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EXECUTIVE SUMMARY 
This document presents the results from the work done in Task 2.3 - Connections in OWTP structures, which 

is part of the Work Package (WP) 2 of the FIBREGY project and aims to analyse different connections 

typologies and configurations to be used in Offshore Wind and Tidal Platform (OWTP) structures. Firstly, a 

benchmark of connections will be presented, focusing on presenting the most relevant and potential types 

of connections to join fibre-reinforced polymer (FRP) composite materials to FRP composite materials and 

FRP to dissimilar materials, including a general comparison between the main connection types (Chapter 

2, Subtask 2.3.1); followed by an evaluation and selection of the applicable connections to both platforms 

(W2Power and Tidal Turbine Housing), resulting in several decision matrices (Chapter 3, Subtask 2.3.2); a 

review of the reinforcing members of the W2Power columns and towers (Chapter 4); a re-design and 

optimization, using numerical tools, of the previously selected connections (Chapter 5, Subtask 2.3.3); and 

finally, the results from the experimental test campaign, carried out at coupon level while performing a 

comparison between the different connections, as well as a correlation to the numerical simulations, will be 

presented (Chapter 6, Subtask 2.3.4). Although not planned at the beginning of this task, Chapter 4 was 

included to address the topic of the reinforcements which, while not being the direct scope of T2.3 of any of 

its subtasks, was identified as a relevant subject to study and where some of the topics related to the 

reinforcing members of the structure (such as geometries, interferences, joining types, etc.) were 

considered.  

This document is an important contribution to Milestone 5 – Catalogue of materials and connection, leading 

to a better knowledge of the most promising joining technologies while considering the properties of the 

selected composite materials, manufacturing processes and OWTP’s geometry and requirements.  
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1. Contextualization  

Offshore structures are submitted to aggressive environmental conditions, such as the ones presented in 

Table 1. Typical materials (e.g. steel) are widely used in structural applications in offshore, however, due to 

corrosion susceptibility and limited fatigue life, the need for other solutions has triggered new investigations 

and projects around the use of new materials for applications in marine and offshore environments. A 

potential solution is fibre-reinforced plastics (FRP), as these materials have excellent corrosion resistance 

and a superior fatigue response. Nevertheless, offshore structures based on FRP have not reached a high 

Technology Readiness Level (TRL) yet, since there is a lack of design and assessment guidelines.  

Table 1 – Marine Environmental Conditions 
Marine Environmental Conditions 

Service Temperature -30 to +70 ºC 

Exposure to UV Radiation - 

Salinity Degree 3.1 to 3.8 % 

Seawater pH 7.5 to 8.5 (alkaline) 

Mechanical Loads 

Quasi-static (e.g. hydrostatic pressure) 

Cyclic (e.g. waves and currents) 

Dynamic (e.g. wind gusts, wave slamming loads) 

Biological Fouling - 

Fatigue Life High Cycle Fatigue (HCF) – until 108 to 109 cycles 

 

The structural efficiency of a composite structure usually depends on its joints, so the correct sequence for 

the design process should be to first determine the location, configuration and dimensions of the joints, 

considering the characteristics of the elements to join (e.g. materials, thickness, fibre orientation) and then 

design the basic structure between them.  

Joints are a critical part of assemblies and structures since they can act as weak points, leading to failure. 

Therefore, it is essential to guarantee a careful design for all types and configurations of joining, being 

paramount to focus on identifying the sources and estimating the magnitudes and directions of present 

loads, which can be static and/or dynamic.  

Joining of two or more components is usually performed due to process limitations, facilitating the 

production/transportation of large and/or complex structures (as will be seen in Chapter 3 for the two OWTP 

platforms under development).  
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Figure 1 – Connections in W2Power tower 
 

When two or more joined interfaces are combined, the resulting assembly is a connection (example in 

Figure 1 for the W2Power towers). In turn, a connection is typically designed to be easily dismantled and 

therefore allowing for quick and effective maintenance or inspection operations. In summary, the main 

reasons that justify the importance of joining, thus creating connections, are presented in Table 2.   

Table 2 – Reasons for joining structures  
Functionality Manufacturability 

To carry or transfer static or dynamic loads; 

To achieve the size and/or shape complexity not 
allowed with primary manufacturing processes; 

To enable specific functionality demanding 
mixed materials; 

To allow portability and disassembly; 

To provide better impact tolerance. 

To obtain structural efficiency through the use of 
built-up details and materials; 

To optimize material utilization and minimize 
scrap losses; 

To overcome limitations on size and shape 
complexity imposed by primary fabrication 

processes; 

To allow on-site erection or assembly of 
prefabricated details. 

Cost Aesthetics 

To allow optimal material selection and use; 

To maximize material utilization and minimize 
scrap losses; 

To keep the total weight of materials to a 
minimum (through structural efficiency); 

To provide more cost-effective manufacturing 
alternatives; 

To facilitate automation of assembly, for some 
methods; 

To allow maintenance, service, repair, or upgrade, 
reducing life-cycle costs; 

To facilitate responsible disposal. 

To enable the use of coatings; 

To enable the construction of complex structures 
visually attractive. 
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2. Connection’s benchmark 

2.1. Joining technologies 

Joining is a process whose aim is to bring together two or more parts, in order to turn them into a single 

entity. It can occur based on three fundamental forces: mechanical forces, chemical forces and physical 

forces (see Figure 2), which are involved in the most applied connection types as mechanical fastening, 

adhesive bonding and welding, respectively. It is worth noting that two or more fundamental forces can be 

combined (e.g. mechanical and chemical forces), resulting in hybrid connections. 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

The most adequate joining method essentially depends on the nature of the matrix and the type and form 

of reinforcement; the type and magnitude of loads; the geometry; and the environmental conditions. 

Generally, for polymer-matrix composites, there are three main options for joining: mechanical fastening 

and integral attachment, adhesive bonding and welding (for thermoplastic matrices). Table 3 shows the 

compatibility between some joining processes and general composite materials based on the type of 

reinforcement. 

Figure 2 – Taxonomy groups 

 

 



 

23 
 

 
 
 
 

 
 

 

 

 

 

 
 

 

 

 

When selecting and designing a joint, the first step is to determine the magnitude and complexity of loads 

to be carried or transferred and the stress (load-per-unit-cross-sectional area) that each structural element 

and joint can endure before failure. The effectiveness of a joint (its capacity to carry or transfer the loads 

applied, considering its size and weight) is given by: 

Joint efficiency = 
Joint strength  

Stress in the structure  x 100%     (1) 

 

Factors such as dynamic loads (e.g. fatigue, impact), high temperatures and aggressive corrosion 

environments affect joint efficiency, thus they also should be considered during the design phase. Table 4 

displays typical and known values of joint efficiencies for some joining methods applied to composite 

materials [1].  

Table 4 – General Achievable Joint Efficiencies for Various Processes for Composite Materials (in Joining of 
materials) 

Typical Range of Joint Efficiencies for Various Processes in Composites (in %) 

 Composite Materials 

Mechanical Attachment 50 - 100 

Mechanical Fastening 50 - 100 

Adhesive Bonding 
Organic adhesive 20 - 60 

Inorganic adhesive 50+ 

Welding 
Fusion processes ~50 

Non-fusion processes ~50 

Brazing ~50 

Thermal Spraying Polymers >50 

 

 

 Continuous Fibres Discontinuous Fibres 

Mechanical Fastening   

Integral Attachment   

Riveting   

Adhesive Bonding   

Welding1   

Fusion Bonding1   

 

Table 3 – Compatibility between joining process and polymer-matrix composite materials 
based on the type of reinforcement. 1 For thermoplastics only 
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2.2. Mechanical Connections 

Mechanical joining is undoubtedly the oldest and most extensively applied (see Figure 3) joining method by 

humankind and is based on the joining of components in an assembly using an integral feature or a 

supplemental device, resulting in two types of mechanical connection: integral mechanical attachment 

and mechanical fastening, respectively. In both types, loads are transferred from one component to 

another simply through purely mechanical forces. Table 5 summarizes the main advantages and limitations 

of mechanical connections [2], [1].             

 

 
 
 
 
 
 
                                        

 

 
 
 

 
Table 5 – General advantages and disadvantages of mechanical connections 

Advantages  Disadvantages 

Join fundamentally different materials (no need to 

form chemical or physical bonds) 

Accidental disassembly 

Disassembly facilitated Stress concentrators 

Relative intentional motion between joined parts 

while maintaining the geometric arrangement and 

function 

Fastener pull-through or pull-out in 

laminated composites 

No chances in chemical composition and 

microstructure 

Mould costs (integral attachment) 

Limits crack propagation Weight penalty 

In the case of mechanical fastening, little or no 

special surface preparation is required 

 

In the case of integral attachment, assembly is 

simpler 

Low cost and fewer operator skills required 

Generally, enables automation 

 
Due to the lack of low ductility behaviour presented by most FRP composites, mechanical fastening (see 

Figure 4(a)) is one of the most common joining methods used in these materials, across all industries. 

Examples of bolted connections in a structural application to join composite materials are displayed in 

Figures 5 and 6 [3]. The most common types of mechanical fasteners are: 

 
 

Figure 3 – Global Industrial Fasteners Market Share, 2018 (%) 
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▪ Nails; 
▪ Bolts; 
▪ Rivets; 
▪ Pins; 
▪ Screws; 
▪ Snap-fit fasteners. 

 

 

 

 

 

 

 

 

 

 

When selecting the mechanical fastener, there are a few factors that must be considered: 

▪ Bolt torque and clamping force; 
▪ Fastener’s shape and materials; 
▪ FRP composites properties; 
▪ Joint configuration; 
▪ Stacking sequence; 
▪ Strength reduction due to material removal by drilling; 
▪ Temperature and moisture. 

 
 

 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 5 – Bolted beam-to-column joint in a GFRP 
frame 

Figure 4 – Examples of mechanical connections. (a) Bolted connection; (b) Snap-fit 

(a) (b) 
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If the fasteners are chosen correctly, galvanic or anodic corrosion, excessive loading through-the-thickness 

(and consequent delamination), destruction of reinforcements and rapid wear of cutting tools can be 

mitigated [2], [4].  

Regarding integral mechanical attachments, these can be categorized into two domains: designed-in and 

processed-in. Typically, the following integral mechanical attachments can be employed in FRP composites: 

▪ Tongues and grooves; 
▪ Flanges and Shoulders; 
▪ Ears and tabs;   
▪ Bosses and lands;  
▪ Moulded-in insert. 

 

In the case of mechanical fastening, it is very common the need of drilling holes in the material to 

accommodate the joining element. However, the presence of holes leads to an increase in stress 

concentration, unless the fastener is an “interference fit” (when the diameter of the hole is slightly smaller 

than the fastener). Another way of decreasing stress concentration around the hole is by integrating fibres 

orientated in different directions around the holes or by using doublers, as shown in Figure 7. However, even 

the most carefully designed joints can only achieve about 50% of the strength of the basic structure. 

Nevertheless, holes in FRP composites are generally manufactured employing methods such as drilling and 

countersinking. Alternatives to drilled holes are the use of surface-bonded or embedded fasteners [1], [2], [4], 

[5].   

 
 
 
 
 
 
 

 
Figure 7 – Employment of doublers  

Figure 6 – Application of bolts in the wind turbine industry 
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In order to uniformly characterize each mechanical joining technology, the benchmark was developed 

based on the parameters presented in Figure 8. Firstly, the mechanical connections were divided into 

mechanical fastening and integral attachments technologies and, then, were considered a wide set of 

characteristics such as materials compatibility, mechanical properties, availability, possible joint 

configurations, etc. In addition, a special subgroup was considered to include novel technologies that could 

not be fully integrated within the other subcategories. It is worth noting that some technologies are still 

under development, thus the lack of information. However, it was decided to present them in this document 

because of their potential to join composite materials.  

 

 

 

 
 

  

Figure 8 – Classification parameters for mechanical connections 
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2.2.1. Bolted Connections 

When selecting the mechanical fastener, some conditions must be met, such as corrosion compatibility. 

This does not stand as an issue for fibreglass or aramid fibre reinforced composites, but it is a major concern 

in relation to carbon fibres, since this type of reinforcement can act as a cathodic when in contact with 

metals like aluminium, cadmium and steel. To overcome this problem, titanium and its alloys (especially Ti-

6Al-4V) are the most used, as they present the best compatibility with carbon fibres. However, titanium 

fasteners are expensive and heavier than aluminium fasteners, resulting in higher costs and weight 

penalties, which is a major drawback for applications in the aerospace industry, for example [2].  

When greater strength is required, superalloys, such as A286 and 718, and multiphase alloys (e.g. MP35N or 

MP159) can be applied.  Nonetheless, in an attempt to eliminate corrosion and weight problems, fasteners 

made of composite materials have been explored: carbon fibre/polyimide, carbon fibre/PEEK, carbon 

fibre/carbon composites. After some studies, and despite a set of advantages presented by these bolts, they 

tend to fail in shear failure mode, in static tests, and have less durability under cyclic loading, resulting in 

lower fatigue resistance, when compared to titanium fasteners [2].  

Another factor to be appraised is the shape of the bolt head. Nowadays, there are several available head 

styles, but, due to the viscoelastic behaviour of FRPs, the head of the fastener should present a greater 

bearing surface area as possible. In aerospace structures, two main types of fasteners are applied: 

protruding head and countersunk head, being the latter the most used as it enhances aerodynamic 

performance. The drawbacks associated with countersunk head fasteners are their cost and the necessity 

of slightly larger holes, leading to an increase in stress concentration. Due to interlaminar shearing between 

the composite plies, bolt bending is an existing problem for composite materials. Regarding the properties 

of the selected fastener, it must have a high modulus and high tensile-strength, in order to prevent the bolt 

from bending. The geometry and type of bolt affect bolt bending too. In fact, a threaded core bolt responds 

better to bending than a smooth bore, because the former improves stiffness and prevents sliding. Even so, 

it is important to note that in case of high loads, the threads can compromise the joint response to fatigue. 

Some researches prove that non-circular cross-sections holes (e.g. elliptical), although being more difficult 

to manufacture than circular cross-sections, are a better solution to increase joint strength [1], [2], [4].  

In Tables 6 to 8 are presented the most relevant type of fasteners for the offshore environment and to join 

composite materials.
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Table 6 – Properties and characteristics of bolts compatible with composites and marine environment 
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Table 7 – Properties and characteristics of bolts compatible with composites and marine environment 
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 Table 8 – Properties and characteristics of bolts compatible with composites and marine environment 
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The most common joint configurations for bolted connections are lap joints, T-joints, angle joints and 

flange joints, which are represented in Figure 9 [6].  

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

 

 

 

2.2.2. Embedded Fixtures 

As aforementioned, holes act as stress raisers and disrupt the load path of fibres. To overcome this issue, but 

harvesting the advantages of mechanical fastening, different solutions have been developed, such as 

embedded fasteners (see Figure 10). The main advantages and disadvantages of the use of embedded 

fixtures are gathered in Table 9.  

 

 

Figure 9 – Most common joint configurations for bolted connections 
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Table 9 – Advantages and disadvantages of embedded fixtures 
Advantages Disadvantages 

Integrated during manufacturing Weight penalty 

No secondary operations Selection of the right fastener design 
Higher resistance to tensile and torsion loads even 

with thin material sections 
Galvanic Corrosion 

Design optimisation 
 

Compatible with thermosets and thermoplastics 
matrices and glass and carbon fibres 

 
In Tables 10 and 11 are shown the main characteristics of embedded fasteners manufactured by bighead® 

and BӦLLHOFF, respectively. The embedment of the fastener within the composite structure can be 

performed through different processes and different levels of embedment can be achieved, according to 

the final application and required properties. It is worth noting that embedded fasteners can be generally 

applied to the same joint configurations as conventional fasteners (see Figure 9).

Figure 10 – Mechanism and example of application of an embedded 
fastener 
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Table 10 – Properties and principal characteristics of embedded fasteners by bighead® 
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Table 11 – Properties and principal characteristics of embedded fasteners by 
BӦLLHOFF 
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2.2.3. Surface Bonded Fixtures 

When there is no chance to embed the fastener within the structure of the composite and one wants to 

overcome the damage caused by drilling holes in the composite, surface-bonded fasteners can be an 

alternative. As its name implies, the fastener is bonded on the surface of the material, with the aid of an 

adequate adhesive, which is selected based on the compatibility with the substrate, the final application 

requirements and its availability. Surface bonded fasteners can be applied to large structures in extreme 

environmental conditions, as can be seen by the example given in Figure 11, where a surface bonded fastener 

was used to connect panels in an offshore wind turbine nacelle spinner skin.  

 

As surface bonded fasteners involve using an adhesive, a surface preparation phase is required, in order to 

guarantee the correct application of the adhesive and optimize the joint efficiency. Nevertheless, in general, 

the process chain is quite simple, as shown in Figure 12. 

 

 

 

 
 
 
 
 
 
 
 
 
 

 
 

Tables 12 and 13 show the most relevant characteristics of surface-bonded fixtures produced by bigHead® 

and Click Bond®, respectively.  

Figure 11 – Example of application and mechanism behind a surface bonded fastener 

Figure 12 – Application process of surface bonded fasteners 
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Table 12 – Principal characteristics of surface bonded fixtures provided by bigHead® 
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Table 13 – Principal characteristics of surface bonded fixtures provided by Click Bond® 
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2.2.4. Riveting 

One type of mechanical fastening broadly used in aerospace and automotive industries is riveting, especially 

when the purpose is to join dissimilar materials. However, conventional riveting is not suitable for FRP 

composites, especially when continuous reinforcements are used. Thus, new approaches have been studied 

and developed, which differ from each other mainly in terms of tooling and source of the punching force 

[4].  

2.2.4.1. Self-piercing riveting 

Self-piercing riveting, despite resorting to a supplemental device, is a forming process, since it involves the 

deformation of the parts. It consists in joining together two stacked sheets by punching a rivet into them, 

as exemplified in Figure 13. This method applies to both thermoset and thermoplastic matrix composites, 

although being more advisable for the latter. The main advantages and disadvantages of self-piercing 

riveting are gathered in Table 14 and the process variables are shown in Figure 14 [4], [7], [8].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 14 – Main advantages and disadvantages of self-piercing riveting 

Advantages Disadvantages 

No need for drilled holes Can only be applied if both sides of the joint are 
accessible 

Lower production time and costs (single 
operation) 

Disassembly is not possible without destroying 
the joint 

No need for surface pre-treatment Delamination, fibre damage and matrix 
cracking can occur and can be intensified 

under fatigue cyclic stresses 
Operator-friendly The rivet tends to cut the fibres, leading to a 

stiffness reduction 
 

Figure 13 – Mechanism of self-piercing riveting 
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2.2.4.2. Friction self-piercing riveting (FSPR) 

This technology is quite similar to conventional self-piercing riveting; however, it combines a feeding and 

rotational motion, as shown in Figure 15. This can improve the joint efficiency and result in a shear strength 

two times greater than SPR joints. In addition, better fatigue life can be achieved with FSPR compared to 

clinching or resistance spot welding [9], [10].  

 
 
 
 
 
 
 
 
 

Figure 14 – SPR process variables 

Figure 15 – Friction self-piercing riveting process: (a) starting; (b) penetration; (c) softening and 
deformation, (d) stop; (e) releasing 
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2.2.4.3.  Double-sided self-piercing riveting 

Double-sided self-piercing riveting resorts to tubular rivets with chamfered ends that are placed in-between 

two sheets – see Figure 16. With the action of a punching tool, the sheets are pushed against each other, 

deforming the rivet in a way that its ends flare and undercuts are formed, promoting mechanical 

interlocking. One of the main advantages of this technology is the fact that it is independent of the sheet’s 

thickness, thus joints with large thicknesses can be obtained. It produces invisible joints, as there are no 

material protrusions [11]. 

 

2.2.4.4. Solid self-piercing riveting (SSPR) 

The mechanism of solid self-piercing riveting is quite similar to conventional SPR, as can be seen in Figure 

17, but resorts to a solid rivet. Regarding this technology, it is worth noting that it can be applied to high-

strength materials with limited deformation capability and allows the production of nearly flat joints (almost 

no protrusions). Typically, the total sheet thickness ranges between 1.5 and 5 mm, but the lower sheet must 

have a minimum thickness of 1 mm, in order to fill the groove in the rivet shank and establish a strong joint 

[12].  

 

2.2.4.5.   Hydro self-piercing riveting 

In hydro self-piercing (see Figure 18), a high-pressure fluid is used instead of a die. The main advantage of 

hydro self-piercing compared to SPR is the fact that high-pressure fluid prevents strong bending, resulting 

in increased deformability and widened operating window. The pressure of the fluid and the shape of the 

rivet influence the quality of the joint, because there is a linear relationship between the mechanical 

interlocking and the fluid pressure [8].   

Figure 16 – Double-sided self-piercing riveting 

Figure 17 – Phases of solid self-piercing riveting 
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2.2.4.6. Ultrasonic self-piercing riveting (USPR) 

The principle behind USPR (Figure 19) is the same as conventional SPR; nonetheless, it is an oscillating tool, 

at a given amplitude and frequency, that punches the rivet into the stacked sheets. The most relevant 

advantage of this process, compared to SPR, is that the composite structure does not suffer damage, such 

as cracks and fractures [13].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.2.4.7.   Friction riveting (FricRiveting) 

An investigation was led by [14] to prove the feasibility of using FricRiveting, to connect GFRP elements in 

composite emergency bridges. As seen in Figure 20, a rotating metallic rivet is punched into two stacked 

sheets and the generated frictional heat melts and displaces the polymeric matrix around the rivet tip. The 

local heat softens the rivet, which, under axial pressure, is deformed, creating a mushroom-like shape that 

promotes mechanical interlocking. In general, this process presents the same advantages and 

disadvantages as conventional self-piercing riveting. Nonetheless, it is only applicable to thermoplastic 

matrix composites and thermal degradation can occur. There is a set of parameters that can be controlled 

in order to optimize the FricRiveting process: rotational speed, forging pressure, friction time and forging 

time [15], [16].  

Figure 18 – Hydro self-piercing riveting 

Figure 19 - Ultrasonic self-piercing riveting 

CFRP 

Metal 
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2.2.4.8. Friction stir blind riveting 

As the name implies, friction stir blind riveting (see Figure 21) is a combination of friction stir riveting and 

blind riveting. It consists of rotating a blind rivet, which is pushed through the sheets to be joined. The 

generated frictional heat softens the sheets' materials, which facilitates the penetration of the blind rivet 

using a lower driving force and torque. A relevant advantage of this process, compared to SPR, is that only 

one side of the joint needs to be accessible [17], [18].  

 

 

 
 
 
 
 
 
 
 

 

 

Table 15 summarizes the information regarding the most relevant riveting technologies used to join 

composites to composites and composites to dissimilar materials. It is worth mentioning that some 

processes are still under development, which can result in a lack of information, despite their potential. Due 

to equipment limitations, the most used joint configurations are lap joints, as schematized in Figure 22. 

 
 

 
 
 
 
 
 
 

  

Figure 20 – Application of friction riveting to join two CFRP sheets. (a) Positioning of the parts; (b) Rivet 
rotation and insertion; (c) Rivet tip plastic deformation; (d) Joint consolidation 

Figure 21 – Friction Stir Blind Riveting 

Figure 22 – Lap joints representation 
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Table 15 – Principal characteristics of riveting technologies 
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2.2.5. Integral Attachments 

2.2.5.1.  Snap-fit 

Integral snap-fits can be applied to polymer-matrix composites; nonetheless, moulding small details can be 

difficult depending on the type of fibre and the ductility of the matrix. For this reason, snap-fit is more 

suitable for thermoplastic matrix composites than for thermoset composites [19].  

Different set of features can be designed-in or processed-in the composite structure and then assembled. 

The joints can be permanent or easily disassembled, which results in a very flexible process in terms of 

functionality, design and aesthetics. This technology is mainly used to join small to medium parts in non-

structural applications; however, as can be confirmed in Figure 23, it has been successfully applied in the 

assembly of bridge decks of glass fibre reinforced polymers [19]. Table 16 gathers the most relevant 

information on snap-fit technology. The most common joint configurations applied to snap-fit are lap, sleeve 

and scarf joints as represented in Figure 24.  

 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 

Figure 23 – Applications of GFRP bridge deck with vertical snap-fit connection 
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Table 16 – Principal characteristics of snap-fit 

Figure 24 – Most common joint configurations used in snap-fit  
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2.2.5.2.   Staking 

Staking is considered a joining by forming process. The staking processes presented in Table 17 differ from 

each other in terms of heat transfer mechanism. This means the heat is transferred by convection (hot air 

staking), conduction (hot staking), intermolecular friction (ultrasonic staking) or radiation (infrared 

staking, IR). Figure 25 displays the basic mechanism involved in the staking process. A forming tool, by heat 

transfer, deforms the rivet pin, which will be responsible for generating mechanical interlocking between 

the two parts to be joined. Different geometries of the resulting rivet head can be obtained by using different 

tools. The German Guideline DVS 2216-3 can be consulted in order to provide some information on the best 

rivet geometries. Nonetheless, this guideline focuses essentially on ultrasonic staking [20].  

It is worth mentioning that the joint properties depend on the heat transfer mechanism and on the material 

properties. By the analysis of the data presented in Figures 26 and 27, it can be concluded that ultrasonic 

staking is a faster process and that IR staking results in a stronger joint.  A general comparison between hot 

air, ultrasonic and IR staking is presented in Figure 28 and it is based on cycle time, repeatability, tensile 

strength, equipment and operating costs.  

 
 
 
 
 
 
 
 
 

Figure 26 – Process time of hot air, ultrasonic and IR staking processes 

Figure 25 – Principle of the staking process. (a) before staking, (b) rivet formation, (c) tool removal 
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Figure 28 – General comparison between hot air, ultrasonic and IR 
staking 

Figure 27 – Average strength of hot air, ultrasonic and IR staking 
processes 
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Table 17 – Principal characteristics of staking processes 
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2.2.5.3.   Clinching 

Clinching is a joining by forming process, very similar to self-piercing riveting; however, it does not require a 

supplemental device and the joint efficiency depends on geometrical characteristics such as the undercut 

and the neck thickness. Figure 29 shows the main principle involved in the clinching process. Two sheets 

are stacked and clamped between the blank holder and the die assembly. Subsequently, the punch is forced 

onto the sheets, pushing them into the die. The material flows radially and fills the die, resulting in 

mechanical interlocking, which holds the parts together. Table 18 shows the main advantages and 

disadvantages of mechanical clinching [15], [21].  

 

 

 
 
 
 
 
 
 

 
 

 
Table 18 – General advantages and disadvantages of clinching 
Advantages Disadvantages 

No need for drilled holes and supplemental 
devices 

Disassembly is not possible without destroying 
the joint 

Lower production time and costs (single 
operation) 

Delamination, fibre damage and matrix 
cracking can occur and can be intensified 

under fatigue cyclic stresses 
No need for surface pre-treatment More suitable for thermoplastic matrix 

composites 
Operator-friendly Limited by the thickness and formability of the 

materials to be joined 

 
 

2.2.5.4. Hole Clinching 

As clinching involves the deformation of the materials to be joined, composite materials can suffer damages, 

such as delamination, matrix cracking, and fibre breakage, which leads to a reduction in mechanical 

performance and failure. In order to overcome this issue, new technologies have emerged, being hole 

clinching an example (see Figure 30). This joining method consists of pre-punching or drilling pilot holes in 

the less ductile material, to avoid its deformation, and applying an axial pressure that will deform the more 

ductile material. As the punch deforms the top workpiece, the material flows into the die through the pre-

Figure 29 – Clinching process 
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existent hole, forming mechanical interlocking between the two sheets. The joint efficiency can be 

optimized by changing the tool geometry, the type of die and/or the force applied [22], [23].  

 

2.2.5.5.   Shear-clinching 

Shear clinching is based on the principle of conventional clinching and shear-cutting (see Figure 31). The 

lower joining part is indirectly cut by shear and the upper part is extruded into the shear-cut hole, forming 

mechanical interlocking. As the upper part must undergo a high deformation, it must have a minimum 

ductility. On the other hand, the lower part must present a minimum strength, in order to withstand the 

transmitted forces during the process. Therefore, the joint efficiency and final thickness are constrained by 

the mechanical properties of the materials to be joined and the tool geometry [24]. 

 

  

Figure 30 – Hole clinching 

Figure 31 – Shear clinching 
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2.2.5.6.   Injection clinching (ICJ) 

Injection clinching joining is a process developed to join a thermoplastic-based part to a metallic or 

thermoset piece and it is based on the principles of injection moulding, staking and adhesive bonding. 

Figure 32 displays the mechanism involved in ICJ technology. A thermoplastic stud is inserted in a through-

hole in the metallic or thermoset-based element. The stud is subsequently heated and deformed by a 

punch-piston, in order to create a rivet. After cooling, the two parts remain together by mechanical 

interlocking and adhesion forces. The holes can present different geometries and features such as chamfers 

or threads and the generated heat can be from electrical or frictional sources. The main disadvantage of this 

process is related to the need of drilling holes in the structure. Figure 33 shows a fuselage section, where 

FRP composite brackets were joined to a lightweight alloy by injection clinching joining [15], [25].  

  
 
 
 
 
 
 
 
 

  

Figure 32 – Injection clinching joining process 

Figure 33 – Application of ICJ to connect FRP brackets to metal frames in an aircraft 
structure 
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2.2.5.7.   Thermoclinching 

Thermoclinching is a process based on principles of staking and conventional clinching. Its mechanism is 

schematically demonstrated in Figure 34. The parts to be joined – thermoplastic-based part and a metallic 

part with a pre-drilled hole – are aligned and positioned inside the mould and then heated (above the 

thermoplastic composite melting temperature), to facilitate the deformation imposed by a tapered pin. The 

thermoplastic flows into the pre-existent hole and it is constrained by a ring-shaped die. After cooling, the 

mould is opened and the final joint is achieved. The major drawbacks of this technology are related to the 

need of drilling a hole in the metal structure and the application of a working temperature above the 

melting temperature, which can cause thermal degradation [26]. 

 
 
 
 
 
 
 
 
 
 
 
 
 

  

Figure 34 – Representation of thermoclinching process 
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2.2.5.8.   Hydro-clinching 

Hydro-clinching is a variant of conventional clinching that harvests the advantages of hydro-forming and 

mechanical clinching. This process leads to high accuracy, has a decreased number of steps and it is 

applicable to the joining of dissimilar materials. As can be seen in Figure 35, the die is replaced by a high-

pressure fluid and the two sheets are in contact with the forming tool due to the present hydraulic pressure. 

The hydro-formed sheet is pushed through a hole in the upper sheet and the mechanical interlocking is 

formed. The joint strength depends on the geometry of the existent hole in the upper sheet, the hydro-

formed sheet deformation capability and the pressure of the fluid [27]. 

 

2.2.5.9.   Dieless clinching 

Compared to conventional clinching, this technology does not require a bottom die (see Figure 36). The 

punch applies a high force into the upper sheet, locally deforming it. The deformed material flows in reverse 

along the punch displacement, causing the deformation of the lower sheet and both parts are joined by 

mechanical interlocking [27].   

 

 
 
 
 
 
 
 
 
 

 

2.2.5.10. Two-step clinching 

The main difference between conventional clinching and the two-step process (see Figure 37) resides in a 

reshaping step after the clinching. This additional stage results in a reduction of the protrusion height and 

can improve the mechanical strength of the final joint, as it leads to an increase in the neck thickness and 

undercut [28]. 

 

 

Figure 35 – Hydro-clinching. 1 – punch, 2 – hydro-forming tool, 3 – part to be attached, 4 – hydro-formed 
sheet, 5 – high-pressure fluid 

Figure 36 – Dieless clinching 
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Tables 19 and 20 gather the most relevant characteristics of the referred clinching processes.

Figure 37 – Two-step clinching 
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Table 19 – Main characteristics of clinching processes 
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Table 20 – Main characteristics of clinching processes (cont.) 
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2.2.5.11.  Hemming 

Hemming is a joining by forming technique and can be essentially divided into table-top hemming and 

roller hemming (see Figure 38). The former involves three steps: flanging, pre-hemming and final hemming. 

In the first stage, a tool bends the sheet approximately 90º; in the following step, the sheet is pre-folded in 

45º and, subsequently, the final fold is obtained by resorting to another tool. Tabletop hemming is easy to 

control and results in overlapped joints. Due to the high deformation imposed, it can be difficult to apply to 

composite materials, as it can lead to severe damage of the structure. An alternative to tabletop hemming 

is roller hemming. It is an incremental process and is easily automated since it is driven by robots. The roller 

(tool) is responsible for bending the outer part around the edge of the two sheets, in order to form the final 

joint. In addition, it also involves lower forces than table-top hemming. Table 21 presents the main 

characteristics of the mentioned hemming technologies. The most used joint configuration in hemming 

processes is the overlap joint [29], [30].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 38 – Hemming. (a) Table top hemming; (b) Roller hemming 

(a) 

(b) 

(1) Flanging (2) Pre-hemming 

(3) Final hemming 
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Table 21 – Main characteristics of hemming processes 
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2.2.6. Special Connections 

2.2.6.1. Non-adhesive form locked joints 

The oldest and simplest way to join large elements is through bolts, although the use of these elements is 

associated with drilling holes and, as mentioned earlier, this can lead to material damage in the form of 

delamination, fibre pull-outs and micro buckling. In addition, larger holes are required in large structures, 

which removes more fibres and, consequently, disrupts the load paths. Therefore, a new idea has been 

developed, in order to overcome these issues: non-adhesive form locked joints. Firstly, this mechanical 

connection was designed at the Warsaw University of Technology and was used in a fuselage-wing 

connection for the commercial and experimental gliders and motogliders PW-5, PW-6 and AOS-71, as shown 

in Figure 39 [15]. 

Non-adhesive form locked joints are achieved by cutting holes in dry fabric, which are subsequently infused 

with resin or in uncured prepreg; metal rings are fitted into the holes and the structure is then cured in an 

autoclave or a vacuum bag. Next, screws with a hole and nuts are placed into the cut holes of the joint. Bolts 

are put through the holes of the placed screws to form the assembly. This mechanism allows mitigating 

delamination and other defects, once it guarantees that the fibres around the joint are in all directions and 

that the stress are more uniformly distributed [15]. Table 22 gathers the main characteristics of the described 

joining process. The most used joint configuration with this technology is the flange joint (see Figure 40). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 

Figure 39 – Non-adhesive form locked joint in AOS-71 motoglider 
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Figure 40 – Most common joint configuration used in non-adhesive form locked 
technology 

Table 22 – Characteristics of non-adhesive form locked joints 
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2.2.6.2. Material surface modification and metal protusions 

A way of joining materials is through the creation of features, such as protrusions or intrusions, in order to 

promote mechanical interlocking between the two parts to be joined. Nowadays, a wide variety of 

technologies can be used to achieve this, which can be categorized into displacive methods or additive 

methods.  

Displacive methods consist of surface modification or restructuring through the action of electron or laser 

beams, which are responsible for melting the substrate surface and for the material displacement that 

occurs through the combination of temperature-variant surface tension and vapour pressure. The repetition 

of the melting process and the material displacement produces features of the desired aspect ratio. The 

surface topography is changed and the protruding features will promote mechanical interlocking. It is 

possible to generate different types of features, such as blade-like protrusions or blind hole-type or slot-type 

intrusions. Figure 41 shows examples of different protrusions geometries [31]–[34], [15].  

Comeld™ technology is an example of a displacive method where the FRP composite is connected to the 

metal part by lay-up of preforms followed by vacuum infusion of a given resin, which constitutes the matrix 

of the composite but also acts as an adhesive. Nonetheless, some joints require the use of an additional 

adhesive layer at the bond line.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

The main disadvantage of this methodology is the high initial investment in the equipment. On the other 

hand, this joining process does not require drilling holes in the composite structure, which results in less 

stress concentration in the joint and the occurrence of delamination. However, it is worth noting that the 

protrusions can disrupt the fibres (see Figure 42). 

As the name implies, additive methods involve adding features, such as z-pins, to the material surface. These 

features will be responsible for creating the mechanical interlocking between the parts to be joined. The 

mechanical interlocking force depends essentially on the selected production method, the materials to be 

joined, the geometry, number and positioning of the pins, the joint configuration and the machine setup.  

Figure 41 – Examples of geometries of the protrusions 
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In a general way, these joining processes allow to eliminate the need for drilling holes in the composite 

structure, leading to an overall better mechanical performance. In Figure 43 are presented the results of 

mechanical tests performed in a Hyperjoint. Compared to a traditional connection, the Hyperjoint results in 

a lap shear 60% higher than bolted joints and approximately twice that of bonded joints. An example of a 

successful application of this technology is shown in Figure 44  [15], [35], [36]. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 42 – Fibre distortion due to the presence of z-pin and process of longitudinal cracking in the resin-
rich region 

Figure 43 – Comparison between the ultimate load in a traditional connection and in a 
Hyperjoint 
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Tables 23 and 24 gather the main characteristics of the most relevant processes used to obtain this type of 

joining. Due to equipment limitations, the most common joint configurations obtained with this type of 

joining process are lap joints and T joints, which are represented in Figure 45.  

 
 
 

 
 
 
 

Figure 44 – Application of Hyperjoints in seat rails 

Figure 45 – Most common joint configurations obtained in material surface modification and metal 
protrusions processes 
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Table 23 – Main characteristics of Material surface modification and metal protrusions 
techniques 
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Table 24 – Main characteristics of Material surface modification and metal protrusions techniques 
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2.2.6.3.   Interlocking Joining 

To overcome galvanic corrosion when joining aluminium alloys and carbon fibre reinforced composites, a 

research group named Schwarz-Silber proposed new joining techniques based on the attachment of loops 

to the aluminium alloys. Three concepts were studied: wire, foil and fibre (see Figure 46). The galvanic 

corrosion can be prevented by avoiding the direct contact between carbon fibres and aluminium. Thus, this 

can be achieved by using transitional elements made of titanium, glass or boron fibres [15].  

 
 
 
 
 
 
 
 

 

 

 

The wire concept consists of welding or casting rows of titanium on the aluminium substrate. The carbon 

fibres are then threaded through the titanium loops. In the case of the foil concept, instead of loops, foils of 

titanium are welded to the aluminium surface and the carbon fibres are placed between the foils, staying 

together by friction forces. The fibre concept is based on the wire concept; however, titanium loops are 

replaced by glass or boron fibres. Independently of the concept, the joints are then embedded in resin. 

Figure 47 shows titanium loops welded to an aluminium structure and Figure 48 displays an example of 

connection based on the fibre concept [15]. 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

Figure 46 –Concepts developed to join aluminium alloys and CFRP 

Figure 48 – Connection between CFRP and an aluminium alloy through a loop of glass 
fibre 

Figure 47 – Titanium loops welded to an aluminium substrate 
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There are a lot of technologies that can be used to join the loops on the aluminium substrate. In one study, 

the titanium loops were joined to the aluminium substrate by laser beam welding and then the structure 

was impregnated under vacuum by resin. In another investigation, the titanium wire loops and the 

aluminium were joined by diffusion bonding and hot-pressing processes [15].  

Loop joining can also be obtained through electroforming and 3D printing of continuous fibre composites. 

In order to connect the composite and the metal, the continuous fibres are printed around the metallic part, 

forming loops, based on the principle represented in Figure 49. Then, an electroforming process, which 

mechanism is shown in Figure 50, is performed to fill the fibres loop with metal (see Figure 51) [15].  

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

 

 

 

Figure 49 – 3D printing of polylactic acid reinforced with carbon fibres by in-nozzle impregnation 

Figure 50 – Principle of electroforming 
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Table 25 display the principal characteristics of loop joining technologies. However, it is worth noting that 

such technologies are only in an early stage of development, thus the lack of information. 

 
 
 
 
 
 
 

Figure 51 – Composite-metal joining with 3D printing of continuous fibres and 
electroforming 
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Table 25 – Main characteristics of Interlocking Joining processes 
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2.2.6.4.  Filament Winding 

Filament winding is a manufacturing process primarily used to produce hollow, circular and oval sectioned 

components. The process mechanism, represented in Figure 52, involves passing fibre tows through a resin 

bath and, subsequently, wounding them onto a rotating mandrel, in a variety of orientations, while keeping 

the fibres in tension [37], [38].  

Typically, filament winding is used to manufacture chemical storage tanks, pipelines, gas cylinders, fire-

fighters breathing tanks, rocket motor casings, etc. Its main advantages and limitations can be consulted in 

Table 26. Nonetheless, this process can also be applied to join components, as confirmed by the study 

developed by [39], for joining CFRP automotive space frame structures. In Table 27 can be found the most 

relevant and available information on filament winding as a joining process. Typically, it is used to originate 

T joint configurations.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 26 – Advantages and disadvantages of filament winding 
Advantages Disadvantages 

Fast and economical method Limited to convex shapes 

Resin content can be controlled Fibre cannot be easily laid exactly along the 
length of the component 

Does not involve secondary processes to convert 
fibres into fabric before use 

Mandrel costs can be quite high 

Very good structural properties can be achieved The external surface can be anaesthetic 

 Health and safety properties 
 

 

Figure 52 – Principle of filament winding 



 
 

72 
 

 

Table 27 – Main characteristics of filament winding as a joining process 
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2.3. Chemical Connections 

Adhesive bonding enables the joining of materials and structures through the establishment of interatomic 

or intermolecular bonds, based on chemical reactions (see Figure 53). Its applicability has been including 

diverse materials, such as engineering thermosetting and thermoplastic polymers, metals and composites. 

This process can be used for primary structural, load-bearing applications and for non-structural 

applications such as sealing or vibration damping in a wide range of industries, as seen in Figure 54. Bonded 

connections can be obtained through co-curing, co-bonding and secondary bonding (see Figure 55) [1], [40], 

[41]. 

 

 

 

 
The materials being connected are called substrates, before bonding, and adherends after the bonding 

process occur. The bonding agent is known as adhesive and can transmit stresses from one element of a 

joint, or one adherend, to another. Compared to other joining processes, such as mechanical joining and 

welding, stresses are more uniformly distributed around the joint, as proven in Figure 55. The more uniform 

stress distribution leads to better fatigue strength and better vibration resistance. In addition, if the adhesive 

is applied properly, it fills the joint completely and creates bonding forces over the entire area, rather than 

at just the attachment points. In that matter, the larger the area of bonding, the lower the stresses formed.  

 
 
 
 
 
 
 
 
 
 

 

 

 

However, it is worth mentioning that, due to the lack of robust design guidelines and reliable material 

models and failure criteria, adhesive bonding has not reached its maximum potential, as designers and 

engineers tend to 'overdesign' composite structures, in order to ensure safety factors in primary load-

bearing applications. Thus, most of the time, mechanical fasteners are added, resulting in a heavier and 

more expensive hybrid connection.  

Figure 53 – Adhesively bonded connections. (a) Components of an adhesively bonded joint, (b) Interaction 
forces between the adhesive and the substrate 

Figure 54 – Global Industrial Adhesives Revenue Share, 2018 (%) 
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Typically, adhesives are applied as thin films or layers over a large area, thus they can also enhance fatigue 

resistance. Most organic adhesives (which present a viscoelastic behaviour) can withstand static and 

dynamic strains and shock loads. Therefore, if their selection and design are done correctly, adherends tend 

to fail before the adhesives. Nonetheless, in order to avoid the accumulation of irreversible damage in the 

adhesive, a complex joint geometry must be designed to limit the load below the linear elastic capability of 

the adhesive.  

The objective of structural adhesive bonding is to obtain the maximum strength and quality possible while 

minimizing costs. However, there are a few key requirements (e.g. wettability) that must be met, in order 

to guarantee the good performance of the bond between adhesive and adherend(s). Any contaminant, such 

as grease, cutting coolants and lubricants, moisture or oxides must be carefully removed and avoided to not 

compromise the final joint strength. Therefore, adherents generally undergo a surface preparation (or pre-

treatment) process before the application of the adhesive. Table 28 comprises the main advantages and 

drawbacks of adhesive bonding. 

 

Figure 56 – Comparison between the stress distribution in riveted joints and adhesively bonded 
joints  

Figure 55 – Most common manufacturing processes used to produce bonded joints between composite 
adherents 
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Table 28 – General advantages and disadvantages of adhesively bonded connections 
Advantages  Disadvantages 

Less stress concentration, more uniform 
distribution of stresses 

Requirement of surface pre-treatment 

Weight reduction Need for fixtures, tools, autoclaves 

Virtually any shape Working time and shelf live 

Accommodate large differences in 
thermal expansion coefficients between 

different adherends 

Direct inspection of bonded area not 
possible 

Better aerodynamics and hydrodynamics Repair is virtually impossible due to 
inaccessibility 

No microstructure alterations Limited upper service temperature, 
especially for organic adhesives 

Joining dissimilar and similar materials Susceptibility to environmental factors  

Prevents galvanic corrosion Manufacturing and surface preparation 
can be harmful to workers’ health 

Sealing, insulation and vibration and shock 
absorption 

Difficulty or impossibility of disassembly 
without damage to components 

Significant strength-to-weight ratios  

Can be faster and cheaper than other 
methods 

Improved damage tolerance and design 
flexibility 

 
Adhesively bonded joints are used in a wide range of industries, such as aerospace, marine, automotive, civil, 

medical, among others. Figure 57 shows an example of adhesives application in the marine industry. ISO 

12215-6 2008, “Small Craft-Hull construction and Scantlings – Structural arrangements and details”, provides 

a design criterion for adhesive bonding, alongside nominal and design shear stresses for different types of 

adhesives, such as epoxies and polyester or vinyl ester. It is worth mentioning that there are a few guidelines 

for the use of adhesively bonded joints in offshore applications. United Kingdom Offshore Operators 

Association (UKOOA) has proposed a set of guidelines specifically for the use of GFRP pipework in offshore 

environments. These guidelines include a quality program that records different key requirements such as 

[42], [43]: 

▪ Temperature and relative humidity; 
▪ Identification number of the connection; 
▪ Curing temperature and time; 
▪ Signature of pipe fitter and inspector. 
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Figure 57 – Types of bonded connections in a small boat 
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2.3.1. Adhesives 

Adhesives can be categorized into two major groups, based on their function: structural and non-structural 

adhesives (see Figure 58). The formers are typically thermosetting adhesives and the latter are generally 

obtained in the form of a single component and are thermoplastic-based. Figure 59 shows the most suitable 

adhesives for joining composite materials and different substrates [44]. 

 
 
 
 

 
 

 
 
 

 
 
 
 
 

 

 

 

The compatibility between the adhesive and the substrates is a very important parameter to be considered 

during the selection process. In addition, the adhesive properties, joint configuration, environmental 

conditions, availability, cost and process chain are also determinant parameters for the adhesive selection. 

For that reason, those factors were taken into consideration for the benchmark of the most adequate 

adhesives to join composite materials in an offshore environment (see Figure 60).  

 
 
 

Generally are thermoplastic 

adhesives (e.g. polyamide, poly 

vinyl acetate) 

Typically, thermosetting 

adhesives (e.g. epoxy, 

cyanoacrylate)  

Adhesives 

Non-structural Structural 

Figure 58 – Classification of adhesives based on their main 
function 

Figure 59 – Compatibility of adhesives with different systems of substrates 
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Figure 61 shows a comparison between four types of adhesives based on the most relevant properties for a 

given automotive application. Each property was rated from 0 to 5, 0 corresponding to the worst 

classification and 5 to the best.  

The joint configurations determine the efficiency of the joint, since it constrains the load application and 

allows to avoid peel failure. Figure 62 represents the most used adhesively bonded joint configurations and 

Figure 63 shows some recommendations on the load application.   

 
 
 

 
 

 
 

 
 
 

 
 
 
 

 
 

 
 
 
 

 
 

Figure 61 – Comparison between four types of adhesives based on relevant properties for an 
automotive application 

Figure 60 – Classification parameters for chemical connections 
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Figure 62 – Most used adhesively bonded joint configurations 

Figure 63 – Recommendations on load application based on the joint configuration 
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2.3.1.1. Epoxy 

Epoxies are one of the most relevant adhesives used in diverse industries such as aerospace, automotive, 

railway, etc., since they have a low shrinkage coefficient and great strength, despite their brittleness. One of 

the major drawbacks of epoxy is its exothermic cure reaction, which limits the thickness to apply. This 

application of epoxy requires the use of EPIs because it can cause dermatosis, when in contact with the skin 

of the operator, and breathing problems. In order to compensate for its brittleness, hybrid epoxies have been 

developed, being an example epoxy-polyurethane, which has an excellent toughness and a great resistance 

to impact at low temperature (-30ºC). 

Figure 64 displays an example of the application of an epoxy adhesive to assemble filament wound glass-

epoxy composite tubes, using flange joints, in an offshore application [42].  

 
 
 
 
 
 
 
 
 
 
 
 
 

2.3.1.2. Acrylic 

Acrylic adhesives generally present a short cure time, leading to fast assembly operations. In addition, they 

can be used in some applications to replace spot welding. They are applied in diverse industries such as 

marine, aerospace, automotive and medical, as they can withstand immersion in motor oil, aircraft hydraulic 

fluid, 10% sodium chloride solution; present an excellent resistance to environmental conditions, including 

salt spray; and can be applied in joints where the substrates have different coefficients of expansion. The 

acrylic family includes anaerobic, cyanoacrylates and modified acrylic adhesives (e.g. methyl acrylate) [40].  

Anaerobic adhesives are primarily used as sealants and have an excellent gap-filling capability. Typically, 

they can be applied to increase the holding force of a mechanical joint, acting as threadlockers [40].  

Cyanoacrylates, also known as Superglue, generally form strong bonds without the need for heat or 

catalysts. However, they have a low resistance to moisture [40].   

 

 

Figure 64 – Adhesively bonded pipework for offshore application 
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2.3.1.3. Polyurethane  

Polyurethane is a flexible, highly deformable and tough adhesive. It is found in one or two parts form and is 

generally used in automotive industry and cryogenic applications. The main disadvantage of one-part 

polyurethane is that it requires moisture to cure, which can lead to a slow cure process.  

BMW Group, in order to connect CFRP components of their electric BMW i3 car (see Figure 65), resorted to 

Dow Automotive Systems’ urethane composite bonding adhesive, BETAFORCE. This adhesive presents 

multiple advantages such as good adhesion to a vast type of materials, high elongation and enables the 

movement of body parts in relation to each other – key requirement within the automotive industry. 

However, for bonding the chassis and the plastic body panels, BMW i3 used 16 kilograms of adhesive, which 

counterbalanced the weight reduction desired when selecting composite materials [45], [46]. 

 

 

 

 

 

 

 

 
 
 
 
 

2.3.1.4. Phenolic 

Phenolic adhesives are one of the first adhesives used and have good resistance to environmental conditions 

(e.g. hot water) and high temperature. They present good tensile and shear strengths and are fire-resistant. 

However, their cure demands a high temperature and pressure; in addition, volatiles products are released 

during cure, which can result in porous bond lines and low peel strength. Generally, they have low cost, but, 

due to their limitations, they are mainly used in hybrid formulations [45],[46]. The most used hybrid 

formulation are: epoxy-phenolics, which have a good peel and shear strength and can be applied in a 

temperature range from -250 º to 260 ºC; nitrile-phenolics, which have excellent resistance to water, oil, salt 

and biodegradation; and polyvinyl formal-phenolics, which offer a good fatigue performance and a good 

resistance to diverse environmental conditions [47], [48].  

 

2.3.1.5. Polyester 

Polyester adhesives can be divided into two categories: unsaturated thermosetting resins and saturated 

thermoplastics. The formers are resistant to water, weak acids and other solvents, being applied in diverse 

applications within the automotive and construction industries, for example, and widely used to join glass 

fibre composites. Saturated thermoplastic polyester can be used as a high-performance hot melt adhesive 

[49]. 

Figure 65 – Application of a polyurethane adhesive. (a) BMW i3 (b) Connection using BETAFORCE™ 
adhesive 

(a) 

(b) 
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2.3.1.6. Vinyl Ester 

Vinyl ester are thermosetting adhesives, which derivate from epoxy. Typically, vinyl esters present better 

thermal and chemical resistance compared to unsaturated polyester adhesives, which results in excellent 

durability. This type of adhesive tends to cure rapidly at room temperature and features a high impact 

strength and tensile elongation. Due to their attractive properties, they are widely used in marine 

applications  [50], [51].  

2.3.1.7. Polyaromatic 

Examples of polyaromatics adhesives are polyimide, bismaleimide and polybenzimidazole. These adhesives 

are expensive and extremely suitable for high-temperature applications, such as spacecrafts and F1 race 

cars. However, they present a low peel strength, low ductility, and are difficult to process [52]–[54].  

2.3.1.8. Polyamide 

Polyamides are typically used as high-performance hot melt adhesives. They do not require mixing, as their 

formulations are sold in a ready-to-use state. They are environmentally friendly, present a reduced 

flammability, do not have a strong odour, and are resistant to solvents and oils. For the mentioned reasons, 

polyamide adhesives are applied in the automotive and electrical industries, for example. However, these 

adhesives easily absorb moisture from the atmosphere, which can result in a weak bond; they have a shorter 

shelf life than other hot melt adhesives and require careful storage [55], [56].  

2.3.1.9. Silicone  

Silicone adhesives are synthetic polymeric materials which, due to their formulations, can present a wide 

range of viscosities. Typically, they have good flexibility, good resistance to temperature variations and to UV 

and IR radiation. In addition, they are resistant to water and have a good gap-filling capability, which makes 

them applicable in different industries such as construction, marine and automotive. However, these 

adhesives are generally used as sealants (Figure 66) [44].  

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

  

Figure 66 – Example of application of a silicone sealant in a marine 
structure 
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2.3.1.10. Polyvinyl acetate 

Polyvinyl acetate (PVA) is easy to apply and adaptable to automation. These adhesives have low toxicity, 

being, for that reason, applicable in food packaging applications. In terms of mechanical properties, PVA 

presents high cohesive strength and toughness. They also have a high resistance to oxidation and the effects 

of ozone and UV radiation. However, PVA is not very resistant to creep, thus its use is typically limited to non-

structural applications. In addition, this type of adhesive can be applied in the marine industry, nevertheless, 

it is not recommendable for submersed components and structures [44], [57].  

Tables 29 and 30 were built for the most relevant adhesive families, based on the scheme of Figure 59.  
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 Table 29 – Principal characteristics of different adhesive families 
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 Table 30 – Principal characteristics of different adhesive families (cont.) 
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2.3.2. Overlamination 

Overlamination is a joining technique especially used to connect composite products in naval applications, 

such as bulkheads and other reinforcing elements (see Figure 67). This method consists of placing a 

sequence of strips of FRP impregnated with resin around a corner profile, resulting in a T-joint, as 

demonstrated in Figure 68 [42], [58]. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 69 shows examples of connection types based on overlamination. In addition, the direction of 

overlapping defines the type of overlamination, being examples the double zeta and omega – see Figure 70. 

In the former, the layers are placed from the right and from the left with additional unidirectional layers in 

between. In the latter, the overlapping layers follow the shape of the structure. However, in both cases, a 

filler (typically a structural adhesive) is used to fill the corner gap [58], [59].  

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

In Figures 71 and 72 is shown the joint of structural elements in boats through overlamination. Table 31 

comprises the most useful information regarding the overlamination technique.  

 

Figure 67 – Architecture of a boat 

Figure 68 – Overlamination sequence  
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(a) 

(b) 

Figure 70 – Types of overlamination. (a) double zeta (b) omega 

Figure 69 – Examples of overlaminated joints. (a) Deck-side shell connection (b) T-joint 
connecting deck and bulkhead 

(a) (b) 
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Table 31 – Principal characteristics of overlamination 

Figure 71 – Tamar joints. (a) Hull shells and centreline joints (b) Transverse frame structural fillet 

Figure 72 – Structural junction between the shell and the bulkheads by overlamination and 
structural bonding 
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2.3.3. Dismantlable Adhesives 

As can be consulted in Table 28, one of the major drawbacks of adhesively bonded joints is the impossibility 

of disassembly without damaging the structure. However, there are a few solutions to overcome this issue, 

such as hot melts, adhesives with blowing agents, with chemically or electrochemically active materials.  

Hot melts are thermoplastic adhesives that, by heat action, soften and allow disassembly (see Figure 73). 

Examples of hot melts are polyamides and some saturated polyesters. They can be obtained in the form of 

powder, granules, blocks, rods or films and, despite not being used in structural applications, high shear 

strength, fair peel strength and good chemical resistance can be achieved with some formulations [51].  

 
 
 
 
 
 
 
 
 
 

 

 

 

As previously mentioned, some agents, such as microcapsules, can be mixed with the adhesive and, by heat 

activation, expand, enabling dismantlability – see Figure 74.  The expansion of the microcapsules generates 

internal stresses in the resin of the adhesive, which are responsible for causing the interfacial separation 

between the adhesive and the adherends. Figure 75 shows an example of the application of this type of 

dismantlable adhesive [51].  

 

 
 
 
 
 
 

Figure 74 – Dismantlable adhesive with thermally expandable microcapsules 

Figure 73 – Principle of hot melt adhesives 
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Another method to obtain dismantlable adhesive is by mixing chemically active materials with the adhesive 

resin. Expandable graphite and aluminium hydroxide are examples of such chemically active materials (see 

Figure 75) [51].  

Some formulations, such as the commercially available Electrelease® adhesive, can be separated from the 

adherend by the occurrence of an electrochemical reaction in the interface between the adhesive and the 

adherend.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 75 – Application of dismantlable adhesives containing thermally expandable microcapsules in the 
automotive industry (ECODISM project) 

Figure 76 – Expandable graphite particles 
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2.3.4. Optimization and reduction of stress concentration 

Adhesively bonded joints tend to concentrate less stress than bolted joints or welded joints, because the 

stresses are more uniformly distributed along the joint line. However, there are some methods to reduce 

even further the stress concentration and optimize joint’s efficiency. It can be used with mixed adhesives, 

which means that two adhesives, with different mechanical properties, are applied in the joint, as 

represented in Figure 77.   

 
 
 
 
 
 
 
 
 

 

 

 

In addition, the same adhesive can be used, but through differentiated cure, use of dielectric nanoparticles, 

thermally expandable particles or magnetic coated particles, different properties along the joint line can be 

obtained, resulting in a functionally graded adhesive, (see Figure 78). The major drawback of functionally 

graded adhesives is the change of the properties with time, especially if a differentiated cure is used.  

Functionalization can also be applied to the substrates (see Figure 79) and can be achieved by different 

methods, such as: 

▪ Layer toughening by adding a metal or a polymer; 
▪ Z-pinning; 
▪ Stitching; 
▪ Graded perforations; 
▪ Additive manufacturing (AM). 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 77 – Mixed adhesives joint 

Figure 78 – Functionally graded adhesive 
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Figure 79 – Functionally graded substrate 
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2.4. Welding 

Welding is a physical joining process widely applied to join metals in diverse industries, as can be seen in 

Figure 80.  Regarding welding of composite materials, it is typically applied to polymer-matrix composites 

where the matrix phase is a thermoplastic. The reason for this is the possibility of refusion and reshaping 

presented only by thermoplastics. However, its application is not fully exploited, because the presence of 

reinforcements can limit the application of welding processes to join composite materials. In addition, as 

FRP composites have a viscoelastic behaviour and, in general, a low conductivity, severe thermal 

degradation can occur.  

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Welding can be categorized into two major groups based on how the bonding occurs: fusion welding or 

solid-state welding. In addition, welding processes can be subcategorized in frictional, electromagnetic 

and thermal techniques according to the heating source, as schematized in Figure 87. The main advantages 

and limitations associated with welding processes are gathered in Table 32. 

 

 

 

 
 

 

 
 

Figure 80 – Global welding products market share, 2019 (%)  

Figure 81 – Classification of the welding processes based on the heating source 
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Table 32 – General advantages and disadvantages of welding processes 
Advantages  Disadvantages 

Joints are permanent, preventing 
accidental disassembly and loosening 

Cannot be disassembled without 
destroying the joint 

Wide variety of processes Process temperature can cause 
degradation of the materials to be joined 

Reasonable overall costs The initial investment can be high, 
especially for automated processes 

Can result in leak-proof joints  High susceptibility to defects  

 Only applicable to thermoplastic 
composites 

 
In order to develop this benchmark and to characterize the most relevant techniques to join FRP composite 

materials, some parameters such as the materials compatibility, properties, compatible joint configurations, 

cost, application, standardization and process chain were considered, as shown in Figure 82. Nevertheless, 

it is worth mentioning that the great majority of the considered welding techniques, despite their great 

potential, are not yet fully developed or present a high Technological Readiness Level (TRL).  

 

 

 
 
 
 

 

 
 

Additionally, in a general perspective, the most common welded joint configurations are demonstrated in 

Figure 83. As can be inferred, the joint configurations are very similar to the ones used in adhesively bonded 

connections.  

  

Figure 82 – Classification parameters for physical connections 
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Figure 83 – Most common welded joint configurations 
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2.4.1. Frictional Welding 

2.4.1.1. Spin Welding 

Spin welding is one of the most used friction welding methods for joining thermoplastic materials and 

thermoplastic composites. As seen in Figure 84, during the process one part is fixed whilst the other is 

rotationally moved against it. This rotational movement generates frictional heating, which is responsible 

for melting the thermoplastic matrix at the joint line. The system is then cooled, in order to consolidate the 

weld (see Figure 85). One of the major drawbacks of this method is that it is limited to circular joint areas 

[60], [61]. 

In this process, the most relevant parameters are welding velocity, welding pressure, forging pressure and 

welding time. Among the advantages of spin welding are its high quality resulting weld, its simplicity, speed, 

and reproducibility [61].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  Figure 84 – Principle of spin welding 

Figure 85 – Phases of spin welding 
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2.4.1.2. Vibration Welding 

It is also known as linear friction welding. The heat generation comes from the mechanical movement 

between the components to be joined, thus the two parts must be in contact. One part stays fixed, whilst 

the other moves in a rapid linear motion in the plane of the joint. This motion is responsible for generating 

heat, which melts the parts locally. Figure 86 shows the setup of the vibration welding machine. The 

vibration is cessed, the parts are aligned and submitted to cooling under pressure to consolidate the weld 

[60].  

When applied to composite materials, vibration welding requires the application of a higher force, which 

can promote fibre damage. However, vibration welding is a good alternative to ultrasonic welding when the 

objective is to obtain linear joints with a length above 200 mm. It is also a faster process than hot plate 

welding (up to four times faster for large weld areas). In addition, this welding technique is currently well 

established at the industrial level and widely used in the automotive industry [60].  

 
 

 
 
 
 
 

 
 

  

Figure 86 – Setup of vibration welding  



 

98 
 

2.4.1.3. Ultrasonic Welding 

Ultrasonic welding is a fast process that can be easily automated, and thus can be ideal for mass production. 

It consists of applying a high frequency (typically within the range from 15 to 70 kHz) to soften or melt the 

thermoplastic, allowing the joining of the two parts (see Figure 87). The parts to be joined are held into 

position under pressure while ultrasonic vibrations are applied. It is worth noting that the heating effect 

depends on the crystallinity of the material being welded and, consequently, its mechanical properties. 

Ultrasonic welding is limited to a weld length of 250 mm, approximately [60]–[62].  

This technique is extensively used in the automotive, medical and electronic industries, among others. 

When joining composite materials, attention must be taken regarding the volume fraction of fillers, as highly 

filled materials can result in weak joints. Figure 88 shows an example of the application of ultrasonic spot 

welding in the aerospace industry [60].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

  

Figure 87 – Ultrasonic welding 

Figure 88 – Ultrasonic spot welding used to join CFRP frames in an aircraft 
structure 
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2.4.1.4. Friction Spot Joining (FSpJ) 

Friction Spot Joining (FSpJ) is a joining technique based on the Friction Spot Welding (FSpW) for metals, 

but it is adequate to join dissimilar materials such as polymer-based and metal structures. In FSpJ, a non-

consumable tool is responsible for generating frictional heat. This tool is composed of three parts: clamping 

ring, sleeve and pin, as can be observed in Figure 89. The clamping tool holds together the parts to be joined; 

the pin and the sleeve can rotate independently and the friction generated between these parts and the 

workpiece produces the heat that will make the joining possible [63], [64]. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

In this process, two variables can be considered: pin plunge and sleeve plunge. These two factors are 

important because the rotating sleeve plunges into the metal (top sheet of the overlapping configuration) 

to a pre-defined depth (up to 40 % of metal thickness, in order to avoid excessive degradation of the polymer 

matrix and fibres) and the pin retracts. The friction resulting from the movement between the sleeve and 

the metallic sheet, generates heat, which softens and plasticizes the metal (Tprocess < T melt). The plasticized 

material flows in the space left by the pin retraction. Subsequently, the pin is pushed against the plasticized 

metal, in order to refill the key-hole and the tool is retracted. Subsequently, the joint consolidates under 

pressure [63], [64].   

The tool deforms the metal through the plunging motion, which results in an undercut in the form of a nub, 

as indicated in Figure 89. This nub will increase the mechanical interlocking between the metallic and 

composite sheets. It is worth noting that the generated frictional heat will be transferred from the metal to 

the composite interface via conduction, which will form a thin layer of molten polymer that will flow 

throughout the overlap region. Under pressure, this molten polymer layer is consolidated and enhances the 

joining forces between the metal and the composite through the establishment of adhesion forces. In 

conclusion, the primary bonding mechanisms associated with FSpJ are mechanical interlocking and 

adhesion forces. Figure 90 shows the result of a joint between a composite and metal, obtained through 

FSpJ. A specific example of application of this technology is demonstrated in Figure 91, where FSpJ was used 

to join metal structures to composite structures in an aircraft [63], [64]. 

Figure 89 – Principle of friction spot joining 
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Table 33 summarizes the most relevant characteristics of the mentioned welding techniques.  
 

Figure 90 – Example of a joint between a composite and a metal obtained 
through FSpJ 

(a) (b) 

Figure 91 – Aircraft structure (a) joining of a composite skin to a 
metal skin. (b) joining of a metal stringer to a composite skin 
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Table 33 – Main characteristics of friction welding techniques 
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2.4.1.5. Friction-Stir Welding (FSW) 

Friction stir welding is a welding technique initially developed by The Welding Institute (TWI) to join 

aluminium alloys. However, it is also suitable to join thermoplastics, and, subsequently, composite materials 

with a thermoplastic matrix. It is a solid-state welding technique; thus, it does not occur fusion of the 

materials to be joined (Tprocess < Tmelt), and its principle is represented in Figure 92. “Friction stir welding 

involves driving a rotating or reciprocating tool along the joint-line between two fixed components”  [60]. 

Typically, FSW is divided into three stages: (1) plunge and dwell, (2) traverse and (3) retracting, which are 

represented in Figure 93. The contact between the tool and the material generates frictional heat, which is 

responsible for softening the material and the movement of the tool along the joint-line plastically deforms 

the soften material, creating a weld zone. In order to avoid defects, different variables should be correctly 

selected and controlled during the process, such as load and torque, tilt angle, welding and spindle speed, 

tool design, workpiece properties and size. 

The main advantages of FSW are the low heat input, which leads to less material degradation; the possibility 

of joining dissimilar materials; and the less introduction of residual stresses.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 92 – Principle of Friction Stir Welding (FSW) 

Figure 93 – Stages of FSW 
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2.4.1.6. Friction Stir Spot Welding (FSSW) 

As can be observed in Figure 94, FSSW relies on the same principle of conventional friction stir welding. 

However, the tool does not complete the traverse stage; instead, it forms a localised spot weld.  FSSW has a 

lot of potential, especially in terms of replacing mechanical fasteners, such as rivets, which can contribute 

to weight addition in aerospace and automotive applications, for example. It can also facilitate the joining of 

dissimilar materials, which can be hindered through fusion welding processes. Despite its advantages, FSSW 

implementation has been constrained once it leaves an exit hole (potential stress raiser) on the joint area. In 

order to overcome this issue, a variant process has been developed: refill friction stir spot welding (RFSSW) 

– see Figure 95. The major difference is in the fact that the soften material expelled by the pin is now confined 

by the shoulder and then, when the pin starts to retract, the shoulder pushes downwards the material, filling 

the gap formed previously [65], [66].  

 
 
 
 
 
 
 
 
 
 
 
 
 

  

Figure 95 – Refill Friction Stir Spot Welding (RFSSW) 

Figure 94 – Principle of Friction Stir Spot Welding 
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2.4.1.7. Stationary Shoulder Friction Stir Welding (SSFSW) 

In conventional FSW, both shoulder and pin rotate, which can result in thermal degradation of some 

materials and bad surface quality. Thus, TWI developed a process where the pin rotates inside a stationary 

shoulder, so the frictional heat is only generated by the rotating pin and its contact with the materials to be 

joined (see Figure 96). In addition, SSFSW leads to a more uniform temperature distribution and, 

consequently, to a more homogenous weld. This process is more advisable to join polymeric materials 

(including FRP composites) than conventional FSW [65], [66].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

2.4.1.8. Friction Stir Additive Manufacturing (FSAM) 

Friction stir additive manufacturing is based on the same principle of conventional FSW. However, the main 

difference between FSAM (Figure 97) and FSW resides in the fact that the former relies on the joining of 

layer by layer which is associated with the reheating and re-sintering of the materials. This technology allows 

to join dissimilar materials and obtain larger structures than conventional FSW [67]–[69].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

As can be seen in Figure 98, FSAM has a lot of potential across a wide range of industries and academic 

fields. An example of a potential FSAM application is exhibited in Figure 99, where it was used to build 

vertical stringers in an aircraft structure.  

Figure 96 – Stationary Shoulder Friction Stir Welding (SSFSW) 

Figure 97 – Friction Stir Additive Manufacturing (FSAM) 
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2.4.1.9. Friction Self-Riveting Welding (FSRW) 

Friction self-piercing welding is a technique mainly applicable to join composites and metals. As can be seen 

in Figure 100, holes are drilled in the metal part. Then, the welding tool softens the polymeric material, 

forcing it to flow up the drilled holes. It is worth mentioning that a microporous oxide structure should be 

induced in the metal surface (see Figure 101), in order to enhance the mechanical interlocking and promote 

the formation of adhesive bonding between the parts to be joined. One of the main advantages of this 

process is the ease of automation. Furthermore, holes are filled with the polymer-based material, forming 

smooth joints [70].  

Figure 98 – Estimated contribution of FSAM in diverse fields 

Figure 99 – Example of FSAM application 
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In Table 34 can be consulted the information regarding FSW and its variants. 

 
 

Figure 100 – Principle of friction self-riveting welding 

Figure 101 – Material filling model. (a) before welding, (b) the materials suffer from frictional heat and 
forging force, and (c) after consolidation 
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Table 34 – Main characteristics of Friction Stir Welding and its variants 
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2.4.2. Electromagnetic Welding 

2.4.2.1. Induction Welding 

The heat generation comes from the application of an induction field obtained through eddy currents 

induction or due to hysteretic losses. This process has recently achieved a high TRL, namely 9. It should be 

noticed that carbon-fibre reinforced thermoplastics can be welded without any additional material because 

carbon fibres are electrically conductive. On the other hand, glass fibre reinforced thermoplastics demand 

the use of an additional electrically conductive material, which must be placed between the parts to be 

joined. A representation of the induction welding process is displayed in Figure 102 [60], [71], [72].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 103 displays a potential application of induction welding in the aerospace industry to join 

unidirectional CFRP stringers to CFRP skin panels, while allowing adjusting for variations in the thickness of 

the structure.  

Figure 102 – Induction welding (a) representation of the induction welding equipment; (b) picture of the 
welding head 
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2.4.2.2. Microwave Welding 

Typically, in microwave welding it is applied a frequency within the range of 3x108 Hz to 3x1010 Hz. However, 

it requires the use of an implant to absorb the microwave energy and transmit it to the materials to be 

joined, as most thermoplastics do not heat up when irradiated with microwave radiation. Microwave 

welding allows to weld complex geometries and it is currently considered as the most cost-effective and 

fastest (welds are typically created in less than a minute) welding technique for mass production. Figure 104 

demonstrates the general mechanism involved in this joining technology [60], [61], [73].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 103 – Joining of unidirectional CF/PEKK stringers to CF/PEKK skin 

Figure 104 – Microwave welding  
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2.4.2.3. Dielectric Welding 

Also known as high frequency (HF) or radio frequency (RF) welding, this process consists of applying a high 

electric voltage (in the order of MHz) across the two parts to be joined together. Typically, this method is 

used to join thin sheets of polar thermoplastic materials. An alternating electric field is generated and it 

causes oscillation of the polar groups, which results in a temperature rise and melts the materials. Pressure 

must be applied in order to form the weld. Non-polar materials can also be joined by dielectric welding if a 

buffer material with a high dielectric loss factor, which will heat up and melt the surrounding material, is 

placed between the electrodes and the materials to be welded. Thin laminates are easier to join. The 

principle of dielectric welding is represented in Figure 105 [60], [61].   

 
 
 
 
 
 

2.4.2.4. Resistive Implant Welding 

Resistance welding requires an electrically resistive implant placed between the parts to be joined, which is 

responsible for generating the necessary heat to melt the surfaces. The temperature rises when the supplied 

energy exceeds the thermal losses of the material and the surroundings. The joined materials are cooled 

under pressure, in order to guarantee a direct contact between the parts and allow the occurrence of 

molecular diffusion, consolidating the weld. Figure 106 shows the principle involved in this technique. Some 

of the problems related to this process is that heat distribution can be uneven, not resulting in a good quality 

weld. Additionally, fibre movement can occur, which interferes with the integrity and strength of the joint 

[61].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
In order to reduce the heating time and mitigate issues associated with delamination and overheating, a 

new technique, based on resistance welding, was developed: impulse resistance welding (IRW). This 

process involves the application of discontinuous high-energy impulses [61].   

Figure 105 – Principle of dielectric welding  

Figure 106 – Principle of resistance welding 
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At Premium AEROTEC Paris Air Show (2019), a demonstrator for a plane in the Airbus 320 series was 

displayed (see Figure 107). The carbon fibre-reinforced thermoplastic (CFRP) components were joined by 

state-of-the-art resistance welding and presented the same mechanical properties as traditional versions of 

the pressure bulkhead, which are typically made of riveted aluminium components. However, the welded 

CFRP components lead to a 10-15% weight savings and a 50% reduction in production time [74].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Table 35 summarizes the most pertinent characteristics of the mentioned electromagnetic technique.

Figure 107 – 1:1 demonstrator of a thermoplastic carbon fibre-reinforced plastic (CFRP) welded pressure 
bulkhead for a single-aisle jetliner 
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Table 35 – Main characteristics of electromagnetic welding techniques 
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2.4.3. Thermal Welding 

2.4.3.1. Infrared Radiation Welding 

Infrared radiation welding is a contactless welding process; thus, contamination can be avoided. Its principle 

is represented in Figure 108 and it consists of heating the surfaces of the parts to be welded through infrared 

radiation, while pressure is applied. The heating source can be a tungsten filament line or an electrically 

heated metal plate. It is similar to hot plate welding, however, with this technique, welding times can be 

improved and low modulus materials can be welded [60], [61].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

2.4.3.2.  Laser Welding 

In laser welding, the parts to be joined are in direct contact with each other, when the laser beam (generally 

in the infrared area of the electromagnetic spectrum) is applied, in order to heat the absorbing material. This 

material is responsible for conducting the heat to the other material. Laser welding requires that one of the 

materials is transparent enough to be crossed by the laser radiation and the other must be absorbent 

enough to be heated up by the radiation – see Figure 109.  

This technique has the advantage of not generating vibrations and resulting in minimal weld flash. Also, it 

is suitable for high volume production, despite the welding time depending on the polymer matrix 

absorption power. The laser beam is controllable, which reduces the risk of distortion or damaged 

components and allows obtaining accurate and strong joints. It is worth mentioning that fibres in reinforced 

polymers may disrupt the transmission of the laser and, consequently, make the process inviable [60], [61], 

[75], [76].  

 
 
 
 
 
 
 
 
 

Figure 108 – Principle of infrared radiation welding 
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2.4.3.3.  Hot Gas Welding 

Hot gas welding is analogous to oxygas welding of metals and it is performed manually. As observed in 

Figure 110, a stream of gas (typically hot air) is responsible for melting or softening the polymer and a filler 

rod. The weld is achieved by melting the thermoplastic parts and the filler rod together. The filler rod is made 

of the same material as the parts to be joined. One of the main advantages of hot gas welding is that the 

equipment is portable. It is also suitable to join large and complex parts. Nevertheless, the process is slow 

and the weld quality is highly dependent on the operator skill [60], [61].  

 
 
 
 
 
 
 
 

  

Figure 110 – Principle of hot gas welding 

Figure 109 – Principle of laser welding 



 

115 
 

2.4.3.4. Hot Plate Welding 

Hot plate (or hot tool) welding is a simple and economical process that leads to strong welds. Figure 111 

displays the principle of hot plate welding. The parts to be joined are pressed to a hot plate, which is 

responsible for melting their surfaces. The hot tool is removed and the molten surfaces are then pressed 

together, in order to accomplish the welding process. Due to its mechanism, contamination can occur. In 

addition, the processing time for thick plates can be significantly increased (from seconds for small 

components to hours for large components). It is worth noting that for composite welding, higher pressure 

is required. Hot plate welding is used in the automotive industry and to join thermoplastic water and gas 

pipes. An example of a simple application of hot plate welding is shown in Figure 112 [60], [61].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
  

Figure 111 – Principle of hot plate welding 

Figure 112 – Car light welded using a heated tool 
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2.4.3.5.  Flash-free Welding 

Flash-free welding is a technique that does not produce any weld flash, since its principle is based on the 

constraint of the melt during the process. The absence of beads or flash mitigates the accumulation of 

contaminations or microorganisms and reduces the stress concentration in the joint area, resulting in 

higher integrity. The major drawbacks of this technology are the long welding cycles, as it relies on the heat 

conduction from the surface through the full thickness of the workpiece, and the maximum wall thickness 

restriction (~3mm). It is essentially used to join polymeric pipes, solid extrusions and sheets. Its principle is 

schematized in Figure 113 [77].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

The main properties of the aforementioned welding techniques are depicted in Table 36.  

Figure 113 – Flash-free welding  
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Table 36 – Main characteristics of thermal welding techniques 
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2.5. Hybrid Connections 

Hybrid connections are a combination of two or more fundamental processes (mechanical, chemical and 

physical connections), so they generally result in a synergy of the two (or more) parent processes. Figure 114 

shows different examples of hybrid connections. This is translated into better mechanical properties, such 

as fatigue performance. As observed in Figure 115, combining a drilled rivet joint and an adhesive can lead 

to an improvement in the fatigue life of the joint. In addition, as confirmed by the observation of Figure 116, 

using a hybrid joint can significantly enhance the static strength of the joint, compared to a simply bolted 

or bonded joint.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 115 – Fatigue performance improvement 

Figure 114 – Hybrid joints  
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The advantages and properties of hybrid connections depend essentially on the combined processes, thus 

the considered hybrid joining technologies were characterized on a similar basis to the other processes. 

Figure 117 shows the parameters taken into consideration, which include the materials to be joined, the joint 

properties, main applications, availability, cost, standardization, process chain and joint configurations.  

 
 
 
 
 

 
  

Figure 116 – Load-displacement behaviour of a hybrid bolted-bonded joint 

Figure 117 – Classification parameters for hybrid connections  
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2.5.1. Conventional Fasteners and Adhesives 

Due to the lack of design guidelines, adhesives use is yet constrained across diverse industries, as designers 

and engineers cannot always guarantee a high level of safety, especially in structural applications. Thus, 

adhesives are often combined with fasteners, resulting in hybrid bonded-bolted joints (HBB) – see Figure 

118. Typically, this results in better mechanical properties, such as a greater fatigue performance. In addition, 

the use of an adhesive enhances the joint corrosion resistance, since it also acts as a sealant. Table 37 gathers 

the most relevant information on bolted-bonded connections [51], [78], [79]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 118 – Hybrid bolted-bonded (HBB) connection 

Table 37 – Main characteristics of hybrid bolted-bonded connections 
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2.5.2. AdhFast® 

AdhFast® is a hybrid technology, developed by TWI, that combines fasteners and adhesives; nonetheless, it 

differs from HBB joints from an application mechanism point of view, once it involves injecting the adhesive 

through the middle of the fastener. It harvests the most relevant advantages of mechanical fastening and 

adhesive bonding, without requiring extensive operator skill, as its exposure to the adhesive is minimised. 

The bond line thickness is easily controlled because the volume of adhesive injected can be automatically 

controlled and monitored [80], [81]. In Table 38 are reunited the most relevant characteristics of such joining 

technology. According to the literature, AdhFast® is generally used to form lap joints (see Figure 9).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

Table 38 – Principal characteristics of AdhFast® technology 
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2.5.3. RivBonding 

This technology combines self-piercing riveting with adhesive bonding, leading to continuous joints with, 

generally, greater strength and higher stiffness. The adhesive is first applied to the joint and, subsequently, 

the rivet is pierced into the two adhesively bonded sheets. However, the cure of the adhesive normally occurs 

after the setting of the rivet. Table 39 displays the principal characteristics of the RivBonding technology. 

Regarding the joint configurations, the most common are lap joints [82]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

Table 39 – Principal characteristics of RivBonding 
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2.5.4. ClinchBonding 

As the name implies, ClinchBonding combines mechanical clinching and adhesive bonding. The adhesive 

is placed between the two sheets to be joined and, subsequently, the mechanical clinching process is 

performed. The joint is kept in place by mechanical interlocking and adhesion forces [83]. Table 40 shows 

the most relevant information related to ClinchBonding. Nonetheless, it is worth noting that the practical 

application of such technology is yet very limited. Due to equipment limitations, ClinchBonding is most 

applied to form lap joints (see Figure 9). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

Table 40 – Main characteristics of ClinchBonding 
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2.5.5. Rivet-Welding 

Rivet-weld hybrid joining results in a synergy between self-piercing riveting and resistance spot welding 

(RSW), as represented in Figure 119. This process was mainly developed to overcome issues related to the 

joining of dissimilar materials, however, there is a lack of information on its full applicability to join composite 

materials. Rivet-welding demands the use of a weldable rivet which is pierced through the top sheet. When 

the rivet pierces the bottom sheet, a current is applied, causing a local heat increase that melts the rivet and 

the bottom sheet. After cooling, the joint is formed by combining mechanical and physical interaction forces 

between the two sheets and rivet. In Table 41 are summarized the most relevant characteristics of Rivet-

Welding [84]. 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Rivet 

Resistance 

Welding 

Figure 119 – Rivet-Welding principle 

Table 41 – Main characteristics of Rivet-Welding technology 
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2.5.6. WeldBonding 

The basic principle of WeldBonding is based on the combination of a welding process and adhesive bonding 

(see Figure 120), resulting in a strong joint formed by chemical and physical forces. Hybrid welded-bonded 

joints can be achieved through two different approaches: 

▪ First, the adhesive is applied in the joint line and, subsequently, welds are produced along 
the bond line; 

▪ Second, the two parts to be joined are welded and, then, the adhesive is back-infiltrated 
into the voids between the welds.  

 
 
 
 
 
 

 

 

In Table 42 can be consulted the most relevant characteristics of WeldBonding processes, which typically 

rely on resistance spot welding or friction stir welding (FSW). In addition, the most applied joint 

configurations are essentially coincident with the ones presented for adhesive bonding (see Figure 62) [85], 

[86]. 

 

Weld 

Adhesive 

Figure 120 – Hybrid welded-bonded joint 
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 Table 42 – General characteristics of WeldBonding processes 
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2.6. Final remarks 

This document gathers the most relevant joining technologies to connect FRP composite materials. It was 

divided into four major groups - mechanical, chemical, physical and hybrid connections - based on the 

interaction forces involved.  

In the mechanical connections group, it was considered joining technologies that require the use of a 

supplemental device, such as bolted connections (including embedded and surface-bonded fasteners) and 

self-piercing riveted joints; and integral mechanical attachments processes, namely snap-fit, staking, 

clinching and hemming. A special subgroup was developed to include novel technologies such as non-

adhesive form locked joints, material surface modification processes, interlocking joining and filament 

winding as a joining technique.  

Regarding chemical connections, the mentioned adhesives were selected based on their compatibility with 

the composite substrate and the marine environment. Therefore, the down-selection includes epoxy, acrylic, 

polyurethane, phenolic, polyester, vinyl ester, polyimide, bismaleimide, polyamide, silicone and poly vinyl 

acetate. Overlamination, which is a specific adhesive bonding technique, was also characterized grounded 

on the pre-defined parameters of this benchmark. Within this topic, it was presented a brief introduction to 

dismantlable adhesives and methods to optimize the adhesively bonded joint efficiency.  

Welding techniques were divided into three major groups based on the heat source: frictional, 

electromagnetic and thermal. In the former group were listed the main characteristics of spin welding, 

vibration welding, ultrasonic welding, friction spot joining, friction stir welding and its variants. 

Subsequently, the electromagnetic welding techniques – induction welding, microwave welding, dielectric 

welding and resistive implant welding – were described within the defined parameters. At last, the thermal 

welding processes, which include infrared radiation welding, laser welding, hot gas welding, hot plate 

welding and flash-free welding, were characterized.  

The benchmark was concluded with hybrid connections, which comprise combining conventional fasteners 

and adhesive bonding, RivBonding, AdhFast® technology, ClinchBonding, ClinchRiveting and Rivet-

Welding.  

Despite the lack of information related to some technologies, each presented solution can be potentially 

used to join FRP composite materials or FRP composites to metals in extreme environmental conditions. A 

qualitative comparison between the three main connection types is presented in Table 43. In addition, 

Tables 44 and 45 establish a comparison between different joining technologies based on their process 

chain and general properties of the diverse processes, respectively.  
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Table 44 – General process chain of the main joining processes 

Table 43 – Qualitative comparison between bolted, adhesively bonded and welded joints in CFRP frames in 
aircraft structures 
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 Table 45 – Comparison between different joining processes  
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3. Evaluation and selection of applicable connections 

Taking into account the work presented in the last chapter, the first proposals of connections for the 

W2Power and Tidal Turbine Housing will now be presented and evaluated using selection matrices which 

will consider several parameters. Each proposal will be individually analysed not only in terms of advantages 

and disadvantages but also regarding its manufacturability and integration. This process of evaluating and 

selecting the applicable connections will be performed separately for the W2Power and Tidal Turbine 

platforms. 

 

3.1. W2Power platform  

From the analysis of the complete W2Power platform, it was possible to identify its associated connections 

groups:  

1. Tower to Column; 

2. Tower to Nacelle; 

3. Tower to Tower; 

4. Tube to Column; 

5. Tube to Tube. 

 
Figure 121 – W2Power platform connection’s groups 

 

The connections considered above are applied to connect the different modules and they will be designed 

taking into consideration the possibility of easy assembly of the modules (on-shore) and dismantling (for 

maintenance/inspection/end-of-life disposal operations).  

At this phase no redesign of the platform was done, therefore the geometry of the current W2Power 

platform (in steel) will be considered for both the real scale and prototype (scale 1:6). 
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Figure 122 – Main dimensions of the real scale W2Power tower (from RamSeries model).  
 

The main dimensions for these two scales are identified in Figure 122 and Table 46. 

Table 46 – Main dimensions of the real W2Power tower (real scale and prototype). 

 

For each of the connection groups previously identified, several options were considered, and for each 

option, a 3D model was developed for better visualization (while using preliminary design for 

manufacturing), followed by a concept of assembly, an analysis of its advantages and disadvantages as well 

as a definition of a possible process chain for its assembly. 

Followed are the presented proposals for each of these groups of connections. Because of their similarity, 

the Tower to Column and Tower to Nacelle concepts will be addressed as the same (“Top and Bottom Tower 

Connections”): 

3.1.1. Top and Bottom Tower Connections 

As already mentioned, and illustrated in Figure 123, these connections apply to both the top of the tower 

(tower to nacelle) and the bottom of the tower (tower to column). Then, the main concepts developed are 

presented. 

 Height of 
the tower 

Height of 
the 

column 

Ø of the 
column 

Ø of the 
tower at 

the 
bottom 

Ø of the 
tower at 
the top 

Angle 
between 

the axis of 
the tower 
and the 
vertical 

line 

Width of 
the 

platform 

Real Scale 66 m 23 m 9.0 m 6.1 m 4.0 m 15º 117 m 

1:6 Scale 11 m 3.8 m 1.5 m 1.02 m 0.67 m 15º 19.5 m 
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Figure 123 – Top and bottom tower connections 

3.1.1.1. Flange Connection – Option A 

This concept is illustrated in Figure 125 and uses a steel or FRP flange, bolted to the column/nacelle and to 

which the tower will then be bonded on its exterior surface. The assembly is illustrated in Figure 126 to 

Figure 128. 

 

Figure 124 – Flange connection (option A) 
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Figure 125 – Simplified assembly 
view (step 1) 

Figure 126 – Simplified assembly 
view (step 2) 

Figure 127 – Simplified assembly 
view (step 3) 

 

Although not illustrated in the figures above, a smaller thickness (taper) at the upper end of the flange can 

be made to minimize the stress concentrations in this area (Figure 128).  

 
Figure 128 – Detail of thickness variation for fewer stress concentrations 

 

And the main advantages and disadvantages are identified in Table 47.  

Table 47 – Advantages and disadvantages 

Advantages Disadvantages 

The flange can have different 
geometries (straight, tapered, stepped, 

etc.) 

Hindered accessibility to the bolts. On 
1:6 scale blind bolts (Figure 129) can be 

applied 

Enables disassembly (flange to flange) 
Connection between the tower and 

flange is permanent 

Tower is not subjected to high-stress 
concentration 

Dimension control of the inside surface 
of the tower for adhesive bonding 

 Different coefficients of thermal 
expansion (CTE) 

 Thixotropy of adhesive to be controlled 
(gravity does not help the application) 
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Figure 129 – Normal bolts and blind bolts 

 

A possible process chain for the manufacturing and assembly using this concept is the one illustrated in 

Figure 130.  

 
Figure 130 – Process chain 

 

3.1.1.2. Flange Connection – Option B 

This concept is illustrated in Figure 132 and uses a steel or FRP flange, bolted to the column/nacelle and to 

which the tower will then be bonded on its interior surface. The assembly is illustrated in Figure 133 to Figure 

135. 

 

Figure 131 – Flange connection (option B) 
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Figure 132 – Simplified assembly 
view (step 1) 

Figure 133 – Simplified assembly 
view (step 2) 

Figure 134 – Simplified assembly 
view (step 3) 

And the main advantages and disadvantages are identified in Table 48.  

Table 48 – Advantages and disadvantages 

Advantages Disadvantages 

The flange can have different geometries 
(straight, tapered, stepped, etc.) 

Hindered accessibility to the bolts. On 1:6 
scale blind bolts can be applied (Figure 

129) 

Allows an easy on-site assembly Connection between tower and flange is 
permanent 

Enables disassembly (flange to flange) 
Higher exposure of the adhesive to 

environmental conditions 

Tower is not subjected to high stress 
concentration 

Different coefficients of thermal 
expansion (CTE) 

 Thixotropy of adhesive to be controlled 
(gravity does not help the application) 

 

A possible process chain for the manufacturing and assembly using this concept is the one illustrated in 

Figure 135.  

 
Figure 135 – Process chain 

 

Regarding the materials of the flange, it can be done in either steel or FRP [87], which advantages and 

disadvantages, as well as possible manufacturing processes, are mentioned in Table 49. 
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Table 49 – Materials for flange connections 
 

Flange Material 
 

FRP Steel 

  

 

Advantages 
Less susceptibility to corrosion 

Same material as the FRP tower 
(similar CTE, easier bonding) 

More common manufacturing 

Disadvantages 
Load dispersion around the holes 

Risk of voids at the 90º angles 
Drilling may lead to damage 

More susceptibility to corrosion 
Dissimilar material from the FRP 

tower (different CTE) 

Manufacturing 
Process 

Infusion, RTM, Hand Lay-up Casting, Welding 

 

And an example of its possible fabrication [87] is illustrated in Table 50: 

Table 50 – Example of manufacturing of a FRP flange 

Example of manufacturing of a FRP Flange 

Mould Setup Result 
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3.1.1.3. Flange Connection – Option C 

This concept is illustrated in Figure 137 and uses a steel or FRP flange (an integral part of the module), bolted 

to the column/nacelle and to which the tower will then be bonded on its exterior surface. The assembly is 

illustrated in Figure 138 to Figure 140. 

 

Figure 136 – Flange connection (option C) 
 

   

Figure 137 – Simplified assembly 
view (step 1) 

Figure 138 – Simplified assembly 
view (step 2) 

Figure 139 – Simplified assembly 
view (step 3) 

 

And the main advantages and disadvantages are identified in   
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Table 51.  
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Table 51 – Advantages and disadvantages 

Advantages Disadvantages 

Allows an easy assembly 
Hindered accessibility to the bolts. On 

1:6 scale blind bolts can be applied 
(Figure 129) 

Enables disassembly (flange to 
flange) 

The connection between tower and 
flange is permanent 

Half flange and half tower are a single 
part 

Introduction of high stresses in the 
composite around the holes 

 

A possible process chain for the manufacturing and assembly using this concept is the one illustrated in 

Figure 140.  

 

Figure 140 – Process chain 
 

3.1.1.4. Flange Connection FibreFlex based – Option A 

The idea for this concept came from the fibre-reinforced cable protection solution called FibreFlexTM [88] 

[89] (Figure 141). This high-performance protection system for subsea power cables in the offshore wind 

sector has a glass fibre lattice, which reinforces an elastomeric polyurethane matrix and mechanically locks 

into each segment’s end stainless steel connectors [89]. 

 

Figure 141 – FibreFlex™ cable protection system [88][89] 
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Figure 142 – Flange connection FibreFlex based (option C) 
 

This concept is illustrated in Figure 142 and uses a FRP or steel ring to which the flange with reinforcing FRP 

lattice (welded or riveted) is bolted. The main advantages and disadvantages are identified in Table 52.  

Table 52 – Advantages and disadvantages 

Advantages Disadvantages 

Allows an easy assembly 
Hindered accessibility to the bolts. On 

1:6 scale blind bolts can be applied 
(Figure 129) 

Enables disassembly (flange to 
flange) 

The connection between the tower 
and flange is permanent 

Tower is not subjected to high-stress 
concentration 

Weight penalty (compared to 
previous flange solutions) 

Potential to have better fatigue and 
creep performance 

Need for extra joining technologies 
(welding or riveting) 

Reinforcement of the connection 
area of the FRP tower 

Different coefficients of thermal 
expansion (CTE) 

 

A possible process chain for the manufacturing and assembly using this concept is the one illustrated in 

Figure 143.  
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Figure 143 – Process chain  

 

3.1.1.5. Flange Connection FibreFlex based – Option B 

 
Figure 144 – Flange Connection FibreFlex based (option B)  

 

This concept is illustrated in Figure 144 and uses two FRP or steel half-rings to which the flange with 

reinforcing FRP lattice (embedded in the flange) is bolted. The main advantages and disadvantages are 

identified in Table 53.  
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Table 53 – Advantages and disadvantages 

Advantages Disadvantages 

Allows an easy assembly 
Hindered accessibility to the bolts. On 

1:6 scale blind bolts can be applied 
(Figure 129) 

Enables disassembly (flange to flange) 
Connection between the tower and 

flange is permanent 

Tower is not subjected to high stress 
concentration 

Weight penalty (compared to previous 
flange solutions) 

Potential to have a better fatigue and 
creep performance 

Need for fixtures or snap-fits to 
guarantee the correct position of the 

flange 

Reinforcement of the connection area 
of the FRP tower 

Different coefficients of thermal 
expansion (CTE) 

Half flange and half tower are a single 
part 

 

 

A possible process chain for the manufacture and assembly using this concept is the one illustrated in Figure 

145. 

 
Figure 145 – Process chain  

 

3.1.1.6. Sleeve Connection – Option A 

This concept is illustrated in Figure 147 and consists of an internal steel sleeve and bolting the tower to the 

column/nacelle.  The assembly is illustrated in Figure 148 to Figure 150. 

 
Figure 146 – Sleeve connection (option A) 
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Figure 147 – Simplified 
assembly view (step 1) 

Figure 148 – Simplified assembly 
view (step 2) 

Figure 149 – Simplified 
assembly view (step 3) 

 

And the main advantages and disadvantages are identified in Table 54.  

Table 54 – Advantages and disadvantages 

Advantages Disadvantages 

Possible assembly on-site Stress concentrations on the FRP 
tower (bolt holes) 

Possible disassembly 
Hindered accessibility to the bolts. On 

1:6 scale blind bolts can be applied 
(Figure 129) 

No adhesives 
Dimension control of the inside 

surface of the tower 

Easier to manufacture the ring versus 
the flange 

Drilling and mounting alignment 
might be quite complicated 

 
Gap between metallic sleeve and the 

composite tower must be carefully 
controlled 

 

A possible process chain for the manufacturing and assembly using this concept is the one illustrated in 

Figure 150.  

 
Figure 150 – Process chain 
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3.1.1.7. Sleeve Connection – Option B 

This concept is illustrated in Figure 152 and consists of an internal and external steel sleeves and bolting the 

tower to the column/nacelle.  The assembly is illustrated in Figure 153 to Figure 155. 

 
Figure 151 – Sleeve connection (option B) 

 

   

Figure 152 – Simplified assembly 
view (step 1) 

Figure 153 – Simplified assembly 
view (step 2) 

Figure 154 – Simplified 
assembly view (step 3) 

 
 

And the main advantages and disadvantages are identified in Table 55.  
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Table 55 – Advantages and disadvantages 

Advantages Disadvantages 

Possible assembly on-site 
Stress concentrations on the FRP 

tower (bolt holes) 

Possible disassembly 
Hindered accessibility to the bolts. On 

1:6 scale blind bolts can be applied 
(Figure 129) 

No adhesives 
Dimension control of the inside 

surface of the tower 

Easier to manufacture the ring versus 
the flange 

Drilling and mounting alignment 
might be quite complicated 

External sleeve helps distributing the 
stress concentration around the bolt 

holes 

Gap between metallic sleeve and the 
composite tower must be carefully 

controlled 

 

A possible process chain for the manufacturing and assembly using this concept is the one illustrated in 

Figure 155. 

 
Figure 155 – Process chain 

 

3.1.1.8. T-bolt or “IKEA” Connection 

This concept, based on the T-bolts or “IKEA” connection commonly used to connect the wind blades to the 

hub, is illustrated in Figure 158. The assembly is illustrated in Figure 159 to Figure 161. 

 
Figure 156 – T-bolts used to connect the blade to the hub  
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Figure 157 – T-bolt or “IKEA” connection 

 

   

Figure 158 – Simplified assembly view 
(step 1) 

Figure 159 – Simplified 
assembly view (step 2) 

Figure 160 – Simplified 
assembly view (step 3) 

And the main advantages and disadvantages are identified in Table 56.  

Table 56 – Advantages and disadvantages 

Advantages Disadvantages 

Possible assembly on-site 
Increase of material usage in the 

connection area 

Possible disassembly 
Introduction of high stresses in the 

composite around the T-bolt 

No adhesives 
Hindered accessibility to the bolts. 

On 1:6 scale blind bolts can be 
applied (Figure 129) 

The fittings can have different 
geometries (e.g. inserts) 

Design parameters (bolt tension, 
barrelnut diameter, bearing strength, 

etc.) may be difficult to define 

Weight savings in comparison with 
previous solutions 
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A possible process chain for the manufacturing and assembly using this concept is the one illustrated in 

Figure 161.  

 
Figure 161 – Process chain 

 

3.1.2. Tower to Tower Connection 

As illustrated in Figure 162, this connection applies to the joining of the different modules of the tower. 

 

Figure 162 – Tower to tower connection 
 

3.1.2.1. External Flange Connection 

The first concept consists of an external flange connection (one in which module of the tower) and bolted 

together. As illustrated in Figure 163, and similarly to what was presented for the bottom and upper 

connections, the tower can be either placed outside of the flange (bonded), inside of the flange (bonded), or 

using the reinforcing lattice (welded or riveted as in the FibreFlexTM concept). 

Although it is a simple and effective way to connect the different parts of the FRP tower, it may not be 

recommendable as it can generate a disruption in the tower geometry and consequently affect 

aerodynamics. 
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Figure 163 – External flange connection  
 

3.1.2.2. Internal Flange Connection 

On the other hand, an interior flange (Figure 164) can reduce the negative impact on aerodynamics. 

However, it is worth noting that the second option (in the middle of Figure 164, with part of the flange 

exposed) is much more susceptible to the effect of environmental conditions than the other solutions.  

 
Figure 164 – Internal flange connection 
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3.1.2.3. Sleeve connection 

A sleeve connection (Figure 165) can also be a good solution, however, it can lead to lower aerodynamic 

performance and cause visual impact. 

 
Figure 165 – Sleeve connection 

 

3.1.2.4. Adhesively Bonded Connection 

This concept is illustrated in Figure 167 and Figure 168 and consists in overlapping the tower modules 

(different diameters) and bonding them. The main advantages and disadvantages are identified in Table 57. 

  

Figure 166 – Adhesively bonded connection Figure 167 – Adhesively bonded connection 
(bondline) 
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Table 57 – Advantages and disadvantages 

Advantages Disadvantages 

Tower is not subjected to high-stress 
concentration 

Requires surface pre-treatment, 
fixtures, tools and a controlled 

environment 

Weight savings in comparison with 
previous solutions 

Impossible disassembly without 
damaging the structure 

Better aerodynamics and 
hydrodynamics compared to 

previous solutions 

Dimension control of the inside 
surface of the tower for adhesive 

bonding 

 Exposure of the adhesive to 
environmental conditions 

 

A possible process chain for the manufacturing and assembly using this concept is the one illustrated in 

Figure 168.  

 
Figure 168 – Process chain 

 

And the most suitable adhesive families for this application are the ones mentioned in Figure 169. 

 
Figure 169 – Most suitable adhesive families 

 
 
 

3.1.2.5. Hybrid Adhesively Bonded Connection 

This concept, illustrated in Figure 171, is similar to the previous but besides bonding the tower modules, it 

also uses bolts that go through the adherends and the adhesive, acting as redundancy and giving extra 

strength, especially under peeling stresses.  The main advantages and disadvantages are identified in Table 

58. 



 

151 
 

 
Figure 170 – Hybrid adhesively bonded connection 

 

Table 58 – Advantages and disadvantages 

Advantages Disadvantages 

Tower is not subjected to high-stress 
concentration 

Requires surface pre-treatment, fixtures and 
tools 

Allows an easy on-site assembly 
Impossible disassembly without damaging 

the structure 

Better mechanical properties, more stability 
and safety in comparison to the previous 

solution 

Dimension control of the inside surface of 
the tower for adhesive bonding 

 Exposure of the adhesive to environmental 
conditions 

 
Might be needed the use of a sleeve or 
insert in order to minimize the damage 

caused by the drilled holes in the composite 

 
Insertion of bolts must be carefully done in 
order to avoid the formation of air bubbles 

in the adhesive layer 

 

A possible process chain for the manufacture and assembly using this concept is the one illustrated in Figure 

171.  
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Figure 171 – Process chain 

 

And the most suitable adhesive families for this application are again the ones mentioned in Figure 172. 

 
Figure 172 – Most suitable adhesive families 

 

3.1.2.6. Slotted Connection – Option A 

This concept is illustrated in Figure 174 and uses a slotted connection that is then bolted using bolts and 

nuts from the inside. The main advantages and disadvantages are identified in Table 59. 

 
Figure 173 – Slotted connection (option A) 
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Table 59 – Advantages and disadvantages 

Advantages Disadvantages 

No extra parts required 
Poor load distribution in the area of 

the bolt 

Allows an easy* on-site assembly 
Bolt clamping will damage the 

composites part when bolted directly 

Good aesthetics Localized stress concentration 

 Locking only by friction in the nut 
contact surface 

 Bolts place in single shear 

 
Slotting the composite breaks fibre 

continuity and promotes crack 
formation and propagation 

        *Requires access from the inside to secure the nuts 

A possible process chain for the manufacturing and assembly using this concept is the one illustrated in 

Figure 174.  

 
Figure 174 – Process chain 
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3.1.2.7. Slotted Connection – Option B 

This concept, illustrated in Figure 176, is similar to the previous one and uses a slotted connection with 

clamping plates using bolts and nuts. The main advantages and disadvantages are identified in Table 60. 

 

Figure 175 – Slotted connection (option B) 
 

Table 60 – Advantages and disadvantages 

Advantages Disadvantages 

No extra parts required Poor load distribution in the bolts area 

Allows an easy* on-site assembly 
Bolt clamping will damage the 

composites part 

 Localized stress concentration 

 Bolts place in single shear 

 Load transfer only by friction between 
composites 

 
Slotting the composite breaks fibre 

continuity and promotes crack formation 
and propagation 

*Nuts welded to the internal clamping plate allow for easier installation than previous  
solution, but still requiring internal access for positioning. 
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A possible process chain for the manufacture and assembly using this concept is the one illustrated in Figure 

176.  

 
Figure 176 – Process chain  

 

3.1.2.8. Slotted Connection w/ Sleeve – Option C 

This concept is illustrated in Figure 178 and differs from the previous by also using a metallic sleeve (inner 

and outer) bonded to the tower. The main advantages and disadvantages are identified in Table 61. 

 
Figure 177 – Slotted connection with sleeve (option C)  
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Table 61 – Advantages and disadvantages 

Advantages Disadvantages 

Allows an easy on-site assembly 
Poor load distribution in the bolts 

area. 

Good load distribution 
Increased weight due to the metal 

sleeves 

No damage caused by the bolts in 
the composite structure 

Bolts place in single shear. 

Improved aesthetics Load transfer only by friction 
between the metallic sleeves 

Simplified manufacture of the 
composite tower 

Different coefficients of thermal 
expansion (CTE) 

 

A possible process chain for the manufacturing and assembly using this concept is the one illustrated in 

Figure 178.  

 
Figure 178 – Process chain  

 
 

3.1.3. Tube to Column Connection 

As illustrated in Figure 179, this connection applies to the joining of the tubes to the columns. 

 

Figure 179 – Tube to column connection 
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3.1.3.1. Adapter Flange – Option A 

This concept is illustrated in Figure 181 and uses an adapter flange bonded to the inside of the column; and 

the tube is bonded to the inside of the flange. The main advantages and disadvantages are identified in 

Table 62. 

 
Figure 180 – Adapter flange (option A) 

 

Table 62 – Advantages and disadvantages 

Advantages Disadvantages 

No added weight (without bolts) 
Impossible disassembly without 

damaging the structure 

No stress concentration spots 
Exposure of the adhesive to 

environmental conditions (mainly on 
the tube connection) 

 Requires surface preparation on the 
connection areas 

 
For the vertical bonding flange: 

tensile load on the horizontal tube is 
not a problem, however compression 

will generate peel on bonding 
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A possible process chain for the manufacturing and assembly using this concept is the one illustrated in 

Figure 181.  

 
Figure 181 – Process chain 

 

3.1.3.2. Adapter Flange – Option B 

This concept is illustrated in Figure 183 and uses an adapter flange bonded to the inside of the column; and 

the tube is bonded to the outside of the flange. The main advantages and disadvantages are identified in 

Table 63. 

 
Figure 182 – Adapter flange (option B)  

 

 

 

 



 

159 
 

Table 63 – Advantages and disadvantages 

Advantages Disadvantages 

No added weight (without bolts) 
Impossible disassembly without damaging 

the structure 

No stress concentration spots 
Exposure of the adhesive to environmental 
conditions (mainly on the tube connection) 

 Requires surface preparation on the 
connection areas 

 
For the vertical bonding flange: tensile load 

on the horizontal tube is not a problem, 
however compression will generate peel on 

bonding 
 

A possible process chain for the manufacturing and assembly using this concept is the one illustrated in 

Figure 183.  

 
Figure 183 – Process chain 

 

3.1.3.3. Overlamination – Option A 

This concept is illustrated in Figure 185 and consists in overlaminating fibres between the tube and the 

column. Structural adhesive can be placed as a filler between the radius created by fibres bridging. The main 

advantages and disadvantages are identified in Table 64. 

 
Figure 184 – Overlamination (option A) 
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Table 64 – Advantages and disadvantages 

Advantages Disadvantages 

Structural continuity 
Need for structural adhesive to fill the 

gap 

Simple and less expensive moulds 
and tools 

Possibility of air bubbles entrapment 
between layers 

FRP products are not limited by size 
or shape 

Final quality depends on the operator 
experience, environmental conditions 

and type of materials used 

Proved success in the maritime and 
offshore industries 

Specialized manual labour required 

Applicability on-site 
Without an inner laminate, peel effect 

might occur 

Good load dispersion  

 

A possible process chain for the manufacturing and assembly using this concept is the one illustrated in 

Figure 185.  

 
Figure 185 – Process chain 

 
 

3.1.3.4. Overlamination – Option B 

 
Figure 186 – Overlamination (option B)  

 

This concept is illustrated in Figure 186 and differs from the previous by also overlaminating fibres on the 

inside of the column between the extension of the tube and the column, giving extra support and strength, 

especially under flexion of the tube. The main advantages and disadvantages are identified in   
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Table 65.  
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Table 65 – Advantages and disadvantages 

Advantages Disadvantages 

Structural continuity 
Need for structural adhesive to fill 

the gap 

Simple and less expensive moulds 
and tools 

Possibility of air bubbles 
entrapment between layers 

FRP products are not limited by 
size or shape 

Final quality depends on the 
operator experience, 

environmental conditions and type 
of materials used 

Proved success in the maritime and 
offshore industries 

Specialized manual labour required 

Applicability on-site Increased material usage 

Improved load dispersion  

 

A possible process chain for the manufacturing and assembly using this concept is the one illustrated in 

Figure 187.   

 
Figure 187 – Process chain 

 
 

3.1.4. Tube to Tube Connection 

As illustrated in Figure 188, this connection applies to the between the tubes of the base structure. 

 

Figure 188 – Tube to tube connection 
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3.1.4.1. Hand Lay Up/Overlamination 

This concept is illustrated in Figure 190 and consists of hand laying (overlaminating) a patch of fibre (prepreg 

or dried for posterior impregnation) around the tube. As before, the “empty” fillet radius can be filled with 

structural adhesive. A representation of the laid-up layers (scarfed for better stress distribution) is illustrated 

in Figure 191. 

 

Figure 189 – Hand lay-up/overlamination  
 

 
Figure 190 – Possible distribution of layers with scarfed layup 
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The main advantages and disadvantages are identified in Table 66. 

Table 66 – Advantages and disadvantages 

Advantages Disadvantages 

Structural continuity 
Need for structural adhesive to fill 

the gap 

Simple and less expensive moulds 
and tools 

Possibility of air bubbles 
entrapment between layers 

FRP products are not limited by 
size or shape 

Final quality depends on the 
operator experience, 

environmental conditions and type 
of materials used 

 
Proved success in the maritime 

and offshore industries 

Depending on the applied loads, 
out of plane shear must be 

anticipated on the largest tube, if 
no reinforcement is provided in the 

smallest one 

Applicability on-site  

 

A possible process chain for the manufacture and assembly using this concept is the one illustrated in Figure 

191.   

 
Figure 191 – Process chain  

 

3.1.4.2. Filament Winding 

This concept is illustrated in Figure 193 (as an example) and uses the process of filament winding to wound 

the fibres around the tubes. The main advantages and disadvantages are identified in Table 67. 

 
Figure 192 – Filament winding 
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Table 67 – Advantages and disadvantages 

Advantages Disadvantages 

Automated process Requires specific equipment 

Resin content can be controlled Poor external finishing 

Very good mechanical properties 
can be achieved 

Requires the use of low viscosity 
resin 

 Alignment of the fibres can be 
difficult 

 Limited by the dimensions of the 
equipment 

 

A possible process chain for the manufacture and assembly using this concept is the one illustrated in Figure 

193. 

 
Figure 193 – Process chain  

 

3.1.4.3. Sleeve Connection 

This concept is illustrated in Figure 195 and uses a FRP or steel sleeve divided in two halves and bolted 

together. Additionally, adhesive can be put between the sleeve and the tubes. In case the sleeve is made in 

FRP, 90º angles (as illustrated) cannot be achieved and there will be a small radius. There are several 

examples of application of this type of connection in the literature [90], [91]. 
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Figure 194 – Sleeve connection 

  
The main advantages and disadvantages are identified in Table 68. 

Table 68 – Advantages and disadvantages 

Advantages Disadvantages 

Easy assembly 
Requires surface pre-treatment, 
fixtures, tools and a controlled 

environment 

The adhesive layer is more protected 
from the harsh environment 

Impossible disassembly without 
damaging the structure, unless a 

reversible adhesive is used 

 

A possible process chain for the manufacture and assembly using this concept is the one illustrated in Figure 

195.  

 
Figure 195 – Process chain 
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3.1.5. Selection matrix 

All of the previously presented concepts were evaluated using a selection matrix in order to select the most 

suitable one for each application. The following parameters were considered and weighted: Manufacturing 

complexity (13%); Enables the use of coatings (8%); Ease of assembly on-site (automation of assembly and 

accessibility) (10%); Portability (2%); Ease of disassembly/replacement (10%); Structural efficiency (9%); Stress 

concentration (10%); Fatigue life (12%); Resistance to environmental conditions (5%); Visual Impact (2%); 

Aerodynamics (2%); Potential to apply the solution on larger scales (10%); Cost and availability (5%); Weight 

penalty (2%). 

The final matrices can be seen in the next pages and were made for both the real scale and prototype (scale 

1:6) demonstrators for the top and bottom connections of the tower. Since only the tower will be built on a 

prototype-scale, only the real scale was evaluated for the other group of connections (tower to tower, tube 

to column and tube to tube).  
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3.1.5.1. Top and Bottom Tower Connections (Real Scale) 

 

 

 

  

Flange Joint - Option A Flange Joint - Option B Flange Joint - Option C Flange Joint - Fibreflex Sleeve Joint - Option A Sleeve Joint -Option B T-bolt or “IKEA” Connection

#1 #2 #3 #4 #5 #6 #7

Parameters Weightning

Manufacturing complexity 13% 3 3 3 2 4 4 4

Enables the use of coatings 8% 3 3 3 5 4 4 5

Ease of assembly  on-site 

(automation of assembly and 

accessibil ity)

10% 3 3 4 2 2 2 3

Portability 2% 3 3 3 2 3 3 3

Ease of disassembly / 

replacement
10% 4 4 4 2 4 4 4

Structural efficiency 9% 3 3 4 3 4 4 4

Stress concentration 10% 4 4 4 3 3 3 4

Fatigue life 12% 4 4 4 3 4 4 4

Resistance to environmental 

conditions
5% 3 4 4 4 3 3 3

Visual Impact 2% 3 4 4 4 4 4 5

Aerodynamics 2% 2 2 2 3 3 3 5

Potential to apply the solution 

on larger scales
10% 4 4 3 2 4 4 5

Cost and availability 5% 4 4 3 2 4 3 5

Weight penalty 2% 3 3 4 3 4 4 4

3.45 3.52 3.58 2.73 3.61 3.56 4.10

100% Real scale

Manufacturing 13% 100% 1 2 3 4 5

Assembly 30% Extremely bad Bad Fair Good Excellent

In-Situ Application 40%

Others 17%

Final score

Relevance levels

Fibregy                                                                        
Task 2.3. Connections in OWTP Platforms 

(Subtask 2.3.2.)

Solutions for connections to be potentially applied in the tower of the W2Power Demonstrator
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3.1.5.2. Top and Bottom Tower Connections (Prototype Scale) 

  

Flange Joint - Option A Flange Joint - Option B Flange Joint - Option C Flange Joint - Fibreflex Sleeve Joint - Option A Sleeve Joint -Option B T-bolt or “IKEA” Connection

#1 #2 #3 #4 #5 #6 #7

Parameters Weightning

Manufacturing complexity 13% 3 3 3 2 4 4 2

Enables the use of coatings 8% 3 3 3 5 4 4 5

Ease of assembly  on-site 

(automation of assembly and 

accessibil ity)

10% 3 3 4 2 3 3 3

Portability 2% 3 3 3 2 3 3 2

Ease of disassembly / 

replacement
10% 4 4 4 2 4 4 3

Structural efficiency 9% 3 3 4 3 4 4 4

Stress concentration 10% 4 4 4 3 3 3 4

Fatigue life 12% 4 4 4 3 4 4 4

Resistance to environmental 

conditions
5% 3 4 4 4 3 3 3

Visual Impact 2% 3 4 4 4 4 4 5

Aerodynamics 2% 2 2 2 3 3 3 5

Potential to apply the solution 

on larger scales
10% 4 4 3 2 4 4 5

Cost and availability 5% 4 4 3 2 4 3 3

Weight penalty 2% 3 3 4 3 4 4 4

3.45 3.52 3.58 2.73 3.71 3.66 3.62

100% Prototype

Manufacturing 13% 100% 1 2 3 4 5

Assembly 30% Extremely bad Bad Fair Good Excellent

In-Situ Application 40%

Others 17%

Solutions for connections to be potentially applied in the tower of the W2Power Demonstrator

Final score

Relevance levels

Fibregy                                                                        
Task 2.3. Connections in OWTP Platforms 

(Subtask 2.3.2.)



 

170 
 

3.1.5.3. Tower to Tower Connection (Real Scale) 

  

Flange Joint - Option A Flange Joint - Option B Flange Joint - Option C Flange Joint - Fibreflex Bonded Joint - Option A Bonded Joint - Option B Slotted Joint - Option A Slotted Joint - Option B Slotted Joint - Option C

#1 #2 #3 #4 #5 #6 #7 #8 #9

Parameters Weightning

Manufacturing complexity 13% 3 3 2 2 4 4 2 2 2

Enables the use of coatings 8% 3 3 3 3 5 5 3 3 3

Ease of assembly  on-site 

(automation of assembly and 

accessibil ity)

10% 4 4 4 3 2 2 4 4 4

Portability 2% 4 4 4 3 3 3 3 3 3

Ease of disassembly / 

replacement
10% 5 5 5 4 2 2 3 3 3

Structural efficiency 9% 2 2 3 2 4 5 3 3 3

Stress concentration 10% 3 3 4 3 5 5 3 3 3

Fatigue life 12% 3 3 3 3 4 5 3 3 3

Resistance to environmental 

conditions
5% 4 4 4 3 4 4 3 3 3

Visual Impact 2% 3 2 3 3 5 4 2 1 2

Aerodynamics 2% 3 3 3 3 5 5 3 3 3

Potential to apply the solution 

on larger scales
10% 4 4 4 3 5 5 4 4 4

Cost and availability 5% 4 4 3 2 4 4 4 3 4

Weight penalty 2% 3 3 4 3 4 4 3 3 2

3.43 3.41 3.46 2.83 3.90 4.09 3.10 3.03 3.08

100%

Real Scale (Prototype does not need this 

connection)

Manufacturing 13% 100% 1 2 3 4 5

Assembly 30% Extremely bad Bad Fair Good Excellent

In-Situ Application 40%

Others 17%

Solutions for connections to be potentially applied in the tower of the W2Power Demonstrator

Final score

Relevance levels

Fibregy                                                                        
Task 2.3. Connections in OWTP Platforms 

(Subtask 2.3.2.)
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3.1.5.4. Tube to Column Connection (Real Scale) 

  

Adapter Flange - Option A Adapter Flange - Option B Overlamination - Option A Overlamination - Option B

#1 #2 #3 #4

Parameters Weightning

Manufacturing complexity 13% 4 4 3 3

Enables the use of coatings 8% 4 4 4 4

Ease of assembly  on-site 

(automation of assembly and 

accessibil ity)

10% 3 3 3 3

Portability 2% 3 3 3 3

Ease of disassembly / 

replacement
10% 2 2 2 2

Structural efficiency 9% 2 2 3 4

Stress concentration 10% 2 2 3 4

Fatigue life 12% 2 2 4 4

Resistance to environmental 

conditions
5% 3 3 3 3

Visual Impact 2% 2 2 4 4

Aerodynamics 2% 4 4 4 4

Potential to apply the solution 

on larger scales
10% 4 4 4 4

Cost and availability 5% 4 4 3 3

Weight penalty 2% 4 4 4 4

2.97 2.97 3.26 3.45

100% Prototype and Real Scale

Manufacturing 13% 100% 1 2 3 4 5

Assembly 30% Extremely bad Bad Fair Good Excellent

In-Situ Application 40%

Others 17%

Final score

Relevance levels

Fibregy                                                                        
Task 2.3. Connections in OWTP Platforms 

(Subtask 2.3.2.)

Solutions for connections to be potentially applied in the tower of the W2Power Demonstrator
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3.1.5.5. Tube to Tube Connection (Real Scale) 

 

Hand Lay up Sleeve Joint

#1 #2

Parameters Weightning

Manufacturing complexity 13% 4 2

Enables the use of coatings 8% 4 3

Ease of assembly  on-site 

(automation of assembly and 

accessibil ity)

10% 3 5

Portability 2% 2 4

Ease of disassembly / 

replacement
10% 3 4

Structural efficiency 9% 4 2

Stress concentration 10% 4 2

Fatigue life 12% 4 2

Resistance to environmental 

conditions
5% 5 3

Visual Impact 2% 5 2

Aerodynamics 2% 4 3

Potential to apply the solution 

on larger scales
10% 4 3

Cost and availability 5% 3 4

Weight penalty 2% 4 3

3.78 2.91

100% Prototype and Real Scale

Manufacturing 13% 100% 1 2 3 4 5

Assembly 30% Extremely bad Bad Fair Good Excellent

In-Situ Application 40%

Others 17%

Final score

Relevance levels

Fibregy                                                                        
Task 2.3. Connections in OWTP Platforms 

(Subtask 2.3.2.)

Solutions for connections to be potentially applied in the tower of the W2Power Demonstrator
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3.2. Tidal Turbine Housing 

From the analysis of the complete Tidal Turbine Housing it was possible to identify the main associated 

connection (Figure 196): 

1. Main Body to AFT Cover; 

 

Figure 196 – Tidal Turbine Housing connection group 
 

The Main Body and AFT Cover will be made by Towpreg Winding from a single-cylinder piece that will be 

cut into these two parts represented by two different shades of blue. 

The main dimensions for real scale and demonstrator of both the turbine and turbine housing are identified 

in Table 69. 

Table 69 – Main dimensions for the turbine and turbine housing 
 

 

 

 
 

  

 Ø of the 
housing 

Length of the 
housing 

Demonstrator 790 mm 750.98 mm 
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In the following sections, follows some possible solutions for this connection of the Main Body to the AFT 

Cover, as well as a proposed assembly and manufacturing sequence for each and its respective advantages 

and disadvantages. 

3.2.1. External Flange with outside placement 

 

 

Figure 197 – External flange connection 
 

 

Figure 198 – Simplified Assembly view (step 1) 

 

Figure 199 – Simplified Assembly view (step 2) 

 

Figure 200 – Simplified Assembly view (step 3) 
 

And the main advantages and disadvantages are identified in   
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Table 70.  
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Table 70 – Advantages and disadvantages 

Advantages Disadvantages 

The flange can have different geometries 
(straight, tapered, stepped, etc.) 

Requires gasket to prevent leakage 

Enables disassembly (flange to flange) 
Permanent bond between the Main 

Body/AFT cover and its respective flange 

Allows an easy on-site assembly  Dimension control of the outside surface 
of the housing for adhesive bonding 

Easier serviceability on the turbine Different coefficients of thermal 
expansion (CTE) 

 Thixotropy of adhesive to be controlled 
(gravity does not help the application) 

 
Corrosion (depending on the material 
selection for the flange and bolts/nuts) 

 

A possible process chain for the manufacturing and assembly using this concept is the one illustrated in 

Figure 201. 

 

Figure 201 – Process chain 
 

3.2.2. External Flange with inside placement 

The previous external flange can also be adapted, so that the flange is bonded in the inside surface of the 

housing instead. The result is as shown in Figure 202. The respective proposed sequence of assembly is as 

shown in Figure 203 to Figure 205. 

 

 

Figure 202 – External flange with flange bonded on the inside of the housing 
 

Main Body and AFT 
Cover, flanges, 

fairings and studs
manufacturing

Edge triming and 
surface 

preparation prior 
to bonding

Bonding: AFT cover to 
studs; AFT Cover/Main 

body to respective flange

Assembly to 
housing
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Figure 203 – Simplified Assembly view (step 1) 

 

Figure 204 – Simplified Assembly view (step 2) 

 

Figure 205 – Simplified Assembly view (step 3) 

 

And the main advantages and disadvantages are identified in Table 71.  

Table 71 – Advantages and disadvantages 

Advantages Disadvantages 

The flange can have different 
geometries (straight, tapered, stepped, 

etc.) 
Requires gasket to prevent leakage 

Enables disassembly (flange to flange) 
Permanent Connection between the 

Main Body/AFT cover and its respective 
flange 

Allows an easy on-site assembly  
Dimension control of the outside 

surface of the cylinder for adhesive 
bonding 

Cleaner look from the outside 
Different coefficients of thermal 

expansion (CTE) 

Easier serviceability on the turbine 
Thixotropy of adhesive to be controlled 
(gravity does not help the application) 

 
Corrosion (depending on the material 
selection for the flange and bolts/nuts) 

 

A possible process chain for the manufacturing and assembly using this concept is the one illustrated in 

Figure 206. 

 

Figure 206 – Process chain 

Main Body and AFT 
Cover, flanges, 

fairings and studs
manufacturing

Cutting of the cylinder 
into Main Body and 

AFT Cover. Light 
sanding of inside 

surface for bonding

Bonding: AFT cover to 
studs; AFT Cover/Main 

body to respective flange

Assembly to 
housing
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3.2.3. Internal Flange 

The flange connection can also be considered to be internal as shown in Figure 207. The respective proposed 

sequence of assembly is as shown in Figure 208 to Figure 210.  

 

 

Figure 207 - Internal Flange Connection 
 

 

Figure 208 – Simplified Assembly view (step 1) 

 

Figure 209 – Simplified Assembly view (step 2) 

 

Figure 210 – Simplified Assembly view (step 3) 

 

And the main advantages and disadvantages are identified in   
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Table 72. 
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Table 72 – Advantages and disadvantages 

Advantages Disadvantages 

The flange can have different 
geometries (straight, tapered, stepped, 

etc.) 
Requires gasket to prevent leakage 

Enables disassembly (flange to flange) 
Permanent Connection between the 

Main Body/AFT cover and its respective 
flange 

 
Dimension control of the outside 

surface of the housing for adhesive 
bonding 

 Different coefficients of thermal 
expansion (CTE) 

 Flange can collide with curvature of 
the inside of the housing 

 
Very difficult to assemble with turbine 

inside 

 Corrosion (depending on the material 
selection for the flange and bolts/nuts). 

 

A possible process chain for the manufacturing and assembly using this concept is the one illustrated in 

Figure 211. 

 

Figure 211 – Process chain 
 

3.2.4. Slotted Connection with Sleeve 

The connection between the two cut parts of the housing can also be done by means of a sleeve as shown 

in Figure 212. The respective proposed sequence of assembly is as shown in Figure 213 to Figure 216. 

 
 

 

Figure 212 – Slotted connection with sleeve 
 

Main Body and 
AFT Cover, 

flanges, fairings 
and studs

manufacturing

Cutting of the 
cylinder into Main 

Body and AFT 
Cover.

Bonding: AFT cover to 
studs; AFT Cover/Main 

body to respective flange

Assembly to 
cylinder
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Figure 213 – Simplified Assembly view (step 1) 

 

Figure 214 – Simplified Assembly view (step 2) 

  

Figure 215 – Simplified Assembly view (step 3) 

 

Figure 216 – Simplified Assembly view (step 4) 

 

And the main advantages and disadvantages are identified in Table 73. 

 

Table 73 – Advantages and disadvantages 

Advantages Disadvantages 

Allows an easier on-site assembly than 
nut and bolt connections 

Assembly requires more steps and 
axial reinforcement may be hindered 

Enables disassembly 
Permanent Connection between the 
housing and threaded inserts (Figure 

217) 

No need to access the inside for 
disassembly. 

Requires double the number of 
threaded inserts relative to required 
number of bolts in other solutions 

 
Different coefficients of thermal 

expansion (CTE) 

 
Sleeve manufacture with this 

geometry can lead to less accurate 
part 

 
Corrosion (depending on the material 
selection for the flange and bolts/nuts) 

 
Shear loads placed on the inserts and 

in the sleeve. 
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Figure 217 – Threaded Inserts 
 

A possible process chain for the manufacturing and assembly using this concept is the one illustrated in 

Figure 218. 

 

Figure 218 – Process chain 
 

3.2.5. Slotted Connection with sleeve Part 2 

One solution for the problem of axial loading regarding the previous subsection 3.2.4 would be to have in 

the sleeve an L-shaped slot, as shown in Figure 219 and Figure 220. During assembly, the sleeve is rotated 

radially, so that threaded inserts become positioned in the L-shaped groove. This way, the axial loadings will 

be locked. 

 

 
 

 
 

Figure 219 – L-shaped slots in the sleeve connection for axial loads compensation 
 

Main Body and AFT 
Cover,  flanges, 

fairings, threaded 
inserts and studs
manufacturing

Cutting of the 
cylinder into Main 

Body and AFT 
Cover.

Bonding of threaded 
inserts to Main Body and 

AFT Cover

Assembly to 
housing
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Figure 220 – Sleeve with axial compensation 
 

3.2.6. Slotted Connection with sleeve Part 3 

After the manufacturing of the sleeve with L-shaped slots, defects may be found in the part. In order to 

obtain sleeves without defects, an alternative solution is presented in Figure 221. This sleeve can be 

accurately manufactured and be easily assembled afterwards. However, it does not constrain as well axial 

loads on the assembly (only the friction between sleeve and housing prevents axial loading). This will be the 

considered geometry of the sleeve for the sleeve solution. 

  
Figure 221 – Sleeve for better manufacturability and resulting part  

 

The resulting connection between the two cut parts of the housing considering this sleeve design is shown 

in Figure 222. The assembly process is very similar to the one illustrated for the solution of subsection 3.2.4 

in Figure 213 through Figure 216. 

 
 

 
 

Figure 222 – Sleeve design for better manufacturability 
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And the main advantages and disadvantages are identified in   
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Table 75. 

Table 74 – Advantages and disadvantages 

Advantages Disadvantages 

Allows an easier on-site assembly than 
nut and bolt connections 

Assembly requires more steps and 
axial reinforcement may be hindered 

Enables disassembly 
Permanent Connection between the 
housing and threaded inserts (Figure 

223) 

No need to access the inside for 
disassembly. 

Requires double the number of 
threaded inserts relative to required 
number of bolts in other solutions 

 Different coefficients of thermal 
expansion (CTE) 

 
Corrosion (depending on the material 
selection for the flange and bolts/nuts) 

 
Shear loads placed on the inserts and 

in the sleeve. 

 

 

Figure 223 – Threaded Inserts 
 

A possible process chain for the manufacturing and assembly using this concept is the one illustrated in 

Figure 224. 

 

Figure 224 – Process chain 
 

3.2.7. Slopped Connection with slots 

A version of this considering slots and threaded inserts is as follows in Figure 225. The respective proposed 

sequence of assembly is shown in Figure 226 to Figure 229. 

Main Body and AFT 
Cover, flanges, 

fairings, threaded 
inserts and studs
manufacturing

Cutting of the 
cylinder into Main 

Body and AFT 
Cover

Bonding of threaded 
inserts to Main Body and 

AFT Cover

Assembly to 
housing
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Figure 225 – Slopped connection with slots 
 

 

Figure 226 – Simplified Assembly view (step 1) 

 

 

Figure 227 – Simplified Assembly view (step 2) 

 

Figure 228 – Simplified Assembly view (step 3) 

 

 

Figure 229 – Simplified Assembly view (step 4) 

And the main advantages and disadvantages are identified in   
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Table 75. 
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Table 75 – Advantages and disadvantages 

Advantages Disadvantages 

Allows an easier on-site assembly than 
nut and bolt connections 

More difficult manufacturing by FW 
because of the slope in diameter in the 

AFT cover 

Enables disassembly Axial reinforcement may be hindered 

 
Permanent connection between the 
housing and threaded inserts (Figure 

230) 

 Different coefficients of thermal 
expansion (CTE) 

 
Corrosion (depending on the material 
selection for the flange and bolts/nuts) 

 Shear loads placed on the inserts and 
in the sleeve. 

 

Figure 230 – Threaded Inserts 
 

A possible process chain for the manufacture and assembly using this concept is the one illustrated in Figure 

231.

 

Figure 231 – Process chain 
 

3.2.8. Slopped Connection without slots 

Instead of the threaded inserts used in the previous solution, a possible alternative would be to use a bolt/nut 

connection, as depicted in Figure 232. The nut could be glued and/or punched with a threaded insert nut 

(see Figure 233 b)) or pronged nut (see Figure 233 a)) to the internal surface of the housing with the aid of a 

jig to better facilitate assembly. The respective proposed sequence of assembly is shown in Figure 234 to 

Figure 237. 

Main Body and AFT 
Cover, flanges, 

fairings, threaded 
inserts and studs
manufacturing

Cutting of the 
cylinder into Main 

Body and AFT 
Cover.

Bonding of threaded 
inserts to Main Body and 

AFT Cover

Assembly to 
housing
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Figure 232 – Slopped Connection without slots 
 

a) b)  

Figure 233 – a) Pronged insert tee nut. b) Threaded Insert Nut 
 

 

Figure 234 – Simplified Assembly view  
(step 1) 

 

 

Figure 235 – Simplified Assembly 
view (step 2) 

  

Figure 236 – Simplified Assembly view  
(step 3) 

 
Figure 237 – Simplified Assembly 

view (step 4) 

 

And the main advantages and disadvantages are identified in   
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Table 76. 
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Table 76 – Advantages and disadvantages 

Advantages Disadvantages 

Enables disassembly 
More difficult manufacturing by FW 

because of the slope in diameter in the 
AFT cover 

Axial loads 
Different coefficients of thermal 

expansion (CTE) 

 
Reduced hole mechanical properties 

due to damage on the fibre composite 
material from drilling. 

 

A possible process chain for the manufacture and assembly using this concept is the one illustrated in Figure 

238. 

 

Figure 238 – Process chain 
 

  

Main Body and AFT Cover, 
fairings and studs

manufacturing

Cutting of the cylinder into 
Main Body and AFT Cover. Assembly to housing
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3.2.9.  Selection Matrix 

All of the previously presented concepts were evaluated using a selection matrix in order to select the most 

suitable one for each application. The following parameters were considered and weighted: Manufacturing 

complexity (13%); Enables the use of coatings (8%); Ease of assembly on-site (automation of assembly and 

accessibility) (10%); Portability (2%); Ease of disassembly/replacement (10%); Structural efficiency (9%); Stress 

concentration (10%); Fatigue life (12%); Axial Loading (5%); Visual Impact (2%); Aerodynamics (2%); Potential 

to apply the solution on larger scales (10%); Cost and availability (5%); Weight penalty (2%). 

The final matrix can be seen on the next page for the connection between the two parts of the main cylinder, 

the AFT Cover and the Main Body.  
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Table 77 – Selection Matrix for the Tidal Turbine Housing connection  
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4. Reinforcements 

4.1. Introduction 

This chapter addresses the main conclusions from various meetings’ discussions regarding the 

reinforcements of the W2Power platform, particularly necessary to its towers and columns (Figure 239). 

Although not directly related to the scope of the T2.3 (connections), this was discussed with the same task 

partners as it can interfere with the previously selected connections. For that same reason, it was agreed 

that the outcomes from this study should be reported in this deliverable.  

 

Figure 239 – Subproducts where reinforcements will be necessary 
 

These reinforcements (also called stiffeners) are the longitudinal and transverse internal members that 

characterize a semimonocoque structure such as the one represented in Figure 240. Although the 

monocoque typology might seem easier to manufacture (which can be true for metal construction), when 

dealing with composite structures it would be extremely challenging to manufacture large components 

with very thick (> 40 mm) outer shells – since the shell has to support and the stresses and loads – without 

being very cost-intensive and structural ineffective. The semimonocoque construction, on the other hand, 

allows for the usage of much smaller shell/skin thicknesses by supporting it with a combination of internal 

reinforcements such as frames (transverse/circumferential) and stringers (longitudinal).  

 

Figure 240 – Comparison between monocoque and semimonocoque construction typologies 
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For these reasons, semimonocoque construction is the standard in aerospace structures (fuselage, wing, 

empennage) since several decades ago, inclusively using CFRP components (Figure 241). On wind turbine 

towers, because there are usually built-in concrete or steel, the combination of transverse and longitudinal 

members (cables are usually used instead of stringers) is not so common, however, frames are used to 

prevent buckling failure (Figure 242). 

  

Figure 241 – Stiffened panel in Boeing 787 fuselage 
[90] 

Figure 242 – Buckling failure of a wind 
tower [91] 

 

A summary of reinforcements (stiffeners) bending is given in Figure 243, the upper part showing context in 

the stiffened panel, between frames and uniform loading. The lower part of the figure shows the typical 

bending patterns and bending stresses in the stiffener/plate combination. 

 

Figure 243 – Summary of stiffener bending [92] 
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Depending on the expected loading scenario for the structure being designed, either stringers (longitudinal 

members), frames/reinforcing rings (transverse members), or a combination of both, can be used (Figure 

244).  

 

Figure 244 – Possibilities of stiffeners’ integration 
 

In turn, these stiffeners can be either co-cured together with the composite part or joined afterwards (Figure 

245). 

 

Figure 245 – Manufacturing of stiffeners 

 
In case of joining being the most viable solution, they can be either riveted or bolted, bonded, or both (hybrid 

joint), as illustrated in Figure 246. The choice of the best joining solution for a given application needs to be 

based on several factors, such as the desired production volume, financial resources, availability of 

equipment and required joint performance. 
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Figure 246 – Stiffeners’ joining options and main characteristics 

 
On the other hand, the stiffeners can also have different geometries/sections, being the most typical 

illustrated in Figure 247. Other common structural sections used in aircraft stiffeners are illustrated in Figure 

248. At this time, it was decided by the design team that the tower would use “Omega” stiffeners while the 

column would use “H” stiffeners. 

 

Figure 247 – Different stiffener’s section geometries 

 

Figure 248 – Typical aircraft structural flange/plate sections [42] 

 
For the particular case of using both stringers and frames, three different options of integration were 

proposed to avoid interferences between the transverse and longitudinal components.  
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Figure 249 – Option 1) Continuous stringers (rings with openings) 

 

 

 

 

Figure 250 – Option 2) Discontinuous stringers (closed rings) 

 

 
 

Figure 251 – Option 3) Floating stringers (through rings) 

 

4.1. W2Power  

After discussing with the design team, and as expected, it was decided that the towers of the W2Power 

platform would require a dense distribution of (large) internal reinforcements to achieve the inertia of the 

sections required for structural considerations. 
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The manufacture and installation of these reinforcements, using conventional techniques, could require a 

relevant part of manual labour if joined afterwards. To avoid this, a procedure for the manufacture of the 

towers by infusion with co-cured stiffeners was proposed and is illustrated below (Figure 252). It was 

discussed that only stringers (option 1) will likely be used.  

 

Figure 252 – Integration of stiffeners in the W2Power towers 
 

4.1.1.  Tower-to-tower connection 

Regarding the tower-to-tower vertical connection, this has suffered some small modifications since the 1st 

concept presented in Chapter 3, and is not illustrated in Figure 253 with the proper integration in the 

stiffened modules. 

 

Figure 253 – Tower to tower vertical connection 
 

The omega-shaped stiffeners will be laid up on top of the machined foam with the desired “omega” shape, 

but will be removed over the connection area and replaced by wood (in orange in Figure 254), high density 
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foam or other material light and workable that supports the bolt compression torque. The adhesive used 

will ideally be the reversible one from Corso Magenta, so that it is possible to easily dismantle the different 

modules, but first we will carry a comparison test between this and a marine-grade adhesive in the 

experimental campaign in task 2.3.4. 

 

Figure 254 – Details about the tower to tower connection 
 

4.1.2. Tower to column/nacelle connection 

Regarding the tower to column connection (which is the same as the tower to nacelle), two proposals were 

made with different interface options which are small modifications from the IKEA (or T-bolt) joint. 

 

Figure 255 – Tower to column/nacelle connection 
 

The first option consists of drilling holes through the monolithic FRP (foam would be entirely replaced by 

FRP in this area), which can be quite difficult to execute due to the drilling being performed between the 

fibre layers (where the poor interlaminar strength can lead to delamination) and the second option is 

replacing the foam by a solid metal ring (bonded to the FRP skins) after which the holes can be safely drilled. 
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Both options are illustrated in Figure 256 and will be more thoroughly studied and analysed in the next 

chapter. 

 

Figure 256 – Options of interface for the tower to column/nacelle connection 
 

On the other hand, it can also be visualised in Figure 257 a more detailed view of option 1, together with a 

recent modification proposed for the geometry of the column, which now incorporates a smoother 

transition to the tower without requiring a stepped (flanged) change.  

 

Figure 257 – Details of the IKEA connection (a) and smoother transition from the tower to the column (b). 
 

4.1.3. Tube to column connection 

The final connection that was studied concerning the reinforcements, was the tube-to-column connection, 

which was previously decided to be overlamination both inside and outside of the column (Figure 258).  
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Figure 258 – Tube-to-column connection 
 

However, it became obvious that if the tube penetrates the column, there would be an interference 
between the horizontal tubes and the reinforcements of the column. For this reason, other options were 

also considered, particularly ( 
Figure 259): 

   

Option 1 – Tube is bonded to the 
flange 

 

Option 2 – Tube is bonded to the 
flange and to the column 

 

Option 3 – Tube is bonded to the 
flange and supported in the skin 

  

Option 4 – Includes and interior flange (or 
overlamination) which is cut to allow for reinforcement 

intersection 

Option 5 – Includes an interior flange (or 
overlamination) of less diameter than the 

reinforcements’ separation  
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Option 6 – New suggestion with penetrating tube (iXblue) and curved stringers that go around the tubes 

 
Figure 259 – New options for the tube-to-column connection 

 

It was also suggested that the column would incorporate an indentation/recession with the tube’s flange 

shape (Figure 260) in order to compensate for the lack of strength against peeling stresses along the 

bondline, however, it was also noticed that this would cause an interference of the interior pultruded 

stringers (Figure 261).  

 

Figure 260 – Indentation/recession in the column 
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Figure 261 – Interference between the stringers and the indentation 
 

It was also identified the possible problem of integrating together the stringers and the frames, and two 

possible solutions are illustrated in Figure 262. 

 

Figure 262 – Integration of stringers and frames in the column 
 

Similarly to what was said for the tower to tower connection, the adhesive used for bonding the stiffeners to 

the column’s skin will ideally be the reversible one (Figure 263), however it lacks validation that will be 

performed in T2.3.4. 
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Figure 263 – Components joined by bonding 
 

Finally, and although a final conclusion will only be made during the next chapter, one of the main 

conclusions was that the connection type can depend on the diameter of the tube. In other words, and 

depending on other design inputs, it might be possible to have the secondary (smaller) diagonal tubes 

penetrating the column, while the larger horizontal tubes can be joined only on the outer surface (Figure 

264). 

 

Figure 264 – Different possibilities of connection depending of the tubes’ size 
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5. Re-design and optimization of connections 

Once the connections have been selected, it will be necessary to re-design, optimize and adapt them to fulfil 

the specific requirements of the demonstrators. Additionally, some concepts of connections could be 

generated. 

 

5.1. Tube to Column 

Although the decided connection between the column and the tube was overlamination (option B, 

illustrated in Figure 265), it became evident, after discussing with all the task partners (and also others, such 

as DNV) that this solution, despite being the best among all the proposals, might not be considered a fail-

safe design due to the peeling stresses induced in the overlaminated patch. Furthermore, the solution has 

to be compatible and allow continuity of the reinforcing members to be placed inside the column. 

 

Figure 265 – Tube to column connection (Overlamination, option B) 
 

In order to overcome this, it was proposed by the design (WP4) team to develop a new structural solution 

for this connection that would include transitioning the tubular shape of the tubes to a squared section 

which would run through the column and could be easily supported by decks, as illustrated below in Figure 

266. This new option will now be studied in more detail using numerical simulations, and comparing its 

performance to the other options to achieve a final conclusion.  

 

 

Figure 266 – New proposal for the connection between the tube and column 
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5.1.1.  Methodology 

First simulations tried to optimize round-shaped tube connections, all of them fitting a reinforcement 

flange, but with different ending configurations. This reinforcement flange was considered bonded. Some 

configurations had tubes that went through the column and others don’t, then the first differences were 

found. Then the shape of the tube was modified when joining to the column to get a better response. Some 

frames have been implemented to obtain much better performance as well. 

To optimize the joint shape, just a load case has been generated and all samples have been tested under 

the same conditions in order to know which configuration features a better behaviour, referring to stress 

distribution and displacement.  

The optimization process was carried out using isotropic material (steel), and once the optimal shape was 

reached, laminate material was introduced to check the joint behaviour. When new material was applied, 

thickness proportion between tube and column was kept according to steel tower but adapted to newly 

applied materials, as explained in point 5.3.1. 

 

Table 78 – Steel and laminate dimensions applied to column and tube 
 

External diameter (m) Thickness (mm) 

Steel column 9 16 

Steel tube 9 28 

Steel flange 9,6 28 

Steel frames (decks) 8,94 16 

Composite column 2,8 46 

Composite tube 2,8 81 

Composite flange 

(overlamination) 

9,6 81 

Composite frames (decks) 8,84 46 

 
 

5.1.1. Round-shaped tube joints 

As explained before, the first idea was to design round-shaped tube to column joints, but there were some 

options to evaluate. First, round-shaped joints where tubes cut the wall of the column were tested 

(illustrated in Figure 267), and within these kinds of joints, a model with neither frames nor decks, and model 

with decks, and a model with decks and tube fixed between them were tested. 

 

It was quickly seen that intersecting the wall of the column caused inadmissible stresses around the flange 

and along the column section, whereas the rest of the material was under controlled conditions (Figure 268 

left). Two decks were added to reduce the stress effect (Figure 268 right), and some stress reduction was 

achieved, but too far from desirable values. 
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Figure 267 – Overall view of tube intersecting column joint 
 

 

 

To take advantage of the decks, the tube was forced to get into the column up to half the diameter of the 

column, as said before and agreed with all task partners. Both decks are attached to the tube inside the 

column (Figure 269). 

 

 

 

Figure 269 – Round-shaped joint with tube attached to two decks 
  

Stresses dropped off significantly and the behaviour of all elements of the joint was satisfactory except for a 

point with high-stress concentration on the decks next to the column. It was supposed to be due to the tiny 

Figure 268 – Round-shaped joints, intersected column, no decks (left), two decks without contact with 
the tube (right) 
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surface area in contact between the tube and the decks, so, it made sense to develop squared transitions 

into the column to increase the surface area in contact between decks and tube. 

The second alternative was tested as well (tube without intersecting column). Obviously, the tube didn’t get 

into the column section and in this simulation, no decks were modelled either (Figure 270).  

 

 

Figure 270 – Model with neither column intersection nor decks 
  

Although stresses are lower than obtained ones with the same model without decks but with an 

intersecting column, they are still inadmissibly high, not only around all column section, but especially 

around the connection flange. These results show how important was to test square-shaped joints.  

 

Evidently, the material of the column when intersects the tube will be removed. Although it was said that 

doing that worsened joint’s behavior, benefits of lengthening the tube between the two decks are worth it.  

 

5.1.2. Rectangular-shaped tube joints 

With the aim of improving the contact surface between decks and the inner tube, a rectangular-shaped 

tube was designed (Figure 271).  

 

 
 

Figure 271 – Rectangular-shaped tube with three decks 
 

New problems were found, since even though the joint between tube and column showed a very smooth 

transition (except for some stress concentration at the corners), lateral plates were prone to buckling and 

high stresses were located there and along the round tube as well (but within admissible limits). In order to 
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minimize buckling potential problems, a third deck was modelled and squared-shaped joints were 

developed to get a better stress distribution. 

 

5.1.3. Square-shaped tube joints 

To avoid all problems featured by rectangular-shaped joint, but to keep all benefits it had, simply the 

rectangular geometry was changed to a squared geometry, keeping external dimensions of the round tube, 

and doing that, the possibility of intersections with other tubes connecting to the column was minimized 

(illustrated in Figure 272). Behaviour against buckling was improved as well. 

Stresses and deformations were highly reduced compared to prior models. Connection between tube and 

column is completely smooth with low-stress values compared to other elements of the structure. However, 

a round chamfer has been implemented and optimized to obtain even a smoother transition between tube 

and column.  

 

Figure 272 – Optimized tube to column joint 
 

 

 

Figure 273 - Final joint geometry and VM stresses 
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It can be seen how maximum stresses are located just at the transition area between the tube and the 

squared section, but within a completely safe range. Stress distribution along the whole structure is smooth 

and admissible, then, the proposal made by WP4 team is optimal. 

Once the geometry has been validated, new laminate material was introduced according to chapter 5.3.1. 

Some simulations were carried out to check displacements under the same load conditions between steel 

material and laminate material. 

 

Figure 274 - Z displacements (mm). Laminate (left). Steel (right) 
 

 

Figure 275 - X displacements (mm). Laminate (left). Steel (right) 
 

Figure 274 and Figure 275 illustrate how displacements are smaller when the laminate configuration is used, 

but not too small to think that the laminate is oversized. 

A round chamfer was designed to achieve a smoother stress transition between the tube and column. 

Considerable dimensions of the structure required a high radius chamfer, so a gap exists between the 

chamfer surface and tube and column surfaces (Figure 276). This gap can be filled with some foam, as usual, 

and no relevant differences are expected. 
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Figure 276 – Round chamfer gap 
 

5.2. Tower to Column 

These joints between the tower and column are bolted joints, so it’s very important to know how the number 

of bolts can affect the performance of the joint and how the number of drilling holes necessary to hold the 

bolts can weaken the structure. It’ll be the main goal of this chapter to determine whether some laminate 

in the base will be enough to hold the tower safely or it’ll be needed to be reinforced using some steel pieces. 

 

5.2.1. Main “IKEA” joint characteristics 

“T-bolt” or IKEA connection has been selected and optimized regarding the number and position of T-bolts. 

Simulations have been focused on how a certain number of holes to keep barrel nuts can affect the integrity 

and limits of the material surrounding them. Also, simulations have been carried out whether with barrel 

nuts directly embedded into compose material or adding a steel ring (in blue colour Figure 278 right).   

                                       

Figure 277 – Overall "IKEA joint" concept 
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Tower wall has been simulated undergoing thicknesses and shapes shown in Figure 279 and it has been 

connected to the bolted join in order to obtain a proper simulation. It’s important to say that foam that fills 

the gaps between omega shape and inner and outer skin has been removed because it doesn’t improve 

results and it has an important computational cost. 

 

 

Figure 279 – Tower wall design 
 

 

 

 

Figure 278 – "Ikea" joint options, without and with steel-ring 
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5.2.2. Main base ring material selection 

Figure 280 illustrates a section of the tower wall (symmetry is applied). This figure shows the steel ring (grey 

coloured). 

 

To select if fitting a steel ring was a good idea or it must be better to build this ring using a laminate lay-out, 

just the solid corresponding to the ring was tested, first configured as isotropic steel material, and then 

configured as e-glass plus epoxy composite according to to point 5.3.2. 

 

 

Figure 281 - Vertical ring displacements (mm). Steel (left). Laminate (right) 
 

Figure 281 shows how vertical displacements are significantly higher when the ring is made using laminate. 

It seems reasonable because due to design constraints, both rings have the same thickness and because of 

the fact that the laminate that has been used has mostly fibres at +45 and -45 to try to weaken as less as 

possible the laminate due to the effects of the drilling. 

As result, next simulations were carried out fitting a steel ring along the base to assure better performance 

of the joint. 

 

Figure 280 – Tower-column joint with steel-ring model 
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5.2.3. Number of bolts 

To determine how many bolts would be reasonable to install, and since it was determined that installing a 

steel ring was safer, steel rings with different configurations were simulated. When analyzing these cases, 

stresses were taken into account instead of displacements. 

Even though it has been said that only base rings were tested, a complete section was tested too, to check 

the main behaviour of the wall, not only the ring. Figure 282 illustrates how stresses at barrel nut holes are 

extremely high (compared to the rest of the material) if it’s expected the whole base to stay in touch with 

the column and under compression (as it’d be desirable), whereas the rest of the materials show a behaviour 

under normal parameters. 

 

Figure 282 – First simulation, tower-column joint 
 

Then a comparison of different models with different holes configurations were run to try to obtain better 

spread stresses along the whole ring, but specifically around the barrel nuts holes. 

From Figure 283, Figure 284, and Figure 285 can be determined that increasing the number of holes 

improves the stress spreading along the material, however, a huge number of them concentrates high-

stress values between them and it can be a cause of material failure (Figure 285). A little number of them 

causes high-stress values not only around the holes, but also a good part of the material, so a good 

compromise solution is one that spreads properly stresses along the material, but holes are not close 

enough to get the material to a failure, for instance, as illustrated in Figure 284, with 4 holes in this section, 

that means that al tower connection will feature 100 T-bolts. 
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Figure 283 - 2-hole configuration steel ring. VM stresses 
 

 

Figure 284 - 4-hole configuration steel ring. VM stresses 
 

 

Figure 285 - 8-hole configuration steel ring. VM stresses 
 

It has to be taken into account that a huge number of holes would weaken first infusion and third infusion 

laminates, so the proposed solution seems reasonable, although it has been seen in prior chapters that some 

steel commercial towers feature even more number of bolts than proposed here, but they don’t have to deal 

with laminate failures and fibres intersections. 
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5.3. Composite materials proposal 

Some layers and laminates are proposed to obtain an optimal behaviour of the structure. As expected, E-

Glass fibre and epoxy resin have been used as the basis of the layers and laminates. 

Saertex 1182 g/m2, unidirectional, E-Glass fabric (material no 30007627) is the base for all simple layers for all 

laminates, except for the third-infusion or internal wall of the tower, which is based on Saertex 640 g/m2, 

unidirectional, E-Glass fabric (material nº 30007510). 

As said before, laminates have been designed undergoing a thumb rule of 3:1 proportion between laminate 

thickness and steel thickness. This procedure has been largely tested for years and it has been validated in 

prior chapters. Some calculations have been carried out as well, and it has been determined that even 

though axial stiffness is around 50% lower with selected laminates than with steel, flexural stiffness is more 

than 200% higher when using these laminates. Maximum stresses are often related to flexural strength; 

therefore, the design of these laminates can be considered optimal. 

EUROCOMP design code has been taken into account when designing these laminates, since at least 12,5% 

of unidirectional layers are oriented to 90º, 12,5% are oriented to 45º, and 12,5% are oriented to -45%. The rest 

is oriented to 0º. Designed laminates are symmetric and balanced as well. 

 

5.3.1. Tube to column materials 

Main layer characteristics: 

Table 79 – Tube to column simple layer main characteristics 
Name Fibre Resin Fibre % in Fibre 

mass/m² 

(g/m²) 

Resin 

mass/m² 

(g/m²) 

Mass/m² 

(g/m²) 

Thickness 

(mm) 

Density 

UD1182 

@65%(M) 

E Glass 

Epoxy 

E 

Glass 

Epoxy 65,00 Mass 1.182,00 636,46 1.818,46 0,969 1,876 

 
Table 80 – Tube to column simple layer elastic properties 

Name E1 

(MPa) 

E2 

(MPa) 

G12 

(MPa) 

G13 

(MPa) 

G23 

(MPa) 

ν12 ν21 

UD1182 @65%(M) E Glass 

Epoxy 

36.321 7.398 3.382 3.382 2.367 0,286 0,058 

 
Table 81 – Tube to column simple layer breaking stresses (MPa) 
Name σ1 T σ1 C σ2 T σ2 C τ12 τIL1 τIL2 

UD1182 @65%(M) E Glass Epoxy 980,68 653,78 39,21 114,67 60,87 59,18 60,87 
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Tube proposed lay-out: 

Table 82 – Tube laminate lay-out 
# Groups Angle 

7 x 0 

45 

0 

-45 

0 

90 

7 x 90 

0 

-45 

0 

45 

0 

total layers 84 

thickness (mm) 81,228 

 

Table 83 – Tube Laminate Global Results 
Thickness (mm): 81,40 Weight (kg/m²): 152,751 

Fiber weight (kg/m²): 99,288 Resin weight (kg/m²): 53,463 

Ex (MPa): 23.649 Vx (mm): 40,702 

Ey (MPa): 14.342 Vy (mm): 40,702 

Gxy (MPa): 5.601 [EI]x (N.mm²/mm): 1,085E+9 

νx: 0,289 [EI]y (N.mm²/mm): 6,101E+8 

νy: 0,175 Density (g/cm³): 1,876 
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Column proposed lay-out: 

Table 84 – Column proposed lay-out 
# Groups Angle 

4 x 0 

45 

0 

-45 

0 

90 

4 x 90 

0 

-45 

0 

45 

0 

total layers 48 

thickness (mm) 46,416 

 

Table 85 – Column lay-out global results 
Thickness (mm): 46,52 Weight (kg/m²): 87,286 

Fiber weight (kg/m²): 56,736 Resin weight (kg/m²): 30,550 

Ex (MPa): 23.649 Vx (mm): 23,258 

Ey (MPa): 14.342 Vy (mm): 23,258 

Gxy (MPa): 5.601 [EI]x (N.mm²/mm): 2,056E+8 

νx: 0,289 [EI]y (N.mm²/mm): 1,092E+8 

νy: 0,175 Density (g/cm³): 1,876 
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5.3.2.   Tower to column materials 

Main layer characteristics (first infusion, omega and base layer) 

  

 

Table 87 – First infusion, omega and base simple layer elastic properties 
Name E1 

(MPa) 

E2 

(MPa) 

G12 

(MPa) 

G13 

(MPa) 

G23 

(MPa) 

ν12 ν21 

UD1182 @65%(M) E Glass 

Epoxy 

36.321 7.398 3.382 3.382 2.367 0,286 0,058 

 

Table 88 – First infusion, omega and base breaking stresses (MPa) 

Name σ1 T σ1 C σ2 T σ2 C τ12 τIL1 τIL2 

UD1182 @65%(M) E Glass Epoxy 980,68 653,78 39,21 114,67 60,87 59,18 60,87 

 
 

Main characteristics third infusion layers 

Table 89 – Third infusion simple layer main characteristics 

Name Fibre Resin Fibre % in Fibre 

mass/m² 

(g/m²) 

Resin 

mass/m² 

(g/m²) 

Mass/m² 

(g/m²) 

Thickness 

(mm) 

Density 

UD640 

@65%(M) 

E Glass 

Epoxy 

E 

Glass 

Epoxy 65,00 Mass 640,00 344,62 984,62 0,525 1,876 

 
  

 

 

 

Name Fibre Resin Fibre % in Fibre 

mass/m² 

(g/m²) 

Resin 

mass/m² 

(g/m²) 

Mass/m² 

(g/m²) 

Thickness 

(mm) 

Density 

UD1182 

@65%(M) 

E Glass 

Epoxy 

E 

Glass 

Epoxy 65,00 Mass 1.182,00 636,46 1.818,46 0,969 1,876 

Table 86 – First infusion, omega and base simple layer main characteristics 
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Table 90 – Third infusion simple layer elastic coefficients 

Name E1 

(MPa) 

E2 

(MPa) 

G12 

(MPa) 

G13 

(MPa) 

G23 

(MPa) 

ν12 ν21 

UD640 @65%(M) E Glass 

Epoxy 

36.321 7.398 3.382 3.382 2.367 0,286 0,058 

 
Table 91 – Third infusion breaking stresses (MPa) 

Name σ1 T σ1 C σ2 T σ2 C τ12 τIL1 τIL2 

UD640 @65%(M) E Glass Epoxy 980,68 653,78 39,21 114,67 60,87 59,18 60,87 

 

First infusion lay-out: 

Table 92 – First infusion lay-out 
# Groups Angle 

2 x 0 

45 

0 

-45 

0 

90 

1x 0 

2 x 90 

0 

-45 

0 

45 

0 

total layers 25 

thickness (mm) 24,175 

 

Table 93 – First infusion laminate global results 
Thickness (mm): 24,23 Weight (kg/m²): 45,462 

Fiber weight (kg/m²): 29,550 Resin weight (kg/m²): 15,912 
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Ex (MPa): 24.156 Vx (mm): 12,114 

Ey (MPa): 14.083 Vy (mm): 12,114 

Gxy (MPa): 5.512 [EI]x (N.mm²/mm): 2,992E+7 

νx: 0,289 [EI]y (N.mm²/mm): 1,409E+7 

νy: 0,169 Density (g/cm³): 1,876 

 

Omega lay-out: 

Table 94 – Omega lay-out- 
# Groups Angle 

1 x 0 

45 

-45 

90 

1x 0 

1 x 90 

-45 

45 

0 

total layers 9 

thickness (mm) 8,703 

 

Table 95 – Omega global results 
Thickness (mm): 8,72 Weight (kg/m²): 16,366 

Fiber weight (kg/m²): 10,638 Resin weight (kg/m²): 5,728 

Ex (MPa): 19.424 Vx (mm): 4,361 

Ey (MPa): 16.388 Vy (mm): 4,361 

Gxy (MPa): 6.341 [EI]x (N.mm²/mm): 1,351E+6 

νx: 0,290 [EI]y (N.mm²/mm): 6,056E+5 

νy: 0,244 Density (g/cm³): 1,876 
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Third infusion lay-out: 

Table 96 – Third infusion lay-out 
# Groups Angle 

1 x 0 

45 

-45 

0 

90 

1 x 90 

0 

-45 

45 

0 

total layers 10 

thickness (mm) 5,25 

 
Table 97 – Third infusion global results 

Thickness (mm): 5,25 Weight (kg/m²): 9,846 

Fiber weight (kg/m²): 6,400 Resin weight (kg/m²): 3,446 

Ex (MPa): 21.094 Vx (mm): 2,624 

Ey (MPa): 15.571 Vy (mm): 2,624 

Gxy (MPa): 6.019 [EI]x (N.mm²/mm): 2,985E+5 

νx: 0,290 [EI]y (N.mm²/mm): 1,248E+5 

νy: 0,214 Density (g/cm³): 1,876 
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6. Test campaign 

According to planned, the evaluation of the different connections will be completed (in task 2.3) after 

conducting an experimental campaign that will allow for further comprehension of the behaviour of the 

main connection types. Since this test campaign will be performed at coupon level and cannot be scalable 

to the final connections’ geometry, the primary aim will be to perform a comparison between the different 

joining methods (bonded, bolted, hybrid), understand their behaviour under quasi-static tensile loads and 

make a correlation between the simulations performed in the previous subtask and these experimental 

results. These conclusions can then be used as an important input to feed the validation/prediction models 

and to support decisions during the design phase of the actual platforms.  

 

6.1. Test plan 

Table 98 illustrates the six geometries of specimens that were established to replicate – at coupon level – 

some of the main connections proposed in Chapter 3.  

Table 98 – Specimens to be used in the test campaign 

Connection 

to replicate 

Bolted sleeve connection (no 

ring) 

Bolted sleeve connection 

(internal ring) 

Bolted sleeve connection 

(external ring) 

  
 

Suggested 

small-scale 

specimen 

Shear bolted joint 

(configuration n.º 1) 

(Adapted) double shear bolted 

joint (configuration n.º 2) 

(Adapted) double shear bolted 

joint (configuration n.º 3) 
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Connection 

to replicate 

Overlap bonded connection Overlap bonded connection Hybrid overlap connection 

   

Suggested 

small-scale 

specimen 

Bonded single lap shear joint 

(configuration n.º 4) 

Bonded single lap shear joint 

(configuration n.º 5) 

Hybrid (bonded) shear bolted 

joint (configuration n.º 6) 

   

 

These small-scale specimens will be tested under tensile loads, and it was agreed, after ULIM’s suggestion, 

to use the geometry of the specimens defined in the ASTM D5961 [93], as illustrated in Figure 286. Figure 287 

highlights some of the other specimens’ dimensions. 

  

Figure 286 – ASTM D5961 specimens’ geometry and main dimensions 
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Figure 287 – Additional specimens’ dimensions 
 

Although not specific for the evaluation of shear strengths of differently connected adherends, this standard 

was chosen over others (such as ASTM D1002-10 [94] or ASTM D5868-01 [95], both very commonly used to 

assess lap shear strengths of single lap joints) because of its larger width which allows for greater spacing 

between the bolt and the adherends’ limits. Therefore, a total of 36 rectangular coupons with 36x135 mm 

were manufactured, thus creating 18 connection specimens that will be tensile tested (3 for each 

configuration).  

The results expected from this experimental campaign are the ones illustrated in Table 99. 

 

Table 99 – Expected results from the experimental campaign  
 

Specimens 
 

1 2 3 4 5 6 

Comparison between CORSO’s reversible adhesive 
and an OTS aerospace-grade structural adhesive 

      

Comparison between bolted, bonded and hybrid 
joints 

      

Comparison between sleeve joints with no ring, 
internal ring and external ring 

      

Find the worse and better connection in terms of 
shear strength 

      

Other considerations about the connection’s 
behaviour under tensile loads 

      

 

Regarding their fatigue performance, it was agreed that this would be moved forward to task 2.4, since it is 

already focused on the fatigue performance of the connections, so it would be redundant to perform it in 

subtask 2.3.4 as well.  
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6.2. Specimens’ preparation 

In order to manufacture the small-scale connection specimens, a total of 36 CFRP coupons with 36x150 mm 

had to be produced. These were cut out from three larger plates of 200x635, which in turn were 

manufactured by vacuum infusion. 

The materials used were the same that will be used to manufacture the W2Power prototype towers. Hence, 

the laminate is constituted by the CFRP multidirectional fabrics (ZOLTEK PX35 50K +/-45º and 0/90º, both 

with 600gr/m2 [96]) and the resin SR InfuGreen 810 (hardener SD 4771 [97]). Both materials are illustrated in 

Figure 288 and Figure 289, respectively. Because the fabrics were provided by iXblue which at that time only 

had available the +/-45º fabric, the 0/90º layers were cut from the same material (ID PX35MD060A-127) by 

cutting it at a 45º angle – resulting in layers with 0º fibres in one side and 90º fibres on the opposite stitched 

side. 

 

Figure 288 – Zoltek PX35 50K +/-45º carbon fabric 
 

 

Figure 289 – SR InfuGreen a810 and SD 4771 
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It was decided to use a quasi-isotropic, symmetric and balanced stacking sequence of the carbon fibres, as 

this would allow for constant strength and stiffness of the material regardless of the direction in which it is 

loaded, a typical layout and very close to the one that will be used on the demonstrators. The complete 

sequence is the one indicated in Figure 290 and was decided after the conclusions from the previous 

chapter.  

 

Figure 290 – Stacking sequence 

 

Concerning the setup, a prismatic steel toll was used, which is displayed in Figure 291, along with its 

respective dimensions. Figure 292 depicts the complete setup, including the resin container, the resin 

inlet and outlet hoses, the resin trap and the vacuum pump.  

 

Figure 291 – Illustration of the tool 
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Figure 292 – Representation of the used vacuum infusion setup 
 

After gathering the necessary components to perform the vacuum infusion process, the steps 

presented in Table 100 were followed. First, the mould has been degreased with acetone, then it was 

cleaned with a mould cleaner and a cotton cloth. Subsequently, it was applied a mould sealer (Loctite® 

Frekote® B-15), 3 coats of release agent (Loctite® Frekote® 770-NC) with an interval of 10 minutes 

between coats and a final wax coating.  

Table 100 – Procedure steps of the vacuum infusion process 
Procedure 

1 Preparation of the mould 

2 Placement of the bottom peel ply 

3 Cutting and stacking of the carbon fibre layers 

4 Placement of the spiral wraps and T-fittings 

5 Placement of the peel ply and flow distribution mesh 

 Placement of the flow distribution mesh covering about 70% of the parts’ surface 

6 Preparation and sealing of the vacuum bag 

7 Connection of the resin inlet and resin outlet hoses 

8 Clamping off the resin line and switch on the vacuum pump 

9 Apply vacuum and test for leaks/losses of vacuum pressure 

10 Open the resin line 

11 Resin flow until it impregnates the full length and width of the carbon fibre layers 

12 Clamping off the resin line 

13 Cure of the CFRP composite  

14 Demoulding of the cured laminate sheet 

 

The following step was placing a layer of peel-ply before the carbon fibre layers, which were then cut and 

stacked according to the desired sequence (Figure 290). The spiral wrap (Figure 293) and T-fittings (Figure 

Resin Container 

Vacuum Pump 
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293) were placed next to the stacked fibres, as they are responsible for allowing and facilitating the resin 

flow. A peel ply was also placed after the last layers of fabric, and a distribution mesh above this upper peel 

ply. Afterwards, sealant tape was bonded to the vacuum bag, which was then placed above the blue 

adhesive tape (Figure 293) that was on the tool’s surface. Carefully, the tape was pressed against the tool to 

assure complete air tightness. The system was connected to a vacuum pump, which was switched on to 

compact the components and fix present leaks. The illustration of the final vacuum bag setup can be found 

in Figure 294. 

   

Figure 293 – (a) Spiral Wrap; (b) T-fitting; (c) Airtech Flashbreaker 1 Tape 

 
 

 

Figure 294 – Vacuum bag setup (components not at scale) 
 

The next step concerned the preparation of the resin. As the laminate is composed of four layers (600gr/m2), 

it was recommended to use approximately 700 g of resin, with a mix ratio (epoxy to hardener) of 100/29, 

calculated using the formulas in Table 101. Once the mixture was prepared, the resin inlet hose was 

immersed in the resin container and the vacuum pump (Figure 295) was switched on (vacuum pressure of 

-0,5 bar), leading to the beginning of the impregnation of the fibres by the resin. The infusion process was 

performed at ambient temperature (as well as the tool) and is illustrated in Figure 296. 

Table 101 – Formulas  
 Formulas 

Number of layers  [Fibre Fraction Volume x Fibre Density x Desired Thickness] / Areal Weight 

Resin Weight [Resin Ratio / (Resin Ratio + Hardener Ratio)] x Desired Weight 

Hardener Weight [Hardener Ratio / (Resin Ratio + Hardener Ratio)] x Desired Weight 

 

 

 

(c) (a) (b) 
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Figure 295 – Magnus Venus Plastech vacuum pump 

About 10 minutes after the resin has impregnated the full length and width of the fabric, the resin inlet was 

ceased and the sample was left to cure. According to the datasheet of SR InfuGreen 810 and SD 4771, at 

room temperature, the composite cures in 24 hours, nonetheless, the plates were only demolded after 48 

hours. After demolding, the excesses and the 36x150 mm coupons were cut off using an abrasive diamond 

disc (Figure 297).  

   

Figure 296 – Infusion process: (a) Before infusion; (b) During infusion; (c) After infusion 

 

(b) (c) (a) 



 

232 
 

 

Figure 297 – Abrasive diamond disc 
 

The final coupons have an average thickness of 3,22 mm (standard deviation 0,14). On the side in contact 

with the tool (controlled surface) the peel ply was maintained and will only be removed just prior to bonding 

(in case of bonded or hybrid connections) to protect the bonding surface from water ingression or any 

contaminants during cutting and subsequent procedures, and will also be the method used for surface 

treatment. Although other surface preparations methods, such as abrasion, have shown to lead to higher 

bonding strengths [98], this was decided to be the simplest method to provide a clean and roughened 

surface with high repeatability and satisfactory results, which is why it continues to be the 

most frequently specified surface preparations for bonding fiber-polymer composites [99]. 

 

6.2.1. Bolted specimens (configurations nº1, nº2 and nº3) 

Specimens from the configurations nº1, nº2 and nº3 were prepared by drilling a ⌀6 mm hole in the place 

defined by the ASTM D5961 (Figure 287). To ensure this, a special drilling jig was designed and manufactured 

by FFF (Fused Filament Fabrication) using a  Markforged Onyx One desktop 3D-printer [100] and 

Onyx™ filament (nylon filled with micro carbon fibre [101]). This jig (illustrated in Figure 298) slides in the 

coupon to drill with a very close fit and provides a single path for the drill bit, resulting in well-positioned 

holes even when using a manual pneumatic drilling machine. 

 

Figure 298 – Drilling 3D-printed jig 
 

Holes were then drilled using this jig, a conventional 6 mm carbide drill bit, a wood back plate and paper 

tape on both sides of the coupon (Figure 299), resulting in well-defined holes without visible delamination 

or chipping (Figure 300). 

(a) 
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Figure 299 – Drilling process Figure 300 – Example of resulting hole 

 

The coupons were then bolted using hex cap M6x20mm zinc plated carbon steel (quenched and tempered) 

class 8.8 bolts (ISO 4017, DIN933), hex nuts and A4 stainless steel washers on both sides. The bolts were 

torqued to 0.5 Nm using a calibrated torque wrench (Figure 301), which according to [102] is the minimum 

repeatable torque that could be applied and corresponds to a ‘‘finger-tight’’ torque value (finger-tight 

represents the worst-case scenario of a bolt loosened during fatigue loading from an initial fully torqued 

condition). 

 

Figure 301 – “Snap-on” calibrated torque wrench 
 

 

6.2.2. Bonded specimens (configurations nº4 and nº5) 

A bonding setup tool was made using 3 mm steel plates in order to guarantee that the bondine thickness 

is constant and around 0,2 mm, as suggested in the literature [103]. This will be achieved by using shim tapes, 

assuring that the gap between the bottom and upper adherends is the desired adhesive thickness value 

(Figure 302). The alignment of the adherends will be assured visually and by using blue adhesive tape 

(Airtech Flashbreaker® 1) as illustrated in Figure 303. 
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Figure 302 – Bonding setup tool 

 

 

Figure 303 – Bonding setup during curing 
 

As previously indicated in Table 98, the single lap bonded joints of the specimens with the configuration nº4 

were made using the reversible adhesive from Corso Magenta, while the specimens with the configuration 

nº5 used a marine-grade adhesive Araldite® 2015-1 [104].  

The reversible adhesive from Corso Magenta is a 3-component epoxy adhesive, which apart from Figure 304, 

no further details of its composition can be shared at this moment because of intellectual property.  
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Figure 304 – Corso Magenta reversible adhesive components 
 

The Araldite® 2015-1 is a two-component paste structural adhesive, thixotropic and non-sagging up to 10 

mm thickness. It can be cured at room temperature and is ideal for bonding GRP, SMC and dissimilar 

substrates. It has also a very good resistance to weathering, which is why it is commonly used in marine 

construction (such as in hull-to-deck bonding in shipbuilding) [105].  Its lap shear strength at 25°C (A501) is > 

15 MPa – other typical cured properties are indicated in the technical datasheet [104], [106]. 

Immediately after removing the peel-ply, the Araldite® 2015-1 adhesive was applied directly into the surface 

using an adhesive dispensing gun and mixed through the provided nozzle (Figure 305). After application, 

the adhesive was laid out using a wooden spatula to cover the entire bonding surface with a uniform 

thickness, after which the two adherends were pressed together in the bonding jig. The time between the 

opening of the cartridge and the last application was around 30 minutes, which is less than the adhesive 

pot life at room temperature [104].  

 

Figure 305 – Adhesive dispensing gun and nozzle [107] 
 

Regarding the Corso Magenta reversible adhesive, and in order to help with the mixing of the components, 

the paste epoxy (component A) was heated in a laboratory oven Venticell 404 standard [108], at 50°C and 

for 10 minutes, reducing its very high viscosity. Nevertheless, after the first observations it was possible to 

conclude that the epoxy returned to its original viscosity (similar to caramel) just after one minute at room 

temperature (time between the removal from the oven and the transport to the scale), which resulted in 

being impossible to mix it with the hardener (component B). 
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Figure 306 – Epoxy (Component A) becoming solidified after a few minutes at Tamb. 
 

To overcome this, the mixing process was done using a laboratory hot plate (set to 50°C) which has helped 

in this process. After obtaining a close-to-homogeneus paste (A+B), the component C was added and mixed 

for 10 minutes. The adhesive was then placed into the adherends (Figure 307) following a similar process to 

the one carried for the Araldite® 2015-1. Because of the reasons mentioned above, the process was far from, 

especially because the difficulties in mixing might not guarantee acceptable and repeatable adhesive 

preparations.  

 

Figure 307 – Reversible adhesive application 
 

The same bonding setup was used for configurations nº4 and nº5, but as recommended by the adhesives’ 

manufacturers, the specimens with the reversible adhesive were cured at 40°C for 24 hours, while the ones 

bonded with the Araldite® 2015-1 were cured at 40°C for 16 hours. The temperature was controlled by placing 

all the setup in a laboratory oven Venticell 404 standard [108]. All specimens were allowed to cool down 

before testing. 

 

6.2.3. Hybrid specimens (configuration nº6) 

The hybrid specimens (configuration nº6), being both bolted and bonded, were prepared without using the 

bonding setup and, instead, applying the adhesive just before bolting. Although this might result in 

challenging control of the bondline, it was found that this method is the most viable for on-site assembly, 

as it is unfeasible to have a real scale bonding jig setup while assembling the different platform modules. A 
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similar process chain to that mentioned in Table 37 was followed – removing the peel ply, applying the 

adhesive, overlapping the coupons, placing the fastener and then curing the adhesive. 

The same bolting torque of 0.5 Nm was applied, being observed a squeeze out of the adhesive to the final 

thickness of the adhesive of around 0,1 mm. 

 

6.2.4. Tabbing and painting for DIC 

Tabbing of the specimens was made by bonding steel tabs (36x75 mm) – cut from a 3 mm plate using a 

sheet metal shearing guillotine machine, abraded with 120 grit sandpaper and cleaned with acetone – to 

the CFRP adherends using the paste adhesive Araldite® 2015-1 which was cured at 40°C for 16 hours while 

applying pressure with plastic spring clamps. 

The specimens were also prepared for Digital Image Correlation (DIC) by spraying the side surface (through 

the thickness) with a high-contrast pattern with black dots over a white coat, as illustrated in Figure 308. 

The resulting speckle pattern will allow for the DIC software to register the changes in the position of these 

dots during the deformation period, calculating the deformed shape and allowing the derivation of the 

deflections and strains of the investigated object, if revealed necessary.  

 

Figure 308 – Speckle pattern for DIC 
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6.3. Experimental campagin 

The experimental campaign was conducted by INEGI, using a universal testing machine Instron 5900R, with 

a load cell of 200kN and hydraulic grips (clamping pressure of 100 MPa), as illustrated in Figure 309. 

 

Figure 309 – Instron 5900R and setup 
 

Quasi-static tensile tests were performed with a crosshead speed of 2mm/min and following the guidelines 

from ASTM D5961 [93]. 

 

6.4. Results 

The resulting load-displacement curves will now be presented individually for the six different connection 

configurations. A detailed analysis of the failure modes will also be made, and subsequently making a 

comparison between all configurations in terms of maximum load, displacements and stiffness at 

maximum load, among other relevant observations/characteristics.  

6.4.1. Configuration nº1 

 

Figure 310 – Load-displacement curves obtained from configuration nº1 specimens 
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Figure 311 – DIC captures at different timestamps of specimen 1_A: a) T1; b) T2; c) T3 

 

  

Figure 312 – Specimens’ failure surfaces: a) Exterior; b) Interior 
 

Following the observations presented in Figure 310 to Figure 312, it is possible to conclude that the main 

driving failure mechanism was bearing (Figure 313 a)), which has, in two out of three specimens, led to 

intralaminar failure within the outer 0º plies (due to fibre/matrix interface failure), as well as interlaminar 

failure (delamination) between the 0º and 90º plies (Figure 313 b)). As observed in Figure 311 c), fracture then 

progresses throughout all layers of the laminate. The main types of fibre failure in drilled FRP substrate are 

illustrated in Figure 314. 

  

Figure 313 – Specimens’ failure surfaces: a) Bearing; b) Laminar failure 

 

 

a) b) c) 

a) b) 

a) b) 

Interlaminar 
failure 

(0º/90º) 

Intralaminar 
failure (0º) 
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Figure 314 – Types of fibre failure in drilled FRP substrate 
 

6.4.2. Configuration nº2 

 

Figure 315 – Load-displacement curves obtained from configuration nº2 specimens 
 

   

Figure 316 –  DIC captures at different timestamps of specimen 2_A: a) T1; b) T2; c) T3 

 

 

a) b) c) 
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Figure 317 – Specimens’ failure surfaces: a) Exterior; b) Interior 
 

Following the observations presented in Figure 315 to Figure 317, it is possible to conclude that the main 

driving failure mechanism was again bearing of the carbon fibre laminate, but this time not typically 

resulting in interlaminar failure (except in one specimen, illustrated in Figure 318). A small degree of 

intralaminar failure of the outer 0º plies (between tows) was observed in all three specimens but just on the 

contacting surfaces of the specimens. None of the steel sleeves was damaged during the test duration. 

Significant misalignment (horizontally) between the three components was observed (Figure 316) due to 

cleavage (mode I) and sliding (mode II).  

 

Figure 318 – Interlaminar failure 
 

6.4.3. Configuration nº3 

 

Figure 319 – Load-displacement curves obtained from configuration nº3 specimens 
 

 

a) b) 
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Figure 320 –  DIC captures at different timestamps of specimen 3_B: a) T1; b) T2; c) T3 

 

  

Figure 321 – Specimens’ failure surfaces: a) Exterior; b) Interior 
 

Following the observations presented in Figure 319 to Figure 321, it is possible to conclude that the main 

driving failure mechanism was one again bearing (Figure 322). None of the specimens has undergone 

laminar failure outside the bearing zone, and none of the steel sleeves was damaged during the test 

duration. Significant misalignment (horizontally) between the three components was observed (Figure 316) 

due to cleavage (mode I) and sliding (mode II).  

  

Figure 322 – Specimens’ failure surfaces – bearing failure 

 

 

 

 

a)  b) c) 

a) b) 
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6.4.4. Configuration nº4 

 

Figure 323 – Load-displacement curves obtained from configuration nº4 specimens 
 

   

Figure 324 –  DIC captures at different timestamps of specimen 4_B: a) T1; b) T2; c) T3 

Regarding this configuration, which is consisted of single lap joints bonded with the reversible adhesive 

from Corso Magenta, only one specimen can be considered valid. Despite being presented in Figure 323, 

specimen 4_A has failed very prematurely (only reaching a load of 1.28 kN) which can be explained by poor 

preparation of the adhesive as explained in 6.2.2. The results from sample 4_B indicate a moderate ductile 

behaviour but poor strength of the adhesive. After inspecting the fractured surfaces, a surface indicating 

cohesive failure was found, with adhesive on both specimens – meaning that the peel ply surface treatment 

was effective, and the adhesive strength was the limiting factor that led to failure within the adhesive.  Other 

types of failure are indicated in Figure 325.  

  

Figure 325 – Specimens’ failure surfaces: a) Exterior; b) Interior 
 

a)  b) c) 

a) b) 



 

244 
 

 

Figure 326 – Classes of failure modes on FRP joints 
 

Specimen 4_C has failed before initiating the best while clamping it using the hydraulic grips, presumably 

due to its low strength which could not cope with the minimum misalignments and pre-load. Both 

specimens exhibited cohesive failure along the adhesive bondline (Figure 330). No laminar failure was found 

for any of the specimens. 

  

Figure 327 – DIC captures after failure: a) Specimen 4_A; b) Specimen 4_C 

 

 

6.4.5. Configuration nº5 

 

Figure 328 – Load-displacement curves obtained from configuration nº5 specimens 
 

 

a) b) 
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Figure 329 –  DIC captures at different timestamps of specimen 5_A: a) T1; b) T2; c) T3 

 

    

Figure 330 – Specimens’ failure surfaces: a) Both specimens;  b) Detail on light-fibre-tear 

failure 
 

As it is possible to deduct from Figure 328, these single lab joints bonded with Araldite® 2015-1 had a brittle 

fracture, as it is not clearly seen any elastic region during the experimental tests. Despite not showing any 

post-yield behaviour, in Figure 329 it is possible to see that the crack initiates at the adhesive spew at the 

composite free end (where the shear stresses are maximum, as illustrated in X) and then propagates along 

the the bondline.  

 

Figure 331 – Stresses acting on the adhesive layer [109] 
 

Similarly to what was found for the previous configuration, single lab joints bonded with Araldite® 2015-1 

also exhibited cohesive failure with all specimens, but also with light-fibre-tear failure of some of the 0º fibres 

on the layer in contact with the adhesive. In a closer inspection, it is possible to observe that some of these 

fibres' tensional strength was surpassed, breaking them and transferring them to the adhesive on the 

opposite side (being visible in detail in Figure 330). No further laminar failure was found since there was a 

total separation of the adherends after the connection had reached its maximum load.  

a)  b) c)  

a) b) 

0º broken 
fibres 
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6.4.6. Configuration nº6 

 

Figure 332 – Load-displacement curves obtained from configuration nº6 specimens 
 

  

  

Figure 333 –  DIC captures at different timestamps of specimen 6_B: a) T1; b) 

T2; c) T3; d) T4 

 

a) b) 

c)  d)  
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Figure 334 – Specimens’ failure surfaces: a) Exterior; b) Interior 
 

This last connections’ configuration, being both bonded and bolted, had similar behaviour to both 

configurations nº1 and nº 5. When analysing Figure 332 and Figure 333 it is possible to conclude that the 

failure initiation and progress up to the moment of maximum carried load was very comparable to the 

previous configuration of bonded joints using the same Araldite® 2015-1. A crack has initiated at the spew 

edge (T2) and the response was brittle while achieving around the same values of maximum load. From that 

point, and even though the bondline has been completely separated (again by cohesive failure), the 

connection could already carry more load while undergoing the same laminar failure phenomena as 

reported for the bolted configurations. Being only connected by the bolt, the connection has carried up to 

70% of its maximum load, which is around the same that was achieved in configuration nº1 (bolted 

connection). When analysing the failure surfaces (Figure 334), both cohesive failure of the adhesive and 

laminar failure of the adherends was found. In a closer look (Figure 335), bearing in clearly visible, as well as 

the previously reported intralaminar failure (0º plies on the adhesive’s side), fibre breaking and interlaminar 

failure starting from the inside plies and progressing towards the centre of the laminate.  

a) b) 
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Figure 335 – Specimens’ failure surfaces: a) Bearing; b) Intra and interlaminar failure; c) 

Intralaminar failure and fibre breakage; d) Laminar failure 

 

6.4.7. Conclusions 

Tensile tests on differently connected specimens have provided the results indicated in Table 15, in terms of 

maximum load (𝑃𝑚𝑎𝑥), displacement at maximum load (𝛿𝑃𝑚𝑎𝑥
), and stiffness at maximum load 

(𝐾𝑃𝑚𝑎𝑥
=  𝑃𝑚𝑎𝑥/𝛿𝑃𝑚𝑎𝑥

): 

 

Table 102 – Tensile tests results: maximum load 𝑃𝑚𝑎𝑥 , displacement at maximum load 𝛿𝑃𝑚𝑎𝑥
, and stiffness at 

maximum load 𝐾𝑃𝑚𝑎𝑥
 (average ± relative standard deviation) 

 𝑃𝑚𝑎𝑥 [kN] 𝛿𝑃𝑚𝑎𝑥
 [mm] 𝐾𝑃𝑚𝑎𝑥

 [kN/mm] 

Configuration 1 9.96 ± 7% 9.57 ± 6% 1.04 ± 12% 

Configuration 2 8.68 ± 5% 7.66 ± 5% 1.13 ± 2% 

Configuration 3 9.50 ± 9% 10.79 ± 6% 0.88 ± 7% 

Configuration 4* 3.95 0.84 4.73 

Configuration 5 17.24 ± 5% 0.97 ± 9% 17.84 ± 4% 

Configuration 6 16.78± 7% 0.96 ± 21% 17.78 ± 15% 

*Values of relative standard deviation are not presented because only one 
specimen led to valid results 

 

 

a) b) 

c) d) 
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The results for the maximum load and stiffness are also shown in Figure 336 a) and Figure 336 b) 

(respectively) in the format of a bar chart: 

 

Figure 336 – Average values of maximum load (a)) and stiffness at maximum load (b)) for each 
configuration (error bars indicate maximum and minimum values) 

 

In Figure 337 it is plotted the load-displacement curves of the best-performing specimen (in terms of 

maximum load) of all configurations:  

 

Figure 337 – Comparison between the load-displacement curves of all configurations 
 

By analysis of the obtained values for the maximum load, displacement at maximum load and stiffness, it is 

possible to establish the following conclusions: 

The specimens which performed the best in terms of maximum load capacity were the ones bonded with 

the Araldite® 2015-1 adhesive, being followed by the hybrid specimens (practically the same, only about 3% 

less) which were bonded with the Araldite® 2015-1 adhesive and bolted with an M6 bolt. The specimens 

bonded with the Corso Magenta reversible adhesive behaved clearly worse than the other configurations, 

with an approximately 55% decrease in terms of maximum load when compared to the second worse 

configuration (nº2). Therefore, it is possible to conclude that all the specimens bonded with the 

Araldite® 2015-1 adhesive reached satisfactory values of maximum load, independently of having an 

additional bolt or not.  

The displacement (at maximum load) values followed a different trend, being much higher (and therefore 

the stiffness lower) for the solely bolted specimens (configurations nº1, nº2 and nº3). This is directly related 

to the observation of the failure mode and failure sequence, which was definitely more rapid and brittle for 

a)  b)  
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the bonded specimens, while the bolted ones suffered progressive bearing and transferred their load-

carrying capability to the adherends’ fibres, which underwent continuous intra and interlaminar failure since 

the yield point. 

All bonded specimens exhibited cohesive failure (a thin layer of adhesive in both adherends’ surfaces), 

evidencing that the peel ply treatment was adequate in providing a clean and chemically active surface.  

Following these results, the reversible adhesive for Corso Magenta could not be validated for structural 

applications and therefore lacks further validation. It is suggested that the mixing process is revised to 

ensure a repeatable and controlled mixing that can be performed without requiring special laboratory tools. 

No advantages were seen when using a middle or exterior metal sleeve plate, as they did not result in higher 

values of maximum load nor significantly higher values of displacement at maximum loads. Adding weight 

and the lower degree of laminar failure being explained by the lower loads and a distribution of the bolt 

clamping load through an increased area, both the configurations nº2 and nº3 are not advantageous when 

compared to the simpler configuration nº1. 

Both the configurations nº5 and nº6 have provided satisfactory results. While no advantages in terms of 

strength (maximum carried load) could be found when including an additional bolt to the bonded joint, this 

may provide a more fail-safe design as it combines the advantages of both individual joining techniques, in 

particular the easier application (without the need for a bonding jig, as the bolt keeps parts in place while 

the adhesive is curing), providing immediate handling strength while the adhesive is not fully cured and a 

two-stage cracking process before the final failure with improved overall durability of the connection/joint. 

On the other side, the ease of dismantling may be compromised if a permanent adhesive is used. This is 

aligned with the conclusions from the literature [110].  
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7. Conclusion 

This document provides an extensive report on the work developed during task 2.3, and presented, 

according to the sequential approach that was directly related to its four subtasks, all the outcomes from 

each of these studies. 

Regarding the benchmark of connections, a broad review of the different joining technologies was made 

and reported in Chapter 2, which then served as a basis for the selection of the most appropriate joining 

types in FRP composite materials. The conclusions allowed for a clear comprehension of each technology's 

capabilities and limitations. Some of the covered technologies are currently limited to low TRL 

demonstrators and have revealed unfeasible to the application to this project at a functional scale, but some 

others were identified as opportunities to be exploited in the future.   

As described in Chapter 3, all the potential connections that could be applied to the W2Power and Tidal 

Turbine Housing platforms were then brought to the discussion, studying the advantages and 

disadvantages of each and finally identifying the most promising ones for each application with the aid of 

selection matrices, where several parameters were considered and weighted.  

Chapter 4 addressed the main conclusions from different topics regarding the reinforcements of the 

W2Power platform, particularly necessary to its towers and columns, and although not directly related to 

the scope of the T2.3 but having a transverse impact throughout over several work packages, was 

particularly relevant to identify new connections possibilities or connecting components that could be 

optimized or redesigned.  

In Chapter 5, several options of connection configurations and geometries were studied using finite element 

analysis, in particular for the tube to column connection – where round-shaped joints were compared to 

rectangular and square-shaped joints – and the tower to column connection, where different IKEA-joint 

configurations where analysis, including the number of holes/bolts. A final proposal for the composite 

materials and its lay-out was made. 

Lastly, in Chapter 6, the carried experimental campaign has successfully led to important conclusions 

regarding the different joining methods (bonded, bolted, hybrid), concluding that among the different 

configurations tested, both the bonded (configuration nº5) and hybrid (configuration nº6) led to satisfactory 

results, which were mostly dependent on the adhesive’s strength and behaviour. The hybrid configuration 

provides a more fail-safe design as it combined the advantages of both bolting and bonding in a two-stage 

cracking process. The manufacturing processes for the connections were properly described, and identified 

possible troublesome topics such as the reversible adhesive preparation. Failure surfaces were described, 

depicting the failure modes and mechanisms, stepping up the comprehension of these connections and 

hereafter improving the numerical models to be employed. 

The conclusions drawn from obtained results, regarding the type of connections to employ in different 

platforms and applications, will be used throughout the development of the Fibregy project, particularly 

supporting the decision-making process and CAE models during structural design and manufacturing.  
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