbon Twill 160 1 23,6 176 

Carbon Plain 160 1 23,6 176 

Carbon Plain 65 1 58,5 436 

Carbon Plain 93 1 62,2 463 

Carbon Twill 204 1 28,6 213 

Carbon Plain 200 1 24,5 182 

Carbon Twill 245 1 34,9 260 

Carbon Plain 400 1,2 28,8 214 

Table 4.7: R&G Fabric Products * the price is calculated for a 10 m roll. [62] 

The final choice was the twill 160 g/m2. The selection of this fabric was made since the 
twill weaved fabric allows a better deposition on the mould and thus results in a better 
reproduction of the mould shape compared to the unidirectional or the plain waved 
fabric. 
To conclude table 4.8 reports the material chosen and their principal features. 
 

Carbon Fabrics SelectedCarbon Fabrics SelectedCarbon Fabrics SelectedCarbon Fabrics Selected    
    

CompanyCompanyCompanyCompany    CompositionCompositionCompositionComposition    Wave StyleWave StyleWave StyleWave Style    
Areal Areal Areal Areal 

Weight Weight Weight Weight 
[g/m[g/m[g/m[g/m2222]]]]    

Amount ofAmount ofAmount ofAmount of    Material Material Material Material 
Ordered/Ordered/Ordered/Ordered/Available [Available [Available [Available [mmmm2222]]]]    

Price Price Price Price 
[DKK][DKK][DKK][DKK]    

Gel-Top 
A/S 

Carbon Unidirectional 375 5 / 

R&G Carbon Twill 160 10 1760 

Table 4.8: Carbon Fabric Selected 

 

4.2 Materials4.2 Materials4.2 Materials4.2 Materials    
 

4.2.1 Fabrics4.2.1 Fabrics4.2.1 Fabrics4.2.1 Fabrics    
 
Different fabrics of different material were chosen in order to realize the blade. In order 
to exploit different mechanical requirements the fabrics show different properties and 
characteristic parameters. 
Among the material selected for the realization of the blade there are two flax fabrics, 
two carbon fabrics and one flax/carbon hybrid fabric. In the following section a brief 
description of the principal properties and characteristic of the fabrics will be given. 

Successively in the chapter, in section 4.4, a deeper explanation of the study of the 
parameters of the fabrics available is presented. 
 

4.2.2. Flax Fabrics4.2.2. Flax Fabrics4.2.2. Flax Fabrics4.2.2. Flax Fabrics    
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4 Experimental Procedure 

4.2.2.1 4.2.2.1 4.2.2.1 4.2.2.1 Lineo UnidirectionalLineo UnidirectionalLineo UnidirectionalLineo Unidirectional    
 
The unidirectional flax fabric is produced by the Belgian company Lineo. This fabric is 
characterized by the fact that all yarns are aligned in the longitudinal direction (warp 
direction) and it is stitched together with flax stitches in the transverse direction. The 
areal weight declared by the supplier is 150 g/m2 [32]. 
A qualitative sketch of the fabric layout is reported in figure 4.1.  As it can be seen the 
stitches passes under and over the threads every four yarns. 
 

 

Figure 4.1: Flax Unidirectional Fabric Structure. 

4.2.2.2 4.2.2.2 4.2.2.2 4.2.2.2 BiaxialBiaxialBiaxialBiaxial    +/+/+/+/----    45454545°    
 
The 400g/m2 biaxial fabric is produced by the British company Biotex. This fabric is 

characterized by two overlapped layers of flax yarns fabric tilted respectively at +45° and 

-45° in respect to the longitudinal direction (warp direction). The two overlapped layers 
are then stitched together with polyethylene stitches.  
The yarns used for the production of this flax fabric are realized with the twistless 

technology process, this means the fibres in the yarns doesn’t present any twisting angle 
but are held together with a polyethylene wrapping yarn. 
A qualitative sketch of the biaxial fabric layout is reported in figure 4.2. 

 

Figure 4.2: Flax Biaxial Fabric Structure 

4.2.3 Carbon Fabrics4.2.3 Carbon Fabrics4.2.3 Carbon Fabrics4.2.3 Carbon Fabrics    
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4.2 Materials 

4.2.3.1 4.2.3.1 4.2.3.1 4.2.3.1 Unidirectional carbon fabricUnidirectional carbon fabricUnidirectional carbon fabricUnidirectional carbon fabric    
 
The unidirectional carbon fabric 375g/m2 is produced by the Danish company gel-top 
A/S Vejle. This fabric was already available in the lab and it was already used in the 
fabrication of the windmill car blade. It consists on a 50m long roll with a width of 10 
cm. 
The fabric is characterized by threads laying in the longitudinal direction (warp 
direction) stitched together with nylon stitches. The stitches pass over and under each 
carbon thread. 

4.2.3.2 4.2.3.2 4.2.3.2 4.2.3.2 Twill carbon FabricsTwill carbon FabricsTwill carbon FabricsTwill carbon Fabrics    
 
Carbon twill fabric was purchased from the German company R&G. The fibres used for 
the fabrication of this yarn are Torayca T 300 J. The fabric is a twill 2x2 of 160 g/m2 
[62]. A picture of the layout of the fabric is reported in the following figure (Figure 4.3) 
 

 

Figure 4.3: Carbon Twill Fabric Structure [62]. 

The common applications for this kind of fabrics are: Standard reinforcement fabric for 
modelling, motor sports, ship construction, and sporting equipment. 

4.2.4 Lineo Flax/Carbon Hybrid4.2.4 Lineo Flax/Carbon Hybrid4.2.4 Lineo Flax/Carbon Hybrid4.2.4 Lineo Flax/Carbon Hybrid    
 
The flax/carbon hybrid 220g/m2 is a fabric produced by the Belgian company Lineo. 
This fabric is consisting on 67% in weight of flax and 33% in weight of carbon [32]. A 
qualitative sketch of the fabric structure is reported in the following figure (Figure 4.4): 
 

 

Figure 4.4 Flax/Carbon Hybrid Fabric Structure. 
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4 Experimental Procedure 

The carbon threads are held together with flax threads thanks to the fact that one of the 
two flax threads is passing over the carbon thread while the other one is passing under, 
as it can be seen in figure 4.4 
The aim of this innovative hybrid fabric is to combine the strength of the carbon fibres 
with the lower density and lower environmental impact of the natural fibres. 

4.4.4.4.2.52.52.52.5    ResinResinResinResin    
 
The resin used in the project for the realization of the blade component and the test 

specimen is the SuperSap™    100/1000 produced by the American company Entropy 
Resins. 
The resin was already used for previous projects and proved to be successful for the 
vacuum infusion technique. 

The SuperSap™    100/1000 is an epoxy resin composed by two parts liquid components: 

SuperSap™ 100 epoxy and SuperSap™ 1000 hardener. The epoxy resin is a so-called 

“chemically curing” resin; this means that a polymerization process occurs between two 
components: a base and a curing agent, generally also referred as to hardener. 
After mixing the two components, a polymerization occurs leading to the formation of a 
cross-linked three-dimensional structure, which allows the formation of a thermoset form. 
In particular, this resin is specifically designed for ambient temperature curing of fibre 
reinforced composite materials. 
The selection of this resin is mainly due to its formulation. This resin in fact, as opposed 
to common petroleum based epoxies contains form 48% of bio-renewable materials 
sourced as by-products deriving from waste treatment of industrial process such as wood 
pulp and bio-fuel production. [63]  
The presence of these natural components allows a strong reduction of the petrochemical 
component content in the end product. Thanks to this it is possible to reduce the power 
and water consumption and production waste during the resin production process thus 
lowering the emission of greenhouse gasses. 
Furthermore the use of natural components results in a decrease in the production of 
harmful by-products such as chlorinated hydrocarbons. 
In the following tables (tables 4.9, 4.10, 4.11) the main physical and mechanical 
properties of the resin are reported. The tables are taken from the technical data sheet 
provided by the Entropy Resins Company [64] 
 

Appearance (epoxy) amber liquid 
Color (Gardner) 3-9 

Viscosity @ 25°C (epoxy) [cPs] 2000-4000 

Density @ 25°C [kg/l] 1,15 

Table 4.9: SuperSap 100/1000 Physical Properties [64]. 

 

Tg [°C] ~80 
Tensile Strength1 [MPa] 62 
Tensile Modulus1 [GPa] 2,48 

Elongation at Break1  [%] 7 
Flexural Strength2 [MPa] 82,75 
FlexuralModulus2 [GPa] 2,07 

Table 4.10: SuperSap 100/1000 Mechanical Properties [64]. 1, 2 are the normatives ASTM D638 
(ISO527) ASTM D790 (ISO178). 
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4.4 Fabric Parameter Analysis 

 
Mix Ratio by volume 
(Epoxy: Hardener) 

2:1 

Mix Ratio by weight 
(Epoxy: Hardener) 

100:48 

Gel Time @ 25°C  
(150g mixed, min) 

22-25 

Thin Film Set @ 25°C (hr) ~1 

Tack Free Time @ 25°C (hr) ~3 

Recommended Cure Time @ 25°C (days) 7 

Table 4.11: SuperSap 100/1000 Operative Parameters [64]. 
 
To conclude, the selection of this resin was made because it represents the perfect 
balance between the performance of the epoxy resins products and the environmental 
sustainability. 
The product ordered was the 30 gallons pail kit (20 gallons epoxy + 10 gallons hardener) 

available at a price of 527€ (848€ including the shipping fee). The price of the resin per 

litre calculated not including the shipping fee is 10€/l (74,5 DKK/l). 
 

4.4 Fabric Parameter Analysis4.4 Fabric Parameter Analysis4.4 Fabric Parameter Analysis4.4 Fabric Parameter Analysis    
 
 
The fabric analysis was carried out in order to obtain the main characteristic of the 
different fabrics available. The important parameter that where sought were: the areal 
weight, the crimp yarn linear density (tex), threads density, cover factor, cover ratio and 
finally the weight and volume factions. 

The knowledge of these parameters allows providing a deeper description of the fabrics’ 
structures and features. The experimental procedure followed to analyse the different 
parameters consisted on several subsequent steps. Samples were cut out from each fabric 

and the yarns removed in order to analyse the fabrics’ properties. 
It has to be specified that the cutting and measurements operations performed on the 
fabrics led to a certain degree of error in the obtained values. A deeper explanation of the 
steps followed is described in appendix A. 
 

4.5 Microscopy Analysis4.5 Microscopy Analysis4.5 Microscopy Analysis4.5 Microscopy Analysis    
 
 
In order to complete the fabric characterization study and have a deeper understanding 
of the fabric structure, an optical microscopy analysis was carried out. The optical 

microscope used for the analysis is “Wild Epimakroskop M450”. The device is connected 

to a computer, thanks to the program “DeltaPix Camera”, it was possible to save the 
picture in a digital format and analysed with other software programs. 
In order to analyse the different fabrics at the microscope, three samples of the 
dimensions 50x50 mm2 where taken from each fabric (Flax Unidirectional, Flax Biaxial, 
Flax/Carbon Hybrid, Carbon Unidirectional, Carbon Twill). The samples were glued to a 
black paper support in the case of the flax fabric and on a white paper support in case of 
the carbon fabrics. This was made in order to ensure a greater contrast and thus obtain 
more clear images of the fabrics. 
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4 Experimental Procedure 

After that, different pictures were taken at two different magnifications: 20x and 40x. 
Further magnifications result useless for the study of the yarn diameter and the fabric 
structure. 
In this phase it must be considered that the handling and cutting operation may affect 
the fabric and yarn structure thus leading to a certain amount of variability in the 
measure. 
 

4.6 Twisting Angle and 4.6 Twisting Angle and 4.6 Twisting Angle and 4.6 Twisting Angle and FibreFibreFibreFibre    Diameter AnalysisDiameter AnalysisDiameter AnalysisDiameter Analysis    
 
 
In this phase of the fabrics study the pictures realized during the microscopy analysis 
were analysed in order to find the yarn diameter and twisting angle. 
The software tool used in the analysis is the Image Pro software developed by company 
Media Cybernetics, Inc. 
The pictures obtained during the analysis carried out with the optical microscope were 
analysed. All the images were analysed in order to obtain a large number of values that 
could reflect the internal variability of the system, especially in the case of natural fibres 
fabrics. 
A detailed explanation of the steps followed during the analysis is given in appendix B. 
 

 

Figure 4.5: Yarn Diameter and Twisting Angle Measurement.        

 

4.7 Vacuum Infusion4.7 Vacuum Infusion4.7 Vacuum Infusion4.7 Vacuum Infusion    
 
The technique chosen for the realization of the composite plate and the final blade 
component is the vacuum infusion technique.  
 

4.7.1 Plate Preparation4.7.1 Plate Preparation4.7.1 Plate Preparation4.7.1 Plate Preparation    
 
In this section a description of the experimental procedure followed in the plate 
manufacturing is reported. The different composite plates were realized in order to obtain 
the required specimens to investigate the mechanical properties of the different composite 
materials. 
The plates realized with the different fabrics available were: 
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4.7 Vacuum Infusion 

• Unidirectional 0° 

• Unidirectional 90° 

• Biaxial +45°/-45° 

• Biaxial 0°/90° 

• Flax/Carbon Hybrid 

• Carbon Unidirectional 

• Carbon Twill 
 
The different plates were realized by taking into account the fact that the blade is at 
maximum 15 cm wide: Because of that the infusion process was designed in order to have 
a maximum infusion length of 20 cm. This particular design allowed having an infusion 
process as similar as possible to the one used in the blade fabrication. This technical 
solution was believed to produce specimens with mechanical properties as close as 
possible to the final blade component.  
A glass plate was used to perform the infusion process. Before the process the plate was 
treated with sealant agent and releasing agent to prevent the gluing of the composite 
plate to the glass. 
The first step in the realization of the plate regarded the calculation of the thickness of 
the different fabrics. The knowledge of the thickness of the fabrics allowed knowing the 
number of layers needed in order to manufacture a plate with a required thickness for the 
standards for the mechanical tests. 
The thickness of the specimen was calculated by knowing the density and the areal 
weight of the fabric; by simply dividing the areal weight of the fabric by the density it 
was possible to find the final thickness. In addition to that, the hypothesis of a fibre 
volume fraction of 0,4 was made. Because of that, forty per cent was assumed to be 
occupied by the fibres, thus the 40% of the required thickness was divided by the 
thickness of the fabric in order to find the number of layers needed. This empirical 
method could ensure only a rough control on the plate thickness.  
The following table (Table 4.12) reports the different fabrics thickness and the number of 
layer calculated in order to have the desired thickness, which was decided to be around 3 
mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Once the number of layers needed for each fabric had been calculated, the fabrics were 
cut. In the case of the unidirectional, biaxial, hybrid and carbon twill, samples of the 
dimension of 45x40 cm2 were cut out from the fabric. In the case of carbon, the fabric 
layers had dimension 35x20 cm2. 
Once the fabric layers were cut, they were weighted in order to predict the resin 
consumption and then deposited on a glass plate at which sides a sealant tape is applied 
(Figure 4.6) 

PlatePlatePlatePlate    Fabric Thickness Fabric Thickness Fabric Thickness Fabric Thickness 
[mm][mm][mm][mm]    

Number of Layer Number of Layer Number of Layer Number of Layer 
usedusedusedused    

Flax UD 0fl 0.114 10 

Flax UD 90fl 0.114 10 

Flax Biaxial 0.255 6 

Flax/Carbon 
Hybrid 

0.161 8 

Carbon UD 0.203 7 

Carbon Twill 0.086 15 

Table 4.12: Fabrics Thicknesses and Number of Layer Used in the Composite 
realization 
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4 Experimental Procedure 

 

Figure 4.6: Sealant Tape application and Fabric Disposition. 

The following step consisted on the application of a layer of releasing film over the 
fabrics. The function of this layer is to prevent the composite plate from sticking to the 
vacuum infusion equipment. The film was then fixed with porous tape (Figure 4.7)  
 

 

Figure 4.7: Peel Ply Application. 

After this procedure two layers of distribution media were applied on the releasing film. 
The disposition of the layers was centred in the plate living two centimetres at each edge 

of the fabrics uncovered. The two layers were tilted of 90° one with respect of the other 
in order to prevent air trapping (Figure 4.8) 
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Figure 4.8: Application of the Distribution Media Layers. 

At this point the inlet and outlet spiral tubes were positioned on the plate. In the case of 

the 45x40 cm2 fabric’s layers, the inlet tube is positioned over the distribution media in 
the centre of the plate, along the 45cm long side of the fabric. The two outlet tubes were 
positioned right after the fabric edges, not in direct contact with distribution media.  
In the case of the 35x20 cm2 plate, the inlet tube was positioned over the distribution 
media on the long side of the plate while the outlet was at the opposite side, not in direct 
contact with the distribution media. 
The application of the inlet and outlet tube is reported in the following figure (Figure 
4.9).  
 

 

Figure 4.9: Inlet and Outlet Spiral Tubes 

 
This particular layout was mainly done in order to let the resin impregnate the whole 
composite before it can reach the outlet spiral tubes, thus allowing a better impregnation 
of the fibre reinforced composite plate. After this, the distribution medias and the tubes 
were fixed with porous tape. 
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In the case of the unidirectional carbon fabric the plate structure showed some 

differences. This was due to the width of the fabric, 10 cm, which didn’t allow choosing 
the same plate layout as in the case of the other fabric.  
In this case 7 layers of the dimension of 40x10 cm2 were cut and put on the plate, after 
this the releasing film and the one layer of distribution are applied. The choice of only 
one layer of distribution media was done in order to have a longer infusion time because 
in this case the infusion length was only 10 cm. 
The plate preparation terminates with the vacuum bagging (Figure 4.10). This procedure 

had to be done carefully in order to avoid any leaks, which won’t allow good infusion 
results. 
 

 

Figure 4.10: Vacuum Bagging Application 

Before the infusion can take place, the plate had to be vacuum tested. In order to do 
this, the inlet tube was sealed and the outlet tubes are connected with a vacuum pump.  
The vacuum was applied; after reaching stationary condition the pump was switched off 
and the plate was left for ten minutes under vacuum. After the ten minutes the pressure 
was checked again. Any pressure increase meant that leaks were present in the system, 
thus the vacuum bagging has to be checked in order to find the source of the possible 
leaks. If this was not possible, the wrapping procedure had to be repeated. 
In case the vacuum level was kept, the pump is switched on again and the resin is 
prepared. 
 

4.7.2 Infusion Process: Resin Mixing and Curing4.7.2 Infusion Process: Resin Mixing and Curing4.7.2 Infusion Process: Resin Mixing and Curing4.7.2 Infusion Process: Resin Mixing and Curing    
 

This phase consists on the mixing of the SuperSap™ 100/1000. This resin consists on two 
parts: the epoxy resin and a curing agent (hardener). The two parts are mixed with a 
weight ratio of 2:1. 
The amount of resin needed for each infusion was calculated by taking into account the 
fabrics weight, the length of the tubing system and an extra amount because of safety 
reasons. The resin consumption of flax and carbon is different. In case of flax the resin 
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consumption was assumed to be two times the fabrics’ weight while for the carbon fabrics 
the resin consumption was declared by the suppliers [62]. 
Once the exact quantity was calculated the two-part resin was mixed carefully in order 
to have a homogeneous solution. When the solution was ready, the inlet tube was 
immersed in the resin bucket and later was open. The vacuum in the plate allowed the 
resin flowing between the fabrics, causing their impregnation (Figure 4.11). 
 

 

Figure 4.11: Resin Infusion Procedure; in the picture is possible to observe the resin flowing from 
the spiral tube in the centre of the plate and wetting the fabrics (darker colour). 

When the resin reached the outlet spiral tube or the infusion time overcome twenty-five 
minutes (pot life), the tube was closed and the pump disconnected. The absence of leaks 
in the vacuum bagging allowed an under-vacuum curing process at room temperature for 
one day at, after which the bag was open. 
After this the plate was ready for the following cutting operations in order to produce the 
specimens for mechanical testing. 
 

4.7.3 Problems in the Plate Realization4.7.3 Problems in the Plate Realization4.7.3 Problems in the Plate Realization4.7.3 Problems in the Plate Realization    
 
During the plate manufacturing different problems were found and trial infusion were 
done in order to find configuration that can give the best results.  

The infusion of the flax fabrics and the carbon unidirectional fabric didn’t show any 
relevant manufacturing problem, this was due to the ease of impregnation of these 
fabrics.  
On the contrary the infusion of the carbon fabric presented several problems. One 
common problem found in different plates was a lack of impregnation of the fabrics, 
which was mainly due to the high viscosity of the resin used. 
In the case of the carbon unidirectional his problem was easily overcome by leaving a 
space of 1-2 cm from the fabric edges to the outlet tubes. This solution allowed increasing 
the infusion time and thus having more time for the impregnations of the fabrics. 
This solution alone proved to be unsuccessful in the case of the twill fabric. The problem 
was believed to be due to the fabric thickness, which is 0.0865 mm only.  



 

RisØ DTU – August 2011                                                                                      60 
 

 

4 Experimental Procedure 

The presence of this high number of layers (15) in order to have the desired thickness 
and the high resin viscosity made impregnation extremely difficult.  
The first plate realized with the carbon twill fabric showed a large number dry spot on 
the side in contact with the glass plate as a result of not-wetted fibres.  
In order to overcome the problem the size of the plate was reduced and instead of two 
distribution media only one was applied. This was believed to increase the infusion time 
and thus having better impregnation but the plate showed anyway many dry spots. 
Therefore it was decided to reduce both the size and the thickness of the plate in order to 
have a 2 mm thick lamina.  
This solution proved to be successful. The reduction of the number of layers from 15 to 
10 allows the penetration of the resin through all the layers. 
In addition to that the releasing film used at the beginning of the plate production was a 
perforated foil film, later substituted with a peel ply film. The choice of the kind of 
releasing film does not affect the infusion procedure but the peel ply allowed to have a 
smoother surface and lower variability in the lamina thickness compared to the 
perforated foil. Therefore this releasing film was used for the laminate fabrication. 
 

4.8 Cutting Operation4.8 Cutting Operation4.8 Cutting Operation4.8 Cutting Operation    
 
After the laminates were ready, specimens were cut out with a diamond blade saw. First 
of all the edges were trimmed of because they present a high degree of imperfection, then 
according to the different standards followed for the mechanical tests, the specimen were 
obtained. 
 

4.9 Density Measurement4.9 Density Measurement4.9 Density Measurement4.9 Density Measurement    
 
Density measurements were performed in order to investigate the density values of the 
fibre reinforced composite material and the epoxy resin. 
The density values of the carbon and flax fibres were taken from the data sheets of the 
relative producers. 
The knowledge of the density is extremely important because, thanks to this, it was 
possible to calculate through the micromechanical model the volume fraction of fibres, of 
matrix and the relative porosity inside the composite laminates. 
It was not possible to calculate the density by knowing the weight of the specimen and 
its volume because the geometrical determination of the volume results to be too in
accurate to provide any significant value. 
Therefore it was decided to measure the volume of the specimen in water in order to find 
a more accurate value.  
The density measurement regarding the epoxy resin (matrix) and the different 

composites realized was carried out with a high precision balance “Mettler Toledo XS204” 
and is described in details in appendix C. 
 

4.10 Micromechanical Model (V4.10 Micromechanical Model (V4.10 Micromechanical Model (V4.10 Micromechanical Model (Vffff, V, V, V, Vmmmm, V, V, V, Vpppp))))    
 
The micromechanical model was used in order to find the fibre, matrix and porosity 
volume fractions inside the composites plates realized. The theory behind the model is 
explained in the section 3.4.2 and a comprehensive explanation of the experimental 
procedure followed is treated in appendix D. 
In order to find the volume fractions in the fibre-reinforced materials, different samples 
with defined geometry were cut out from the composite plates realized.  
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Thanks to the knowledge of the composite, matrix and fibre densities and the weight of 
the fibres in the sample, it was possible to find the volume fractions of fibres, matrix and 
pores in the composite (Eq.16,17,18) This method could only ensure a quantitative 
estimation of the weight of the fibre and it is affected by a certain degree of error.  
 

4.11 Mechanical Te4.11 Mechanical Te4.11 Mechanical Te4.11 Mechanical Testsstsstssts    
 
Mechanical test were carried out in order to investigate the mechanical properties of the 
fibre reinforced composite materials produced. The tests carried out were: tensile tests, 
shear test and fatigue test. 
 

4.11.1 Tensile Tests4.11.1 Tensile Tests4.11.1 Tensile Tests4.11.1 Tensile Tests    
 

Tensile tests were carried out in order to find the Young’s modulus and the ultimate 
strength of the different specimen tested. In the following table (Table4.13) the list of the 
tensile test performed is presented. As it can be seen, same materials were tested in 
different direction in order to find the property of the whole composite. 
 
 

Number of 
Specimens Tested 

Specimen Type 

5 Flax UD 0° 

5 Flax UD 90° 

5 Biaxial +45°/-45° 

5 Biaxial 0°/90° 

5 Flax/Carbon Hybrid 

5 Carbon UD 0° 

5 Carbon Twill 

Table 4.13: Number and Type of Tensile Specimen 

 
In the case of the carbon twill and flax/carbon hybrid composite plates it was assumed 

that the mechanical properties in the 0° and 90° directions were equal. This assumption is 
justified by the fact that the fabric parameters in the longitudinal (warp) and transverse 
(weft) directions are the same. On the other hand in the case of the carbon 
unidirectional, it was possible to investigate the mechanical properties along the fibres 
only, because the width of the fabric was 10 cm only, thus it was not possible to obtain 
any specimen with suitable dimensions. 
In order to investigate the mechanical properties of the fibre reinforced material the 
standard ISO 527-4 and ISO 527-5 were used. The ISO standards 527-4 and 527-5 deal 
with the determination of the tensile properties in case of isotropic and orthotropic fibre 
reinforced plastic composites and unidirectional fibre reinforced plastic composites 
respectively. 
The two standards specify the test dimension and test conditions for the different 
specimens to test. The methods are suitable for composite with thermosetting matrices 
with unidirectional (ISO 527-5) and non-unidirectional or woven (527-4) reinforcements. 
According to the standards the specimens were cut with shape and dimensions 
represented in figure (Figure 4.12). 
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Figure 4.12: Tensile Specimen Geometry 

 

Nominal Specimen DimensionNominal Specimen DimensionNominal Specimen DimensionNominal Specimen Dimension    

L3 (overall length) ≥250 

b1 (width) 25±1 or 50±1 

h (thickness) 2 to 10 

L0 (gauge length) 50±1 

L (distance between the grips) 150±1 

LT (length of the tabs) - 

HT (thickness of the tabs) - 

Table 4.14: Tensile Specimen Dimensions    

Before the test, the width and the thickness of the each specimen was measured in three 
different points in order to obtain a mean value of the resistant area. 
The tensile tests were performed with two different machines: the Instron 8533 H0516 

with the load cell UK084 ±250 kN was used in the case of the Carbon unidirectional and 

carbon twill specimens, while the Instron 8501 H0022 with a load cell UK1028 ±100 kN 
was used for all the remaining specimens. In both cases the test specimen is placed 
between the two grips equidistant from the grip edges. Two extensometers Instron 2620-

602 ±2,5mm were applied in the centre of the specimen at each of its sides in order to 
monitor the displacement of the two grips (Figure 4.13, 4.14). 
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Figure 4.13:Flax Tensile Specimen in 

Instron 8501 H0022 ±100kN. 

 

Figure 4.14: Carbon Tensile 
Specimen in Instron 8533 H0516 

±20kN. 

 
The collected data for the displacements and the forces were later studied in order to 
obtain the stress-strain curve from which the elastic modulus and the ultimate strength 
were extrapolated. 
 

4.11.2 Shear Tests4.11.2 Shear Tests4.11.2 Shear Tests4.11.2 Shear Tests    
 
Shear tests were carried out in order to find the shear modulus and the ultimate strength 
of the different materials produced. In the following table (Table 4.15) the type and 
number of specimen produced is reported. 
    

Number of 
Specimens Tested 

Specimen Type 

4 Flax UD 0° 

4 Flax UD 90° 

4 Biaxial +45°/-45° 

3 Biaxial 0°/90° 

4 Flax/Carbon Hybrid 

4 Carbon UD 0° 

4 Carbon Twill 

Table 4.15: Number and Type of Shear Test Specimens 

The shear testing procedure was carried out following the guidelines provided by the 
standard ASTM D 5379/D 5379M-98. The standard is valid for laminates composed only 
of continuous fibres and laminates composed of woven fabrics with the warp or weft 
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direction oriented parallel or perpendicular to the loading axis [ASTM D 5379/D 5379M-
98]. 
The sample has a rectangular flat strip shape with symmetrical centrally located v-
notches as represented in figure 4.15 [ASTM D 5379/D 5379M-98]. Strain gauges were 

applied at ±45° in respect to the longitudinal axis in the centre of both side of the 
specimen. 
 
 
 

 
Figure 4.15: Shear Specimen Geometry 

 
 
Once the specimen was ready and the dimensions were measured, it was inserted into the 

testing machine (Instron 88R 1362; Load cell UK1034 ±200kN) by a special fixture 
(Figure 4.16). 
 

 

Figure 4.16: Strain Gage for Shear Testing. 

In the special fixture, also known as strain gage, the specimen was placed with the v-
notch located along the line of action of loading. Eventually the specimen was fixed and 
the two halves of the strain gage were compressed while the loads and displacements are 
monitored. The data were collected and the mechanical properties of the materials 
extrapolated. 
 

4.11.3 Fatigue Tests (Damping Properties)4.11.3 Fatigue Tests (Damping Properties)4.11.3 Fatigue Tests (Damping Properties)4.11.3 Fatigue Tests (Damping Properties)    
 
The fatigue tests were performed on the material in order to investigate the damping 
properties of flax and carbon respectively. The behaviour of different material subjected 

Nominal Specimen DimensionsNominal Specimen DimensionsNominal Specimen DimensionsNominal Specimen Dimensions    

L 76 mm 

d1 20mm 

d2 4 mm 

h As required 

r 1,3 mm 

w 12 mm 

Table 4.16: Shear Specimen 
dimensions 
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to vibrations under variable loads became a field of increasing interest during the past 
years. This tendency is mainly related to the wind turbine industry, where the design of 
new wind turbine blades of increasing size must take into consideration the presence of 
vibrations. 
One of the main reasons why vibrations must be take into account is that their presence 
cause fatigue-degradation of the materials and thus structural elements [65]. 
In this context it is important to consider the damping properties of the materials as they 
can reduce the amplitude of fatigue loads and their durations [65]. 
In order to investigate the damping properties of the materials in this study, fatigue tests 
were carried out. The tests were carried out in a servo-controlled machine at constant 
frequency (5Hz) and constant positive load amplitude (R=0.1) during the tests for the 
desired number of cycle (200000). The cyclic load applied was calculated at a desired 
value of strain, which in this study was decided to be 0,4, 0,5 and 0,6% depending on the 
different material tested. 

During the test, the machines (Instron 8874; Load cell 18229/17949 ±10kN and 8501 

H0022; Load cell UK1028 ±100 kN) were able to collect the strain and stress values 
during each load cycle and therefore it was possible to record a hysteresis loop. The 
integration of each hysteresis loops could provide the value of the energy loss per each 
cycle. Through that it was possible to obtain the value of the damping as the energy lost 

divided (∆W) by the total energy of the system (W) 
The damping parameter is the dissipation factor, which is defined as: 
 

 
 Ù � Ú'

'  Eq. 83 

 
The main aim of this mechanical analysis was to investigate the damping properties of 
flax and carbon composite materials and propose a comparison between the results 

obtained. The analysis couldn’t provide any relevant results about the mechanical 
properties required for the construction of the blade, therefore the tests were carried out 
only on flax unidirectional, carbon unidirectional and flax/carbon hybrid; three specimens 
for each composite were tested. 
In addition to that, since the only purpose of the investigation was to collection of the 
damping curves, the materials were not tested till failure. The number of cycles applied 
was decided to be 200000. 
Because the cyclic load to apply to the specimen varies from material to material 

according to the tensile modulus, two different load cells (±10kN and ±100kN) were used. 
All the tests were performed according to the ISO 13003:2003(E) standard.  
The following table (Table 4.17) reports the test conditions for the different material 
investigated: 
 

MaterialMaterialMaterialMaterial    R (R (R (R (σminminminmin////σmaxmaxmaxmax))))    Number of cyclesNumber of cyclesNumber of cyclesNumber of cycles    Abs Max Strain [%]Abs Max Strain [%]Abs Max Strain [%]Abs Max Strain [%]    

Flax UD 0° 0,1 200000 0,6 

Flax UD 90° 0,1 200000 0,4/0,6 

Flax/Carbon 
Hybrid 

0,1 200000 0,5-0,6 

Biaxial 0°/90° 0,1 200000 0,6 

Carbon UD 0° 0,1 200000 0,6 

Table 4.17: Parameters Applied during the fatigue investigation. 
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4.11.4 Mechanical Properties extrapolation: Matlab Model4.11.4 Mechanical Properties extrapolation: Matlab Model4.11.4 Mechanical Properties extrapolation: Matlab Model4.11.4 Mechanical Properties extrapolation: Matlab Model    
 
The data from the tensile and shear tests collected were analysed with a Matlab program 
developed by Professor Lars Pilgaard Mikkelsen at Risø-DTU in order to extrapolate the 
different mechanical properties sought. 
The program was adjusted according to the different mechanical tests performed and the 

standards’ guidelines. 
For each set of specimens the program is able to analyse the data and calculate the 
average modulus, ultimate strength and strain and their relative standard deviations. 

In the case of the tensile tests, the Matlab code is programmed to find the Young’s 
modulus in the range from 0,05% to 0,25% of the applied strain (ISO 527-1) and the 
ultimate stress as the point of maximum load in the stress-strain curve (ISO 527-1). The 
ultimate strain is defined as the point corresponding to the ultimate stress (ISO 527-1). 
In the case of the shear mechanical tests, the Matlab code calculates the shear modulus 
in the range from 0,15% to 0,25% of the applied strain (ASTM D 5379/D 5379M). In 
order not to report not representative results the ultimate strain is defined to be 5% 
(ASTM D 5379/D 5379M) the load corresponding at the 5% is defined as the ultimate 
stress of the specimen. 
In case the ultimate strain is lower than 5%, the program will identify the ultimate stress 
as the highest load reached in the stress strain curve (ASTM D 5379/D 5379M). 
The result regarding the damping properties were extrapolated from the data sheet 
provided by the working machine with an excel model.  
 
 

4.12 4.12 4.12 4.12 Optimization StrategyOptimization StrategyOptimization StrategyOptimization Strategy    
 

4.12.1 Problem Formulation 4.12.1 Problem Formulation 4.12.1 Problem Formulation 4.12.1 Problem Formulation     
 

The optimization objective is the minimization of the twist, f, of the blade. The design 

constraints are the followings: 

• Weight: the weight of the blade does not have to pass a certain limit (it would 
increase the centrifugal loads), but it is not the optimization objective because 
other parts of the rotor (i.e. the hub) are much heavier; 

• Deflection at the tip, δtip< δ°: the blade is inserted inside a shroud. This shroud 
has protective metallic net and no contact between the blade and the metallic net 
is allowed; 

• Failure considerations, σmax< σ°; 

• Buckling Analysis; 

• Laminate thickness, tmax< t°: the moulds represent the outer surfaces of the shells. 
Therefore there is a restriction on the total laminate thickness. Moreover, in the 
trailing edge this limit is even tighter because of the particular aerodynamic shape 
of the airfoil. 

4.12.2 4.12.2 4.12.2 4.12.2 List of possible design variList of possible design variList of possible design variList of possible design variablesablesablesables    
 
The variables that can be changed in the optimization procedure are: 

• Fibres orientations 

• Laminate thickness 

• Individual ply thicknesses 

• Different materials choice 
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4.12.3 4.12.3 4.12.3 4.12.3 ModellModellModellModellinginginging    Techniques AvailableTechniques AvailableTechniques AvailableTechniques Available        
 
A model for the calculations and validations of the optimization is needed. There are 
different ways to optimize a composite structure, each one with its limits and advantages: 

• Analytical model:  
a) Anisotropic beam theory implemented in Matlab (choice between different 

authors’ theories) 
b) Combinatory: trying different combinations and choosing the best one 

among those ones. 
c) Finite element model: parametric study in Abaqus changing the selected 

parameters and running each time the program. Eventually, the best 
solution optimizes the structure. 

• Genetic algorithms 

• Commercial softwares: 
i. Optistruct 
ii. Hypersizer 
iii. Tosca 

For the validation of the models there are mainly two possibilities: 

• Finite element model  

• Full scale test 
 

4.12.4 4.12.4 4.12.4 4.12.4 OptimizationOptimizationOptimizationOptimization    
 
Among the different optimization techniques available it was decided to carry out the 
optimization by using the anisotropic beam theory developed by Kollar et al [47] in a 
Matlab code followed by a parametric study with FEM in Abaqus. Differences in the 
optimization parameters and assumptions will be made for the different blades that will 
be designed. 
At the beginning of the study, it was thought to optimize the blade layout with a Matlab 
model only and verify the behaviour of the blade with the program Abaqus by making a 
blade with obtained layout. However, during the design phases it was decide to perform a 
parametric study with Abaqus and compare the results of the two model obtained. 
For what concerns the MATLAB program the blade was modelled as a cave elliptic 
section beam. It was then divided in four sections. Each section will be optimized 
separately in order to find the best angles combination. This technique does not take in 
account the asymmetric geometry of the airfoil, therefore some induced torsion will not 
be accounted.  
In the Abaqus FEM parametric study the blade is again divided in four sections, all with 
the same length. In this case the geometry used corresponds to the real blade shape, 
therefore all geometrical issues are accounted (Figure 4.17) 
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Figure 4.17: Section Division in the Real Blade, CAD Draw 

The angles combination is changed using a Linux Bash program and the different jobs 
are processed in the computers cluster. The optimization starts with the section at the 
root of the blade, keeping the other section all at zero degrees of fibres orientation; once 
the best solution is found for the first section, this one is kept constant and the 
optimization shifts to the second sector. When the process is finished the blade will be 
optimized for twist. 
The two approaches will be described more precisely afterwards. 
 
 

4.13 4.13 4.13 4.13 Design StrategyDesign StrategyDesign StrategyDesign Strategy    
 
 
Like all design problems, a great influence on the final result is given by the choices made 
by designers. These choices are mainly design objectives and constraints. As explained 
previously (Chapter 4.12) the objective of the optimization was the minimization of the 
twist along the blade. The constraints are due to the configuration of the wind-car rotor 
(maximum bending), to the shape of the blade (maximum thickness) and to its behaviour 
during the race (failure). Moreover, changing the design material, other factors had to be 
accounted: a blade of flax, for instance, will need more material due to the lower 
mechanical properties, therefore the maximum weight allowed has to be increased.  
In this case study the parameters chosen are presented below. Anyhow, the design can be 
changed according to new constraints or needs (e.g. to reduce or increase the weight). 
 

4.13.1 4.13.1 4.13.1 4.13.1 Different bladesDifferent bladesDifferent bladesDifferent blades    
 

The blade built in 2009 was taken as a reference for the design of the new ones. The 
weight of this one was 255g and it was built in CFRP with the following layup (Figure 
4.18): 

 

Figure 4.18: 2009 Blade Design Layup 
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No optimization was performed, but it will represent a good benchmark to compare the 
results from this study and a good example to set as a starting point for the present 
work. 
The blades that were optimized in this study are made of two different materials: CFRP 
and flax fibers reinforced polymer. A third configuration with an hybrid CFRP/FFRP 
was also studied. 
Before starting the optimization process it is necessary to set up some constraints. The 
first constraint is the laminate thickness: from the CAD draw and the moulds used to 
manufacture the blade, the external surface is defined. Therefore it is only possible to add 
material on the inside of the moulds and there will be a limit to the maximum thickness 

of the single shell in order to permit the shells’ bonding. 
As shown in the picture below the most critical part is the trailing edge, where the 
thickness is much lower than in the rest of the airfoil: 
 

 

Figure 4.19: Blade Cross Section 

Therefore two different maximum thicknesses were imposed. Moreover, the general shape 
of the blade changes along the length. Hence each one of the four sectors presented in 
figure 4.17 had a maximum value: 
 

Deflection at tip (δ°) 75mm 

Maximum laminate thickness (t°) - sector 1 4,5 mm 

Maximum laminate thickness (t°) - sector 2 3,5 mm 

Maximum laminate thickness (t°) - sector 3 3 mm 

Maximum laminate thickness (t°) - sector 4 2,5 mm 

Maximum laminate thickness trailing edge - 
sector 1 

2,5 mm 

Maximum laminate thickness trailing edge - 
sector 2 

2,5 mm 

Maximum laminate thickness trailing edge - 
sector 3 

1,5 mm 

Maximum laminate thickness trailing edge - 
sector 4 

1,2 mm 

Table 4.18: Chosen Design Parameters: deflection and laminate thickness 
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The weight constraint has to be decided as well. For the carbon blades, the same weight 
as the 2009 blade was imposed, since the blade demonstrated to work nicely and the 
centrifugal loads were withstood. For the flax one, an increment of 100% of total weight 
is permitted while for the hybrid the maximum weight set was 20% more than the carbon 
ones (Table 4.19):  
 

Max weight carbon 260 g 
Max weight flax 520 g 

Max weight hybrid 310 g 
Table 4.19: Chosen Design Parameters: weights    

Moreover, for aerodynamic reasons, the surface of the blades has to be as smooth as 
possible: therefore the outer layer of the shells has to be made by a continuous layer. The 
constraint imposed is that this layer will be a UD lamina with the fibers oriented in the 

blade’s longitudinal direction (0°). 
The number, thicknesses and distribution of the layers along the blade will be discussed 
afterwards in chapter 4.15. 
 

4.13.2 4.13.2 4.13.2 4.13.2 Kollar decisionKollar decisionKollar decisionKollar decision    
 

As stated in chapter 3.5 different models for an analytical calculation of beams behaviour 
were implemented in Matlab. A brief discussion on the choice made is here presented. 
The first factor the authors took in consideration to choose the analytical model was the 
accuracy. In order to assess which of the models studied were more suitable for the design 
purposes, a beam with elliptic section was considered: the beam was 250 mm long, 100 
mm wide and 10 mm thick (with respect to the middle section of the two walls) (Figure 
4.20). The load situation was the following: a torque of 100 Nmm, an axial tension of 
1000 N and a bending of 100 Nmm. The material used was the carbon fibre UD tape 
described in chapter 4.3.2.1. Some layups were analysed in order to extract the twist at 
tip. The values are then compared with an Abaqus model of the same beams subjected to 
the same load case. 

 

 

Figure 4.20: Elliptic Section Beam in the Abaqus Model. 
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Dozens of combinations were tried; here some of them are presented (Table 4.20): 
 

LayupLayupLayupLayup    AbaqusAbaqusAbaqusAbaqus    KollarKollarKollarKollar    
[47][47][47][47]    

ChandraChandraChandraChandra    
[48][48][48][48]    

JohnsonJohnsonJohnsonJohnson    
[49][49][49][49]    

BarberoBarberoBarberoBarbero    
[46][46][46][46]    

RehfieRehfieRehfieRehfieldldldld    
[50][50][50][50]    

06 1.67e-4 1.88e-4 1.88e-4 1.94e-4 1.94e-4 1.94e-4 

456 3.08e-3 3e-3 4.2e-3 3.2e-3 1.03e-4 3.4e-3 

[0/90]3 1.73e-4 1.88e-4 1.88e-4 1.94e-4 1.94e-4 1.94e-4 

[45,-45,45,0,90,90] 2.99e-4 2.92e-4 3.63e-4 3.06e-4 5.12e-5 3.13e-4 

[90,-45,-45,0,45,45] 1.97e-4 1.86e-4 2.48e-4 3.83e-4 7.09e-5 3.83e-4 

Table 4.20: Comparison of the Results Obtained with Different Anisotropic Beam Models 

From this analysis, Kollar’s model gave the best results with an average of the errors 
around 5%. 
The second factor taken in consideration was the easiness of use and handling of the 

different models: again Kollar’s was the best one, since the authors provide a very user 
friendly description of the model and detailed examples of its use [47]. 
 

4.14 Loads Calculation4.14 Loads Calculation4.14 Loads Calculation4.14 Loads Calculation    
 

The model used in MATLAB did not account for distributed loads and varying moments, 
but only for solicitations at the edge of the beam. Thus, in Abaqus, the loads had to be 
defined just at some sections along the blade. It is usual for wind turbines FEM to 
proceed in this way, since the errors are mainly localized in the loads application point, 
while the general behaviour of the structure is accurate. Thus, since the main aim of the 
study was to optimize the blade structure, a small error in the loads application was 
tolerated since all the combinations had the same conditions, therefore the best 
combination was found nevertheless. 
Therefore it was needed a mechanism to find the loads to apply in the models with good 
approximations. The loads will be applied at r1 = 0.2, r2 = 0.4, r3 =  0.6, r4 = 0.8 m. 
The criteria used to find an equivalent load that well represents the real load distribution 
consisted in applying a localized load that generates the same deformations of the 
distributed loads. Therefore the deflection, twist and elongation, due respectively to 
deflection moment, torque and centrifugal loads, are calculated at r = 0.2, 0.4, 0.6, 0.8 m, 
and an equivalent load is then computed. 

Centrifugal loadsCentrifugal loadsCentrifugal loadsCentrifugal loads    
 

The displacement Ç% due to the centrifugal force, 5%, between two points along the blade, 

�R and �=, is: 

 Ç% � � 6%(�)
8

�̧

��
!� � � 5%(�)

7 ∙ 8
�̧

��
!� Eq. 84 
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Where 5%(�) is shown in figure 4.21. An equivalent concentrated force to apply in �R	 that 
gives the same displacement as the distributed loads was sought: 

 5%�Û·� �	 Ç% ∙ 8 ∙ 7	(�R " �=* 	� 	Ü 5%(�*�̧�� !�(�R " �=*  Eq. 85 

Performing the calculations for the four sectors the loads found are: 

 

Figure 4.21: Centrifugal Forces Acting Along the carbon Blade Length Profile 

The centrifugal forces for the flax blade will be doubled because of the weight of the flax 
blade (Table 4.18) 

Deflection momentDeflection momentDeflection momentDeflection moment    
 

The same method was used to find the bending moment. The deflection due to a 
distributed moment in an elastic beam is the following: 

 ÇÍ(�R* � Ý�(�*8Þ !��̧
��  Eq. 86 

To calculate the equivalent bending moment the following expression was used: 

 ��� � ÇÍ(�=* ∙ 2 ∙ 8Þ�=R � 2 ∙ ∬ �(�* !���<0.2R � 29	� ∙ + Eq. 87 

From the second sector the deflection induced from the moment in �=  has to be 

accounted: therefore the slope yÍ(�=*	is used to get: 

 ��̧ � (ÇÍ(�R* " ÇÍ(�=* " yÍ(�=* ∙ (�R " �=**(�R " �=*R ∙ 2 � 15	� ∙ + Eq. 88 

The same calculations were done for ��â and ��ã: 
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 ��â � (ÇÍ(�S) " ÇÍ(�R) " (yÍ(�=) � yÍ(�R)) ∙ (�S " �R**(�S " �R*R ∙ 2 � 7	� ∙ + Eq. 89 

 ��ã � (ÇÍ(�\* " ÇÍ(�S* " (yÍ(�=* � yÍ(�R* � yÍ(�S** ∙ (�\ " �S**(�\ " �S*R ∙ 2 � 1.5	� ∙ + 
Eq. 90 

The results are presented in the following plot (Figure 4.22), where the evolution of the 
bending moment along the blade is shown: 

 

Figure 4.22 : Bending Moments Acting Along the Blade Length Profile 

 

TorqueTorqueTorqueTorque    
 

The torque is now calculated. The twist angle of a beam subjected to a torque is defined 
as follows: 

 å � �  (�*Cæ !��̧
��  Eq. 91 

 

Where G is the shear modulus and J the rotational inertia. The equivalent localized 
torque that gives the same twist as the torque distribution in a chosen interval is: 

  �Û·� � å ∙ Cæ(�R��=* � �Ü  (�*Cæ !��̧�� � ∙ Cæ(�R��=* � Ü  (�* !��̧��(�R��=*  Eq. 92 

 

Therefore for the blade in case: 
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  �� � Ü  (�) !��̧
��

�=
� 1010	�++ 

 

Eq. 93 

  �̧ � Ü  (�* !��̧��(�R"�=* � 900	�++ 

 

Eq. 94 

  �â � Ü  (�* !��̧��(�S"�R* � 665	�++ 

 

Eq. 95 

  �ã � Ü  (�* !��̧��(�\"�S* � 293	�++ 

 

Eq. 96 

The equation of T(x) is shown in figure 4.23 The torque along the blade is here 
represented: 

 

Figure 4.23 : Torque Acting Along the Blade Length Profile 

 

4.154.154.154.15    Matlab ModeMatlab ModeMatlab ModeMatlab Modellingllingllinglling    
 
The MATLAB model is constituted of four parts: 

• Materials and blade geometry input 

• Laminate theory 

• Anisotropic beam theory 

• Failure criterion 
And the final output is the deflection, twist and failure criterion results of the different 
layups combinations. 
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4.154.154.154.15.1 .1 .1 .1 ModellingModellingModellingModelling    
 

The blade is modelled as a thin-walled elliptic beam. Since the purpose of this study is 
mainly the optimization of the material configuration, a model to simplify the airfoil 
cross section can be used. A similar operation was performed by Mallot et al. [66]. 

Anyway, the elliptic section dimensions will be comparable to the blade’s ones, in order 
to keep as realistic as possible the simulation. Since the elliptic section is symmetric, no 
twist by cross sectional asymmetry was induced. 
The blade was split in four sections, each one 200 mm long. They were optimized one by 
one, starting from the one at the root. The model accounted only for loads at the free 
edge of each part. 
The two shells of the blade will have the same layup. In the single shell all the laminae 

combinations are allowed. The angles chosen for the optimization are: -45°, 0°, 45°, 90°. 
Each shell will have a maximum of six laminae. Therefore the possible combinations will 
be 46 = 4096. 

4.154.154.154.15.2 Inputs.2 Inputs.2 Inputs.2 Inputs    
 

The inputs are the dimensions of the sector, the number of layers, the materials used, the 
thicknesses of the laminae and the loads. 
    
%% Inputs  
%Blade sector dimensions  
L = 200; %[mm] 
b = 70; %[mm] 
%External thickness of the blade  
th_foam = 7;  
%Switch for #layers,lay = 2,3,4,5,6  
lay=6;  
%materials in each layer  
%mat=6 is the Lineo Flax UD  
%mat=5 is the Carbon Tape  
mat =[5;5;5;5;5;5];  
% define layer thicknesses(t_lam for UD lamina, t_f ab for fabric) in 
[mm]:  
t_lam=0.43;  
t_fab=0.8;  
%do you use fabric instead of +45 and -45?  
%yes: fab_switch=1  
%no: fab_switch=0  
fab_switch = 0;  
if  fab_switch == 1  
    %Elastic matrix of the fabric +-45°:  
    fab=[3900 1170 0  
        1170 3900 0  
        0 0 2800];  
    %failure stress for the fabric in tensile/compress and shear:  
    fab_fail_ten=36;  
    fab_fail_shear=42;  
elseif  fab_switch==0  
    t_fab = t_lam;  
    fab=0;  
    fab_fail_ten=fab;  
    fab_fail_shear=fab;  
end  
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%Define the load and safety factor:  
forces=[1000 100 0 100]';  
safetyfactor=1.8;  
 

4.154.154.154.15.3 Laminate theory.3 Laminate theory.3 Laminate theory.3 Laminate theory    
 

 

Figure 4.24: Laminate Theory Code Flow Chart 

 
The aim of this part of the MATLAB code was to receive as inputs the laminae 
properties and give as output the ABD matrix (Eq. 58). The code followed the classic 
lamination theory, as shown in the diagram above. The inputs listed in the previous 
paragraph are the starting point. 
In the code the index i i i i represents the different laminae in the laminate. The indexes 
q,w,e,r,o,l  were the ones that represented the fibres orientation angles. i  therefore 
went from 1 to the number of layers in the laminate, while q,w,e,r,o,l  from 1 to 4 
(Table 4.21) that corresponded to the orientation angles in the following way: 
 

1 -45° 
2 0° 
3 45° 
4 90° 

Table 4.21: Orientation Angle Index Conventions  

A FOR loop was then created to have all the angles combinations (4096): 
 
x1=-45:45:90; 
for  q=1:length(x1)  
  for  w=1:length(x1)  
    for  e=1:length(x1)  
      for  r=1:length(x1)  
        for  o=1:length(x1)  
          for  l=1:length(x1)  
ply_angle{q,w,e,r,o,l}=[x1(q);x1(w);x1(e);x1(r);x1( o);x1(l)]; 

    
Then the local stiffness matrix, QL, (Eq. 34) is calculated for each lamina knowing the 
materials properties: 
 
nu21 = (nu12.*Et)./El;  
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for  i = 1:length(mat)  
    S_loc{i} = [1/El(i) -nu21(i)/Et(i) 0  
                -nu12(i)/El(i) 1/Et(i) 0  
                0 0 1/g12(i)];  
    Slocalnew = S_loc{i};  
    Q_loc{i} = Slocalnew^(-1);  
end  
 
It is possible to see that the local stiffness matrix does not depend on the fibres 
orientation, but just on the composite material mechanical properties in the lamina. 
The next stage is to calculate the transformation matrix T [Eq. 36] that will be used to 
pass from local to global stresses and strains: 
 
thetarad{q,w,e,r,o,l}(i) = pi/180*ply_angle{q,w,e,r ,o,l}(i);  
T{q,w,e,r,o,l,i} = [(cos(thetarad{q,w,e,r,o,l}(i))) ^2…   

              (sin(thetarad{q,w,e,r,o,l}(i)))^2-… 
2*cos(thetarad{q,w,e,r,o,l}(i))*sin(thetarad{q,w,e, r,o,l}(i));  

  (sin(thetarad{q,w,e,r,o,l}(i)))^2 (cos(thetarad{q ,w,e,r,o,l}(i)))^2…     
  2*cos(thetarad{q,w,e,r,o,l}(i))*sin(thetarad{q,w, e,r,o,l}(i));  
  cos(thetarad{q,w,e,r,o,l}(i))*sin(thetarad{q,w,e, r,o,l}(i))-… 
  cos(thetarad{q,w,e,r,o,l}(i))*sin(thetarad{q,w,e, r,o,l}(i))…  
 (cos(thetarad{q,w,e,r,o,l}(i)))^2-(sin(thetarad{q, w,e,r,o,l}(i)))^2];  
 
These lines built up the transformation matrix for each layer in all the layup 
combinations. 
Then it was needed to keep track of the position of the single lamina in the laminate, as 
mentioned in Chapter 3.4.3.5. This was needed to calculate the A, B and D matrix 
afterwards [Chapter 3.4.3.6]: 

 

Figure 4.25: Geometry of n-Layered Laminate    

The middle axis (centre) in figure 4.25 and z1 were found: 
 
center{q,w,e,r,o,l} = sum(t{q,w,e,r,o,l})/2; % finds the middle of the 
stacked layer  
z{q,w,e,r,o,l,1} = center{q,w,e,r,o,l}-sum(t{q,w,e, r,o,l}); % finds 
the first z  
    
The center coincided with the geometrical middle axis of the laminate. The other z values 
are then found by adding the thicknesses (t) of the laminae: 
        
for  i = 1:length(mat)  
        z{q,w,e,r,o,l,i+1} = z{q,w,e,r,o,l,i}+ t{q, w,e,r,o,l}(i);  
end  



 

RisØ DTU – August 2011                                                                                      78 
 

 

4 Experimental Procedure 

 
The differences between coincident z values, that would be used in [58] are then 
calculated: 
 
for  i = 1:length(mat)  
    delta_z{q,w,e,r,o,l,i} = z{q,w,e,r,o,l,i+1} - z {q,w,e,r,o,l,i};  
    delta_z2{q,w,e,r,o,l,i} = (z{q,w,e,r,o,l,i+1}). ^2 -… 
                              (z{q,w,e,r,o,l,i}).^2 ;  
    delta_z3{q,w,e,r,o,l,i} = (z{q,w,e,r,o,l,i+1}). ^3 -…               
                              (z{q,w,e,r,o,l,i}).^3 ;  
end  
 

Hence the three “delta z”, for the A, B, D matrices respectively, were found. 
 
The next step regards the calculation of the global inverted constitutive matrix Q 
[Chapter 3.4.3.6], using T and QL, found previously: 
 
%calculation of global inverted constitutive matrix: 
Qglobal{q,w,e,r,o,l,i} = T{q,w,e,r,o,l,i}* Q_loc{i} *Tt{q,w,e,r,o,l,i}; 

 
The Q matrix for each lamina is now available. It is therefore possible to build the A, B 
and D matrices: 
 
A{q,w,e,r,o,l} = [0 0 0; 0 0 0; 0 0 0];  
B{q,w,e,r,o,l} = [0 0 0; 0 0 0; 0 0 0];  
D{q,w,e,r,o,l} = [0 0 0; 0 0 0; 0 0 0];  
 
for  i = 1:length(mat)  
  An{q,w,e,r,o,l,i} = Qglobal{q,w,e,r,o,l,i}*(delta _z{q,w,e,r,o,l,i});  
  A{q,w,e,r,o,l} = A{q,w,e,r,o,l}+An{q,w,e,r,o,l,i} ;  
  Bn{q,w,e,r,o,l,i} = Qglobal{q,w,e,r,o,l,i}*… 
                       1/2*(delta_z2{q,w,e,r,o,l,i} );  
  B{q,w,e,r,o,l} = B{q,w,e,r,o,l}+Bn{q,w,e,r,o,l,i} ;  
  Dn{q,w,e,r,o,l,i} = Qglobal{q,w,e,r,o,l,i}*… 
                      1/3*(delta_z3{q,w,e,r,o,l,i}) ;  
  D{q,w,e,r,o,l} = D{q,w,e,r,o,l}+Dn{q,w,e,r,o,l,i} ;  
end  
 
matrixABD{q,w,e,r,o,l} = [A{q,w,e,r,o,l} B{q,w,e,r, o,l} 
                          B{q,w,e,r,o,l} D{q,w,e,r, o,l}]; 
    
The inverse matrix was also calculated: 
    
matrixABDinv{q,w,e,r,o,l} = inv(matrixABD{q,w,e,r,o ,l});  
ainv{q,w,e,r,o,l} = matrixABDinv{q,w,e,r,o,l}(1:3,1 :3);  
binv{q,w,e,r,o,l} = matrixABDinv{q,w,e,r,o,l}(1:3,4 :6);  
dinv{q,w,e,r,o,l} = matrixABDinv{q,w,e,r,o,l}(4:6,4 :6); 

 
In order to validate the results obtained in the calculations, the commercial programme 
CADEC [67] developed by Barbero was used. The results obtained with the Matlab code 
totally match with CADEC.  
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4.154.154.154.15.4 Anisotropic beam theory.4 Anisotropic beam theory.4 Anisotropic beam theory.4 Anisotropic beam theory    
 

In this part of the program Kollar’s theory has been implemented. As explained in 

chapter 3.5.1 Kollar’s theory is valid for prismatic section: all the section walls are 
therefore flat composed by one or several layers of composite material. Obviously this, for 
an elliptic section, can cause some problems: the section was therefore seen as two flat 
segments parallel to each other. 
 

 
Figure 4.26: thickenesses and shapes of the elliptic and sandwich-like structure 

The cross sectional area for this configuration was calculated as the cross section of an 
ellipse and the distance between the two segments is the 84% of the ellipse thickness. 

 

Figure 4.27: Coordinate System and Loads in the Elliptic Section 

In beams in fact, the torsional stiffness is mainly driven by the section area, while the 
bending stiffness by the moment of inertia, which is strongly dependant on the thickness. 
Therefore to find a good approximation for the distance between the segments the 
following technique was used: 

 æ�����$� � æ��%
���·��� Eq. 97 

Or 

 
ç
4 ∙ 2́ �����2 �S � ´���%
S12  Eq. 98 

That gives 

 ���%
 � 0.84 ∙ ���� Eq. 99 

This was an approximation, but as shown afterwards, the results are well fitting with the 
Abaqus elliptic beam, both for twist and deflection response. 
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% calculating thickness of one segment (thick): 
thick{q,w,e,r,o,l} = sum(t{q,w,e,r,o,l}); 
% calculating the internal thickness of the ellipti c section: 
th_foam_new{q,w,e,r,o,l} = th_foam - thick{q,w,e,r, o,l};  
% calculating circumference (c) and area of the ell ipse: 
c = pi*(3*((b-thick{q,w,e,r,o,l})/2+th_foam_new{q,w ,e,r,o,l}/2)-…  
    sqrt((3*(b-thick{q,w,e,r,o,l})/2+th_foam_new{q, w,e,r,o,l}/2)*((b-… 
    thick{q,w,e,r,o,l})/2+3*th_foam_new{q,w,e,r,o,l }/2)));  
Area = pi*(th_foam_new{q,w,e,r,o,l}/2)*(b/2+thick{q ,w,e,r,o,l}/2);  
 

The circumference and the area are taken in the middle surface of the walls. The 
MATLAB code continued following the theory presented in chapter 3.5. The starting 
point is the output from the laminate theory: the A,B, and D matrixes. In particular, the 
inverse matrix ainv, binv and dinv are considered: 

 
d11{q,w,e,r,o,l} = dinv{q,w,e,r,o,l}(1,1) 
d12{q,w,e,r,o,l} = dinv{q,w,e,r,o,l}(1,2);  
d13{q,w,e,r,o,l} = dinv{q,w,e,r,o,l}(1,3);  
d22{q,w,e,r,o,l} = dinv{q,w,e,r,o,l}(2,2);  
d23{q,w,e,r,o,l} = dinv{q,w,e,r,o,l}(2,3);  
d31{q,w,e,r,o,l} = dinv{q,w,e,r,o,l}(3,1);  
d32{q,w,e,r,o,l} = dinv{q,w,e,r,o,l}(3,2);  
d33{q,w,e,r,o,l} = dinv{q,w,e,r,o,l}(3,3);  
a11{q,w,e,r,o,l} = ainv{q,w,e,r,o,l}(1,1);  
a13{q,w,e,r,o,l} = ainv{q,w,e,r,o,l}(1,3);  
a33{q,w,e,r,o,l} = ainv{q,w,e,r,o,l}(3,3);  
b13{q,w,e,r,o,l} = binv{q,w,e,r,o,l}(1,3);  
b11{q,w,e,r,o,l} = binv{q,w,e,r,o,l}(1,1);  
b12{q,w,e,r,o,l} = binv{q,w,e,r,o,l}(1,2);  
b31{q,w,e,r,o,l} = binv{q,w,e,r,o,l}(3,1);  
b32{q,w,e,r,o,l} = binv{q,w,e,r,o,l}(3,2);  
b33{q,w,e,r,o,l} = binv{q,w,e,r,o,l}(3,3);  
 
Eq. 63 is then implemented for the two walls of the section: 
 
R1{q,w,e,r,o,l} = [1 0.84*th_foam/2 0 0;0 1 0 0;0 0  1 0;0 0 0 1];      
R2{q,w,e,r,o,l} = [1 -0.84*th_foam/2 0 0; 0 -1 0 0; 0 0 -1 0;0 0 0 1]; 
 
R1 is the upper shell, while R2 is the lower one. Then Eq. 65 is written using the inverse 
ABD matrix values: 
 
Aval{q,w,e,r,o,l}=inv([a11{q,w,e,r,o,l} b11{q,w,e,r ,o,l} b13{q,w,e,r,o,l};     
                       b11{q,w,e,r,o,l} d11{q,w,e,r ,o,l} d13{q,w,e,r,o,l}; 
                       b13{q,w,e,r,o,l} d13{q,w,e,r ,o,l} d33{q,w,e,r,o,l}]);  
 
At this point it is possible to write Eq.73 for the upper (w1) and lower (w2) shells: 

w1{q,w,e,r,o,l} = 2/c*[a11{q,w,e,r,o,l} b11{q,w,e,r ,o,l} 0 -.5*… 
                  b13{q,w,e,r,o,l}; 

      b11{q,w,e,r,o,l} d11{q,w,e,r,o,l} 0 -.5*… 
      d13{q,w,e,r,o,l}; 
      0 0 12/(Aval{q,w,e,r,o,l}(1,1)*(c/2)^2) 0; 
      -0.5*b13{q,w,e,r,o,l}-.5*d13{q,w,e,r,o,l} 0 . 25*… 
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      d33{q,w,e,r,o,l}];  
           
w2{q,w,e,r,o,l} = 2/c*[a11{q,w,e,r,o,l} b11{q,w,e,r ,o,l} 0 -.5*… 
                  b13{q,w,e,r,o,l}; 

      b11{q,w,e,r,o,l} d11{q,w,e,r,o,l} 0 -.5*… 
      d13{q,w,e,r,o,l}; 
      0 0 12/(Aval{q,w,e,r,o,l}(1,1)*(c/2)^2) 0; 
     -0.5*b13{q,w,e,r,o,l}-.5*d13{q,w,e,r,o,l} 0 0. 25*… 
      d33{q,w,e,r,o,l}];  

 
The next stage is to express Eq.77 here referred as Lmat: 
 
I{q,w,e,r,o,l}=  [a13{q,w,e,r,o,l} b31{q,w,e,r,o,l}  0 -.5*… 
                 b33{q,w,e,r,o,l};   

     b12{q,w,e,r,o,l} d12{q,w,e,r,o,l} 0 -.5*… 
     d23{q,w,e,r,o,l}]*… 

        ((w1{q,w,e,r,o,l})^(-1))*R1{q,w,e,r,o,l}+ … 
     [a13{q,w,e,r,o,l} b31{q,w,e,r,o,l} 0 -.5*… 
     b33{q,w,e,r,o,l};       
     b12{q,w,e,r,o,l} d12{q,w,e,r,o,l} 0 -.5*… 
     d23{q,w,e,r,o,l}]*… 
     ((w2{q,w,e,r,o,l}))^(-1)*R2{q,w,e,r,o,l};  

           
Lmat{q,w,e,r,o,l} = [0 0 0 2*Area;0 0 0 0]-I{q,w,e, r,o,l}; 
 
Eq.78 is now written: 
 
F{q,w,e,r,o,l}=c/2*[a33{q,w,e,r,o,l} b32{q,w,e,r,o, l};      
            b32{q,w,e,r,o,l} d22{q,w,e,r,o,l}]-… 
            [a13{q,w,e,r,o,l} b31{q,w,e,r,o,l} 0 -. 5*… 
            b33{q,w,e,r,o,l};b12{q,w,e,r,o,l} d12{q ,w,e,r,o,l} 0 -.5*… 
            d23{q,w,e,r,o,l}]*(w1{q,w,e,r,o,l})^(-1 )*… 
            [a13{q,w,e,r,o,l} b12{q,w,e,r,o,l}; b31 {q,w,e,r,o,l}…       
            d12{q,w,e,r,o,l};0 0;-0.5*b33{q,w,e,r,o ,l} -.5*… 
            d23{q,w,e,r,o,l}]+c/2*[a33{q,w,e,r,o,l}  b32{q,w,e,r,o,l};      
            b32{q,w,e,r,o,l} d22{q,w,e,r,o,l}]-… 
           [a13{q,w,e,r,o,l} b31{q,w,e,r,o,l} 0 -.5 *… 
           b33{q,w,e,r,o,l};b12{q,w,e,r,o,l} d12{q, w,e,r,o,l} 0 -.5*… 
           d23{q,w,e,r,o,l}]*(w2{q,w,e,r,o,l})^(-1) *… 
           [a13{q,w,e,r,o,l} b12{q,w,e,r,o,l};  
            b31{q,w,e,r,o,l} d12{q,w,e,r,o,l};0 0;- .5*… 
             b33{q,w,e,r,o,l} -0.5*d23{q,w,e,r,o,l} ];  
      
It is now possible to calculate the stiffness matrix of the closed section beam with Eq.80: 
 
P{q,w,e,r,o,l}=(transpose(R1{q,w,e,r,o,l}))*w1{q,w, e,r,o,l}^(-1)*… 
     R1{q,w,e,r,o,l}+transpose(R2{q,w,e,r,o,l}))*w2 {q,w,e,r,o,l}^… 
    (-1)*R2{q,w,e,r,o,l}+transpose(Lmat{q,w,e,r,o,l })*F{q,w,e,r,o,l}^… 
    (-1)*Lmat{q,w,e,r,o,l};   
 
The inverse is calculated to find the compliance matrix: 
 
W{q,w,e,r,o,l}=(P{q,w,e,r,o,l})^(-1); 
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Finally, the expression to find the curvatures and strains is available: 
 
strains{q,w,e,r,o,l}=W{q,w,e,r,o,l}*forces; 
 
From the previous formula, the vector strains is obtained. One can now calculate the 
deformations (deflections defl and twist phi) and the bending slope at the end of the 
beam: 
 
defl{q,w,e,r,o,l}=(strains{q,w,e,r,o,l}(2)*L^2)/2;  
slope{q,w,e,r,o,l}=strains{q,w,e,r,o,l}(2)*L;  
phi{q,w,e,r,o,l}=strains{q,w,e,r,o,l}(4)*L; 
 

4.15.5 Failure Criterion4.15.5 Failure Criterion4.15.5 Failure Criterion4.15.5 Failure Criterion    
 

The last stage of the MATLAB model regards the failure criterion. The stresses and 
strain are found for each lamina first in global coordinate and then in local ones, to 

permit the comparison with the materials’ properties and determine whether the lamina 
has failed or not. 

When referring to stresses and strains, the structure is not seen as two laminate 

separated by a void like it is done for Kollar’s model. Now the distances of the single 
lamina from the neutral axis, which is situated in the middle of the void, has to be 
accounted: therefore the structure has to be seen as a single laminate, with a big neutral 
lamina in the middle (void), similar to a sandwich laminate. Hence the ABD matrix and 
the z values (Figure 4.25) have to be modified since the center of the laminate is 
changed: 

delta_z2_stresses{q,w,e,r,o,l,(i)} = 1e-20;  
delta_z3_stresses{q,w,e,r,o,l,(i)} = (z{q,w,e,r,o,l ,(i+1)}+…     
                     th_foam_new{q,w,e,r,o,l}/2+(t{ q,w,e,r,o,l}(i).*… 
                     n_layers{q,w,e,r,o,l})/2).^3 - …     
                    (z{q,w,e,r,o,l,(i)} + th_foam_n ew{q,w,e,r,o,l}/2+… 
                    (t{q,w,e,r,o,l}(i).*nr_z{q,w,e, r,o,l})/2).^3;  
 

delta_z2_stresses  is taken infinitesimal because it will be used to calculate the B 
matrix, that will be equal to zero since the two laminates have the same layup and are 
symmetric. delta_z3_stresses  is the old z plus some factors due to the new 
configuration. 

It is therefore possible to calculate the new A, B and D matrixes: 

A_stress{q,w,e,r,o,l} = [0 0 0; 0 0 0; 0 0 0];  
B_stress{q,w,e,r,o,l} = [0 0 0; 0 0 0; 0 0 0];  
D_stress{q,w,e,r,o,l} = [0 0 0; 0 0 0; 0 0 0]; 
for  i = 1:length(mat)  
   A_stress{q,w,e,r,o,l} =A{q,w,e,r,o,l}*2;  
   Bn_stress{q,w,e,r,o,l,i}=Qglobal{q,w,e,r,o,l,i}* 1/2*… 
                           (delta_z2_stresses{q,w,e ,r,o,l,i});  
   B_stress{q,w,e,r,o,l} = B_stress{q,w,e,r,o,l} +…  
                           Bn_stress{q,w,e,r,o,l,i} ;  
   Dn_stress{q,w,e,r,o,l,i} = 2*Qglobal{q,w,e,r,o,l ,i}*1/3*… 
                           delta_z3_stresses{q,w,e, r,o,l,i};  
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   D_stress{q,w,e,r,o,l}= D_stress{q,w,e,r,o,l}+… 
                          Dn_stress{q,w,e,r,o,l,i};  
end  
  
the A matrix is not influenced by the new distances of the laminae from the neutral axis, 
since it is only made by the difference between the two extremes of the lamina. Hence the 
new A assumes the same value of the previous A matrix multiplied by a factor 2 since 
the total thickness of the laminate is doubled(the Q matrix of the void is zero). 
Putting the three matrixes together it is possible to write: 
 
matrixABD_stress{q,w,e,r,o,l} = [A_stress{q,w,e,r,o ,l} B_stress{q,w,e,r,o,l};     
                               B_stress{q,w,e,r,o,l } D_stress{q,w,e,r,o,l}];  
             

matrixABDinv_stress{q,w,e,r,o,l}=inv(matrixABD_stre ss{q,w,e,r,o,l});  
 
Using this modified ABD matrix, the strains in global coordinates can be calculated: 

% Calculation of global strains (epsilon) and curva tures (k):  
epsilon_k{q,w,e,r,o,l}= matrixABDinv_stress{q,w,e,r ,o,l}*… 
                        NM{q,w,e,r,o,l};  
epsilon_0{q,w,e,r,o,l} = epsilon_k{q,w,e,r,o,l}(1:3 ,1);  
k_0{q,w,e,r,o,l} = epsilon_k{q,w,e,r,o,l}(4:6,1);  
 

Then, the strains for each lamina are found: 

% Strains in global coordinates for each lamina  
for  i = 1:length(mat)  
   epsilon_glob_middle{q,w,e,r,o,l}(:,:,i)=(epsilon _0{q,w,e,r,o,l}+ ...  
       (z{q,w,e,r,o,l,(i+1)}+th_foam_new{q,w,e,r,o, l}/2+ ...  
       thick{q,w,e,r,o,l}/2)*k_0{q,w,e,r,o,l}+… 
       epsilon_0{q,w,e,r,o,l}+(z{q,w,e,r,o,l,(i)}+. . 
       th_foam_new{q,w,e,r,o,l}/2+ ...  
       thick{q,w,e,r,o,l}/2)*k_0{q,w,e,r,o,l})/2;  
end 
 
And transformed in local coordinates: 
 
%% Calculation of local stresses and strains(each l amina):  
for  i = 1:length(mat)  
   epsilon_local_middle{q,w,e,r,o,l}(:,:,i) = Tt{q, w,e,r,o,l,i}*… 
           epsilon_glob_middle{q,w,e,r,o,l}(:,:,i)* safetyfactor;  
   sigma_local_middle{q,w,e,r,o,l}(:,:,i) = Q_loc{i }*… 
             epsilon_local_middle{q,w,e,r,o,l}(:,:, i);  
end  
 

these values are then compared to the material’s ultimate stresses and strains. It is 
possible to see in the code above that a safety factor has been introduced. 
The Max stress criteria: 
 
%% Max stress:  
fail_maxstress{q,w,e,r,o,l}= zeros(length(mat),1);  
for  i=1:length(mat)  
   if  (sigma_local_middle{q,w,e,r,o,l}(1,:,i)) >= sigma_ 1t{q,w,e,r,o,l}(i);  
        fail_maxstress{q,w,e,r,o,l}(i) = 1;  
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   elseif  sigma_local_middle{q,w,e,r,o,l}(2,:,i) >=sigma_2t{ q,w,e,r,o,l}(i);  
        fail_maxstress{q,w,e,r,o,l}(i) = 1;  
   elseif  (sigma_local_middle{q,w,e,r,o,l}(1,:,i)) <= -
sigma_1c{q,w,e,r,o,l}(i);  
        fail_maxstress{q,w,e,r,o,l}(i) = 1;  
   elseif  (sigma_local_middle{q,w,e,r,o,l}(2,:,i)) <= -
sigma_2c{q,w,e,r,o,l}(i);  
        fail_maxstress{q,w,e,r,o,l}(i) = 1;  
   elseif  
abs((sigma_local_middle{q,w,e,r,o,l}(3,:,i)))>=tau_ 12{q,w,e,r,o,l}(i);  
        fail_maxstress{q,w,e,r,o,l}(i) = 1;  
   end  
end  
 
And similarly also the Max strain criteria was implemented. 
If a combination does not fulfill the failure criterion it will be excluded. If the tests are 
passed, the twist and deflection are given and can be analyzed. 

4.15.6 Application of the Matlab Model4.15.6 Application of the Matlab Model4.15.6 Application of the Matlab Model4.15.6 Application of the Matlab Model    
 

The Matlab model built allows determining the deflections and solicitations on a 
composite beam with constant section. This beam can have an arbitrary section and 
layup. It is shown in section 4.13.2 that for an elliptic section beam the results are very 
well fitting the Abaqus model. 

When the authors of the present work developed the model, the aim was to optimize two 

kinds of structures: the first was a balanced and more traditional one, made with UD 0° 

laminae to give bending stiffness and a ±45° fabric to assure a good torsional rigidity. 
This configuration did not present any elastic coupling. The second one was a structure 
built with UD laminae, in order to exploit the couplings. 

Anyhow during the design process the Abaqus parametric study presented in Chapter 
4.16.2, resulted more effective for the blade in question. In fact its section is changing 
lengthwise and it is asymmetric, making the Matlab model not perfectly suitable, while 
the Abaqus one showed itself more reliable and accurate. 

Therefore only two blades were optimized in Matlab, both with UD 0° laminae and ±45° 
fabric. Hence, further optimizations were carried out in Abaqus. 

4.15.6.1 Carbon4.15.6.1 Carbon4.15.6.1 Carbon4.15.6.1 Carbon    
 

The carbon blade was optimized using the carbon unidirectional tape and the carbon 

twill. The twill material (±45°) properties were inserted in the inputs: 

%Elastic matrix of the fabric +-45°:  
fab=[12000 4000 0  
     4000 12000 0  
     0 0 11000]; 
%failure stress for the fabric in tensile/compress and shear:  
fab_fail_ten=360;  
fab_fail_shear=100;  
When the switch “fab˙switch”  was enabled,  all the laminae with an index 1 or 3, which 

correspond to a single lamina at +45° or -45°  were substituted by a fabric +/-45°. 
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Therefore, the Q matrix of the lamina was substituted by the Q matrix of the fabric, as 
shown below 

    for  te=1:4  
        for  qu=1:4  
            for  qui=1:4  
                for  ses=1:4  
                    for  pr=1:2:3  
                        Qglobal{pr,se,te,qu,qui,ses ,1} = fab;  
                        Qglobal{se,pr,te,qu,qui,ses ,2} = fab;  
                        Qglobal{te,se,pr,qu,qui,ses ,3} = fab;  
                        Qglobal{qu,se,te,pr,qui,ses ,4} = fab;  
                        Qglobal{qui,se,te,qu,pr,ses ,5} = fab;  
                        Qglobal{ses,se,te,qu,qui,pr ,6} = fab;  
                    end  
                end  
            end  
        end  
    end  
end  
the same is done for the thicknesses of those layers, that will be equal to the value of 

“t˙fab” inserted as input: 

for  se=1:4  
    for  te=1:4  
      for  qu=1:4  
        for  qui=1:4  
          for  ses=1:4  
            for  pr=1:2:3  

t_1{pr,se,te,qu,qui,ses} = t_fab;  
t_2{se,pr,te,qu,qui,ses} = t_fab;  
t_3{te,se,pr,qu,qui,ses} = t_fab;  
t_4{qu,se,te,pr,qui,ses} = t_fab;  
t_5{qui,se,te,qu,pr,ses} = t_fab;  
t_6{ses,se,te,qu,qui,pr} = t_fab;  

          end  
        end  
      end  
    end  
  end  
end 
 

in the case of carbon twill, the thickness was equal to 0.21 mm, while for the UD it was 

0.43 as shown in Table 5.7. Therefore the Matlab model accounted for 0° laminae (index 

1), 90° (index 4) and ±45° fabric (index 1 and 3). 

The optimization is then carried out. The dimensions constraints were imposed and all 
the combinations were checked for failure and maximum deflection. The combinations 
were ranked for rotational stiffness and the best one that fulfilled all the constrains was 
chosen. The result was then inserted in Abaqus to analyze the behavior in the real blade 
geometry. The results are presented in the results section 5.3 and 5.5. 
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4.15.6.1 Flax4.15.6.1 Flax4.15.6.1 Flax4.15.6.1 Flax    
 

The same procedure was carried out for the blade made with flax composite. The elastic 

Q global matrix for the flax ±45° fabric was the following: 

%Elastic matrix of the fabric +-45°:  
Fab = [3900 1170 0  
       1170 3900 0  
       0 0 2800]; 
%failure stress for the fabric in tensile/compress and shear:  
fab_fail_ten = 36;  
fab_fail_shear = 42;  
 

The thickness of the UD lamina was 0 .33 mm while the ±45° fabric was 0.8 mm thick 
(Table 5.7). 

For the flax based blade the most limiting constraint were the deflections.. Moreover, the 
model could handle only 6 layers per shell due to the high computational time required 

for the calculations. Therefore, knowing that a conspicuous number of 0° layers would be 

needed to fulfill the deflection limits , the thickness of a single 0° lamina was doubled: in 
this way each time an index 2  layer was present in the combinations, it counted as two 
laminae one upon the other. 
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4.16 4.16 4.16 4.16 AbAbAbAbaqusaqusaqusaqus    
 

The program used to perform the Finite Element Modeling (FEM) is Abaqus/CAE. Any 
analysis through FEM consisted of mainly three stages: 

• PrePrePrePre----processingprocessingprocessingprocessing: a model is created. Geometries, loads and boundary 
conditions, meshing, output requests were set and an input file is written. 

• ProcessingProcessingProcessingProcessing: the program, in this case Abaqus, read the input file and process 
it in order to arrive to the simulation results. These were written in an output 
file. 

• PostPostPostPost----processing:processing:processing:processing: in this stage it was possible to acquire the results data and 
visualize the simulation outcomes. It was performed in Abaqus/CAE. 

A typical flow chart of a FEA (Finite Element Analysis) is reported in Figure 4.28 : 

 

Figure 4.28: FEA Flow Chart[68] 

The pre-processing stage was the one where the major inputs are necessary from a 
commercial FE user. Therefore the steps made to build the blade model are presented. 

4.16.1 4.16.1 4.16.1 4.16.1 The modelThe modelThe modelThe model    
 

The pre-processing stage deals with the creation of the model in the Abaqus/CAE. The 
main steps followed for its creation were: 

• Importing the part; 

• Creation of the model (materials input, loads, meshing…); 

• Creation of an input file that will then be sent to the analysis. 

4.16.1.1 4.16.1.1 4.16.1.1 4.16.1.1 Importing the partImporting the partImporting the partImporting the part    
 
The blades were designed by the Mechanical department at DTU Lyngby under the 
supervision of Prof. Mikkelsen [53]. The output of their design was the CAD draws of the 
two moulds in ProEngineer. From these draws (there were two moulds, one for each shell 
composing the blade) a print of the outer surface of the blade was made and exported. 
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The two shells were then glued together to form the CAD draw of the entire blade 
(Figure 4.29). 
 

 

Figure 4.29: Blade CAD Draw 

The draw is saved in the .SAT format, that Abaqus/CAE is able to read as a “part”. The 
part is shown in the next picture 4.30: 

  

Figure 4.30: Blade Visualized in Abaqus: on the right side of the pictures is possible to observe the 
surface subdivision at the blade root 

At the root it is possible to see that the part was not constituted by two shells only, but 
other surface divisions were present due to the CAD draw. These partitions created some 
difficulties in the meshing, hence they were removed as shown later. 

4.16.1.2 4.16.1.2 4.16.1.2 4.16.1.2 Creation of the modelCreation of the modelCreation of the modelCreation of the model    
 

Abaqus/CAE guides the designer through the “Model Tree” during the creation of a 
model. This contained all the features and parameters that had to be fixed in order to 
create a functioning model. In the next sections all the steps done will be described. 

Part : 
After importing the part, it was time to modify it in order to build the model wanted. 
The blade will have different composite layup in different positions. Therefore it is 
needed to partition the surface of the shells. Four planes parallel to the XY plane with an 
offset of 200, 400, 600 and 795 millimeters are created. The last one, close to the tip of 
the blade, is needed in order to create a section where applying the loads. Another plane 
parallel to the YZ one is originated, with an offset of 30 millimeters. Then, using the 

command “Partition Face: use datum plane” the partitions were made (Figure 4.31).  
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Figure 4.31: Abaqus modeling Partitioning Phase 

In order to insert the composite laminate characteristics in the blade, the “composite 

layup” tool was used. The composite layup function is a quite recent tool introduced in 
Abaqus/CAE, its interface is shown below(Figure 4.32): 

 

Figure 4.32:”Edit Composite Layup Box”; Material, Coordinate System, Thickness and Rotation 
Definition 

In this box it was possible to control every parameter for the laminates construction. The 
first parameter that had to be fixed was the CSYS (coordinate system) and the normal 
direction: this influenced the principal direction of the fibers and the position of the 
layers listed below. For the model in question, the Axis 2 (Y) was selected and as CSYS 

is chosen the same of the main part. . In “region” it was possible to select the sector in 

the blade to which the composite layup will be assigned.“Material” permitted to choose 
which material was used. It was also possible to assign different thicknesses to each 

lamina in the “Thickness” box. The last parameter to be determined was the “Rotation 

Angle” of the fibers. 
This last point was one of the most delicate in the determination of the laminate. It was 
helpful to represent the reference direction of the layup with the normal direction as 
shown in the picture below (Figure 4.33): 
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Figure 4.33: Shell Normals 

The blue arrow represents the 0˚ degrees direction. The normal, red arrow, was 
important to define the order of the laminae in the laminate: in the case the normal is 
directed inwards the blade, like in the picture above, the first lamina defined in the list 
will be the outer one. In Figure 4.32 it has to be noticed that both upper and lower 

shells’ normals are represented: the arrows directed upwards are the lower shell’s normal, 

the arrows going downwards are the upper one’s normal. 
Another important parameter that was fixed in the Composite Layup tool is the shell 
offset(Figure 4.34) This represented on which side of the shell reference surface the 
material was added. In the blade case the shell surface imported represented the outer 
surface: therefore all the material had to be added inside the shells reference surfaces 
 

 

Figure 4.34 Composite Layup Tool Parameter Setting 

Materials definition : 
The next step in the “model tree” regarded the materials properties. By opening the “Edit 

Material” window, it was possible to insert the materials characteristics. For this model 
purposes, three behaviors were defined: density, elastic behavior and ultimate stresses 
and strain. 
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Figure 4.35: Material Properties Definition 

The unidirectional laminae were defined as “Elastic Lamina” and the four material 
parameters were added. The out of plane shear moduli (G13 and G23) were not 
measurable with the mechanical tests and are not influencing the final solution, therefore 
a reasonable number was inserted. In the cases where a fabric was used as reinforcement 
instead of unidirectional fibers, the material is defined as Elastic Orthotropic. Ultimate 
stresses and strains were definable by clicking on the Suboptions button: 

 

Figure 4.36: Mechanical porpeties Definition 

It was then possible to insert the failure stresses and strain for compressive, tensile and 
shear loads in the fiber direction or transverse to the fibers. 

Assembly : 
The next step in the model creation was to assemble all parts in one instance, assigning a 
unique coordinate system. This procedure was much simpler for the case studied, since 
the part was already one. Since the blade had parts with pronounced geometrical 
differences (flat and regular in the middle area, curvatures and notches in the root) the 
instance were made independent. This permitted to create the mesh directly on the 
instance and select different mesh characteristics for different sectors. 

Meshing : 
The model’s parts had to be discretized into a finite number of elements and nodes. The 
use of a bad mesh could have created some problems, such as, for instance, local 
intensification of stresses. It was therefore a good rule to try to build a regular mesh, 

with no sharp corners in the elements or too big elements’ aspect ratios. 
In order to achieve this result, some preliminary work was needed. In the root area the 

geometry didn’t allow the creation of a structured, regular mesh. Therefore some changes 

were needed: using the new Abaqus/CAE version 11 tool, “Virtual topology: combine 

faces”, it was possible to merge different sections in the surface. This permitted to 
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eliminate some borders where making the meshes match would have created several 

problems. The next step was to split the root area in more section (“Partition edge: 

specify parameter by location”�” Partition face: shortest path between two points”), in a 
controlled way: in fact the sectors present before using the Virtual topology tool (Figure 
4.30) were not good for the meshing, while the new ones created afterwards (Figure 4.37) 
were more regular and permitted a more uniform mesh. 
 

     

Figure 4.37: Surfaces Partition Procedure 

Then, the approach in the mesh module is divided into five steps: 

• Mesh controls: Mesh controls: Mesh controls: Mesh controls: allowed defining the shape of the elements. All the elements in this 
model were Quad Structures, with the exception of the small sector at the tip that 
due to its high curvature had triangular elements.     

• Element type: Element type: Element type: Element type: the element chosen belonged to the Shell family and its geometric 
order was Quadratic. For the tip the element was triangular.    

• Seeding: Seeding: Seeding: Seeding: it created some seeds on the surfaces edge that defined the average 
elements dimensions. This step will therefore affect the density of the mesh: a 
denser mesh will in general reduce the simulation error, but will increase the 
computational time significantly. Therefore a compromise had to be found.    

In Abaqus/CAE two kinds of seeds exist: on instance and on edge. The 
seeding on instance creates seeds on all the edges: hence it is useful for regular 
structures, with no particular curvatures or changes of shape. For the entire 
blade model, apart for the root, this seeds type was used since the shape was 
quite simple. A seed size of 11 was used.  
Then in the most complicated parts, the seeding on edges was needed to 
obtain a more regular mesh and avoid bad shaped elements. In the edges 
highlighted in red in the following pictures (Figure 4.38) local seeds were 
defined: 

 

Figure 4.38: Surface Seeding Procedure 
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In these edges a number of 7 seeds were created. Thanks to this device it was 
possible to improve the mesh quality, as shown in the pictures below (Figure 
4.39) 

                                                

Figure 4.39 Seeding Effect on the Mesh Quality; In the picture on the right 
side is possible to observe the effect on the mesh quality after the seeding 

operation 

• Meshing: Meshing: Meshing: Meshing: at this point it was possible to create the mesh (Figure 4.40):    

 

Figure 4.40: Mesh Creation 

• Verify:  Verify:  Verify:  Verify:  with the commands “Mesh�Verify” it was possible to verify if the mesh 
presents some bad-shaped elements. The highlighted elements had to be changed, 
making some corrections. An example is shown below (Figure 4.41).    

            

Figure 4.41: Mesh Verification; the figure reports the mesh before (left) and 
after (right) the mesh verification and correction 
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In the picture in the left it is possible to see elements with very sharp corners: 
this could have probably led to stress intensifications. On the right picture of 
figure 4.41 the improved mesh is presented, after reducing the seeds number in 
that corner. 

Interaction module : 
The loads were applied at the edge of the four sections the blade was divided in. In order 
to apply concentrated forces and moments, a reference point was needed for each section. 
Therefore four points were created at a distance of one quarter of the chord from the 

leading edge and they were set to act as “Reference” points (Figure 4.42): 

 

Figure 4.42: Reference Points Definition 

The reference point was then constrained to the surface by a MPC constraint beam type 
(Figure 4.43), in order to transmit the loads to the structure: 

 

Figure 4.43: Visualization of the Reference Point Linked to the Blade Surface 

The same procedure was performed on the other three sections. 
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4.16 Abaqus 

Steps : 
The next level in the model creation was the definition of the steps. An Initial step was 
by default present in all Abaqus/CAE simulations. This step starts every analysis and 

actuates every defined boundary conditions (Figure 4.44). The blade’s boundary 
conditions are shown below: 

    

 Figure 4.44: Boundary Condition Definition 

These boundary conditions will be then automatically propagated in the next steps.  
A new step, Step-1, was then created: in this step the loads were applied (Figure 4.45). 
For each of the four reference points, two moments and one localized force will be 
prescribed: 
 

 

Figure 4.45: Centrifugal Force and Moments (Bending and Torsion) Definition 

The exact values will be discussed later. CF3 represents the centrifugal load; CM1 is the 
moment due to the thrust force, while CM3 is the torque due to the asymmetry of the 
pressure distribution on the airfoil. 

Field output and History output : 
From the “Field Output” the contour plots were derived. The most important information 
that it was possible to obtain was the displacements, the rotations, the stress, the strains 
and the failure criterion. With the data acquired, Abaqus/CAE created the contour plots. 
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Figure 4.46: Nodes Definition 

The History output selected were the displacement for a series of nodes on the two side 
edges of the blade (Figure 4.46). The nodes were picked two by two. Each couple was 
formed by one node on the left edge of the blade (trailing edge) and one node on the 
right edge (leading edge), and was saved as a Set. This is done in order to calculate the 
twist of the blade at a certain distance from the root in the post processing phase by 
using the vertical displacements, U2 (Figure 4.47), of the nodes in the couple: 

 

Figure 4.47: Displacement of the Nodes in the Blades and positive twist definition   

The twisting angle was calculated with the formula reported below: 

 
y � tan�= �ë2_7 " ë2_�

MØx�! � 

 

Eq. 100 

Several couples of points were taken, in order to have a better understanding of the 

blade’s twist behaviour. 
With this step the model was finished. The input file was written and Abaqus/CAE can 
pass from the pre-processor to the processing stage. The results of the submitted job were 
then available for post-processing. 

Post-processing : 
The post-processing was the last part of the FEM. It was handled by Abaqus/CAE and 

permitted to see the simulation’s results. In particular, for what concerned the blade 
FEM, the vertical deflections, U2, and the twist angles calculated as seen previously were 
the most important data acquirable in the post-processing stage. It is also important to 
check the failure criteria. 
For the maximum vertical displacement U2 at tip, a contour plot was visualized. For the 

twists, it was needed to import the values from the History output in “XYdata”. It was 
possible to get the twists for each section where a couple of points on the edges were 
selected. (Figure 4.48) 
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Figure 4.48: Contour Plot Example 

Buckling Analysis : 
A buckling analysis of the optimized blades was then performed. The aim of the study 
was to understand if the blades would suffer of buckling effect when the loads are 
applied. Since the walls of the structure are thin, this problematic has to be taken in 
account. 
In Abaqus a new step is created. The step chosen is a Linear perturbation, Buckle type. 
The rest of the model is left unvaried a part from the loads that are assigned now to the 
Buckle step. The eigenvalues requested were eight. 
The eigenvalues are the ratio between the critical buckling load and the applied load as 
follows: 
 

�Hí��/�#³�	 � 	Ï³ �#H�í	#x�!�îî#H�!	#x�!s  

 
Thus an eigenvalue less than 1.0 indicates that the structure will buckle under the 
influence of the applied loads. The results of the analysis are presented in the Results 
section. 

 

4.16.2 4.16.2 4.16.2 4.16.2 Parametric studyParametric studyParametric studyParametric study    
 

As explained previously, every FEA is based on the pre-processing stage, that gives as 
final result an input file that will be then processed by the solver. This input file is a text 
file and therefore can be modified by the user to make some changes in the model. The 
parametric study exploits this, creating different input file, each time with a small 
variation in the model. Therefore the main part of model will not change (geometry, 

loads, boundary conditions…) while a small part is varying (in this case, the orientation 
angle of one lamina). 

This is obtained by inserting a parameter in the input file (e.g. x) and building a small 
program that changes the parameter with a set of values, one by one, through the 

“replace” command, before that the input file is submitted to the solver. The procedure is 
done several times (as large as the set of values) automatically, hence the solver will 
process a series of input files each time differing in parameter value. 

The main part of the code, developed in Linux Bash by Prof. Lars Pilgaard Mikkelsen, is 
here presented. Linux Bash is a command processor that allows the user to communicate 
with the operative system (Linux) on the server through some predefined functions and 
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to run programs. Since the number of jobs that were sent to Abaqus/CAE was 
significant, the use of the computer clusters was necessary. 

An explanation of the code functioning and of the main steps in the program’s creation is 
given. Once everything is set, the file “AbaBatch” sends the job to the cluster for the 
processing.  
 

 
Figure 4.49: parametric study flow chart 

The first step is to create a model (as shown in Chapter 4.16.1) and write the input file. 
This is the data file that has to be modified, substituting one or more values with 
parameters. In this study the modified input file had the name “good.inp”. Since the aim 
of the parametric study was to submit jobs where the laminates layup was varying, the 
parameters were inserted in the “Composite Layup” section of the input file: 
 
** Section: CompositeLayup-1-1 
*Shell Section, elset=CompositeLayup-1-1, composite , offset=SNEG, 
layup=CompositeLayup-1 
0.43, 3, "carbon tape", ReplaceAngle1, Ply-1 
0.43, 3, "carbon tape", ReplaceAngle2, Ply-2 
0.43, 3, "carbon tape", ReplaceAngle3, Ply-3 
0.43, 3, "carbon tape", ReplaceAngle4, Ply-4 
0.43, 3, "carbon tape", ReplaceAngle5, Ply-5 
 
Then a copy of this input file was made and named “goodrun.inp”: this was the new 
input file where the parameters were replaced by the new values chosen. After running 
the input file once, an Abaqus ODB (output database) file was created, called 
“goodrun.odb”.  
Opening this file with Abaqus Viewer it is possible to make the post-processing and select 
the outputs from the Abaqus job. 
In the Abaqus Viewer, XY data were created from the ODB “History output” selected in 
the model creation. It is possible to operate on XY data if needed: in this study, since the 
output selected were the single nodes displacement, in order to get the section twist the 
calculation in Eq.100 was here performed. 
Once the data needed as output from the Abaqus job are created, they have to be 
written in a Report file. This is done by clicking on Report�XY and saving all the 
XYdata previously generated in a .rpt file. In this study, the file was named 
“ReplaceFileName.rpt”. 
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4.16.2 Parametric study 

           

Figure 4.50: creation of XY data commands 

 
After closing the Abaqus Viewer, a file called “abaqus.rpy” is created: this file has to be 
modified to a .py extension and called in an arbitrary way. In this study it was called 
“AbaView.py”. This file contains the post-processing requests from the user that will be 
then reported in “ReplaceFileName.rpt”. 
The last thing left is to define the set of values that will replace the variable in the input 
file. In the lines below it is presented the code used to set the angles values. A series of 
loops were generated to combine all the angles and creating all the possible layups in the 
file “RunParaAll”: 
 
for i1 in -60 -45 -30 30 45 60 90  
do 
 for i2 in -60 -45 -30 30 45 60 90 
 do 
  for i3 in -60 -45 -30 30 45 60 90 
    do 
   for i4 in -60 -45 -30 30 45 60 90 
     do 
     
      
./RunPara $i1 $i2 $i3 $i4 30 
 
 done 
  done 
   done 
      done 
 
The “Replace” function is shown in the lines 3-7 in the code below. It is possible to see 

that the command replaces the variables (ReplaceAngle1, ReplaceAngle2,…) with the 
angles in position 1, 2, 3, 4 or 5 of the line ./RunPara $i1 $i2 $i3 $i4 30 in the file 

“goodrun.inp”. 
 
 
1  rm -f goodrun.* 
2  cp good.inp goodrun.inp 
3  replace ReplaceAngle1 $1 -- goodrun.inp 
4  replace ReplaceAngle2 $2 -- goodrun.inp 
5  replace ReplaceAngle3 $3 -- goodrun.inp 
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6  replace ReplaceAngle4 $4 -- goodrun.inp 
7  replace ReplaceAngle5 $5 -- goodrun.inp 
8  /home/abaqus/Commands/abaqus job=goodrun cpus=4 inter 
9  cp AbaView.py goodrun.py 
10  /home/abaqus/Commands/abaqus viewer noGUI=goodr un 
11 replace '1.    ' 'AngleTMP' -- ReplaceFileName.r pt 
12 grep AngleTMP ReplaceFileName.rpt >> Results.txt  
13 replace AngleTMP Angle$1Angle$2Angle$3Angle$4Ang le$5 -- Results.txt 
 
The next step is needed to assign a traceable name to the results from the different jobs. 
In the Report file “ReplaceFileName” abaqus presents the results in the following way: 
 
X         defl_400           defl_600          defl _root           ...   
                      
0.         0.                   0.                 0.              ... 
1.      4.54378             12.494            233.9 61E-03       ... 
 
Where the numbers “0.0.0.0.”and  “1.1.1.1.” refers to the time zero (before loads application) and 
time one (when the loads are fully applied). Therefore the result we are looking for is the 
line of “1.1.1.1.”. This number is changed in “AngleTMP” (line 11) in “ReplaceFileName”. The 
command in line 12 looks for (“grep” function) “AngleTMP” in “ReplaceFileName” and 
copies the line in the final output file, “Results.txt”. 
In “Results.txt” file “AngleTMP” is renamed with the angles combination that was used 
in that particular job (line 13). 
Hence, at the end of the simulations, all the outputs are collected in “Results.txt” in the 
following way: 
 
Angle-60Angle-60Angle-60Angle-60Angle30   8.77  20. 12  1.05  32.51 ...          
Angle-60Angle-60Angle-60Angle-45Angle30   8.32  19. 26  1.01  31.25 ...   
Angle-60Angle-60Angle-60Angle-30Angle30   7.66  18. 06  1.00  29.55 ...            
Angle-60Angle-60Angle-60Angle30Angle30    8.95  20. 44  1.10  32.96 ... 
 
The results of all the combinations are now available for further evaluations.  
 

4.16.4.16.4.16.4.16.3 Application of the3 Application of the3 Application of the3 Application of the    pppparametric studyarametric studyarametric studyarametric study    
 

Keeping constant the Abaqus model that the parametric study was based on, some 
changes had to be made for the different materials the blades were made of. Following 
the laminate thicknesses and weight constraints (Table 4.18), and taking into account the 
laminae thicknesses found in the plates produced (Table 5.7) the layers distribution for 
the four sections was found. 
For this analysis only UD laminae are considered. The choice of unidirectional laminates 
only was done in order to exploit the coupling effects and therefore obtain the best 
configuration possible. 
 A set of angles was chosen: all the combinations were formed and submitted to the 
solver and then ranked.  
The number of angles and layers to vary in the parametric study was strongly dependent 
on the time available: one single simulation takes approximately one minute to be solved, 
therefore thousands of jobs take days or weeks. Hence, in this study a compromise was 
made in order to keep the computing times reasonable. 
Each of the shell of the blade was divided into four sections as represented in figure 
number, each one of the four section was then divided in two parts, one corresponding to 
the leading edge and the other to the trailing edge; this subdivision was mainly due to 
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the dimensional constraints.  Therefore, in the case the thickness of the laminate in the 
trailing edge overcomes the maximum thickness decided in the design phase (Table 4.18), 
the composite layup will be composed by the first layers of the main part side only 
(Figure 4.51) 
 

 

Figure 4.51 : Leading Edge and Trailing Edge Section Subdivision: in the enlargement it is 
possible to observe the different thickness in the two edges 

For all the three blades optimized and presented successively the same optimization 
procedure was used. The first sector optimized is the root one. Therefore the other four 

sectors were kept at 0° fibers orientation, while the root composite layup was varied. 
Once the best combination for the root is obtained, this is kept constant and the second 

sectors is varied, while the third and fourth were still kept in a “neutral” 0fl orientation. 
Proceeding in the same way, the four sections were optimized. 
One the optimization procedure was carried out the optimized layout was inserted as 
input in Abaqus in order to check that the blade fulfill the structural requirements 
decided in the design phase. 
It has to be specified that the values for each sectors 5 values of the twist were taken; 
after this the average and standard deviations were calculated. In order to find the 
configuration that could give the lowest value of twist both the average and standard 
deviations were taken into consideration.  
In fact was considered important not only to have a low average but a small dispersion 

since the result wanted is low twist all over the blade’s length. An example of the error 
that it is possible to commit considering only the average is shown in the plot 
below(Figure 4.52): 

 

Figure 4.52: Example of Twist along the Blade: two different series are here reported; series 1 
presents lower average value but a high standard deviation, while Series2 has a higher average but 

a very low standard deviation. Series 2 would represent the solution chosen....    
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An Incongruence between the expected results and the actual ones from Abaqus was 
noticed. The reason of this results was provoked by a bug (explained in details in 
appendix G) in the composite layup tool of the software which twisted every angle of 
90˚clockwise; e.g. if an angle of 30˚ was inserted, the structure behaved as if an angle of 
120˚was set. Therefore special attention was needed when inserting the angle values in 
the input data. 

4.16.4.16.4.16.4.16.3333.1 .1 .1 .1 CarbonCarbonCarbonCarbon    
 

The number of layers chosen for each sector is here presented (Table 4.22): 

    Number of layersNumber of layersNumber of layersNumber of layers    Shell thickness Shell thickness Shell thickness Shell thickness 
[mm][mm][mm][mm]    

Sector 1 5 2,15 
Sector 2 4 1,72 

Sector 3 3 1,29 

Sector 4 2 0,86 

Table 4.22: Design of the Thickness Layup in the Carbon Blade 

This configuration permits to fulfill all the physical constraints of the blade (weight and 
laminate thicknesses). No differentiation between layup for the trailing and main part is 

needed because the shells’ thickness is below the limits. 

For the carbon blade the angles varied were seven: -60°, -45°, -30°, 0°, 30°, 45° and 60°. 
Once all the combinations (16807 for the first sector, 2401 for the second, 343 for the 
third and 49 for the fourth one) were collected, the ones that gave minimum twist in the 
respective sectors were selected.  

4.16.34.16.34.16.34.16.3.2 .2 .2 .2 FlaxFlaxFlaxFlax    
 

The number of layer for each sector of the flax blade is presented below (Table4.23): 

    
Number of layersNumber of layersNumber of layersNumber of layers----    

main partmain partmain partmain part    
ThicknessThicknessThicknessThickness----main main main main 

partpartpartpart    
Number oNumber oNumber oNumber of layersf layersf layersf layers----

trailing edgetrailing edgetrailing edgetrailing edge    
ThicknessThicknessThicknessThickness----

trailing edgetrailing edgetrailing edgetrailing edge    

Sector 
1 

14 4,2 6 1,8 
Sector 

2 
12 3,6 6 1,8 

Sector 
3 

10 3 5 1,5 

Sector 
4 

7 2,1 4 1,2 

Table 4.23: Flax Blade Sectors’ Thicknesses and Number of layers 

Since the mechanical properties of flax are considerably lower than CFRP, an higher 
weight of the blade was admitted. The increase of laminate thickness made necessary to 
differentiate among trailing edge side and main part of the blade. A lower thickness is 
permitted in the leading edge side. 
Moreover since optimizing fourteen layers would require weeks of computations, other 
assumptions are made. In order to decrease the number of layers to vary and to increase 
the stiffness of the blade, the first layers on the external part of the shells (next to the 

mold) are imposed to be at 0° fibres orientation. For the first sector the first seven out of 

fourteen layers are fixed at 0°, while in the second six, in the third five and in the fourth 
three. Thus, since the computation was longer than the one for the carbon blade and flax 

has a lower stiffness the angles at -60° and 60° were excluded from the optimization. 



 

RisØ DTU – August 2011                                                                                      103 

 

4.17 Blade Realization 

4.16.34.16.34.16.34.16.3.3 .3 .3 .3 HybridHybridHybridHybrid    
 

For the hybrid configuration (Table 4.24)  the following material distribution was 
studied: 

    Number of layersNumber of layersNumber of layersNumber of layers----    
carboncarboncarboncarbon    

Number of layersNumber of layersNumber of layersNumber of layers----
flflflflaxaxaxax    

Total thicknessTotal thicknessTotal thicknessTotal thickness    

Sector 1 2 5 2,36 
Sector 2 2 4 2,06 

Sector 3 2 2 1,46 

Sector 4 2 1 1,16 

Table 4.24: Flax/Carbon Hybrid Blade Sectors’ Thicknesses and Number of layers 

The chosen layup allowed having a blade made out of 50% in weight of CFRP and 50% 

of FFRP. Since the shells’ thicknesses required are not exceeding the limits for the 
trailing edge side of the blade, no distinctions were made. 

The two layers on the exterior part of the blade were constituted by CFRP in order to 
exploit at the best the most performing material. 

All the layers were varied and the angles permitted were the same as for the flax blade: 

 -45°, -30°, 0°, 30°, 45°. 
 
 

4.14.14.14.17777    Blade RealizationBlade RealizationBlade RealizationBlade Realization    
 
The blade consists of two parts that after finishing operations were glued together with 
epoxy resin in order to form the final component. The two parts of the blade were 
manufactured onto two mould shells, represented in figure 4.53 and 4.54 
  

 
 
Figure 4.53: Mould for Blade Manufacturing: 

Suction side 
 

Figure 4.54: Mould for Blade Manufacturing: 
Pressure side.

Before every infusion operation the mould had been treated with a sealer and releasing 

agent. The mould sealer and releasing agents used were Marbocote® Mould Sealer and 

Marbocote® 227 releasing agent. The products are designed and produced by the company 
Marbo Italia S.P.A. for the treatment of surfaces in metal in order to provide an easy 
releasing for epoxy and vinyl resins. 
After the pre-treatment with these two agents, the holes present in the mould were 
covered in order to not let the resin in during the infusion. The introduction of the resin 
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in the mould might result in a difficult cleaning operation and even damaging of the 
mould itself.  
Three different blades were realized 
 

• Flax Blade: the blade is produced with unidirectional and biaxial flax fabrics. 

• Carbon blade: the blade is produced with unidirectional and twill carbon fabrics. 

• Hybrid Blade: blade produced with unidirectional carbon and flax fabrics. 
 
The disposition of the layers in each blade was done according to the results obtained 
during the Matlab and finite element modeling (Chapters 5.3; 5.4) 
According to the model, the fabrics are cut and disposed on the mould. The width of the 
fabrics cut-out was decided to be a slightly higher than the real blade; the excess was 
removed after the curing procedure. In order to maintain the fabrics in position, porous 
tape was applied at the edges. 
The procedure followed for the realization of the blade followed the same steps applied in 

the case of the realization of the plate. Therefore over the fabric’s layers peel ply and 
distribution media were applied. In this case only one distribution media was applied 
because of the short infusion length in order to have impregnation of all the fabrics. 
Inlet and outlet spiral tubes where applied all over the length of the blade (Figure 4.55) 
and finally the vacuum bagging was prepared (Figure 4.56)  
 

 

Figure 4.55: Inlet and Outlet Spiral Tubes 
Disposition and Envelope bagging 
Preparation. 

 

Figure 4.56: Blade Vacuum Infusion 
Procedure

 
Because of the complex shape of the mould, it was decided to perform an envelope 
bagging. This was believed to provide an easier vacuum bagging procedure. 
 

4.14.14.14.17777.1 Problems in the Blade Realization.1 Problems in the Blade Realization.1 Problems in the Blade Realization.1 Problems in the Blade Realization    
 
The complex geometry of the mould made the realization of the blade difficult. The main 
problem noticed during the production was to keep the layers in position and to fit the 
layers in the cavities of the mould, especially at its root. 
The first problem was avoided simply by using porous tape at the edges of the blade. 
The presence of porous tape at the edges does not interfere with the infusion process and 
the parts can be easily trimmed off during the finishing operations. 
The second problem was more difficult to avoid, the narrow cavities at the root of the 
blade made the fitting of the fabric extremely difficult. Thus, after the vacuum was 
applied, it was necessary to push the fabric inside the cavities in order to fill them and 
not to have fabrics not touching the mould. 
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This will provoke an effect also known as “bridging” and the hollow spaces left will be 
filled with resin during the infusion. 
This effect will lead to the formation of zones of polymer not reinforced by fibres and 
thus will weaken the component. In the worst-case scenario, it is possible to observe that 
the cavities are not filled even with polymer. 
Due to the shape of the mould, it was extremely difficult to avoid the problem and a 
certain amount of bridging was always found in the blade realized. 
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5 Results and discussions 

5 Results and discussions5 Results and discussions5 Results and discussions5 Results and discussions    
 

5555.1 Fabrics A.1 Fabrics A.1 Fabrics A.1 Fabrics Analysisnalysisnalysisnalysis    
 

5555.1.1.1.1.1.1.1.1    Yarn Yarn Yarn Yarn Fabrics ParametersFabrics ParametersFabrics ParametersFabrics Parameters    
 

The results regarding the diameter, twisting angles and other fabrics’ parameters are 
treated in this section. 

The investigation of the fabric’s flax yarn, as expected, showed that they are consisting 
on different fibres. The different fibres are held together by different means depending on 
the manufacturing company. The Lineo flax yarns are twisted while the Biotex yarns are 
produced with the wrap spinning technique. 
The flax yarn structure has a circular cross section variable along the length of the yarn 
as confirmed by the high variability in the diameters data collected. The significant 
spread of data is due to the error in the measurement procedure and also to the natural 
irregularity of the natural fibre yarns 
The carbon yarns presented a more homogenous structure and a smoother surface 
compared to the natural fibres, although a certain degree of variability was recorded. The 
standard deviation in the measurement is due to both the errors in the measurements 
and the handling of the fabrics, which might have introduced a certain degree of error in 
the fibre structure. 
The analysis of the fabrics proceeded with the study of the characteristic parameters of 
the fabric such as the thread density, yarn linear density, cover ratio and factor, crimp 
and areal weight. These parameters are found through the procedure explained in section 
and each of the fabrics purchased is analysed.  

5.1.1.1 5.1.1.1 5.1.1.1 5.1.1.1 Lineo fabricsLineo fabricsLineo fabricsLineo fabrics    
 
The unidirectional fabric is made of yarns whose average diameters is calculated to be 

222±35 µm. Each yarn consists on several fibres twisted with the left-handed angle in 
respect to the yarn axes, the so-called z-twist. The mean twisting angle calculated is 

11±2°. 
Through the optical microscope analysis it was possible to understand the disposition of 
the yarn in the fabric (Figure 5.1, 5.2) and it was even possible to notice certain 
variability in the yarns diameter even with a naked-eye inspection of the microscope 
images. 

 

Figure 5.1: Lineo Flax Unidirectional Fabric; 
Scale Bar:  500 `m. 

 
 
Figure 5.2: Lineo Flax Unidirectional 
Fabric; Scale Bar: 500 `m; Image Pro 
Analysis 
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5.1 Fabrics Analysis 

The Lineo unidirectional fabric is composed by yarns whose linear thread density has a 
value 30 tex in the weft (transverse) direction; in the warp (longitudinal) direction, since 
there are four yarns combined to form one thread, the thread linear density found 
corresponds to 139 tex. 
Furthermore it was possible to observe that the threads density is 12,1 threads/cm in the 
warp direction and 3,5 threads/cm, for the flax stitching yarn, in the weft direction. Due 
to the presence of the stitching flax yarn the fibres in the longitudinal direction was 
found to be 1,5%. On the other hand, the crimp in the weft direction is 1%. 
The cover ratio, which is defined as the area occupied by yarns over the total area of the 
fabric, is 99%. This result seems to be in accordance with the eye inspection of the fabric 
that does not show any empty spots.  
The calculation of the cover ratio was realized by multiplying the yarn diameter times 
the threads density. From the pictures realized with the optical microscope it is possible 
to see that there are 4 yarns for each thread in the warp direction. Therefore the value 
obtained by the multiplication has to be multiplied by four. 
A closer inspection reveals the presence of a certain degree of overlapping between the 
yarns. Thus the value was multiplied by a correction factor taking into account a 10% of 
overlapping. 
Eventually the values of the areal weight found according to the other fabric parameters 
found reveal a value of 181 g/m2. This result is very close to the value of the areal weight 
found simply by knowing the weight and the area of the fabric, which was measured to 
be 171 g/m2. 
 

    

Yarn Yarn Yarn Yarn 
Linear Linear Linear Linear 
Density Density Density Density 

[tex][tex][tex][tex]    

ThrThrThrThreads eads eads eads 
Density Density Density Density 
[cm[cm[cm[cm----1111]]]]    

Crimp Crimp Crimp Crimp 
[%][%][%][%]    

Cover Cover Cover Cover 
Ratio Ratio Ratio Ratio 
[%][%][%][%]    

Cover Cover Cover Cover 
FactorFactorFactorFactor    

WWWW    ffff    VVVVffff    

Areal Areal Areal Areal 
Weight Weight Weight Weight 

CalculateCalculateCalculateCalculate
d [g/md [g/md [g/md [g/m2222]]]]    

WarpWarpWarpWarp    139 12,1 1,5 27 14,3 0,96 0,96 171 
WeftWeftWeftWeft    30 3,5 1 8 1,9 0,04 0,04 11 
TotalTotalTotalTotal    0 / / 33 16,2 1 1 181 

Table 5.1: Lineo Unidirectional Flax Fabric Parameters 

 

5.1.1.2 5.1.1.2 5.1.1.2 5.1.1.2 Flax/Carbon HybridFlax/Carbon HybridFlax/Carbon HybridFlax/Carbon Hybrid    
 
The flax/carbon hybrid fabric consists on a woven fabric of flax and carbon yarns. The 
yarns of the different material possess different diameters and both of them are affected 
by a certain degree of variability. 

The flax yarns have a diameter of 293±47 µm with a Z-twist measured angle of 12±2°. 

The carbon fibres present a width of 1148±152 µm and no twisting angle. The pictures 
representing the structure are reported in the following figures (Figure 5.3, 5.4). In 
addition to that, from the figures above it is possible to notice how the carbon and the 
flax fabric are kept together. The flax stitching provokes a reduction of the diameter of 
the carbon fibre as it can be seen in figure 5.4. 
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Figure 5.3: Lineo Flax/Carbon Hybrid 
Fabric, Flax Stitching of Carbon Yarns. 
Scale Bar: 500`m 

 

Figure 5.4: Lineo Flax/Carbon Hybrid 
Fabric Structure; Scale Bar: 500`m. 

 
In the analysis of the fabric parameters, the measurements were repeated for the flax and 
carbon in both the weft and warp directions. The analysis produced the same results in 

both the fabric’s directions. 
The flax thread linear density (two flax yarns) results 100 tex while the carbon showed 
an higher value of 250 tex. 
On the contrary the threads density for flax showed a higher value of 8,7 threads/cm 
compared to the carbon threads, 1,7 threads/cm. 
The measured value of the crimp results to be 2,22% for both materials and it appear to 
be higher than in the unidirectional. This result was expected since the fabric analysed is 
a woven fabric. 
The cover ratio of the fabric is 84%, the value is sensibly lower than the one obtained for 
the unidirectional but is confirmed by both the optical microscopy and visual inspections. 
Eventually the value of the areal weight calculated and measured are 266 g/m2 and 256 
g/m2 respectively. 
 

    

Yarn Yarn Yarn Yarn 
Linear Linear Linear Linear 
Density Density Density Density 

[tex][tex][tex][tex]    

Threads Threads Threads Threads 
Density Density Density Density 
[cm[cm[cm[cm----1111]]]]    

Crimp Crimp Crimp Crimp 
[%][%][%][%]    

Cover Cover Cover Cover 
Ratio Ratio Ratio Ratio 
[%][%][%][%]    

Cover Cover Cover Cover 
FactorFactorFactorFactor    

WWWW    ffff    VVVVffff    

Areal Areal Areal Areal 
Weight Weight Weight Weight 

Calculated Calculated Calculated Calculated 
[g/m[g/m[g/m[g/m2222]]]]    

Flax 100 8,7 2,22 76 8,7 0,67 0,72 178 
Carbon 251 1,7 2,22 35 2,7 0,33 0,28 88 
Total / / / 84 11,4 1 1 266 

Table 5.2: Lineo Flax/Carbon Hybrid Fabric Parameters....    
 

5.1.1.3 5.1.1.3 5.1.1.3 5.1.1.3 Biotex Fabric: Biotex Fabric: Biotex Fabric: Biotex Fabric: ±±±±45454545° Flax FabricFlax FabricFlax FabricFlax Fabric    
 

The ±45° flax fabric consists of two layers of flax fabrics yarn overlapped at an 

inclination of +45° and -45° in respect to the warp direction (longitudinal direction) of 
the fabric. 
The two layers are stitched together with polyethylene fibres. From the figure 5.5 it is 
possible to observe that the yarn structure less homogeneous that the flax yarns used in 
the unidirectional and flax/carbon hybrid fabric. The fibre diameter measured is 

1047±139 µm. 
Furthermore the flax yarns are produced with a different production technique, which is 
the so-called wrap spinning. From the figure 5.6 it was possible to observe that the fibres 
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in the yarn doesn’t show any twisting angle but they are held together by a polyethylene 
wrapping yarn with a certain angle of twisting in respect to the fibre length. The 

diameter of the wrapping yarn measures is 350±45 µm while their twisting angle is 30±3° 
in respect to the length of the fibre. 
 

 

Figure 5.5: Biotex Biaxial Fabric: Scale Bar: 
500 `m 

 

Figure 5.6: Biotex Biaxial Fabric: Flax Yarn 
and PE Wrapping Yarn. 

 
In the case of this fabric, the polymer stitching and wrapping yarns played an important 
role in the final properties of the fabric thus were also calculated. 
The fabric is produced with flax yarn with a tex of 252. The threads linear density in the 
warp and weft direction for the flax yarn is 7,4 threads/cm while there is a polyethylene 
stitching yarn every 0,5 cm (2 threads/cm). The crimp for the flax yarn resulted to be 
1,25% and the cover ratio found is 95%. 
The areal weight calculated is 378 g/m2 while the value measured corresponds to 370 
g/m2. In the final fabric weight the polyethylene content was calculated to be 13,23% of 
the total weight of the fabric. 
Within the single yarn the wrapping polymer fibre contributes for 11,37% of the total 
weight while the stitching yarn provide 1,86% of the total weight. 
 

    

Yarn Yarn Yarn Yarn 
Linear Linear Linear Linear 
Density Density Density Density 

[tex][tex][tex][tex]    

Threads Threads Threads Threads 
Density Density Density Density 
[cm[cm[cm[cm----1111]]]]    

Crimp Crimp Crimp Crimp 
[&][&][&][&]    

Cover Cover Cover Cover 
Ratio Ratio Ratio Ratio 
[%][%][%][%]    

Cover Cover Cover Cover 
FactorFactorFactorFactor    

    
WWWWffff    VVVVffff    

Areal Areal Areal Areal 
Weight Weight Weight Weight 

Calculated Calculated Calculated Calculated 
[g/m[g/m[g/m[g/m2222]]]]    

Flax Flax Flax Flax 
WarpWarpWarpWarp    

252 7,4 1,25 77 5,85 0,435 0,405 189 

Flax Flax Flax Flax 
WeftWeftWeftWeft    

252 7,4 1,25 77 5,85 0,435 0,405 189 

PE PE PE PE 
stitchesstitchesstitchesstitches    

/ 2,0 / 0 11,7 0,13 0,19 / 

TotalTotalTotalTotal    / / / 95 23,4 1 1 378 

Table 5.3: Biotex Flax Biaxial ±45° Fabric Parameters....    
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5.1.1.4 5.1.1.4 5.1.1.4 5.1.1.4 R&G Fabric: Carbon Twill 2x2 R&G Fabric: Carbon Twill 2x2 R&G Fabric: Carbon Twill 2x2 R&G Fabric: Carbon Twill 2x2     
 
The surface of the carbon fabric results much smoother than the flax fabrics although a 
certain variability is noticed in the fibre width. 
The spread of the data regarding the carbon fibre width might be due to the weaving 

technique used for its fabrication. The carbon fibre width is measure to be 1948±135 µm 
and no twisting angle is found. 
 

 

Figure 5.7: R&G Carbon Twill Fabric; Scale Bar: 1mm 

The investigation carried out on the twill carbon fabric presented the same values in the 
warp and weft directions. The thread linear density calculated is 203 tex and the threads 
density is found to be 4 threads/cm. These parameters results in a cover ratio of 95% 
In opposition to the flax woven fabric the value of the mean crimp calculated was 0,4% 
only. Eventually the areal weight measured through the formulas and the areal weight 
measured are 164 g/m2 and 160 respectively. 
 

    

Yarn Yarn Yarn Yarn 
Linear Linear Linear Linear 
Density Density Density Density 

[tex][tex][tex][tex]    

Threads Threads Threads Threads 
DeDeDeDensity nsity nsity nsity 
[cm[cm[cm[cm----1111]]]]    

Crimp Crimp Crimp Crimp 
[%][%][%][%]    

Cover Cover Cover Cover 
Ratio Ratio Ratio Ratio 
[%][%][%][%]    

Cover Cover Cover Cover 
FactorFactorFactorFactor    

WWWW    ffff    VVVVffff    

Areal Areal Areal Areal 
Weight Weight Weight Weight 

Calculated Calculated Calculated Calculated 
[g/m[g/m[g/m[g/m2222]]]]    

WarpWarpWarpWarp    203 4 0,42 78 5,7 0,5 0,5 82 
WeftWeftWeftWeft    203 4 0,38 78 5,7 0,5 0,5 82 
TotalTotalTotalTotal    / / / 95 11,4 1 1 164 

Table 5.4: R&G Carbon Twill Fabric Parameters 

5.1.1.5 5.1.1.5 5.1.1.5 5.1.1.5 GelGelGelGel----Top A/S:Top A/S:Top A/S:Top A/S:    Carbon UnidirectionalCarbon UnidirectionalCarbon UnidirectionalCarbon Unidirectional    
 
The measurement regarding the width of the carbon UD fibre (Figure 5.8) reveals a 

dimension of 2000±40 µm. It is possible to observe that a lower variability affects the 
system in comparison to the carbon twill fabric. This can be explained to be due to the 
absence of weaving in the production phase. The nylon yarns used for the stitching have 

a diameter of 88±2 µm. 
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Figure 5.8: Gel-Top Carbon Unidirectional Fabric; Scale Bar: 1mm. 

In this case the warp and weft direction results extremely different because of the 
presence of only carbon and only stitching in the warp and weft direction respectively. 
The thread linear density is 796 tex for the carbon and 66 for the nylon stitches. The 
thread density is 4,8 threads/cm for the carbon fibre and 4 threads/cm for the stitching. 
The crimp value was found to be equal to zero in the case of the carbon threads in the 
longitudinal direction. 
On the other hand, the crimp for the polymer yarn has a value of 5,4%. The high crimp 
for these fibres is due to the fact that in order to stitch the carbon fibres, they pass 
alternatively over and under the carbon yarns. 
The cover ratio and the areal weight calculated are respectively 96% and 410 g/m2 while 
the measured areal weight results 380 g/m2. 
 

    

Yarn Yarn Yarn Yarn 
Linear Linear Linear Linear 
Density Density Density Density 

[tex][tex][tex][tex]    

Threads Threads Threads Threads 
Density Density Density Density 
[cm[cm[cm[cm----1111]]]]    

Crimp Crimp Crimp Crimp 
[%][%][%][%]    

Cover Cover Cover Cover 
Ratio Ratio Ratio Ratio 
[%][%][%][%]    

Cover Cover Cover Cover 
FactorFactorFactorFactor    

WWWW    ffff    VVVVffff    

Areal Areal Areal Areal 
Weight Weight Weight Weight 

Calculated Calculated Calculated Calculated 
[g/m[g/m[g/m[g/m2222]]]]    

Warp 
Carbon 

796 4 ~0 96 13,5 0,9 0,84 382 

Weft 
Stitches 

66 4 5,4 7 3,2 0,1 0,16 28 

Total / / / 96 16,7 1 1 410 
Table 5.5: Gel-Top Carbon Unidirectional Fabric Parameters 

 

 

5.25.25.25.2 Composite PropertiesComposite PropertiesComposite PropertiesComposite Properties    
 

 
In this section the results regarding the volumetric composition and the mechanical 
properties of the different materials will be presented. 
The investigation of the volumetric composition was carried out through density 
measurements and through the use of the micromechanical model. 
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5 Results and discussions 

The study of the mechanical properties was done through tensile, shear and fatigue tests. 
The fatigue test were performed in order to investigate the damping properties of the 
materials 

5.5.5.5.2.1 2.1 2.1 2.1 Volumetric compositionVolumetric compositionVolumetric compositionVolumetric composition    
 
In order to know the volumetric composition of the different composite place 
manufactured the micromechanical model was used. The knowledge of the volumetric 
composition is an extremely important parameter highly related with the final 
mechanical properties of the composite material investigated. 
The required parameters for the investigation are the density of the matrix, the density 
of the composite and the weight of the fibres in the composite (Eq. 16-18). 
The epoxy resin supplier provided the values regarding the density of the polymer, but 
since they provide a range of values between 1,1 and 1,2 g/cm3, it was decided to perform 
other measurements in order to obtain a more accurate value. 
From the investigation the value of density obtained for the epoxy resin matrix is 

1,133±0,005 g/cm3. 
Through density measurement it was possible to determine the densities of all the 
laminates realized (Table 5.6). 
 

Composite PlateComposite PlateComposite PlateComposite Plate    Density [g/cmDensity [g/cmDensity [g/cmDensity [g/cm3333]]]]    

UD Flax 0° 1,2554±0,0093 

UD Flax 90° 1,2554±0,0039 

Biaxial Flax +/-45° 1,2237±0,0083 

Biaxial Flax 0°/90° 1,2237±0,0075 

Hybrid Flax/Carbon 1,2637±0,0013 

UD Carbon 0° 1,4854±0,0104 

Twill Carbon 1,4350±0,0064 
Table 5.6: Composite Densities 

In order to find the fibre weight fraction inside the composite specimen analysed, the area 
of each specimen was measured, and then it was multiplied by the areal weight and by 
the number of layers present per laminate. 
After this the weight of each composite specimen was recorded it was possible to 
calculate the fibre weight fraction (Wf) and thus every of the required parameters was 
known. 
This method was believed to give an approximate estimation of the weight content of 
fibres inside the specimen and because of that the measurement was affected by a certain 
degree of error. 
In the following graphs the results regarding the volumetric composition of the different 
plates realized are reported: 
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Figure 5.9: Flax UD0° Volumetric 
Composition. 

 

Figure 5.10: Flax UD90° Volumetric 
Composition. 

 

 

Figure 5.11: Flax Biaxial ±45° Volumetric 
Composition. 

    

Figure 5.13: Carbon Twill Volumetric 
Composition. 
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Figure 5.12. Flax Biaxial 0°/90° Volumetric 
Composition. 

 

Figure 5.14: Carbon UD0° Volumetric 
Composition. 

 
 

 

Figure 5.15: Flax/Carbon Hybrid Volumetric Composition. 

The analysis showed that for every plate realized the porosity obtained was very low. 
Especially in the case of the natural fibres it can be seen that the porosity was less than 

0,5% for both the flax unidirectional 0° and 90°. These values appear to be more than 3 
times lower than the value of porosity obtained for carbon. 
One possible explanation to this phenomenon can be given by considering the degree of 
compaction of the fibres during the vacuum infusion process. 
Before the infusion the fibres were compacted by the applied vacuum. The level of 
compaction that could have been reached in the carbon fibres was much higher than in 
case of the natural fibres. This behaviour can be explained by the fibre structure. 
Because of the natural yarn structure, the level of compaction during the application of 
the vacuum is lower in respect to carbon fibre, the structure is more open and thus it was 
possible to have an easier evacuation of the air and easier penetration of the resin during 
the infusion process.  
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All these considerations can also justify the reason why the matrix content in the 
biocomposites is higher than in the case of carbon-reinforced materials. The voids left in 
the structure during the fibre compaction were higher in the case of natural fibres thus 
there was more free space for the resin. 
These reasons might explain the different level of porosity in the case of the two different 
materials. 
The porosity content in the case of the flax/carbon hybrid structure was the highest 
measured in all the composite plates produced. This effect could have been due to the 
lower cover ratio of the fabric, which was only 84%, and to the mixture of two different 
material, carbon and flax. These two reasons can be the explanation of the higher level of 
pores inside the flax/hybrid composite. 
Eventually it is possible to consider composite materials with porosity content below 2% 
as a high quality product. While the hybrid, whose porosity is 3,28% can still be 
considered a good composite product. 
In particular the results obtained regarding the porosity content in the biocomposites 
material demonstrate that the vacuum infusion process was capable to reduce 
significantly the porosity in the laminate compared to the vacuum heating press 
consolidation technique, which was performed in other studies [6]. 
The data regarding the composite fabrication, the plate thickness and the each lamina 
thickness is reported in table 5.7. The determination of the thickness of each lamina for 
all the laminates is extremely important since these parameters that will be used during 
the optimization modelling procedure. 
 

PlatePlatePlatePlate    
Number of Number of Number of Number of 
Layer usedLayer usedLayer usedLayer used    

Plate Thickness Plate Thickness Plate Thickness Plate Thickness 
[mm][mm][mm][mm]    

Fabric Thickness Fabric Thickness Fabric Thickness Fabric Thickness 
[mm][mm][mm][mm]    

Lamina thickness Lamina thickness Lamina thickness Lamina thickness 
[mm][mm][mm][mm]    

Flax UD 0fl 10 3,30 0,114 0,330 

Flax UD 90fl 10 3,27 0,114 0,327 

Flax Biaxial  
+/- 45fl 

6 5,27 0,255 0,878 

Flax/Carbon 
Hybrid 

8 3,73 0,161 0,466 

Carbon UD0fl 7 3,02 0,203 0,432 

Carbon Twill 15 3,11 0,086 0,207 

Table 5.7: Plate Parameters. 

5.2.2 5.2.2 5.2.2 5.2.2 Mechanical PropertiesMechanical PropertiesMechanical PropertiesMechanical Properties    
 
The analysis of the mechanical properties of the different composite materials produced 
was done through tensile, shear and fatigue tests. The following section presents the 
results obtained for each test realized. 

5.2.2.1 5.2.2.1 5.2.2.1 5.2.2.1 Tensile testsTensile testsTensile testsTensile tests    
 
Tensile tests were performed on two different machines depending on the expected tensile 
force to apply to the specimen. 
The procedure followed for the determination of the mechanical properties and the 
extrapolation of the different results is described in 4.11.1. 

Flax UD 0° 
 
The stress-strain curve obtained from the unidirectional flax fabrics is reported in the 
following graph (Figure 5.16) 
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Figure 5.16: Tensile Strain-Stress Curve for Flax UD0fl Specimens. 

 

The mean value of the elastic modulus calculated was 19,93±0,31 GPa and the mean 

ultimate stress reached 237,87±4,39 MPa. The mean ultimate strain calculated resulted 

1,67±0,05%. 
It is possible to observe that the curves of the different specimens showed the same 
behaviour during the tests. This trend was reflected especially in the low variability of 
the standard deviation of the elastic modulus of the materials. 
From the data obtained during this mechanical investigation it is possible to perform the 
backcalculation of the tensile modulus of the unidirectional reinforcement. The combined 
rule of mixture takes into account the presence of porosity, the fibre length and fibre 
orientation efficiency factors. In the calculation the fibre aspect ratio is assumed to be 
high enough to consider the fibre length efficiency factor equal to one. Furthermore all 
the fibres are oriented along the longitudinal axis and the porosity is very low, therefore 
it is assumed equal to zero. 
With this assumption, the combined rule of mixtures is equal to the rule of mixture. 
With the formula it is possible to extrapolate the young modulus for the flax fibres. The 
result obtained was around 52 GPa. The value found is agreement with the results of 
tensile modulus for flax fibres found in literature (50-70 GPa). 
From the stress-strain curve (Figure 5.16) it was possible to notice a slight decrease of 
the slope from the range in which the modulus is determined (0,05%-0,25%) to higher 
deformations values. This effect could have been due to the presence of cracks in the 
matrix or connected to failure of the first fibres inside the composite. 

Flax UD 90° 
 
The following figure represents the stress-strain curve in the case of the flax 
unidirectional with fibre orientated at 90fl with respect to the longitudinal direction. 
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Figure 5.17: Tensile Strain-Stress Curve for Flax UD0fl Specimens. 

As expected both the value of the young modulus and ultimate strength were lower than 
the case of the fibre lying along the loading axis. The mean value of the elastic modulus 

calculated was 3,93±0,1 GPa and the mean ultimate stress reached 29,22±0,99 MPa. The 
failure occurred after the material lost its linearity. The value of the elastic modulus is 
not so far form the value of the modulus of the matrix provided by the supplier, which is 

2,48 GPa. The mean ultimate strain calculated was 1,07±0,05% (Figure 5.17) 

Flax Biaxial +/-45° 
 

In the case of the flax biaxial +/-45° the Young modulus of the material was 3,57±0,09 

GPa and the ultimate its stress 36,15±0,54 MPa. The stress strain curves are represented 
in the following graph (Figure 5.18) 

 

 

Figure 5.18: Tensile Strain-Stress Curve for Biaxial ±45° Specimens 
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From the curves it is possible to observe that the material lost its linearity after 1% of 

the strain and after that the deformation continued until a mean strain 3,59±0,2%, a 
value largely higher than the  ultimate strain values reached in the other materials. 
Furthermore, it was possible to see that the failure of the specimen occurred after a 
plateau in which the stress was stable (Figure 5.18) 
The high failure strain and the plateau in the stress-strain curve can be explained by the 
angle orientation of the fabrics: this peculiar behaviour was believed to be due to the 
appearance of the first cracks in the matrix.  

At this point, the fabric at ±45° was able to deform and the fibres in the fabric changed 

slowly their orientation from the ±45° angle of inclination to an angle closer to the 
direction of the loading axis. This process allowed a high deformation without provoking 
any increase in the tensile stress. 

Flax Biaxial 0°/90° 
 
The biaxial fabric was used also for the fabrication of a composite plate with the 

orientation of 0°/90° in respect to the loading axis in order to study the effects of the 
different orientations in the case of the biaxial fabric.  

The mean value of the tensile modulus was 7,06±0,16 GPa, the ultimate stress and strain 

calculated were respectively 72,023±3,46 and 1,60±0,10%. There was a quite large spread 
of data in the value of the ultimate stress and this might be due to the failure of the 
specimen in the grips. This is a quite common problem in natural fibre composites 
testing. 

In this material, like in the case of unidirectional flax fabric at 0°, it is possible to observe 
a decrease in the slope moving from the initial stages of deformation to higher values of 
strain (Figure 5.19). 
In the case of this material the back calculation of the fabric modulus was performed and 
different assumptions were made. 
The first assumption that was made is that the final tensile modulus is the results of two 

contributes, the fibres in the 0° direction and the fibres in the 90° direction, and the 
porosity is assumed to be equal to zero. 

The contribute of the fibres oriented at 90° was believed to be equal to the one of pure 
matrix, whose tensile modulus declared by the supplier company is 2,48 GPa. 
Therefore by considering the relative volume fractions of matrix and fibres, through the 
rule of mixture it was possible to find that the modulus of the hypothetical Biotex 
unidirectional fabric is around 28GPa, a value sensibly lower than the Lineo 
unidirectional fabric. 
The reasons of the lower value of the modulus for the Biotex yarns can be traced back to 
different reasons. One of them can be the manufacturing technique. 
The yarns are produced with the wrap spinning technique; the fibres lay along the fibre 
length direction and are held together with a wrapping yarn. Despite the disposition of 
the fibre, the wrapping yarn might not provide structural stability to the flax yarn, thus 
it was not possible to exploit fully the natural fibres properties. 
Another reason could be due to the quality of the fibre and the processing treatments 
performed during the yarn fabrication. 
 
 
 
 



 

RisØ DTU – August 2011                                                                                      119 

 

Composite Properties 

 

Figure 5.19: Tensile Strain-Stress Curve for Biaxial 0fl/90fl Specimens. 

Carbon UD 0° 
 

The properties of the carbon unidirectional 0° fabrics were investigated. The results 
obtained are represented in figure 5.20. 

The tensile modulus obtained is 104,25±1,45 GPa. The ultimate tensile stress and strain 

are 1979,58±146,85 MPa and 1,89±0,07% respectively. 
 

 

Figure 5.20: Tensile Strain-Stress Curve for Carbon UD0° Specimens 

 
The analysis of the tensile curves shows a linear behaviour of the material until a value of 
strain of 1%. After this, is possible to observe slight drops in the stress as the strain 
proceeds. Those drops were due to the failure of single fibres in the composite specimen. 
The backcalculation performed on the composite produced a value of tensile modulus for 
the carbon reinforcement of 204 GPa. 
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In the following figure (Figure 5.21) it is possible to observe the morphology of the 
specimen after the failure. During the test was possible to assist to the progressive failure 
of single fibres before the sudden and catastrophic failure of the whole specimen. 
 

 

Figure 5.21: Failure Morphology of Carbon UD0° Specimen 

Carbon Twill 
 
As expected, the values of the tensile modulus and the ultimate stress of the were lower 
than the values found in the case of the unidirectional carbon fibre composite because of 

the structure of the fabric, which is woven and presents also fibre laying at 90° with 
respect to the loading axis. 

The mean tensile modulus found during the investigation was 49,50±1,28 GPa. The 

ultimate stress and strain were respectively 726,00±47,32 MPa and 1,37±0,05%. 
 

 

Figure 5.22: Tensile Strain-Stress Curve for Carbon Twill Specimens 
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The graph of the stress-strain curve (Figure 5.22) showed a completely linear behaviour 
of the material before a sudden failure. The failure occurred in the gauge length. 

Flax/Carbon Hybrid 
 
The investigation on flax and carbon hybrid was carried out on two different batch of 

specimen. The fibres are laying at 0° and 90° in respect to the loading axis. According to 
the standards it was possible to produce specimen with a width of 25 or 50 mm. therefore 
5 specimens for each of the two widths were tested. 
This choice was done in order to understand if there was variability in the results due to 
the carbon fibre content inside the composite. 
The carbon fibre threads density calculated is 1,7 threads/cm; therefore it was believed 
that there could have been a high variability in the content of carbon fibre due to the 
effect at the edges of the sample from specimen to specimen. In order to limit this effect 
also wider sample were produced. 
The stress strain curves obtained for the two different batches of specimen are reported 
in the following graphs (Figure 5.23, Figure 5.24). In tables 5.8 and 5.9 the mean values 
of tensile modulus and ultimate stress and strain are reported. 
 
 

 

Figure 5.23: Tensile Strain-Stress Curve for Flax/Carbon Hybrid Specimens (Width 25mm) 
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Figure 5.24: Tensile Strain-Stress Curve for Flax/Carbon Hybrid Specimens (Width 50mm) 

 
 

Flax/Carbon specimens (Width 25mm)Flax/Carbon specimens (Width 25mm)Flax/Carbon specimens (Width 25mm)Flax/Carbon specimens (Width 25mm)    

E (GPa) σu(MPa) εu(%) 

14,59±1,07 141,93±12,96 1,12±0,05 
Table 5.8: Flax/Carbon Hybrid (Width 25mm) Mechanical Properties 

 

Flax/Carbon specimens (Width 50mm)Flax/Carbon specimens (Width 50mm)Flax/Carbon specimens (Width 50mm)Flax/Carbon specimens (Width 50mm)    

E (GPa) σu(MPa) εu(%) 

14,47±0,42 142,76±4,62 1,08±0,07 
Table 5.9: Flax/Carbon Hybrid (Width 50mm) Mechanical Properties 

From the results it was possible to observe that the values all the values were very 
similar. Although in the case of the 50mm wide specimen a smaller variability of the data 
can be found in the case of the Young modulus and ultimate stress.  
Therefore it is possible to conclude that the volume fraction of carbon was the same in 
the two specimens and the effect at the edge did not play a major role when considering 
these two different dimensions. 
In addition to that, the rule of mixture was used to predict the value of the tensile 
modulus expected. The assumptions made could not allow the calculation of a precise 
value, but were used just to have a qualitative estimation of the tensile modulus.  
In this case the hypothesis made was that only 50% of the fibres in the fabric was 
contributing to the modulus in the longitudinal direction. The values used for the carbon 
and flax moduli were calculated with the rule of mixture thorough the results obtained in 

the case of Flax UD 0° and Carbon UD 0°. 
By considering that the volume fraction of carbon and flax in the fabric were 0,28 and 
0,72 respectively, the value tensile modulus of the fabric was found and thus the rule of 
mixture was used for the calculation of the expected modulus of the hybrid specimens. 
The result of the calculation produced a value of modulus around 17 GPa. 
By considering that the fabric is woven and therefore some crimp is introduced in the 
yarn and by considering that the content of carbon might be a slightly lower due to the 
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effect at the edges, the model seemed to give a value close to the one obtained through 
the mechanical investigations. 
In addition to that, assuming that the flax product is the same as the one used for the 
unidirectional fabric and considering the same assumptions made for the case above, with 
the results obtained from the mechanical investigation it is possible to back calculate the 
value of the stiffness of the carbon used for the fabric. The calculations provide a value of 
131GPa, which is quite low for a carbon reinforcement. 
In this final table (Table 5.10) the mechanical tensile properties and the relative volume 
fractions for all the materials analysed is reported:  
 

Tensile PropertiesTensile PropertiesTensile PropertiesTensile Properties    

MaterialMaterialMaterialMaterial    E (GPa)E (GPa)E (GPa)E (GPa)    σuuuu    (MPa)(MPa)(MPa)(MPa)    εuuuu    (%)(%)(%)(%)    
    

VVVVffff    

    

    
VVVVmmmm    

    

    
VVVVpppp    

    

Biaxial +45°/-

45° 
3,57±0,09 36,15±0,54 3,59±0,20 0,29 0,69 0,02 

Biaxial 0°/90° 7,06±0,16 72,02±3,46 1,60±0,10 0,29 0,69 0,02 

Hybrid 14,59±1,07 141,93±12,96 1,12±0,05 0,34 0,63 0,03 

Hybrid (width 
50 mm) 14,47±0,42 142,76±4,63 1,08±0,07 0,34 0,63 0,03 

Flax UD 0° 19,93±0,31 237,87±4,39 1,67±0,05 0,35 0,65 0,00 

Flax UD 90° 3,93±0,10 29,82±0,99 1,07±0,05 0,35 0,65 0,00 

Carbon UD 0° 104,25±1,45 1970,58±146,85 1,89±0,07 0,50 0,48 0,02 

Carbon Twill 

0°/90° 
49,50±1,28 726,00±47,32 1,37±0,05 0,42 0,56 0,02 

Table 5.10: Tensile Mechanical Properties and Volume Fractions 

The values of the ultimate stresses and strains are obtained at specimen failure, but it 
has to be specified that the failure nearly for all the biocomposite specimens occurred 
outside the gauge length and more precisely on the boundary between the tabs and the 
laminate. This effect is due to a concentration of the loads caused by the shape of the 
tabs. 
Because of this reason the failure occurred at a value lower than the real ultimate values. 
Therefore the measures are conservatives.  

Flax UD 0° and Glass Fibre UD 
 
In this section the results of tensile mechanical testing carried out on glass fibre 
composites in another thesis project [69] are presented. The aim of these is to compare 
the results obtained for the two different classes of material and to investigate the 
potentialities of biocomposites as suitable substitute for glass fibre composites for 
structural applications. 

The investigation was carried out comparing the results obtained for the Flax UD 0° and 

a E-Glass UD 0° specimens.  
The E-glass fibres used for the production of the composite specimens were supplied by 

the company Polymarin. The fibres were mixed with the epoxy resin Prime™ 20 and the 
production of the composite specimen was done by using the vacuum infusion technique. 
The most important properties of the glass fibre-reinforced composite material, such as 
the volumetric composition and the tensile mechanical properties are reported in table 
number 5.11. 
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Tensile PropertiesTensile PropertiesTensile PropertiesTensile Properties    

MaterialMaterialMaterialMaterial    E (GPa)E (GPa)E (GPa)E (GPa)    σuuuu    (MPa)(MPa)(MPa)(MPa)    εuuuu    (%)(%)(%)(%)    
    

VVVVf f f f (%)(%)(%)(%)    
    

    
VVVVmmmm(%)(%)(%)(%)    

    

    
VVVVpppp(%)(%)(%)(%)    

    

ρρρρ    
(g/cm(g/cm(g/cm(g/cm3333))))    

Glass 
Fibre 38,32±3,26 806,51±19,4 2,30±0,08 52,03 46,26 1,74 1,88±0,02 

Flax 
Fibre 19,93±0,31 237,87±4,39 1,67±0,05 34,55 65,03 0,42 1,25±0,01 

Table 5.11: Unidirectional Flax and Glass fibre reinforced composites Tensile Properties 
 

From the results obtained in both the investigations it was possible to notice that the 
value of both strength and tensile modulus were higher in the case of the E-glass fibre 
material. In fact the young modulus for the glass fibre composite appears to be almost 
double in respect to the biocomposite while the tensile ultimate stress nearly 4 times 
larger. 
By taking into account the results of the tensile tests it seemed that the flax fibres were 
not as performing as the inorganic fibres. However it has to be considered that the fibre 
volume fraction is 52% in contrast with the 35% of the natural fibre composite. 
Therefore, in the case in which the volume fraction of fibres in the biocomposite could be 
improved to a level comparable to the one of the glass fibres, the expected modulus 
calculated through the rule of mixture could be around 26 GPa; a value of modulus still 
lower than the value for glass fibres. 
By taking into account the value of the modulus of the reinforcement calculated with the 
rule of mixtures, it is possible to observe that the value of E in case of flax is 52GPa 
while it is 71GPa in case of glass fibres. Despite this diversity, it is possible to notice that 
the value of the densities for the two reinforcements is different for the two materials: 
1,5g/cm3 for flax and 2,6g/cm3 for glass. By considering this, one could evaluate the 
specific modulus for the two reinforcements by dividing the tensile modulus by the 

density of the material (E/ρ). The results showed that the specific modulus of natural 

flax fibres is higher (34 GPa/ρ) compared to the value for glass fibres (27GPa/ρ). 
Furthermore, by considering the laminate product, it is possible to notice that the 

density of the flax biocomposite presents value of 1,25±0,01 g/cm3, while the density of 

the glass fibre composite shows a higher value of 1,88±0,01 g/cm3. 
The calculation of the specific modulus at the same fibre volume fraction (55%) produced 

a specific modulus of 20,6 GPa /ρ for the glass fibre composite and 20,9 GPa/ρ for the 
flax fibre composite. 
Despite the values of the specific moduli for glass and flax are comparable, the ultimate 
strength of the glass fibre results much higher than the one obtained in the natural fibre-
based composites. 
In addition to that, it has to be said that despite the value of the specific moduli are 
similar at the defined volume fractions, the current state of technology for the production 

of flax laminate, doesn’t allow reaching the volume fractions obtained in the case of glass 
composites. 

5.2.2.25.2.2.25.2.2.25.2.2.2    Shear testsShear testsShear testsShear tests    
 
The composite materials manufactured were also tested in shear in order to find the 
shear modulus and the values of ultimate strength and strain. The procedure followed in 
these mechanical tests is explained in 4.11.2. 
In these particular tests it is usual to obtain value of ultimate strain higher than 5%, 
therefore according to the standards the value of the ultimate stress is the value of load 
at which the strain reaches a maximum of 5%. This procedure avoids recording not 
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significant value of stress for the material. Four specimens were tested per each different 
material. 
In the following figures all the stress-strain curves are reported for the different materials 
analysed. In table 5.12 it is possible to observe all the values obtained from the 
mechanical investigation. 

 

Figure 5.25: Shear Stress-Strain Curve for Flax UD0° Specimens 

 

 

Figure 5.26: Shear Stress-Strain Curve for Flax UD90° Specimens 
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Figure 5.27: Shear Stress-Strain Curve for Flax Biaxial ±45° Specimens 

 

Figure 5.28: Shear Stress-Strain Curve for Flax Biaxial 0°/90° Specimens 
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Figure 5.29: Shear Stress-Strain Curve for Carbon UD0° Specimens 

 

Figure 5.30: Shear Stress-Strain Curve for Carbon Twill 0°/90°Specimens 
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Figure 5.31: Shear Stress-Strain Curve for Flax/Carbon Hybrid Specimens 

 
Shear PropertiesShear PropertiesShear PropertiesShear Properties    

MaterialMaterialMaterialMaterial    G (GPa)G (GPa)G (GPa)G (GPa)    ττττuuuu    (MPa)(MPa)(MPa)(MPa)    εuuuu    (%)(%)(%)(%)    
    

VVVVffff    

    

    
VVVVmmmm    

    

    
VVVVpppp    

    

Biaxial +45°/-

45° 
2,812±0,15 46,08±1,01 4,39±0,45 0,29 0,69 0,02 

Biaxial 0°/90° 1,47±0,04 29,65±0,76 5 0,29 0,69 0,02 

Hybrid 1,25±0,11 24,99±0,52 5 0,34 0,63 0,03 

Flax UD 0° 1,56±0,12 35,84±2,53 5 0,35 0,65 0,00 

Flax UD 90° 1,41±0,03 32,24±1,57 4,595±0,72 0,35 0,65 0,00 

Carbon UD 0° 3,81±0,44 43,91±0,872 5 0,50 0,48 0,02 

Carbon Twill 

0°/90° 
3,12±0,24 52,44±1,59 5 0,42 0,56 0,02 

Table 5.12: Shear Mechanical Properties and Volume Fractions.    

Comments on Shear Tests Graphs 
 
A general trend was observed in all the materials tested; the relationship between the 
stress and strain in the first areas (below 1% strain) of the graphs is linear, after this, the 
as the strain increases, the curves lost linearity. As it was discussed before, the behaviour 
of the materials at large value of strain is not interesting for engineering applications. 
Because of that the value of the ultimate strain is fixed at 5% by the standards. At this 
value of strain the ultimate stress is calculated. 

In the flax UD 0° the fibres were oriented along the length of the specimen and 
perpendicular to the loading axes, while in the flax UD 90fl specimens the fibres were 

orientated at 90° in respect to the specimen axes and were parallel to the loading axes.  

It is possible to observe that in the case of the unidirectional flax fibre at 0° (Figure 5.25) 
the ultimate stress is calculated for a value of strain of 5%; the specimen continued to 
deform after this percentage of strain but no useful information could have been obtained 
from the curve. On the other hand it was possible to see that in the case of the specimen 

with fibre orientation at 90° (Figure 5.26) the ultimate stress was calculated for a lower 
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value of strain. This was due to the fact that all the specimens showed sudden failure at 
a certain value of strain lower that the maximum allowed according to the standards. 

Compared to other flax specimen the value of shear modulus of the biaxial flax +/-45° is 
higher (Figure 5.27). This result was expected because of the angle of orientation of the 
fibre in respect to the loading axis. Despite the higher modulus among the flax fibres 
tested, the value of the ultimate strain registered was the lowest. 

The same flax fabric was also used in order to produce specimens with orientation 0°/90°. 
The shear modulus of these specimens registered was the half of the value obtained for 

the +/-45° biaxial (Figure 5.28) 

Regarding the carbon fabrics the carbon unidirectional 0° specimens (Figure 5.29) had 
the fibres oriented along the length of the specimen. The result obtained for this material 
was a modulus of 3,81 GPa. 

The carbon fibres in the twill specimen were oriented at 0° and 90°. With this particular 
fibre orientation the shear modulus of the material appeared lower than the carbon 
unidirectional although the ultimate stress, which in both cases is calculated at 5% of 
strain, is higher (Figure 5.30) 
To conclude, the orientation of the flax and carbon fibre in the hybrid specimens was at 

0° and 90° in respect to the specimen axis. The modulus obtained with these fibre 
orientations present the lowest value of shear modulus and ultimate stress in relation to 
all the materials tested (Figure 5.31). 
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5.2.2.3 5.2.2.3 5.2.2.3 5.2.2.3 Fatigue testsFatigue testsFatigue testsFatigue tests    
 

Fatigue test were performed in order to investigate the damping properties of the flax 
and carbon. At the beginning of the study it was planned to test only the unidirectional 
flax and unidirectional carbon specimen, because of the results obtained in the first tests 
on the unidirectional flax composite, it was decided to investigate other materials. 
The fatigue tests started with the determination of the tensile modulus of the materials. 
After the tensile test was performed, the specimen was unloaded and the material was 
tested again in order to investigate the presence of residual strain and changes in the 
modulus. 
The knowledge of the tensile modulus was necessary for the determination of the cyclic 
load to apply to the material to have the defined strain. 

Flax UD0°  
 
In the case of the unidirectional flax fabrics three specimens were tested. The cyclic load 
to apply was calculated at 0,6% of strain (Figure 5.32) 
 

 
Figure 5.32: Residual Strain in the Flax UD0°-01 Specimen 

The fatigue tests performed on the flax unidirectional led to the determination of 
surprising results, after the first tensile test it was possible to observe an increase of the 
value of the tensile modulus, and the presence of a residual strain in the specimen (Table 
5.13). 
 

Flax UD0Flax UD0Flax UD0Flax UD0°    

SpecimenSpecimenSpecimenSpecimen    
E 1E 1E 1E 1stststst    tensile tensile tensile tensile 

[GPa][GPa][GPa][GPa]    
E 2E 2E 2E 2ndndndnd    tensile tensile tensile tensile 

[GPa][GPa][GPa][GPa]    
E increaseE increaseE increaseE increase    

[%][%][%][%]    
Residual Residual Residual Residual ε        

[%][%][%][%]    

Flax UD0°-01 17,59 18,88 6,83 0,102 

Flax UD0°-02 17,71 19,39 8,66 0,114 

Flax UD0°-03 17,92 19,13 6,34 0,191 

Average 17,74 19,13 7,28 0,136 

Table 5.13: Tensile Properties Flax UD0° Specimens in the Tension Pre-Test 
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In order to check the nature of this deformation, the specimen was removed from the 
machine and let one night to rest. The following tests confirmed the presence of a plastic 
deformation in the specimen.  
The fatigue tests showed even more surprising results in opposition to other conventional 
composite materials. Usually during a fatigue test it is possible to observe a decrease of 
the modulus of the material accompanied by an increase of the damping properties. 
On the contrary for the flax samples it was possible to observe, a continuous increase of 
the tensile modulus during the test and a reduction of the damping properties. The tests 
carried out showed a mean increase of 9,75% for the modulus of the material (Figure 
5.34) and a reduction of the damping of 66,47% during fatigue until 200000 cycles 
(Figure 5.33). The results of the fatigue investigation are reported in table 5.14. 
 

Flax UD0Flax UD0Flax UD0Flax UD0°    

SpecimenSpecimenSpecimenSpecimen    
EEEE    

(1st Cycle)(1st Cycle)(1st Cycle)(1st Cycle)    
[GPa][GPa][GPa][GPa]    

EEEE    
(Final Cycle)(Final Cycle)(Final Cycle)(Final Cycle)    

[GPa][GPa][GPa][GPa]    

E E E E 
IncreaseIncreaseIncreaseIncrease    

[%][%][%][%]    

Damping Damping Damping Damping 
(Cycle 1)(Cycle 1)(Cycle 1)(Cycle 1)    

DampingDampingDampingDamping    
(Final (Final (Final (Final 
Cycle)Cycle)Cycle)Cycle)    

Damping Damping Damping Damping 
DecreaseDecreaseDecreaseDecrease    

[%][%][%][%]    
Flax 

UD0°-01 
20,63 23 9,78 0,037 0,0123 66,75 

Flax 

UD0°-02 
21,37 23,59 9,41 0,035 0,0120 65,74 

Flax 

UD0°-03 
20,56 22,86 10,06 0,038 0,0126 66,90 

Average 20,85 23 9,75 0,037 0,0123 66,47 

Table 5.14: Flax UD0° Damping Test Results 

 
 

 
Figure 5.33: Flax UD0° Damping in Function of the Cycle Number 
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Figure 5.34: Flax UD0° Modulus in Function of the Cycle Number 

 
Different theories are proposed to explain this phenomenon: the first one deals with the 
formation of micro-cracks during the fatigue tests; the presence of micro-cracks between 
the fibre and the matrix leave fibres in the yarn free to align along the loading axis. The 
twisting angle present in the flax yarn is then reduced and thus the fibres can be loaded 
on their longitudinal axis. As a result of this reorientation it is possible to observe an 
increase in the final stiffness of the material. 
The second theory proposed regards the stretching of the natural fibres inside the 
composite. Because of the structure of the natural fibres, the stress applied provokes a 
reorientation of the microfibrils inside the cell wall structure along the loading axis. This 
leads to an increase of the stiffness.  
Study on single natural fibres already proved the increase in the stiffness of the materials 
during fatigue [69], but is still unknown if the theory can be applied to twisted or 
twistless yarns used as reinforcements in composite materials. 
It also might be possible to have the twisting of the fibres in the yarn during the first 
stages of the deformation followed by a stretching and reorientation of the microfibrils. 
Both the explanations are suitable to explain the amount of residual strain in the 
material after the tensile test and the increase of the stiffness of the flax composites. 
The alignment of the fibres or microfibrils reorientation in the longitudinal direction 
provokes an increase of the length of the fibres and the increase of the modulus of the 
material. 
 
 

Flax UD90° 
 

In order to prove the theory, the Flax UD 90° specimen were also tested. In this case the 

fibres are orientated with a 90° angle in respect to the loading axes therefore no 
stretching or twisting should be expected.  
The investigation was carried out on three specimens under a cyclic load calculated at 
0,4% of the strain. The tensile tests before the fatigue showed an increase of the stiffness 
and also the presence of a residual strain, although in a lower percentage in respect to the 
unidirectional 0fl flax fibres (Table 5.15). The residual strains in the case of this material 

were approximately one fifth of the residual strains found in the flax UD 0°. 
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Flax UD90Flax UD90Flax UD90Flax UD90°    

SpecimenSpecimenSpecimenSpecimen    
E 1E 1E 1E 1stststst    tensile tensile tensile tensile 

[GPa][GPa][GPa][GPa]    
E 2E 2E 2E 2ndndndnd    tensile tensile tensile tensile 

[GPa][GPa][GPa][GPa]    
E increaseE increaseE increaseE increase    

[%][%][%][%]    
Residual Residual Residual Residual ε    

[%][%][%][%]    

Flax UD90°-
01 2,37 2,52 5,84 0,033 

Flax UD90°-
02 2,65 2,79 4,84 0,026 

Flax UD90°-
03 2,89 3,01 3,67 0,025 

Average 2,64 2,77 4,78 0,028 

Table 5.15: Tensile Properties Flax UD90° Specimens in the Tension Pre-Test. 

During the fatigue test carried out at 200000 cycles, it was possible to observe a decrease 
of the tensile modulus and an increase of the damping properties of the materials (Figure 
5.35, Figure 5.36). As expected, in this specimen because of the fibres orientation, the 
fatigue load is not able either to twist the fibres in the yarn to a lower twisting angle or 
to stretch the microfibrils in the natural fibre structure. 
 

 

Figure 5.35: Flax UD90° Damping in Function of the Cycle Number. 
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Figure 5.36: Flax UD90° Modulus in Function of the Cycle Number 

From the figure 5.32 it is possible to observe the curve relative to the damping of the 
material. The material presents an initial increase in the damping in the first 20000 
cycles, after this the material reaches a plateau. 
While the curve reporting the change of the modulus during the fatigue tests (Figure 
5.33) behaves in the opposite way; a decrease of the modulus is reported in the first 
20000 cycles after the specimens reaches a stable value. The results obtained during the 

Flax UD90° investigation are reported in table 5.16 
 

Flax UD90Flax UD90Flax UD90Flax UD90°    

SpecimenSpecimenSpecimenSpecimen 
EEEE    

(1st Cycle)(1st Cycle)(1st Cycle)(1st Cycle)    
[GPa][GPa][GPa][GPa] 

EEEE    
(Final (Final (Final (Final 
Cycle)Cycle)Cycle)Cycle)    
[GPa][GPa][GPa][GPa] 

E IncreaseE IncreaseE IncreaseE Increase    
[%][%][%][%] 

DDDDamping amping amping amping 
(Cycle 1)(Cycle 1)(Cycle 1)(Cycle 1) 

DampingDampingDampingDamping    
(Final (Final (Final (Final 
Cycle)Cycle)Cycle)Cycle) 

Damping Damping Damping Damping 
DecreaseDecreaseDecreaseDecrease    

[%][%][%][%] 

Flax 

UD90°-01 3,276 3,146 3,96 0,0399 0,0429 6,99 
Flax 

UD90°-02 3,627 3,326 8,29 0,0368 0,0426 13,61 
Flax 

UD90°-03 3,729 3,383 9,27 0,0324 0,0367 11,71 

Average 3,554 23 7,17 0,0364 0,0407 10,77 

Table 5.16: Flax UD90° Damping Test Results 

Flax Procotex 
 
In this case only one specimen was tested; this test was carried out in order to 

understand the mechanism of stiffness increase reported for the unidirectional 0° flax. 
The cyclic load to apply was calculated at 0,6% of strain. 
The fibre reinforcement in this composite material consists on twistless natural fibres 
oriented along the longitudinal axis (loading axis).  
The purpose of this test was to verify if the modulus increase was due to fibre stretching 
and microfibrils reorientation or to the alignment of the fibres along the loading axis.  
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In the following table (Table 5.17) it is possible to observe the values of the modulus 
after the first and second tensile test. 
 

Procotex UD0Procotex UD0Procotex UD0Procotex UD0°    

SpecimenSpecimenSpecimenSpecimen    
EEEE    1111stststst    tensile tensile tensile tensile 

[GPa][GPa][GPa][GPa]    
E 2E 2E 2E 2ndndndnd    tensile tensile tensile tensile 

[GPa][GPa][GPa][GPa]    
E increaseE increaseE increaseE increase    

[%][%][%][%]    
Residual Residual Residual Residual ε    

[%][%][%][%]    

Flax Proco-01 13,55 15,6 13,141 0,1154 

Table 5.17: Tensile Properties Flax Procotex UD0fl Specimens in the Tension Pre-Test. 

The specimen showed a large increase in the tensile stiffness (+13%) after the first tensile 
test was carried out and also in this case a certain amount of residual strain was found. 
The trend of the stiffness increase was also found since the first cycles of the fatigue test 
(Table 5.18). In addition to that, a 68% reduction for the damping is reported at the 
failure point of the specimen, which occurred at 71282 cycles. 

 

Procotex UD0Procotex UD0Procotex UD0Procotex UD0°    

SpecimenSpecimenSpecimenSpecimen    

EEEE    
(1st (1st (1st (1st 

Cycle)Cycle)Cycle)Cycle)    
[GPa][GPa][GPa][GPa]    

EEEE    
(Final (Final (Final (Final 
Cycle)Cycle)Cycle)Cycle)    
[GPa][GPa][GPa][GPa]    

E IncreaseE IncreaseE IncreaseE Increase    
[%][%][%][%]    

Damping Damping Damping Damping 
(Cycle 1)(Cycle 1)(Cycle 1)(Cycle 1)    

DampingDampingDampingDamping    
(Final (Final (Final (Final 
Cycle)Cycle)Cycle)Cycle)    

Damping Damping Damping Damping 
DecreaseDecreaseDecreaseDecrease    

[%][%][%][%]    

Flax Proco-
01 17,59 19,104 7,925 0,047 0,015 68,08 

Table 5.18: Flax Procotex UD0fl Damping Test Results 

The following graphs report the curves obtained during the fatigue test for the modulus 
vs. cycle (Figure 5.38) and damping vs. cycle (Figure 5.37).  
 

 

Figure 5.37: Flax Procotex UD0° Damping in Function of the Cycle Number. 
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Figure 5.38: Flax Procotex UD0° Modulus in Function of the Cycle Number. 

It is possible to observe a steep increase in the stiffness of the material and a steep 
decrease in the damping properties in the fists stages of the test. After this the decrease 
of the damping and the increase of the stiffness continues with a slower slope until the 
failure of the material. 
The test on this twistless yarn may confirm the presence of a mechanism of stretching of 
the microfibrils along the loading axis. 
Furthermore it is possible to notice that the modulus of the specimen was increasing from 
a value of 13,55 GPa to a final value of 19,10 GPa at the end of the fatigue test thus 
resulting in a 30% stiffness total increase. 

However the value of the residual strain found in the Flax UD0° specimen was higher 

than the value found in the case of the Procotex UD0°. This might be due to a 
mechanism of alignment of the twisted yarns along the loading axis, followed by the 
stretching of the microfibrils. 
The test on one specimen only was not enough to prove the theory proposed and needs 
further study to be demonstrated. Moreover, the test is proposing a comparison between 
two different samples of flax fibres produced by two different companies, thus there 
might be differences in the flax fibre structures. 

Carbon UD0° 
 
Three unidirectional carbon specimens were tested in order to investigate the damping 
properties of carbon fibres compared to flax reinforced composites. 
In opposition to flax and hybrid composites, the carbon unidirectional specimens show no 
residual strain after the preliminary tensile tests (Figure 5.39) and a decrease of the 
Young modulus of 0,37%. 
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Composite Properties 

 

Figure 5.39: Residual Strain in the Carbon UD0°-01 Specimen 

 
The curve reported in figure 5.41 presents the modulus change in function of the number 
of cycles. From the figure it is possible to observe that the modulus of the material for 

the Carbon UD0°-02 specimen showed a reduction of 0,67% during the fatigue test at 
200000 cycles starting from a modulus of 109.42 GPa until a value of 108,68. 

On the contrary, for the specimen Carbon UD0°-01 and Carbon UD0°-03 it is possible to 
observe a sudden reduction of the modulus around 70000 cycles. 
The reduction in the modulus observed from the curve in figure number, was due to 
sudden failure in the composite specimens. In fact, it was possible to observe a crack 
along the longitudinal axis of the specimen, which led to a reduction of the resistant area 
(Figure 5.40). 
The specimen cross section was then reduced leading to a reduction of the load recorded 
by the testing machine. In order to demonstrate that the reduction of the modulus is due 
to the reduction of the resistant area, the reduction of the area was measured. 
The areal reduction corresponded to a value around 25%. The result is comparable with 
the modulus reduction found, which is 24%. 

 

Figure 5.40: Longitudinal Failure in a Carbon UD0° Specimen During the Fatigue Test. 
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5 Results and discussions 

 

Figure 5.41: Carbon UD0° Modulus in Function of the Cycle Number. 

The damping curves reported in figure 5.42 showed the sudden increase of the damping 

for the Carbon UD0°-01 and Carbon UD0°-03 specimen. This behaviour was due to the 
longitudinal crack formed in the specimen and thus to a reduction of the cross section of 
the material. 

On the contrary the specimen Carbon UD0°-02, which didn’t present any failure, 
presented an increase of 0,1% only in the damping value, starting from 0 until 0,000132 
at 200000 cycles. Thus it is possible to assert that the damping is almost constant during 
the entire fatigue test. 

Despite the decrease of the damping for the Flax UD0° specimens during the fatigue test, 
their mean value at 200000 is 0,0123 meaning that is almost 100 times bigger than the 
damping value obtained for the carbon unidirectional reinforcement. 
 

 

Figure 5.42: Carbon UD0° Damping in Function of the Cycle Number 
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The failure mode noticed during the test is typical of the unidirectional carbon 
reinforcements during the fatigue test and is difficult to avoid for the specimen shape 
selected for the tests. 

Flax/Carbon hybrid 
 
Tests on the flax carbon hybrid were carried out in order to investigate the effect of the 
presence of flax and carbon as reinforcement of the same composite material. In this case 
also three specimens were tested at a cyclic load calculated at 0,5% of strain until 200000 
cycles. One more specimen was tested at 0,6% of strain showing rupture after 70000 
cycles. 
The tensile tests run before the fatigue showed a slight increase of the tensile modulus 
and the presence of a low residual strain (Table 5.19). 
 

Hybrid Flax/CarbonHybrid Flax/CarbonHybrid Flax/CarbonHybrid Flax/Carbon    

SpecimenSpecimenSpecimenSpecimen    
E 1E 1E 1E 1stststst    tensile tensile tensile tensile 

[GPa][GPa][GPa][GPa]    
E 2E 2E 2E 2ndndndnd    tensile tensile tensile tensile 

[GPa][GPa][GPa][GPa]    
E increaseE increaseE increaseE increase    

[%][%][%][%]    
Residual Residual Residual Residual ε    

[%][%][%][%]    
Hybrid-01 13,450 13,820 2,677 0,027 

Hybrid-02 13,860 14,280 2,941 0,026 

Hybrid-03 12,90 13,36 3,443 0,031 

Hybrid-04 13,980 14,340 2,510 0,034 

Average 13,55 13,95 2,87 0,029 
Table 5.19: Tensile Properties Flax/Carbon Hybrid Specimens in the Tension Pre-Test. 

The curves of the fatigue test report an initial growth of the modulus followed by a steep 
decrease in the first cycles. After these the modulus stabilizes at mean at constant value 
(Figure 5.43). 
In this specimen Hybrid-02 it was possible to observe a rise in the modulus after 75000 
cycles; this behaviour seemed in contrast with what was registered for the other 
specimens but it was brought back up to a sudden decrease of the temperature in the 
testing laboratory. After the temperature level was brought back to normal condition the 
curve stabilized. 
The specimen Hybrid-04 (Table 5.20) was tested at a higher cyclic load calculated at 
0,6% of the strain. The curve representing the change in modulus, records a steep 
decrease in the first cycles of the test followed by a continuous sharp decrease until 
rupture, which occurred at 66000. 
 

Hybrid Flax/CarbonHybrid Flax/CarbonHybrid Flax/CarbonHybrid Flax/Carbon    

SpecimenSpecimenSpecimenSpecimen    

E E E E     
(1(1(1(1stststst    

Cycle)Cycle)Cycle)Cycle)    
[Gpa][Gpa][Gpa][Gpa]    

EEEE    
    (Final (Final (Final (Final 
Cycle)Cycle)Cycle)Cycle)    
[Gpa][Gpa][Gpa][Gpa]    

E DecreaseE DecreaseE DecreaseE Decrease    
[%][%][%][%]    

Damping Damping Damping Damping 
(Cycle 1)(Cycle 1)(Cycle 1)(Cycle 1)    

Damping Damping Damping Damping     
(Final (Final (Final (Final 
Cycle)Cycle)Cycle)Cycle)    

Damping Damping Damping Damping 
IncreaseIncreaseIncreaseIncrease    

    [%][%][%][%]    

Hybrid-04 15,6 13,63 7,93 0,0209 0,0213 1,88 

Table 5.20: Flax/Carbon Hybrid Damping Test Results for Specimen Hybrid-04 
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5 Results and discussions 

 

Figure 5.43: Flax/Carbon Hybrid Modulus in Function of the Cycle Number 

The damping (Figure 5.44) compared to the modulus curves, registered as expected the 
opposite behaviour. A sharp increase of the value was found in the first 1000 cycles and 
after this a plateau was reached. 
In particular it was possible to notice that the Hybrid-03 specimen after an increase in 
the damping reports a decrease to the original starting value. 
It can be observed that the fatigue test carried out at 200000 cycles showed almost no 
damping increase (1,66%) and a mean modulus reduction of 6,21% (Table 5.21) 
The presence of flax in the fabric increases the damping properties of the material 
compared to pure carbon reinforcements. 
 

 

Figure 5.44: Flax/Carbon Hybrid Damping in Function of the Cycle Number. 
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Hybrid Flax/CarbonHybrid Flax/CarbonHybrid Flax/CarbonHybrid Flax/Carbon    

SpecimenSpecimenSpecimenSpecimen    
EEEE    

(1st Cycle)(1st Cycle)(1st Cycle)(1st Cycle)    
[GPa][GPa][GPa][GPa]    

EEEE    
(Final Cycle)(Final Cycle)(Final Cycle)(Final Cycle)    

[GPa][GPa][GPa][GPa]    

E E E E 
DecreaseDecreaseDecreaseDecrease    

[%][%][%][%]    

Damping Damping Damping Damping 
(Cycle 1)(Cycle 1)(Cycle 1)(Cycle 1)    

DampingDampingDampingDamping    
(Fin(Fin(Fin(Final al al al 
Cycle)Cycle)Cycle)Cycle)    

Damping Damping Damping Damping 
IncreaseIncreaseIncreaseIncrease    

[%][%][%][%]    

Hybrid-01 15,27 14,59 4,46 0,0196 0,02 2,21 

Hybrid-02 15,60 14,53 6,86 0,0193 0,01987 2,76 

Hybrid-03 15,04 13,94 7,31 0,0227 0,0227 0 

Average 15,30 14,35 6,21 0,0205 0,0209 1,66 
Table 5.21: Flax/Carbon Hybrid Damping Test Results.    

 

Comments of fatigue tests results 
 

In table 5.22 it is possible to observe the results of the fatigue tests performed. In this 
case is possible to observe that the value of damping for all the natural fibre composites 
present higher values than carbon thus is possible to conclude that the vibration 
absorption properties of flax composites are higher in respect to the carbon fibre 
composites. 

Furthermore it is possible to notice that in the Flax UD0° and Flax UD90° the values of 
initial damping is the approximately equal but after 200000 cycles, because of the 

different arrangement of the fibres in respect to the loading axes, the UD0° showed a 

large reduction of the damping while the UD90° presents and increase. 
The different disposition of the fibres in the composite also results in an increase of the 

modulus of the flax UD0° and a decrease for the stiffness of the flax UD90°. 
Despite the large reduction in the damping the flax component presents, at the end of 
the fatigue test, a value of damping almost 100 times higher than the value of 
unidirectional carbon-reinforced material. 
 

MaterialMaterialMaterialMaterial    
Damping Damping Damping Damping     
(0 cycles)(0 cycles)(0 cycles)(0 cycles)    

DampingDampingDampingDamping    
(200000 Cycles)(200000 Cycles)(200000 Cycles)(200000 Cycles)    

Damping Damping Damping Damping 
Change [%]Change [%]Change [%]Change [%]    

E change E change E change E change     
[%][%][%][%]    

Flax UD0° 0,03671 0,01230 -66,47 +9,75 

Flax UD90° 0,03636 0,04076 +10,77 -8,18 

Flax/Carbon 
Hybrid 

0,02053 0,02086 +1,66 -6,21 

Carbon UD0° 0,0000 0,0001 +0,13 -0,67 

Table 5.22: Damping Test Results 
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5 Results and discussions 

5.5.5.5.3 Matlab Optimization Results3 Matlab Optimization Results3 Matlab Optimization Results3 Matlab Optimization Results    
 

The results of the modelling performed through the Matlab code are reported in this 
section. The procedure followed is explained in details in chapter number 4.15. The 
Matlab modelling performed produced the layup reported in figures 5.45 and 5.46 as the 
best configurations possible 

 

Figure 5.44: Flax Blade Optimized Layup Obtained with the Matlab Model: the thickness of each 
UD and Biaxial lamina is respectively 0,3mm and 0,8mm. The angle represents the misalignment 

angle with respect to the longitudinal axis of the blade, + indicates clockwise rotation while - 
anticlockwise. 

 

Figure 5.45: Carbon Blade Optimized Layup Obtained with the Matlab Model: the thickness of 
each UD and Twill lamina is respectively 0,43mm and 0,21mm. The angle represents the 

misalignment angle with respect to the longitudinal axis of the blade, + indicates clockwise 
rotation while - anticlockwise. 

The layup of the two blades are then inserted in Abaqus in order check that all the 
constraints are fulfilled and in order to have a more accurate analysis of the combination 
obtained. In the following graph (Figure 5.46) it is possible to observe the angle of twist 
along the blade profile for the flax and carbon blade optimized in comparison with the 
carbon blade realized in 2009.  
In all the twist angles plots from Abaqus shown in the following pages, the x axis 
represent the true distance along the path chosen in Abaqus. The path starts (x=0) 150 
mm far from the root and ends (x=650mm) at the blade tip. Only this section is 
considered for its relevance on the aerodynamic efficiency of the blade. 
From the figure 26 it can be observed that the carbon blade optimized with the Matlab 
model behaves better than the blade realized without any composite materials 
optimization procedure (2009). In fact, the maximum angle of twist, as well as its average 
and standard deviation, is lower for the optimized component. 
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5.3 Matlab Optimization Results 

 

Figure 5.46: Twist Angle along the Path Length in radians, the sign refers to the convention 
presented in Figure 4.46 

However, the flax blade realized, presented a higher degree of twist compared to both the 
carbon blades. The reason of this behavior is due to the lower mechanical properties of 
flax compared to carbon and also to the fact that, in order to fulfill the structural 

constraints (maximum deflection), several layers of the UD 0° flax fabrics had to be used. 

In the following table (Table 5.23) it is possible to observe the maximum angle of twist 
and deflection at the tip during operative conditions. 

    Max Twist Angle Max Twist Angle Max Twist Angle Max Twist Angle [°]    Max Deflection [mm]Max Deflection [mm]Max Deflection [mm]Max Deflection [mm]    

Flax blade- Matlab 1,26 71,49 

Carbon blade- Matlab 0,33 40,92 

Carbon Blade- 2009 0,63 27,60 

Table 5.23: Angle of Twist and Maximum Deflection at the Blade Tip. 

The following figures represent the contour plots for the carbon blade optimized in 
Matlab. In figure 5.47 the deflection of the blade can be seen.  

 

Figure 5.47: Carbon Blade Contour Plot: Deflection. 
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Figure 5.48 represents the contour plot of the stresses acting along the blade. In this 
particular case, which refers to a carbon blade optimized with Matlab, the blade didnt 
pass the failure criteria. However, it is possible to observe that the load is concentrated in 
one node only. Due to sharp edges present in the mesh. 

Because of this reason, the load higher than the maximum acceptable in order to no to 
have failure was considered only due to the sharp edge in the mesh and not to a real load 
condition. Therefore the blade passed the control phase. 

 

Figure 5.48: Carbon Blade Contour Plot: Maximum Strain; Stresses along the blade (left) and 
Enlargement of the maximum stress value point. 

A similar analysis was carried out for very blade realized with each of the two models. 
Further information about the figure can be found in appendix H 

 

5.4 Abaqus Optimization Results5.4 Abaqus Optimization Results5.4 Abaqus Optimization Results5.4 Abaqus Optimization Results    
 

The parametric study performed with Abaqus produced the layup configurations 
represented in the following figures (Figure 5.49 and 5.50). 

 

Figure Figure Figure Figure 5.45.45.45.49999    Carbon Blade Optimized Layup Obtained with the Abaqus Model: the thickness of each UD Carbon Blade Optimized Layup Obtained with the Abaqus Model: the thickness of each UD Carbon Blade Optimized Layup Obtained with the Abaqus Model: the thickness of each UD Carbon Blade Optimized Layup Obtained with the Abaqus Model: the thickness of each UD 
lamina is 0,43mm. The angle represents the misalignment angle in respect to the longitudinal axis of the lamina is 0,43mm. The angle represents the misalignment angle in respect to the longitudinal axis of the lamina is 0,43mm. The angle represents the misalignment angle in respect to the longitudinal axis of the lamina is 0,43mm. The angle represents the misalignment angle in respect to the longitudinal axis of the 

blade; + indicates clocblade; + indicates clocblade; + indicates clocblade; + indicates clockwise rotation while kwise rotation while kwise rotation while kwise rotation while –    anticlockwise.anticlockwise.anticlockwise.anticlockwise.    

 

Figure Figure Figure Figure 5.50: 5.50: 5.50: 5.50: FlaxFlaxFlaxFlax    Blade Optimized Layup Obtained with the Abaqus Model: the thBlade Optimized Layup Obtained with the Abaqus Model: the thBlade Optimized Layup Obtained with the Abaqus Model: the thBlade Optimized Layup Obtained with the Abaqus Model: the thickness of each UD lamina ickness of each UD lamina ickness of each UD lamina ickness of each UD lamina 
is 0,is 0,is 0,is 0,3mm. The angle represents the misalignment angle in respect to the longitudinal axis of the blade; + 3mm. The angle represents the misalignment angle in respect to the longitudinal axis of the blade; + 3mm. The angle represents the misalignment angle in respect to the longitudinal axis of the blade; + 3mm. The angle represents the misalignment angle in respect to the longitudinal axis of the blade; + 

indicaindicaindicaindicates clockwise rotation while tes clockwise rotation while tes clockwise rotation while tes clockwise rotation while –    anticlockwise.anticlockwise.anticlockwise.anticlockwise.    
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5.4 Abaqus Optimization Results 

It is possible to observe that in this case, since the model proved more accurate than the 
one realized in Matlab, also a hybrid blade was modeled. The blade consists on flax and 
carbon unidirectional reinforcement (5.51). 

 

Figure Figure Figure Figure 5.515.515.515.51    Flax/Flax/Flax/Flax/Carbon Carbon Carbon Carbon Hybrid Hybrid Hybrid Hybrid Blade Optimized Layup Obtained with the Abaqus Model: the thickness of Blade Optimized Layup Obtained with the Abaqus Model: the thickness of Blade Optimized Layup Obtained with the Abaqus Model: the thickness of Blade Optimized Layup Obtained with the Abaqus Model: the thickness of 
the each Carbon UD and Flax UD lamina is respectively 0,43mm and 0,33mm is 0,43mm. The angle the each Carbon UD and Flax UD lamina is respectively 0,43mm and 0,33mm is 0,43mm. The angle the each Carbon UD and Flax UD lamina is respectively 0,43mm and 0,33mm is 0,43mm. The angle the each Carbon UD and Flax UD lamina is respectively 0,43mm and 0,33mm is 0,43mm. The angle 
represents the misalignment angle in respect trepresents the misalignment angle in respect trepresents the misalignment angle in respect trepresents the misalignment angle in respect to the longitudinal axis of the blade; + indicates clockwise o the longitudinal axis of the blade; + indicates clockwise o the longitudinal axis of the blade; + indicates clockwise o the longitudinal axis of the blade; + indicates clockwise 

rotation while rotation while rotation while rotation while –    anticlockwise.anticlockwise.anticlockwise.anticlockwise.    

The following graphs reports the value of the angle of twist of the three blades realized 
compared to the curve obtained for the not-optimized blade realized in 2009. 

 

Figure 5.52: Twist Angle along the Path Length in radians for the Abaqus optimized blades 

In this case it is possible to observe how the angle of twist is drastically reduced with the 
optimized layout compared to the not optimized one. 

The graph reporting the values of the maximum angle of twist and deflection at the tip is 
reported in table 5.24. It is possible to observe that the parametric study allowed a 
remarkable reduction (10 times) of the angle of twist and only a moderate increase of the 
maximum deflection (4 mm) 
The hybrid blade optimized had higher performance than the one realized in full carbon 
with the not optimized layup. The angle of twist was reduced of almost 5 times and the 
deflection increase was 5mm only. 
The flax blade presented a worse mechanical behavior than carbon and hybrid ones, 
although its performances are not so distant from the non-optimized carbon blades built 
in the past years. 
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    Max Twist Angle [Max Twist Angle [Max Twist Angle [Max Twist Angle [°]]]]    Max Deflection [mm]Max Deflection [mm]Max Deflection [mm]Max Deflection [mm]    

Flax blade- Parametric 0,91 70,87 

Carbon blade- Parametric 0,063 31,14 

Flax/Carbon Hybrid blade- 
Parametric 

0,137 32,93 

Carbon Blade- 2009 0,63 27,60 

Table 5.24: Angle of Twist and Maximum Deflection at the Blade Tip 

 

5.5.5.5.5555    Models ComparisonModels ComparisonModels ComparisonModels Comparison    
 

A comparison of the Abaqus and Matlab model is performed. From this investigation it is 
possible to conclude that the parametric study performed in Abaqus revealed more 
accurate and thus more performing that the Matlab Model. 

This was due mainly to the fact that the model took into account the real shape of the 
blade, hence considering the induced twist due to the cross section asymmetry. 
Furthermore it was also possible to exploit the elastic couplings of the composite 
materials. 
In the Matlab model, on the contrary, this was not possible, because of the simplification 
made during the design phase (4.15.6) which took into account an elliptic shape with 
constant cross section. 

In the following plots it is possible to observe the curves of the angle of twist along the 
blade length for the two models for flax and carbon. 

 

Figure 5.53: Carbon Blade Model Comparison Twist Angle along the Path Length. 

From figure 5.53 it is possible to see a strong reduction of the angle of twist for both the 
optimized blades compared to the not-optimized one. However the mean angle of twist 
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5.6 Buckling analysis results 

and its standard deviation resulted much lower in the case of the parametric study in 
respect with the Matlab model.   

 

Figure 5.54: Twist Angle along the Path Length in radians for the flax blades 

The same tendency can be observed on the plot in figure 5.54 relative to the flax blade. 
The possibility of exploiting the elastic coupling as well as the induced twist allowed a 
better optimization of the layout.   

 

5.5.5.5.6666    Buckling analysis resultsBuckling analysis resultsBuckling analysis resultsBuckling analysis results    
 

The eight eigenvalues extracted from the Abaqus model were negative. Below are present 
the values for the first three buckling modes: 

    Eigenvalue 1Eigenvalue 1Eigenvalue 1Eigenvalue 1    Eigenvalue 2Eigenvalue 2Eigenvalue 2Eigenvalue 2    Eigenvalue 3Eigenvalue 3Eigenvalue 3Eigenvalue 3    

Flax Matlab -0.42 -2.14 -3.5 
Flax Abaqus -0.42 -2.27 -4.45 

Carbon Matlab -1.12 -2.56 -2.62 

Carbon Abaqus -1 -3.06 -3.17 
Hybrid -0.92 -2.45 -2.48 

Table 5.25: Eigenvalues for the first three buckling modes 

In buckling analysis, a negative eigenvalue implies that the load that causes the structure 
to buckle is opposite to the direction of the applied load. This implies that the direction 
of applied loads is to be reversed to cause buckling, such as a tension force on a column. 
The magnitude of the eigenvalue is however still the ratio of the magnitude of the 
applied force to the buckling load. [71] 

Since the loads configuration will not change in such a way in operation condition, it is 
excluded the risk of buckle in the blades. 
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5 Results and discussions 

5.75.75.75.7    BladesBladesBladesBlades    
 

The blades have been realized with the vacuum infusion process. After the VIP had been 
performed, the blades shells were removed from the moulds. The excess material was 
removed with a fine cutter and finally the two halves were glued together with epoxy 
resin. 

After the gluing procedure was carried out and the resin was fully cured (16 hours at 

40°C), the surface was sprayed with clear lacquer because of aesthetical reasons. 

The results of the blade manufacturing are presented in the following figures. 

 

 

Figure 5.55: Flax Blade 

 

Figure 5.56 :Flax/Carbon Hybrid Blade (Top) and Carbon Blade(Bottom) 
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5.7 Blades 

 

Figure 5.57: Details of the Blades; Tip of the Flax/Carbon Hybrid Blade (Left) and Root of the 
Carbon Blade (Right) 

The blades weight measured and the weight set as a limit in the optimization strategy is 
reported in Table 5.26. As it can be observed some differences are present in the 
calculated weight in relation to the one set as a limit in the design procedure; the 
difference is mainly due to the difficult control of the manufacturing process and the 
finishing operations on the blade component. 

Blades WeightBlades WeightBlades WeightBlades Weight    

BladeBladeBladeBlade    Weight [g]Weight [g]Weight [g]Weight [g]    Weight Weight Weight Weight Limit Limit Limit Limit 
(Design)(Design)(Design)(Design)    [g][g][g][g]    

Flax 453,8 520 

Carbon 246,0 260 

Flax/Carbon 308,9 310 

Table 5.26: weights of the blades manufactured  
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6 Environmental Impact of Biocomposite compared to inorganic fibre reinforced composites 

6 6 6 6 Environmental Impact of Biocomposite Environmental Impact of Biocomposite Environmental Impact of Biocomposite Environmental Impact of Biocomposite 
compared tocompared tocompared tocompared to    inorganic fibre reinforced inorganic fibre reinforced inorganic fibre reinforced inorganic fibre reinforced 
compositescompositescompositescomposites    
 

The analysis treated in this section is taken from the article “Applying the MECO 
Principle to Assess the Environmental Impact of Conventional and Bio-Based Composite 

Materials in a Case Study of a Custom Small-Scale Wind Turbine-Blade” developed in 
the National Laboratory of Sustainable Energy Risø DTU [72]. 

One of the most important features of natural fibre reinforcements is the lower 
environmental impact compared to inorganic fibres, such as glass and carbon. The 
production of these two last kinds of reinforcement, in fact, requires the use of al large 
amount of heat in order to melt the glass or allow the carbonization of the PAN 
respectively. In this section a comparison between the energy required for the production 
of the car-windmill blade will be done in order to prove that natural fibres can be 

regarded as a “green” substitute for inorganic fibres. 

The evaluation of the energy required for the production of every industrial product 
should be done during the design phase with a full qualitative Life Cycle Impact 
Assessment (LCIA). 
In reality this methods requires the knowledge of a great number of information and it is 
seldom a possible option; therefore other methods were developed in order to characterize 
the product. 
The tool that will be used in this case study is the MECO principle (Materials, Energy, 
Chemicals and Others) [73] 
Despite this tool is not as precise as the LCIA process, it can be used during the design 
phase and allows a quick determination of the environmental assessment. 

The case examined in this thesis work is the production of a blade for a windmill car; in 
applying the MECO principle a series of assumptions was made. The MECO principle in 
fact takes into account the materials, the manufacturing process, the use, disposal and 
transport of the product. 
The energy consumption of these last three phases is considered to be equal to zero and 
therefore is omitted form the calculations. 
In addition to that it was possible to observe that the processing materials consumption 
(spiral tubing, peel ply, vacuum bag, etc.) during the vacuum infusion process was the 
same and it was therefore not taken into account in the final material comparison. 
From these assumptions it is possible to observe that the final calculations for the 
comparison of the same product realized with either natural or inorganic fibres, is 
dependent only on the amount of resin and reinforcements used. 

As it was discussed in the section regarding the vacuum infusion process procedure 
(Chapter 4.7) the resin consumption was different depending on the type of fibres 
considered. In order to find the weight of the fibres and matrix present in the final 
composite blade the weight fractions found during the composite characterization 
procedure were used. 
It is important to add that the blade required a certain amount of trimming, in order to 
include the material wasted in the calculations, a 10% was added to the final blade 
weight. In the following table (Table 6.1) the weight of the blades (+10%), the weights of 
the fibres and matrixes as well as their relative weight fractions are reported. 



 

RisØ DTU – August 2011                                                                                      151 

 

5.7 Blades 

Blade MaterialBlade MaterialBlade MaterialBlade Material    
ReinforcementsReinforcementsReinforcementsReinforcements    

Total Total Total Total 
Weight Weight Weight Weight 

(+10%) [g](+10%) [g](+10%) [g](+10%) [g]    

WeightWeightWeightWeight    
FractionsFractionsFractionsFractions    

[[[[----]]]]    

Fibre WeightFibre WeightFibre WeightFibre Weight    
[g][g][g][g]    

Resin Resin Resin Resin 
Weight Weight Weight Weight 

[g][g][g][g]    

Flax 499,2 0,4 199,7 299.5 

Carbon 259,6 0,6 155,8 103,8 

Hybrid 
Flax/Carbon 

350,79 0,5 
87,7 (Flax) 

175,4 87,7 
(Carbon) 

Table 6.1: Reinforcement and Resin Weight in the Flax and Carbon Blades 

The energy consumption for the production of the different materials had been calculated 
in other experimental works [74, 75] and it is reported in table 6.2 
 

Reinforcement Reinforcement Reinforcement Reinforcement 
MaterialMaterialMaterialMaterial    

Production Energy Production Energy Production Energy Production Energy 
[MJ/[MJ/[MJ/[MJ/kg]kg]kg]kg]    

Flax 9,55 

Glass 54,7 

Carbon 727 

Table 6.2: Reinforcements Energy Production 

As it can be observed, the amount of energy required for the production of the different 
products is extremely different. In the table no finishing operation on the fabrics, such as 
post treatments with coupling agents or other additives were taken into account for the 
flax fibre production. It is known that the use of these additives would increase the 
energy required for their production, but this amount of energy is believed to be small 
and not to change drastically the total enery required. 
In case of flax fibre it can be noticed the production energy is only 17,5% than the one of 
glass and 1,3% compared to the carbon fibre manufacturing. 
The low amount of energy required for the natural fibre reinforcement is due to the low 
energy consumption for the material growing, and most of all by the fact that no heat 
generation is required for the fibre extraction and material production. 
On the contrary the processes of glass melting and carbon graphitization require an 
enormous amount of heat. 
In addition to this, the energy consumption for the production of conventional and bio-
based epoxy resin will be treated. In the following table (Table 6.3) it is possible to 
observe the values regarding the production of the two different types of resin [76]. 
 

Resin TypeResin TypeResin TypeResin Type    
Production Production Production Production 

Energy [MJ/kg]Energy [MJ/kg]Energy [MJ/kg]Energy [MJ/kg]    

Conventional Epoxy 17,8 

Kraft Lignin Epoxy 12,9 

Organosolve Lignin /Epoxy 11,0 

Table 6.3: Resin Production Energy 

By taking into account the weight of the materials used and the energy consumption for 
the production of the flax and carbon reinforcements it was possible to calculate the 
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energy required for the production of the blade (without taking into account the 
materials used during the processing) (Table 6.4).  
 

    Blade Blade Blade Blade Energy Consumption [MJ/Kg]Energy Consumption [MJ/Kg]Energy Consumption [MJ/Kg]Energy Consumption [MJ/Kg]    

 
Flax +Flax +Flax +Flax +    

BioBioBioBio----Based Based Based Based 
EpoxyEpoxyEpoxyEpoxy 

Carbon +Carbon +Carbon +Carbon +    
BioBioBioBio----Based Based Based Based 

EpoxyEpoxyEpoxyEpoxy 

Carbon + Carbon + Carbon + Carbon + 
Conventional Conventional Conventional Conventional 

EpoxyEpoxyEpoxyEpoxy 

Hybrid + Hybrid + Hybrid + Hybrid +     
BioBioBioBio----Based Based Based Based 

EpoxyEpoxyEpoxyEpoxy 
Reinforcement 1,91 113,27 113,27 64,59 

Resin 3,29 1,14 1.85 1,93 
Total 5,20 114,41 115,12 67,52 

Table 6.4: Blades Energy Consumption 

As it can be noticed from the energy consumption table, the energy required for the 
production of blade in carbon and bio-based epoxy is 22 times more energy consuming 
than the biocomposite blade. The amount of energy required is even larger in case of the 
use of a conventional epoxy product (+0,6%). 
However it can be observed than when dealing with carbon fibres, the use of bio-based 

epoxy doesn’t contribute significantly to lowering the environmental impact of the 
component since the amount of energy required for the production of the carbon fibres is 
sensibly higher than the one of the epoxy. 
The flax carbon hybrid blade requires energy 13 times higher in respect to the fully 
natural fibre blade. The higher energy is due to the presence of carbon. It is possible to 
observe anyway that the blade allows a sensible reduction (40%) for its production 
compared to the fully carbon blade. Therefore the hybrid solution can be regards at the 
moment as the best compromise between performance and environmental impact. 
In addition to that, it is possible to observe that the energy required for the production 
of glass fibres is higher compared to the one of flax. Considering that the weight fraction 
of fibres in a glass composite is usually around 60-70%, for a blade of the same weight 
compared to the one realized entirely in natural fibres, the environmental impact might 
result lower. 
Furthermore, the disposal of carbon and glass composites waste realized with epoxy resin 
results more difficult compared to biocomposites due to the high melting temperature of 
these classes of reinforcements. 
Hence it is possible to conclude that the use of natural fibres and bio-based epoxy resins 
can reduce the power consumption and waste production thus lowering the emission of 
greenhouse gasses. 
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7 7 7 7 EconomicEconomicEconomicEconomic    ConsiderationsConsiderationsConsiderationsConsiderations    
 
In the previous chapters it was proved that the biocomposite materials could be used as 
substitute materials for glass fibres composite for structural applications. In fact, from 
the mechanical properties investigation, it can be observed that the specific moduli of the 
two composites are comparable at the same fibre volume fractions. 
In addition to that, the environmental impact of this new class of composite materials is 
largely lower compared to inorganic fibre composites, especially in case of carbon fibre 
reinforcements. 
However, one of the main issues in the industrial use of biocomposite at the moment 
regards the price of the flax yarns and fabrics.  
Glass and carbon fibre reinforcements are already largely used in many industrial sectors; 
therefore their price is related to a massive scale production while the market of flax 
fabrics is still extremely limited and their price is related to the small demand of the 
product. 
Since the prices for all class of products, are mainly related to the amount ordered, an 
economical assessment regarding the different materials is difficult because of the lack of 
industrial scale production and use of natural fibre reinforcements. 
Hence, in order to propose an economical comparison between natural and inorganic 
fibres, the prices of the materials refer to an amount of material of 10m2. 
The prices of flax fibres refers to the product used in this case study, while the prices for 
glass and carbon fibres where taken from the German supplier R&G [62] 
 
 

Reinforcement Reinforcement Reinforcement Reinforcement 
MaterialMaterialMaterialMaterial    

Areal Areal Areal Areal 
Weight Weight Weight Weight 
[g/m[g/m[g/m[g/m2222]]]]    

DKK/KgDKK/KgDKK/KgDKK/Kg    €/Kg/Kg/Kg/Kg    

Flax (Lineo) 150 1000 135 
Flax Biaxial 

(Biotex) 
400 200 27 

Carbon 160 1110 150 
Glass 220 230 30 

Table 7.1: Reinforcements Prices. 

 
The table reports the values of the prices per unit weight for the different materials 
considered. It is important to specify anyway that the price for the different products 
available for 10m2 in the different companies changed according to the different areal 
weight of the fabrics, in order to maintain the same price per unit mass. However in the 
case of Lineo fabrics, the price was not function of the areal weight purchased but was 
just function of the amount of ordered material in meters. 
From the company website is in fact possible to observe that different flax products with 

different areal weights had a price ranging from 337 to 1000 DKK/Kg (45 to 135 €/Kg) 
[32]. 
The large variations of the flax prices according to the different companies and within 
the same company are a clear sign of the still limited size of the market. In fact it seems 
that the prices of the flax fabrics products are more dependent on the weaving 
techniques, the company production capability and the surface treatment of the fibres 
than the actual prices of the raw materials. 
Although the quite large range of variations for the flax fabric products, it seems that the 
price for some flax products can be close or even lower than the price of glass fibres for 
the amount of material considered. 

7 Economic Considerations 
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In addition to that, considering the lower cost of the natural fibre raw materials 
compared to the inorganic reinforcements, the growth of the market might prospects a 
bright scenario for the natural fibres. 
In order to understand the situation in the market at the moment, the cost for each 
blade was calculated according to the different material used for their production. The 
prices of the blades realized are reported in table 7.2. 
 

BladeBladeBladeBlade    Reinforcement [Reinforcement [Reinforcement [Reinforcement [€]]]]    Resin [Resin [Resin [Resin [€]]]]    Total [Total [Total [Total [€]]]]    Total [DKK]Total [DKK]Total [DKK]Total [DKK]    

Carbon 15,68 3,98 19,66 146,5 
Flax 18,84 4,86 23,5 175,0 

Flax/Carbon 
Hybrid 

7,20 (F) 
8,64 (C) 

4,15 20,19 150,5 

Table 7.2: Blade Cost, the calculation has been performed by taking into account the prices of the 
fabrics and the resin given by the producers (shipping costs are not inclueded) for the amount of 
material used during the manufacturing operation. 

It is possible to observe that the price of the blade realized with the flax reinforcement, is 
higher compared to the one realized in only carbon and to the hybrid. 
This is due to the still high prices of the flax reinforcements for composite application 
and it is also related to the higher resin consumption for natural fibres in respect to 
inorganic reinforcements. 
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8 Conclusions8 Conclusions8 Conclusions8 Conclusions    
 

 
The research for the natural fibre reinforcement confirmed the still limited size of the 
market for flax fibres as reinforcements for composite materials. A large variability was 
found in the quality and the prices of the products manufactured by the different 
suppliers. 

The vacuum infusion process proved to be a successful technique for the manufacturing 
of composite products because of the low porosity volume fraction in the different 
composites realized and the success in the blades manufacturing. The porosity level, as 
well as the volume fractions, changed according to the different material used and 
resulted lower for the flax laminates compared to the carbon ones. 
The effect is believed to be due to a lower degree of compaction of the natural fibres 
when the vacuum is applied prior the VIP process. 
The maximum volume fraction obtainable was found lower for the biocomposite material 
compared to CFRP. 

The analysis of the fabrics proved that the Lineo flax fabric is realized with twisted yarns 
while the Biotex fabric is realized with fibres oriented along the yarn length held together 

by a wrapping yarn. The carbon fabric fibres in the yarn didn’t present any degree of 
twisting. 

The variability in the diameter as well as the concentration of defects in the fabric’s 
surface resulted lower for the Lineo products compared to the Biotex ones.  
In the flax and flax/carbon fabrics, the value of the crimp found for the unidirectional 
and biaxial fabrics was lower compared to the woven fabric. 

The carbon unidirectional and twill didn’t show any crimp due to the flat shape of the 
fibres, in opposition to the circular cross section of the flax yarns. 
The cover ratio proved to influence the fibre volume fraction in the composite; in fact, in 
the case of the flax, the fabrics with higher cover ratios presented the higher values of 
fibre volume fractions. 

The investigation of the tensile mechanical properties of the material had been carried 
out and proved that the unidirectional flax fabric from Lineo had the highest value of 
mechanical tensile strength. The reason of these results is due to both the fibres 
orientation and the quality of the fabric product. The back calculation performed on 
these laminate allowed finding a tensile modulus of 52GPa for the fibres (result in 
accordance with the previous studies). The back calculation of the tensile modulus was 
performed for the biaxial fabric from Biotex and it allowed finding a tensile modulus of 
28 GPa for these fibres. A result largely lowers in respect to the Lineo flax fibres. 
The value of the stiffness of the carbon fabrics proved as expected higher compared to 
the flax fabrics. 
The results of the investigation were compared with the values obtained for glass 
unidirectional fibres laminates and it can be observed that the specific modulus obtained 
for the flax reinforcement is higher compared to the one of glass. 
The investigation of the shear properties confirmed, as expected, that the value of the 

shear modulus is higher compared to the unidirectional fabric in both the 0° and 90° 

orientations. Also in the case of the carbon fabrics, the shear modulus is higher for the 

twill, with fibres oriented at 0°/90° in respect to the loading axis, than the unidirectional 

with fibres oriented at 0° direction (fibres aligned along the specimen length direction). 
The laminate realized with the flax/carbon hybrid presented the lowest value of shear 

modulus for the defined configuration (fibres oriented at 0°/90° in respect to the loading 
axis). 

8 Conclusions 
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The fatigue tests performed in order to investigate the damping properties showed 
surprising results. In opposition to conventional inorganic fibre reinforced materials, the 
modulus of the flax unidirectional specimen increased during the fatigue test and the 
damping decrease. 
Although the large decrease, the damping was sensibly higher than the value obtained for 
carbon laminate, for which almost no increase in the vibration absorption properties was 
found. 
The reason of this behaviour was explained with either the modification and stretching of 
the microfibril angle in the fibre cell wall or the decrease of the fibre twisting angle. 

It was decided to design and realize three different blades: one in carbon, one in flax, and 
one with both flax and carbon reinforcements. The blades were optimized in order to 
obtain minimum twisting and respecting all the structural and geometrical requirements. 
 
Two different types of optimization strategies were performed. The first one consisted in 
the construction of a Matlab code by using the anisotropic beam theory model developed 
by Kollar et al. [47]. The beam optimized with this model had an elliptic section constant 
along the blade length; therefore no induced twisting by cross section asymmetry was 
accounted. 
This model was compared to an Abaqus one considering the same shape and a good 
match between the different analyses was observed. In addition to that, a parametric 

study was performed based on an Abaqus model with the real blade’s shape.  
The parametric study performed in the Abaqus analysis results more accurate due to the 
fact that it was possible to consider the actual blade shape and the variation of its cross 
section along the blade length. The Matlab model results valid for constant cross section 
beams with arbitrary layup. 
The composite material configurations were then found for the different blades and 
analysed in Abaqus to extract their torsional behaviour. The newly optimized blades 
were also compared to the old blade produced in 2009. 
 
The carbon blade optimized through the parametric study twists 10 times less than the 
2009 one, with no increase in weight. The Matlab optimized one behaved 2 times better 
than the old one. 

The flax blade designed didn’t perform as good as the carbon one, in fact its twist angle 
value resulted higher, however it is possible to observe that the natural fibre blade fulfil 
all the structural requirements. The weight of the flax blade was the double of the carbon 
one. The flax/carbon hybrid blade allowed reducing the use of carbon content in the 
component, and although its performance was not as high as in the case of the optimized 
carbon blade, it guaranteed a good behaviour (5 times better than the 2009 carbon one) 
with an increase in weight of only 50 grams. 
 
Therefore, it can be concluded that for the purposes of this design, since the blade had no 
constant cross section, the parametric model was found more useful and permitted to 
streamline the blades at  best with respect to the constraints imposed. Anyway the 

Matlab program allowed improvements with respect to the past blade’s configuration. It 
was then demonstrated that it was possible to design a full flax blade, although its 
performances are lower. The hybrid configuration seemed really promising because of its 
interesting behaviour and the possibility to lower the carbon content at the same time. 
 
After the layout of the different composite laminates was determined the three different 
blades were realized: the two shells were manufacture via VIP and then post processed in 
order to glue them together paying particular attention on not altering the aerodynamic 
profile. 
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The economical assessment proved that the prices in the market of flax fabrics are still 
heavy dependent on the producers.  At the moment, the prices of flax fabrics especially 
designed for composites applications are still too high to make these materials an 
attractive alternative to common inorganic reinforcements. 

The MECO principle proved that the environmental impact of natural fibres is largely 
lower compared to the inorganic fibres. For the component realized the energy required 
for the production of the carbon blade is 22 times higher than the energy needed for the 
same component in biocomposite. the necessary amount of energy can be reduced of 40% 
in respect to the full carbon blade with the use of a combination of flax and carbon 
reinforcements. 
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10 Future work 

10 10 10 10 Future workFuture workFuture workFuture work    
 

The investigation proved that there is the possibility of using natural fibres as 
reinforcement material in structural application, especially in combination with other 
more conventional inorganic reinforcement. 

However, in order to overcome the general drawbacks related to natural fibres, further 
research activity has to be carried out. 

In particular the authors of this thesis work believe that further investigation in order to 
understand:  

• If the strengthening mechanisms tacking place in laminate is due to stretching of 
the microfibrils in the cell wall or modification of the yarn twisting angle  

• The influence of the temperature on the fatigue properties of biocomposites 

• The parameters that could improve the fibre volume fraction in the composites 
during the VIP process 

• Interface morphology between flax fibres and bio-based epoxy resin with and 
without coupling agents 

• The possibility of optimizing even more the structure, allowing more time for the 
computation in order to analyse more configurations 

• The possibility of taking even more advantage of the hybrid configuration, that 
seems the most promising solution for advanced structural application of flax 
reinforced polymers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

RisØ DTU – August 2011                                                                                      159 

 

5.7 Blades 

BibliographyBibliographyBibliographyBibliography    
 

[1] Mechanics of Composite Materials, Robert M. Jones, Taylor & Francis, 1999 

[2] Madsen B., “Properties of Plant Fibre Yarn Polymer Composites”, Roskilde Denmark: 
Technical University of Denmark, 2004 

[3] Mohanty A. K., Misra M., Hinrichsen G. Biofibers, biodegradable polymers and 
biocomposites: an overview. Macromol. Mater. Eng. 2000; 276/277:1. 

[4] Properties and performance of natural fibres composites, Kim L. Pickering, Woodhead 
publishing limited, 2008 

[5] Lan Mair R. “Tomorrow’s plastics cars” ATSE Focus No. 113 Jul-Aug 2000 

[6] Pegoraro L.,  “Investigation of the influence from the manufacturing process and the 

resulting microstructures on the mechanical properties of biocomposites”; Risø DTU, 
National Laboratory for Sustainable Energy, Denmark 2011 

[7] http://windturbineracer.dk/ 

[8] Plant Physiology F.B. Salisbury and C.W. Ross, International Thomson Publishing; 
4r.e. edition July 25, 1991 

[9] Nishino T, Takano K, Nakamae K, (1995) Elastic modulus of the crystalline regions of 
cellulose polymorphs. Journal of Polymer Science: Part B 33: 1646-1651 

[10] Industrial applications of natural fibres, jörg müssig, wiley series in renewable 
sources 

[11] Plant Physiology F.B. Salisbury and C.W. Ross, International Thomson Publishing; 
4r.e. edition July 25, 1991 

[12] Cottrell AH (1964) strong Solids Proceedings of the royal society of London, Series 
A, Mathematical and Physical Science (1934-1990), 282:1388, 2-9. 

[13] Chen W, Lickfield GC, et al. (2004a) Molecular Modeling of cellulose in amorphous 
state. Part I Model Building and plastic deformation study. Polymer 45(3): 1063-
1071 

[14] Tucker N, Johnson M (2004) low environmental Impact Polymers, Rapra Technology 
Ltd, Shawbury, UK 

[15] Mohanty A.K., Misra M., Drzal L.T. Sustainalble bio-composite from renewable 
resources: opportunities and challenges in the green materials word. J polym 
Environment 2002; 10(1/2): 19. 

[16] Suddell B.C., Evans W.J., Natural fibres composites in automotive applications, 
CRC press, New York 2005, 113 

[17] Gassan J, Chate A, Bledzki A K, Calculation of elastic properties of natural fibres, 
journal of material science, 2001 36 3715-3720 

 



 

RisØ DTU – August 2011                                                                                      160 
 

 

Bibliography 

[18] Liu W, Drzal L T, Mohanty A K, Misra M, influencing of processing methods and 
fibre length on physical properties of Kenaf fibre reinforced soy based biocomposites, 
composites: Part B 2007 38 352-359 

[19] Bledzki A K, Faruk O, Creep and impact properties of wood fibre-polypropylene 
composites, influence of temperature and moisture content, Composite Science and 
technology, 2006 66 379-386 

[20] [Karmaker A C, Hoffman A, Hinrichsen G, influence of water uptake on the 
mechanical properties of jute-reinforced polypropilene, Journal of applied polymer 
science, 1994 54 1803-1807 

[21] George J, Bhagawan S S, Thomas S, effects of the environment on the properties of 
low density polyethylene composites reinforced with pineapple leaf fibres, Composite 
Science and Technology, 1998 58 1471-1485 

[22] Richter E, Additives for wood plastic composites in Wood fibre reinforced 
polypropylene composites/Scientific Publications, edited by Bledzki A K, Sperber V 
E, Kassel, Institute for Materials Technology, 2005 

[23] Materbatch Assosiation, authors’ collective, colour and Additives Masterbatches in 
Practice, Köln/Eggenstein, VM verlag, 2003 

[24] Mohanty A. K., Misra M., Hinrichsen G. Biofibers, biodegradable polymers and 
biocomposites: an overview. Macromol. Mater. Eng. 2000; 276/277:1. 

[25] Directive 2000/53/EC of the European Parliament and the Council of end-of-life 
vehicles, official Journal of the European Communities, October 21, 2000, ABI. EG 
Nr. L 269 S. 34L 269/34 

[26] [Sherman L M, Natural Fibres: the new fashion in automotive plastics. Plast. 
Technol. Online 1999; 10 

[27] Thomas G S, Renewable Materials for Automotive Applications, Daimler-Chrysler 
AG Stuttgart 

[28] Hitermann M, Automotive exterior parts from natural fibres, RIKO-2005, November 
10, Hannover, Germany, 2005 

[29] http://www.octima.it/MODENA˙2010/PRESENTAZIONI˙EES/07˙Hunstman.pdf 

[30] http://www.webking.be/museeuwbikes/ 

[31] http://www.artengo.com/EN/adult-tennis-rac-8201763/ 

[32] http://www.lineo.eu 

[33] Tubbs, M.C. (ed.) Textile Terms and Definitions, 9th edn, The Textile Institute, 
London, 1991. 

[34] http://www.rieter.com/en/rikipedia/articles/technology-ofshort-staple-spinning 

[35] Cantor B, Goringe M J, Ma E “Fundamentals of Fibre Reinforced Composite 
Materials, Series in Material Science and Engineering, IOP Publishing LTD 2005 

[36] http://cdn.fibreglast.com/downloads/vacuuminfusion.pdf 

 



 

RisØ DTU – August 2011                                                                                      161 

 

5.7 Blades 

[37] Madsen B, Hoffmeyer P, Thomsen A B, Lilholt H, Hemp yarn reinforced composites, 
ScienceDirect, Part A 38 (2007) 2194-2203, Elsevier 

[38] Zenkert D., Battley M., “Laminate and Sandwich Structures-Foundations of Fibre 

Composites” 2nd Edition, Departement of Mechanical Engineering, Technical 
University of Denmark, 2009 

[39] Lilholt H., Madsen B., “Compaction of plant fibres assemblies in relation to 

composite fabrication, Sustainable natural and polymeric composites, Risø National 
Laboratory for Sustainable Energy, Roskilde (Denmark) 

[40] Lilholt H., Toftegaard H., Effective Stiffness and Strength of Flax Fibres Derived 

from Short Laminates”, Risø National Laboratory for Sustainable Energy, Roskilde 
(Denmark) 

[41] Thygesen A, Lilholt H, Madsen B. “Porosity and Stiffness” Materials Research 

Division, Biosystems Division, Risø National Laboratory for Sustainable Energy, 
Roskilde (Denmark), 2009 

[42] Thomasen A.B., Lilholt H., Madsen B., “Cellulosic Fibres: Effect of Processing on 

fibre bundle strength”, Biosystems Division, Risø National Laboratory for 
Sustainable Energy, Roskilde (Denmark) 

[43] Veers P., Bir G., “Aeroelastic Tailoring in Wind-Turibine Blade Appplications” 
Presented at American Wind Energy Association Meeting and Exhibition, California 
1998. 

[44] de Goeij W.C., van Tooren M.J.L., Beukers A. “Implementation of bending-torsion 

coupling in the design of a wind-turbine rotor-blade”, Applied Energy 63 (1999) 191-
207, Elsevier. 

[45] Salim H.A., Davalos J.F., “Torsion of Open and Closed Thin-Walled Laminated 

Composites Sections”. Journal of Composite Materials 2005 39:497 

[46] Massa J.C., Barbero E.J., “A Strength of Materials Formulation for a Thin Walled 

Composite Beams with Torsion” 

[47] Kollar L.P., Pluzsik A., “Analysis of Thin-Walled Composite Beams with Arbitrary 

Layup”, Journal of Reinforced Plastic and Composites, 2002 21:1423 

[48] Chandra R., Copra I., “Structural Behaviour of Two-Cell Composite Rotor Blades 

with Elastic Couplings”, AIAA Journal, Vol. 30, No. 12, 1992 

[49] Johnson E.R. Vasiliev V.V., Vasiliev D.V., “Anisotropic Thin-Walled Beams with 

Closed Cross-Sectional Contours”, AIAA Journal, Vol. 39, No. 12, 2001 

[50] Rehfield L.W., Altigan A.R., Hodges D.H., “Nonclassical Behavior of Thin-Walled 

Composite Beams with Closed Cross Sections”, Presented at the American Helicopter 

Society National Technical Specialists’ Meeting on Advanced Rotorcrafts Structures, 
1988.  

 



 

RisØ DTU – August 2011                                                                                      162 
 

 

Bibliography 

[51] Kollar L.P., Pluzsik A., “Effect of Shear Deformation and Restrained Warping on the 
Displacements of Composite Beams, Journal of Reinforced Plastic and Composites, 
2002 21:1517. 

[52] Megson, T.H.G. (1990). Aircraft Structures for Engineering Students, 2nd Edn., 
Halsted Press, John Wiley & Sons, New York. 

[53] William Matthew Nipper, “Shrouded Rotor Design with Application to a Wind 

Powered Vehicle”, Master Thesis” Department of Mechanical Engineering, Technical 
University of Denmark. 

[54] Luca Pignatti, “Basic aerodynamic and load description of a small wind turbine blade 

used for a wind powered car”, Special Course Report, Risø DTU, National 
Laboratory for Sustainable Energy, Denmark 2011 

[55] Hau Eric, Wind Turbines – Fundamentals, Technology, Application, Economics, 2nd 
Edn, Springer 

[56] http://www.freestudy.co.uk/dynamics/centripetal%20force.pdf 

[57]    http://www.compositesevolution.com/Biotex/Flax/tabid/60/Default.aspx 

[58] http://www.compositesevolution.com/AboutUs/tabid/56/Default.aspx 

[59] http://www.selcom-srl.com/eng/prodotti.asp 

[60] http://www.procotex.com/en/index.php 

[61] http://www.gel-top.dk/ 

[62] http://shop.r-g.de/en/Reinforcement-fabrics/ 

[63] http://www.entropyresins.com/ 

[64] http://www.entropyresins.com/products/super-sap-1001000 

[65] S.I. Andersen, P. Brøndsted, O. Jørgensen, H. Lilholt, Damping Properties of 

polymer and polymeric composites for wing blades; Materials Department, Risø 
National Laboratory, Roskilde Denmark, Presented at 1996-European Union Wind 

Energy Conference and Exhibition 20-24 May 1996, Göteborg 

[66] Mallot B., Averill R.C., Goodman E.D., Ding Y., Punch W.F., “USE OF GENETIC 
ALGORITHMS FOR OPTIMAL DESIGN OF LAMINATED COMPOSITE 

SANDWICH PANELS WITH BENDING-TWISTING COUPLING”, American 
Institute of Aeronautics and Astronautics 1996 

[67] http://www.mae.wvu.edu/barbero/cadec.html 

[68] R.D.Cook, “Concepts and Applications of Finite Element Analysis”; Wiley & Sons. 

[69] Vladimir Joel Alzamora Guzman, “The Effect of Moisture and Water Uptake on the 
Mechanical Properties of Glass Fibre Reinforced Polymer Composites - Experimental 

measurements and damage studies”, Master Thesis, Risø DTU, National Laboratory 
for Sustainable Energy, Denmark 2011    

 



 

RisØ DTU – August 2011                                                                                      163 

 

5.7 Blades 

[70] C. Baley; “Analysis of the flax fibres tensile behaviour and analysis of the tensile 

stiffness increase” Composites:  Part A (2002) 939-948, Elsevier 

[71] Straus Solver manual, Linear Buckling Results 

[72] Markussen C.M., Bottoli F, Pignatti L., Madesn B., Mikkelsen L.P., Brøndsted P., 

Andersen T.L., “Applying the MECO Principle to Asses the Environmental Impact 
of Conventional and Bio-Based Composite Materials in a Case Study of a Custom 

Small-Scale Wind Turbine-Blade”, National Laboratory for Sustainable Energy, Risø 
DTU, Denmark. 

[73] Wenzel H., (1998). Application Dependency of the LCA Methodology: Key Variables 
and Their Monde of Influencing the Method. Int. J. LCA 3(5) 281-288, 8pp. 

[74] Diener J., Siehler U., kologisher Vergleich con NMT-und GMT Bauteilen. Die 
Angenwandte Makromolekulare Chemie 272 (1999) 1-4 (Nr. 4744) 

[75] Das S., Life Cycle Assessment of Carbon Fibre Reinforced Polymer Composites. Int J 
Life Cycle Asses (2011) 16:268-282 

[76] Kosbar L.L., Gerlome J.D. Japp R.M., Introducing Biobased Materials into the 
Electronic Industry. Journal of Industrial Ecology Vol 4 Issue 3 (2008) 

[77] Madsen B, Hoffmeyer P, Thomsen A B, Lilholt H, Hemp yarn reinforced composites, 
ScienceDirect, Part A 38 (2007) 2194-2203, Elsevier 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

RisØ DTU – August 2011                                                                                      164 
 

 

Appendix A: Fabrics’ Parameter Study 

Appendix AAppendix AAppendix AAppendix A: Fabrics: Fabrics: Fabrics: Fabrics’    Parameter StudyParameter StudyParameter StudyParameter Study    
 

The procedure regarding the analysis of the fabrics’ parameters was carried out in 
different stages. In this appendix a detailed description of the steps followed will be 
given: 
 
 

• Samples with dimensions 800x800 mm2 were cut out from the fabric. 

• Removal of the exciding weft and warp threads in order to have a defined square 
shape 

• Areal weight measurement: the area of the sample was measured. The 
measurements were carried out in different point in order to have a more 
representative value. At this point the sample was weighted and the areal 
experimental areal weight was found (g/m2) 

• Crimp measurement: 15 threads were removed from the warp and weft fabric’s 
edges. The threads were stretched and their length was measured. All the values 
were used to calculate the average crimp value for the fabric. For each thread, the 
value of the crimp was found with the formula:  

  � �ïðñò�óôð��1ñ�2õö÷
�1ñ�2õö÷

; Eq. A 1 

 
 

• Yarn linear density: the weight of the yarns removed from the fabric was 
measured in a pre-weighted petridish. The procedure was repeated for both the 
weft and warp directions. 
The yarn linear density was found by knowing the total length of the yarns and 
their weight. 

 ��� � '�HíØ�	�í@��í�Ø	�+ ∙ 1000 
Eq. A 2 

 
 

• Thread density measurement: in order to measure the number of threads per 
centimetre, new samples of the dimension 800x800 mm2 were cut out and the 
number of threads along the sample length was counted. The operation is 
repeated on each same sample on three different points in order to minimize the 
variability. The average of the three measurements is then taken as significant 
value. 

• Once the crimp, the yarn linear density and the threads density are calculated it 
is possible to use the experimental values in order to calculate the theoretical 
areal weight with the formula: 

 
'���� = ����� ∙ 100 ∙ (1 +  �����%)100 ∙ �����1000  

 
 

Eq. A 3 

 '���
 = ����
 ∙ 100 ∙ (1 +  ���
�%)100 ∙ ����
1000  

 

Eq. A 4 
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5.7 Blades 

 
'
�
�� � '���� � '���
 

 
Eq. A 5 

Where n is the threads density,  c the crimp and N is the yarn linear density. The 
two values of the areal weight calculated in the different way should result as 
close as possible. 

• Cover Factor Measurement: The yarn linear density and the threads density 

allowed finding the cover factor, as discussed in the background the value doesn’t 
have any physical meaning but is a mere qualitative parameter used in the textile 
industry to characterize the fabric. 
The value cover factor k is found according to the following formula: 

 ����� � �����������10  
Eq. A 6 

 ����
 = ����
�����
10  
Eq. A 7 

 �
�
�� = ����� + ����
 Eq. A 8 

• Cover Ratio: the determination of the cover ratio  allows knowing the area of the 
fabric covered byIn the case of the experimental determination of the cover ratio 
it is necessary to determine the diameters of the yarn and how many yarn are 
present in each thread. The optical study in order to determine this values results 
impossible, thus an optical microscopy analysis is necessary. The optical 
microscopy analysis is described in details in appendix B. 
Once the values are known, it is possible to calculate the cover ratio according to 
the following formula:  

  ���� = �����!���� 
Eq. A 9 

  ���
 = ����
!���
 Eq. A 10 

  
�
�� =  ���� +  ���
 −  ���� ���
 Eq. A 11 

Where c is the cover ratio, n is the threads linear density and d is the diameter of 
the threads. 

It has to be specified that the cutting and measurements operations performed on the 
fabrics led to a certain degree of error in the obtained values. 
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Appendix B: Optical Microscopy Analysis 

Appendix BAppendix BAppendix BAppendix B: Optical Microscopy Analysis: Optical Microscopy Analysis: Optical Microscopy Analysis: Optical Microscopy Analysis    
 
 
The analysis carried out with the optical microscope aimed at obtaining pictures of the 
different fabrics in order to investigate the diameter and twisting angle of the yarns. 
The software tool used in the analysis is the Image Pro software developed by company 
Media Cybernetics, Inc. 
The first step in the analysis was to import the image into the software and insert a 
calibration bar (Figure B.1) 
 

 
Figure B.1: Image Pro Calibration Procedure 
 
Thanks to the magnification marker already present in the picture it is possible to define 
a reference calibration (Figure B.2) 
 

 
Figure B.2: Calibration Optical Microscopy Image. 
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5.7 Blades 

 
After the calibration of the image has been inserted, a measurement tool is used in order 
to measure the diameters and the width of the flax and carbon threads as well as the 
twisting angles (Figure B.3, B.4). 
 

 
 
Figure B.3: Yarn Diameter and Twisting 
Angle Measurement.... 

 
 
Figure B.4: Collection of Yarn and 
Twisting Angle Measurement. 
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Appendix C: Density Measurement 

 
The measurements were carried out on every picture taken with the optical microscope 
and even for the same picture the measurement were carried out for different number of 
yarns. 
This led to a large number of measurements, which results fundamental in the 
understanding of the variability of the system. It has to be considered that the 
measurement refers to the twisting angle at the surface. It has to be considered that the 
measurement refers to the twisting angle at the surface. However some models have been 
developed to find the mean twisting angle in the yarn [77] 
 

Appendix CAppendix CAppendix CAppendix C: Density Measurement: Density Measurement: Density Measurement: Density Measurement    
 
In the appendix a detailed explanation of the density measurement procedure will be 
given. The procedure followed was different in the case of the matrix and the composite. 
This was mainly due to the fact that the biocomposite might have absorbed water during 
the immersion procedure, thus changing the measurement results. 
 

C.1 Matrix Density C.1 Matrix Density C.1 Matrix Density C.1 Matrix Density MeasurementMeasurementMeasurementMeasurement    
 
In order to determine the density of the matrix 200 g of resin were prepared. The resin 
was put in a vacuum chamber in order to remove the trapped air and thus obtain a more 
accurate density value. 
After curing an eye-inspection was carried out to verify the absence of air bubbles, at this 

point 5 specimens were cut out from the resin. The specimens’ dimensions were 30x30x10 
mm3. 
The specimens were then polished in order to obtain a smooth surface not able of 
trapping air or dirt. 

The density is simply determined with a high precision balance “Mettler Toledo XS204”. 
After weighing, the specimens were placed inside a beaker full of water at room 
temperature and the balance was able to calculate the volume change after the 
immersion (Figure C.1) 
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C.2 Composite Density Measurement 

 
Figure C.1: Density Measurement Set-Up 

By knowing the weight and the volume, the balance automatically calculated the density 
of the samples. 
 

C.2 Composite Density MeasurementC.2 Composite Density MeasurementC.2 Composite Density MeasurementC.2 Composite Density Measurement    
 
The determination of the density for the composite materials was carried out with a high 

precision balance (“Mettler Toledo XS204”). In the composite determination procedure 
small specimens of the dimension of 15x15x3 mm3 were obtained from the different 
composite plate fabricated. The specimens were polished with a polishing machine in 
order to obtain a smooth surface without loose fibres at the edges, which might have 
altered the measurement procedures. After this the specimens were dried and weighted. 
To avoid water absorption, especially in the case of biocomposites, the samples were 
immersed in paraffin and weighted again in order to know the weight of the paraffin 
layer. 
Subsequently the specimens were dried and after they were immersed in water in order to 
know their volume. 

At this point all the data obtained were inserted into an excel tool developed in the Risø 
research centre. By knowing the weight before and after the immersion in paraffin, the 
volume and the temperature of the water it was possible to obtain the density value with 
the standard deviation of the different fibre reinforced composite materials realized. 
 

Appendix DAppendix DAppendix DAppendix D: Volume Fraction Determination: Volume Fraction Determination: Volume Fraction Determination: Volume Fraction Determination    
 
The micromechanical model was used in order to find the fibre, matrix and pores volume 
fractions in each of the composites plates realized. The measurement of the volume 
fractions required the knowledge of the composite density, the fibre and matrix densities 
and the weight of the fibres in each sample.  
The value of the densities of the different components (composite, matrix, flax and 
carbon fibres) was determined experimentally or was taken from the data sheet of the 
relative producers. 
In order to know the last required unknown, the fibre weight fraction, three samples with 
an area of 100x100mm2 were cut from each of the  
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Appendix E: Shear Test Strain Gauges 

In order to know the fibre weight the areal weight of the fabrics was multiplied by the 
number of layers in the laminate and the area of the sample. 
This allowed a qualitative estimation of the weight of the fibres in the laminate and it is 
affected by a certain degree of error because of the measurement errors and the intrinsic 
variability in the fabric areal weight. 
The formulas used for the calculation of the volume fractions are reported:  

 .� � '�
3%
3�

 Eq. A 12 

 .� � '�
3%
3�

 Eq. A 13 

 .� � 1 " .� " .� 
Eq. A 14 

Where, W and V define the weight fraction and the volume fraction respectively and ρ is 
the density. The subscripts f, m, p and c are fibres, matrix, porosity and composite 
respectively. 
 

AAAAppendix Eppendix Eppendix Eppendix E: She: She: She: Shear Test Strain Gaugesar Test Strain Gaugesar Test Strain Gaugesar Test Strain Gauges    
 
 
Shear test, strain gauges application: the application of the strain gauges was performed 
on the shear specimen in order to measure the displacement during the shear test. 
The application of the device followed a precise procedure. An incorrect application of 
the gauges could result in a inexact determination of the displacement and thus could 
lead to mistakes in the shear modulus determination. 
The area nearby the notch was filed in order to remove roughness and create a smooth 
surface. At this point the area was cleaned with acetone to remove the dust and dirt 
produce during the filing procedure. 

Finally it was possible to apply strain gauges at ±45° in respect to the longitudinal axis 
in the centre of both side of the specimen as represented in figure E.1.  
 
 

 
Figure E.1: Strain Gauges Application on Tensile Specimen. 
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C.2 Composite Density Measurement 

 
 
  
The features and parameters of the gauges applied are reported in table E.1  
 

Company HBM 

Model 1.5/350XY21 

Strain Gauges 350Ω ± 0,35% 

Gauge Factor 1,93±1,5% 

Transverse Sensitivity 0,5% 

Table 4.17: Strain Gauges Parameters. 
 

Where, W and V define the weight fraction and the volume fraction respectively and ρ is 
the density. The subscripts f, m, p and c are fibres, matrix, porosity and composite 
respectively. 
 
 

Appendix FAppendix FAppendix FAppendix F: Damping Properties : Damping Properties : Damping Properties : Damping Properties DeterminationDeterminationDeterminationDetermination    
 

During the test, the machines (Instron 8874; Load cell 18229/17949 ±10kN and 8501 

H0022; Load cell UK1028 ±100 kN) are able to collect the strain and stress values during 
each load cycle and therefore it is possible to record a hysteresis loop. The integration of 
each hysteresis loops can provide the value of the energy loss per each cycle. Through 
that it is possible to obtain the value of the damping as the energy lost divided by the 
total energy of the system. 
 
The elastic energy during the cycle is defined as: 
 

  
Eq. A 15 

 
 
The damping parameter is the dissipation factor, which is defined as: 

 

  
Eq. A 16 

 
From the mechanical data collected during the test the damping curve was calculated as: 

 Ψ � ∑ 6�ú= " 6�2 (9�ú= − 9�)û��=126��w − 6���2 9��w − 9���2  Eq. A 17 

 

W =
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Appendix G: Composite layup in extruded, planar and swept shell part with Abaqus 

Appendix G: Composite layup in extruded, Appendix G: Composite layup in extruded, Appendix G: Composite layup in extruded, Appendix G: Composite layup in extruded, 
planar and swept shell pplanar and swept shell pplanar and swept shell pplanar and swept shell part with Abaqusart with Abaqusart with Abaqusart with Abaqus    
 

In this appendix it is demonstrated the presence of a bug in the Abaqus program when 
using the composite layup tool. In order to prove this, a cantilever rectangular panel with 
dimensions 100x1000 mm and thickness 2 mm is created in order to evaluate the stress 
state and the displacements under a uniform traction force of 100 N at the free end. The 

panel is made of a CFRP with 0° orientation and the following properties (all expressed 
in MPa): 

 

Figure G.1: Control Panel: Material Data Input Values (MPa) 

From a simple analytical calculation we obtain: 

Section area= 100*2=200 mm2 

6== � 5
7 � 100

200 � 0.5	�¦� 

9== � 6==81 � 0.5181000 � 2.76 ∙ 10�^ 
And the displacement: 

³= � 9== ∗ @ � 2.76 ∙ 10�S	++ 

After the calculation has been performed, Abaqus the panel is created as planar shell, 
extruded shell and swept shell. 
The shorter side is sketched and then extruded along the Z axis for 1000 mm, in order to 
get the desired geometry.  
In the Part section it is used the composite layup feature to specify the composite 
orientations. 
In the screen picture (Figure G.2) below it is possible to see the orientation of the fibres 
(1), which is in the longitudinal direction of the beam: 

 

Figure G.2: Beam Composite Orientation 
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C.2 Composite Density Measurement 

In the picture G.3 only the reference axis for the material orientation is plotted, and it is 
in the longitudinal direction too: 

 

Figure G.3: Material Orientation Reference Axis 

Again, a plot of the material orientation coordinate system: 

 

Figure G.4: Material Orientation in the Reference Axis 

In the Edit composite Layup box is specified that the rotation angle is 0°, therefore the 
fibers in the composite will follow the axis 1(the length direction of the beam): 

 

Figure G.5: Composite Layup Editing Tool Box 
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Appendix G: Composite layup in extruded, planar and swept shell part with Abaqus 

From this problem we expect a constant stress throughout the beam in the 11 direction, 
equal to 0.5 MPa as previously calculated. In the next two snapshots (Figure G.6, G.7) 
the stresses in 11 and 22 direction are obtained from the contour plot: 

 

Figure G.6: Stresses in the 11 Direction 

 

Figure G.7: Stresses in 22 Direction 

The result is not what expected, since the stress is 0 in 11 direction, and 0.5 in 22 
direction. Also the displacement (Figure G.8) is obtained and the value is not compatible 
with the theoretical solution: 

 

Figure G.8: Displacement in the U2 Direction. 

The value of 4.85*10.2 obtained in the previous contour plot is in agreement with a 90° 

composite layup: 
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C.2 Composite Density Measurement 

9== � <.]
=<S<< � 4.85 ∙ 10�] 

It is obtained therefore a not expected result that is not compatible with the analytical 
solution. The material properties and orientation seem to be exact and appropriate for 
the problem analyzed, but the final result is not consistent with what previously 
calculated. 
 
The same geometry and load case studied with extruded part is now created with a 
planar shell part. 
The composite layup Edit Box is opened again to specify and investigate the material 
orientation. In the following plot (Figure G.9) it is possible to see how the direction 1 is 
orientated along the length of the beam: 
 

 

Figure G.9: Direction 1 Orientation. 

Therefore specifying in the Rotation Angle box (Figure G.5) 0° of rotation, the fibers will 
be oriented in the length direction of the beam.  
In the next the plots regarding the displacement (Figure G.10) and the stresses 
components 11 and 22 ((Figure G.11, G12) 
 

 

Figure G.10: Displacement in the U1 direction 
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Appendix G: Composite layup in extruded, planar and swept shell part with Abaqus 

 

Figure G11: Stresses in the S11 Direction 

 

Figure G.12: Stresses in the S22 Direction 

 

 In this case the results fit very well with the analytically calculated values. 

The composite panel is then created using a different Abaqus feature to create the parts: 
the Sweep.  
A linear path 1000 mm long is first created and then a 100 mm long line (short side) is 
swept along it. The Composite Layup box is set in the same way of the planar shell case, 
in order to have the fibres orientated along the length direction. 
The results obtained are presented through the three contour plots (Figures G.13, G.14, 
G.15) 
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C.2 Composite Density Measurement 

 

Figure G.13: Displacement in the U1 Direction 

 

 

Figure G.14: Stresses in the S11 Direction 

 

Figure G.15: Stresses in the S22 Direction 

The swept beam has the same values of the planar one. They are very well matching the 
results expected. 

To conclude, the analysis of the result for an extruded cantilever beam in different 
Abaqus configurations showed conflicting results. The planar and swept panels in fact are 
in agreement with the analytical solution found, while the extruded panel is not.  

In particular it seems that the results obtained for 0° degrees fibre orientation are 

consistent with a 90° fibres oriented composite and vice versa. 
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Appendix H: Contour Plots 

After checking the materials orientations and properties and not having found any error, 
it is possible to presume a bug in the combination of extruded shell part with composite 
layup, resulting in wrong results.  

Appendix Appendix Appendix Appendix HHHH: Contour Plots: Contour Plots: Contour Plots: Contour Plots    
 

In this appendix the contour plots relative to the max stress criteria, maximum strain 
criteria, von Mises stresses and deflections are reported for all the configurations tested in 
the experimental study. The first three plots are presented as Envelope plots in order to 
analyse the worse cases in the blade. 

 

Figure H.1: Flax Matlab Blade Deflection 

 

Figure H.2: Flax Matlab Blade Stresses 

 

Figure H.3: Matlab Blade Maximum Strains 
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C.2 Composite Density Measurement 

 

Figure H.4: Matlab Blade Maximum Strains 

 

Figure H.5 Flax/Carbon Hybrid Abaqus Blade Deflectio 

 

Figure H.6: Flax/Carbon Hybrid Abaqus Blade Stresses

 

Figure H.7: Flax/Carbon Hybrid Abaqus Blade Maximum Strains 
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Appendix H: Contour Plots 

 

Figure H.8: Flax/Carbon Hybrid Abaqus Blade Maximum Stresses 

 

Figure H.9: Flax/Carbon Hybrid Abaqus maximum Stress Magnification 

 

Figure H.10: Carbon Abaqus Blade Deflection 

 

Figure H.11: Carbon Abaqus Blade Stresses 
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C.2 Composite Density Measurement 

 

Figure H.12: Carbon Abaqus Blade Maximum Strains 

 

Figure H.13: Carbon Abaqus Blade Maximum Stresses 

 

FigureH.14: Carbon Matlab Blade Deflection 

 

FigureH.15: Carbon Matlab Blade Stresses 
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Appendix H: Contour Plots 

 

Figure H.16: Carbon Matlab Blade Maximum Strains. 

 

Figure H.17: Carbon Matlab Blade Maximum Stresses 

 

Figure H.18: Carbon Matlab maximum Stress Magnification 
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C.2 Composite Density Measurement 

 

Figure H.19: Flax Abaqus deflection 

 

 

Figure H.20: Flax Abaqus von Mises stresses 

 

Figure H.21: Flax Abaqus Max strain criteria 
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Appendix H: Contour Plots 

 

Figure H.22: Flax Abaqus Max stress criteria 
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