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Smart structures have been developed as to monitor structures that have to operate in demanding industrial applications with includes harsh environments (Aeronautics and aerospace, Civil engineering, nuclear and chemical power plants…), too. Current study is focused on the suggestion of new smart composite materials that can be successfully used for wind blade structures in offshore energy generation farms. Indeed, to bring expectable energy-generation performances, new generation wind blades have to exceed 100m length, which is a hardly achievable target given that actual constitutive composite materials are based on glass-fibers, that are notably known to be very heavy and lacking stiffness. Therefore, the switch to carbon fibers (lighter and stiffer) becomes mandatory.

In this thesis, we propose the implementation of a smart composite material that is based on carbon fibers and epoxy matrix (here called parent material). Fiber Optic Sensors (FOS) and Quantum-Resistive Sensors (QRS) will be used for detection of over-strained areas all over the structure. This choice is expected to enable for accurate documentation and instant sending of critical information to engineers. To achieve this goal of development of a new smart material for a critical application in offshore wind generation, we have chosen to illustrate it in a research document that is grouping several aspects, summarized in 5 chapters. The thesis is conducted using numerical and analytical modelings. The document is not having the ambition to be exhaustive. It is intended to present a pragmatic research that emphasize how areas of mechanical weakness can be diagnosed, what are the solutions that can be suggested and how we can support them, what are the issues pertaining to the use of embedded sensors and some experimental results that give appraisal of current performance status and what could be future trends.

A smart composite based on carbon fiber and epoxy matrix for new offshore wind-turbines. Multi-scale numerical and analytical modelings Résumé Les structures intelligentes fondées sur des matériaux composites ont été développées pour surveiller les structures qui doivent fonctionner dans des applications industrielles exigeantes, dans des environnements difficiles comme c'est le cas de l'aéronautique, de l'aérospatiale, du génie civil, des centrales nucléaires et chimiques ...). L'étude actuelle est axée sur la suggestion d'un nouveau matériau composite intelligent qui peut être utilisé avec succès dans les pâles d'éoliennes offshore de nouvelle génération. En effet, pour accentuer leur rendement, les pales de nouvelle génération doivent dépasser une longueur de 100m, ce qui représente actuellement une cible hors d'atteinte étant donné que les matériaux composites constitutifs sont fondés sur des fibres de verre, notamment connues pour être lourdes et dépourvues de rigidité significative. Par conséquent, le passage aux fibres de carbone (plus légères et 3 fois plus rigides) devient obligatoire.

Dans cette thèse, nous proposons la mise en place d'un matériau composite intelligent à base de fibres de carbone et de matrice époxy (ici appeler matériau parent). Les capteurs à fibre optique (FOS) et les capteurs à résistance quantique (QRS) seront utilisés pour la détection de déformation dans toute la structure. Ce choix devrait permettre une documentation précise et un envoi instantané d'informations critiques aux ingénieurs. Pour atteindre cet objectif de développement d'un nouveau matériau intelligent pour une application critique dans la production d'énergie éolienne offshore, nous avons choisi de proposer un document de recherche regroupant plusieurs aspects du sujet, résumés en 5 chapitres. La thèse est fondée sur des modélisations numériques et analytiques. Le document n'a pas l'ambition d'être exhaustif. Il est destiné à présenter une recherche pragmatique qui met l'accent sur la façon dont les domaines de faiblesse mécanique peuvent être diagnostiqués, quelles sont les solutions qui peuvent être suggérées et comment nous pouvons les soutenir, quelles sont les questions relatives à l'utilisation de capteurs intégrés et les résultats expérimentaux qui permettent l'évaluation du statut actuel de la performance du matériau et les moyens d'en améliorer les performances. 12 Microscope observation in unidirectional specimen (a) -at load close to proportional limit , (b) -at 0.9 kN load and (c) -at 1.1 kN load (The crack-coupling is shown by number of crack interconnection), Microscope observation in angle ply specimen (d) -at load close to proportional limit, (e) -at 0.11 kN load (f) -at 0.14 kN (Transversal micro-crack extension is shown). . . . . . . . . . . 
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General Introduction

The COSYS/MACSI Laboratory of The French Institute for Transport (IFSTTAR) is developing research on sustainable materials, the multi-scale study of their behavior, the means of controlling their integrity by micro-sensors and nanotechnologies and the ways to reinforce them, among others, by nano-materials (For example, through the FUI DECID2 project, 2008-2012). These points demonstrate its coherence, for example, with the previous four-year contract (2010-2013) of the LCPC (Energy and Natural Resources Economics, Control of Aging and Lengthening of Structures, Modeling and Simulation of Multi-Scales of materials). The durability is studied is multi-scale, ranging from the nano-component (carbon nanotubes, graphene, etc.), through the micro (reinforcement by short, continuous fibers, etc.), to the macroscopic aspects (structure). Heuristically, the models used are both analytical and numerical, based on the mechanics of damage and rupture, including the probabilistic and stochastic aspects.

Smart structures have been developed as to monitor structures that have to operate in demanding industrial applications with includes harsh environments (Aeronautics and aerospace, Civil engineering, nuclear and chemical power plants. . . ), too. All structures and/or parts with integrated sensors are called "Intelligent Structures". They are able to perform self-structural health monitoring and may also provide actuating responses without man intervention. Smart systems facilitate the performance of Structural Health Monitoring (SHM), ranging from the process/construction phase to the service phase. If a smart composite structure is erected and properly used in-service, heavy maintenance can be easily avoided since any kind of damage initiation will be prevented and/or detected in its early stage, thus allowing appropriate and rapid actions/maintenance to be implemented in due time.

Current study is focused on the suggestion of new smart composite materials that can be successfully used for wind blade structures in offshore energy generation farms. Indeed, to bring expectable energy-generation performances, new generation wind blades have to exceed 100m length, which is a hardly achievable target given that actual constitutive composite materials are based on glass-fibers, that are notably known to be very heavy and lacking stiffness. Therefore, the switch to carbon fibers (lighter and stiffer) becomes mandatory. Besides mechanical aspects, Structural Health Monitoring (SHM) that is based on embedded sensors is a critical point, too. New generation wind blades must have the ability to sense and process information about strain and stress, environmental and chemical conditions overall the structure. Appropriate embedding of sensors (that includes their choice, their complementarity and their judicious placement) within stacked composite plies and/or within bonded joints can be a very interesting solution because of the possibility given to engineers to get information from the heart of the structure. However, inappropriate embedding of sensors may also result in structural mismatch and integrity problems. The result of embedment is a complex smart material system, which feasible realization can be considered as the solution of a multi-criteria and multi-level optimization problem.

In this thesis, we propose the implementation of a smart composite material that is based on carbon fibers and epoxy matrix with Fiber Optic Sensors (FOS) and Quantum-Resistive Sensors (QRS). This choice is expected to enable for accurate documentation and instant sending of critical over-strain to engineers. To achieve the development of a new smart material for a critical application in offshore wind generation, we have chosen to illustrate it in a research document that is grouping several aspects, summarized in 5 chapters. The document is not having the ambition to be exhaustive. It is intended to present a pragmatic research that emphasize how areas of mechanical weakness can be diagnosed, what are the solutions that can be suggested and how we can support them, what are the issues pertaining to the use of embedded sensors and some experimental results that give appraisal of current performance status and what could be future trends. The manuscript is organized in 5 chapters, as follows.

Chapter 1 is intended to identify, through deep numerical simulation of the overall structure and failure criterion use, areas of weakness of wind blades thus enabling suggestion of some reinforcement technologies. The analysis of optimal plies orientation angles, the thicknesses of various areas are studied for glass and carbon fiber reinforced composite material for their designated components. This process helps to identify the critical areas based on the stress concentration and failure criterion, which are close to realistic condition.

Following the areas of weakness that were emphasized in Chapter 1 and Chapter 2 is suggesting a reinforcement technique that can strengthen bonding zone of wind-turbine blade. Because of these areas can easily be separated in two distinct parts and would therefore necessitate heavy maintenance, a stitching technique that uses composite cord is suggested. If this technique is correctly used, it would keep until a certain level of stress, the two-halves of a wind-blade bonded to each other even if some damage occurs, thus enabling the choice of right-timing of maintenance. A numerical study was performed for identifying stitching parameters, such like the appropriate angle of stitching which will avoid indentation to cord composite and the diameter of carbon cord for not affecting the composite material property by excess of stress concentration around drilled holes.

Chapter 3 is dealing composite strengthening method through the use of carbon nanotubes (CNTs). CNTs are expected to bring more reinforcement to the composite material without adding excess weight to the blade. Two areas are numerically studied. The first ones are the inter-ply areas, where the reinforcement is numerically studied through a RVE and a homogenization method in micro and macro scales. The simulation shows the effects of the angle of orientation of a CNT on the mechanical performance of the material, loaded under various conditions. The second one is the bonded areas of the wind-blade that are strengthened with carbon nanotubes.

Chapter 4 is detailing with the intrusive character of Fiber Optic Sensors. The effects of FOS diameter and coating are numerically studied to allow fine monitoring of strain in the composite. Some placement techniques of FOS are also numerically and analytically studied with the target of bringing as fine as possible Structural Health Monitoring capability. The FOS strain sensing technology is analyzed deeply for an easy and a durable applicability in large-scale wind-turbine blades. The FOS alignment methods are studied to enable the coverage of the largest surface area of the structure, with multiple strain parameters recording.

Chapter 5 concentrates on mechanical behavior under 3-point bending tests for unidirectional and angle-ply (±45 • ) composite materials, that are endowed with FOS and QRS. Quasi-static and some fatigue tests (conducted at a maximum cycling stress that was not exceeding the proportional limit under 3-point bending) are conducted at a low number of cycles (10 4 cycles). Due to the fact that the material studied is still under development, the target here is not to conduct a full campaign of fatigue. It is rather an experimental appraisal of actual capabilities of the so-constructed smart composite, especially how damage proceeds under fatigue cycling and how FOS and QRS are accommodating mechanical loading while keep sending meaningful signals. Some additional fatigue tests were conducted to 10 6 cycles at the maximum cycling stress that have shown no stiffness decrease after 10 4 cycles. The results emphasized the pertinence of FOS that are appropriate to record strain and temperature of smart composites during fatigue loading. 

Chapter outline

Offshore wind industry is growing faster and targeting high performance energy production. To achieve this goal, next generation wind blades are expected to achieve lengths that exceed 100m. Under these conditions, the use of conventional glass-fiber composite materials (GFRP) as structural elements becomes very delicate, as they would lead to heavy structures with very little rigidity. In order to develop high-performance offshore wind-turbine blades, the transition from glass to carbon fiber becomes essential.

In this chapter, carbon fiber and epoxy matrix are suggested as structural materials for wind blades to resist harsh working conditions. Complete full-scale numerical simulation of wind blade is herein studied to locate areas that exhibit high-stress concentration, thus needing the suggestion of appropriate strengthening methods. Once critical zones are highlighted from simulation, we have proposed several reinforcement techniques that may either apply for joining or inter-plies zones, as well. In the beginning of this chapter, the suitable simulation parameters are identified by reviewing previous studies. Afterwards various lay-up orientations of carbon fiber reinforced composite (CFRP) and GFRP are compared. Later, in this chapter, we have proposed the proper thickness and lay-up stacking techniques for each blade components. The work dedicated to this chapter was presented in a peer-reviewed article and international conference [1,2].

Chapter 1. Act 1: Structural behavior -Numerical simulation

General background

Our up-scaling model blade was studied using finite element analysis (FEA) for material and structural optimization. Design factors, load, boundary condition, meshing properties and appropriate result analysis factors are essential for numerical simulation. Those parameters were chosen with high attention in order to obtain quality results. Following explanation shows the reviewed references.

Cox [3] studied structural design for large scale wind-turbine blades. This study provides the guidelines to make a blade numerical model with respect to industrial standard under extreme wind loading condition. Bonnet [4] studied the method of designing a blade by python scripts for Abaqus commercial software. This procedure of blade designing eases modeling process, even though the blade dimensions are variable and complicated. It is necessary to verify that the numerical results are providing essential information close to real condition structures; otherwise the numerical study has no significance for blade manufacturers. Li [5] investigated lay-up effect on wind-turbine blade performance. A blade model was designed by shell elements and compared experimental results with numerical calculations to study the strength and mass distribution along the blade span. Significant method of meshing with shell elements and loading method were identified to match the real condition.

Ashwill [6] from Sandia Laboratory and some others [7,8] studied the coupling of bending and torsion forces acting on blades made of composites. Flap-wise direction of this load induces high magnitude force on blades, which reflects the operating condition of the turbine. Bending and torsion loads could be sustained by optimal ply orientation and lay-up arrangement.

Mechanical behavior of composite materials varies depending on the fiber stiffening directions. In light of this, the efficient fiber orientations should be selected to enhance the stiffness in the directions. The way of optimizing thickness and lay-up orientation used in wind-turbine blades was studied by Zhang [9]. This method helps to reduce the weight and gravitational force of wind-turbine blades, also provide basic knowledge about composite material optimization. An optimization specialist in Altair [10] have investigated the ply-stack sequence based on stiffness and laminate lay-up theory. He explained about free element sizing and super-ply stacking to strengthen the structure. In addition, he proposed that the 0 • orientation plies should be in maximum in the direction of blade length and the 90 • orientation plies should be fewer for blade stabilization.

Ganz [11] investigated the advantages of composite materials over isotropic material. He also studied failure of these materials based on the Tsai-Wu criterion. The Tsai-Wu method provides the failure values for each ply and helps to identify the damage for plies in various orientations. Therefore, the Tsai-Wu method was used to optimize the composite materials.
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Failure of wind-turbine blade was also studied under various wind speed conditions based on Tsai-Wu factor [12].

Several other papers also discussed about wind-turbine numerical study [13][14][15][16][17][18]. But, they lack to study edge bonding, which is used to join upper and lower surfaces of blade. But, optimization of the blade bonding is essential for end-design. The efficient transfer of load through composite assembly requires appropriate bonded or fastened joints. Often, blade sub-components are glued together. Bonding materials become brittle after they are cured, with low brittle strength values [19]. They lose bonding strength (stickiness) through micro-cracks. The study of bonding material is imperative to identify the strength of a joint. Stickler [20] studied bonding procedures in composite structures by numerical methods. Some other papers also discuss damage of composite adhesive bonding [21][22][23][24][25]. The main scope of manufacturers is to reduce the blade maintenance cost for offshore wind-turbine blades, because maintenance expenses increase the total cost of energy in offshore installations compared to their onshore counterparts [26]. Failure in adhesive material leads to more complex maintenance, since the blades have to be detached and lowered to the ground for repairs. Thus, solutions to increase bonding strength are always profitable for new generation wind-turbine blades.

To achieve composite and bonding optimization, we need to identify first of all the critical spots in every new wind-turbine blade concept. The blade types can be categorized based on various factors like axis of rotation, wind flow direction and number of blades [27]. FIGURE 1.1: Typical offshore 3-blade horizontal wind-turbine [28] Nowadays, the blade design is completely standardized by norms of each zones and countries (EU, IE and etc.). In our model, the blade is inspired by GE-Halaide 150-6 MW Chapter 1. Act 1: Structural behavior -Numerical simulation model. In this work, we were asked to study the blade of 70m length for 8 MW energy output with design criteria close to the above mentioned GE model. The blade is completely made of composite materials and the spar is assumed as box section. The type of windturbine is 3-blades up-wind Horizontal axis wind-turbine, see Figure 1.1. Accordingly, our considered 70 m blade was numerically analyzed to identify the critical zones based on high stress concentration. The numerical simulation should be close to the realistic conditions, so we designed the blade using NACA 63-XXX profile with 70 m length. The simulation was performed under static 3-point flap-wise bending and end point twist load. The damage in each ply was predicted visually by failure factor called Tsai-Wu criterion. Adhesive bonding was included in this numerical study to clearly identify and specify bonding requirements. Therefore, composite lay-up and bonding are optimized cooperatively in this work, which reflects real-time behavior of wind-turbine blades. Further, the solutions were proposed to overcome the problems identified from our numerical simulation.

Blade numerical analysis 1.3.1 Design

In our wind-turbine configurations, high area of rotation induces extreme mass flow on blades, so blade should withstand relative forces caused by this mass flow. Numerical analysis could provide preliminary vision about the behavior of blades with low cost of investment. The blade was configured by Python codes to achieve accurate dimensions, airfoil modeling and section splines. Each component of the blade was programmed independently and assembled in Abaqus commercial software. The blade was meshed by quadratic shell elements, see Figure 1.4. Blade root was considered as circular section and towards tip the blade gets the form of an airfoil. Airfoil profile NACA 63-XXX (full airfoil name kept confidential) series was used to design the blade. In this model, the blade was designed by a skin and box-beam spars. Real-time blades contain ribs and other additional structures inside the skin to provide high strength, but consideration of the whole structure would complicate the analysis. Thus, only skin and spars were selected to study material properties and an improvement of rigidity. The blade length is 70 m and chord length at the root corresponds to 3 m. The chord length at the tip was considered as 1.5 m. The blade has a twist throughout the span, this twist is assumed to be 15 • from root to tip. In other words, the root plane and tip plane are orientated by 15 • from one to the other. Spar was considered as box beam section and linked with skin. The spar contains spar cap, which is placed between 15% and 50% of chord length of the airfoil, which withstand bending forces and the chord-wise inertial forces [29]. Shear webs help to withstand the shear forces acting on the large scale assembly. The Figure 1.3 shows the designed aerodynamic configurations and the final model of the blade in Abaqus user interface.

In this model, we have considered adhesive as isotropic material [21]. Thin bonding layer located between the upper and lower section is modeled with shell element from root to tip. This helps to design the bonding without affecting the leading and trailing edge geometries. The section thickness of adhesive layer is 40 mm. Composite blades are bonded generally by adhesive materials with high shear modulus and tensile bond strength to avoid the separation of the blades even at the critical wind loading. 

Boundary conditions and Aerodynamic loads

Off-shore wind-turbine blades undergo random wind forces. The wind flows across the blade at diverse velocities in different environmental conditions from random directions. It is impossible to consider all these states of wind effect for blade designers. Therefore, the maximum wind force, which acts on the blade was calculated by standard methods in order to find out the boundary condition for our numerical study. The international standard called IEC-61400-1 gives the complete criterion that should be respected for the blade design in extreme conditions [30]. Focus of this study was the load (static-load) caused by extreme wind shear (EWS) conditions in parked blades. The blade undergoes fatigue loading condition in reality, but our preliminary study is focused under static load cases. The blade element momentum theory was used to find the acting aerodynamic forces based on blade cross section area [30]. The blade element momentum theory (hereafter represented as BEM) assumes that the rotor blades can be divided into several elements based on the crosssectional area and angle of attack. The elements are called span-wise annular elements. The airfoil produces lift and drag forces based on the cross section variation. For BEM calculations, two assumptions were made to calculate aerodynamic coefficients -No aerodynamic interactions between the blade elements and the aerodynamic coefficient is calculated only under lift and drag coefficients [30].

It is also assumed that the axial and tangential velocities are uniformly distributed all over the annular elements. The overall performance of the blade was determined by numerical integration of element forces along the span of the blade. The blade section is exposed to the wind speed V 0 called axial velocity. The tangential velocity is represented by rω. The axial velocity is reduced to (1 -a)V 0 and the tangential velocity is moved to (1 + á)rω. W is known as relative velocity. Angle between the relative velocity and the rotor plane is the inflow angle, φ. The twist θ is defined as an angle from the rotor plane to the chord line. The angle between the relative velocity and the chord line is an angle of attack α.

In Figure 1.5, 'R' is radius of blade rotation and 'r' is radius of annular element, dr represents the thickness of the annular elements, ω represents an angular velocity, 'a' is axial induction factor related to the power coefficient. c is the chord of the airfoil. Abbot and Doenhoff mentioned that the lift and drag forces per length can be calculated from the rotor blade section's lift and drag coefficients as [30]:

α = φ -θ tanφ = 1 -a 1 + a V 0 rω (1.1)
l = 1 2 ρW 2 cc t (1.2) d = 1 2 ρW 2 cc d (1.3) c -chord length c t -lift coefficient c d -drag coefficient
The thrust and torque of the annular elements are derived as follows When applying all the coefficients and the derived values in the dT and dQ equation, we can get the thrust and torque equations of a finite number of blade's elements as:

dT = 1 2 ρW 2 cBc y dr (1.4) dQ = 1 2 ρW 2 cBc x rdr (1.
dT = 1 2 ρV 2 0 4F a(1 -a)2πrdr (1.8) dQ = 1 2 ρV 2 0 4F (1 -a)a ωr V 0 r2πrdr (1.9)
F is Prandtl correction number, a tangential induction factor and u t is the tangential velocity caused by the wake rotation. From Equation(1.8), we can calculate the thrust force acting on each blade elements. The thrust force is converted to the bending load according to the direction of load application. We have selected flap-wise direction load. Based on EWS conditions, wind shear also causes twist force at the blade tip.

In this work, the blade was simulated in linear static condition under coupling of bending and torsion loads [7,8]. Combined bending and torsion loads are applied as shown in the equation(1.10). This coupling limit connects the bending displacement and twist rotation. The limit defines the twist moment over the bending blade regions.
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Materials

Composite material

Many materials were used for constructing wind-turbine blades in earlier times. Nowadays, designers are primarily working with GFRP. The increase in rotor size and various other constraints motivate to work with new materials or to use the current material, but with some modification. In this work, only Carbon/epoxy composite (CFRP) and glass/vinylester composites (GFRP) were considered [31].

The spar is a longitudinal beam section, which has two parts called spar-web and sparflange. The spar web, which is made of a sandwich material, contains PVC foam as a core [32]. Sandwich material provides very good resistance against shear loads. The skin of the sandwich structure was designed by glass or carbon composite material with different orientations based on model and application [33]. The spar flange was designed with unidirectional composite tapes to provide high bending stiffness. The material's mechanical properties are shown in Table 1.1.

As wind-turbine undergoes random wind loads, blade skin should be made of the material, which has rigidity in all directions. Therefore, the skin was modeled with plain weave fabric composites. For industrial applications, designer selects weave composites rather than unidirectional composites because of their strength dispersion in all directions, however, they have minor disadvantage according to fatigue performance [29]. Unidirectional composites are better, if the force is applied along the longitudinal direction of the fiber. Transverse modulus of the unidirectional composites is too low compared to the longitudinal modulus. The leading edge section was considered to have foam to resist direct contact (impact) caused by wind flow. 

Adhesive material

An adhesive layer is included in our simulation to identify their characteristics under bendingtorsion coupling load. Before that, it is important to know the reason to focus on adhesive materials and the stress components acting in adhesive zones. Composite rotors are manufactured in an autoclave by different methods like compression molding, vacuum assisted resin transfer method [30]. They are made up of two sections (upper airfoil and lower airfoil section, see Figure 1.6) and they are fixed by proper adhesive materials and bolts. The adhesive material fixation is preferable for wind-turbine blade because bolts make high-stress concentration around the fixation that leads to matrix crack, fiber breakage and delamination of plies at several cycles of blade operations [34]. The structural adhesive materials provide enough sticking force between the upper and lower section of the blade. Therefore, blade components were bonded with high strength adhesive material. Macroplast-UK1340 type adhesive properties were used in this simulation [35]. 1.3. Blade numerical analysis

Failure criterion

In this numerical simulation, Tsai-Wu failure factor was used to identify the damages in orthotropic and isotropic materials [11,12,36]. Tsai-Wu theory is a simplified form of Goldenblat and Kopnav's generalized failure theory for materials. The failure criterion equation for orthotropic materials which contains three coordinate directions is given below. There is no coupling effect between normal and shear stress components. Tsai-Wu criterion is applicable for fiber oriented materials, in our case, we use it in the isotropic materials such as adhesive and PVC foam. Therefore, we provide the same properties in all orientations and the failure is analyzed based on principle stress value to simplify the calculation time.

( 

T 1 
F 12 -Interaction coefficient = f * 2 (-1 C 11 T 11 )(-1 C 22 T 22 )
f * is a user-specified constant, -0.5 ≤ f * ≤ 0 1,2,3 are plane directions σ -stress acting on the structure by applied force For isotropic materials, the Tsai-Wu failure equation is reduced to planes 1 and 2. Hence, these coefficients are equal to the coefficient in principle plane directions. From this failure criterion, we observe that the failure criterion value should be less than one for the materials undergoing damage within the safety level. If the value is more than one, it proves that the damage in the structure is beyond the safety margin. 

Composite lay-up

The results are explained in a way mentioned in a flow chart shown in Figure 1.7. Simulation was carried out under quasi-static condition using Abaqus. The calculated 150 kN force was applied at points a, b, c mentioned in Figure 1.2, it is suggested by industrial partners. The composite ply thickness is assumed as 1.25 mm in all sub components of blade. For the initial time, the blade thickness was maintained constant throughout the span and no bonding properties were introduced in the numerical model for better analyzing the composite material properties. The top and bottom surfaces follow various stress values; e.g: The basic shear stress S 12 and bending stress S 22 acting on the blade are shown in Figures 1.8 and 1.9 consecutively. The top surface undergoes positive stress (tensile stress), the bottom surface undergoes negative stress (compressive stress). The result of numerical analysis provides Tsai-Wu value of failure, the author does not focus on blade buckling.

From Table 1.3, we can assume that the woven fabrics offer advantages over unidirectional fiber composites. The tip displacement values show that the carbon composite provides high stiffness along the loading direction. E.g: see the serial numbers 1 and 3 in table 1.3, we observe that weave cross ply-carbon configuration provides 7.764 m tip deflection; whereas, weave cross ply-glass configuration provide 20.55 m deflection. This proves that the CFRPs have more strength and stiffness compared to GFRPs. Secondly, we have compared the properties of architecture between weave ply and unidirectional ply. E.g: In Table 1.3, it can be noted that the values in serial no 1 and 2, the blade with carbon cross ply-weave configuration undergoes less tip deflection (7.764 m) compared to carbon cross ply-unidirectional configuration (9.010 m). This variation is not having much difference, but the failure values are having remarkable differences. Weave plies provide only 0.48 failure value and unidirectional plies deliver 1.252 failure value.

Analyzing of all configuration at each plies reveals following statement: Plies with 0 • undergo less failure, but the plies with 90 • offer high level of failure, which leads the unidirectional composite towards some inconvenience of causing harm to the structure (Figures 1.10 and 1.12). Because the damage in a single ply would propagate to the whole structure by means of delamination and cracks. In weave composite, all plies behaves equally. Therefore weave composite is estimated advantageous over unidirectional composite [37]. The reinforcement strategies of composite are explained deeply in the following sections.

Solution for blade reinforcement by Lay-up optimization

The best fiber orientations for blade components are analyzed in this section. Cross ply, angle ply and multi-ply configurations were used in our study. E.g: see serial number 1 and 5 in the Table 1.3, we note that cross ply configuration have more advantage compare to angle ply configuration. Especially GFRP are having low stiffness with high flexibility, which leads to tip deflection of 30.6m. While considering serial number 4 and 8 in the Table 1.3, we observe that the tip deflection is always higher for the angle ply configuration. But the failure value becomes low for angle ply-unidirectional glass composite (S.No-8) compared to the cross ply-unidirectional glass composite (S.No-4). Because failure in 45 • is lower than 90 • ply as shown in Figure 1.11, this generates large failure value in cross ply-unidirectional glass blade. Also, glass fibers have very good shear properties, therefore, glass fibers produce better failure resistance, while the plies are oriented in 45 • . Multi-plies always provide the values in between the cross and angle ply, because of the combination of all orientations in it. The prominent advantage with multi-ply is less number of 90 • plies and the combined effect of shear properties provided by 45 • plies. Therefore, to select the material properties, we have made following assumption from previous discussions. Wind-turbine blades undergo bending load and wind shear force, FIGURE 1.12: Tsai-Wu failure criterion value of 90 • ply at Type-1 configuration loads may act in any direction. So, the material properties should be selected as per the wind condition. Some components need high stiffness and strength in all direction, like skin and spar flange. But some components need more flexibility and strength toward the longitudinal direction, like spar cap. Tip deflection should be selected in the moderate range. If the deflection is high, the blade would undergo oscillation; if the deflection is too low, the blade will resist too much of load which may lead to structural damage. The stiffness should be high enough to withstand the bending load with acceptable deflection. Therefore from above explanation, we determined that the material with woven-multi-ply configuration is suitable for skin to resist wind shear. The unidirectional type composites are suitable for spar cap. The skin of spar web sandwich material is made of angle ply materials. After studying optimal laminate architecture, the thickness of the blade should be determined in order to reduce the weight and the gravitational force of the blade. Also this helps to avoid the stress concentration at root section. Span was divided according to the angle of twist, span length equivalent to 1 • twist angle was considered as one section. In this way, whole span is divided to individual sections correspond to all 15 • angle of twist. This segmentation also allows defining different material thickness and orientations. Also, this difference in thicknesses in various sections causes the ply drop effects. To avoid the ply drop effect during the calculation, we have considered a lot of 0 • plies in-between other orientation plies [10]. Each ply was designed with 1.25 mm thickness. The value looks to be superior than industrial laminate thickness 0.2 -0.5 mm, but having low number of laminate stacking is efficient for numerical simulation. Blade thickness was calculated from the radius of a rotor and bending load [9]. From Figures 1.8 and 1.9, we can identify that the root section is highly influenced by shear and normal stress components. Therefore thicker section of composite is expected in this zone. An iterative program was created to find the optimal ply section thickness for our model. The resulting dimensions are shown in Table 1.4, this shows the thickness values used in the spar cap and the skin from root to the tip section followed by lay-up optimization. Figure 1.13 shows, how the blade model looks after its segregation. In each section, we can define different material property and thickness.

Thickness and component material optimization

Optimized blade with bonding

After observing the best lay-up orientations and thickness values, we have created lay-up rule for our blade model. Lay-up stacking in the spar web section is shown in Figure 1.15. Skin and leading edge stacking orientations are mentioned in the Figures 1.14 and 1.16 respectively. 0 • ply with violet color, which represents isotropic material, has a property of foam material [38]. As seen, the skin of the blade was aligned in multi-ply orientation. More 0 • plies were added to improve the rigidity. The first and last plies of the skin was maintained 45 • to act against shear stress concentration by the wind. The choice between carbon and glass would be based on the cost, weight and environment [33,39]. The bonding layer was added in our numerical model with all optimized composite parameters and simulated under same boundary condition.

Behavior of optimized blade with bonding

Failure value of the blade with optimized lay-up, thickness and bonding is shown in the Figures 1.17 and 1.18. Figure 1.17 indicates the failure of blade with carbon material (Type-1), Figure 1.18 shows the failure of blade with glass material(Type-2). We also tested the Type-3 (glass skin and carbon spar cap) configuration, which would be the possible solution to reduce the weight and cost. The mass of the blade based on material type indicate that the Type-3 blade has some advantages over Type-2, see Table 1.5. Carbon fiber weighs lesser than glass fiber that leads to weight reduction in Type-3 blade [33,40].

Skin and spar cap made of carbon (Type -1), Skin and spar cap made of glass (Type -2), Glass skin and spar cap made of carbon (Type -3).

Type-1, Type-2 and Type-3 configurations show approximatively the same value of failure (see Table 1.5), but the location of failure origin is different between carbon skin blade and glass skin blade (see Figures 1.17 and 1.18). Type-1 fails at trailing edge and Type-2 and Type-3 fails at root section. In Type-1, high-stress concentration occurred in bonding that is located at trailing edge, because bonding materials rigidity is less than the composite material. As we observe in Figure 1.19, the damage occurs at the end of trailing edge. We assume that the damage was caused by the torsion load, because of lacking of shear property in carbon to resist torsion load. Bending load have some influence on bonding material failure, but their effect is lesser than the effect of torsion load.

Type-2 and Type-3 configurations show high stress at the root (see Figure 1.18), the reason that the GFRP has less bending strength. In addition, they are providing more shear strength against torsion load to limit the trailing edge failure. Significantly, we can infer that the Type-1 configuration affected by torsion load, other two configurations are affected by bending load. From this result, we can note that the adhesive bonding alone is not efficient to assemble a blade of 70 m length. Reinforcement in the adhesive region is needed to withstand high stress raise in the assembly area. The bonding reinforcement may help to reduce the failure value, but the deflection and blade weight are not impacted by reinforcement method. The reinforcement strategy of bonding is suggested in next chapter.

Observations

The 70 m blade numerical model was successfully implemented. In this model, blade skin was made of weave fabric composite. Spar cap consists of unidirectional fiber tapes in Chapter 1. Act 1: Structural behavior -Numerical simulation order to provide longitudinal strength and spar-web and leading edges were made up of sandwich materials to provide shear resistance. This combination was supposed to resist utmost windy conditions. Blade root section and trailing edge were found to be highly stress-concentration zones under used boundary condition.

Section thicknesses have been optimized with a blade weight reduction objective and load sustainability. The optimal lay-up stacking sequences were also found for each component of the blade. The skin consists of multi-ply stacking sequence with more 0 • plies. Whereas, spar-web sandwich skin was made up of angle ply laminates. We have achieved an additional appreciable reduction in failure value of root section after this optimization. Carbon and glass materials selection is based on cost, weight and stiffness requirements dictated by blade designers. Therefore, we have provided the results for the scenarios with each of these materials. From this chapter, we have proposed the method for weight reduction, failure reduction and stiffness optimization for wind turbine-blade.

Adhesive bonding was also considered in our numerical model, which was added between a high and low-pressure side of blade airfoil section. Trailing edge was identified with high failure value, especially in the bonding adhesive material. It is easily possible that bonding material separate blade in two-halves. Therefore attaching bonding and composite material by means of additional reinforcement would help to reduce the probability of sudden failure. Adhesive materials are not easy to optimize, as they have isotropic behavior. So, instead of concentrating solely on adhesive reinforcement, we concentrated on reinforcing the assembly components zone by a method that seems to us quite interesting. Chapter-2 explains the details of bonding strategy that was implemented to reinforce bonding areas.

Carbon nanotubes (CNT) is also an interesting solution for reinforcement of composite material (reduce weight of blade) and bonding areas, as well. Therefore, it can be added in a thick part of the blade (root section) to reduce the blade weight. It is considered in our work and explained deeply in Chapter-3.

Chapter 2

Act 2: Some reinforcement strategies -Numerical simulation

Chapter outline

From the results observed in Chapter-1, the trailing edge was shown to be an area that is very risky because of monolithic bonding that may lead to separation of edges while in service. It is easily understandable that maintenance is (under such conditions) extremely expensive and time consuming. From technological point of view, offshore wind generation maintenance teams are targeting zero-maintenance and/or at least light maintenance in a well-chosen timing. As a matter of fact, the two halves (top and bottom skins) of a wind blade should hold together as long as possible to allow enough time for maintenance. Accordingly, we have proposed a strategy called 'carbon-fiber cord stitch for bonded structures'. This concept is discussed in this chapter using numerical simulation that is taking care to lower stress concentration as much as possible around drilled holes and also to prevent indentation to carbon-fiber cords. The results of this chapter were published in a peerreviewed journals [1][2][3].

General background

From Chapter-1, we noted that the wind-turbine blade length continues to climb. The common composite used in these large structures are glass fiber composites (GFRP) and carbon fiber reinforced composites (CFRP). The main issue for the large scale composite structures is their assembly. In other words, axisymmetric models are difficult to fix together [4]. Generally, assembly of the blade is realized in various methods such as adhesive bonding, mechanical joining, combined adhesive-mechanical joining, co-curing and stitching [5]. They have their own advantage and inconvenient. Blades are made of separate shells (known as upper shell and lower shell) and assembled together by appropriate fixation methods Chapter 2. Act 2: Some reinforcement strategies -Numerical simulation [6]. The main components that expect the assemblies are leading edge and trailing edge, which were identified as critical zones from our numerical simulation explained in previous chapter. The spar configuration varies from model to model to adapt with aerodynamic and structural performance. But, trailing and leading edges are basic axisymmetric surfaces of the blade, which get minor modification between the models. Especially, trailing edge joining is similar for every model. They have flat surface with various thicknesses from root to tip and joined by adhesive bonding [7]. The main aspect discussed in this chapter is to reinforce the trailing edge joining zone for up-scaling blade. The trailing edges are bonded together by high strength structural adhesives for wind-turbine blades, but size increment of blade expects supplementary strength in bonding zones. Bonding strength is generally declined during fatigue behavior of the blade. In other words, the bonding strength sometimes seems enough for the static test conditions, but during fatigue operation of the wind-turbine, the strength tends to decrease and leads to structural damage, see Figure 2.1. Reinforcement of adhesive materials nowadays meets a lot of technical improvement by chemical additives and nano-particles [6], but still not assured for fatigue condition in large-scale structures. In our zone of interest (trailing edge), only adhesive bonding and bolt joints are the possible solutions. The trailing edge is not a complex surface, so adhesive bonding is more suitable for their assembly. The main disadvantage is that adhesive materials are more sensitive to environmental condition impacts. Wind-turbine blades are supposed to operate in offshore conditions as well, so moisture and temperature variation influence the bonding strength properties. Additionally, non-destructive testing (NDT) is difficult to realize in the bonding material. On the contrary, bolt joints or fasteners are easy to control and repair. Fastener joints are simple for the composite structures, so the production may be faster [8]. To introduce the fasteners in a composite structure, the required parts should be drilled. This hole may create shear-out and tension cracks (fastening effect). To avoid the drill cracks, the drilling procedure is completely standardized and the plane-weave fabrics are used in the top surface of the composite plies [8]. However, the drilling affects the composite material properties while making a contact with laminates. There are composite fasteners available in the market, but they are not rigid enough to withstand the tension load concentrations in the joint. While making holes for the bolt joint, the tensile performance is reduced to 20 to 50% in a structure [8]. However, bolt joints avoid the composite to separate into two parts and they hold shear sliding acting in the composite structure. These characteristics are very important for the trailing edge. Stitching is also better method to reinforce the bonding zones; they provide 3-D strengthening that increases the out-of-plane strength. Stitching is possible in various methods like 3-D weaving, knitting, stitching and 3-D Z-pinning [4]. These methods are significant for assembling together the composite plies to reinforce the out-of-plane properties. Stitching fiber, needle diameter and the stitching fiber's modulus play an important role to establish the technique [9][10][11]. Experimental methods are performed in the form of single-lap joint, tensile specimens and composite sandwich materials [3,[12][13][14]. From these studies, we noticed that the stitching does not make big influence in structural reinforcement property, but fatigue and dynamic properties of the structure perceive an improvement. Therefore, our synopsis is merging multiple methods to increase the fatigue strength and resistance to structural detachment of the composite assembly. To reinforce the out-of-plane direction strength, stitching is introduced in the adhesive bonding zones. As stitching is difficult to realize between the composite components, it is performed as fastening method. To be clear, stitching fibers (we call stitching because of similar appearance) are considered as composite cords and inserted through drilled holes to tie together the structure. This grants shear, tensile and out-of-plane strengths cooperatively. The cords can be fixed in the extremities of blade edges as mentioned in Figure 2.2. The composite cords are used for the structural reinforcement of some other applications [16]. The only disadvantage in this method is that composite cords might introduce a stress concentration around the drilled holes. Therefore, indentation effect (the contact stress effect of carbon cord) was studied based on fiber diameter and angle of stitching. The results will show the comparative study of stitching reinforcement with the contact stress concentration in the adhesive bonding zone. The optimal stitching factors will be proposed as a summary of results.

Carbon cord

The carbon was used for manufacturing homogeneous materials in the initial times; they have low strength and failure resistance in structures. Afterwards, fibers were made by carbon and they provided high strength and stiffness [17]. The fibers are assembled together to make a carbon (CFRP) wire or fiber bundles, see Figure 2.3(a). Main advantage of this method is that the fracture caused on one fiber does not propagate to other fibers. This increases the fiber bundle strength against the material fracture. Additionally, matrix material provides significant bonding properties between high strength fibers and increases the fracture strength. This makes carbon wires a good choice for high strength applications [17].

Carbon fibers are mainly produced from Polyacrylonitril (PAN), precursor-fibers in a multiple process of heating and stressing. Fibers of high tenacity (HT) are heated to 1600 • C, while high-modulus fibers (HM) have to be graphitized at temperatures up to 3000 • C. Diameters of the carbon fibers are normally between 7 and 9 µm. CFRP-wires are produced by pultrusion, where the fibers are embedded in a matrix. In most cases, epoxy resins are used as matrix system [18]. The bending of HM cables can be reached by choosing optimal matrix or the temperature treatment which allows the cable to relax during the time of installation.

The carbon cables (cord) are built up as parallel carbon wire bundles, see Figure 2

.3(b).

The main use of this form is minimal strength loss while compared to single wires. The carbon cords are mainly considered in civil applications for their improved fatigue behavior, flexibility and low weight. They are generally used for stay cables in bridges [16], core cables in elevator rope [19] and continuous bands in facades [20], see Figure 2.4.

The reason manufacturers concentrate on carbon cord is environmental resistance property. In off-shore application, the metal components have a risk of corrosion. This makes them to have low fatigue behavior. In the contrary, the carbon cord is corrosive resistant and withstands temperature modifications. This makes carbon cords suitable for working in offshore applications.

In our work, wind-turbine's trailing edge adhesive bonding zone expects an additional reinforcement to withstand the fatigue loadings. The solution that we expect must be suitable for offshore environment, low weighing and easily adaptable to composite structure. As carbon cords are not corrosive, stitching method by carbon cord is suggested for reinforcement.

To introduce the cords in the composite components, the structures should contain appropriate holes or passages. Making these holes is very complicated for the manufacturers. But there are some solutions to make smooth holes without degrading the composite material. Diamond coated drills with controlled operating procedure would create the holes in the expected angles and diameters. This procedure is effective in the post-fabrication [16]

methods [8]. There is an another solution that can also be considered in the pre-fabrication method by introducing holes in the composite plies with required angle and diameter. In this process, the holes are protected by rings to avoid the resin excess in the holes. After the fabrication, the rings could be removed to make a linear passage for carbon cords. The composite cords have high longitudinal modulus, however lateral modulus and interlaminar shear strength are relatively low. Therefore, structural strength gathering from the cord is not analogous in all the directions. In order to avoid the strength loss and bending effect, the cord is expected to be introduced into the composite with some angle of insertion. As can be seen in the illustration of Figure 2.5, the optimization of the technique of stitching by carbon composite cord requires a fine numerical simulation study that involve the variables v 1 to v 5 . This simulation must also take into account failure criteria. Given the amount of work to be done and the short time available to us, we chose in our work to concentrate on the diameter of the cord. This should allow us to minimize the stress concentration problems around the drilled holes. Moreover, in order to minimize the indentation effects on the cord, we will also optimize the angle of inclination (α) of the drilling holes.

Contact effect

In the previous section, we introduced the carbon cord's advantages and disadvantages in large structural applications. There is an another issue that can arise from the contact of cord with host composite. In other words, the carbon cords make surface contact with composite material and adhesive during the stitching process. This contact leads to high stress concentration in the bending parts (angle) of the cord (Figure 2.6). The stress concentration might introduce a local damage in the composite material as well as in the cord, which would reduce the structural strengthening properties brought from stitching. This behavior is called as indentation or contact stress, in this study. The cords are passing through the holes created in the composite components in adhesive zones. These holes are highly stress concentrated areas of the structure [21]; for mechanical fastening, the holes are protected by metal bearing to avoid cracks [22]. Composite cords are flexible, so they reduce the intensity of hole-stress concentration. However, accumulation of contact stress and the hole-stress concentration might be dangerous for the structure, see Figure 2.9. Contact and hole-stress effects are based on parameters such as angle of insertion and diameter of cord. So, optimization of these parameters is essential to implement this concept.

In the following, the contact stress is explained shortly by cylindrical analytic model to understand the effect of indentation. This would help to analyze the result in numerical simulation. Hertz contact stress equations are used for a better understanding of our numerical simulation [23].

We assume initially two parts are making a contact with specific contact area mentioned in Figure 2.7. 'b' is half-width of the contact area of two parallel cylinders, where, E 1 and E 2 are modulus of elasticity for components 1 (red) and 2 (blue), ν 1 and ν 2 are their Poisson's ratios respectively. L is length of contact, R is cylinder radius and F is perpendicular force. P is contact pressure in contact length area. The contact is possible in two ways: (1) Line contact, (2) Groove contact. In the groove contact, area of contact is high and the cord sit on the curved path, so the pressure and stress is low. But, the reaction forces act from various directions (see Figure 2.8), also making a grooved path affects composite laminate stacking. The stress acting in cylinder to cylinder and cylinder to flat plate contacts are indicated by the following Equations 2.3, 2.4, 2.5 and 2.6, only contact area will change. The principal stresses σ 1 , σ 2 and σ 3 are generated in the perpendicular axis (force direction). τ is shear stress. [24]

Chapter 2. Act 2: Some reinforcement strategies -Numerical simulation

The main objective is to find an optimal angle of insertion and diameter of cord that provide high strength in term of stitching reinforcement and low stress concentration in terms of the contact effect.

b = 4F 1-ν 2 1 E 1 + 1-ν 2 2 E 2 πL 1 R 1 + 1 R 2
(2.1)

P max = 2F πbL (2.
2)

σ 1 = σ x = -2νP max z 2 b 2 + 1+ | z b | (2.
3)

σ 2 = σ y = -P max [2 -[ z 2 b 2 + 1] -1[ 2 z 2 b 2 + 1 -2 | z b |]] (2.4 
)

σ 3 = σ z = -P max [ 2 z 2 b 2 + 1] -1 (2.5) 
τ 1 =| σ 2 -σ 3 2 |, τ 2 =| σ 1 -σ 3 2 |, τ 3 =| σ 1 -σ 2 2 | (2.6)

Numerical modeling

The numerical model was made by Abaqus commercial software. The simulation was concentrated on an extracted piece of trailing edge of wind-turbine blade. Figure 2.10 shows the trailing edge numerical model. It has the dimensions of 2000 mm in longitudinal direction and 1650 mm in transversal direction. Three parts were modeled in separate ways and combined together in the assembly module. The entire assembly was modeled using the spline option with the data co-ordinates of the NACA-63XXX airfoil profile used in previous chapter. Respective material properties are assigned to the parts using the material module in the software. The top and bottom ones were made of CFRP material and the middle part is made of epoxy material. The details of material properties is shown in Table 5.1. Figure 2.11 shows the assembled model with carbon cord reinforcement. All the three parts were provided with slant through holes with lateral offset distance of 100 mm between them to accommodate the carbon cord (v 3 in Figure 2.6). Three carbon cords were modeled with different pitch lengths to avoid the stress concentration. Surface interaction and friction properties were applied between the carbon cords and the holes. Figure 2.12 shows the meshed trailing edge model without carbon cord. All the three parts were meshed using the sweep mesh technique with mesh size of 10 seeds. Linear hexahedral meshes type-C3D8R was used for meshing the parts. Figure 2.13 shows the meshing of trailing edge with cords, it is more complicated and care must be taken to not generate any bad elements (distortion and singularities). Hence parts with holes were partitioned near the holes to prevent the creation of bad elements. The composite parts, epoxy part and carbon cord were meshed using sweep mesh with mesh size of 10 seeds. The composite and epoxy parts were meshed by hexahedral elements type-C3D8R. The carbon cords were meshed by tetrahedral elements type-C3D10.

We regulated software for linear quasi-static analysis in all simulations. The static structural FEA analysis was conducted using Abaqus software with fixed mesh sizes, boundary The results are explained as per the plan mentioned in Figure 2.14. The main objective is to establish the best configuration of reinforcement with optimal carbon cord diameter and angle of insertion. Shear loading is applied in top CFRP part's edge with calculated force value, the bottom CFRP part is fixed, see Figure 2.10.

The Von-Mises stress is estimated to be the combination of stresses shown in Equations 2.3, 2.4, 2.5 and 2.6 (discussed in the analytical section). While two values are explained inside the parentheses, the first value mention the value of 0.6 frictional coefficient based value, the second one mention the value for 1.0 frictional coefficient. Figure 2.17 depicts the results from simulations conducted for i = 3 mm and different angle of insertion as represented in Figure 2.15. It can be inferred from the graph that the Von-Mises stress for angle of insertion (α) at 115 • with frictional coefficient of 1.0 is higher compared to the Von-Mises stress with frictional coefficient of 0.6. Also comparing the Von-Mises stress values for b-i configuration (78.43 MPa, 86.67 MPa) with the stress value of a-i configuration (82.35 MPa, 100.385 MPa). It can be noted that there is a notable decrease in Von-Mises stress while increasing angle of insertion. This trend of decrease in Von-Mises stress continues with increase in value of angle of insertion of cord from 115 • (82.35 MPa, 100.385 MPa) to 155 • (30.47 MPa, 39.67 MPa). Finally, it is obvious from Figure 2.17 that the Von-Mises stress value is minimum for angle of insertion of 155 • with value of coefficient of friction (µ) as 0.6 that is equal to 30.47 MPa. Figure 2.18 shows the Von-mises stress for 6 mm cord diameter by varying angle of insertion from 115 • to 155 • . We identified that the maximum value of Von-Mises stress (82.35 MPa, 100.385 MPa) for a-i configuration is relatively less compared to the maximum Von-Mises (60.17 MPa, 75.52 MPa) stress for a-j configuration mentioned in Figure 2.18. Therefore, while increasing cord diameter, the stress value decreases proportionally. Comparing the Von-Mises stress (56.63 MPa, 64.43 MPa) values for b-j configuration with that of a-j configuration (60.17 MPa, 75.52 MPa), it can be proved that there is a notable decrease in stress values while increasing angle of insertion. This trend of decrease in Von-Mises stress continues with increase of angle of insertion of cord from 115 • to 155 • (22.62 MPa, 25.41 MPa). Finally, it is evident that the Von-Mises stress value is minimum for the case of e-j (22.63 MPa) and the same value is less when compared with value of maximum Von-Mises stress of e-i configuration (30.47 MPa). Therefore 6 mm diameter configuration shows lower Von-mises stress than 3 mm diameter configuration.

In addition, the configuration with 155 • as α with 10 mm as diameter (e-k) grants the lowest Von-Mises stress value (20.94 MPa -0.6 friction coefficient). It proves that the high angle of insertion would provide less indentation effect to reduce the stress concentrations in the cord bends. The angle consideration is stopped at 155 • , because we identify that the further increment of angle may introduce the complication to the stitching, as the cord tries to be parallel with the composite part. Therefore, 155 • angle is estimated as an optimal stitching insertion angle. Also, it can be noted that the Von-Mises stress values of c-j and c-k model were smaller than Von-Mises value observed in c-i configuration. In addition, we observe that the stress variation between c-i and c-j configurations is higher than the variation between c-j and c-k configurations. That shows that the values start to converge from 6 mm and they reach the steep behavior at 10 mm configuration, this is the reason to stop the cord diameter at 10mm in this work. So, large diameter (10 mm) carbon cord is preferable for stitching to reduce the stress concentration From our numerical simulation, the large cord diameter and high angle of insertion are optimal for the mechanical stitching of carbon cord. We have estimated approximate optimal cord diameter as 10mm and optimal angle of insertion as 155 • . These values might be varying from model to model, but the mechanical behavior is expected to be similar for other dimensions also.

Verifying reinforcement of carbon cord

The trailing edge model was designed and implemented with optimal stitching parameters identified from previous section and submitted under quasi-static loading condition. Initially, the boundary condition is considered as shear loading. Displacement value is considered to analyze the results in this section. The displacement is mentioned in Figures 2.20 We took the displacement values at reference element to prove the above explanation. The stress can be taken also to analyze the result, but the objective is to reduce the displacement to avoid the blade separation. The values of displacements in reference element are shown in Figure 2.22 for both models. The model without cord provides 0.932 mm; in the same time, the model with cord provides 0.502 mm of displacement. The displacement value of model without cord is approximatively twice the value of displacement in model with cord. This confirms that the carbon cord provide some strengthening effect to reinforce the structure, especially in the bonding assembly. It is evident from these plots that carbon cord reinforcement has notable influence on stiffness of trailing edge.

The loading condition was modified to tensile pull-out load in y direction (out-of-plane direction). The bottom composite part was fixed. The load was applied in top composite part as a pulling load perpendicular to the specimen length. This loading condition proves the efficacy of carbon cord against the pulling load and the strength against component separation. Figure 2.23 shows the contour for model without carbon cord. The greenish zone illustrates that the displacement is maximum in out-of-plane direction. The same zone is compared to Figure 2.24, less displacement is shown by blue color for model with cord. In addition, the values in Figure 2.25 shows that the model without cord undergoes 1.651 mm displacement and model with cord detect 1.034 mm displacement in the reference element. This confirms the importance of carbon cord to increase the stiffness in out-of-plane direction to resist the component separation. From above results, the model with carbon cord provides stiffness (studied based on displacement) higher than the model with simple adhesive bonding. Therefore, the carbon cord stitching can bring some improvement in the structural assembly of trailing edge in wind-turbine blades.

Our stitching property is proven in composite material to bring ≈ 38% -40% improvement in stiffness, which is comparable with Sawyer's work [28]. Our resultant adhesive reinforcement properties gathered together and introduced in the numerical simulation of mentioned in chapter-1 to see the effect of stitching to reduce the failure criterion value, see Figure 2.26. We have observed a significant reduction of failure criterion in our considered blade model.

Observations

From previous studies, we have concluded that simple adhesive bonding is not strong enough to withstand high forces and fatigue in harsh environmental conditions. Therefore, to devoid catastrophic failure of wind blade, a solution is proposed to enhance the resistance of bonding areas of wind turbine trailing edge. Stitching of bonding areas using cords made out of carbon composite can increase the out-of-plane strength of the structure to avoid the sudden blade separation in two-halves, which will result in a heavy maintenance. Thus, the concept of adhesive reinforced by mechanical carbon cord stitching would provide an improvement of fatigue behavior in large scale blade. In case of initiating damage, the two-halves of wind blade will still hold together, thus providing time enough for maintenance teams to run maintenance in appropriate time. To provide additional support to the results, stitching parameters such as "cord diameter", drilling geometry and "angle of insertion" were analyzed and simulated numerically in extracted pieces of trailing edge.

To reduce stress-concentration and indentation effects of composite cords, diameter of ≈ 10 mm and high angle of insertion of ≈ 155 • are interesting to adapt stitching to composite material blade structure for given dimensions. The reinforcement parameters are updated in blade numerical model and showed that they reduce the failure criterion value. The stiffness improvement following stitching is calculated and estimated between ≈ 38% and 40%, in our reduced numerical model. The technique of stitching which is suggested in current chapter to wind-turbine blade designers as a source for further research, has to be further refined by numerical calculation followed by experimental validation, as well.

In the following chapter, root section reinforcement would be discussed by appropriate technique.

Chapter 3

Act 3: Nano-reinforcement of composites -Numerical simulation and homogenization

Chapter outline

Previously, full-scale blade structure was simulated to identify areas of high stress concentration. The trailing edge was strengthened by stitching using cords of carbon-fiber composite that is intended to avoid blade separation in two halves and thus heavy maintenance. In wind-turbines, half of the blade weight is decided by 1/4 th of blade span from blade fixing point. This first 1/4 th of section is generally called root-section. Stress concentration in root-section was avoided by optimal ply orientation and thickness distribution. The rootsection still remains to be a high load carrying part of the blade. So, reducing the stress concentration by improving the structural stiffness is important for blade designers.

In our work, carbon nanotube (CNT) interaction with epoxy polymer is studied by Finite Element Analysis (FEA). The study was conducted using a Representative Volume Element (RVE) of polymer reinforced by a single CNT. Addition of CNT to polymer matrix is suggested as a solution for increasing structural reinforcement in root section of wind blades, see Figure 3.1. Indeed, stiffness improvements are expected through carbon nanotubes (CNTs) reinforcement technique.

From the suggested model, homogenization method was used to get a clear view of how the CNT-reinforced composite would behave at a macro scale. Besides, numerical simulation of 3-point bending tests of CNT-reinforced polymer composite shows that CNTs have potential for improving mechanical properties. The research summarized in this chapter was submitted to Composite Part-B journal [1,2]. [3]

3.2 General background

CNT-Polymer

Carbon nanotubes (CNTs) are known for their extraordinary mechanical and electrical properties that makes them valuable for material science [4], [5]. [7]

The structure of a CNT can be zigzag if m=0, armchair if m=n or chiral in the other cases, see figure 3.2. Chirality has an influence on CNT elastic properties, but its influence is more 3.2. General background 57 noticeable for thermal and electrical properties [8][9][10]. As we introduce CNT in a matrix, interaction should be finely define in a FEA model. The interaction properties between the CNT and the matrix are very complex to model as many parameters are to be taken into account. So we review multiple previous works and modeling techniques to choose the best options for our FEA study. Once this step is properly realized, the remaining analysis follows the standard procedure considered by Abaqus software.

The nano-metric size of CNTs makes it possible to use them as reinforcement agent for fine materials such as composites with thin plies. The improvement of their mechanical properties is possible by adding a small amount of these CNTs (weight fraction of 0.4% to 1%) [11][12][13]. As the CNT is of a nanometric size, methods such as molecular dynamics are appropriate to simulate its behavior. The same method does not seem to be practical to study macroscopic behaviors as it is complicated to simulate the matrix at the atomic scale. The methods that are used to model CNTs and their interaction with another material are different depending on the scale and the purpose of the study. Many research works are presented in this field and some detailed reviews about different appropriate methods can be found in the literature [12]. CNTs can no longer be accurately described by traditional micro-mechanical approaches based on continuum mechanics. Recently, molecular dynamics has been used by many authors in order to evaluate the CNT behavior such as the elastic modulus, tensile strength and buckling [12,14,15] and also to study the interfacial bonding of CNT reinforced composites [11,16].

On the other hand, continuum mechanics is more appropriate to model polymers, as their mechanical properties are usually known from the engineering point of view. But, this approach does not take into account the detailed CNT structure and the interface. A scale separation can be resorted to this case for replacing CNTs by an equivalent continuous medium. To overcome scale separation difficulties, many authors proposed to use FEM to model CNTs [11,16,17]. This allows taking into account both CNTs defined at the atomic scale and polymer matrix in a same model. Among these approaches, Liu et al. [18] introduced the atomic-scale finite element method (AFEM). This method considers that a carbon atom is under the influence of its first and second neighboring atoms. The elements of the AFEM are composed from ten particles. This method is stable and describes some complex phenomena such as post-buckling [19,20]. But, needs to implement a new element to the calculator and should be handled with great caution some transition elements that link the AFEM elements to the conventional ones. There is an another approach that uses molecular-mechanics based finite element method, where C-C covalent bonds are modeled by non-linear elastic springs [5]. This approach takes into account the stretching and torsional resistance of C-C bonds but neglects their bending effect. This limitation is corrected with another approach that consists modeling the C-C bonds using some similarities between the CNT lattice and a Euler beam based space-frame [21][22][23]. This method is introduced for the case of small strains where the behavior can be assumed linear. The elastic and geometrical properties of the beams are calculated assuming equality between atomic potential of a C-C bond and strain energy of its representative beam. Tserpes et al. [6] used Chapter 3. Act 3: Nano-reinforcement of composites -Numerical simulation and homogenization this analogy even in the case of a non-linear behavior in order to study the fracture propagation in a CNT. Further specifications about the sections of the beams were proposed by Lu et al. [24] to take into account the rolling energy of a graphene sheet into a CNT. At atomic scale, a CNT can be linked to the matrix through covalent bonds or van der Waals interactions. Strong atomic bonds can be created through functionalization processes [25,26]. However, functionalization may locally change the structure of a CNT. In the present work, we considered Van der Waals interactions between CNTs and polymers. The interface between a CNT and a polymer matrix has been modeled in many ways for finite element based simulations where an explicit lattice structure is used. Lennard-Jones "6-12" potential can be modeled by spring elements as mentioned by Zuberi et al. [17], where each atom of a CNT is linked to nodes of the matrix mesh elements. Therefore, mesh refinement around the CNT should be representative of atomic density of the matrix so that the number of interactions is not underestimated or overestimated.

Odegard considered van der Waals interactions between a CNT and the polymer, where each carbon atom interacts with all the nodes in a specific radius [21]. For the sake of a simplification, some authors considered only the interaction between the CNT and the inner surface of the polymer (see Figure 3.3) [17,23,27]. This reduces the number of degrees of freedom, but the interaction is weaker than expected as all the interactions to the volume are omitted. Odegard [16] also used truss elements in his equivalent continuum model to simulate van der Waals forces. As the behavior is non-linear and depends on the distance between particles, the behaviors of these beams are different for each interatomic distance. Gupta et al. [28] used cross-link beam elements to model an sp 3 covalent C-C bonds linking each carbon atom of CNT to interface, see Figure 3.4. Van der Waals interactions are neglected in their work. However, functional groups are localized only on some parts of the CNT. Their approach must overestimate the effect of functionalization.

Modeling van der Waals interaction as a truss rod has its interests of accuracy and representativeness, but some parameters have to be well defined, such as the mesh refinement of the inner surface of the matrix. They represent the particles responsible of van der Waals effect, at the same time, impact the precision of FEM simulation.

The method used in present model consists of interface by a continuous layer to simulate an effective behavior of van der Waals forces. Such behavior is quantified by Jiang et al. [29], who propose a cohesive law for the interface by taking into account the density of van der Waals interactions and the distance between CNT and polymer matrix and Lennard-Jones(LJ) constants of interactions.

CNT Reinforced polymer for composite material

The importance of CNT usage in composite is explained in several studies [27,30]. The CNTs are generally added in polymers by appropriate mixing methods to avoid the agglomeration for better dispersion [31,32]. The dispersion quality is based on the solvent considered for selective resins [33]. While using the CNTs in composite plies, they tend to increase the interlaminar strength. The composite material looses their interlaminar strength during fatigue experiment [34]. Figure 3.5 shows the delamination arises during the fatigue 3 point bending test. Accordingly the fatigue life of the material will decrease. This property is especially linked with shear modulus of interplies.

Nano-tubes improve the fatigue behavior by making a bridge effect between composite plies, see Figure 3.6. They block the crack extension by positioning them-selves like a barrier. This barrier breaks down by fiber pull-out mechanism and the crack extends further up to delamination. So the fiber-bridging slowdown the crack extension, which increases the fatigue life and delayed stiffness degradation of material. This bridging effect is high while the CNTs are aligned perpendicular to the crack growth. Some previous studies proved that the CNT alignment would help to improve interlaminar property [32,36]. They propose also some possible manufacturing methods to align the [34] FIGURE 3.6: Nanotube bridging in composite cracks.

[35]
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CNTs in between composite plies. We assume that the stiffness improvement by CNT reinforced method is essential to apply in wind-turbine blade components. Improving material stiffness allows reduction of laminate layers in the structure. From our numerical simulation at nano-scale, we calculate the mechanical properties of CNT contained polymer RVE (Representative volume element) model. This model helps to find out the material properties based on various CNT's orientation in order to acquire a equally dispersed CNT-polymer property. After identifying the dispersed CNT-polymer macroscopic properties, they are applied in-between composite plies in a macro-scale model (here we considered 3 point bending specimen) to prove their stiffness increment .

Numerical model

Description of RVE CNT-Polymer model

Our FEM model of CNT reinforcement simulates the covalent bonds of CNTs with beam elements, polymer with a continuous field and interface with a continuous layer that has average properties of van der Waals forces. It is known that some dispersion problems result to CNT agglomeration if the fraction of CNTs is high. These problems start to be critical at a weight fraction of f w =3%. A weight fraction f w =1% of CNTs is routinely reported in the bibliography for a reinforcement without noticeable agglomeration problems [10,13,25,37]. This (f w =1%) CNT amount was considered in our simulations. The matrix volume depends on its density and the number of atoms in a CNT:

where V mat is the volume of the matrix in the RVE, n c is the number of carbon atoms in the CNT, M c is the mass of one carbon atom and ρ mat is the density of the matrix.

V mat = ( 1 f w -1) n c M c ρ mat (3.2)
The length of CNTs normally has an influence on the results. In order to minimize the impact of the CNT length, high aspect ratio has been considered and the length of the CNT is close to the length of the RVE. The CNT structure is followed armchair (6,6) configuration with a diameter of 0.82 nm and a length of 40 nm.

The polymer matrix was modeled as a continuous isotropic material. Its elastic modulus is much smaller than those of the reinforcement CNTs. For a fixed weight ratio of CNTs, the matrix density has an important influence on volume fraction, which impacts the effective behavior. For the following simulations, Epon 862 is used [38,39]. At ambient temperature, Young's modulus and Poisson's ratio are respectively, E mat =2.92 GPa and ν mat =0.4, and the tension strength is 76 MPa. Commercial FEM software Abaqus was used to run simulations.
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Tetrahedral elements were used in the mesh and tie constraints insure displacement compatibility between CNT interface and the matrix. The density of the mesh around the CNT is similar to the carbon atoms density in the CNT lattice.

CNT lattice

CNT lattice is composed from carbon atoms interacting with each others. The potential energy U a , for each couple of carbon atoms is defined as followed Equation 3.3 [22,40]:

U a = U r +U θ +(U φ +U ω )+U vdW +U es = 1 2 k r (∆L) 2 + 1 2 k θ (∆θ) 2 + 1 2 k τ (∆φ) 2 +U vdW +U es (3.3)
where U r , U θ , U φ , U ω , U vdW and U es represent respectively stretching, bending, dihedral, out-of-plane torsion, van der Waals and electrostatic potentials. k r , k θ and k τ are the bond force constants of stretching, bending and torsional resistance calculated from potential functions of molecular mechanics [40,[START_REF] Brenner | A second-generation reactive empirical bond order (REBO) potential energy expression for hydrocarbons[END_REF]. ∆L, ∆θ and ∆φ are respectively the variations of bond length, bending and torsion angles.

Van der Waals effect and electrostatic forces can be neglected in bonded interactions. With a molecular mechanics approach, C-C bonds can be modeled using an analogy between their potential energy U a , and the strain energy of a Euler representative beam element U b [22]: where,

U b = U A + U M + U T = 1 2 EA L (∆L) 2 + 1 2 EI L (∆θ) 2 + 1 2 GJ L (∆φ) 2 (3.4) 
U A , U M and U T are respectively the strain energy in bond length wise, bending and torsional directions. E and G being the Young's and shear modulus of the beam. If we consider a circular section, A = πr 2 is a section area, I = (πr 4 ) 4 is a second moment and J = (πr 4 ) 2 is a polar moment. The beam deformation is assumed to be equal to the variation of the bond. Under the hypothesis of small strain, E, G and r are constants. EA L , EI L and GJ L are replacing k r , k θ and k τ respectively. Expressions of the potentials are recalled in [4,12,16,[START_REF] Gao | A shear-lag model for carbon nanotube-reinforced polymer composites[END_REF].

L=0.1421 nm is the length of the covalent bond C-C [START_REF] Brenner | A second-generation reactive empirical bond order (REBO) potential energy expression for hydrocarbons[END_REF]. As for bond force constants, different values are considered in the literature. There is a discussion by Lu et al. [24] about these parameters, and their approach for choosing Poisson's ratio (based on the work of Scarpa et al. [START_REF] Scarpa | A mechanical equivalence for Poisson's ratio and thickness of C-C bonds in single wall carbon nanotubes[END_REF]) gives parameters that match our assumption of an isotropic beam. This approach is adopted in the following work. The used parameters are: k r =786 nN nm , k θ =0.901 nN nm rad 2 and ν=0.0344 (k τ is used to calculate this value). So, the Young's modulus of the beam elements is E=7753 GPa and the section radius is 0.0677 nm.

Beam diameter is not necessarily related to the thickness of CNTs, as assumed in the approach of Scarpa et al. [START_REF] Scarpa | A mechanical equivalence for Poisson's ratio and thickness of C-C bonds in single wall carbon nanotubes[END_REF]. To calculate the Young's modulus of CNT (E cnt ), we considered that the CNT has the same thickness of a graphene sheet, t=0.34 nm [22,24]:

E cnt = F 2πRt L cnt ∆L cnt (3.5)
F being the tensile force applied to a CNT and ∆Lcnt Lcnt its elastic strain. With the set of parameters presented above, around 1.18 TPa was found as a Young modulus E cnt .

Model of the interface

In this work, we consider that CNT was linked to the polymer through van der Waals forces and their effective behavior was modeled with a continuous layer that is different from the polymer (Figure 3.7). The thickness of this layer respects a distance of stability between the CNT and polymer that will be introduced later. The interest of using a continuous layer is that it is simple to implement and its behavior can be controlled for engineering parameters rather than atomic potentials. In our work, a theoretical law was used to account for van der Waals interactions. But in general, it could be calibrated to match experimental results or molecular dynamics simulations of opening and pull-out. These forces are accounted for by considering an average behavior of all interactions between a CNT and the matrix. Jiang et al. [29] calculated a cohesive behavior of the interface, based on the densities of interacting particles and atomic potential constants.
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σ coh = 2πρ p ρ c σ 2 [ σ 4 (h + v) 4 - 2σ 10 5(h + v) 10 ]
(3.6) Equation 3.6 gives the relation between the tensile cohesive stress σ coh and the opening v of a graphene sheet in interaction with a polymer matrix. The rolling effect of a graphene sheet into a CNT has an influence on this cohesive stress, but this influence can be neglected, especially if the diameter of CNT is smaller [29]. Equation 3.6 can be used for a diameter higher than that of a (5,5) CNT. The cohesive law takes into account the volume density ρ p of the polymer interacting atoms, the surface density of the CNT carbon atoms ρ c and the Lennard-Jones 6-12 potential constants (bond energy at the equilibrium distance) and σ (related to the equilibrium distance between the atoms).

The equilibrium distance between CNT and the polymer is h=( 25 ) ( 1 6 ) σ, see figure 3.8. At this distance, the potential from which the derived tensile stress is minimal. In other terms, the cohesive stress vanishes when the opening displacement v is null. Under the hypothesis of small strain, we can use the dominant parts of the Taylor expansion of σ coh . The slope of the curve hσ coh around 0 corresponds to the Young's modulus of the interface layer:

E int = 30( 2 5 
)

1 8 πρ p ρ c σ 2 (3.7)
The maximum stress of the interface is reached at ν =σ -h and is equal to:

σ max coh = σ coh (σ -h) = 6π 5 ρ p ρ c σ 2 (3.8)
For our numerical applications, we adopt the same values as mentioned by Jiang et al. [29], σ = 0.3825 nm and = 7.462 x 10 -4 nN.nm and ρ c =

4 (3 2 √ 3L 2 )
=38.1 nm -3 . As for ρ p , As epoxy molecule is mostly composed from carbon atoms, ρ p will be approximated by the number of -CH 2 -units per volume. As the density of this epoxy is 1174 kg/m 3 , ρ p = m m CH X 1 V olume = 46.0 nm -3 [29]. Cohesive elements with a traction separation damage behavior with exponential evolution can be used to model the interface. But under the hypothesis of small strain, the cohesive law can be approximated by a linear behavior of Young's modulus E int , with a maximum stress equal to σ max coh . This simplification allows the use of tetrahedral elements for the surface.

In our numerical model, the CNT is in a form of cylinder which is inside a polymer square box, see Figure 3.9. Once the model was meshed, it was submitted to various boundary conditions. They are explained in the following section.

Boundary conditions Tension

For tension-compression simulations, one end of the cylinder was fixed in the longitudinal direction, while a longitudinal displacement u 3 was applied on the other end. Displacement was allowed in lateral directions, see Figure 3.9. 

Torsion

Torsion tests are used here in the nanoscopic scale to evaluate the influence of CNT on the elastic shear behavior. A twist of angle Φ was applied on one end of composite cylinders containing CNTs of different orientations (Figure 3.10), while the other end is fixed. The Chapter 3. Act 3: Nano-reinforcement of composites -Numerical simulation and homogenization resulting torque T is observed in the result. We consider the following relation between Φ and T (torque):

T = JG c Φ L (3.9)
where, J is the polar moment of inertia of the cylinder, G c is the equivalent shear modulus of composite and L the cylinder length. 

Shear

We consider the polymer containing a CNT under shear load as shown in Figure 3.11. Three areas are virtually defined in this model, based on the boundary conditions: upper and lower areas of the same size, separated by a thin area experiencing shear. The upper and lower areas were considered as rigid nano-grips to give a way to shear. The boundary of the lower area was fixed and a displacement is applied on the boundary of the upper area, subjecting the middle region to shear stress (Figure 3.11). An elastoplastic model is used to account for the nonlinear behavior of the matrix. The orientation of the CNT is controlled by angle α (α = 0 • : the CNT is parallel to the shear plane. α = 90 • : the CNT is perpendicular to the shear plane).

Homogenization

In our simulations, we consider that CNT was completely embedded inside the matrix and all boundary conditions were applied on its outer border. Various geometrical loadings were applied in order to calculate macroscopic properties of the RVE. The matrix was loaded, then load were transferred to CNT through the interface.

In order to calculate the effective behavior, macroscopic strain ε and stress σ must be calculated:

σ = 1 |Ω| Ω σdV (a), ε = 1 |Ω| Ω εdV (b) (3.10)
As the CNT was modeled as a discrete lattice, the quantities εdV and σdV are not defined in some zones inside the RVE domain Ω. To overcome this problem, the divergence theorem can be used to express the macroscopic quantities as integrals on the outer border of the RVE ∂Ω [START_REF] Liu | Hill's lemma for the average-field theory of Cosserat continuum[END_REF]:

σ = 1 |Ω| x ⊗ tdS(a), ε = 1 2|Ω| ∂Ω (n ⊗ u + u ⊗ n)dS(b) (3.11)
where x is coordinate of points of the border ∂Ω, n is the unit vector normal to the surface, t=σ.n is the surface traction and u is the displacement of the point x. The evaluation of macroscopic stress and strain can be done numerically for a finite element model by calculating the quantities u i , n i , t i and dS i for each element i on the outer surface. Macroscopic quantities of Equation 3.11 can be approximated by:

σ ≈ 1 |Ω| i∈∂Ω x i ⊗ t i dS i (a)ε ≈ 1 2|Ω| (ε + ε T ), where, ε = i∈∂Ω n i ⊗ u i dS i (b) (3.12)
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Results

The result flow chart is shown in Figure 3.12. Like all fiber reinforced composites, orientation of reinforcements has a big influence on the effective behavior. For example, an infinitely long CNT oriented in the direction of applied loads yields the maximal stiffness predicted by the law of mixture (Voigt bound:

E c =f E cnt + (1 -f )E mat
, where E c is the Young modulus of the composite and f is CNT volume fraction) [START_REF] Chen | Analysis of high-loss viscoelastic composites[END_REF]. On the other hand, a CNT that is perpendicular to the direction of the load yields the minimum Young modulus, close to that of the matrix (Reuss bound: [START_REF] Chen | Analysis of high-loss viscoelastic composites[END_REF]. We were identified CNT-polymer properties for other orientations. Between the two limit cases, to estimate the influence of CNT orientation; a FEM model has been prepared, where we considered a short CNT (17 nm to see the effect of orientation) embedded in a matrix. CNT orientation is controlled by an angle α, see Figure 3.11. Representative volume matrix block was chosen to identify the properties in tension, torsion and shear loading configurations.

E c =(f E -1 cnt + (1 -f )E -1 mat ) -1 )
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Tensile test

As expected, stress is maximum when CNT is oriented in the load direction (α = 0 • ). This is explained also by Figure 3.13, presenting the local stress fields, where stress in CNT is higher when α = 0 • . When angle α is higher, CNT participates less to load transfer until the Young's modulus reaches a plateau value at α = 40 • , corresponding to an improvement of less than 5%. While CNT is perpendicular, we observe very low stress concentration around CNT. The Young's modulus value reduced while CNT's orientation gets perpendicular. Figure 3.14 shows the evolution of longitudinal Young's modulus of the composite E c as a function of the angle α. At α = 0 • , the Young's modulus is the highest: an improvement of ≈ 45% is noticed (it does not attain the value of modulus predicted by the law of mixture as the CNT is not infinitely long). 

Torsion test

Unlike the compression/tension simulations, CNT demonstrate very low amount of influence in torsion test. Shear modulus is improved with only ≈ 2% to 3%. Figure 3.15 shows the local stress field in the model. As known for torsion tests, stress around the axis of twist being very low. When CNT is parallel to the axis of torsion, its participation to load transfer is low. When CNT is perpendicular to torsion axis, its area of influence is small, so the effect is minimum. Therefore the effectiveness of CNT in shear modulus is negligible. The contour is similar around the CNT although they are positioned in various orientations. Equivalent shear modulus is maximum when α ≈ 45 • , see Figure 3.16. It can be related to the fact that stress is maximum at ≈ 45 • . It is worthwhile to recall that stress is not uniform in the sections perpendicular to the torsion axis; CNT position matters a lot for the results.

Shear test

Shear test allow us to find out the shear strength of the CNT-polymer block. As known, the neat polymer resin breaks in a brittle way. In other words, once the shear strength is reached, the neat matrix will separate in two independent blocks. In figure 3.18, while reaching normalized stress value 1, the neat resin model get the damage. when adding CNT, the RVE will deform in a non-linear way. The simulations are plotted to see the influence of CNT orientation. For 0 • and 90 • , the non-linear curve is very close to the one of neat resin. The ≈ 45 • angle shows the high force value in the non linear curve. This again proves that the 45 • orientation increases the shear strength in CNT-polymer block. While observe the contour in Figure 3.17, we notice that the 0 • CNT provides less effect, in the contrary, ≈ 45 • CNT participates more surface to resist the shear load.

Macroscopic stiffness of reinforced epoxy by Homogenization

From above results, we can calculate the mechanical properties of CNT reinforced epoxy to apply in macro-scale application. The stiffness tensor of the CNT reinforced epoxy is derived from tensile, torsion and shear result curves. To convert the mechanical properties close to realistic condition, CNT length is changed from 17 nm to 40 nm. A displacement u, compatible with a macroscopic strain ε was imposed on the border of the RVE: u = ε.x, where x is the coordinate of the points of boundary. In order to obtain the macroscopic stiffness tensor, a tension (ε=e i ⊗ e i , i ∈ 1,2,3) and a pure shear (ε= e i ⊗ s e j , i, j ∈ 1, 2, 3, i = j) were applied on the RVE boundary ∂Ω. This is applied in the Equation 3.13 to calculate the S for the representative element model.
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Assuming that the RVE was transversely isotropic, the compliance tensor, S is represented in the following Equation 3.13 (Voigt notation is used). In the equation, we assume

ν ij E j = ν ji E j and E 1 = E 2 ,
which are the conditions of orthotroptic material. We aligned the CNT in axis-3, so the properties in axis-1 and axis-2 are equal.

S =            1 E 1 -ν 12 E 1 -ν 13 E 1 0 0 0 -ν 12 E 1 1 E 1 -ν 13 E 1 0 0 0 -ν 13 E 1 -ν 13 E 1 1 E 3 0 0 0 0 0 0 1 2G 13 0 0 0 0 0 0 1 2G 13 0 0 0 0 0 0 1+ν 12 E 1            (3.13)
The macroscopic stiffness tensor, C, is calculated numerically from Equation 3.14 using compression tests in 3 directions and shear tests in 3 planes: 

C = S -1 =            6.
           (3.14)
The obtained stiffness corresponds to a transversely isotropic material (the volume averages of the stress and strain fields are calculated from the boundary using Equation 3.14). The macroscopic elastic parameters of the composite are calculated from them. Table 3.1 presents a comparison of elastic properties between homogenized CNT/epoxy and neat epoxy.
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Under the hypothesis of the uniform dispersion of CNTs and absence of agglomeration problems, previous simulations show that the shear strength can be increased by ≈ 10% to 30% and the stiffness can also be increased up to ≈ 95%, depending on the orientation of CNTs.

Justification

In order to prove the effectiveness of CNT, we used 3-point bending experiment in fiber reinforced composites. Our found CNT-Polymer properties have been applied in a resin which is located in-between the composite laminates in specimen considered in numerical models, see Figure 3.1.

Industrially, it is difficult to optimize the thickness of the added polymer, because dispersion is challenging task to maintain in same thickness. The added layers slightly increase the total thickness of the composite. But, if the stiffness increment is significant, the number of plies will be reduced in the component. This allows weight and cost reduction of structure. However CNT cost is high, the advantages collected from the CNT-polymer layers are considerable. This is industrially challenging nowadays, but might be achievable in the future. In our case, CNT orientation was considered to be random. An improvement of ≈ 60% is considered for epoxy elastic modulus and an increase of ≈ 30% will be considered for shear strength in the following simulations. The better shear properties can be reached by ≈ 45 • orientation, but the resin layer in-between composite plies are considered in this study as isotropic material as CNTs are dispersed randomly. The composite was composed of 12 plies of carbon fiber reinforced polymers (CFRP) in different orientations. Layers of CNT reinforced epoxy were added between the plies to strengthen the structure. Three-point bending simulations were performed on numerical models of CNT reinforced composites in order to evaluate the behavior change due to the added CNT reinforced resin. FEM models used here are based on the parameters advised by standard ASTM D7264/D7264M [START_REF]Standard Test Method for Flexural Properties of Polymer Matrix Composite Materials -ASTMD 7264/D7264M. Standard[END_REF] about 3-point bending, see Figure 3.19. The thickness of a CFRP ply is equal to 0.33 mm and the thickness of the added resin layer is fixed at 0.20 mm (we considered somewhat thickened resin layer to see the CNT effect in simulation). The total thickness of the composite is equal to 6.2 mm. Short beams clearly show the importance of interlaminar properties. An aspect ratio of 1/16 was selected relatively to the reinforced composite thickness. The span is equal to 98.6 mm. The total length of the specimen is 118 mm and the width is equal to 13.0 mm. Commercial FEM software Abaqus was used for the simulations. Continuum shells were used to model the different layers. Mesh was refined close to the supports and the middle of the model and coarser elsewhere, see Figure 3.20. Mechanical parameters of the model are based on the CFRP with 60% of AS4 fibers and 3501-6 epoxy (the resin is different of the one we considered in the homogeneous study) [START_REF] Soden | Lamina properties, lay-up configurations and loading conditions for a range of fibre-reinforced composite laminates[END_REF]. As for CNT reinforced Epoxy, the Young's modulus is improved by ≈ 60% and the strengths by ≈ 30%. Material elastic parameters are mentioned in Table 3.2. Hashin damage criterion [START_REF] Hashin | A Fatigue Failure Criterion for Fiber Reinforced Materials[END_REF][START_REF] Hashin | Failure Criteria for Unidirectional Fiber Composites[END_REF] was used to predict damage initiation in CFRP. This criterion allows the prediction of the damage mode in fibers and matrix for unidirectional composites. It takes into account tension and compression strengths in fiber direction (direction 1), tension and compression strengths in transverse direction (direction 2) and longitudinal and transverse shear strengths, the properties are shown Table 3.3.

In a three-point bending test of a slender specimen, damage usually appears at the lower point of the mid-section. It propagates in the section followed by compression damage at the top point of the mid-section and degradation by delamination. The interlaminar property is effective in the delamination zone. The vertical displacement is applied on a specimen's midsection, which is located in between the mobile supports. This support is modeled by means of a rigid cylinder of 3 mm radius, as advised by the standard. The rigid cylinder is in frictionless contact with the bottom face of the specimen. Lateral displacement was also blocked. The plies were oriented in the directions 0 • , 45 • and -45 • . symmetry is always conserved along out-of-plane axis. Two cases are considered based on different orientations. They are,

Case 1: [0 • ] 6S Case 2: [±45 • ] 3S

Case 1

In the first case, composite is unidirectional (plies are oriented at 0 • ). Figure 3.21 represents the resultant force p of the mid-section, as a function of the deflection δ. As expected, in this experience, damage starts at the fibers on the lower surface. Unreinforced specimen starts to be damaged at 1085 N, but the reinforced specimen starts to be damaged at 1613 N, see Figure 3.21. The unreinforced specimen displays damage earlier than the reinforced specimen. Also, the curve slope shows a significant improvement in specimen stiffness. The slope of reinforced composite is higher than the one of unreinforced composite. Therefore, the addition of CNT in the interfaces brings the stiffness increase in our numerical modeling.

The CNT-polymer usage in-between the plies will help to reduce the number of plies in the composite specimen, while considering the properties of 12 plies unreinforced CFRP as a reference. The number of plies in reinforced composite are reduced to reach the stiffness value of reference material. For case 1, initially the reference specimen and reinforced specimen have 12 plies. While using 10 plies, the stiffness is still high for reinforced specimen, see Figure 3.21. So instead of considering 12 plies, we can reduce the number of plies by using CNT interply reinforcement. 

Case 2

In case 2, we applied a simulation to ±45 • composite. The stiffness improvement is identified (Figure 3.22), stiffness curve shows a noticeable difference similar to the previous case.
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Observations

In this chapter, Finite Element Analysis (FEA) was used to study carbon nanotube interaction with epoxy polymer. The study was conducted using a Representative Volume Element (RVE) of polymer reinforced by a single carbon nanotube (CNT). Addition of CNT to polymer matrix was suggested as a solution for increasing structural reinforcement in root section of wind blades. Indeed, stiffness and toughness improvement are expected through addition of CNTs. From the suggested model, homogenization method was used to get a relatively clear view of how the CNT-reinforced composite would behave at a macro scale.

Besides, numerical simulation of 3-point bending tests of CNT-reinforced polymer shows that CNTs have potential for mechanical properties improvement.

CNT reinforcement effect in different orientations were analyzed in order to predict the dispersed CNT/polymer material property. The model material properties were studied under tensile, torsion and shear loadings. From the homogenization result, depending on CNT orientation within the volume considered, ≈ 10% to 30% improvement in shear strength and ≈ 95% improvement in stiffness property of CNT/polymer material were calculated.

Although our approach remains a simple numerical method not yet ready to be implemented in real applications, it leads to a gateway of possible reinforcement technology for composites in the near future.

We have analyzed wind-turbine blade critical zones and suggested reinforcement solutions by numerical simulation. The critical zone strain detection in advance also helps to avoid complete structural damage. The work related to the strain detection is explained in the following chapters. 

Chapter outline

In previous chapters, we have discussed the importance of reinforcement in new generation wind turbine blades. We have also suggested through numerical simulation some reinforcement strategies to avoid high stressed critical zones. Continuous inspection of critical zones is essential to monitor the state of strain within offshore wind blades, thus enabling to take appropriate actions to be taken when needed, to avoid heavy maintenance. Wind-turbine blades contain various sub-structures made of composite, sandwich panel and bond-joined parts (Figure 4.1). One of the promising SHM concept is the one that uses embedded sensors as Fiber optic sensor (FOS). FOS is small in size, it is noise free and has low electrical risk. In addition, it keep delivering accurate signals even under high temperature and harsh environments, if they are properly protected.

Adding FOS should not affect the mechanical and structural properties of host materials and their own sensibility characteristics. FOS can be controlled by optimizing their intrusive variables. Diameter and coating material of sensors are the main intrusive parameters considered in embedding techniques. While embedding the FOS in-between composite plies, they make an "eye" form resin concentration based on its size (diameter). Stress concentration in resin eye leads to delamination in composites. Coating plays a vital role to define the stress transfer between FOS and host material. Distributed FOS are considered in our work for their sensing ability. Aligning distributed FOS is also important criteria for embedding sensors to get multi-parameter strains and to cover in a reliable way as large surface as possible. Hence, placement of FOS within bonded areas to ensure the best SHM coverage has been studied. Linear and sinusoidal alignments of distributed FOS were compared to select the best configuration.

The above-mentioned points were studied using numerical and experimental approaches to suggest the solution that may offer some guarantees for reliable wind-turbine blade strain monitoring. The work related to this chapter was published in a peer-reviewed journal [1]. [2, 3]

General background

Structural Health Monitoring

In applications like offshore wind-turbines, structures are subjected to harsh environment and variation of temperature during the operating period. Accordingly, they expect the maintenance and verification process in certain interval of time. Maintenance works of these structures are conducted by non-destructive testing (NDT) in most of the times [4]. Material development demands high technology NDT equipment and qualified man powers, which increase the maintenance process cost. Real-time monitoring method detects structural behavior and eases the maintenance work. This method is called as structural health monitoring. The SHM can alert the operators to anomalies and failures. So, continuous SHM can reduce maintenance and component replacement cost by monitoring structures under harsh environments in remote sides. SHM offers robust real-time monitoring, because necessary maintenance or repairs could be addressed and pre-planned based on this technology [4]. For establishing SHM technique, we need a smart material or a structure to follow the required information.

Smart material is one which reacts to its environment all by itself. The change is inherent to the material and not a result of some electronics [5]. The reaction may exhibit itself as a change in volume, a change in color or a change in viscosity and this may occur in response to a change in temperature, stress, electrical current, or magnetic field. In many cases this reaction is reversible, a common example being the coating on spectacles which reacts to the level of UV light, turning your ordinary glasses into sunglasses when you go outside and back again when you return inside. This coating is made from a smart material which is described as being photochromic [5]. Distinction between a smart material and a smart structure should be emphasized. A smart structure incorporates some form of actuator and sensor (which may be made from smart materials) with control hardware and software to form a system which reacts to its environment. The actuators are used to control the structure by reversed reaction. The sensors are used to provide the information about intrinsic material properties [6].

Fiber optic sensors

To accomplish the SHM techniques, sensors are added to the structures to identify the parameters like pressure, strain and temperature (smart structure). The sensors are bonded on the surface of the structure or embedded inside the material. Both methods have their own advantages and inconveniences. But, embedded sensors are assumed to be more effective for the monitoring purpose as they provide the parameter variations inside the material. The embedded sensors should have the ability of easy installation. They should adapt to host material to sense the parameter modifications, especially the host material's mechanical behavior itself shouldn't be changed. Fiber optic sensors (FOSs) were proved as a reliable choice for SHM of composites from previous studies [7,8]. They have high confidence level to sense the micro-scale strains in the composite structures. Additionally, they are very small in size, which allows them to easily embed in material.

Optical fiber is a thin glass fiber that is protected mechanically with a polymer coating and inserted in a cable [9]. The light signals are traveling inside the optical fiber. The transmitted and reflected light are modulated by its amplitude, phase, frequency or polarization state. If structure undergoes the strain effect, there is a change in light transmission parameters, which is converted to the strain rate applied to the structure [10].

Normally, we use single mode polymer FOS. FOSs consist a core and protection layer called cladding. The cladding protects the fiber core from wear and friction and the environmental effects and the core helps for optical ray's transmission, see Figure 4.2. The core and the cladding have different refraction index, in order to protect the linear signal transmission inside the core [12]. FOSs are basically classified based on measurement technique. They are interferometric Sensors, distributed sensor and grating based sensors. In our work we have chosen distributed FOS. Unlike traditional sensors that measure at pre-determined FIGURE 4.2: Fiber optic sensor cross section [11] points, distributed FOS has a capability of sensing in entire fiber length [13], see Figure 4 [14]

Working principles of distributed FOS

By using spatial mode functioning, the measurands can be determined along the length of the fiber itself. This process is normally termed as distributed sensing [14]. There are two types of fiber optic distributed sensors: optical time-domain reflectometry (OTDR) and optical frequency domain reflectometry (OFDR). They both are based on Rayleigh scattering, Raman optical time or frequency-domain reflectometry (ROTDR or ROFDR) based on Raman scattering, and Brillouin optical time or frequency -domain reflectometry (BOTDR or BOFDDR) based on Brillouin scattering [13].

OTDR and OFDR are the first generation of FOS sensors, where Rayleigh scattering is used to reflect the attenuation profiles of long-range optical fiber links [15]. An optical pulse is introduced into an optical fiber link and the power of the Rayleigh backscattered light is measured by a photo detector. The light pulse propagates along the fiber link which helps to determine fiber loss, break locations, and evaluate splices and connectors. If the amount of light pulses are reduced during the propagation that shows the presence of anomalies. OTDR is employed for distributed sensing applications over past few years. Their operation mechanisms are based on non-linearity of optical fibers, where additional spectral components are generated. These additional spectral components are affected by external environmental parameters. Thus, evaluating the spectral content in an appropriate way can determine the changes in external measurands. The optical signal variation arises based on following methods [16],

1. Rayleigh -microscopic random variation of refractive index 2. Brillouin -Acoustic vibration

Raman -Molecular vibration

The effects of scattering are classified by the relation between frequencies of the incident and scattered photons [16]. If these frequencies or wavelengths are equal, it is called unshifted scattering, i.e. Rayleigh or elastic scattering. But if these frequencies differ, the term shifted or inelastic scattering is used, examples are Raman and Brillouin scattering, which are both temperature sensitive [16,17].

Rayleigh scatter method

Rayleigh, the most dominant type of scattering is caused by density and composition fluctuations. Rayleigh scattering occurs due to random microscopic variations in the index of refraction of fiber core, see Figure 4.4. When a narrow pulse of light is launched into a fiber (FUT-Fiber under test), the variation in Rayleigh backscatter can help to determine the approximate spatial location of these variations [12,13]. Practical distributed temperature and strain measurements in standard fiber have millimeter-scale spatial resolution. It can measure over tens to hundreds of meters with strain and temperature resolution as fine as 1 microstrain and 0.1 • C. Therefore, they are able to function in small and large scale applications.

Raman scatter method

Raman scattering is used for only temperature sensing. In ROTDR scattering phenomena, both anti-Stokes components and Stokes components are generated [12,13], see [12] [14]

Working principles of distributed FOS
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The intensity ratio between these two components can provide temperature information at any given point along the fiber link, as the fiber link itself is the sensing medium. The longer wavelength stokes line has weaker temperature sensitive, whereas the backscattered light at the shorter anti-Stokes wavelength increases with high temperature [16]. Since the amplitude variation of the stokes and the anti-stoke components are only dependent on temperature, ROTDR is only capable of measuring the temperature. It can measure temperature with a resolution of 0.2 • C. The sensing distance of ROTDR is normally limited to approximately 8 km with a spatial resolution of 1 m.

BOTDR is used for long structure monitoring. The standard BOTDR offers a measurement distance of 30 km and can be expanded up to 200 km. The spatial resolution is from 1 m to 4 m [12].

For monitoring parameter variation in our blade structure of 70 m, Rayleigh scattering was estimated suitable for strain interrogation, Raman scattering was considered suitable for temperature measurement.

Intrusive effect of FOS

Embedding an FOS into a structure is an important issue, since the interface between FOS and surrounding material has to allow accurate measurements. One has to admit that FOSs are foreign entities to the host structure; therefore it will always alter the stress and strain in the vicinity of the embedded sensor [18]. The embedment of FOS is decided by two intrusive properties -Fiber's diameter and coating material. The coating is also known as buffer coating that surrounds the core and cladding of the fiber optics to provide the protection against the environmental impact, see Figure 4.2. FOS exists in various diameters (including coating) in strain sensing applications. If needed, additional protection is added to use them in the harsh environments [19]. But, sensing is more effective, while FOS is covered by thin coating layers. In other words, least coating is better for the sensibility of sensor.

Furthermore, the core diameter is preferred to be small in order to keep the sensibility higher [20]. In markets, standard FOSs are available at 125 to 250 micron diameter in cross section [21]. While embedding this small sensors in-between the composite plies, the resin makes a deposit around the FOSs, because the composite plies are as thin as the FOSs. This resin deposit makes a lenticular resin pocket in the composite material as mentioned in Figure 4.6. This 'resin eye' will vary the intrusive property of FOS towards the host material, as it changes the stress-strain transfer of the structure in a micro-scale level. In addition, the resin pocket may initiate the delamination cracks in the composite material as it arises between two composite plies. The dimension of the resin eye is variable depending on the FOS's diameter. The sensor with large diameter makes more resin concentration, which might affect the material property. This intrusive property was analyzed by microscopy image in our study. The coating material preferred to be very thin with high rigidity; also they should not affect the stress transfer between host material and fiber optic cores in order to reach the high sensitivity. If the coating material is less rigid and thicken, FOS risks to break [22]. In contrast, high rigid and thin coated FOS observes all the stress developed in the host material and reduces the sensitivity as well. In this study, we don't focus on providing an optimal coating material properties, because several studies were made before to identify the optimal coating properties [23]. In the contrary, we focused about the stress-strain behavior of well know industrial FOS's coating material to provide a better option to blade designers. The most suitable FOS coatings for composite materials in industrial application are acrylate and polyamide. Therefore, these two coating materials were considered in our study and compared by stress-strain variation parameter.

Sensor selection for multi-parameter strain sensing and large surface coverage

Addition of intrusive effect study, we want to investigate in detail about out-of-plane strain, which is a key parameter of structural integrity in anisotropic materials. Castellucci et al. [24] studied about the out-of-plane sensitivity in a 3D-woven cloth configuration with distributed strain sensors. Their study is concentrated on sensor spacing and gauge length to collect the strain along all the way through the fiber optic sensor. In recent years substantial research efforts also attempted at developing multi-parameter FBG (FBG-Fiber Bragg Grating) sensors [25,26]. They worked on multi-axial strain observation in FBG sensors. A change in axial strain or temperature will not affect the birefringence of the fiber, but that will cause an overall shift in Bragg spectrum towards higher or lower values. A change in transverse strain leads to a modification of the birefringence of the fiber, which results in variation of peak separation. Therefore, they proposed capillary configuration for FBG to obtain axial and transversal strain. The sensitivity to transversal strain also remained considerably lower than the sensitivity to axial strain in that solution. Several reports described the characterization of gratings subjected to transversal strains [27,28].

The Bragg grating sensors (FBG) are used for most of the applications. Because the strain accuracy is high in a bi-fringed sensor zone. But, to cover the large structure, we need to use plenty of gratings. After-that, they should be connected with multi-line acquisition units. So, they can be used if SHM is highly demanded for the required application. Distributed sensors have an advantage of providing strain, temperature variations in a single FOS line. The main disadvantage is that their interrogator system is expensive and not effective for small structures [29]. Therefore, distributed sensors are mostly used in a long civil structures [30]. But the introduction of advance technology for low distance sensing (High spatial resolution) lets the distributed sensors to detect the strain in small structures (specimen level) [31]. As We have considered distributed fiber optic sensors; the multi-axial strains can be identified by the optimal sensor positioning in composites. Linear and sinusoidal forms of FOS were analyzed in our work. From the results, we suggest the preferable positioning method. This chapter of Ph.D work presents initially the coating material effect by the function of strain observation in the numerical model of FOS surrounded by angle-ply carbon reinforced composite plies. Compare to the previous studies [32], our numerical simulation presents the results in 3-D model. Fiber alignment was difficult to design with intrusive effect. So, we made a numerical study of embedded sensor [32] in the composite material bonding for identifying effective sensor alignment. Linear and sinusoidal positioning were considered for alignment effectiveness study, see chosen randomly as fibers have their own limit of bending angle to avoid the fiber breakage [33]. Therefore, the alignment should respect the bending characteristics of fiber. The variables in Figure 4.7 also influences the strain parameters and range. Once the multi-axial strains were proven by numerical model, the experiments were established for the alignment method study. The distributed FOSs were bonded over the composite specimens by epoxy bonding material to check the effectiveness of fiber optic alignment. The results allow us to choose the best FOS's and alignment configuration for wind turbine blade SHM.

FOS diameter selection

FOS diameter is an important variable while considering for embedded techniques. FOS make a resin eye concentration (elliptical form) around their emplacement. While FOS diameter is small the resin eye concentration area is smaller around it, see Figure 4.8. In large diameter FOS, the resin eye concentration area is high. Therefore, minor axis elliptical width l 2 is wider than l 1 , which easily induces the stress concentration in vertex of resin in large FOS. If the stress is high at this point, delamination may eventuate from this weakest spot. The microscopy image of 125 micron and 250 micron is shown in Figures 4.9 and 4.10 respectively. As explained above, resin concentration (250 x 1000 micron) is high around 250 micron diameter FOS. In the contrary, 125 micron diameter FOS has low resin concentration (125 x 800 micron). Knowing that resin would meet failure easier than fibers, we suggested the FOS of 125 micron diameter for our numerical and experiment works. This microscopy analysis is simple and effective. 

Analytical equations used in numerical simulation

Stress-strain model of FOS in host material

σ r = 1 r ∂φ ∂r + 1 r 2 ∂ 2 φ ∂θ 2 = A r 2 + 2B -(2P + 6R r 4 + 4S r 2 )cos2θ (4.1) 
σ θ = ∂ 2 φ ∂r 2 = A r 2 + 2B + (2P + 6R r 4 )cos2θ (4.2) 
τ rθ = 1 r 2 ∂φ ∂θ - 1 r ∂ 2 φ ∂r∂θ = (2P - 6R r 4 - 2S r 2 )sin2θ (4.3) 
In our concept, smart structure was considered with FOS embedded in composite materials. We assumed a plane strain model to explain the strain components in analytic model [34]. This helps to understand the results of numerical simulation. The strain in longitudinal direction is neglected for plane strain model. The model is zoomed in an edge of the specimen in order to see the effect of transverse loading. In our case, we used the transverse load method equations to analyze the stress function in cross section view. For stress-strain analysis, we have considered a geometrical model as shown in Figure 4.11, with following [34]

assumptions: model consists of optical fiber (B) and composite host (A); both are assumed as homogeneous and linear elastic; optical fiber is isotropic and composite is transversely isotropic; optical fiber has circular cross section and embedded parallel to the reinforcing fibers of composite aligned to the length wise of specimen; there is no relative motion and slipping effect between composite host and optical fiber; constant nominal stress was applied in the model (σ).

From resultant Equations 4.1, 4.2 and 4.3, the composite component stresses of radial(σ r ), tangential (σ θ ) and shear stress (τ rθ ) are found as shown in the following equations [34]. φ and θ are the stress and displacement functions in polar coordinates.r B and r A are fiber optic sensor radius and host material radius consecutively.

u Ar = 1 E r - A r (1 + ν rθ ) + (1 -ν rθ -2ν 2 zr E r E z ) -2Br -[(1 + ν rθ )2P r -(1 + ν rθ ) 2R r 3 -(1 -ν 2 zr E r E z ) 4S r ]cos2θ (4.4) u Br = 2 E (1 -ν -2ν 2 )F r -[(1 + ν)Kr + ν(1 + ν)2M r 3 ]cos2θ (4.5) u Bθ (r, θ) = 2 E (1 + ν)Kr + [(3 + ν -2ν 2 )M r 3 ]sin2θ (4.6) 
4.6. Numerical Simulation

97 u Aθ (r, θ) = 2 E r [(1 + ν rθ )[P r + R r 3 ] + (ν rθ + 2ν zr E r E z -1) S r ]sin2θ (4.7) 
r»r B is assumed to reduce the equations. The unknown constants (A, B, P, S. . . ) are derived from the boundary condition to obtain the complete equation of the stress values. The radial (u Ar , u Br ) and tangential (u Bθ , u Aθ ) displacements of composite (A) and optical fiber (B) are evaluated, after adequate integration of Koshy's equations. E z is host material's modulus in local coordinate, E r is modulus in polar coordinate, E is FOS's modulus, ν is Poisson ratio. The base (r, z, θ and etc.) represents the corresponding coordinates.

While solving Equations 4.4, 4.5, 4.6 and 4.7 by substituting constant values, we can identify the stress and the displacement values in each point of FOS and the host material. The displacement values can be converted to appropriate strain values.

Numerical Simulation

Embedded FOS in finite element model

A numerical model was designed to represent an embedded optical fiber inside the pre-preg layers of the carbon fiber composites (CFRP). First of all, model is explained on an embedded optical fiber in a linear positioning inside the plies of CFRP. Similar work has been undertaken with finite element techniques for predicting the resin pocket geometries surrounding optical fiber in 2-D [35]. The aim was to verify the sensitivity of embedded optical fiber inside the resin pocket and to monitor its mechanical behavior. Because, during the pre-fabrication, optical fiber slides in a chaos space of resin. The most strained zone is obviously the matrix zone which presents inside composite angle-ply (see Figures 4.9 and 4.10). We have designed 3-D composite layers with the appearance of upper and lower plies in our model. The term upper and lower indicates the position of composite plies according to the FOS as shown in Figure 4.12. The specimen dimension was considered as Length x width x thickness -10 x 2 x 0.16 in mm. The sensor was modeled with core, cladding and coating separately in order to approach a real model. The total diameter of the FOS was considered as 125 µm; in which 80 µm represents the core + cladding diameter. The resin concentration is mentioned with blue colored zone in our model (see Figure 4.12). The model was designed and simulated by Abaqus-6.14 commercial software. The FOS and resin were considered as isotropic material, the composite material was considered as orthotropic material. The core and cladding were made by silica glass, the coating was designed with acrylate or polyimide and the resin was made up of epoxy. As resin concentration was studied in our model, the angle-ply CFRPs were considered in our model. Because, the resin concentration is assumed high between +45 • and -45 • plies [36]. The properties of the material used in our study are shown in Table 5.1. The load was applied as a tensile load towards the direction of the specimen length, see Figure 4.13. The results were analyzed based on the stress-strain Equations 4.1 to 4.7, the displacement provide the strain values in the model. 

FOS alignment in finite element model

Two placements of FOS were considered between the bond joints (see Figure 4.7). The first one was embedment of straight FOS, whereas the second was based on the embedment of sinusoidal FOS. For alignment effectiveness analysis the resin concentration was replaced by thin layer of epoxy bonding, because sinusoidal alignment is difficult to design with resin eye concentration effect. The sinusoidal FOS was aligned towards the length wise of the specimen with the sinusoidal peaks as shown in the Figure 4.7. From the results, we can identify an appropriate solution for multi-parameter strain sensing for distributed sensors for SHM. 

Results

Effect of coating material

The results are explained by the manner shown in the Figure 4.14. All strain measurements were taken inside the epoxy as it has a very sensitive behavior. The result of finite element model with acrylate coating material is shown in Figure 4.15. The unit of strain in numerical simulation is mm/mm. The maximum deformed strain in the longitudinal direction (E 11 ) is 100 Chapter 4. Act 4: Embedding fiber optic sensors -Numerical & analytical validations not identified around the interaction zones. The value 0.0772 presents the strain in composite plies rather than interaction area. Figure 4. 15(b) shows the shear strain (E 22 ) inside the embedded space of coating, which has effects only on the left lower corner and on the right upper corner of CFRP part. At red spots, strain value is 0.0287. The shear stress concentration rises up in the corner of the resin eye form. Figure 4.15(c) shows the strain in lateral direction (E 22 ); the contour color represents the red spot in the interaction surface between epoxy and coating of the optical fiber. The strain is 0.02033, which has big influence around FOS and epoxy interface zone.

The results in the polyimide coating model seem to be very similar with the acrylate coating model. The strain variations are observed in the longitudinal, shear and lateral strain of the epoxy part. Figure 4. 16(a) shows the longitudinal strain effects over epoxy. The interesting part is that it has completely the same behavior while compared to acrylate. The Figure 4. 16(b) shows the shear strain (E 12 ) inside the embedded space of polyamide. The max shear strain over the part reads 0.01389, which is much lower than the value noted in acrylate coating (0.0287). Figure 4.16(c) illustrates strain effects in lateral direction (E 22 ) with reduced red spot in the interaction surface between epoxy and coating of the optical fiber. The strain is 0.01371, which is lower than lateral strain of acrylate model. There were no variations observed in the longitudinal and shear strain between acrylate and polyimide coating model contours. But, a mild difference was observed in lateral strain contour, which is clearly visible in Figures 4. 15 Results shows that the acrylate provide more strain to the host material, because acrylate has less material modulus property compare to the polyimide coating. Therefore, polyimide observes high stress from the external load and transfers minimum amount of stress to the host material to provide less strain, which is contrary of the acrylate coating behavior. However, variations observed in strain values seems negligible, they are important while concentrating on the macro level study. If sensor is working in strong conditions such as high temperature and humid conditions, polyimide coating is considered as preferable solution [37]. In high temperature applications, the acrylate coating leads to the cross sensitivity that makes intricacy to monitor the mechanical strain of the structure. Conversely, acrylate coated FOSs are more suitable for the ambient condition applications, because the strain sensitivity is similar and less expensive compare to polyimide coated sensors [38]. Therefore, acrylate is preferred for ambient condition strain sensing and the polyimide coated sensors are effective for harsh environment monitoring. 

Alignment study

Simulation

The study of sinusoidal aligned fiber was realized under same boundary condition as straight alignment mentioned in the previous section. Figure 4.17 shows the linear, shear and lateral 4.7. Results
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strains respectively for model with acrylate coated FOS aligned in a sinusoidal method. Figure 4.17(a) demonstrates the strain in longitudinal direction of the numerical model. It can be seen that the red topologies in the curvatures has a huge tension. Maximum strain value over that spot reads 0.422 and it gradually decreases on the mid horizontal axis of the structure. The minimum strain appears in the peak of the sinusoidal curve with the value of 0.283. Ultimately, this strain form in longitudinal axis tends to create more pressure in surface interaction area and senors are able to convert them as appropriate strain value. 4.17(b) shows the strain in shear direction of the numerical model. In this case, there is a spot of compression and tension in the peak. From this we can observe the strain measurement in transverse direction too. The maximum strain shows 0.4395, which is quite higher compare to the longitudinal tensile strain. One side of the peak of fiber feels the tensile strain and the opposite side feels compression strain [24]. Figure 4.17(c) describes the strain effects over the lateral axis of the model. The sinusoidal curvature is surrounded by compressive strain and peak tensile strain value is 0.6794. From these results, we observe that the lateral strain value is higher than other two strain values. Therefore, FOS strain transferring behavior is mostly defined by lateral strain. The strain values collected in acrylate model is higher than the values of polyimide. In advance, sinusoidal alignment provides, strain in all directions such as longitudinal, lateral and shear directions by changing the compression and tensile behavior around sinusoidal curvatures. So, multiple strain detection is possible by sinusoidal alignment method. In addition, FOS with acrylate coating is considered in our further works, because the working environment (offshore) of FOS is estimated as ambient condition.

From this numerical simulation results, we confirm that the sinusoidal alignments are able to detect the strain in multi-directions. It would be again proved by experiments, which is explained in the following.

Experiments

The distributed FOS alignments were studied to see the effectiveness of sensor positioning for their sensitivity, the elastic range of measurements, and multi-parameters measurements (strain at bending and torsion). It is proved from the numerical simulation that linear alignment sensors are able to observe lateral stresses, but not sensible for longitudinal and shear loads (see Figure 4.15). Therefore, sinusoidal positioning is considered as better solution for the various direction strain sensing and also for the large surface area coverage from a single fiber optic sensor. To verify this, we have conducted the experiment under 3-point bending load.

The glass fiber reinforced composite material made by pultrusion method was used for the experiment. The specimen was cut to the dimensions of (500 X 35 X 7) mm. FOS with 80 micron cladding diameter surrounded by 125 micron diameter acrylate coating was bonded over composite material specimen. The bi-composant epoxy resin was used for bonding.

The FOS was bonded as shown in Figure 4.19 with equal intervals. The peak was maintained at the mid of the specimen and spread towards the tip of the specimen linearly. Two different periods were considered for the sinusoidal form, they are with 2 cm period waves (small sinusoidal alignment) and 6 cm period wave (extended sinusoidal alignment). For the linear model the FOS is positioned exactly at the mid (width wise) of the specimen. To maintain the FOSs in position, they were bonded initially on work bench and the composite specimens. This helps to avoid the fiber fault and misalignment during the bonding. Once the bonding was realized with small wooden stick in an ambient temperature, they were sent to an industrial Owen under 40 • C temperatures as recommended by the adhesive's producer. After one day completely placed in Owen, the specimen was checked for the state of fiber bonding. Afterwards, another composite plate was kept over this and send to mechanical experiments. Once again the quality of the specimen was checked and connectors were linked with the FOS. For the mechanical loading, the specimen was subjected to an imposed displacement controlled load at the middle of the specimen to get the bending behavior. The torsion was applied on the specimen by the help of wedge support. The wedge angle provided the quantity of torsion displacement. The imposed displacement was 3.5 mm and the wedge angle was maintained as 45 • . Tensile load can provide direct comparison between numerical and analytical models, but the loading is difficult to apply in our laboratory apparatus because of huge dimensional specimen.

Figure 4.20 shows the linear and small sinusoidal FOS alignment's behavior under bending load. The strain unit in experimental part is micro strain (µm/m). Both methods provided the strain, but the range of the strain value observed by small sinusoidal model is half of the range of strain value observed from the linear alignment. Also, the Figure 4.21 shows that the sinusoidal alignments are more sensible for the torsion load applied. There is no difference in the linear configuration between torsion and torsion + bending load, both provides same strain value 1300. But in the sinusoidal fibers, the curve clearly shows the peak change according to torsion. Figure 4.22 shows the comparison of peaks for the effect of torsion. E.g, first peak -without torsion load, the peak value reaches 100, but with torsion load the peak value reaches the strain value of 250, this value represents the torsion load applied to specimen. But the variation between linear and sinusoidal FOS alignment's strain values is still high; it is around 600 for the bending load. And the variation is 400 for bending + torsion load (see Figure 4.21). To recover this strain value, the sinusoidal aligned sensors were thought to position with enlarged period, by assuming that the extended fiber could provide the strain value close to the linear alignment configuration. Therefore, the extended sinusoidal alignment was tested under bending and torsion load and their strain values are compared with the linear model. The extended sinusoidal aligned FOS provides the strain value equal to 1050 (see Figure 4.23), which is closer to the strain observed in the linear configuration (1300). In addition, the torsion load provides clear difference in the peaks of sinusoidal curve with observable variation (see Figure 4.24). The results confirm that it is possible to recover the strain range by keeping multiparameter sensing performance just by optimizing sensor alignment. Additionally, torsional strain is also observed with peaks variation (see Figure 4.24). Therefore sinusoidal alignment would be a better solution for SHM. 

Observations

FOS is gaining credibility as a reliable Structural Health Monitoring sensor that can be embedded in several parent materials.

In current chapter, we have analyzed two main factors which affect the intrusive properties of fiber optic sensors when they are embedded in composites, namely, fiber-optic's diameter and its coating material. The coating material that have been considered are acrylate and polyimide. They were analyzed based on stress-strain transfer functions. Results showed that both coatings are effective for large-scale strain monitoring. Polyimide is preferable for harsh environment conditions; whereas acrylate fits to ambient temperature conditions. In the case of FOS diameter, the sensor of diameter 125 microns that were studied previously within the framework of the National Project DECID2 (2008-2012) was estimated suitable [21,39,40]. The microscope analysis showed that this smaller diameter FOS is a much better technical solution than telecommunications one that have diameter of 250 microns.

To get the best coverage of the structure that has to be monitored, placement of sensors are critical. This is the case of bonded zones of a wind blade. SHM of such areas can be done through aligned parallel FOS, which is very costly and not necessarily efficient. Whereas, the use of alternative technique such as sinusoidal one can bring significant advances in terms of cost-saving and also technically. Sinusoidal placed FOS are able to measure bending and torsion strains. In contrast, linear aligned FOSs give bending strains only. To reach the strain range of linear placement configuration, sinusoids were flatened (increment of period) and showed that they can achieve high strain sensing range. This Chapter has brought some arguments that significantly support sinusoidal FOS placement for multi-parameter strain sensing, without affecting the strain range. In next chapter, we present the mechanical experiments conducted on CFRP specimens with our proposed embedded FOS techniques.

Chapter 5

Act 5: On the way to experimental validation of the smart composite...

Chapter outline

The smart composite that was delivered to us within EVEREST Project was a first trial composite. Based on the mechanical work summarized in this Chapter 5, some conclusions have been drawn on the basis of which the material will undergo some process improvement that might bring its industrialization.

For the time being, the goal of this Chapter was to get an appraisal of actual mechanical performance of the smart composite. To do so, 3-point bending tests were performed, using laboratory-scale specimens. Given the random wind blowing conditions that can happen offshore, we have chosen bending tests because of their complex loading nature. From mechanical point of view, the tests allowed us to calculate the mechanical properties of composites, such as Young's modulus, proportional limit, strength, etc. From sensors (Fiber Optic Sensor -FOS and Quantum Resistive Sensor -QRS) point of view, the tests enabled us to get an idea about sensors resiliency during fatigue cycling. Indeed, to deliver meaningful signals, sensors must withstand mechanical loading at a well-defined design stress level without displaying any damage and this must be proven through testing. Also, the presence of sensors should not show significant loss of mechanical properties of parent material. One should keep in mind that embedded sensors are considered as flaws in the theory of mechanics and materials.

Maximum fatigue stress values at which tests were conducted were chosen with regards to proportional stress limit defined by quasi-static curves, see Figure 5.1. By doing so, our focus was to investigate the area of mechanical behavior, where there is limited damage initiation and development, in a way enabling us to assume that damage accumulation is bringing only "minor" perturbation to the mechanical system considered (no variation of volume). Therefore, fatigue test with a low number of cycles (LCF -10 4 cycles) on specimens with and without sensors can allow us to make clear comparison on the effects of sensors presence in the parent material. Besides, once the maximum cycling stress at which there is no stiffness decrease, even after 10 4 cycles was identified, an additional fatigue test over 10 6 cycles (HCF -10 6 cycles) was carried-out to check whether the tendency is still the same after one million cycles.

Mechanical behavior under 3-point bending tests for unidirectional and angle-ply (±45 • ) composite materials that are endowed with FOS and QRS were performed. Quasi-static and some fatigue tests (conducted at a maximum cycling stress that was not exceeding the proportional limit under 3-point bending) were conducted at a low number of cycles (10 4 cycles). Due to the fact that the material studied is still under development, the target here was not to conduct a full campaign of fatigue. It was rather a preliminary experimental appraisal of actual capabilities of the smart composite, especially how damage proceeds under fatigue cycling and how FOS and QRS are accommodating mechanical loading while keep sending meaningful signals. Some additional fatigue tests were conducted up to 10 6 cycles, at the maximum cycling stress that showed no stiffness decrease even after 10 4 cycles. The results have featured the pertinence of using FOS to record strain and temperature of smart composites during fatigue loading. 

Experiments

Specimen preparation and instrumentation

The composite material for our work was manufactured by prepreg method at Europe Technologie, using volume fraction of matrix as 34% and volume fraction of fibers as 66%.
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HexPly M79/34%/UD300/CHS type composite laminates were considered. The term 'UD' stands for unidirectional plies and '34' stands for percentage of resin concentration. The materials are followed by wind-turbine manufacturing standards. Laminate properties were shown in Chapter-2.

Our composite specimens were made by 'Autoclave vacuum-bag' method. Individual sheets of prepreg material were laid-up and placed in an open mold. The material was covered with release film, bleeder/breather material and a vacuum bag, see Figure 5 [2] CFRP prepreg laminates were spread on a work table. We have considered 12 plies and top layer was covered by 'breather cloth' to ensure uniform vacuum pressure across the component and the 'caul plate' protect the bottom layer to define the second surface. For unidirectional composite (UD) specimens, all laminates were oriented towards 0 • of coordinate system of specimen. So laminates were arranged in a [0 • ] 6S format. For angle Chapter 5. Act 5: On the way to experimental validation of the smart composite... ply specimens, the laminates were oriented in [±45 • ] 3S . A vacuum pressure was applied on part and the entire mold was placed into an autoclave (heated pressure vessel). The part was cured with a continuous vacuum to extract entrapped gases from laminate. It affords precise control at molding process. The polymerization cycle worked on 80 • C for 360 minutes, see Figure 5.2. After curing process, the specimen plate was removed by using an appropriate unmold agent. This final product was reduced to specimen dimensions described by ASTM D790 standard [3], see Figure 5 There are several ways to insert sensors in composite laminates. We used a simple handlayup and aligning method. The FOS with 125 µm outer diameter and acrylate coating is cut down according to the work plate dimensions. The specimen dimensions were noted priorly on work plane. The sensor was aligned exactly at the mid of the specimen, length wise. Therefore, FOS is parallel to the fibers orientation in UD laminates and oriented 45 • in angle-ply laminates, see Figure 5.6. The FOS should not be placed in the neutral axis of the specimen stacking, because of strain neutralization under bending load [4]. So, to collect the appropriate strain information of composite material, FOS was placed between 2 nd and 3 rd (from tensile side of specimen -bottom side) layer of the specimen lay-up stacking. Once the FOS was placed in a specific position, it was checked for the straightness to avoid sensor waviness. Thereafter, the remaining plies were stacked-up and the fabrication process continues similar to the known procedure. After the curing process, FOS connectors were connected to the excess FOS which comes out of the plate. The FC/PC connector was used in our work. The specimens were polished and verified by ultrasonic method to detect the presence of flaws. QRS sensors were bonded on the specimen tensile side, see Figure 5.7. The works which are concerned with QRS sensor were developed by partner University of South-Brittany and presented in Ph.D thesis of Antoine LEMARTINEL. So, untreated values would be compared with mechanical strain in our results to show the tenancy of sensor to strain variation. In this chapter, source specimen represents specimen without sensor, smart specimen represents specimen with sensors. In our work, we have considered only distributed FOS. We assumed that distributed sensors are suitable to collect the strain for long distance with less error, see chapter-4. Distributed sensors are able to sense the strain and temperature modifications in the material. We considered Rayleigh and Raman scattering method to get information about strain and temperature variation, respectively [6,7]. Both methods are operating by reflectometers. As we used a single fiber in a smart specimen, both reflectometers were switched with each other. Rayleigh scattering is interrogated by LUNA 4600 OBR, Raman scattering (ROTDR) is interrogated by LIOS DTS equipment.

The spatial resolution defines the quality of strain values, it is 1 mm for Luna 4600 OBR. In addition, by using spot scan method, we can go up to 3 Hz of strain acquisition speed. The sensor coverage length is 2 Km [8]. The temperature resolution is around 0.1 • C for LIOS DTS equipment [9]. The sensor's spatial resolution is 100 mm for 200 mm specimen, so the substitute fiber was connected in order to increase the acquisition distance.

Experimental setup

The mechanical experiment was carried out in MTS 100 kN hydraulic testing machine. All the experiments were maintained at room temperature (23 • C). The temperature in testing space was controlled by closed chamber with effective air conditioning system. The bending test set-up is shown in Figure 5.4. Roller supports were used, where the distance between outer spans were maintained 150 mm for all the experiments. Specimens were placed at the mid section of the roller to distribute the stress equally over their width. The two bottom rollers are fixed to a mobile actuator and the top roller is connected with the fixed frame. The load is applied in the middle of the specimen by raising the bottom rollers (displacement measurement). The force transducer is connected to the top roller. The displacement is measured from the mobile actuator's translation. The mechanical component is controlled by testsuite T M T W software. Before every experiment, the software was controlled for error and proper calibration. The bending test was performed in 3 categories: quasi-static, loadunload and fatigue. The specimen was placed on bottom rollers, the fiber optic connectors were fixed to LUNA OBR inlet port (or LIOS DTS inlet port) and copper wire coming out of QRS sensor was connected with KEITHLEY DMM switch boards. The Figure 5.8 shows the final setup of our experimentation.

As we use two reflectometers for one fiber, they interchanged at every selected number of cycles. The LIOS DTS system needs more data and long time for signal treatment, so it was connected for long time. The remaining time while we connect OBR equipment, we activate KEITHLEY equipment as well for better comparison of the results.

In result section, quasi-static and load-unload experiment results are shown initially. Afterwards, the specimens are observed by numerical microscope for micro-damage evaluation. Next, the LCF experiment results are demonstrated. The mechanical property (stiffness) between source and smart specimen is compared. Thereafter, stiffness and sensor's strain are compared in smart specimens. Later, HCF experiment results are shown to check the sensors functionality. 
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Mechanical properties comparison

Quasi-static test

Mechanical tests were force-controlled, the rate of applied force is 0.1 kN/min as per ASTM D790 standard [3]. The mechanical behavior of CFRP specimens under quasi-static bending load is shown in Figure 5.9. From slope of the curves, the modulus of the material is determined [10]. The modulus calculated for UD CFRP specimen is more than angle ply CFRP specimen [11]. The Equations 5.1, 5.3 and 5.4 were used to calculate the material properties under bending load [10]. The strain value is directly proportional to displacement value, so analyzing displacement values indirectly reflects the strain, as specimen's section variation is not measured. The mechanical behaviors of UD and angle ply composites are shown in Figure 5.9. The angle ply specimens have lower modulus than the UD specimens. In addition, angle ply specimen deforms more than UD specimens [11]. The difference of material properties is observed between specimen with sensor and without sensor, see Tables 5.1 and 5.2. In angle ply specimens, negligible amount of variations were noted in mechanical properties. In UD specimens, the difference is estimated as 4.9% in flexural modulus, 13.4% in maximum stress value and 9.8% in proportional limit values. These remarkable difference comes out because of the presence of large resin eye concentration in specimen, see Figure 5.10. Following microscopy analysis would highlight an influence of resin concentration in material property. The comparative results of the quasi-static mechanical tests carried out on specimens with and without sensors, coupled with the observations under numerical microscope. The main damage begins at a very low stress in the contour zones around the optical fibers that located between the composite plies. Encapsulation in optimal case has initial length of a 0 , which is very small. As a matter of fact, we need high energy to extend a 0 in mode-II (delamination), see Figure 5.10. Whereas in critical case, (a 0 ) is much higher and we need lower energy to extend in mode-II cracking. It appears clearly in the micrography that the width of the contour zones is much too large (a 0 ), which results in delamination very easy to initiate in the early stages of mechanical loading, see Figure 5.11. This explains why the mechanical behavior curves of the intelligent composite material (UD and ±45 • ) are below their homologue of the composite material without fiber optic sensors. This is an extremely important point for further preliminary fatigue tests. Indeed, the first track to improve the mechanical properties of this composite material passes through the closest possible "encapsulation" of the optical fiber between the plies (Figure . 5.10) [13,14]. If this is done finely, the initiation of delamination will require a much greater energy than in the case where the encapsulation is too extensive ( 
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Microscopy analysis for damage evolution prediction

The Figure 5.12 illustrates the micro-damage evolutions in both UD and angle ply specimens. In initial stages, micro-cracks appeared in small dimension, while load value increases, the micro-crack dimension increases proportionally and leads to delamination. Microdamage in composite arises in various methods namely parallel fiber breaking, matrix-fiber debonding and matrix micro-cracking [15]. Normally, the damage is initiated in matrix and moved to fibers of composite, because matrix modulus E m and strength (σ max m ) are smaller than fiber modulus (E f ) and strength (σ max f ). Once the applied load is closer to proportional limit, these micro-damages start to appear in composite matrix. While increasing the load, micro-damages accumulate and lead to delamination [16]. In bending tests, loads are applied perpendicular to the specimen positions. The UD specimens are dominated by fibers,
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125 so the micro-damage appears on parallel fibers [17]. In angle ply specimens, the microdamage appears in matrix as transversal micro-cracks [18]. The micro-damage identified in UD and angle ply smart specimens are illustrated in Figures 5.13 and 5.14 individually. Fiber-matrix separation was observed in UD specimen. We estimate that the fiber and matrix might have friction between them, which induces the matrix to dislocate from its position [17,18]. On the contrary, transversal micro-cracks were identified around FOS in angle ply specimen.

The micro-damage in a composite material leads to stiffness reduction. Addition of FOS in a composite drives faster the stiffness reduction by supplementary micro-damage around resin concentration [19]. stiffness is calculated by using Equation 5.5. 

Stiffness = k = F δ ( 
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Load-unload test

The load-unload experiment was conducted similarly to quasi-static test, but with imposed displacement in step-by-step regime [10]. The mechanical behavior of load-unload experiment of UD CFRP and angle ply CFRP specimen is illustrated in Figures 5.15 Chapter 5. Act 5: On the way to experimental validation of the smart composite...

In UD specimens, load-unload curve is not visible in the initial cycles. But, non-linear behavior makes a deviation between ascending and descending profiles in further sequences. In addition, smart specimen's curve falls lower than the source specimen's curve, it confirms that the presence of FOS affects the mechanical property of material. In source specimen, non-linear behavior arises because of micro-damage evolution explained in microscopy, see Figure 5.12. In smart specimen, non-linear behavior came out because of an accumulation of micro-damage in matrix and resin concentration around FOS encapsulation.

In the contrary, non-linear behavior is clearly recognizable in angle ply specimens curve, ascending and descending profile variation starts very early. The micro-damage accumulation is a reason for this behavior [20]. The amount of non-linear strain can be measured from the x-axis values in Figure 5.16. The non-linear strain value is higher for specimen containing sensors, additionally, overall curve slope is lower for it. This confirms again that the presence of large FOS encapsulation in composite brings some mechanical disturbance to the host material, see Figures 5.10 

LCF test

Fatigue stress values at which tests were conducted were chosen with regards to proportional stress limit defined by quasi-static curves, see Figure 5.1. By doing so, our focus was to investigate the area of mechanical behavior, where there is limited damage initiation and development, in a way enabling us to assume that damage accumulation is bringing only "minor" perturbation to the mechanical system considered (no variation of volume) [21,22]. Therefore, fatigue test with a low number of cycles (LCF -10 4 cycles) on specimens with and without sensors can allow us to make clear comparison on the effects of sensors presence in the parent material. Besides, once the maximum cycling stress at which there is no stiffness decrease, even after 10 4 cycles was identified, an additional fatigue test over 10 6 cycles (HCF -10 6 cycles) was carried-out to check whether the tendency is still the same after one million cycles. Our fatigue tests were conducted at "Constant Amplitude" which merely refers to the fact that the maximum (S max ) and minimum stresses (S min ) are constant for each cycles [23,24]. The other factors were referred from ASTM standard D3479/D3479M [25].

In figure 5.17 Stress ratio(R) = S max S min (5.9)

In our constant amplitude fatigue condition, (Figure 5.17) applied stress value was calculated at 60%, 80% and 100% of proportional limit (they are used as 0.6σ p , 0.8σ p and 1.0σ p in the further explanations). This stress value is considered as S max in Figure 5.17. The equivalent force and displacement were calculated from these stress values and applied in our testing machine software. We used R = 0.1 (tension-tension) type fatigue condition with 1 Hz frequency, this value has been chosen based on offshore technology, which indicates a wind frequency is between 0.5 and 2 Hz [2]. To avoid the specimen slippage, S min = 10% of S max was calculated and applied on the specimen prior to the experiment. The stress was maintained constant in all fatigue cycles, so, if micro-damage is generated, strain value increases along with number of cycles, which results to stiffness drop [17,26]. Stiffness change was normalized in our study.

Normalised stiffness =

Actual stiffness Initial stiffness (5.10) a maximum load of 0.6σ p . The curves display no stiffness reduction, so FOS is not bringing any loss of mechanical properties. In Figure 5.18(b), stiffness loss is observed in the initial cycles (up to 5000 cycles), thereafter steady state regime is attained. FOS presence is making additional loss of mechanical properties. The high stiffness drop in smart composite is due to the presence of large resin eye concentration around the FOS that promotes micro-damage at low stress levels (0.8σ p ). Once the damage reaches the steady level (stiffness drop is too low), there is no further damage development (after 5000cycles). Same tendency is shown for 1.0σ p load. We observe a sharp decrease of stiffness right to 5000 cycles followed by a steady state up to 10 4 cycles, see Figure 5.18(c). Once again, the presence of FOS (resin eye concentration) induces micro-damage and delamination in smart composites at initial cycles, which leads to stiffness reduction (Figure 5.10).

Figure 5. 19(a) shows the fatigue behavior of angle ply source and smart specimens under 0.6σ p load, there is a minor decrement observed in the first cycles. But overall normalized stiffness values are maintained close to 1 for source and smart specimens. Therefore FOS is not featuring any loss of mechanical properties to host material at this stress value. In Figure 5.19(b) which corresponds to 0.8σ p load fatigue, stiffness drop is observed in the initial cycles (up to 4000 cycles), thereafter steady state is taken place. This behavior demonstrates that the damage initiation took place at initial cycles and reduced subsequently the material stiffness [16,21,27]. After a few cycles, the damage initiation is stopped, so the specimen retains the same stiffness of the steady state. FOS effect is clearly visible in 1.0σ p load curve, see Figure 5.19(c). Up to 4000 cycles, the stiffness drop is high for smart specimens, afterwards, the curve reaches steady state. The resin eye concentration creates sharp reduction of stiffness value in the first cycles. Compared to UD specimens, the stiffness drop range of angle ply specimens is high. The stiffness reduction falls up to 0.91 normalized value.
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Comparison between mechanical and FOS strain

In this section, Fatigue behavior of smart composite is studied. The evolution of stiffness is plotted as a function of fatigue cycles. In the secondary axis, we plotted the values of strain delivered by FOS as a function of cycles, too. Just for reminder, our focus is to check 5.20(a) shows a comparison between mechanical strain recorded by MTS testing machine cross head and FOS strain. The maximum strain detected by FOS in UD smart specimen is 4083 micro strain. The 3-D curve is plotted to show whether FOS is sticking to its original position without breaking and sliding. The 3-plot shows the bending profile of FOS signals during whole experiment period (specific time). If FOS is broken uniquely in a specimen, signals will not appear in FOS interface from the broken location. In addition, if FOS slides inside a composite plies, the location of curve will be shifted from its initial position [4,28]. Therefore, 3-D plot is a complimentary curve to confirm the prospective of FOS. In quasi-static experiment, the 3-D curve maintains the same profile just by increasing strain values, see In angle ply specimens also, FOS follows a mechanical strain entirely, see Figure 5.21(a). The 3-D profile also confirms that the FOS was functioning without breakage and sliding, see In angle ply specimens, FOS strain curve reflects the non-linear behavior of the smart composite material. The non-linear strain value increases in each load-unload cycle, which is highlighted by circles in Figure 5.23(a). The mechanical strain does not show non-linear behavior, because, the displacement was imposed in the test.

In both experiments, 3-D profile confirms the proper working of FOS, see Figures 5.22 
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LCF test

This section is proposed to confirm whether FOS signals are coherent and operating throughout the cycles [29]. Initiation of non-linear strain in material leads to stiffness reduction as per Equation 5.10. Stiffness and FOS strain were analyzed by normalized values. In the case of UD specimen loaded at 0.6σ p , results show constant stiffness and constant FOS strain in all 10000 cycles, which indicates that damage is negligible. Indeed, in both Yaxis of Figure 5.24(a), the values remain constant (1), which confirms that the stiffness values and FOS strains were maintained same in all fatigue test cycles. For fatigue test on UD specimen that was loaded at 0.8σ p , stiffness drop is estimated as ≈ 1.5%. This stiffness drop is coherent with FOS strain that increased. The stiffness values get stabilized after some number of cycles. Damages as matrix micro-cracking, fiber debonding and delamination are assumed to be at the origin of this stiffness drop.

For the case of fatigue test on UD specimen that was loaded at 1.0σ p , curve indicates a significant drop of stiffness up to the end of cycling. The stiffness drop is estimated to be ≈ 2%. FOS strain curve shows an ascending profile which is coherent with the loss of stiffness. Damages such as matrix micro-cracking, fiber-matrix decohesion, failure of weakest carbon fiber and delamination around FOS encapsulation can explain the loss of stiffness.

Fatigue curves of angle ply specimens corresponding to 0.6σ p , 0.8σ p and 1.0σ p are shown in Figures 5.27 In fatigue test conducted on angle ply specimen at 0.6σ p load, curve shows constant stiffness in overall test, which confirms that damage is negligible. There is a small jump identified, but that can be omitted (because the variation is very small), FOS strain values are constant, too. In Y-axis of FOS strain, the values remain close to 1, there is no variation noted.

Fatigue test conducted on angle ply specimen at a maximum load of 0.8σ p , stiffness drop is estimated as ≈ 2%, FOS strain values increased, too. Unlike UD specimens, angle ply FOS strain curve have a higher slop. So, damage evolution is assumed to be higher than in UD specimens.

In fatigue test conducted on angle ply specimen at a maximum load of 1.0σ p , the curve indicates a drop in stiffness values that was estimated to be ≈ 2%. This behavior is confirmed by FOS strain curve that shows a high angle in ascending profile. It confirms damage propagation in the specimens (5.12(f) and 5.14). From above results, we can conclude that FOS is able to detect strain in fatigue tests. Its strain values are also comparable with mechanically recorded strain values for all fatigue tests.

As the tests that were conducted at 0.6σ p showed no stiffness loss in LCF test for both UD and angle ply smart specimens, this stress value was used for HCF experiment. The idea is to check whether the initial stiffness can be kept over 10 6 cycles, which will indicate that the smart composite material under study can be "resilient" right to 10 6 cycles under 

HCF test

Fatigue test here is conducted up to one million cycles [30]. The HCF test result of UD smart specimen is shown in From FOS temperature curve (Figure 5.32), we can see that the temperature gradient varies between 24 • and 28 • . So, the temperature variation is assumed ± 2 • . The Figure illustrates that the temperature is varying by ± 1 • in a single day, but globally the tendency is ascending in the end cycles. The origin of this temperate increase might be related to the internal friction that arise from ply-to-ply sliding following by fatigue. Similar explanation was also given by other authors [31][32][33]. FOS clearly illustrates temperature variations in a composite material by Raman scatter method. Extensive analysis can be established to correlate the micro-damage evolution with temperature raise for high stress values (e.g 0.8σ p and 1.0σ p ), which is one of the future scope of this study.

From this section results, we conclude that FOSs are able to detect the strain in composite material under long cycle fatigue loading. FOSs are not damaged and their strain and temperature sensibility is not reduced. This performance allows them to apply in smart composite structure.

Comparison between mechanical and QRS sensor behavior

Quantum-Resistive Sensor (QRS) is developed by the University of South-Brittany [2]. The sensor is functioning based on the concentration of CNT network within epoxy matrix. The strain applied to a sensor modifies piezoresistive characteristic of CNT-polymer (nanocomposite) combination, which leads to a variation of electrical resistance. From the electrical resistance variation, strain can be calculated. The relation between resistance and strain is explained in the following.

The macroscopic deformation of the nanocomposite results in a variation of resistance under the effect of increase in mean inter-particle distance on nanometric scale. A variation of interparticle distance of 's 0 ' to 's' causes a relative resistance variation ( R R 0 ) given by From the results of mechanical experiments with QRS sensors, we confirm that the sensor is able to detect strain in fatigue conditions. An additional strain conversion factor is required to convert the QRS resistance variation to strain value and this point is currently under development. 
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Observations

This chapter showed through some fatigue experiments under 3-point bending, some encouraging results regarding the effectiveness of embedding FOS in CFRP material. We have identified current mechanical properties of CFRP, while FOS is embedded in it. Results showed that there is no detrimental decrease of mechanical properties of the smart composite resulting from embedding FOS. Although, some additional care should be done, when encapsulating FOS to avoid premature delaminations. Besides, the smart composite was able to show that embedded FOS is performing well and is providing significant strain values even after one million cycles under a maximum stress value of 470 MPa for UD composite and 52 MPa in the case of ±45 • material.

Results showed also that significant progress has to be done in reducing as much as possible the size of resin pockets defects in the inter-plies areas, located around FOS. These defects may strongly promote initiation and propagation of delamination cracks even at a very low stress levels, especially in ±45 • composites.

General Conclusion

In the research document that is suggested, several interesting features have to be emphasized.

A numerical simulation of the 70 m wind blade was successfully implemented. Section thicknesses have been optimized with blade weight reduction objective and load sustainability. The optimal lay-up stacking sequences were also found for each component of the blade. We have proposed a method for weight reduction, failure reduction and stiffness optimization for wind turbine-blade. Blade root section and trailing edge were found to be highly stress-concentration zones under used boundary conditions. Trailing edge was linked by bonding, which was added between a high and low-pressure side of blade airfoil section. We have concluded that simple adhesive bonding is not strong enough to withstand high forces and fatigue in harsh environmental conditions. Stitching of bonding areas using cords made out of carbon composite can increase the out-of-plane strength of the structure to avoid sudden blade separation in two-halves, which will result in a heavy maintenance. More specifically, this concept of strengthening bonded joints of wind blades with carbon cord stitching would provide improvement of their fatigue behavior. To reduce stress-concentration and indentation effects of composite cords, it was found that diameter composite cord of 10 mm and high angle of insertion of 155 • are interesting to adapt stitching to composite material blade structure, especially with avoidance of stress concentration effects. The stiffness improvement following stitching is calculated and estimated as 40%, in our reduced numerical model. Addition of Carbon Nanotubes (CNTs) to polymer matrix was suggested as a solution for increasing structural reinforcement in root section of wind blades. Indeed, stiffness and toughness improvement are expected through addition of CNTs. The study was conducted using a Representative Volume Element (RVE) of polymer reinforced by a single carbon nanotube (CNT). 10% to 30% improvement in shear strength and 95% improvement in stiffness property of CNT/polymer material were calculated. Besides, numerical simulation of 3point bending tests of CNT-reinforced polymer shows that CNTs have a good potential for mechanical properties improvement of polymer composites. Fiber Optic Sensors (FOS) are getting increasing credibility as reliable Structural Health Monitoring sensors, that can be embedded in several kind of parent materials. We have analyzed two main factors, which affect the intrusive properties of fiber optic sensors when they are embedded in composites, namely, fiber-optic's diameter and its coating material. Polyimide is preferable for harsh environment conditions; whereas acrylate fits to ambient temperature conditions. In the case of FOS diameter, the sensor of diameter 125 microns that were studied previously within the framework of the National Project DECID2 (2008-2012) was estimated very suitable for current industrial application. To get the best coverage of the structure that has to be monitored, appropriate placement of sensors is critical. The use of alternative placement technique such as sinusoidal one was found to bring significant advances not only in terms of cost-saving but also regarding multi-parameter strain sensing. Some encouraging results regarding the effectiveness of embedding FOS in CFRP material were showed through some fatigue experiments under 3-point bending. We have identified current mechanical properties of CFRP, while FOS is embedded in it. Results showed that there is no significant decrease of mechanical properties of the smart composite resulting from embedding FOS. Besides, the smart composite was able to show that embedded FOS is performing well and is providing significant strain values even after one million cycles under a maximum stress value of 470 MPa for UD composite and 52 MPa in the case of ±45 • material. Results showed also that significant progress has to be done in reducing as much as possible the size of resin pockets defects in the inter-plies areas, located around FOS. These defects may strongly promote initiation and propagation of delamination cracks even at a very low stress levels, especially in ±45 • composites.
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 12 FIGURE 1.2: Wind-turbine blade's dimensions and load applied points
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 13 FIGURE 1.3: Blade designed by several planes to maintain the airfoil profile and twist angle
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 14 FIGURE 1.4: Blade mesh model
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 15 FIGURE 1.5: Division of wind-turbine rotor into annular elements for blade element theory
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 561 c x and c y are calculated and they are used in the thrust and torque equation c y = c t cosφ + c d sinφ (1.Chapter Act 1: Structural behavior -Numerical simulation c x = c t sinφ -c d cosφ (1.7)

  Moment of inertia of section J -Torsion constant G -Modulus of rigidity φ -angle of twist
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 16 FIGURE 1.6: Bonding zones in blade components, color code: red -adhesive, grey -composite[35] 
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 1717 FIGURE 1.7: Result explanation chart
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 18 FIGURE 1.8: S 12 stress component curve, x axis-blade length, y axis-S 12 value, root section at left, tip section at right, color code: blue line-upper surface, orange line-lower surface
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 1 FIGURE 1.10: Tsai-Wu failure criterion value of 0 • ply at Type-1 configuration

FIGURE 1 . 14 : 16 FIGURE 1 . 15 :

 11416115 FIGURE 1.14: Composite lay-up stacking for skin, the same color code is used for 1.15 and 1.16
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 1172515119 FIGURE 1.17: Blade failure illustration of skin made of CFRP
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 21 FIGURE 2.1: Failure of edges in 24m wind-turbine blade.[15] 
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 22 FIGURE 2.2: Carbon cords can be fixed in extremities of the edges with appropriate fixation method.
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 23 FIGURE 2.3: (a) -The carbon cables are made by twisted carbon wires, (b) -Carbon strand cables are made of linear carbon wires for bridge cable (CFRP Cables of 12 MN load capacity).[16, 18] 
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 24 FIGURE 2.4: Carbon strand cables are used for the bridge construction, Stork Bridge in Winterthur, Switzerland.
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 2526 FIGURE 2.5: Variables considered for cord stitching in trailing edge (trailing edge top view)
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 27 FIGURE 2.7: (a) -Contact stress between cylinder and flat plate, (b) -Contact stress between cylinder and grooved plate.
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 28 FIGURE 2.8: Contact acting in line and grooved contact
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 29 FIGURE 2.9: (a) The state of hole before the load application in composite specimens, (b) The failure of specimen made of composite materials around the hole after load application under span wise tensile load.
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 210 FIGURE 2.10: Trailing edge of wind-turbine blade designed by Abaqus (color indication: blue -bottom CFRP part, green -top CFRP part and white area is epoxy).

FIGURE 2 . 11 :

 211 FIGURE 2.11: Model of trailing edge with carbon cords designed by Abaqus (color indication: red-carbon cord-shell element, green-CFRP-layered shell element and grey-epoxy-3D isotropic element.

FIGURE 2 . 12 :

 212 FIGURE 2.12: Meshing of model without carbon cord stitching.

FIGURE 2 .

 2 FIGURE 2.13: Meshing of model with carbon cord stitching.
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 54321 Mechanical properties of materials used in this study[properties, frictional values of 0.6, 1.0 and different combinations of diameter of carbon cord and angle of insertion, see Figure2.15. The friction value was not clear and difficult to calculate between cord and adhesive materials, therefore we assumed the above mentioned values suggested by Abaqus[25][26][27]. The cord is meshed by isotropic elements (only bottom-up mesh is possible for long cylindrical part), so both longitudinal and transversal modulus are same which is contrary to the reality. But, this procedure allows to define the material properties without affecting finite element condition of software. Von mises stress is used to analyze the stress concentration, because of the simplicity of stress analyzing by using all coordinate stress values of ductile material. Von-Mises stress values are observed in the corner of cord bending (Figure2.16). The maximum Von-Mises stress was obtained because of the contact effect between cord and host material. Accordingly, we have analyzed the results to identify the approximate optimal stitching parameters (a to e and i to k), see Figure2.15.
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 214 FIGURE 2.14: Result plan for chapter 3.
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 2 FIGURE 2.15: Indication of stitching parameters considered in this study.
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 2 FIGURE 2.16: Von-Mises stress concentration on cord bending spot-probing point (reference element).
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 2 FIGURE 2.17: Maximum Von-Mises stress sensed in the cord bending for 3 mm carbon cord diameter configuration.
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 2 FIGURE 2.18: Maximum Von-Mises stress sensed in the cord bending for 6 mm carbon cord diameter configuration.
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 219 FIGURE 2.19: Maximum Von-Mises stress sensed in the cord bending for 10 mm carbon cord diameter configuration.
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 220221 FIGURE 2.20: Displacement contour under shear loading -trailing edge without carbon cords

and 2 .

 2 21 correspond to the model without cord and with cord respectively. The displacement values are very low around the carbon cord, which is illustrated with dark blue in color, the same zone undergoes more displacement in model without cord, which is illustrated by light blue color in Figure2.20. This proves that the carbon cord resists the structure to displace in loading direction.
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 223 FIGURE 2.23: Displacement contour under pulling load -trailing edge without carbon cords.
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 224 FIGURE 2.24: Displacement contour under pulling load -trailing edge with carbon cords.
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 225 FIGURE 2.25: Displacement probed values of pulling load based study (plot units in cm).
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 226 FIGURE 2.26: Failure criterion reduction observed after stitching properties introduced in blade.

Chapter 3 .

 3 FIGURE 3.1: wind-turbine blade with the destination CNT reinforced location.
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 32 FIGURE 3.2: Chirality of CNT.

FIGURE 3 . 3 :

 33 FIGURE 3.3: Van der Waals interactions modeled with spring elements linking each carbon atom of the CNT to the surrounding nodes of the inner surface of the matrix.
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 34 FIGURE 3.4: covalent interactions between CNT and the matrix.
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 335 FIGURE 3.5: Delamination appears in specimen made of composite material under fatigue cycles.
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 37 FIGURE 3.7: Continuous layer representing an effective behavior of van der Waals interactions.
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 38 FIGURE 3.8: CNT and polymer interacting via van der Waals forces. Cohesive stress and opening.
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 3 Numerical model 65 it should be calculated from the density of the epoxy, knowing the number of particles in its molecule and the Lennard-Jones potential constants relative to each atomic interaction.
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 39 FIGURE 3.9: Tensile load applied to a CNT-polymer model.
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 310 FIGURE 3.10: Torsion load applied to a CNT-polymer model.
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 3 FIGURE 3.11: Shear Load applied on CNT-polymer model.
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 313 FIGURE 3.13: Tensile test -Von Mises Stress in CNT for different CNT orientations α.
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 314 FIGURE 3.14: Young's modulus E c /E mat as a function of CNT orientation α.
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 315 FIGURE 3.15: Torsion test -Von Mises Stress in the CNT for different CNT orientations α. All the cases are under the same twist angle (φ ≈ 2 • ).
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 316317 FIGURE 3.16: Equivalent shear modulus G c /G mat as a function of the CNT orientation α.
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 318 FIGURE 3.18: Resultant force (normalized by the maximal force of the unreinforced polymer) as a function of the load direction displacement (normalized by the thickness of load applied layer). (a) -Orientation angles above 15 • . (b) Orientation angles below 15 • .
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 3 FIGURE 3.19: 3 point bending specimen dimensions and geometry.
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 3 FIGURE 3.20: 3 point bending specimen numerical model with mesh.
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 321 FIGURE 3.21: Force vs displacement, stiffness comparison with various number of plies to show the CNT effectiveness -case 1.
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 322 FIGURE 3.22: Force vs displacement, stiffness comparison with various number of plies to show the CNT effectiveness -case 2.
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 41 FIGURE 4.1: (a) -Blade bonding zones highlighted in fabrication process, (b) -Blade bonding damage observed in numerical study of Chapter 1.
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 43 FIGURE 4.3: Distributed sensor functioning method to detect the measurands in fiber length.

  Figure 4.5.

FIGURE 4 . 4 :

 44 FIGURE 4.4: OTDR based on Rayleigh scattering, FUT represents fiber under test.
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 45 FIGURE 4.5: Spectrum of light scattering in distributed FOS.
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 46 FIGURE 4.6: Fiber optic sensor embedded inside composite -graphical representation
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 47 FIGURE 4.7: Fiber optic sensor installation method for a reference surface area.
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 47 Sinusoidal curves cannot beChapter 4. Act 4: Embedding fiber optic sensors -Numerical & analytical validations
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 48 FIGURE 4.8: Effect of diameter while embedding FOS in-between composite plies.
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 49 FIGURE 4.9: Resin eye concentration around 125 micron diameter FOS.
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 410 FIGURE 4.10: Resin eye concentration around 250 micron diameter FOS.
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 411 FIGURE 4.11: Transverse force acting around unit fiber optic sensor and host material.
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 412 FIGURE 4.12: Numerical meshed model of fiber optic sensor embedded inbetween two composite plies.

FIGURE 4 . 13 :

 413 FIGURE 4.13: Force applied on FOS inserted composite numerical model, F represents tensile force.
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 414 FIGURE 4.14: Result plan of the chapter.

  (c) and 4.16(c). The strain values have some variations, which are coming from the lateral stress transfer from applied load, see Equations 4.6 and 4.7.
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 415 FIGURE 4.15: The strain contours observed in epoxy region in linear fiber optic senor with acrylate coating model -(a) -Longitudinal strain (E 11 ), (b) -Shear strain (E 12 ), (c) -Lateral strain (E 22 ).

FIGURE 4 . 16 :

 416 FIGURE 4.16: The strain contours observed in epoxy region in linear fiber optic senor with polyimide coating model -(a) -Longitudinal strain (E 11 ), (b) -Shear strain (E 12 ), (c) -Lateral strain (E 22 ).

FIGURE 4 . 17 :

 417 FIGURE 4.17: The strain contours observed in epoxy region in sinusoidal fiber optic senor with acrylate coating model -(a) -Longitudinal strain (E 11 ), (b) -Shear strain (E 12 ), (c) -Lateral strain (E 22 ).

Figure

  Figure 4.17(b) shows the strain in shear direction of the numerical model. In this case, there is a spot of compression and tension in the peak. From this we can observe the strain measurement in transverse direction too. The maximum strain shows 0.4395, which is quite higher compare to the longitudinal tensile strain. One side of the peak of fiber feels the tensile strain and the opposite side feels compression strain[24]. Figure4.17(c) describes the strain effects over the lateral axis of the model. The sinusoidal curvature is surrounded by compressive strain and peak tensile strain value is 0.6794.
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 4 Figure 4.18(a) shows linear, lateral and shear strains respectively for polyimide coated FOS model. It displays the path of FOS which has some strain influence in the bending edges of the curvature. The maximum strain is 0.339 (tensile) and the minimum is 0.2803 (compressive).Figure 4.18(b) corresponds to the shear strain. It seems that the maximum shear strain in this model is less than the max shear strain in acrylate model. But, both the model are able to identify the tensile and compression strains.Figure 4.18(c) shows the lateral configuration with maximum strain value of 0.526, this value is lower compared to the model with acrylate coating.
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 4 Figure 4.18(a) shows linear, lateral and shear strains respectively for polyimide coated FOS model. It displays the path of FOS which has some strain influence in the bending edges of the curvature. The maximum strain is 0.339 (tensile) and the minimum is 0.2803 (compressive).Figure 4.18(b) corresponds to the shear strain. It seems that the maximum shear strain in this model is less than the max shear strain in acrylate model. But, both the model are able to identify the tensile and compression strains.Figure 4.18(c) shows the lateral configuration with maximum strain value of 0.526, this value is lower compared to the model with acrylate coating.
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 418 FIGURE 4.18: The strain contours observed in epoxy region in sinusoidal fiber optic senor with polyimide coating model -(a) -Longitudinal strain (E 11 ), (b) -Shear strain (E 12 ), (c) -Lateral strain (E 22 ).
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 419 FIGURE 4.19: Method of fiber optic sensor alignment in bonding zone for experimental model; linear, small sinusoidal and extended sinusoidal alignments represented from top to bottom.

FIGURE 4 . 20 :

 420 FIGURE 4.20: Linear vs small sinusoidal alignment-Bending load.

FIGURE 4 . 21 :

 421 FIGURE 4.21: Linear vs small sinusoidal alignment -Bending + torsional load.
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FIGURE 4 . 22 :

 422 FIGURE 4.22: Small sinusoidal alignment -Bending Load with torsion vs without torsion.
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 423 FIGURE 4.23: Linear vs extended sinusoidal alignment -Bending load.
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 424 FIGURE 4.24: Linear vs extended sinusoidal alignment -Bending Load with torsion, circled highlighted area indicates torsion effect.
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 51 FIGURE 5.1: Proportional limit of material behavior.
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 52 FIGURE 5.2: Polymerization cycle for composite specimen fabrication.[2]
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 53 FIGURE 5.3: Prepreg -Vacuum bag hand lay-up method.

. 5 .

 5 We have considered the specimen length of 200 mm, width of 20mm and thickness of 3.5 mm approximately, see Figure5.4.

FIGURE 5 .

 5 FIGURE 5.4: 3-point bending specimen dimension and loading condition.

FIGURE 5 .

 5 FIGURE 5.5: 3-point bending specimens made by prepreg method.
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 56 FIGURE 5.6: Fiber optic sensor positioned inside composite laminates.[5] 
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 573 FIGURE 5.7: 3-point bending specimen after sensor insertion.
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 58 FIGURE 5.8: Bending experiment -final setup.
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 23535 Maximum deflection = δ = F L Chapter Act 5: On the way to experimental validation of the smart composite... is the load at the fracture point L is the length between outer spans b is the width of a specimen d is the thickness of a specimen E is the Young's modulus I is the area moment of inertia
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 59 FIGURE 5.9: Quasi-static experiment result in CFRP specimens -bending load.
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 5 11(b)).

FIGURE 5 .

 5 FIGURE 5.11: (a) -Cross section of untested UD smart specimen, (b) -Cross section of untested angle ply specimen.

FIGURE 5 . 12 :

 512 FIGURE 5.12: Microscope observation in unidirectional specimen (a) -at load close to proportional limit , (b) -at 0.9 kN load and (c) -at 1.1 kN load (The crack-coupling is shown by number of crack interconnection), Microscope observation in angle ply specimen (d) -at load close to proportional limit, (e)at 0.11 kN load (f) -at 0.14 kN (Transversal micro-crack extension is shown).
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 55513 FIGURE 5.13: Numerical microscopy analysis for damage in cross section -UD specimen with FOS, after experiment.
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 515 FIGURE 5.15: Force -displacement curve of unidirectional specimens under load -unload condition.

  and 5.11(b).
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 5517227 FIGURE 5.17: Fatigue experiment cyclic loading illustration[22] 
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 5518519 Figure 5.18(a) shows the fatigue behavior of UD source and smart specimens loaded at

FIGURE 5 .

 5 FIGURE 5.20: (a) -Quasi-static test curve of UD smart specimen, (b) -3-D Quasi-static test curve of UD smart specimen.

Figure

  Figure 5.20(a) shows a comparison between mechanical strain recorded by MTS testing machine cross head and FOS strain. The maximum strain detected by FOS in UD smart specimen is 4083 micro strain. The 3-D curve is plotted to show whether FOS is sticking to its original position without breaking and sliding. The 3-plot shows the bending profile of FOS signals during whole experiment period (specific time). If FOS is broken uniquely in a specimen, signals will not appear in FOS interface from the broken location. In addition, if FOS slides inside a composite plies, the location of curve will be shifted from its initial position[4, 28]. Therefore, 3-D plot is a complimentary curve to confirm the prospective of FOS. In quasi-static experiment, the 3-D curve maintains the same profile just by increasing strain values, see Figure5.20(b).

Figure 5 .

 5 Figure 5.20(a) shows a comparison between mechanical strain recorded by MTS testing machine cross head and FOS strain. The maximum strain detected by FOS in UD smart specimen is 4083 micro strain. The 3-D curve is plotted to show whether FOS is sticking to its original position without breaking and sliding. The 3-plot shows the bending profile of FOS signals during whole experiment period (specific time). If FOS is broken uniquely in a specimen, signals will not appear in FOS interface from the broken location. In addition, if FOS slides inside a composite plies, the location of curve will be shifted from its initial position[4, 28]. Therefore, 3-D plot is a complimentary curve to confirm the prospective of FOS. In quasi-static experiment, the 3-D curve maintains the same profile just by increasing strain values, see Figure5.20(b).

FIGURE 5 .

 5 FIGURE 5.21: (a) -Quasi-static test curve of angle ply smart specimen, (b) -3-D Quasi-static test curve of angle ply smart specimen.

Figure 5 .

 5 Figure 5.21(b).It should be noted that FOS strain value reaches 7000 micro strain, because angle ply specimen's mechanical strain (0.0143) is higher than UD specimen's strain (0.0085).

FIGURE 5 .

 5 FIGURE 5.22: (a) -Load-unload test curve for smart UD specimen, (b) -3-D load-unload test curve for smart UD specimen.

Figure 5 .

 5 Figure 5.22(a) shows load-unload test result of an unidirectional smart specimen. The ascending and descending profile of displacement was finely detected by embedded FOS and shown by red color curve. The strain range is similar to the strain values observed in quasi-static test, see Figure 5.20. Therefore, FOS strain may be used directly without conversion factor.

FIGURE 5 .

 5 FIGURE 5.23: (a) -Load-unload test curve for smart angle ply specimen, (b) -3-D load-unload test curve for smart angle ply specimen.

  (b) and 5.23(b). Curve shift and fluctuations are not identified in them.
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 24 

  (a), 5.25(a) and 5.26(a) show the LCF curves corresponding to 0.6σ p , 0.8σ p and 1.0σ p loads respectively. In all loadings, FOS provides strain values up to the end of cycling. The 3-D profile also confirms the proper working of FOS without degradation, see Figures 5.24(b), 5.25(b) and 5.26(b).

FIGURE 5 .

 5 FIGURE 5.24: (a) -LCF test curve corresponds to 0.6σ p loading in UD smart specimen, (b) -3-D LCF test curve corresponds to 0.6σ p loading in UD smart specimen.

FIGURE 5 .

 5 FIGURE 5.25: (a) -LCF test curve corresponds to 0.8σ p loading in UD smart specimen, (b) -3-D LCF test curve corresponds to 0.8σ p loading in UD smart specimen.

FIGURE 5 .

 5 FIGURE 5.26: (a) -LCF test curve corresponds to 1.0σ p loading in UD smart specimen, (b) -3-D LCF test curve corresponds to 1.0σ p loading in UD smart specimen.

  (a), 5.28(a) and 5.29(a) respectively. In angle ply specimens also, FOS strain is measured for all cycles. 3-D curve proves the coherent behavior of FOS in complete fatigue tests, see Figures 5.27(b), 5.28(b) and 5.29(b).

FIGURE 5 .

 5 FIGURE 5.27: (a) -LCF test curve corresponds to 0.6σ p loading in angle ply smart specimen, (b) -3-D LCF test curve corresponds to 0.6σ p loading in angle ply smart specimen.

FIGURE 5 .

 5 FIGURE 5.28: (a) -LCF test curve corresponds to 0.8σ p loading in angle ply smart specimen, (b) -3-D LCF test curve corresponds to 0.8σ p loading in angle ply smart specimen.

FIGURE 5 .

 5 FIGURE 5.29: (a) -LCF test curve corresponds to 1.0σ p loading in angle ply smart specimen, (b) -3-D LCF test curve corresponds to 1.0σ p loading in angle ply smart specimen.

Figure 5 .

 5 30(a). The specimen maintains a constant stiffness up to the end of test. The FOS was also detecting strains for all cycles. The 3-D profile curve confirms the viability of FOS sensors, see Figure5.30(b).
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 51445 FIGURE 5.30: (a) -HCF test curve corresponds to 0.6σ p loading in UD smart specimen, (b) -3-D HCF test curve corresponds to 0.6σ p loading in UD smart specimen.

FIGURE 5 .

 5 FIGURE 5.31: (a) -HCF test curve corresponds to 0.6σ p loading in angle ply smart specimen, (b) -3-D HCF test curve corresponds to 0.6σ p loading in angle ply smart specimen.
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 532 FIGURE 5.32: Temperature variation observed by Raman scattering method by LIOS DTS interrogator. The curve shows the temperature change vs time in hours.

FIGURE 5 . 33 : 148 Chapter 5 .

 5331485 FIGURE 5.33: Quasi-static experiment, Mechanical strain vs normalized QRS resistance.

FIGURE 5 .

 5 FIGURE 5.35: LCF with 0.6σ p loading -Normalized stiffness vs Normalized QRS resistance.

FIGURE 5 . 36 :

 536 FIGURE 5.36: LCF with 0.8σ p loading -Normalized stiffness vs Normalized QRS resistance.
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 5 FIGURE 5.37: LCF with 1.0σ p loading -Normalized stiffness vs Normalized QRS resistance.
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TABLE 1 .1: Mechanical properties of composite materials [31]

 1 

	Materials	E 1	E 2	ν 12	G 12	G 23
	Plain weave -Glass	23.37 GPa	23.50 GPa	0.28 5.22 GPa	4.74 GPa
	Plain weave -Carbon	63 GPa	62.73 GPa	0.05 4.37 GPa	2.91 GPa
	Unidirectional -Glass	47.10 GPa	13.098 GPa 0.28 4.749 GPa 3.134 Gpa
	Unidirectional -Carbon	135.3 GPa	9 GPa	0.05 6.27 GPa	3.9 GPa
	Materials	Young's modulus	Density			
	Adhesive material	275 MPa	1420 Kg/m 3			
	Foam	220 MPa	153 Kg/m 3			
	E-Youngs modulus					
	ν-Poisson's ration					
	G -Modulus of rigidity				

TABLE 1 .

 1 

	2: Mechanical strength properties of composite materials [31]	
	Materials	F t1	F t2	F c2	F c2	G 12 and G 23
	Plain weave -Glass	333 MPa	348 MPa	319.9 MPa 259.93 MPa 79.28 MPa
	Plain weave -Carbon	627.4 MPa 606.7 MPa	655 MPa	620.52 MPa	82.7 MPa
	Unidirectional -Glass	779.1 MPa	62 MPa	958.3 MPa	-	98.59 MPa
	Unidirectional -Carbon 1454.7 MPa	39 MPa	1296.2 MPa 206.8 MPa	76.5 MPa
	F -Strength					
	subscripts 1, 2and3 -Principle, secondary and out-of plane axis	
	subscripts tandc -Tensile and compression			

TABLE 1 .

 1 

		3: Blade failure criterion value and deflection for different composite
			material's ply orientations		
	Serial No Ply orientation	Composite material	Tsai-Wu Tip deflection in m
	1	Cross Ply	Plain weave Carbon fiber	0.485	7.764
	2	Cross Ply	Uni directional Carbon fiber	1.252	9.010
	3	Cross Ply	Plain weave Glass fiber	0.9273	20.55
	4	Cross ply	Uni directional Glass	2.449	16.99
	5	Angle ply	Plain weave Carbon fiber	1.071	30.6
	6	Angle ply	Uni directional Carbon	1.749	26.39
	7	Angle ply	Plain weave Glass	1.279	30.21
	8	Angle ply	Uni directional Glass	2.064	31.98
	9	Multi-ply	Plain weave Carbon fiber	0.732	10.62
	10	Multi-ply	Uni directional Carbon	1.786	11.56
	11	Multi-ply	Plain weave Glass	1.107	24.05
	12	Multi-ply	Uni directional Glass	3.236	20.12

*Cross ply -0 • /90 • *Angle ply -45 • /-45 • *Multi-ply -0 • /90 • /45 • /-45 •

TABLE 1 . 4 :

 14 Thickness distribution in each section of the blade

	Section Distance from Root (m) Skin (mm) Spar (mm)
	1	0	49	65
	2	5	45	61
	3	10	41	57
	4	15	41	57
	5	20	37	53
	6	25	37	53
	7	30	37	49
	8	35	33	49
	9	40	33	44
	10	45	33	44
	11	50	29	37
	12	55	29	37
	13	60	25	29
	14	65	21	

FIGURE 1.13: Division of blades into more sections to define the material properties and thickness

TABLE 3 .

 3 

	1: Comparison of elastic properties between reinforced and neat
			polymer matrix		
	Neat Polymer Matrix	2.92	2.92	0.4 0.4	1.04	1.04
	Nanocomposite	3.21	5.67	0.5 0.2	1.06	1.06
	Ratio	1.10	1.94		1.01	1.01

E 1 (GPa) E 3 (GPa) ν 12 ν 13 G 13 (GPa) G 12 (GPa)

TABLE 3 . 2 :

 32 Elastic parameters used in 3 point bending specimen model

	CFRP (tesion)	141	11	0.28	6.6	4.8	4.8
	CFRP (compresion)	128	11	0.28	6.6	4.8	4.8
	Reinforced resin	E = 6.7		0.4	1.6		

Material E 1 (GPa) E 3 (GPa) ν 12 G 12 (GPa) G 13 (GPa) G 23 (GPa)

TABLE 3 . 3 :

 33 Elasticity limit used in 3-point bending specimen model[START_REF] Soden | Lamina properties, lay-up configurations and loading conditions for a range of fibre-reinforced composite laminates[END_REF] 

	Properties	Plies (MPa) Inter-ply resin
	Compression strength -direction 1 (X c )	1950	300
	Compression strength -direction 2 (Y c )	200	
	Tensile strength -direction 1 (X t )	1950	82
	Tensile strength -direction 2 (Y t )	81	
	Shear strength (S l )	79	67
	Transverse shear strength (S t )	79	

TABLE 4 .

 4 

	Materials Density (kg/m 3 )	Modulus (MPa)	Poisson's ratio
	Composite	1950	E 1 = 103000, E 2 = 10400, G 12 = 54000 ν 12 = 0.3, ν 21 = 0.03
	Epoxy	1250	3500	0.3
	Acrylate	950	2700	0.35
	Polyimide	1100	3000	0.42
	Silica glass	2400	72000	0.17

1: Mechanical properties of materials used in this study

[3] 

TABLE 5 .

 5 1: Mechanical properties of UD CFRP specimens with and without FOS

		Properties	UD	UD with	Difference between
				sensor	with and without FOS
	[12]	Flexural modulus	114 GPa	109 GPa	4.9%
		Maximum stress	1798 MPa	1557 MPa	13.4%
		Proportional limit (0.89 GPa, 0.0061) (0.80 GPa, 0.0069)	9.8%

TABLE 5 .

 5 

	2: Mechanical properties of angle ply CFRP specimens with and
			without FOS	
	Properties	±45 •	±45 • with	Difference between
			sensor	with and without FOS
	Flexural Modulus	17.5 GPa	17.4 GPa	0.7%
	Maximum stress	260.7 MPa	259.5 MPa	0.4%
	Proportional limit (0.08 GPa, 0.0050) (0.08 GPa, 0.0050)	-

Critical aspect of damage initiation around sensor

  

FIGURE 5.10: Resin eye concentration around FOS in smart composite material: the penny shaped resin eye flaw corresponding to case 2 is much larger than case 1. As a matter of fact, delamination will propagate much faster in case 2.
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Chapter 5. Act 5: On the way to experimental validation of the smart composite...

R R 0

= e γ(s-s 0 ) (5.11)

Where R 0 is initial resistance, γ is number of electrons in conductive particles and s 0 is the initial interparticle distance. Assuming that the deformation is uniform between the CNT and the polymer matrix, the increase in interparticle distance s under the effect of a tensile stress is given by,

Where ε is the tensile strain of the polymer matrix, ∆L is the elongation of the nanocomposite sample and L 0 is initial length of the sample.

So the sensors resistance varies based on mechanical strain of material. The sensors were bonded on midsection and tensile side of specimen, see Figure 5.7. The results in the following explains QRS behavior in UD CFRP specimens only.

Quasi-static test

Quasi-static experiment result of surface bonded QRS sensor is shown in Figure 5.33. QRS signals are plotted in normalized values. They were calculated from the ratio between initial resistance to actual measured resistance during the experiments. The QRS signal can follow linear and non-linear behavior of specimen. The sensor breaks before the specimen rupture, which is shown by red curve.

Load-unload test

The resistance variation follows ascending and descending profile of load-unload curves, see Figure 5.34. This proves that QRS sensors are able to identify the strain in a composite under bending. It is worthwhile to note that QRS sensors were bonded on tensile side of the specimens.

LCF test

The LCF test curves corresponding to 0.6σ p , 0.8σ p and 1.0σ p loads are shown in Figures 5. 35