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PrefacePrefacePrefacePreface    

The time that my student years end, has come: I finished my master’s thesis. For my MSc project, I 

choose a subject that was and still is a relatively new field for the structural engineer. The research 

character and the novelty of it appealed to me. During my practical work at an engineering firm, I noticed 

that I was already reasonably acquainted to the more practical side of structural design. This last project 

was for me an opportunity to view a different part of structural engineering, the research aspect.  Through 

the project, I learned to keep an open mind when dealing with results, whether or not they are in 

accordance with expectations and to question assumptions and results. Furthermore, I became acquainted 

with the use of a finite element method program. 

 

This report is the end product of that project, which started off with a global, general objective that had to 

become more specific throughout the project. The advantage of this was that the course was laid down by 

results. A side effect is that sidetracks were explored, of which the results were found not relevant to the 

end product. Sometimes this situation made it difficult to control the process. Consequently, the project 

took some time; however, it also gave me the opportunity to let results sink in. Overall, I think this was a 

satisfactory project. The thesis contained all aspects of a research project, namely analytical, numerical 

and experimental analyses, which I wanted to get acquainted with. 

 

At the end, I want to thank everyone who helped me to get to this point, especially my committee, who 

made sure that I was always more positive after a meeting than beforehand. And of course thanks goes 

out to friends and family, to whom I could pour out my hart. 

 

Stéphanie Ogink 

Eindhoven, 2006 
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SummarySummarySummarySummary    

Introduction 

The use of the singularity approach to predict the strength of adhesive single lap joints with dimensions 

suitable for the building industry is examined. The advantages of the approach, the use of an elastic model 

and the dependence on only the configuration of the adhesive-adherend interface corner give the approach 

potential for usage in the building industry. However, this report will prove that the approach gives 

unsatisfactory results for joints with ratios of overlap length to joint length larger than fifteen. 

Research on relative straightforward joint strength prediction is performed because in building practice the 

full potential of the adhesive joints cannot be used due to the unsatisfactory methods to calculate the 

ultimate strength and a lack of expertise. The research is taken on as a master’s thesis for structural 

design. 

General adhesive technology 

The report starts with a literature review to obtain background knowledge on current use in the building 

practice, standards and to familiarize with adhesive technology. The bond strength is explained by the 

cohesive forces within the adhesive layer and the forces between the adhesive and adherend layers. The 

interfacial forces are explained by several adhesion mechanisms. Next to that, the influences on the bond 

strength are discussed. Degradation of the bond is enhanced by environmental conditions of which 

moisture is the most important factor, whereas material properties, the geometry of the bond parts and 

the type of load affect the overall joint strength.  

Adhesive joints come in many forms. An adhesive bond can be used in two- or three-dimensional joints as 

well as in hybrid joints. The 2D joints are divided in the main types, lap joint, tee joint, corner joint and 

butt joint. The research focuses on the single lap joint, one of the lapped joints, because of the 

straightforward load transition, the reasonable strength and usability.  

Numerical and analytical analysis 

Then, going more deeply into the literature, a survey of the structural characteristics and the existing 

analytical methods of adhesive stress prediction of adhesive layer, is made. Further insight into the stress 

development and patterns in this joint is obtained by numerical and analytical analysis. 

The Allman-method is used to view the average shear and tension stresses in the adhesive layer. This 

method includes the needed equilibrium and stress boundary condition along with the main material 

properties, resulting in a workable stress determination.  

The results of the analysis are presented in plots of the stress pattern over the overlap length. The results 

show that the stiffness of the adherend has a significant influence on the stress pattern in the adhesive 

layer. The results of the analytical analysis are compared to the results of the numerical analysis. The 

model used in the analysis is a 2D representation, cross section, of the single lap joint, with elastic 

material properties. The comparison between the numerical and analytical results shows that the extremes 

of the predicted tensile and shear stresses are higher in the numerical analysis. The analytically predicted 

stress patterns correspond better with the numerical results for the joint with 2mm adherend thickness 

than for the joints with 6mm adherend thickness. 

 

As last part of the stress analysis, a failure criterion is sought. After a review of several criteria, the 

singular stress intensity criterion was singled out for further use.  

This criterion assumes that the real crack initiation lies close to the location, where in a numerical model 

singularity exists. The singular stress field is expressed in a singular stress intensity factor. Because the 

stress intensity factor is only defined by the interface corner geometry, the failure load should be 

predictable for joints with similar corner geometries as a reference joint, for which the failure load is 

determined.  
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Conclusion 

Tensile tests on lap joint specimens with varying overlap length, adherend thickness and width and a joint 

length of 15x ol , were made to determine the failure loads of the joints and verify the prediction and 

numerical findings. By comparing the predicted and measured failure loads, it appeared that the singular 

stress intensity approach produces inadequate results for the used joint configurations. It appeared that 

the singular stress fields of the different models are almost similar due to the relatively large free 

adherend length. The obtained values of HFEM for the different joint configurations lie, consequently, close 

together, so the failure loads are over- or underestimated (depending on the used reference joint). From 

the results can be deduced that the values of HFEM should differ more for an acceptable prediction.  

A great deal of research must still be done before a good and usable load prediction model is found.  
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Symbol Quantity /  Variable Unit 

A surface area 
2mm  

e eccentricity mm  

adsE adrE  
Young’s modulus of adhesive and adherend 

respectively 
2mmN  

adsvf ,  
limiting shear strength of adhesive  

F  force per unit width mmN  

critF  
Failure load per unit width mmN  

adsG  
Shear modulus of adhesive 

2mmN  

crH  
Critical stress intensity factor  

FEMH  Stress intensity factor based   

ol  
overlap length mm  

l joint total length of adhesive bonded joint mm  

M  bending moment  Nmm  

cn  
proportionality factor  

r r distance from singular point  

adst  ; adst  
thickness of adhesive, adherend respectively mm  

( )xadru ;  ; ( )yadrv ;  
adherend displacements in the x or y-direction mm  

w width  

α  coefficient of thermal expansion  

iε  strain in direction i   

mγ  
material factor  

GRk  
bending moment factors (by Goland and Reissner)  

λ  Strength of singularity  

%2.0σ  
proportionality stress 0,2%-strain of aluminum 

2mmN  

plσ  
yield stress  

2mmN  

iσ  
stress in direction  

2mmN  

xyτ  
shear stress  
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1111 IntroductionIntroductionIntroductionIntroduction    

The research on the subject of structural adhesive metal-to-metal joints is done within the framework of a 

master’s thesis for structural design. The project is carried out under the supervision of university lecturers 

F. Soetens and B. van Hove, whose field of expertise is aluminum and university lecturer M. Bakker of 

theoretical mechanics. The Dutch research institute ‘TNO Built Environment and Geosciences’ brought up 

adhesive bonding as subject for the thesis after which the objective was more defined. 

1.11.11.11.1 Problem definitionProblem definitionProblem definitionProblem definition    

The structural use of adhesives has the potential of growth in the building industry because of the different 

usable options, known from the aerospace and automotive industry. Only, the full potential of the adhesive 

joints cannot be used because of the unsatisfactory methods to calculate the ultimate strength (without 

experimental verification), the insufficient and limited building regulations and a lack of expertise in 

practice of structural characteristics and durability. As a result of which adhesive bonding is not considered 

as a suitable structural joining technique in the building industry.  

Much research has been done on stress and strength prediction (see ch6 and 7), but the theory and 

methods remain too complex for practical use.  

1.21.21.21.2 ObjectiveObjectiveObjectiveObjective    

This report investigates if the singularity approach can be used for failure load prediction of adhesive 

dingle lap joints of dimensions usable in the building industry.  

1.31.31.31.3 ScopeScopeScopeScope    

This report presents the results of a study on strength determination of single lap joints with the 

singularity approach.  

As background information, a state of art of structural adhesives in the building industry, chapter two, as 

well as a literature overview on general adhesive technology, chapter three is given.  Of the latter a more 

extensive version can be found in Appendix A. 

The study on strength determination focuses on one of four main joint types, the lapped joint. As a result 

of literature study on joint behavior, the choice fell on the single lap joint for further study, because of the 

relative unambiguous behavior of the joint and the available information. 

Analysis of the single lap joint is done analytically and numerically, which is discussed in chapter six and 

seven. Four analytical elastic methods for stresses analysis on the adhesive layer are viewed, of which the 

Allman-method is worked out. 

The stresses are further examined in a 2D elastic numerical model. The numerical analysis focuses on 

stresses and strains of the adhesive layer, and displacements of the joint. Later on, the results from that 

model are also used for a failure load prediction method.  

For failure determination five criterions for non-cracked adhesives are viewed in chapter eight and the 

singular stress intensity criterion is selected for further use. The failure load prediction is verified by 

experiments on single lap joints with varying overlap- and adherend length and width. The experiments 

are shortly discussed in chapter nine, and the full report can be found in appendix G and H 

The comparison between the prediction of the failure loads and the measured loads shows that the 

singularity approach is not suitable for the building practice. The supports and the free length of the 

adherends have an influence on the failure load, which is not taken into account in the failure criterion. A 

great deal of research must still be done before a good and usable load prediction model is found.  
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2222 State of artState of artState of artState of art    

Adhesive bonding is an old technique, which is used for a wide variety of applications. Formally stated it is 

a joining technique, which joints two parts of the same or different materials together with an intermediate 

material. The intermediate material will bond to the surfaces of the adherends and transfer loads form one 

adherend to the other.  

 

The use of adhesives dates back to 4000 BC. The initial adhesives were animal and vegetable (resins) 

based. The use of adhesives by the Babylonians, the Egyptians, the Romans and the Chinese is widely 

documented. After the roman period, the development and use of adhesive fell back for a while, until the 

17th century. Then, the era of industrialization brought a boost in adhesive production and the first semi-

synthetic adhesive. With the development of synthetic adhesives in the late 1920s, the creation of a wide 

variety of adhesives with special and controllable characteristics had started. The improved properties of 

these synthetic adhesives gave engineers the opportunity to use them for structural applications. The 

aerospace industry has the longest history with the structural use of adhesive, followed by the automotive 

industry. Most research on adhesive joints is done with those industries in mind.  

The search for prediction of stresses and failure of the adhesive bonds started in the late thirties with the 

shear lag analysis. The goal was to give an analytical closed form solution based on the elastic stress 

theory or the complementary energy (minimizing the strain energy). Later on, the finite element methods 

are also used to determine the stresses and failure of adhesive joints. Further research objects are 

analytical design tools, surface analysis methods, stress analysis, fracture mechanics and inspection 

techniques. 

In the next paragraphs, the current state of structural adhesive joining in the building industry is 

discussed.  

2.12.12.12.1 Dutch building practiceDutch building practiceDutch building practiceDutch building practice    

In the building industry adhesive bonding is not unknown. 

Applications are laminating of wood, cementing anchors and sealing 

of windows. However, adhesive bonding of metal is not very 

common.  

 

The metal-to-metal bonds that are used are usual bonds in paneling. 

An example is the honeycomb sandwich panels. The honeycomb 

core is easily bonded with an adhesive to the other panels, and the 

adhesive bond supports the lightweight character of the pane. 

Another example is the solid sandwich panel with aluminum outer 

sheets, which is mostly used in façade paneling.  

 

                        
figure 2-2: Façade paneling of the Western Australian Maritime Museum, Fremantle. Source: 

Alcan, Composites Division 

figure 2-3: Detail of the façade with aluminum 

sandwich panels. Source: Alcan, Composites 
Division 

 

figure 2-1: sandwich panel with honeycomb 

core  
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Pure structural used adhesive joint are more scares, although some examples of metal-to-metal bonding 

can be found. One example is use of adhesive bonds in the aluminum trusses of the roof structure of the 

office building of the Aluminium Centrum, Houten. Tubular joints are used to bond the braces of the truss. 

 

For structural metal-to-metal bonds, three main types of adhesives, epoxy, polyurethane and acryl 

adhesives are commonly used in buildings the building industry  

The epoxy adhesives develop the highest strength and are widely used for metal bonding. Other 

characteristics of epoxy adhesive are the excellent performance at high temperatures, the resistance to 

chemicals and the long curing time.  

Acryl adhesives are reasonable strong structural adhesives but the curing progresses more rapidly. This 

group of adhesives can also be used on not thoroughly degreased surfaces without a big loss of adhesion.  

Acryl as well as epoxy adhesives are relatively rigid, which makes them vulnerable to dynamic loads, 

shocks and thermal mismatch of the adherends.  

The polyurethane adhesives form the last important group. This group contains a large amount of 

adhesives with diverse characteristics. The adhesives can give mechanical resilience but not as good as the 

epoxy or acryl adhesives. However, the flexibility of the polyurethane adhesive is higher, which makes the 

adhesive ideal for joints, which must be resistant to dynamic loads.  

2.1.12.1.12.1.12.1.1 General supplied informationGeneral supplied informationGeneral supplied informationGeneral supplied information    

Though adhesive bonding is not often used, a couple of building institutes have published guides on the 

subject of adhesive joint design. The adhesive industry tries, in addition, to promote the use of adhesive 

bonds through conferences and technical journals.  

Although much information on the subject of structural adhesive design is available, the research institutes 

of the building industry limit themselves to some general comments, which are discussed here.  

A couple of building institutes, for example institute for building research ‘SBR’, research institute ‘TNO 

Built Environment and Geosciences’ and the Federation for the Metal and Electro technical Industry (FME), 

have published guides which can help with design choices.  

Most guides start with pointing out the advantages of adhesive bonding over other joining techniques; 

these advantages are:  

¬ The joint is continuous. 

¬ An adhesive bond has a more uniform stress distribution over the whole length of the bond. This 

provides the bond with high fatigue strength. 

¬ Joining of different materials is possible. 

¬ The joints are sealed for liquids and possibly airtight. In combinations with metals is can provide a 

higher resistance against electrolytic and corrosion. 

¬ Parts with small dimensions can be bonded. 

¬ An adhesive joint can damp vibrations. 

¬ Thermal and electric isolation can be achieved through the bond. 

¬ Possible less stringent deviation tolerances are needed; this will however have  effect on the 

stresses in the joint 

                                                  

 

Cast piece 
 

figure 2-4: Photograph of the construction of the roof structure of the Aluminium  

Centrum. Source: Aluminium Centrum 

figure 2-5: Detail of the adhesive joint of the roof 

trusses of the Aluminium Centrum. Source: 
Aluminium Centrum 
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On the other hand, adhesive bonding has also several specific disadvantages. A few of these 

disadvantages are:  

¬ The production demands precision and control; Most of the detection techniques are destructive of 

nature. 

¬ The surfaces of adherends must be pretreated 

¬ The structural strength is hard to predict 

¬ The long-term effects on the strength of joints are not always predictable. 

¬ The adhesive bond is hard to control for flaws  

¬ During construction, curing time must be born in mind; the structure cannot be loaded 

immediately and the time for positioning is limited.  

¬ The joint is not reversible 

¬ The adhesive can be sensitive to creep 

¬ The joint cannot withstand extreme temperature 

 

Furthermore, general advice is given on the subjects of joint design, surface pre-treatment, choice of the 

adhesive and application. It is for example recommended to pre-treat the adherend to obtain a strong 

bond. Several methods of surface pre-treatment are mentioned.  

On the subject of choosing the right adhesive, it is advised to consider along side the mechanical 

properties, the shelf life, pot life, application and curing requirements.  

The advice on the joint design is mostly restricted to:  

¬ Make a sufficiently large surface. 

¬ Ensure that the shear stress the main stress in the adhesive layer is. Prevent the development of 

peel stresses and high concentrations of tensile stresses. 

¬ Use the appropriate adhesives, considering the shear strength and flexibility  

¬ Use experimental testing to verify the ultimate strength of the bond, if this bond is used 

structurally.  

As can be seen the guidelines are very general. The publications are only a first indication to become 

familiar with the subject. In short, the design and application of adhesive bonds in metal are still at a basic 

level in the Dutch building practice.  

2.1.22.1.22.1.22.1.2 ResearchResearchResearchResearch    

Research in the Netherlands on adhesive bonding is mostly done for the aerospace industry. An example of 

that research is the development of the composite Glare, used for the new Airbus line, which is done by 

StorkAerospace in cooperation, amongst others, with the Dutch national aerospace Laboratory (NLR). 

Glare is an aluminum laminate reinforced by glass fiber with the same flexibility as aluminum but better 

fatigue resilience.  

The Hechtingsinstituut (the adhesion institute) does research only focused on adhesive bonding. This 

institute is a part of the Delft University of Technology. Their mission is the promotion of the adhesive 

bonding technology by.  

The Netherlands Institute for Metals Research (NIMR) and the FME focus more on the promotion of metal 

and research on new applications for and with metal. An example is the establishment of the organization 

‘Federatie Dunne Plaat’, FDP (Federation Metal sheet) that promotes knowledge exchange between 

companies to enhance the chances of those companies in the international competition. 

Another participant in the FDP is the Netherlands Organization for Applied Scientific Research TNO. This is 

a broad organization, of which TNO built environment and geosciences focuses more on the building 

industry. TNO Building and Construction Research has started a research project “Surface technology”. In 

the context of that project research is done on the ductility and sustainability of new flexible adhesives. 

This project has a theoretical emphasis, though as sidetrack the project is viewed from a more practical 

side to advice on the application of adhesive technology in the building service.  
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2.22.22.22.2 Other industries Other industries Other industries Other industries     

Structural adhesive joints are mostly used in the aerospace and automotive industries. In aerospace 

industry, the use of bonding was triggered by the demand of lightweight constructions with stiff joints. 

Adhesive bonding improves joint stiffness because it produces a continuous bond. Other advantages of 

adhesive joint for the automotive industry are energy absorption, joint sealing and dissimilar material 

bonding. Examples of bonding in the automotive industry are stiffeners in car bodywork  

 

Contrarily to the aerospace and automotive industries, the use of adhesive bonding for load bearing in the 

building practice is very low. The big difference between those industries and the building practice is the 

precision during fabrication, the number of joints to be made (buildings are mostly one off projects with a 

small amount of repetition), and the regular maintenance, which are normal in the aerospace industry. 

Next to that is the strength determination by testing prototypes as common in the aerospace industry, is 

too expensive for the building industry. 

2.32.32.32.3 ReferenceReferenceReferenceReference    

[2.1] SBR-publicatie Lijmen in de bouw, deel 1 Algemeen, ISBN 90-5367-117-X, SBR, Rotterdam 1994. 

[2.2] Informatieblad 85: www.sbr.nl: realiseren van lijmverbindingen. 

[2.3] TNO, Bouw en Ondergrond. 01-05-2006. www.tno.nl/bouw_en_ondergrond/ 

[2.4] Hechtingsinstituut, TU Delft hechtingsinstituut. 01-05-2006. www.hechtingsinstituut.nl/ 

[2.5] FME-CWM, Vereniging FME-CWM. 01-05-2006. www.fme.nl 

[2.6] NLR, Homepage NLR. 01-05-2006. www.nlr.nl 

[2.7] FME-CWM, site Dunne Plaat Online. February 2006. 01-05-2006. www.dunneplaat-online.nl/ 

[2.8] NIMR, Netherlands Institute for Metals Research. 01-05-2006. www.nimr.nl 

[2.9] Stork, homepage. May 2006. 01-06-2006. www.storkaerospace.com/fokker/ 
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3333 General Adhesive TechnologyGeneral Adhesive TechnologyGeneral Adhesive TechnologyGeneral Adhesive Technology    

This chapter provides some background information on the behavior and the influences on the behavior of 

the adhesives and adhesive joints. The aspects, which need to be kept in mind during joint design, are 

discussed in short. A more detail discussion of the subject can be found in appendix A.  

First, various theories on the adhesion mechanisms are given. Some knowledge of these mechanisms is 

necessary to understand the influences of the environment and loading. 

The second part deals with the general aspects of adhesive joint design. Several aspects that can have an 

effect on the behavior of the designed joint are discussed. Other aspects, which will not be discussed, are 

the influences of chemical, electrochemical, corrosion and radiation effects and the combination of effects. 

These aspects are not of large importance when an adhesive joint is used in the building sector.   

3.13.13.13.1 BondingBondingBondingBonding    

This paragraph briefly discusses the cohesive and adhesive mechanisms. Several theories are developed to 

explain the adhesion between adhesive and adherend. Because the various degradation types cannot be 

explained by one theory, it is believed that several mechanisms may act simultaneously.  

 

 

In an adhesive bond, different 

layers can be identified as given 

in the figure 3-1. Between or in 

each of these layers failure can 

occur. The binding force of one 

layer is called cohesion. Adhesion 

is the force that holds the 

different layers together. 

 

 

3.1.13.1.13.1.13.1.1 CohesionCohesionCohesionCohesion    

Cohesion strength of an adhesive depends on the formation and 

hardening of the adhesive. The liquid adhesive hardens to a solid 

through one of the following processes: 

¬ Loss of solvent (when the adhesive is dissolved or dispersed 

in a solvent) 

¬ Freezing or cooling and solidifying of a hot melt (when the 

adhesive is a thermoplastic polymer) 

¬ Chemical reaction (when the liquid adhesive is not (fully) 

polymerized) 

 

Structural adhesives always harden by chemical reaction because they are applied in an un-polymerized or 

partially polymerized state. The curing or hardening process involves polymerization and cross-linking 

[appendix A].  

 

The bonding power of an adhesive depends heavily on its molecular weight or size of the molecules. An 

adhesive with a higher molecular weight provides a stronger bond. There are three main modes of 

interaction between a liquid polymer solution and a solid surface [figure 3-3]: 

Adherend

M ixed oxide-adhesive

Adhesive

Adherend

M ixed oxide-adhesive

 
figure 3-1: Layers of an adhesive bond  

 I 

II 

III 

 

figure 3-2: Polymer types: I monomer; II 

polymer; III cross linked polymers   
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1. Grafting:   the polymers connect on the surface by one of the chain ends. 

2. Depletion:  the monomers are repelled by the surface  

3. Adsorption:  the surface prefers to be in contact with the monomers.  

    
figure 3-3: modes of interaction: 1grafting; 2 depletion; 3 adsorption   Source:[3.4]      figure 3-4: mechanical adhesion  Source:[3.4]   

 

3.1.23.1.23.1.23.1.2 Adhesion mechanisms Adhesion mechanisms Adhesion mechanisms Adhesion mechanisms     

When an adhesive has wetted the surface and is fully cured, the force between the adhesive and the 

adherend can be explained by various theories [appendix A]. Most of these theories work at the same time 

and none of them can explain the full action at the interfaces.  

 

�  Mechanical theory 

This theory ascribes the adhesion force to the keying and interlocking of the adhesive into the cavities, 

pores and irregularities of the solid surface. 

� Adsorption theory 

According to this theory the adhesion exist due to the inter-atomic and intermolecular forces at the 

interface between de molecules of the adhesive and adherend. Most of the forces are the secondary ‘Van 

der Waals’ bonds, but there can also appear primary bonds.  

� Diffusion theory 

The adhesion is based on the mutual diffusion of the molecules of the adhesive and adherend across the 

interphase. The actual interfaces merge into a new phase.  

� Electrostatic theory 

The adhesion force is consists of electronic forces from the transfer of electrons from the adhesive to the 

adherend and back. The so emerged electrostatic negative and positive regions, the so called electrical 

double layer, attract each other. 

� Acid-base theory 

The acid-base or donor-acceptor theory is similar to the electrostatic theory but with a different emphasis. 

Two molecules or atoms share the same electron pair. The bond energies depend on the degree of acidity 

of the proton donor and on the alkalinity of the proton acceptor.   

� Theory of boundary layers and interfaces 

This theory states that failure initiates at a weak boundary layer. That layer is a result of hydration of the 

metal oxide layer. The resulting metal hydrates become gelatinous, and they act as a weak boundary layer 

because they exhibit very weak attachment to their base metals. 
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3.23.23.23.2 General aGeneral aGeneral aGeneral aspects of joint design spects of joint design spects of joint design spects of joint design     

Any joint design is focused on optimizing the configuration for the needed strength. Next to that is 

construction is often considered. However, designing adhesive joint more aspects must be considered 

during the design stage, which effect the strength and the final configuration. The shape of the uncured 

adhesive can for example have an influence on fabrication or shape of the bonded area.  

The general aspects which a adhesive joint designer must keep in mind are  

¬ assembly:   application method, processing requirements 

¬ joint loading : cyclic or static, load direction 

¬ Materials:   form, pre-treatments, mechanical requirements 

¬ service conditions 

¬ remaining aspects:  economical, effect on the environment  

Except for the last point, these aspects are discussed in this paragraph. A more extensive review is given 

in appendix A. 

3.2.13.2.13.2.13.2.1 MaterialsMaterialsMaterialsMaterials    

Form 

The form of the adhesive prescribes the way of application and so in some case the joint geometry. The 

adhesive can be applied in a liquid, solid or tape form. 

 

Bond surface 

The condition of the surface of the adherend has the main effect on the adhesion between adhesive and 

adherend. The attractiveness of the metal surface depends on the used surface treatment, because it can 

ensure a clean and active surface. Especially aluminum has a very high energy surface, which is ideal for 

bonding. Aluminum has a strong oxide layer.  

 

Material properties 

The Young’s modulus (or stiffness) of the adherend has an influence on the rotation and deformation of an 

adhesive joint and so influences the stresses in the adhesive layer. The influence of the stiffness will be 

discussed in §4.1. Besides strength and stiffness, the effect of the thermal expansion coefficient can be 

large especially when there is a thermal imbalance of the adherends. This induces large strains on the 

adhesive [§3.2.5.2]. 

Concerning the adhesive the strength, flexibility and resistance to force and environment are important 

characteristics, which influence joint deformation and strength.  

3.2.23.2.23.2.23.2.2 FabricationFabricationFabricationFabrication    

Joint design prescribes the way the joint can be made. The other way around can be said that joint 

fabrication has implications on the design of the joint. A fabrication must be properly prepared and 

executed, because poor bonding is often a result of the fabrication. 

Some features, which can have influence on the materials and shapes, are: 

¬ Way of assembly: the adhesive can be pushed out or air can be locked in the joint. 

¬ Curing:  the joint must kept stable during curing and when heat must be  

   applied, other joint elements must be able to withstand that heat. 

¬ Surfaces pre-treatment: if pre-treatment is necessary, the shape of the adherends must not 

    be too complex.  
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3.2.33.2.33.2.33.2.3 GeometryGeometryGeometryGeometry    

Adhesive joints come in many different forms. Talking about pure adhesively bonded elements, the main 

division is made between 2D and 3D geometries.  

The 2D geometries are usual divided into lap joint, T-joint, corner and butt joints. The effect of the 

geometry on the stress in the adhesive layer is discussed in ch 4. 

The shape of the adherends dictates the way the load is introduced to the adhesive layer and so dictates 

the direction and amount of the load [§4.1]. 

3.2.43.2.43.2.43.2.4 LoadingLoadingLoadingLoading    

The stress types on an adhesive layer are divided into shear, normal (tension or compression), cleavage, 

and peel stress. These types are shown in the figure below. 

 

  tension       compression     shear        cleavage      peel 

figure 3-5: Loading types for adhesive bonds Source [4.2]  

Cleavage and peel stresses are specific for adhesive joints. Joint design should prevent that these two 

stress types are prevalent, because these cause high stress peaks near the adhesive edges and 

consequently low (er) strength. In general, the highest joint strength is achieved when the bond is 

governed by shear stress. 

 

The applied loads can be static or dynamic. Adhesive joints are supposed to be more suitable for dynamic 

loading than other connection types, for example bolted or welded joints. The fatigue behavior of bonded 

joints is better because the joint is continuous and has a more uniform stress distribution over the whole 

length of the bond.  

However looking only at adhesive bonds, cyclic stresses degrade the bond more rapidly than constant 

stresses because cycle loading can cause crazing (very small cracks) that make the adhesive more 

vulnerable to pollutions.  
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3.2.53.2.53.2.53.2.5 Environmental influencesEnvironmental influencesEnvironmental influencesEnvironmental influences    

The environmental influences that will be discussed here are temperature, damp and aging. These are the 

main degradation factors. Though, many more environmental influences exist, for example light, chemical 

and electrochemical, they are of less importance in the building service.  

3.2.5.13.2.5.13.2.5.13.2.5.1 MoistureMoistureMoistureMoisture    

Of the environmental effects, moisture has the largest effect on the strength of an adhesive bond. There is 

a critical humidity level above which weakening or decay of the bond occurs. Often is the humidity level 

not of equal value thought out a joint; there may be an outer zone where the critical water level is reached 

whiles an inner zone has a lower humidity. 

The strength decrease by moisture can be reversible and irreversible.  

The reversible effects are:  

¬ Plasticization  

¬ Swelling a and thereby inducing stresses 

¬ disrupting secondary bonds across the interface 

The irreversible effects are:  

¬ Chemical breakdown due to reaction with water 

¬ Cracking or corroding the adherend surface 

The softening effect depends on the rate of water diffusion. When moisture softens the adhesive, the glass 

transition temperature (at which the adhesive becomes viscous), decreases and the Young’s modulus and 

strength are lowered. This can cause decrease of joint strength but on the other hand it can result in 

stress relaxation or close cracks in the adhesive layer. 

 

However, focus of fatal degradation by moisture lies on the interface. When moisture is involved, an 

adhesive bond will almost always fail at interface. The adhesion strength at interface, also called the 

thermodynamic work of adhesion (W), is defined as the energy required to separate two elements at 

interface per unit area. A joint can have a negative value for W (instable bond) in a humid environment; 

where as the same joint has a positive value for W in a drier environment.  

Commonly chemical bonds between the adhesive and adherend are more durable. By non chemical bonds, 

the moisture will interrupt the Van-der-Waals bonds at the interface, because polar metal (-oxide-) 

surfaces attract the water molecules. Adhesive bonds of plastic adherends will therefore be less affected by 

moisture at the interface.  

Considering aluminum adherends, moisture can cause hydration of the surface, which causes an expansion 

of the interphase. This induces high stresses at the bond line. The stresses promote crack propagation 

near the hydration-metal interface. The rate of hydration depends on pre-treatment, corrosion inhibitors, 

temperature and moisture. Joint strength falls most rapidly at the beginning and eventually the rate of 

decrease in strength slows down to a very low value.  

The environment can also cause electrochemical corrosion of the substrates. The corrosion can destabilize 

the bond via the presents of oxides. These corrosion products attach poorly to the bulk material and failure 

will then occur below under the bonded area. The surface treatment has a great influence on the rate of 

degradation. Factors that influence the wet durability: 

� type of alloy: some tests have suggested that a high value of magnesium (with MgO on the 

surface) can  cause poor durability 

� surface pretreatment 

� stress: flexible adhesives are more prone to degradation under stress 

� salt water: very aggressive  

� temperature 

For a durable bond always, apply appropriate surface pre-treatment.  
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3.2.5.23.2.5.23.2.5.23.2.5.2 TemperatureTemperatureTemperatureTemperature    

Most effects on bond strength due to temperature arise when the temperature lies above or under the 

service temperatures (-20° till 80° C) used in the building sector. Some effects of temperature on an 

adhesive can be:  

¬ Shrinkage 

¬ Thermal expansion 

¬ Chemical changes; when the temperature is elevated above the decomposition temperature. 

 

With respect to joint design for the building service, stresses due to variation in temperature are the 

thermal effect that has the most importance. In general, adhesives have a higher coefficient of expansion 

than the adherends. This can, with increasing temperature, cause thermal stresses. Rest stresses can also 

develop due to that thermal imbalance during the curing (under heat). The thermal coefficient of 

expansion can have an increased value above the glass transition temperature. 

 

With respect to the alteration of material properties of an adhesive, several phases dependent on the 

prevalent temperature are distinguished. Those stages are in closed relation with the free space between 

the molecules (strings) of the adhesive. With higher temperatures, the free space increases and mobility of 

the polymers increases.  

An important phase boundary is the glass transition temperature above, which the adhesive is in a rubbery 

state. Under that temperature, the adhesive is stiff and glazy. The glass transition temperature marks thus 

a significant change in mechanical properties.  

Raising the temperature further above the glass transition temperature, the free space between the 

polymers will get larger and finally the next boundary the decomposition temperature is reached. At that 

temperature polymers revert to the monomers.  

At low temperatures will the adhesive become more brittle (and stiffer), which also can lead to a decrease 

in joint strength.  

So, temperature affects the adhesive by the phases the adhesive is in and the properties, which go with 

those stages.  

3.2.5.33.2.5.33.2.5.33.2.5.3 TimeTimeTimeTime    

The behavior of adhesive can be affected by the time related effect, creep. This means that with constant 

stress the deformations increase over a period of time.  

There is a time delay before deformations commence. That delay depends on temperature and load. After 

the period in which no creep deformation is visible, a stage of steady state creep logarithmic with respect 

to time is identified. The next stage a accelerated creep is present, which can end in failure. 

The effect becomes more pronounced as the temperature increases.  

 

Most creep studies have been on linear polymers, none of which are used as structural adhesives. The 

results of that research cannot straightforward be used transposed to behavior prediction of structural 

adhesives because cross linking influences the time behavior. The absence of cross-linking in linear 

polymer adhesives permits extensive and continuous deformations, which is one of the major reasons why 

these types are not use as structural adhesive. 

 

In the building industry, the adhesive joint will probably have a long service life.  

If creep is likely, the overall strength of the adhesive will decrease over time. Lengthening the bond length 

is then advantageous. Long overlap shear joints are normally avoided because increasing the overlap does 

not proportionally increase the short-term strength but the increased bond length does both delay the 

onset of creep and reduce its rate. A rough guide is that constant loading over along period should not 

exceed about one-quarter of the short-term lap shear strength.  
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4444  Adhesive joint classes Adhesive joint classes Adhesive joint classes Adhesive joint classes    

Adhesive joints are complex. Many different parameters have an influence on the behavior and strength of 

the joint. To make the design even more complex, the geometry of an adhesive joint is not fixed. In 

literature several distinctions are made, which will be discussed in this chapter. 

 

Handbooks give recommendations for joint geometry, which are divided in several groups. The most 

general groups are: 

¬ Hybrid joints 

  In these joints, the adhesive bond is not the only  

  medium, which transfers loads. Adhesive bonds can be 

  combined mechanical with rivets, nails or bolts or with a 

  click system [figure 4-1].  

 

¬ 2D and 3D joints 

  2D -joints can have the most action in one plane or the load transfer is an interaction of work 

  in two directions. 

  The 3D behavior differs in stiffness and strength due to the interaction in the three directions. 

  The 3D-geometries can be divided in tubular en corner joints. The tubular joint can be a three 

  dimensional form of the butt joint or of the surface joint when a sleeve is applied.  

       

 adhesive 

 
figure 4-2: Examples of 3D tubular  joints. Source: Henkel , Aluminium centrum 

 

The 2D geometries are usually divided into four groups, the lap joint, T-joint, corner joint and butt joint. 

This division is on basis of the prevalent stress or shape. These four groups will be treated in the next 

paragraphs. 

 

4.14.14.14.1 Main 2D geometry groupsMain 2D geometry groupsMain 2D geometry groupsMain 2D geometry groups    

Adhesive joints are used in the automotive, aerospace and building industry. Every discipline has its own 

particular joint. However, in the adhesive technology there are a set of basic joint types, which are used 

for stress analysis. The more simple joint configurations are in 2D. These joints can be represented by a 

plane in which the main action is viewed.  

The joints 2D-geometry are divided into four categories 

¬ Surface or overlap joint 

¬ Angle joints 

¬ T-joint 

¬ Butt joint 

The general characteristics of these four groups will be treated is this paragraph.  

 

 
figure 4-1: rivet – adhesive hybrid joint 
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4.1.14.1.14.1.14.1.1 Lap jointLap jointLap jointLap joint    

The overlap joint is the most basic and most analyzed joint. The majority of the analytic theories are 

applicable on the lap joint.  

 

  A      C    E  

  B      D     F  
figure 4-3: Examples of lapped joints configuration; a: single lap  b: (a) beveled  c: without load eccentricity  d: scarf joint  e: double overlap  

f: (e) beveled 

 

These joints have in common that the adherends are plates, which are bonded in the plane of the plates. 

The main load on this joint should be a shear load.  

The stress distribution of that shear stress over de adhesive layer, shown in figure 4-3, is examined for a 

long time. 

 

As can be seen the shear stress is lower in the centre of the overlap. And the stress peak is concentrated 

near the end of the bond. 

 

Due to the shear stress peak near the end and the 

stress free surface condition the tensile stress will 

be highest at the overlap end. This initiates the 

failure of the adhesive. Bending of adherends can 

also add to the size of the tensile stress; this 

depends on the eccentricity of the load path and 

thus also on the shape of the adherends.  

4.1.1.14.1.1.14.1.1.14.1.1.1 Geometry Geometry Geometry Geometry     

Overlap length 

Extending the overlap length brings the stresses in the adhesive down, until a certain overlap length. The 

stresses seam to be transferred in a fixed length. If the overlap is longer than that length the middle part 

will hardly participate in the load transfer.  

The strength of a lap joint rises with the total length of the specimen for a fixed overlap length.  

 

Adherend shape 

The thickness of the adherends influences its stiffness and thus 

bending and deformations.  

The adherends can be tapered of beveled, so the load is transferred 

more evenly onto the adhesive layer. This will even out the stresses 

and stress peaks in the adhesive layer.  

A straight load path will also enhance the uniformity of the adhesive 

stresses, because an extra bending moment is not introduced. To 

obtain a straight load path a double lap joint [figure 4-3 E] can be applied.  

 

Adhesive shape 

Increasing the thickness of the adhesive layer also increases the failure load until a certain value of the 

adhesive thickness is reached. If the adhesive layer becomes too thick, the failure load will drop again. 

Lo

τ
τmax

τmin

 
figure 4-4: schematic representation of the shear stress pattern over 

the overlap  

 
figure 4-5: single lap joint wit spew fillets 
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Increase in single-lap joint strength can be achieved by including an adhesive fillet at the edges of the 

overlap. The site of initiation of failure in lap joints is strongly dependent on the geometry of the edges of 

the overlap. The final tensile stress distribution depends strongly on the degree of rounding the ends of the 

adherend.  

4.1.1.24.1.1.24.1.1.24.1.1.2 StiffnessStiffnessStiffnessStiffness    

The thicker, thus stiffer the adherend the more uniform the shear stress distribution becomes. 

If the stiffness of the two adherends is not equal, the load transfer is concentrated at the end of the joint 

from which the softer adherend extends. 

4.24.24.24.2 Corner jointsCorner jointsCorner jointsCorner joints    

The second group is the corner joint. The corner can be made with only the elements, which must be 

bonded, or with an extra corner piece. 

 

      A                 C               E    

      B                 D      
figure 4-6: Examples of corner joint configuration; a/b: joint with corner elements  c/d/e: with linear and L-shaped elements  

 

Depending on the direction of the applied load, the loads will mainly be transferred by tensile and peel 

stresses. A typical shape of the stress field for stresses perpendicular on the horizontal adhesive layer is 

shown in figure 4-7 

σ

Lo
figure 4-7:tensile stress pattern of an adhesive layer in a corner joint 

4.2.1.14.2.1.14.2.1.14.2.1.1 GeometGeometGeometGeometryryryry    

The overall shape of the given stress field is not seriously effected by the shape of the joint.  

Stiffer adherends of corner piece can decrease the tensile stress peaks at the edges of the adhesive.  

If the direction of the load is know, the way the corner is designed should prevent large peel stresses. 
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4.34.34.34.3 Tee jointsTee jointsTee jointsTee joints    

 

 

 

 

As third, the T- joints are 

identified. This joint shape can 

be made in many different 

configurations. The joint can be 

made with extra corner pieces or 

special profiles.  

 

Due to the different directions of the adhesive bonds, this joint type does not have a preferred stress 

direction. The stress pattern in one of the adhesive layers can be a combination of stress patterns given 

for the three other joint types. And again it can be seen that with increasing adherend stiffness the 

induced peel stress in the adhesive decrease.  

lo

σ

lo

σ

 
figure 4-9: tensile stress pattern of a Tee-joint with L-shaped corner 

elements  

figure 4-10: tensile stress pattern of a Tee-joint with T-shaped corner 

elements 

 

4.3.1.14.3.1.14.3.1.14.3.1.1 GeometryGeometryGeometryGeometry    

Innerfillment 

If the inner part is filled joint efficiency increases. The stiffer the adhesive used for the ‘innerfillment’the 

stiffer and stronger the joint. Enlarging the inner space, more load will be transferred through the flanks. 

 

Adherend 

The maximum stress within the adhesive layer decreased with increasing adherend stiffness. 

The radius of the flanges also has an influence on the overall joint stiffness. Increasing the radius will 

increase the overall displacement of the joint; however, this effect will only be of a significant value when 

the flanges are under tension. The thickness of the flanges has a positive effect on the joint stiffness and 

on the other hand a negative value on the joint strength, when a prominent stiffness imbalance is present 

between base and flanges. A thicker web (vertical) plate enhances the stiffness but decreases also the 

total strength. 

 

A 

B 

C 

D 
 

figure 4-8: Tee joints with corner elements and Tee shaped elements  
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4.3.24.3.24.3.24.3.2 Butt jointButt jointButt jointButt joint    

As last group, the butt joints are identified. The joint type is design to bear pure tensile or compression 

load. This joint is not much used in practice 

       

 

                                                  Lo

σ

   
figure 4-11: examples of butt joints   figure 4-12: Tensile stress pattern of a but 

joint  

 

As can be derived from the geometry figures, a slight deviation in the load can cause high stress peaks 

due to bending stresses.  

The desired stress field is given in figure 4-12.  

This joint is mainly used during testing for adhesive material properties. 
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5555 Base modelBase modelBase modelBase model    

As shown in chapter 4 the common 2D joint forms for metal-to-metal bonds are still very diverse. Every 

joint type has its own characteristics. Every joint group consists of a variation of different configuration, 

which reflects in dissimilar stress fields. In addition, a realistic adhesive joint will deviate slightly for the 

designed due to dimension tolerances.  

Consequently, a design rule that is applicable to various joint types will not be feasible. To restrict the 

scope of this research, an initiative towards a design rule for only one joint type will be made. 

 

To select one joint type, the different 2D groups will be compared for their usability in the building 

practice. From thereon, one base geometry will be derived and used as reference for further research.  

In the last part of this chapter, the base geometry will be expanded to several models to verify the 

applicability of the chosen failure load prediction (see ch 8 on this subject). 

5.15.15.15.1 Base model selectionBase model selectionBase model selectionBase model selection    

The selection will be made for the four common joint types. Several primary geometries are derived from 

these groups. The selection criteria are: 

¬ Similarities with in a group of joint type 

¬ Geometry features with a larger influences on total behavior and strength 

¬ Geometries most suitable for structural design  

¬ Shape of the stress pattern 

¬ Value of the stresses 

A set of secondary, more practical based, criteria is stated as:  

¬ simplicity of assembly 

¬ type of load 

¬ dynamic or static load 

The assessment of the joint types according to the set criteria is visualized in table 5-1. 

 

 table 5-1: Selection criteria for joint types 

                       Joint 

Criteria 

Overlap Corner T-joint Butt joint 

Unambiguous stress field  

Calculable stress field 

Geometric influences 

Group similarities 

Practical use 

Knowledge 

+ 

++ 

+ 

 

+ 

++ 

+ 

0 

+ 

 

+ 

0 

- 

0 

+ 

 

0 

+ 

++ 

++ 

- 

++ 

+ 

+ 

 

The usability in combination with the available knowledge was the decisive factor here.  

In the end, the lapped joint has been chosen. The stresses are not to complex and the adhesive layer is 

mainly stressed in shear (the strongest direction). Furthermore, most lap joints are well and simply 

applicable in the building practice. Most research is concentrated on this joint, so analytical methods are 

well available to determine the adhesive stresses.  

5.1.15.1.15.1.15.1.1 Lap jointLap jointLap jointLap joint    

This category can be divided into subdivisions of joints with similar stress distributions in the adhesive 

layer. As example, a single lap and a beveled lap joint are shown. 
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The single lap joint has peak 

stresses near the end of the 

overlap and the beveled lap joint 

has a more leveled out stress 

pattern. 

The shapes of the stress field 

mainly origin in the geometry of 

the joint; with beveled or tapered 

adherends, the applied load is 

more evenly distributed to the adhesive layer by the adherends, so the peak stresses are much lower. The 

stress field is therefore also dependent on the angle of bevel.  

 

 

And as mentioned in ch 4, the shape of the adhesive fillet has also an influence on the shape and size of 

the stress field. A fillet can reduce the tensile stresses at the end of the adhesive layer significantly. 

However, the size and the rounding of the fillet have a great effect on the extent of the influence [3.1]. 

This makes it very difficult to model a fillet what will represent a true fillet.  

Another subcategory is the group of double lap joints. The position of the adherends does not induce an 

extra moment on the adhesive layer due to load eccentricity. Though the adhesive will have a more 

uniform shear stress pattern over the bonded area, the stresses in the adhesive layer are influence on the 

innerfillment and distance between the adherends. Due to these influence on the stresses, the fact that the 

joint is relative thick and the more laborious fabrication, the choice also did not fall on the double lap joint.  

 

The shape of the adherend and the fillet were the 

two main reasons for the choice of the relative 

simple, single lap joint with square corners. A 

single lap joint is one of the joints with relative 

small amount of geometrical variables that have 

an influence on the ultimate stresses. In addition, 

the simple lap joint is more conservative than the 

stress reducing beveled or tapered lap joint. So, the base joint for this research is a straight single lap 

joint. 

 

The analyses will be explained in accordance with this reference model. 

For this lap joint, the basic shapes of the shear and tensile stress field over the adhesive layer are plotted 

in figure 5-5. 

Lo

τ

                    Lo

σ

 
figure 5-5: schematic shear and tensile stress pattern of a sing lap joint 

      
 

 

 Lo

τ

                    Lo

τ

 
figure 5-1: example of a single lap joint           figure 5-2: example of a scarf joint 

  A      B     C  

figure 5-3: Examples of lapped joints configuration; a: single lap joint with square corners  b: single lap joint with an adhesive fillet  c: double 

lap joint  

0.25 mm

tadr

loverlap  

figure 5-4:model of the used single lap configuration  
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The diagram of the shear stress is already discussed in ch4. On the right the basic shape, as given in 

literature, of the perpendicular stress in the adhesive layer is shown. 

 

The stress pattern can have a W shape, which depends on the length of the bond line. This can be 

explained by the deformation of the adherends. Near the end of the bond line, the ends of the adherends 

curl up and more to the middle the adherends are compressed. Because of this, the adhesive layer 

experiences a strong tensile stress near the end of the bond line and a compressive stress away from the 

end. With a short overlap length, the compressed areas are very close together and do not cause a W-

shaped stress pattern. 

If the W-shape appears, the maximum value of the stress is again near the end of the adhesive layer. The 

stress pattern has two low points in the pressure range. From these lowest points, the stress increases 

again to the middle. 

5.25.25.25.2 Failure load prediction Failure load prediction Failure load prediction Failure load prediction     

The two most important components of a design rule are the prediction of the prevalent stresses and the 

indication of the point of failure. In chapter six and seven, several methods of stress calculation will be 

presented.  

In chapter eight, the singular stress approach is proposed as failure criterion. This research will determine 

if this criterion is suitable for the same geometry with variable overlap length.  

 

From literature [8.4] is concluded that the singular stress approach gives a prediction, which is not 

accurate enough for very small overlap length. The following part of the report examines if the overlap 

length, usable in the building practice, gives good results with the failure criterion based on the singular 

stress approach.  

 

During the failure criterion analyses, several variations of the dimensions of the base model were 

examined. The used dimensions are derived from a combination of the results from the analyses (see ch 

8) and the tests performed by TNO Built environment and Geosciences. An overview of the dimensions is 

given in the table below. 

 

      table 5-2: Dimensions of the analyzed single lap joint configurations 

Overlap Adherend thickness Width 

10mm 
2 

2 

6 

6 

25 

50 

12,7mm 
2 

2 

6 

6 

25 

50 

15mm 
2 

2 

6 

6 

25 

50 

20mm 
2 

2 

6 

6 

25 

50 
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6666 Analytical analysisAnalytical analysisAnalytical analysisAnalytical analysis    

For a first indication of the stresses in an adhesive layer of a lap joint, analytical methods are developed. 

In this chapter, shear and tensile stresses in the adhesive layer are viewed with the Allman approach for 

lapped joints with varying overlap length and adherend thickness. The results are presented in § 6.5. 

First a review of the most common analytical approaches along with two building codes for stress 

determination in the adhesive layer is given. The building codes are included to give an insight in the 

current state of regulated calculations in the building industry.  

Following, some of the common elastic and elastic-plastic analytical methods are discussed. The methods 

of Volkersen and Goland and Reissner are discussed more extensively because these approaches are the 

basis of the majority of existing research.  

 

6.16.16.16.1 Building CodesBuilding CodesBuilding CodesBuilding Codes    

6.1.16.1.16.1.16.1.1 Dutch building codeDutch building codeDutch building codeDutch building code    

Adhesive bonding of metal sheets is treated in the aluminum code NEN 6710 [ref]. Section 13.4 discusses 

the adhesive bonding of aluminum elements.  

 

In the global model, the joints must be quantified in the mechanical system according to their rotation. If 

the material is assumed to behave elastic the joints are represented as hinge, flexible or rigid joints. If the 

plasticity is taken into account the joint must represented as hinge, not-fully fixed or fixed joint. This 

implies that rotations and deformations of an adhesive joint under the prevailing load must be quantified. 

 

Besides the check of the whole structure, the joints must be checked in detail. NEN 6710 states in §13.4, 

that an adhesive bond should only be loaded in shear. Hence, the code gives regulations for the maximum 

value of the design shear stress. For various adhesive types, the characteristic shear strength is given in 

the code [table 6-1].  

 

table 6-1: characteristic shear strength values of adhesives 

Adhesive types 
adhvf ,   [N/mm2] 

1-component,    heat cured, modified epoxide 

2-components,   cold cured, modified epoxide 

2-components,   cold cured, modified acrylic 

35 

25 

20 

 

The unity check of the design shear stress is: 

adhM

adsvf

,

,

γ
τ ≤           (  1  ) 

Where: 

τ  is the uniform shear stress in the adhesive layer calculated by 
bl

F
=τ .  

adsvf ,  is the limiting shear strength value of adhesive 

0.3, =adhMγ  is the material factor for adhesive bonded joints 
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A different characteristic shear strength may be used if that strength is obtained by tests according to the 

regulations given in the German code, DIN 54451. In the design rule a factor of material γ=3,0 must be 

taken into account. This factor is high due to:  

� A large spread in strength of adhesive joints is noted 

� In practice experience is low 

 

After the demands on the strength and behavior of an adhesive joint the code presents several design 

recommendations: 

� An adhesive may only be stressed in shear 

� Tensile stresses must be avoided 

� Peel stresses may never occur 

� The joint should not be the weakest link in the structure 

� The adhesion strength between the adhesive and adherend must be higher than strength of 

the adhesive in shear for good durability. 

 

6.1.26.1.26.1.26.1.2 European building code European building code European building code European building code     

Adhesive bonding is also treated in the European aluminum code. This code, EC 9, is derived from several 

European codes, including the Dutch building code. Adhesive bonding is dealt with in §6.8 of EC9: 

Aluminum [4].  

Firstly, the code states that adhesive bonds should not be used as main structural joint unless considerable 

testing including environmental and fatigue testing is done. Further, advice is given on joint design, tests, 

and durability and corrosion protection. 

The code directs that the joint should fail ductile, so the joint must be designed with a uniform stress field 

and have sufficient deformation capacity. It is also advised to make the joint strength greater than the 

yield strength of the adherends, so the joint will fail outside the bonded area. To ensure ductile failure, it is 

further advised to use toughened adhesives. And the pretreatment of the adherends surfaces must meet 

the requirements, so interfacial failure will not occur during service life.  

On the subject of calculation of joint strength, the code states that the adhesively bonded joint should only 

be stressed in shear. Tensile and peel stresses in the adhesive layer should be avoided. One of the means 

to achieve this is the use of extra structural elements, for example rivets.  

EC9 lists that adhesive joint strength depends on: 

� Configuration of the joint and the stress distributions 

� Strength of the adhesive 

� Strength of the aluminum 

� Surface pre-treatment 

� Environment and ageing 

 

However, for joint strength determination only regulations are given for the calculation of the stresses in 

the adhesive layer, similar to NEN 6710. The conditions for that calculation are: 

� only shear forces can to be transmitted 

� appropriate adhesives must be used 

� surface preparation must meet the specifications  

 

The values for the limiting shear strength of adhesives are the same as given in the Dutch code table 6-1. 

And the limiting shear strength may only be higher than those given in table 6-1 shear tests are performed 

with models with thick adherends. 
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The maximum shear stress is also given as: 

adhM

adsvf

,

,

γ
τ ≤           (  1  )  

The high value for γ is here explained by: 

� the design of the joint is based on ultimate shear strength of the adhesive 

� the scatter in adhesive strength can be considerable 

� the experience with adhesive bonded joints is small 

 

 

6.26.26.26.2 Theoretical methodsTheoretical methodsTheoretical methodsTheoretical methods    

Many theories are developed over the years to predict the stresses in the adhesive layer of a joint. Most 

are fairly related to each other. This paragraph concentrates on the theories, which are applicable for the 

single overlap. 

First, the two original theories of Volkersen and Goland and Reissner are discussed. Other important 

approaches and their main characteristics are also viewed.  

Examples of some methods are given in Appendix C. 

6.2.16.2.16.2.16.2.1 Elastic analysesElastic analysesElastic analysesElastic analyses    

6.2.1.16.2.1.16.2.1.16.2.1.1 Volkersen (1938)Volkersen (1938)Volkersen (1938)Volkersen (1938)    

This is the first serious method to determine the stresses in the adhesive layer of a bonded joint from 

1938, also known as the shear lag theory.  

In his theory, Volkersen assumes that  

� the adhesive can only deform in shear 

� the adherend can only deform in tension 

Only the shear stress in the adhesive layer is determined by equating the deformations of the adherends 

and the adhesive layer. 

The deformations in the adherend (due to tension) over the bonded area are not linear because the load 

will be transferred to the other adherend. The normal stresses in the adherend will be largest at loaded 

end (A) and will decrease to zero at the bonded end (B) [figure 6-1]. The adhesive therefore will not 

undergo a uniform shear deformation and stress.  

 

 

A B

B AI

II

III

figure 6-1: Strain models of a single overlap joint: I linear tension strain of the adherend; II shear strain of the adhesive; III declining 

adherend strain and adhesive shear strain 
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To determine these stresses Volkersen defined the relative displacement from the upper adherends to the 

lower, which must be equal to the deformation of the adhesive.  

With boundaries the maximum stress, which is assumed to lie at the adhesive edges, can be calculated: 

  
o

c
lw

F
n

⋅
=maxτ         (  2  ) 

Where: 

F:  force per unit width of the joint 

w:  joint width 

ol :  overlap length 

cn :  stress concentration. The thickness and Young’s modulus of the adherends and 

thickness and shear modulus of the adhesive and overlap length. This coefficient can be 

postulated for dissimilar adherends.  

These formulas are valid when the adherends have the same thickness.  

From the equations can be seen that Fmax depends amongst other things on the thickness of the adhesive 

in proportion to t1/2 .  

However, experiments have shown that a thicker adhesive layer results in lower strength, which 

contradicts the Volkersen-solution. Next to this, the assumption that the shear stress in the adhesive layer 

is at a maximum at the adhesive edges is not possible due to free surface conditions. The bending of the 

adherend due to the eccentricity of the load is also not taken into account. 

6.2.1.26.2.1.26.2.1.26.2.1.2 Goland and Reissner (1944)Goland and Reissner (1944)Goland and Reissner (1944)Goland and Reissner (1944)    

This theory is an improvement on the Volkersen-theory for a single lap joint. 

It takes into account the bending moment, caused by the eccentricity of the loads, and the effect of the 

rotation of the adherends on that eccentricity.  

Goland and Reissner developed the theory for two extreme cases of single lap joints. In the first case, the 

adhesive layer is very thin in comparison with the adherends and the value for the Young’s modulus of 

both materials lies in the same range. So, the deformations of the adhesive layer are not of great 

importance. 

Whereas in the second case the deformations of the adhesive layer have an influence on the joint 

behavior, although the layer is relatively thin. This theory is used for metal-to-metal joints and will be 

discussed here. 

 

Equations to describe both shear and normal stress in the adhesive layer are derived by treating the 

adhesive layer as an infinite number of springs. The shear and peel stresses were assumed constant 

across the adhesive layer and are present on the free surface. For the adherends, a state of plane strain is 

assumed. 

The stresses are given by:  

 ( )






 −+
+

⋅
⋅

= κ
κ

τ 1
4

31
4

3
max c

o

n
lw

F
      (  3  ) 

 ( )21

3
2

,

max; ,,,, RRCBf
RC

tadrmeany

y κ
σ

σ ⋅
⋅

=      (  4  ) 

 

Where:  

B : dependent on C and on the thickness and Young’s modulus of the adhesive and  

  adherend  

C : ol2
1  
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R1, R2, R3 : goniometric functions dependent on B 

meany;σ  

adrtw

F

⋅
= : averaged tensile stress in the adherends 

κ  : bending moment, expressed as: 

 

1

22
tanh221

−
















+= θ
GRk

     (  5  ) 

  with:  
( )

3

2
13

adradr

adr
o

tEw

F
l

⋅⋅

−
=

υ
θ  

So the bending moment depends on the deformation of the adherends under load by 

taken the Poisson ratio, Young’s modulus, width and thickness of the adherends into 

account 

 (See appendix B for full expression) 

 

As the formulas shows, the influence of the bending moment is reduced by the κ -factor. Applying larger 

loads, the action of the loads is brought closer together by rotation. Besides the load, the bending moment 

is also dependent on the geometry and the material characteristic of the adherend. 

 

The rotation has an influence on the κ -factor although not on the stresses because these are calculated 

in the first order state. This theory also neglects shear deformations and tensile stresses across the 

adherends. Furthermore, the applied boundaries conditions are believed to be too conservative and the 

free surface condition is not met. The shear stress free surface condition states that a free (end) surface of 

a material cannot have shear stress on it. As a result of that, the shear stress in the adhesive layer also 

should be zero at the adhesive edge, by the law of complementary shear stresses.  

Load path

figure 6-2: Load path in a single overlap joint: above, sloping load path; below, leveled load path after rotation 
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6.2.1.36.2.1.36.2.1.36.2.1.3 Allman (1977)Allman (1977)Allman (1977)Allman (1977)    

This theory differs from most approaches, because it is based on minimizing the strain energy of the stress 

distribution, which enables the boundary conditions to be easier satisfied.  

For the analytic solutions of a symmetric single lap joint, a closed form solution is presented. The 

equations can be extended for numerical approximations for plastic adhesive behavior or other joint types.  

The theory calculates the average elastic shear and peel stresses through the thickness of the layer, taking 

into account the bending, shearing and stretching of the adherend. The peel stress is allowed to vary 

across the adhesive thickness, although the adhesive shear stress is constant though the thickness. The 

latter assumption results in the normal adhesive stress being zero.  

Furthermore, a state of plane strain is assumed for the adherends, all the basic material properties are 

taken into account and equilibrium and stress boundary conditions are met, of which the latter includes the 

stress free surface conditions at the ends of the adhesive layer. 

6.2.1.46.2.1.46.2.1.46.2.1.4 Renton and Vinson (1977) Renton and Vinson (1977) Renton and Vinson (1977) Renton and Vinson (1977)     

This theory assumed the shear and peel stress constant across the thickness of the adhesive. The adhesive 

layer is modeled as a separate block, so the adhesive shear stress has to drop at the end. The shearing of 

the adherends is included and the bending moment formulated by Goland and Reissner is used.  

6.2.1.56.2.1.56.2.1.56.2.1.5 Delale et al (1981)Delale et al (1981)Delale et al (1981)Delale et al (1981)    

This theory does calculate the normal stress in the adhesive layer along side the shear and peel stresses. 

However, all these stresses are assumed constant over the adhesive thickness, which means that the 

stress free surface condition cannot be satisfied. 

The formulated equations for a lapped joint under tension, bending or transverse load incorporate different 

orthotropic adherends in a state of plane strain, and different boundary conditions. 

The basic material properties are taken into account. However, the bending moment factor (of Goland and 

Reissner) is not used so comparison with other methods is difficult.  

For the elastic linear behavior of the adhesive joint, a closed form solution is found. In addition, the 

analysis is extendable to a non-linear analysis for which a solution can be numerically found.  

6.2.1.66.2.1.66.2.1.66.2.1.6 Adams and Mallick(1992)Adams and Mallick(1992)Adams and Mallick(1992)Adams and Mallick(1992)    

This approach is also energy based and an extension of the theory of Chen and Cheng by including thermal 

stresses. 

All stresses, normal, shear and peel (perpendicular) are included and vary over the thickness of the 

adhesive layer. The stress formulations, in four independent functions, include the effect of bending, 

shearing, stretching and thermal deformation in both the adherend and adhesive. The adherends are 

assumed to be in a plain strain state and may have dissimilar geometric and material properties. 

The theory is afterwards extended to include adhesive plasticity. The equations must then be solved 

iteratively.  

 

6.2.26.2.26.2.26.2.2 ElasticElasticElasticElastic----plastic analysisplastic analysisplastic analysisplastic analysis    

These theories are based on plastic adhesive and adherend behavior.  

When in a single lap the adherends can plastically deform, two things can happen. If the adherends rotate 

plastically, the moment is reduced faster and more thereby decreasing the stresses in the adhesive (more 

than, if they deform elastically). However if the adherends yield at there loaded end the differential 

straining (a not uniform deformation over the length of the adherend)is enhanced causing shear stress 

peaks near the bond-line end in the adhesive. This will mean failure at a lower load.  
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6.2.2.16.2.2.16.2.2.16.2.2.1 HartHartHartHart----Smith (1973)Smith (1973)Smith (1973)Smith (1973)    

This theory is based on the work of Goland and Reissner. The adhesive is modeled as an elastic-plastic 

material for shear stress, by using an elastic-perfect plastic stress-strain curve with an area under the 

curve as larger as the area under the true stress-strain curve.  

The elastic peel stresses and plastic shear stresses and thermal strains are considered. The peak peel 

stresses are given as a function of the peak shear stress. This is done by splitting the adhesive layer into 

three regions: a central elastic region of length and two plastic regions. The shear stresses are solved in 

the elastic region and the shear strain in the plastic region. 

Furthermore, a new expression was developed for the bending moment factor, which gives at higher load, 

a little lower moment and adhesive stress than those predicted by Goland and Reissner. 

6.2.2.26.2.2.26.2.2.26.2.2.2 Bigwood and Bigwood and Bigwood and Bigwood and CCCCrocombe (1990)rocombe (1990)rocombe (1990)rocombe (1990)    

This work is based on the theory of Goland and Reissner and earlier work of Bigwood and Crocombe for 

stresses in an elastic adhesive layer. Purposed is the analysis of a large range of joint configurations that 

can be simplified to an adherend adhesive sandwich.  

In this theory, stresses are assumed constant across the adhesive thickness. The peel and shear stresses 

in the adhesive layer contribute both to the yield of the adhesive. The theory also includes plastic 

deformations of the adherends in shear and transverse directions, assuming a plane strain state for those 

adherends. A closed form solution is not found, so the differential equations must be solved by an iterative 

method. 
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6.36.36.36.3 Comparison of elastic analysesComparison of elastic analysesComparison of elastic analysesComparison of elastic analyses    

For further study, one of the above discussed theories is chosen.  

The selection will be made according to the set of criteria, which is visualized in table 6-2. 

 

table 6-2: Features of the bonded joint analyses 

       

Method   

 

Criteria        V
o
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n
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V
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M
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Adherend 

shearing 
  � � � � 

Bending 

moment 
 � � � 

�  

bending 

moment 

factor not 

comparable to 

the commonly 

used factor 

� 

Adhesive 

tensile 

stress 

 � � � 

� 

as well as the 

adhesive 

normal stress 

� 

as well as 

thermal 

induced stress 

Stress 

variation 

over tads  

  
only the 

tensile stress 
  � 

Free 

surface 

condition 

  � � � � 

Close form 

solution 
� � 

� 

only for 

elastic 

analysis of  an 

lap joint  

� 

� 

only for 

elastic 

analysis of an 

lap joint 

 

Complexity _ _ 0 � � �� 

 

The Allman-method has a close form solution obtained with relative simplicity without leaving the 

important assumptions out of the calculation.  
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6.46.46.46.4 Results Allman theoryResults Allman theoryResults Allman theoryResults Allman theory    

As stated earlier the obtained stress functions are derived from minimizing the strain energy of the stress 

distribution while satisfying equilibrium. Average elastic stresses through the thickness of the layer are 

viewed, because exact stresses would be too complex and extensive to calculate and averaged stresses 

are assumed to be better verifiable by experiments. 

To recapitulate, the basic assumptions are:  

¬ shear and tensile stresses in the adhesive layer 

¬ uniform shear stress through the thickness of the layer 

¬ plane strain in adherends 

¬ the longitudinal direct stress varies linearly through the thickness of the adhesive layer 

¬ the bending moment formulated by Goland and Reissner 

¬ material properties 

¬ bending, stretching and shearing of the adherends 

¬ normal adhesive stress is zero due to the assumption that the shear stress does not vary over the 

adhesive thickness 

 

The theory is postulated by stating first the equilibrium equations for the whole model. The model is 

divided into three parts: the two adherends and the adhesive layer. Two stress functions are stated and 

expressed in the two principal stresses σ1 en σ2. Those functions possess anti-symmetric and symmetric 

properties.  

Then the boundary conditions are considered and the equilibrium equations are integrated. The obtained 

functions are set to follow conditions from free stress surfaces and model boundaries. The bending 

moment and shear force on the adhesive ends are calculated in the same way as stated in the theory of 

Goland and Reissner. 

This results for a single lap joint in the following manner to calculate the adhesive stresses: 

 

1) Bending moment factor given by Goland and Reissner. 

 ( )( ) 1

tanh221
−

+= θGRk        (  5  ) 

  With 
( ) 2
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2
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adr
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  Where:  

   a:  ol2
1  

   
∗F : load per unit width 

 

2) Solving the differential stress equations 

 This is discussed in appendix C 

 

3) Stress determination 

The shear stress over the centre line of the adhesive can be calculated with: 

 ( ) ( )xf
a

F
x ⋅=

∗

2
τ         (  6  ) 

Where: 

x :  distance from the centre over the overlap length 

ola 2
1=  
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∗F : load per unit width 

( )xf  : Geometrical function dependent on ol , x , 
∗F ,κ , the Young’s modulus, shear  

modulus and thickness of the adhesive and adherends, and the Poisson ratio of the  

adherends. 

 

The tensile stress, averaged over the thickness of the adhesive layer, can be determined for the centre line 

by taken into account the ol , x , 
∗F ,κ , the Young’s modulus, shear modulus and thickness of the 

adhesive and adherends, and the Poisson ratio of the adherends. 

See appendix B for the full expression.  

 

The obtained results for the lap joints with varying adherend thickness and overlap length are presented in 

the next paragraph.  

6.56.56.56.5 ResultsResultsResultsResults    

First the results for the joint configurations presented in chapter […] are discussed. The results are plotted 

in stress diagrams, which show the type of stress over the overlap length. The centre of the lap is taken as 

base point for the overlap length as shown in figure 6-3.  

F*

tadr

Lo

x

y

tads

F*

figure 6-3: Single lap joint model for calculations with the Allman-method. The adherends have the same material properties and thickness. 

 

A stress diagram shows the stress patterns of four joints with the same adherend thickness but varying 

overlap lengths. The results are given for mmNF 100=∗ , load per unit the width of the joint. The 

remaining values used in the calculations are given in table 6-3. 

 

table 6-3: Material properties and dimension used in the calculations with  

the Allman-method 

 Adherend Adhesive 

Young’ modulus  E    [ 2mmN ] 4
100,7 ⋅  3105,2 ⋅  

Shear modulus   G    [ 2mmN ] 3
109,26 ⋅  21099.8 ⋅  

Poison ratio        ν 3,0  39,0  

Thickness           t     [mm ] 2 or 6 25,0  

Overlap length    ol    [mm ] 10 ; 12,7 ; 15 ; 20 

 

 

First the shear stress over the length of the lap of the joints with tadr=2mm is discussed. The stress 

diagram is shown in figure 6-4. The stress curves in this plot show that most of the load is transferred over 

a short area of the overlap. At the middle of the overlap length little load is transferred; the maximum and 

minimum stress decreases with increasing overlap length.  
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figure 6-4: Over the thickness averaged shear stress in the adhesive layer obtained by the Allman-method for lap joints with different overlap 

length and tadr=2mm 

 

The decline in value is larger between the joints with lo=10mm and lo=15mm than between the joints with 

lo=15 and lo=20mm. This shows that there will be a minimum value for the shear stress at the centre of 

the lap with increasing overlap length. The graph shows that this low load transition area becomes larger 

with larger overlap length. Consequently, the peak stresses will decrease because, though a small amount 

of load is transferred over the centre area of a lap, more load will be transfer at the centre area with 

increasing overlap length.  

 

The plots of the shear stress in the adhesive layers of the joints with tadr=6mm [figure 6-5] show a more 

uniform shear stress pattern than the joints with tadr=2mm.  
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figure 6-5:Over the thickness averaged shear stress in the adhesive layer for overlap joints with different overlap length and tadr=6mm, 

obtained by the Allman-method  

 



Adhesive single lap joints – Analytical analysis  TU/eindhoven 

6—33  

The curves of the shear stress also show a decline in peak and minimum stress values with increasing 

overlap length. However, in contradiction with the results for the joints with tadr=2mm, the drop in the 

minimum stress value with increasing overlap length is more evenly.  

The more uniform stress pattern is caused by the more rigid adherends. The bending of the more flexible 

adherends of 2mm thickness causes larger strains perpendicular to the adhesive layer and thus peak shear 

stresses near the adhesive edges.  

I

II

 
figure 6-6:Rotation and bending of a flexible joint (I) and a more rigid joint (II) 

 

The stress diagrams of the tensile stress (perpendicular to the adhesive layer) for the joints with tadr=2mm 

and tadr=6mm show also some distinct differences. In figure 6-7 average tensile stress curves of the joints 

with tadr=2mm are plotted, which show a W-shaped pattern over the length of the adhesive layer.  
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figure 6-7: Tensile stresses, over the thickness averaged, in the adhesive layer obtained by the Allman method for overlap joints with 

different overlap length and tadr=2mm 

 

At middle of the overlap length, a local maximum is visible which seem to approach zero with increasing 

overlap length. These local stress maxima also show a less prominent different in value between the joints 

with lo=15 and lo=20mm than between the joints with lo=10 and lo=15mm.   

The minima of the tensile stress as well as the maximum values decrease slightly with increasing overlap 

length. As shown in figure 6-6, more tensile stress is induced at the edges of the adhesive layer with 

increasing bending of the adherends. The bending moment factor reduces the moment more with 

increasing overlap length [eq. 5], as a result of which the rotation and bending of the adherends will be 
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smaller with increasing overlap. Thus, the peak tensile stresses will be smaller and the minima will be 

slightly less prominent.  

The minima lie all at the same distance from the adhesive edges. This could indicate that the overlap 

length does not influence the behavior of the adherend around the adhesive edges. 

 

On the other hand, the tensile stress curves of the joints with tadr=6mm do not show a W-shape. The 

stress curves of the joint with overlap lengths up to 15mm show a parabolic shape. The joint with 

lo=20mm shows a tensile stress curve which is more flattened at the centre of the lap. With increasing 

overlap length, the W-shape will probably appear. The rigid adherends deform less than the adherends of 

2mm thickness and so induce less stress perpendicular to the adhesive layer. With increasing overlap 

length, though the bending moment is reduced, the bending of the adherends increases (absolute 

deformation depends also on the length over which a moment works) and so the tensile stresses at the 

edges of the adhesive layer.  
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figure 6-8: Over the thickness averaged tensile stress in the adhesive layer for overlap joints with different overlap length and tadr=6mm, 
obtained by the Allman-method 

 

It is to be expected that when the overlap length is reached that shows a W-pattern for the tensile stress, 

the peak stresses will decrease again with further overlap increase (as in the joints with tadr=2mm) 

In addition, the analysis showed that with a constant load per unit width the absolute value of the joint 

with does not have an influence, because the strain is taken into account, which is assumed constant 

(zero) over the width of the joint. 

6.66.66.66.6 ConclusionConclusionConclusionConclusion    

From the discussion of the building standards can be concluded: 

� Only regulations are given to determine the ultimate shear stress; however this shear will not 

be the only stress that will occur and is often not the normative stress for failure. 

� The suggested calculation can only be used for very rigid and enclosed large joints. This 

exclude many configurations of the single lap joint or double lap joint (without rotation), 

because these joint type will not have an uniform shear stress pattern 
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This shows that the codes consider the shear stress as only variable, tough adhesive yielding and failure is 

caused by a combination of stresses, mainly tensile and shear stress. Though a joint can be designed for 

shear stress dominance; it can not prevent the development of tensile stress in a joint.  

Furthermore, nothing is mentioned on the acceptable deformations during service life and the necessary 

deformations before failure, which are normally important safety requirements for structural design.  

In addition, several different aspects would be expected in the standard, for example:   

� The field of appliance  

� Minimum requirement for surface pre-treatment 

� Minimum requirements for different types of adhesives 

� Inspection of the constructed joint 

� Maintenance of the joint 

� Reduction factors to take the effects of the climate or joint geometry into account 

� Influences on the adherend, mainly due to curing at high temperatures 

Certification for proper joint construction 

� The EC fills in some of the lacking requirements of the Dutch building code, like the 

background information on environmental influences and surface pretreatment. 

� Still the calculation is not very sophisticated  

 

With respect to the theoretical methods can be said that most methods result in a close form solution 

when a linear elastic analysis is made. The complexity of the calculations increases with the different 

conditions that are included. The accuracy of the Allman-method will be discussed on the basis of the 

comparison of the results obtained by the Allman-method and the numerical model. 
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7777 Numerical analysisNumerical analysisNumerical analysisNumerical analysis    

The lap joint configurations are also numerically analyzed with the aid of the FEM program ANSYS 8.1. The 

purpose of the numerical analyses is to get an indication of the stresses and behavior of the adhesive layer 

and to verify the analytic stress predictions. For this purpose, a numerical model must simulate the joint in 

stiffness and strength. However, the models should not be unnecessarily complex to avoid long calculation 

times and errors in modeling. To analyze plastic joint behavior a plastic model was also made, but was not 

viable. 

Later on, the numerical models are used in the failure prediction; those analyses are discussed in the 

chapters nine through eleven. 

In the first part of this chapter the general assumptions for the analyses are given.  

A linear elastic analysis of the single lap joint configurations presented in ch 6.5, is made. The stresses in 

the adhesive layer are evaluated and compared with the analytical results.  

After this an elastic geometric non-linear model is made, based on the linear elastic model. The effect of 

the non-linearity on the behavior of the joint is discussed. 

 

7.17.17.17.1 General assumptionsGeneral assumptionsGeneral assumptionsGeneral assumptions    

In this report some general assumptions apply to all performed numerical analyses.  

These assumptions exclude several factors, which have a complex influence on joint behavior. With the 

common practice of structural engineering calculations in mind, these assumptions are: 

� No influence of changes in temperature and moisture;  

The temperature is taken constant at 20° and the relative humidity at 65%. 

The behavior of the adhesive under these influences is very complex and depends on many 

variables, for example the magnitude of the temperature and relative humidity, the chemical 

structure of the adhesive, the geometry and location of the joint etc.  

� The joint will fail cohesively i.e. in the adhesive layer;  

The adherends are assumed to have a higher strength than the adhesive. The bond between 

adhesive and adherends is presumed to be perfect, because a good performed production 

should ensure an adhesion with a higher strength than the bulk of the adhesive.  

� No time dependent material behavior 

� Static loading 

� Plane strain state;  

The joint is viewed as a part of a joint with infinite width. The effects of the transverse 

contraction of the adherends are assumed negligible small. The plane strain assumption is 

commonly [7.2 and 7.3] used in the adhesive technology, so comparison with analytical and 

numerical research is easier. A comment on this assumption can be found in ch 10.1 

7.1.17.1.17.1.17.1.1 General assumptions elastic analysisGeneral assumptions elastic analysisGeneral assumptions elastic analysisGeneral assumptions elastic analysis    

The assumptions and simplifications which only apply to the linear elastic analyses are here given per 

subject.  

Analysis:   

The analysis is a material and geometrical linear calculation. A plain strain state of the elements is 

assumed, because the model is viewed as a cross section of a wide joint. 

Material:   

For the adhesive as well as the adherend, a linear elastic and isotropic behavior is assumed. The 

values for the material characteristics are standard values for aluminum and an epoxy adhesive.  
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Both materials can deform in x and y direction. So, the shear and tensile deformations are all taken 

into account. The used material properties are given in table 7-1 

 

table 7-1: Values of material properties of adherend and adhesive for the linear elastic analysis 

 Adherend Adhesive  

Young’ modulus  E 4100.7 ⋅  
3

105.2 ⋅  
2mmN  

Shear modulus   G 3109.26 ⋅  21099.8 ⋅  
2mmN  

Poison ratio        ν 3.0  39.0   

 
Model:  

D

C

0.25 mm

tadr

x

y

B

A

15xlo15xlo lo
figure 7-1: Schematic representation of the numerical model  

 

� Geometry: The reference geometry presented in ch 5 

� Load:  A load of 100N per unit width. The load is induced over the thickness of the 

adherend, by forcing the nodes of line C-D to have the same translation in the x-direction and 

applying a load of 100 N/mm to one of the nodes. In this way the adhesive layers of the joints 

with tadr=2mm and tadr=6mm have to transfer the same amount of load.  

� Supports: The model is supported at the left corner so that lateral contraction can 

freely occur. The model loaded over line A-B.  
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7.27.27.27.2 Model setModel setModel setModel set----upupupup    

The model consists of quadratic elements, PLANE42. This element type has two degrees of freedom at 

each node, the translations in the nodal x and y directions. The elements can be used in the linear as well 

as in the non-linear analysis for elastic or plastic materials. 

The main form of the mesh will be rectangular, because this gives the best results in stiffness (and shear 

deformation) with the used four node elements. The model is divided in several mesh density 

compartments, spiraling from the two singular points (point of connection between adhesive and adherend 

at the 90° angle). This is done to ensure a smooth transition from a very dense mesh to the more coarse 

mesh of the adherends. 

The mesh around the corners between adhesive and adherends is refined, so that the influence of the 

singular point at the adhesive-adherend corner is limited to a small area. When the mesh around the 

corners was enough refined, the remaining compartments were meshed in such a way that the mesh 

became gradually coarser, [fig. 7-2]. This resulted in 20 elements at the free edge and 5 elements at the 

middle over the adhesive thickness. The smallest elements have a size of 0.006x0.008 mm.  

 

 Elastic model Lo = 10 mm                                                        
figure 7-2: Overall view of the mesh of the numerical model … 

 

 

 
figure 7-3: Overall view of the mesh of the numerical model … 

 

The supports are modeled as stated in the assumptions per analysis type.  
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7.37.37.37.3 Results of the numerical analysesResults of the numerical analysesResults of the numerical analysesResults of the numerical analyses    

The results are focused on the stresses in the adhesive layer. The results are represented in charts, the 

data can be found in the appendices. The fulfillment of the equilibrium conditions is checked in x- and y-

direction, by verifying the accuracy of the reaction forces in the supports.  

For comparison with the analytical results, the stresses in the centre line of the adhesive layer are viewed.  

7.3.17.3.17.3.17.3.1 Comparison analytical and numerical resultsComparison analytical and numerical resultsComparison analytical and numerical resultsComparison analytical and numerical results    

First, the numerical results of the linear elastic analysis are compared to the analytically obtained results.  

It should be noted that the compared stresses are not quite the same. The analytical determined stresses 

are the average stress over the thickness of the adhesive layer. This average stress does not have to be 

the same as the stress found in the centre line of the adhesive layer. At the middle of the overlap, the 

average stresses will be in better accordance with the stresses in the centre line because the shear and 

tensile stress do not vary much over the thickness of the adhesive at that area. On the other hand, the 

stresses near the adhesive edges vary heavily over the thickness, because the adhesive is there connected 

to on one hand a unload adherend and on the other hand to a fully loaded adherend. As a result, it is 

assumed that at that location the average stresses will not give a good indication of the stresses in the 

centre line. 

 

Figures 7-4 and 7-5 show the shear and respectively the tensile stresses over the overlap length for the 

joints with an adherend thickness of 2mm.  

 

The curves of figure 2-4 show that the extremes of the shear stress predicted by the numerical models are 

more excessive. Next to that, the extremes of the shear stress drop less in value with increasing overlap 

length as mentions in the discussing of the analytical results.  

 

The tensile stresses of the joints with tadr=2mm that the numerical models predict, have a lower peaks 

near the adhesive edges than the analytical calculations. In the numerical results is also shown that the 

local maximum tends to approach zero with increasing overlap. However, the local minimums stay 
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figure 7-4:Shear stress pattern predicted by the analytical method of Allman and an elastic numerical analysis for single overlap models with 

tadr=2mm 
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constant wit increasing overlap; the difference between the local minimum predicted by the numerical and 

analytical calculation becomes larger with increasing overlap.  
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figure 7-6: Shear stress pattern predicted by the analytical method of Allman and an elastic numerical analysis for  single overlap models with 
tadr=6mm 

 

The results for the joints with tadr=6mm is shown in figure 7-6 and figure 7-7.  

The analysis of the shear stress for joints with tadr=6mm shows that the analytical results correspond 

better with the numerical results. The numerical obtained peak stresses are noticeably higher and closer to 

the adhesive end due to the fact that the numerical model gives stresses in the centre line and the 

analytical method gives the average stress [see the comment at the beginning of the paragraph].  

Remarkable is that the curves for the joints with lo=12,7mm shows a different discrepancy between the 

analytical and numerical values than the other analyzed joints.  
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Turning to the results for the tensile stresses, it can be noticed that, in contrast to the results for the 

tensile stress for the joints with tadr=2mm where the peak stresses of the Allman-method results are 

higher, here the numerical results give higher stresses at the adhesive ends. Again, it is shown that the 

numerical and analytical results correspond better with increasing overlap length.  
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figure 7-7: tensile stress pattern predicted by the analytical method of Allman and an elastic numerical analysis for  single overlap models 

with tadr=6mm 

 

The W-shape, as shown in figure 7-5, does not show in the graph of the tensile stresses of the joints with 

tadr=6mm [figure 7-6]. However, in the curve of the model with lo=20mm a very small increase of stress in 

the middle of the overlap is visible. With larger overlap length, the W-shape will probably be more 

prominent [§6-6]. The tensile stresses in the numerical model show that the local minimum is restricted to 

a defined area. However, with relative small overlap length, those areas lie close together and are visible 

in the centre line as a constant value for the stress.  
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figure 7-8: Plot of tensile stress over the bonded area for single lap joints with a relative small (rigid) and large (flexible) overlap length.  
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7.3.27.3.27.3.27.3.2 Geometric non linear elastic analysisGeometric non linear elastic analysisGeometric non linear elastic analysisGeometric non linear elastic analysis    

After the elastic analyses of the stresses in the adhesive layer of several overlap joints, geometric non-

linear analyses are made with the models for those overlap joints. The effect of the bending of the 

adherends on joint stiffness is viewed. 

The load displacement curves for the joints with tadr=2mm and tadr=6mm are shown in figure 7-9 and 

figure 7-10 
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figure 7-9: Force-displacement curves of the adherends edge in a geometric non linear analysis for single overlap models with tadr=2mm  

 

The force is in the same way applied as on the elastic model [§7.1.1]; the load is given as a force per unit 

width. The curves in figure 7-9 show the displacement of the loaded node of the model (line C-D in figure 

7-1) at the adherend edge in the x-direction plotted against the applied load. From the plots, it seems that 

the joints stiffen with increasing load. But in fact, is it the bending moment that declines in value, resulting 

in less deformation. The bending of the joints levels the load path thus reducing the eccentricity of the load 

and the applied bending moment.  
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Because the adherends with tadr=6mm deform less than adherends with tadr=2mm under the same load, 

the influence of the bending moment is not reduced as much. Reduction of the bending moment for the 

models with tadr=6mm is more prominent with increasing overlap length. The deformation due to bending 

increases with increasing overlap, so the load path is leveled more. 
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8888 Failure criteriaFailure criteriaFailure criteriaFailure criteria    

In §7.3 the general stresses and displacements of the joints are shown. This, however, does not say much 

about the ultimate strength of a joint. For a strength prediction, a failure criterion is necessary.   

Several failure criteria are available, of which the most commonly used are discussed in the first part of 

this chapter. The failure criteria originate from two different basic approaches to stress determination. The 

first type is the stress-based approach. This analysis method states that failure occurs when the deduced 

stresses or strains have reached a critical value. This approach is commonly used for structural 

engineering problems. The second approach is energy-based. The energy needed for a failure mechanism 

to initiate, is calculated and the accompanying stresses are deduced. 

Though many criteria are developed, most seem not applicable for different joint types and configurations. 

So in the second part a more promising criterion, the singular stress approach, is considered.  

In the next chapter, the results from that failure criterion will be compared to results from experiments. 

8.18.18.18.1 Overview failure criteriaOverview failure criteriaOverview failure criteriaOverview failure criteria    

This paragraph will give an overview of in adhesive joint design most often used failure criteria for non-

cracked adhesive joints, thus excluding fracture mechanics. The four failure criteria are: 

� maximum stress or strain 

� global maximum stress or strain 

� strain energy density 

� singular stress field 

8.1.18.1.18.1.18.1.1 Critical value of stress or strainCritical value of stress or strainCritical value of stress or strainCritical value of stress or strain    

This common criterion is also used for metals and is well know in the engineering world. The method 

assumes joint failure when a critical value is reached for a stress or strain. Using this criterion for adhesive 

joints, the stresses are assumed to be uniformly distributed over the adhesive thickness. 

In the original paper by Harris and Adams [8.2] two points of failure 

are identified. The location of the failure point will depend on the 

plasticity of the adherends. If the adherends do not yield before the 

critical values in the adhesives are met, the adhesive will fail at the 

centre line (A) of the adhesive layer [figure 8-1]. And if the 

adherends deform plastically the adhesive can fail at point B or point 

A. Although the failure locations are given, many researchers using 

this criterion use the centre line or an appropriate distance from the 

singular point as point of failure.  

 

Since tensile conditions are predominating in the region of failure in shear stressed joints, the tensile 

stress and strain are taken as the criterion. From tests [8.2] it emerged that the principal tensile stress is 

appropriate as criterion for un-toughened adhesives and the principal tensile strain for toughened 

adhesives.  

This results in: 

Brittle adhesive:    max;1max σσ =  

Toughened adhesives:    max;1max .εε = - 

Thus, the ultimate values of stress or strain depend in this approach on the yield stress or ultimate 

strength stress of the adhesive. These values are commonly defined for the bulk material, which will 

A

B

 
figure 8-1: Possible failure locations identified 

by Harris and Adams in the adhesive layer 
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probably have a different value than the adhesive in a joint. The stresses are only viewed in the perceived 

failure locations, which are nowadays perceived to lie nearer to the adhesive adherend interface corner.  

� The deformation of the adherends 

� The material properties: depending on the calculation model used 

� The principal stresses are in FEM models retrievable.  

8.1.28.1.28.1.28.1.2 Global yieldGlobal yieldGlobal yieldGlobal yieldinginginging    

The assumption behind this criterion is that an adhesive layer cannot sustain more loads when the whole 

layer is in yield, which is based on the stress-strain curves of adhesives. These curves show a gentle slope 

of the plastic branch, which indicates that after yielding, stresses will not increase substantially. The failure 

load is thus assumed to be reached when the whole adhesive is in yield. This implies that the exact failure 

location does not have to be known. Depending on the yielding criterion the mean stress can be taken into 

account. 

However, tests [8.1] have shown that not the complete adhesive layer will be in yield at failure. Therefore, 

some researchers define an area at the ends of the adhesive layer, which must be fully in yield, as failure 

criteria. For the long-term effects, an elastic area under normal load is favorable, because the resulting 

capacity can counterbalance the decrease in adhesive strength. When, after long term, the dip in the 

stress distribution becomes shallower, the predicted ultimate failure load can be overrated.  

8.1.38.1.38.1.38.1.3 Strain energy densityStrain energy densityStrain energy densityStrain energy density    

This theory uses a linear effective modulus determined form the energy needed for failure. The energy 

stored in the joint at loading (due to strain) is the area under the stress-strain diagram and is called the 

strain energy density (energy per unit volume). The energy stored in the joint at loading is calculated as 

the area under the true stress-strain curve. A simpler bilinear stress-strain curve is made with the same 

area under the curve. From this simplified stress-strain curve, an effective Young’s modulus is derived for 

the joint. Experiments showed good results for the tested joint configuration. 

The failure criterion is reached when a critical value of the average strain energy in a sector in the vicinity 

of the singular point is reached. The magnitudes of the effects of parameters are not known. [Appendix E] 

Many producers supply the stress-strain curve and the strain at failure. So reasonably, failure energy can 

be calculated for the adhesive. 

However, the stress-strain behavior of a joint is different from the bulk behavior of an adhesive and 

combination of stresses is not accounted for.  

8.1.48.1.48.1.48.1.4 Singular stress intensity criterionSingular stress intensity criterionSingular stress intensity criterionSingular stress intensity criterion    

This criterion is derived from fracture mechanics. That theory states that the stresses at the crack tip are 

theoretical infinite, but realistically a plastic zone at the crack tip is formed. The actual stresses in the 

plastic zone are compared to maximum allowable stresses to determine whether a crack will grow or not.  

 

The singular stress approach differs from the fracture mechanics in 

its use on non-cracked joints.  

This criterion assumes that the real crack initiation point is close to 

the singular stress point in a numerical model. The criterion tries to 

calculate the real stress values near that singular point as the 

fracture mechanics try near the crack tip.  

 

 
 

figure 8-2: Stress field near the singular point 
at the adhesive adherend corner 
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Method 

The real stress state at any point near the singular point can be expressed as  

( )θλσ λ
,m

ijk

m

ij frH
−=

 

The stress is thus expressed in 
λr1 and a function of θ with a scaling factor H; this is explained in more 

detail in §8.3 

At the so defined singular stress field, the stress intensity is defined and it is stated that when the stress 

intensity factor reaches a critical value the joint will fail.  

 

This failure criterion is developed from a method to calculate the real stress state in the vicinity of singular 

point in FEM models. The original method of deriving the true stress from the stress singularity for 

geometries with the adhesive and adherend bonded at one and two faces is developed by Bogy [8.4]. 

Groth [8.7] used this method for a failure criterion dependent on the stress intensity factor.  

In short, a FEM model and material properties must be available of a joint configuration and the failure 

load of a reference joint to determine the failure load for that joint configuration. It is promising that the 

criterion can be used on a variety of joint types and configurations, however the calculation a relative 

complex. 

8.28.28.28.2 Comparison of failure criteriaComparison of failure criteriaComparison of failure criteriaComparison of failure criteria    

All the criteria are frequently used. Several of the criteria are extensively researched und verified by tests.  

The most promising is the stress singularity approach. This is a relatively new failure criterion, which is not 

extensively tested. Gleich and Akisanya [8.6, 8.5] proved with the theory that the bond line thickness has 

effect on the failure load. A stress intensity approach has the advantage that the stress intensity factor will 

have a distinct value for each joint configuration. The real stress state is characterized by the stress 

intensity factor in the for crack initiation critical areas. 

 

table 8-1: Criteria for the selection of a failure criterion 

 Critical stress or 

strain value 

Global yielding Strain energy 

density 

Singular stress 

intensity 

Variables   undefined Material properties 

and interface 

configuration 

unambiguous - -   

Complexity - - + + 

 

8.38.38.38.3 Singular stress intensity approachSingular stress intensity approachSingular stress intensity approachSingular stress intensity approach    

Bogy examined the stress field of two edge-bonded wedges of elastic materials bonded at one or two faces 

[4,8]. He stated differential equations for that stress field, which indicated the stress field dependent on 

two combinations of the four elastic material constants. That stress field on two combinations of the elastic 

material constants. Research then was concentrated on the prediction of the order of singularity. 

However, in recent years, the emphasis is more on the use of the theory as a failure load prediction. Groth 

[7] used this method as a failure criterion dependent on the stress intensity factor. Because the stress 

intensity factor is only defined by the corner joint geometry, the failure load should be predictable for 

joints with similar corner geometries.  

Research is done on several joint geometries, for example, a butt, scarf and single overlap joint with and 

without spew fillet. This all gave reasonable results. [8.5, 8.6, 8.7] 
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8.3.18.3.18.3.18.3.1 MethodMethodMethodMethod    

The real state stress at any point near the singular point, without the thermal stresses, is given by: 

 
λθλσ −⋅⋅= rfH

m
ijk

m
ij ),(  

With:  (i,j) = (r,θ) polar coordinates 

m: material index (1 and 2) 

r: distance from singular point 

fij : known functions of λ and θ 

H: general stress intensity factor, a scalar that characterizes the stress field around     

    the singular point 

0< λ <1 

From this equation can be derived the stress intensity factor H is a value which describes the magnitude of 

the stress field and that λ gives an indication of the order of strength of the singularity and so describes 

the shape of the stress field.  

The constants of the equation can be defined in an analytical and a graphical way.  

 

An analytical solution 

To solve the whole equation a value for λ and H and the function ( )θλ,m

ij
f  must be found. The function of 

λ and θ can be determined by the method of Akisanya [5]. This will not be discussed here.  

The order of the singularity λ can be calculated by determining the roots of equations given by Bogy for 

the particular joint configuration [4,8].Bogy determined differential equations for two configurations of the 

interface between adhesive layer and adherend, which describe the stress state near corner. The value of 

λ can be determined by solving those equations or by plotting them. 

In this report, the equations are plotted and the value of λ is determined graphically, with the aid of 

MatLab 5.3. 

 

The set of equations, given below, is valid for a configuration in which the adhesive and adherend are 

bonded at one face and is given by:  

 

2 2D 2 2 2A B C D E Fβ αβ α β α= + + + + +
 

 Where: 

  

( ) ( )
( ) ( )

( ) ( )

( )
( ) ( )

( )( )
( ) ( ) ( )

1 2

2 2 2 2

1 2 2 1

2 2 2 2
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2 2 2 2 2

2 1 1 2

1 2
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2 sin ( ) , 2 sin ( ) ,
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,

, sin sin

A K p K p

B p K p p K p

C p p K p

D p p p
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K p p p

θ θ

θ θ θ θ

θ θ θ θ

θ θ θ θ

θ θ

θ θ

θ θ θ

=
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For the equations is valid: 

1221
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+

−
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( ) ( )
1221

1221 22

mGmG

mGmG
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( )iim ν−= 14
 for plane strain   

λ−= 1p
 

 

 

 
figure 8-3: standard interface configuration for 
which Bogy defined the set of equations:  
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The equation is plotted as function of λ at the interval {0,1}.  
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figure 8-4: plot of λ over the interval 0 to 1 figure 8-56: interface configuration of the analyzed single lap joint 

configurations  

 

 

356.0−=λ  

 

If every component of the stress at any point is wished to be known, the equation below must be used: 

 
λθλσ −⋅⋅= rfH

FM
ij ),(  

 ( ),( θλf  can be determined by the numerical method of Akisanys [8.5] and H can be calculated if 

one stress component around the singularity is know. As said earlier only the determination of λ  is 

explained here, because it is relatively easy and the numerical value of λ  can be verified. 

 

 

B Numerical determination 

For practical reasons the stress field given by λθλσ −⋅⋅= rfHFM
ij ),(  is divided into different stress 

components, which is stated as 

 

λσ −= rHY

FM

y   

with ( )θλ,yy fhH ⋅=  

Hy: stress intensity factor, related to a specific stress component 

 

To determine the values for λ  and Hy the numerical elastic model (with some mesh refinement) from 

chapter 7.2 are used.  

The tensile stress, perpendicular to the adhesive layer, over the interface is taken from the FM model. 

Because the results are given for the two different materials the stresses perpendicular to the bond line 

should be averaged, (local force equilibrium should exist so the stresses should be equal). 

The log of the stresses is plotted against the log of the distance from the singularity. A linear part in the 

curve can be seen and the following equation is valid:     

 y

FEM

y Hr logloglog += λσ  

According to Gleich [8.6] that equation should be valid over the interval -3,6< log r < -1,6),  

Over that interval the values of λ  and H are determined. λ  is equal to the slope of the line.  
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If that line is extended until the y-axis, the value for the stress intensity H can be determined from the 

value of the intersection with the y-axis. 

 

The plots of the shear stress component did not produce a constant value of λ  for the different joint 

models so the numerical determination is concentrated on the tensile stress.  

Initially the numerical models 

used in ch 7 were refined near 

the singular point until the 

smallest element had a length in 

the x-direction of 0.00025mm. 

This resulted in a value 

for 425.0−=λ , which does not 

come close to the analytical 

value of 36.0−=λ . The origin of 

the discrepancy was sought in 

the distance from the singularity 

in connection with the used 

mesh density. A small density 

increment did not alter the results, so the model was remade with a mesh 6 times smaller than the 

previous. To restrict the amount of nodes, the model was refined at only one singular point. The a-

symmetric mesh refinement can have an influence on the results (and stiffness) of the model. The results 

are checked on a reasonable distance from the refinement to verify the symmetric behavior of the model.  

The new models gave values of 38.0−=λ  for the models with tadr=2mm, which is reasonable close to the 

analytical value. The smallest element has a length in the x-direction of 0,00004mm. In the same manner 

the values of λ  for the models with tadr=6mm are determined. 
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figure 8-7: plot of 

y

FEM

y Hr logloglog += λσ for models with tadr=2mm  
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8.48.48.48.4 Results and configurationResults and configurationResults and configurationResults and configuration    

Before the final results are presented the process of obtaining the different joint geometries is discussed.  

 

I

II

III

0.25t

t

0.25

t

0.25

x

y

 
figure 8-8: schematic representation of the supports for the numerical analysis (I and II) and the specimens (III) 

 

Groth [8.6] identified that the singularity approach does not give satisfactory results for small overlap 

lengths. However the overlap boundary is not given. It is interesting to know where that boundary lies. So 

the overlap length is varied. 

 

First, the base configuration is used to get the mesh accurate enough. Playing with the results it was 

noticed that the overlap length had influence on the results. The supports were first modeled in a way that 

the joint could freely displace in the x- and y-direction at the loaded end. In chapter 5 it was explained 

that this choice was made because this would mimic the behavior of a large plate with an adhesive joint. 

However, with the experiments in mind, where a free displacing end is difficult to mimic, the supports in 

the numerical models are changed so the loaded end is restricted in the x-direction. Because this support 

type influenced the stresses in the adhesive layer, the adherend free length is expanded until the graphs 

of the singular stress field of the two support modes are almost the same. 

It appeared that for ratios of overlap length to joint length larger than 15 the values for HFEM, and λ  did 

not alter anymore.  

 

The stress analyses show that the thickness ie the stiffness of the adherends has an influence on the 

pattern and value of the adhesive shear and tensile stresses. Especially the fact that the value of the peak 

stresses is influenced suggests that the adherend stiffness should also have in influence on the failure 

prediction. The thickness of the adherends (the Young’s modulus is taken in account in the singularity 

approach) is varied and a difference in HFEM value is obtained.  

It is decided to view a relatively flexible and rigid joint. For practical reasons the thinnest adherend 

thickness is taken as 2mm (easily obtained sheet material). In consultation with TNO the thickness of the 

rigid joint is taken 6mm to leave open the option to compare results with joint tests performed by TNO.  

The results are given in the next paragraph. 
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Table 9-1: λ and H determined by numerical analyses for models with varying overlap lengths 

tadr = 2mm

Loverlap [mm] λFEM log HFEM HFEM

10 -0,3807 1,2433 17,51
12,7 -0,3811 1,2349 17,18
15 -0,3812 1,2348 17,17
20 -0,3814 1,2288 16,94  

tadr = 6mm

Loverlap [mm] λFEM log HFEM HFEM

10 -0,3748 1,0010 10,02
12,7 -0,3748 1,0010 10,02

15 -0,3749 0,9990 9,98

20 -0,3751 0,9899 9,77  

 

The singular stress intensity criterion depends theoretical only on Young’s modulus, Poisson’s ratio of the 

materials and the geometry of the interface corner. So, if the given material characteristics and the shape 

of the corner are kept the same, the criterion should give a good prediction of the failure load for all those 

joints.  

 

From the results can be concluded that: 

� The overlap does not have any influence. Only the model with lo=10mm and tadr=2mm gives a 

noticeable different value for H. 

� The thickness of the adherends does has an significant influence  

� The supports in the preceding chapters the model is left free to translate in y-direction at the 

point of load introduction. However when tested such a freedom is hard to achieve so a ‘rol’ is 

introduced. It is analyzed with which free adherend length the results are the same for the 

free model and the roll model.  

 

This value for H must thus be compared with fracture values from experiments. 

The failure criterion is now determined by a critical value of the stress intensity factor, which is a value 

similar to the fracture toughness and is obtained by fracture tests.  

 

8.58.58.58.5 ResumeResumeResumeResume    

¬ The obtained value for λ is acceptable, because the deviation from the analytical determined 

value gives an error of  

¬ By dividing the mesh in halves did again not alter the result. However, this time the λ -value was 

near enough to the analytical results, and the results were accepted. 

¬ Looking at the equation given by Bogy the curve is waved and has more roots. Different values for 

λ  can be used. However, the lowest value is supposed to prevalent near the singularity. It can be 

that another roots is viewed by a too course mesh. The area over which the equation is valid is 

not given. So it is not clear if you only look at the results of the numerical model when you have 

found the prevalent value forλ . The method is not unambiguous.  

¬ The a-symmetric mesh refinement can have an influence on the results (and stiffness) of the 

model. The model and the results on a reasonable distance from the refinement are checked with 

the results from the symmetric point on the other adherend.  
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¬ Variation of the value of λ  for the models with 6mm thickness is larger than with the model with 

2mm. It should be the same value. 

¬ Influences on the strength which are not taken into account: 

¬ Environmental influences 

¬ Aspects which are modeled in the numerical model are included in the HFEM 
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9999 Experimental research Experimental research Experimental research Experimental research     

9.19.19.19.1 ExperimentsExperimentsExperimentsExperiments    

Tensile tests are preformed on several configurations of the single overlap joint to determine whether the 

singularity approach will be a suitable failure prediction method for single overlap joints with varying 

overlap lengths. 

In the tests, the failure load will be recorded so a critical H level can be determined. 

In addition, it is verified if the numerical results correspond well enough with the test results. 

 

9.1.19.1.19.1.19.1.1 Specimens and testsSpecimens and testsSpecimens and testsSpecimens and tests    

The tests are performed on adhesive joints made of aluminum adherends, AL 6082 T651, and a 2-

component epoxy, EC9323 B/A by 3M. The aluminum sheets are tested to determine the value for the 

Young’s modulus. Other relevant material characteristics of the sheet are assumed to have the standard 

values for aluminum. 

The general geometry for the specimens is given in the figure below. The dimensions, which vary per 

batch, are the overlap length, joint length, adherends thickness and joint width. 

 

25.0 7x Lo 25.0

w

t
0.25

Bonded area
Area in test grips

t   = 2 / 6  mm

Lo = 10 / 12.7 / 15 / 20 mm

t   = 25 / 50  mm
Lo7x Lo

t
0.25

figure 9-1: Basic geometry of test specimens 

 

 
figure 9-2: Specimens after fabrication 
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In short the specifications are: 

  

l overlap 10 / 12,7 / 15 / 20 [mm]

Adherend

thickness tadr : 2 / 6 [mm]

width wadr : 25 / 50 [mm]

Young's mod. Eadr : 68250 [N/mm
2
]

69250 [N/mm2]

Poisson's ratio νadr : 0,3

Adhesive
thickness tads : 0,25 [mm]

Young's mod. Eads : 2500 [N/mm
2
]

Poisson's ratio νads : 0,39  

Of all dimension combinations, five specimens are made. A minimum of four specimens per combination 

are tested in tension. The used test set-up is shown in figures 9.3 and 9.4. After seven days curing, the 

specimens are fixed in that set-up and loaded with a loading speed of 0,1 mm/min, until failure. 

The loading and the displacements in the length direction of the joint are recorded and processed in the 

next paragraph.  

anti-slip layer  (if necesarry) 

Clamp

load cell

Tensile testing machine

Tensile testing machine

specimen

  
figure 9-3: Schematic representation of the test set-up    figure 9-4: Photograph of the test set-up with tensile testing                      

                                                                                                    machine with capacity 250 kN 

 

The tests went reasonably well, with exception of the tests on the specimens with 20mm overlap along 

with a 50mm width where there were problems with the clamping power of the testing machine. 

Per set of specimens with the same dimensions, the obtained failure loads showed a small scatter, which 

was considerable less than expected. All the load-displacement curves show a plastic branch after the 

maximum load was reached. So it can be conclude that the adhesion between the adhesive and adherend 

was sufficient for the adhesive to yield.  

A more detailed discussion of the experimental tests and results can be found in [9.1]. In [9.1] it is also 

explained which of the results are ruled out and the reasons for that. The used results are processed in the 

in the next paragraphs. 
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9.29.29.29.2 ResultsResultsResultsResults    

This paragraph presents the results of the failure load prediction according to the singularity approach and 

with the aid of the strength tests. Because of the extent of the questions risen from the comparison 

between the test results on one side and the prediction and numerical results on the other side, those facts 

are discussed in more detail in the next chapter. 
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figure 9-5: plot of the recorded failure loads of the specimens with w=50mm against the overlap length 

 

9.2.19.2.19.2.19.2.1 Failure load predictionFailure load predictionFailure load predictionFailure load prediction    

The following steps demonstrate the process of failure load prediction: 

 

1 Determination of HFEM of the numerical models: 

As demonstrated in ch 8 the stress intensity factor can be determined graphically by plotting the log of the 

tensile stresses over the bond line near the singular point against the log of the distance from that singular 

point. The formula HrFM

y logloglog += λσ is valid over the linear part of that curve.  

The determined value are given in table 10-1. 

 

2 Determination Hcr per dimension combination 

With formula (7) the critical level for the stress intensity factor can be determined. 

FEM

FEMcrit
crit

F

HF
H =        (  7  ) 

FFEM has a value of N100  per unit width of the joint. For Fcr the averaged values of the failure load per 

batch are taken, excluding some results from deviating tests. These average failure loads are converted to 

a load per mm width. 

The results are:  
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Table 9-1: maximum load and critical stress intensity factor for specimens with tadr=2mm 

wadr [mm] Loverlap [mm] Loadmax; avr [kN] Loadmax;avr [N/mm] HFEM Hcr;exp

10 5,76 230,24 17,51 40,32

25 12,7 7,19 229,98 17,18 49,37

15 8,27 330,95 17,05 56,44

20 10,89 435,67 16,94 73,80

10 14,91 298,29 17,51 52,23

50 12,7 17,90 358,08 17,18 61,50
15 14,60 291,94 17,05 49,78
20 20,11 402,15 16,94 68,12  

 

Table 9-2: maximum load and critical stress intensity factor for specimens with tadr=6mm 

wadr [mm] Loverlap [mm] Loadmax; avr [kN] Loadmax;avr [N/mm] HFEM Hcr;exp

10 6,38 255,30 10,02 25,59

25 12,7 8,16 326,29 10,02 32,70

15 9,44 377,48 9,98 37,66

20 11,52 368,74 9,77 46,11

10 15,58 311,54 10,02 31,23

50 12,7 19,20 384,02 10,02 38,49
15 19,34 386,81 9,98 38,59
20 26,21 524,27 9,77 50,94  

 

3 prediction of the failure load  

The critical value of the stress intensity factor of one batch is taken to predict the failure loads for the 

other batches. 

FEM

FEMcrit
crit

H

FH
F =  

As an example the Hcr;exp of batch 2-20L-25 is taken and the predicted failure loads are given in the table 

below.  

 

Table 10-3: Prediction of the failure load for specimens tadr=2mm; by means of Hcr;exp. of batch 2-20L-25 
wadr [mm] Loverlap [mm] HFEM Failure loadpredict [kN] Loadexp. max;avr [N/mm]

10 17,51 393,69 230,24

25 12,7 17,18 401,38 287,47

15 17,05 404,25 330,95

20 16,94 407,06 435,67

10 17,51 393,69 298,29

50 12,7 17,18 401,38 358,08
15 17,05 404,25 291,94
20 16,90 407,81 402,15  

 

Table 10-4: Prediction of the failure load for specimens tadr=6mm; by means of Hcr;exp. batch 2-20L-25 

wadr [mm] Loverlap [mm] HFEM Failure loadpredict [kN] Loadexp. max;avr [N/mm]

10 10,02 687,79 255,30

25 12,7 10,02 687,79 326,29

15 9,98 690,96 377,48

20 9,77 705,59 471,99

10 10,02 687,79 311,54

50 12,7 10,02 687,79 384,02
15 9,98 690,96 386,81
20 9,77 705,59 524,27  

Predictions with the Hcr;exp. from other batches (joint configurations) are given in appendix E 
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9.2.1.19.2.1.19.2.1.19.2.1.1 Remarks on the Remarks on the Remarks on the Remarks on the failure load predictionfailure load predictionfailure load predictionfailure load prediction    
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figure 9-6: plot of the recorded failure loads of the specimens with w=25mm of w=50mm against the overlap length, next to the predicted 

failure loads 

 

From the presented prediction can be concluded that:  

� the prediction only gives an accurate failure load for the batch from which Hcr was 

determined. 

� Taking a Hcr value from another batch results also in a poor prediction of the failure load.  

� Taking a Hcr value from a batch with smaller overlap than lo=20mm, the prediction is 

overrated for the models with a smaller overlap and underrated for the models with a larger 

overlap. 

� The amount of over- or underestimation of the failure loads depends on the used reference 

model for Hcrit. 

� The predicted failure loads for joint with the same overlap length but with a different width 

(25 or 50mm) are the same because HFEM is based on a 2dimensional model and produces the 

same value for HFEM the joints. 

� the values of HFEM should differ more for a greater spread in the predicted failure loads  

9.2.29.2.29.2.29.2.2 Comparison of joint stiffnessComparison of joint stiffnessComparison of joint stiffnessComparison of joint stiffness    

In addition to the failure loads the translation of the edge of the joints are also recorded. From these 

results the force-displacement curves for the joints are plotted, see appendix B. The slopes of the curves 

give an indication of the stiffness of the whole joints.  

When plotting the load-displacement curves of the numerical models into the plots of the experimental 

results, the stiffness can be compared, figure 9-8 and figure 9-7 
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Force-displacement curve: 

tensile tests V numerical analyses
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figure 9-7: Load-displacement curves of experimental and numerical models with tadr=2mm  
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figure 9-8: Load-displacement curves of experimental and numerical models with tadr=6mm … 

 

From these charts can be concluded that:  

� The 50 mm models are all more flexible than the 25 mm, but have a higher strength 

� Only the specimens with tadr=6mm and lo=20mm have failure loads and stiffness in the same 

range for both wadr=  25 as well as wadr=50mm. 

� The numerical models are too stiff 
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� The numerical models of the 6mm test specimens show a larger overestimation of the 

stiffness than the numerical models of the 2mm specimens 

� Some difference between numerical and experiments is expected because of the 

simplifications in the numerical analyses and the use of a perfect geometrically perfect model  
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10101010 Detailed discussion of analyses after test Detailed discussion of analyses after test Detailed discussion of analyses after test Detailed discussion of analyses after test 

resultsresultsresultsresults    

In this chapter the aspects, which arose when evaluating the experimental results are discussed in more 

detail. 

10.110.110.110.1 Discussion of the plane strain assumptionDiscussion of the plane strain assumptionDiscussion of the plane strain assumptionDiscussion of the plane strain assumption    

From the comparison of experimental and numerical results it appeared that the numerical models, were 

too stiff. The models, as discussed so far, represent a cross section in the x-y-plane of the single lap joints 

(from this point forward called the xy-models). An explanation for the discrepancy is sought in the 

influence of the plane strain assumption [§7—36] in the numerical analysis. The assumption that the 

numerical model is a cross section of a joint with infinitive width, which is in fact a plane strain model 

( 0=zε ), is widely used in the adhesive technology. However, this makes a model stiffer and this could 

be the reason for the discrepancy between the joint stiffness of the specimens and the numerical results.  

To examine the influence of the plane strain assumption in the numerical analysis of the xy-models a few 

simple test models are made.  

F

F
w

t

x

z
y

 
Figure 10-1: schematic representation of the cross section model of the lap joint. The test models below represent the z-plane of this original 

cross section model  

 

Width models:  

The test models represent the x-z-plane (xz-models) of the single lap joint. In the xy-model, the strain 

over the y-axis can occur freely. The stresses in the y-direction approaches zero in the adherends, and 

vary in the overlapped area in value and sign. This implies that for the xz-models the plane perpendicular 

to the model (the y-axis of the adherend) can assume to be in a plane stress state ( 0=yσ ), except for 

the bonded area. 

Four xz-models are viewed. The first two are simple representations of true plane stress ( 0=zσ ) and 

plane strain ( 0=zε ) states. In combination with the assumption that 0=yσ , is the xz-model with 

0=zσ  in a line stress state and is the xz-model with 0=zε  in a plane stress state. The other two of 

the four xz-models are representations of the largest and smallest lap joint over a width of 25 and 50mm.  

 

The first xz-models are viewed analytically and numerically, so the numerical results can be checked. 

The xz-models exist of one plane stress element ( 0=yσ ) with a thickness of 2 and 6 mm. The length 

does not have an influence so a square model is made.  

The load is like in the xy-model kept at F= 100N/mm width (in the z-direction), divided over two 

concentrated loads at the corners. The line stress model is supported at side A-B but deformation in x-

direction can freely occur [Figure 10-2]. The plane stress model is fixed at line A-B and supported in the z-

direction at C and D [Figure 10-3]. 

A schematic representation of the test models is given in the figures below:  
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Figure 10-2:line stress model: 0=zσ  Figure 10-3: plane stress model: 0=zε  

 

According to the elastic theory for these models is valid: 

Line stress state: 

  0=zσ    

0=yσ      

 

Plane stress state:             

  0=zε   ( )zxx
E

νσσε −=
1

 

  0=yσ  ( )
yxz σσνσ +=   

 

This shows that the plane strain assumption ( 0=zε ) will make the model 10% stiffer than the same 

model with a plane stress state ( 0=zσ ). The results of the numerical models give the same ratio 

between strains in the x-direction and are given in the appendix 

 

Next, the influence of the support (fixings during testing) is analyzed on xz-models representing an 

overlap joint, with an overlap length of 10 and 20mm. First a model with only the boundary condition of 

the clamps is viewed (xz-model I); the model is fixed over the line A-B and supported in the z-direction 

over line C-D [Figure 10-4]. The model can freely deform in between the supports. Next a model (xz-

model I) with boundary conditions as a result of the overlap area and the clamps is viewed [Figure 10-5].  

The overlap area is also represented as a restriction in the z-direction of the strain because of the 

difference in strains of the adherends at that area. [See appendix F] 

The models are:  

 

From the analyses can be concluded that the xz-models I and II the stiffness lies close to the stiffness of 

the line stress xz-model; the difference is about 2%. Comparing the xz-models I and II amongst 

themselves is appeared there is a difference of less than 1% in stiffness between models with same 

constraints but different lengths. Comparing the models I with the models II, the stiffness of the models 

with an overlap length of 10m differs more between the models I and II, than the stiffness of the models 

with a larger overlap length.  
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Figure 10-4:  Test width models of over the joint length: I model 

with end supports  

Figure 10-5: II model with ends and overlap area supports  
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From plots of the strain in the z-direction it appeared that the support had a stiffening effect on the area 

near the supports. The Saint-Venant's principle states ‘that the stress is the same as average stress at a 

distance a along the axis of the beam, where a is the width of the beam.’ However, in the plots of the 

strain in the x-direction of these models can be seen that the main influence is concentrated near the 

supports. The plots of the strains in z- (and also x-) direction show that the significant influence is 

diminished at a distance half the width.  

 

All results are presented in the appendix. The conclusions of these tests are:  

� The plane strain xz-model ( 0=zε ) is 10% stiffer (the strain in the x-direction is smaller) 

than in the plane stress model 

� The width of the joint does have a great influence on the joint stiffness. As stated in the St. 

Venant’s principle, the influence of a support of load system is felt over an area as large as 

the load (support) is acting on. Therefore, a wider joint will feel the effects of the support in 

the x-direction over a larger area. A wider joint will be stiffer than a joint with the same joint 

length but smaller width. For a joint with a small length in comparison with its width, the 

behavior will tend towards to the plane strain model.  

� This could be the origin of the common use of the plane strain assumption for cross section 

models of adhesive joints, since relatively short joint are usually used in the adhesive 

technology. 

� The numerical xy-models should be slightly stiffer than the real joints (=specimens). For the 

specimens with tadr=2mm this is true. However the numerical simulation of the joint with tadr= 

6mm are more prominent stiffer than the tested specimens with tadr= 6mm.  

� It is not possible to make an exact comparison between numerical and experimental stiffness, 

because during testing more influence factors occur. For example, the environmental 

conditions, small geometric deviations, fabrication, loading speed etc all have influence on the 

stiffness and strength of the specimen.  

At the bonded area, the stresses in the y-direction will not be in a pure plane stress state 

( 0=yσ ). The adherends will not be able to deform freely over its thickness because the 

adhesive will prevent this. Looking at the models with the assumption 0=yε , the difference 

in the stiffness of the models can be examined when assuming 0=yσ  or 0=yε .  
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Figure 10-6: Plots of the strain in z-direction of the model with 

overlap and ends supported. Total joint length L=150mm, 

tadr=2mm and wadr=25mm  

Figure 10-7: Plots of the strain in z-direction of the model with 

overlap and ends supported. Total joint length L=150mm, 

tadr=2mm and wadr=50mm  
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This shows that a model with that assumption that 0=yε will behave slightly less stiff than a 

models with the assumption that 0=yσ . The adherend will thus behave somewhat more 

flexible over the bonded area than modeled in the xz-models II. The stiffness decreases with 

2% in comparison with the assumption that 0=yσ . 

 

10.210.210.210.2 Stiffness difference between specimens with a 25 Stiffness difference between specimens with a 25 Stiffness difference between specimens with a 25 Stiffness difference between specimens with a 25 

and 50mm width and 50mm width and 50mm width and 50mm width     

In chapter nine it is also noticed that the specimens with a width of 50mm are more flexible but stronger 

than the specimens with 25mm width.  

All specimens are tested with a loading speed of 0,1 mm/min. per unit width of the specimens. This results 

for the specimens with wadr=25mm in a loading speed of 0,004mm/min, which is twice as fast as the 

loading speed of the specimens with wadr=50mm (0.002mm/min).  

 

It is known that the loading speed has a significant influence on the ultimate strength of an adhesive joint. 

In [10.4] deformation tests on the bulk material of an epoxy are made. It is shown that with increasing 

loading speed the adhesive behaves stiffer. However, a qualification of the influence of loading speed 
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Figure 10-8: Force displacement curve of specimens with tadr=2mm and varying lo and wadr. Load is given in N/mm per unit width 
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Figure 10-9: Force displacement curve of specimens with tadr=6mm and varying lo and wadr. Load is given in N/mm per unit width 



Adhesive single lap joints – Discussion  TU/eindhoven 

10—64  

cannot be found. The magnitude of the influence is probably dependant on the type of adhesive, the used 

mix ratio and curing conditions.  

Still, it can be said that the trend that a more flexible joint is stronger than a stiffer joint is as expected. 

An adhesive layer is able to absorb an amount of energy before failure, which can be represented by the 

area under a stress-strain curve. The energy which the adhesive layers of the specimens with tadr=25 and 

50mm can absorb must be the same per unit width, so a lower slope of the force-displacement curve will 

result in a higher strength. 

� The difference in behavior of an adhesive joint under different loading speeds can only be 

compared with a more complex numerical model with time dependent material behavior. 

� The results of the specimens with wadr=25mm can not be compared with those of the 

specimens with wadr=50mm, because the loading speed was not the same 

� The effect of the loading speed is not taken in account in this failure prediction because the 

singularity approach is based on a numerical elastic analysis in which the loading speed is so 

low that it does not influence the results and time dependent material characteristics are not 

modeled. This approach cannot be used for failure prediction of joint loaded at different 

speed.  

� In §10.1 is shown that the specimens with tadr=50mm should behave stiffer due to the larger 

influence of the supports and the bonded area. The force-displacement curves of the test 

specimens suggest that the loading speed has a larger influence on joint stiffness then the 

supports. 
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10.310.310.310.3 Spread of HSpread of HSpread of HSpread of HFEMFEMFEMFEM values values values values    

Looking at the method of failure load prediction, the prediction would approach the true failure loads 

better, when the HFEM values of the different geometry batches would lie further apart from each other. 

This can be explained with the formula used in the prediction: 

  

FEM

FEMcrit
crit

H

FH
F =  

For the prediction of failure loads of overlap joints with different overlap length, the value for Hcr and FFEM 

are fixed and the only variable is HFEM.  

Other research on the singularity approach is viewed to find the reason for the lack of a large difference 

between the values of HFEM of the different joint configurations. The larger difference in HFEM of the various 

models, found in those papers produced, could be reproduced. This proved that the construction of the 

numerical models is correct. 

A distinction between the joints tested in research of Gleich and Groth [10.2 and 10.3] and the joints 

tested for this report was that the total joint length of the latter is in ratio with the overlap length. As 

shown in chapter seven the length of the adherends was chosen to vary with the overlap because the 

influence of the type of support was eliminated. 

 

In the research of Groth [10.3], the overlap length of the tested single lap joints is also varied; however, 

the total length was kept constant for all joints. With larger overlap length, the double stiffness of the bond 

area takes up a larger part of the total joint. 

Plots of HrFM

y logloglog += λσ for models with the same overlap length but different adherend free 

lengths show that the singular stress intensity approach is not suitable for joints with adherends larger 

than 7 times the overlap length or flexible supports.  

 

Another possibility to obtain better results with the failure prediction is to base the method on results of a 

geometric non-linear analysis [10.3]. So a failure prediction with the results of non-linear analyses of the 

model is made in the same manner as explained in §9.2.1. 

 



Adhesive single lap joints – Discussion  TU/eindhoven 

10—66  

y = -0,3798x + 1,2238

R
2
 = 0,9998

y = -0,3811x + 1,1502

R
2
 = 0,9998

y = -0,3804x + 1,1791

R
2
 = 0,9999

y = -0,3803x + 1,1972

R
2
 = 0,9998

1

1,25

1,5

1,75

2

2,25

2,5

2,75

3

-5 -4,5 -4 -3,5 -3 -2,5 -2 -1,5 -1

log r [mm]

L
o
g
 t
e
n
s
il
e
 s
tr
e
s
s
 [
N
/m

m
2
] L= 10 mm

L=12,7 mm

L=15 mm

L=20 mm

 
Figure 10-10: plot of HrFEM

y logloglog += λσ  for models with tadr =2mm, varying overlap lengths and an adherend free length of 

oxl7  

 

Figure 10-10 shows a larger spread in the values of HFEM of the joint models. The results of the failure 

prediction are shown in table 10-1. [Appendix F] 

 

table 10-1: Prediction of the failure loads for single lap joints with tadr=2mm by means of Hcr;exp of batch 2-20L-25 and geometric non linear 

models 

wadr [mm] Loverlap [mm] Loadexp. max;avr [N/mm] HFEM Hcr;exp Failure loadpredict [N/mm]

10 230,24 16,74 38,55 367,76

25 12,7 229,98 15,75 45,27 390,99

15 330,95 15,10 49,99 407,63

20 435,67 14,13 61,57 435,68

10 298,29 16,74 49,94 367,76

50 12,7 358,08 15,75 56,39 390,99
15 291,94 15,10 44,10 407,63
20 402,15 14,13 56,39 435,68  

 

As can be seen the prediction with the results of the geometric non-linear analysis is an improvement on 

the original failure prediction. However, the values of predicted failure loads still do not near the real 

failure loads enough.  
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10.410.410.410.4 Miscellaneous Miscellaneous Miscellaneous Miscellaneous     

� An aspect what is still remarkable, is the fact that the numerical results correspond more with 

the experimental results for the joints with tadr=2mm than for the joints with tadr=6mm. All 

the numerical models are based on the same assumptions and are calculated with the same 

program. In addition, the determination to the adherend Young’s modulus and the fabrication 

of the specimens are executed in the same manner.  

The difference could lie in the thickness of the adherends and the difference in tension 

stresses. However, the thickness is also modeled in the numerical analyses and in the 

assessment of the plane strain assumption. Both analyses do not show special difference in 

behavior of a 2mm and 6mm thick aluminum. Stiffness difference due to a wrong assumption 

for the models tadr=6mm is not found.  

� The influence of the value of the Young’s modulus for the adhesive is checked, because this is 

a great uncertainty. However, within the boundaries of reasonable values for a Young’s 

modulus for an epoxy ( 27502250 ≤≤ adsE ), the influence on the value of HFEM is limited. The 

effect of a deviation in the value Poisson’s ratio for the adhesive is slightly more, however still 

not over a deviation of the value of λ over 4%  

� The influence of a small deviation of the angle of the free adhesive surface, which can be 

present in the specimens, is checked. The influence on the value of λ is negligible with a 

maximal deviation of 3%, so it is presumed (according from formula 

HrFM

y logloglog += λσ ) that the value of HFEM will not be significantly influenced.  

10.510.510.510.5 Résumé Résumé Résumé Résumé     

� The constraints let the adherends with w=50mm behave more in accordance with a plane 

strain state model than a plane stress model. Two models that represent the z-plane of the 

joint do not behave as stiff as the true plane strain model, but are stiffer than the true plane 

strain model. However, these models do not take the bending of the adherends in the x-y 

plane into account.  

� Though the value of the Young’s modulus of the adhesive does not have a great influences on 

the results of the numerical model, the short and long term time dependent material 

characteristics have a great influence on the obtained maximum load 
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11111111 Final conclusionsFinal conclusionsFinal conclusionsFinal conclusions    

The main result of this research is that the singularity approach does not predict satisfactory failure loads 

for adhesive bonded single lap joints with a joint length larger than fifteen times the overlap length. 

Tensile tests on lap joint specimens with varying dimensions are performed to verify the predicted failure 

load of the joints. By comparing the predicted and measured failure loads, a discrepancy appeared 

between the values; though earlier research by Groth and Gleich has shown that the approach gives 

acceptable results when only the overlap length or the adhesive thickness is varied. However, in those 

research projects joints are used with a relative small joint length in comparison with the overlap length.  

 

In this report single lap joints, with dimensions of 10, 12.7, 15 and 20mm for the overlap length, 2 and 

6mm for the adherend thickness, and 15xloverlap for the joint length, are first examined analytically and 

numerically. The analysis is concentrated on the shear and tensile stresses in the centre line of the 

adhesive layer over the overlap length. 

The results of the analysis with the Allman-method, which includes the important equilibrium and stress 

boundary conditions and material properties, are discussed in more detail and compared to the results of 

the numerical analysis. The analytical approach views the overlap area and accounts for the free adherend 

behavior by applying boundary conditions on the lapped area. The analysis shows that the stiffness of the 

adherend has a larger influence on the (peak) tensile and shear stresses in the adhesive layer. Stiffer 

adherends result in a more uniform distribution of the shear stresses in the adhesive layer. The analytically 

predicted stress patterns correspond better with the numerical results for the joint with 2mm adherend 

thickness than for the joints with 6mm adherend thickness. 

In comparison, predicts the numerical analysis larger values for the maximum and minimum stresses 

(except for the shear stress peaks of the models with 2mm adherend thickness), because the analytical 

analysis gives average stresses (which can differ from the stresses in the centre line).  

The comparison shows that the Allman-method gives a reasonable indication of the stress pattern of shear 

and tensile stress in an adhesive layer of a lap bonded area. However, though the method can be used for 

a first indication, it is not the right tool for a strength determination, because only the average stresses 

are shown. The numerical results show that near the adhesive layer edges the tensile stresses vary 

substantially over the thickness of the layer. Those stresses at the adhesive layer edges are decisive for 

failure.  

For the linear elastic numerical analysis, a 2D representation of the cross section of the used single lap 

joint configurations is used. As most research, a plane strain state is assumed for the joint.  

It is shown that this assumption is not always accurate for joints with a length minimum twice as large as 

the width of the joint, a plane stress state is more appropriate to assume for the adherends. A model with 

that assumption will be slightly more flexible than a specimen with the same configuration, because the 

stiffening effect of the supports and the bonded area is not taken into account. 

 

After the elastic analysis, the strength prediction of single lap joints is discussed. The singularity approach, 

which identifies a critical level for the singular stress intensity, is used for that. This approach has the 

advantage that it is based on the interface corner joint geometry and a linear elastic numerical analysis. 

The criterion is formulated as: 

  

FEM

FEMcrit
crit

H

FH
F

⋅
= .  

Research by Gleich showed that by excluding the thermal stresses and using only one stress component 

(the tensile stress) a reasonable failure prediction ca be made for the, in that report used, single lap joints. 

The stress near the singularity is expressed in  



Adhesive single lap joints – Conclusion  TU/eindhoven 

11—69  

λσ −⋅= rH YFEM
FEM
y ;   

were r is the distance for the singularity and the stress intensity factor H and the singularity strength λ  

can be determined for a specific joint configuration with the results from an elastic numerical model.  

For the single lap joint configurations that were analyzed, the accompanying values for HFEM are 

determined. From those values, it can be concluded that the thickness of the adherends has a significant 

influence on HFEM, but with varying overlap length HFEM does not alter much. 

The failure load prediction made with the obtained values for HFEM is verified by experiments. 

It appeared that the predicted failure loads are overrated for the models with a smaller overlap and 

underrated for the models with a larger overlap than the reference model, used to determine the critical 

value for H. Furthermore, there is no distinction between the predicted failure loads per unit width for the 

joints with a width of 25 and 50mm, because the same because HFEM, based on a 2-dimensional model, is 

used.  

 

From the results can be deduced that the values of HFEM should differ more to result in a greater spread in 

the predicted failure loads. The reason that the values for the stress intensity factors of the different joint 

configurations lie close together, is that the singular stress fields of the numerical models of those joints 

are very similar. Taking joints with a free adherend length smaller than seven times the overlap length, 

the stress intensity factors lie further apart.  

Furthermore, the method to determine the values for λ  and HFEM is not explicit. A very detailed numerical 

model is needed to determine these values through plotting the log of the tensile stresses against the log 

of the distance from the singularity. The area over which that plot is valid is not given. So, obtaining the 

right results takes some effort and understanding of the approach and FEM modeling.  

A failure load prediction based on results of a geometrical non-linear analysis also does not give 

satisfactory results. The potential use of the singularity approach for strength determination, only 

restricted by the detailed numerical model, which should be built for the different joint configurations, is 

now also restricted by the dimensions of the joint, which can be used.  

 

So, research on relative straightforward joint strength prediction should continue. The use of structural 

adhesive joints will be probably promoted when an ‘easy’ failure prediction tool is available and accepted 

the building standards. 
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12121212 RecommendatioRecommendatioRecommendatioRecommendationsnsnsns    

As the conclusion shows, there are some areas for improvement, which are mainly focused on the 

numerical model used in the failure criterion and the failure criterion self.  

The influence of the plane strain assumption in the numerical model on the results should be further 

examined. A 3D model could be used for this, so the bending in multiple directions can be examined.  

Furthermore, it proved to be cumbersome to make a numerical model, which produces unambiguous 

results for λ and H. The distance from the singularity over which the formula 

y

FEM

y Hr logloglog += λσ is valid should be clearer defined as well as the needed mesh refinement 

near the singularity in the numerical model.  

The failure criterion leaves also some aspects open to question. For example, the loading speed, which has 

an effect on the ultimate joint strength, is not accounted for in the criterion. Research could be done on 

the use of a reference speed with accompanying failure load for a specific joint from which the joint 

strength can be interpolated to different loading speeds in connection with the singularity approach.  

The long-term time dependent behavior of the adhesive is also not accounted for. When a reasonable 

prediction can be made of the short-term static strength, a usable long-term prediction should be 

developed for structural, thus cross-linked, adhesives. Other environmental influences, like moisture 

should also be viewed.  

Finally, it could be of interest to look at the full expression for the singular stress field (thus not only 

viewing the tensile stress). This should be done with the aid of a 3D model of the joint or joint edge, so 

the effects of the stresses and strains parallel to the width of a joint on the values of λ  and FEMH could 

be examined. 
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13131313 Project evaluationProject evaluationProject evaluationProject evaluation    

At the start of the project the general intention was to view realistic joints with for example a spew fillet or 

with less severe dimensional tolerance, and to provide design rules for those joints.  

With that intension in mind, a literary study was made on general adhesive technology. During the 

literature study the subject took the form of proposal for a (first initiative for a) simple design rule for one 

joint type. Due to the complexity of non-simplified adhesive joints, the more practical approach was 

abandoned. The restrictive knowledge on realistic joints also played a roll in the alteration of the subject 

along with the insufficient analytical stress prediction methods for those joints. Consequently, the 

literature study had to be widened to all basic adhesive joint types and the influences on their behavior; so 

much time was spent on that stage. 

At the end of the literary study, the decision fell to focus on a single lap joint. Most research is done on 

lapped joints so knowledge, data and analytical stress prediction methods on the overlap joint are widely 

available. The complexity of the corner and T-joints causes the research on those joints to be based on 

numerical models. So it was suggested to build a numerical model for the lap joint, to verify the model 

with a analytical model and then make models for more complex joints. The last part did not take place 

due to the available time. 

 

So only analytical and numerical analyses of the stress development and patterns in a single lap joint are 

made. The analyses focused on stress and strains of the adhesive layer. For the numerical analysis, a two-

dimensional model is used because the main stresses for failure lie in the transverse section of the 

adhesive layer. With the cross section model an elastic, geometric non-linear and a plastic analyses are 

made.  

The construction of the numerical models took more time than anticipated, because of a lack of expertise 

on the FEM programs. Furthermore, the models, which included material plasticity, did not produce reliable 

results. However, with the elastic models the stress development over the height of the adhesive layers 

was visible (the peak proved to be normative), and later on only the results from the elastic models where 

necessary for the singular stress intensity failure criterion.  

That criterion was chosen after reviewing several failure criteria. The failure prediction with the singularity 

approach was verified by tests on several configurations of a single lap joint. 

Consistent with the first analyses of that criterion, the dimensional configurations for the test specimens 

were chosen. The build-up process of the tests went gradually, due to an imperfect planning, staff 

alterations and the delivery time. After the results were obtained, the result processing also took some 

time. The prediction deviated, unexpectedly, significant from the test results. Most of the remarkable 

aspects of the final conclusions were found during and after processing of the results. 

Without a way to predict the ultimate strength a design rule could not be distillated from the analyses 

which meant that the report had to present results of research instead of to propose a strength prediction. 

Overall, the most difficult part of the thesis project was, aside from the subject, the lack of a clear specified 

goal, because of which the process was not a straight line to the end goal. Object or sub objects should 

have been formulated earlier on, so the planning could also be kept under control. On the other hand, this 

process taught me to have on open mind on the research subject and to accept that not all that you have 

done has to have a direct effect on the end product..  

Furthermore, I have learned to deal with results with a certain amount of distrust, and on the other hand 

believe in results if they show the unexpected. Also I will not adopt assumptions without to verify it for 

myself. New area’s/fields of expertise early contact with specialist and discussion, because the learning 

process will be quicker and immediately in the right direction 

The more practical skills are scientific writing in English through study and practice and handling numerical 

programs (analysis) have mastered a FEM program 
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I.I.I.I. HistoryHistoryHistoryHistory    

Adhesive bonding is an old technique which is used for a wide variety of applications. The initial adhesives 

were animal and vegetable (resins) based. 

The use of adhesives dates back to 4000 BC. Pottery of those ages is found with repairs made with organic 

adhesives. Evidence is also found, that the Babylonians, about 6000 years ago, used tar like glue on 

sculptures. 

The use of adhesives by the Egyptians, the Romans and the Chinese is widely documented. They used it 

for furnishings, art objects and on paper. The Romans also use tar and beeswax to seal the planking of 

boats.  

Then the use and development of adhesive fell back for a while, until around 1700 A.D. The use of 

adhesive became widespread again, with as main industry furniture fabrication. Commercial adhesive 

factories were set up. Soon after which patens were issued for natural material based adhesives, like 

rubber, bones, and fish based adhesives. 

The era of industrialization brought the first semi-synthetic adhesive. Around the Second World War fully 

synthetic adhesives were produced for, amongst others, the aerospace industry. With the development of 

synthetic adhesives the creation of a wide variety of adhesive with special and controllable characteristics, 

such as flexibility, toughness, curing, temperature and moisture resistance, had started. In addition new 

forms of application were developed, for example tapes.  

The improved properties of these synthetic adhesives gave engineers the opportunity to use them for 

structural applications. The aerospace industry has the longest history with the structural use of adhesive, 

followed by the automotive industry. Both industries command a high degree of safety and reliability under 

extreme temperature differences. Most research on adhesive joints is done with those industries in mind. 

Other industries which make use of the adhesive technology are the maritime, building, transport industry 

and as latest addition the medical industry (surgical glue). 

Research into the prediction of stresses and failure of the adhesive bonds started in the late thirties with 

the shear lag analysis. This started the development of analytical closed form solutions based on the 

elastic stress theory or the complementary energy (minimizing the strain energy) to determine the 

stresses in the adhesive layer of an adhesive joint. Finite element methods are also used to determine the 

stresses and failure of adhesive joints. Other research objects are surface analysis methods, stress 

analysis, fracture mechanics and inspection techniques.  
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II.II.II.II. General Adhesive TechnologyGeneral Adhesive TechnologyGeneral Adhesive TechnologyGeneral Adhesive Technology    

To understand the behavior of adhesive joints, the mechanics behind the bonding must be known. This 

paragraph shall briefly discuss the mechanics of cohesive and adhesive forces. A variety of developed 

theories on these two areas are shortly cited.  

 

In an adhesive bond different 

layers can be defined as given in 

the figure 0-1. Between or in 

each of these layers failure can 

occur. The cohesion forces give 

strength in one layer. Adhesion is 

the force at the interface that 

holds different layers together. 

How the interface is modeled 

depends on the adhesion theory 

(see §II.b). 

II.aII.aII.aII.a CohesionCohesionCohesionCohesion    

Cohesion strength of an adhesive, i.e. strength between the polymers, depends on the formation and 

hardening of the adhesive.  

The liquid adhesive hardens to a cohesive solid through one of the following processes: 

� Loss of solvent; when the adhesive is dissolved or dispersed in a solvent 

� Freezing or cooling and solidifying of a hot melt; 

 when the adhesive is a thermoplastic polymer 

� Chemical reaction;  when the liquid adhesive is not (fully) polymerized 

 

Structural adhesives, which are applied in an un-polymerized or partially polymerized state, always harden 

by chemical reaction  

A polymer is composed of repeating units (monomers) which are 

linked together into long chains that can be linear, branched or cross 

linked.  

A linear polymer is a thermoplastic. It can be melted and is flows as 

a liquid. A cross-linked is thermoplastic. Once that polymerization is 

complete, the cross-linked polymer cannot be softened or melted. It 

will stay hard, infusible and insoluble. This is the reason that a 

thermo set is more durable but more difficult to characterize. The 

chemical curing or hardening process of structural adhesives involves polymerization and cross-linking. 

There are two polymerization processes which are discussed below.  

 

Condensation polymerization 

Polymers are formed by the reactions of compounds. The compounds must have chemical groups which 

are mutually reactive and at least two of these groups per monomer molecule. When a compound has 

more than two functional groups branching and eventually cross-linking will occur. In this polymerization 

process small molecules like water-molecules are also formed. This water will be released. The migration 

of the water out of the adhesive will form pores. The pores counteract the development of good cohesion 

strength. To prevent the development of pores pressure must be applied during cure.  

 

Adherend

Interface

Adhesive

Adherend

Interface

figure 0-1: Layers of an adhesive bond  

 I 

II 

III 

 
figure 0-2:  Polymer types: I monomer; 

II polymer; III cross linked polymers   
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Addition polymerization 

This kind of polymerization is a chain reaction existing of the phase’s initiation, propagation and 

termination. Active centers, mostly free radicals, are formed in the initiation. In the next phase the active 

centers react with the monomers. Long-chain radicals are then formed. Normally radical exist a few 

seconds but thousands of monomers units can be added in that time. At the final phase two long-chain 

radicals react and form an inactive product. Cross-linking will occur if a monomer is used which contains 

tow or more polymerizable C=C bonds. Each C=C bond can become a member of a different polymer 

chain, so joining them together.  

 

The cohesion force is the strength between the polymers. In the molecules the force between the atoms 

are covalent bonds. A single covalent chemical bond consists of two electrons.  

table 0-1: strength of several chemical bonds 

Type of force Strength [kJ/mol] 

Van der Waals  

     Induced dipole-induced dipole 0.08-40 

   Dipole-induced dipole >2 

   Dipole-dipole 4-20 

Chemical bonds  

   Covalent 60-700 

    Ionic 600-1100 

    Metallic 110-350 

Hydrogen bonds  

    Involving fluorine <40 

   Not involving fluorine 10-25 

Acid base interactions  

  Conventional bronsted >1000 

  Lewis >80 
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II.bII.bII.bII.b Mechanisms of adhesionMechanisms of adhesionMechanisms of adhesionMechanisms of adhesion    

As earlier mentioned the strength of an adhesive bond depends also on the bond between the different 

layers. The adhesion forces form this bond.  

There are three main modes of interaction between a polymer solution and a solid surface: 

1. Depletion:  

The monomers are repelled by the surface (the cohesion force is stronger than the adhesion force). 

Near the surface the polymer concentration in solution decreases and a region with a low level of 

polymer concentration is formed near the surface.  

 

2. Adsorption:  

The surface prefers to be in contact with the monomers, the polymer chains strongly adsorb on the 

surface. The adsorbed layer has a higher concentration of polymers. Polymer adsorption can induce 

interaction between surfaces over a range of the order of  the size of the polymers. Polymer chain 

forms long loops on the surface or form bridges between two surfaces. In many instances, the 

adsorption is irreversible and bridging strongly increases the adhesion.  

 

3. Grafting:  

The last interaction mode between polymer solutions and surfaces is obtained by grafting the polymers 

on the surface by one of the chain ends. These covalent bonds are fully irreversible and physical by 

anchoring the chains with strongly dipolar groups. Adhesion between surfaces carrying grafted polymer 

layers can be achieve if the chains bind onto both surfaces and form bridges or if the grafted layers on 

the two surfaces undergo a chemical reaction that allows the formation of abridge at contact. 

 

When the liquid adhesive has wetted the surface and is fully cured the force between the adhesive and 

adherend can be explained by various theories. Over the years a number of adhesion theories are 

proposed. Most of these theories work at the same time and none can explain the full action at the 

interfaces.  

II.b.1II.b.1II.b.1II.b.1 Mechanical theoryMechanical theoryMechanical theoryMechanical theory    

By MacBain and Hopkins (1925) 

This theory ascribes the adhesion force to the keying and 

interlocking of the adhesive into the cavities, pores and irregularities 

of the solid surface.  

This original assumption could not explain the good adhesion 

between smooth surfaces. To overcome this, a small adjustment is 

made. For estimating the joint strength G, the effects of both mechanical interlocking and thermodynamic 

interfacial interactions are taken into account as multiplying factors.  

 G= constant x (mechanical keying component) x (interfacial interactions component) 

This assumption is not widely accepted, but it is taken on that mechanical interlocking does play a part in 

adhesion strength especially in peel-strength. And the theory has encouraged the development of surface 

pretreatment, so an active, clean surface is obtained..  

II.b.2II.b.2II.b.2II.b.2 Adsorption theoryAdsorption theoryAdsorption theoryAdsorption theory    

By Sharpe and Schonhorn (1964) 

 
figure 0-3: Mechanical interlocking 

Source:www.specialchem4adhesives.co

m  
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According to this theory the adhesion exist due to the inter-atomic 

and intermolecular forces at the interface between de molecules of 

the adhesive and adherend. Most of the forces are the secondary 

‘Van der Waals’ bonds, but there can also appear primary bonds.  

For the van der Waals-bonds to be effective the atoms and 

molecules of the adherend and adhesive must come in a range of 30 

Å (= 0.1 nm). So excellent wetting of the adhesive on the adherend 

is essential.  

II.b.3II.b.3II.b.3II.b.3 Diffusion theoryDiffusion theoryDiffusion theoryDiffusion theory    

Voyutskii developed this theory (1963). 

The adhesion is based on the mutual diffusion of the molecules of 

the adhesive and adherend across an interphase. The actual 

interfaces are assumed to merge into a new phase, the interphase.  

This requires the chains of polymers and molecules to be sufficient 

mobile and mutually solvable. This condition is usually met in 

autohesion, solvent welding or heat sealing of the same plastics.  

This theory is in the context of adhesive bonding, mainly important 

for healing of a crack in the adhesive layer. The strength of the joint is supposed to increase with: 

� Increasing contact time 

� Increasing temperature 

� Decreasing molecular weight 

� Addition of plasticizers 

� Decreasing cross linkage of the adherends 

II.b.4II.b.4II.b.4II.b.4 Electrostatic theoryElectrostatic theoryElectrostatic theoryElectrostatic theory    

By Deryaguin (1954  

The adhesion force is established by electronic forces which are 

produced by the transfer of electrons from the adhesive to the 

adherend and back. The adhesive-adherend junction is analyzed as 

a capacitor.  

With this theory the effects of heat on the adhesive-adherend 

interface are difficult to analyze. 

II.b.5II.b.5II.b.5II.b.5 AcidAcidAcidAcid----base theorybase theorybase theorybase theory    

The acid-base or donor-acceptor theory is similar to the electrostatic theory but with a different emphasis. 

Two molecules or atoms share the same electron-pair. The bond energies depend on the degree of acidity 

of the proton donor and on the alkalinity of the proton acceptor.   

An acid is an electron pair acceptor and a base is an electron pair donor. For metal bonding this means 

that the metal (acid) and the polymer (base) are attracted to form a complex structure at the interface. 

Pearson classified acids and bases according to hardness and softness of their inorganic reactions and 

introduced the ‘hard-soft acid base’ principle. The HSAB principle states that ‘hard’ acids prefer to bind to 

hard bases and soft acids prefer tot bind to soft bases. 

II.b.6II.b.6II.b.6II.b.6 Theory of boundary layers and interfacesTheory of boundary layers and interfacesTheory of boundary layers and interfacesTheory of boundary layers and interfaces    

By Bikerman (1961) 

This theory states that failure initiates as a result of the lack of cohesive strength of a weak boundary 

layer. That layer is assumed to lie near the interface between the adherend and adhesive. The layer has 

figure 0-4: Schematic representation of 

a Van der Waals-bond between a 

polymer and solid. Source 

:www.specialchem4adhesives.com    

figure 0-5: Schematic representation of 
diffusion of adhesive and adherend 

polymer. Source: 

www.specialchem4adhesives.com   

figure 0-6:  Schematic representation of 

electrostatic attraction between 

adhesive and adherend. Source: 

www.specialchem4adhesives.com  
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different properties compared to the bulk material of the adhesive or adherend. The theory states that the 

adhesion strength, formulated as adhesion energy G, is equal to the cohesive energy Gc of the weaker 

interfacial layer.  

Common metal oxides, such al aluminum and iron oxides, undergo hydration in the presents of moisture. 

The resulting metal hydrates become gelatinous, and they act as a weak boundary layer because they 

exhibit very weak bonding to there base metals. 

This theory is developed because it is assumed that the chance of a crack propagating only at the interface 

is smaller than the chance that cohesive failure occurs.  

However experiments showed that pure interfacial failure does occur. The tension peaks near the tip can 

account for the fact that a material fails on cohesive strength near the interface. 

Still the existence of an (thick) interphase, which differs from interface, is accepted.  
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III.III.III.III. Joint design featuresJoint design featuresJoint design featuresJoint design features    

III.aIII.aIII.aIII.a MaterialsMaterialsMaterialsMaterials    

III.a.1III.a.1III.a.1III.a.1 AdherendAdherendAdherendAdherend    

 

Material properties 

The Young’s modulus (adherend stiffness) and the coefficient of thermal expansion are characteristics of 

the adherend which have a influence on the behavior of an adhesive joint. The influence of the stiffness 

will be discussed in §[geometry influences] and §[temperature] will discusses the consequences of the 

thermal expansion of the adherend. 

The adhesion between the adhesive and adherend is counter acted by the adsorption of vapor, liquids, 

oxides or other pollutions on the adherend surface. This unintended adsorption always occurs so pollution 

on the surface will always be present, even after a good pretreatment. A clean rough surface will be a 

good, active contact surface for adhesion of the adhesive, but also for ‘pollutions’. Another disadvantage of 

a rough surface is in the enclosure of air bubbles when the adhesive is applied, which causes poor 

adhesion. Hereby the benefit of pretreatment is clean and active surfaces.  

peak shear stresses are reduced by reducing the shear modulus of the adhesive.  

 

Surface 

The condition of the surface of the adherend has effect on the adhesion between adhesive and adherend. 

The attractiveness of the metal surface depends on the used surface treatment.  

Surface treatments increase adhesion strength by:  

- Introducing more chemically active groups. “an atom near an asperity peak or fine fractal feature will 

clearly have a much greater ‘atomic’ surface energy tan a chemically similar atom in a plane crystal 

surface” 

-  Increasing the true surface-area to adhere to 

- Can induce stress peak that interfere with crack propagation  

- Through interlocking and diffusion a interfacial composite region appears which leads to a moor 

gradual change in modulus and avoids the sharp concentrations of stress 

 

The attractiveness of the metal surface depends on the used surface treatment.  

Types of surface pretreatment: 

� cleaning: solvent degreasing or wiping 

� Mechanical: brushing, grid blasting 

� Chemical: acid etching or phosphoric- or sulfuric acid anodizing 

� Electrical: etching 

III.a.2III.a.2III.a.2III.a.2 AdhesiveAdhesiveAdhesiveAdhesive    

The used adhesive does not only mark the behavior of the joint, but also influences the adhesion and the 

fabrication. The indispensable property is stiffness in the shear mode. The stiffness of the adhesive layer 

relative to the stiffness of the adherends determines the stress distribution in the adhesive.  

 

Types of adhesives 

On the market are many different types of adhesives. Some of these adhesives are: 

Dispersion adhesives   Cyan acrylics    Anaerobes 



Appendix  A  TU/eindhoven 

9 

Fusion adhesives   Epoxy    Phenol adhesives 

Contact adhesives   Poly-urethane    Inorganic adhesives 

Primers    PVC-plastisolen   Urea formaldehyde adhesives 

No-mix acrylic     Silicones  Pressure sensitive adhesives  

 

Beside the division of adhesive according to their substances, the adhesives can also be divided according 

to different characteristics, for example: 

Function      Form 

Chemical characteristics    Hybrids 

Physical characteristics    Type of solvent 

Number of components    Method of curing 

Method of application 

 

Per adhesive type, several aggregates can be added to modify characteristics of the adhesive. Some 

examples of aggregates are:  

Resins        Hardeners 

Cross link enhancers      Fillers 

Accelerators and catalyst     Softener 

Stabilizer and anti- oxides     Solvents 

Adhesion enhancer primers     Thinner 

Dispersion appliances 

 

Form 

The form of the adhesive dictated the way of application. 

- liquid 

- solid 

- tape 

 

A Liquid should wet or spread over the bond area sufficiently. The wetting depends on the surface tension 

of the adhesive and the contact angle between adhesive and surface. The surface tension depends on the 

cohesive force in the adhesive, the attractiveness of a molecule to molecules of the material.  

The force equilibrium at the liquid-solid-air interface is expressed with the Young’s equations: 

 slsvlv γγθγ −=cos  

 Where:  

θ : contact angle 

lvγ : liquid-vapour interfacial tension 

slγ : solid-liquid interfacial tension 

svγ : solid-vapour interfacial tension 

 

An adhesive is said to have good wettability when its surface energy is lower than the solid's surface 

energy. Or in other words good wettability is achieve when the contact angle is small. 

 

 

figure 0-7:  Drop of liquid adhesive on a solid. Source: [8]  
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III.bIII.bIII.bIII.b FabricationFabricationFabricationFabrication    

During joint design there are some aspects of joint fabrication which must be kept in mind. These features 

can have influence on the materials and shapes which can be used. A fabrication must be properly 

prepared and executed, because poor bonding is often a result of the fabrication. The main aspects of 

fabrication are:  

- Way of assembly:   

o flow out of the adhesive; the thickness of the adhesive layer must be ensured 

o maintenance of the thickness of the adhesive layer 

o adjusting space  

o simplicity of assembly 

o stability during curing 

- Adhesive application: 

  The adhesive must be applied with the appropriate apparatus so ensure the right  

  amount and avoid air to be locked in. 

- Curing temperature;  

  if the adhesive must be cured under high temperature, it must be possible to apply  

  the heat and other joint element must be able to withstand the heat.  

- tolerance on dimensional deviation of the adherends 

- Surfaces pre-treatment:  

  if pre-treatment is necessary, the shape of the adherends must not be too complex. The types 

of pre-treatment are discussed earlier. Often the producer of adhesives gives advice on the necessary 

steps of the pre-treatment to obtain a good bond.  

III.cIII.cIII.cIII.c GeometryGeometryGeometryGeometry    

Adhesive spew fillet 

During fabrication a small amount of adhesive will spill out, which leave a spew fillet at the adhesive layer 

edges.  

 

This fillet has a large influence on the peak stresses near the 

adhesive edges. 

The edges of the adhesive are often simplified to a square edge. The 

free surface of that square end has to be stress free, so the stress 

perpendicular to the surface peak at the edges. In reality the spew 

fillet will reduce the peak stresses, so the calculations will be too 

conservative. 

Research by Adams and Peppiatt [7] showed that the stress peaks 

are al least 3.6 times the shear stress near the adhesive edges. The 

stresses in the fillet are predominantly tensile. For a square edge the 

highest tensile stress occurs at the corner and is at least 10 times 

the shear stress. The highest stresses occur for layers within the 

fillet at the corner of the unloaded adherend. If the fillet is triangular the area of load transfer is increased. 

Thus the maximum shear stress is reduced with 30% of that obtained for the square-ended adhesive layer 

if the fillet extends to the top of the adherend. Adams [ref] looked at the influence of form and concluded 

that the final distribution depends strongly on the degree of rounding or slope and configuration of the 

ends of the adherend and therefore increased joint strength.  

 

figure 0-8: Single lap joints;   a: with 

square adhesive layer edge;   b: with 
fillet. 
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Joint types 

Adhesive joints come in many different forms. When talking about pure adhesively bonded elements, the 

main division made between 2D and 3D geometries.  

The 2D geometries are usual divided into lap joint, T-joint, corner and butt joints. They are discussed in 

more detail in chapter 4. 

 

Examples of the lap joint: 

 

 

 

 
figure 0-9:  
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Examples of corner joints: 

   

    

Examples of T-joints: 

 

 

 

Examples of butt joints: 
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III.dIII.dIII.dIII.d LoadingLoadingLoadingLoading    

Loading sorts  

Stresses in adhesive joints can be caused by: 

� Environmental processes; Temperature and moisture  

� Mechanical loading  

Mechanical stresses can be result of environmental processes, for example stresses due to deformation 

imbalance under varying temperature. Normally, the service life of an adhesive is not shortened by the 

prevalent mechanical stresses. However, the crystallinity of the adhesive (alignment of the polymers) can 

increase under stress, which decreases the (moisture-) permeability of the adhesive below the level of a 

non-stressed adhesive. There may be a critical stress level below which failure does not occur or is not 

accelerated. 

 

Stresses caused by environmental process are for example swelling, time-dependent stresses. 

In general can be stated, that environmental stresses, kept within the ultimate strength the adhesive, will 

not cause failure. The degradation effects of environmental processes, which can cause failure, will be 

discussed in the next paragraph.  

 

Loading types 

 

The stress types for adhesive bonds are shear, normal (tension or compression), cleavage and peel stress. 

These types are shown in the figure below. 

 

Cleavage and peel stresses are specific for adhesives. Joints should not be designed for these stresses, 

because they cause high stress peaks near the adhesive edges. In general, the highest joint strength is 

achieved when the bond is governed by shear stress. 

 

Dynamic and static loading 

The applied loads can be static or dynamic. Adhesive joints are supposed to be more suitable to dynamic 

loading than other connection types, for example bolted or joints. The fatigue behavior of bonded joints is 

better because the joint is continuous and thus has a more uniform stress distribution over the whole 

length of the bond.  

However only considering the adhesive bonds, cyclic stresses degrade the bond more rapidly than constant 

stresses. The cyclic stresses lower the activation energy for bonding and make the adhesive more 

vulnerable to environmental attack, for example increase in transport of moisture via crazing or increase in 

the free volume.  

 

 
figure 10:  Loading types for adhesive bonds. Source [4.2]  
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III.eIII.eIII.eIII.e Environmental influencesEnvironmental influencesEnvironmental influencesEnvironmental influences    

The environmental influences that will be discussed here are temperature, damp and aging. These are the 

main degradation factors. Though many more environmental influences exist, for example light, chemical 

and electrochemical, they are of less importance in the building service.  

III.e.1III.e.1III.e.1III.e.1 MoistureMoistureMoistureMoisture    

Moisture has the most effect on the strength of an adhesive bond. The water can penetrate through: 

� Diffusion through the adhesive (dominant) 

� Diffusion through the adherend 

� Transport along the interface 

� Capillary transport through cracks and crazes 

The strength decrease by moisture can be reversible and irreversible.  

The reversible effects are:  

� Plasticization  

� Swelling a and thereby inducing stresses 

� Disrupting secondary bonds across the interface 

The irreversible effects are:  

� Chemical breakdown due to reaction with water    

� Cracking or corroding the adherend surface. 

 

Adhesive  

The bulk material of the adhesive can be softened, inflated and plasticized by moisture 

When moisture softens the adhesive, the glass transition temperature Tg decreases and the modulus and 

strength are lowered. This can cause loss of joint strength (adhesive strength) but also stress relaxation or 

crack blunting. This softening effect depends on the rate of water diffusion. All polymers absorb greater 

quantities of water when above their glass transition temperature. 

Water can also cause swelling; this increases the stresses but not for a long time because relaxation can 

occur or when the water dries up the swelling will disappear.  

 

Interface 

When moisture is involved an adhesive bond will almost always fail at interface. There is a critical humidity 

level above which weakening or decay of the bond occurs. Often is the humidity level not of equal value 

thought out a joint; there may be an outer zone where the critical water level is reached whiles an inner 

zone has a lower humidity. This critical concentration differs for different type of joint; for metal-epoxy 

bonds the critical value lies around 50%RH and 60°C.  

Stability of the interface can be examined in terms of the thermodynamic work of adhesion. The 

thermodynamic work of adhesion (W), is defined as the energy required to separate two elements at 

interface per unit area.  

The adhesion work is defined as: 

( )θγ cos1WA += lv  

Considering the force equilibrium at applying the adhesive (wetting), the adhesion work can be rewritten 

as:  SlSvlv γγγ −+=AW  

   Where: θ : contact angle 

γlv:  interfacial free energy between liquid adhesive and vapor 

γsv: interfacial free energy between surface and vapor 

γsl : free energy of the interface 
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A joint can have a negative value for W (instable bond) in a humid environment; where as the same joint 

has a positive value for W in a drier environment. Beside this the formula show that a high surface energy 

γsl, will cause a low value for W and the bond will fail sooner. A reactive surface, i.e. a high surface energy, 

is often seen at metals. Adhesive bonds of plastic adherends will therefore be less affected by moisture at 

the interface. 

 

Some times the bond strength is expressed in the inter ionic force at interface: 

 
2

0
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4 r

qq
F

rεπε
⋅

=  

Where:   q1 and q2 are the ionic forces; 

    r : the inter-ionic distance;  

    εx : the permittivity of the medium. (under vacuum or relatively).  

The value for ε for an adhesive is very low but for water is lies around 80 which results in al lower F. After 

drying the strength runs up to it’s original value, by this theory. 

 

Commonly chemical bonds between the adhesive and adherend are more durable.  

Joint strength falls most rapidly at the beginning and eventually the rate of decrease in strength slows 

down to a very low value. The surface treatment has a great influence on the rate of degradation. Factors 

that influence the wet durability: 

� type of alloy: some tests have suggested that a high value of magnesium (with MgO on the 

surface) can  cause poor durability 

� surface pretreatment 

� stress: flexible adhesives are more prone to degradation under stress 

� salt water: very aggressive  

� temperature 

 

Considering aluminum adherends, moisture can cause hydration of the surface which causes an expansion 

of the interphase. This induces high stresses at the bond line. The stresses promote crack propagation 

near the hydration-metal interface. The rate of hydration depends on pre-treatment, corrosion inhibitors, 

temperature and moisture.  

The environment can also cause electrochemical corrosion of the substrates. For the corrosion there should 

be an anodic site, cathodic site and a liquid present. The corrosion can destabilize the bond via the 

presents of oxides. These corrosion products attach poorly to the bulk material and failure will then occur 

below under the bonded area.  

The surface treatment has a great influence on the rate of degradation. A rough surface will have a 

positive effect on the bond strength because a crack cannot follow the complex interface.  

For a durable bond always apply appropriate surface pre-treatment.  

 

III.e.2III.e.2III.e.2III.e.2 TemperatureTemperatureTemperatureTemperature    

Thermal stresses 

In general adhesives have a higher coefficient of expansion than the adherends. With increasing 

temperature, the adhesive and adherend deform with a different rate and cause thermal stresses. Rest 

stresses can also develop due to that thermal imbalance during the curing under heat.  

The thermal coefficient of expansion of an adhesive can have an increased value above the glass transition 

temperature. 

 

Alteration material properties 
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For adhesive several phases dependent on the prevalent temperature can be distinguished. An important 

phase boundary is the glass transition temperature above which the adhesive is in a rubbery state. Under 

that temperature the adhesive is in a (semi) crystalline state characterized by the stiff and glazy 

appearance of the adhesive. The glass transition temperature often marks a significant change in 

mechanical properties, though the changes are not sudden.  

Raising the temperature further above the glass transition temperature, the free space between the 

polymers will get larger and finally the next boundary the decomposition temperature is reached. At that 

temperature polymers revert to the monomers. The value of the decomposition temperature is influenced 

by, enclosure of pollution. At low temperatures, the adhesive will become more brittle (and stiffer), which 

also can lead to a decrease in joint strength.  

 

The several stages depend on molecular motion, which on it turn depends on the free space between the 

molecules. Under the softening temperature the polymers cannot move or rotate not any more. With 

elevation temperature the free space between the polymers will get larger and the adhesive will inflate.  

When the free space is limited by force, for example in an adhesive under pressure, the softening 

temperature of that adhesive will elevate. The softening temperature is also higher for adhesives with a 

higher molecular weight, because relative little free space is present between the polymers.  

The glass transition temperature, also depending on molecular motions, depends consequently on the rate 

of loading or on the frequency when dealing with a cyclic load.   

III.e.3III.e.3III.e.3III.e.3 TimeTimeTimeTime    

The long-term phenomenon, creep, is wholly irrecoverable. When continuously loaded over a long period, 

adhesives suffer from creep, characterized by continuing deformation and a drop in the shear strength.  

There is a time delay before creep deformations commence. That delay depends on temperature and load. 

After the period in which no creep deformation is visible, a stage of steady state creep logarithmic with 

respect to time is identified. The next stage an accelerated creep is present, which ends in failure.  

 

Most creep studies have been on the behavior of linear polymers, none of which are used as structural 

adhesives. The absence of cross linking in such materials permits extensive and continuous deformations, 

which is one of the major reasons for rejecting them as structural bearing. Though, a short view of the 

findings of the creep behavior of linear polymer adhesive is given as first indication of the effect of time on 

adhesives.  

The strain developed is a linear polymer under continuous load increases with time, stress and 

temperature. The creep data for polymers is often presented graphically in the form of stress-strain curves 

at constant time, or strain-time curves at constant stress. Equations are available to describe these 

curves. These include the creep law for metals, which is also been used form amorphous glassy polymers:  

The curves form strain plotted against log (time) show a flat line at low stresses and a moderate rise 

followed by a steeper upturn when the stresses are higher. The period of more rapidly increasing strain 

may be due to further yielding with the formation of voids.  

A rough guide is that constant loading over along period should not exceed about one-quarter of the short-

term lap shear strength. 

 

If creep is likely then increasing the bond length is advantageous. Long overlap shear joints are normally 

avoided because increasing the overlap does not proportionally increase the short-term strength but the 

increased length does both delay the onset of creep and reduce its rate. Furthermore, the overall strength 

of the adhesive will decrease over time, so it is sensible to ensure an overcapacity to counter the strength 

loss. So it is advised not to design for a uniform bond stress if a durable bond is sought. 
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IV.IV.IV.IV. Glossary of termsGlossary of termsGlossary of termsGlossary of terms        

Based on ASTM definitions 
 

Accelerated ageing test 
Short-term test designed to simulate the effects of longer-term service conditions.  

Adherend 
A component held to another component by an adhesive. 

Adhesion 
A state in which two surfaces are held together by interfacial forces.  

Adhesive 
A non-metallic substance with the capable of holding two surfaces together by adhesion. 

Adhesive failure 
Failure resulting from insufficient interfacial force  between the adhesive and one or both of the adherends. 

ASTM 
American Society for Testing and Materials. 

Bond 
The joining of materials by an adhesive. 

Bond-line 
The layer of adhesive, which attaches two adherends.  

Bond strength 
The unit of load required to break an adhesive assembly with failure occurring in or near the plane of the 

bond.  

BSI 
British Standards Institute.  

Bulk adhesive 
The adhesive unaltered by the adherend 

Catalyst 
A substance that changes the rate of chemical reaction without being changed or used by the reaction. 

Cleavage 
Splitting of a bond, by stresses concentrated at one edge of the adhesive layer. The separation of 

adherends such as that caused by a wedge being driven between them 

Cohesion 
A state in which a material held together by internal forces.  

Cohesive failure 
Failure within the body of the adhesive  

Crazing 
Fine cracks that may extend in a polymer network on or under the surface of or through an adhesive layer 

due to shrinkage or solvent action. 

Cross linking 
The formation of chemical bonds between adjacent molecules resulting in a three dimensional network. 

Cure 
The change in properties of an adhesive due to chemical reaction of the components with one another. The 

process frequently involves a physical change from the liquid to the solid state. 
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Crystallinity  
A state of molecular structure of uniformity and compactness of the molecular chains.  

Decomposition 
The polymers of an adhesive revert to monomers and adhesive strength is lost. The process is linked to a, 

for that adhesive specific, temperature. 

Degradation 
Harmful change in the chemical structure of a plastic influencing its appearance or physical properties.  

Durability 
The endurance of an adhesive of adhesive joint strength under the prevalent service conditions 

maintaining its physical properties.  

Environmental test 
Test to examine the performance of an assembly under service conditions.  

Fatigue strength 
Force that a joint will withstand when the force is applied repeatedly for an infinite number of cycles.  

Fillet 
Portion of an adhesive that bonds the adherends outside the bond-line. When a fillet is formed unintended 

by adhesive flow out of the bonds area, it is called a spew fillet.  

Flow 
The movement of an adhesive during bond formation before it is set. 

Glass transition 
A reversible changing stage from a crystalline structure of and adhesive to a viscous or rubbery condition 

or vice versa. The process is linked to a, for that adhesive specific, temperature Tg above which the 

adhesive is rubbery and below which the adhesive is relatively hard and brittle.  

Flow 
Movement of a liquid adhesive during application and the bonding process, before curing. 

Interface 
The contact area between adherends and adhesive surfaces.  

Joint butt 
Joint in which the bond line is at right angles to a major axis of the adherends.  

Joint lap 
Joint made by placing one or two adherends partly over one or two other adherends and bonding together 

the overlapped portions.  

Joint scarf 
Joint formed by cutting away angular segments from the bonded edges of two adherends. 

Joint Starved 
Joint produced with insufficient adhesive to produce a satisfactory bond.  

Penetration  
The entering of an adhesive into a adherend, measured by the depth of the penetration at a given time. 

Phase 
A homogeneous and physically distinct part of a system separated from other parts of the system by 

definite bonding surfaces. 

Plasticization 
Increase in softness, flexibility, and extensibility of an adhesive.  

Primer 
A coating applied to a surface, before the application of an adhesive, to enhance the performance of the 

bond.  
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Resin 
Organic material based adhesive, usually with a high molecular weight.  

Rheology 
The study of the flow properties of different materials especially of polymer substances of which the flow is 

not proportional to the stress applied. 

Setting 
The hardening or solidification of an initially liquid plastic material by chemical and/or physical action (see 

curing). 

Service life  
The period of time during which an adhesive remains suitable for use. 

Structural adhesive 
An adhesive which is capable of transferring sustained loads between bonded components. 

Structural bond 
A bond, which is capable of sustaining in a structure a specified strength level under a combination of 

stresses for a specified time 

Substrate 
See adherend 

Surface pre-treatment  
The mechanical and or chemical process to make the adherend more suitable to form an adhesive bond. 

Tack 
The property of an adhesive that enables it to form a bond of measurable strength immediately after it is 

applied to the adherend under low pressure.  

Temperature Upper service  
The highest temperature at which an adhesive retains its qualities in open air. 

Thermoset 
A polymeric material which hardens under high temperatures and pressures but cannot be softened or re-

melted after curing, because chemical reaction is irreversible.  

Thermoplastic 
A polymeric material that can be repeatedly softened by applying heat. 

Viscosity 
The measure of resistance of a fluid to flow; A higher value indicates a thicker material.  

Wetting 
The ability of an adhesive to spread itself over a surface, which depends on the contact angle between 

liquid and solid. 
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BBBB    Overview literatureOverview literatureOverview literatureOverview literature    

A review of literature on adhesive technology and the modeling of adhesive joints is given. The list 

contains books, papers and articles 

 

I.I.I.I. General adhesive technologyGeneral adhesive technologyGeneral adhesive technologyGeneral adhesive technology    

[1] Vereniging FME, Lijmen algemeen. Algemene inleiding in de kenmerken van de lijmtechniek en in de 

kenmerken van lijmsystemen. Zoetermeer: Vereniging FME, 1991  

o Publication:  A booklet which is meant as an introduction on the subject of structural 

adhesive bonding. At a basic level several aspects of the joint design are treated of listed.  

[2] Stichting Bouwresearch en TNO Bouw, Lijmen in de bouw. Rotterdam: Stichting Bouwresearch, 1994 

o Publication:  A booklet which is qua content and level similar to ‘Lijmen algemeen’ van de 

stichting FME. 

[3] Vereniging FME, Lijmen van metalen. Zoetermeer: Vereningin FME, 1991 

o Publication:  This small book is a continuation of [1] of the same publisher. The 

publication focuses on adhesive metal-to-metal joints and is written for laymen who want to 

become acquainted with structural adhesive bonding. The aspects typical for metal-to-metal 

joint design are discussed at a basic level.  

[4] A. Pizzi, K.L. Mittal, Handbook of adhesive technology. Second edition, revised and expanded. New 

York/Basel: Marcel dekker inc. 2003 

o Publication:   An extensive and up to date collection, which focuses on the behavior of the 

adhesive in a joint. The chemical back ground of the adhesive behavior is discussed. Many 

prominent researchers are cited, whose work is referred presented in list per subject. 

[5] Shield, Adhesives handbook 3rd edition.London: Butterworths, 1984 

o Publication:  a (slightly dated) standard on general adhesive technology. Besides the 

various aspects of adhesive joining techniques, practical examples are given. Convenient are 

the many examples of joint configurations.  

[6] Dillard, Pocius, the mechanics of adhesion. Amsterdam: Elsevier, 2002 

o Publication:   Up-to-date collections with the focus on the chemistry of an adhesive bond.  

[7] R.D. Adams, J. Comyn, W.C. Wake, Structural adhesive joint in engineering, Second edition. London: 

Chapman and Hall, 1997 

o Publication:  A good book for a general impression of adhesive bonding. The authors are 

prominent researches. Other researchers are also frequently cited.  

[8] R.Oosting, Toward a new durable and environmentally compliant adhesive bonding process for 

aluminum. Delft: Delft University Press, 1995 

o Publication:  A thesis on new surface pre-treatment methods and their effect on the joint. 

In the first chapters a clear overview is given of the several adhesion theories.  

[9] W.A. Lees, Adhesives in Engineering Design. Londen: The design council, 1984 

o Publication:  A book which presents some practical design methods. the calculations are 

basic and slightly dated.  

[10] W.S. Johnson, Adhesively bonded joints: Testing, Analysis and Design. Philadelphia: ASTM, 1988 

Publication:  A collection of papers which were submitted for the conference ‘Adhesively 

Bonded Joints’. The papers discuss a specific subject of adhesive technology in detail.  



Appendix  B  TU/eindhoven 

2 

II.II.II.II. Numerical mNumerical mNumerical mNumerical modelingodelingodelingodeling    

General modeling 

[1] E. Arranz, B. Broughton, L. Crocker,  B. Duncan, R. Mera, J. Urquhart, NPL Report MATC(A)36. 

Failure of flexible adhesive joints. Teddington: National Physical Laboratory, 2001 

[2] D. A. Bigwood,  A.D. Crocombe , G. Richardson, Analyzing structural adhesive joints for failure. 

International Journal of Adhesion and Adhesives, vol. 10, pp167-178, 1990 

[3] M.N. Charalambide, A. Olusanya, NPL Report CMMT(B)130. The constitutive models suitable for 

adhesives in some finite element codes and suggested method of generating the appropriate 

materials data. Teddington: National Physical Laboratory, 1997 

[4] L. Crocker, G. Dean, NPL Report MATC(A)40: Analysis of joint tests on an epoxy adhesive. 

Teddington: National Physical Laboratory, 2001 

[5] L. Crocker, B. Duncan, NPL Report MATC(A)67: Review of tests for adhesion strength. Teddington: 

National Physical Laboratory, 2001 

[6] L.E. Crocker, G.D. Dean, NPL Report CMMT(A)158: A proposed failure criterion for tough adhesives. 

Teddington: National Physical Laboratory, 1999 

[7] G. Dean , F. Hu, B. Duncan, NPL Report CMMT(A)102: the application of finite element methods to 

the design of adhesive joints. Teddington: National Physical Laboratory, 1998 

[8] G. Fernlund, M. Papini, J. K. Spelt, The effect of geometry on the fracture of adhesive joints.  

[9] D. M. Gleich, Stress analysis of structural bonded joints. Delft: Delft University Press, 2002 

[10] L. J. HART-SMITH, Non-classical adhesive-bonded joints in practical aerospace construction.1973 

[11] K.S. Madhusudhana, R. Narasimhan, Experimental and numerical investigations of mixed mode crack 

growth resistance of a ductile joint. 2001 

[12] National Physical Laboratory, Measurement good practice guide no 48. The use of finite elemtn 

methods for design with adhesives. Teddington: National Physical Laboratory,  

[13] P.C. Pandey , H. Shankaragouda, A. Kr. Singh, Nonlinear analysis of adhesively bonded lap joints 

considering viscoplasticity in adhesives.  

[14] S. Smeltzer, An inelastic analysis methodology for bonded joints with shear deformable, anisotropic 

adherends. 2003 

[15] M.D.Thouless, Q.D.Yang, Mixed-mode fracture analysis of plastically deforming adhesive joints. Ann 

Arbor: University of Michigan, 2000 

[16] V. Tvergaard, Predictions of mixed mode interface crack growth using a cohesive zone model for 

ductile fracture. Lungby: Technical university of Denmark, 2003 

[17] H-Y. Yen, New analysis and design procedures for ensuring gas turbine blades and adhesive bonded 

joints structural integrity and durability. 2000 

 

Modeling of lap joints 

[18] E. Arranz, B. Broughton, L. Crocker,  B. Duncan, R. Mera, J. Urquhart, NPL Report MATC(A)36. 

Failure of flexible adhesive joints. Teddington: National Physical Laboratory, 2001 

[19] W.R. Broughton, G Hinopoulos, NPL Report CMMT(A)206. Evaluation of the single-lap joint using 

finite element analysis. Teddington: National Physical Laboratory, 1999 

[20] L. Crocker, G. Dean, NPL Report CMMT(A)293: Comparison of the measured and predicted 

deformation of an adhesively bonded lap-joint specimen. Teddington: National Physical Laboratory, 

2000 

[21] S.A. Fawaz,J.J.M. de Rijck, A thin-sheet, combined tension and bending specimen. Experimental 

Mechanics Vol 39,1999 

[22] M.S.Kafkalidis, M.D.Thouless, The effects of geometry and material properties on the fracture of 

single lap-shear joints. Ann Arbor: University of Michigan, 2002 
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Modeling of different joint types 

[23] K.E. Metzinger and T.R. Guess, Increasing the strength of adhesively bonded joint by tapering the 

adherends. 1999 

[24] Xinran (Sharon) Xiao, Peter. H. Foss and Jessica. A. Schroeder, Stiffness prediction of the double lap 

shear joint. Part1: Analytical solution.  
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III.III.III.III. Remaining referencesRemaining referencesRemaining referencesRemaining references    

 

[1] D. A. Bigwood and A. D. Crocombe, Elastic analysis and engineering design formulas for bonded 

joints.  

[2] C.C. Chamis and P.L.N. Murthy, Simplified procedures for designing adhesively bonded composite 

joints 

[3] Christopher DellaCorte and Brian J. Edmonds, Thermal processing effects on the adhesive strength of 

PS304 High temperature solid lubricant coatings 

[4] Fernando Fondeur, Epoxy-aluminum interphases 

[5] M. D. Goodyear, Application of Super plastically formed and diffusion bonded aluminum to a laminar 

flow Control leading edge 

[6] Shu Guo, Experimental and numerical investigations of mixed mode crack growth resistance of a 

ductile joint. 2001 

[7] Shu Guo, Experimental and numerical investigations on the durability and fracture mechanics of the 

bonded systems for microelectronics application. 2003 

[8] L. J. Hart-Smith, Adhesive-bonded scarf and stepped-lap joint; Technical report 

[9] L J. Hart-Smith, Adhesive-bonded double-lap joint; Technical report 

[10] L. J. Hart-Smith, Non-classical adhesive-bonded joints in practical aerospace construction; Technical 

report 

[11] Markku Hentinen, Martin Hildebrand, Maunu Visuri , Adhesively bonded joint between FRP sandwich 

and metal; different concepts and their strength behavior 

[12] Hsin-Yi Yen, Ph.D., New analysis and design procedures for ensuring gas turbine blades and adhesive 

bonded joints structural integrity and durability.  2000 

[13] M.S.Kafkalidis and M.D.Thouless, The effects of geometry and material properties on the fracture of 

single lap-shear joints. 2002 

[14] Shyh-Shiuh Lih and Ajit K, MalYoseph Bar-Cohen, Ultrasonic evaluation of thermal degradation in 

adhesive bonds 

[15] Denis A. Lynch HI, Shear strength analysis of the auminum adhesive bond 

[16] Jaroslav Mackerle, Finite element analysis and simulation of adhesive bonding, soldering and brazing: 

A bibliography (1976–1996) 

[17] Jaroslav MackerleFinite element analysis and simulation of adhesive bonding, soldering and brazing—

an addendum: a bibliography(1996–2002).  

[18] D.-A. Mendels, S. A. Page, Y. Leterrier, J.-A. E. Månson †, A modified double lap-shear test as a 

mean to measure intrinsic properties of adhesive joints. 

[19] K. E. Metzinger and T. R. Guess, Increasing the strength of adhesively bonded joint by tapering the 

adherends 

[20] Emmett P. O’Brien, Durability of adhesive joints subjected to environmental stress 

[21] P.C. Pandey *, H. Shankaragouda, Arbind Kr. Singh, Nonlinear analysis of adhesively bonded lap 

joints considering visco-plasticity in adhesives 

[22] Andrew Rider and Peter Chalkley, Durability of an off-optimum cured aluminium joint  

[23] Stanley S  Smeltzer III, An inelastic analysis methodology for bonding joints with shear deformable, 

anisotropic adherends 

[24] W. Jefferson Stroud, T. Krishnamurthy and Steven A. Smith, Probabilistic and Possibilistic Analyses of 

the Strength of a Bonded Joint 

[25] Keun J. Sun, Disbond detection in bonded aluminum joints using LAMB wave amplitude and time-of-

flight 
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[26] Jeff D.Will and James D.Cotton, superplastic rorming-Adhesive bonding of aluminum (SPF/AB) multi-

sheet structures 

[27] Xinran (Sharon) Xiao Peter. H. Foss and Jessica. A. Schroeder, Stiffness prediction of the double lap 

shear joint. Part1: Analytical solution  

[28] Q.D.Yang*and M.D.Thouless*, Mixed-mode fracture analysis of plastically deforming adhesive joints 

[29] Buo Yeng, Crack path analysis  

[30] Starnes, Jr., Residual strength pressure test and nonlinear analyses of stringer-and frame- stiffened 

aluminum fuselage panels with longitudinal cracks.  

[31] Huiying Zhang1999, An evaluation of the durability of polymer-concrete bonds to aluminum bridge 

decks   
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CCCC    Results analytical analysisResults analytical analysisResults analytical analysisResults analytical analysis    

I.I.I.I. Example calculationsExample calculationsExample calculationsExample calculations    

Model: 

 

Assumed material properties: 

Material Variables
Adherend

aluminum d 2 / 6 mm
σn 260 N/mm2

τ N/mm2

E 70000 N/mm2

G 26923 N/mm2

ν 0,3

Adhesive

average t 0,25 mm
lo 10/12,7/15/20 mm

τ 30 N/mm2

σn 10 N/mm2

E 2500 N/mm2

G 899,2805755 N/mm2

ν 0,39  

I.aI.aI.aI.a Volkersens’ methodVolkersens’ methodVolkersens’ methodVolkersens’ method    

Example is made with a single lap joint configuration with  

  tadr=6mm and  

  lo=15mm. 

 

1) stress concentration factor 
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figure 11: single lap joint model 
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2) Mean shear stress over the length of the overlap 
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3) Maximum shear stress 
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Results for the single lap joint with tadr=6mm 

Subsequent Variables
Overlap [mm] 10 12.7 15 20
Variables
         D combi factor 0.85646 1.38138 1.92703 3.42583
         nc (Volks) 1.13883 1.22028 1.30227 1.51485  Shear stress calculation

Maximum shear stresses Mean shear stresses
Load F [N] 10 12.7 15 20 10 12.7 15 20

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
25 2.85 2.40 2.17 1.89 2.50 1.97 1.67 1.25
50 5.69 4.80 4.34 3.79 5.00 3.94 3.33 2.50
75 8.54 7.21 6.51 5.68 7.50 5.91 5.00 3.75

100 11.39 9.61 8.68 7.57 10.00 7.87 6.67 5.00
125 14.24 12.01 10.85 9.47 12.50 9.84 8.33 6.25
150 17.08 14.41 13.02 11.36 15.00 11.81 10.00 7.50
175 19.93 16.81 15.19 13.25 17.50 13.78 11.67 8.75
200 22.78 19.22 17.36 15.15 20.00 15.75 13.33 10.00
225 25.62 21.62 19.53 17.04 22.50 17.72 15.00 11.25
250 28.47 24.02 21.70 18.94 25.00 19.69 16.67 12.50
275 31.32 26.42 23.87 20.83 27.50 21.65 18.33 13.75
300 34.16 28.83 26.05 22.72 30.00 23.62 20.00 15.00
325 37.01 31.23 28.22 24.62 32.50 25.59 21.67 16.25
350 39.86 33.63 30.39 26.51 35.00 27.56 23.33 17.50
375 42.71 36.03 32.56 28.40 37.50 29.53 25.00 18.75
400 45.55 38.43 34.73 30.30 40.00 31.50 26.67 20.00  

 

Results of the analysis of the single lap joint with tadr=2mm 

 

Overlap [mm] 10 12,7 15 20
Variables
         D combi factor 2,56937 4,14414 5,78109 10,2775
         nc (Volks) 1,39553 1,61088 1,81752 2,3161  
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Maximum shear stresses Mean shear stresses
         Overlap [mm]

Load F [N/mm] 10 12,7 15 20 10 12,7 15 20

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
25 3,49 3,17 3,03 2,90 2,50 1,97 1,67 1,25
50 6,98 6,34 6,06 5,79 5,00 3,94 3,33 2,50
75 10,47 9,51 9,09 8,69 7,50 5,91 5,00 3,75

100 13,96 12,68 12,12 11,58 10,00 7,87 6,67 5,00
125 17,44 15,86 15,15 14,48 12,50 9,84 8,33 6,25
150 20,93 19,03 18,18 17,37 15,00 11,81 10,00 7,50
175 24,42 22,20 21,20 20,27 17,50 13,78 11,67 8,75
200 27,91 25,37 24,23 23,16 20,00 15,75 13,33 10,00
225 31,40 28,54 27,26 26,06 22,50 17,72 15,00 11,25
250 34,89 31,71 30,29 28,95 25,00 19,69 16,67 12,50
275 38,38 34,88 33,32 31,85 27,50 21,65 18,33 13,75
300 41,87 38,05 36,35 34,74 30,00 23,62 20,00 15,00
325 45,35 41,22 39,38 37,64 32,50 25,59 21,67 16,25
350 48,84 44,39 42,41 40,53 35,00 27,56 23,33 17,50
375 52,33 47,57 45,44 43,43 37,50 29,53 25,00 18,75
400 55,82 50,74 48,47 46,32 40,00 31,50 26,67 20,00  

 

Graphical representation of the results is given in comparison with the results of the calculations with the 

Goland and Reissner method, see next paragraph.  

 

I.bI.bI.bI.b Goland and Reissner theoryGoland and Reissner theoryGoland and Reissner theoryGoland and Reissner theory    

This example is also made for lapped joints with  

  tadr=6mm 

  lo=15mm  

 

1) Determination of the validity of the theory: 

For the two varieties of Goland and Reissner theory, boundaries are given for the joint configurations for 

which the theory can be used. These boundary conditions are proven to be too conservative by Adams and 

Wake (the true boundary is not given). So a slight exceeding of the boundary will be excepted.  
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2) Determination of the stress concentration 
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3) Determination of the bending moment factor 
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Subsequent Variables
Overlap [mm] 10 12.7 15 20
Variables
         D combi factor 0.85646 1.38138 1.92703 3.42583
         nc (Volks) 1.13883 1.22028 1.30227 1.51485  
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Results graphical represented.  

Shear stress adhesive layer: Variable overlap length
t = 2mm
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Shear stress adhesive layer: Variable overlap length
t = 6mm
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I.cI.cI.cI.c Allman methodAllman methodAllman methodAllman method    

 

Shear stress calculation: 
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Tensile stress calculation: 

 
1) Determination of constants 
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II.II.II.II. RemainingRemainingRemainingRemaining methods methods methods methods    

These methods concentrate more on the design of a joint as a whole, than on the exact calculation of the 

stresses in the adhesive layer.  

II.aII.aII.aII.a A simple predictive toolA simple predictive toolA simple predictive toolA simple predictive tool    

 

By Pocius  

bt

kF
s

3
=σ  

bt

F
T =σ  

( )
bt

kF
Tsm

31+
=+= σσσ  

simplification: 

( )k
bt

F
y

31
max +

=
σ

 btF yσ=max  btF yσ4
1

max =  



Appendix  C  TU/eindhoven 

8 

II.bII.bII.bII.b Renton and VinsonRenton and VinsonRenton and VinsonRenton and Vinson    

The adherends are modeled as generally orthotropic and balanced system, with the possibility to extend to 

composite materials. The thermal strains are also included.  

II.cII.cII.cII.c Delale et al Delale et al Delale et al Delale et al     

(1981) 

The method is developed to analyze a general lap joint, for which different boundary conditions and 

different orthotropic adherends can be used. The basic material properties are taken into account. Also the 

normal adhesive strains are incorporated. The formulation is derived for unbalanced orthotropic lap joints 

and substrate shearing has been incorporated. 

For the formulation of the equations the adherends are assumed to be plates (thin in comparison with the 

bonded surface area).  

 

The boundary conditions are take into account, and the shear and 

tensile stresses  

Five conditions are discussed: lap joint under tension, bending, 

transverse shear and a stiffened plate under tension and bending. 

An expression is formulated for the shear stress and the tensile 

stress. ( )iiKx φτ ,, ( )xK iiiy ,,, φασ  

II.dII.dII.dII.d Adams and MallickAdams and MallickAdams and MallickAdams and Mallick    

(1992) 

The approach is based on minimizing complementary energy; it is in essence an equilibrium finite element 

method. A computer implementation of the solution is necessary. The method is capable of analyzing a 

general joint consisting of adherends with unequal thickness or dissimilar anisotropy. Comparison with FEM 

results showed that the present theory was in close agreement except at points close to the overlap edges.  

II.eII.eII.eII.e HartHartHartHart----Smith Smith Smith Smith     

The analyses were simplified by uncoupling the shear and peel stresses; shear lag analysis superimposed 

by peel due to bending and shearing of adherend.  

Furthermore, the case of imbalanced joints is considered although explicit solutions for the imbalanced 

joint cannot be derived. Unlike the double lap joint analysis the thermal strains are only considered 

qualitatively.  

At first the theory neglected the normal and peel stresses in the adhesive by assuming that the geometry 

of the joint should be altered when great peel stresses occur.  In a later adjustment Hart-Smith combined 

elastic peel stresses with plastic shear stresses. The peak peel stresses, σp, is given as a function of the 

peak shear stress, τp by: 
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t0= adherend thickness 

η = glue-line thickness 

Ec = transverse Young’s modulus of the adhesive 

E0 = Young’s modulus of the adherend.  
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figure 12 
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II.fII.fII.fII.f Bigwood and Bigwood and Bigwood and Bigwood and crocombe: crocombe: crocombe: crocombe:     

The adherends are considered to be in a state of plane strain in bending, which eliminates the effects of 

anticlastic curvature.  

As a result both the adhesive shear strains in the direction of the overlap and width contribute to the yield 

of the adhesive. For the adhesive plasticity the Prager yield criterion is used. Six resulting differential 

equations must be solved iterative.  
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D Numerical analysesD Numerical analysesD Numerical analysesD Numerical analyses    

I.I.I.I. Construction of the modelConstruction of the modelConstruction of the modelConstruction of the model    

I.aI.aI.aI.a PlasPlasPlasPlastically material behaviortically material behaviortically material behaviortically material behavior    

Tests on adhesives show that under multi-axial stress states, for example shear and compression, yielding 

is sensitive tot the hydrostatic component of stress in addition to the shear component [ref]. The most 

commonly used yielding criterion is the Von Mises criterion, which interprets yielding as a purely shear 

deformation process. The shear strain energy reaches a critical value, which is expresses in the principal 

stresses by: 

  ( ) ( ) ( )213

2

32

2

21tan σσσσσσ −+−+−=tcons  

in tension this means: 

  ( ) ( ) ( )[ ]2

13

2

32

2

212
1

zequi σσσσσσσ −+−+−=  

in pure shear this means: 

  
3

1

yσσ =  

However, this criterion does not model the adhesive’s plastic behavior accurate enough.  

The criterion was modified to consider the hydrostatic stress: this is called the linear Drucker-Prager 

criterion, which is regularly used in the structural adhesive field. 

The Drucker-Prager yielding criterion is formulated as: 

  mequi µσσσ −= 0  

  with yielding at:  plequi σσ ≥  

With   plasxy;0 3σσ =  

   ( )
zyxm σσσσ ++= 3

1  

 

An exponent Drucker-Prager yield criterion is also available. This criterion is advised to use with toughened 

adhesives. 

 

I.bI.bI.bI.b Mesh patternsMesh patternsMesh patternsMesh patterns    

Figures of mesh density compartments 

 

 

       

                  mesh 0.5x0.5mm 
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The obtained mesh has around twenty elements that are deformed heavily. The elements are plotted in 

the figures below.  

 

 

 

However, the elements are not deformed to that extend, that they will give errors. The program does give 

a warning, because the elements can have an unexpected stiffness. In this model, a slight flaw in one 

element will have no great influence on the global model. The obtained mesh will be used in further 

analyses.  

    
figure 13: schema of the mesh compartments of the numerical models  

 
 

figure 14: warning elements; zoom at corners 
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II.II.II.II. Results ofResults ofResults ofResults of the numerical elastic analysis the numerical elastic analysis the numerical elastic analysis the numerical elastic analysis    
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figure 0-15: Shear stress pattern over the centre line of the adhesive layer of a joint with tadr=2mm, varying overlap 

length by a load of F=100 N/mm over the tadr  per unit widtht 
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figure 0-16: Tensile stress pattern over the centre line of the adhesive layer of joints with varying overlap length by a 

load  of F=100 N/mm per unit width 
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figure 0-17: Shear stress pattern over the centre line of the adhesive layer of a joint with tadr=6mm varying overlap 

lengths at a load of F=100 N/mm unit width 
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figure 0-18: Tensile stress pattern over the centre line of the adhesive layer of joints with varying overlap length at a load   

of F=100 N/mm 
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E Failure criteriaE Failure criteriaE Failure criteriaE Failure criteria    

I.I.I.I. Example failure load predictionExample failure load predictionExample failure load predictionExample failure load prediction    

This chapter gives short examples of failure load prediction by various failure criteria. The reference model 

is used as joint model. The values of the stresses are from the elastic numerical analysis. Loveralp=20 mm 

 

I.aI.aI.aI.a Example maximum stress or strainExample maximum stress or strainExample maximum stress or strainExample maximum stress or strain    

In accordance with the original proposed criterion, the maximum stress is used, because the used 

adhesive is unthougend. 

This means that:  

  20.10max;max mm
N

mean ≤=σσ  

From the centre line of the numeric model:  

 NF 50max =  

I.bI.bI.bI.b Example global yieldingExample global yieldingExample global yieldingExample global yielding    

Failure is stated to occur when the entire adhesive layer has reached plasticity.  

This can be written as: 

 
20.30)(max mm

N
DPplast ≤== σσσ

 

For the centre line this is reached at 

NF 200max =  

For the entire with of the model: 

NF 270max =  

 

II.II.II.II. Stress singularity approach: theoryStress singularity approach: theoryStress singularity approach: theoryStress singularity approach: theory    

Parameter λ 

λ give the order of strength of the singularity and of value 0< λ <1 and so describes the shape of the 

stress field. 

A lower value for λ indicates a steeper slope to infinity (red curve in figure …). Thus, the line closer to the 

Y-axis has a lower value for λ than the line farther away from the y-axis. 
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figure 19: single lap joint model 
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Figure …: plot of λ
1 of two values for λ 

 

Differential equations by Bogy 

The second equation for a configuration in which the 

adherend and adhesive bond at two faces is given by: 

 

 

 

2 2 2 2 2 2 2 2 2 2

1 1 2 2

2 2 2 2 2 2 2 2

2 2 2 1 2

[( ) sin ( ) (1 ) sin ( )] [(1 ) sin ( ) ( ) sin ( )]

( 1)sin ( ( ))[2( ) sin ( ) 2(1 )sin( )sin( ) ( 1)sin ( ( ))]

D p p p p

p p p p p

α β θ β θ β θ α β θ

α π θ α β θ β θ θ α π θ

= − − − ∗ + − −

+ + − − + − − − −
 

with  

 1221

1221

mGmG

mGmG

+

−
=α

  

( ) ( )
1221

1221 22

mGmG

mGmG

+

−−−
=β

 

  

( )iim ν−= 14
 for plane strain 

 

i

im ν+
=

1

4
 for plane stress 

 

A-symmetric mesh density 

The numerical models from which the values for λ and HFEM are determined, were made with an a-

symmetric mesh. The figure … gives a schematic representation of the areas around the singular points 

(the red dots). The area around the singularity on the left side is six times more refined than the right 

hand side. The models with tadr=2mm and an overlap of l0=10mm and l0=20mm are checked for a-

symmetric behavior due to stiffness imbalance. The results on a reasonable distance from the singularities 

are compared. The points in which the results are checked are marked in figure… 



Appendix  E  TU/eindhoven 

3 

 

The tables below give The results comparison for model 2-20L .. 

Point side Node εx (average) εy εxy (average)

A refined 21821 6,7184E-04 -2,95E-03 8,7789E-04

unrefined 1502 6,4151E-04 -2,94E-03 9,4062E-04

Difference 3,0330E-05 -1,7800E-05 -6,2735E-05

diff percentage 0,05 0,01 -0,07

B refined 21831 2,7424E-04 9,40E-04 9,0163E-03

unrefined 1510 2,7287E-04 9,29E-04 8,9969E-03

Difference 1,3650E-06 1,0840E-05 1,9400E-05

diff percentage 0,00 0,01 0,00

C refined 1439 1,8737E-03 -7,6540E-04 7,1303E-03

unrefined 23211 1,8801E-03 -7,6875E-04 7,1364E-03

Difference -6,3500E-06 3,3500E-06 -6,1200E-06

diff percentage 0,00 0,00 0,00

D refined 22488 2,5265E-04 -1,30E-03 5,3578E-03

unrefined 1550 2,5278E-04 -1,30E-03 5,3571E-03

Difference -1,3000E-07 1,2000E-06 6,7000E-07

diff percentage 0,00 0,00 0,00

E refined 1566 1,2778E-03 -6,1989E-04 2,5842E-04

unrefined 22571 1,2704E-03 -6,1797E-04 2,4424E-04

Difference 7,4000E-06 -1,9200E-06 1,4180E-05

diff percentage 0,01 0,00 0,05  

 

 

       
figure 20:  schematic representation of the area around the singularities in numerical models, with mesh compartments, 

singularities and points for comparison marked out. 
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Point side Node εx (average) εy εxy (average)

F refined 23784 1,2803E-05 -2,7601E-05 3,7327E-06

unrefined 561 1,2677E-05 -2,7285E-05 3,9375E-06

Difference 1,2600E-07 -3,1600E-07 -2,0480E-07

diff percentage 0,01 0,01 -0,05

G refined 1479 2,6290E-03 -1,1159E-03 1,8810E-05

unrefined 23736 2,6443E-03 -1,1321E-03 1,9312E-06

Difference -1,5300E-05 1,6200E-05 1,6879E-05

diff percentage -0,01 -0,01 0,90

H refined 553 6,2250E-04 -2,7279E-04 7,1614E-05

unrefined 23776 6,2274E-04 -2,7303E-04 7,1137E-05

Difference -2,4000E-07 2,4000E-07 4,7700E-07

diff percentage 0,00 0,00 0,01

I refined 552 2,6360E-03 -1,1289E-03 6,3143E-06

unrefined 23766 2,6382E-03 -1,1308E-03 5,9435E-06

Difference -2,2000E-06 1,9000E-06 3,7080E-07

diff percentage 0,00 0,00 0,06
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Figures for determination of λ and HFEM 
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figure 21: stress field of joints with tadr=2mm,  Eadr=68250 N/mm2, joint length of 15 time the overlap and varying 

overlap length. Over the linear part values for the formula Hr logloglog += λσ  are determined. 
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figure 22: stress field of joints with tadr=6mm,  Eadr=69270 N/mm2, joint length of 15 time the overlap and varying 

overlap length. Over the linear part values for the formula Hr logloglog += λσ  are determined. 
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Parameter analyses 
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figure 23: stress field for joints with tadr=2mm, lo=15mm and variable free adherend length. The stress field is 

represented in Hr logloglog += λσ .  

 
 Variable adherend thickness
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L=15mm; d = 7mm;
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figure 24: stress field for joints lo=15mm and varying adherend thickness. The stress field is represented in 

Hr logloglog += λσ .  
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o  variable adherend length 
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figure 25: stress field for joints lo=20mm and varying joint length. The stress field is represented in 

Hr logloglog += λσ .  
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figure 26: stress field for joints with joint length of 15xl0  and varying overlap lenght. The stress field is represented in 

Hr logloglog += λσ .  
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figure 27: stress field for joints with tadr=2mm, lo=15mm and joint length of 225mm with varying mesh density. The 

stress field is represented in Hr logloglog += λσ .  

 

III.III.III.III. Sensitivity Sensitivity Sensitivity Sensitivity of of of of λ     

Note: this sensitivity is made with Eadr=70000N/mm2, this explains the difference in the given 

values for λ  and the in the main report used value. However, this section is included to give an 

indication of the alteration of the value a of λ  with varying material properties, so the given values for λ  

were not altered.  

1)  literature on the subject: http://sensitivity-analysis.jrc.cec.eu.int/ 

Qualification of the effect of one input variable by it’s variance.  

Sensitivity analysis of the numerical calculation should be performed on basis of a module of 

the used FEM-program. 

2) difference in output due to variation of one input variable of the analytical determination of 

lambda 

 

Variables: 

- 21,EE  , 21,νν , which are used in the  

1221

1221

mGmG

mGmG

+

−
=α

   

( ) ( )
1221

1221 22

mGmG

mGmG

+

−−−
=β

 

( )iim ν−= 14
 for plane strain  λ−= 1p  

( )i
i

i

E
G

ν+
=

12
 

      - 21 ,θθ  

The area of reasonable value for the material characteristics (over which is variated) 

 4.035.0 1 ≤≤ν      °≤≤° 9585 1θ  
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27502250 1 ≤≤ E    °≤≤° 191179 1θ  

3.02 =ν  

         7200068000 2 ≤≤ E  

Reference project (as performed before testing) 

39.01 =ν  

25001 =E    442169.0=λ  

3.02 =ν  

700002 =E  

 

Variations: 

Variation of 2E  

 261542 =G   442162.0=λ   5103.1 −⋅=∆λ  

 276922 =G   442175.0=λ  

 

Variation of 1E  

 8091 =G   44219.0=λ   5105 −⋅=∆λ  

 9892 =G   44214.0=λ  

 

Variation of 1ν  

 9261 =G  6.21 =m  42958.0=λ   0158.0=∆λ  

 8932 =G  4.21 =m  44536.0=λ  

 

 Variation of 2θ  

  πθ 9944.02 =   44179.0=λ   015.0=∆λ  

  πθ 0056.12 =   45638.0=λ  

 

 Variation of 1θ  

  πθ 4722.01 =   42497.0=λ   031.0=∆λ  

  πθ 5277.01 =   45576.0=λ  

 

Conclusions:  

The Poisson’s ratio of the adhesive has a large influence (the ratio of aluminum does not vary) 

on the output because the values of the parameter m and G change. 

But not in the range which put the value of lambda into the range of the output of the 

numerical models. 
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IV.IV.IV.IV.  Expe Expe Expe Experimental researchrimental researchrimental researchrimental research    

Recorded failure loads 

table 2: Failure load in kN per specimen 

Dimensions
             Overlap length   
Specimen 10 mm 12,7 mm 15 mm 20 mm

A 6,239 11,797

B 8,255 9,657 10,694

 tadr=6 mm C 6,43 8,202 9,43 11,75

wadr=25mm D 6,444 8,136 9,366

E 6,417 8,036 9,295 11,852

Average 6,38 8,16 9,44 11,80  

Dimensions
             Overlap length   
Specimen 10 mm 12,7 mm 15 mm 20 mm

A 15,572 19,727 26,238

B 15,603 19,043 19,065 26,172

 tadr=6 mm C 15,516 19,274 19,553 25,917

wadr=50mm D 19,283 19,017 26,793

E 15,616 19,203 25,948

Average 15,58 19,20 19,34 26,21  

Dimensions
             Overlap length   
Specimen 10 mm 12,7 mm 15 mm 20 mm

A 7,359 11,214

B 5,622 7,084 8,129

 tadr=2 mm C 5,727 8,362 10,611

wadr=25mm D 5,943 7,430 8,345 9,931

E 5,732 6,874 8,259 10,850

Average 5,756 7,187 8,274 10,892  

Dimensions
             Overlap length   
Specimen 10 mm 12,7 mm 15 mm 20 mm

A 14,855 14,297 23,652

B 18,015 16,832 20,901

 tadr=2 mm C 15,000 17,825 14,642 19,529

wadr=50mm D 14,879 17,955 14,397 19,499

E 14,924 17,821 15,052 20,500

Average 14,915 17,904 14,597 20,107   excluded results  

 

Failure load predictions with various Hcr;exp 

 
Table …-2: Failure load in kN per specimen 

 
40,32 49,37 56,44 68,94

Hcr from batch 2-10-25 Hcr from batch 2-12,7-25 Hcr from batch 2-15-25 Hcr from batch 2-20-25

tadr [mm] wadr [mm] Loverlap [mm] HFEM Loadexp. max;avr [N/mm2] Failure loadpredict [kN] Failure loadpredict [kN] Failure loadpredict [kN] Failure loadpredict [kN]

10 17,51 230,24 230,26 281,94 322,32 393,71
25 12,7 17,18 287,47 234,76 287,45 328,61 401,39

15 17,05 330,95 236,44 289,51 330,97 404,27
2 mm 20 15,82 435,67 254,81 312,01 356,69 435,68

10 17,51 298,29 230,26 281,94 322,32 393,71
50 12,7 17,18 358,08 234,76 287,45 328,61 401,39

15 17,05 291,94 236,44 289,51 330,97 404,27
20 15,82 402,15 254,81 312,01 356,69 435,68

10 10,02 255,30 402,27 492,56 563,10 687,81
25 12,7 10,02 326,29 402,27 492,56 563,10 687,81

15 9,98 377,48 404,13 494,84 565,70 690,99
20 9,77 368,74 412,69 505,32 577,68 705,62

10 10,02 311,54 402,27 492,56 563,10 687,81
6 mm 50 12,7 10,02 384,02 402,27 492,56 563,10 687,81

15 9,98 386,81 404,13 494,84 565,70 690,99
20 9,77 524,27 412,69 505,32 577,68 705,62

52,23 61,50 49,78 63,63

Hcr from batch 2-10-50 Hcr from batch 2-12,7-50 Hcr from batch 2-15-505 Hcr from batch 2-20-50

tadr [mm] wadr [mm] Loverlap [mm] HFEM Loadexp. max;avr [N/mm2] Failure loadpredict [kN] Failure loadpredict [kN] Failure loadpredict [kN] Failure loadpredict [kN]

10 17,51 230,24 298,28 351,22 284,29 363,38
25 12,7 17,18 287,47 304,10 358,08 289,84 370,48

15 17,05 330,95 306,28 360,64 291,91 373,13
2 mm 20 15,82 435,67 330,08 388,66 314,60 402,13

10 17,51 298,29 298,28 351,22 284,29 363,38
50 12,7 17,18 358,08 304,10 358,08 289,84 370,48

15 17,05 291,94 306,28 360,64 291,91 373,13
20 15,82 402,15 330,08 388,66 314,60 402,13

10 10,02 255,30 521,10 613,59 496,66 634,84
25 12,7 10,02 326,29 521,10 613,59 496,66 634,84

15 9,98 377,48 523,50 616,42 498,95 637,77
20 9,77 368,74 534,59 629,47 509,51 651,27

10 10,02 311,54 521,10 613,59 496,66 634,84
6 mm 50 12,7 10,02 384,02 521,10 613,59 496,66 634,84

15 9,98 386,81 523,50 616,42 498,95 637,77
20 9,77 524,27 534,59 629,47 509,51 651,27  
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25,59 32,70 37,66 46,11

Hcr from batch 6-10-25 Hcr from batch 6-12,7-25 Hcr from batch 6-15-25 Hcr from batch 6-20-25

tadr [mm] wadr [mm] Loverlap [mm] HFEM Loadexp. max;avr [N/mm2] Failure loadpredict [kN] Failure loadpredict [kN] Failure loadpredict [kN] Failure loadpredict [kN]

10 17,51 230,24 146,14 186,74 215,07 263,33
25 12,7 17,18 287,47 148,99 190,39 219,27 268,47

15 17,05 330,95 150,06 191,76 220,84 270,39
2 mm 20 15,82 435,67 161,72 206,66 238,00 291,40

10 17,51 298,29 146,14 186,74 215,07 263,33
50 12,7 17,18 358,08 148,99 190,39 219,27 268,47

15 17,05 291,94 150,06 191,76 220,84 270,39
20 15,82 402,15 161,72 206,66 238,00 291,40

10 10,02 255,30 255,31 326,25 375,73 460,04
25 12,7 10,02 326,29 255,31 326,25 375,73 460,04

15 9,98 377,48 256,49 327,75 377,47 462,16
20 9,77 368,74 261,92 334,69 385,46 471,95

10 10,02 311,54 255,31 326,25 375,73 460,04
6 mm 50 12,7 10,02 384,02 255,31 326,25 375,73 460,04

15 9,98 386,81 256,49 327,75 377,47 462,16
20 9,77 524,27 261,92 334,69 385,46 471,95

31,23 38,49 38,59 50,94

Hcr from batch 6-10-50 Hcr from batch 6-12,7-50 Hcr from batch 6-15-50 Hcr from batch 6-20-50

tadr [mm] wadr [mm] Loverlap [mm] HFEM Loadexp. max;avr [N/mm2] Failure loadpredict [kN] Failure loadpredict [kN] Failure loadpredict [kN] Failure loadpredict [kN]

10 17,51 230,24 178,35 219,81 220,38 290,91
25 12,7 17,18 287,47 181,83 224,10 224,69 296,59

15 17,05 330,95 183,14 225,71 226,29 298,72
2 mm 20 15,82 435,67 197,37 243,25 243,88 321,93

10 17,51 298,29 178,35 219,81 220,38 290,91
50 12,7 17,18 358,08 181,83 224,10 224,69 296,59

15 17,05 291,94 183,14 225,71 226,29 298,72
20 15,82 402,15 197,37 243,25 243,88 321,93

10 10,02 255,30 311,58 384,01 385,01 508,23
25 12,7 10,02 326,29 311,58 384,01 385,01 508,23

15 9,98 377,48 313,02 385,79 386,79 510,57
20 9,77 368,74 319,65 393,96 394,98 521,39

10 10,02 311,54 311,58 384,01 385,01 508,23
6 mm 50 12,7 10,02 384,02 311,58 384,01 385,01 508,23

15 9,98 386,81 313,02 385,79 386,79 510,57
20 9,77 521,38 319,65 393,96 394,98 521,39  
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F DiscussionF DiscussionF DiscussionF Discussion    

I.I.I.I. Plane strain assumptionPlane strain assumptionPlane strain assumptionPlane strain assumption    

Standard stress strain relation 

Perfect elastic analysis of the cross section 

Plane stress: 0=zσ      0=zε  
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Lateral contraction over the bonded area 

Over the bonded area the adherends cannot deform uniformly over the width. The adherend at B [figure 

21] is unload and does not deform. The other adherend will want to deform at point A, but is constraint 

(through the adhesive) by the un-deformed area B. A true plane strain of stress state in the direction of 

the width can not be assumed for the bonded area.  

A B

B A

 

figure 28: Lateral contraction of the adherends over the 

bonded area.Source: Adams, Wake. Structural adhesive 

joints in engineering. 

figure 29:Cross section, x-y plane, of a single lap joint 
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I.aI.aI.aI.a Results of the xResults of the xResults of the xResults of the x----zzzz----models models models models     

Models

  tadr = 2 mm     E=68250 εεεεx;max εεεεz;max ux;C-D [mm] Ejoint [N/mm2 εεεεx;max εεεεz;max ux;C-D [mm] Ejoint [N/mm2

I 7,326E-04 2,198E-04 68250

II 6,667E-04 1,355E-20 75000

III-a 7,326E-04 2,198E-04 1,094E-01 68531 7,332E-04 2,198E-04 1,090E-01 68814

Ljoint= 150mm  L0=10mm

III-b 7,326E-04 2,198E-04 2,186E-01 68622 7,326E-04 2,198E-04 2,182E-01 68760

Ljoint= 300mm  L0=20mm

IV-a 7,346E-04 2,195E-04 1,084E-01 69201 7,574E-04 2,087E-04 1,075E-01 69767

Ljoint= 150mm  L0=10mm

IV-a 7,326E-04 2,198E-04 2,169E-01 69163 7,341E-04 2,197E-01 2,160E-01 69435

Ljoint= 300mm  L0=20mm

w = 25mm   F = 2500N w = 50mm   F = 5000N
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Models

  tadr = 6 mm     E=69270 εεεεx;max εεεεz;max ux;C-D [mm] Ejoint [N/mm2]εεεεx;max εεεεz;max ux;C-D [mm] Ejoint [N/mm2

I 2,406E-04 7,218E-05 69271

II 2,190E-04 0,000E+00 76121

III-a 2,406E-04 7,218E-05 3,594E-02 69557 2,408E-04 7,218E-05 3,580E-02 69842

Ljoint= 150mm  L0=10mm

III-b 2,406E-04 7,218E-05 7,179E-02 69646 2,406E-04 7,218E-05 7,165E-02 69789

Ljoint= 300mm  L0=20mm

IV-a 2,410E-04 7,211E-05 3,559E-02 70239 2,488E-04 7,672E-05 3,531E-02 70811

Ljoint= 150mm  L0=10mm

IV-a 2,406E-04 7,218E-05 7,123E-02 70196 2,411E-04 7,214E-05 7,095E-02 70473

Ljoint= 300mm  L0=20mm

w = 25mm   F = 2500N w = 50mm   F = 5000N
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II.II.II.II. Spread of HSpread of HSpread of HSpread of Hfefefefemmmm values values values values    

Geometric non linear failure load prediction 

Results of the failure load prediction for single lap joint with tadr=2mm obtained with the aid of a numerical 

geometric non linear models. 

Hcr from batch 2-10-

25

Hcr from batch 2-

12,7-25

Hcr from batch 2-15-

25

Hcr from batch 2-20-

25

tadr [mm] wadr [mm] Loverlap [mm] HFEM

Loadexp. max;avr 

[N/mm2]
Failure loadpredict 

[kN]
Failure loadpredict 

[kN]
Failure loadpredict 

[kN]
Failure loadpredict 

[kN]

10 16,74 230,24 230,26 270,40 298,60 367,76
25 12,7 15,75 287,47 244,81 287,48 317,46 390,99

15 15,10 330,95 255,23 299,72 330,97 407,63
2 mm 20 14,13 435,67 272,79 320,34 353,74 435,68

10 16,74 298,29 230,26 270,40 298,60 367,76
50 12,7 15,75 358,08 244,81 287,48 317,46 390,99

15 15,10 291,94 255,23 299,72 330,97 407,63
20 14,13 402,15 272,79 320,34 353,74 435,68  

 

Hcr from batch 2-10-

50

Hcr from batch 2-

12,7-50

Hcr from batch 2-15-

505

Hcr from batch 2-20-

50

tadr [mm] wadr [mm] Loverlap [mm] HFEM

Loadexp. max;avr 

[N/mm2]
Failure loadpredict 

[kN]
Failure loadpredict 

[kN]
Failure loadpredict 

[kN]
Failure loadpredict 

[kN]

10 17,51 230,24 285,20 322,03 251,85 322,03
25 12,7 17,18 287,47 290,77 328,32 256,77 328,32

15 17,05 330,95 292,85 330,68 258,61 330,68
2 mm 20 15,82 435,67 315,61 356,37 278,70 356,37

10 17,51 298,29 285,20 322,03 251,85 322,03
50 12,7 17,18 358,08 290,77 328,32 256,77 328,32

15 17,05 291,94 292,85 330,68 258,61 330,68
20 15,82 402,15 315,61 356,37 278,70 356,37  
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1 Objective 

Tensile tests are preformed to determine the failure loads of single lap joints with varying overlap 

length, adherend thickness and width. With the obtained failure loads the critical singular stress 

intensity factor for these joints can be determined. The singular stress intensity factors will be used 

for a failure prediction, which can be verified by the recorded failure loads. 

In addition, the tests are use to verify the analytical and numerical models made for the various 

single lap joints.  

 

2 Introduction 

The failure prediction will be made according to the 

stress singularity approach, for which the critical stress 

intensity factor is needed. This failure criterion is 

developed from fracture mechanics and calculates the 

real stress state in the vicinity of singular point in FE 

models.  

 

It is assumed that failure initiation in the adhesive layer 

lies near adhesive-adherend interface corner. In FEM 

models of adhesive single lap joints this is the location 

where a singular point arises.  

The real state stress at any point near the singular 

point, without the thermal influence, can be calculated with:  

 
λθλσ −

⋅⋅= rfH
FM
ij ),(  

With:  (i,j) = (r,θ) polar coordinates 

m: material index (1 and 2) 

r: distance from singular point 

fij : known functions of λ and θ 

H: general stress intensity factor, a scalar which characterize the stress 

field around the singular point 

λ : strength of the singularity; 0< λ <1 

 

The stress is thus expressed in a form function, a scaling factor H and
λr1 , with r, a distance from 

the adhesive edge and λ the strength of the singularity,.  

 

The stress intensity factor is only defined by the corner joint geometry and material characteristics. 

Therefore, the failure load can be determined for joints with similar corner geometries. The criterion 

is stated as 

crity HH ≥
 

With  

FEM

FEMcr

crit
F

HF
H

exp;
=  

In theory the thickness of the adherends and the overlap length should not have any influence on 

the failure load of lap joints with similar adhesive edges. These tests are preformed to examine the 

mat 2

mat 2

θ2= π

θ1= ½π mat 1

x

r
y

 
figure 1: Geometry of adhesive-adherend corner 

around singular point 
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failure load predictions of the singularity approach for joints with overlap lengths larger than 10mm 

and joint lengths of fifteen times the overlap length.  

 

2.1 General approach 

The test models are single lap joints with variable overlap, adherend thickness and joint width. The 

joint length is taken relative to the overlap length. The joint configurations correspond with models 

used for analytical and numerical analyses.  

First a prediction of the displacements of the joint configurations is made. The Young’s modulus of 

the aluminum adherends is determined by tensile strength tests. Other material properties of 

adhesive and adherend are difficult to determine with reasonable accuracy and deviation of the 

standard values for the material properties does not have a large influence on joint behavior 

(predicted by the numerical models). Determination of these material properties is beyond the scope 

of these tests.  

After that, the models were made and tested at the ‘Pieter van Musschenbroek’ laboratory. The test 

set-up is designed and modified after a pilot test series. The adaptations will be discussed in ch.6.  

After the pilot tests five tests series of eight specimens with the same width and overlap length (four 

specimens with tadr=2mm and four with tadr=6mm) are performed. Finally a set of four tests were 

made with the aid of the ESPI measurement system. 

During and after the tests the results were processed.  

2.2 Quality care 

The experiments are performed in agreement with the restriction given by NEN 6700 and 6710 for 

general test and the restrictions given by NEN-ISO 10002-1 for the determination of adherends 

Young’s modulus.  

The standard test given by ASTM (D3163), for failure load determination of a single lap, is used as a 

guide line for these tests.  

The tests are carried out at the laboratory ‘Pieter van Musschenbroek’. The temperature was 

reasonably constant at 22° with a tolerance of 5° and the relative humidity of 65%. 

3 Apparatus 

- Tensile testing machine:  The first two series are tested on the 100kN tensile testing machine. 

The following tests are performed with the tensile testing machine with 

maximum of 250kN. 

- Load cell    

- Fixings:   The models will be fixed to the tensile testing machine with clamps.  

- ESPI measuring system: Displacement measurements of the lateral side of four specimens. 

4 Test models 

Materials: 

Adherends 

Alloy: AL 6082 T651 (AA6082-T6(51)) 

Sheet: MCB, Hamel Metaal BV; Almere, the Netherlands 

 

Adhesive 

Type:  2-component epoxy: EC9323 B/A by 3M  
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Viba NV; Zoetermeer, the Netherlands 

 

Geometry: 

The models have overlap lengths of 10, 12.7, 15 and 20 mm and adherend thicknesses 2 and 6 mm. 

the width is 25mm or 50mm. is made. For the fixation in the tensile testing machine a section with a 

length of 25mm is added to the joint configuration used in the analytical and numerical analyses. 

The general geometry is given in the figure 2. 

t 0.25

Lo7x Lo25.0 7x Lo 25.0

25.0

t
0.25

Bonded area

Area in test grips

Lo7x Lo25.0 7x Lo 25.0

50.0

spacer

adhesive

adherend

 
figure 2: Cross and longitudinal section of the base geometry of the test specimen  

 

The dimensions and the dimension combinations of the models are presented in table 1 

table 1: combinations of model dimensions also batch names 

Overlap 10mm 12,7mm 15mm 20mm Width 

           Ladr  

tadr         
105 126 145 185  

2 2-10L-25 2-12.7L-25 2-15L-25 2-20L-25 25 

6 6-10L-25 6-12.7L-25 6-15L-25 6-20L-25 25 

2 2-10L-50 2-12.7L-50 2-15L-50 2-20L-50 50 

6 6-10L-50 6-12.7L-50 6-15L-50 2-20L-50 50 

 

Of all combinations, also used as batch name, five specimens are made, which are labeled A to E; 

this makes in total eighty specimens. 

 

5 Procedures 

5.1 Preparation of Test Specimens 

Fabrication: 

Aluminum sheets 
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The aluminum sheet was ordered in a width of 25 and 50mm, which was supplied in strips of 

1m. In the workshop of the laboratory the sheets are cut to length (with accuracy of 0.1mm). 

The edges are smoothed off. Next, holes (∅ 8mm) are made, measured from the inner edge of 

the adherends with accuracy 0.001mm, for positioning of the adherends. The holes are also 

smoothed off. Afterward the obtained adherends are re-measured [Appendix A]. 

From the rest of the aluminum sheet spacers are cut to a length of 25mm. These are also 

smoothed off.  

 

 

Pre-treatment of the aluminum sheets (overlap area) 

 The surrounding of the bond area of the adherends is 

taped off to prevent the bonding of excess adhesive. The 

bond areas are degreased with 2-propanol (acetone). Next 

the adherends are grid blasted over the intended bond 

area. After grid blasting, the adherends are cleaned and 

degreased again. 

 

 

Preparation of the adhesive: 

The adhesive is a two-component substance with a ratio between the components as 

prescribed. Glass balls (∅ 0.25mm) are added as spacers. For every batch the same stirring 

time of 2 minutes is employed. The adhesive is used within 25 minutes. The whole process is 

carried out according to the specifications given by the manufacture [1]. 

 

Assembly of the joint: 

 

Two templates are made with accuracy 0.001mm, for the assembly of the specimen joints [Appendix 

A]. One template is used for all models with tadr= 2mm and the other for the models with tadr= 6mm. 

See figure [4]. Bolts were used for the positioning of the adherends. 

  
figure 4: Template for five specimens with tadr=2mm. 

Specimens are at the adherends end to the template and 

clamped over the bonded area. 

figure 5: Template for five specimens with tadr=6mm. The 

lower adherends are bolted to the template and ready for 

bonding. 

 

After the pre-treatment of the adherends the lower adherends are secured to the templates [figure 

5]. Subsequently, the adhesive is applied to the bond area of an upper adherend. The adherend is 

placed on the pre-fixed bottom adherend and secured to the template. When the five specimens of 

one template are assembled, clamps are placed over the bonded areas.  

 

 
figure 3: Grid blasted and cleaned bond 

area, marked off by tape 
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Curing: 

After the first curing stage of twenty-four hours in the template, the specimens are taken out of the 

templates and are staked to rest for another 24 hours. After six days the specimens are measured 

[appendix A] and the excess adhesive is removed. 

 

The spacers are degreased and placed with super glue onto the outer 25 mm of the adherends. To 

obtain roughly the same thickness as the bonded area, an aluminum sheet of 0.3mm thick is used as 

filler between adherend and spacer to account for the adhesive layer thickness. Afterward the joint 

specimens are labeled. 

 
figure 6: Specimens with wadr=25mm after fabrication 

 

5.2 Test series: aluminum Young’s modulus 

Here, a short summary of the process and results of the tensile tests on the aluminum sheet 

specimens is given. For the full report see [ref] 

Standard tensile tests (according to NEN-EN 1000-02-1) are performed on five specimens of t=2mm 

and five with t=6mm. To obtain an accurate value for the Young’s modulus, the specimens were 

loaded until %2,0σ , released and re-loaded. The part of the εσ − - curve created by the reloading is 

used to obtained value for the Young’s modulus.  

- The obtained Young’s modulus is: sheet 2mm: 
23102.68 mmN⋅  

 sheet 6mm: 
23103.69 mmN⋅  

       These values are close to the expected value of the Young’s modulus for alloy 6082. 

- The forces at which the specimens started yielding and failed lie close to the predicted values.  

- The plotted εσ − -diagrams show reasonable straight curves for the elastic part with little 

distortion. Furthermore, the curves are close to each other. The obtained values for the Young’s 

modulus are thus enough reliable.  

5.3 Test set-up 

Tensile tests must be performed on at least four specimens per model. From a batch of five, at least 

four specimens are assumed to be of good quality for testing. A tensile load will be applied to the 

joints, so the adhesive layer will under go shear stress and tensile stress, due to adherend rotation. 

A schematic view of the test set-up is given in the figure 7. Fig. 8 represents the used test set-up 
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anti-slip layer  (if necesarry) 

Clamp

load cell

Tensile testing machine

Tensile testing machine

specimen

 
figure 7: Schematic representation of the test set up 

 
figure 8: Photograph of the test set up of the tensile testing 

machine with 250kN capacity. A Specimen is fixed in the 

hydraulic clamps. 

 

The displacement of the clamps and the applied load is recorded. No additional measurements are 

made during the tensile tests of the batches. It would be interesting to follow the deformations of 

the adhesive layer and the rotation of joint. However, reliable and accurate measurements, which 

can be used to verify the numerical models, were not feasible during all the tests. The needed 

accuracy for the strain measurements on the adhesive layer could not be obtained by strain gauges.  

 

On that account it was decided to perform a minimum of four tensile tests with the aid of an ESPI 

measurement system. Measurements of deformations will be focused on the area around the overlap 

of the flank of the specimen  

It is expected that the deformations of that area when the adhesive layer yields, will be so large 

projected speckles of pattern can not be tracked. The recorded patterns will not give reliable results, 

so tests are focused on the elastic part of the joint behavior. 

The tensile test will be performed in the same manner as the batch tests with the ESPI machine as 

extra. A schematic view of the test set-up is given in figure 9. 
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figure 9: Schematic representation of the side view of the test set up with the ESPI-system 

5.4 Test procedure 

- All batches are tested one week after joint fabrication. The specimens used in the tests with the 

ESPI-system have had a longer time between fabrication and testing. This is due to the fact 

that the tests with the ESPI-system are held after the tests series.  

- Pilot test: 

First pilot tests are done on the batches of 2-20L-50 and 6-20L-50 to test the set-up. The 

resulting alterations are discussed in ch7. 

- Preparing bench: 

The tensile testing machine must be adjusted for the tested batch in specimen width and total 

thickness of spacer and adherend 

- Fixing the model into the test set-up:  

First the top is fixed, the model is lowered and the bottom of the specimen is positioned in the 

clamp. The alignment of the specimen is checked and if necessary adjusted. The bottom clamp 

is tightened.  

- Testing: 

The specimen is loaded with loading speed kept constant at 0,1 mm/min until failure. During 

the test data on load and displacement of the bench, is stored and observations are noted 

down.  

- The specimen is taken out of the test set-up and labeled. 

 

6 Observations and comments 

Pilot-tests: 

- The batches 2-20L-50 and 6-20L-50 are tested with the 100kN testing machine. The loading 

speed is kept constant at 1,5 mm/min until 1kN is reached after which the speed is kept at 0,5 

mm/min until failure.  

- During the pilot tests an extensometer is placed over the overlap area to see if the adhesive 

layer deforms enough with the load.  
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- The load-displacement curves which are plotted during testing show dips accompanied by a 

crack sound. 

- The pilot test specimen 2-20L-50 B and 6-20L-50 A had still excess adhesive at the edges. This 

resulted not in a significant higher failure load, which shows that the tape prevents the excess 

adhesive to bond and contribute to the joint. However, to be sure that the spew fillet could 

influence the test results, the excess adhesive of the remaining specimens were removed.  

- During the pilot tests of batch 6-20L-50 2 LVDT’s were used to measure the displacement over 

the bond area, because the gauge could not fit the geometry. Two T-beams are attached to the 

specimen (on each on one side) to provide a point of reference for the LVDT’s. See [fig B3] 

 

Alterations in test set-up: 

- It was concluded that the dips in the force displacement curves meant that the clamps slipped 

over the specimen. To enhance the grip of the clamps on the specimens a wedge is placed in 

the clamps during the test of batch 2-15L-50.  

- The fracture surfaces of the specimens of batch 2-15L-50 showed a radial pattern. The side of 

the joint on which the centre of the pattern lies, is the side which was clamped under the 

wedge. It was assumed that the clamped pressed harder on that side. Therefore the wedge is 

removed.  

- Instead of the wedge sandpaper is used for a better grip of the clamps of the 100kN bench for 

the tests of batch 6-15L-50. However slip of the clamps (shown as dip in the graph) returned.  

- Due to the difficulty in clamping force the remaining tests are tested on the 250kN tensile 

testing machine. This machine is less accurate in load determination but has hydraulic clamps 

which clamp with a force of 100bar (for aluminum). To enhance the accuracy of load 

measurement the testing machine is adjusted to a capacity of 1:10 of the maximum. 

 

Tests: 

- Test on the 250kN are performed with a loading speed of 0,1mm/min  

- The joints of 2 mm thickness are vulnerable to small alignment deviations. The positioning of 

the 2mm specimens into the testing machine was done with high accuracy. The first of a batch 

had to be fitted several times to get the right adjustments. 

- The clamps of the tensile testing machine with capacity 250 kN are round and thus extend over 

the intended fixing area of the adherend [fig. B4] 

- After the failure of specimen 6-20L-50 B and C [fig B8] it became visible that the adhesive layer 

was not fully saturated. On one adherend a smooth adhesive area can be seen. Nevertheless, a 

decrease in joint stiffness and failure load is not shown by the load-displacement curve of the 

tests. 

 

Tests with measurements recorded by ESPI: 

- The tested specimens were: 2-12.7L-25 A, 2-12.7L-50 A, 6-12.7L-25 A and 6-12.7L-50 C. 

These specimens were left untested during the batch tests. These specimens were chosen so 

the influence of the width and thickness on joint behavior can be viewed and compared to the 

2D numerical models.  

- A white matt coating is sprayed on the surface of the flank for better diffuse reflection of the 

LASER beams.  

 



9 

7 Calculations  

Determination of the critical stress intensity factor per specimen 

- maximum load per specimen in [N/mm] 

[ ]
[ ]mmNF

w

NF

adr

max
max =  

- determination of singularity λ per model 

The results of the numerical analyses produced the tensile and shear stresses near the 

singular point along the bond line (over 1 mm) for load mmNFFEM 100= . The log of these 

stresses is plotted against the log of the distance from the singular point, according:  

FEM
y

FEM
y Hr logloglog ⋅= λσ . 

The formula is derived from 
λσ −

= rHFM
 [6] 

The plots of the tensile stresses gave consistent values for λ  and are used for further 

calculations.  
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figure 10: Plot of tensile stresses near the singular point of joint tadr=2mm. Darker linear part used for determination of λ 

and HFEM 
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figure 11:  Plot of tensile stresses near the singular point of joint tadr= 6mm. λ and HFEM are determined over the thicker 
darker part of the curves. 

 

          

A part of the curve is linear. For this part the slope can be determined, which is equal to λ.  

The plots result in the values of λ as given in table 2 

 

- Determination of the stress intensity FEMH  per model 

The plots of FEM

y

FEM

y Hr logloglog ⋅= λσ can also be used to determine
FEM

yH . If the linear line 

is extended until the y-axis, the value for the stress intensity H can be determined from the 

value of the intersection with the y-axis.  

 

- determination of the critical stress intensity 
exp

crH  per model with 

FEM

FEMc
crit

F

HF
H =         

 

FFEM has a value of N100  per unit width of the joint. For Fcr the averaged values of the failure load 

per batch are taken, excluding some results from deviating tests. These average failure loads are 

converted to a load per mm width. 

The plots result in the values of 
FEM

yH as given in table 2. 

 

 The results are shown in table 2 
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8 Results 

8.1 Graphs 

The load-displacement curves of the tested specimens are included in appendix C. In this paragraph 

several curves per batch will be discussed to give an impression of the test results.  

Figure 12 shows the load-displacement curves of the five specimens of batch 2-15L-50 which are 

tested with the 100kN testing machine.  
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figure 12: Load-displacement curves of the specimens of batch 2-15L-50 tested on the 100kN tensile testing machine (with 

self tightening wedge fixings). Dips in the curves A,B,D and E due to slippage.  

 

All the curves show a large build-up stage, in which the clamps tighten. The peaks of the curves 

(except specimen B) lie reasonable together and show no plastic plateau. The curve of the 

specimens A and B clearly show dips, which are a results from slip of the fixings. The slopes of the 

curves (except specimen B) have roughly the same value. However, the maximum displacement 

differs significantly between the specimens, due the variation in build-up stage length. The recorded 

maximum displacement (and the slope) cannot be used to draw reliable conclusions from, because a 

part of that displacement is due to skid.  

 

For comparison the load-displacement curves of the five specimens of batch 2-15L-25 which are 

tested with testing machine 250kN are shown in figure 13. 

The absent of skid provides smoother and more coherent curves. The build-up stage is less visible 

and not as large. The small deviation in slop near the start can be caused by the aligning of the 

specimens.  

The area round the top is better represented. Now it is visible that the curve slightly deviates from 

the linear part towards the top (start of plastic behavior) and that the joint deforms plastically after 

the maximum load is reached until break point is reached. 
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figure 13: Load-displacement curves of the specimens of batch 2-15L-25 

 

Comments on the graphs of all performed test: 

 

Load-displacement curve of specimens with tadr= 2 mm 

- The load-displacement curves of the test performed on the tensile testing machine with capacity 

250kN are good to compare with 

- The curves per batch show a large part after the peak with increasing overlap length 

- The build-up stage visible at the beginning of the curves of specimens with w=50mm. which 

could be a result of the alignment of fixing the specimens.  

- The stiffness of the specimens per batch are reasonable similar except 2-20L-25 D and 2-20L-

50 C and A 

- All the curves of the specimens of batches of 2-10L and 2-12.7L look reasonable and no 

irregularities during testing were noticed; all results are used.  

- Joint stiffness becomes lower with increasing overlap length 

- The tests on the 100kN testing machine produce differences in curves and more scatter of the 

maximum load. However the average maximum loads lie close to the remaining results.  

- The curves of 2-15L-50 B, 2-20L-25 D, 2-20L-50 A and C deviate so much from the rest of the 

specimens of that batch that the results will not be taken into account. 

 

Load-displacement curve of specimens with tadr= 6 mm 

- In the batch of 6-20L-25 just one specimen shows a plastic plateau. A reason for this could be 

an insufficient adhesion, as a result of which the adhesive layer cannot deform as much. 

- Of batch 6-15L-50 only specimen D is tested on the tensile testing machine with capacity 

250kN. The recorded failure loads of the whole batch differ not much. The testing machines do 

not have a influence on the achieved failure load.  

- The results of the specimens 6-15L-25 B and 6-15L-50 B are doubtful.  

- Most of the curves (of the specimens) show a clear plastic plateau with a hardening  after the 

maximum load is reached.  

- The curves of the specimens with w=50mm show a slight deviation just for the top is reached.  

- No build-up stage is visible 
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8.2 Contour plots 

The measurements with the ESPI-system produce a different set of results, viz contour plots of 

strains and displacements, in addition to the load-displacement curves. For the production of the 

contour plots, figures of fringes over different axes must be made by processing the surface 

photograph and shots of the speckle fields. The shots of the speckle fields at different loads are 

subtracted from each other to obtain plots of fringes. For a more detailed working of the ESPI 

measurement system is given in ref 3.  

 

 
figure 14: figures used for contour plot productions. From left to right: surface photograph, speckle field at one moment, 

plot of x-axis fringes and plot of y-axis fringes  

 

As an example the results of specimen 2-12,7L-

25 A are discussed. For easier comparison with 

the numerical model the coordinate system of 

the numerical models is used, so the x-axis lies 

parallel to the adhesive layer.   

It is tried to obtain deformation results from 

the plastic behavior of the joint and adhesive 

layer, this was not feasible. The deformation 

was too large in comparison to the size of the 

speckles and took place too fast to be recorded 

properly [app B.9].  

Therefore, the results gathering concentrated 

on the deformation in the elastic area.  

In figure 15 the displacement in the x-direction 

(parallel to the applied load direction) is shown. 

No distinction between the adhesive and 

adherend area is visible, which indicates good 

adhesion between aluminum and epoxy. 

However, deformations of only the adhesive 

 
figure 15: Contour plot of displacements in the x-direction for 

F=2.5 to 3.5 kN  

y 

x 

x 
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layer cannot be distillated.  

The bottom left corner of the recorded surface is taken as zero point, so the shown displacements 

are relative to that point. From the displacements in the y-displacement plot (figure 16) is a contour 

plot (figure 17)of the strains perpendicular to the adhesive layer derived.  

 
figure 16: Contour plot of displacements in 

the y-direction for F=2.5 to 3.5kN  

figure 17: Contour plot of 

strains in the y-direction for 
F=2.5 to 3.5kN  

 

            

These figures show:  

- The displacements are symmetrical over a line, which is rotated with respect to the not 

deformed adhesive layer. 

- The outside of the adherends are not stressed. 

- The over all view of the strain plot is what expected after the numerical analysis. 

- The centre point of the adhesive is in pressure and the edges are stressed in tensile.  

- The peak in tensile strain seems to occur in the adherends near the overlap area. However, as 

explained earlier, the plot is made of an inner mask of the specimen and the edges of the 

adhesive layer can be excluded. So the peak strains could also lie at the corner interface.  
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8.3 Data 

The results from the tests and calculations are given in the tables below. From a numerical elastic 

analysis of single lap joint models with overlap length, adherend thickness and joint length similar to 

the specimens, the value for the λ and HFEM are determined.  

 

table 2: singularity and singular stress intensity factor determined by numerical models 

        tadr   

Loverlap           

2 mm 6 mm

λ FEM log H c;FEM H c;FEM λ FEM log H c;FEM H c;FEM

10    mm 0,5031 1,0010 10,0231 0,5426 0,6837 4,8273

12,7 mm 0,5026 0,9961 9,9106 0,5041 0,7470 5,5847

15    mm 0,5023 0,9917 9,8107 0,4745 0,7956 6,2460

20    mm 0,5023 0,9886 9,7409 0,4629 0,8063 6,4018  

 

From the results of the tests (overview given in appendix BII) the critical values for the stress 

intensity factors for the different joint configurations are distilled.  

The results from the specimens 2-15-50B, 2-20-50A, 6-20-25B and 6-20-50D were left out of the 

calculation because the failure loads of those specimens deviated above 10% of the average. The 

results form specimen 2-25-20D are not taken into account due to the deviating load-displacement 

curve (a significant lower slope is visible). 

The results from the tests with the ESPI measurement system are not included. The specimens had a 

different processing time than the specimens of the batches, which could influence the ultimate 

strength. (Nevertheless, the results did not alter significantly from the results of the batches)  

 

table 3: critical singular stress intensity factor determined by test results for specimens tadr=2mm 

wadr [mm] Loverlap [mm] Loadmax; avr [kN] Loadmax;avr [N/mm] Hcr;exp

10 5,76 230,24 40,32

25 12,7 7,19 229,98 49,37

15 8,27 330,95 56,44

20 10,89 435,67 68,94

10 14,91 298,29 52,23

50 12,7 17,90 358,08 61,50

15 14,60 291,94 49,78

20 20,11 402,15 63,63  

 

table 4: critical singular stress intensity factor determined by test results for specimens tadr=6mm 

wadr [mm] Loverlap [mm] Loadmax; avr [kN] Loadmax;avr [N/mm2] Hcr;exp

10 6,38 255,30 25,59

25 12,7 8,16 326,29 32,70

15 9,44 377,48 37,66

20 11,52 368,74 46,11

10 15,58 311,54 31,23

50 12,7 19,20 384,02 38,49

15 19,34 386,81 38,59

20 26,21 524,27 50,94  

- The values of λ obtained from the numerical model lie for the joints with tadr=2mm close 

together (as expected). The values of λ  for joint with tadr=6mm differ with overlap length. (the 

numerical model are checked and presumed liable) 

- The width of the specimens has an influence on the failure load. The failure load per mm of the 

specimens w=50mm is higher. See [7 

- The critical stress intensity factor increases with increasing overlap length. It was expected that 

the values of the critical factors for the Loverlap=15mm en Loverlap=20mm would be closer to each 

other.
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Comments 

- The specimens have a small rounding at the edges, due to smoothing off, which will influence 

the location of failure and the stresses near the adhesive layer edge) 

- From the fracture surfaces can not be concluded where facture was initiated. From the 

adhesive residue it appears that the joint failed on adhesion. However, the load-displacement 

curves show plastic joint behavior and the ESPI measurements showed larger adhesive 

deformation. 

- For a more extensive treatment of the results in the use of a failure load prediction will be 

referred to ch9 of [6] 

9 Conclusions 

- The tests results are of fairly good quality. The load-displacement curves per batch are close 

to each other and the maximum loads show a small scatter.  

- The resulting critical stress intensity factors differ less in value than expected. 

- The problems with the fixings during the first test series influenced the recorded displacements 

however the needed failure loads, for the determination of the Hcr;exp, are not effected.  

10 Recommendations  

- Pre-treatment: The used pre-treatment, grid-blasting, provided good adhesion of the adhesive 

on the adherend. However, pressure should be (symmetrically) applied. 

- Fixings:  In pilot test the clamping power must be adjusted for the various joints.  
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Appendix 
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A  Dimensions and Measurements 

I. Template dimensions 
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II. Specimen dimensions 

table 1 additional dimensions of joint test specimens 

Specimen overlap Ltot;adr  [mm] Ltot;joint  [mm] Ladr;edge-hole  [mm] L: bolt-bolt  [mm]

10 105 200 92,5 175

12,7 126,5 240,3 114 215,3

15 145 275 132,5 250

20 185 350 172,5 325  
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III. Measured specimen dimensions 

 

2 - 10 L - 25

Joint specimen combinations thickness adh thickness joint t joint aver. t adhesive
A 1 - 2 1,985 1,990 4,241 4,202 4,218 4,220 0,2453

B 3 - 7 1,995 1,980 4,210 4,180 4,213 4,201 0,2260

C 5 - 4 1,990 1,980 4,182 4,189 4,219 4,197 0,2267

D 6 - 9 1,990 2,005 4,229 4,212 4,252 4,231 0,2360

E 10 - 8 1,995 1,990 4,230 4,199 4,208 4,212 0,2273

2 - 12,7 L - 25

Joint specimen combinations thickness adh thickness joint t joint aver. t adhesive
A 3 - 1 1,985 1,985 4,239 4,191 4,177 4,202 0,2323

B 5 - 2 1,990 1,975 4,211 4,182 4,214 4,202 0,2373

C 6 - 4 1,985 1,990 4,196 4,191 4,213 4,200 0,2250

D 9 - 7 1,995 1,970 4,241 4,177 4,192 4,203 0,2383

E 10 - 8 2,000 1,970 4,263 4,179 4,249 4,230 0,2603

2 - 15 L - 25

Joint specimen combinations thickness adh thickness joint t joint aver. t adhesive
A 1 - 2 1,990 1,980 4,318 4,239 4,235 4,264 0,2940

B 4 - 6 1,985 2,000 4,206 4,201 4,245 4,217 0,2323

C 7 - 3 1,995 1,990 4,203 4,200 4,232 4,212 0,2267

D 5 - 8 1,995 1,985 4,230 4,212 4,209 4,217 0,2370

E 10 - 9 2,000 1,985 4,278 4,244 4,210 4,244 0,2590

2 - 20 L - 25

Joint specimen combinations thickness adh thickness joint t joint aver. t adhesive
A 1 - 4 1,990 1,975 4,325 4,209 4,160 4,231 0,2663

B 2 - 3 1,985 1,990 4,173 4,212 4,262 4,216 0,2407

C 5 - 6 1,990 1,970 4,205 4,206 4,271 4,227 0,2673

D 7 - 10 1,970 1,990 4,230 4,209 4,230 4,223 0,2630

E 8 - 9 1,980 1,990 4,192 4,160 4,280 4,211 0,2407  

2 - 10 L  -50

Joint specimen combinations thickness adh thickness joint t joint averaget adhesive
A 1 - 3 2 1,9775 4,213 4,204 4,279 4,232 0,2545

B 2 - 5 1,9825 1,9775 4,204 4,182 4,140 4,175 0,2153

C 4 - 6 1,97 1,985 4,192 4,165 4,202 4,186 0,2313

D 8 - 7 1,9875 1,9925 4,198 4,206 4,209 4,204 0,2243

E 9 - 10 1,985 1,975 4,177 4,182 4,178 4,179 0,2191

2 - 12,7 L - 50

Joint specimen combinations thickness adh thickness joint t joint averaget adhesive
A 2 - 3 1,97 1,9825 4,299 4,239 4,223 4,254 0,3012

B 4 - 6 1,975 1,9875 4,180 4,168 4,266 4,205 0,2422

C 5 - 7 1,99 1,9775 4,185 4,189 4,281 4,218 0,2508

D 8 - 9 1,9775 1,9675 4,258 4,191 4,234 4,228 0,2827

E 1 - 10 1,975 1,98 4,192 4,170 4,170 4,177 0,2223

2 - 15 L - 50

Joint specimen combinations thickness adh thickness joint t joint averaget adhesive
A 1 - 5 1,980 1,970 4,160 4,165 4,142 4,156 0,2057

B 3 - 6 1,975 1,983 4,145 4,165 4,175 4,162 0,2042

C 4 - 10 1,980 1,983 4,110 4,149 4,127 4,129 0,1662

D 8 - 2 1,975 1,983 4,150 4,165 4,260 4,192 0,2342

E 9 - 7 1,978 1,980 4,262 4,200 4,251 4,238 0,2802

2 - 20 L - 50

Joint specimen combinations thickness adh thickness joint t joint averaget adhesive
A 1 - 3 1,993 2,008 4,360 4,308 4,401 4,356 0,3563

B 2 - 5 1,985 1,999 4,397 4,336 4,400 4,378 0,3937

C 4 - 6 1,998 1,963 4,480 4,391 4,470 4,447 0,4870

D 8 - 7 1,980 1,975 4,565 4,515 4,555 4,545 0,5900

E 9 - 10 1,970 1,970 4,405 4,266 4,280 4,317 0,3770  
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6 - 10 L - 25

Joint specimen combinations thickness adh thickness joint t joint aver. t adhesive
A 1 - 6 5,970 5,960 12,219 12,190 12,159 12,189 0,2593

B 2 - 4 5,970 5,960 12,284 12,257 12,184 12,242 0,3117

C 3 - 9 5,970 5,975 12,145 12,158 12,199 12,167 0,2223

D 5 - 7 5,970 5,960 12,202 12,181 12,149 12,177 0,2473

E 8 - 10 5,965 5,970 12,150 12,158 12,172 12,160 0,2250

6 - 12,7 L - 25

Joint specimen combinations thickness adh thickness joint t joint aver. t adhesive
A 7 - 1 5,965 5,945 12,148 12,124 12,114 12,129 0,2187

B 2 - 9 5,945 5,970 12,163 12,154 12,125 12,147 0,2323

C 3 - 4 5,945 5,970 12,118 12,149 12,181 12,149 0,2343

D 8 - 6 5,950 5,970 12,140 12,142 12,138 12,140 0,2200

E 10 - 5 5,945 5,970 12,165 12,179 12,145 12,163 0,2480

6 - 15 L - 25

Joint specimen combinations thickness adh thickness joint t joint aver. t adhesive
A 2 - 3 5,950 5,965 12,141 12,129 12,102 12,124 0,2090

B 1 - 5 5,955 5,945 12,155 12,154 12,147 12,152 0,2520

C 4 - 6 5,950 5,960 12,138 12,135 12,139 12,137 0,2273

D 8 - 9 5,960 5,950 12,150 12,132 12,124 12,135 0,2253

E 10 - 7 5,965 5,945 12,145 12,129 12,102 12,125 0,2153

6 - 20 L - 25

Joint specimen combinations thickness adh thickness joint t joint aver. t adhesive
A 1 - 9 5,960 5,935 12,137 12,110 12,109 12,119 0,2237

B 6 - 2 5,965 5,940 12,115 12,119 12,098 12,111 0,2057

C 7 - 3 5,970 5,950 12,132 12,160 12,205 12,166 0,2457

D 8 - 4 5,955 5,945 12,105 12,105 12,101 12,104 0,2037

E 5 - 10 5,960 5,955 12,128 12,120 12,110 12,119 0,2043  

 

6 -10 L - 50

Joint specimen combinations thickness adh thickness joint t joint averaget adhesive
A 1 - 4 5,99 5,9775 12,190 12,182 12,201 12,191 0,2235

B 2 - 5 5,985 5,9725 12,194 12,185 12,162 12,180 0,2228

C 3 - 10 5,9825 5,9825 12,172 12,175 12,212 12,186 0,2213

D 8 - 7 5,9875 5,965 12,161 12,154 12,154 12,156 0,2038

E 9 - 6 5,985 5,9825 12,180 12,177 12,187 12,181 0,2138

6 -12,7 L - 50

Joint specimen combinations thickness adh thickness joint t joint averaget adhesive
A 5 - 6 5,9875 5,965 12,172 12,166 12,179 12,172 0,2198

B 2 - 10 5,9725 5,9675 12,165 12,167 12,176 12,169 0,2293

C 3 - 9 5,9725 5,97 12,145 12,160 12,236 12,180 0,2378

D 1 - 8 5,9675 5,975 12,153 12,149 12,175 12,159 0,2165

E 7 - 4 5,965 5,9775 12,225 12,162 12,131 12,173 0,2302

6 - 15 L - 50

Joint specimen combinations thickness adh thickness joint t joint averaget adhesive
A 1 - 2 5,975 5,960 12,13 12,13 12,12 12,127 0,1917

B 3 - 7 5,958 5,975 12,115 12,121 12,51 12,249 0,3162

C 4 - 8 5,965 5,975 12,118 12,128 12,139 12,128 0,1883

D 5 - 6 5,973 5,970 12,165 12,158 12,161 12,161 0,2188

E 9 - 10 5,965 5,970 12,155 12,145 12,179 12,160 0,2247

6 - 20 L - 50

Joint specimen combinations thickness adh thickness joint t joint averaget adhesive
A 1 - 4 5,943 5,955 12,240 12,261 12,192 12,231 0,3335

B 2 - 5 5,958 5,950 12,265 12,215 12,179 12,220 0,3122

C 3 - 10 5,973 5,963 12,145 12,280 12,240 12,222 0,2867

D 8 - 7 5,963 5,943 12,265 12,255 12,255 12,258 0,3533

E 9 - 6 5,960 5,953 12,225 12,200 12,175 12,200 0,2875  
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B Test results 

I. Results Young’s modulus determination of aluminum sheet 

Thickness

Model name 2 - I 2 - II 2 - III 2 - IV 2 - V

Totale gauge lengte   [mm] 47,59 47,88 47,90 47,72 47,65

Young's modulus        [N/mm2] 66612 68355 68106 68628 67908

Failure load               [kN] 11,74 13,297 13,34 13,52 13,269

Mean Young's mod     [N/mm2] 6,79E+04

2 mm

 

 

Thickness

Model name 6 - I 6 - II 6 - III 6 - IV 6 - V

Totale gauge lengte   [mm] 0,00 0,00 0,00 0,00 0,00

Young's modulus        [N/mm2] 69262 69561 69337 69071 69108

Failure load               [kN] 39,05 39,135 38,93 39,215 39,264

Mean Young's mod     [N/mm2] 6,93E+04

6 mm

 

 

 

II. Results Failure load determination of single lap joints 

 

Dimensions   Specimen Fcr;exp [kN] Hcr;exp Fcr;exp [kN] Hcr;exp Fcr;exp [kN] Hcr;exp Fcr;exp [kN] Hcr;exp

A 7,359 50,557 11,214 75,896

B 5,622 39,378 7,084 48,667 8,129 55,449

 tadr=2 mm C 5,727 40,113 8,362 57,039 10,611 71,815

wadr=25mm D 5,943 41,626 7,430 51,044 8,345 56,923 9,931

E 5,732 40,148 6,874 47,225 8,259 56,336 10,850 73,433

Average 5,76 40,32 7,19 49,37 8,27 56,44 10,89 73,71

                Overlap length 10 mm 12,7 mm 15 mm 20 mm

 

 

Dimensions   Specimen Fcr;exp [kN] Hcr;exp Fcr;exp [kN] Hcr;exp Fcr;exp [kN] Hcr;exp Fcr;exp [kN] Hcr;exp

A 14,855 52,024 14,297 48,761 23,652

B 18,015 61,882 16,832 20,901 70,729

 tadr=2 mm C 15,000 52,532 17,825 61,229 14,642 49,938 19,529 66,056

wadr=50mm D 14,879 52,108 17,955 61,676 14,397 49,102 19,499 65,985

E 14,924 52,266 17,821 61,216 15,052 51,336 20,500 69,372

Average 14,91 52,23 17,90 61,50 14,60 49,78 20,11 68,04

15 mm 20 mm                Overlap length 10 mm 12,7 mm

 

 

Dimensions   Specimen Fcr;exp [kN] Hcr;exp Fcr;exp [kN] Hcr;exp Fcr;exp [kN] Hcr;exp Fcr;exp [kN] Hcr;exp

A 6,239 25,014 11,797 46,103

B 8,255 33,028 9,657 38,539 10,694

 tadr=6 mm C 6,430 25,779 8,202 32,816 9,430 37,633 11,750 45,920

wadr=25mm D 6,444 25,835 8,136 32,551 9,366 37,378

E 6,417 25,727 8,036 32,151 9,295 37,094 11,852 46,318

Average 6,38 25,59 8,16 32,64 9,44 37,66 11,80 46,11

20 mm               Overlap length 10 mm 12,7 mm 15 mm
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Dimensions   Specimen Fcr;exp [kN] Hcr;exp Fcr;exp [kN] Hcr;exp Fcr;exp [kN] Hcr;exp Fcr;exp [kN] Hcr;exp

A 15,572 31,216 19,727 39,363 26,238 51,270

B 15,603 31,278 19,043 38,095 19,065 38,042 26,172 51,141

 tadr=6 mm C 15,516 31,104 19,274 38,557 19,553 39,016 25,917 50,642

wadr=50mm D 19,283 38,575 19,017 37,917 26,793

E 15,616 31,304 19,203 38,415 25,948 50,703

Average 15,58 31,23 19,20 38,41 19,34 38,59 26,21 50,94

               Overlap length 10 mm 12,7 mm 15 mm 20 mm
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III. Graphs single lap joint tests 

Graphs tadr=2mm 
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figure 10: Load-displacement curves of specimens with tadr=2mm, lo=10mm and w=25mm during testing. 
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figure 11: Load-displacement curves of specimens with tadr=2mm, lo=10mm and w=50mm during testing. 
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figure 12: Load-displacement curves of specimens with tadr=2mm, lo=12,7mm and w=25mm during testing. 
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figure 13: Load-displacement curves of specimens with tadr=2mm, lo=12,7mm and w=50mm during testing. 
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figure 14: Load-displacement curves of specimens with tadr=2mm, lo=15mm and w=25mm during testing. 
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figure 15: Load-displacement curves during testing of specimens with tadr=2mm, lo=15mm and w=25mm. The plotted  
displacement is the displacement of the cross head.  
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figure 16: Load-displacement curves of specimens with tadr=2mm, lo=20mm and w=25mm during testing. 
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figure 17: Load-displacement curves during testing of specimens with tadr=2mm, lo=20mm and w=50mm; displacement  

of the cross head.. 
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Graphs tadr=6mm 
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figure 18: Load-displacement curves of specimens with tadr=6mm, lo=10mm and w=25mm during testing. 
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figure 19: Load-displacement curves of specimens with tadr=6mm, lo=10mm and w=50mm during testing. 

 

 

 

 

 

 

 

 

 

 



28 

 

 

 

-1

0

1

2

3

4

5

6

7

8

9

0 0,1 0,2 0,3 0,4 0,5 0,6

displacement [mm]

F
o
r
c
e
 [
k
N
]

6-12,7L-25 B

6-12,7L-25 C

6-12,7L-25 D

6-12,7L-25 E

 
figure 20: Load-displacement curves of specimens with tadr=6mm, lo=12,7mm and w=25mm during testing. 
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figure 21: Load-displacement curves of specimens with tadr=6mm, lo=12,7mm and w=50mm during testing. 
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figure 22: Load-displacement curves of specimens with tadr=6mm, lo=15mm and w=25mm during testing. 

 

 

 

-5

0

5

10

15

20

0 2 4 6 8 10 12 14

displacement [mm]

F
o
r
c
e
 [
k
N
]

6-15L-50 A

6-15L-50 B

6-15L-50 C

6-15L-50 D

 
figure 23: Load-displacement curves during testing of specimens with tadr=6mm, lo=15mm and w=50mm; displacement 

of the cross head except for the curve for specimen 6-15L-50 D  
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figure 24: Load-displacement curves of specimens with tadr=6mm, lo=20mm and w=25mm during testing. 
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figure 25: Load-displacement curves during testing of specimens with tadr=6mm, lo=20mm and w=50mm; displacement 

of the cross head. 
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figure 26: Load-displacement curves during tests with the ESPI measurement system of specimens with lo=12,7mm. 
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C  Photographs 

            
Figure C1: Test set-up of pilot test Figure C2: Extensometer over the overlap area during a pilot 

test 

 

  
Figure C3: Pilot test set-up with LVDT’s Figure C4: Round clamps of the 250kN tensile testing machine 

 

 
Figure C5: Specimen 2-15l-25 C during testing. The rotation of the adherends is visible. 
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Figure CB6: Specimen 2-15L-25 C after failure. The adherends are straightened after the elastic deformation 

 

     
Figure C7: Fan-shaped pattern fracture surface of specimen 2-

20l-25 E  

Figure C8: fracture surface of specimen 6-20L-50 C. Dark 

pink areas have not bonded with both adherends. 

 

 
Figure C9: Plot of x-axis fringes during 

plastically deformations .Distorted fringes 
due to the magnitude and speed of the 

deformations of the loaded adherend. 

 

 

 



Scotch-Weld

9323 B/A Structural Adhesive

Product Data Sheet
Updated :   March 1996
Supersedes :   July 1995

Product Description 9323 B/A is a two part room
temperature curing adhesive
offering the following
advantages:

Extremely high strength.

Toughened Epoxy system
with good elevated
temperature resistance.

High environmental
resistance.

Mixed adhesive is
thixotropic for ease of
application.

Available in 3M premetered
applicator.

High impact resistance.

Physical Properties
Not for specification purposes

BASE ACCELERATOR

Toughened Epoxy Modified Amine

Specific Gravity 1.15 1.10

Mix Ratio By Weight
By Volume

100
100

27
29

Consistency Thixotropic paste Red paste

Solids Content 100% 100%

Colour Off White Orangy Purple

Work Life 50g mixed material 2 hours 30 minutes
127g mixed material 2 hours
158g mixed material 1 hour

Shelf Life 6 months from date of despatch by 3M when stored in the
original carton at 21°C (70°F) & 50 % Relative Humidity

Performance
Characteristics
Not for specification purposes

Service Temperature
Range

-55°C to 82°C
(-67°F to 180°F)

In low load bearing
applications the adhesive
bonds in temperatures up to
150°C.

Water Resistance Good

Weathering Resistance Good

Fuel and Oil Resistance Excellent
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Date :   March 1996
9323 B/A Structural Adhesive

Performance
Characteristics (Cont...)
Not for specification purposes

Overlap Shear Strength on FPL etched 1.6mm thick
2024 T3 clad aluminium.

Test
Conditions

15 Days at RT 24 Hours at RT + 1 hour
at 80°C

2 hours at 65°C

N/mm² psi N/mm² psi N/mm² psi

-55°C

23°C

60°C

82°C

120°C

150°C

38.1

36.2

29.0

22.1

4.0

2.6

5525

5250

4200

3200

580

380

29.0

40.8

32.0

23.4

3.5

2.5

4200

5915

4640

3390

505

360

23.7

39.6

Not Tested

25.4

Not Tested

Not Tested

3535

5740

3680

T-Peel Strength on FPL etched 0.8mm thick
2024 T3 clad aluminium.

In order to ensure optimum
peel properties with this
product, it is recommended
that joints be assembled
within 20 minutes of
applying the adhesive to the
surfaces. Prior to application
the above work lives remain
valid.

Test Conditions 24 hours at RT + 1 hour at
80°C

2 hours at 65°C

N/cm piw N/cm piw

-55°C
+23°C
+82°C

10.3
52.2
43.3

6
30
25

11.6
58.5
54.3

6.5
33
31

Durability on etched aluminium. Values refer to overlap shear
strength on 1.6mm thick
2024 T3 clad aluminium.

Test Conditions 15 Days at room
temperature

2 hours at room
temperature + 60 minutes

at 80°C
N/mm² psi N/mm² psi

Control
30 Days Immersion

Water at RT
Gasoline at RT
M.15 at RT
JP4 at RT
Engine Oil at RT (20W40)
Hydraulic Oil at RT

(Skydroll 500B)
5% Salt Spray at 35°C
120°C Dry Heat
70°C, 95% RH
50°C, 95% RH

38.2

34.3
36.6
30.2
35.8
36.4
37.3

33.9
34.9
32.8
37.0

5540

4970
5300
4380
5190
5280
5410

4870
5060
4755
5365

41.6

38.9
38.0
32.0
39.3
40.9
36.8

35.1
33.1
35.3
36.0

6030

5640
5510
4640
5700
5885
5335

5090
4800
5120
5220
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9323 B/A Structural Adhesive

Impact Strength The following data show
typical data obtained with
bonds made and tested
using an IZOD pendulum
impact device according to
AFNOR 76-115 test
method.

Substrates:
Upper 25mm x 25mm x 8mm.
Lower 35mm x 25mm x 8mm.

2024T3 etched aluminium.

Glue line thickness: 0.125mm

Unit : kJ/m²

15 Days at RT 1 hour  at 80°C 2 hours at 56°C
Impact
Value 17.4 ± 4.4 28.7 ± 3.3 32.2 ± 3.2

Suggested Cleaning
Procedure for Aluminium:

Vapour Degrease - Hang
skins in condensing vapours
of perchloroethylene for 5
minutes.

Alkaline Degrease -
Immerse in Oakite No. 164
solution (9-11 oz/gallon
water) at 82°C to 93°C
(180°F to 200°F) for 10 - 20
minutes.  Rinse in generous
quantities of clear running
water.

Acid Etch - Place in either
of the following solutions for
10 minutes at 66°C ± 4°C
(150°F ± 5°F).

Rinse - Rinse face sheet in
clear running water.

Dry - Air dry 15 minutes,
force dry 10 minutes with
parts at 66°C ± 4°C.

If primer is to be used,
priming should be done
within 4 hours of surface
preparation.

A (FPL Etch) B

Distilled Water
Sulphuric Acid
Sodium Dichromate

30 parts by wt
10 parts by wt
1 part by wt

30 parts by wt
10 parts by wt
4 parts by wt

Cure Cycle: In general the curing of
9323 B/A to a thermoset
condition is a time-
temperature relationship.
The only pressure
requirements are that the
parts must be held in
contact and alignment
during the cure cycle.

To effect a useful cure in a
reasonable length of time, a
minimum temperature of
24°C (75°F) is required.
The following cure cycle is
suggested to obtain dense
glue lines which give the
standards reported.
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Standard Room
Temperature Cure:

Prepare overlap shear
bonds in the manner
described and allow to cure
as follows:

Apply 2 psi bonding
pressure uniformly to the
bond line using dead
weights.

Allow Panels to cure
undisturbed at a
temperature of 24°C (75°F)
for 24 to 48 hours.

In addition to standard room
temperature cure, the
following times and
temperatures will give a
minimum of 2,000 psi
tensile shear at 24°C (75°F)
on acid etched aluminium.

Temperature Time

5°C (40°F)
66°C (150°F)

121°C (250°F)
177°C (350°F)

7 days
120 minutes
5 minutes
2 minutes

Additional Product
Information

Work Life:
The work life of mixed 9323
B/A is approximately 2
hours 30 minutes in a mass
of 50grams at an ambient
temperature of 23°C.

The work life of the mixed
adhesive will be lengthened
by reducing the temperature
or amount of adhesive and
will be shortened by higher

temperature or larger
amounts of adhesive.
Caution:  Heat is generated
during cure.

Directions for Use Proper adhesive application
is as important as proper
joint design, surface
preparation and adhesive
choice to obtain maximum
joint properties.  Poor
adhesive application
techniques can result in
partial or complete failure of
an assembly.

9323 B/A performance data
was developed using the
following suggested
procedures.  Variation from
these procedures should be
fully evaluated by the user
to ensure bond properties
sufficient to meet the
requirements of any
particular assembly.

Surface Preparation:
A thoroughly cleaned, dry,
grease-free surface is
essential for maximum
performance.  Cleaning
methods, which will produce
a break free water film on a
metal surface are generally
satisfactory.

Adhesive Mixing:
Mix only those amounts of
adhesive which can be used
within the work life of the
mixture.  To achieve
optimum physical properties
of the adhesive, mixing of
the base and accelerator
must be very thorough.
Care should be taken not to
incorporate excessive air
into the adhesive during
mixing and application as
entrapped air will tend to
give a porous and
weakened bond.  When
weighing the components,
be sure that containers are
free of wax or oil.  When
thoroughly mixed the
adhesive should be a
uniform colour.  As a final
check to ensure that the
components are adequately
mixed, spread a thin film on
white paper and examine
closely for streaks of base
or accelerator.
Temperature of the
adhesive should not exceed
27°C (80°F) during mixing.

Equipment Suggestions:
Application can be carried
out with a spatula, trowel or
flow equipment.  Suitable
two part metering and
mixing equipment is
available.  Contact your 3M
Representative for
assistance in selecting
application equipment to
suit your specific needs.

Bond Line Thickness:
Optimum performance is
obtained with a 0.002" to
0.005" (0.05 - 0.125mm)
cured bond line.  For
maximum peel strength
allow 0.010" (0.25mm) glue
line thickness.
Coverage 4m²/litre (at
0.010" thickness).

Clean Up:
Excess adhesive can be
cleaned prior to curing with
Scotch-grip Solvent No. 2.
NOTE:  Solvent No. 2 is
flammable.  When using
solvents for clean up it is
essential that proper safety
precautions are observed.
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Applications Bonds metal, glass,
ceramics, plastics,
composites and rigid
rubbers.

Particularly suited to
applications requiring
resistance to harsh
environments.  e.g. oil,
gasoline, anti-freeze, dry
heat.

Health and Safety
Information

PART A contains: 2,4,6 -
Tris (Dimethylaminomethyl)
phenol, polymeric diamine.
PART B contains: Epoxy
Resin.

Precautions:
Irritating to skin. Risk of
serious damage to eyes.
May cause sensitisation by
skin contact.  May be
harmful if swallowed.  Avoid
contact with skin and eyes.
Wear suitable gloves and
eye/face protection.

First Aid:

Eye Contact:
Immediately flush eyes with
copious amounts of water
for at least 15 minutes,
holding eyes open.  Call a
physician.

Skin Contact:
Wash immediately with
plenty of soap and water.

Ingestion:
Drink two glasses of water
and call a physician
immediately.  Do not induce
vomiting.

For further Health & Safety
information, please contact
our Toxicology Department
on Bracknell (0344) 858000.

Specifications May be released to AFS
1899 and DTD 900/1622.

Water Research Council
Approval.

3M and Scotch-Weld are trademarks of the 3M Company.

Values presented have been determined by standard test methods and are average values not to be used for specification purposes.
Our recommendations on the use of our products are based on tests believed to be reliable but we would ask that you conduct your own tests to
determine their suitability for your applications.
This is because 3M cannot accept any responsibility or liability direct or consequential for loss or damage caused as a result of our
recommendations.

Specialty Tapes & Adhesives   3M United Kingdom PLC 1996

3M United Kingdom PLC
3M House,
28 Great Jackson Street,
Manchester,
M15 4PA

Customer Service :

Tel   0161 236 8500
Fax   0161 237 1105

3M Ireland
3M House, Adelphi Centre,
Upper Georges Street,
Dun Laoghaire,Co. Dublin,
Ireland

Customer Service :

Tel    (01) 280 3555
Fax    (01) 280 3509
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1 Objective 

The aim is to determine the Young’s modulus of aluminum sheet used in adhesive lap joint specimens, 

by tensile testing. The used aluminum alloy is AL 6082 T651. 

In the tests the extension of the aluminum specimens and the cross head displacement will be recorded 

so a εσ − -diagram can be plotted and the Young’s modulus can be determined along the linear part of 

the εσ − -curve. 

2 Introduction 

The specimens are made from two sheets of aluminum with thickness 2 and 6mm. 

These aluminum sheets will be used in further tests of adhesive single overlap joints, of which models 

are analyzed numerically.  

The stiffness of the adherends strongly influences the behavior of these adhesive joints. For a good 

comparison between the results of the numerical analysis and the tests of single lap joints, a value of 

the adherend Young’s modulus must therefore be used in the analysis, which corresponds with the 

Young’s modulus of the adherends of the tested joints. 

2.1 General approach 

The models are made according to the restrictions of NEN-EN 10 002-1, see paragraph 5 for the 

dimensions. For the models, a prediction of the stresses and displacements during testing is made.  

During testing the specimens are loaded until the 0,2 proof stress, %2,0σ , is reached, released and re-

loaded till failure. The part of the εσ − - curve created by the reloading, will give a more accurate 

value for the Young’s modulus. 

The measurements are performed in accordance with NEN 10 002-1, expect for the used measurement 

length, which was a little shorter than advised. 

3 Apparatus 

- Tensile testing machine:  The load was applied by a tensile testing machine with a  

         maximum of 100 kN.  

- Load cell    

- Fixings:  The models will be fixed to the tensile testing machine with wedge gripes  

- Extensometer: The extensometer has a nominal gauge length of 50mm and a range of ±2.5mm.  

4 Test pieces 

Materials: 

Alloy:  AL 6082 T651 (AA6082-T6(51)) 

Sheet:  Ordered from MCB, Valkenswaard  

  Thickness:  2mm 

    6mm  
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Geometry: 

The specimens are according to the figure. 

5 specimens have a thickness of 2mm and 5 specimens have 

thickness 6 mm. 

The specimens are labeled by thickness and specimen number. 

After fabrication the specimens are measured, see table 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1: measured dimensions 

Thickness 2 6

Model name 2 - I 2 - II 2 - III 2 - IV 2 - V 6 - I 6 - II 6 - III 6 - IV 6 - V

wmean     [mm] 20,138 20,462 20,130 20,132 20,134 20,151 20,130 20,123 20,113 20,113

tmean     [mm] 1,975 1,975 1,975 1,975 1,975 5,970 5,960 5,943 5,968 5,957  

5 Procedures 

5.1 Specimens 

The ten specimens were made by milling rectangular aluminum sheets. The specimens were made in 

two groups of 2 or 3 sheets of 2mm thickness and 2 or 3 sheets 6 mm thickness.  

 

I

II

III

2
0
0
 m

m

1
0
0
 m

m

50 mm

20 mm

r =13 mm

Figure 1: basic geometry in mm of 

test specimens 
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5.2 Test set-up 

A schematic view of the test set-up is given in the figure ,,,. The measurement points are given in the 

figure. The picture on the right shows the used test set-up. 

Clamp

load cell

Tensile testing machine

Tensile testing machine

specimen

Clamp

5
0
 m

m

L
 m
e
a
s
u
re
.

     

Figure 2: schematic test set-up Figure 3: photograph of test set-up during testing 

 

A prediction of the behavior of the tensile test specimens is made: 

1) Estimation of the values with example calculation: 

AL 6082 T6 51 

 Given values: 

  
2

%;2,0 260 mmNf rep =  

2

; 310 mmNf rept =  

%10; =repuε    
23

100,70 mmNErep ⋅=  

 Load prediction 

  2 mm: kNF 11
%2,0
=σ  

kNF
t
13=σ  

With 
2

0 40mmS =  

  6 mm: kNF 31
%2,0
=σ  

kNF
t
37=σ  

With 
2

0 120mmS =  
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 Displacement prediction 

  2 / 6mm: mml 37,0
%2,0
=∆ σ  

mml 44,0
%2,0
=∆ σ  

 

2) Loading speed: 

 1: first load path: 1 [ minmm ] 

 2: release:  1 [ minmm ] 

 3: second load path 0.5 [ minmm ] 

5.3 Test procedure 

- Fixing the model into the test set-up:  

First the top is fixed, the model is lowered and the bottom of the specimen is positioned in the 

clamp. The bottom clamp is tightened.  

- Fixing measurement apparatus: 

The extensometer is placed outwardly in the middle of the specimen. The clips are adjusted so the 

extensometer starts at the lower end of its range. 

- Testing: 

The specimen is loaded until the extensometer measurements give a 1 Volt decrease (0.25mm 

extension is slightly more than 0.2% strain over a length of 50mm).  On this point it is also 

checked on the force-displacement cure that a plastic branch is visible. 

- The specimen is then released gradually. 

- After that the specimen is reloaded until failure. The loading speed is kept constant at 0,5 mm/min 

until the applied load is 1kN over the 0,2% strain boundary, from where the speed is increased to 

2,5 mm/min.  

- The specimen is taken out of the test set-up. 

σ

ε
Figure 4: schematic σ-ε-diagram during testing 
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6 Observations and comments 

- NEN-EN 10 002-1 advises a gauge length of 100mm. However, the used extensometer (gauge 

length 50mm) was the device with the longest gauge length available. Furthermore, an 

extensometer of 100mm would not fit the test set-up. 

- The first test was on specimen 2-II. The used loading speed was 0.2 mm/min for the reloading 

path. The reloading until failure took 15min, which is somewhat too long. Since 0.2 mm/min is the 

lower limit for the loading speed, the loading speed for the following test was increased to 0.5 

mm/min.  

- The fixings are wedge clamps, which tighten themselves by pulling the specimen. So, during the 

first part of the tensile test a slight distortion can be observed. The clamps did not tighten as 

quickly as desired when fixing the specimens with thickness 6mm. For the test of specimen 6-IV 

and 6-V, a wooden wedge is placed to help the upper clamp pull tight. 

- The extensometer was recalibrated after the test, when the results showed that the first used 

calibration factor was not good enough.  

7 Calculations  

Determination of the Young’s modulus per specimen 

- Extension:  =∆l volts x fcali 

  fcali = Calibration factor Vmm20665.0=  

- Measurement length: 

( )caliinigmeas fVll ⋅==   

  gl : Neutral gauge length 

  iniV : Initial measured volts 

- Normal stress: 

  meast AF ⋅=σ  

  (The original cross-sectional area is used) 

- Strain: 

measl

l∆
=ε  

- Plotting εσ − -diagram 

  Determination of the curve length over which the Young’s modulus will be determined 

 

Determination of the mean Young’s modulus per sheet (one thickness) 

n

E
E

i

m

∑
=  

  With =n number of tests 
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8 Results 

In the figure 5 an example is given of the curve which is plotted during testing. The deformation of the 

extensometer as well as the displacement of the crosshead of the tensile testing machine is plotted 

against the applied load. 

 

0

2

4

6

8
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12

14

0 2 4 6 8 10 12 14 16 18 20

Deformation tensile testing machine [ mm ]

F
o
r
c
e
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 k
N
 ]

0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 1,8

Deformation specimen [mm]

Testing

machine

Extenso

meter

 

Figure 5: Load-displacement curve of specimen 2-III.  

 

In the graph the first and second load path are visible. Before failure, the extensometer has reached the 

end of its range and stops running. The decrease of load near failure is noticeable in the force-

deformation curve of the tensile testing machine. 

 

The measurements of the applied load, the extensometer and tensile testing machine of all tests are 

stored and used for result processing. 

In the result processing only the measurements of the second load path are used. The second load path 

does not have any distortion due to the setting of the specimen into the clamps. With those results the 

elastic parts of the εσ − -diagram are plotted for all tests.  
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thickness: 2mm

y = 68355x - 62,577    R2 = 0,9999

y = 67908x - 74,52      R2 = 0,9999

y = 68628x - 83,341    R2 = 0,9999

y = 68106x - 133,31    R2 = 1

y = 66612x - 133,86    R2 = 0,9999

0
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150

200
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300

350

0 0,001 0,002 0,003 0,004 0,005 0,006 0,007 0,008

strain

s
tr
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s
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N
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m
2
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Sp 2-III

Sp 2-IV

Sp 2-V

 

Figure 6: Load-displacement curves of specimens with tadr=2mm, with trend line over elastic part 

 

In this figure the first part of the εσ − -diagram of the specimens with 2mm are shown. The curves of 

the 2-I and 2-III are separated from the rest. That difference in the initial strain is due to maximum 

applied load in the first load path and the induced plastic strain. 

 
thickness: 6mm

y = 69108x - 53,357    R2 = 0,9999

y = 69071x - 51,437    R2 = 0,9999

y = 69262x - 56,293    R2 = 1

y = 69377x - 64,277    R2 = 1

y = 69561x - 63,249    R2 = 1

0
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200
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N
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sp 6-V

 

Figure 7: Load-displacement curves of specimens with tadr=6mm, with trend line over elastic part 

 

Compared to the curves of the specimens with thickness 2mm the curve of the specimens with 

thickness 6mm have a more abrupt bend between elastic and plastic branch. Both graphs are plotted for 

stress area 0=σ till
2

285 mmN . 

The bulge in the plastic branch is an effect of the acceleration of the loading speed. 
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All curves show a reasonable linear elastic branch (without visible distortions), so for every specimen 

the value of the Young’s modulus is determined over the area of the εσ − -diagram from 

2
50 mmN=σ  until

2
225 mmN=σ . 

Any slight deviations near the base point and the yielding point are so avoided.  

The results from those measurements and calculations are as given in the table 2 below. 

 

Table 2: results tensile tests 

Thickness 2 mm 6 mm

Model name 2 - I 2 - II 2 - III 2 - IV 2 - V 6 - I 6 - II 6 - III 6 - IV 6 - V

Totale gauge lengte [mm] 47,59 47,88 47,90 47,72 47,65 47,98 47,95 48,00 47,87 48,04

Young's modulus      [N/mm2] 66612 68355 68106 68628 67908 69262 69561 69337 69071 69108

Failure load             [kN] 11,74 13,297 13,34 13,52 13,269 39,05 39,135 38,93 39,215 39,264

Failure stress          [N/mm2] 295 329 336 340 334 325 326 326 327 328

Mean Young's mod   [N/mm2] 68250 69270  

In the table is visible that for the results of the specimens with 2mm thickness, test piece 2-I gives 

lower values for the Young’s modulus (3%) and the failure load (12%). This deviation can be caused by 

the different loading speed. Therefore, the value of 2-I is not taken into account for calculation of the 

mean Young’s modulus of the sheet with thickness 2mm.  

9 Conclusions 

- The Young’s modulus is for   sheet 2mm: 
23

109.67 mmN⋅  

sheet 6mm: 
23

103.69 mmN⋅  

       These values are close to the expected value of the Young’s modulus for alloy 6082. 

- The forces at which the specimens started yielding and failed where close to the predicted values.  

- The plotted εσ − -diagrams show reasonable straight curves for the elastic part with little 

distortion. Furthermore, the curves lie close to each other. The obtained values for the Young’s 

modulus are enough reliable.  
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A NEN-EN 10 002-1 restrictions 

Specimen restrictions 

 Width:  2 mm:  mmw 5,12=  or mm20  

6 mm:  tw ×≤ 8  

      mm48≤  

 Measuring length:  

2 mm:     
2

0 36mml ≥  

6 mm:  
00 65,5 Sl ⋅≥
 

2

0 62mml ≥  

 With:  twS ×=0  

 Radius:  2 mm:  mmr 9≥  

6 mm:  mmr 12≥  

 

Table 3: Loading speed restrictions 

 

B Specimens 

Table 4: Overview of measured specimen dimensions 

Thickness 2 6

Model name 2 - I 2 - II 2 - III 2 - IV 2 - V 6 - I 6 - II 6 - III 6 - IV 6 - V

wtop 20,14 20,14 20,13 20,135 20,138 20,15 20,135 20,12 20,115 20,12

wmiddle 20,135 21,125 20,135 20,13 20,135 20,151 20,125 20,12 20,105 20,11

wbottom 20,14 20,12 20,125 20,13 20,13 20,151 20,13 20,13 20,12 20,11

wmean        [mm] 20,138 20,462 20,130 20,132 20,134 20,151 20,130 20,123 20,113 20,113

ttop 1,965 5,965 5,960 5,940 5,965 5,965

tmiddle 1,975 1,975 1,975 1,975 1,975 5,975 5,960 5,940 5,970 5,955

tbottom 1,98 5,970 5,960 5,950 5,970 5,950

tmean                  [mm] 1,975 1,975 1,975 1,975 1,975 5,970 5,960 5,943 5,968 5,957

Total lmeasurement 47,589 47,879 47,897 47,719 47,647 47,982 47,947 48,002 47,874 48,043  

Young’s modulus Stress increment 

[
12 −smmN ] 

Loading speed  

tadr: 2 and 6 mm[ minmm ] 

min 2 0.17 24
1015 mmN⋅≤

 max 10 0.86 


