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Abstract: 
 
Due to an increase in the usage of composites in the world of engineering in the past few 

decades, a rise has been observed in research related to the joining processes, especially, 

between composite parts. This thesis is mainly focused on structural health monitoring (SHM) 

in composite single-lap joints (SLJ). ADEKIT A236/H6236 has been used as the polyurethane 

adhesive manufactured by the SIKA (CH) company, and the adherends were made of carbon 

fibre/epoxy prepreg woven, named XPREG XC130. The backface strain on SLJ was measured 

employing the optic fibres (LUNA ODISI-B). Additionally, dimensional parameters of the 

joints (overlap length and adherend thickness) have been varied, and consequently, the effect 

of these has been monitored in terms of loading conditions and strain magnitudes. Furthermore, 

the results obtained from the above methodology used to measure the backface strain showed 

that there is a point on the surface of the SLJ that records a zero strain up to the point where 

the damage starts occurring in the joint. Afterwards, this zero-strain point starts acquiring strain 

up to joint failure.  
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Chapter 1: Introduction 
 

The usage of metals in industrial setups has always been a convention, and its roots are so deep 

that one cannot think of an alternative, but the introduction of composite materials has not only 

brought about significant changes in various industries, but it has also transformed the way 

metals were being viewed as a material of choice. One significant challenge in adopting 

composite materials as a substitute for metals has been their strength and toughness. 

Nevertheless, researchers have made a ground-breaking discovery by introducing 

carbon fibre as a viable replacement for metals. Carbon fibres have not only evolved as a 

substitute in terms of strength (however directional) but also cover up for the light weighting 

solutions that are highly sought by the automobile, aerospace, and other heavy-duty industries. 

 

When it comes to joining components at the interface, conventional mechanical tools such as 

nuts, bolts, and rivets have been widely used. However, the implementation of these tools 

comes with a set of challenges, including high costs, cumbersome processes, and time-

consuming assembly lines when weighing the entire lifecycle of these elements. Moreover, 

these joints are prone to malfunctions, often failing due to issues like slippage, stress 

concentrations, rusting, and oxidation. As a result, supplementary maintenance costs are 

incurred not only for the joints themselves but also for the interconnected components. 

 

To overcome these deficiencies, the industry is actively seeking options for joining techniques 

and solutions. One promising approach is adhesive bonding, which involves the use of 

materials such as epoxy and polyurethane. Adhesive bonding offers several benefits over 

traditional mechanical methods. It provides a more cost-effective and efficient assembly 

process, reducing both time and labour requirements. Besides, adhesive bonds distribute stress 

more evenly, resulting in improved joint performance and enhanced overall structural integrity. 

Additionally, adhesive bonding can offer resistance against rusting and oxidation, contributing 

to longer-lasting and more reliable joints. 

 

By embracing adhesive bonding as an alternative technique for joining components, the 

industry aims to master the limitations associated with traditional mechanical tools, ultimately 

improving efficiency, reducing maintenance costs, and supplementing the overall reliability of 

interconnected components. 
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To ensure the performance and reliability of adhesive joints, a meticulous examination is 

necessary. This entails achieving comparable levels of strength to those offered by 

conventional joints. Consequently, experimental conditions need to be designed to assess the 

behaviour of these joints under various working conditions. Test setups involving point loads, 

3-point bending, cyclic loading, and fatigue are habitually employed to assess the reliability of 

adhesive joints. This process of perceiving and analysing joint behaviour is known as 

"structural health monitoring." Talking about structural health monitoring, simple tools like 

strain gauges, which are commonly used in experimental setups, could be used. But here, 

experimentation is going to exploit the properties of optical fibres for monitoring purposes. 

The precedence of using optical fibres over strain gauges is that monitoring over longer lengths 

is pretty easy without having to use new sensors because theoretically any gage length could 

be used, the minimum of which is 0.65 mm in the setup. The primary objective here is the 

monitoring of distributed strain fields in the specimen, which is made of composite material 

and joined together using adhesives. The material used for composite manufacturing is 

primarily glass or carbon fibre. The task thus overcomes various spatial constraints in terms of 

accuracy and the number of measurement points on the given specimen. Knowledge 

concerning the handling of optical fibres is necessary, as it requires a high amount of care and 

sensitivity to prevent any damage or breakage owing to the brittle nature of the fibres. 

 

The analysis is carried out using the LUNA-ODISI 6102, which is part of the ODISI 6000 

series. The modern advancement in materials and systems has given rise to challenges in terms 

of monitoring and thus carving out the required results, and the above-mentioned fibre optic 

system overcomes these challenges in a much smoother and easy-to-go way. It provides one of 

the most precise and high-definition distributed temperature and strain sensing capabilities 

available in the market. It thus offers maximum visibility and insight into the changes in terms 

of loading and strains at any location of the specimens. The LUNA-ODISI 6102 operates based 

on the Rayleigh backscatter effect, which will be discussed in the topics following. The 

Rayleigh backscatter effect is achieved through the inclusion of intended density changes 

between the core and the cladding, which means composition fluctuations within the fibre core 

during the manufacturing process [1]. The optical fibres that are being used have been 

manufactured by Optokon and ThorLabs. The design of the specimen is least affected by the 

application of the optical fibres since they can be either attached to the surface or embedded 

within the composite. However, handling the fibres can be challenging because the primary 

material used for manufacturing fibre is glass, which is practically brittle. When the fibre gets 



 
 

STRUCTURAL HEALTH MONITORING OF ADHESIVE JOINTS USING OPTICAL FIBRES   14 
 

exposed after removing the jacket or the external protective coating, the user must implement 

caution to avoid damaging the fibres, which could render them useless. 

 

In the field of structural health monitoring, there are diverse techniques available for measuring 

changing strains, and the use of optical fibres is one of the most advantageous. This thesis will 

address the critical issues typically encountered when working with optical fibres and their 

operating principles. The experiments conducted throughout this thesis will be discussed 

individually, covering some optimal approaches in terms of getting better results and also in 

terms of analysing them. Finally, a conclusion will be drawn, including thoughts on future 

research directions. 
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Chapter 2: Literature Review 
 

2.1 - Structural health monitoring 
 
In the literature, structural health monitoring (SHM) has been elucidated as the process of 

acquiring, validating, and analysing technical data to facilitate life-cycle management decisions 

for components and materials that are used or are intended to be used [2]. What is the damage? 

If, due to some changes in the material or geometric properties of a component or a system, 

there is a negative change in the functioning of the system, this can be referred to as "damage." 

Damage also encompasses changes in boundary conditions and connectivity. Proper 

monitoring of these changes is the foundation of structural health monitoring. There is always 

a specified type of damage that is being earmarked to be detected properly, this determines the 

architecture of the system employed for SHM [3]. There are a lot of highly effective non-

destructive evaluation tools accessible for monitoring structural health, including a wide 

variety of local techniques. 

 

For composite materials and structures, the monitoring and management of structural health 

are crucial. Structural health monitoring (SHM) is an emerging technology. This technique 

consolidates advanced sensor technologies with intelligent algorithms to estimate the condition 

of structures dynamically in real-time or on demand. SHM offers benefits in terms of safety 

and reliability, the performance is amplified, the monitoring is automated with no need for 

supervision, and the life cycle cost estimation is reduced. Now, due to high-end research in 

SHM technology, researchers have come up with techniques that are both propitious and 

autonomous and are available to detect and access the condition of the composite structure in 

real time without much lag or delay in producing results. The main agenda behind the use of 

this distinctly sensitive and accurate technique is to prevent or forecast damage, reduce 

stoppage time, and decrease maintenance costs, which could get exemplified if not detected in 

the proper time [4].  

 

If discussion is done about industries dealing with automotive, aerospace, and wind energy, 

one of the main fields of consternation for them is weight reduction, but composites with high 

strength-to-weight and stiffness-to-weight ratios become an archetypal choice for use in these 

cases. The use of composite materials can result in significant weight savings, which can lead 

to improved fuel efficiency and reduced emissions in transportation applications. Additionally, 
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the use of composite materials can lead to improved performance in terms of stiffness, strength, 

and fatigue resistance [5]. Along with abundant practical advantages of composites, they enable 

the freedom to be customized. The basic building blocks of composites are fibres. The tailoring 

is done in terms of the type, size, and orientation of the fibres or different matrix materials. 

This results in a different set of properties exhibited by the final products thus obtained. Thus, 

for a particular application with some specified properties, designers get a free hand in creating 

parts and components from the materials of the given/required property class. 

 

Components made of composites are useful in cyclic loading conditions, due to their enhanced 

resistance to fatigue. The selection of matrix material is the basis for increasing the fatigue 

resistance of composite materials. What adds to the selection of the material used for the matrix 

is the orientation of the fibres and their distribution inside the volume of the component. 

 

Thus, the combination of all these properties—high strength, durability, customization, and 

fatigue resistance—makes composite materials a pragmatic option in industries for a wide 

scope of operations. 

 

Effective non-destructive procedures must be used if composite structures are to be monitored 

for quality and integrity. While utilizing these methods for the detection of damage and faults, 

the structure's attributes and geometry are preserved. Using these methods also guarantees that 

the structure's behaviour and functionality are not jeopardized in any manner. These methods 

include thermography, optical fibre sensing, X-ray computed tomography, ultrasonic 

inspection, and acoustic emission monitoring, among others. These methods enable the early 

diagnosis of damage, which can assist avoid catastrophic failure and lower the expenses 

involved in the overall repair or replacement of the building. 

 

To investigate the state of damage in modern materials, including composites and structural 

components used in industry, NDT&E methods like Acoustic Emission (AE), Acousto-

Ultrasonics (AU), Ultrasonics (UT), Digital Image Correlation (DIC), and Infrared 

Thermography (IRT) can be used. These methods can also be used to track deformation and 

damage development over time and length scales, and are integral to SHM systems. These 

methods can provide information and data about parameters that are related to structural 

performance, such as displacements between two points of reference, strains over the length of 

a component in a chosen direction, and stresses. This information, when combined with 
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advanced post-processing tools, can help infer the current operational state and remaining life 

of the structure, which will thus provide solutions to prevent any untoward incident from 

occurring.  
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2.2 - Composite materials 
 
Composites emerged as a novel class of materials that were about to be labelled as the future 

of engineering in the middle of the twentieth century. A composite is any material that can be 

made by using two or more different and distinct components in such a way that the 

demarcation of each in terms of its unique properties and boundaries is preserved [6]. The 

majority of such materials consist of two constituents, primarily: a matrix, and an inclusion or 

dispersed phase. The matrix typically has high ductility and low fracture strength. The 

properties of the composite material are determined by the constituents’ geometry and 

distribution, particularly in the dispersed phase [7]. The main aim of composite materials is to 

blend the unique properties of each constituent in such a way that the final material overcomes 

the limitations of individual materials. Figure 1, shows a comparative study between 

composites and other conventional materials with respect to the mechanical properties 

exhibited. Thus, in the new structure created, the properties achieved are the ones not possible 

in any single metal or material. 

 

 

Figure 1 Comparison between mechanical characteristics of different materials[6] 
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A critical role is played by the dispersed phase in terms of achieving a symmetric load 

distribution inside the composite. For that, the process requires the resin to be evenly 

distributed in the die during the manufacturing process. Slight variations in the dispersion of 

the resin can significantly impact the properties of the resulting composite. For a change, once 

during experimentation on glass fibres, air bubbles were introduced inside the die, and the 

composite thus obtained had properties varying significantly from those without any air 

bubbles. To achieve the desired properties of a composite, it is crucial to carefully control the 

manufacturing process, ensuring the uniform distribution of the dispersed phase and the 

absence of any unintended elements. This attention to detail helps maintain the integrity and 

performance of the composite material. 

 

2.2.1 - Types of composite materials 
 

Since the properties of a composite material are predominantly determined by its 

constituents—the matrix and the dispersed phase—it is advantageous to have a range of 

materials that can be used as the matrix. This allows for further investigation and understanding 

of the mechanical properties of composite materials. Composites can be classified based on the 

type of matrix material used. This type of classification provides a more detailed and nuanced 

understanding of the mechanical properties of the composites obtained as such. And there are 

three types of matrix materials for the composite: 

 

1. Polymer matrix composites (PMCs) 

 

2. Ceramic matrix composites (CMCs) 

 

3. Metal matrix composites (MMCs) 

 

Polymer matrix composites have a long history if examined carefully. The development of 

composites, and as such, the introduction of metal and ceramic matrix composites, is rather a 

new addition to the vertical [8]. Initially, research was conducted on metallic and ceramic 

matrix composites. However, since the focus was primarily on continuous carbon and boron 

fibres, perfect, high-quality composites could not be achieved. But as the research interest in 

the field of fibres gained pace, accelerated results were obtained, and as a consequence, the 
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experimentation processes have now come to a point where the production of high-quality 

composites is easily possible [8]. Figure 2 shows the broad classification of the types of 

composites discussed. 

 

 

Figure 2 Types of  composites  [8] 
 

Having discussed the type of matrix that could be used, it becomes somewhat obvious to expect 

a variety of types of resins. So, coming to the topic of resin classification, it can broadly be 

divided into two types. 

 
1. Thermoplastic resins: as the name suggests, these resins somehow change their 

properties when exposed to changes in temperature. The first type of resin is 

thermoplastic resin, which is reusable after converting from the solid phase to the liquid 

phase by elevating temperatures and then curing it according to the requirements of the 

specimen or the test settings. The reusability of thermoplastics is a result of weak 

intermolecular forces between the polymer chains. Examples of thermoplastic resins 

include polyamides, poly(vinyl alcohol) (PVA), polyethylene, 

poly(tetrafluoroethylene), poly(vinyl chloride) (PVC), polypropylene, and poly(ether-

ether ketone) (PEEK). However, when compared to thermosetting resins, their 

operating temperature range is smaller due to their high sensitivity to temperature. 

Additionally, the impregnation process with thermoplastic resins is highly difficult, 

which overshadows their other advantages, making them extremely challenging to use 

as the matrix for high-performance composites [9]. This must also be considered 
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because, after a certain number of times, the reusability starts to diminish due to damage 

in between the polymer chains. 

 

2. Thermosetting resins: The second type of resin is thermosetting resin. The main 

difference between the two is that the thermoset resins are not reusable, and the process 

is thus not reversible. The reason behind this behaviour of thermosets is that the 

polymer chains in thermosetting polymers are interconnected by chemical reactions. If 

these resins are softened by heating, the chains break, which would mean no structural 

integrity of the resin as such, and thus it cannot be used in binding the composite 

together. Most of the reactions responsible for the formation of thermosetting resins are 

exothermic, so there is usually no requirement for external heat in the formation 

process. Thermosetting resins are of great interest and find wide usage in the fields of 

composites, coatings, adhesives, and electronic packaging owing to their excellent 

geometrical stability, resistance to chemical reactions, and outstanding thermal and 

mechanical properties, [10]. 

 

Resin transfer molding (RTM) and vacuum-assisted resin transfer molding (VARTM) are two 

usual techniques used for manufacturing composite components. To obtain a near-net shape of 

three-dimensional complex parts, the RTM process is used by employing good design 

practices, which leads to the production of cost-effective structural parts using low-cost tooling. 

However, the limitations of the process constrain the volume of production. VARTM, on the 

other hand, involves the use of a vacuum to assist with the resin transfer process, which allows 

for the manufacturing of larger and more complex parts [11]. Thermosetting resins have a 

highly cross-linked structure, which gives them better dimensional stability, high-temperature 

resistance, and resistance to solvents compared to thermoplastic resins. Thus, for 

manufacturing components with a higher life cycle, the properties of thermosets eclipse those 

of thermoplastics and make them the preferred choice in the world of composites [12]. 

 

The main types of materials used for the matrix are: 

 

1. Glass fibres 

 

2. Carbon fibres 
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3. Aramid fibres 

 

Defining these types of fibres : 
 

Glass fibre is a non-metallic inorganic material. It acts as insulation or resistance against heat 

and electricity. Additionally, it also demonstrates high tensile strength. Due to these properties, 

its usage in the conventional industrial setup is ample, and examples include transportation, 

petrochemicals, electronics, and aerospace. However, due to its relatively low modulus and 

heat resistance, the use of glass fibres is limited in certain applications. 

 

For structural applications, carbon fibres are often preferred due to their high modulus, high 

strength, and low density. The composites made with a matrix and resins are directional, or 

anisotropic. So there will always be a different value for a certain property if the direction of 

measurement changes. In general, properties in the longitudinal direction (i.e. along the length 

of the fibres) are typically more useful as well as higher than properties in other directions. 

 

Aramid fibres are known for their high tensile modulus and strength, which makes them 

suitable for use as reinforcement in advanced composites. For this purpose, aramids were the 

first organic fibres in use. The term "aramid" refers to fibres made of aromatic polyamide. In 

aramids, 85% of the concentration is that of the amide bonds (-CO-NH-) in connection with 

two aromatic rings directly. They too have a wide range of applications because of the strength 

properties they exhibit, but they are still not as good as those of carbon fibres [13]. Table 1 

shows the different materials that can be used as fibres and their properties. 
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Table 1 Different materials used for fibres 

Fibre Type Density (g/cm3) 
Tensile strength 

(MPa) 

Modulus  of 

Elasticity (GPa) 

Elongation at 

break (%) 

Polypropylene 0.9-0.95 200-800 3.5-1.5 5-30 

Polyethylene 0.92-0.96 80-600 5-117 3-100 

Polyamide 1.14 750-1000 4.1-5.2 16-20 

Polyvinyl 

alcohol 
1.3 900-1800 20-42 6-8 

Polyacrylonitrile 1.18 200-1000 2-19.5 2-3 

Steel 7.84 350-3000 200-212 0.5-1 

Carbon 1.4-1.7 2500-4000 230-380 0.5-1.8 

Glass 2.5-2.6 1000-4000 70-80 1.5-3.5 

Aramid 1.44-1.47 2300-3600 63-133 2-4.5 

 

 

 

 

Dispersed phase 

 

Figure 3 Dispersed and Matrix phase [14] 

 

The “principle of combined action” states that the combination of two or more different 

materials with specific properties leads to the formation of composites. So to achieve a pre-

defined set of properties that are not possible from the individual materials, this concept is 

applied. The application of composites in a wide array of industries, such as aircraft bodies, 
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brake shoes, and Formula One cars, is primarily because the weight of composites for the same 

volume of metals is very low, so there is an added advantage of weight reduction, whereas 

simultaneously the strength of composites is comparable to that of metals. Figure 3 shows a 

schematic representation of composite material. It consists of a continuous phase known as the 

matrix, which surrounds the dispersed phase. The dispersed phase also acts as support in the 

same way as iron rods or meshwork in the case of RCC. The basic principle is comparable and 

similar in both cases. The matrix protects the dispersed phase while allowing an even 

distribution of loading. 

 

The properties of the dispersed phase, which could be in the form of fibres, particles, or flakes, 

greatly affect the properties of the composite material overall. The orientation, distribution, and 

volume fraction are some of the particular properties of the dispersed phase that can be varied, 

as a result of which they play a significant role in determining the overall mechanical and 

physical properties of the composite. For example, a high value of stiffness and strength is 

obtained in the composite material if the dispersed phase is well-oriented and has a high volume 

fraction. On the other hand, the composite material may not exhibit significant improvements 

in its mechanical properties compared to the matrix material alone if the dispersed phase is 

randomly oriented or has a low volume fraction. 

 

The form in which the fibres would blend in the dispersed phase of the composites usually 

depends on the type of manufacturing process employed and the properties that are expected 

of the final composite. Non-woven fibres are usually randomly oriented. Composites made of 

non-woven fibres are isotropic. Woven fabrics, on the other hand, are arranged in a specific 

pattern that can provide anisotropic properties to the composite, depending on the orientation 

of the fibres. Bidimensional woven fabrics are typically used for two-dimensional components, 

while tri-dimensional woven fabrics are for three-dimensional components. 

 

There are generally two particular directions of weaving fibres, perpendicular to each other: 

the warp and the weft. The warp direction is parallel to the production line of the fabric, while 

the weft direction is perpendicular with respect to the warp. There are several techniques for 

weaving the weft, giving rise to different patterns and characteristics in a composite. Different 

types of weaves, such as plain, twill, or satin weaves, will have different patterns and properties 
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[15]. Error! Reference source not found. shows different types of configurations that are 

available. 

 

 
a) Plain weave.   b) Satin weave.   c) Twill weave [15] 

Figure 4 

  

Plain weave: It is the most simple and common type of weave design. It is the most inexpensive 

to construct because each weft goes alternately over and under one warp yarn. 

 

Satin weave: In this, the pattern has one warp yarn over four or more weft yarns. 

 

Twill weave: It is characterised by diagonal ridges formed by the yarns. Twill weaves are more 

closely woven. 

 

To streamline the production of composite parts and samples, engineers have increasingly 

turned to the use of pre-pregs. These pre-pregs consist of fabrics that have been pre-

impregnated with an optimal quantity of thermoset resin. The resin is partially cured, allowing 

for convenient handling, but it requires further curing to achieve the final cross-linking stage. 

This partially cured state is commonly known as the B-stage material. To ensure the proper 

curing process, it is essential to store and handle pre-pregs in a controlled environment. Cold 

temperatures are preferred, as heat can accelerate the curing process. By keeping the pre-pregs 

in a cold environment, the timing of the final curing can be managed. This ensures greater 

control and flexibility in the manufacturing process. The use of pre-pregs offers notable 

advantages in terms of reducing the time and effort required for composite production. It 

provides a convenient and efficient method for incorporating resin into the composite, ensuring 

consistent resin distribution and improved overall quality. The B-stage material characteristic 

of pre-pregs allows for easier handling and processing while still allowing for the necessary 

curing to achieve the desired material properties. 
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Inside the prepregs, there is continuous crosslinking happening between the resin and the 

curing agent. This process is initiated even before the actual curing process is started by the 

user. Thus, to avoid this automatic curing, the pre-pregs are stored in refrigerators, usually at 

around -18 oC. By doing this, the cross-linking is limited [16]. Consequently, when the prepregs 

are taken out of the refrigeration environment, the available shelf life is very limited, and thus 

all the processing has to be finished in this available time [17].  

 

Another aspect of prepregs is storage. Since it involves low temperatures, an increased burden 

of transportation and storage costs is seen; it has to be maintained at low temperatures even 

during transportation. Due to these reasons, the production costs of prepregs also increase. 

However, due to the storage requirement, the material performance of the prepregs in terms of 

compressive strength and modulus may decrease. Not only will the material performance be 

affected, but it will also affect the interlaminar strength [18]. Keeping the above-mentioned 

constraints in mind, the advantages of using prepregs also need to be considered. Using 

prepregs first reduces the processing time of the preparation of the samples, which in itself is a 

contrasting advantage to all the shortcomings. In addition, the shape of the final sample is 

uniform, and there is an equivalent thickness of the sample all over. This can also be considered 

in terms of surface quality, which is better than any other type of manufacturing technique used 

by far. 

 

2.3 - Techniques for the production of composite 
polymer matrix 
 

There are some consistent parameters on which any production technique depends. These 

include availability of labour, time, and technology. Process requirements and production costs 

vary as the technique changes. The quality and mechanical parameters of the final product 

depend on the method of production. The expectation from the product is to be of a near-net 

shape to encounter minimal post-processing. 

 

Open-face moulding:  the curing process takes place in an open environment, which means 

that the raw materials, i.e., resins and fibres are exposed to the environment. Different 

techniques can be used to carry out this process, such as hand layup, spray layup, or automated 
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layup, which can include tape layup or filament winding. It would be discussed in the course 

of this part. 

 

Matched die moulding: is a reinforced plastic manufacturing process. There are two parts of 

the die, as in the case of moulding, which are close-fitting metals, matching male and female. 

Parts are formed when the two halves are connected, and then curing takes place with the 

effects of pressure, temperature, and time. 

 

Pultrusion: it is an automated closed molding process used to manufacture fibre-reinforced 

polymer composites. In this process, fibre glass is pulled through a resin bath or impregnator. 

The process is carried on until the fibre becomes saturated. Then, to get the final product in a 

hardened shape, heated steel is used. The final product is a strong, lightweight fibre-reinforced 

polymer. 

 

Discussing some of the main processes and techniques used: 

 

- Hand lay-up process: the hand lay-up method is also called the wet lay-up method. It is 

one of the oldest methods used in industry. The main reason is the simplicity of this 

method. The thickness of the component to be produced is pre-defined, and for the same 

matrices, layers are stacked upon each other to reach the desired amount. All the plies 

are handled manually [19]. A big drawback of this method is its time consumption. An 

antiadhesive or wax is also used in the process over the mold surface where the resin 

and fibre are to be cured. This makes sure that the final product is easily separated from 

the mold and that no damage happens because of adhesion between the surfaces. A thin 

plastic sheet is applied at the top and bottom of the mold plates to ensure that the surface 

of the final product is smooth. Figure 5 shows a schematic diagram representing the 

hand lay-up process. The layers of woven reinforcement, which could be made of glass, 

carbon, or any other material, are cut to the required shapes and placed on the surface 

of the mold. The resin is mixed with other ingredients until the required specification 

is obtained and infused onto the surface of the reinforcement already positioned in the 

mold. For uniformity, a brush is used to spread this resin [20]. The curing process takes 

time as it is done at room temperature. 
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Figure 5 Hand layup[19] 

 
- Spray layup process: similar to hand layup, an operator applies the composite material 

to single-sided tooling. An advantage of low-cost cooling is obtained in this procedure 

since the cooling is done at atmospheric temperature. Large parts can be produced using 

the spray layup process, but at an extended cycle time [21].  The main difference 

between hand layup and spray layup is that in the spray layup, a hand-held gun is used 

to spray the thermoset resin and the chopped fibres at the same time. It is thus faster 

because of a higher deposition rate. Figure 6 shows a schematic diagram representing 

the process. 

 

 
Figure 6 Spray layup[19] 
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- Vacuum bagging: Different types of structural components, such as carbon-epoxy, are 

fabricated using the Vacuum Bag Resin Infusion (VBRI) process and similar [22]. It is 

advantageous for an over hand layup and a spray layup as it provides a better surface 

finish and porosity to the component. The component is sealed to the tool or the glass 

plate using a plastic bag. The material is subjected to atmospheric pressure inside the 

bag by evacuating the air with the help of a vacuum pump. This process ensures a 

composite structure with improved properties [21]. The vacuum bag is also used for the 

curing of prepregs inside the oven. The oven accelerates the curing process. 

 

Figure 7 shows various components that are part of the vacuum bagging process. Other 

components required in the vacuum bagging process are sealant tape, breather fabric, 

release film, and wax. The addition of these components makes the whole process 

complex and expensive. Also, the process requires using elevated temperatures in the 

oven to accelerate the curing process and also the vacuum pump, thus increasing the 

energy consumption. 

 

 
Figure 7 Vacuum Bagging[22] 
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- Resin infusion: is the process in which resin is inserted into the vacuum bag, which 

already has dry fibres whether woven or non-woven. It’s almost similar to the vacuum 

bagging process, the only difference being that here an additional infusion of resin is 

done. In resin infusion, two openings are made into the vacuum bag: one for resin entry 

and one for the vacuum pump. A high fibre content composite is produced because of 

the vacuum, which draws the resin across and through the fabric. The resin is evenly 

distributed over the reinforcement. However, to get good impregnation, low-viscosity 

resin is used [21]. The curing generally takes place at room temperature, and as such, 

large tooling (and therefore parts) can be accommodated [21]. Figure 7 is a 

representative schematic. 

 

 
Figure 8 Resin Infusion[21] 

 
- Resin Transfer Moulding (RTM): In this process, the male and female parts of the mold 

hold onto the fabrics, which take the shape of the mold. Then a passage of thermoset 

resin is allowed to flow through at an elevated pressure range of 2 to 20 bar. The process 

is dependent on some factors, which include, the pressure gradient in the tool, the 

viscosity of the resin, and the architecture and nature of the fabric, that is, its inherent 

permeability [21]. Once the fabric is completely wetted, the curing process of the 

composite starts. The curing starts at room temperature or higher temperatures. Due to 

the difference in temperatures, the time of curing also varies considerably, with a 

difference ranging from minutes to hours [21]. 
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A schematic representing resin transfer moulding has been shown in Figure 9. Owing 

to the complexity of the shape of components, the RTM process can be time-consuming 

and inefficient. To overcome these constraints, some modifications have been made to 

the RTM process. If a vacuum is used for the RTM process, it’s called Vacuum Assisted 

Resin Transfer Molding (VARTM), and if high pressure is used for resin transfer, it's 

called High-Pressure Resin Transfer Moulding (HPRTM) [21]. 

 

Figure 9 Resin Transfer Moulding [21] 

- Compression Molding: In compression molding, the molding material is first placed in 

an open, heated mold cavity (female) or form (male) using a two-part mold system. The 

molding material is pre-heated so that it takes the shape of the mold [23]. A hydraulic 

press is used to distribute the mold material in the mold cavity. Compression molding 

is used to process bulk and sheet molding compounds (BMCs and SMCs), and 

subsequently cure while the heated mold tool is clamped shut [21]. Figure 10 shows a 

schematic of the compression molding process. 
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Figure 10 Compression molding [23] 

 

- Injection molding: Injection molding works in some simple steps: there is a plastic melt 

that flows into the mold and takes the shape of the mold as the melt cools down; then 

the demold process is done. Injection molding makes parts in a discrete or 

discontinuous process [24]. Short fibre-reinforced thermoplastic is melted and 

homogenized by a rotating screw in a heated barrel. The direction of flow determines 

the direction of the fibres in the matrix. 

 

- Extrusion: This process is similar to injection molding. In this process, plastic 

deformation of the material happens due to the application of force, causing that 

material to flow through an orifice or die. Water is used to cool the extrudate and 

solidify it. Then, it's either sectioned into lengths or rolled into coils [21]. High 

mechanical properties are not obtained from components manufactured by the extrusion 

process because of the use of short fibres. 

 

- Pultrusion: This process is similar to extrusion. Here the material is pulled out of the 

die, while in extrusion the material is pushed out through the orifice. The resin-to-fibre 
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ratio is controlled by the use of die and pultrusion manufacturers’ composites with a 

high fibre ratio [21]. 

 

2.4 - Adhesive bonding 
 
The process of adhesive bonding involves using a non-metallic adhesive material placed 

between the faying surfaces of two or more parts to join them together through solidification 

or hardening [25]. Although the bonding created by adhesives shares similarities with brazing 

and soldering, the resulting bond is not metallurgical but rather chemical in nature. The 

components that are bonded together by the adhesive are referred to as adherends or substrates, 

which be composed of similar or dissimilar metals, composites, glass, plastic, or other substrate 

materials. Adhesive bonding used in the past was unreliable. Modern bonding materials have 

not only overcome conventional constraints but are also highly useful in equivalent load 

distribution, which produces joints with the lowest stress concentrations. 

 

Adhesive bonding can be classified into two main types: structural and non-structural. 

Structural adhesive bonding involves bonding adherends under large stresses up to their yield 

point. On the other hand, non-structural adhesives are not designed to support significant loads 

but rather hold lightweight materials in place [26]. 

 

Discussion could also be done about thermoplastic and thermosetting adhesives, but they are 

almost similar to what has been mentioned in the previous section. Usually, being a 

thermoplastic or a thermoset is related more to the manufacturing process than the 

classification. 

 

2.4.1 - Mechanical properties of composites bonded 
with adhesives 
 
The mechanical properties that are exhibited by composites are dependent on the individual 

properties of the fibres and the resin and their interaction with each other. This interaction is 

dependent on the way the matrix layers are arranged, the type of production method used, and 

the technique of curing employed. The directional constraint of the matrix leads to anisotropy 

in the composites, and thus the properties vary tremendously as the direction is changed from 

longitudinal to transversal. 
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To prevent the loss of mechanical properties resulting from the use of conventional joining 

techniques of screws, bolts, nuts, and rivets, a lot of focus has been placed on the use of 

adhesive bonding. They protect the joints from stress concentrations and also allow for a 

uniform load distribution along the bond. 

 

Damping properties and loading rate sensitivity are exhibited by polymer-based adhesives, 

which are used in structural applications, resulting in their high viscosity, especially at high 

temperatures [27] [28] or under water-cured and water‐stored conditions [29].  

 

The behaviour of an adhesive joint is governed by temperature variations as well as loading 

directions. Most of the adhesives used in structural applications exhibit viscoelastic-

viscoplastic behaviour, especially at high-stress levels and high temperatures. The strength of 

the joint is highly affected by the redistribution of stresses and strains that occur in a joint 

during viscoelastic-viscoplastic deformation [28].  

 

Studies have been done to obtain an analytical model for the mechanical behaviour of adhesive 

joints of different kinds. A study done on a lap joint to have a viscoelastic-viscoplastic stress 

analysis assumed the adhesive to exhibit a non-linear behaviour and the adherends modelled 

as two-dimensional substructures to behave in a linear elastic manner [28], only shear stresses 

were assumed to occur. Figure 11 shows how the variation of load occurs in the adhesive joint 

in a DCB at different time intervals. 
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Figure 11 a) Shear stress behaviour. b) shear strain behaviour in DCB at different times [28] 

 

Another type of test to check the behaviour of composites can be done using double cantilever 

beams (DCBs). Figure 12 is a schematic representative of DCB. The structure of DCB has a 

layer of adherend on the top and bottom and a layer of adhesive in between. The DCBs are 

chosen to check the strength of the joint in three opening modes: Mode I (peel), Mode II (in-

plane shear), and Mode III (out-of-plane shear), as shown in Figure 13. 

  

 

 

 

Adherend Adhesive 
Figure 12. schematic of a Double Cantilever Beam 
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A well-established and standardized test on fibre-reinforced composites is the Mixed-Mode-

Bending (MMB) test (viz. ASTM D6671, 2006), where a mode-mixity of mode I and II is 

achieved [30].  

 

 
Figure 13 Bending in Mode I, Mode II and Mode III [30] 

 

 

 

 

 

 

 

Furthermore, studies have been done on the behaviour exhibited by lap joints joined using 

adhesives. The prime focus of this thesis is the behaviour exhibited by lap joints. Figure 14 is 

a schematic diagram of a single lap joint. The two adherends are joined using the adhesive in 

between. The variation in the dimensional features and the thickness of the adhesive layer or 

adherend show us the difference in the properties. Comprehensive studies have shown that 

there is an increase in the bending moment if there is an increase in the thickness of the 

adhesive. This changes the state of stress from a pure shear to a mixed shear with a peeling 

effect at the ends of the joint. Additionally, the treatment of the adherends near the surface of 

the joints also determines how the failure behaviour will finally be shown [adhesive failure or 

cohesive failure]. The surface treatment could mean anything from the cleaning agent coming 

Adhesive Adherend 

Figure 14 Representation of Single Lap Joint (SLJ) 
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into use to the grade of the sandpaper for smoothening the surface [31]. Figure 15  shows the 

variation in shear loading as overlap length and adhesive thickness is varied. 

 

  
Figure 15 Peak shear load of the joints with different geometric parameters: (a) overlap length; (b) adhesive thickness [31] 

 
An important role is played by the thickness of the adherend in determining the quality and 

strength of the joint. As there is an increase in the thickness of the adherend up to a certain 

limit while keeping the thickness of the adhesive constant, an increase in the strength of the 

joint can be seen [32].  
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2.5 - Strain measurement testing and analysis of 
adhesively bonded composites  
 

Since composites are non-homogenous and anisotropic, it becomes challenging to maintain 

their structural integrity, making the detection and evaluation of damages even more difficult 

[33]. At different scales, defects and damages can occur, so it becomes very difficult to track 

and locate all the damage sites. This can result in complex damage mechanisms [34]. Thus, to 

maintain the structural integrity of the component and prevent any further increase in the 

damage already caused due to use, it is required to always have prevention against damage by 

testing, and thus reliance on non-destructive testing of the components is seen. This also 

ensures the safety of the structure and reduces overall maintenance costs. 

 

Reviews are available on NDT methods used for composite research over different timelines, 

focusing on various aspects. Some of the particular studies done include those that concentrate 

on porosity in composite repairs, detection of damage due to cracks, determination of bond 

defects in laminates, thick-wall composites, sandwich structures, large-scale composites, smart 

structures, as well as inspection and structural health monitoring of composites. These studies 

are done especially for marine, wind turbine, and aerospace applications [33]. 

 

There are various categories of non-destructive tests and evaluation techniques, as shown in 

Figure 16: 

 

 
Figure 16 Classification of Non-destructive testing [33] 
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2.5.1 - Digital Image Correlation and Optical 
Sensors 
 

Digital Image Correlation is an optical technique (non-destructive) in which tracking and image 

registration are done to accurately measure the changes in 2D and 3D images. This method can 

be utilized to track changes in the strain of a component. It is a widely used method in 

experimental and industrial applications of engineering. The DIC technique has the ability to 

provide both local and average data. Thus it outperforms the analysis obtained from strain 

gauges and extensometers. This method sets the standard for fine imaging and accuracy. A 

wide range of usage of the DIC is witnessed in micro- and nano-scale mechanical testing owing 

to its ease of use. 

 

The basic idea is the comparison between a reference image and a deformed image. On the 

sample, a particular area is being monitored. This area is painted into speckle patterns using 

white and black background paints to make an even pixel distribution. Displacements and 

strains are measured by correlating the position of the blocks of these pixels [35]. Figure 17 is 

a schematic representation of the DIC setup. 

 

 
Figure 17 Schematic of DIC setup [36] 
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2.5.2 - Strain gauges 
 

As the name suggests, strain gauges are devices used to measure strains or changes in strains 

in components. The strain gauges work on the principle of change in resistance due to 

mechanical stresses, thus, they can also be called electrical sensors. When stresses are applied 

to electrical conductors, a variation can be observed in the length of the sensor wires and the 

area of the cross-section, which results in a change in the resistance. So qualitatively, if the 

change in resistance is measured, it will give us the applied strains and stresses. 

 

Apart from resistance strain gauges, researchers have also developed semiconductor strain 

gauges and high-temperature strain gauges. The semiconductor strain gauges are more 

sensitive and accurate than the resistance strain gauges. Care has to be taken in the circuit 

design. The introduction of these new types of strain gauges has increased the temperature limit 

of experimentation up to 1000oC, which initially was at 400oC [37]. 
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Where  𝜌 is the resistivity of the wire, L is the length, A is the area of the cross-section,  𝜎 is 

the Poisson’s ratio and R is the resistance of the wire. 

 

The sensitivity of a strain gauge is determined by its gauge factor ‘G’. It is defined, as the ratio 

of fractional change in resistance to the applied strain.[37] 
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Figure 18 Resistance strain gauge[38] 

 

 

 

Figure 18 shows a resistance strain gauge. Resistance strain gauges have limitations, rendering 

them suitable only for some particular cases. They can only be utilized in the given temperature 

range due to their temperature sensitivity. Additionally, resistance strain gauges are non-linear, 

which means they can function properly only up to their elastic limit. 

 

Also, the strain gauges can be used for experimentation at a precise location. If analysis is 

required over the length of the component the cost of experimentation will increase, because 

of the number of strain gauges that have to be deployed for the completion of the task. 

 

Having talked about the limitations, the point is that the applicability of these types of non-

destructive testing methods in an industrial setup can become cumbersome. The results 

obtained are usually abstract and not tangible. Thus, to have a better method for testing and 

analysis, the focus shifted to the usage of optical fibres a few decades ago. They provide a 

solution to the shortcomings of other methods. 

 

The optical fibres are more suitable for extreme environments such as corrosion and 

electromagnetic interference. Owing to the lightweight and small cross-sectional area of optical 

fibres, they can either be directly deployed on the surface to be tested or can also be embedded 

inside, thus increasing their extent of usage. Basically, they can be used to sense anything, be 

it a change in the liquid level, pressure, vibration strain, temperature, or electric field. While 

there are many different types of sensors designed to analyse signals from optical fibres, the 

process would mainly be talking about fibre Bragg grating sensors [39] and Rayleigh 

Backscattering.  

Electrical wires (leads) 

Resistive foil 

Solder pads 
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2.5.3 - Optical fibres 
 
Fibre optics, or optical fibres are long, thin strands of glass (the length can be considered to be 

infinite). They have a cross-section of the order of micrometres. These can be used in bundles 

or individually so as to analyse the signals transmitted through them over long distances. The 

fibre optics can also be considered a transmitting medium for the light signals, which are 

obtained at the receiving end and decoded at the other end using acquisition systems. The range 

of transmission can be over very long distances without any loss of signal. 

 

Fibre optics works on the principle of refraction of light, or total internal reflection. The 

developments in the field of fibre optics have led to transfer speeds ranging from 45 Mb/s at 

the beginning to 100 TB/sec now and still evolving. 

 

The optical fibres used in experimentation and industrial usage are brittle and thus require a 

safety coating to prevent breakage. Figure 19 shows the different parts or layers that an optical 

fibre is made of. 

 

 
Figure 19 Layers in an Optical Fibre [40] 

 



 
 

STRUCTURAL HEALTH MONITORING OF ADHESIVE JOINTS USING OPTICAL FIBRES   43 
 

The phenomenon of total internal reflection occurs at the interface between the core and the 

cladding. The necessary condition for the occurrence of total internal reflection is that the 

incidence angle of light in the core should be greater than the critical angle. This condition 

ensures that the light is reflected back inside the core of the optical fibre and thus the 

propagation of the signal within the optical fibre happens. In addition to the critical angle, the 

refractive indices of the core and the cladding also play an important role in the amount or 

intensity of the light that is reflected back [40]. The total internal reflection phenomena are 

shown in different media in Figure 20: 

 

 
Figure 20 Total internal reflection (a) in air and glass medium, (b) in fibre structure which has two glass media with 

varying refractive indices [40] 

 

Optical fibres are classified into different types depending on the applications they are being 

put into. The following are the aspects categorizing optical fibres: 

 

1. Based on structure: Cylindrical, birefringent, planar or strip. 

 

2. Based on modes of transfer: Single mode, multi-mode. 

 

3. Based on refractive index profile: Single step, gradient index. 

 

4. Based on dispersion: Natural, dispersion, dispersion shifted, reverse dispersion and 

dispersion winded fibre. 

 

5. Based on signal processing ability: Passive data transmission, active amplifier. 

 

6. Based on polarization: Classic, polarization preserving, and polarizing fibres.[40] 
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Explaining some of the mentioned types of fibres: 

 

- Cylindrical optical fibres: Have a core, made of glass where the light passes through. 

The core is covered with cladding. The refractive index of the cladding is less than the 

core by around 0.005.  

 

- Planar waveguide fibre: It has three layers of base, light guide, and coating, in the form 

of a rectangular block. 

 

- Multi-mode fibre: Used for short-distance signal transfer. It has a large core diameter 

of around 50–62.6 um. Due to the large diameter of the core, the signals follow a varied 

number of routes, which results in the detection of waves at different times. 

 

- Single mode transfer: These are more suitable for long-range signal transfer. The 

diameter of the core is small, of the order of 5-10 um [40]. 

 

The core of the optical fibre is usually made of glass or silica in its purest form. The main 

reason behind this is that the losses in silica are the lowest, thus making it the ideal choice for 

signal transfer and processing. For an optical fibre that needs to be used for highly sensitive 

operations, both the core and the cladding are made of glass. The inherent properties of the 

optical fibres such as low cost and ruggedness, make them suitable for usage in various 

applications. 

 

2.6 - Manufacturing of Optical fibres 
 
Manufacturing optical fibres is predominantly done by taking two processes into account: the 

crucible method and the vapour deposition method. 

 

Double crucible method: In this method, there are two suitably joined concentric crucibles, 

and the core and cladding are obtained from molten glasses by drawing them through these 

crucibles. The crucibles are fed with highly purified glass powders with different refractive 

indices—the inner crucible for the core and the outer for the cladding. The melt obtained using 

an electric furnace, starts squeezing through the orifice. As the material starts cooling down, 
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the core starts diffusing into the cladding part, taking the final form of an optical fibre. As the 

fibre is drawn, thallium dopant is used, which has a high rate of diffusion into silica. Thallium 

dopant is used to maintain the refractive index. Figure 21 explains the working phenomenon of 

the double crucible method. 

 

 
Figure 21 Schematic of Double Crucible method [41] 

 

Modified chemical vapour deposition method: Used to manufacture high-performance 

optical fibres. After being subjected to fire, a layer-by-layer fusion of selected chemicals like 

germanium or phosphorus silicate is done on a glass tube. The glass tube, rotating on a lathe, 

mixes the chemicals. The flame is moved along the length of the burner, which causes the 

chemical reaction to take place, resulting in the deposition of the materials inside. As the 

deposition process finishes, the tube is collapsed into a pure form of silica that is drawn, 

checked, and coated for fibre fabrication. Figure 22 explains the process of the modified 

chemical vapor deposition method. 
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Figure 22 Schematic of Modified chemical vapor deposition method [42] 

 

2.7 - Strain monitoring based on optical fibres 
 
Fibres are getting used in the fields of remote sensing and telecommunications owing to their 

properties and accuracy of results. The properties range from their small size, easy mobility, 

and lack of use of electrical power. Additionally, the process can also sense the time delay as 

light passes along the fibres by using an optical time-domain reflectometer. 

 

A fibre optic sensor uses optical fibres as sensing elements or as a transport agent. The signals 

travel from a remote location to the sensor, where the signal can be interpreted or demodulated. 

Sensors using optical fibres as sensing elements are called intrinsic sensors, while those using 

them as relaying agents are called extrinsic sensors. 

 

Fibre optic sensors are used in sensing quantities like temperature, pressure, strain, stress, 

displacement, rotation, concentration of chemicals, et al. Taking these things into 

consideration, and discussing some of the optical sensors used: 

 

2.7.1 - Fibre Bragg grating sensors 
 
In fibre Bragg grating, along the length of the fibre, the refractive index goes through periodic 

perturbations, due to the intense optical interference pattern inside the core of the optical fibre. 

A narrow bandwidth of the incident light is reflected by the perturbations inside the fibre. The 

strongest of those occurs at Bragg wavelength B which is given by: 

 



 
 

STRUCTURAL HEALTH MONITORING OF ADHESIVE JOINTS USING OPTICAL FIBRES   47 
 

B = 2 ∗ eff ∗  

 

Where eff is the modal index and  is the grating period. So there are in-phase fronts present 

after every B distance. Any change in the pressure, strain or temperature which might change 

the modal index or the grating period will change the Bragg wavelength too [43]. 

 

It is a type of optical fibre sensor that encompasses almost all the advantages. Its attributes 

include low loss relative to fibre length, a signal that does not vary due to interference with 

electromagnetic or radio waves, accuracy in hazardous and extreme environments, low weight, 

high sensitivity, and reliability. Additionally, absolute values of measurement from FBGs can 

be used without the need for referencing. 

 

Since the FBG sensors are wavelength-encoded, this is advantageous to the user. As a particular 

set of Bragg wavelengths is selected, each part or array of the sensor will register a change 

along its length while neglecting any changes from adjacent transducers or the transducers at a 

distance. 

 

The effective refractive index gets shifted, which shifts the Bragg wavelength when there is 

any change or shift in strain. 

 

 
Figure 23 Fibre optic sensor simplified architecture [44] 

 

Figure 23 explains briefly the architecture of a fibre optic sensor. It consists of an optical source 

used for the excitation of the transducer using optical fibre (FO). If there is any discrepancy in 

the measurand, the transducer converts the signal from the measurand into a signal with 

different features. Then the detector is used to analyse the modified signal, which is then 

processed using actuation circuitry. 
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Strain changes can be analysed using distributed sensing along the whole length of the 

component under investigation. 

 

 
Figure 24 Fibre-optic strain sensing categories: single-point sensors, including (a) FBG sensors, (b) quasi distribute 

(multiplexed), and (c) distributed sensors[44] 

 

 

 

Owing to the discontinuity at layer interfaces, some of the light gets reflected. This is due to 

discontinuity at the layer interfaces, where some parts get reflected while the remaining parts 

pass over. Thus, the beam contains two components travelling in opposite directions, giving 

rise to a coupling between the incident and the reflected light. And at some particular 

wavelengths, the Bragg condition is satisfied, this has been shown in Figure 24 for different 

types of sensors. These wavelengths are defined by the grating parameters [44]. 

 

Some additional advantages of FBG sensors can be summarised as direct measurement 

compared to conventional electric sensors; exhibiting a linear response to the measurements of 

strain or pressure; being electrically passive; being able to be used over long distances without 

loss in the signal; and the fact that each channel can measure dozens of sensors. Consequently, 

there are some disadvantages too, which can include sensitivity towards the thermal 
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environment, and the demodulation of wavelength shift being difficult. Also, if the process 

asks to discriminate the wavelength shift due to temperature and strain, it becomes quite a 

tedious job. 

 

Being discrete in their functioning, the FBGs pose the imminent disadvantage of monitoring 

strains only locally, while the requirement is to monitor global behaviour. Owing to this 

constraint, the focus must be shifted to distributed sensors. Distributed sensors can be used in 

large-scale structures, such as high-rise buildings. Additionally, in these types of applications, 

the number of point sensors and the circuitry required for them might increase exponentially, 

which will increase the cost of installation and maintenance. Also, as seen in further studies, in 

the case of discrete sensors, the location of damage cannot be pointed out accurately as there 

is always some margin of error, which can be removed using distributed sensors [45]. Figure 

25 shows a schematic installation pattern for point sensors and distributed sensors. 

 

 

 
Figure 25 Strain detection using discrete and distributed sensors [45] 

 
2.7.2 - The Optical Backscatter Reflectometry (OBR) 
 
Optical Backscatter Reflectometry uses high spatial-resolution optical fibres to measure 

Rayleigh backscatter using swept-wavelength interferometry (SWI) as a function of the length 

of the optical fibres. The local Rayleigh backscatter pattern changes due to any external 

stimulus, which could be a change in strain or temperature. In this way, distributed temperature 

and strain measurements can be obtained by scaling up the spectral and temporal shifts. The 

accuracy using SWI goes to a very high resolution, enabling robust and practical distributed 

temperature and strain measurements. The length of the optical fibre can vary from tens to 

hundreds of meters, which can be resolved over a gage length of millimetre scale. The obtained 
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temperature and strain measurements can have a resolution of 0.1oC  and 1 microstrain 

respectively. 

 

Talking about the Rayleigh backscatter. Rayleigh scattering analysis is based on optical 

frequency domain reflectometry (OFDR). As a reference, the Rayleigh scattering pattern 

occurring along the fibre is initially measured and stored. And when the fibre is subjected to 

temporal or strain changes, the pattern is saved again. Subsequently, both data sets are divided 

into small segments that are Fourier transformed into the frequency domain. After comparing 

the reference and perturbed states, a spectral shift in the correlation peak can be found, which 

can then be calibrated to the strain and temperature changes [46]. It is generated by randomly 

distributed fluctuations of the refractive indices inside the core of the fibre. So if there is a shift 

in the optical path, the local reflected spectrum gets modified, which results in a shift in the 

backscattered pattern. Thus, Rayleigh backscattering is sensitive to both strain and temporal 

changes. The measurement range in the case of Rayleigh backscatter is limited to a few hundred 

meters, but the spatial resolution used to detect the temporal and strain changes is much higher 

[47]. Figure 26 explains the working principle of Rayleigh Backscattering. 

 

 
Figure 26 Working  principle of Rayleigh Backscatter [46] 
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Chapter 3: experiments 
 
The experimental phase starts with the preparation of samples to carry out various types of 

mechanical tests. Optical fibres are the signal-carrying agents that provide us with quite steady 

and useful data. 

 

The optical fibres have the core as the main element for sensing the changes. That means if the 

core is placed anywhere in a proper and safe environment, it will indeed provide useful results.  

It is possible to use the backface (either the top, bottom, or both) of the sample; this is also 

called backface strain monitoring. Another possibility is to embed the optical fibre inside the 

joint. When the change in strains is being monitored, a complete shift in the results can be seen 

while moving from the top via the middle to the bottom of the sample. Therefore, the process 

can make use of the fibre's presence in the stated places to monitor these changes. To obtain 

the typical variance of changes between the layers of the matrix, embedding can also be done 

when the pre-preg layers are arranged into a sample. 

 

The challenges with the fibres start with handling and installing them. Using the optical fibre 

where the core is made up of glass is mostly preferred since it helps us monitor the variation 

with utmost effectiveness, but it also adds a risk of the brittleness of the fibre. In the mounting 

step, glue is used to stick the fibre in the right position, and then paper tissue is used to remove 

the extra glue that might disorient the surface's smoothness and homogeneity.  
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3.1 - Instruments and materials. 
 

3.1.1 - Vernier caliper and scale 
 
The basic knowledge of a scale describes it as an instrument used for measuring lengths. The 

smallest division measurable on a scale goes to a millimetre. But when dealing with carbon 

and glass fibres the thickness of each layer is of the order of micrometres. Thus, when the 

samples require stacking of several layers, the usual thickness is never an integral number as a 

multiple of millimetre scale. Therefore, in that case, a measuring instrument that has better 

precision and accuracy and can be used to measure thicknesses between millimetres. This is 

where the vernier scale or vernier caliper comes in. 

 

The Vernier scale has been named after Pierre Vernier. This visual aid utilizes mechanical 

interpolation to obtain precise measurement readings between two graduation markings on a 

linear scale. By incorporating vernier acuity, it effectively reduces the possibility of human 

estimation error, ultimately increasing resolution and reducing measurement uncertainty. 

 

Apart from the linear dimensions, the vernier caliper is also handy for measuring circular 

dimensions, whether inside or outside, with debatable accuracy. The vernier caliper has been 

shown below in Figure 27. 

 

 
Figure 27 Vernier caliper [48] 
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3.1.2 - Glass bed 
 
This is the smooth surface used to arrange the layers of the pre-preg in different arrangements 

as per the requirements of the specimens. The glass bed needs to be thoroughly cleaned for any 

resin patches from previous experiments. The cleaning process is carried out using paper 

tissues and ethanol. The use of ethanol ensures no residue owing to its quick evaporation 

property and thus makes certain that no external sediment remains on the surface to maintain 

the vacuum properties. It also acts as an antibacterial agent. Figure 28 shows one of the glass 

beds being used in the laboratory. 

 

 
Figure 28 Glass bed 

 

3.1.3 - Wax 
 
The use of wax is one of the most critical aspects of composite manufacturing. It is used to 

make sure that no damage happens to the glass bed or the sample. Wax creates a layer between 

the specimen and the bed so that the separation of the two after curing is easy. This is the 

primary function of wax. 

 

The wax is also used to cover up the optical fibres so that they don’t get attached to anything, 

which would ultimately result in the breakage of the fibre and thus the failure of the specimen 

since the test cannot be conducted in that case. Below in Figure 29 has been shown the container 

containing the wax. 
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Figure 29 Wax container 

 
3.1.4 - Optical fibres 
 
Two different types of optical fibres from two manufacturers are used in this study. These two 

differ in their characteristics and dimensions. Both have been discussed here. 

 

- Polyimide-coated single-mode optical fibre – manufactured by ThorLabs 

 

Its market name is SM1550P - Single Mode Optical Fibre, 0.12 ± 0.02 NA, 1310 - 1550 nm, 

Polyimide Coating, Ø125 µm Cladding. Since the optical fibre is covered and protected in 

SM1550P by a layer of Polyimide coating, it can thus be used up to a temperature limit of 

3500C. The limit of the allowable spectrum range of usage in the application of 

telecommunication is broad, and due to exceptional concentricity between core and cladding, 

a very high resolution of signals is obtained. Apart from being useful in high-temperature 

applications, this fibre shows chemical resistance and can be used in a vacuum environment, 

which makes it an ideal choice for usage in aerospace, medical, and military applications. In 

Table 2 the general specifications of the optical fibres manufactured by ThorLabs are stated. 
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Table 2. Optical fibres – Thorlabs [49] 

General specifications 

Optical wavelength 1310 - 1550 nm 

Numerical Aperture 0.12 ± 0.02 

Mode Field Diameter (Nominal) 9.0 µm @ 1310 nm 

Core Diameter 9.0 ± 0.5 µm 

Core Material Ge Doped Silica 

Cladding Diameter 125 +1/-3 µm 

Cladding Material Pure Silica 

Cladding Diameter 145 ± 5 µm 

Coating Material Polyimide 

Core-Clad Concentricity <1 µm 

Attenuation ≤0.7 dB/km 

Operating Temperature -190 t0 350 oC 
 

  
Figure 30. Optical fibres - ThorLabs .Figure 31. Terminal-ThorLabs 

 
 

 

In Figure 30 and .Figure 31 the fibres being used for the experimentation and the terminals have 

been shown respectively. 
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- Single-mode fibre. G.657.A1 200µm – manufactured by Optokon 

 

In this fibre, the coating is made up of dual layers of UV-cured acrylate. The manufacturer 

notifies the customer that the length of fibre should be straightened after unrolling from the 

winding to receive a good response. states the general specifications of the fibres manufactured. 

 
Table 3. Optical Fibre - Optokon [50] 

General specifications 

Core Germanium doped silica 

Cladding Silica, step index and matched clad type 

Coating Dual layers of UV-cured acrylate 

Optical characteristics 

Attenuation coefficient Loose tube cables 

(typical/max) at 1310nm 

0.32 / 0.36 dB/km 

Point of discontinuity at 1310nm and 1550nm ≤ 0.1 dB 

Effective group index of refraction at 1310nm 1.467 

Effective group index of refraction at 1550nm 1.468 

Effective group index of refraction at 1625nm 1.468 

Backscatter coefficient at 1310nm -79.2 dB 

Geometrical Characteristics 

Mode field diameter at 1310nm 8.9 ± 0.4 µm 

Core/Cladding concentricity error ≤ 0.5 µm 

Cladding diameter 125.0 ± 0.7 µm 

Cladding non-circularity ≤ 0.7% 

Primary coating diameter(uncoloured fibre) 190 ±10 µm 

Primary coating diameter (coloured fibre) 200 ±10 µm 

Coating-Cladding concentricity ≤ 12 µm 
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Figure 32 Optical fibre manufactured by Optokon 

 

In Figure 32 the product manufactured by Optokon has been shown. While using these two 

types of fibres, it was noticed that it is comparatively easier to deal with the Optokon fibre as 

compared to the one manufactured by Thorlabs. The reason is that the Thorlabs fibre is much 

more brittle, and utmost care is needed to remove the polyimide coating. However, when the 

accuracy of results is concerned, the Thorlabs fibre takes the lead and becomes an ideal choice. 

 

3.1.5 - Wazer waterjet cutter 
 

After manufacturing a composite laminate with the desired thickness and characteristics, it has 

to be cut according to the dimensional requirements of the specimens. For this purpose, a 

waterjet cutter is used, which is manufactured by Wazer. 

 

The waterjet cutter uses 80 Mesh Alluvial Garnets as an abrasive in combination with water. 

A separate container is available for storing the abrasive. The cutting bed is made in such a 

way that the laminate can be fixed to it using screws. 

 

The first step is to make the 2D drawing for the part to be cut. AutoCAD, Solid Works or any 

other design software can be used to make the drawing with output in .dxf format. This is the 

proper format for the Wazer online software, wam.wazer.com. This online website provides 

users with a virtual cutting bed on which the drawing can be imported and positioned. 

Moreover, from the materials menu, the exact material can be selected or defined. There are 

several available options to choose from, like metals, plastics, rubbers, ceramics, stone, and 

http://wam.wazer.com/
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others. Since the process deals with working on composites made of carbon fibre, this material 

is selected from the "other" option along with the thickness. 

 

The cutting path can be chosen to be centred, outside, or inside the drawing. Choosing the 

outside path is better, as it helps keep some tolerance for unwanted errors. Finally, the quality 

of the cut can be chosen. The quality of the cut also affects the time of the operation. After 

completing all these steps, it is possible to generate the file and save it on the external memory 

card that goes into the Wazer waterjet cutter. 

 

After programming is finished, the procedure continues with setting up the waterjet cutter. The 

checks that need to be made are to see whether the cutting bed is clean, the abrasive is filled in 

the abrasive container, and the water nozzles are open. All these ensure the proper functioning 

of the machine and a proper cut of the laminate. 

 

Now that all the basic checks have been performed, the laminate should be placed on the 

machine bed and fixed with screws. Then the prepared program cut should be chosen. Before 

starting the cut, first, the position of the nozzle should be manually defined, i.e., where to start 

the cut on the laminate. The "dry run" option in the machine menu enables users to see exactly 

the cut path and ensures that the real cutting will be error-free. Finally, by closing the lid of the 

waterjet cutter, the cutting operation can be started. The machine will show the time left for the 

operation to be finished. After the cutting process is finished, the specimens can be taken for 

any final touch-ups, and sandpaper can be used to make the samples dimensionally correct if 

an error is greater than the allowed tolerances. 
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Figure 33. Wazer Waterjet cutter Figure 34. Cutting bed 

 

Figure 33 and Figure 34 show the waterjet cutter available in the lab and the bed on which 

samples are fixed to be cut respectively. 

 

3.1.6 - Splicing, fusion and termination 
 
Splicing is the process of joining two fibre optic strings together. This process can be used to 

repair a damaged fibre, elongate a fibre, attach a fibre to a pigtail, or make a terminal. 

 

There are two open ends in fibre, one of which will go into the acquisition system and one of 

which will be the end also called the terminal. The end that goes into the acquisition system is 

spliced with a pigtail. Pigtails are required to connect the optical fibres to the patch panel or 

the acquisition system. However, before splicing, the fibre needs to be cleaved, which involves 

removing the coating from the fibre and then using a cleaver to cut the fibre so that there is a 

proper surface for fusion. The cut has to be straight in angular precision; otherwise, the 

information loss will be far greater than the allowable limit. Figure 35 and Figure 36 show a 

working model of the cleaver in open and closed configurations used in the lab. 
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Figure 35. Cleaver – Open Figure 36. Cleaver - Closed 

  
Figure 37. Splicer with User Interface Figure 38. Splicer - Top view 

 

Fujikura 90S+ is the splicer being used as shown in Figure 37 and Figure 38. Before starting 

the process of splicing the fibres, it has to be made sure that the flatness of the cut surface is 

appropriate and that the fibres are clean of any dust. Otherwise, the splicer will not fuse the 

fibres and the machine will show an error without finishing the operation. The cleaning of the 

fibres is performed using cotton tabs and isopropyl alcohol as the cleaning agent. 
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The two fibres that are to be spliced are placed close to each other. A motor is internally 

working in the splicer, which brings the two fibres close to being fused. The fusion process 

also depends on the alignment of the fibres with respect to each other, and after all these 

constraints are overcome, the splicing process happens. The process can be viewed through the 

user interface, which operates using the in-built camera in the device. 

 

Figure 39, Figure 40, Figure 41 and Figure 42 describes the fusing in case the alignment is 

proper and in case there had been any issues while cleaving the fibres. 

 

 

Figure 39 

 

Figure 40 

 

Figure 41 

 

Figure 42 

 

Also regarding the fibre junction area, where the two fibres are attached, it can be either covered 

with a protective layer of plastic or left naked. Usually, if the test is going to be conducted 

within a short period after the preparation of the specimen, it is suggested to leave it naked 
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because it does not affect the quality of the received spectrum as such. Otherwise, it is better 

to keep the junction covered. 

 

Figure 43 shows a protected junction with the plastic layer covering the optical fibre junction. 

The application of this protective layer requires the heating of a hollow cylindrical plastic 

covering when placed at the location of the junction. The splicer is used for this function too. 

 

 
Figure 43 Plastic covering the fibre joint for protection 

 

 

 

 

3.1.7 - DIC system 
 
The digital image correlation (DIC) system is a non-contact testing technique used to measure 

changes in displacement and, consequently, strain characteristics on any surface. In this study, 

the DIC system is used along with LUNA Odisi-B as a data acquisition system. This will help 

us realize the correctness of the measurement of the results since the process needs to have 

equivalent results from both. 

 

The setting up of the DIC system is a time-consuming and cumbersome process. It involves a 

lot of parts that have to be put together for the proper functioning of the system. Some of the 

main components of the DIC system are the acquisition system or the data gathering system, 
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which has to be connected through proper channels to the highly sensitive cameras. Moreover, 

it has to be synchronized with the Instron machine so that both acquisition systems read the 

same data. In addition, the lenses should be chosen carefully so that they can provide us with 

images that are properly focused and have a very fine quality. This can be done by using Mavic 

software, which is installed on the DIC computer. The cameras used in the DIC system can 

vary in number depending on the subject and the user’s will, as it is possible to perform 2D or 

3D image acquisition and analysis. 

 

Regarding the samples, they should be prepared at the location of interest by using painting 

spray cans and creating random patterns in white and black. The process is very delicate, as 

this pattern will be used to track the changes on the surface of the specimen using 

postprocessing software like VIC_3D. 

 

Before starting the experimentation on the DIC, the cameras must be calibrated. This is done 

to ensure that the error in gathering data collected through pictures is as low as possible. Figure 

44 and Figure 45 show the calibration of the DIC being done using some standard patterns. 

These standard patterns are imitations of the real samples. 

 

  

Figure 44. DIC Calibration I 

 

Figure 45. DIC Calibration II 

Furthermore, it has to be made sure that the component of noise in the pictures that are captured 

is as low as possible. In other words, it can be called keeping the image focused in the best 
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possible manner, and the pattern formed by painting the sample is evenly distributed. The noise 

is denoted by a colour distribution that runs from purple to red, where purple is the best-case 

scenario, as shown in Figure 46 and Figure 47. In case the focus is not good, the colour will be 

red. 

 

 

Figure 46. noise reduction I 

 

Figure 47. Noise reduction II 

 
3.1.8 - Instron 8801 
 
Instron is one of the most commonly used tensile testing machines inside laboratories. It’s one 

of the most fundamental types of mechanical testing instruments in use and is used to find out 

the material properties of the component and the specimens. Force and displacement are the 

two most common quantities that Instron provides users with. The former is measured using 

the load cell installed on the upper fixed jaw of the machine, while the latter is measured by 

monitoring the movement of the moving jaw. This machine works using a hydraulic pump and 

a series of computer-controlled valves that maintain the pressure inside the lines. Due to the 

heavy weight of the machine, the base is installed on the floor with a damper installation to 

minimize the disturbance due to the vibrations. It also makes sure that other instruments, which 

are usually sensitive to vibrations, function properly. Figure 48 shows the Instron machine that 

is being used in the lab. 
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Figure 48 Instron 8801 

 
3.1.9 - Luna Odisi 6100 series 
 
The Odisi 6100 series is a multichannel acquisition system that can be used to monitor changes 

in strain and temperature during mechanical tests. It’s a highly sensitive setup using optical 

fibres for acquisition. It’s a very high-definition measurement setup considering the least 

[0.65mm] of gage length which can be used in data collection, ensuring thus a very high spatial 

accuracy compared to the conventional strain gauges. The manufacturer of the Odisi series is 

LUNA, and it is used in different industrial setups ranging from defence, aerospace, optical 

equipment manufacturers, fibre optics, etc.  

 

The version that is used in the lab is LUNA Odisi 6102. The whole package includes an optical 

distributed sensor interrogator, a dedicated instrument controller, some standoff cables, remote 

modules, a connector cleaner, and some charging cables. 

 

To set up the whole system, an order needs to be followed, which will form a closed circuit. In 

this circuit, the optical fibre, connected to a terminal at one end and to the pigtail on the other, 

acts as the signal-transferring agent, which records the strain change in the specimen. The 

pigtail is connected to the remote module [Figure 50] which via the standoff cable [Figure 49] 
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goes to the acquisition board [Figure 52]. The acquisition board connected to the controller 

[Figure 51] (laptop) completes the circuit. 

 

One of the most important aspects that has to be kept in mind is the cleaning of the connections. 

For that reason, a dedicated connector cleaner [Figure 53] is sent along with the whole setup 

by the manufacturer. This is used to clean the pigtail end and the ends of the standoff cable. It 

has been observed that the final reading if taken without cleaning the connections, is much less 

clear and certain. 

 

  
Figure 49. Standoff Cable Figure 50. Remote Module 

  
Figure 51. Controller Figure 52. Acquisition Board 
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Figure 53. Connector cleaner 

 

The first step after the physical setup is to check whether the fibre connection is working 

properly or not. This is important since the optical fibre is very sensitive and the connections 

made with the pigtail and the terminal need to be ensured. This step is an important pre-

requisite and helps in the detection of the signal transferred, the loss of termination, and fibre 

breakage. As can be seen in Figure 54, the signal towards the terminal of the fibre is low, and 

although the termination has been done and the complete circuit has been formed, the results 

won’t be as expected. This is an example of the use of Optokon Fibres. In this case, it is better 

to make a new connection and then try to check for quality again. 
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Figure 54 Sensor view showing the passage of the signal through one of the Optokon fibres 

 

One of the most important parameters in terms of measurement is the gauge length. Owing to 

the high sensitivity and accuracy of the system under discussion, the lowest possible gauge 

length is 0.65 mm. In simple words, gauge length can be defined as the minimum distance 

between two points where data can be acquired by the system. The gauge length can be further 

increased in integral multiples of the minimum gauge length allowed by the system, i.e., 

1x0.65, 2x0.65, 3x0.65, and so on, according to the span of the specimen and the sampling 

requirements. The frequency of acquisition is automatically selected by the controller as either 

20 Hz, 32.5 Hz, or 62.5 Hz, depending on the length of the optical fibre. The frequency of 

acquisition of Luna Odisi-B should be accurately matched with that of an Instron or DIC 

acquisitor. This makes the final data analysis easier.  
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3.2 Sample manufacturing and material 
 

The process demands manufacturing samples for shear tests on single-lap joints. The adherends 

have been made of pre-pregnated carbon fibre-reinforced polymer. For variations in thickness 

between different samples, the number of CFRP layers used was changed. Adherends were 

bonded together using adhesive. The CFRP used in this experiment is an epoxy prepreg woven 

and is marketed as XPREG XC130. This prepreg is uncured 2x2 twill, which requires an oven 

or an autoclave for the curing process. The product description of this prepreg requires a storage 

environment of -18 oC and it always needs to be kept in sealed packaging. The adhesive 

employed for the experimentation is a polyurethane named ADEKIT A236/H6236. A total of 

8 samples have been prepared in such a way that 4 pairs of samples were obtained. The 

variation of samples is done based on the layers of prepregs in the adherend and the overlap 

length. Table 4 shows the detail of the different samples which we have used for backface strain 

monitoring. 

 
Table 4. Samples used in backface strain monitoring 

Sample name  Adhesive thickness [Ta(mm)] Overlap length [La(mm)] 

Reference L2W2T2 1.3 20 

Sample 9 L1W2T3 1.37 10 

Sample 10 L1W2T3 1.37 10 

Sample 11 L2W2T3 1.36 20 

Sample 12 L1W2T2 1.67 10 

Sample 13 L2W2T3 1.4 20 

Sample 14 L2W2T2 1.13 20 

Sample 15 L1W2T2 1.51 10 

 

In Table 4 the names have a particular meaning and act as standard names for identifying the 

specimen. "L" denotes the overlap length, which has been kept at either 10 mm or 20 mm. 

Similarly, "W" denotes the width of the specimens. For the experimentation, the width has been 

kept at a constant value of 20 mm. "T" denotes the thickness of the adherend, which changes 

according to the number of layers being used in the adherend. The number of layers of the 

prepreg in samples with thickness T2 is 4, while in those with thickness T3, it is 8. Each layer 

has a consolidated thickness of 0.25 mm. 
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The characteristics of adhesive polyurethane (ADEKIT A236/H6236) can be changed. Its 

properties vary according to the ratio of binder and hardener being used. Usually, the ratio 

required for assemblies or any other usage is already fixed by the manufacturer, and the details 

are provided in the data sheet. The data sheet is a very important document, as it has all the 

details not only about the mixing proportion but also the cycles of curing required. ADEKIT 

A236/H6236 has a mix ratio (by weight) of 92 parts of POLYOL to 100 parts of 

ISOCYANATE and a mix ratio (by volume) of 100 parts of POLYOL to 100 parts of 

ISOCYANATE. This should always be kept in consideration while setting up the resin gun so 

that the final results come as per those defined by the supplier. 

 

The adherends are cut according to the specified dimensions, as shown in Error! Reference 

source not found., from a larger laminate sheet which was prepared and cured inside the oven. 

After cutting using the Wazer waterjet cutter and proper cleaning, a final thickness 

measurement should be done. As the thickness is measured, the required adhesive thickness is 

also fixed. And thus, according to the sum of the adherend and adhesive thickness, a tab is 

chosen that acts as support below the adherend on the top of the lap joint. This is a very 

necessary step to ensure a constant thickness of the adhesive layer for the joint. 

 

The nozzle of the gun, used to pour the adhesive on the joint location, should be kept as close 

to the surface as possible. This ensures that no air bubble is trapped between the adhesive which 

otherwise would result in a change in the characteristic properties of the joint and loss of 

strength too. After putting some amount of adhesive and spreading it as evenly as possible the 

top adherend is put onto the joint location. A metallic tab with a width two to three times more 

than that of the lap joint is put over the joint as shown in Figure 56. One end of this metallic 

tab is put just at the end of the lap joint and then it goes back eventually making the even 

thickness of the joint possible. 

 

The samples are left to cure at room temperature for 24 hours. After this curing is finished, the 

samples are put inside the oven for 16 hours and kept for curing at an elevated temperature of 

70oC. These cycles of curing have been mentioned in the datasheet for the adhesive provided 

by the supplier.  
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Figure 55. Cut out CFRP samples Figure 56. Preparation of SLJ samples for back face strain 

monitoring 

 

Before beginning the tests, optical fibres have to be attached to the surface of the lap joints. 

For this process, both faces of the specimens have been used, as shown in Figure 57. The optical 

fibre manufactured by ThorLabs has been used for this process, owing to its higher accuracy 

and precision. A single optical fibre has been used in such a way that by winding it above and 

below the joint, a total of four places of attachment have been obtained. This has been done to 

ensure the repeatability and comparability of the results. For attaching the fibres Attack Glue 

can be used. Before attaching, the fibre must be maintained in a tensile position in such a way 

that in the area of interest, the fibre is straight and without any bends. Figure 57 shows a 

schematic describing how the optical fibre goes along the surfaces of the single lap joint. One 

end of this fibre is made into a terminal, while the other end is attached to the pigtail, forming 

connections with the other components of Luna Odisi-B to be built into a circuit. 

 

 

Figure 57 Schematic of the Backface strain monitoring SLJ specimen 

 

As already mentioned in the section dedicated to Luna Odisi-B, the fibre attachment is followed 

by a necessary check to make the working condition of the fibre certain. Figure 58 shows the 
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frequency domain reflectometry plot for one of the samples. In this figure, two red crests can 

be seen. These crests denote the beginning and end of the connection, and since these are 

visible, it means that the connections between the optical fibre-pigtail and optical fibre-terminal 

are detected properly by the acquisition board. The plot in between these two red crests is where 

the testing, experimentation, and results will be generated. 

   

 

Figure 58.  OFDR plot for one of the samples 

 

 

3.3 Test setup 
 

The test setup primarily involves three main machines: 1) Instron 8801. 2) DIC system. 3) 

Luna. 

 

While both DIC and LUNA are the data acquisition systems, Instron is the one that gives us 

the load and displacement curves. The samples before the main testing are to be painted so that 

the DIC acquisition is possible. The paint is done using white and black sprays, making a base 

layer of white paint over which black paint is sprayed so that a dotted pattern is seen at the area 
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of interest. Figure 59 shows one single lap joint specimen which has been painted for DIC 

acquisition. 

 

 

Figure 59. Spray patterned specimen 

 

One end of the fibre is used as a terminal, while the other end is used for measuring the strains 

using the test setup and the acquisition system. Figure 60 shows the sample fixed inside the 

upper fixed jaw of Instron. It’s kept free from the lower jaw until the position of the lower jaw 

becomes equivalent to the end tab where it needs to hold the specimen. Figure 61 and Figure 

62 show the cameras of DIC focused on the area of overlap of the joint where the strains are to 

be measured. Once the position of the DIC has been fixed, any accidental movement will make 

the whole process of calibration go in vain. Thus, utmost care is taken to prevent this from 

happening.  

Figure 63 shows the sample where both the jaws have been fixed and a closer look at the 

sample. 

 

  
Figure 60. Sample Loaded on Instron 

 

Figure 61. DIC I 
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Figure 62. DIC II 

 

Figure 63. Closer view of Instron with sample 

 
 

On the Bluehill software of Instron, the option "sample protect" is chosen, limiting the load up 

to 200 N before fixing the lower jaw. This ensures that the sample is not damaged, preloaded, 

or displaced before starting the test. After this is done, the load is manually reduced to keep it 

as close to zero as possible. 

 

The pigtail is connected to the LUNA Odisi-B. The specimen is selected inside the controller 

of LUNA after checking the signal properties, which should show a continuous result as shown 

in Figure 64. Then the specimen is armed, and the file name is given. After arming the 

specimen, the final step that remains is to start the test, but once again, the acquisition frequency 

between the Instron and Luna should be checked and made equal. 
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Figure 64 Sensor view showing the passage of signal from the ThorLabs Optical fibre used for our samples 

 

After everything is ready, the acquisition is started on DIC and LUNA at the same time as the 

load cell starts working on the Instron. Data is acquired, saved, and later analysed using Excel 

and MATLAB. 

  



 
 

STRUCTURAL HEALTH MONITORING OF ADHESIVE JOINTS USING OPTICAL FIBRES   76 
 

Chapter 4: Results and Discussions 
 
The discussion about the results obtained from the samples where back face strain monitoring 

is done on both faces of the lap joint is shown here. In the specimens, one face is kept towards 

the DIC cameras while data is simultaneously being acquired by LUNA too, so that the results 

from both are available to compare. Out of the two types of fibres, this process involves using 

polyimide-coated optical fibre manufactured by ThorLabs, owing to its enhanced clarity and 

accuracy. In Figure 65, Figure 66, Figure 67, Figure 68, Figure 69, Figure 70, Figure 71 and 

Figure 72, the damaged surfaces can be observed. 

 

It can be seen from these surfaces that the type of damage occurring varies characteristically. 

In some cases, a clean mid-section crack with almost adhesive peeling can be seen, while 

cohesive damage is evident in others with an inaccurate crack location. 

 

There could be many reasons for the behaviour observed, like the creation of a moment due to 

the difference between the end tab thickness and the step lap thickness. Additionally, since the 

process of making the joints is manual, there is an obvious chance of human error, which can 

also come into play while cleaning the joints off the extra adhesive. Sometimes the roughness 

of the adherend is not equivalent all over the area of overlap, resulting in differences in 

behaviour. 

 

  

Figure 65. Reference sample with 20mm overlap 
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Figure 66. sample 9 with a 10 mm overlap 

 

  

Figure 67. Sample 10 with a 10mm overlap 
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Figure 68. sample 12 with a 10mm overlap 

 

  

Figure 69. Sample 11 with 20mm overlap 
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Figure 70. Sample 13 with 20mm overlap 

 

  

Figure 71. Sample 14 with 20mm overlap 
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Figure 72. Sample 15 with a 10mm overlap 

 
   
All the figures above show the damage propagation during the shear loading of the lap joint. 

Apart from the visual inspection, the results can also be taken from the data acquired from the 

acquisition systems. For the four pairs of samples, the results can be summarized individually 

as well as together. 

 

Results that are not easier to define using visual inspection can be guaranteed through data. 

This includes the maximum amount of loading up to which the joint stays as it is, the time in 

which the value of strain changes from zero to the point of failure or breakage, and the location 

of maximum strain. All these characteristics will vary with the strength or type of joint. 

Additionally, results will also show changes if the curing process or the manufacturing process 

has caused any differences between the specimens. 

 

Now coming to the strain, loading magnitude, loading time, and position of maximum strain 

along the joints. In Figure 73, Figure 74, Figure 75, Figure 76, Figure 77, Figure 78, Figure 79 

and Figure 80 representation has been shown for the characteristic change between strain and 

time in a given specimen while it is being loaded and strain at a particular load over the length 

of the overlap. It can be observed that, apart from negative peaks in the strain vs. length curve, 
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small positive peaks can be seen too. This is a result of the difference between the end tab 

thickness and the step thickness of the lap joint, as discussed earlier. Additionally, the variation 

of strain characteristics is different in different specimens; the reason leading to these results 

is because of the surface properties such as straightness and roughness of the adherends, which, 

as a reason for dependence on manual operations, could indeed vary from one specimen to 

another. The span of the length for which strain change can be seen is sometimes greater than 

the actual length of the joint; this could be because of the attaching process using glue, which 

could have attached a little more of the fibre to the surface than the actual length of the joint. 

Also, when the load is exerted on the specimen, the strain, because of shear, starts a little bit 

before the actual start of the joint. 

 

 
 

Figure 73. Reference sample[strain vs load] 

 

Figure 74. Reference sample[strain vs length] 

  
Figure 75. Sample 11[strain vs load] 

 

Figure 76. Sample 11[strain vs length] 
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Figure 77. Sample 10[strain vs load] 

 

Figure 78. Sample 10[strain vs load] 

 

  
Figure 79. Sample 15[strain vs load] 

 

Figure 80. Sample 15[strain vs length]] 

 

 

The loading curve (in red) is representative of Instron, and the strain leading because of that 

has been shown only near the peak point where peak strain is observed and a couple of gauge 

points along the vicinity of that location. The location of the peak strain has been found from 

the strain vs. length characteristic diagram. In this way, an almost precise location of the 

maximum strain point can be found, and it is possible here only because of the use of optical 

fibres. Had the experimentation taken into account the use of strain gauges, the gauge length 

could never have reached the minimum value available in the case of optical fibres. 

 

When analysing the strain vs. length curves in the composite specimens, it was observed that 

a large number of curves were not good enough to be considered, which led to the critical 

thought of performing experiments to check the effect of the surface properties on the strain 
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results obtained from optical fibres. Additionally, in the curves of strain vs. length for 

composites, the point of maximum strain is not properly defined. 

 

To address these issues, similar tests were performed on steel samples with much smoother 

surface properties as compared to the composite specimens. Figure 81 and Figure 82 show the 

characteristics of strain as seen on testing the samples made of steel. The number of curves is 

so great because, at every point in the length of the SLJ made of steel, we get better results 

owing to the surface texture. Also, the point of maximum is properly evident here, unlike in 

the cases of composite samples. 

 

 

Figure 81. Strain vs Length steel sample 1 
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Figure 82. Strain vs length steel sample 2 

 

To see the behaviour of different specimens with respect to each other, a comparison must be 

made. The strain results between the reference sample, sample 10, sample 11, and sample 15, 

are shown in, Figure 83. Before talking about the characteristic difference in the curves, the 

manufacturing difference between the specimens must be known. The width of all samples is 

kept constant. In the reference sample and sample 11, thickness varies; for the former, 4 layers 

of pre-preg have been used, while for the latter, 8 layers have been used. The overlap length 

between the two is kept at 20 mm. In between samples 10 and 15, the overlap length has been 

maintained at 10 mm, with the former having 8 layers in the adherend and the latter having 4 

layers, respectively. 

 

From the results thus obtained, it can be verified how these dimensional changes in adherend 

and the overlap length affect the peak strain values. To have a comparative behaviour among 

all these samples, monitoring the behaviour at a constant load will be done, and the strain values 

thus obtained will be seen. The magnitude of load will be taken keeping in mind the lowest 

value at which any one of these specimens fails or breaks down. 
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Figure 83 shows how, by varying the dimensional characteristics of the samples, the strain 

condition can be optimized. In sample 15, adherend thickness, as well as the overlap of the lap 

joint, are at a minimum, thus making it most prone to breakage, which is also reflected in the 

attached figure showing the maximum amount of strain in this sample. While the strain is 

decreasing when we analyse sample 11, having the maximum overlap length and thickness of 

adherend. The values in the other two samples lie between the maximum and minimum 

possible. Another point to be observed here is that the effect of overlap length is much greater 

than the effect created by adherend thickness. 

 

Figure 83. comparison showing the difference in the behaviour of different samples 
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Chapter 5: Conclusions 
 
There has been immense learning from all the experimentation thus performed, beginning with 

joint formation. There needs to be an automated process for making the joints and pouring the 

adhesive. This will ensure even distribution and quality of the adhesive and decrease the 

amount of human error. Also, the automation will make sure that the edges of the joints are 

properly joined since the process of peeling is most prevalent on the edges. While working in 

the lab and making every effort to ensure the same thickness of adhesive between different 

specimens, it has never been possible to precisely manufacture the same thickness. But if 

automation is employed, this constraint can be overcome very easily. 

 

The results that have been discussed above have also highlighted the importance of end tab 

thickness and how the moment is created due to the eccentricity thus encountered. Any 

experiments done in the future should always keep this point in mind to have proper results. 

 

Additionally, the acquisition has solely been done using optical fibres. The basic handling of 

optical fibres is quite difficult, and to have a standard set of results for monitoring the structural 

health using fibres, the number of tests to be performed should be very high. This can provide 

the researchers with better insight into the capabilities of result analysis using optical fibres. 

The quality of fibres needs to be enhanced to a similar extent as that of pigtails. All the 

processes ranging from removing the outer jacket to cleaving, cleaning, and splicing are easier 

with pigtails, while it is the opposite in the case of the fibres used for acquisition. This 

obviously could be an additional cost, but that is what good research demands. 

 

Apart from these constraints and precautions that have to be considered for obtaining useful 

results, the experimentation done shows how optical fibres act as a precise tool in structural 

health monitoring as compared to conventional elements like strain gauges. In the case of 

optical fibres, the results accurately point out the location of the maximum strain and breakage 

of the joint and also how the strain varies along the sought area. A modification could be made 

in terms of the alignment of the fibres. In the tests done above, analysis has only been 

performed in the longitudinal direction. The variation of mechanical properties in the transverse 

direction can also be checked by attaching the fibres in this way. This could provide 

information about the behaviour of the transverse edges as the load is transferred over the 

length of the joint. 
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