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Fiber-reinforced composite materials have been widely used in complex aeronautical 

structures due to one of their major advantages, which resides in providing substantial weight 

reduction while possessing a significant amount of strength when compared to traditional 

counterparts made from metal. Additionally, composite materials are advantageous as they can be 

formed to the closest desired shape, which in turn reduces the number of joints.  However, joining 

some composite components is unavoidable and has been recognized as a critical feature in 

aerospace structural design. These situations are even more demanding for advanced thermoset 

and/or thermoplastic composite structures because they are  mostly brittle and lack the ductility to 

redistribute loads which is so characteristic of conventional metal alloys used widely throughout 

the industry [2]. The mentioned downside features, i.e., brittleness and less ductility, of composite 

materials may result in a catastrophic failure without any pre-alerting; hence, it brought about a 

significant concern among industrial and academic researchers. The most probable location of this 

sort of failure in a composite structure is the joints, as they are the weakest parts. Thermoset 

composite components are usually attached using mechanical fasteners, adhesively bonded 

approaches or hybridization of them. Thus, the mechanical behavior analysis of the composite 

joints is of vital importance and always more complicated than its homogeneous equivalent like 

metal. 

The most representative analysis of a composite joint to the practical cases can be drawn 

from the experimental testing while a joint coupon is under a semi-real condition. Different 

mechanical tests are available like tension, compression, shear, impact, etc., but the utilized 

equipment and post-processing steps are the predominant factors that yield an approved 

interpretation of the results and analyze the joint behavior. Amongst various experimental testing 

tools, a recent image processing-based technology called Digital Image Correlation (DIC) has 

become an efficient and robust technique to fulfill this purpose. This method can be implemented 

in either two dimensional (2D) or three dimensional (3D) systems and provides the precise full-

field measurement of the displacement as well as strain distribution of the surface of interest. 

Moreover, DIC overcomes the routine problems being encountered when using conventional 

measuring tools, like strain gauges and extensometers, as it can probe all the points of a surface. 

The present research mainly focuses on the contribution of 3D Digital Image Correlation (3D-DIC) 

on characterizing the joint mechanical response, failure mechanism, and fractural behavior of 
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Table 2.1: Advantages and disadvantages of bolted, bonded and hybrid bolted/bonded joints. 

Advantages Disadvantages 

Bolted joints 

Easy to disassemble Considerable stress concentration 

Straightforward manufacturing and inspection  Added weight of mechanical fasteners 

Environmentally insensitive Hole formation can damage composite 

Insensitive to peel forces Composites have poor bearing properties 

Bonded joints 

Low stress concentration Difficult to inspect 

Light weight Prone to environmental effects 

Excellent fatigue life Cannot be disassembled 

Damage tolerant Sensitive to peel and shear stresses 

No fretting problems Catastrophic failure mode 

Hybrid bolted/bonded joints 

Improved fatigue life Marginal strength improvement 

Suppressing the crack propagation by 

mechanical fasteners 
Increased weight 

Back-up mechanism provided with 

mechanical fasteners 
Better performance in thinner joints 
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2.1.1 Bolted Composite Joints 

It is important to be able to remove and disassemble structural components to conduct 

repairs, inspections, or replacements.  As such, mechanically-fastened joints are the preferred 

technique for connecting different parts, which may be made from conventional materials, 

including metal and advanced composite components. Mechanical joints in fiber-polymer 

composite structures have been studied since the mid-1960s, which corresponds to the first 

appearances of composite materials due to their high modulus, high strength, lightweight, and good 

corrosion/fatigue resistance. Early in this period, it was found that the mechanical behavior of 

composites in bolted joints varied substantially from what occurred with metals [4]. Due to the 

ductile property of metal, these materials are more workable when compared to their composite 

counterparts, which are more sensitive to edge distances and hole spacing than metal joints [5]. 

Hart-Smith [6] demonstrated this behavioral comparison and scaled it as joint structural efficiency 

(Figure 2.2). 

 

Figure 2.2: Relative efficiencies of bolted joints in ductile, fibrous composite and brittle 

materials [6]. 

Generally, there are two major groups of joints, namely single row and multi-row 

configuration. Obviously, light loaded joints demand the former, while the highly loaded ones 

require the latter. Another prominent factor concerning bolted composite joints resides in its 
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(f) free-body diagrams of the upper half of the joint, the bolt-nut combination, the upper half of 

the bolt, the lower substrate and the upper one [13]. 

2.1.2 Bonded Composite Joints 

Another common type of connection technique is an adhesively bonded joint in which two 

or more adherend surfaces are attached to each other by solidified chemical polymeric-type 

substances alone. The science of adhesive bonding technology embraces several fields including 

mechanics, chemistry, and surface physics [14]. Bonded joints have been being widely used in 

secondary aircraft structures owing to their advantages, including good fatigue life, weight 

reduction, high strength-to-weight ratios, good external finishing, the capability to join 

different/thin substrates, good environmental sealing, and lower fabrication costs [15]. Some of 

these advantages make the bonded joints an appropriate alternative to conventional mechanical 

fasteners [16]. On the other hand, some drawbacks limit their application in primary aircraft 

structural components. These drawbacks include the inability to disassemble bonded joints, that 

they are severely susceptible to manufacturing processes including proper surface treatments and 

environmental effects (such as moisture) [15], and moreover, that their failure mode is typically 

catastrophic in nature. Generally, thin structures with properly defined load paths are suitable 

candidates for adhesive bonding, whilst thicker structures consisting of complex load paths are 

preferred candidates for mechanical fastening [17]. 

There are a variety of adhesives which some are categorized as strong/rigid/brittle while 

others are classified as weak/flexible/ductile substances. Materials used for structural adhesive 

bonding are cured at either room or elevated temperatures and should be endowed with a sufficient 

amount of strength in order to transfer the loads within themselves and through the joint. Several 

types of structural adhesives can be used, but epoxies, nitrile phenolics, and bismaleimides are the 

most prevalent [18]. The main function of adhesively bonded joints is to transfer applied load 

within the adhesive layer, which is mainly occurred due to shear loading. Wide varieties of bonded 

joint configurations are available to fulfill this intention. Figure 2.6 shows typical bonded 

configurations.  
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Figure 2.6: Typical adhesively bonded joint configurations [18]. 

Among these different joint types, the single and double lap (SLJ and DLJ) ones are the 

most practical and realistic configurations.  They are most often used for attaching relatively thin 

adherends. Fabricating of stepped-lap and scarf joints is more complex, and their goal is generally 

to transfer high loads within thicker adherends [14]. The effects of the adherend thickness and of 

the joint configuration on the failure mode are shown in Figure 2.7. The evolution in configurations 

is shown with an increasing trend in strength capability from the lowest to the highest. In each type, 

the adherend thickness may be increased to achieve higher load capacity [4]. 
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Figure 2.10: Possible failure modes in bonded joints between FRP composite adherends [16]. 

In principle, the strength of a joint really relies on the stress distribution within the joint and 

fundamentally depends on the joint geometry and the mechanical properties of the adhesive and 

the adherends [16]. In the case of brittle adherends (like composite laminates), which possess a 

relatively low through-thickness strength, in the SLP joint, when SB occurs, high magnitudes of 

stress concentrations are introduced near the ends of the adhesive, which consequently affects the 

adjacent substrate surface. As it is observed in Figure 2.11 [31], these spots are the critical locations 

where failure is often initiated due to interlaminar tensile stresses and results in the fiber-tear 

adherend failure mode.  

Low Load Level

Deformation of Adherends Under Moderate Load

�³Interlaminar�´��Failure of Filamentary Composite Adherends

Maximum Stress Concentration

 
Figure 2.11: Failure of the single-lap bonded joint with brittle adherends [31]. 

2.2 Hybrid Bolted/Bonded Composite Joints 

In order to achieve an efficient and robust joint design, which possesses a higher static 

strength and longer fatigue life, the combination of bolting and bonding is proposed as another 

development for use in both industry and academy. Hybridization will be beneficial when the 

advantages of each underlying bolted and bonded joint contributes towards the structural behavior, 

e.g., load exerted from different directions (bond joint preferred) or exposure to elevated 
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also confirmed that the ultimate strength of the HBB joint is enhanced compared to the underlying 

joints separately [53]. It was discovered that the addition of a bolt could remarkably increase the 

adhesive damage initiation strength for the case of a high-compliance adhesive. Romanov et al. 

[54] claimed that the important factors for strength and stiffness improvement of the two-bolt HBB 

joint are the load sharing between the bolt and the adhesive, as well as the overlap length. 

Moreover, the bolt positioning was found to have no effect on the HBB joint stiffness, while it 

influences the joint strength and load sharing.  

2.3 Digital Image Correlation (DIC) Technology 

One of the principal methods used to study the structural response of construction or for 

characterizing the mechanical properties of a material is to measure the strain changes while the 

concerned item undergoes deformation due to the applied loads. One of the most conventional and 

highly used devices is resistance strain gauges (SG) which are adhesively installed on the surface 

of an object (should be completely smooth and clean) and measure the strains. This technique 

provides accurate data for a specific point where the SG is adhered. However, the data from the 

SG is restricted to the installation location, which should be easily accessible, clean, and smooth 

(or can be smoothened). Extensometers are another device that can be used but only provides the 

changes in the length of an object. Moreover, the aforementioned systems of measuring (SG & 

extensometer) demand a physical connection with the specimen surfaces, which restricts the 

freedom of the testing. When a set of strain data points are required for point-wise information, a 

full-field measurement technique would be highly practical. One of these methods is the digital 

image correlation (DIC) technique which optically-numerically measures displacement fields and 

corresponding strains. This method is non-contact and is capable of in-situ testing as well. The 

background and principal of DIC are concisely explained here; however additional details can be 

found in [55, 56]. 

A group of researchers from the University of South Carolina in the 1980s was pioneers in 

this field [57, 58]. Nowadays, DIC is widely used in a variety of fields of study, including 

mechanical engineering, biomechanics, metallurgy, civil engineering, and many more, given the 

enriched results which can be obtained. The implementation of the 2D DIC method consists of 

three major steps, namely (1) specimen and experimental preparations; (2) recording images of the 

planar specimen surface before and after loading; (3) processing the acquired images using a 
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experimental investigations. DIC is the best approach to remedy this problem. Wang et al. [62] 

took advantage of this technology to measure the strain fields near the overlap ends, and good 

agreement was achieved with FE simulation. Due to having the vivid vision of spew fillet via DIC, 

experimental outputs confirmed that the spew fillet existence decreased the stress concentrations 

at overlap ends. Microscope systems can be added to DIC for more in-depth investigations of shear 

modulus estimation [63] or calculation [64] for different adhesive materials. Using this approach, 

a microscopically close-view of the adhesive interface area (Figure 2.18) is provided, for which a 

corresponding strain distribution can be analyzed further. Additionally, the failure mode of the 

adhesive/adherend interface can be investigated using this system [64]. 

 

(c)

 

Figure 2.18: Observation on the adhesive interface: (a) the observed area on the adhesive layer; 

(b) image taken by the microscope system. (c) Displacement fields over the deformed image 

[64]. 

3D and 2D DIC were used to observe the evolution of the deformations and strains in 

composite single-lap bonded joints [65]. DIC results were first compared with that of strain gauges, 

and good agreement was achieved. 3D DIC successfully provided full-field measurement of in-

plane surface strains and out-of-plane surface deformations for composite SL bonded joints. Highly 

magnified 2D DIC was applied (like the previously mentioned work) to determine the maximum 

principal strain in the adhesive fillet region. Kumar and his colleagues performed a DIC analysis 

of bonded joints and compared it with analytical [66] and numerical methods [67]. The peel and 

shear strain results achieved from DIC were used to calculate the corresponding stresses by 

assuming a plane strain condition. A comparison between DIC experimental results showed that 
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corresponding stresses on the BL were considerably higher than those of the theoretical stresses 

but obtained a better agreement with the results from FEA. Around the same period as Kumar, 

another team of researchers devoted their efforts to utilizing DIC for studying the stress and strain 

distributions through-the-thickness, and also for studying damage initiation of a composite within 

a bonded double butt strap joint [68, 69]. The camera was focused closely on the high peel strain 

regions identified at the root of the geometric discontinuity between the inner and outer strap to 

provide meso-scale data. Shear strains were observed to be non-uniform through the thickness of 

the adhesive, concentrating at the adhesive interface with the outer adherend, where high peel 

strains were also recorded [69]. 

Nonetheless, one of the limitations of the adhesive joints is the difficulty in predicting the 

joint strength owing to the presence of defects in the adhesive due to an improper curing process 

[70]. Therefore, to understand the joint behavior when these defects are present in a bonded 

component, an experimental study of CFRP composites SLJ with disbanding defects at the 

adherend-adhesive interface was conducted by Ping Qiu et al. [70]. DIC results from the BL 

showed that for the joints with a transverse defect in the BL, much higher strains were found at the 

edge with the induced defect, leading to the occurrence of serious asymmetry in the strain profiles. 

While for the joints with an axial defect, the strain profile trend was rather similar to that of the 

healthy joint. The adhesive strength and its fracture behavior in dissimilar SL joints composing of 

a composite adherend have been studied benefiting DIC technology [71-74]. DIC results from the 

joint side view showed that peeling is important in the extremity of the overlap region where failure 

is initiated [71], and the maximum strain and associated crack appeared first on the overlap end 

where the lower yield strength adherend is used [72]. Grefe et al. [73] admitted that DIC is a very 

useful tool to determine the initial crack and its propagation, and they recognized the type of 

cohesive failure using DIC. Furthermore, the effect of spew fillet was studied through-the-thickness 

using DIC, and the results demonstrated that the fillet improved the shear and peel strength of the 

adhesive layer in the overlap region [74]. DIC helped to identify crack initiation forces, stress 

concentration at the adhesive ends (Figure 2.19), and relative movement between the adhesive and 

the adherends in SL bonded composite joints [75]. 
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Figure 2.20: Y- direction strain field of dissimilar joints on the surface of composite adherend at 

different load levels [80]. 

2.3.2 DIC with bolted composite joints 

One of the basic assumptions in DIC is the deformation continuity of a considered surface, 

which means that any discontinuities, such as cracks or significant relative movement of the 

structure or components, will disturb the subsets and neighboring points, and subsequently, no 

results can be provided for that region [56]. Therefore, assessing bolted joints on the BL region 

does not deliver meaningful outcomes, and researchers have focused mainly on surface 

investigations. The lateral displacements (or secondary bending, SB) measurements of the surface 

of a single shear lap joint demand that the strains be measured at certain locations, i.e., the AGARD 

(Advisory Group for Aerospace Research and Development) points [81]. However, this can be 

readily accomplished using non-contact optical methods, such as DIC or FEA. The influence of 

the various parameters on the SB of four fasteners with an aluminum/composite SLJ was performed 

using FEA alongside DIC [81]. However, digital photos were only taken at zero, 9, and 18 kN. 

Therefore, the results showed that the overlap reduction caused the SB to increase, whereas 

reducing the thickness of the aluminum plate caused the SB to decrease. Dupuy et al. [82] increased 

the photo capturing interval to 5 seconds and compared FEA results with those of DIC, and 

observed that the curvature of the SB for the metal bolted SLJ. 
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A liquid-shim is often required to compensate for the assembly tolerances in mechanically-

fastened joints. The effect of the introduction of a liquid-shim layer on a thermo-mechanical fatigue 

response and in-plane strain/out-of-plane deformation of composite-aluminum SLJ were conducted 

using magnified 2D DIC and 3D DIC by Comer et al. [83, 84]. The presence of liquid shim 

increased the load eccentricity, and DIC results detected the magnified SB values due to this effect 

and also identified a likely fatigue crack initiation. 3D DIC outcomes demonstrated that thin 

composite SL joint experienced higher degrees of out-of-plane displacement, thus increasing the 

likelihood of fastener pull-through. This was highlighted by Gray et al. [85]. Moreover, SB, which 

itself appreciably influenced by the taper type, affects the final failure mode. One significant feature 

of 3D DIC was pointed in which by comparing the out-of-plane deformation of the right-hand-side 

(RHS) to that of the left-hand-side (LHS) of the joint, the twisting of SLJ can be characterized.  

While it is important to assess the stiffness and the ultimate load of the joint, it is 

proportionally vital to understand the load distribution [86]. Quantifying the load distribution in 

multi bolted composite joints was restricted to analytical and numerical modeling. The 

experimental aspect could just be observed while using either instrumented bolts [37, 43] or by 

installing a row of strain gauges between each bolt-hole [87]. Gray et al. [86] came up with a new 

method based on DIC results to extract the load distribution in multi-row, multi-column composite 

SL joints. In order to quantify the load distribution, 3-D DIC was applied to measure the axial strain 

between each bolt in the joint. This was accomplished by placing a virtual strain gauge halfway 

between each bolt, which was used to evaluate the average strain across the width of the laminate. 

Then, the load taken-up by each bolt could be calculated by performing an equilibrium analysis of 

the joint. Authors spotlighted that 3-D DIC was valid for identifying the point at which the first 

significant failure event occurred in the joint. Other groups of researchers have continued to use 

3D DIC technology to analyze the surface strain distribution and the out-of-plane deformation [88-

90]. It has been found that the surface strain is highly concentrated around the holes (Figure 2.21) 

and that the bolt torque alleviates some of the surface strain concentrations by increasing the 

friction in the joints [88]. 
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Figure 2.21: Axial strain distribution and concentration around holes [88]. 

The surface strain concentrations observed (using 3D DIC results) in the specimen can be 

employed to identify full-field damage onset and to monitor damage progression during loading 

[89, 91]. The quasi-isotropic laminate experienced the smallest axial compressive and shear strain 

concentration around the holes resulting in providing the best bearing performance in one bolted 

single-lap joint. Hu et al. [90, 92] also confirmed that the out-of-plane deformation is substantially 

influenced by the tightening torque and the laminate stacking sequence (Figure 2.22) [90]. 

Moreover, DIC results showed that in-plane bearing damages are highly localized in joint with 

quasi-isotropic lay-up, whereas V-shaped and two paralleled bands along the fiber direction were 

observed for angel-paly and cross-ply laminate stacking sequences, respectively [92]. In the very 

recent work [93], the surface results retrieved using DIC demonstrated that owing to increased bolt-

hole contact area in interference-fit case, the surface strain concentration is alleviated, while out-

of-plane deformation experienced little alteration. Furthermore, a sleeved fastener was found to be 

more contributive in lessening the surface strain concentration compared with a conventional bolt. 

 
Figure 2.22: Out-of-plane deformation of different lay-ups, quasi-isotropic (QI), angle-ply (AP) 

and cross-ply (CP).  (a) displacement nephogram, (b) average profile of bending laminates [90]. 
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Welding is another technique to connect the composite sub-components, but it is applied 

just on thermoplastic composite materials due to their inherent properties. DIC was used to study 

the strain distribution of this sort of joints [94], and shear and peel strain distributions were 

investigated at the welded joint overlap area. Full field strain measurement provided by DIC 

contributed to characterize thermoplastic composite joints in order to develop a computational 

framework [95]. Virtual extensometer provided by DIC was found to be very helpful to ensure 

accurate extension measurement in woven carbon fiber thermoplastic composite joints [96]. 3D 

DIC can capture out-of-plane displacement, as mentioned before, and this feature helped Zhao et 

al. [97] in their study regarding ultrasonic spot welding thermoplastic composite joints. DIC results 

showed that the overlap rotation and hence secondary bending decreased with increasing number 

of welded spots. Out-of-plane displacement was recorded using 3D DIC for the case of 3D-printed 

thermoplastic composite fasteners. The influence of different 3D-printed bolts on secondary 

bending of composite joint was observed perfectly [98]. The results illustrated that the countersunk 

head could reduce the joint secondary bending which results in a stiffer joint.  

2.3.3 DIC with hybrid bolted/bonded composite joints 

The study of the mechanical response and fracture behavior of hybrid bolted/bonded 

composite joints by means of DIC technology, which is the main concern of the current thesis, are 

seldom investigated, and there is a very limited numbers of researchers who have put effort into 

investigating it. However, Canadian institutions and universities have done some work regarding 

this matter. A group of researchers from Structures and Materials Performance Laboratory of 

Institute for Aerospace Research National Research Council Canada, Ottawa, started using 2D DIC 

to determine the strain distribution in bonded and bolted/bonded composite but joints and compared 

against results from FEM [99]. Strains were measured through thickness and along the bondline in 

the joint overlap section (Figure 2.23). Overall, a good agreement was achieved between DIC and 

FEM simulations. Gang Li [100], from the previous group of researchers, individually observed 

the joint deformation, peak strain, and early damage situation using DIC images in the fatigue 

behavior of bolted/bonded composite butt joint. 
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Figure 2.23: Maximum principal strain in bolted/bonded joint measured with DIC [99]. 

In a collaborative project, for which one of the stakeholders is Carleton University, JiHyun 

Kim [101] and Pedro Lopes Cruz [102], alongside their FE studies, used 2D DIC in order to 

experimentally and numerically investigate the response of single-bolted bolted/bonded composite 

SL joint. The strain on the surface of the joint was studied with 2D [101], but the problem was that 

2D DIC could not detect the out-of-plane deformation, which was a key element in the surface 

characterization. A finer speckle pattern using an airbrush was applied to detect the displacement 

near the interface between the adhesive and the adherends along the bondline [102]. Authors 

confirmed that using DIC technology, extensive measurements, and analysis could be obtained and 

carried out for every single coupon and that for a study on the multi-bolt configurations, it was 

suggested to take advantage of this 3D DIC bond line approach [102]. In order to design HBB joint 

with flexible epoxy adhesive, DIC was implemented to perform strain measurement of the 

specimen surface [103] and the thin bondline of adhesive [104].  

Strain distribution and failure characterizations of bolted/bonded dissimilar joints, 

including composite plate, were investigated using a 3D-DIC system [105-107]. DIC analysis 

showed that the HBB joint generated more bending, with up to 3.06 mm difference of out-of-plane 

displacement around the overlap area compared with riveted and bonded joints [105]. Peel strain 

analysis through-the-thickness of stepped single-side repairs indicated that initial crack mainly 

appeared on the edge of the adhesive layer between the laminate and substrates (Figure 2.24) [106]. 

In other work, DIC contributed to fully monitoring the changes in strain contours from progressive 

failure initiation in the adhesive to reaching the rivet load-bearing stage in HBB joint. It was found 

that the strain concentration is moved from the edge of the overlap region to the rivet after the 

adhesive mostly failed [107]. Kim et al. [108] applied 2D-DIC to experimentally study the behavior 

of bonded and HBB composite joints under tensile loading. It was confirmed that the DIC 

technology could rapidly and effectively measure the strain field and identify the onset of failure 

around the bolt during quasi-static loading. 
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Figure 2.24: Strain distribution at different stages for single-side hybrid repair under (a) front 

view and (b) side view [106]. 

2.4 Summary of literature review 

The provided literature survey showed that the analysis of SL composite joints is still a 

serious bone of contention and it requires more in-depth studies. It was tried to review the most 

relevant work thoroughly to the thesis topic to realize its importance of being more investigated. It 

was observed that there are a few experimental works have been done about studying the hybrid 

bolted/bonded single-lap composite joints. Particularly, when it comes to multi-bolted HBB single-

lap composite joints, there is a small handful of comprehensive experimental studies, as it is a 

demanding and challenging task. Consequently, it left a considerable number of issues to be 

addressed. Theoretical studies to a lesser extent, but the numerical and simulation investigation to 

a greater extent, dominate a portion of the work in this field. However, what is a real representative 

of a joint behavior can only be assessed realistically by experiments. 

The experimental mechanical characterization of multi-bolted HBB single-lap composite 

joints is always associated with serious limitations in terms of equipment. Fortunately, 

Polytechnique Montréal possesses advanced laboratories equipped with proper manufacturing 

materials and tools alongside modern apparatus, including a DIC system, which overcomes this 















40 

4.2 Introduction 

The main concern regarding SL joints is when an applied force generates a bending moment 

that tends to turn or rotate a subject element. This situation induces secondary bending (SB) and 

causes out-of-plane displacements (OPDs). SB significantly affects the local strain field and the 

global response of joints, and OPDs generally diminish the joint stiffness in the longitudinal 

direction [1], which results in a joint loss of efficiency in aeronautical structures. SB was initially 

studied by Schijve et al. [2, 3] using an analytical method known as the neutral line model (NLM). 

The effect of SB in real aircraft structures has been investigated by Schütz and Lowak [4]. SB was 

primarily measured in terms of either stress or strain [5-9], which is expressed as follows: 

bot top bend bend

bot top ax ax

SB
� H � H� H � V
�H �H �H �V

��
� � �|

��
 (4.1) 

where the subscripts top and bot indicate the top and bottom surfaces of the sheets, 

respectively; ax and bend refer to the axial and bending strains, respectively. Ireman et al. [7, 9] 

implemented Eq. (4.1) to determine SB experimentally and compared the results with a developed 

3D finite element model [7]. The SB values calculated using Eq. (4.1) illustrated that SB was 

reduced when significant damage occurred and caused a change in the contact state between the 

laminate and bolt [9]. Other findings showed that the plate curvature in multibolted joints is 

equivalent to the SB, which was experimentally measured using strain gauges established around 

the bolt holes [1, 10].  

McCarthy et al. [11] developed an improved 3D FE model that can capture 3D effects in a 

single-bolt joint, such as SB and twisting. Schijve [2, 3] extended his studies to analyze the effect 

of SB on the fatigue properties of a structure [12]. NLM method presents a bending factor, which 

is defined as the ratio of the bending stress to the applied tensile stress. The bending factor was 

calculated for a three-bolt lap joint with three different row spacing, and it was observed that by 

increasing the row spacing, the bending factor was reduced. The effect of SB on the triple-row 

riveted lap aluminum joint fatigue life was investigated experimentally and analytically [13]. The 

results confirmed that the NLM could be used to evaluate the effects of joint geometry parameters 

on the magnitude of SB. 
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A novel FE model, known as the global bolted joint model (GBJM), was developed by Gray 

and McCarthy [14]. This 3D model discretizes laminates through their thickness, which enables 

the SB effect to be captured from nodal displacement. The SB of SL single-bolted composite joints 

was predicted using an enhanced analytical approach by Olmedo et al. [15]. Because the SB effect 

affects the damage evaluation of multibolted SL composite joints, it was computed via a 3D 

implicit FE damage model. It was found that the clearance changed the SB of the joints 

substantially. The progressive damage model (PDM) facilitated the calculation of SB of SL and 

double-lap composite joints [16]. It was concluded that the decreased contact area and higher stress 

level arising from SB further accelerated the material damage in single-bolted SL joints. 

Investigations on the effect of SB on the damage and strength of SL single-bolt interference-fit 

composite joints showed that this phenomenon and the corresponding delamination could be 

restrained constructively by bolt preloads [17]. 

With the advancement in digital image processing, digital image correlation (DIC) 

technology has emerged, which provides researchers with a noncontact measurement technique, 

without requiring specific instrumentation, installation, or machinery. Researchers implemented 

this technique in a variety of composite studies such as investigating strain variations or measuring 

fibre orientation in short fibre reinforced polymers and so on [18-20]. The OPD of the top surface 

of a single-bolted countersunk composite joint was measured using 3D DIC and demonstrated good 

agreement with the numerical results [21]. DIC results demonstrated that tapering SL single-bolted 

countersunk composite joints significantly affected the degree of SB and consequently the final 

failure mode [22]. Yunong Zhai et al. [23, 24] experimentally studied the effects of bolt-hole 

clearance and bolt torque [23] as well as the interface condition [24] on the OPD of SL single-bolt 

countersunk composite joints. It was found that the bolt torque exerted a slight effect on the out-

of-plane deformation, but the OPD was slightly magnified as the clearance increased. The OPD of 

two groups of single-lap adhesive bonded CFRP laminate was studied using DIC [25]. It was found 

that the maximum deformation occurred on one side of the specimen but more significantly in the 

adhesive region. 

The present paper aims to quantify experimentally the secondary bending in SLJ via an 

enhanced analysis of 3D DIC measurements.  It is expected that this quantification will clarify the 

reasons for the low resistance of CP single-lap joints compared to the QI case.  
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4.3 Methodology 

4.3.1 Experimental procedure 

4.3.1.1 Material and specimen preparation 

Carbon fiber reinforced epoxy (CFRE) laminates were manufactured using the vacuum 

assisted resin transfer molding (VARTM). The materials specifications of fibre, epoxy resin, bolts 

and nuts are the same as used in [26, 27]. Two different stacking sequences were designed, namely 

cross-ply (CP) and quasi-isotropic (QI), whose lay-up and average thickness (after the 

recommended curing cycle of 24 h) are shown in Table 4.1. A tightening torque of 5 Nm was 

applied to each of the bolts. Single-Lap (SL) shear bolted joints with three bolts were manufactured 

according to the ASTM-D5961 standard [28]. The geometrical configuration of the joint is shown 

in Figure 4.1. 

Table 4.1: Stacking sequences and tensile strength of the manufactured laminates. 

Code Lay-up Plies 

Average 

thickness, 

t (mm) 

Tensile strength as per 

ASTM D3039. (MPa) 

CP8 [(0/90)/(0/90)/(0/90)/(0/90)]s 8 
1.65  

854 

QI8 [(0/90)/(±45)/(0/90)/(±45)]s 8 592 

CP12 [(0/90)/(0/90)/(0/90)/(0/90)/(0/90)/(0/90)]s 12 
2.63  

800 

QI12 [(0/90)/(±45)/(0/90)/(±45)/(0/90)/(±45)]s 12 579 

 

Figure 4.1: Specimen geometry and dimensions, d is the hole diameter and t is the thickness of 

the composite panel. 

t d = 6.35 mm 

W = 38.1 mm

W
x

y
Doubler

19.05 mm 

215.9 mm 

38.1 mm 38.1 mm 19.05 mm 25.4 mm 76.2 mm 

t = 1.6 mm(8 layers)
        2.6 mm(12 layers) d = 6.35 mm 
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Because DIC method was employed in this study, prior to fastening the bolts, the surface 

of the specimens was prepared to generate a random gray intensity distribution, that is, a random 

speckle pattern. First, to remove any dust and debris, the surface was cleaned using isopropyl 

alcohol; subsequently, a white background was painted with white spray paint. Next, a black 

speckle pattern was applied onto the white specimens using black archival ink and a roller stamp 

with dot sizes of 0.026 inches in diameter.  

4.3.1.2 Test setup and procedure 

For each category of the SL bolted joints investigated, at least four identical specimens 

were tested under tension loading at a constant standard cross-head displacement rate of 2 mm/min. 

All mechanical tests were performed on a servo-hydraulic MTS testing machine model 810 with a 

100 kN load cell.  For all tests, 3D DIC was implemented to measure the OPD of the joint surfaces. 

The basic principle of DIC is based on tracking the random pattern on the specimen surface, which 

is performed by matching the local distribution of the pixel concentration, i.e. the subsets, between 

undeformed and deformed images during a specific time interval. Surface deformation is 

computationally attained by optimizing a least-squares or cross-correlation function to evaluate the 

similarity degree between the undeformed specimen and the corresponding deformed specimen in 

terms of grayscale intensity values [29]. A set of two charge-coupled device (CCD) cameras was 

mounted vertically on an aluminum extrusion guide bar, and right in front of the specimen such 

that the specimen surface normal bisected the stereo angle (relative angle between two cameras) 

[30]. The 3D DIC system and software used is a Vic-3D v 7.2.4 model from Correlated Solutions 

Inc., USA.  

4.3.2 Analytical approach 

4.3.2.1 Neutral line model (NLM) 

For the analytical investigation of the SB, a one-dimensional NLM was used. Schijve [2, 

31] initially proposed this approach for calculating the ratio of bending stress over tensile stress 

(bending factor, bk ) as well as NLD (neutral line displacement), which means OPD calculated by 

the NLM. This model was governed by the advanced elastic beam theory, in which the region 

outside the overlap area and the overlap section (between the extreme bolts) were regarded as a 
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for QI and this can be related to the higher bending stiffness of CP compared to that of QI. A 

significant contribution of the NLM is displayed in Figure 4.2 (b), which compares the variation of 

the bending factor kb for the four lay-ups versus the applied tension load. For the two thicknesses 

investigated, kb is found to be higher for CP than for QI. This means that there is relatively more 

bending in CP than in QI. Considering the inherent higher stiffness of CP, at first sight, this is an 

unexpected behavior and may denote a limitation of the NLM model. However, as it will be shown 

in the next sections, this behavior is validated experimentally via appropriate 3D DIC 

measurements. Actually, according to equation (2), kb expresses the bending to extension ratio.  

Although named the «bending factor», mathematically speaking, kb is not more related to bending 

than it is related to extension. kb is a dimensionless ratio expressing the simultaneous occurrence 

of bending and extension. Bending/extension coupling is a common phenomenon which occurs in 

non-symmetric structures. Due to the definition of kb in equation (2), it can be said that a joint with 

a higher kb undergoes relatively more bending, which does not necessarily mean more out-of-plane 

deformation. In this regard, since Figure 4.2 shows that QI has more OPD but lower kb than CP, 

this means that there is relatively less bending in the QI joints. 

(a) (b)

N
LD

 (m
m

) a
t B

1

 

Figure 4.2: Effect of stacking sequence and laminate thickness on (a) NLD and (b) kb. 

4.4.2 Effect of the stacking sequence and laminate thickness on the bearing 

strength  

The bearing stress br�V  versus bearing strain br�H  diagram was used to determine the strength 

of the three-bolts SL joints in accordance with the ASTM standard D5961 [28] and the 

methodology outline in [22, 33]. The bearing stress ( br�V ) is calculated as 
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QI, has not been yet proposed, probably due to a lack of direct evidence. Such direct evidence can 

be provided by a suitable use of the 3D DIC technique as detailed in the next section. 

  

Figure 4.3: Bearing stress/strain curves of three-bolt SL joints: (a) CP12 layers, (b) QI 12 layers. 

 

Figure 4.4: Effect of stacking sequence and laminate thickness on (a) ultimate bearing strength 

(b) 2% offset bearing strength (c) joint bearing stiffness. 

4.4.3 Capture of Out of Plane Deformations (OPD) via 3D DIC  

Figure 4.5 and 4.6 show the DIC-measured OPDs for each of the four configurations 

investigated. The dashed red line within the inset pictures in Figure 4.5 and 4.6 shows the path 

along which the DIC measurements were recorded. The dashed line is located at a distance of 2d 

from the bolt center, where d is the bolt-hole diameter. For the face of interest of the joint, the three 

bolts are labeled as B1, B2, and B3. B1 is the bolt near the free edge, B2 is the central bolt, and B3 

is the bolt near the side of the grip. Within this context, it was observed that for all the tests 

performed, fracture always occurred at B3 via a net tension fracture mode, as reported recently in 

[27]. To highlight the SB at increasing load levels, the OPD was plotted for 25%, 50%, and 75% 
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of the failure load (FL). In all the diagrams, the left plot shows the OPD values obtained from the 

3D DIC of the dashed red line, and the right plot shows the colorful displacement nephogram. It is 

noteworthy that the colored bands are not horizontal; this is an indication of the occurrence of a 

twisting phenomenon (See Appendix A for details). 
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Figure 4.5: Out-of-plane displacements of three-bolt single lap cross-ply (CP) joints at different 

load levels: (a) 8 layers and (b) 12 layers. 
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with a large overlap length. This asymmetric behavior is likely to be generated owing to (a) twisting 

in the joints, (b) bolt tilting/slanting, (c) the bolt-hole clearance, (d) defects introduced in the 

manufacturing process, and (e) the brittle behavior of composite materials. Noteworthy, the thicker 

joints display more symmetry. 

For a given laminate configuration (QI or CP), Figure 4.5 and 4.6 are plotted with the same 

scale to capture the severity of the OPD in thin and thick plates. The OPDs measured by DIC 

(Figure 4.5 and 4.6) show that the curve of thick laminates exhibits rather smooth and moderate 

deflections, whereas that of the thinner laminates experienced more severe local and overall 

deformations because they were more prone to bolt tilting. This would generate nonlinear 

deflections on the bolt hole and eventually results in a noticeable induced fluctuation in the SB 

curves, particularly between the extreme bolts (B1 and B3). With regard to the laminate lay-up, QI 

underwent noticeable warping primarily around the bolts, as shown in the OPD curves, compared 

with CP, which can be attributed to the lower bending stiffness of the QI laminates.  

Figure 4.7 is another visualization method to illustrate SB in a 3D space. In such an 

illustration, the bump-like deformation near the B3 bolt is captured accurately. In Figure 4.7, the 

3D-view was reconstructed using pixel data values of the surface of interest from the Vic-3D data 

acquisition. An artificial surface was passed through the point cloud using MATLAB post-

processing. The mesh grid of the surface combined with the colorful counter plot distinctly 

exhibited the induced local/overall deformation and curvature of the joint surface. The effect of 

bolt rotation on the surface deformation was evident in all three fasteners.  

In bolted joints, as the load is increased, the bolt tilts and the bolt head applies pressure on 

the joint surface through the washer. Consequently, the area below all three fasteners underwent a 

localized depression and formed a concavity deformation, whereas the area above the bolts bulged 

out, which can be observed clearly in the 3D and X-Z views as well. The mentioned deformation, 

which is another demonstration of the bearing stress effect, occurred near all three fasteners and 

was more appreciable around B3, where the net tensile fracture mode occurred. The induced 

waviness on the laminate surfaces arising from the depression and lumping, was more noticeable 

in the thinner plates. This may be attributed to the higher pliability and lower flexural rigidity of 

the eight-layer laminate. 
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Figure 4.7: 3D nephogram of out-of-plane displacement of (a) cross-ply (CP) 8 and (b) CP 

12 configurations. 

4.4.4 Quantification of the bending factor  

In section 4.4.1, the NLM (Figure 4.2) predicted that QI has more OPD but lower bk  than 

CP and this means that there is relatively less bending in the QI joints. Concurrently, in section 

4.4.2, it was shown that SLJ made of CP laminates displays a surprisingly lower bearing strength 
br�V  than SLJ made from QI laminates. It was proposed that the effect of secondary bending 

expressed by bk  may be a contributing factor in the pronounced loss of resistance observed in SLJ 

made of CP. This section intends to provide the experimental equivalent of Figure 4.2 in terms of 

OPD and bk  (secondary bending). Equation (4.1) defines bk  as the ratio of bending to axial 

deformations. For the purpose of this investigation and with regard to the available experimental 

3D-DIC data, bk  is being defined as: 

b OPD tk d�G�  (4.5) 

where 
OPD�G  is the amplitude of out-of-plane displacement provided by the DIC data (Figure 4.5 and 

Figure 4.6) and 
td  is the corresponding axial tensile displacement. The 

OPD�G  and 
td  for the four 

laminate configurations as function of the applied load are presented in Table 4.2.  The 
OPD�G  in 

Table 4.2 are measured between the two extreme bolts and the 
td  is also measured between the 

two extreme bolts. The data from Table 4.2, served to construct Figure 4.8 (a) and (b), which 

respectively represent the variation of the 
OPD�G  and the bending factor as function of the applied 

W (mm) W (mm) 
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load. As it can be seen, the general pattern behavior depicted by Figure 4.8 (a) is equivalent to 

Figure 4.2 (a) and Figure 4.8 (b) is equivalent to Figure 4.2 (b). Figure 4.8 (a) shows that most of 

the secondary bending materialized by 
OPD�G  occur in the early stages of the loading. The 

OPD�G almost 

stabilizes after 50% of the failure load. Also, the fact that bending induces interlaminar shear 

stresses (ILS) can trigger premature failure should be taken into account. Actually, this behavior is 

the foundation of the well-known standard short-beam-shear test that measures the ILS strength. 

Consequently, it can be postulated that because of the induced bending, interlaminar shear cracks 

develop at the early loading stages and trigger the damage that subsequently weaken the joint 

strength. It is also remarkable to notice that while according to Figure 4.4 the joint bearing stiffness 

for CP is almost double that of QI, adversely, in terms of induced secondary bending, Figure 4.8 

(a) indicates that the 
OPD�G  in CP is only slightly lower than in QI. Yet, the ratio /OPD td�G  is 

significantly higher for CP compared to QI. From a beam theory standpoint [35], acknowledging 

a relatively high bending displacement combined to a high stiffness indicates that occurrence of 

high bending stresses. High bending stresses generates high interlaminar shear stresses. All these 

indications contribute to support the fact that the interlaminar shear stresses are higher in CP than 

in QI and explains why SLJ made of CP laminates displays a surprisingly lower bearing strength 
br�V  than SLJ made from QI laminates.  

The present finding can be used to explain the behavior reported by Skorupa et al [13]. 

Reporting on the effect of secondary bending for riveted lap joints, Skorupa et al  [13] noticed that 

reducing the thickness of the sheets and increasing the distance between rivet rows lead to 

considerably longer fatigue lives. The geometry effect described by Skorupa et al [13] can be 

explained by the well known effect of the length-to-thickness ratio in bending [36] where it is 

shown that larger length-to-thickness ratio do not favor interlaminar shear stresses. In other words, 

the increased spacing decreased the SB, which in turn disadvantaged the interlaminar shear 

stresses, a source of premature failure. 
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Table 4.2: Effect of the laminate thickness and stacking sequence on the bending factor. 

  QI-8 QI-8 QI-8   CP-8 CP-8 CP-8 

  25% FL 50% FL 75% FL   25% FL 50% FL 75% FL 

OPD�G , mm 0.49 0.76 0.85  OPD�G , mm 0.44 0.61 0.63 

td , mm 0.47 1.38 2.69  
td , mm 0.29 0.90 1.56 

/OPD td�G  1.04 0.55 0.31  /OPD td�G  1.51 0.68 0.40 

  
 
  

 
    

  QI-12 QI-12 QI-12   CP-12 CP-12 CP-12 

  25% FL 50% FL 75% FL    25% FL 50% FL 75% FL 

OPD�G , mm  0.73 1.02  1.10  OPD�G , mm  0.56 0.87 1.02 

td , mm  0.56 1.34  2.16   td , mm  0.36 0.90  1.56  

/OPD td�G   1.29 0.76  0.51   /OPD td�G   1.55 0.97  0.65  

 

(a) (b) 
 

Figure 4.8: Effect of the laminate thickness and stacking sequence on: (a) 
OPD�G  and (b) the 

bending factor. 
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4.5 Conclusion 

Literature reports several studies on the relative weakness of single-lap bolted joints of laminated 

composites, however, the existing knowledge is not yet enough to establish a complete 

understanding of this subject. For example, the tensile strength of composite cross-ply laminates 

(CP) is higher than that of quasi-isotropic laminates (QI) due to the higher ply content of 0°. From 

standard Open-Hole-Tension (OHT) and Filled-Hole-Tension (OHT) tests, it is observed that the 

strength of CP laminates is so affected that it becomes comparable to that of QI laminates. This 

behavior is explained by the higher notch sensitivity of CP laminates. However, when these 

laminates are tested for the tensile strength of multi-bolt single-lap joints (SLJ), the strength of 

joints made from CP laminates is significantly lower than that from QI laminates. Clearly, the 

higher notch sensitivity of CP laminates does not fully explain the extent of their strength reduction 

in an SLJ configuration. This investigation is based on the hypothesis that one of the phenomena, 

which contributes to this inverted behavior, is the induced secondary bending (SB) in the SLJ. This 

investigation combines analytical and experimental methods to prove this hypothesis. The 

secondary bending (SB) of single lap (SL) three-bolt carbon/epoxy composite joints was 

investigated via 3D DIC as a function of stacking sequence and laminate thickness. To characterize 

this effect analytically, a neutral line model (NLM) was used. 

The results obtained show that: 

- NLM results demonstrated that thicker joints exhibited larger out-of-plane displacement 

(OPD) and bending factor ( bk ). This behavior was verified by the DIC measurements. 

- NLM results demonstrated for the same thickness, quasi-isotropic (QI) exhibited a larger 

OPD than cross-ply (CP) but lower bending factor ( bk ). This behavior was verified by the 

DIC measurements. 

- Although named the «bending factor», mathematically speaking, bk  is not more related to 

bending than it is related to extension. bk  is a dimensionless ratio expressing the 

simultaneous occurrence of bending and extension. A joint with a higher bk  undergoes 

relatively more bending, which does not necessarily mean more out-of-plane deformation.  

- The joint bearing stiffness for CP is almost double that of QI. However, induced secondary 

bending is higher for CP compared to QI. These features indicate that the interlaminar shear 
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stresses are higher in CP than in QI and explains why SLJ made of CP laminates displays 

a surprisingly lower bearing strength br�V  than SLJ made from QI laminates. 

- Both the NLM and the DIC results show that most of the out-of-plane displacement occur 

in the early stages of the loading. Consequently, it is postulated that because of the induced 

bending, interlaminar shear cracks develop at the early loading stages and trigger the 

damage that subsequently weaken the joint strength.  

4.6 Acknowledgments 

The authors acknowledge the financial support provided by the Natural Sciences and Engineering 

Research Council of Canada (NSERC) and the Consortium for Research and Innovation in 

Aerospace in Quebec (CRIAQ). We also thank Bombardier Aerospace, L-3 Communications and 

Delastek Aeronautique Inc. for their valuable support. 

4.7 References 

[1] J. Ekh, J. Schön, L.G. Melin, Secondary bending in multi fastener, composite-to-aluminium 

single shear lap joints, Composites Part B: Engineering 36(3) (2005) 195-208. 

doi:https://doi.org/10.1016/j.compositesb.2004.09.001. 

[2] J. Schijve, Some elementary calculations on secondary bending in simple lap joints, Nationaal 

Lucht-en Ruimtevaartlaboratorium, 1972. 

[3] A. Hartman, J. Schijve, The effect of secondary bending on the fatigue strength of 2014-T3 

Alclad riveted joints, Nationaal Lucht-en Ruimtevaartlaboratorium, 1969. 

[4] D. Schütz, H. Lowak, The effect of secondary bending on the fatigue strength of joints, Report 

FB-113, Darmstadt: Laboratorium für Betriebsfestigket  (1974). 

[5] L. Jarfall, Shear loaded fastener installations, International Journal of Vehicle Design 7(3-4) 

(1986) 337-380. doi:https://doi.org/10.1504/IJVD.1986.061155. 

[6] R.P.G. Muller, An experimental and analytical investigation on the fatigue behaviour of 

fuselage riveted lap joints: The significance of the rivet squeeze force, and a comparison of 2024-

T3 and Glare 3,  (1997). 

[7] T. Ireman, Three-dimensional stress analysis of bolted single-lap composite joints, Composite 

structures 43(3) (1998) 195-216. doi:https://doi.org/10.1016/S0263-8223(98)00103-2. 







58 

[26] F. Gamdani, R. Boukhili, A. Vadean, Tensile strength of open-hole, pin-loaded and multi-

bolted single-lap joints in woven composite plates, Materials & Design 88 (2015) 702-712. 

doi:https://doi.org/10.1016/j.matdes.2015.09.008. 

[27] F. Gamdani, R. Boukhili, A. Vadean, Tensile behavior of hybrid multi-bolted/bonded joints 

in composite laminates, International Journal of Adhesion and Adhesives 95 (2019) 102426. 

doi:https://doi.org/10.1016/j.ijadhadh.2019.102426. 

[28] ASTM-D5961/D5961M-13, Standard Test Method for Bearing Response of Polymer Matrix 

Composite Laminates, ASTM International, 100 Barr Harbor Drive, PO Box C700, West 

Conshohocken, PA 19428-2959. United States, 2013. 

[29] S.H. Daly, Digital image correlation in experimental mechanics for aerospace materials and 

structures, Encyclopedia of Aerospace Engineering  (2010). 

doi:https://doi.org/10.1002/9780470686652.eae542. 

[30] H. Schreier, J.-J. Orteu, M.A. Sutton, Image correlation for shape, motion and deformation 

measurements, Springer US2009. 

[31] J. Schijve, Fatigue of structures and materials, Springer Science & Business Media2001. 

[32] A. Skorupa, M. Skorupa, Riveted lap joints in aircraft fuselage: design, analysis and properties, 

Springer Science & Business Media2012. 

[33] M. McCarthy, V. Lawlor, W. Stanley, C. McCarthy, Bolt-hole clearance effects and strength 

criteria in single-bolt, single-lap, composite bolted joints, Composites science and technology 

62(10-11) (2002) 1415-1431. doi:https://doi.org/10.1016/S0266-3538(02)00088-X. 

[34] J. Hu, K. Zhang, Q. Yang, H. Cheng, P. Liu, Y. Yang, An experimental study on mechanical 

response of single-lap bolted CFRP composite interference-fit joints, Composite Structures  (2018). 

doi:https://doi.org/10.1016/j.compstruct.2018.05.016. 

[35] P.K. Mallick, Fiber-reinforced composites: materials, manufacturing, and design, CRC 

press2007. 

[36] R. Boukhili, P. Hubert, R. Gauvin, Loading rate effect as a function of the span-to-depth ratio 

in three-point bend testing of unidirectional pultruded composites, Composites 22(1) (1991) 39-

45. doi:https://doi.org/10.1016/0010-4361(91)90101-L. 

 

 





60 

5.2 Introduction 

Composite structures have the advantage of maintaining the integrity of a structure by 

allowing for the production of large and complex components by simple molding, unlike 

conventional metal structures, which require numerous joints. However, it does not deny the need 

for joints in composite structures. Reliable applications of composite materials highly depend on 

using suitable choices for the joining technique as well as laminate lay-up, which are essential for 

providing safe load-transfer mechanisms and higher mechanical joint efficiencies [1, 2]. There are 

three main types of joints in composite structures: mechanically fastened, adhesively bonded, and 

hybrid bolted-bonded (HBB) joints. The former two joining methods have been widely studied for 

many years, while the latter is still in the early stages of research and development; therefore, it 

requires extensive research to achieve scientific maturity [3].  

Studies concerning bolted-bonded composite joints started in the 1980s, with a series of 

works by Hart-Smith [4-6]. In 2001, Fu and Mallick [7] studied the fatigue responses of HBB 

composite joints, and their results showed that hybrid joints have higher static failure loads and 

longer fatigue lives than adhesive joints. Kelly [8, 9] conducted comprehensive research on single-

lap (SL) single-bolted hybrid composite joints, where the load distributions, strengths, and fatigue 

lives of the hybrid composite joints were analyzed. Analytical models were developed to evaluate 

the stress [10], predict load transfer in bolts and adhesive joints, and predict the strengths of the 

bolted-bonded composite joints [11]. Bodjona et al. [12-16] conducted studies on the mechanical 

behaviors of composite bolted-bonded SL single-bolt joints. A developed computational model 

showed that significant load sharing occurred in HBB joint, with the bolt carrying up to 40% of the 

overall applied load [12]. It was found that the adhesive yield strength is the single most important 

factor in load sharing [13], and such load sharing could be improved using an interference fit [15]. 

Their recent study showed that for high-compliance adhesives, the addition of fasteners 

significantly delayed initial failure [16]. Experimental and finite element (FE) studies on multi-bolt 

thin HBB double lap joints and thick HBB step lap joints were performed by Chowdhury et al. [17-

19], who concluded that in HBB step lap joints, placing fasteners closer to the ends of the overlap 

was vital to suppressing the peak peeling stresses and delaying the effects of early crack initiation 

[18]. Moreover, the bolts may also act as adhesive bond failsafe mechanisms to prevent sudden 

catastrophic failures [19]. The design of experiments (DOE) by Lopez-Cruz et al. suggested that in 
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5.3 Experimental procedure 

5.3.1 Material and specimen preparations 

Carbon-fiber-reinforced epoxy (CFRE) panels were manufactured by the Vacuum Assisted 

Resin Infusion (VARI) process using the epoxy resin Araldite Renlnfusion 8601/Ren 8602 

provided by Huntsman Advanced Materials Americas. In this study, the CFRE composite 

laminates were composed of either 8 or 12 layers of the 3K plain weave carbon fabric having a 

surface weight of 193 g/m2 (5.7 oz/yd2) [22, 30]. Two different laminate stacking sequences were 

designed, namely cross-ply (CP) and quasi-isotropic (QI) sequences, whose lay-up and average 

thickness (after the recommended curing cycle of 24 h) are given in Table 5.1. 

Table 5.1: Stacking sequences of the manufactured laminates. 

Code Lay-up Plies Average thickness (t, mm) 

CP8 [(0/90)/(0/90)/(0/90)/(0/90)]s 8 
1.65 

QI8 [(0/90)/(±45)/(0/90)/(±45)]s 8 

CP12 [(0/90)/(0/90)/(0/90)/(0/90)/(0/90)/(0/90)]s 12 
2.63  

QI12 [(0/90)/(±45)/(0/90)/(±45)/(0/90)/(±45)]s 12 

 

In the lay-up displayed above, (0/90) or (±45) indicates a single layer of each woven ply, 

which is fabricated from weft yarns woven over and under the warp thread. For all the composite 

laminates, the warp side was oriented toward the zero direction. The QI lay-up involves 45° fiber 

placement; thus, a (0/90) cut woven fabric is simply rotated to obtain the (±45) orientation [30]. 

Single-shear multi-bolted joints were designed and manufactured according to ASTM-

D5961 [31]. To fasten the two parts in SL only bolted (OB) joints, steel hex head shear bolts 

(NAS6204-4) of diameter 6.35 mm as well as nuts (MS21042-4) and cadmium-plated steel washers 

(NAS1149F0463P) of internal diameter 6.73 mm and external diameter 12.70 mm for both the 

head and nuts sides were utilized. A tightening torque of 5 Nm was applied to each bolt using the 

Tohnichi Dial Torque Wrench DB25N-S. A specialized carbide drill of diameter 6.35 mm, obtained 
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from YG-1 America, Inc., was used to drill the CFRP specimens. Additionally, a wooden sacrificial 

back-up plate was placed under the specimen to prevent delamination or laminate defects upon 

push-out of the drill. The only difference between the OB and HBB joints is the application of an 

adhesive between the faying surfaces. The adhesive used for these joints was the same epoxy resin 

used to manufacture the composite laminate [22]. For all bonding purposes, a mat surface was used 

because the application of the peel ply resulted in a sufficiently rough surface texture, which 

provided the desired bonding characteristics for the faying surfaces.  

Obtaining an approved bonding between the joint components requires a controlled system 

to exert uniform pressures on both surfaces, to allow uniform propagation of the epoxy between 

the two mat faces. To achieve this, the joint assembly was wrapped in a vacuum bag to provide 

uniform pressure. Throughout this paper, prefixes OB and HBB are used to indicate the laminate 

code, e.g., HBB-QI8, to specify the class of configuration as either OB or HBB joint, respectively. 

The geometrical configurations of the SL OB and HBB composite joints are shown in Figure 5.1. 

The composite panels were bonded to the specimens as doublers; further, the specimen surface 

preparation for DIC testing is outlined in [28]. 

 

Figure 5.1: Specimen geometry and dimensions used for OB and HBB SL joints. 
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5.3.2 Test set-up and procedure 

For each category of OB and HBB SL joints, at least four identical specimens were tested 

at a constant standard cross-head displacement rate of 2 mm/min under ambient conditions. All 

mechanical tests were performed on a servo-hydraulic MTS testing machine (model 810) with a 

load capacity of 100 kN. In this study, the 3D-DIC method was used extensively to measure the 

full-field strains and out-of-plane displacements of the surfaces of interest. The principle of this 

optical non-contact measurement technique is based on tracking (or calculating) random patterns 

on the specimen surfaces via matching the local distributions of pixel concentrations, i.e., subsets, 

between the un-deformed and deformed images during specific time intervals. The surface 

deformation is computationally achieved by optimizing a cross-correlation or least-squares 

function to evaluate the degree of similarity between the undeformed and deformed specimens in 

terms of grayscale intensity values [32]. The 3D-DIC system and software used were the Vic-3D 

v 7.2.4 model from Correlated Solutions Inc. (CSI), USA. 

When mounting the DIC setup, once the tripod, cameras, lighting locations are determined 

and the cameras focus and aperture have been adjusted, calibration should be performed. The 3D 

calibration procedure calculates variables about the camera imaging and geometry in order to 

calibrate the intersection of two optical rays formulated in a common coordinate system, known as 

being a stereo-triangulation process [33]. This requires choosing an appropriate calibration panel 

(dotted panels supplied by the manufacturer), the size of which should approximately fill the field 

of view. The selected calibration panel is placed at the location of the specimen (in between the 

grips), then moved manually in the three axes of translation, and rotated around all the three axes, 

while an average of six images per axis are captured. Based on the knowledge of the calibration 

panel geometry, the calibration system has recognition software that identifies the correspondences 

between target points from the captured images [33]. This also allowed the DIC software to locate 

each individual target point in 3D space. When the calibration process completed, the software 

gives the calibration score which is recommended from the company to have a 0.05 score and 

below. For all the performed tests, an accepted and very low score were achieved which guaranties 

good quality results. 

Furthermore, the two charge-coupled device (CCD) cameras of the 5 megapixel Pointgrey 

Grasshopper type were used, having pixel sizes of 3.45 µm for the camera sensors. However, the 
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(a) (b) 
 

Figure 5.3: Axial strains from the DIC and longitudinal strain gauge (SG-L) versus (a) applied 

stress, and (b) time. 

5.4.2 Strength characteristics of the investigated composite laminates and 

fastened assemblies 

Table 5.2 summarizes all the test results in terms of strength and from three parts. Part-1 

includes the unnotched Tensile Strength (TS), the Open-Hole-Tension (OHT), OB, and HBB parts. 

Part-2 shows the values of the OHT, OB, and HBB normalized by TS. Part-3 reports the OB and 

HBB values normalized by the OHT strength. All these properties are reported for cross-ply (CP) 

and quasi-isotropic (QI) configurations and for two laminate thicknesses (8 and 12 plies). 

 

Table 5.2: Strength characteristics of the investigated composite laminates and fastened 

assemblies. 

 Part 1  Part 2  Part 3 

 TS 

strength 

in MPa 

(STD) 

OHT 

strength 

in MPa 

(STD) 

OB 

strength 

in MPa 

(STD) 

HBB 

strength 

in MPa 

(STD) 

 

OHT/TS OB/TS HBB/TS  OB/OHT HBB/OHT 

Increase 

of HBB 

vs OB 

CP8 
854 

(30) 

455 

(10) 

279 

(9) 

559 

(11) 
 53% 33% 65%  61% 123% 100% 

QI8 
592 

(9) 

384 

(7) 

326 

(11) 

494 

(16) 
 65% 55% 83%  85% 129% 52% 
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CP12 
800 

(15) 

406 

(8) 

289 

(7) 

443 

(10) 
 51% 36% 55%  71% 109% 53% 

QI12 
579 

(9) 

364 

(8) 

317 

(6) 

392 

(17) 
 63% 55% 68%  87% 108% 24% 

 

 

The most notable feature of Part 1 of Table 5.2 is the fact that with regard to the bolted 

joints, QI laminates exhibit higher strengths than CP laminates. Therefore, if a woven laminate 

composite part is intended to be bolted, the QI configuration should be preferred. This also means 

that the standard OHT resistance is not a reliable indicator of the bolted joint behavior as might 

sometimes be suggested [35]. In other words, the behavior of the bolted joint is not only controlled 

by the presence of the hole and its related stress concentration but also controlled by the secondary 

bending phenomena and associated early delamination, as reported recently [28]. Interestingly, 

Table 5.2 shows that the addition of the adhesive (HBB) restores the strength rankings of the CP 

joints over QI (4th column of Part-1). This behavior suggests that hybridization has two positive 

effects: (a) it relieves the stress concentration around the bolts and delays damage initiation and 

thereby the final fracture [22]; (b) it diminishes the secondary bending phenomena and hence the 

associated deleterious effects. Although these may initially seem logical, these explanations are 

only hypotheses and must be demonstrated experimentally, which is precisely the purpose of using 

DIC measurements in section 3.4. The purpose of normalization in Part-2, is to determine the stress 

concentration variation for each situation (OHT, OB, and HBB). Usually, the severity of stress 

concentration is judged using the OHT/TS ratio; accordingly, it is clear that the CP type is more 

notch sensitive than the QI type.  

The purpose of OB/OHT normalization is to introduce additional mechanisms (other than 

stress concentration around the hole) that are specifically associated with OB SL joint conjugations. 

The additional mechanisms are the bearing contact and secondary bending phenomena, and their 

impacts are equivalent to that of the stress concentration around the hole. The purpose of 

HBB/OHT normalization is to determine the extent to which the presence of the adhesive helps 

bypass the deleterious effects of stress concentration around the hole and secondary bending, 
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thereby improving the joint strength. The multi-bolted joint retains only one-third of the tensile 

strength of the pristine material, as seen for thin cross-ply plates (CP8). However, if an adhesive is 

added (HBB), the strength retention is doubled for thin plates. Another proof of the effectiveness 

of hybridization in thinner joints is shown in Figure 5.4. Observations of the fracture surfaces 

illustrate that the failure modes in both HBB-CP12 and HBB-QI12 (Figure 5.4 (b) and (d)) are a 

combination of cohesive and adhesive failures, while that of the 8-layer is a combination of 

cohesive and light-fiber-tear failure (LFTF) (Figure 5.4 (a) and (c)). The LFTF occurs lightly within 

the fiber-reinforced plastic (FRP) adherend near the surface, which is characterized by a thin layer 

of the FRP resin matrix visible on the adhesive and ruptured surfaces [36]. Therefore, the LFTF 

mode indicates efficient stress transfer between the two joint members.  

(a) (b) (c) (d)  

Figure 5.4: Failure modes in (a) HBB-CP8, (b) HBB-CP12, (c) HBB-QI8, and (d) HBB-

QI12. 

5.4.3 Surface strain distribution in OB and HBB joints 

In a previous investigation [22] related to OB and  HBB joints with three bolts, it was 

reported that the final fracture always started on the outer bolt located on the grip side (Figure 5.5), 

and in the case of the HBB, the central bolt did not seem to bear any load. These behaviors can be 

analyzed systematically using the 3D-DIC technique, where the two cameras and associated 

software allow three dimensional measurements of the shapes, displacements, and deformation 

fields of the test specimens. It is also expected that 3D-DIC analysis will provide a straightforward 

explanation for the dramatic strength decreases of CP laminates compared to those of QI laminates 

when used in bolted joints (Table 5.2). These aspects are discussed in detail in the following four 

subsections. Subsection 5.4.3.1 the evolution of the axial strain in the overlap region; subsection 

5.4.3.2 focuses on the strain distribution under the external bolt associated with joint failure; 

subsection 5.4.3.3 illustrates the balance between the bypass and bearing loads in the OB and HBB 
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Figure 5.17: Comparison of transversal OPDs in OB and HBB joints at B3: (a) CP12 and 

(b) QI12. 

5.5 Conclusion 

In this study, 3D digital image correlation (3D-DIC) was employed to experimentally 

investigate the influence of hybridization (applying adhesive in bolted joints) on the responses of 

single-lap three-bolt carbon/epoxy composite joints. The configurations evaluated included two 

well-known stacking sequences, namely cross-ply (CP) and quasi-isotropic (QI) types, for two 

thicknesses of 8 and 12 layers. The objective was to investigate the effects of hybridization on the 

strengths, surface strain distributions, and secondary bending (SB) of the tested configurations. The 

DIC results contributed to enriching the knowledge in this regard. The following conclusions can 

be drawn from the experimental results. 

- If a structure has to be bolted, it is preferable to choose a QI material unless hybridization, as the 

HBB/OB strength ratio of CP is almost twice that of QI. Moreover, the results showed that 

hybridization was better for thin joints than thick joints. 

- DIC results showed that hybridization eased the all-round strain/stress distribution as well as the 

bearing action, while noticeably relieving the stress concentration around the holes, thereby helping 

CP joints sustain more strength than QI by approximately 13.5%. Nevertheless, QI has better 

bearing performance than CP, which favors QI for bolted joint applications.  

- The axial strain curve of the bearing plane of each bolt showed no advancement in bearing 

response and indicated almost no load sharing via the bolts in the HBB joints. Furthermore, it was 

found that hybridization delayed damage initiation, which decelerated the failure process. 
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- In applications where SB occurrences are more probable, hybridization is highly recommended 

as the adhesive decreases SB significantly; further, it has better impact on thinner joints. This 

enables joints to preserve their stiffness and strength by minimizing the interlaminar shear stresses. 

Moreover, hybridization allowed better performance for thicker joints in terms of twisting 

reduction. 

- The OHT resistance of CP is greater than that of QI but the reverse occurs in the case of OB 

joints. However, in the case of HBB joints, the superiority of CP is restored. 

Finally, it was also noted that 3D-DIC could be a powerful tool to assess the balance between 

bypass and bearing loads, which is important for the behavioral analyses of fastened joints. Further, 

3D-DIC can help better understand the fastening parameters, such as the effects of the bolt-hole fit 

conditions, clearance, interference, preloads, friction, and lubrication. The suggested topics are the 

scopes for future work to acquire more knowledge regarding the behaviour of SL multi-bolt 

composite joints via DIC technology. 
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6.2 Introduction 

Carbon-fiber reinforced polymer (CFRP) composites are widely used in primary structures 

of aircraft, ships, and other applications where high reliability must be maintained during either 

short-term or long-term operations. This is due to the excellent specific mechanical properties of 

CFRP materials, such as light weight, high strength, low thermal and electrical conductivity, and 

high corrosion resistance [1, 2]. Three main classes of joining are used to connect thermoset 

composite components: mechanical fasteners, adhesive bonding, and hybridization of the two [3]. 

However, the presence of joints increases the flexibility of the entire structure. The added flexibility 

leads to not only the elongation of the hole and the associated bearing damage, but also the 

deformation/rotation of the bolt [4].  

Several studies have addressed the hole elongation of open and filled hole specimens. 

Sawicki and Minguet [5] studied the failure mechanisms of open and filled holes in carbon/epoxy 

laminates under compressive loads. The addition of a fastener to an open hole specimen creates a 

load path, called a through-fastener load path, which reduces the deformation around the hole as 

the bolt takes up the majority of the load. This, in turn, reduces the amount of compressive 

deformation that the hole exhibits. Sola et al. [6] investigated the damage mechanisms of pin-

bearing carbon-fiber composite laminates by considering the displacement of the pin. They found 

that a large notch elongation may promote the transition from bearing failure to either shear-out or 

cleavage failure. Saleh et al. [7] studied the effect of a circular hole in open-hole tensile (OHT) 

carbon-fiber woven composites by incorporating digital image analysis (DIC), which could 

properly capture the hole elongation of the specimen as it underwent uniaxial tension until failure. 

Junshan et al. [8] examined the effect of strain on the hole circumference of OHT composite 

laminates. By utilizing DIC, strain values around the hole were plotted as a function of the angular 

position with respect to the direction of the applied load. Using these strain values, the elongation 

of the hole can be calculated. 

In the fatigue testing of a joint structure, the hole elongation after N cycles is calculated by 

subtracting the displacement at the first cycle from that at the Nth cycle [9]. The results obtained 

previously demonstrated that one of the reasons for bearing failure is the significant elongation of 

the joint hole, and a high clamp-up torque results in small hole elongations. Strain gauges installed 

between the blot rows of a multi-bolted joint can be used in quasi-static and fatigue testing to 
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analyze the strain distribution and load transfer [10, 11]. The measurements could also be 

considered as a representation of the hole elongation as well. Girard et al. [12] measured hole 

elongation using an extensometer and showed that the composite lay-up can affect the hole 

elongation in such a manner that angle-ply and quasi-isotropic (QI) lay-ups present similar hole 

elongations that are larger than the cross-ply (CP) hole elongation. Hole elongation was considered 

the ultimate failure mode in the fatigue testing of double-lap, multi-bolt composite joints [13]. It 

was found that in joints with a loose-fit hole, hole elongation commenced sooner, and clearance 

had the greatest effect on failure initiation but a lower effect on ultimate failure. Another fatigue 

testing result showed that long fiber-reinforced leaf spring joints experienced a lower hole 

elongation than unreinforced or short fiber reinforced for all stress levels tested [14]. Wei et al. 

[15] considered the bolt-hole elongation (BHE) reaching 4% of the hole diameter as an indication 

of composite joint failure in fatigue testing. Their results showed that neat fit joints experienced 

the least BHE compared to other interference fits.  

Li et al. [16] experimentally found that the BHE increases as the number of fatigue cycles 

increases, while it decreases gradually with an increase in interference-fit sizes. X-ray images were 

used to observe the hole elongation in the single-lap (SL) composite joint. The results showed that 

the advent of hole elongation is more evident in countersunk fasteners than in non-countersunk 

fasteners because of the additional compressive deformation induced by the countersunk head of 

the bolt [17]. The cyclic loading of a composite joint revealed that an abrupt increase in BHE 

occurred in high-clamp-up torqued configurations, whereas for the low-clamp-up configurations, 

a gradual BHE increase was observed [18]. An improved finite-element (FE) model for single-bolt 

SL composite joints was developed by Liu et al. [19]. A good agreement was obtained between the 

bolt-hole deformation measurement using an extensometer and the FE simulation, which validated 

the effectiveness of the adjusted 3D FE model. 

The combined effects of fatigue loading and seawater ageing on the bearing performance 

and failure mechanism of SL composite bolted joints were studied by Zhang et al. [20], and they 

found that the hole elongation, under quasi-static loading, for fatigue-tested specimens was 

noticeably smaller than that of non-fatigued specimens. Sajid et al. [21] investigated the role of 

washer size on the BHE of an SL basalt composite joint. A significant hole elongation was observed 

for larger washer configurations, but no apparent hole elongation was observed for small washer 

configurations. A computed tomography (CT) scan of an SL riveted woven carbon composite joint 
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showed that growth in the hole diameter due to hole elongation had its maximum values at the top 

plies, while it decreased step-wise while moving in the thickness direction to the middle plane and 

then the bottom plies [22]. CT and scanning electron microscopy (SEM) images also contributed 

to the observation of fiber kinking and wedge matrix cracking. The interaction of these damage 

modes leads to the formation of through-thickness shear cracks, the propagation of which causes 

permanent bolt-hole deformation [23].  

While hole elongation is of significant concern in cyclic loading and researchers have 

focused excessively on it, the hole elongation of fatigue-tested composite joints was observed to 

be remarkably smaller than that of tensile-tested joints [20]. Therefore, it is important to investigate 

the hole-elongation phenomenon and its effects on the mechanical behavior of multi-bolted SL 

composite joints under quasi-static loading. However, in the literature, experimental measurements 

were primarily performed using displacement records of extensometers mounted on the tested 

specimen, which are always associated with some errors and inaccuracies due to the movement of 

the fixture of the tensile test machine. Therefore, the experimental measurement under quasi-static 

loading is quite challenging.  

The present study aimed to use DIC technology to precisely measure the hole-elongation 

development and its effects for different composite configurations: open-hole tension (OHT) bolted 

filled-hole tension (FHT), only bolted (OB), and hybrid bolted/bonded (HBB) SL joints. The 

chosen composite lay-ups are the two well-known types: CP and QI lay-ups, which were 

manufactured using plain weave fabrics with thicknesses of 8 and 12 layers. The obtained results 

can assist in gaining a profound understanding of the hole-elongation development and the factors 

influencing it for the aforementioned configurations. Additionally, the DIC results are expected to 

provide more details in this regard to contribute to composite joining design for different types of 

aeronautic structures. 

6.3 Experimental procedure  

Carbon-fiber epoxy laminates reinforced with epoxy were manufactured using the vacuum-

assisted resin infusion (VARI) process. The composite laminates were composed of 3K plain 

weave carbon fabric with a surface weight of 193 g/m2 and a commercial Araldite epoxy resin 

system [24]. The average thicknesses of the panels were approximately 2.6 mm and 1.6 mm for 12 

and 8 layers, respectively. The QI and CP laminate configurations were obtained by orienting the 
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woven plies, the lay-up of which is given in Table 6.1. Moreover, Table 1 lists the average recorded 

nominal strengths in unnotched tensile standard (TS), OHT, and FHT tests for CP and QI. 

 

Table 6.1: Stacking sequences and tensile strengths of the unnotched (TS), open-hole 

(OHT), and filled-hole (FHT) configurations of the manufactured laminates. 

Code Lay-up Plies 

Average 

thickness, 

t (mm), 

(STD) 

Unnotched, 

TS (MPa), 

(STD) 

Open-hole, 

OHT 

(MPa), 

(STD) 

Filled-hole, 

FHT 

(MPa), 

(STD) 

CP8 [(0/90)/(0/90)/(0/90)/

(0/90)]s 

8 

1.65 

(0.027)  

854 

(29.8) 

455 

(9.82) 

420 

(0.95) 

QI8 [(0/90)/(±45)/(0/90)/

(±45)]s 

8 592 

(9.12) 

384 

(6.76) 

366 

(0.3) 

CP12 [(0/90)/(0/90)/(0/90)/

(0/90)/(0/90)/(0/90)]s 

12 

2.63 

(0)  

800 

(15.26) 

406 

(8.4) 

442 

(1.03) 

QI12 [(0/90)/(±45)/(0/90)/

(±45)/(0/90)/(±45)]s 

12 579 

(9) 

364 

(7.98) 

358 

(1.18) 

 

The specimens corresponding to TS, OHT, and FHT tests were manufactured according to 

ASTM-D3039 [25], ASTM-D5766 [26], and ASTM-D6742 [27], respectively. Moreover, SL 

multi-bolted joints were designed and manufactured according to ASTM-D5961 [28]. The two 

parts in SL bolted joints were fastened using steel hex-head shear bolts (NAS6204-4) with a 

diameter of 6.35 mm, nuts (MS21042-4), and cadmium-plated steel washers (NAS1149F0463P) 

with an internal diameter of 6.73 mm and external diameter of 12.70 mm on both the head and side 

nuts. A tightening torque of 5 Nm was applied to each bolt using a Tohnichi Dial Torque Wrench 

DB25N-S. A specialized carbide drill bite with a diameter of 6.35 mm, provided by YG-1 America, 

Inc., was utilized to drill in the laminate coupons [3]. The HBB joints were manufactured by simply 

adding an adhesive between the faying surfaces of OB joints. The applied adhesive was the same 

as the epoxy resin used for manufacturing the composite laminate [29]. Throughout this paper, the 

prefixes OHT, FHT, OB, and HBB are added to the laminate code, for example, HBB-CP12 and 

OHT-QI8, to specify the class of configurations. The geometrical configurations of OHT, SL OB, 
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and HBB composite joints are shown in Figure 6.1. Furthermore, at least four identical coupons 

were tested for each configuration at a constant standard crosshead displacement rate of 2 mm/min. 

Uniaxial tests were conducted using a servo-hydraulic MTS machine model 810. The 810 MTS 

offers extensive testing capabilities and a load capacity of up to 100 kN. It is appropriate for fatigue, 

fracture, and monotonic tests. 

t = 1.6 mm(8 layers)
        2.6 mm(12 layers) 

t 

d = 6.35 mm 

19.05 mm 

215.9 mm 

38.1 mm 38.1 mm 19.05 mm 25.4 mm 76.2 mm 

Adhesive

W = 38.1 mm

W
x

y
Doubler

OB

HBB

241.3 mm 

50.8 mm 50.8 mm 

38
.1

 m
m

 

Sandpaper

R=3.175 mm 

(a) 

(b) 
 

Figure 6.1: Specimen geometry and dimensions for (a) OHT and (b) OB and HBB SL joints. 

In this study, DIC technology was used to measure hole deformations. The principle of this 

optical measurement technique is based on the tracking of a random pattern on the specimen 

surface by matching the local distribution of pixel concentration, i.e., subsets, between the 

undeformed and deformed images in a specific time interval. Two 5-megapixel Pointgrey 

Grasshopper charge-coupled device (CCD) cameras with a pixel size of 3.45 were used for the 

camera sensor [3]. The setup also included a light source to illuminate the specimens. All 

specimens were spray-painted with white spray paint, following which a random speckle pattern 

was applied. The cameras captured photos at a rate of 2 frames per second. The captured images 

were processed using Vic-3D v7.2.4 (Correlated Solutions Inc., USA). Further details of the DIC 

system configuration are provided in Ref. [3]. 



94 

6.4 Results and discussion 

6.4.1 Hole deformation 

Prior to investigating the hole elongation of OB and HBB joints, this phenomenon was 

studied for OHT and FHT, which are widely used in the aeronautical industry for material 

qualification purposes [30, 31]. During tensile testing, the deformation of the hole was measured 

in the longitudinal and transverse directions. The deformation of the hole along the longitudinal 

direction (the loading direction) is labeled as LHE, short for longitudinal hole elongation, and that 

along the transverse direction to the loading is labeled as THC, short for transverse hole 

compression. As shown in Figure 6.2, the LHE and THC measurements were retrieved by applying 

two virtual extensometers (VEs) within Vic-3D software: one in the longitudinal direction and the 

other in the transverse direction. 

Virtual longitudinal 
extensometer

Virtual transversal 
extensometer

(a) (b)
 

Figure 6.2: Application of virtual extensometers in Vic-3D: (a) OHT and (b) FHT. 

Figure 6.3 plots LHE against the applied tensile load of OHT and FHT specimens for each 

laminate. Because CP laminates have twice as many fibers oriented in the load direction as QI 

laminates, at first glance, it can be expected that their higher stiffness will result in lower hole 

elongation. However, for the OHT test, as shown in Figure 6.3 (a), the opposite result is obtained. 

This result may stem from the fact that the CP configuration has a higher notch sensitivity and 

stress concentration than the QI configuration [3, 30]; hence, it significantly influences the CP 

longitudinal hole elongation from the beginning of the test.  

It is interesting to observe that for a given thickness in the case of FHT (Figure 6.3 (b)), 

unlike the OHT case, the hole elongation for the CP configuration is slightly less than that of the 
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QI configuration up to a certain load. Beyond this load, the CP curves gradually diverge, and a 

greater hole elongation is observed as compared to the QI configuration. It is suggested that at 

lower levels of applied load, filling the hole with a clamped bolt greatly reduces the longitudinal 

and transversal deformation because the bolt upholds the geometric integrity of the hole; 

consequently, the notch sensitivity does not play a crucial role. However, at higher load levels, the 

higher stress concentration in the CP configuration results in increased hole elongation. The benefit 

of the reduction in LHE with a clamped bolt does not seem to contribute to the strength retention 

of the laminates. Because the holes in the FHT specimens undergo less deformation, the hole 

boundary exhibits a smaller degree of damage. This, in turn, leads to less energy absorption and, 

hence, less stress relief, which explains why the FHT specimens in this investigation have a lower 

tensile strength than the OHT specimens (Table 6.1). Delamination at the edge of the hole during 

testing leads to a decrease in stress concentration [32]. CP12 is an outlier because its OHT strength 

is less than its FHT strength. In general, it can be inferred that in a woven carbon-fiber composite 

plate with a hole, the bolt can provide a good system of control, creating a delaying effect on the 

stress concentration and notch sensitivity of the corresponding laminate as well as blocking the 

damage progression to some extent.  

(a) (b)

Virtual longitudinal 
extensometer

OHT

Virtual longitudinal 
extensometer

FHT

0

 

Figure 6.3: Effect of laminate configuration on open- and filled-hole notch deformation: (a) 

OHT with LHE and (b) FHT with LHE. 
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6.4.2.1 BHE of only-bolted (OB) joints 

In general, BHE describes the deformation of the hole caused by both the bearing load 

through the bolt shank pressure [33] and the bypass load around the hole. Figure 6.9 (a) shows a 

schematic of the contribution of the bearing and bypass loads around the critical bolt, i.e., B3, 

where net-tension failure occurs owing to the highest value of bypass/bearing load ratio. Moreover, 

Figure 6.9 (b) illustrates the position of the previously mentioned VEs.  

(a) 

Bypass load 
flowing around 

the hole

Bearing of the 
bolt-shank against 

the bolt-hole 
  (b)  

Figure 6.9: (a) Exaggerated schematic of the BHE in an SL joint and (b) the placement of 

three VEs at the hole position in DIC software. 

Figure 6.10 shows the BHE of the OB joints up to the load level corresponding to the onset 

of bearing damage identified in Figure 6.8. A curve fit of the DIC data was used to improve 

visualization. For all the laminate lay-ups (CP and QI) tested, BHE gradually decreased when 

proceeding from hole 3 (grip side) towards hole 1 (free side). This is due to the stepwise reduction 

in the bypass/bearing load ratio in the mentioned direction [3]. Therefore, it could be suggested 

that the influence of the bypass load is greater than that of the bearing action in forming the hole 
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elongation for a given laminate lay-up of the multi-bolted SL composite joint. The results for the 

thinner joints (see Appendix B) illustrate that at equal load levels, thinner configurations 

experienced more longitudinal hole elongation than the thicker ones, which seemed to be more 

pronounced at B3. In SL joints, this phenomenon may be attributed to the higher induced bending 

stress in thicker joints due to the greater geometrical eccentricity [34]. Consequently, at the fastener 

location, the outer surface of thicker laminates may experience more compression than thinner 

ones, which can lead to an overall reduction in BHE.  

The relationship between BHE and tensile loading can represent the BHE stiffness. The 

curves of CP exhibited two distinguishable segments of BHE stiffness. The first segment of the 

curves is predominantly linear and has a high slope. In the second segment, the slope of the curves 

abruptly starts to decrease, crossing the QI whose curves are rather single-slope and indicating 

minor changes in BHE stiffness. It is interesting to note that the same behavior is also observed in 

the FHT case (Figure 6.3(b)), in which CP experienced a lower BHE than QI for both thin and 

thick configurations at lower load levels. However, as the load increased, the BHE curves of CP 

surpassed those of QI, resulting in greater elongation in CP. It is worth noting that with an 

acceptable estimation, the CP curves of VE3, VE2, and VE1 surpassed those of QI at approximately 

40%, 55%, and 60% of the failure load, respectively. Therefore, it can be observed that for B3, the 

crossing of the curves occurred much sooner and approximately at the moment of transition where 

the load transfer mechanism changed from friction between faying surfaces to bolt load bearing 

[34]. According to the previously mentioned percentages, the bolt shanks of B2 and B1 are 

considered to have come into contact with the bolt hole with a noticeable delay compared to that 

of B3. Figure 6.11 shows another representation of the transition of the load transfer mechanism 

occurring at the B3 location. To do so, a virtual yellow line (inset in Figure 6.11) perpendicular to 

the load direction was drawn from edge to edge (Y position ranging from -20 mm to +20 mm) and 

at a distance of 2d (d is the hole diameter) from the center of the corresponding hole. The results 

show the evolution of longitudinal deformation from 10% to 90% of the failure load in steps of 

20%. It can be seen that at lower load levels (10% and 30%), the distribution of longitudinal 

deformation, i.e., axial strain, below the bolt is more level than that of the higher ones. This could 

be attributed to the friction forces engaged between the faying surfaces of the plates, which 

subsequently prevented the bolts from load transferring at lower load levels. Moreover, Figure 6.11 

illustrates the consequence of the greater BHE of CP compared to QI in terms of bearing formation 
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under B3. The higher strength of the OB joint made of QI compared to that made of CP shown in 

Figure 6.7 may be explained by the fact that QI experiences less hole elongation than CP. Indeed, 

hole elongation in bolted joints is associated with local bearing damage around the bolt holes [3]. 

As stated previously, BHE is associated with the combination of the bearing action and the 

bypass load, where the stress concentration of the former is more severe than that of the latter [35] 

and may alter the magnitude of BHE for a given laminate thickness. Thus, the observation of CP 

curves surpassing those of QI could be explained by the fact that the stress concentration is 

intensified when the number of 0° plies increases and lessened when the portion of �r45° plies 

increases. As the applied load increases, the stress concentration becomes a dominant factor in 

generating delamination and macrocracking within the laminate, specifically around the holes. 

Therefore, as the load increases, the CP lay-up, which has greater bearing deformation, experiences 

a greater stress concentration than QI, which eventually leads to the higher BHE. Overall, it can be 

concluded that in SL multi-bolted composite joints, the rate of increase of BHE is highly dependent 

on the laminate lay-up, and a laminate with a lower content of 0° plies undergoes less hole wear, 

resulting in a higher restored strength. 

 

Figure 6.10: Bolt-hole elongation of OB-CP12 and OB-QI12 (the same pattern occurs for 8 

layers; see Appendix B). 
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(a) (b)
 

Figure 6.11: Longitudinal deformation below B3 at 10%, 30%, 50%, 70%, and 90% of the 

failure load: (a) OB-CP8 and (b) OB-QI8 (the same pattern occurs for 12 layers; see 

Appendix B). 

6.4.2.2 BHE of hybrid bolted-bonded (HBB) joints 

Figure 6.12 shows that for HBB joints, similarly to OB joints, BHE decreases when moving 

from B3 to B1. It is important to highlight that among the two main factors that contribute to hole 

elongation in SL bolted joints, the bypass load plays the predominant role in the HBB joints as the 

added adhesive cancels out the bearing effect to a substantial extent [3]. Unlike the OB joints in 

which bearing action is actively operative and alters the BHE (Figure 6.10), the curves of HBB 

remained mostly straight, which indicates minor changes in BHE stiffness throughout the test 

(Figure 6.12). This suggests that hybridization effectively eliminates the effects of stress 

concentration and notch sensitivity, which are noticeably influenced by the bearing act, in OB 

composite joints. It should be noted that since 12-layer laminate is stiffer than 8-layer laminate, the 

BHE stiffness (curve slope) of each hole of the former is greater than that of the latter (see 

Appendix B for the corresponding figure of 12-layer joints).  

It is striking to underline that the BHE values of each peer-to-peer hole of CP and QI are 

almost equal for both 8 and 12 layers, which clearly indicates the independence of BHE from the 

laminate stacking sequence and bolt movement in the HBB SL composite joints studied herein. 

Furthermore, as there is no presence of fair share of bearing act in forming the hole elongation; 

therefore, it can be inferred that in multi-bolted hybrid composite joints, the dominant mechanism 

of load transmission between the two joint members is driven by the adhesive itself to a significant 
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extent. Similar to Figure 6.11, the surface deformations under B3 for CP and QI are shown in 

Figure 6.13. It can be observed that the curves do not cross each other, and the concavity shape 

(depression) is formed merely by the bypass load [3], which flows around the hole and is the main 

contributor to the hole elongation development of HBB joints. 

 

Figure 6.12: BHE of HBB-CP8 and HBB-QI8 (the same pattern occurs for 12 layers; see 

Appendix B). 

(a) (b)
 

Figure 6.13: Longitudinal deformation below B3 at 10%, 30%, 50%, 70%, and 90% of the failure 

load: (a) HBB-CP8 and (b) HBB-QI8 (the same pattern occurs for 12 layers; see Appendix B). 
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6.4.2.3 BHE in OB versus HBB: CP and QI 

Figure 6.14 compares the BHE for OB and HBB joints with investigated laminates of 8 

layers. The load level (15 kN) corresponds to the onset of bearing damage in the OB joints, as 

shown in Figure 6.8. Therefore, the hole elongation values of CP are greater than those of QI, as 

was observed previously at higher load stages. Moreover, for a given thickness, the elongations of 

each hole of CP and QI, for example, bolt-hole 2 (BH2), are approximately identical in the HBB 

joint, whereas they markedly differ in the OB joint. This may suggest that hybridization 

significantly eliminates the hole elongation caused by the bearing effect, which is due to the bolt 

movement/tilting in OB configurations. According to Figure 6.14, hybridization decreases hole 

elongation, especially in the critical bolt (B3), and this decrease is more pronounced for CP than 

for QI. This occurred because, in comparison with QI, CP experiences a more severe stress 

concentration and notch sensitivity around the holes, and the added adhesive relieves it 

significantly. Better performance of the adhesive in creating a dramatic reduction in the BHE of 

CP, the adhesive assists this configuration to substantially sustain its strength, as shown in Figure 

6.7. 

BH3

VE

BH2BH1

Grip sideFree side

 

Figure 6.14: Comparison of BHE in OB8 versus HBB8 of CP and QI joints at a load level 

of 15 kN (the same pattern occurs for 12 layers; see Appendix B). 
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7.2 Introduction 

A composite material structure has the advantage of being manufactured with the minimum 

number of joints possible due to the integration of several components into one piece. Next to the 

other well-known benefits of composite materials include light weight, high strength/stiffness, and 

corrosion resistance [1], the abovementioned feature provides less discontinuity to the entire 

structure, which in turn results in better structural efficiency performance. However, it is still 

necessary to join composite components, and the two main traditional techniques to accomplish 

this are mechanical fastening and adhesive bonding [2]. Both strategies have pros and cons, which 

creates challenges in choosing an appropriate option that corresponds to a specific application. For 

example, adhesive bonding offers uniform stress distribution and less stress concentration, but a 

promising surface treatment is required to achieve good adhesive bonding strength [3, 4] and avoid 

bondline defects such as voids, cracks, and kissing bonds [5, 6]. Conversely, mechanical fasteners 

do not suffer from such issues, but they introduce stress concentrations and increase the overall 

weight [7].  

An alternative method combining both techniques was first proposed and studied by Hart-

Smith in 1982, which has since attracted significant interest among researchers in academia and 

industry [8]. This combination is hereafter referred to as hybrid bolted/bonded (HBB) joins. The 

interesting features of HBB joints create an opportunity for a vast domain of new research to 

investigate the behavior of this type of joint. Consequently, a significant number of questions need 

to be addressed. A great deal of experimental and numerical work has been conducted on different 

aspects of HBB joints, including strength, fatigue life, load distributions/sharing, adhesive layer 

properties, and joint geometry [7, 9-17]. Experimental analysis of single-lap (SL) HBB composite 

joints is more complicated compared to the separate constituents as it simultaneously deals with 

the structural mechanism of bonded and bolted joints. A new technology called digital image 

correlation (DIC) has recently been used, which efficiently eliminates some experimental testing 

and analysis obstacles. This non-contact image processing-based approach is very useful in terms 

of strain/stress analysis as it provides full-field strain distribution from all surfaces around the 

desired object. Therefore, DIC turns out to be very practical for a through-the-thickness analysis 

of SL composite joints.  
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A significant amount of work has been carried out regarding the through-the-thickness of 

the adhesively bonded joints because the strain concentration and crack initiation/propagation can 

be properly captured from the SL joint side view using DIC [18-25]. For instance, Kumar et al. 

investigated the strain and stress distribution in the bondline region of a composite SL joint and 

found that the peel strain increased quickly after the crack began to spread [18, 19]. DIC contributed 

to the analysis and quantification of the incidence of deformation on the adherends and adhesive 

during the tensile tests. Additionally, valuable information was supplied, such as the bending 

moment, load distribution, and stress state of the joint [22]. Sun et al. managed to characterize the 

bondline fracture process using DIC, observing that this process was symmetric for joints with 

similar adherends [23]. Moreover, it was found that the DIC system could monitor the adhesive 

strain to predict the strength of the bonded joints. Recently, Zheng et al. implemented DIC to 

determine the strain distribution at the side interface of aged water-immersed adhesive joints [25]. 

They observed that the influence of the filet on the SL joints improved the peel and shear strengths 

of the adhesive layer in the overlap area. 

DIC technology is widely available and has been used in the research community. However, 

only a small number of studies have focused on experimentally investigating the through-the-

thickness for HBB joints, that is, from the joint side view [26-29]. Past research has confirmed the 

DIC robustness in strain distribution analysis, monitored the crack development from initiation to 

propagation, and analyzed the failure process from the beginning to the end of the test. Therefore, 

DIC was utilized extensively in the present experimental study to comprehensively analyze the 

full-field strain distribution through-the-thickness of multi-bolt HBB SL composite joints. The 

choice of multi-bolt joints originates from parent papers dealing with multi-bolt joints [12, 30]. At 

least three bolts are required in real applications to achieve maximum load transfer and proper joint 

stiffness [30]. Two well-known laminate lay-ups, namely quasi-isotropic (QI) and cross-ply (CP), 

were manufactured using carbon fabrics. It is recognized that plane weave [0/90] fabrics are 

frequently used in the composite industry due to their ease of manufacture and advantageous 

performance/cost ratio. However, a quasi-isotropic configuration provides superior performance if 

rigidity along the 45-degree axis is required for structural design purposes to reduce torsional stress. 

This requires adequate [0/90] turning of the woven plies at 45° [2]. The focus of this study was on 

the influence of the joint configurations on the strain distribution, fracture process, and joint 

rotation. 
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7.3 Experimental details 

7.3.1 Material and specimen fabrication 

Carbon-fiber-reinforced epoxy laminate panels were fabricated utilizing the vacuum 

assisted resin transfer molding (VARTM) process. A 3 K plain weave carbon fabric with a surface 

weight of 193 g/m2 (5.7 oz/yd2) was used as the reinforcement mechanism, and the epoxy resin 

Araldite Renlnfusion 8601/Ren 8602 (provided by Huntsman Advanced Materials Americas) was 

used as the matrix system. CP and QI stacking sequences (composed of 12 layers) were 

manufactured and the lay-up and average thickness (after the recommended curing cycle of 24 h) 

are provided in Table 7.1. In the lay-up presented in Table 7.1, (0/90) or (±45) specifies a single 

layer of each woven ply, which is fabricated from weft yarns woven over and under the warp thread 

[12, 30]. 

Table 7.1: Stacking sequences of the laminated composite panels. 

Code Lay-up Plies 
Average thickness 

(t, mm) 

CP [(0/90)/(0/90)/(0/90)/(0/90)/(0/90)/(0/90)]s 12 
2.63  

QI [(0/90)/(±45)/(0/90)/(±45)/(0/90)/(±45)]s 12 

 

Hybrid multi-bolted/bonded (HBB) single-lap (SL) composite joints were designed and 

manufactured according to ASTM-D5961 [31]. The plates were attached using bolts and adhesives. 

Mechanical fasteners were composed of steel hex head shear bolts (NAS6204-4) with a diameter 

of 6.35 mm, nuts (MS21042-4), and cadmium-plated steel washers (NAS1149F0463P) with 

internal and external diameters of 6.73 and 12.70 mm, respectively, for the head and nut sides. A 

tightening torque of 5 Nm was applied to each bolt using a Tohnichi Dial Torque Wrench DB25N-

S. More details are available in Refs. [2, 30, 32]. The adhesive applied to these joints was the same 

epoxy resin used to manufacture the composite laminate [12]. A mat surface was used for all 

bonding purposes because of its adequate rough surface texture for the application of the peel ply, 

which results in the desired bonding characteristics for the faying surfaces [2]. The joint assembly 
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was wrapped in a vacuum bag to provide uniform pressure and create an approved bonding between 

the joint components. The geometrical configuration of the SL HBB composite joint is shown in 

Fig. 1. The specimen surface preparation for DIC testing is explained in Ref. [32]. As this study 

analyzes the through-the-thickness of the joint, the main X-Z coordinate system is assigned to the 

joint side surface, X-Y is the plane of the laminate, and the strain components are named 

accordingly. The X-axis is aligned with the applied load direction, and the positive side of the Z-

axis is towards the bolt head. The fracture ends, i.e. overlap ends, and fracture sites, where the final 

net-tension failure always begins, are shown in Figure 7.1. 

 

Figure 7.1: Specimen geometry/dimensions, identification of the three bolts, fracture ends 

(overlap ends) and fracture sites in the joint as well as strain components within the adhesive 

layer.  

7.3.2 Test set-up and procedure 

Three identical specimens were tested for CP and QI joint configurations at a constant 

standard cross-head displacement rate of 2 mm/min. A servo-hydraulic MTS testing machine 

(Model 810) equipped with a load cell capacity of 100 kN was utilized to perform the mechanical 

tests. DIC technology was employed to measure the full-field strain components of the joint side 

surfaces, that is, the through-the-thickness. The principle of the DIC technique is based on tracking 

random patterns on the surfaces of interest by matching the local distributions of pixel 

concentrations, i.e., subsets, between the deformed and undeformed digital images during 
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Figure 7.5: (a) and (b) Peel and shear strain changes profile along the bondline of CP, 

respectively. (c) and (d) Peel and shear strain changes profile along the bondline of QI, 

respectively. (e) Three bolted hybrid joints under tensile loading. The red line represents 

one path along the adhesive bondline. 

 

The principal strain represents the maximum (or minimum) possible normal strain at a 

particular point of a structural element, where the shear strain is theoretically zero at that principal 

plane. The maximum normal strain is calculated with the shear, peel, and longitudinal strains, 

expressed as:    

2 2

1 2 2 2
xx zz xx zz xz�H �H �H �H �H

�H
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7.4.2.2 Strain analysis at the overlap ends 

A close-up view of what occurred to the peel and shear strains at the extreme overlap ends 

of the two configurations during the tensile process up to 75% FL is shown in Figure 7.7. To do 

so, two virtual strain gauges (SG1 and SG2) were placed at the overlap ends to record the strain 

changes, as shown in Figure 7.7 (e). The results show that the strain components at these locations 

progressed as the load increased. The curves for both configurations can be divided into two 

different stages. In stage one, the peel and shear strain of the ends (SG1 and SG2) developed rather 

slowly and coincidently with limited difference up to the onset of stage two. During stage one, the 

adhesive layer was slightly deformed due to the small induced bending moment to the bondline 

[25]. 

In stage two, the strain curves of the fracture end, i.e. SG1 for CP and SG2 for QI, suddenly 

deviated which was followed by a dramatic growth and surpassed that of the opposite end, whose 

progression remained almost unchanged. This behavior resulted from the crack nucleation on the 

corresponding end and its propagation towards the joint center.  The induced bending moment in 

stage two increased and the end of the adhesive bondline deformed significantly. Therefore, the 

strain development and the difference between the strains at both ends increased rapidly [25]. 

Moreover, it can be noticed that the rate and intensity of the strain growth of the fracture end were 

greater in CP than QI in stage two. It can be concluded from the observed results that the 

development rate of peel and shear strains of the overlap ends played a key role in determining the 

failure location (fracture site) in SL hybrid multi-bolted/bonded composite joints. 
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and (b), respectively. DIC results were retrieved from section A-A, as shown in Figure 7.9 (d). The 

approximate location of the adhesive bondline is indicated by the gray vertical lines in Figure 7.9 

(a) and (b). The overall magnitude of the peel and shear strain curves of CP was superior to that of 

QI. However, the same changes/trends in the longitudinal strain curves could be observed. As 

concluded in the previous sections, this reconfirmed the dominance of the peel strain in comparison 

with the other strain components at the adhesive layer on the fracture end location in the SL hybrid 

composite joints. This is contrary to what was reported by Ref. [20] which stated that shear strain 

had the highest value and greatest influence at the ends of the bondline of the double-butt strap 

composite joint, which did not experience the secondary bending effect. 

The applied tensile load was later accompanied by a by-product bending moment, which 

created all three stress components in the adhesive layer, namely, the peel stress ( zz�V ), longitudinal 

stress ( xx�V ), and shear stress ( xz�V ). The DIC strain results helped to calculate these stress 

components, assuming a plane strain condition and neglecting the material nonlinearity of the 

adhesive. The following equation was used:  

(1 ) 0

(1 ) 0
(1 )(1 2 )

21 2
0 0

2

xx a a xx
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 (4.2) 

where aE  (2.1 GPa) and a�X  (0.35) are the elastic modulus and Poisson ratio of the adhesive, 

respectively. The calculated values of the CP and QI experimental stresses were compared to 

perform a quantitative analysis, as shown in Figure 7.9 (c). In terms of all the stress components, 

the superiority of CP over QI still remained. In addition, peel stress remained the most significant 

among the stress components, while shear stress was the least important. In CP, the composite layer 

adjacent to the adhesive was 0/90, which allowed the load to be transferred efficiently in the load-

bearing fibers of the two substrates [24]. Conversely, the layer adjacent to the adhesive for QI was 

(±45). This affected the in-plane stress distribution and led to higher shear and longitudinal stresses 

as a result of better load carrying via the adhesive layer in CP compared to QI. It is known that the 

peeling effect occurs in the out-of-plane stress class. According to Ref. [32], the CP configuration 

undergoes relatively more bending, which could be responsible for the higher peel stress value of 
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�x The peel stress/strain was the most influential at the fracture end, triggering crack 

nucleation. Unlike the composite bonded joints, in which the crack initiates when the load 

is over 80%, cracks occurred in hybrid multi-bolted/bonded SL composite joints much 

sooner, in the range of 30% - 50% of the applied load. 

�x The stress values and strain increase rate of the adhesive bondline at the overlap end were 

noticeably higher in CP than QI. This can be related to the greater bending and load transfer 

that occurred in the adhesive layer of CP compared to QI. 

�x Despite the fact that CP experienced premature cracking sooner than QI at the overlap end, 

the higher strength of the former configuration may stem from better load-carrying capacity 

via its adhesive layer.  

�x Unlike the only-bolted joints, CP rotated more than QI in HBB, which led to early crack 

nucleation at the fracture end of the CP. Moreover, the magnitude of the difference between 

the rotation angles of the two configurations after crack nucleation almost doubled 

compared to before cracking. 

Finally, it was proven that DIC is a very powerful tool for analyzing the strain distribution of the 

adhesive bondline, crack initiation, and fracture behavior of hybrid bolted/bonded single-lap 

composite joints. These results can be useful in designing this type of joint. 
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The second part of this work was inspired by the results of the first objective to see and 

analyze the SB and some other items in the case of hybrid joints. The entire eight configurations 

were examined in this part. The main goal of this work (covering sub-objective 2) was to observe 

and analyze the effect of hybridization, and it started with the measurement of surface strain 

distribution which is followed by assessing secondary bending and twisting effects. In the first 

work, DIC results were verified with the NLM method, and here in the second study, they were 

compared against real strain gauges measurements, which showed very good agreement and 

confirmed the accuracy of the DIC apparatus and the performed tests. DIC illustration clearly 

showed and compared the strain distribution pattern (in 2D and 3D vision) among CP and QI lay-

up and, more importantly, between only-bolted and hybrid joints. Strain concentration and bearing 

action were distinguishable in only-bolted cases, while they seemed to disappear in hybrid joints. 

It justified why CP configurations possessed higher strength than QI in HBB joints, contrary to 

what happened in only-bolted joints of the first objective, as the added adhesive alleviated the 

overall strain distribution and remarkably relieved the stress concentration around the middle hole. 

Moreover, tracking the strain development below each bolt proved the fact that the adhesive 

governs the main load transferring mechanism in HBB joints since no tangible bearing action 

occurred in the vicinity of the corresponding bolts. Furthermore, OPD measurements illustrated 

that the applied adhesive restricted the secondary bending and twisting effects to a decent extent. 

In the previous investigation, the occurred bearing action alongside the by-pass load caused 

some deformation in the shape of bolt-holes. Therefore, it was highly sensed to deal with this 

phenomenon, which was called bolt-hole elongation (BHE), in a separate study. The embedded 

software in the DIC system, named Vic-3D, provides an inspection tool that works like an 

extensometer, but virtually. It enabled us to measure the hole elongation accurately from the first 

to the last moment of testing. This measurement with the real extensometer is always associated 

with major errors and cannot deliver a proper result. It was observed that in the case of only-bolted 

joints, there is a non-linear relationship between BHE and tensile loading. At the lower levels of 

the applied load, CP and QI behaved similarly, but further in the test, the BHE of CP gradually 

acquired more values than that of QI. The higher notch sensitivity of CP laminate was responsible 

for this behavior. The mentioned non-linear relationship completely disappeared in the case of 

HBB joints, showing the fact that hybridization can significantly alter BHE response due to 

relieving the strain concentration in the vicinity of the bolt-holes. Moreover, results showed that 
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for an equal amount of the applied load, thinner joints experienced more BHE than the thicker ones 

for both only-bolted and hybrid cases. 

Finally, the major experimental challenge in terms of through-the-thickness analysis of the 

overlap region of hybrid joints was overcome using the DIC system. While researchers have very 

considered this area, its geometrical dimensions and difficult-to-access characterization caused 

many disturbances for experimental investigation. Specimen surface preparation for DIC testing, 

which includes cleaning the surface of interest, painting it in white, and applying a black speckle 

pattern meticulously to generate an approved random gray intensity distribution, was difficult for 

this area, but it was managed to accomplish properly. Figure 8.1 shows the testing setup and the 

prepared mounted specimen. DIC contributed effectively to detecting and monitoring the evolution 

of the strain components of this region during the entire tensile test. The major strains are peel and 

shear, which played a critical role in the initiation and propagation of the crack within the adhesive 

layer. DIC results helped detect the load corresponding to the adhesive failure initiation. It was 

found that the crack nucleated much sooner in the HBB joint compared with the only-bonded cases. 

The effectiveness of DIC technology was reconfirmed.   

DIC system

Sources of 

illumination

MTS traction 

machine
Mounted 

specimen

(a) (b)
 

Figure 8.1: (a) The entire DIC setup, (b) prepared surface of the specimen. 
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To facilitate following the procedural steps from the beginning to the end and obtaining the 

results in this research work, the following flowchart is provided in Figure 8.2. 

Start

Materials preparation: 
woven plain carbon 

fibers, resin epoxy, bolts 
and nuts, etc.

Composite panel manufacturing: 
Cutting the woven plies, then setting 

the mold for VARI (vacuum 
assistance resin infusion) process. 

Specimen machining: 
Cutting the 

manufactured plates, 
applying adhesive to 

create bonded joint, and 
drilling the bolt -holes and 
mounting the fasteners.

Surface preparation for DIC (speckle pattern): 
Cleaning the surface with acetone, painting the 
surface with the white color, and applying the 
speckle pattern using roller stamp or airbrush.

Experimental setup:
Mounting the DIC setup, 
setting the MTS machine, 
and synchronizing DIC 

with MTS  traction machin.

DIC system calibration:
choosing the proper 

calibration plate, and 
holding it in the exact 

location of the specimen, 
then tilt and rotate.

Executing the test

The specimen breaks 
on the proper side

(the side from where the cameras 
taking photos)

Yes

Retrieve DIC data and perform 
post-processing using Vic-3D 
software in which full-field 
strain values are calculated.

Stop

No

The specimen is tracked by 
assigning subsets throughout the 

area of interest that contain 
unique speckle information.

The subsets movements are tracked by checking for 
possible matches at several locations and use a 

similarity score (correlation function) to grade them. 
The march is where the error function is minimized. 

The smallest error 
function is achieved

No

Yes

The specimen is tracked by 
assigning subsets throughout the 

area of interest that contain 
unique speckle information.

The in-plane displacement vector for the center 
of the subset will be yielded. By means of  so-
called shape functions, the displacements of 

subset pixels can be calculated.  

Strains are computed from 
the measured displacement 

of object points.

 

Figure 8.2: Procedural steps of the work. 
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�x Observing the rotation of the hybrid joint from the side view revealed that CP rotates more 

than QI, unlike the only-bolted case. It might be the reason for earlier crack initiation at the 

fracture end of the CP compared to QI. 

9.2 Contributions and Impacts 

The main contribution and originality of this work are in terms of employing DIC and using 

the obtained results to assess the strain distribution/ concentration, measuring the out-of-plane 

displacements, spotting and tracing the fracture initiation/propagation, observing the load 

transferring mechanism, and studying the effect of hybridization on the behavior of multi-bolted 

composite joints. All these features will contribute to characterizing and predicting the joint 

mechanical responses and eventually assisting in designing a reliable, durable, and safe joint. The 

outcomes of this research are advantageous to the academic studies to compare their work and 

having different insight in this field to develop their ideas. It is expected that the results not only 

provide a specific contribution to aerospace applications but also will be directly applicable to a 

range of other structures in the transportation, automotive, nautical, naval, and wind energy 

structures. The purposeful use of DIC has resulted successfully in the following contributions:  

 

Title Current 
status 

Quantifying of secondary bending effect in multi-bolt single-lap carbon-epoxy 
composite joints via 3D-DIC 

Masoud Mehrabian, Rachid Boukhili 
Journal of Composites Science and Technology, p. 108453, 2020. 

Published 

3D-DIC strain field measurements in bolted and hybrid bolted-bonded joints 
of woven carbon-epoxy composites 

Masoud Mehrabian, Rachid Boukhili 
Journal of Composites Part B: Engineering, p. 108875, 2021. 

Published 

Experimental study of the hybridization effect on bolt-hole elongation of multi-
bolted single-lap composite joints using DIC 

Masoud Mehrabian, Rachid Boukhili  
65th Aeronautics Conference, A CASI Virtual Series, June 14-18 (2021). 

Presented 
orally 
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Surface and through-the-thickness strain distribution study of multi-bolted 
and hybrid multi-bolted-bonded single-lap composites joints using DIC 

Masoud Mehrabian, Rachid Boukhili  
36TH INTERNATIONAL CONFERENCE OF THE POLYMER PROCESSING SOCIETY (26-
29 September 2021) 

Presented 
orally 

Full-field through-the-thickness strain distribution study of hybrid multi-
bolted/bonded single-lap composite joints using digital image correlation 

Masoud Mehrabian, Rachid Boukhili  
Submitted in Journal of Composites Part A: Applied Science and Manufacturing. 

Under 
review 

Experimental investigation of hole deformation and bolt-hole elongation of 
woven carbon-epoxy composite plates and joints using DIC technique 

Masoud Mehrabian, Aouni Jr. Lakis, Rachid Boukhili  
Submitted in Journal of Composite Structures. 

Under 
review 

 

9.3 Future work 

Following the work carried out during this thesis, the potentials and limitations were recognized. 

Therefore, several recommendations can be considered for future work as follows: 

-  Implementing numerical simulation using finite element (FE) packages, like Abaqus, can 

open up a door to have significant insight deeply into the behavior of the composite joints. 

A complementary study comparing the results retrieved from DIC with that of FE 

simulation could be a practical project. For example, DIC outcomes could be used as an 

input to FE simulation to have a more realistic model. This hybrid method can contribute 

to investigating different aspects like measuring bypass and bearing loads within the joints 

or calculating the portion of the load transferred via bolts and adhesive. 

-  It would be interesting to characterize and evaluate the failure mechanism of SL composite 

joints with hybridized laminate material (i.e., Carbon & Glass reinforcements) and different 

stacking sequences (cross-ply and quasi-isotropic) under static loading. Carbon fibers have 

a high tensile strength-to-weight ratio, while they are very expensive. On the other hand, 

Glass fibers are cheaper and slightly more flexible. Thus, their combination may help 

adding more flexibility to the joints, resulting in reducing secondary bending and its 

associated destructive effects. 
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-  The upgraded version of DIC software can show the results at the further free edges and 

boundaries. In addition, increasing the frequency of photo capturing could assist in the 

detection of damage initiation/propagation. These features can be implemented 

simultaneously to monitor the failure mechanism under static or cyclic loading. 

-  3D-DIC is a powerful tool to analyze the behavior of composite fastened joints. Therefore, 

it is recommended to use it to broaden the knowledge about the effects of influential 

parameters like clearance, bolt-hole fit conditions, preloads, interference, adhesive 

properties/thickness, friction, and the like. 
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(a)  

(b)  

Figure A-2: (a) NLM of bolted joint with fixed clamp conditions; (b) Free diagram and boundary 

conditions of two main parts of NLM. 

In this method, the displacement of the neutral line indicates that the SL joint response 

corresponds to the applied load. It is assumed that the joint behavior is symmetric with respect to 

the middle bolt; hence, half of the joint is decomposed into two parts, namely Parts I and II, after 

which by driving the equilibrium equations and solving them, SB can be analyzed [4]. The static 

equilibrium equation for the entire joint, which is shown in Figure A-2(a) in the form of the neutral 

line of the beam, is written as follows: 
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1 1 0A q�D� � �   (7) 

The same procedure should be performed for Part II, whose differential equation is 

2
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Considering 2 *
2 2P E I�D �  and by substituting Eqs. (1) into Eq. (8), Eq. (8) becomes 
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The following hyperbolic function delivers the solution for Eq. (9): 
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The governing boundary conditions for Part II at 2 0x �  are as follows: 
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(11) 

The results are as follows: 

1 1 1 1 1 1 2sinh( ) cosh( )A l B l B e� D � D�� � ��  (12) 

1 1 1 1 1 1 1 1 2 2cosh( ) sinh( )A l B l A�D �D �D �D �D� � �   (13) 

The last boundary condition is associated with the middle of the joint, i.e., 2 2x l� ; and the second 

half is assumed to yield an analogous response: 

0w �  (14) 
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Considering that 1 22l l l�  � �, the following equation can be derived: 

2 2 2 2 2 2sinh( ) cosh( ) 0A l B l� D � D� � �   (15) 

Therefore, by summarizing Eqs. (6), (7), (12), (13), and (15), a system of five equations and five 

unknowns is obtained as follows: 
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After solving the equation system, the unknowns 1A , 1B , 2A , 2B , and qcan be determined. 

In a multibolted SL joint, the maximum bending moment always occurs at the extreme bolt (in this 

case, 1 1x l� ) where failure occurs. Using Eqs. (1), (2), and (4), the bending moment at the 

mentioned location can be expressed as   

�� ��1 1 1 1 1 1 1 1( ) sinh( ) cosh( )M x l P A l B l� D � D� � ��  (17) 

The bending stress and nominal stress at 1 1x l� are defined as follows: 
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The severity of SB at a certain location is often defined by a coefficient called the bending factor, 

bk , which is expressed as follows: 

�� ��1 1 1 1 1 1
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 (20) 

 

Supporting results 

Comparison of DIC measurements and NLM predictions 

OPDs measured by DIC and predicted using the NLM are compared in Figure A-3. The 

comparison was performed for the case of the three-bolt CP 12-layer configuration, at 25% of the 

failure load (FL) and in the region between the extreme bolts. The corresponding values of the 

OPD were calculated using Eq. (10). As shown in Figure A-3, a satisfactory approximation is 

obtained between the experimental and analytical approaches. The observed deviation between the 

NLM and the measured data may be due to the fact that the NLM models the region as an integrated 

beam with a thickness of 2t . In fact, the supposed integrated beam comprises two parts that slide 

against each other. 

 

Figure A-3: Comparison of out-of-plane displacement computed by 3D DIC and calculated by 

NLM for three-bolt CP12 joint. 
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Joint twisting 

It was mentioned in the paper that one of the reasons causing the non-horizontal colored 

bands of Figure 4.5 and 4.6 is the twisting effect. This phenomenon was captured by comparing 

the differences between the OPD on the right- and left-hand sides of the joint surface. The inset 

images in Figure A-4 shows two dashed red lines constructed at a distance of 2d from the centerline 

of the holes on the left and right sides of the joint surface. The out-of-plane deformations along 

these two lines were recorded for the entire test. However, in Figure A-4, the deformation states at 

75% of the FL is shown for illustration. It is noteworthy that the specimens were placed 

meticulously in the testing machine grips to avoid any pre-established twisting, which might be 

introduced to the joint coupon. While this effect occurs in real structural applications, it cannot be 

quantified easily using experimental point measurement techniques or numerical simulations. The 

results show that 3D DIC is a concrete tool to well capture this byproduct of SB (also known as 

tertiary bending).  
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Figure A-4: Twisting of the cross-ply (CP) and quasi-isotropic (QI) joints as a result of 

secondary bending: (a) CP8, (b) CP12, (c) QI8 and (d) QI12. 
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APPENDIX B: SUPPORTING RESULTS 

 

For the sake of brevity in the manuscript, in case of observing the same trend between the two 

different thicknesses, just one is reported and readers are asked to refer to the Appendix A. In this 

section, all those missing figures are brought to help readers study them and do comparisons 

wherever is required. 

Figure B-1 shows the bolt hole elongation of only-bolted (OB) joints of cross-ply (CP) and quasi-

isotropic (QI) lay-up with 8 layers. The corresponding Figure for 12-layer is illustrated in Figure 

6.10 of the manuscript. 

 

Figure B-1: Bolt hole elongation of OB-CP8 and OB-QI8. 

 

Figure B-2 shows longitudinal deformation below B3 at 10%, 30%, 50%, 70% and 90% of the 

applied load for only-bolted cross-ply (CP) and quasi-isotropic (QI) lay-up with 12 layers. The 

corresponding Figure for 8-layer is illustrated in Figure 6.11 of the manuscript. 
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Figure B-2: Longitudinal deformation below B3 at 10%, 30%, 50%, 70% and 90% of the 

applied load: (a) OB-CP12 and (b) OB-QI12. 

 

Figure B-3 shows the bolt hole elongation of hybrid-bolted-bonded (HBB) joints of cross-ply (CP) 

and quasi-isotropic (QI) lay-up with 12 layers. The corresponding Figure for 8-layer is illustrated 

in Figure 6.12 of the manuscript. 

 

Figure B-3: Bolt hole elongation of HBB-CP12 and HBB-QI12. 
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Figure B-4 shows longitudinal deformation below B3 at 10%, 30%, 50%, 70% and 90% of the 

applied load for hybrid-bolted-bonded cross-ply (CP) and quasi-isotropic (QI) lay-up with 12 

layers. The corresponding Figure for 8-layer is illustrated in Figure 6.13 of the manuscript. 

(a) (b)
 

Figure B-4: Longitudinal deformation below B3 at 10%, 30%, 50%, 70% and 90% of the 

applied load: (a) HBB-CP12 and (b) HBB-QI12. 

Figure B-5 compares BHE for only-bolted and hybrid-bolted-bonded for the investigated laminates 

of 12 layers. The load level (25 kN) corresponds to the onset of the bearing damage in only-bolted 

joints. The corresponding Figure for 8-layer is illustrated in Figure 6.14 of the manuscript. 
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Figure B-5: Comparison of BHE in OB12 versus HBB12 of CP and QI joints at a certain 

load level of 25kN. 

 


