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ABSTRACT 

The hybrid bolted/bonded joint is an emerging aircraft structural joint configuration that 

is expected to have two advantages over traditional joint configurations: 1) improved joint 

strength over the traditional joints and 2) fail-safe design. However, previous studies found no 

advantages from the bolted/bonded joints mainly due to the adhesive stiffness. Using stiff 

adhesive resulted in two joints behaving independently. The objective of this thesis is to 

experimentally investigate the mechanical behaviour of the hybrid bolted/bonded joint with the 

softer paste adhesive. 

This thesis verifies the measurement technique, Digital Image Correlation (DIC), which 

is introduced to the research group for the first time. The DIC technique is verified with the axial 

extensometer by measuring displacement and strain fields from the simple aluminum test 

coupon. Additionally, the DIC technique with the instrumented bolt, which is the classic 

measurement technique to obtain shear load in the bolt, is examined in the bolted/bonded joint 

configuration. Lastly, the DIC technique is used to investigate the surface strain field changes in 

different joint configurations. Unique observations are made in each joint configuration, and are 

presented in this thesis. 
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NOMENCLATURE 

Symbols Description Units 

x Shape function in horizontal direction N/A 

h Shape function in vertical direction N/A 

fm Ensemble average of reference and deformed subsets in 

horizontal direction 
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vertical direction 

N/A 

e Distance from the edge to the centre of the bolt mm 

d Bolt diameter mm 

w Joint overlap width mm 

l Joint overlap length mm 
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ld Deformed length of axial extensometer mm 
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σ Stress MPa 
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Chapter 1: INTRODUCTION 

Composite materials have been increasingly used in commercial aircraft 

structures as can be seen in Figure 1.1. The main advantage of composite materials is to 

reduce weight while retaining the strength of traditional structural materials. By saving 

weight, aircraft in the same size can carry more passengers or fly farther distances. 

According to Boeing’s data for aircraft structures, substituting the structural materials 

achieved weight savings of 20% compared to aluminum materials (Hale, 2006). Further 

weight saving is possible by optimizing of substructure components, such as joints in 

composite structures. For example, 2.4 million fasteners are used to assemble a single 

Boeing 787 Dreamliner (Herring, 2014). Millions of fasteners can add significant weight 

to the aircraft and increase assembly costs and complexity. Thus, there is a necessity in 

reducing the number of fasteners required and/or the size of each fastener.    

 

Figure 1.1: Increase in composite materials usage for aircraft structures over time (U.S. Government 

Accountability Office, 2011) 
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The hybrid bolted/bonded joints are studied because they should have a longer 

service life by sharing load transfer between the fastener and adhesive – resulting in 

lower stresses within each separate load path joint. If a longer service life is not the main 

design goal, then hybrid joints may also permit smaller fasteners or fewer fasteners. Also, 

the fasteners and adhesive can act as redundant load paths for each other, which means 

that one load path can still retain structural integrity until the next maintenance interval, 

inspection, and repair (Federal Aviation Administration, 2009). However, previous 

studies showed analytically or experimentally that the hybrid bolted/bonded joint did not 

act as intended (Hart-Smith, 1985; Vallée, Tannert, Meena, & Hehl, 2013). The studies 

showed that the adhesive layer in the bolted/bonded joint is always the major load path as 

a higher share of the load always through the stiffer path, thus, the previously studied 

hybrid joint has the same behaviour as a purely bonded joint until the adhesive layer fails 

and then the fasteners would contribute. In other words, each part of the hybrid joint acts 

separately so that the expected advantages of the bolted/bonded joint could not be fully 

achieved. The COMP–506 Project – Design of Hybrid Bolted/Bonded Joints, sponsored 

by Consortium for Research and Innovation in Aerospace in Québec (CRIAQ), with 

McGill University, École polytechnique de Montréal, L3MAS, Delastek and Bombardier 

Aerospace, was initiated by these findings (CRIAQ, 2013). The overall goal of the 

project is to investigate the behaviour of the bolted/bonded joints and offer an optimal 

way to design the bolted/bonded joints from the findings. 

The role of Carleton University is to investigate the behaviour of the hybrid 

bolted/bonded joint experimentally. The bolted/bonded joint test coupons were 
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manufactured at National Research Council Aerospace Composites Laboratory, Ottawa, 

Canada and tested in the Mechanical and Aerospace Engineering Structures Laboratory at 

Carleton University, Ottawa, Canada.  

The behaviour of the joints was investigated by the measurement technique called 

Digital Image Correlation (DIC). Digital Image Correlation is a non-invasive 

measurement technique, which provides the displacement and the strain fields by 

analyzing a series of pictures taken at a certain interval. The technique has been widely 

used in various fields as well as the studies of the joints and anisotropic materials, such as 

the composite materials (Backman, Li, & Sears, 2011; Hild & Roux, 2006). The DIC 

technique is particularly useful when anisotropic materials are tested because the full-

field data is more useful than the point data since the point data can miss unusual 

behaviour in certain locations. Furthermore, different post-test analyses using the DIC 

technique can be performed with saved pictures to prevent from repeating the entire 

experiments. Time and material savings are possible compared to the traditional 

measurement techniques, such as strain gages. 

 

1.1 THESIS OBJECTIVES AND ORGANIZATION 

The goal of this thesis research is to investigate the mechanical behaviour of the 

composite hybrid bolted/bonded joint. In order to achieve the thesis goal, estimating the 

contribution of the bolt to load transfer in the hybrid bolted/bonded joint was to be 

investigated. A commonly used technique to measure the load transferred through the 

bolt is an instrumented bolt. An instrumented bolt is a specially designed and machined 
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bolt that the strain gages installed to measure the shear or tensile load transmitted by the 

bolt. However, the instrumented bolt is not usable in the present research because the 

required design bolt size is too small to be instrumented. Therefore, the DIC technique 

was chosen as an alternative approach.  

This thesis reviews the previous studies of bolted, bonded, and bolted/bonded 

joints (Chapter 2). The DIC process is covered to provide a better understanding of how 

this technique functions and the application of the DIC technique observed from the 

previous studies is also covered (Chapter 3). The experimental setup for validating the 

DIC technique and verifying the goal of the thesis is discussed (Chapter 4). Following the 

discussion of the experimental results (Chapter 5), research conclusions are presented 

(Chapter 6). Lastly, recommendations from the present work and future studies are 

discussed (Chapter 7). 
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The thesis work is explained and divided into the following chapters 

 Chapter 1: Introduction 

 Chapter 2: Joints  

This chapter covers the previous studies and their observations of bolted, bonded, 

and bolted/bonded joints in composite structures. Also, the failure modes and load paths 

of the bolted and bonded joints are also covered. The experimental measurement 

technique to study the joints is also covered. 

 Chapter 3: Digital Image Correlation 

This chapter covers the DIC technique process, the sources of errors in the DIC 

technique. 

 Chapter 4: Methodology 

This chapter covers the manufacturing of the bolted/bonded joint test coupons, 

DIC equipment selection, and experimental setup 

 Chapter 5: Experimental Results 

This chapter covers findings from the DIC equipment verification tests using both 

a homogeneous aluminum test coupon (no joint) and joint coupons with various 

configurations. The comparison of results between a bolted joint, a bonded joint with a 

hole, and a bolted/bonded joint are also explained. 
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 Chapter 6: Conclusion 

This chapter summarizes key findings from the tests performed during the 

research and proposes recommendations for improving the DIC technique and future 

research considerations. 
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Chapter 2: JOINTS 

This chapter discusses previous studies of composite bolted and bonded joints. It 

focuses on how the bolted and the bonded joints fail and what factors cause the failure of 

these joints. Following the review of traditional joints, additional studies on composite 

hybrid bolted/bonded joints are reviewed. This section focuses on the positive potentials 

of the bolted/bonded joints found in the previous studies. Lastly, the experimental 

measurement techniques for studying the joints is discussed.  

 

2.1 TRADITIONAL JOINTS 

Two traditional joint types are used in composite aircraft structures; mechanically 

fastened (e.g. bolted or riveted) joints and bonded joints. Traditionally, bolted or riveted 

joints have been used because installing, replacing, and inspecting them is relatively 

straightforward and requires techniques and skills similar to the mechanical fastening of 

metals. However, the disadvantages of bolted or riveted joints include:  

1) maintenance time to replace; 

2) overall weight increase of the aircraft and; 

3) higher peak loads and stress concentrations.  

Stress concentrations are an important concern, if the structure experiences higher 

load than the design point, it can lead to a shorter service life than predicted.  

A bonded joint experiences less stress concentration compared to the bolted joints 

because the load transfer from one structure to another is through the entire bonded area. 

However, it is harder to inspect a bonded joint when compared to a bolted joint because 
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the adhesive layer is hidden between the adherends. Federal Aviation Administration 

(FAA) (2009) specifically stated that the reliable non-destructive inspection technique 

must be established to inspect the bonded joint (Federal Aviation Administration, 2009). 

Without specialized equipment, such as ultrasonic equipment, it may not be possible to 

detect the initiation of failure. Furthermore, the bonding procedure has a great impact on 

its service life. A surface treatment is of particular importance since it affects the shear 

adhesive strength. Table 2.1 demonstrates that the bond strength of a same bonded joint 

can be increased from 3.07 MPa to 19 MPa with a proper surface treatment. Due to this 

significant effect of surface preparation, FAA specified the surface preparation as the 

consideration that must be controlled during the bonding process. (Federal Aviation 

Administration, 2009). 

Table 2.1: Bond strength with different surface treatments (Stelmack, 2008) 

Adherend Treatment Adhesive Shear Strength 

Aluminum 

As Received 

Epoxy 

3.07 MPa 

Vapor Degreased 5.77 MPa 

Grit Blast 12.07 MPa 

Acid Etch 19.00 MPa 

 

Studies conducted the traditional joints are reviewed and discussed in this chapter. 

This chapter begins by summarizing the findings of the studies focused on the 

relationship between the design and failure modes of the bolted and the bonded joints. 

Then, the findings of the hybrid bolted bonded joint studies are discussed.  
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2.1.1 BOLTED JOINTS 

The bolted joints have a long application history in engineering structures. The 

composite bolted joints have particular factors determining the bolted joint strength and 

the failure modes: 1) the adherend laminate and 2) the fibre stacking sequences. In this 

section, the effect of each factor on the composite bolted joint is discussed. 

Assuming that the bolt does not fail before the adherend failure and all bolts are 

identical, then the adherend strength is the main contributor to the joint bearing strength. 

Fibre reinforced composite materials have orthotropic or directional properties, such as 

strength and stiffness, which are defined by the fibre direction. Collings (1977) studied 

the effect of the different laminate to the bearing strength. A single bolted joint with 

cross-ply laminate adherends consisting of only 0° and 90° plies had about 11% lower 

bearing strength than the same single bolted joint with quasi-isotropic composite laminate 

adherends consisting of 0° and ±60° plies (Collings, 1977).  

Failure modes commonly observed in the composite bolted joints are 

schematically shown in Figure 2.1.  
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Figure 2.1: Failure modes of bolted joints (Hart-Smith, 1976) 

The initiation of each failure mode of fibre reinforced composite materials occurs 

in different locations. A bearing failure mode is considered a non-catastrophic failure, 

where the delamination occurs between 0° and 90° interfaces or matrix cracking in 90° or 

45° plies. It is non-catastrophic because the structures are still held by the bolt when the 

bearing failure occurs. A tension failure mode and a shearout failure mode are considered 

as catastrophic failure modes as the structure cannot be held after either failure occurs. 

The tension failure mode usually occurs at 90° layer with no indication until 90% of a 

failure load. The shearout failure mode occurs after 0° layer experiences micro-buckling 

and causes larger matrix failure in the laminate at 95% of the failure load (Camanho, 

Bowron, & Matthews, 1998).  

For a double-lap joint configuration with carbon fibre reinforced plastic (CFRP) 

adherends, a net tension failure occurs when the overlap width is equivalent to between 

three to four bolt diameters. This failure stress is much lower than the laminate’ ultimate 
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strength, which indicates a significant stress concentration. The bearing failure occurs 

when the overlap width is equivalent to six bolt diameters. It indicates the geometry 

influences the failure mode of the bolted joint (Hart-Smith, 1976). 

When a bolted joint is loaded, two load paths exist as described in Figure 2.2. The 

first load path is the bolt. The other path is the friction between adherends. The load 

transfer by friction is significant until the bolt deforms enough to touch the hole. The 

effect of friction is significant to the bolted joint strength. The analytical model of pinned 

joints indicated the friction coefficient between adherends increased from 0.2 to 0.5 with 

a reduced ultimate load by about 27% (Yavari, Rajabi, Daneshvar, & Kadivar, 2009). 

Assuming that the surface finish for all test coupons is the same, then the torque applied 

to install a bolt must be controlled since a compressive force from the bolt will be the 

main contributor to varying the friction between the adherends. 

 

Figure 2.2: Load paths of bolted joints due to friction (green) and stress into the bolt (red) 

In summary, the composite bolted joint strength is affected by the laminate 

configurations since the configuration affects the adherend strength. Also, each failure 

mode in the composite joint is initiated in a different location. Therefore, knowing the 

type of failure mode will help to assume the failure initiation point. The joint geometry 

also influences which type of failure modes should be expected. Since the strength may 
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be significantly lower in a certain failure mode, it is necessary to control the geometry to 

avoid the failure at much lower stress.   

 

2.1.2 ADHESIVELY BONDED JOINTS 

An adhesively bonded joint is another type of joints commonly used in aircraft 

structures. The bonded joint is commonly used for secondary aircraft structure rather than 

for primary structures because Civil Aviation Authorities will not presently certify the 

primary structures with only bonded joints even though Federal Aviation Administration 

(FAA) strictly stated the requirement for the bonded joint structures (Pantelakis & 

Tserpes, 2013; Federal Aviation Administration, 2009). However, the bonded joint is still 

a promising joint configuration for less stress concentration and weight reduction. 

Different bonded joint configurations exist as can be seen in Figure 2.3.  

 

Figure 2.3: Composite bonded joint configuration (Hart-Smith, 2003). Reprinted with permission 

The choice of configurations depends on the design details of the structures. For 

example, double-lap joints are not employed in structures with thick aderends because the 

bond load due to using thicker adherends increases more rapidly against the bond 
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capacity. The scarf joint or the stepped-lap joint is recommended over the double-lap 

joint when thick adherends are to be used (Hart-Smith, 1974). On the other hand, the 

ASTM standards, such as D3165 – 07 ‘Standard Test Method for Strength Properties of 

Adhesives in Shear by Tension Loading of Single-Lap-Joint Laminated Assemblies’ or 

D5868 – 01 ‘Standard Test Method for Lap Shear Adhesion for Fiber Reinforced Plastic 

(FRP) Bonding’, suggest using a test coupon with a single-lap joint configuration for 

better understanding of the adhesive behaviour. Furthermore, manufacturing complexity 

affects the optimal design configuration to use. The load transferring through a single-lap 

bonded joint causes a secondary bending due to load eccentricity, which induces the peel 

stress in the adhesive layer (Kelly, 2005). Hence, a double-lap joint configuration is also 

often used for reduced peel stress effect by avoiding load eccentricity. 

The load applied to a bonded joint is transferred through the entire adhesive layer 

as can be seen in Figure 2.4. The load induces shear stress in the adhesive layer, and it 

becomes the principal load transfer mechanism of the adhesive layer. Shear stress 

concentration does not occur in the adhesive layer during transferring of the load. 

However, several analytical models indicated that there is a region, where the peel stress 

and adhesive shear stress in the single-lap bonded joint are higher at the free-edge of the 

adherends (Goland & Reissner, 1944; Volkersen, 1938; Hart-Smith, 1974). 
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Figure 2.4: Load path in a single lap bonded joint 

The analytical model developed by Goland and Reissner (1944) in Figure 2.5 

shows a general sense of stress distribution in the adhesive layer. It can be seen that both 

stresses near the edges are significantly higher. Although the model does not take into 

account stress through the bond thickness and the stress-free condition, it reasonably 

describes the stress distribution in the bonded joint. Kumar et al. (2013) experimentally 

proved that both adhesive shear and peel stresses agreed with Goland and Reissner’s 

model except the stress-free region (Kumar, Bhat, & Murthy, 2013). These high stress 

regions near the edge of the single-lap joint are the location where the adhesive failure 

usually initiates.  

 

Figure 2.5: Estimate of stress distribution over the length of the adhesive layer in a single lap joint 

using Goland and Reissner model (Lopez-Cruz, 2016) 
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There are two primary failure modes observed in adhesively bonded joints: 

cohesive failure and adhesive failure. Hart-Smith (1974) defined a well-designed joint 

when the joint failed in an adherend far from the joint area. Also, the adhesive layer in 

the well-designed joint should fail in a cohesive manner when the stress exceeds the 

designed adhesive strength according to his study (Hart-Smith, 1974). If the bonded joint 

fails between the adherend and the adhesive layer because the adhesive is not perfectly 

bonded to the adherends due to poor surface finish, then the adhesive will fail in an 

adhesive manner. This failure case happens below the joint design strength. Therefore, 

the adhesive failure is considered as an unfavorable failure mode (Heslehurst, 2013). 

Figure 2.6 and Figure 2.7 illustrate the failure modes seen in a single-lap bonded joint. 

 

Figure 2.6: Shear Failure. (a) cohesive failure (b) adhesive failure (adapted from Heslehurst, 2013) 

 

Figure 2.7: Peeling failure (a) cohesive failure (b) adhesive failure (adapted from Heslehurst, 2013) 
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As the single-lap joint starts to be loaded, both adherends at the bonded region 

start to bend due to load eccentricity causing the stress concentration near the ends of the 

adhesive as described in the second image of Figure 2.8.  

 

Figure 2.8: Failure steps in a single lap bonded joints with brittle adherends (adapted from Hart-

Smith, 1974) 

These ends are the locations, where the failure initiation occurs due to 

interlaminar tensile stress. This is a particular concern for joints with CFRP adherends 

and high strength adhesive because CFRP adherends are susceptible to through-thickness 

loads. This failure is schematically described in the last image of Figure 2.8. Therefore, it 

is important to reduce stress concentration at the free ends of the joint. The adhesive can 

be formed into a unique shape at these locations, or lower strength adhesive can be used 

to reduce the stress concentration at the free ends (da Silva & Banea, 2009). 

Adhesive thickness affects the failure modes of the bonded joint. According to the 

study by da Silva et al. (2009), a failure of thin adhesive is dominated by the stress 

concentration at the edges. However, the failure of thick adhesive is influenced by global 

yield behaviour rather than the stress concentration at the edges and occurs at lower 
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applied loads (da Silva, et al. 2009). In other words, the thicker adhesive is likely to have 

lower joint strength if the same materials are used in the structure as can be seen in 

Figure 2.9.  

 

Figure 2.9: The effect of the adhesive thickness (da Silva et al., 2006) Reprinted with permission. 

According to Figure 2.10, the rate at which the ductile adhesive material is loaded also 

affects its strength or its capability to transfer the load. This is due to the viscoelastic 

material behaviour that is more sensitive to the strain-loading. This effect is not 

considerable when the ductile adhesive is tested below the glass-transition temperature, 

which the adhesive tends to behave in a brittle manner (da Silva et al., 2006). The chosen 

adhesive, Hysol®  EA 9361, has low glass transition temperature, and it is to be used at the 

temperature of -192°C (Oluseyi et al., 2004). When the ASTM standard test procedure is 

followed, the loading rate is not considered because the standard limits the load or 

displacement rate to a certain value. For example, the ASTM standard D3165 – 07 

requires the rate of 1.27 mm/min. However, when a non-standard test setup is performed, 
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the strength change due to different loading rate must be considered in the bonded joint 

with viscoelastic adhesive.  

 

Figure 2.10: Tensile stress-strain curve of Hysol EA9361 at different loading rates (da Silva et al. 

2006). Reprinted with permission. 

 

2.2 HYBRID BOLTED/BONDED JOINTS 

Most studies of bolted/bonded joints have indicated two possible advantages of 

using the configuration over traditional configurations. First, the bolted/bonded joint can 

be used for a fail-safe design. Secondly, the bolted/bonded joint configuration may be 

utilized to provide higher overall joint strength.  

Hart-Smith (1985) studied multi-bolted stepped lap bolted/bonded joints 

analytically. It was found that the load transferred through the bolt is insignificant 

compared to the load transferred through the adhesive layer when the stiffness of bolt 

load path is far less stiff than that of adhesive load path. This finding was interesting 
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since it indicates that the adhesive layer and the bolts do not act simultaneously for load 

transfer, so the benefit of using bolted/bonded joints cannot be achieved. However, it was 

also suggested that bolted/bonded joints should be used as a part of the fail-safe design, 

which is still advantageous over traditional joint configurations (Hart-Smith, 1985). 

Vallée et al. (2013) studied the joint strength of the multi-bolted double-lap 

bolted/bonded joint configuration. They joined a pipe and a lamella together, which both 

were made of glass fibre reinforced plastic (GFRP). According to the results from both 

analytical and experimental studies, the bolted/bonded joints had only 5% increase in 

total load capacity over the adhesively bonded joints and 100% increase over the bolted 

joints in the identical geometry (Vallée et al., 2013). Similar to the conclusion by Hart-

Smith, the total load capacity of the bolted/bonded joint had only minimal improvements 

over the adhesively bonded joints. However, the load versus stroke curve indicates that 

the adhesively bonded joint failed in a brittle manner and lost joining capabilities while 

the bolted/bonded joint had a similar failure but sustained loads after the brittle failure 

because of the bolts holding the test coupon. This supports the possibility of 

bolted/bonded joints as a fail-safe design.  

Moroni et al. (2010) studied the energy absorptions in different joint 

configurations. The energy absorption in his study meant the area of the load versus 

stroke curve. It was found that the hybrid welded/bonded joints had more than seven 

times higher energy absorption compared to bonded joints. The load versus stroke curve 

showed there was no difference in the maximum joint load between the welded/bonded 
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and the bonded joints. However, it indicated again the high load capacity of the entire 

joint (Moroni, Pirondi, & Kleiner, 2010). 

Although the previously mentioned studies found that there was no improvement 

in the joint strength, other researchers found a possibility of improving hybrid joint 

strength in certain specific configurations. Di Franco (2013) studied single-riveted single-

lap bolted/bonded joints with cross-ply CFRP as one adherend and aluminum plate as the 

second adherend. The study found that the bolted/bonded joint with properly post-cured 

adherend showed 10% increase in a maximum load capacity over the bonded joint with 

the same properly post-cured adherends. Also, it was found that the bolted/bonded joint 

with CFRP that had not been post-cured showed 28% increase in a maximum load 

capacity over the bonded joint with the same CFRP adherend that had not been post-

cured. With the angle-ply adherend, the bolted/bonded joint with post-cured CFRP 

adherend showed 16% increase in the load capacity (Di Franco, Fratini, & Pasta, 2013). 

The study indicates that the joint strength of the bolted/bonded joint can be improved 

significantly. Also, it is better to have bolted/bonded joint configuration when there is a 

manufacturing defect due to a large increase in the maximum load capacity according to 

the study. 

Robinson and Kosmatka (2012) studied multi-bolted scarf bolted/bonded joints. 

Strain gages were installed on the surface near each row of bolts. It was found that the 

strain distribution between bonded and bolted/bonded joints was almost identical to each 

other. However, the bonded joint failed at 580 kN while the bolted/bonded joint failed at 
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2260 kN, which is almost 400% increase in the maximum load capacity (Robinson & 

Kosmatka, 2012).  

The joint strength capability is dependent on the geometry of the joint, adhesive 

properties, adherend properties. Stewart and Stewart (1997) showed that the stacking 

sequence in the composite laminate also affected the joint strength. The location of 0° ply 

affected the laminate tension stress thus inducing damages at lower load level (Stewart & 

Stewart, 1997).  

However, these previous studies still showed the same pattern as Hart-Smith 

(1985) pointed out that the bolted/bonded joint behaves exactly same as the bonded joint 

until the adhesive fails. The true purpose of using the bolted/bonded joint make both 

joints share the load simultaneously so that the stress to each joint is reduced. Kelly 

(2005) investigated the effect of various parameters in the hybrid joints using a 

computational analytical model. The model suggests that adhesive thickness, adherend 

thickness, overlap length, and width-to-bolt diameter ratio all affect the amount of load 

transferred through the bolt. Also, the adhesive modulus and ductility both affect the load 

transfer mechanism as can be seen in Figure 2.11. Furthermore, the load transferred by 

the bolt increases in a size restricted model when an adhesive with lower elastic modulus 

or higher ductility is used (Kelly, 2005). 
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Figure 2.11: Effect of adhesive modulus on the bolt load transfer (Kelly, 2005). Reprinted with 

permission 

In summary, the previous studies are not in agreement that the bolted/bonded joint 

is superior or inferior to the traditional joints by meeting both theoretical advantages. 

However, a few studies indicated that a higher strength using the bolted/bonded joint is 

still possible. More specifically, the more flexible adhesive is recommended to increase 

the load sharing between two load paths in the bolted/bonded joints. 

 

2.3 EXPERIMENTAL APPLICATION TO THE JOINT STUDY 

The interest in this thesis was to estimate experimentally the load transfer through 

the bolt in the bolted/bonded joint. However, it is difficult to measure the load transferred 

by the bolt in the bolted/bonded joint experimentally because the load path of the bolt is 

hidden inside of the joint. This difficulty led most studies to estimate the bolt load 

transfer by analytical models or performing experiments with limited geometries. There 
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are only a few studies attempted to obtain the load transfer from the experiment. Most 

studies of the bolted/bonded joints focused on the failure modes and the failure load. This 

information is good enough to understand the maximum load capacity of the 

bolted/bonded joint, but it does not give detailed information on how the joint behaves 

during loading.  

The most widely used direct approach to obtaining the load transferred through 

the bolt is using an instrumented bolt. Kelly (2005) showed the bolt load in the composite 

bolted/bonded joint using a specially designed instrumented bolt. The titanium hi-torque 

lockbolt was modified to accommodate two strain gage rosettes, and they were connected 

to form a Wheatstone bridge configuration. The data from the instrumented bolt was 

consistent, and it matched with the analytical model (Kelly, 2005). The limitation of these 

instrumented bolts is the size and removing the material from the bolt. According to the 

design of the bolt, the diameter was 15 mm. This is three times larger than the bolt 

chosen for this research. Also, the bolt has to be machined to install the rosettes. Poor 

machinability of titanium is well-known (Pramanik, 2013). In other words, 

manufacturing the instrumented bolt from the titanium bolt will be expensive. With the 

size and the material of the bolt, it will be difficult to design the instrumented bolt using 

the bolt chosen for this research. Furthermore, removing a small amount of material in 

the small size bolt may affect the strength and geometrical stiffness. 

Other techniques to study bolted/bonded joints include adopting novel sensor 

technologies. Camanho et al. (2005) performed the experiment by placing piezoelectric 

acoustic emission transducers on the single-shear lap joint with bonded inserts. He 
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attempted to catch the failure moment from the acoustic emission result by comparing it 

to the load versus stroke curve. It was found that the moment of failure from the 

comparison and predicted the failure process. However, this study focused on catching 

the failure moment using the acoustic emission transducers (Camanho, Tavares, de 

Oliveira, Marques, & Ferreira, 2005). This type of sensors may be good for catching the 

event in the joint, but it still does not give full information, such as the failure location. 

Since the traditional techniques used for joint mechanical studies have limitations, 

other techniques were considered in this research. Due to the size limitation, an indirect 

measurement technique was developed. Among the indirect measurement techniques, the 

DIC was chosen for this research because its potential has been highlighted in previous 

studies. The DIC technique started as a displacement measurement technique (Sutton, 

Wolters, Peters, Ranson, & McNeill, 1983). Also, some studies proved the role of the 

DIC technique as a failure detector. In other words, the DIC technique can be used for 

detecting the failure and measuring the displacement simultaneously. Furthermore, the 

DIC technique was already used to understand joint behaviour by comparing strain fields 

from different joint configurations with steel adherends (Sadowski, Kneć, & Golewski, 

2010).  

Any damage in the adhesive layer can cause stress concentrations near the 

damaged area, and it ultimately affects the adherends. Kumar et al. (2013) studied the 

detectability of damage induced in the GFRP single-lap bonded joint using two-

dimensional DIC (2D-DIC). It was compared the strain field of the undamaged GFRP 

single-lap bonded joint to the strain field of the same joint with the damage induced in the 
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adhesive layer both obtained from the DIC technique. It was concluded that the DIC 

technique caught the damage in the adhesive layer, which was hidden by the adherends. It 

indicates that the change in the adhesive layer affects adherends, and the DIC technique 

can catch the change from the adherends (Kumar et al., 2013).  

Backman et al. (2011) studied the stresses of the adhesive layer in the bonded 

joint using 2D-DIC and compared the result to a finite element model. Good agreement 

was observed between the experimental and the analytical data except in the local region, 

where the failure was observed due to local displacement discontinuity (Backman, Li, & 

Sears, 2011). 

Corr et al. (2007) used the DIC technique to observe the mechanical behaviour of 

the CFRP embedded concrete specimen. In their study, the DIC technique was used for 

measuring the displacement of the specimen. The technique also captured the moment of 

cracking by detecting a significant jump in the displacement data. Their study indicates 

that the DIC technique can be used for the displacement measurement technique and the 

failure detector in the specimen for the single test (Corr, Accardi, Graham-Brady, & 

Shah, 2007). Comer et al. (2013) concluded there is a potential to prove analytical, 

computational models from the three-dimensional (3D-DIC) technique. Also, the 

technique detected that fracture occurred in the adhesive layer during the experiment, 

supporting the DIC technique as an adhesive failure detector (Comer, Katnam, Stanley, & 

Young, 2013). 

The use of DIC is not limited to test coupon configurations, such as a single-lap 

joint. Fedele et al. (2009) used a test coupon, which configured the GFRP Z-stringer 



26 

 

attached to the GFRP plate. This study did not use the DIC technique to measure 

displacement or strain fields, but it used the DIC technique to track the non-linear failure 

in the adhesive layer between the plate and the stringer and adapted it to the finite 

element model (Fedele, Raka, Hild, & Roux, 2009). Furthermore, it indicates that the 

technique is not limited to measuring the displacement or the strain field from the front 

surface of the specimen, but any surface can be chosen for performing the DIC technique. 

Lastly, the progressive failure of the adhesive layer can be observed from sequential 

pictures of the area of interest. 

Yao et al. (2005) compared the strain values obtained from 2D-DIC to those from 

strain gages using a composite material pressure vessel. The strain change was induced 

by increasing the inner pressure of the vessel, and it was measured from the outer surface 

of the pressure vessel. They concluded that the strain values measured using DIC were 

close to the strain values from the strain gages in all directions with only 5% errors (Yao, 

Meng, Jin, & Yeh, 2005). 

In summary, the DIC technique is not intended to directly measure the load 

transfer through the bolt since it is mainly used for measuring the surface displacement or 

strain fields. However, even if the DIC technique cannot directly measure the load 

transfer through the bolt, it is expected to obtain valuable information such as failure 

location, highest strain region, and strain fields differences due to different joint 

configurations using the DIC technique. Furthermore, if the DIC technique can capture 

the common behaviour of different joint configurations, the test may be standardized for 

observing in-test behaviour of the joint coupons. 
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Chapter 3: DIGITAL IMAGE CORRELATION (DIC) 

One way to evaluate mechanical properties is to measure the strain of test 

coupons under tensile or compressive loading. Resistance strain gages have long been 

commonly used to obtain strain data, but one disadvantage of strain gages is that they 

provide point strain data at the location, where the gage is installed.  

When strain data is needed from more than one point of interest on a specimen, a 

full-field measurement technique is a better choice. Photoelasticity is a classic example of 

long-standing full-field strain measurement technique (Post, 1979). It is to measure the 

strain distribution in a test coupon by using the birefringence effect (Phillips, 2008). The 

photoelasticity technique is still used in many studies, and further improving the 

technique is ongoing by adopting automated computing technologies to calculate strains 

from photoelastic strain field images (Ayatollahi & Nejati, 2011; Ramesh, Gupta, & 

Kelkar, 1997; Ramesh, Kasimayan, & Neethi Simon, 2011). However, the photoelasticity 

technique has disadvantages. Firstly, it requires a coating on the surface of the interest, 

which might be difficult when coating the material is performed by someone with no 

previous experiences unless a clear model of the actual test coupon is made. Secondly, it 

gives a clear strain field pattern when the load is applied, but obtaining a strain magnitude 

from the pattern may require significant calculation efforts. Furthermore, the difficulty 

with separating the result obtained from the photoelasticity to each principal component 

is also an issue.  

Another full-field measurement technique is DIC, which correlates a series of 

digital images taken at a regular interval and yields relative displacement or strain fields 
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from the correlated images. Figure 3.1 shows an example of the DIC analysis. It 

visualizes the displacement and the strain fields on the picture so that the fields’ changes 

can be directly compared. The displacement or the strain fields are calculated from the 

images by dividing the image into a block of pixels, called a subset, and tracking its 

relative movement to neighbour subsets. The size of subsets is chosen based on the image 

size and the speckle pattern, which is the pattern randomly applied to the surface. Unlike 

photoelasticity, the magnitude of each strain can be directly obtained, and simple random 

speckle pattern is enough compared to the fine surface coating on the surface required 

(Lava, 2015; McCormick & Lord, 2010; Pan, Qian, Xie, & Asundi, 2009). 

 

Figure 3.1: Example of DIC analysis from present research 

Two basic types of DIC technique exist for strain field analysis: 2D-DIC and 3D-

DIC. 3D-DIC technique is more beneficial when a significant out-of-plane displacement 

is expected as it can isolate three-dimensional effects from the in-plane measurement. 

The problem with 3D-DIC is the requirement of longer process time and higher cost for 

the specialized analysis software.  
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The DIC technique setup is simple. It can be performed with a computer station, a 

camera system, and the light source. Figure 3.2 shows the schematic of the DIC setup. 

 

Figure 3.2: Schematic of the DIC technique setup 

A computer station controls a camera system, such as photo size, and the time 

between picture frames, and calculates the displacement or the strain fields using a 

dedicated analysis software. Since camera technology has been advanced, any camera 

works for DIC. Lava et al. (2014) introduced a lab program using a regular webcam can 

for static tensile tests with a hyperelastic material to perform 2D-DIC (Lava, Coppieters, 

Van Hecke, Van Houtte, & Debruyne, 2014). The number of cameras can vary depending 

on which DIC technique is to be performed. A single camera is used for 2D-DIC while 

two cameras are required for 3D-DIC. Regardless, the surface of interest has to be in 

parallel with the camera sensor. If the surface is not parallel to the sensor, image-plane 

displacement gradients are added to the result of 2D-DIC. It is considered as a source of 

errors in the DIC technique affecting the computational calculation for obtaining a 

displacement and strain fields (Sutton, Yan, Tiwari, Schreier, & Orteu, 2008). 
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A random speckle pattern provides every subset to have a different level of contrast and 

gray intensity. The absolute size of speckle pattern must be chosen with respect to the 

size of specimen and camera’s resolution. There is no absolute speckle size requirement 

for DIC technique, but it is generally recommended that the size needs to be equivalent to 

2 – 4 pixels at least (Hua et al., 2011). However, this may not be applicable to every 

situation, and it is difficult to have an absolute speckle size in reality. Hence, trial and 

error methods are generally recommended to determine the size of the speckle pattern. 

Paint droplets or laser is used to generate the speckle pattern on the surface. When the 

paint is applied as seen in Figure 3.3, there are a few recommendations. First of all, when 

the high magnification DIC, such as measuring the strain on the adhesive layer, is 

performed, the airbrush is recommended to make fine patterns. On the other hand, regular 

spray paint is enough to make speckle pattern. The density of speckle pattern can be 

controlled instead of the size when the spray paint is used. Secondly, the paint with matte 

type generates better speckle patterns because the glossy type causes the reflection from 

the light source.  

 

Figure 3.3: Example of Speckle Pattern 
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The separate white light source is required to minimize shadow formed on the 

surface. Since the DIC technique uses a gray intensity for tracking the movement of 

subsets in the image, any shadow or uneven lighting may cause errors on the result.  

 

3.1 DIC PROCESS 

The DIC starts with defining the field of view (FOV) and the area of interest 

(AOI). The FOV is the area captured by the camera image sensor, and this is defined by 

locating the camera with respect to the specimen. Further definition can be completed by 

cropping the unnecessary region from the computer software. The AOI is the area, in 

which the analysis is to be performed. For example, the entire picture in Figure 3.1 is the 

FOV while the coloured region is the AOI. Appropriately defined FOV and AOI reduce 

the analysis time and the computational power and yield the perfectly correlated 

displacement and strain fields. When there is a discontinuity happened due to any crack 

or any failure in the coupon during the test and included this region for the analysis, the 

analysis fails to correlate between images and provide the displacement and strain fields 

with errors. Hence, the area, in which the discontinuity occurred during the test, must be 

removed from the AOI before running the analysis. 

Once the FOV and AOI are defined by the user, the subset size is chosen. The 

example of the subset defined on the reference image is shown in Figure 3.4. In the black 

and white image, each individual pixel of the picture will never have unique gray 

intensity information, which is the reason for defining the subset. 
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Figure 3.4: Example of subset division in the image 

Displacement and strain fields from the DIC technique are calculated by the 

relative motion of each unique subset to its neighbour subsets. There is no requirement 

for choosing the subset size, but most computer software manuals recommend the subset 

to include at least 3 or 4 individual speckles. There are an advantage and a disadvantage 

of the subset size. When smaller subsets are defined that are close to the 

recommendation, then more reliable displacement measurement can be obtained. Larger 

subsets, on the other hand, can provide more reliable correlation since each subset will 

have more distinctive gray intensity information (Pan et al., 2009). This trade-off must be 

considered when the subset size is chosen. Once the subset size in the AOI is defined, the 

analysis software automatically defines the subsets in the AOI. Another parameter to be 

set at this stage is a step size. The step size can be considered as the assumed number of 

pixels that the subset expects to be shifted in the next image. The reasonable step size can 

avoid spending excessive computing time (Robert, Nazaret, Cutard, & Orteu, 2007). 

A correlation criterion needs to be defined after the subset, and the step sizes are 

chosen. The correlation criterion is used to match the subsets between each subsequent 
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image by analyzing the value correlation coefficient and locate the deformed subsets 

based on the value (Pan, Xie, & Wang, 2010). For example, the original subset on the left 

in Figure 3.5 will be deformed into the shape on the right when the load is applied. In the 

reference subset, the unique gray intensity around the centre of the subset P(xo,yo) can be 

identified. Then, the correlation criterion is used to calculate a correlation coefficient in 

the deformed image to locate of the deformed subset.  

 

Figure 3.5: An example of reference and deformed images 

Different criteria are available:  

1) cross-correlation criterion (CC),  

2) sum of squared difference criterion (SSD), and  

3) parametric sum of squared difference criterion (PSSD) (Pan et al., 2010).  

The software used in this research provides three different criteria:  

1) cross-correlation criterion,  

2) sum of squared difference criterion, and  
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3) zero-mean normalized sum of squared differences (ZNSSD), which is the 

improved version of SSD.  

ZNSSD criterion was chosen for this research due to its robust noise-proof 

performance and insensitivity to lighting inconsistency as seen in Figure 3.6 (Pan et al., 

2009).  

 

Figure 3.6: Example of inconsistent lighting 

In a subset with size of (2M+1) by (2M+1) pixels, ZNSSD is defined as  

𝐶𝑍𝑁𝑆𝑆𝐷 = ∑ ∑ [
𝑓(𝑥𝑖 , 𝑦𝑗) − 𝑓𝑚

∆𝑓
−

𝑔 (𝑥′
𝑖, 𝑦′

𝑗
) − 𝑔𝑚

∆𝑔
]

2
𝑀

𝑗=−𝑀

𝑀

𝑖=−𝑀

 (1) 

 

Where f(xi,yj) indicates the reference subset gray intensity, and g(x’i,y’j) indicates 

the deformed subset gray intensity. fm and gm are called the ensemble average of reference 

and deformed subsets (Pan, Xie, Guo, & Hua, 2007). Δf and Δg are the square roots of 

the sum of the squared difference between gray intensity and the ensemble average.  

𝑓𝑚 =
1

(2𝑀 + 1)2
∑ ∑ 𝑓(𝑥𝑖 , 𝑦𝑖)

𝑀

𝑗=−𝑀

𝑀

𝑖=−𝑀

 (2) 
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𝑔𝑚 =
1
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∑ ∑ 𝑔(𝑥′𝑖, 𝑦′𝑖)

𝑀

𝑗=−𝑀

𝑀

𝑖=−𝑀

 (3) 
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𝑀
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(4) 

∆𝑔 = √ ∑ ∑ [𝑔(𝑥′
𝑖, 𝑦′

𝑖
) − 𝑔𝑚]

2
𝑀

𝑗=−𝑀

𝑀

𝑖=−𝑀

 
(5) 

This correlation criterion yields the value in the range 0 to 1. When the criterion 

value is close to 1 for the certain subset, then this location is the position of the deformed 

subset. Figure 3.7 shows the example of the correlation coefficient map in the AOI. 

 

Figure 3.7: Example of correlation coefficient of Figure 3.1 

Once the deformed subset is located from the correlation criterion analysis, then a 

shape function is used to calculate the displacement of the subsets. Three assumptions are 
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made the use of shape function in DIC for detecting the displacement of the subset. The 

first assumption is that the subset in the reference image f(x,y) is deformed to the location 

f*(x*,y*) in the subsequently deformed images. Secondly, there is no lighting change 

between the reference and the deformed images, which will change the gray intensity 

information. Although the ZNSSD correlation criterion minimizes the effect of 

inconsistent lighting, no lighting change is still preferred for minimizing errors. Lastly, 

the discontinuity, such as cracks, between one subset and its neighbour subsets, does not 

occur. With the assumptions and the information from the correlation criterion, the centre 

of the deformed subset P’(xo’,yo’) can be related to the centre of the reference subset 

P(xo,yo) by using its unique gray intensity pattern and defined the displacement vectors 

between them. Likewise, the displacement vector and its quantity can be found any point 

Q(xi,yj) in the reference subset and its deformed point Q’(xi’,yj’) can be found in the same 

way (Lu & Cary, 2000; Pan et al., 2009; Schreier & Sutton, 2002). The relationship 

between the reference coordinate and the deformed coordinate in the subset is defined as 

𝑥𝑖
′ = 𝑥𝑖 + ξ(𝑥𝑖, 𝑦𝑗) (6) 

𝑦𝑗
′ = 𝑦𝑗 + 𝜂(𝑥𝑖, 𝑦𝑗) (7) 

The shape functions (x&h) for translation, rotation, shear, normal strains are 

ξ(𝑥𝑖 , 𝑦𝑗) = 𝑢 + 𝑢𝑥Δ𝑥 + 𝑢𝑦Δ𝑦 (8) 

𝜂(𝑥𝑖 , 𝑦𝑗) = 𝑣 + 𝑣𝑥Δ𝑥 + 𝑣𝑦Δ𝑦 (9) 

Where u and v are defined as translation motions in x- and y- directions (Pan et 

al., 2009). If the irregular deformations over AOI are expected, high-order terms should 
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be included. However, too many high order terms in the shape function will cause 

numerical errors during the calculation process. 

The sub-pixel interpolation must be utilized before the correlation criteria to have 

a continuous correlation. Correlation criteria are subset based, and they locate the 

deformed subsets in pixel size movement. When pixels in the deformed subsets moved 

with sub-pixel levels, the correlation criteria may lose the relative positions of all pixels 

in the deformed subset. Hence, the interpolation is used to locate these pixels and provide 

a better correlation between the reference subsets and the deformed subsets. Unlike the 

shape functions, the interpolation with higher order terms provides higher accuracy and 

better convergence (Knauss, Chasiotis, & Huang, 2002; Schreier, Braasch, & Sutton, 

2000). In a simple tensile test, the impact of the interpolation is minimal. However, this 

minimal effect can be further minimized by choosing the bicubic spline interpolation. 

Therefore, this interpolation was used for this thesis to minimize numerical errors at the 

interpolation step (Lava, Cooreman, & Debruyne, 2010). 

 

3.2 SOURCES OF ERRORS IN DIC 

Although DIC has been used in many applications and can provide good results, 

there are still some sources of error. All error sources are divided into two categories:  

1) errors due to the specimen, loading, and imaging, and  

2) numerical errors from algorithms or functions used for the analysis.  

Speckle patterns are used to create unique gray intensity patterns in the AOI. The 

study by Lecompte et al. (2006) found that smaller speckle size must be used in a small 
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AOI while a larger speckle size is suitable for a large AOI (Lecompte et al., 2006). 

Furthermore, low contrast speckle pattern causes larger standard deviation in the result 

(Pan, Xie, Wang, Qian, & Wang, 2008). 

When the single-lap joint is loaded, the joint experiences out-of-plane 

displacement from the secondary bending as shown in Figure 3.8. This out-of-plane 

displacement particularly affects the in-plane displacement and strain field calculations 

from the 2D-DIC technique because the 2D-DIC technique does not have a capability of 

compensating for the out-of-plane displacement effect (Sutton, Yan, Tiwari, Schreier, & 

Orteu, 2008). 

 

Figure 3.8: Out-of-plane displacement occurred during the static tensile load test 

Other factors, such as a non-flat surface, and non-parallelism between the image 

sensor and the surface, can have the same effect as well. Because these factors except the 

non-parallelism cannot be easily fixed during the test, it must be considered that the 

errors always exist due to these factors.  

Image distortion due to the lens is another source of errors. Figure 3.9 shows a 

good example of the distortion effect in the image. The centre of the image does not 
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experience much distortion. However, the distortion is more noticeable near the edges. 

Since the lens consists of convex and concave lenses to focus a larger field of view onto a 

small camera sensor area, the distortion of the lens is unavoidable. There are two ways to 

minimize these errors. One is to use telecentric lenses, and the other is to compensate for 

distortion effect by the DIC technique software. The telecentric lenses remove the effect 

of perspective distortion, which is called the parallax effect so that the same object can be 

seen in the same size regardless of the working distance (Edmund Optics, 2016). The 

other way is input the lens characterization to the software. The software has a function to 

obtain the lens characterization with a simple test.  

  

Figure 3.9: Example of lens distortion 

Lastly, image noise is another source of errors. The image noise is a random color 

or contrast information due to different sources, such as shot noise, and thermal noise. 

The shot noise is caused by photon sensitivity variation in the camera sensor. The thermal 

noise is due to the camera sensor being hot. When the sensor becomes hotter, it induces 
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the current leakage causing the noise (Blanter & Büttiker, 2000; Quantum Scientific 

Imaging, Inc, 2008). The scientific cameras are designed to minimize noises, but these 

noises are unavoidable. According to the study, noises cause random errors in 

displacement from DIC analysis (Wang, Li, Tong, & Ruan, 2007). 

Numerical errors also occur during the analysis. The most noticeable factor for 

the user with less experience is the size of subsets. As mentioned earlier, a larger subset 

size is recommended to make every subset have a unique gray intensity pattern. 

However, a smaller subset size is better to capture detail information in the displacement 

field. In other words, choosing the subset size will sacrifice either the detailed 

information or the uniqueness of gray intensity patterns. 

A correlation criterion is also a source of errors due to inconsistent lighting during 

the experiment. There is no study done to verify which criterion is best for different 

situations. However, the ZNSSD criterion is affected much less by the test environments 

compared to other criteria, such as normalized sum-squared difference criterion (NSSD), 

or cross-correlation criterion (CC) (Tong, 2005). 

The sub-pixel interpolation is another source of errors. As mentioned earlier, the 

high order terms must be included in the interpolation for better accuracy. However, the 

numerical errors during the calculation are still inevitable. The shape function is also the 

source of errors. There is no absolute rule to choose the function. It usually depends on 

the user’s experiences or the recommendation by the software manuals.  
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Chapter 4: METHODOLOGY 

The DIC technique was firstly introduced to the research group, so the equipment 

for the DIC technique needed to be prepared. The equipment to be prepared included a 

camera body, an analysis software, and accessories, such as a light stand and tripod. In 

this chapter, the process of choosing the DIC equipment is covered. Also, the chosen DIC 

analysis software is briefly introduced. Manufacturing the composite test coupons is 

covered with detailed information. Lastly, the test setup for all experiments performed 

during the thesis is covered. 

 

4.1 CHOICE OF DIC EQUIPMENT 

Digital image correlation equipment selected during the thesis includes a camera 

body, lenses, light sources, and other accessories. The benefit of DIC is that there is no 

limitation on the type of camera. As mentioned in Chapter 3, even webcams can be 

chosen to perform the DIC technique, but these cameras only work for certain purposes. 

This chapter explains how the DIC equipment was chosen for the research. 

A camera body is the equipment, which takes pictures and saves and sends the 

digital pictures. Different types of camera bodies exist depending on different purposes. 

Three different camera body types were considered for this research: a conventional 

digital single lens reflex (DSLR) camera, a compact digital camera, and a scientific 

camera. Although a scientific camera is the most appropriate type of the research type 
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work due to the low level of noise and a high number of frames per second, other two 

types were also considered at the beginning of the research as they were readily available. 

When the study for the camera body began, following requirements were set for 

the final decision.  

1) The camera should be controlled and synchronized by the computer; 

2) The camera should not stop taking pictures until the test is completed. 

The first requirement is the capability of being controlled and synchronized by a 

computer that controls a servohydraulic material test frame. Synchronization between the 

data from the material test frame and the photos taken from the DIC equipment is needed 

to ensure that the surface change from the DIC picture can be compared to the event 

detected from the load versus stroke. The pictures synchronized with the load versus 

stroke can be compared simultaneously, and no assumption is required to compensate 

time discrepancy. 

The second requirement is the ability of the system continuously to store pictures 

without interruption during the test. There is a special type of memory called a buffer 

memory, which is needed when transferring the data from a faster system (e.g. image 

capture sensor) to a slower system (e.g. memory storage). Without buffer memory, 

possible data losses or delays will be required to transfer which will have a negative 

effect on the test. When the buffer memory reaches maximum while the data transfer is 

still ongoing, then the camera system stops taking additional pictures. It means the 

camera system may stop taking pictures during the experiment when the buffer memory 

is full. 
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Table 4.1: Camera model considered for the research (Canon Canada Inc., n.d.; Olympus America 

Inc., n.d.; PCO AG, n.d.) 

Camera Body 

Type 
Compact Camera DSLR Scientific Camera 

Model Olympus SP 350 EOS Rebel XTi Cooke SensiCam qe 

Picture 

 

  

 

One camera model of each of the three types was chosen for the initial 

comparison. The models chosen for the comparison are shown in Table 4.1, and the 

technical specification for each camera model can be found in Appendix A. The cameras 

were chosen based on the availability. First, the chosen compact camera failed to meet 

both requirements. The compact camera did not have a way to be triggered by the 

computer system. Also, it was found that the compact camera stopped taking pictures 

after two frames, which would lead to losing a significant amount of test data. Therefore, 

the model was ruled out from the further consideration. Next, the DSLR camera was 

evaluated. Firstly, personal software programmers developed some DSLR trigger 

software, and they are available for purchase. The common problem with the software is 

that none of them guarantees to work with MTS system controller since the purpose of 

the software is to use the camera for astrophotography. Also, the DSLR camera was able 

to take continuously 30 pictures due to the limited buffer memory. Certainly more image 

frames can be captured before stopping due to reaching the maximum buffer memory 
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against the compact camera. However, it is still problematic if taking pictures is stopped 

during the test. In the end, only the scientific camera met all of the requirements. 

However, the selection of the camera must be performed again when different camera 

models are available. The compact camera and the DSLR for this comparison were 

outdated models, so there might be better options for the DIC technique. 

The scientific camera, which was chosen for this research, can be seen in Figure 

4.1. This camera had a few more advantages besides the requirements. First, it can 

capture pictures with a high number of frames per second (FPS). Although other two 

cameras also had high FPS and there is no absolute minimum of FPS for the DIC 

technique, having 10 FPS is still advantageous. Failures in brittle composite materials can 

be instantaneously captured with this high FPS scientific camera.  

Another advantage of using the scientific camera is a Charge-Coupled Device 

(CCD) sensor with thermo-electrical cooling. Digital camera sensors have electrical 

charges, and these charges are temperature sensitive. When the camera takes pictures, the 

sensor temperature increases over time, which increases the noise due to excitation 

charges. Hence, it is better to control the sensor temperature for minimizing the noise. 

Furthermore, the CCD sensor has less noise versus the Complementary Metal–Oxide–

Semiconductor (CMOS) sensor although recently developed scientific CMOS cameras 

are reported to have an equivalent level of sensor noise (Axis Communications AB, 

2010).  
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Figure 4.1: SensiCam qe 

 A camera lens is another essential piece of DIC equipment to collect the light 

information and focus it on the sensor. Two lenses were used during the research: Canon 

50 mm F1.8 and Tamron 24-70 mm F2.8. These lenses are mounted to Canon’s DSLR 

cameras whereas the scientific cameras have the mount called C-mount. Hence, a Canon 

to C-mount convert was used. This resulted in a longer focal length, a better quality lens 

for the same price, and commonly available accessories.  

Each lens was used for different applications. The Canon lens has an excellent 

sharpness in the centre but becomes blurry near the border. This lens is light weight, so 

adding the extension tube did not cause too much stress to the mount. Hence, this lens 

was used when the high magnification was necessary, and the area of interest was 

narrow. High magnification was achieved by an extension tube. The Tamron lens, on the 

other hand, has an excellent sharpness overall, but this lens weighs about 825 g, which is 

six times heavier compared to the Canon lens. Adding extension tubes to this lens may 

cause too much stress to the mount since the lens is significantly heavier than the Canon 
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lens. Therefore, it was used when low magnification is enough, but good sharpness is 

required overall. Other accessories used for the research were a tripod and two Light-

emitting Diode (LED) light stands. The completed setup for the DIC measurement 

technique can be seen in Figure 4.2. 

 

Figure 4.2: DIC setup 

 

 

 

 

 

Load frame 

Camera system 

Specimen 

Tripod 

Light source 



47 

 

4.2 DIC ANALYSIS SOFTWARE 

Specialized software is required to carry out the DIC analysis. The pictures taken 

during the experiment are analyzed by the software and any data, such as displacements, 

strain, or even stress, can be extracted from the analysis using the software. The software 

chosen for this research is called “MatchID 2D” developed by University of Leuven, 

Belgium (MatchID, 2016). The program for this research specifically follows the process 

shown in Figure 4.3.  

The advantage of the program is that it allows users to choose a correlation 

criterion, a shape function, an interpolation function, and a type of strain measures. By 

selecting proper criteria and functions, time for analysis can be reduced significantly. 

Several attempts during the thesis work showed that 25% of time saving was possible 

when appropriate options are chosen. Another advantage is that the data extraction can be 

easily performed. It was found that not all extraction points can yield good results 

because of the low level of strain or external factors, such as insufficient lighting. Since 

the analysis can take several hours, fast data extraction capabilities were important to 

save time and repeat the extraction data from several locations. 

The precision of the program is not defined since this depends on the hardware. 

One example states that it is possible to have displacement precision of 0.01-pixel 

movement can be captured when 1-megapixel image with 100mm field with 

measurement is analyzed (Lava, 2015). However, this must be evaluated with chosen 

hardware setup.  
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Figure 4.3: “MatchID 2D” software flow chart 

 

 

 



49 

 

4.3 CAMERA SOFTWARE PROGRAM AND CAMERA OPERATION 

The scientific camera comes with the dedicated software for the control. This 

software also helps to trigger the camera when the FlexTest SE controller (MTS Systems 

Co.) sends a voltage signal and crop the unnecessary region in the FOV. Setting the FOV 

is usually performed by moving the camera forward or backward and rotating the camera 

left or right. However, the sensor has a fixed aspect ratio, which still introduces the 

unnecessary area in the FOV after physically moving the camera. Therefore, the software 

can crop this unnecessary region, and it leads to saving time for the analysis and 

increasing the number of pictures available to store in the memory storage. 

In order to operate the camera, the following steps are completed. The first picture 

is taken manually, and it is used as the reference image for calculating the displacement 

and the strain fields. Then, the camera is switched to a trigger mode. The camera is 

triggered by the voltage signal from the FlexTest SE controller (MTS Systems Co.) 

during the trigger mode. Once the camera is triggered, it takes pictures continuously at 

the given intervals until the camera uses up all memory storage or is commanded to stop 

by the software. According to the camera manufacturer, time setting between the frames 

must be chosen with some factors. Figure 4.4 shows the factors to consider for setting the 

time. Users can choose delay setting and exposure time; other factors are fixed since they 

are a systemic time delay. The camera software provides a number of frames per second 

(FPS) with the settings. 



50 

 

 

Figure 4.4: Schematic image of camera framing time setting (Cooke Co., 2002) 

All pictures are stored in the memory storage; then, they are transferred to the 

computer. The pictures can be saved to several file formats. Since the DIC analysis 

software can import any file formats, it does not matter which file format is chosen. The 

colour depth of images can also be chosen. The colour depth is simply a number of 

colours that can be described in the image. 16-bit depth is preferred because it can save 

the same image with a smoother finish as can be seen in Figure 4.5. Unfortunately, the 

dedicated camera program kept crashing when the 16-bit option was chosen. In general, 

smoother grey intensity map can be obtained from 16-bit images. The colour depth in 

black and white will provide a more unique pattern. However, it was assumed that less 

variation in colour depth would not affect the result minimally since all images were 

saved in the same format with the same colour depth. 
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Figure 4.5: The difference between 8-bit and 16-bit depths 

 

4.4 MANUFACTURING OF COMPOSITE BOLTED/BONDED JOINTS 

This chapter covers the test coupon design and the detail manufacturing process 

of the composite bolted/bonded joints. The test coupon design and determination of joint 

geometry is briefly explained. Also, this chapter provides the detail information about 

manufacturing process used for the CFRP adherends in this research.  

 

4.4.1 TEST COUPON DESIGN 

Four different test coupon configurations were used for the experiments:  

1) aluminum bolted joint,  
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2) CFRP wide overlap test coupon with an 8 mm diameter hole in the centre of 

the joint,  

3) CFRP small overlap test coupon with an 8 mm diameter hole in the centre of 

the joint, and  

4) CFRP test coupon configured with 4.76 mm diameter hole in the centre of the 

joint.  

The purpose of the aluminum bolted joint was to check the function of an 

instrumented bolt that was used to validate the DIC technique. The bolted joint dimension 

was followed by the ASTM standard D5961/D5961M – 13, which is a standard test 

method for bearing response of polymer matrix composite. This standard requires the 

bolted joint to have a certain ratio between the bolt diameter, the overlap length, the 

overlap width, and the distance between the diameter and the edge of the joint. Not all 

dimensions from the standards were referred to design the joint. Table 4.2 shows specific 

standard parameters followed to design the test coupon. The instrumented bolt diameter 

was 8 mm. Hence, the joint had 48 mm overlap width and 48 mm overlap length. More 

detailed design information is provided in Appendix B. 

Table 4.2: Geometry requirement for the composite bolted joint (ASTM D5961/D5961M – 13, 2013) 

Parameter Standard 

Laminate Quasi-isotropic 

Edge distance to the centre of the bolt (e) : Bolt diameter (d) 0.5 : 1 

Overlap width (w): Bolt diameter (d) 6 : 1 

Overlap length (l) : Bolt diameter (d) 6 : 1 
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Other three coupon configurations were CFRP bolted/bonded joint with different 

bolt diameters, overlap lengths, and overlap widths. The ASTM standards do not have an 

experimental standard for bolted/bonded joint configurations. Therefore, the test coupons 

were designed by referring to guidelines of ASTM 3165 – 07 and ASTM D5961. The 

first ASTM standard referred to was ASTM 3165 – 07, which is a standard test method 

for strength properties of adhesives in shear by tension loading of single-lap-joint 

laminated assemblies to inspect the bonding characteristics between FRP adherends. 

Another ASTM standard considered was ASTM D5961/D5961M – 13, which is a 

standard test method for bearing response of polymer matrix composite laminates. 

Similar to the approach for the bolted joint, the geometry requirements from ASTM 

D5961/D5961M – 13 were reviewed and considered in the design process. Table 4.3 

shows the final dimensions of three CFRP bolted/bonded joints 

Table 4.3: Dimensions of three different CFRP bolted/bonded joint test coupons 

 Coupon 1 Coupon 2 Coupon 3 

Laminate Quasi-isotropic Quasi-isotropic Quasi-isotropic 

d 8 mm 8 mm 4.76 mm 

e 14 mm 14 mm 14.28 mm 

l 28 mm 28 mm 28.56 mm 

w 48 mm 28 mm 28.56 mm 

 

Coupon 1 was designed to have same overlap area as the bolted joint, but the 

overlap length was shortened due to manufacturing issues Coupon 2 was designed after 

the test result using Coupon 1 had been obtained. Full experimental results can be found 

in Chapter 5. Coupon 2 was designed to have a smaller overlap area to reduce the size of 

an adhesive layer for increasing the response from the bolt. Coupon 3 was designed to fit 
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the bolt chosen for the project. Since it had a smaller diameter, the overlap length and 

width, and edge distance were modified accordingly. 

 

4.4.2 PREPARATION OF COMPOSITE ADHERENDS 

The manufacturing began by making composite panels. The carbon fibre prepreg 

used for this research is Cytec’s Thornel T-650/35 Pan-based unidirectional fibre pre-

impregnated with CYCOM 5320 epoxy resin system. This prepreg can be cured either in 

an autoclave or out-of-autoclave in precision temperature controlled oven. Although the 

prepreg can be cured out-of-autoclave, it was decided to use the autoclave for better 

control of pressure and temperature. This decision was to guarantee the curing quality of 

the laminate by following the cure cycle from the manufacturer. All curing processes 

were performed by a qualified technician at the National Research Council Aerospace 

Composites Laboratory in Ottawa. Cutting and drilling procedures were completed at 

Carleton University. The panels were designed with a total of 24 plies and a balanced, 

symmetrical quasi-isotropic layup configuration with the following laminate stacking 

sequence: 

[0/45/90/-45]3S 

Although the quasi-isotropic configuration does not give the highest mechanical 

properties in a single direction, the laminates with this configuration have identical elastic 

mechanical properties for all in-plane directions. Also, warping during the curing process 

can be minimized with the selected a symmetric layup. A heavy duty cutter with cutting 
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templates was used to cut the unidirectional prepreg tape. After the cutting had been 

completed, each ply was stacked according to the stacking sequence. The hand pressure 

was applied to the laminate using a roller after each ply was stacked. The stacked prepreg 

was put into a vacuum table to ensure all plies to stick each other and debulk the air 

trapped between the plies. The 84 kPa vacuum pressure was applied to the stacked 

prepreg using a vacuum pump at least for 15 minutes. Although this task was not a 

required process from the manufacturer, it was still performed because the supplied 

prepreg used for this research was drier than typical prepregs, so the plies did not stick 

together under normal mechanical pressure. After all plies had been stacked, the plies 

were left under the same vacuum pressure at least for 24 hours to finish the debulking 

process.  

In order to cure the laminate, the vacuum bagging is required. Vacuum bagging 

was done with the sequence shown in Figure 4.6. The completely debulked laminate was 

placed on the large aluminum tool plate and surrounded by edge dam metal strips. These 

metal strips prevent the cure pressure from compressing the edges of the laminate and 

decrease the local thickness reduction at the edges as seen in Figure 4.7. On the top of the 

laminate, a thick metal plate was put to apply additional pressure and prohibit the 

laminate to deform as seen in Figure 4.8. Thermocouple gauge sensors were installed on 

one of four laminates and the aluminum tool plate to check the temperature during the 

curing process. Then, the vacuum bagging was done as Figure 4.9. Once the bag was 

completely sealed, the air was pulled out from the vacuum bagged plate using the 

vacuum pump, and the leakage was checked by the pressure drop inside of the bag. The 
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pressure was checked by installing the pressure gauge to the vacuum port. The pressure 

drop was inspected 15 minutes after the gauge was placed.  

 

Figure 4.6: Schematic image of vacuum bagging 

 

Figure 4.7: Vacuum bagging process for curing laminate 1 
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Figure 4.8: Vacuum bagging process for curing laminate 2 

 

Figure 4.9: Vacuum bagging process for curing laminate 3 

The manufacturer recommended three different cure cycles. The cure cycle shown 

in Figure 4.10 was chosen to cure the laminate. Completely vacuum bagged laminates 

were placed in the autoclave and cured at the recommended temperature and the 
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temperature ramp rates (Cytec Solvay Group, 2015). Figure 4.11 shows the actual 

temperature change on the surface of the laminate during the initial curing cycle. 

 

Figure 4.10: Recommended cure cycle for CYCOM 5320 (modified from Cytec Solvay Group, 2015) 

 

Figure 4.11: Actual temperature change in the laminate during initial curing process 

The post cure was also performed in the same autoclave due to the excellent 

temperature control inside. The pressure in the autoclave did not need to be controlled 

during the post cure process since the temperature control was the only requirement 

according to the manufacturer’s data sheet (Cytec Solvay Group, 2015). Once the post 

cure was completed, one laminate was chosen among four for the inspection using 

ultrasonic C-scan process. The reason for scanning only one laminate was that the 

laminates, which were stacked in the same way and cured under the same condition on 
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the same day, were assumed to have the same final quality. In Figure 4.12, red colour 

indicates the region where the laminate has no defects, and other colours indicate the 

possible defects such as delamination or thickness variations. Although the centre showed 

a possible defect, it was not considered as a problem since this area of the plate would not 

form part of the overlap region in the joint once the panels were cut. Lastly, the inspected 

laminates were cut through the centre of the laminate for bonding together. 

 

Figure 4.12: The result of ultrasonic scanning of cured laminate 

 

4.4.3 BONDING PROCESS OF COMPOSITE LAMINATES 

Since the cured laminates were exposed to the lab environment, their surfaces 

may have been contaminated with foreign substances. Hence, the bonding process began 

with a surface preparation. Two stages were performed. The first stage was to clean the 

surface with a suitable solvent. In general, isopropyl alcohol, acetone, or methyl ethyl 

ketone are used to clean composite plates in industrial settings. Isopropyl alcohol was 

chosen over methyl ethyl ketone due to environmental and health concerns and over 
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acetone since acetone is less effective at cleaning. Each surface was cleaned four times 

with isopropyl alcohol soaked lint free wipes. The wipe was disposed of after each 

cleaning step. The wipe was disposed of after each cleaning step. This process was 

performed in a fume hood. Then the cleaned laminates were moved to the clean room and 

dried for 45 minutes. Lastly, the sand grit blasting with nitrogen compressed gas was 

performed on the bonding surfaces as shown in Figure 4.13. After the grit blasting, the 

panel was cleaned with an air compressor. Primers were not applied to the bonding 

surface for a chemical modification because epoxy already bonds well with other types of 

epoxies (da Silva & Banea, 2009). 

 

Figure 4.13: Grit blasting process 
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The laminates with the surface preparation completed were taken back to the 

clean room. Piano wires were used to control the thickness to control the thickness. In 

this thesis, the thickness of the adhesive was limited to only one value of 0.5 mm to 

minimize the effect of various adhesive thicknesses. The adhesive thickness, 0.5 mm, was 

chosen because this was the highest thickness that the project team had been using in 

other tests and analyses. The wires were cleaned with isopropyl alcohol and the lint free 

wipes as well to remove oil applied to the wires. Then, they were installed as shown in 

Figure 4.14. The wires were installed horizontally because this direction had a shorter 

path for the excessive adhesive to flow out. The wires were located outside of the overlap 

region since the wire invaded to the overlap region would be considered as a defect. Both 

wire ends were taped tightly to restrict the movement due to vacuum pressure. The 

adhesive used for this research was the paste-type adhesive Hysol®  EA 9361 (Henkel 

Co.). This paste adhesive has two parts which must be mixed at a specific weight ratio. A 

planetary centrifugal mixer, Thinky Mixer®  ARE-310 (Thinky Co.), was used for a better 

mixture of two parts because both components were too viscous to mix manually. The 

mixed paste adhesive was applied to both bonding surfaces. A large spatula was used to 

spread the adhesive evenly over the surface. Figure 4.15 shows how the adhesive was 

applied. 
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Figure 4.14: Plates following grit blasting with piano wires attached 

 

Figure 4.15: Adhesive applied to the plate 

Similar to curing the laminate, vacuum bagging was completed to cure the paste 

adhesive under vacuum as shown in Figure 4.16. The bonded plates were left under 

vacuum to make excessive adhesive flow out and have the desired adhesive thickness 

after curing was completed. Metal bars were used to surround the adhesive applied plates. 
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Metal bars were used to restrict the plates from being warped. Two long bars seen in 

Figure 4.17 had triangular shaped channels over the length of the bar to have better 

adhesive flow. The difference between curing the laminate and curing the adhesive was 

the use of an autoclave since curing paste adhesive did not require elevated temperatures. 

According to the manufacturer, the adhesives requires being cured up to seven days for 

achieving a normal performance (Henkel Corporation Aerospace, 2013). It was found 

that the initial cure of the adhesive, which is a transition from paste phase to gelation 

phase, would usually be completed 24 hours after applying to the surface. Hence, the 

vacuum pressure was applied for 24 hours only; then the plates were left under the 

vacuum bag at atmospheric pressure for the remaining six days to achieve final cure. The 

vacuum pressure applied to the bag during the initial cure was about 44 kPa. It was found 

that the full vacuum pressure with a portable vacuum pump, which is about 84 kPa, 

would actually prevent the adhesive flow, so the desired thickness could never be 

achieved. After several trials, the adhesive cure with a vacuum pressure of 44 kPa yielded 

the best result. The bonded plates were taken to Carleton Unversity for cutting. 
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Figure 4.16: Vacuum bagging process 

 

Figure 4.17: Completely cured bonded plates 

 

4.4.4 FINALIZATION TO COMPOSITE COUPONS 

Fully cured plates were cut into test coupon size with some margins added using a 

table saw with diamond blades. The margins were added because of the blade width and 

the blade warp during the cut. Coupons were sanded using 100 grit, 200 grit, and 800 grit 
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sandpapers to reduce the edge margin to 1 mm. The length and width were measured with 

a digital caliper after each sanding. Once the desired dimensions were achieved, the 

coupons were cleaned with isopropyl alcohol and industrial paper towels.  

Bolt holes were drilled in the coupons by a technician at Carleton University 

Science Technology Centre with two steps to avoid damage such as delamination as 

shown Figure 4.18. Drilling was chosen over other machining techniques, such as laser or 

waterjet, because of the cost to make each hole. This damage usually occurs at the exit of 

drilling rather than the entrance due to the pushing-down effect (Durão, Tavares, de 

Albuquerque, Marques, & Andrade, 2014).  

 

Figure 4.18: Image showing delamination at the exit of composite panel (modified from Durão, 

Tavares, de Albuquerque, Marques, & Andrade, 2014) 

Minimizing the damage from drilling is important because composite materials 

always experience strength reduction due to the discontinuity. The drilling was performed 

with the following recommended procedures to minimize the damage: 

1) A slightly smaller than the desired size hole was made with a 135° split point 

drill bit with rotational speed up to 800 rotations per minute (RPM); and 
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2) A solid carbide straight flute reamer was used to obtain the target diameter 

hole with rotational speed up to 550 RPM 

During the process, the aluminum plate was placed under the test coupon as a 

sacrificial material to minimize the delamination effect. The drilled coupons were 

visually inspected with magnified pictures as shown in Figure 4.19. Some delaminations 

were observed, but they were assumed to be minor surface flaws only. 

 

Figure 4.19: Possible delamination found in the actual test coupon 

Lastly, making notches to form a single lap joint was performed after drilling. 

Since the hole needed to be located in the centre of the joint, it had to be drilled as the last 

step. The same table saw, which was used for cutting the bonded plate into test coupons, 

equipped with a smaller diameter blade was used to make notches. The notched area was 

inspected every time after cutting and repeated until the adhesive layer appeared. The 

completed notch can be seen in Figure 4.20, and the completed test coupon can be seen in 

Figure 4.21. 
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Figure 4.20: The magnified picture of the completed notch 

 

Figure 4.21: The test coupon after the completion of manufacturing 

 

4.5 TEST SETUP 

This section introduces the test setup and the equipment used for each of these 

series of tests.  These tests consisted of: 

 Test Series 1 –Investigation of digital image correlation configuration 

o Comparison of the strain obtained from the DIC analysis and the 

conventional axial extensometer 

o Tests with and without a camera extension tube while limiting other 

equipment changes. 

 Test Series 2 – Instrumented bolt testing;  

o Comparison of results from a strain gage instrumented bolt versus the DIC 

technique and finite element analysis 
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o Three test coupon configurations – aluminum bolted, CFRP bolted/bonded 

(wider overlap), and CFRP bolted/bonded (narrower overlap) 

 Test Series 3 – Investigation of the DIC technique to measure load sharing in 

CFRP bolted/bonded joints. 

o Application of the DIC technique to measure surface strains and correlate 

them to bolt strains. 

o Three composite coupon configurations tested for the comparison 

purposes - bolted joint, bonded joint with an open hole, and bolted/bonded 

joint. 

 

4.5.1 TEST SERIES 1 – INVESTIGATION OF DIC CONFIGURATION 

This test was performed to validate and get familiar with the DIC analysis 

process. Although the chosen camera body was already used in some studies (Backman et 

al., 2011), the camera with other chosen equipment, such as lenses with the converter, 

was not used for the DIC technique. Therefore, the test was performed to validate the 

equipment. Getting familiar with the equipment and the computer software for the 

camera and the analysis was another reason for this test. The test setup can be seen in 

Figure 4.22. 
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Figure 4.22: DIC verification with extensometer 

Test Series 1 was to compare the axial strain data obtained from the DIC 

technique to the axial strain obtained from a conventional extensometer. The 

extensometer is the device to measure the strain by measuring the displacement change 

between two points through a linear voltage displacement transducer. These two contact 

points are separated from each other by a known initial distance. For this research, the 

Axial Extensometer 634 (MTS Systems Co.) with 25 mm gauge length was used. The 

chosen extensometer is regularly calibrated by the technician at Carleton University. The 

strain from the extensometer was recorded in the computer via the FlexTest SE controller 

(MTS Systems Co.). All equipment model numbers and serial numbers can be found in 

Appendix C. The strain is calculated as deflection per unit of gauge length. 

𝜀𝑒𝑥𝑡𝑒𝑛𝑠𝑜𝑚𝑒𝑡𝑒𝑟 =
∆𝑙

𝑙𝑜
=

𝑙𝑑 − 𝑙𝑜

𝑙𝑜
 (10) 

 

The test coupon was made of a cold-rolled Al 2024-T3 sheet with 4.83 mm 

thickness. The length of the coupon was 200 mm, and the width was 30 mm. Aluminum 
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alloy was chosen because the material properties are well known. The test coupon was 

painted with matte white first to reduce the reflection from the metal surface and 

maximize the contrast to the speckle pattern. The speckle pattern applied to the coupon 

was in matte black. Spray paint was used to cover the surface and make a random speckle 

pattern as seen in Figure 4.23. Although the size of the speckle pattern could not be 

controlled, this random size and distribution ended up giving better random speckle 

patterns in the image frame. 

 

Figure 4.23: Speckle pattern applied to the aluminum test coupon surface 

The paint was applied an hour before the test to avoid it being too dry. If the paint 

is too dry, then the load induces the crack on the painted surface and causes a 

discontinuity and errors in displacement measurements. The test was performed twice 

with different equipment. The camera system did not have an extension tube in the first 

round while the second round had a 13 mm extension tube added to the camera system, 

which was the smallest extension tube. It was to find whether increasing magnification 

under the same condition would give a better result in the displacement and the strain 

fields. The test was performed under load controlled. The loading ramp rate for both tests 
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was set to 6000 N/min for reducing the time to reach the maximum level, and a 

maximum applied a load to 15000 N. The load frame calibration was checked by 

applying the load to the rectangular steel plate. The applied load was lower than the load 

equivalent to the yield strength to avoid plastic deformation. The load-stroke 

displacement variance was checked. 

 

 

4.5.2 TEST SERIES 2 – INSTRUMENTED BOLT TESTING 

This test series used an instrumented bolt and the FEA to validate the DIC 

technique in the joint configurations. The instrumented bolt shown in Figure 4.24 was a 

custom-made bolt manufactured by Ph.D. candidate Mr. Kobye Bodjona from McGill 

University, and the finite element analysis (FEA) model was developed by Ph.D. 

candidate, Mr. Pedro Lopez-Cruz from Carleton University. The mechanical tests 

described in this section were all conducted by the author. The purpose of Test Series 2 

was to verify whether the DIC technique can detect any change in displacement or strain 
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fields when the test coupon experiences a sudden change in load paths. 

 

 

Figure 4.24: Instrumented Bolt 

The bolt was manufactured from stainless steel 316 and had 8 mm diameter. Two 

strain gage rosettes were located in the centre of the bolt and, on the opposite side of the 

bolt. The rosette used for the bolt is selected to measure the shear strain. The design of 

the rosette can be seen in Figure 4.25. Each rosette has two strain gages angled at ±45°. 

Two rosettes were used to form the Wheatstone bridge configuration. The Wheatstone 

bridge configuration is the circuit type that four strain gages form the configuration as 

seen in Figure 4.26. It has advantages in terms of insensitivity to temperature changes and 

accuracy in measuring strain. The rosettes were connected to the circuit board using thin 

electrical wires. The purpose of the circuit board is to connect two rosettes in the 

Wheatstone bridge configuration because the circuit could not be directly formed from 

the rosettes. The circuit board was connected to P-3 Strain Indicator (Vishay Co.) using 

the electrical wires. The strain indicator is to obtain the voltage change and to send the 
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data to the computer system via FlexTest SE control system (MTS System Co.), which 

simultaneously records the voltage output with other data channels, such as load, or 

stroke. 

 

Figure 4.25: Rosette used in the instrumented bolt (EA-13-062TV-350E) 

 

Figure 4.26: The Wheatstone bridge configuration (Kuphaldt, n.d.) 

The unique design requires two nuts to be used to install the bolt. The bolt was 

fastened by finger tightening the nuts. The assumption was made that the amount of 

torque applied by tightening would be low, so the friction induced due to compression 

would be negligible. The bolt was chosen instead of purchasing the one from the 
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professional manufacturer because the bolt function was checked by Mr. Bodjona and the 

experimental data was available. Also, the cost to purchase the one from the professional 

manufacturers had to be considered. 

 The finite element model is three-dimensional solid model representing the half of 

the joint as shown in Figure 4.27. More details regarding the finite element model can be 

found in Lopez-Cruz (2016). 

 

Figure 4.27 The schematic image of the finite element model 

Three different test coupons were used for this Test Series.  

1) Aluminum bolted joint 

2) CFRP bolted/bonded joint with a larger overlap (28 mm by 48 mm) 

3) CFRP bolted/bonded joint with a smaller overlap (28 mm by 28 mm) 
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The first test coupon is the aluminum bolted joint. The cold-rolled Al 2024-T3 

with 4.83 mm thickness was used to make the adherends. The aluminum sheet was 

machined with a milling machine at mechanical and aerospace engineering machine shop 

at Carleton University.  The unique requirement for this bolt to work is to have at least 

0.5 mm spacer between adherends since the bolt was specially designed for the 

bolted/bonded joints. Fully cured Hysol®  EA9361 epoxy was used for the spacer since 

fully cured epoxy is just a polymer, and it does not adhere to other materials. The average 

thickness of the spacer was 0.5 mm. The surface friction between the spacer and the 

adherend was assumed to be same as the surface friction between the adherends. The 

same material spacers were added to the doublers for matching the overall thickness. The 

spacers for doublers were bonded using a cyanoacrylate glue. The DIC technique was not 

performed during the test since this test coupon was used for checking the function of the 

bolt. The test setup can be seen in Figure 4.28. 

 

Figure 4.28: First test coupon (bolted joint) with the instrumented bolt 

The second test coupon was a CFRP bolted/bonded joint shown in Figure 4.29. 

The purpose of this trial was to see the response from the instrumented bolt when it 
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configured the bolted/bonded joint. The overlap length and width of the joint were 28 

mm by 48 mm while the original design was to have been 48 mm by 48 mm due to 

incorrect drilling location. The overlap length of 28 mm was chosen because the wires 

were put in the adhesive layer to control the adhesive thickness. The maximum length 

without interfering with the wires was 28 mm. The adhesive thickness was 0.5 mm. 

Again, the DIC technique was not performed since it was to check the function of the 

instrumented bolt only. 

 

Figure 4.29: Second test coupon (bolted/bonded joint) with the instrumented bolt 

The third test coupon was the same CFRP bolted/bonded joint with smaller 

overlap area. The difference between second and third test coupons can be seen in Figure 

4.30. It was determined to reduce the adhesive area since the bolt had a small response 

when it was installed in the second test coupon. The overlap width and length for this 

coupon were to have 28 mm by 28 mm. The DIC technique was attempted in this trial. 

The DIC technique was attempted to compare the strain pattern from the instrumented 

bolt to the strain pattern from the DIC technique. One surface was obstructed by the wires 
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from the instrumented bolt. Therefore, another surface was used to take pictures for the 

DIC analysis. Matte white spray paint was used to generate a random speckle pattern.  

 

 

Figure 4.30: Schematic drawing of second and third test coupons 

The test did not aim to fail any coupons, which can damage the bolt. Hence, all 

tests were performed under load-controlled instead of displacement-controlled to avoid 

inducing the high level of load. Different load setting was applied to each test. For the 

aluminum bolted joint, the maximum applied load set to 2000 N with 1000 N/min 

loading rate. The second test had the maximum applied load as 18000 N with 2000 N/min 

loading rate. The last test had the maximum applied load as 10000 N with 2000 N/min. 

The maximum loads for the second, and the last tests were chosen based on the trial 

results performed with the same configuration but without the bolt. 

Pictures for the DIC analysis were taken every second and saved in an 8-bit 

bitmap file format. The view of the pictures taken for the analysis is seen in Figure 4.31. 
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Figure 4.31: Picture of the last test coupon taken by DIC equipment 

 

4.5.3 TEST SERIES 3 – INVESTIGATION OF THE DIC TECHNIQUE TO MEASURE 

LOAD SHARING IN BOLTED, BONDED AND HYBRID JOINTS 

Test Series 3 was performed after the experimental validation processes were 

completed. The purpose of this test was to attempt the DIC technique to estimate the load 

sharing by the bolt in the actual joint configuration. The test was performed by 

comparing three different joint configurations as shown in Figure 4.32. The surface strain 

data from the three joint configurations was extracted and compared to each other.  

 

Figure 4.32: Three test coupons with different configurations. (a) bolted joint (b) bonded joint with a 

hole (c) bolted/bonded joint 
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 The chosen three configurations were the CFRP bolted joint, the CFRP 

bonded joint with a hole in the centre, and the CFRP bolted/bonded joint. Each 

configuration had one test coupon. The bolted joint had a 4.76 mm Hi-Lok®  titanium pin 

with protruding shear head and Hi-Lok®  titanium collar installed in the centre. The 

picture can be seen in Figure 4.33. The bolted joint was configured with neat-fit, which 

means no clearance between the hole and the bolt. Washers were added for filling the gap 

between the test coupon thickness and the bolt grip length. One washer added to the top 

and another one on the bottom as can be seen in Figure 4.34. 

 

Figure 4.33: Hi-Lok®  titanium pin with protruding shear head, Hi-Lok®  titanium collar, and 

washer 
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Figure 4.34: Side view of the CFRP bolted joint 

The bonded joint had with a 4.76 mm hole in the centre of the overlap region, but 

the bolt was not installed. The reason for drilling hole was that the bonded joint without 

hole shows completely different strain fields, which cannot be compared to other 

configurations. 

The bolted/bonded joint had a 5.26 mm sleeve fastener in the centre of the overlap 

instead of the Hi-Lok®  fasteners. This sleeve fastener is basically the same 4.76 mm 

titanium bolt with a sleeve on it. Similar to the Hi-Lok®  pin, there is a special collar for 

the sleeve fastener as can be seen in Figure 4.35.  

 

Figure 4.35: Sleeve fastener, its collar, and washer 
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Using the sleeve fastener would change the configuration of the bolted joint an 

interference fit. Two washers were added to the top and one washer to the bottom as 

shown in Figure 4.36. One additional washer was added because the sleeve fastener grip 

length was longer than the titanium bolt used in the bolted joint.  

 

Figure 4.36: Side view of CFRP bolted/bonded joint with sleeve fasteners 

All configurations had the 28.56 mm by 28.56 mm overlap area with 1mm margin 

of errors. Adhesive thickness for the bonded and the bolted/bonded joints was 0.5 mm. 

Due to the limitation of quantity, different bolts had to be used for this study. However, 

these bolts had the same mechanical behaviour in the same bolted/bonded joint 

configuration. According to the load versus stroke curve in Figure 4.37, the lines between 

the Hi-Lok®  pins and the sleeve fasteners did not have much difference until the failure. 

Since the test intended to stop before reaching the failure, it was determined to continue 

regardless of using different bolts.   
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Figure 4.37: Applied load versus stroke curve showing the comparison between Hi-Lok fasteners and 

sleeve fasteners (modified from Lopez-Cruz, 2016) 

According to Figure 4.37, the average failure load was about 18000 N for the 

bolted/bonded joints. For this test, it was determined to stop at 12000 N, which is 66% of 

the average failure load. There were two reasons for stopping the experiments at the 

applied load, 12000 N. First, the test coupon will suffer from the significant out-of-plane 

displacement near the failure load. Since the front surface is interested, too much error 

will be caused by the out-of-plane displacement. Second, there was a concern about 

damaging the camera by the debris from the joint because the camera would be placed 

close to the test coupon. The loading ramp rate was 2000 N/min. The test was paused 

every 2000 N to check the significance of the out-of-plane displacement. The tests were 

under load-controlled. 
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For the DIC technique, a higher number of FPS was also considered, but it was 

determined to go with 1 FPS due to the limitation of the number of pictures that can be 

stored. The lens used for this test was Tamron 24-70 mm lens because higher 

magnification was not necessary, but high clarity in the image was required to obtain the 

strain values from various locations. All three test coupons were sprayed with white 

matte spray paint to make random speckle patterns. The pictures were stored in an 8-bit 

bitmap format. 
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Chapter 5: EXPERIMENTAL RESULTS 

This chapter covers the experimental results from three test series. In Test Series 

1, the verification of the equipment prepared for the DIC technique using an aluminum 

test coupon is discussed. The strain value from the DIC technique was compared to the 

strain value from the axial extensometer. Test Series 2 discusses the result of the 

verification of the DIC technique using test coupons with different joint configurations. 

The instrumented bolt function check was performed with the aluminum bolted joint, and 

its conclusion is discussed in this chapter. Also, the test result using CFRP bolted/bonded 

joint for further technique validation is also discussed. Lastly, the test result of the 

investigation of DIC to measure load sharing in the bolted/bonded joint is presented as 

obtained from Test Series 3. 

 

5.1 TEST SERIES 1  

Two data set comparisons were performed for the equipment verification. The 

first comparison was the displacement comparison between the stroke recorded by the 

FlexTest SE controller (MTS Systems Co.). and the displacement obtained from the DIC 

technique. The second comparison was the axial strain (εyy) from the DIC technique was 

compared to the axial strain (εyy) from the extensometer. Figure 5.1 shows the FOV of the 

first round and the AOI set for the analysis.  



85 

 

 

Figure 5.1: The FOV of the aluminum test coupon from the first round and the AOI (blue) and the 

reference subset (yellow) for the analysis 

The specimen covered 85% of the image frame in horizontal lengthwise. Every 1 

pixel was equivalent to 0.02725 mm in the image. There is no absolute requirement to be 

met in the pixel-to-actual dimension ratio, but it was checked for the record. Although the 

AOI for this specimen covered from edge to edge, the strain and displacement results 

excluded the area near the edge since the analysis yields the result from the relative 

displacement of subsets as can be seen in Figure 5.2. Near the edge, the relative 

displacement cannot be obtained because there are not enough subsets near the edge. In 

general, the software automatically excludes the area near the edge during the analysis.  
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Figure 5.2: Area for measuring average strain (εyy) from the first test 

The axial strain (εyy) was extracted from the DIC analysis as the extensometer 

measures the strain only in this direction. The DIC analysis settings can be found in Table 

5.1. All parameters, except parameters explained in the earlier chapter, were left as 

default or followed the recommendation from the software manual. The strain field is 

derived from the local polynomial fit. To perform the local polynomial fit, the size of 

strain window must be set. Virtual Strain Gage (VSG) is schematically shown in Figure 

5.3. This is automatically calculated from the other input parameters (MatchID, 2016). 
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Figure 5.3 Schematic image of determining the virtual strain gage size 

Table 5.1: DIC analysis setting (Test series 1 with an aluminum test coupon with no extension tube) 

Parameter Value Parameter Value 

Subset 31 pixels Kernel Size  5 pixels 

Step 7 pixels Strain Green-Lagrange 

Criterion ZNSSD Strain Window 30 pixels 

Interpolation BCSPLINE VSG 234 pixels 

Shape Function Affine Strain Interpolation Q4 

Prefiltering Gaussian   

 

According to the load versus stroke curve recorded by the FlexTest SE controller 

(MTS Systems Co.) in Figure 5.4, the data increased linearly until the end of the test, 

which indicates no failure or interruption occurred during the test.  
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Figure 5.4: Applied load versus stroke curve from the test series 1 

Figure 5.5 shows the stroke and the displacement measured from the DIC 

analysis. The comparison between the stroke and the displacement from the DIC analysis 

showed that the stroke at 300 seconds is 220% higher than the displacement obtained 

from the DIC analysis. The possible reason for the difference is that the grip slippage that 

occurred during the static tensile test. The specimen was stationary in relation to the 

grips, but the grips move in relation to the frame. This effect caused an additional 

displacement, which was recorded together with the actual displacement of the grip. It 

was not possible to confirm whether the displacement from the DIC analysis was valid 

because the value of grip slippage could not be obtained to deduct. Hence, the conclusion 

was made that the direct comparison between displacement data from the DIC analysis 

and the stroke would be inappropriate to compare.  
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Figure 5.5: Displacement change over time 

The axial strain (εyy) had an excellent agreement with the strain data from the 

extensometer even the distance between the upper limit and the lower limit of the AOI 

for the DIC analysis was smaller than the gauge length. The average axial strain of the 

AOI from the DIC analysis was used for the comparison. Figure 5.6 shows the stress – 

axial strain curve obtained from the extensometer and the DIC analysis. Although both 

data had an excellent overall agreement, there was a minor local disagreement, which 

could not be explained. The strain data from the extensometer had a steep increase 

between 170 – 180 seconds (58 – 63 MPa), but this change was not captured either by the 

DIC analysis or by the load versus stroke curve. It is not clear what caused the jump in 

the extensometer data. Figure 5.7 shows the percentage difference between two data sets. 

There were large differences between two data at 30 seconds; then the difference 

converged to around 2%. Another interesting finding is that the data sets became closer 
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after the extensometer experienced the steep increase. Considering that the level of the 

strain at 30 seconds is 100 microstrain, it may indicate that 100 microstrain is the 

minimum value that the DIC analysis can accurately detect the strain data. 

 

Figure 5.6: Stress versus axial strain curve (aluminum test coupon with no extension tube) 
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Figure 5.7: The percentage difference between DIC and extensometer data (aluminum test coupon 

with no extension tube) 

The second round was performed after adding the 13 mm extension tube to the 
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was used since it did not reach plastic deformation. It was confirmed by the measuring 

the length of the aluminum test coupon. Adding the extension tube resulted in 

approximately 30% magnification in the FOV. Therefore, the FOV covered only about 
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location. Figure 5.8 shows the approximate size of the FOV of the second round 
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-140

-120

-100

-80

-60

-40

-20

0

20

40

60

80

0 50 100 150 200 250 300 350

P
er

ce
n

ta
ge

 (
%

)

Time (sec)



92 

 

means 1 pixel in the second round represents approximately 53% smaller length than 1 

pixel in the first round  

 

Figure 5.8: Comparison between DIC pictures of the first and the second tests 

The AOI for the DIC analysis was narrower than the full FOV because the 

blurriness around the edges was much worse than the first round. The AOI selection for 

the second test can be seen in Figure 5.9. Magnification made each speckle pattern look 

larger than the previous round. At the same time, the finer droplets that could not be 

observed in the FOV from the first round made denser speckle patterns. These combined 

effects led to the same setting shown in Table 5.1 from the first round provided a good 

correlation between the images.  
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Figure 5.9: the AOI (blue) and the reference subset (yellow) setup of the second test with aluminum 

test coupon 

The average strain was taken from the area selected shown in Figure 5.10. It was 

found that the effect of changing the equipment was immediately noticeable in the strain 

result. According to Figure 5.11, the axial strain from the DIC analysis software tends to 

increase with a higher rate. The probable cause is that the DIC analysis calculates the 

strain based on the subset displacement result. Further subset movements will lead to 

higher displacement results ultimately affecting the strain result. 

 

Figure 5.10: Area for measuring average strain (εyy) from the second test 
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Figure 5.11: Stress versus axial strain curve (aluminum test coupon with 13 mm extension tube) 
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However, the DIC analysis still provided a good agreement in axial strain with the proven 

technique. Furthermore, the DIC analysis provided Green-Lagrange strain rather than 

engineering strain. The difference could be derived from the strain measurements. The 

comparison between the strain obtained from the DIC analysis and strain obtained from 

the axial extensometer may not be valid when the large deformation occurs because the 

discrepancy between these two strain measures increases as the deformation of the 

material becomes larger. 

 

Figure 5.12: The difference between DIC and extensometer data in percentage (aluminum test 

coupon, the extension tube added to the camera) 
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5.2 TEST SERIES 2 

From the previous test series, it was found that the DIC analysis calculates a good 

result of axial strain data when the static tensile test is performed with an aluminum alloy 

test coupon. This test series was performed with the joint, which is more complex than 

the aluminum test coupon in terms of load transfer mechanism. The goal of the research 

is to evaluate the DIC technique as a detector of the load transferred by the bolt. 

Therefore, it was necessary to perform this test with the joint test coupons for validation 

purposes. 

The first stage was to check the function of the instrumented bolt. According to 

the load versus stroke curve shown in Figure 5.13, there was an abnormal behaviour until 

the load reached 200 N. It is not clear what actually caused this behaviour in the data 

since no failure was observed or heard during the test, but a probable cause of the jump 

could be the clearance between the hole and the bolt. In Figure 5.14, the voltage output 

from the instrumented bolt also showed that there was a small response until the load 

reached 200 N. The voltage output showed a steady increase as the load increased past 

200 N. 
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Figure 5.13: Applied load versus stroke curve (aluminum bolted joint) 

 

Figure 5.14: Applied load versus voltage output from the instrumented bolt (aluminum bolted joint) 
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is 22.5% of the total applied load. Since the majority of the load is transferred by the 

friction at the beginning of the test, the small contribution to the load transfer by the bolt 

is understandable. Regardless, it was concluded that the bolt was functioning normally 

and was ready for the next test. 

 

Figure 5.15: Applied load versus bolt shear load in the centre of the bolt (aluminum bolted joint) 
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slower. Furthermore, the shear load in the centre of the bolt was about 200 N when the 

applied load was 18000 N according to Figure 5.17. Therefore, it was decided to attempt 

another trial with smaller adhesive overlap area, which would increase the contribution of 

the bolt for the load transfer, before making a conclusion.  

 

Figure 5.16: Applied load versus stroke curve (CFRP bolted/bonded joint with large overlap area) 
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Figure 5.17: Applied load versus bolt shear load in near the centre of the through thickness of the 

joint (CFRP bolted/bonded joint with large overlap area) 

 

The bolt was installed in the CFRP bolted/bonded joint with a smaller overlap 
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instrumented bolt also had a higher response at the same applied load. As shown in 
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Figure 5.18: Applied load versus stroke curve (bolted/bonded joint with small overlap area) 

 

 

Figure 5.19: Applied load versus bolt shear load in near the centre of the through thickness of the 

joint (narrower bolted/bonded CFRP joint) 
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The shear load in the centre of the bolt obtained from the voltage output is plotted 

in Figure 5.20. It was found that the load transferred by the bolt at 6000 N was about 

3.3% of the total applied load; then, it increased to about 17.3% of the total load at 8000 

N. The data from the instrumented bolt indicated higher contributions to the load transfer 

by the bolt from 6000 N of the total applied load. Higher contributions by the bolt should 

affect the surface strains of the adherends.  

The DIC technique was attempted to detect this change from the surface of the 

adherends. Also, results from an FEA model were compared to the experimental shear 

load from the bolt and the shear strain from the DIC analysis. The FOV and AOI of the 

specimen were defined as shown in Figure 5.20. The area, where the bolt was located, 

was removed from the AOI because the bolt was not on the same surface as the adherend 

surface, which the camera was focused. The DIC analysis was performed with larger 

subset area than the subset area used in Test Series 1 because the speckle pattern was 

sparse in the picture, so the large portion of the AOI yielded the low correlation when the 

smaller subset size was chosen. The rest DIC analysis setting can be found in Table 5.3. 
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Figure 5.20: FOV and AOI (blue) of the specimen with speckle pattern (left) and the area (white) that 

the average shear strain values were extracted (right) 

 

Table 5.2: DIC analysis Settings (bolted/bonded joint with a smaller overlap and the instrumented 

bolt installed) 

Parameter Value Parameter Value 

Subset 39 pixels Kernel Size  5 pixels 

Step 5 pixels Strain Green-Lagrange 

Criterion ZNSSD Strain Window 35 pixels 

Interpolation BCSPLINE VSG 189 pixels 

Shape Function Affine Strain Interpolation Q4 

Prefiltering Gaussian   

 

Figure 5.20 shows the average surface shear strain of the chosen area, which is 

marked in the small picture. The area was chosen because it was the location where the 

highest shear strain occurred. The shear strain (γxy) was chosen instead of the axial strains 

because the axial strain (εxx) values were too low and scattered. The axial strain (εyy) 

values did not show much difference from the shear strain (γxy). The shear strain was 
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taken from the area rather than the point because the strain values from the single point 

were too scattered to be used. The length of the rectangle was equivalent to 0.5 mm in the 

actual specimen. According to Figure 5.21, the DIC analysis captured the surface change 

due to higher load transfer in the bolt.  

 

Figure 5.21: Applied load versus surface shear strain from DIC and FEA model 
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the surface strain. Better agreement was found between the DIC analysis and the FEA 

model when the average shear strain of the adherend from the FEA model was used. 
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However, a completely different strain pattern was observed when the surface shear 

strain from the FEA model was compared. It is understandable since the DIC analysis 

shows the strain field already affected by the adherend while the FEA model calculates 

the shear strain of each ply independently. The shear load in the centre of the 

instrumented bolt was compared to the shear load in the centre of the bolt in the FEA 

model.  

As can be seen in Figure 5.22, both sets of the data showed that the bolt transfers 

only a small portion of the applied load until 6000 N. A good agreement was found until 

this point. However, the difference becomes larger after 6000 N, where the bolt starts to 

act as a major load path in addition to the adhesive. One possible reason for the gap is 

that this trial was performed with a load-controlled mode, and the load increased slowly, 

but the FEA model used the material properties obtained from the test based on the 

ASTM standard D5656, which was performed with a displacement-controlled mode 

where the load increased more rapidly. Since the paste adhesive, Hysol®  EA9361, has a 

viscoelastic behaviour, the loading rate would cause different material behaviour. 

Therefore, the different behaviour in the adhesive layer could be the primary reason for 

the gap between two sets of the data. 
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Figure 5.22: Applied load versus the shear load in the centre of the bolt 
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limitation of 2D-DIC. The out-of-plane displacement is inevitable to the single-lap joint 

configuration due to load path eccentricity as shown in Figure 5.23. The phenomenon 

causes errors in calculating the displacement and strain fields (Sutton et al., 2008). Lastly, 

the DIC parameters yield different strain values for the same region. For example, the 

shear strain plot shift was observed when the different strain window parameter was used. 

This can be seen in Figure 5.24. Also, Lava et al. (2010) showed that systemic errors can 

cause the errors in the strain with the range between 50 microstrain and thousands 

microstrain depending on the DIC analysis parameters (Lava et al., 2010). Assuming all 

three possible reasons affected the result simultaneously, it is reasonable to conclude the 

difference is within the margin of errors. 

 

Figure 5.23: Out-of-plane displacement captured during the test 
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Figure 5.24: Shear strain change due to different strain window size 

Shear strain data (γxy) was extracted from a few more locations from the FEA 

model and the DIC analysis to find whether strain data agreements can be found any 

locations. Four locations were chosen to extract the strains both from the FEA model and 

the DIC analysis. These locations are shown in Figure 5.25 and Figure 5.26. The reasons 
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1) The FEA model was intended to be developed as a half model to save time 

and computational power, and 

2) The DIC analysis had more scattered data on the same side as the FEA 
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to use the reversed location to obtain the strain from the DIC analysis. 
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Also, the data was smoothed using the robust local regression method to better 

highlight the trends. 

 

Figure 5.25: The shear strain extractions points from the FEA model 

 

Figure 5.26: The shear strain extractions points from the DIC analysis 
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According to Figures 5.27 to 5.30, the shear strain trends from the DIC analysis at 

30° and 60° showed the similar patterns to the FEA model. However, a disagreement was 

found between the data from the DIC data analysis and the data from the FEA model at 

0° and 90°. Furthermore, unknown wave patterns were observed in these two graphs, 

which were not observed from any other graphs. Another interesting observation was that 

only one data set from the 60° location was less scattered than other data sets. The reason 

for the scattered data is that the shear strain in these regions is low so that the sources of 

errors had a relatively higher effect on the results. The only solution for the scattered data 

would be using the higher magnification since changing DIC parameters cannot make the 

scattered data points closer. If the location of interest does not experience a significant 

level of strain, it is recommended to use higher magnification and focus on the location 

with sacrificing the strain values. 

In conclusion, the DIC provides useful information from the joint configurations, 

and it was confirmed by comparing to the data from the instrumented bolt and the FEA 

model. However, not all locations may yield good results due to the sources of errors 

affecting low strain regions. Therefore, it is recommended to choose high strain regions 

for studying the joint behaviour or use the higher magnification for the DIC analysis to 

focus on the specific region of interest. 
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Figure 5.27: Finite Element Analysis vs. Digital Image Correlation (90°) 

 

Figure 5.28: Finite Element Analysis vs. Digital Image Correlation (0°) 
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Figure 5.29: Finite Element Analysis vs. Digital Image Correlation (60°) 

 

Figure 5.30: Finite Element Analysis vs. Digital Image Correlation (30°) 
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5.3 TEST SERIES 3 

5.3.1 FIRST ATTEMPT 

The original plan for Test Series 3 was to compare different joint configurations 

with the instrumented bolt. However, two problems were noted during the test. The first 

problem was a short circuit of the instrumented bolt’s wires. A repair to the bolt was 

attempted, but the bolt soon failed again after re-installation. The other problem with the 

first trial was that possible manufacturing defects in the composite coupon caused an 

unexpected brittle failure during the test and resulted in unusable data for the further 

analysis. During the test, all test coupons used during the first attempt failed within the 

adherend in a brittle manner. The cause of the failure is assumed to be the carbon fibre 

partially left from the manufacturing of notches as can be seen in Figure 5.31. This 

leftover carbon fibre may have induced local fracture, and this local fracture may have 

initiated failed in the entire adherend. 

 

Figure 5.31: Possible manufacturing defects caused unexpected failure behaviour of the joint 
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As shown in Figure 5.32, the joint failed just after passing 10000 N, which was 

well below the load that the test coupon used in the Test Series 2 was able to sustain. It 

can be seen the sudden stroke increase after the load reached 10000 N. Interestingly, the 

instrumented bolt did not act at all until the failure happened as can be seen in Figure 

5.33. This result contradicted to the result from Test Series 2. The photos of the failed 

surfaces were collected, and they can be seen in Figure 5.34. As shown in the figure, all 

three coupons failed in the adherend within the overlap region, which indicates that the 

failure was not categorized as the bonded joint failure. Also, the failure in all three test 

coupons occurred at the interface between 0° and 45° plies. Ji and Ong observed that the 

failure between 0° and 45° plies was caused by the failure of adjacent 90° ply (Ji & Ong, 

1994). Hence, the probable reason for this failure mode is that the 90° ply remnant that 

was left after machining the notch may have caused the failure between 0° and 45° plies. 

The test coupon with a hole had an additional failure in the 0° ply. This is assumed to be 

due to stress concentration around a hole. 

In conclusion from the first trial, the instrumented bolt was not reliable due to the 

delicacy of the equipment. The major overhaul would be required to avoid a short-circuit 

of the wire. Furthermore, the instrumented bolt will require more testing materials just to 

check its function after every major overhaul. The entire maintenance process is time-

consuming, and it will limit the number of repeatable tests in the limited time. The 

findings suggest that alternative approaches need to be found to save time and costs. 

Also, it was found that more careful manufacturing process is required to produce test 
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coupons without defects.

 

Figure 5.32 Load versus stroke curve of the failed specimen (CFRP bolted/bonded joint) 

 

Figure 5.33: The bolt response from the first attempt (CFRP bolted/bonded joint) 
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Figure 5.34: Failed surface of the joints during the first attempt 



117 

 

5.3.2 SECOND ATTEMPT 

The second attempt in Test Series 3 was successfully completed without 

unexpected failure. According to the pictures taken during the test for the DIC analysis, 

the first failure on the surface of the bolted joint was observed at 320 seconds after the 

test began. The load at this moment was about 9930 N. Other joints did not fail until the 

tests were completed. According to the load versus stroke curve seen in Figure 5.34, the 

bolted joint has 200% higher stroke at the moment of the failure than the bonded joint. In 

the figure, there are points where the load was held constant even while the stroke 

increased. This happened due to the sustained load causing creep in the low stiffness 

adhesive layer. 

At 12000 N, the difference in the stroke between the bolted/bonded joint and the 

bonded joint was about 0.2 mm, which means 20% lower overall stroke in the 

bolted/bonded joint. It was assumed that the difference was purely due to the different 

configuration only. The slippage issue was assumed to be negligible because the same 

load frame and the same upper, and lower grips were used. Figure 5.35 shows that the 

stroke difference between the bolted/bonded joint and the bonded joint was negligible 

until 100 seconds or 4000 N; then it increased slowly. Although it was not visually 

confirmed, Figure 5.36 indicates the bolt started to act as the load path at 100 seconds or 

4000 N, so the deformation of the adhesive layer in the bolted/bonded joint was slower 

from this point. The possible reason for the effect of the bolt load transfer occurred 

quicker than the Test Series 2 would be the clearance between the hole and the bolt since 
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this clearance delays the load transfer through the bolt until the bolt touches the surface 

of the adherends.  

 

Figure 5.35: Applied load versus stroke curve of three test coupons 
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Figure 5.36: The difference in the stroke between the bonded joint with a hole and the bolted/bonded 

joint 

The DIC analysis was performed for all configurations. The FOV and AOI for 

each test are shown in Figure 5.37. The analysis software provides a ratio between the 
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Figure 5.37: FOV, AOI (blue), and the reference subset (red) for the bolted joint (left), the bonded 

joint with a hole (centre), and the bolted/bonded joint (right) 

 

Table 5.3: DIC analysis setting (CFRP bolted joint) 

Parameter Value Parameter Value 

Subset 23 pixels Kernel Size  5 pixels 

Step 5 pixels Strain Green-Lagrange 

Criterion ZNSSD Strain Window 29 pixels 

Interpolation BCSPLINE VSG 163 pixels 

Shape Function Affine Strain Interpolation Q4 

Prefiltering Gaussian   
 

 

Table 5.4: DIC analysis setting (CFRP bonded joint with a hole) 

Parameter Value Parameter Value 

Subset 31 pixels Kernel Size  5 pixels 

Step 5 pixels Strain Green-Lagrange 

Criterion ZNSSD Strain Window 29 pixels 

Interpolation BCSPLINE VSG 171 pixels 

Shape Function Affine Strain Interpolation Q4 

Prefiltering Gaussian   
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Table 5.5: DIC analysis setting (CFRP bolted/bonded joint) 

Parameter Value Parameter Value 

Subset 25 pixels Kernel Size  5 pixels 

Step 5 pixels Strain Green-Lagrange 

Criterion ZNSSD Strain Window 31 pixels 

Interpolation BCSPLINE VSG 175 pixels 

Shape Function Affine Strain Interpolation Q4 

Prefiltering Gaussian   

 

The strain values were extracted from three locations. The first location is in the 

area with unique strain shape, so called the butterfly region, which can be seen in Figure 

5.38. The region was selected because it occurs near the hole. Therefore, the effect of the 

bolt should be easily detected in this region. The second location is 10 mm vertically and 

horizontally away from the centre of the bolt. The numbers were chosen to easily locate 

the points. This point lies on the axis 45° away from the horizontal axis that passes 

through the centre of the bolt. The last point is 10 mm vertically and 5 mm horizontally 

away from the centre of the bolt. This point lies on the axis 60° away from the horizontal 

axis. The locations of the extraction areas are shown in Figures 5.39 to 5.41. 

 

Figure 5.38: Shear strain around the bolt showing the “butterfly” pattern 
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Figure 5.39: The data extraction area for the bolted joint (left), the bonded joint with a hole (centre), 

and the bolted/bonded joint (right) in the butterfly region 

 

Figure 5.40: The data extraction area for the bolted joint (left), the bonded joint with a hole (centre), 

and the bolted/bonded joint (right) from the points lying 45° axis 

 

Figure 5.41: The data extraction area for the bolted joint (left), the bonded joint with a hole (centre), 

and the bolted/bonded joint (right) from the points lying 60° axis 
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The shear strain (γxy) obtained from the chosen locations can be seen from Figures 

5.42, 5.43, and 5.44. The result showed that that the bolted/bonded joint always had 

larger strain values than the bonded joint in all locations when the same amount of the 

load was applied. According to Figure 5.42, the shear strain from the bolted joint 

increased linearly until 6000 N; then it increased with a higher rate. The probable reason 

the rate increase is that the compressive force from the bolt to the adherends caused the 

permanent deformation of the adherends. Unfortunately, the moment that the first surface 

failure was detected in the picture could not be included in the DIC analysis, since the 

correlation at this displacement dropped significantly. Another interesting observation 

from Figure 5.42 is that the shear strain of the bolted/bonded joint alone showed negative 

shear strain.  

The analysis software can show the direction of the vector in deformed images. 

Figures 5.45, 5.46, and 5.47 show the major displacement vector direction in three joint 

configurations at 300 seconds. Generally speaking, the bolted and the bonded joints had 

reversed vector fields with respect to the centre of the bolt or the hole while the 

bolted/bonded joint did not. The imperfect bolted/bonded test coupon may have caused 

higher loading to one side of the joint and yielded the negative shear strain. Figure 5.43 is 

the shear strain of three different joint configurations at the 45° point. Unlike the previous 

figure, all three joints had negative shear strain. The unique finding is that the bolted joint 

showed strain decrease after 6000 N. According to Figure 5.42, this is the point where the 

strain rate started to increase. These two findings may indicate the failure in the bolted 

joint. The failure was not visually observed during the test and from the pictures after the 
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test, so it may not be the definite conclusion. According to Figure 5.44, the bolted joint 

behaviour was similar to the one in Figure 5.42 while the bonded and the bolted/bonded 

joint behaviour was closer to the ones in Figure 5.43. Estimating the load transferred by 

the bolt was not possible because there was no common pattern observed from all plots. 

At 300 seconds, the shear strain difference between the bonded joint and the bolted joint 

was 113% from Figure 5.41, 55% from Figure 5.43, and 70% from Figure 5.44.  

 

 

Figure 5.42: Load versus shear strain (γxy) comparison of three different joints in the butterfly region 
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Figure 5.43: Load versus shear strain (γxy) comparison of three different joints in the 45° axis 

 

Figure 5.44: Load versus shear strain (γxy) comparison of three different joints in the 60° axis 
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Figure 5.45: Direction of the displacement vector in the bolted joint 

 

Figure 5.46: Direction of the displacement vector in the bonded joint 
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Figure 5.47: Direction of the displacement vector in the bolted/bonded joint 

Figures 5.48, 5.49, and 5.50 show the shear strain in various location of each 

joint. According to Figure 5.48, shear strain is higher as the extraction area is moved 

closer to the bolt. The farthest extraction area is located where the direction of the vector 

changes according to Figure 5.45. This region should be less affected by the bolt 

influence on the adherend. 

Figure 5.49 and Figure 5.50 showed a different pattern. As the extraction area 

becomes farther from the bolt, the shear strain is higher. As both figures have the same 

pattern, it may indicate that the surface shear strain is more affected by the adhesive layer 

rather than the presence of the bolt. It is still not possible to find a definite reason for 

higher strain in the bolted/bonded joint. The probable reason for this is the load path 
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change due to the bolt. However, it is not conclusive because higher strain in the 

bolted/bonded joint means the deformation in the adhesive layer in the bolted/bonded 

joint will be higher than the deformation in the bonded joint. In other words, the bolt 

negatively affected the joint configuration. However, this is not a definite conclusion that 

can be made at this point since the test was performed only once.  

In conclusion, the DIC technique was able to help to identify the moment of 

surface failure and its location. Also, strain results from the DIC technique allowed 

picking up the moment that something could have happened inside. However, it was still 

not possible to know what exactly happened inside. From the comparison of the shear 

strain values in the same joint, the adhesive layer resulted in different strain patterns on 

the surface. This adhesive layer caused higher strain as the measurement point is farther 

from the centre of the bolt or the hole. Unusual patterns, such as negative strains near the 

bolt in the bonded/bolted joints, could not be explained in this thesis. Possible reason is 

that the torque applied to the bolt for the installation may have caused a different 

behaviour in the bolted/bonded joint compared to the bonded joint. Strictly speaking, the 

test coupons do not have same configurations since the bolt installed in the bolted joint is 

different from the bolt installed in the bolted/bonded joint. The difference may have 

caused the unusual test results since the geometry parameters of the bolted joint, and the 

bolted/bonded joints do not match perfectly. Further studies may be required to fully 

understand the behaviour of joints. Unfortunately, the one of the interests in this thesis, 

which is to estimate the load sharing by the bolt in the bolted/bonded joint, could not be 

achieved. Lastly, the axial strains, (εxx) and (εyy), were extracted from the same locations 
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as the shear strains were obtained in each joint and these plots can be found in Appendix 

D.  

 

Figure 5.48: Load versus shear strain obtained from various locations in the bolted joint 

 

Figure 5.49: Load versus shear strain obtained from various locations in the bonded joint 
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Figure 5.50: Load versus shear strain obtained from various locations in the bolted/bonded joint 
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Chapter 6: CONCLUSIONS 

The goal of this thesis was to investigate the DIC measurement technique to 

assess the behaviour of composite bolted/bonded joints. A number of tests was performed 

to understand and validate the DIC measurement technique. Additionally, three different 

joint configurations were attempted to achieve the goal of this thesis. The conclusions 

made from the projects are: 

1) The DIC measurement technique applied to the undamaged aluminum test 

coupons successfully measured the axial strain. When it was compared to the 

strain from the extensometer, the percentage difference between two data sets 

was very large when the stroke values are very small; then the difference 

reduced to less than 5%. The strain measure from the DIC analysis uses 

Green-Lagrange strain while the strain from the extensometer yields 

engineering strain, the percentage difference is within in the expectation. 

However, it must be noted that the result is limited to low-level strain. On the 

equipment side, when higher magnification is unnecessarily used, the strain 

obtained from the DIC analysis may be higher than the actual value. 

2) The DIC measurement technique was used to measure the surface strain on 

the bolted/bonded joint. The result from the DIC technique detected the strain 

rate change due to the load path change, and this was confirmed with the 

instrumented bolt. The shear strain obtained from the DIC technique was 

compared to the result from the FEA model. There was a difference between 

two data sets. The possible cause of the gap would be the different material 
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behaviour in the adhesive layer, the numerical (or systemic) errors, and the 

effect of out-of-plane displacement. 

3) From Test Series 1, 100 microstrain may be the minimum value that the 

current DIC equipment can accurately measure. With this finding, the strain 

values below 100 microstrains in Test Series 2 and Test Series 3 may be 

incorrect. It indicates that some locations may not be reliable enough for the 

analysis. The regions that have relatively higher strains or the magnification 

may be needed to obtain the behaviour of the joint. 

4) In Test Series 3, the objective of particular interest in this thesis was to 

estimate the load transfer through the bolt, could not be achieved due to 

irregular patterns observed from the surface strain fields in different joint 

configurations. One of the irregular patterns observed is that the surface of the 

bolted/bonded joint experienced higher strain values than that of the bonded 

joint with a hole, which contradicted the load versus stroke curve data. These 

irregular patterns may be due the variations in the joint configurations. 

Furthermore, many factors could have contributed the surface strain result. 

Such factors include preload on the bolt due to torque, or adhesive layer stress 

distribution. More studies are required to fully explain the behaviour of the 

joints while minimizing these variations. 

5) FAA Advisory Circular 20-107B (2009) states that the fail-safe design is 

required to permit the certification of bonded joints in primary aircraft 

structures (Federal Aviation Administration, 2009), and Hart-Smith (1985) 
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insisted that the bolted/bonded joints should be used for their fail-safe feature 

(Hart-Smith, 1985). Hence, it is believed that the bolted/bonded joint 

configuration is a promising technique to enable the fail-safe design of 

traditional joints. On the other hand, the improvement in joint strength using 

softer paste adhesive is still not conclusive since the experimental work in this 

thesis did not conclusively measure the relative load sharing by the two load 

paths. 
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Chapter 7: RECOMMENDATIONS AND FUTURE WORK 

The goal of this thesis to investigate the mechanical behaviour of bolted/bonded 

hybrid joints was largely achieved; however, there are more topics to investigate – 

specifically load sharing in hybrid bolted/bonded joint. Below are recommendations for 

further investigations: 

 Although 2D-DIC technique may not be enough to investigate load 

transfer through the bolt, the surface strain from the DIC analysis helped 

to observe unexpected behaviours, such as sudden shear strain drops in the 

bolted joint or higher shear strains in the bolted/bonded joint. There is a 

lack of information to conclude that these behaviours are normal. More 

tests are recommended for better understanding. 

 The effect of the current hardware to the DIC measurement technique is 

not fully understood. There is no standard available to obtain the effect. In 

the long term, routine tests are recommended to be established for 

understanding the effect of the hardware to the DIC measurement 

technique.  

 Manufacturing of composite test coupons should be more carefully 

approached. When the coupon includes ductile paste adhesives, even more 

care should be taken. The paste adhesive, Hysol®  EA 9361 (Henkel Co.), 

caused jamming the diamond blade and stopping the table saw motor 

rotating. It resulted in applying more pressure to the coupon, and 
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ultimately shifting the coupon. Therefore, the more careful approach is 

recommended to minimize manufacturing defects or errors. 

 During this thesis, a tripod was used to hold the camera in position. 

However, locating the tripod in the best position takes a long time. Also, 

there was a limitation in placing the tripod due to limited space available 

near the servohydraulic load frame. A customized camera holder that can 

be installed directly onto the load frame could allow better positioning of 

the camera. 

 It must be noted that the DIC analysis program that this thesis used does 

not have a function to calculate engineering strain. The comparison carried 

on because strain measures do not have much variance when the strain 

level is low. Therefore, it is recommended to keep in mind that the strain 

variation is possible when two types of measurement techniques are 

simultaneously used. Also, a confirmation must be made that the strain 

measure used in the FEA matches with the DIC analysis. 

The following sections present possible future work following this thesis.  

 

7.1 THREE-DIMENSIONAL DIGITAL IMAGE CORRELATION (3D-DIC) 

Although 2D-DIC technique yielded reasonable strain fields in this thesis, the 

effect of out-of-plane displacement could not be removed from the result. The out-of-

plane displacement was observed to be non-linear throughout the overlap length of the 
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joint. Therefore, it cannot be simply removed from the 2D-DIC analysis. The 3D-DIC 

technique should be attempted to obtain in-plane strain fields that are unaffected by the 

out-of-plane displacement. The 3D-DIC technique is a stereo measurement method, in 

which deformation is tracked by two cameras as can be seen in Figure 7.1. The 3D-DIC 

technique requires the sophisticated software to analyze stereo images and time and cost 

to spend be significantly higher than the 2D-DIC technique. However, the 3D-DIC 

technique provides in-plane strain fields that are not affected by the out-of-plane 

displacements.  

 
Figure 7.1: 3D-DIC equipment. (LaVision, 2016) 

 

 

7.2 2D-DIC TECHNIQUE MEASUREMENT ON THE EDGE OF THE JOINTS 

Although the use of DIC to measure bolt load sharing through the measurement of 

surface strains with DIC could not be achieved from the experiment, a slightly different 

approach was performed by Ph.D. candidate Mr. Pedro Lopez-Cruz at Carleton 

University, who has been working on the same CRIAQ COMP 506 program. His 
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approach was to use the DIC technique to measure the strain on the edge side of the joint 

and compare adhesive shear strain change due to different joint configurations. The 

example of 2D-DIC analysis result from the edge of the joint can be found in Figure 7.2. 

The graph in Figure 7.2 shows the adhesive shear strain at the point 1 mm away from the 

upper notch. The motivation for measuring the strain from the edge was based on two 

reasons. First, the edge side of the joint experienced less out-of-plane displacement effect 

than the front surface. Second, the adhesive is the most ductile component in the joint. 

Therefore, any change would be easily detectable. With higher magnification, the strain 

change from the different joint configurations using the DIC technique on the edge side 

of the joint was able to be identified. Also, the load transfer through the bolt was able to 

be estimated in the result. If the surface measurement simultaneously with the side 

measurement using two 2D-DIC measurements, it may be possible to explain unexpected 

behaviour detected from the surface better and estimate the load transfer through the bolt. 

Also, additional software for performing 3D-DIC is not required that leads to saving time 

and expense and providing more valuable data than a single 2D-DIC. 

 

Figure 7.2: Example of DIC technique used on the edge of the joint (Lopez-Cruz, 2016) 
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7.3 SHAPE SENSING TECHNIQUE USING FIBRE OPTIC SENSORS 

A traditional technique to measure the bolt shear load transfer is the instrumented 

bolt. As mentioned previously, the limitation of the instrumented bolt is the diameter. 

There is a technology that does not have the size limitation and obtain the bolt strain 

directly. A development of fibre optic shape sensing technology has allowed obtaining 

strain various applications including aerospace fields (Polytech GmbH, n.d.). The fibre 

optic sensing technology measure the deformation of the optical fibre by the beam 

deflection within the fibre. In certain applications, the fibre with 80 micrometer diameter 

is used for the shape sensing technique (Fraunhofer Heinrich Hertz Institute, 2015). 

Furthermore, the strain measurement with nanostrain scale has been studied using this 

technique (Chow, McClelland, Gray, & Littler, 2005). If there is a way to embed thin 

optical fibre to the centre of the titanium bolt, the shape sensing technique should be able 

to detect even small deformation of the bolt. This technology could not be attempted due 

to the cost of the equipment. However, if it is available in the future, it would be 

worthwhile to attempt the application of this technology bolt load sharing measurements. 
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Figure 7.3: Fibre optic shape sensing technology (Beam S., 2014) 
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Appendix A. TECHNICAL SPECIFICATION OF CAMERAS 

Table A.1: Technical specifications of cameras 

 Olympus SP 350 Canon Rebel XTi Cooke SensiCam qe 

Sensor 8.0 Megapixel CCD 10.1 Megapixel CMOS 1.3 Megapixel CCD 

Sensor size 7.18 mm by 5.32 mm 22.4 mm by 14.8 mm 8.8 mm by 6.6 mm 

Shutter Speed 1/2000 sec –  15 sec 1/4000 sec –  30 sec 500 ns – 3600 sec 

Maximum Image 

Size 
3264 px by 2448 px 3888 px by 2592 px 1376 px by 1040 px 

Lens Mount N/A Canon EF and EF-S C-Mount 

Maximum FPS 2.4 FPS up to 2 frames 3 FPS up to 27 frames 10 FPS 

Trigger N/A 

Soft-touch 

electromagnetic release 

Remote control 

Wireless remote control 

Software   

TTL (Transistor – 

Transistor Level) 

Sensor cooling No No Yes down to -12°C 

Recording 

Medium 

25MB internal memory 

 xD memory card 

0MB internal memory 

CF memory card 

900MB internal memory  

no expansion 

Weight 0.195 kg 0.510 kg (body only) 1.6 kg (body only) 

 

 

 

 

 

 

 

 

 

 

 



II 

 

Appendix B. DIMENSIONS OF TEST COUPONS 

 

 

* The drawings are 60% of the actual size due to spacing 
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Appendix C. MODEL NUMBERS AND SERIAL NUMBERS 

Table C.1: Equipment model number and serial number 

Equipment Manufacturer Model Number Serial Number 

Load Unit MTS Systems Co. 318.10 1308366 

647 Hydraulic Wedge Grips MTS Systems Co. 647.02B 1026067B 

661 Axial Load Cells MTS Systems Co. 661.20E-01 232973 

FlexTest SE Controller MTS Systems Co 493.02 02007519D 

634 Axial Extensometer MTS Systems Co 634.12E-24 10212345B 

SensiCam qe Cooke Co. N/A 370 KL 1050 
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Appendix D. BOLT SHEAR LOAD CALCULATION 

The voltage recorded by the P-3 Strain Indicator (Vishay Co.) with a medium 

analogue output setting has the strain range of ±3200-microstrains. In this strain range, 

the voltage output also is ±1.25 V. The strain value and the voltage output have a linear 

relationship. Hence, the strain can be obtained from the voltage output with the following 

equation: 

𝜀𝑏𝑜𝑙𝑡 𝑠ℎ𝑒𝑎𝑟 = ((1.25 + 𝑉𝑜𝑢𝑡) × 2560 − 3200) × 10−6 

Using the strain values obtained from the above equation and the known modulus 

of elasticity of the bolt material, the stress due to the bolt shear can be estimated as: 

σ𝑏𝑜𝑙𝑡 𝑠ℎ𝑒𝑎𝑟 = 𝐸𝑏𝑜𝑙𝑡 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 × 𝜀𝑏𝑜𝑙𝑡 𝑠ℎ𝑒𝑎𝑟 

The load can be estimated by multiplying the bolt shear stress by the bolt cross-

sectional area. Assuming that the material removed to install the strain gage rosettes is 

small; the bolt shear load can be obtained using the following equation: 

𝐹𝑏𝑜𝑙𝑡 𝑠ℎ𝑒𝑎𝑟 = σ𝑏𝑜𝑙𝑡 𝑠ℎ𝑒𝑎𝑟 × 𝐴𝑏𝑜𝑙𝑡 𝑐𝑟𝑜𝑠𝑠−𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 
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Appendix E. APPLIED LOAD VERSUS AXIAL STRAIN FROM TEST 

SERIES 3 

Appendix E-1. AXIAL STRAIN IN X-DIRECTIONS 

 

Figure E.1: Applied load versus axial strain (εxx) of three different joints in the butterfly region 

 

Figure E.2: Applied load versus axial strain (εxx) of three different joints in the 45° axis 
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Figure E.3: Applied load versus axial strain (εxx) of three different joints in the 60° axis 
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Appendix E-2. AXIAL STRAIN IN Y-DIRECTION 

 

Figure E.4: Applied load versus axial strain (εyy) comparison of three different joints in the butterfly 

region 

 

 

Figure E.5: Applied load versus axial strain (εyy) comparison of three different joints in the 45° axis 
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Figure E.6: Applied load versus axial strain (εyy) comparison of three different joints in the 60° axis 
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Appendix E-3. AXIAL STRAIN FROM VARIOUS LOCATIONS IN THE BOLTED JOINT 

 

Figure E.7: Applied load versus axial strain (εxx) in the bolted joint 

 

 

Figure E.8: Applied load versus axial strain (εyy) in the bolted joint 

 

Appendix E-4. AXIAL STRAIN FROM VARIOUS LOCATIONS IN THE BONDED JOINT 
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Figure E.9: Applied load versus axial strain (εxx) in the bonded joint 

 

 

Figure E.10: Applied load versus axial strain (εyy) in the bonded joint 

 

Appendix E-5. AXIAL STRAIN FROM VARIOUS LOCATIONS IN THE 

BOLTED/BONDED JOINT 
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Figure E.11: Applied load versus axial strain (εxx) in the bolted/bonded joint 

 

 

Figure E.12: Applied load versus axial strain (εyy) in the bolted/bonded joint 
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