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This research study seeks to evaluate the load response and failure prediction of glass/steel adhesive 

joints. The need for sustainable construction materials along with recent architectural trends and 

technological developments have made glass more accessible than ever before in the construction 

industry. Limited attempts have been made to compare the performance of bolted and adhesive 

connections for glass/steel structures, while interface characterisation studies are also lacking. 

Damage initiation and propagation in the adhesive layer is rarely modelled numerically, and the 

development of cohesive zone models has been restricted to reference values as hybrid coupon tests 

are difficult to test successfully. Lastly, while the degradation of glass/steel adhesive joints has been 

examined experimentally, a numerical tool for the prediction of the performance of the joints after 

exposure is currently lacking.  

 

Benchmark designs of glass/steel bolted and adhesive joints were introduced and tested 

experimentally in four different load cases. Adhesive joints were found to be stronger and stiffer for 

all load cases examined. It was also observed that lower strength ductile adhesive (in terms of bulk 

properties) produced joints with higher failure loads. Numerical analyses showed that ductile 

adhesives developed a large plastic zone and redistributed the stress concentrations more effectively 

from the corners of the joints. Therefore, a larger adhesive area was resisting the loading. This 

understanding of the synergistic property combinations of strength and ductility of the adhesives led 

to the development of a numerical tool for the optimum selection of adhesives based on the joint 

design. The identified adhesive led to a significant strength increase for every load case examined.      

 

The long term performance of glass/steel adhesive joints was evaluated by exposing the joints to 

conditions of high temperatures and humidity, and the degradation of the bulk properties and the 

interfaces was recorded. It was shown that the bulk properties and the interface properties degrade at 

different rates. The glass/adhesive interface degradation was shown to be more significant and 

controlled the failure performance of the joints. 

 

Numerically, a continuum mechanics and a cohesive zone modelling (CZM) approach were 

evaluated for their suitability in predicting the failure load of glass/steel adhesive joints before and 

after environmental exposure. Input parameters for continuum mechanics approaches are based on 

bulk properties only and are easier to evaluate than CZM interface parameters. An in-house heat 

strengthening methodology development was necessary to increase the strength of small coupon 

sized glass substrates for accurate interface characterisation. It was shown in this work that both 

numerical methods were accurate in predicting the performance of the unaged joints. After 

environmental exposure, the CZM approach, which allows to account for the more severe interface 

degradation, performed significantly better. This finding highlights the need for reliable enhanced 

experimental testing procedures for interface characterization for hybrid glass/steel joints.   
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Nomenclature 

 

αT 
Nominal value of average coefficient of linear expansion between 20°C and 

300°C. 

β Dilation angle 

γ Angle of the laser beam 

δ Optical retardation 

𝛿𝑛
𝑐

  Critical opening displacement in mode I 

𝛿𝑠
𝑐

  Critical opening displacement in mode II 

ε Emissivity 

εc Critical strain 

εeng Engineering strain 

εfC Failure strain in uniaxial compression 

εfT Failure strain in uniaxial tension 

εtrue True strain 

η Stress triaxiality 

λ Thermal conductivity 

μ Friction coefficient 

ρ Density 

σ Current stress tensor 

𝜎 Undamaged stress tensor 

σ1, σ2 ,σ3 Principal stresses 

σeng Engineering stress 

σfC Failure stress in uniaxial compression 

σfT Failure stress in uniaxial tension 

σn Peel stress 

σtrue True stress 

σyC Yield stress in uniaxial compression 

σyT Yield stress in uniaxial tension 

τ Shear stress 

b Width 

c Half of overlap length 

C  Photoelastic constant 

cp Specific heat capacity 

D Damage variable 

d Diameter of bolt 

E Young's modulus 

ec Critical strain at damage initiation 

F Axial force of bolt 

G Shear modulus 

Gn Fracture energy in mode I 

𝐺𝑛
𝑐  Critical fracture energy in mode I 

Gs Fracture energy in mode II 

𝐺𝑠
𝑐  Critical fracture energy in mode II 

K Bending stiffness 
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k Bending moment factor 

𝑘′ Transverse force factor 

l Overlap length 

M Bending moment 

n Main refractive index to visible radiation 

P Applied load 

𝑃 Load per unit length 

p Hydrostatic pressure 

ta Thickness of adhesive 

tb Thickness of bottom adherend 

teff Effective stress 

Tg Glass transition temperature 

tn Traction in mode I 

𝑡𝑛
𝑐  Critical traction in mode I 

ts Traction in mode II 

𝑡𝑠
𝑐 Critical traction in mode II 

tt  Thickness of top adherend 

v Poisson's ratio 

w Width of DCB/SLB specimens 

X Normalised position along the adhesive layer 

x Origin of longitudinal co-ordinate 
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Chapter 1 Introduction 

 

1.1 Background and motivation 

 

Concrete and steel are the most common structural materials used in the construction industry [1]. 

The production of cement, the basic constituent of concrete, is responsible for 5-7% of the total CO2 

emissions in the world [2]. At the same time steel, compared to other construction materials, has the 

highest embodied energy [3] leading to global warming and climate change. The need for sustainable 

construction materials along with recent architectural trends and technological developments have 

made glass more accessible than ever before in the construction industry. 

 

Glass is reusable and recyclable and can potentially reduce the energy needs of buildings [1]. Glass 

also produces perceived aesthetic advantages due to its transparency. From massive structures in 

which glass has been used like the Shard [4] to experimental designs like the glass truss bridge as 

shown in Figure 1.1 [5], glass has the potential to be used extensively in the construction industry if 

it can be designed and used safely while carrying structural loads. In order to achieve this aim, glass 

needs to be understood better in terms of material properties, design, performance, durability, post 

breakage scenarios and repairs. This understanding will help in assessing and correctly utilising the 

vast amount of products that are currently available.  

 

 

Figure 1.1: Examples of a) large scale (the Shard) and b) smaller scale glass structures (the glass 

truss bridge). 

 

One of the main challenges when using glass as a structural material is its brittleness and the 

relatively low tensile strength. The main difference between glass and other structural materials, such 

as e.g. steel, is that it does not display plastic yielding, but instead fails in a stochastic way [6]. In 

other words, glass exhibits brittle behaviour with a perfectly linear elastic load response up to failure, 
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but with no ability for redistribution of stress concentrations. The failure of glass can happen without 

any warning in a catastrophic manner once the critical strength is reached. The lack of a plastic region 

makes the concentration of stresses particularly dangerous for any glass structure. Accordingly, it is 

important to eliminate or avoid stress concentrations in structural glass members. Among the most 

susceptible areas for the stresses to concentrate are load introduction or connection points, typically 

realized by bolted connections. Therefore, even though bolted joints are being used extensively, they 

lack structural efficiency and reliability. The main reason for that is because of the drilling process, 

which introduces flaws and discontinuities on the glass surface. In practice, this leads to designers 

applying highly conservative safety factors, hence increasing the weight and cost of the structure. 

 

This thesis aims to explore another type of connection: adhesively bonded joints. This type of 

connection has structural advantages as it limits the development of high stresses as well as avoids 

the formation of additional surface flaws. Unlike conventional mechanical joints, adhesive joints do 

not significantly increase the weight of the structure and have aesthetic advantages since they offer 

uninterrupted surfaces and possibly transparency. Adhesive joints, however, are very sensitive to 

environmental exposure, especially when bonded to glass surfaces. A reliable prediction method for 

their performance is currently lacking.  

 

Soft elastic adhesives like silicone have been used effectively in glazing systems, but have not been 

used for load-carrying applications. On the other hand, stiff adhesives, such as acrylics and epoxies, 

have been used in other industries, such as structural adhesive joints in FRP composite materials [7], 

but are relatively unproven in applications relating to structural glass [8]. However, the research in 

this field is growing constantly, and some commercial projects utilising glass adhesive joints have 

already been constructed.  

 

In summary, the motivation for this thesis arises from the following shortcomings of the current state-

of-the-art knowledge, hindering wider applications of glass in structural and load-bearing 

applications:  

 

1. Glass needs to be understood better in terms of material properties, design, performance, and 

durability; 

2. Bolted joints are the most common joining method, but should be replaced by other joining 

methods as they lack structural efficiency and reliability for glass substrates; and 

3. Structural adhesive joints are relatively unproven in applications relating to structural glass. 
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1.2 Aims and objectives 

 

The aim of the project is to develop an understanding of the load response and failure behaviour of 

hybrid glass/steel adhesive joint configurations by using experimental and numerical methods. The 

objectives of the project are: 

 

1) To develop a complete experimental programme for the testing of bolted and adhesive hybrid 

glass/steel joints under different load cases and to compare the respective performances. 

 

2) To develop a validated finite element (FE) modelling approach of the quasi-static load 

response and failure behaviour of hybrid glass/steel adhesive joints.  Two different modelling 

approaches based on (1) continuum mechanics and (2) cohesive zone modelling are compared.  

 

3) To develop a methodology for the optimum selection of adhesives for increased joint strength 

based on their mechanical properties for given designs and joint geometries. 

 

4) To develop a methodology to predict the effect of the environmental exposure on glass/steel 

adhesive joint strength by exposure to conditions of high humidity and temperature. The 

effects need to be separated into (1) degradation of the bulk properties of the adhesives and 

(2) the glass/steel interfaces. 

 

1.3 Outline of the thesis 

 

This section provides an overview of the structure of the thesis. More specifically, Chapter 1 of the 

thesis serves as an introduction to the topic, presenting the research question along with the aims and 

objectives. Finally, a brief outline of the whole report is given in the first chapter. 

 

Chapter 2 of the thesis provides an extended review of the literature on the topic. More specifically, 

the review provides some of the most important analytical solutions for adhesive joints, reviews the 

failure criteria that are commonly used and finally discusses some recent developments on the 

modelling of these joints. Moreover, the review focuses on research and industrial applications of 

glass adhesive joints highlighting the relevant experimental and numerical work that has taken place.  

 

Chapter 3 of this thesis introduces the material characterisation testing methodology. This includes 

tests of adhesive coupons in tension and compression and also includes details about the 

measurement of the residual stresses in the glass. Finally, a methodology for the in-house glass heat-

strengthening of small glass coupons is also presented and validated. This work is required to 

addresses objectives 1 and 2. 
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In Chapter 4, standardised interface characterisation tests were modified and used for the extraction 

of the cohesive laws in modes I and II. The experimental set-up, the testing procedures and the 

subsequent numerical data fitting are presented, and cohesive zone models are established.  This 

work is required to address objectives 1 and 2. 

 

In Chapter 5, an initial experimental comparison between bolted and adhesive joints takes place. For 

the comparison, two different adhesives are used, a brittle and a ductile one. The comparison between 

the two different adhesive joints and the bolted joints is performed in four different load cases and 

the load response and failure loads and mechanisms are studied. The findings in this chapter complete 

objective 1. 

 

In Chapter 6, FE models of the joints described in Chapter 5 are developed and validated against the 

experimental observations. Two different FE methods are employed and both are compared with the 

experimental data. In addition, failure analysis of the adhesive layers leads to a better understanding 

of the performance of the joints and indicates that optimum combinations of strength/ductility might 

exist for given designs.  This work completes objective 2. 

 

In Chapter 7, FE methods are employed to lead to an optimum selection of adhesives based on their 

mechanical characteristics. A parametric methodology is developed and leads to a better 

understanding of the effect of the strength/ductility on the bonded areas. An optimum adhesive is 

selected, characterised and evaluated numerically and experimentally, leading to very significant 

strength increases in all load cases examined. This work presents a novel approach to complete 

objective 3. 

 

In Chapter 8, the effect of environmental exposure is studied. The exposure cycle is based on 

European guidelines for the use of sealants in buildings. The degradation of the bulk properties, the 

interfaces and the glass/steel joints is studied and cohesive laws capturing degradation effects are 

developed. The numerical model is validated against experimental data. This work addresses and 

completes objective 4. 

 

Finally, in Chapter 9, the conclusions drawn from the previous chapters are summarised, critically 

assessed and presented. In addition, the limitations of the current work are reported and future work 

is suggested. 
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Chapter 2 Literature review 

 

2.1 Introduction and structure of the review 

 

The use of adhesive joints has expanded significantly to almost every industrial sector in recent years. 

In engineering, adhesive joints are common practice in the aerospace and the automotive industries, 

but their use is still limited in the construction industry. However, the presence of precise analytical 

solutions, the implementation of accurate failure criteria and the development of advanced numerical 

models has made the analysis and application of adhesive joints more approachable to designers and 

engineers.   

 

The main properties of glass as outlined briefly in Chapter 1 indicate that the joints between glass 

members are of great importance. Using bolted joints is a well-established method, but introduces a 

number of problems when used in glass connections. Just to state a few: 

 

1. Bolt holes need to be drilled leading to concentration of stresses in these areas. 

2. Concentration of stresses can also be a result of dimension inaccuracies and eccentric loads. 

3. Introduction of surface flaws due to drilling of glass. 

4. Drilling has to be performed before the tempering process. 

5. The aesthetic result is not ideal due to interrupted glass surfaces. 

6. Self-loosening of the bolts can be the result of cyclic loading which eventually reduces the 

strength of the joint. 

 

As an alternative to bolted joints, adhesive joining of glass for load-carrying applications is also the 

subject of extensive research. This method avoids drilling, can be applied before or after the 

tempering process and leads to uninterrupted surfaces. At the same time, glass adhesive joints also 

have disadvantages, mainly due to the lack of knowledge and practical applications. Just to state a 

few:  

 

1. Enormous range of physical and mechanical properties of adhesives. 

2. Difficulties in modelling and predicting the complex material behaviour of adhesives and 

quantifying the long-term performance and durability of these connections. 

3. Experienced personnel needed for the manufacturing of these joints. 

4. Lack of standards for the design and testing of adhesive joints. 

5. Catastrophic failure events are more likely to cause irreversible damage to adhesive joints 

compared to bolted joints. In the latter case, bolts can act as crack stoppers and the damage 

may be progressive. 
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6. Repair or replacement of adhesive joints is difficult. 

 

Practical applications and ongoing research cover most types of adhesives namely, acrylates (e.g. 

Araldite 2047-1), epoxy resins (e.g. Araldite 2020), polyurethanes (e.g. Sikaflex 265) and silicones 

(e.g. DC993). The latter one has been used extensively in the construction industry, especially for 

structural sealant glazing systems (SSG). However, adhesives from the other groups are gradually 

being used more often in civil engineering applications, and some of these will be presented later in 

this report. The main difference between silicone and polyurethane compared to the other adhesive 

groups is that the first ones are normally designed to carry short term loads, like wind loads but not 

to transfer longer term loads (e.g. dead loads) [9]. 

 

Elastomers such as silicone and polyurethane have a low cross-link density and are generally very 

flexible. Moreover, silicones have a very low modulus of elasticity (in the range of 10-50 MPa) which 

means that they are unable to provide effective connections for built up sections of glass [8]. On the 

other hand, thermosets like acrylics and epoxy resins have a very high cross-link density, set 

irreversibly and are very stiff and strong [8]. As a result, they can be designed for carrying long term 

loads as well. As a rule of thumb it can be said that adhesives with low modulus of elasticity are 

suitable for holding glass in place, while adhesives with higher elastic modulus are suitable for 

carrying shear forces. 

 

In recent years, research has focused on the use of stiff adhesive joints in glass structures due to the 

structural and architectural advantages that this technology has to offer. This literature review 

presents the most common analytical solutions being used for the estimation of stresses within the 

adhesive, strength-based failure criteria and non-linear constitutive models and finally techniques 

that combine continuum and fracture mechanics for the modelling of adhesive joints. The last part of 

the review focuses on applications of glass adhesive joints. Finally, the limitations of the current 

research are discussed so that the novelty of the current project can be highlighted.  

2.2 Structural use of glass 

Glass has been used in the construction industry for a long time, mostly for non-load bearing 

applications. However, glass behaves differently compared to most other structural materials like 

concrete and steel, thus leading designers and engineers to limit its usage. At the same time, recent 

architectural trends along with the huge progress that has taken place recently in the computing power 

and the development of finite element analysis packages have made the use of glass for load bearing 

applications a realistic possibility. 
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The main difference between glass and other structural materials, such as e.g. steel, is that it does not 

show plastic yielding, but instead fails in a stochastic way [6]. In other words, glass exhibits brittle 

behaviour with a perfectly linear elastic load response up to failure, but with no ability for 

redistribution of stress concentrations. The behaviour of a structure however, should not depend on 

the failure of a single element, and also, failure of a single element should not threaten the safety of 

the structure and its users. Accordingly, it is important to eliminate or avoid stress concentrations in 

structural glass members. In practice, this leads to designers applying highly conservative safety 

factors, hence increasing the weight and cost of the structure. 

 

In addition, glass is reusable and recyclable and can also help to significantly reduce the energy needs 

of a structure [1]. For instance, the needs for lighting in a glass structure are much lower compared 

to conventional concrete/steel buildings. As a result, glass has the potential to be used extensively in 

the construction industry if it can be designed and used safely while carrying structural loads. In 

order to achieve this aim, glass needs to be understood better in terms of design, performance, 

durability, post breakage scenarios and repairs.  

2.2.1 Production-Composition 

Float glass is currently the most widely used type of glass. Its manufacturing process as seen in Figure 

2.1, was developed by the Pilkington company in the 1950’s and revolutionised the glass industry 

offering high quality glass without the need for time consuming and expensive finishing. Float glass 

today accounts for 35% of all glass products [10] and its applications include glass for windows, 

facades and furniture and structural glass among others. The composition of float glass is summarised 

in Table 2.1. Occasionally, depending on the demands of the production and for altering some 

properties of glass, other substances might also be introduced to the composition. However, the 

amounts of these substances are relatively small. 

 

Table 2.1: Composition of float glass [11].   

Silicon dioxide (SiO2) 69-74% 

Calcium oxide (CaO) 5-14% 

Sodium Oxide (Na2O) 10-16% 

Magnesium Oxide (MgO) 0-6% 

Aluminium Oxide (Al2O3) 0-3% 

Others 0-5% 

 

The main principles of glass production are that the raw materials are melted at 1600-1800°C, formed 

at 800-1600°C and cooled at 100-800°C. This method is used for manufacturing windows and of 
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relevance to this project structural glass. It offers significant advantages since it is cost effective, has 

better aesthetic results and can consistently produce large glass panes.  

 

Figure 2.1 shows the float glass production process. The raw materials, which are silica sand, lime 

and soda along with recycled broken glass (cullet) are inserted in a furnace where they are allowed 

to melt. Afterwards, the materials that have become the molten glass are going through a tin bath at 

temperatures that range between 1000°C at one end of the bath to 600°C at the other. The reason 

why the bath is made of tin is because of its physical properties. Not only does tin remain in liquid 

state over the range of the temperatures that the glass is produced but it is also heavier hence allowing 

the glass to flow over it in the tin bath. Finally, the glass goes through the annealing lehr where it is 

gradually cooled down from about 500°C to 100°C. The speed of the process determines the 

thickness of the glass [12]. 

 

 

Figure 2.1: Float glass production process. 

 

This process shows that the two sides of glass are treated differently. One side is in contact with the 

air the whole time, while the other is in contact with the tin. It is easy to distinguish which side was 

in contact with the tin by using ultraviolet radiation. According to Haldimann et al. [8], the tin side 

has limited strength compared to the air side and the adhesion might be influenced as well in glued 

joints.  The product of this process is annealed glass which can later be processed in various ways. 

For instance, annealed glass can later be cut, drilled or thermally treated depending on the needs.  

2.2.2 Physical and mechanical properties of glass 

The physical and mechanical properties of soda lime silicate glass (SLSG) are summarised in Table 

2.2. 
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Table 2.2: Physical and mechanical properties of float glass [6, 11]. 

Physical properties of float glass 

Characteristic Symbol Value and Unit 

Density ρ 2500 kg m-3 

Young's modulus E 70 GPa 

Poisson's ratio v 0.23 

Specific heat capacity cp 720 J kg-1 K-1 

Nominal value of average coefficient of linear expansion between 

20°C and 300°C. 
αT 9 × 10-6 K-1 

Thermal conductivity λ 1 W m-1 K-1 

Main refractive index to visible radiation n 1.5 

Emissivity ε 0.837 

Fracture toughness GIc 0.7 MN m-3/2 

Glass transition temperature Tg 570°C 

 

It should also be noted that the behaviour of glass is governed by its tensile strength even though its 

compressive strength is significantly higher. Buckling and transverse contraction effects due to 

Poisson’s ratio lead to tensile stresses which in turn exceed the tensile capacity of the material long 

before it is loaded compressively to failure [8]. The tensile strength of glass, however, is not a 

material property. On the contrary, the effective tensile strength of glass depends on the load 

amplitude and duration, the presence of initial surface flaws, the residual stresses and the 

environmental conditions [8]. Especially flaws, which range from sub-micro-cracks, not visible to 

the naked eye, to visual flaws on the surface, play a governing role. Unlike the tensile strength, the 

critical combination of stress and crack length for fast fracture is a material constant [6]. This 

property is defined as the fracture toughness of glass. 

2.2.3 Tempered glass 

Compressive strength of glass is much higher than its tensile strength. This led to the idea of 

processing the glass in such a way such that advantage of the high compressive strength can be taken. 

Float glass is heated up to about 650°C (about 100°C above its glass transition temperature) in a 

furnace and then cooled rapidly using a jet of cold air. The result of this procedure is that the surface 

of the glass solidifies first and is then followed by the internal regions of the glass. As a consequence 

of this gradual solidification, residual stresses are developed, with the surfaces under compression, a 

favourable stress state for the glass due to the potential surface flaws, and the interior in tension. 

 

The cooling rate determines if glass undergoes a full tempering or a heat strengthening procedure. In 

theory, optimum tempering is achieved if the solidification of the surface occurs when the 

temperature difference is maximum. The effect of tempering can be seen in Figure 2.2. Here, 
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tempering creates a layer in compression close to the surfaces of the glass. This layer prevents the 

opening and growing of surface flaws due to tensile stresses and therefore increases the strength of 

the glass significantly. Characteristic values for the residual compressive stresses for fully tempered 

glass are between 80-170 MPa, while for heat strengthened glass they are between 40-80 MPa [8].  

 

 

Figure 2.2: Different structural performance under loading of float and tempered glass [8]. 

 

A series of textbooks are available in the literature for further information on glass [6, 8-10, 12, 13] 

and provide extensive reviews. 

2.3 Structural adhesives 

The term adhesive is used for materials that are used to bond two surfaces together. The surfaces that 

are glued by the adhesive are called adherends, while the result of gluing two surfaces is called 

adhesion. Adhesives based on synthetic polymers are one of the most used materials in today’s world. 

Especially, in the last 100 years the application of adhesives has extended to almost every industrial 

sector.  The range of applications of adhesives indicates that there is a wide range of types depending 

on the use. This project focuses on adhesives used for structural applications. Adhesives are polymer 

materials and can be divided into three categories based on their thermo-mechanical properties: 

 

 Thermoplastics which are controlled by weak intermolecular forces (e.g. polyvinyl butyral 

(PVB)). 

 Elastomers which are rubbery materials that can be stretched significantly and return to their 

original shape once the loading is removed (e.g. silicones). 
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 Thermosets which set irreversibly in the presence of heat and further heating cannot reshape 

the material (e.g. epoxies). 

 

Typically, elastomers experience high elongation when loaded due to their low cross-linking density 

and have relatively low elastic modulus. Characteristic examples of elastomers are silicone and 

polyurethane. Thermoset adhesives, like acrylics and epoxies, are stiff, stronger and less ductile 

compared to elastomers. Elastomers and thermosets are the two main adhesive families that are being 

used in the construction industry, each of them for different purposes. Table 2.3 summarises the main 

commercial adhesive types and highlights their characteristic features. 

 

Table 2.3: Adhesive types and their main mechanical features [14]. 

Adhesive type General properties 

Silicones 

Low strength and stiffness 

High durability and resistance against UV-radiation 

Hyper-elastic material behaviour 

 

MS-polymers 

Medium strength and stiffness 

Medium resistance against moisture and UV-radiation 

Hyper-elastic material behaviour 

 

Polyurethanes 

Medium strength and stiffness 

Low resistance against UV-radiation 

Hyper-elastic material behaviour 

 

Acrylates 

Generally high shear strength and small optimal thickness 

Generally low resistance against moisture 

Visco-elastic material behaviour 

 

Epoxies 

High strength and stiffness, brittle 

Small optimal thickness 

Linear-elastic material behaviour 

 

2.3.1 Adhesion theories 

Adhesion only occurs under certain circumstances. According to Adams et al. [7] the following are 

the main theories that lead to adhesion: 

 

 The weak boundary layer theory proposes that clean areas that are not contaminated are 

capable of producing strong bonds. 
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 The diffusion theory suggests that identical non-cross-linked polymers that come to contact 

have their molecules interdiffuse so that the boundary cannot be found anymore. 

 Chemical bonding theory suggests that covalent or ionic bonds are formed across the interface 

leading to very strong bonding. 

 The mechanical interlocking theory applies to surfaces of adherends that are significantly 

uneven. The adhesive enters the gaps and hardens afterwards. 

 The physical adsorption theory assumes that the adhesive and adherends have intimate 

molecular contact and are connected with each other by van der Waals forces. 

 

The latter one is considered to be the main mechanism that occurs in adhesive joints. This does not 

mean that the other theories are not applicable or do not contribute in the joint, but most of the 

strength is coming from physical adsorption [7]. 

2.3.2 Adhesive properties 

The behaviour of adhesives depends highly on temperature and therefore will vary significantly in 

different environments. The main temperatures that characterise an adhesive are the glass transition 

temperature, the melting temperature and the decomposition temperature. The most important of 

these in relation to structural adhesive joints is the glass transition temperature (Tg). Tg does not lead 

to a sudden change in the properties of the adhesive, but leads to molecular motion instead. However, 

gradually properties like the strength and the modulus of the adhesive will degrade once service 

temperatures approach or exceed Tg. When the adhesive is below its glass transition temperature, it 

is considered to be in its glassy state where the molecules are considered to be frozen.  

 

The effects of the glass transition temperature in an adhesive are easier to be understood by the free 

volume theory. According to that an adhesive consists of occupied and free volume. After a certain 

temperature the free volume decreases due to expansion of the polymer until a critical point at which 

the chain segments become mobile. This molecular motion leads to the degradation of the adhesive 

properties [7]. This value is different for each adhesive given that it depends on the cross-linking 

density of the polymer. For instance, epoxies tend to have higher glass transition temperatures 

compared to acrylates and thus are more suitable for high temperature applications [8]. 

 

Apart from the thermal properties, the mechanical properties need to be considered as well before 

modelling, testing or designing an adhesive joint. Key parameters could include the elastic and shear 

modulus, Poisson’s ratio, yield and failures stresses and strains and the fracture toughness in different 

modes among others. Under loading an adhesive can be considered to undergo three phases before 

failure: i) the elastic region, where the behaviour of the material is governed by its elastic modulus, 



Chapter 2 

13 

ii) the non-linear region also known as yielding and iii) the plastic region where the behaviour of the 

adhesive is highly non-linear.  

2.3.3 Adhesive joints 

Figure 1.4 shows the most common adhesive joint configurations in construction engineering. Single 

or double lap joints are very important in order to understand the performance of an adhesive. As a 

matter of fact, single and double lap joints are used mostly for testing purposes rather than in actual 

construction applications. They tend to load the adhesive in shear, which is a favourable stress state 

for the adhesives especially compared to peel stresses, which act normal to the bonded surface. Even 

though single or double lap joints are not directly used as actual structures, most other types of joints 

used are loaded in a similar manner. Another important type of adhesive joint is the butt joint. This 

type should generally be avoided in actual structures because it mostly leads to peel stresses. 

However, it is very important as a testing method since it helps in determining the limit conditions 

of adhesive joints. The rest of the joints that are shown in Figure 2.3 can be considered a combination 

of lap and butt joints. 

 

 

Figure 2.3: Various joint types: a) single lap, b) double lap, c) scarf, d) bevel, e) step, f) butt strap, 

g) double butt strap, h) tubular lap [15]. 

 

A series of textbooks are available in the literature for further information on adhesives and adhesion 

[7, 16-18] which provide comprehensive reviews. 

 

2.4 Analytical methods 

 

In recent years computing power has increased significantly, and the development of validated and 

robust commercial finite element packages with well-developed and convenient user interfaces has 

made stress analysis of bonded joints more approachable for designers and engineers. However, finite 
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element modelling is still non-trivial (requires considerable skill and knowledge to be done 

correctly), takes time and there are a lot of parameters that need to be considered before meaningful 

or trustworthy results can be made available. Therefore, there is still a need for simplified analytical 

solutions that can be used as preliminary analysis tools prior to commencing FE modelling. Such 

analytical models can provide a faster and easier way to predict stresses within a joint, and also can 

be a useful tool for initial parametric studies. Obviously, the accuracy and the applications of 

analytical solutions are limited and for complex joints FE models are still preferable. However, for 

simple applications like single lap joints, as the one shown in Figure 2.3a, there are a number of 

analytical solutions that will be discussed in this section. 

 

The most simple and straightforward analysis that can be performed for a single lap joint is to use a 

simple equation which would relate the average shear stress τ within the adhesive with the load 

applied P, the overlap length l and the width of the joint b as follows 

 

𝜏 =
𝑃

𝑏𝑙
 . (2.1) 

 

In this simple equation the adherends are considered to be rigid and the adhesive is considered to 

deform only in shear [7] which is the optimum stress state for an adhesive joint. This is a very coarse 

approach since it complete neglects the stress peaks in the ends of the overlap. 

 

2.4.1 Volkersen’s analysis 

 

A further development of this theory was proposed by Volkersen [19], which included the concept 

of differential shear. Here, the adherends are no longer considered rigid but can deform elastically in 

tension or compression. Therefore, the shear stresses within the adhesive vary over the bond line 

length, which is much closer to the realistic scenario. According to Volkersen the maximum shear 

stresses occur at the ends of the adhesive layer, while the minimum shear stresses are located in the 

middle of the overlap. The analysis of Volkersen did not take into account the eccentric load path 

that leads to bending within the adhesive joint. However, it is quite accurate when double lap joints 

are considered, since these joints do not have eccentric load paths. The adhesive shear stress (eq. 2.2) 

according to Volkersen can be calculated as 

 

𝜏 =
𝑃

𝑏𝑙

𝑤

2

cosh (𝑤𝑋)

sinh (
𝑤
2)

+ (
𝜓 − 1

𝜓 + 1
)
𝑤

2

sinh (𝑤𝑋)

cosh (
𝑤
2)

 . (2.2) 

 

Once again 𝑃 is the load, 𝑙 the overlap length and 𝑏 the width of the joint. In addition, 𝑤 is a parameter 

that is related to the thickness of the top and bottom substrates, their respective elastic modulus and 
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the overlap length while 𝑋 is the ratio between the longitudinal coordinate (with the origin considered 

in the midpoint of the overlap) divided by the overlap length. Equations for these parameters can be 

found in Appendix A. 

 

2.4.2 Goland and Reissner’s analysis 

 

The next development in the calculation of the stresses within an adhesive single lap joint was 

proposed by Goland and Reissner [20]. In their analysis the eccentric load path that leads to 

transverse forces and bending moments was also considered. This is achieved by using a bending 

moment factor 𝑘 which relates the bending moment 𝑀 acting on the adherend (of thickness 𝑡𝑡) to the 

acting load 𝑃 as follows 

𝑀 = 𝑘𝑃
𝑡𝑡
2
 . (2.3) 

The shear (eq. 2.4) and peel (eq. 2.5) stresses can be calculated as 

 

𝜏 = −
1

8

�̅�

𝑐

[
 
 
 
 
𝛽 𝑐

𝑡
(1 + 3𝑘)

cosh((
𝛽 𝑐
𝑡

) (
𝑥
𝑐
))

sinh (
𝛽 𝑐
𝑡 )

+ 3(1 + 𝑘)

]
 
 
 
 

 , (2.4) 

 

𝜎𝑛 =
�̅�𝑡

𝛥𝑐2 [(𝑅2𝜆
2
𝑘

2
+ 𝜆𝑘′ cosh(𝜆) cos(𝜆)) cosh (

𝜆 𝑥

𝑐
) cos (

𝜆 𝑥

𝑐
)

+ (𝑅1𝜆
2
𝑘

2
+ 𝜆𝑘′ sinh(𝜆) sin(𝜆)) sinh (

𝜆 𝑥

𝑐
) sin (

𝜆 𝑥

𝑐
)] . 

(2.5) 

 

In equations 2.4 and 2.5, �̅� is the load per unit width, c is half of the overlap length, 𝛽, 𝛾, 𝜆, 𝑅1, 𝑅2, 𝛥 

are parameters related to the stiffness and the thickness of the adherends and the adhesive and the 

geometry of the joint, 𝑡 is the thickness of the adherend, 𝑘′ is the transverse force factor and is related 

to the loading conditions and the geometry, and finally 𝑥 is the longitudinal co-ordinate and its origin 

is considered to be in the middle of the overlap. Equations for these parameters can be found in 

Appendix A. 

 

2.4.3 Hart-Smith’s analysis 

 

Hart-Smith [21] also developed an analytical solution that predicts the distribution of shear and peel 

stresses within the adhesive. Similarly to Goland and Reissner, Hart-Smith has also considered the 

eccentric load-path of the single lap joint. The main difference with the previous theory is that large 

deflections along with the individual deformations of the adherends were considered [22].  
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The distribution of shear stress (eq. 2.6) and peel stresses (2.7) can be calculated as  

 

𝜏 = 𝛢2 cosh(2𝜆′𝑥) + 𝐶2 , (2.6) 

 

𝜎𝑛 = 𝛢 cosh(𝜒 𝑥) cos(𝜒 𝑥) + 𝐵sinh(𝜒 𝑥) sin(𝜒 𝑥) . (2.7) 

 

In these equations, the parameters 𝐴2, 𝜆
′, 𝐶2, 𝐴, 𝜒, 𝛣 depend on the loading conditions, the geometry and 

the mechanical properties of the adherends and the adhesive. Finally, 𝑥 is the origin of the longitudinal 

co-ordinate and is found in the midpoint of the adhesive overlap. Equations for these parameters can be 

found in Appendix A.  

 

Similar analytical methods of varying complexity have been developed by various researchers [23-30]. 

In [22, 31] excellent reviews and critical evaluations of these solutions are provided. 

 

2.4.4 Comparison of analytical methods 

 

A comparison between the three analytical methods presented above is provided in this section. The 

geometry of the joint studied in these calculations is based on the joints that were tested experimentally 

and are described in Chapters 5-7. The joint geometry, however, was adjusted to the assumptions of the 

analytical solutions and therefore a single lap joint was studied with glass substrates and with no fillet 

endings. Therefore, glass substrates with 6 mm thickness and an adhesive overlap area of 50 mm x 50 mm 

with thickness 0.2 mm were considered. A sketch of the studied joint can be found in Figure 2.4. The 

stress results were normalised but given that non-linearities were not considered at this stage, the 

relationship between the stresses and the load applied is linear. The analytical solutions of Volkersen, 

Goland & Reissner and Hart-Smith are compared with a simple FE analysis on a single lap joint with the 

same geometry. Figure 2.5 shows the distribution of the shear and peel stresses along the length of the 

overlap. Finally, Table 2.4 summarises the main features and limitations of the analytical methods. 

 

 

Figure 2.4: Sketch of the single lap joint studied with the analytical and FE methods. 
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Figure 2.5: Distribution of a) shear and b) peel stresses in an adhesive overlap according to the 

analytical solutions of Volkersen, Goland & Reissner and Hart-Smith and comparison with 

simplified FE predictions. 
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Table 2.4: Comparison table for the four methods analytical methods that were described. 

Method Adherends Adhesive Bending 
Dissimilar 

thickness 

Dissimilar 

material 

Shear 

stress 

Peel 

stress 

Average shear stress rigid elastic No No No Yes No 

Volkersen elastic elastic No Yes No Yes No 

Goland and Reissner elastic elastic Yes No No Yes Yes 

Hart-Smith elastic elastic Yes No No Yes Yes 

 

It can be seen that the three analytical methods provided similar results and are in very good agreement 

with the FE prediction. Especially, Goland & Reissner’s and Hart-Smith’s solutions provided almost 

identical results with the FE analysis. The only significant difference between the analytical and the 

numerical solutions can be found in the ends of the overlap for the shear stresses. The analytical solutions 

predict that the maximum shear stresses can be found at the end of the overlap. However, this violates the 

stress-free condition and therefore the analytical solutions overestimate the shear stresses in these regions 

and provide conservative failure load predictions [22, 31] . In addition, the analytical solutions described 

above consider only the elastic response of the substrates and the adhesive. Analytical solutions that 

consider plasticity for both the substrates and the adhesive have also been developed [7, 26-30]. However, 

the inclusion of plasticity in the models makes these solutions rather complex. Therefore, the primary 

target of achieving a faster, easier and reliable way of predicting stresses within the adhesive ceases to 

exist and the advantage over FE solutions becomes questionable [31]. 

 

2.5 Failure criteria for adhesive joints 

 

Numerous failure criteria have been proposed for adhesive joints considering the complex stress state 

of the adhesive layer. Most of these criteria assess the response of the adhesive by evaluating a critical 

stress or strain and are based on a continuum mechanics approach [7, 18, 32, 33]. Characteristic 

examples of these criteria include the maximum principal stress [7], the maximum shear stress [34, 

35], the von Mises stress [36], the maximum principal strain [37] and the maximum shear strain [21, 

35] among others. The validity of these criteria however, strongly depends on the accurate prediction 

of stresses/strains in the adhesive layer [38]. Therefore, the material models that describe the 

deformations in the adhesive layers are very significant for the accurate prediction of damage/failure 

of adhesive joints. 

 

In addition, adhesives are generally highly non-linear materials, and therefore both the elastic and 

the plastic responses need to be properly evaluated. A number of constitutive models have been used 

for the prediction of the elasto-plastic response of adhesives (Von Mises, Tresca, linear and exponent 
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Drucker-Prager and Mohr-Coulomb among others). Adhesives also display pressure sensitivity and 

their plastic performance is affected by changes in both the deviatoric and the hydrostatic stress 

tensor [38, 39]. Due to the pressure sensitivity of these materials, different levels of yield strength 

will be reached when the adhesive material is subjected to different stress states. For the complex 

multi-axial stress state usually encountered in adhesive connections, it is important to introduce 

models that take this sensitivity into account. According to Adams et al. [7] the yield stress in uniaxial 

compression is typically 1.2-1.4 times higher compared to uniaxial tension. Some of the 

aforementioned yield criteria are hydrostatic independent (von Mises, Tresca) while others consider 

have pressure sensitivity (Drucker-Prager, Mohr-Coulomb). Two characteristic examples of these 

criteria are presented below. 

 

2.5.1 Von Mises criterion 

 

The von Mises yield criterion (also known as distortion energy yield criterion) is a simple criterion 

which was originally proposed for ductile metals. The basic principle behind this criterion is that 

yielding occurs when the effective stress 𝑡 reaches a critical value. The effective stress 𝑡eff is 

calculated from the squared difference in principal stress components 𝜎1, 𝜎2, 𝜎3 (eq. 2.8) as 

 

𝑡eff = √
1

2
[(𝜎1 − 𝜎2)

2 + (𝜎2 − 𝜎3)
2 + (𝜎3 − 𝜎1)

2] . (2.8) 

This value is then related to the yield stress in simple tension 𝜎𝑌𝑇 [40, 41].  This can be expressed 

mathematically (eq. 2.9) as  

 

𝑡eff = 𝜎𝑌𝑇 . (2.9) 

The von Mises criterion has been used extensively for ductile metals and is easy to formulate since 

data from only one stress state are required (normally uniaxial tension) [38-40]. However, the von 

Mises criterion completely ignores the pressure sensitivity that adhesives typically display. Simple 

modifications of these criteria can lead to pressure-sensitive criteria as described in section 2.3.2. 

 

2.5.2 Linear Drucker Prager criterion 

 

Figure 2.6 provides a graphical representation of the yield envelope associated with the Linear 

Drucker Prager plasticity model while Equation (2.10) defines the model as follows 

 

𝑡eff − 𝑝tan𝛽 = 𝑑 .  (2.10) 
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Figure 2.6: Graphical representation of the yield surfaces of the linear Drucker-Prager plasticity 

model on the meridian plane. 

 

In equation (2.10), the effective stress is denoted by teff (eq. 2.8), the hydrostatic pressure stress by p 

(eq. 2.11), d is a material property related to the yield stress in pure shear (eq. 2.12), while the pressure 

sensitivity factor is introduced by tanβ (eq. 2.13). The parameters d and tanβ are material properties 

and can be defined after material characterisation testing in two stress states. For instance, for tests 

conducted in uniaxial compression and tension, the parameters are expressed in equations (2.12) and 

(2.13) using the respective yield stresses 𝜎𝑦𝐶 , 𝜎𝑦𝑇. Equations 2.11-2.13 follow as 

 

𝑝 = −
1

3
(𝜎1 + 𝜎2 + 𝜎3) , (2.11) 

 

𝑑 =
2𝜎𝑦𝐶

[(𝜎𝑦𝐶/𝜎𝑦𝑇) + 1]
 , (2.12) 

 

tan𝛽 =
3[(𝜎𝑌𝐶/𝜎𝑌𝑇) − 1]

(𝜎𝑦𝐶/𝜎𝑦𝑇) + 1
 . (2.13) 

 

As shown in Figure 2.6, the pressure sensitivity in the model is introduced by the inclusion of the 

dilation angle β. When the dilation angle becomes zero, the yield envelope is parallel to axis p and 

the Linear Drucker Prager criterion simplifies to the von Mises criterion.  The pressure sensitivity 

effect can also be seen in Figure 2.7, which shows the yield envelopes for the von Mises and the 

Linear Drucker Prager criteria in the principal stress space. The pressure sensitivity that the Linear 

Drucker-Prager model exhibits has led to its extensive use in the past for modelling yielding/failure 

of adhesive layers [38, 39, 42-46]. However, it should be noted that extracting the parameters for the 
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Linear Drucker Prager models requires material characterisation testing in two stress states (typically 

tension and compression or shear), while the von Mises criterion requires only in one (typically 

tension). 

  

 

Figure 2.7: Von Mises and Drucker Prager yield surfaces in the principal stress space [47]. 

 

Criteria such as the von Mises and the Drucker Prager are used to describe yielding of materials and 

they are usually coupled to another failure criterion which models the damage initiation and 

propagation in the plastic regime. For instance, the ductile damage model has been used in the past 

to simulate damage initiation and propagation in an adhesive layer [48, 49].  According to this model, 

the strain at damage initiation, εc, depends on the stress triaxiality value. The stress triaxiality (eq. 

2.14) is a dimensionless ratio between the hydrostatic (eq. 2.11) and the effective stress (eq. 2.8) and 

can be calculated as 

 

𝜂 =
𝑝

𝑡eff
 . (2.14) 

 

To simulate damage progression in an explicit solver, elements of the model are removed when their 

stiffness has fully degraded, where at any given time step the stress tensor is described by equation 

2.15 as 

 

𝜎 = (1 − 𝐷)�̅� . (2.15) 

 

In equation 2.15, �̅� is the undamaged stress tensor, and D is the damage variable that can be attributed 

values between 0 and 1. The elements of the model are considered to have lost all load-carrying 

capacity when 𝐷 = 1, and are consequently deleted. The damage propagation is specified as linear 

softening with respect to the fracture energy of the adhesive [50].  

 

However, numerically, it is also common that a damage evolution law is not included in the analysis 

and failure is assumed once a critical stress/strain is reached. Figure 2.8 shows the difference between 
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a damage only and a damage-failure model. Shape abcd’ is a result of a model where generalised 

plasticization is assumed without damage evolution. Contrary to that, shape “abcd” predicts damage 

onset, followed by a degradation of stiffness until complete failure [33]. 

 

 

Figure 2.8: Difference between damage only and damage-failure models for a ductile material [33]. 

 

2.5.3 CZM approach 

 

The element-based failure criteria described in the previous section have been used extensively in 

the past [7, 31, 35, 48, 51-53], but inhibit significant disadvantages as they are mesh size-dependent 

[54, 55], assume perfect bonding between the substrates and the adhesive, and they generally adopt 

the bulk properties of the constituent materials as model input. 

 

An alternative to continuum mechanics approaches that has been widely adopted recently for the 

modelling of bonded connections is the use of cohesive zone models (CZM). Traction-separation 

laws are used to characterise the bonded substrate-adhesive interface, and this type of analysis is 

mostly mesh size independent since energetic criteria govern the crack growth [56]. However, the 

quantitative determination of cohesive laws under different failure modes can be challenging. 

Traction-separation laws are sensitive to the surface chemistry of the substrates used and also to the 

bondline thickness.  

 

CZM is used for the simulation of the elastic region, damage initiation, damage evolution and final 

failure of an interface. Traction-separation laws relate stresses to relative displacements of the nodes 

of the cohesive elements. Traction-separation laws can have different shapes, but generally the elastic 

deformation of a material is followed by a peak value of stresses after which the damage initiates 

leading to complete failure after a given relative displacement [18, 33]. The area under each traction-

separation law graph represents the fracture energy of the interface. 
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The main types of cohesive laws typically adopted are triangular, exponential and trapezoidal [18, 

33] as shown in Figure 2.9. Generally, the triangular CZM shape is mostly used for brittle adhesives 

with small plastic deformations after yielding [56]. The trapezoidal shape allows for plastic 

deformations and therefore is more suitable for ductile materials [57]. It is worth noting that a direct 

method can also be used for the extraction of the exact shape of the cohesive laws as in [58-61], but 

in this work a simple triangular law is used since it provides good agreement with the experimental 

data in terms of maximum failure loads and progressive failure response.  

 

 

Figure 2.9: a) Triangular/Exponential and b) Trapezoidal traction-separation laws. 
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Different criteria can be used for the modelling of damage initiation (maximum/quadratic 

nominal/principal stress/strain) and damage evolution (displacement or energy controlled). A 

criterion that has been used extensively [56, 57, 62-64] for the damage initiation in adhesive joints 

is the quadratic nominal stress criterion as follows 

 

(
𝑡𝑛
𝑡𝑛
𝑐)

2

+ (
𝑡𝑠
𝑡𝑠
c)

2

= 1 . (2.16) 

 

In equation 2.16, 𝑡𝑛 and 𝑡𝑠 are the tensile normal and shear stresses, respectively, while 𝑡𝑛
𝑐  are 𝑡𝑠

𝑐 are 

the initiation stresses in tension and shear, respectively. It is further assumed that damage is not 

caused by normal compressive stresses [62]. When equation 2.16 is fulfilled, the softening process 

of the material’s stiffness begins. A criterion that has been used extensively [56, 62, 63, 65, 66] for 

the damage propagation in adhesively bonded joints is the linear mode-mixity fracture energetic 

criterion [50] as follows 

 

𝐺𝑛

𝐺𝑛
𝑐 +

𝐺𝑠

𝐺𝑠
𝑐 = 1 . (2.17) 

 

In equation 2.17, 𝐺𝑛 and 𝐺𝑠 are the fracture energies in tension and shear, while 𝐺𝑛
𝑐 and 𝐺𝑠

𝑐 are the 

critical fracture energies in modes I and II. 

 

Normally, the determination of the cohesive properties (traction and fracture toughness) in mode I is 

achieved using the Double Cantilever Beam (DCB) [60, 67, 68]. ASTM D3433-9 [69] describes the 

DCB test for similar metal substrates, and the method has been used extensively. Similarly, for the 

determination of the cohesive properties for mode II loading, the End Notched Flexure (ENF) test is 

used [18, 70, 71]. ENF generally generates significant stresses in both substrates and when high 

stresses need to be avoided, mixed mode tests can be used as an alternative. The Single Leg Bending 

(SLB) test [72], for example, is a simple modification of the ENF test which introduces mode-mixity 

[64, 73], but also significantly reduces the stresses in the substrates. Figure 2.10 provides sketches 

of the three aforementioned tests.  
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Figure 2.10: Sketches of the a) DCB, b) ENF and c) SLB tests. The pre-crack length (a) is indicated 

in the sketch. 

 

2.6 Applications of glass adhesive joints 

 

There exists a notable lack of standards and design recommendations regarding the use of glass 

adhesive joints in buildings for structural applications. The Institution of Structural Engineers with 

two publications [13, 74] has attempted to introduce some design principles in the use adhesive joints 

in glass structures. The main principles described in the two publications follow: 

 The time and temperature dependency of the adhesives needs to be considered. Adhesives 

are viscoelastic materials and creep can have a significant effect on the performance of an 

adhesive joint. 

 The capillary action of water can reduce the strength of a joint. The use of primers is advised 

in such cases. 

 There is a wide range of adhesives and different applications require different materials. 
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 Certain adhesives can be stronger compared to glass and for these cases glass failure might 

take place first. 

 Preparation before bonding is crucial for the joint performance. Generally, for the glass 

surfaces only degreasing is advised since etching the surface would improve adhesion but 

on the same time reduce the strength of the glass by introducing surface flaws.  

 In shear lap joints the ends of the overlap carry most of the load. 

 The behaviour of two-part adhesives depends strongly on the quality of the mixing of the 

two components. 

 There is a wide range of uncertainties related to the use of adhesive joints and therefore 

conservative safety factors need to be applied. The EUROCOMP Design Code [75] suggests 

safety factors relating to the mechanical properties of adhesives used in the construction 

industry. However, it needs to be noted that the design code is over 20 years old and 

considering the improvements for both adhesion science and analysis of adhesive joints can 

be considered outdated. 

 

Another attempt to introduce guidelines for the use of adhesive joints in the glass construction 

industry was made by ETAG 002 [76], a European directive for the use of sealants in buildings. 

However, it is important to note that ETAG 002 covers only the use of structural sealants, mainly 

silicones [77] and does not expand to the use of stiffer adhesives such as epoxy resins and acrylates. 

It can therefore be seen that the guidelines stated above are not specific and can be considered 

outdated.  

 

2.6.1 Experimental and numerical investigations 

 

Several research groups have studied the performance of glass adhesive joints experimentally and 

numerically. These studies have focused on joints connecting glass/glass and glass/metal and a few 

of them also examined glass/composites adhesive connections. This section presents characteristic 

examples of these studies highlighting their features and limitations. The focus is on both the 

experimental and numerical approaches. 

 

2.6.1.1 Experimental investigations 

 

Different joint configurations were tested in the past. Watson et al. [78] manufactured a glass/glass 

double lap shear joint that avoided direct contact of the glass and the grips. The set-up which involved 

five pieces of glass connected to two pieces of steel with UV-cured acrylic adhesives can be seen in 

Figure 2.11. The authors performed short term tests and intended to perform long term testing as 

well. However, the introduction of a constant load (about 50% of the short term failure load) in the 

joint led to failures within 1 to 11 hours, questioning the long-term performance of these adhesives. 
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Figure 2.11: Glass-glass double lap joints tested by Watson et al. [78]. 

 

Watson et al. [78] also tested a modified single lap joint, similar to the one shown in Figure 2.12, 

connecting two pieces of mild steel to one piece of toughened glass with a UV-cured acrylic adhesive. 

Load-displacement curves were recorded from the test and compared with FE solutions. However, 

premature failure in glass in most cases did not allow the adhesive to show its full potential in the 

joint. Moreover, large deviations were recorded in the failure loads. The authors concluded that this 

was due to the random distribution of flaws in the glass surface. However, the damage initiated most 

of the times close to the adhesive area ends confirming that this area experiences the highest stresses. 

 

Overend et al. [79] tried a similar approach by connecting mild steel with toughened glass. Apart 

from the modified single lap joint, the authors also tested a T-peel joint and for the connections a 

wide range of adhesives were tested (silicone, polyurethane, epoxy, 2P-acrylic, UV-acrylic)  

Comparisons of experimental and numerical load-displacement curves were performed along with 

analytical and numerical comparisons of the distribution of stresses in the adhesive. Stress whitening 

was observed in the UV-acrylic and the 2P-acrylic with increasing load. The primary aim of the study 

was to identify suitable adhesives for load-bearing glass/steel adhesive connections, and it was 

concluded that the epoxy and the 2P-acrylic provided the best results.  

 

 

Figure 2.12: Experimental set-up used in [78-80]. 
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Nhamoinesu and Overend [80] built on previous research by testing a similar modified single lap 

joint. Once again, a wide range of adhesives was tested for the selected joint configuration and also 

conditioning at elevated temperature was considered. Comparisons took place between linear-elastic 

and non-linear viscoelastic-plastic FE analyses and results from experiments and analytical solutions. 

The effects of heat soaking in 80°C led to strength loss for every adhesive. The best performing 

adhesive however was the ductile methacrylate, Araldite 2047-1, which only displayed an 18% joint 

strength reduction. Figure 2.13 shows load-displacement curves for the modified single lap joints. It 

can be seen that after heat soaking the strength of the joint decreased while the ductility increased. It 

has to be noted, however, that all the joints had a 3 mm bondline thickness. This is obviously not the 

optimum thickness for every adhesive. As a result, the conclusions cannot be generalised to a wide 

range of bondline thicknesses.  

 

 

Figure 2.13: Effect of heat soaking in adhesive joints [80]. 

 

Machalicka et al. [81] and Machalicka and Eliasova [82] studied glass/steel butt and double lap shear 

joints. In addition, the same authors [82] also performed tests in double lap glass/glass joints. The 

authors addressed the issue of gripping the glass by applying a compressive load, in the middle glass 

substrate instead of a tensile one. Also, in order to avoid outspreading of the joint they constrained 

the remaining two glass elements as shown in Figure 2.14. Using these configurations the authors 

studied experimentally the effect of various substrates, the effect of different surface treatments and 

finally the effect of the bondline thickness. Once again, various types of adhesives were considered 

(1-Part polyurethane, 2-Part polyurethane, 2-Part acrylate and two UV-curing acrylates). 
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Figure 2.14: Glass/glass double lap shear adhesive joint tested by Machalicka and Eliasova [82]. 

 

Load-displacement curves were recorded and were later converted to stress-strain curves for the 

adhesive. Analysis of the experimental results revealed that sandblasting of the glass substrates 

improved adhesion on the weaker glass interface significantly, while the same trend was not observed 

for the metal substrates. In addition, the strength of a joint decreased with the increase of the bond-

line thickness of the adhesive. The effect was more significant the more rigid the adhesive was. 

 

Adhesive point-fixings that can be used in facades, and suspended canopies have been researched 

previously both numerically and experimentally [39, 83-90]. More specifically, Dispersyn et al. [85] 

studied the influence of the distance between the connection and the corner/edge of a 1 m x 2 m glass 

pane under out of plane bending loading. In their study, the authors showed that similarly to bolted 

joints, in adhesive joints small edge distances generate significant stresses. In [84] a combined 

experimental and numerical parametric study was developed on the response of adhesive point-fixing 

under uniaxial loadings. The authors showed that the stresses in the adhesive layer were increasing 

while the diameter of the joint, the thickness of the adhesive and the glass substrate was decreasing 

and while the adhesive stiffness was increasing. 

 

Figure 2.15 shows the experimental set-up of adhesively bonded point fixings used by Belis et al. 

[90]. In the suspended canopy two laminated glass plates with a surface of 1 x 1 m and a thickness 

of 8 mm were used. Cases of fully tempered and heat strengthened glass plates were examined. The 

adhesive used was a 3M Scotch Weld 9323 epoxy. A series of tests were performed in these canopies. 

Most notably, the canopies were loaded for 24 hours with a distributed load of 1.5 kN/m2, then were 

tested against impact loadings with 4 kg steel balls being dropped from 3 m height and finally 

reloaded for 24 hours with 0.5 kN/m2. In the case of heat-strengthened glass the connections 

supporting the canopy did not fail, and no glass fragments fell down even though the lower glass 

sheets broke after the impact loading.  

 

On the other hand, when fully tempered glass was used the results were similar up to the last stage 

of the experiment. When the canopies were reloaded after the ball dropping, they lasted for about 12 

hours before the glass panels completely collapsed. According to the authors the better performance 
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of the heat-strengthened glass canopies is explained by the fact that the fully tempered glass has a 

denser crack pattern after breakage. Therefore, the overall post-breakage residual stiffness is 

significantly lower leading to failure. It is worth noting that even in the case of fully tempered glass 

the adhesive connections were not damaged and certainly the failure did not initiate there. 

 

 

Figure 2.15: Adhesively bonded point fixings for a suspended canopy test [90]. 

 

Silvestru et al. [91] examined adhesive connections of laminated glass and steel under tensile and 

shear loading while similar connections were examined under tension, compression and shear [92] 

and under cyclic loading [93]. 

 

Santarsiero et al. [94, 95] extensively studied the use of laminated connections for structural glass 

applications. More specifically, in [94] they performed a full-scale experimental study on 

connections between laminated glass beams aiming to investigate the structural response under 

monotonic quasi-static in-plane bending loading. The authors compared different configurations, 

studied the creep response under constant load and finally assessed the response to vandalism damage 

under constant loading. A numerical study based on the same configurations and designs was also 

presented in [96]. 

 

The authors assessed three different configuration as shown in Figure 2.16, and the experimental set-

up can be seen in Figure 2.17. The study showed that the configuration with the inserts at the top-

bottom location sustained significantly higher loads and displayed a ductile structural behaviour. In 

addition, the failure of this configuration did not initiate in the joint zone, but far from the connection.  
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Figure 2.16: Three different types of laminated connections for glass beams [94]. 

 

 

Figure 2.17: Experimental set-up studied by Santarsiero et al. [94]. 

 

Santarsiero et al. [95] examined similar thick embedded laminated glass connections. In this study, 

small-scale pull-out tests were performed as the ones shown in Figure 2.18 over a range of 

temperatures (20°C, 40°C, 50°C and 60°C). LVDT sensors were used for measuring the relative 

displacements between the metal insert and the glass panels. The temperature range significantly 

affected the performance of the joints in terms of stiffness response, failure loads and mechanisms. 

At lower temperatures, the response was stiffer with a relatively small plastic zone and failure was 

observed in the glass substrates. As the temperature was rising, the non-linear response and ductility 

of the joints was increasing. Failure was due to adhesive yielding and delamination and the strength 

capacity of the joints dropped about 83% as shown in Figure 2.16. 

 

 

Figure 2.18: Experimental set-up for the pull-out tests performed in [95]. 
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Figure 2.19: Load-displacement response of the pull-out specimens over a range of temperatures 

[95]. 

 

Experimental and numerical studies on the performance of glass/steel composite panels were 

presented in [97, 98]. Medium scale (700 mm x 300 mm) and large scale (3500 mm x 1500 mm) 

panels were considered, and a ductile methacrylate was used for the 3mm thick adhesive glass/steel 

connections. LVDT sensors and strain gauges were used to monitor the response of the panels. 

 

Overend et al. [99] also compared experimentally bolted and adhesively bonded joints for glass 

structures. More specifically, the authors manufactured and tested nominally identical glass/steel 

double lap shear bolted connections and single and double lap adhesive joints. The designs they 

proposed were visually equivalent since the diameter of the bolt hole in the bolted joints was similar 

to the area bonded in the adhesive joints. For the adhesive joints three different adhesives were used, 

namely a 2P-epoxy (3M 2261B/A), a 2P-acrylic (Holdtite 3295) and a 1P-acrylic (Loctite 326). The 

authors concluded that the strength of the best performing adhesive joints was significantly higher 

compared to the best performing bolted joints. In the case of single lap joints the strength was 31% 

higher while in the case of the double lap joints the strength was 189% higher. One more interesting 

conclusion reached by the authors was that due to progressive damage development, strain softening 

and stress-whitening in the adhesives the failure of the adhesive joints was less catastrophic. 

 

2.6.1.2 Numerical investigations 

 

Numerically, different methods have been developed for the prediction of the response of glass 

adhesive joints. Several studies considered viscoelasticity and the strain rate dependency of the 
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adhesives [39, 79, 80, 96, 97]. Other studies considered the pressure-sensitivity of the adhesives [39], 

others proposed failure criteria for the adhesives [39, 100] and others have proposed failure criteria 

for the glass substrates [95, 96, 100, 101] . 

 

More specifically in [39] the authors have developed a novel Generalized Triaxial Model ( the 

authors called it GTM) for adhesive connections which takes the pressure sensitivity of the adhesive 

along with the sensitivity to strain rate and temperature variation into consideration. The proposed 

model was validated against tensile-torsion tests for two adhesives under a range of temperatures 

with very high accuracy. Bedon et al. [100] also developed a failure model for glass adhesive joints 

by introducing a triangular traction-separation law to model the damage initiation and propagation 

in the glass/steel interface. The values of the traction-separation law, however, were calibrated 

against the strength of the joints, and therefore a methodology for the extraction of these parameters 

is still lacking. In addition, in the same paper, damage and failure of the glass substrates was 

introduced by utilising the brittle cracking model [50] in a similar approach as in [96, 101]. The same 

mechanism (failure by exceeding the maximum principal stress) was achieved in [95] by introducing 

the concrete damage plasticity model [50]. 

 

2.6.2 Environmental exposure 

 

As discussed earlier, one of the biggest limitations of glass adhesive joints is related to their durability 

and performance during environmental exposure. Several groups have studied the performance of 

glass adhesive joints under environmental exposure by exposing the joints to conditions of high/low 

temperatures, humidity and UV-radiation. 

 

Machalicka and Eliasova [82] developed a laboratory ageing cycle for glass/glass and glass/metal 

adhesive joints. The cycle included moisture, high/low temperature variation and UV exposure, 

simulating 5 years of outdoor exposure in the climate of Czech Republic. The cycle can be found in 

Figure 2.20. 

 

Figure 2.20: Artificial ageing cycle used in [82]. 
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The study included different adhesives which displayed significantly different responses following 

environmental exposure. A 2-Part polyurethane adhesive increased its mechanical properties after 

exposure, probably due to unreacted components in the polymer prior to the exposure start. A 2-Part 

acrylate adhesive increased its shear strain significantly while the shear strength remained unaffected.  

The properties of the first UV-curing adhesive used in the study deteriorated significantly, making it 

unsuitable for structural use, while the properties of the second UV-curing adhesive also dropped 

significantly (about 40% drop of the shear strength). The authors also highlighted that the 

environmental degradation of an adhesive has a non-linear relationship with time, and therefore it is 

not possible to predict the behaviour of adhesive joints at different times. 

 

Van Lancker et al. [87] developed a different exposure cycle to assess the performance of glass/steel 

adhesive connections. The cycle proposed considers moisture (in the form of 100% relative humidity 

or water immersion), high/low temperature variation and UV exposure and can be found in Figure 

2.21. In addition, the cycle is designed in a way that attempts to uncouple the effect of moisture and 

heat, as the two are studied both together and separately. 

 

 

Figure 2.21: Artificial ageing cycle used in [87]. 

 

The authors studied the effect of the cycle on point-fixings by examining two adhesives, an epoxy 

resin and an MS-polymer. The epoxy resin considered was significantly damaged by moisture since 

both the strength and the stiffness of the point fixings decreased. In contrast, the effect of the thermal 

ageing was not as significant and only very small drops were recorded in the stiffness and strength 

of the joints. The UV-radiation did not have a significant effect when applied after thermal ageing 

but had a more significant effect after the moisture ageing. The MS-polymer was also significantly 

damaged by humidity with both stiffness and strength decreasing significantly. Thermal ageing 

however led to the improvement of the mechanical properties of the adhesive, while UV-exposure 

had a very limited effect on the performance of the joints. In both cases, the exposure cycles led to 
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changes in the stiffness and strength of the joints compared to the unaged specimens. Therefore, 

according to the authors, it is important to consider the changes in the properties in the design stage.    

 

Different ageing procedures have also been followed for the study of exposure of adhesive joints in 

façade applications [102-104]. The authors of these three publications have performed a 

comprehensive study on the durability of two adhesives intended for use in facades.  However, the 

authors of these three publications have not used glass substrates for their studies.  

 

ETAG 002 [76] suggests an ageing cycle based on exposure to high temperature/humidity conditions 

which was followed in [102, 103]. According to ETAG 002, the specimens were immersed in water 

for a total duration of 21 days at a constant temperature of 45°C. After exposure the specimens were 

conditioned for a 24 hours prior to testing. In addition, in [102] a second ageing methodology was 

followed, which was based on ISO 9142, procedure E4 [105]. In the second exposure cycle, the 

specimens were exposed to neutral salt spray at 35°C for 21 days, and followed by exposure to 95% 

relative humidity and 40°C for 7 more days. After exposure the specimens were conditioned for 10 

days prior to testing. Finally, in [104] the authors studied the effect of humidity on bonded joints by 

performing the extended cataplasm test, described in ISO 9142, procedure E2, which can be 

schematically seen in Figure 2.22. 

 

 

Figure 2.22: Modified cataplasm exposure used in [104]. 

 

It is worth noting that in all the studies presented the focus was on the experimental analysis of 

adhesive joints following exposure to certain conditions. A tool for the prediction of the performance 

of glass adhesive joints after environmental exposure using FE methods is currently lacking. Finally, 

it should be noted that various studies in the past with non-glass substrates have tried to predict the 

effect of the degradation in adhesive connections either by taking into consideration the degraded 

bulk properties of the adhesive (when the damage was cohesive) [106-108] or by considering the 
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interface degradation (when the damage was adhesive) [109-111]. Combined experimental and 

numerical research studies on the environmental degradation of hybrid glass/steel adhesive joints are 

therefore lacking.  

 

2.6.3 Large scale applications 

 

Blandini in 2004 constructed the glass dome [112]. The glass dome is a shell structure consisting of 

only glass and adhesives as shown in Figure 2.23. The span of the shell is 8.5 m and consists of 

several glass panes connected at the ends with 10 mm thick butt joints.  

 

Blandini [113] performed a series of tests prior to deciding on the adhesives to be used in the glass 

dome. The tests focused on butt joints, so the author performed a series of tensile butt joints tests 

with varying adhesive thickness over a wide range of temperatures, shear tests and four-point bending 

tests. Moreover, the author tested the performance of the joints under constant loading (1000 hours). 

Finally, epoxy DP 490 was selected. One interesting conclusion of the testing campaign was that the 

10 mm thick joints maintained about 50% of the strength of the 1 mm thick joints.  

 

It has to be noted that the glass dome has been in place since June 2004, being exposed in an 

environment of high humidity with significant temperature variation. In addition, one more thing that 

stands out in Blandini’s work is that he tried to optimise the use of the joints by taking into account 

the mechanical characteristics of both the glass and the adhesives. As a result, he chose an adhesive 

which has similar tensile strength with glass. This indicates that the tensile strength of the structure 

is not compromised by the use of adhesive joints. On the other hand, the glass used in the glass dome 

has optimum structural performance since it is mostly loaded under compression. 

 

 

Figure 2.23: The glass dome designed and constructed by Blandini [112]. 

 

Weller et al. [114] carried out an interesting study on a bonded frame corner. Using a technique well 

known in the carpentry industry and building on previous research of the Leibniz Institute for Solid 

State and Material Research (IFW) in Dresden, they attempted to manufacture a fully transparent 



Chapter 2 

37 

glass column-beam joint. This joint was later used as a part of the refurbishment work at the palace 

in Grimma, Saxony. 

 

The joint configuration, test set-up and indicative results can be seen in figures 2.24 and 2.25. The 

bonded area was 300 × 300 mm, while the thickness of the joints was 1.5 mm. Finally, for the 

laminated glass elements, four fully-tempered glass plies were used. Weller et al. [114] conducted a 

preliminary study before performing the tests in order to select the appropriate adhesive and 

concluded that the one-part acrylate Delo-Photobond GB VE would be used. This particular adhesive 

exhibited transparency, had low-shrinkage, limited voids, was resistant to moisture and had a good 

load-bearing performance within a wide range of temperature, from −25°C to 75°C. 

 

Moreover, the authors also conducted tests on single lap joints using compressive forces and studied 

the effect of ageing of the joints in climate chambers.  Finally, they tested 10 samples of the bonded 

frame corner. In seven cases the glass failed, while three times the limit of the testing machine was 

reached. However, a mean maximum load of 90 kN was achieved while the mean maximum stress 

within the glass was calculated at 156 MPa (after strain gauge measurements).  

 

 

Figure 2.24: Bonded frame corner a) design, b) experimental set-up and c) specimen failure [114]. 
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Figure 2.25: Results for the 10 samples of bonded frame corners tested by Weller et al. [114]. 

 

Recently, the Crystal Houses Façade was completed in Amsterdam designed by MVRDV and 

Gietermans & Van Dijk architectural offices. The self-supporting, novel glass façade aimed to 

reproduce the architectural design of the brick facades used in the Netherlands in the 19th century. 

Therefore, glass bricks were used which were connected with a transparent UV-curing acrylate. The 

challenges in the construction of the façade and the preliminary testing can be found in [115, 116], 

respectively. Soda-lime glass was used for the fabrication of the approximately 6000 glass bricks 

needed in the project, while the annealing process of the glass ensured that the bricks are free of 

internal residual stresses. The front view of the Crystal Houses can be seen in Figure 2.26. 

 

 

Figure 2.26: View of the Crystal Houses 

 

The size of the structure introduced a number of challenges, the most important of which proved to 

be the tight tolerances during the construction. Given that the structure is located in a central street 

of Amsterdam, the visual result is of great importance. Therefore, no entrapped air and no capillary 

action in the adhesive was allowed. Eventually, after a series of mock-ups, a ± 0.25 mm precision in 
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size, rectangularity and flatness was decided, a level of accuracy that had never been realised before 

in a similar project [115].  

 

After the tolerances were determined the preliminary tests for the development of the construction 

method started. Initially, compression tests in three different column configurations were performed, 

which revealed that the strength of the columns was lower than expected bust still could sufficiently 

meet the requirements of the design. According to the authors, the reduced strength of the glass is 

due to the manufacturing process of thick glass elements which unavoidably introduces internal 

defects.  

 

Moreover, four point in-plane and out-of-plane bending tests were performed in prototype specimens 

to assess the flexural strength of the glass masonry system. Finally, impact and vandalism tests were 

also performed along with thermal shock tests. 

2.7 Summary, limitations and novelty 

The review presented in this chapter demonstrates that there is a wide range of analytical solutions 

for the stress analysis of single lap joints. These solutions vary from simple one formula solutions to 

complicated elasto-plastic analyses. The analytical solutions can provide a quick first estimation of 

the stress distribution in a joint.  

 

However, modern adhesive joints have complicated geometries, and non-linearities strongly affect 

their performance. Therefore, for a thorough stress and failure analysis of an adhesive joint, FE 

analysis is the preferred method. For FE analyses, the selection of the correct constitutive models 

that describe the complicated elasto-plastic response of the adhesive and the selection of an 

appropriate failure criterion is still challenging. This review presents characteristic examples of 

constitutive models with and without pressure sensitivity and also presents the most common failure 

criteria that have been adopted. In addition, damage mechanics approaches, like cohesive zone 

modelling, can be combined with classic FE models to improve their accuracy and add extra features 

like interface failure and damage propagation in the analysis. Constitutive and failure models 

however, require extensive material and interface characterisation testing before they can be 

implemented. 

 

The second part of the literature review presented focuses on applications of glass/steel adhesive 

joints and showed that a considerable amount of research has taken place. Adhesive point-fixings 

that can be used in facades and suspended canopies have been researched previously both 

numerically and experimentally [39, 83-89]. In addition, single lap joints of tempered glass 

connected to mild steel using different adhesives were also tested and different modelling approaches 
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were assessed [80, 99]. Silvestru et al. [91] examined adhesive connections of laminated glass and 

steel under tensile and shear loading, while Machalicka and Eliasova [82] tested double lap joints 

connecting glass-to-glass and glass-to-metal. In addition, thick embedded laminated glass 

connections have been studied both numerically and experimentally [95, 96]. UV-curing acrylics 

were used for glass to glass connections and showed potential to be used in commercial projects 

[114, 117].  

 

Overend et al. [99] has compared the performance of adhesive and bolted joints for a given design 

under two different load cases. However, a thorough experimental and numerical assessment of 

bolted versus bonded joints including the joint’s failure prediction is currently lacking. 

 

In terms of numerical modelling, several methods have been developed for the prediction of the 

response of the joints, including damage and failure propagation in the glass substrates and the 

adhesive layers. However, detailed investigations of the failure mechanisms of glass/steel adhesive 

joints (considering failure criteria for both the adhesives and the glass substrates) under different 

stress states for different adhesive types are currently lacking.  

 

In addition, cohesive zone models have been used for the simulation of damage initiation and 

propagation in a glass/steel bonded connection [100]. However, the extraction of traction-separation 

laws for glass/steel connections is complicated due to the small size of the coupon specimens and the 

relatively low-strength of glass. The authors in [100] used reference values and calibrated the 

traction-separation laws based on the failure loads of the double lap shear joints they were 

investigating. Therefore, a robust and validated methodology for the characterisation of glass/steel 

adhesive interfaces in bonded joints loaded in modes I and II using a modified and improved testing 

methodology based on current standards is currently lacking. 

 

Over the past few years, the durability and long term performance of glass adhesive joints has started 

to be researched systematically as well. Exposure cycles, including high/low temperatures, increased 

humidity, UV-radiation and salt spray have been introduced and the deterioration of the joints was 

recorded in terms of reduction in the properties of the adhesive and the strength/stiffness of the joints 

[82, 87, 102-104].  

 

All the studies cited above focused on the experimental analysis of joints under exposure without 

developing models that could predict and incorporate the degradation effects. In studies with non-

glass substrates such modelling attempts have been made either by predicting failure based on the 

reduction of the bulk properties or based on the weakening of the interface. A similar predictive tool 

for joints with glass substrates, however, is currently lacking.  
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Table 2.5 summarises the findings of the literature review, identifies the gaps in the existing research 

and relates them with the objectives of this PhD project presented in section 1.4. 

 

Table 2.5: Summarising table correlating the findings of the literature review with the objectives of 

the project. 

Activity related to research on adhesive joints 

Adherends Covered by 

PhD project 

objective: 
Non-Glass Glass 

Material characterisation for adhesives [79, 80, 83, 86] 1 

Interface characterisation [66-68, 70, 71]  1 

Experimental analysis in different load cases [39, 89, 91, 92] 1 

Comparison with bolted joints  [99] 1 

Combined experimental and numerical analysis 

of adhesive joints 
[39, 56, 65, 88, 95] 1, 2 

Large scale testing  [113, 114, 117] - 

Durability studies [102-104] [82, 87] 4 

Use of pressure-sensitive yield criteria [38, 42-46] [39] 2 

Use of models for damage initiation and 

propagation in the joints 
[48, 49]  2 

Cohesive zone modelling 
[56, 62, 63, 65, 

66] 
[100] 2 

Numerical tool for the prediction of 

environmental degradation in joints 
[106-111]  4 

Numerical tool for the selection of adhesives 

with optimum mechanical properties 
  3 

* Examples of relevant studies 

Colour indicates that similar studies are not relevant to the current project 

Colour indicates that similar studies have been performed in the past. 

Colour indicates that similar studies have rarely been performed in the past. 

Colour indicates that similar studies have not been performed in the past. 
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2.7.1 Novelty 

Based on the critical analysis of the literature review and concluding Table 2.2, the novelty of the 

thesis and its findings is summarised below: 

 

1) Development of a combined numerical and experimental methodology that provides the ability 

to predict failure for hybrid glass/steel adhesive joints by considering yield and failure criteria 

for both glass and adhesive. The numerical approach is based on continuum mechanics 

principles and is used to explain the experimental observations. Bolted and adhesive joints are 

tested and modelled under different loading conditions. 

 

2) Development of a numerical screening methodology to assist in selecting the best commercial 

adhesive for a given joint design. Numerical failure analysis highlights synergistic property 

combinations of strength and ductility depending on joint geometry. The identified 

commercial adhesive achieves significant strength improvement for a range of typical load 

cases as verified via experimental benchmark studies.  

 

3) Development of a test methodology to determine interface properties of brittle glass / steel 

joints under mode I and mixed mode loading. Brittle glass substrates are heat-strengthened in-

house to withstand higher stresses. The Double Cantilever Beam (DCB) and the End-Notched 

Flexure (ENF) tests are modified to a) allow the use of dissimilar glass / steel substrates and 

b) reduce stresses in the glass substrate. This allows for extraction of surface-sensitive traction-

separation laws. Validation of the cohesive properties is completed successfully against 

experimental data of glass/steel adhesive double lap shear joints under a wide range of 

different loading conditions. 

 

4) Study on the effect of high temperature/humidity on hybrid glass/steel adhesive joints. The 

degradation due to the environmental conditions can be monitored by analysing the 

degradation of the bulk adhesive properties, the interfaces and finally the large double lap 

shear joints. Different numerical methodologies are evaluated for the prediction of damage 

after exposure. Models with ability to predict interface degradation are found to result in a 

much improved agreement with the experimental joint degradation.  
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Chapter 3 Material characterisation testing 

 

3.1 Introduction and structure 

 

The material characterisation testing performed for the adhesives and the glass substrates used in this 

project is presented in this chapter. This chapter initially provides an overview of the methodologies 

behind every measurement, describes the relevant standards followed and finally presents the results 

of each measurement. 

 

The tests described in this section are critical for the development of the numerical work described 

in Chapters 6 and 7. The tests for the determination of the bulk properties of the adhesives were used 

for the development and the calibration of elastic-plastic and failure models for the adhesive. The 

work highlights the importance to thermally strengthen small coupon sized float glass in-house, 

leading to higher strength in the glass substrate as required for the tests described in Chapter 4. 

 

Part of the results presented in this chapter were published as full paper in [118]. 

 

3.2 Adhesive characterisation 

 

Three adhesives with different characteristics were used throughout this thesis. Araldite 2020 [119], 

a high strength, brittle epoxy resin, Delo-Duopox 03 rapid thix [120] an intermediate strength but 

ductile epoxy resin and Araldite 2047-1 [121] a low-strength, ductile methacrylate (Araldite 2047-

1). Tests in tension and compression were performed for the three adhesives in order to identify the 

elastic modulus and the yield and failure stresses and strains. Furthermore, the pressure sensitivity of 

the adhesives was identified based on stress-strain data in two stress states. 

 

3.2.1 Tensile tests 

 

The tensile tests performed in this study followed ISO 527-1:2012 and ISO 527-2:2012 [122, 123]. 

According to the standards, a wide range of sample sizes can be tested. However, all the samples 

have a similar dumbbell shape. Longer specimen are typically used for more stiff adhesives, while 

shorter ones are usually used for more flexible adhesives according to da Silva et al. [18]. The 

standard size of dumbbell that was used in this thesis can be seen in Figure 3.1. 
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Figure 3.1: Sample type 1B that was used for the tensile testing (dimensions in mm) [122, 123]. 

 

According to the standards the preferred thickness for these samples is 4 mm, but it is advised that 

the thickness of the bulk specimen should be as close as possible to the thickness of the adhesive 

layer that will be used in a given application. In this project, the specimens studied had a thickness 

of 4 mm. However, thinner specimens were also tested which yielded similar results. Manufacturing 

of the samples was achieved by pouring the adhesive in a mould. Finally, curing of the samples 

followed the recommendations of the manufacturers, and the samples were cured for one week in 

ambient conditions. 

 

The tests were performed on Instron electro-mechanical universal testing machines, and the rate of 

loading was 1 mm/min. Strain measurements can be achieved by strain gauges, extensometers and 

video extensometers. All methods have advantages and limitations, but in general contactless options 

are preferred since contact and interference with the samples is avoided. In this study, both strain 

gauges and video extensometers were used. 

 

According to the standard the elastic modulus of the adhesive should be calculated at very low strains 

(0.05% − 0.25%) to ensure that the adhesive is still in the elastic region. The 0.2% offset method 

was used in this study for the determination of the yield stress and strain.  

 

3.2.2 Compression tests 

 

The compression tests performed in this study followed ASTM D695-15 [124]. According to the 

standard, the standard geometry is a right cylinder or prism whose length is twice its principal width 

or diameter. The standard also suggests different preferred specimen sizes depending on the type of 

measurement. When the strength of the material is required then the suggested specimen have 

dimensions 12.7 by 12.7 by 25.4 mm for prisms or 12.7 mm diameter by 25.4 mm length for 

cylinders. When the modulus of the material is required, longer specimen should be used, with 

slenderness ratio between 11 and 16:1 (approximately two times longer). The suggested rates of 

loading depend based on the application, however for low strains a testing speed of 1.3 ± 0.3 mm is 

suggested.  
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In this study, given that the elastic modulus was already determined during the tensile tests, only the 

short specimens were used. In addition, the compressive failure strength and strain of the 

intermediate and ductile adhesives were not possible to measure due to the excessive ductility of the 

materials. Therefore, the tests were stopped after the yield strength was reached (approximately 2-

3% strain). Finally, the strains were recorded with video extensometers. 

 

3.2.3 Results for tensile and compressive tests 

 

The results of the tests described above are presented in this section. Figure 3.2 shows typical tensile 

and compressive specimens during testing. The two dots on each specimen are used to track 

extension/compression with the video extensometer. Figure 3.3 shows representative stress-strain 

curves of the three adhesives in tension and compression. Finally, Table 3.1 summarises the results 

of the tests. A minimum of five specimens per adhesive were tested. 

 

 

 

Figure 3.2: a) Tensile and b) compressive tests. 

 

The results initially obtained are in the form of engineering stress/strain, however, these are later 

converted to true stress/strain. Engineering stress is the force applied in the specimens divided by the 

original cross-section, while true stress is the force applied in the specimens divided by the actual 

cross-section as it changes with the load applied. The conversion from engineering stress/strain to 

true stress/strain was based on the assumption that the volume remained constant during loading. 

Therefore, the true strain was derived from equation 3.1, while the true stress was derived from 

equation 3.2 as follows 

휀true = ln( 1 + 휀eng), (3.1) 

 

𝜎true = 𝜎eng(1 + 휀eng). (3.2) 
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Figure 3.3: Representative true stress-strain curves obtained from a) tensile and b) compressive 

testing for the brittle, the intermediate strength and the ductile adhesive used in this study. 
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Table 3.1: Results of material characterization testing for Araldite 2020, Araldite 2047-1 and Delo-

Duopox 03 rapid thix. 

 Araldite 2020 (Brittle) Delo-Duopox 03 

rapid thix 

(Intermediate) 

Araldite 2047-1 

(Ductile) 

Resin system Epoxy Epoxy Methacrylate 

Young’s modulus (E) 2.57 ± 0.08 GPa 1.54 ± 0.23 GPa 0.89 ± 0.084 GPa 

Poisson’s ratio (v) 0.38  ± 0.004 0.4  ± 0.002 0.42  ± 0.001 

Tensile yield strength (σyT) 31.33  ± 2.73 MPa 13.52 ± 2.22 MPa 5.56 ± 0.11 MPa 

Compressive yield strength 

(σyC) 

56.76  ± 5.01 MPa 22.46 ± 2.53 MPa 6.75 ± 0.45 MPa 

Tensile failure stress (σfT) 45.39  ± 2.61 MPa 37.2 ± 3.4 MPa 13.1 ± 1.13 MPa 

Compressive failure stress (σfC) 65.66  ± 0.4 MPa - - 

Tensile failure strain (εfT) 3.1 ± 0.6 (%) 35.6 ± 4.5 (%) 17 ± 4.1 (%) 

Compressive failure strain (εfC) 3.5 ± 0.3 (%) - - 

 

The properties measured experimentally are in agreement with the manufacturer datasheet [121] for 

the ductile adhesive (Araldite 2047-1) where the strength is estimated at 13-15 MPa, the strain to 

failure at 13-15% and the elastic modulus at 750-900 MPa. The values provided by the manufacturer 

for the intermediate strength adhesive (Delo-Duopox 03 rapid thix) [120] are higher for the elastic 

modulus (2000 MPa compared to 1540 MPa measured) and lower for the strength and strain to failure 

(33 MPa compared to 37 MPa and 20% compared to 35% respectively). Finally, the datasheet of the 

brittle adhesive (Araldite 2020) [119] only provides value for the flexural modulus which is 

comparable to the tensile modulus measured (2468 MPa compared to 2570 MPa).  

 

3.3 Substrate characterisation 

 

3.3.1 Measurement of tempered glass residual stress profile  

 

Figure 3.4 shows the residual stress profile of the professionally tempered glass pieces that were 

used. The measurement was achieved by using a scattered light polariscope (SCALP). The intensity 

of the scattered light depends on the birefringence caused by the stresses. The main principles of the 

method can be found in [125, 126], and a short overview is provided here. The scalp device has been 

used successfully used in estimating the residual stress profile for both annealed and tempered glass 

[95, 127-130]. 

 

The device consists of a laser and a camera as shown in the Figure 3.5. A polarised laser beam passes 

through the glass, and the glass becomes birefringent due to the photoelastic effect. The magnitude 
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of the birefringence depends on the stress distribution and the photoelastic constant of the material. 

The stresses can then be computed as 

 

𝜎 =
1

𝐶

𝛿

sin2𝛾
 . (3.3) 

 

In equation 3.3, σ is calculated stress, C is the photoelastic constant of the material, γ is the angle of 

the laser beam and δ is the optical retardation measured by the device. Since C and β are known and 

δ is measured by the device, the normal stresses can be calculated. 

 

Figure 3.4: Measured and fitted data of the residual stress profile of the 6 mm thick tempered glass. 

 

 

Figure 3.5: Sketch of the measurement of the residual stresses n glass using SCALP-05 [129]. 
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One of the limitations of the device is that it can only measure residual stresses up to a depth of 2.2 

mm, while the glass used in our tests is 6 mm thick. Therefore, a 5th degree fitting polynomial was 

employed in order to complete the typical characteristic shape of the residual stress profile [130]. 

Figure 3.4 shows the measured and the fitted data of the residual stress of the glass. It can be seen 

that the compressive surface stresses exceed 100 MPa, which makes the tempered glass less 

susceptible to surface flaws. In the absence of any internal flaws, this compressive stress needs to be 

overcome first for failure to occur from the surface.  

 

3.3.2 In-house thermal strengthening of annealed glass 

 

Tempered glass is the glass type mostly used in the construction industry, and it was therefore chosen 

as the main substrate for this study. It has to be noted however, that there is a minimum plate size 

that glass manufacturers can thermally strengthen. In most cases, the minimum size, readily available 

in the market, is 100 mm x 250 mm, and therefore this size was chosen for the glass substrates used 

in the double lap shear joints tested in this work. However, for the interface characterisation tests 

described in Chapter 4, smaller glass substrates were needed. Here, annealed glass had to be 

purchased due to size constraints. However, the strength capacity of annealed glass is significantly 

lower than that of tempered glass. Preliminary numerical and experimental studies showed that the 

stresses generated in the glass substrate during interface testing (see in Chapter 4) significantly 

exceeded the strength of annealed glass. Therefore, a methodology was developed in-house to 

thermally strengthen the smaller annealed glass coupons. 

 

A furnace was used for the in-house heat strengthening process, and it was attempted to copy the 

technical procedures that glass manufacturers are using for glass tempering [8, 13]. The annealed 

glass specimens were heated up to 650°C and then quickly removed from the furnace and sprayed 

with jets of cold air. It is worth noting that different methodologies were also attempted for the 

cooling down of the glass specimens. The glass specimens were immersed into water and oil to 

ensure quick temperature drop, but it was also attempted to let the glass cool down in room 

temperature for a more gradual temperature drop. In the first case, the glass specimens instantly 

cracked while in the second case the temperature difference was not as significant for the generation 

of high residual stresses. 

 

Figure 3.6 shows that the adopted method led to a strength increase of approximately 75% compared 

to the as-purchased, annealed glass substrates when tested under 3-point bending. Strain gauges were 

used to measure the strain in the tensile side of the glass and this was afterwards converted to the 

stress reported in Figure 3.6. The result of the in-house heat strengthening compared to the typical 

200% strength increase [8] that can be achieved in automated tempering processes is relatively low, 
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but the strength increase was adequate for the completion of the DCB and SLB tests since glass 

failure was eliminated.  

 

Figure 3.6: Effect of in-house strengthening on glass failure load under 3-point bending loading. 

 

The 3-point bending test was selected for the evaluation of the residual stresses of the in-house 

strengthening of the glass samples given that the SCALP device described in 3.3.1 has certain size 

limitations and is not accurate on small coupons 

3.3.3 Mechanical properties of glass and steel 

Mild steel was used for the manufacturing of the hybrid joints tested. For the stiffness and strength 

of the mild steel (Young’s modulus and yield stress), standard textbook values were assumed [131]. 

In the analyses that follow, the stresses generated in the mild steel were significantly lower than the 

yield/failure stresses, and therefore plasticity/failure of steel was not considered. Table 3.2 shows the 

main material properties that were used in the experimental and numerical work of this project. 

 

Table 3.2: Properties of the materials used in the numerical and experimental work. 

Material properties 

Material E [GPa] v 
Failure/yield Stress 

[MPa] 

Tempered Glass1 70 0.23 120-140 

Mild Steel2 210 0.3 400 

 

1 Haldimann et al. [8], 2 Oberg and McCauley [131] 
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3.4 Summary 

 

This chapter summarises the material characterisation testing performed for the adhesive and the 

glass substrates. Tensile and compressive tests were performed on three adhesives and the basic 

mechanical properties of the adhesives were extracted. More specifically, the tests gave information 

for the elastic modulus, the tensile and compressive yield, failure stress and strain and the pressure 

sensitivity of each adhesive. In addition, a scattered light polariscope was used for the measurement 

of the residual stress profile in the glass substrates while the in-situ heat strengthening process that 

was developed for annealed glass coupons of small size is also described and evaluated.  
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Chapter 4 Glass-steel interface characterisation 

 

4.1 Introduction and structure 

 

Τhe characterisation of the glass/steel interfaces for the brittle and ductile adhesives that were used 

is presented in Chapter 4. The experimental set-up, the testing procedures, the results and finally the 

numerical fitting procedure to extract necessary numerical input data are described. The purpose of 

this chapter is to determine the glass/steel interface properties in order to establish numerical cohesive 

zone models that can later predict the fracture and failure of glass/steel adhesive joints. 

 

The Double Cantilever Beam (DCB) and the End Notched Flexure (ENF) tests are typically used for 

the extraction of the cohesive laws in modes I and II. However, traction-separation laws are sensitive 

to the surface chemistry of the substrates and failure generally occurs on the glass surface for hybrid 

glass/steel joints. In the case of glass/steel adhesive joints, the same dissimilar materials should be 

bonded, and the stresses in the substrates then need to be reduced due to the relatively low strength 

of glass. As a result, the typical framework adopted for the characterisation of the interface properties 

in fracture/separation modes I and II as per standard test methodologies is not feasible unless it is 

modified.  

 

A robust and validated methodology for the characterisation of glass/steel adhesive interfaces of 

bonded joints loaded in modes I and II using a modified and improved testing methodology based 

on these standards is currently lacking. Therefore, Cohesive Zone Modelling (CZM) approaches 

adopted for glass/steel connections have been limited to using reference and literature values [100].      

 

Part of the results presented in this chapter were published as full paper in [132]. 

 

4.2 Numerical methodology 

 

For the numerical simulations, both the implicit and explicit solvers of the commercial finite element 

(FE) code ABAQUS 6.14 [50] were used. The results presented in the subsequent sections were 

taken from the explicit solver. However, later analysis revealed that the implicit solver produced 

similar results.  

 

The substrates were modelled using 3D stress (continuum), 8-node linear solid elements with reduced 

integration and hourglass control (C3D8R in ABAQUS). In addition, the cohesive layers were 

modelled with 8-node 3D cohesive elements (COH3D8 in ABQUS). The traction-separation laws 
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were established by developing models for the modified DCB and SLB tests. In these tests, the 

adhesive layer was modelled as a single row of cohesive elements representing the bondline 

thickness.  

 

In this work, a quadratic nominal stress criterion was used for the damage initiation, while a linear 

mode-mixity fracture energetic criterion [50] was used for the damage propagation of the cohesive 

elements. Both criteria were described in Chapter 2. 

 

The cohesive properties were determined using the inverse method [33] performing numerical 

iterations until good agreement between the experimental calibration tests and numerical load-

displacement curves was achieved. For numerical calibration purposes, it is important that consistent 

numerical data are obtained. The experimental variation based on maximum and minimum values 

obtained for each test set-up is therefore reported in the following sections. It is ensured that data 

calibration provides representative average values.  

 

During the calibration process the stiffness of the cohesive elements remained constant (values for 

Young’s modulus were taken from Table 3.1), while the traction and fracture energy were varied. 

The combined numerical and experimental approach for the determination of the cohesive properties 

(traction and fracture energy) in modes I and II is summarised in Figure 4.1. 

 

 

Figure 4.1: Flowchart describing the experimental and numerical procedure for the determination 

of the cohesive properties in modes I and II. 
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4.3 Modified DCB test 

 

The DCB test is covered by ASTM D3433-9 [69] when similar metal substrates are used. Here, 

dissimilar substrates were used for the interface characterisation tests, and therefore it was important 

to match the bending stiffness of the two substrates to ensure that loading was symmetrical and the 

adhesive layer was deforming in pure mode I. In order to achieve this, the thickness of the two 

substrates was adjusted such that the thickness of the glass substrate was 12 mm and the thickness of 

the steel substrate was 8 mm as per the following 

 

𝑡1 = (√𝐸2 𝐸1⁄
3

) 𝑡2 . (4.1) 

 

In equation (4.1), t1 and t2 are the thicknesses of the glass and the steel substrates, while E1 and E2 

are the respective values for the Young’s modulus. This modification resulted in the two arms of the 

DCB specimen having equal bending stiffness and thus leads to symmetrical loading in the adhesive 

layer [133]. 

 

The geometry of the modified DCB specimens and the experimental set-up is shown in Figure 4.2, 

and the dimensions are displayed in Table 4.1. A steel fixture was used for the alignment of the 

substrates, and 0.2 mm steel wires were used for controlling the bondline thickness. The steel 

substrates were sandblasted before bonding to improve adhesion, and both glass and steel substrates 

were degreased using acetone. The glass substrates used for these tests were the ones that were 

strengthened in-house as described in Chapter 3. Finally, before joint manufacturing both substrates 

underwent atmospheric plasma treatment with a mixture of argon and oxygen gas to clean the surface 

and to improve adhesion by surface activation. 

 

Table 4.1: Summary of the geometry of the DCB test. 

L1 160 mm 

L2 100 mm 

t1 8 mm 

t2 12 mm 

w 20 mm 

Bondline thickness 0.2 mm 

 

The tests were displacement controlled, a loading rate of 0.5 mm/min was used and a minimum of 

five specimens per adhesive were tested.   
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Figure 4.2: Modified DCB a) design and b) test set-up. 

 

Finite element analysis of the test set-up was conducted. The set-up presented in Figure 4.2 produced 

a symmetrical loading condition and loading in pure mode I. The stress distribution in the substrates 

during crack initiation is shown in Figure 4.3. The stresses developed in the glass exceed the nominal 

strength of annealed glass (~ 40 MPa), but are within the limits of the in-house heat strengthened 

glass. Figure 4.4 shows the typical failure pattern of these specimens with the initially used annealed 

glass substrate.  

 

Figure 4.3: Maximum principal stress distribution at damage initiation for the modified DCB 

specimen. 
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Figure 4.4: Premature glass failure in the crack tip area for annealed glass coupons. 

 

Figure 4.5 shows load-displacement curves obtained experimentally for the joints with brittle and 

ductile adhesives, and also the corresponding FE simulation after numerical curve fitting. The shaded 

areas define the variation based on minimum and maximum values measured experimentally. The 

fitted curves represent the typical average experimental results. Figure 4.6 shows typical glass/steel 

interfaces after failure using the in-house heat strengthened glass substrates. It was observed that 

both adhesives failed at the interface, but whilst fully adhesive failure (failure in the interface between 

the adhesive and the substrates) was seen for the brittle adhesive, the ductile adhesive experienced a 

mixed mode of adhesive and cohesive failure (failure in the bulk part of the adhesive layer). Analysis 

of the failed interfaces revealed that the contribution of the cohesive mode of failure was in the range 

20-50%, while the contribution of the adhesive mode of failure was in the range 50%-80%.  

 

The different failure mechanisms highlight the importance of the CZM simulation and the calibration 

of the traction-separation laws on glass/steel interfaces. Table 4.2 presents a summary of the DCB 

tests performed, and Table 4.3 presents the properties that were calibrated numerically for mode I 

for the two adhesives. The calibration was based on characteristic specimens representing average 

results for each case. It is highlighted that the calibrated interface properties (Table 4.3) are different 

compared to the adhesive properties extracted from tensile tests (Table 3.1). The differences become 

more important when the failure mechanism is mostly adhesive.   
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Figure 4.5: Load-displacement curves for the DCB tests and corresponding FE curve fitting for the 

a) brittle and b) ductile adhesives. The shaded areas define the variation based on minimum and 

maximum values measured experimentally.  
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Figure 4.6: Glass/steel DCB typical interfaces after failure for the brittle (left) and ductile (right) 

adhesive. 

 

Table 4.2: Summary table of DCB tests. 

Specimen Average Max Load (N) 

Araldite 2020 (Brittle) 286 ± 55 

Araldite 2047-1 (Ductile) 649 ± 29 

 

 

Table 4.3: Cohesive properties in loading mode I for the two adhesives for dissimilar glass/steel 

joints (fitted with triangular cohesive law). 

Property Araldite 2020 (Brittle) Araldite 2047-1 (Ductile) 

E (GPa) 2.57 0.89 

𝑡𝑛
𝑐

 (MPa) 25 10 

𝛿𝑛
𝑐

 (mm) 0.004 0.104 

𝐺𝑛
𝑐(J/m2) 50 520 
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Figure 4.5 shows that for the brittle adhesive a sudden load drop occurred after damage initiation 

(maximum load). This indicates that the crack did not propagate progressively, but that a significant 

length of the interface debonded instantly. Therefore, the calibration of the cohesive properties was 

only based on the maximum load. In contrast, for the ductile adhesive the damage propagated 

progressively, and the numerical calibration was based on both the maximum load and the load drop 

region. It is noted that both traction and fracture energy influence the maximum load, while the slope 

of the load drop region is affected only by the fracture energy. 

 

It is important to highlight that steel or aluminium substrates could be used to perform the same tests 

to avoid the premature glass failures as per ASTM standards. However, assuming that the interface 

response between glass/steel and steel/steel behaves in a similar manner was a simplification that 

could not be physically justified, and was assumed to lead to overestimations of the cohesive law 

parameters and thus the strength of the joints. To demonstrate this, the response of the glass/steel 

DCB specimen was compared with a steel/steel DCB specimen for both the brittle and the ductile 

adhesive. The differences are shown in Figure 4.7. 

 

It is observed from Figure 4.7 that the glass/steel DCB specimens failed at lower loads compared to 

the steel/steel joints. The steel/steel DCB specimen with the brittle adhesive failed at 83% higher 

loads compared to the glass/steel specimen. Similarly, for the ductile adhesive, the strength increase 

was 12% for steel/steel joints relative to steel/glass joints. This is due to the fact that, the steel/steel 

specimens failed mostly cohesively, while for the steel/glass specimens mixed adhesive/cohesive 

failure was observed. Accordingly, considering the correct substrate configuration for CZM 

evaluation is important in order to capture the effects of surface chemistry and substrate/adhesive 

bonding. 
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Figure 4.7: Load-displacement response of glass/steel and steel/steel DCB specimens for the a) 

brittle and b) ductile adhesives. 

 

4.4 Modified SLB test 

 

The Single Leg Bending (SLB) is a simple modification of the ENF test that introduces mode-mixity 

in the adhesive layer and also drastically reduces the stresses in the substrates, especially in the lower 

substrate. The thickness of the two substrates determines the relative combination of modes I and II 

during the test. Finite element analysis was again conducted to determine the optimum thickness of 

the two substrates, aiming to keep the tensile stresses generated in the glass substrate below 40 MPa 
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to avoid the need for heat strengthening. Figure 4.8 shows the typical stress results of the chosen 

geometry highlighting the maximum principal stresses in the glass and steel substrates. As the 

stresses in the glass substrate are below 40 MPa, heat strengthening of the glass coupons was not 

necessary after geometry modification. 

 

 

Figure 4.8: Preliminary FE analysis for the SLB test aiming to minimise the stress distribution in 

the glass substrate. Symmetry in the -z axis is used. 

 

The final geometry of the SLB specimen and the experimental set-up is shown in Figure 4.9. The 

dimensions are given in Table 4.4. Similarly to the DCB test, a steel fixture was used for the 

alignment of the substrates, and 0.2 mm wires were used for controlling the bondline thickness. Load-

displacement curves were recorded during the tests and subsequently compared with the FE 

simulation results. The CZM properties for mode I also needed to be included in the simulation due 

to the mode-mixity of the configuration. The comparison between the experimental observations and 

the numerical simulations led to the calibration of the traction-separation law for mode II loading. 
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Figure 4.9: SLB a) design and b) test set-up. 

 

The tests were displacement controlled, a loading rate of 0.2 mm/min was used and a minimum of 

five specimens per adhesive were tested.   

 

Table 4.4: Summary of the geometry of the SLB test. 

L1 180 mm 

L2 210 mm 

L3 250 mm 

t1 4 mm 

t2 12 mm 

w 20 mm 

Bondline thickness 0.2 mm 

 

Figure 4.10 shows load-displacement curves obtained experimentally for the SLB specimens with 

brittle and ductile adhesives, and also the corresponding FE simulation after numerical curve fitting. 

The shaded areas define the variation based on minimum and maximum values measured 

experimentally. The fitted curves represent the typical average experimental results. The sudden load 

drops indicate adhesive damage, while the gradual load drops indicate progressive damage in the 

adhesive layer, thus providing evidence of a process that involves a combination of adhesive and 
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cohesive damage. Table 4.5 summarises the SLB tests performed, and Table 4.6 presents the 

properties that were calibrated numerically for mode II loading for both adhesive types. Figure 4.11 

shows typical specimens of each adhesive type after failure. It is observed that in all cases the damage 

is adhesive/cohesive. Furthermore, it is hard to distinguish between the two as the specimens were 

still bonded together after the tests were conducted.   

 

 

 

Figure 4.10: Load-displacement curves for the SLB tests and corresponding FE curve fitting for the 

(a) brittle and (b) ductile adhesives. The shaded areas define the variation based on minimum and 

maximum values measured experimentally. 
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Figure 4.11: Glass/steel SLB typical interfaces after failure for the (a) brittle and (b) ductile 

adhesive. 

 

Table 4.5: Summary table of SLB tests. 

Specimen Average Maximum Load (N) 

Araldite 2020 (Brittle) 254 ± 21 

Araldite 2047-1 (Ductile) 419 ± 45 

 

Table 4.6: Cohesive properties in mode II for the brittle and ductile adhesives (fitted with triangular 

cohesive laws). 

Property Araldite 2020 (Brittle) Araldite 2047-1 (Ductile) 

G (GPa) 0.93 0.31 

𝑡𝑠
𝑐

 (MPa) 15 2 

𝛿𝑠
𝑐 (mm) 0.013 1.04 

𝐺𝑠
𝑐 (J/m2) 100 1040 

 

 

During the SLB tests a sudden load drop was recorded once the brittle adhesive reached its maximum 

load, similar to the DCB tests. Therefore, the properties for mode II were again calibrated against the 

maximum load reached during the SLB test. For the ductile adhesive however, damage propagated 

gradually and a smooth load drop was observed leading to the calibration of the cohesive properties 
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in mode II. Once again, the sudden load drops indicate rapid interface (adhesive) failure, while a 

smooth load drop indicates mostly cohesive damage. 

 

4.5 Summary 

 

This chapter presents the interface characterisation for the glass/steel connections studied. Modified 

DCB and SLB tests were developed in such a way that premature glass failures could be avoided and 

the extraction of the cohesive properties of the interface was achieved. The tests led to the extraction 

of the traction-separation and the fracture energy in modes I and II. An inverse FE curve fitting 

iterative process was utilised until good agreement between the numerical and the experimental 

methods was achieved. The cohesive laws obtained from this chapter will later be evaluated on full 

scale testing of glass/steel double lap shear joints under different loading conditions. 
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Chapter 5 Experimental analysis of benchmark 

designs of glass/steel joints 

 

5.1 Introduction and structure 

 

The design, manufacturing and full-scale experimental testing of the bolted and adhesive glass/steel 

hybrid joints is presented in Chapter 5. The design of the double lap shear joints was based on a 

simplification of similar designs that can be found in almost any façade. The minimum size of 

tempered glass readily available in the market was also a restriction to be considered for the design. 

The tests of the joints were conducted in four load cases, representative of realistic loading 

conditions, namely tension, compression, in-plane and out-of-plane bending. 

 

While the project focused on the use of adhesive joints, it was decided to also test functionally 

identical designs of bolted joints for reference so that comparisons between the two methods could 

be made. For the functionally identical designs the bonded area of the adhesive joints was kept equal 

to the contact area of the bolted joints. Therefore, both types of joints have the same visual impact in 

a structure. In addition, two adhesives with significantly different mechanical properties, as described 

in Chapters 3 and 4, were used. 

 

The tests presented in this chapter act as benchmarks for the numerical validation study presented in 

Chapter 6, the optimisation study in Chapter 7 and the environmental exposure study in Chapter 8.   

 

Part of the results presented in this chapter were published as full papers in [118] and [134]. 

 

5.2 Joint design and test set-up 

 

The design of the double lap shear bolted and adhesive joints manufactured and tested is shown in 

Figures 5.1 and 5.2. The design is a simplification of similar designs found in glass structures [135]. 

In the design studied, one steel splice was used, which was either connected to the tempered glass 

substrates with one M10 pre-tensioned bolt or a 50 mm × 50 mm adhesive layer. 
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Figure 5.1: Design details of a) tension, b) compression, c) out-of-plane, d) in-plane bending tests 

for adhesive joints and locations of strain gauges. 

 

 

Figure 5.2: Design details of a) tension, b) compression, c) out-of-plane tests for bolted joints and 

locations of strain gauges. 
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Adhesive joints were tested in four load cases, namely tension, compression, in-plane and out-of-

plane bending. For bolted joints the in-plane bending test led to free rotation of the joint, and therefore 

this test was not performed. The load cases were chosen to represent actual loading conditions in a 

glass structure. For instance, the in-plane bending test is representative of the dead loads of a structure 

in a glass beam while the out-of-plane bending test is representative of wind loads. 

 

The joints consisted of fully tempered glass with dimensions 250 mm × 100 mm and thickness of 6 

mm and steel splices with dimensions 110 mm × 50 mm and thickness of 6 mm. The substrates were 

connected either with one bolt or an adhesive layer with dimensions 50 mm × 50 mm and thickness 

of 0.2 mm. Manufacturer recommendations [119, 121] for the Araldite adhesives suggest that thin 

adhesive layers of 0.05 to 0.1 mm lead to the greatest lap shear strength. Here, thin adhesive layers 

were manufactured with bondline thickness of 0.2 mm to allow repeatable manufacturing and 

bondline control for the given size of the joint area. For consistency, the thickness was maintained 

uniform for both adhesives. It is noted that any additional thickness effect on the joint strength was 

not considered in this study.  The thickness was controlled using 0.2 mm thick spacer wires. The 

contact area of the bolted joints was identical to the area of the adhesive layer, hence 50 mm × 50 

mm. 

 

The configuration of the M10 bolt (grade 8.8) can be found in Figure 5.3. Aluminium inserts were 

used to avoid direct contact of the glass and the steel, and a PTFE busing was used to avoid direct 

contact of the glass and the bolt. Finally, the clearance of fit was 3%, the pre-tensioning was achieved 

using a torque wrench and following relevant industry examples was set at 25 Nm [6]. 

 

 

 

Figure 5.3: Detail of the M10 bolt in bolted joints for the case of tensile and compressive tests. The 

same principle is used for the out-of-plane bending test with one less tempered glass substrate. 
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Linear 120Ω strain gauges were used for the monitoring of the strains in critical locations of the 

joints. These locations can be identified in in Figures 5.1 and 5.2 and will be explained in more detail 

when each test is described. For the measurement of the strains Vishay’s Strainsmart and TML’s 

TDS-530 systems were used. In addition, for bolted joints high-speed cameras were also used to 

record damage initiation and propagation. High-speed cameras were not used for the adhesive joints 

given that adhesives display temperature sensitivity and the lights needed for the high-speed cameras 

were intense and were producing significant heat. Preliminary tests highlighted this effect, resulting 

in lower than expected load capacity of the joints as well as significant strength variation.  

 

The tests were conducted on an Instron 5982 testing machine with 100 kN load cell capacity, the 

application of load was displacement controlled and the loading rate was consistently kept below 1 

μstrain/sec ensuring quasi-static conditions throughout all tests. At least three specimens of each 

configuration were tested for every load case. For the in-plane bending tests an aluminium interlayer 

was used between the glass and the steel rollers to distribute the loads more uniformly on the glass 

substrates and to avoid local stress concentrations resulting in premature glass fracture.  

 

The steel substrates were sandblasted before bonding to improve adhesion, and both glass and steel 

substrates were degreased using acetone. Finally, before joint manufacturing both substrates 

underwent atmospheric plasma treatment with a mixture of argon and oxygen gas to clean the surface 

and to improve adhesion by surface activation. 

 

Figure 5.4 shows the steel fixture that was used for the alignment of the joints. The manufacturing 

of the joints took place over two days, since both sides of the steel splices were bonded to the glass 

substrates one after the other, and one day was allowed to achieve functional strength. Afterwards, 

the joints were left to cure for at least one week in ambient conditions as per manufacturer 

recommendations. 

 

 

Figure 5.4: Alignment fixture before (left) and during (right) joint manufacturing. 
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5.3 Results of uniaxial tests in tension and compression 

 

The normal and shear stress states developed in the adhesive layer during tensile and compressive 

loading are very similar; however, the effect of the loading condition in the glass is different since 

glass can sustain significantly higher loads in compression than in tension. In addition, eccentricities 

and imperfections in the samples are exacerbated in the compressive tests and can lead to out-of-

plane buckling and hence premature failures. However, tension and compression are stress states that 

are easily comparable and will, therefore, be presented together in this section. 

 

As shown in Figures 5.1 and 5.2, strain gauges were mounted on both sides of the joints. Two were 

located in symmetric locations in the midpoint of either side of the joints to capture the far field strain 

and possible asymmetric loading effects, while two more strain gauges were located in the areas of 

stress concentrations on the vicinity of the bolt hole for bolted joints or in the edges of the overlaps 

for adhesive joints. Figure 5.5 shows the bolted and adhesive joints during the tests. 

 

 

Figure 5.5: Set-up for the tensile/compressive tests for bolted (left) and adhesive (right) joints. 

 

Bolted joints failed catastrophically in the glass, at relatively low loads. The joints displayed a non-

linear, stick-slip stiffness response which can be explained by the relative sliding of the substrates 

due to the clearance of fit. The damage initiation of bolted joints took place in the vicinity of the bolt 

hole for each test, in a direction perpendicular to the direction of the load due to the development of 

high bearing stresses. Due to the nature of tempered glass, the damage propagated very fast and led 
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to the complete shattering of the glass. Figure 5.6 shows the experimental observations of the high 

speed camera, while Figure 5.7 shows typical bolted joints after failure.  

 

 

Figure 5.6: Damage initiation and propagation in bolted joint 3. The resolution for each picture is 

512x32 and the time interval between each picture is 16.7 μs. 

 

Figure 5.7: Bolted joint after failure. 

 

The strain response of bolted joints was also plotted based on the strain gauges recordings. The strain 

response is recorded at the midpoint of the glass and also at the area of stress concentrations close to 

the bolt hole (see Figure 5.2). Figures 5.8 and 5.9 show the far field strain response for the front and 

the back substrates and the strain response in the area of stress concentration, near the bolt hole, in 
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tension and compression, respectively. It needs to be noted that there is a significant nonlinearity in 

the load-strain curve at a load of about 3-5 kN. This is the point when the substrates overcome the 

bolt pre-tension and start to slide against each other. The bolt then comes into contact with the bolt 

hole. After the new contact area is established, the load-strain response is again mostly linear until 

failure. 

 

 

Figure 5.8: Load-strain response for bolted joints under tension at the a) glass midpoint and b) the 

stress concentration area. 
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Figure 5.9: Load-strain response for bolted joints under compression at the a) glass midpoint and b) 

the stress concentration area. 

 

In comparison, adhesive joints failed at significantly higher loads, displayed a linear stiffness 

response until failure and failed adhesively/cohesively at the joint interface. Both adhesives displayed 

stress whitening before failure, but this was observed more clearly for the ductile adhesive. Figure 

5.10 shows the glass/steel interfaces after the failure of the joints. It can be seen that for the brittle 

adhesive the failure is mostly adhesive (with small parts also failing cohesively), switching sides 
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between the glass and the steel substrates. For the case of the ductile adhesive, the damage was mostly 

cohesive and the stress whitening was preceded by void growth and coalescence. 

 

 

Figure 5.10: Typical glass/steel interfaces after failure for a) brittle and b) ductile joints under 

uniaxial loading. All bonded overlap regions are 50 mm x 50 mm. 

 

Figures 5.11 and 5.12 show the recordings of the strain gauges on both sides of the joints for the 

areas of stress concentrations and the far field responses under tensile and compressive loading. 

Characteristic responses of both types of adhesive joints are plotted. The recordings take place on 

both sides in order to identify possible asymmetrical loadings, eccentricities and/or buckling during 

the compressive test. 

 

 

 

 



Chapter 5 

76 

 

 

 

Figure 5.11: Load-strain response recorded on both sides of the joints under tensile loading for the 

a) brittle and b) ductile adhesive joints. 
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Figure 5.12: Load-strain response recorded on both sides of the joints under compressive loading 

for the a) brittle and b) ductile adhesive joints. 

 

It can be observed that the responses of the glass substrates for both types of joints are similar and 

that eccentricities did not influence the joints significantly since the deviation between the two sides 

did not exceed 15%. The recordings during the compressive test of the ductile joints revealed some 

buckling close to the end of the test, which might have contributed to the joint failure. The strain 

responses on both sides were averaged and plotted so that comparisons between the brittle and ductile 

adhesive joints can be performed more easily.  
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Figure 5.13 shows the load-strain response both in the area of stress concentration (joint zone) and 

for the far field response during the tensile test, while Figure 5.14 shows the same for the compression 

test. It can be observed that even though small deviations between the two sides of the joints were 

revealed in Figures 5.11 and 5.12, the averaged response of both types of joints is almost identical. 

Finally, a summary for the uniaxial testing of bolted/adhesive joints can be found in Table 5.1.  

 

 

Figure 5.13: Load-strain response for the brittle and ductile adhesive joints under tension at the a) 

glass midpoint and b) the stress concentration area. 
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Figure 5.14: Load-strain response for the brittle and ductile adhesive joints under compression at 

the a) glass midpoint and b) the stress concentration area. 

 

 

 

 

 

 



Chapter 5 

80 

Table 5.1: Summary of the failure loads/mechanisms for the bolted and adhesive joints tested 

subjected to uniaxial tension and compression loads. 

Type of joint 

Tension Compression 

Measured 

failure load 

[kN] 

Failure mechanism 

Measured 

failure load 

[kN] 

Failure mechanism 

 

Brittle adhesive 

(Araldite 2020) 
38.0 ± 1.8 

Significant damage in 

the adhesive 

layer/interface 

leading to glass 

failure 

42.4 ± 5.1 

Significant damage in the 

adhesive layer/interface 

leading to glass failure 

Ductile adhesive 

(Araldite 2047-1) 
47.0 ± 4.6 Cohesive failure 45.5 ± 0.7 Cohesive failure 

Bolted 8.0 ± 0.7 Glass failure 9.7 ± 3 Glass failure 

 

When subjected to tensile loading the ductile adhesive joints outperform (in terms of failure load) 

the brittle adhesive and the bolted joints by 24% and 488%, respectively. For compressive loading 

the overall trend is the same. Both types of adhesive joints outperformed bolted joints, but in this 

case the ductile and brittle adhesives failed at comparable loads. The experimental scatter observed 

in the results can be explained by load and geometric eccentricities, surface flaws in the glass, and 

different void distributions in the adhesive layer as also reflected by the range of failure strains 

measured in Chapter 3. 

 

5.4 Results of out-of-plane bending tests 

 

The design of the out-of-plane bending tests and the location of the three strain gauges can be seen 

in Figures 5.1 and 5.2. The two strain gauges in the glass were located on the tensile side in 

symmetrical locations in the areas of stress concentration to detect any asymmetrical loading, while 

the third strain gauge was located on the steel substrate. Figure 5.15 shows the bolted and adhesive 

joints during the test. 
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Figure 5.15: Set-up for the out-of-plane bending test for a) bolted and b) adhesive joints. 

 

Bolted joints failed catastrophically in the glass displaying linear response throughout the test. The 

failure of bolted joints once again took place in the vicinity of the bolt hole for every test, due to the 

development of high bearing stresses. Figure 5.16 shows the crack initiation and quick propagation 

in the glass substrate as recorded by the high speed camera at a frame rate of 60000 frames per 

second. The fracture process takes place within around 50 μs. The load-strain response in the steel 

and both glass substrates is shown in Figure 5.17 
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Figure 5.16: Damage initiation and propagation in bolted joints. The resolution for each picture is 

512x32 and the time interval between each picture is 16.7 μs. 

 

It can be seen that the response in both the steel and the glass was perfectly linear until failure. In 

addition, the responses on both glass substrates were plotted to detect unbalanced loading. Small 

differences were observed for very low loads (less than 200 N) which were attributed to initial uneven 

load distribution. The responses became identical once both sides established contact with the steel 

rollers. 
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Figure 5.17: Load-strain response for bolted joints subjected to out-of-plane bending loading in the 

steel and the two glass substrates. 

 

The two types of adhesive joints tested also displayed a linear strain response until failure. In terms 

of failure mechanism, however, the brittle adhesive joints failed adhesively/cohesively while the 

ductile adhesive joints failed in the glass at significantly higher loads following stress-whitening in 

the adhesive. The load-strain response in the steel and glass substrates is shown in Figure 5.18 for 

the brittle and ductile adhesives. Similarly to bolted joints, small deviations between the responses 

of the glass substrates can be observed for low loads. Once proper contact of the steel rollers is 

established with the glass substrates, the responses of both sides are similar.  
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Figure 5.18: Load-strain response for a) brittle and b) ductile adhesive joints subjected to out-of-

plane bending loading in the steel and the two glass substrates. 

 

In addition, the responses for the two sides for both types are averaged and plotted in the same graph 

in Figure 5.19, showing complete agreement for both the steel and the glass substrates in terms of 

joint stiffness. 
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Figure 5.19: Load-strain response for brittle and ductile adhesive joints subjected to out-of-plane 

bending loading a) in the steel substrate and b) in the glass substrate. 

 

Figure 5.20 shows the glass/steel interfaces after failure. Table 5.2 summarises the failure loads and 

observed failure mechanisms for the three different joint configurations. It can be seen that the ductile 

adhesive joints outperform (in terms of failure load) the brittle adhesive and bolted joints by 75% 

and 21%, respectively. It is noted that this is the only load case in which bolted joints display 

comparable behaviour to adhesive joints and fail at higher loads compared to the brittle adhesive 

joints and slightly lower compared to the ductile adhesive joints. 
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Figure 5.20: Typical glass/steel interfaces after failure for a) brittle and b) ductile adhesive joints 

under out-of-plane bending loading. All bonded overlap regions are 50 mm x 50 mm. 

 

Table 5.2: Summary of the failure loads and observed failure mechanisms for the bolted and 

adhesive joints tested subjected to out-of-plane bending. 

Type of joint Measured failure load [kN] Failure mechanism 

Brittle adhesive (Araldite 2020) 0.83 ± 0.21 
Adhesive/cohesive failure 

 

Ductile adhesive (Araldite   

2047-1) 
1.45 ± 0.04 

Glass failure 

 

Bolted 1.20 ± 0.08 Glass failure 

 

5.5 Results of in-plane bending tests  

 

The design of the in-plane bending tests and the location of the strain gauges can be seen in Figures 

5.1 and 5.2. For this loading condition no significant stress concentrations are expected in the vicinity 

of the bonded area in the glass surface, and therefore the four strain gauges were mounted in 

symmetrical locations on the tensile side of the four substrates. However, in this test small 

inaccuracies or imperfections in the glass as well as asymmetric and non-uniform load distributions 

can lead to high stress concentrations in the vicinity of the load introduction points. To mitigate any 

arising stress concentrations, an aluminium interlayer of 20 mm x 20 mm was used for load spreading 

between the glass substrates and the steel rollers. Figure 5.21 shows the test set-up. 
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The in-plane bending test was not performed for bolted joints given that the initial single bolt design 

was leading to free-rotation of the glass substrates. The free rotation problem could be resolved if 

one more bolt was used on each side of the joint. Adding an extra bolt, however, changes the size of 

the contact area and makes the comparisons between the two methods less straightforward. 

 

 

Figure 5.21: Set-up for the in-plane bending test. 

Linear load-strain behaviour was observed for all the tested joints with brittle and ductile adhesives, 

and all samples were shown to display adhesive/cohesive failure modes. For two samples of the 

brittle and for one sample of the ductile joints, adhesive failure was followed by catastrophic glass 

failure. Figure 5.22 shows the glass/steel surfaces after failure, while Table 5.3 summarises the failure 

load and mechanisms.  

 

 

Figure 5.22: Typical glass/steel interfaces after failure for joints with a) brittle and b) ductile 

adhesives subjected to in-plane bending loading. All bonded overlap regions are 50 mm x 50 mm. 
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Table 5.3: Summary of the failure load and mechanisms for the adhesive joints tested under in-

plane bending. 

Type of joint Measured failure load [kN] Failure mechanism 

Brittle adhesive (Araldite 2020) 14.3 ± 0.7 

1) Adhesive/cohesive failure 

2) Glass failure preceded by significant 

damage in the adhesive layer 

Ductile adhesive (Araldite   

2047-1) 
20.0 ± 0.4 

1) Adhesive/cohesive failure 

2) Glass failure preceded by significant 

damage in the adhesive layer 

Bolted N/A 
This configuration is not applicable to 

bolted joints since it leads to free rotation 

 

Compared to the previous three load cases, the glass experiences relatively low stresses in the vicinity 

of the bonded area, and thus the joint failure mode characteristics depend entirely on the adhesive 

layer. Therefore, in this particular load case the variability of joint strength caused by the glass 

strength variability is removed and the standard deviation between the measurements is significantly 

lower. 

 

Figure 5.23 shows the strain response on the tensile side of all four glass substrates for the brittle and 

ductile adhesive joints. It can be seen that initially the loading is not distributed evenly with some 

substrates taking a significantly higher part of the load. However, at around 5 kN proper contact is 

established between all substrates and after that the responses are similar.  
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Figure 5.23: Load-strain response of the tensile side of the four glass substrates for the a) brittle and 

b) ductile adhesive joints under in-plane bending loading. 

 

Figure 5.24 shows the average strain response for the tensile side of the glass for the two types of 

adhesive joints. The two types of joints are in almost complete agreement after initial contact is 

established.  
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Figure 5.24: Load-strain response averaged over the four glass substrates for brittle and ductile 

adhesive joints subjected to in-plane bending loading. 

 

5.6 Summary 

 

Chapter 5 described the benchmark tests conducted on bolted and adhesive joints. These tests act as 

case studies for the numerical validation, the optimisation and the exposure studies that are presented 

in Chapters 6, 7 and 8 respectively.  

 

In general, adhesive joints displayed significantly higher load capacity compared to bolted joints. It 

is worth noting that the more ductile adhesive outperformed both the stronger, brittle adhesive and 

the bolted configuration. This trend was observed for all load cases and is related to the joint size and 

the plastic zone development as will be highlighted in the following chapters. Chapters 6 and 7 will 

numerically analyse the performance of the adhesive layers and explain how plasticity affects the 

performance of the joint. This leads to correlation of the mechanical properties of the adhesive to the 

load capacity of the joint and justifies the experimentally observed trends. 
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Chapter 6 Numerical analysis of benchmark designs 

and calibration/validation of FE models 

 

6.1 Introduction and structure 

 

In this chapter a summary of the numerical work relating to the bolted and adhesive joints presented 

in Chapter 5 is provided. FE models were developed using the implicit and explicit solvers of 

ABAQUS 6.14 [50], considering geometric and material non-linearities, contact interactions as well 

as different damage and failure models for the glass and the adhesives. In addition, mesh sensitivity 

studies were conducted to determine the sensitivity of the chosen failure prediction methods to mesh 

refinement. Comparisons were performed between the experimental and numerical data, and the 

comparison of the two methods led to the calibration of certain simulation parameters and the 

validation of different numerical approaches. The comparisons were based on global and local strain 

responses of the joints, failure mechanisms and prediction of joint load capacity. 

 

The numerical analyses of the performances of the brittle and ductile adhesive layers explain 

experimental observations highlighted in Chapter 5, emphasise the role of plasticity on the 

performance of the joints and correlate the effects of certain mechanical properties on the joint 

strength. These findings lead to the optimisation study presented in Chapter 7.  

 

Part of the results presented in this chapter were published as full papers as per [118, 132, 134]. 

 

6.2 Constitutive models 

 

Several constitutive models were utilised for the simulation of the performance of the different 

materials used in this study. Steel substrates were modelled as elastic materials given that the stresses 

developed never exceeded the yield/failure stresses found in literature. Glass was also modelled as 

an elastic material; however, the failure of glass needed to be considered as well. For this purpose, 

the brittle cracking model was employed which is an expression of the maximum principal stress 

criterion. Finally, for the adhesive two different approaches were used. The first one was based on 

continuum mechanics and coupled a pressure-sensitive Drucker-Prager model with a ductile damage 

model. The second was based on fracture mechanics and utilised traction separation laws to model 

the gradual degradation of the adhesive layers due to damage. The aforementioned constitutive 

models are briefly presented in the following sections. 
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6.2.1 Brittle cracking model 

 

For glass, failure is assumed to occur according to a maximum principal stress criterion; hence failure 

takes place once the tensile stresses exceed a certain value. This criterion is introduced in the analysis 

by using a brittle cracking model, an in-built ABAQUS tool [50]. According to this model, the 

damage initiates once a maximum stress value has been reached (varies between 120-140 MPa in 

this study-see Table 3.2) and then propagates based on energy-based criteria (the fracture energy was 

3 N/m2 in this study [96]). The fracture energy of tempered glass is very low, hence rapid crack 

propagation occurs following first crack initiation leading to complete damage. The brittle cracking 

model has been used successfully in the past to introduce failure in annealed and tempered glass [96, 

100, 101]. 

 

6.2.2 Linear Drucker-Prager model 

 

The analytical mathematical description of the Linear Drucker-Prager theory was introduced in 

Chapter 2. This section describes the calibration of the model and the FE model inputs, as extracted 

and derived from experimental testing. 

 

The linear Drucker-Prager model was calibrated numerically, and good agreement between 

predictions and bulk test data was achieved for the tensile and compressive stress-strain curves shown 

in Figure 3.3. Figure 6.1 shows the curve fitting achieved by FE analysis for the bulk data shown in 

Figure 3.3. Here, the hardening curve was obtained from experimental tensile testing and used as 

material input. The compressive test was then modelled, and values of β were varied until the best 

match was achieved for capturing pressure-sensitivity. For the brittle (Araldite 2020) and ductile 

(Araldite 2047-1) adhesives, 𝜎𝑦𝐶/𝜎𝑦𝑇 was calibrated at a value of 1.45, which is slightly higher than 

the 1.2-1.4 value suggested in [7].  
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Figure 6.1: FE curve fitting for the stress-strain curves from a) tensile and b) compressive testing 

for the brittle, the intermediate strength and the ductile adhesive used in this study. 

 

6.2.3 Ductile damage model 

 

The ductile damage model theory is described in Chapter 2 and this section describes the calibration 

of the model and the FE model inputs as extracted from experimental testing. 
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The strain at damage initiation, εc, was derived from the experimental bulk data under tension 

(η=1/3). The shape of the stress triaxiality-fracture strain curve was then adapted from [48]. The 

derived values of equivalent fracture strain can be found in Table 6.1. 

 

Table 6.1: Damage model material parameters. 

 

Brittle Adhesive 

(Araldite 2020) 

Ductile Adhesive 

(Araldite 2047-1) 

Fracture energy (J/m2) 100 700 

Stress triaxiality (η) Fracture strain (εc) 

-0.33 0.186 1.31 

0 0.01 0.077 

0.33 0.019 0.131 

0.5 0.027 0.162 

0.75 0.015 0.104 

 

 

6.2.4 Cohesive Zone Model (CZM)  

 

The cohesive zone modelling approach adopted for the simulation of damage and failure of 

glass/steel adhesive joints was described in Chapters 2 and 4. More specifically, Chapter 2 describes 

the principles behind the method, while Chapter 4 describes the numerical methodology adopted for 

the extraction of the traction-separation laws. A simple triangular shape was adopted for both the 

brittle and the ductile adhesive. For the damage initiation the quadratic nominal stress criterion was 

employed while for the damage evolution the linear fracture energy criterion was used. The cohesive 

properties in modes I and II were extracted in Chapter 4 and can be found in Tables 4.3 and 4.6. 

 

6.3 Main features of the models  

 

For the meshing of the models a manual seeding procedure was followed. This procedure involved 

biasing towards the locations where stresses tend to accumulate. The required minimum element size 

depended on the location and the type of joint and was determined by mesh sensitivity analyses, 

presented in subsequent sections. The joints were modelled with 3D stress, 8-node linear solid 

elements with reduced integration and hourglass control (C3D8R in ABAQUS). In addition, for the 

cohesive zone modelling approach, 8-node three-dimensional cohesive elements were used 

(COH3D8 in ABAQUS). 

 

Implicit and explicit solvers were employed for the analysis of the joints. ABAQUS/Explicit solver 

was utilized to allow for the introduction of damage and failure models with element deletion [50]. 
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However, dynamic analyses may require significantly higher computational power and time 

depending on the stable time increment. For the models presented, semi-automatic mass scaling was 

introduced to reduce computational time with a stable time increment identified between 1 × 10-8 s 

to 1 × 10-9 s for an analysis time period of 1 s. The target time step/increment was set such that the 

kinetic energy remained a very small fraction of the total internal energy (below 1%).  

 

The numerical results of bolted joints are very sensitive to the contact properties between the 

substrates and the pre-tensioned bolts. Small sliding, surface to surface contact was considered 

between all interacting surfaces. Tangential frictionless behaviour was assumed for the interaction 

of the bolt with the bolt holes while tangential behaviour with a penalty friction coefficient was 

considered for the sliding surfaces of the substrates. Initial values for the friction coefficients were 

found in the literature [136], but those were additionally calibrated numerically given their sensitivity 

to the surface roughness. In addition, normal behaviour contact properties were used for the transfer 

of normal forces between the substrates. The pre-tensioning of the bolt was achieved for the implicit 

solver using an in-built ABAQUS function at the first step of the analysis while, for the explicit 

solver (where the in-built bolt pre-tensioning option is not available) a predefined temperature field 

[137] was calibrated and was used to create the same effect by thermal contraction of the bolt. 

 

The experimental bolt pre-tensioning was applied as a torque, but was given as input to ABAQUS 

as an axial force. The magnitude of the axial force was calibrated at 7 kN for the assumed penalty 

friction coefficient of 𝜇 = 0.2 as shown in the following sections. Figure 6.2 shows the distribution 

of axial stresses through the thickness of the bolt using the in-built ABAQUS function and the 

predefined temperature field. It can be seen that the two methods agree well. 

 

Figure 6.2: Distribution of axial stresses through the bolt thickness. Bolt pre-tensioning was 

achieved using the ABAQUS in-built tool and a predefined temperature field. 
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For adhesive joints, when the continuum mechanics approach was employed, perfect bonding 

between the substrates and the adhesive was assumed. Hence, the adhesive layer was connected via 

tie constraints to the substrates which allowed for a much finer mesh size to be used in the adhesive 

layer as required for the detailed stress and failure analysis and saved computational time. A 45° 

adhesive fillet was assumed at the ends of the overlap. When the cohesive zone modelling approach 

was employed, a single row of cohesive elements replaced the adhesive layer. The cohesive elements 

were also connected with tie constraints to the substrates.  

 

6.4 Mesh sensitivity studies 

 

Mesh sensitivity studies were carried out in order to determine the minimum element size in the 

critical areas of the models, such as the sharp edges and material discontinuities. For the case of 

bolted joints, the most critical location is around the bolt holes, while for the case of adhesive joints 

the critical locations are close to the ends of the adhesive joint overlap. Here, the extent of the stress 

concentrations is dependent on the fillet shape. The mesh sensitivity study was performed for the 

joints under tension, and the results were followed for the other load cases as well. In general, mesh 

size affected adhesive joints significantly while for the case of bolted joints the mesh size had less of 

an effect. 

 

The effect of mesh refinement around bolt holes is studied through the influence on the failure load 

prediction. The size of the mesh was varied for the elements in the surrounding area of the bolt hole, 

the elements around the hole and finally the elements through the thickness of the bolt hole. Figure 

6.3 shows the locations of mesh refinement and the effect on the failure load prediction, respectively. 

It is shown that good convergence of the models is achieved following mesh refinement for the three 

different locations examined. The required number of elements can be found in Table 6.2. 
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Figure 6.3: Effect of mesh size on the failure load prediction of bolted joints for the elements in a) 

the surrounding area, b) around the hole and c) through the thickness. 
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The mesh sensitivity study to assess stress distributions for the adhesive joints was performed within 

the elastic response region to ensure that plasticity did not affect the results. Additionally, the 

influence of mesh refinement on the failure predictions (nonlinear response) was also studied. 

 

Figure 6.4 shows the sensitivity of the adhesive layer in the area of the singularity, and the correlation 

between the minimum element size and the failure load prediction for the two adhesive cases. The 

FE models with the brittle (Araldite 2020) adhesive displayed an increased stress sensitivity with 

mesh refinement. In this case, the presence of singularities not only affected the values of stress, but 

also reduced the prediction of the failure load for coarse meshes. The failure load reduced with mesh 

refinement due to the increase of maximum principal stresses at the singularity.  

 

The ductile adhesive joints were also sensitive to mesh size in terms of stress distributions, but not 

in terms of failure load prediction. The extended plastic region of the ductile Araldite 2047-1 

adhesive allowed the elements around the singularity to develop significant deformation, which 

explains the minimum effect in the failure load prediction. Considering these effects, a minimum 

mesh size of 0.05 mm was chosen for the presented results. This resulted in a total of approximately 

80,000 solid elements for the bolted joints and 100,000 solid elements for the adhesive joints. 

 

It is worth noting that the mesh sensitivity studies presented above are only relevant to the models 

employing a continuum mechanics approach for failure predictions. Even though, cohesive zone 

models are not sensitive to mesh size, a similar approach was also used to validate this assumption. 

Therefore, Figure 6.5 presents the effect of the mesh size on the failure load prediction for the two 

adhesives employing a CZM approach.  
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Figure 6.4: Mesh sensitivity study along the sides of the adhesive and effect of the mesh size to the 

failure load prediction for the continuum mechanics approach. 
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Figure 6.5: Mesh size sensitivity of the failure load prediction for the two adhesives using the CZM 

approach. 

 

It can be seen that the mesh size has no notable effect on the failure load prediction for both the brittle 

and the ductile adhesive. Therefore, coarser meshes can also be used in CZM analysis, which reduces 

the computational time significantly, but does not affect the accuracy of the predictions. Table 6.2 

summarises the findings of the mesh sensitivity analysis and presents the size or number of elements 

used throughout the rest of this chapter. 

 

Table 6.2: Summary of the number of elements/minimum mesh size used for the simulations of the 

bolted joints and the two approaches used for adhesive joints. 

Bolted Joints 
Adhesive Joints 

Continuum approach CZM approach 

Location 
Number of 

elements 
Location 

Minimum 

element size 

(mm) 

Location 

Minimum 

element size 

(mm) 

Surrounding 

area 
14 

Adhesive 

corners 
0.05 

Throughout the 

adhesive layer 
0.1 

Around the bolt 

hole 
40 

Through the 

thickness 
0.01 

Through the 

thickness 
8 
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6.5 Uniaxial loading 

 

6.5.1 Geometry and boundary conditions 

 

The geometry of the models created in ABAQUS was as close to the experimental test geometry as 

possible. Therefore, the dimensions of the glass substrates were 250 mm x 100 mm x 6 mm, the 

dimensions of the steel splice were 110 mm x 50 mm x 6 mm and the dimensions of the adhesive 

layers were 50 mm x 50 mm x 0.2 mm. Finally, the M10 bolt, the washers and the nuts were modelled 

as one part and the clearance of fit was 3% as in the experiments. Symmetries were used for both 

bolted and adhesive configurations. For the bolted configuration, symmetries in two axes (x- and z- 

axis) were used, due to the use of the bolt, and therefore one quarter of the joint was modelled. For 

the adhesive configuration symmetries in all three axes were employed and therefore one eighth of 

the joint was modelled. The loading condition was displacement controlled and was applied through 

a reference point that was tied to the steel splice. Figure 6.6 shows the models of the bolted and the 

adhesive joints and details in the areas of mesh refinement. 

 

 

 

Figure 6.6: Geometry of the numerical models for the a) bolted, b) adhesive (continuum 

mechanics) and c) adhesive (CZM) configuration under tensile loading. Symmetries were used in 

x- and z- axis for the bolted and x-, y- and z- axis for the adhesive configurations. 
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6.5.2 Bolted joints calibration 

 

The models developed for the bolted joints are very sensitive to the bolt pre-tensioning and the 

contact properties between the sliding surfaces. Therefore, the pre-tensioning load and the friction 

coefficient between the glass and the steel substrates had to be calibrated. The calibration was based 

on the relative sliding on the substrates which occurs at a load of about 5 kN. At this point, the contact 

between the glass and steel substrates is overcome, and the substrates start to slide against each other 

until the moment when the bolt comes into contact with the bolt hole in the glass substrate. A new 

contact area is then established and the loading continues. In the interval between losing the initial 

contact and establishing the new contact area, the load-strain relationship becomes non-linear. 

Therefore, the calibration of the bolt pre-tensioning and the friction coefficient was achieved by 

matching the experimental and numerical stress-strain curves at this point of non-linearity. 

 

6.5.3 Joint response 

 

The strain gauge measurements reported in Chapter 5 can be compared with the FE predictions for 

the validation of the stiffness response of the joint in the areas of the stress concentration and far field 

strain. Figures 6.7 and 6.8 show the load-strain response as measured experimentally and predicted 

numerically for bolted joints in the glass midpoints and the areas of stress concentrations under 

tension and compression. The corresponding plots for adhesive joints can be found in Figures 6.9 

and 6.10. 
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Figure 6.7: Comparison of load vs. strain gauge measurements and corresponding FE predictions 

for the bolted joint configurations subjected to tensile loading a) at the glass midpoint and b) at the 

areas of stress concentrations. 
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Figure 6.8: Comparison of load vs. strain gauge measurements and corresponding FE predictions 

for the bolted joint configurations subjected to compressive loading a) at the glass midpoint and b) 

at the areas of stress concentrations. 
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Figure 6.9: Comparison of load vs. strain gauge measurements and corresponding FE predictions 

for the adhesive joint configurations when subjected to tensile loading a) at the glass midpoint and 

b) at the areas of stress concentrations. Results based on a continuum mechanics approach. 
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Figure 6.10: Comparison of load vs. strain gauge measurements and corresponding FE predictions 

for the adhesive joint configurations when subjected to compressive loading a) at the glass 

midpoint and b) at the areas of stress concentrations. Results based on a continuum mechanics 

approach. 

 

It can be seen that good agreement is achieved between the numerical simulations and the 

experimental measurements. The models of bolted joints accurately capture their stick-slip response 

given that the sliding of the substrates takes place and a new contact area is established once the bolt 

comes into contact with the bolt hole. The calibration of the pre-tensioning parameters was performed 
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for the tensile test, and it can be seen that is slightly inaccurate for the compression test since the 

sliding is predicted to start at a slightly lower load. However, once the relative sliding of the 

substrates is completed and the new contact area is established, the stiffness response becomes linear 

again and is predicted accurately by the models. The stiffness response of the adhesive joints is 

affected by the stiffness of the glass substrates, which explains the linear course of the graphs even 

though the adhesives display material non-linearities when tested in bulk format.  

 

 

6.5.4 Joint failure prediction 

 

The failure prediction for bolted joints depends entirely on glass fracture and was based on a 

maximum principal stress criterion on the glass surface while for adhesive joints failure was based 

on the two methods described in section 6.2. The properties for the first approach are based on the 

characterization of the mechanical properties of the adhesives found in Chapter 3. The second 

approach was based on modelling the interface with cohesive elements and the properties for the 

determination of the cohesive laws can be found in Chapter 4. 

 

Tables 6.3 and 6.4 compare the experimental and numerical failure loads under uniaxial tension and 

compression. To provide an interpretation of the experimental scatter, a lower and an upper strength 

threshold was predicted through FE simulations. For the continuum mechanics approach the fracture 

strain of the brittle and ductile adhesives was varied based on the values of standard deviation given 

in of Table 3.1. For the case of the bolted joints, failure occurs in the glass substrate and hence glass 

strength variation (120-140 MPa for tempered glass) determines the maximum and minimal failure 

load thresholds.  
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Table 6.3: Summary of the experimental and numerical predictions of the failure load/mechanism 

for bolted and adhesive joints under tensile loading. 

 
Tension 

Experimental Numerical 

Configuration 
Failure load 

(kN) 

Failure 

mechanism 

Failure load–

Continuum 

mechanics (kN) 

Failure load – 

CZM (kN) 
Failure mechanism 

Brittle Adhesive 

(Araldite 2020) 
38.0 ± 1.8 

Significant 

damage in the 

adhesive 

layer/glass side 

interface leading 

to glass failure 

34.1-38.8 40.4 Interface failure 

Ductile Adhesive 

(Araldite    2047-

1) 

47.0 ± 4.6 Cohesive failure 42.3-44.8 50.8 Interface failure 

Bolted 8.0 ± 0.7 Glass failure 12.2-13.5 N/A Glass failure 

 

 

Table 6.4: Summary of the experimental and numerical predictions of the failure load/mechanism 

for bolted and adhesive joints under compressive loading. 

 
Compression 

Experimental Numerical 

Configuration 
Failure load 

(kN) 

Failure 

mechanism 

Failure load –

Continuum 

mechanics (kN) 

Failure load – 

CZM (kN) 
Failure mechanism 

Brittle Adhesive 

(Araldite 2020) 
42.4 ± 5.1 

Significant 

damage in the 

adhesive layer/ 

glass side 

interface leading 

to glass failure 

47.3-51.5 40.8 
Interface failure-

glass side 

Ductile Adhesive 

(Araldite    2047-

1) 

45.5 ± 0.7 Cohesive failure 42-44.8 50.9 
Interface failure-

glass side  

Bolted 9.7 ± 3 Glass failure 14.2-15.8 N/A Glass failure 
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It can be seen that the numerical predictions for the adhesive joints are in good agreement with the 

experimental data for both the continuum mechanics and the CZM approach. For both adhesives, in 

both tension and compression, the failure load prediction is within 10% of the average experimental 

load and in most cases within the experimental standard deviation. In the case of tensile loading the 

CZM model predicted slightly higher strength compared to the continuum mechanics approach, 

while in the case of the compressive loading this trend was reversed and the continuum mechanics 

approach slightly overestimated the failure load. However, the differences between the predictions 

of the methods are within 10% and thus in good agreement. This was to some extend unexpected and 

warrants further discussion. 

The ability of each numerical methodology to predict the joint strength, and hence the accuracy of 

the prediction, depends on the mode of failure of the joint. Generally, the continuum mechanics 

approach is better suited for cohesive failure events which are related to the bulk properties of the 

adhesive. In contrast, the CZM methodology is better suited for adhesive failure governed by the 

strength of the interface. The agreement of the two methods in the case of this study indicates that 

even when adhesive failure was observed, the interface bond strength was close to the bulk properties 

strength. Regarding failure prediction, each method has its respective advantages. The bulk adhesive 

properties are easier to evaluate experimentally compared to the interface properties.  

Regarding damage progression, the continuum mechanics methodology takes the triaxial stress state 

of the adhesive layer into account, while the CZM methodology applies an interpolation between 

mode I and mode II. Despite these differences, damage progresses very similarly as shown in Figure 

6.11 for the brittle adhesive. Here it can be seen that damage initiates from the corners and then 

progresses into the centre of the adhesive layer (continuum mechanics damage) or the adhesive 

interface (CZM damage). Similar results are obtained for both methods. Weaker interfaces failing 

adhesively are generally not captured by the bulk property analysis, and in this case the CZM 

methodology (which can capture both adhesive and cohesive failure) is preferred. This is further 

highlighted in Chapter 8 when discussing the influence of environmental exposure.  

 

Figure 6.11: Damage progression of the brittle adhesive layer based on a) continuum mechanics 

methodology and b) CZM methodology. Due to symmetry half of the adhesive layer is displayed. 
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It is worth noting that hybrid models combining two single rows of cohesive elements (one at each 

interface) with continuum elements for the bulk part of the adhesive layer were also developed for 

comparison. Details of the model and the mesh design can be seen in Figure 6.12. The failure of these 

hybrid models, however, was shown to be governed on the interface properties (cohesive properties) 

and thus yielded identical results compared to the simple CZM approach. It was therefore decided to 

use the easier to implement simple CZM approach rather than the complicated hybrid model.  

 

 

 

Figure 6.12: Modelling details of the a) simple CZM and the b) hybrid continuum/CZM modelling 

approaches. 

 

For bolted joints, the experimental scatter was higher, which led to reduced agreement between the 

experimental and numerical methods. It is postulated that micrometer-sized surface flaws introduced 

during drilling might further reduce glass strength around the vicinity of the bolt hole, which cannot 

be captured with the current approach based on manufacturer’s data. The numerical models, 

however, were accurate in predicting the maximum failure load measured experimentally. 

 

In addition, the simulations were accurate in predicting the locations of damage initiation and failure 

mechanisms. For the case of bolted joints, the glass substrates failed in the vicinity of the bolt hole, 

in a direction perpendicular to the direction of load agreeing very well with the experimental 

observations. Figure 6.13 shows the location of failure and the stress distribution before and after the 

failure. Regarding both types of adhesive joints, failure was predicted by both methods to take place 

in the interface, agreeing with the experimental observations. Figure 6.14 shows the damage onset 

and propagation for the brittle and ductile adhesives under tension highlighting the different damage 

onset and propagation mechanisms. The failure mechanisms under uniaxial compression are very 

similar to the ones under uniaxial tension.  
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Figure 6.13: Numerical prediction of the damage initiation in the vicinity of the bolt hole under 

uniaxial tension. The figure shows the distribution of maximum principal stress on the glass surface 

(stresses in MPa). 

 

 

Figure 6.14: Damage onset and propagation in the brittle (left) and ductile (right) adhesive layer 

under uniaxial tension. The size of the bonded area is 50 x 50 mm. The distribution of the 

equivalent plastic strain at damage initiation, propagation and complete failure is shown. 
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The lower strength, ductile adhesive (in terms of bulk properties) produces stronger joints (in terms 

of failure load in the joints). This can be explained by studying the damage initiation and propagation 

of the adhesive layers. Firstly, the elements around the corners of the overlap start to yield for both 

adhesives. The brittle adhesive, however, has a very small plastic region and damage initiates very 

quickly, leading to progressive failure of elements and element removal, while most of the adhesive 

layer has not even started to deform plastically. Contrary to that, the plastic zone in the ductile 

adhesive extends largely across the whole adhesive layer before any elements start to fail. This large 

area plasticization behaviour of the ductile adhesive layer allows the ductile joints to sustain higher 

loads.  This effect is further studied in Chapter 7 and leads to a strategy for optimum selection of 

adhesives based on their mechanical properties. 

 

6.6 Out-of-plane bending 

 

6.6.1 Geometry and boundary conditions 

 

The geometry of the models created in ABAQUS was as close to the experimental tests performed 

as possible. Therefore, the dimensions of the glass substrates were 250 mm x 100 mm x 6 mm, the 

dimensions of the steel splice were 110 mm x 50 mm x 6 mm and the dimensions of the adhesive 

layers were 50 mm x 50 mm x 0.2 mm. Finally, the M10 bolt, the washers and the nuts were modelled 

as one part and the clearance of fit was 3% as in the experiments. In addition, steel rollers were 

included in the models for the load application and contacts were defined between the steel rollers 

and the glass substrate.  

 

Symmetries in two axes were used for both bolted and adhesive configurations, and therefore only 

one quarter of each joint was modelled. The loading was displacement controlled and was applied 

through reference points, which were tied to the steel rollers. Figure 6.15 shows the models of the 

bolted and the adhesive joints.  
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Figure 6.15: Geometry of the numerical models for the a) bolted and b) adhesive configuration 

(both continuum and CZM approaches) under out-of-plane bending loading. Symmetries were used 

in x- and z- axis for both configurations. 

 

6.6.2 Joint response 

 

The strain gauge measurements reported in Chapter 5 can be compared with the FE predictions for 

the stiffness response of the joints in the glass and steel substrates. Figures 6.16 and 6.17 show the 

load-strain response of the glass and the steel substrates under out-of-plane bending loading for 

adhesive and bolted joints respectively. It can be seen that there is very good agreement between the 

stiffness response measured experimentally and the FE predictions. The stiffness is affected by the 

steel and glass substrates, which explains the linear characteristics of the graphs. In addition, it is 

worth noting that the experimental strain of the glass substrates is averaged between the two sides of 

the joints, but as shown in Chapter 5 this has a very small effect just at the initial stages of loading. 
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Figure 6.16: Comparison of load vs. strain gauge measurements and corresponding FE predictions 

for the adhesive joint configurations when subjected to out-of-plane bending loading a) in the glass 

substrate and b) in the steel substrate. Results based on a continuum mechanics approach. 
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Figure 6.17: Comparison of load vs. strain gauge measurements and corresponding FE predictions 

for the bolted joint configurations when subjected to out-of-plane bending loading in the steel 

substrate and in the glass substrate. 

 

6.6.3 Joint failure prediction 

 

Table 6.5 summarizes the failure loads for the out-of-plane bending loading as measured 

experimentally and as predicted numerically. To provide an interpretation of the experimental scatter, 

a lower and an upper strength threshold was predicted through FE simulations, for the continuum 

mechanics approach. The fracture strain of the brittle adhesive was varied based on the values of 

standard deviation given in Table 3.1. For the case of ductile adhesive and bolted joints, failure occurs 

in the glass substrate as successfully predicted and hence glass strength variation (120-140 MPa for 

tempered glass) determines the maximum and minimal failure load thresholds. Figure 6.18 shows 

the distribution of stresses in the glass substrate (for bolted joints), and Figure 6.19 shows the 

distribution of the equivalent plastic strain in the adhesive layer (for adhesive joints) in the last 

increment before failure. 
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Table 6.5: Summary of the experimental and numerical predictions of the failure load/mechanism 

for bolted and adhesive joints under out-of-plane bending loading. 

 
Out-of-plane bending 

Experimental Numerical 

Configuration 
Failure load 

(kN) 
Failure mechanism 

Failure load –

Continuum 

mechanics (kN) 

Failure load 

– CZM (kN) 
Failure mechanism 

Brittle Adhesive 

(Araldite 2020) 
0.83 ± 0.21 

Adhesive/cohesive 

failure 

 

0.86-0.94 0.98 Interface failure  

Ductile Adhesive 

(Araldite    2047-

1) 

1.45 ± 0.04 Glass failure 1.27-1.48 1.27-1.48 Glass failure 

Bolted 1.20 ± 0.08 Glass failure 1.07-1.23 N/A Glass failure 

 

 

 

Figure 6.18: Numerical prediction of the damage initiation in the vicinity of the bolt hole under 

out-of-plane bending loading. The figure shows the distribution of maximum principal stress in the 

glass surface (stresses in MPa). 
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Figure 6.19: Equivalent plastic strain distribution for a) the brittle and b) the ductile adhesive layers 

in the last increment before failure under out-of-plane bending loading. The size of the bonded area 

is 50 mm x 50 mm. 

It can be seen that there is very good agreement for the failure load prediction for both bolted and 

adhesive joints. For the case of adhesive joints both the continuum mechanics approach and the CZM 

approach yield comparable results. For the case of ductile adhesive joints, failure in the glass 

precedes interface failure and therefore the failure prediction depends only on the strength of the 

glass, hence the two methods yield identical results. For the case of the brittle adhesive joints, the 

CZM method slightly overestimates the performance of the joints predicting failure about 13% higher 

than the average experimental failure load and 4% higher compared to the continuum mechanics 

approach. Both predictions however, fall into the experimental standard deviation. Finally, for bolted 

joints the numerical simulations are very accurate in predicting the failure loads and the associated 

experimental scatter.  

 

In terms of failure mechanisms the numerical predictions are in agreement with the experimental 

observations. Figure 6.18 shows that for bolted joints the damage initiates in the vicinity of the bolt 

hole in a location very closely related to the experimental observations shown in Figure 5.16. Figure 

6.19 shows the distribution of the equivalent plastic strain on the brittle and the ductile adhesive 

layers in the last increment before failure. It can be seen that the damage initiated at the corners of 

the brittle adhesive layer, but was very limited before complete failure took place. Contrary to that, 

the ductile adhesive started to develop a large plastic zone which extended from the corners, and 

eventually failed in the glass substrates once the substrate strength was exceeded. The experimental 

observations also show that stress whitening is found in a limited part of the adhesive layer (Figure 

5.20) before the glass substrates fail, validating the numerical models. 
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6.7 In-plane bending 

 

6.7.1 Geometry and boundary conditions 

 

The geometry of the models created in ABAQUS was as close to the experimental tests performed 

as possible. Therefore, the dimensions of the glass substrates were 250 mm x 100 mm x 6 mm, the 

dimensions of the steel splice were 110 mm x 50 mm x 6 mm and the dimensions of the adhesive 

layers were 50 mm x 50 x mm x 0.2 mm. In addition, steel rollers were included in the models for 

the load application. It was seen experimentally that glass failure was taking place during the contact 

of the steel rollers to the glass substrates. This failure was explained by local stress concentrations, 

and slightly unbalanced load distribution and was not captured numerically since the simulations 

assume idealistic contact stresses and perfectly flat surfaces in contact regions. Experimentally, this 

was addressed by adding aluminium interlayers between the steel rollers and the glass substrates to 

create a more uniform load distribution in the load introduction points. These interlayers were also 

modelled numerically as 20x20 mm aluminium blocks with 6 mm thickness. Contacts were 

introduced between the steel rollers/glass substrates and the aluminium interlayers. 

 

Finally, symmetries in two axes were used for the adhesive configurations, and therefore only one 

quarter of each joint was modelled. The loading was displacement controlled and was applied 

through reference points, which were again tied to the steel rollers. Figure 6.20 shows the models of 

the adhesive joints and the detail focuses on the aluminium interlayer. 

 

 

Figure 6.20: Geometry of the numerical models for the adhesive (both continuum and CZM 

approaches) configuration under in-plane bending loading. Symmetries were used in x- and y- axis. 
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6.7.2 Joint response 

 

The strain gauge measurements reported in Chapter 5 can be compared with the FE predictions for 

the stiffness response of the joint in the glass substrates. Chapter 5 showed that the glass substrates 

experienced slightly uneven load distribution and therefore for this comparison the strain response is 

averaged between the four glass substrates. Figure 6.21 shows the load-strain response as measured 

experimentally and predicted numerically for the brittle and ductile adhesive joints in the glass 

substrate. It can be seen that there is very good agreement. There are some small differences between 

the experimental and FE methods for the first 2-3 kN of loading, but once all four glass substrates 

are evenly loaded the stiffness response is similar.  

 

Figure 6.21: Comparison of load vs. strain gauge measurements in the glass substrate and 

corresponding FE predictions for the adhesive joint configurations when subjected to in-plane 

bending. Results based on a continuum mechanics approach. 

 

6.7.3 Joint failure prediction 

 

Table 6.6 summarizes the failure loads for the in-plane bending loading as measured experimentally 

and as predicted numerically. To provide an interpretation of the experimental scatter, a lower and 

an upper strength threshold was predicted through FE simulations for the continuum mechanics 

approach. The fracture strain of both adhesives was varied based on the values of standard deviation 

given in Table 3.1. Figure 6.22 shows the distribution of the equivalent plastic strain in the brittle 

and ductile adhesive layers as the damage initiates and propagates. 
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Table 6.6: Summary of the experimental and numerical predictions of the failure load/mechanism 

for adhesive joints under in-plane bending loading. 

 
In-plane bending 

Experimental Numerical 

Configuration 
Failure load 

(kN) 
Failure mechanism 

Failure load –

Continuum 

mechanics (kN) 

Failure load 

– CZM (kN) 

Failure 

mechanism 

Brittle Adhesive 

(Araldite 2020) 
14.3 ± 0.7 

1) Adhesive/cohesive 

failure 

2) Glass failure 

preceded by 

significant damage in 

the adhesive layer 

11-15.3 12.1 Interface failure 

Ductile 

Adhesive 

(Araldite    2047-

1) 

20.0 ± 0.4 

1) Adhesive/cohesive 

failure 

2) Glass failure 

preceded by 

significant damage in 

the adhesive layer 

17.9-19.6 18.8 Interface failure 

Bolted N/A 

 

 

Figure 6.22: Damage onset and propagation in the brittle (left) and ductile (right) adhesive layer 

under in-plane bending loading. The size of the bonded area is 50 mm x 50 mm and the figure plots 

the distribution of the equivalent plastic strain as the damage initiates and propagates. 
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It can be seen that there is very good agreement between the experimental measurements and the 

failure load prediction under in-plane bending loading. The numerical prediction of the CZM 

approach is within the range predicted from the continuum mechanics approach. For both the brittle 

and the ductile adhesive joints, the CZM method slightly underestimates the failure load compared 

to the experimental measurements. However, the predictions are still within 15% and 6 % compared 

to the experimental values. The continuum mechanics approach in this load case is more accurate 

than the CZM method, since the predictions fall within the experimental scatter for both the brittle 

and the ductile adhesives. 

 

In terms of failure mechanisms the numerical models predict that failure will take place at the 

interface being in line with the experimental observations. Figure 6.20 shows the equivalent plastic 

strain distribution in the brittle and ductile adhesive layers during damage initiation and propagation. 

It can be seen that for both adhesives the damage initiates in the bottom left corners but for the brittle 

adhesive elements start to fail before the rest of the adhesive layer starts to resist the loading leading 

to complete failure. Contrary to that, the ductile adhesive starts to develop a large plastic zone 

throughout the adhesive layer and elements start to fail in all corners of the adhesive layer before 

final failure. The development of plastic zone that covers the entire adhesive layer is in line with the 

experimental observations of stress whitening which could be seen throughout the bonded area 

(Figure 5.22).   

 

6.8 Summary 

 

Chapter 6 described the numerical validation of the experimental tests on bolted and adhesive joints 

presented in Chapter 5. Chapter 6 initially introduces the numerical methodology, presenting the 

constitutive models that were used to simulate the damage and failure in the glass substrate and the 

adhesive/interface. These constitutive models considered pressure-sensitive plasticity, in the form of 

the Linear Drucker-Prager model which was combined with progressive damage evolution for the 

adhesive and the glass in the form of the ductile damage model and the brittle cracking model 

respectively. In addition, cohesive zone models were also developed to model the interface damage 

by employing the traction-separation laws described in Chapter 4.  

 

The models developed covered all four load cases that were tested experimentally. The numerical 

validation was based on the comparison of the strains in critical locations of the joints as measured 

by strain gauges and as predicted numerically. In addition, the validation was also based on 

comparing the failure loads and mechanisms between the experimental and numerical methods. 

 

Once the models were validated, they were also used for explaining the performance of the joints. 

The most interesting finding of the experimental study was that the ductile adhesive produced 
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stronger joints in all four load cases, compared to the stronger (in terms of bulk properties), but brittle 

adhesive. The failure mechanisms of both adhesive layers were studied for all different load cases 

and it was shown that the ductile adhesive was able to redistribute local stress concentrations by 

plastic zone development unlike the brittle adhesive. Therefore, for this particular design and 

geometry, the ductility of the adhesive was shown to play a more critical role in the performance of 

the joint. The role of ductility/plasticity, however, also depends on the geometry of the joint and 

especially the size of the bonded area. These considerations led to the optimisation study presented 

in Chapter 7.    
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Chapter 7 Optimum selection of mechanical properties 

of adhesives 

 

7.1 Introduction and structure 

 

The experimental and numerical studies on glass adhesive joints presented in Chapters 5 and 6 

revealed that in general the ductile adhesive (in terms of bulk properties) produced stronger joints (in 

terms of failure load in the joint) for every load case investigated. While studying the performance 

of the adhesive layers during damage initiation and propagation, it was shown that the ability of the 

ductile adhesive to develop a large plastic zone was crucial in the performance of the joints. However, 

the important arising question is how to select optimal adhesive properties for a given joint geometry 

and loading cases by assessing the strength and ductility characteristics of an adhesive. 

 

In this chapter, the market was surveyed thoroughly and adhesives with different mechanical 

characteristics were identified. A parametric study evaluating the failure load prediction of joints 

under uniaxial tension was developed. This study was based on the mechanical properties of the 

identified adhesives in order to further understand the effect of strength/ductility on the failure 

behaviour of the joints.  

 

Part of the results presented in this chapter were published as full paper in [134] 

 

7.2 Optimum selection 

 

To assess the effect of different mechanical properties on the joint geometries and load cases included 

in this study, the market for structural adhesives was surveyed thoroughly. A range of adhesives with 

different property characteristics resulting in an upper bound curve were chosen for a parametric 

study to determine the maximum failure load as a function of strength and fracture strain. The 

adhesives surveyed range from stiff and strong adhesives to flexible and ductile, and their mechanical 

properties are summarized in Table 7.1 as established from manufacturers’ data sheets [120, 138-

143].  
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Table 7.1: Mechanical properties of adhesives selected for the optimal screening selection.  Data 

collected from various manufacturers’ datasheet and other literature sources [120, 138-143]. 

Adhesive E (MPa) σy (MPa) ε (%) 
Fracture 

energy (J/m2) 

Predicted 

failure load 

(kN) 

Hysol EA 9394 4420 60 4.6 50 41.8 

Hysol EA 9628 2377 52 7.5 100 49 

Loctite 5452 114 10 58 1200 25.2 

Delo-Duopox 03 

rapid thix 
2000 33 20 400 88.8 

Araldite 2024 760 20 42.5 700 70.6 

Araldite 2026 200 18 50 800 61.5 

Araldite 2021-1 1800 42 12.5 200 69.4 

 

The graphs in Figure 7.1 demonstrate the general trends for commercially available adhesives based 

on this upper bound selection: (1) with increasing strength the strain-to-failure reduces (Figure 7.1a), 

(2) strength increases and strain-to-failure decreases with an increase in stiffness (Figure 7.1b) and 

(3) fracture toughness increases with strain-to-failure and decreases with strength (Figure 7.1c). 

Nonlinear trend-lines of the upper limit adhesive selection as per best data fit were plotted for all 

three graphs to visualize these relationships. 
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Figure 7.1: Correlation of a) adhesive strength vs strain-to-failure, b) adhesive strength and strain-

to-failure vs stiffness, and c) adhesive strength and strain-to-failure vs fracture toughness for 

common structural adhesives. For figures (b) and (c) the adhesive strength is plotted on the primary 

(lower) x scale, while the adhesive strain-to-failure is plotted on the secondary (upper) x scale. The 

adhesive strength and strain-to-failure are correlated as per Figure 7.1a. Data collected from 

various manufacturers’ datasheet [120, 138-143]. 
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Joint strength simulations were conducted for all data points shown in Figure 7.1. Figure 7.2 shows 

the distribution of the predicted joint failure loads, assuming simplified perfect elastic-plastic 

behaviour and standard values for pressure-sensitivity. The numerical methodology followed for 

these simulations is described in Chapter 6 and utilises the continuum mechanics approach. It is 

observed that a peak of the predicted failure load occurs around an adhesive strength value of 30 

MPa and an adhesive strain to failure of ca. 23%. The presence of such distinctive joint strength 

peaks suggests that an optimal choice of adhesive exists for the considered joint configuration and 

tensile load case.  

 

 

Figure 7.2: Predicted tensile failure load of bonded joints with respect to the adhesive strength and 

adhesive strain-to-failure. The strength is plotted on the primary (lower) x scale, while the adhesive 

strain-to-failure is plotted on the secondary (upper) x scale. The adhesive strength and strain-to-

failure are correlated as per Figure 7.1a. 

 

Finally, it is noted that these ‘optimal’ adhesive properties are most closely associated with the 

adhesive system ‘Delo-Duopox 03 rapid thix’. Therefore, this adhesive was characterised 

experimentally in terms of bulk properties as shown in Chapter 3 and was also evaluated in joints 

numerically and experimentally as shown in this chapter. It is worth noting that the values provided 

by the manufacturer for Delo-Duopox 03 rapid thix [120] compared to the experimental values 

obtained are higher for the elastic modulus (2000 MPa compared to 1540 MPa measured) and lower 

for the strength and strain to failure (37 MPa compared to 33 MPa and 35% compared to 20% 

respectively). Based on the mechanical properties of Delo-Duopox 03 rapid thix, the adhesive will 

be classified in this work as an intermediate strength adhesive. 
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7.3 The role of plasticity 

 

The presence of such distinctive peaks in Figure 7.2 is an interesting and unexpected finding which 

warrants further investigation. Figure 7.3 shows the predicted equivalent plastic strain distributions 

induced in the joints with the two adhesives studied in Chapters 5 and 6 and the selected intermediate 

strength adhesive presented above. It should be noted that Figure 7.3 shows the deformations in the 

adhesive layer of a joint subjected to tensile loading, but the similar observations were made for all 

four load cases despite the different stress states induced in the adhesive layers for each load case. 

 

It can be seen that the limited plastic region of the brittle adhesive leads to failure in the corners of 

the joints before the rest of the adhesive layer starts to deform plastically. Unlike the brittle adhesive, 

both the ductile and intermediate strength adhesives are able to develop a large plastic zone (due to 

their higher ductility) that extends from the corners and completely covers the 50 mm x 50 mm area 

of the adhesive layer. Therefore, a larger volume of adhesive material is deforming and utilised to 

resist the loading. This delays the failure and results in higher joint strength despite the lower strength 

of the adhesives.  

 

 

Figure 7.3: Equivalent plastic strain (PEEQ) distribution, plastic zone development and damage 

onset for tensile loading of the joint configurations with a) brittle, b) intermediate, and c) ductile 

adhesives. The adhesive layer size shown is 50 mm x 50 mm as per experimental test set-up. 

 

The development of a much larger plastic zone explains why the ductile adhesive is less sensitive to 

the fracture strain variation compared to the brittle adhesive (as shown in Chapter 6). A relatively 

small change in the adhesive failure strain changes the failure load prediction significantly for the 
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case of the brittle adhesive, but a bigger change has a smaller effect in the case of ductile adhesive 

joints. 

 

It has to be noted, however, that the plastic zone development does not only depend on the properties 

of the adhesive but also on the size of the bonded area. To further investigate the effect of the bonded 

area, a numerical parametric study with the bonded area as a varying parameter was developed. The 

analysis is based on the tensile test but similar results are expected for the other load cases.  

 

Figure 7.4a shows the percentage of the elements that yield in the last increment before failure for 

the three adhesives. Figure 7.4b shows the effect on the failure load of the three adhesives as the 

bonded area changes by presenting the failure load ratios between the three adhesives examined. The 

failure load ratios are useful since they indicate which adhesive joint configuration is stronger (for 

ratios over 100%) or weaker (for ratios below 100%) for a given size of the bonded area. It can be 

seen that for the intermediate and ductile adhesives, the variation of the bonded area does not have 

an effect on the percentage of elements that yield since the whole adhesive layer deforms plastically. 

However, the effect for the brittle adhesive is very important, since the percentage of elements that 

yield drops from about 50 % (for a bonded area of 100 mm2) to less than 3% (for a bonded area of 

2500 mm2).  

 

The size of the plastic zone is therefore very important when the failure load of a joint is considered. 

It can be seen that for smaller bonded areas, where a significant amount of the brittle adhesive layer 

yields, the brittle adhesive outperforms the ductile adhesive (ratio over 100%) and has comparable 

performance to the intermediate strength adhesive (ratio close to 100%). As the joints’ bonded area 

sizes increase, the plastic zone develops in a smaller part of the joint, and therefore the performance 

of the brittle adhesive starts to deteriorate (ratio dropping below 100%) compared to the other two 

adhesives. 

 



Chapter 7 

129 

 

 

Figure 7.4: Effect of the size of the bonded area on a) the size of the plastic zone, and b) on the 

joint strength for the three different adhesives. 

 

7.4 Experimental assessment and numerical validation of optimum 

adhesive joints 

 

To validate the findings of the parametric study, joints were manufactured with the intermediate 

strength adhesive. The designs and load cases examined are the same as the ones presented in 
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Chapters 5 and 6 and therefore direct comparisons between the brittle/ductile and intermediate 

strength adhesives can be undertaken.  

 

In addition, Delo-Duopox 03 rapid thix (intermediate strength adhesive) was characterised 

experimentally under tension and compression as shown in Chapter 3 (Figure 3.3 and Table 3.1). For 

the numerical simulation of the intermediate strength adhesive joints, the continuum mechanics 

approach was utilised as described in Chapter 6. Therefore, the Drucker Prager model was coupled 

with the ductile damage model. For the intermediate strength adhesive, the pressure sensitivity ratio, 

𝜎𝑦𝐶/𝜎𝑦𝑇 was calibrated at a value of 1.60 slightly higher than the 1.2-1.4 value suggested in [7], 

while the parameters of the ductile damage model can be found in Table 7.2. 

 

Table 7.2: Damage model material parameters for the Intermediate strength adhesive. 

Fracture energy, (J/m2) 400 

Stress triaxiality (η) Fracture strain (εc) 

-0.33 3.67 

0 0.21 

0.33 0.367 

0.5 0.551 

0.75 0.294 

 

It is worth noting, that in the case of the intermediate strength adhesive, the joints for every load case 

failed in the glass substrate and therefore the adhesive damage parameters were not activated at any 

point of the analysis. As in Chapter 6, comparison between the experimental recordings and 

numerical predictions are presented in terms of stiffness response of the joint and failure load 

prediction for the four different load cases. Figure 7.5 shows the strain response under tensile loading 

at the midpoint of the glass/steel adhesive joint and the area of stress concentration as measured 

experimentally and predicted numerically. Similarly, Figure 7.6 shows the strain response in the 

same locations when the joints were subjected to compressive loading.   
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Figure 7.5: Comparison of load vs. strain gauge measurements and corresponding FE predictions 

for the intermediate strength adhesive joint configurations subjected to tensile loading a) at the 

glass midpoint and b) at the areas of stress concentrations. 
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Figure 7.6: Comparison of load vs. strain gauge measurements and corresponding FE predictions 

for the intermediate strength adhesive joint configurations subjected to compressive loading a) at 

the glass midpoint and b) at the areas of stress concentrations. 

 

It is worth noting that for the case of compression of the intermediate adhesive strength joints, the 

failure load is predicted to be significantly higher than observed experimentally, assuming a perfectly 

straight geometry in the numerical model. The reason for this is that the FE simulations assume 

perfect loading distribution between the two substrates and exclude the possible occurrence of 

buckling. However, in the actual tests buckling was observed via strain reading bifurcations on 
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opposite sides of the specimen, and this effect became more significant as the load was increasing. 

Therefore, numerical models were developed taking buckling into consideration. An initial 

imperfection was added in the models, following the process outlined by Feih et al [144] in the form 

of a small offset from the symmetry line to initiate out-of-plane buckling behaviour in the numerical 

simulations. The offset value was calibrated at a maximum deflection of δ=0.4 mm at the centre of 

the joint over a length of 370mm for the intermediate strength adhesive case. Figure 8 shows the load 

vs. strain response of the front and the back substrates, as measured experimentally using strain 

gauges and predicted numerically. It can be seen that this adjustment leads to a significantly improved 

prediction for the both the load-response and the failure load. The buckling effect was insignificant 

for the other two adhesive joint configurations due to the lower failure load. 

 

Figure 7.7: Load-strain response displaying buckling behaviour for the high loads achieved with 

the intermediate strength adhesive. The deformations indicated in the sketch to the right are 

exaggerated. 
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The failure mechanism of the intermediate strength adhesive under uniaxial loading switched from 

adhesive/cohesive to glass substrate failure as shown in figure 7.8. However, it needs to be 

highlighted that the strength increase in tension is 87% and 51% compared to the brittle and ductile 

adhesive, respectively, while the corresponding strength increase in compression is 55% and 44%. 

 

 

Figure 7.8: Uniaxial mode of failure for the intermediate strength adhesive. 

 

Figure 7.9 shows the experimental measurements and the numerical predictions for the brittle, ductile 

and intermediate strength adhesives subjected to uniaxial loading and highlights the strength increase 

achieved. Therefore, the optimisation strategy followed in section 7.2 is validated for uniaxial 

loading. 
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Figure 7.9: Summary of the failure loads for the three adhesives as measured experimentally and 

predicted numerically for a) tension and b) compression loaded joints. 

 

Similarly, tests with the intermediate strength adhesive were repeated for the out-of-plane and the in-

plane bending load cases. Figure 7.10 shows the strain response in the glass and the steel substrate 

as measured experimentally and predicted numerically for the out-of-plane bending load case. It can 

be observed that while good agreement is achieved for the strain response, the numerical prediction 

slightly underestimates the failure load. For these joints the glass appears to fail at a slightly higher 

stress than the maximum stress specified numerically (~140 MPa). This is not captured by the models 
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which accurately predicted the glass substrate failure, but at about 10% lower load. The failure 

mechanism can be seen in Figure 7.11. 

 

 

 

Figure 7.10: Comparison of strain gauge measurements and FE predictions for the intermediate 

strength adhesive joints subjected to out-of-plane bending loading a) at the glass substrate, and b) 

the steel substrate. 
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Figure 7.11: Out-of-plane bending mode of failure for the intermediate strength adhesive. 

 

Once again, strength increase is achieved with the intermediate strength adhesive as shown in Figure 

7.12. The strength increase is 99% and 14%, respectively, compared to the brittle and ductile 

adhesives. 

 

Figure 7.12: Summary of the failure loads for the three adhesives as measured experimentally and 

predicted numerically for the out-of-plane bending tests. 

 

Figure 7.13 shows the strain response in the glass substrate for the joints subjected to in-plane 

bending loading. All the joints with the intermediate strength adhesive failed in the glass before any 

damage was introduced in the adhesive. The failure in the glass occurred at the contact point between 

the glass and the aluminium interlayer in the area of the load introduction points as shown in Figure 

7.14. In addition, Figure 7.15 shows the failure in the area of the interface.  
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Figure 7.13: Comparison of strain gauge measurements and FE predictions for the intermediate 

strength adhesive joints subjected to in-plane bending loading. 
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Figure 7.14: Damage introduced in the glass substrate due to the contact with the aluminium 

interlayer. 

 

 

Figure 7.15: In-plane bending mode of failure for the intermediate strength adhesive. 

 

Different interlayers at the load application points could be used to further control the stress 

concentrations in the contact region, but optimisation of this test set-up is considered outside the 

scope of this study, especially considering that even with the premature failure there is a significant 

strength increase compared to the brittle and ductile adhesive joints (82% and 30% higher failure 

loads, respectively). Figure 7.16 summarises the experimental measurements and the numerical 

predictions for the brittle, ductile and intermediate strength adhesive under in-plane bending loading. 

It is noted that finite element analysis did not predict the glass failure at the load introduction points, 

most likely due to the assumptions of (a) uniformly distributed contact stresses and (b) perfectly flat 

surfaces in contact regions. 
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Figure 7.16: Summary of the failure loads for the three adhesives as measured experimentally and 

predicted numerically for the out-of-plane bending tests. 

7.5 Summary 

 

Based on observations from Chapters 5 and 6, in this chapter, a numerical parametric study was 

conducted to screen commercial adhesive systems systematically. The study showed that for the joint 

designs and geometrical configurations examined, adhesives that combine intermediate values of 

strength and ductility produce significantly stronger bonded joints. The study identified a commercial 

adhesive, with intermediate strength/ductility, as an optimum adhesive for the given geometry.  

 

In addition, the failure mechanisms associated with different adhesives were studied, and it was 

shown that adhesive ductility plays a critical role. Unlike the brittle adhesive, the intermediate 

strength and the ductile adhesives develop an extended plastic zone, which redistributes the loads 

and suppresses or reduces the effect of local stress concentrations. However, the plastic zone 

development, and hence the strength of the joint, does not only depend on the properties of the 

adhesive but also on the geometry of the joint. It was shown that adhesive strength is more important 

for smaller size joints, while ductility becomes more critical as the bonded area increases in size. 

 

Adhesive joints using the identified optimum adhesive were manufactured and tested experimentally, 

while they were also analysed numerically. The experimental study showed that the joints with an 

intermediate strength adhesive system outperformed all other joints for every load case. The strength 

increase comparted to the brittle and ductile adhesives ranged from a minimum of 14% to a maximum 

of 99%. The failure mechanism switched from a predominantly adhesive/cohesive mode to failure 

in the glass, limiting the measured and validated strength increase. 

 

The developed adhesive selection strategy reveals that this particular resin system can indeed be 

considered an optimal choice for the considered load cases. It should be noted that a similar approach 

can be utilized as an initial screening test for any type of joint geometry and loading condition. The 

experimental test campaign conducted as part of the research presented in this chapter confirms this 

conclusion and further validates the capability of the nonlinear FE analyses for joint design and 

optimisation. 
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Chapter 8 Environmental Exposure 

 

8.1 Introduction and structure 

 

All results presented in Chapters 5-7 described tests in ideal laboratory conditions (23°C and 50% 

R.H.) under quasi-static loading. However, adhesive joints are known to be very sensitive to 

environmental exposure as described in Chapter 2. Therefore, in this chapter, the effect of 

environmental exposure on adhesive joints was studied. More specifically, humidity and elevated 

temperatures were introduced according to ETAG 002 [76], a European guideline for the use of 

structural sealants in buildings.  

 

In order to study the effects of humidity and temperature, the degradation of both the bulk and 

interface properties was measured by repeating the tensile tests described in Chapter 3 and the 

modified DCB and SLB tests described in Chapter 4. Glass/steel double lap shear adhesive joints as 

described in Chapters 5-7 were also exposed to the same conditions and tested experimentally. The 

numerical modelling methodologies previously developed were evaluated with the new input data to 

quantify the environmental degradation and the subsequent strength drop of the joints. The exposure 

study considered the brittle and ductile adhesives only. The intermediate strength adhesive had a very 

low Tg and extensive damage was taking place for the conditions examined. Therefore, it was 

excluded from this study. 

 

8.2 Exposure conditions 

 

ETAG 002 [76] is a European directive for the use of sealants in buildings and one of the few attempts 

to standardise the use of adhesives in buildings. The cycle proposed for the environmental exposure 

of adhesive joints was adopted although ETAG 002 is not designed for stiff adhesives like the ones 

used in this study. The test specimens were fully immersed (at least 20 mm below the water level) in 

demineralised water for 21 days at a temperature of 45°C. Afterwards, they were removed from the 

chamber and conditioned at (23 ± 3) °C and (50 ± 5) % R.H. for (24 ± 4) hours. After that, they were 

tested following the methodology described in Chapters 3 (for the bulk specimens), 4 (for the 

DCB/SLB specimens) and 5 (for the double lap shear joints specimens). A Memmert universal oven 

was used for controlling the temperature and Figure 8.1 shows the typical set-up during the exposure 

of all samples. According to the guideline, joints consisting of glass substrates should also be exposed 

to UV-exposure. However, it was decided to focus study on the effect of elevated temperature and 

humidity, and therefore UV radiation was not considered. 
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Figure 8.1: Exposure of glass/steel double lap shear adhesive joints. 

 

The DCB specimens were initially used to evaluate the effect of humidity and elevated temperatures 

on the interfaces for shorter exposure periods. Exposure periods of 7, 14 and 21 days were 

considered. The DCB specimens were also exposed to heat only (45°C without water immersion) in 

order to specify which parameters contribute more to the degradation of the joints. 

 

8.3 Effect of exposure on the bulk properties 

 

For the effect of the environmental exposure on the bulk properties of the adhesives, tensile 

specimens were manufactured following ISO standards [122, 123] as described in Chapter 3. Figure 

8.2 shows typical tensile specimens for the brittle and ductile adhesive before and after exposure. It 

can be observed that there was a slight decolourisation for both adhesives after exposure. 

 

 

 

 

 



Chapter 8 

143 

 

Figure 8.2: Decolourisation of a) brittle (Araldite 2020) and b) ductile adhesive (Araldite 2047-1) 

after exposure. 

 

Table 8.1 summarises the key mechanical properties before and after exposure for the brittle and the 

ductile adhesives while Figure 8.3 shows characteristic stress-strain responses. It can be seen that the 

elastic modulus, yield and failure stresses dropped for both adhesives. However, for both adhesives 

an increase in the ductility was also observed. A minimum of 5 specimens per adhesive were tested. 

 

Table 8.1: Summary of the mechanical properties of the brittle and ductile adhesives before and 

after exposure (21 days in water at 45°C). 

 

Araldite 

2020 -

Before 

exposure 

Araldite 

2020 - After 

exposure 

Percentage 

change (%) 

Araldite 

2047-1 - 

Before 

exposure 

Araldite 

2047-1 - 

After 

exposure 

Percentage 

change (%) 

Young’s 

modulus (E), 

GPa 

2.57 ± 0.08 1.87 ± 0.21 -27 0.89 ± 0.08 0.54 ± 0.05 -39 

Tensile yield 

strength (σyT), 

MPa 

31.33  ± 

2.73 

27.88  ± 

4.04 
-11 5.56 ± 0.11 2.03  ± 0.30 -63 

Tensile failure 

stress (σfT), MPa 

45.39  ± 

2.61 

41.66  ± 

1.00 
-8 13.10 ± 1.13 9.17  ± 0.50 -30 

Tensile failure 

strain (εfT), % 
3.1 ± 0.6 4.37 ± 0.73 41 17 ± 4.1 

24.89 ± 

3.65 
46 
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Figure 8.3: Characteristic stress-strain responses of the a) brittle and b) ductile adhesives before 

and after exposure (21 days in water at 45°C). 

 

It can be seen that the ductile adhesive was affected more since the elastic modulus dropped 39%, 

compared to a 27% drop observed for the brittle adhesive. Similar trends were observed for the yield 

and failure stresses with the ductile adhesive dropping 63% and 30%, respectively, while the 

respective drops recorded on the brittle adhesive were 11% and 8%. Finally, it is worth noting that 

both adhesives increased their elongation by 41% and 46%, respectively. Table 8.1 shows that the 
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ductile adhesive was affected more by the exposure since the percentage changes for the Young’s 

modulus, the tensile yield strength and the tensile failure stress and strain are higher. 

 

8.4 Effect of exposure on the glass/steel interfaces 

 

8.4.1 Experimental analysis 

 

To determine the effect of the environmental exposure on the glass/steel interfaces, the modified 

DCB/SLB samples were used. The DCB/SLB samples are smaller and easier to manufacture 

compared to the double lap shear joints, so they were used as an initial evaluation to determine the 

effect of exposure. In addition, shorter exposure periods were also evaluated. Another advantage of 

the DCB/SLB samples is that they lead to the evaluation of traction-separation laws for the exposed 

specimens and therefore provide a numerical methodology to predict the degradation of the double 

lap shear joints. The testing followed the methodology described in Chapter 4, and a minimum of 5 

specimens per adhesive was tested.   

 

Figure 8.4 shows characteristic load/displacement curves for the DCB samples after 7, 14 and 21 

days of humidity/heat exposure and 7 days of heat only exposure for both adhesives. In addition, 

unaged specimens (the ones described in Chapter 4) are also included in order to make the 

comparisons and trends easier to follow.  
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Figure 8.4: Characteristic load-displacement curves for the a) brittle and b) ductile DCB specimens 

for no exposure and 7, 14, 21 days of exposure. 
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Figure 8.5 summarises the drop of the average load for the brittle and ductile adhesives as a function 

of exposure time. 

 

Figure 8.5: Load drop recorded in the DCB specimens for the brittle and ductile adhesives after 7, 

14 and 21 days of exposure. 

 

Table 8.2 summarises the experimental testing results for the modified DCB specimens. It can be 

seen that for both the brittle and the ductile adhesives the degradation gradually increased (as shown 

also in Figures 8.4 and 8.5). Most of the damage took place during the first week of exposure. 

Thereafter the degradation slowed down, which is in line with typical moisture uptake curves and 

with the experimental observations of similar studies [145-147]. Finally, after 3 weeks, the brittle 

DCB specimens retained 45% of their initial strength while the ductile adhesive retained 61%. 

Interestingly, the load drop of the brittle DCB specimens is bigger compared to the ductile ones, even 

though the degradation of the bulk properties is more significant for the ductile adhesive.  

 

In addition, it can be seen that the heat only exposure did not have a very significant degradation 

effect on the ductile adhesive and in the case of the brittle adhesive it even led to strength increase, 

which was attributed to additional post-curing of the resin. It is also worth noting that as the exposure 

time increased, the coefficient of variation from the five test results also increased significantly, 

especially for the brittle adhesive. 
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Table 8.2: Summary of the experimental testing for the DCB samples under exposure. 

Exposure Specimen 
Average Failure load 

(N) 

Coefficient of variation 

(%) 

No exposure 

Brittle adhesive 

(Araldite 2020) 

286 ± 55 19.2 

7 days - at 45 °C 337 ± 54 16.0 

7 days - water immersion at 45 °C 200 ± 51 25.5 

14 days - water immersion at 45 °C 159 ± 51 32.1 

21 days - water immersion at 45 °C 131 ± 64 48.9 

No exposure 

Ductile adhesive 

(Araldite 2047-1) 

649 ± 29 4.5 

7 days - at 45 °C 559 ± 45 8.1 

7 days - water immersion at 45 °C 484 ± 49 10.1 

14 days - water immersion at 45 °C 432 ± 43 10.0 

21 days - water immersion at 45 °C 398 ± 37 9.3 

 

Figure 8.6 shows the interfaces of the samples after failure for 7, 14 and 21 days of exposure. It can 

be seen that for the ductile adhesive a moisture ingress ring formed and moved from the sides to the 

centre of the specimen. The failure was mostly/completely adhesive on the glass side. The part of the 

adhesive layer that was not affected by the moisture developed the stress whitening that was 

previously observed in Chapters 4 and 5. Analysis of the failed interfaces revealed that the affected 

area of the ductile specimens increased from 25% to 37% after 1 and 3 weeks, respectively, which is 

in good agreement with the percentage drop of the average failure load of the DCB specimens for 

the respective periods. For the brittle adhesive, the moisture ingress was not as obvious. The 

specimens displayed an adhesive mode of failure, and the effect of the exposure could only be 

observed in the drop of the failure load.  
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Figure 8.6: Failed glass interfaces of the DCB specimens for the brittle (left) and ductile (right) 

adhesives after a) 7 days, b) 14 days, c) 21 days of exposure. 

 

The SLB samples were only tested after 21 days of exposure. Figure 8.7 shows characteristic 

load/displacement curves of the SLB specimens while the reference unaged specimens were also 

included in the figure for comparison purposes. Table 8.3 summarises the experimental testing for 

the SLB specimens after 21 days of exposure, while Figure 8.8 shows the glass/steel interfaces after 

failure. The moisture ingress effect observed for the ductile DCB specimens was also seen for the 

SLB specimens. In addition, some moisture ingress could also be observed in the brittle SLB 

specimens. It is worth noting that the brittle and ductile SLB samples retained 74% and 85% of their 

initial strength, which was significantly higher compared to the respective 45% and 61% measured 

for the DCB tests. However, once again the environmental exposure led to a significant increase in 

the coefficient of variation for the five test specimens. 
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Figure 8.7: Characteristic load-displacement curves for the a) brittle and b) ductile SLB specimens 

for no exposure and 21 days of exposure (immersed in water at 45°C). 
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Table 8.3: Summary of the experimental testing for the SLB samples after exposure (immersed in 

water at 45°C). 

Exposure Specimen Average Failure load (N) 
Coefficient of variation 

(%) 

No exposure 
Brittle adhesive 

(Araldite 2020) 

254 ± 21 8.3 

21 days - water 

immersion at 45 °C 

188 ± 51 

(26% drop) 
27.1 

No exposure 
Ductile adhesive 

(Araldite 2047-1) 

419 ± 45 10.7 

21 days - water 

immersion at 45 °C 

355 ± 62 

(15% drop) 
17.5 

 

 

Figure 8.8: Failed interfaces of the SLB specimens for the a) brittle and b) ductile adhesives after 

21 days of exposure. 

 

8.4.2 Numerical Analysis 

 

The inverse FE method [33] was again employed to extract the traction-separation laws after 3 weeks 

of exposure for the two adhesives. Initially, the traction and fracture energy were calibrated in mode 

I (DCB test), and then the mixed mode properties (SLB test) were also evaluated leading to the 

calibration of mode II. 
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Figure 8.9 shows characteristic experimental load-displacement response of the DCB specimens for 

the two adhesives and the subsequent numerical curve fitting that was achieved after 3 weeks of 

exposure. The shaded areas define the variation based on minimum and maximum values measured 

experimentally. The fitted curves represent the typical experimental results. Tables 8.4 and 8.5 

summarise the calibrated properties for the two adhesives and compare them with the respective 

values before exposure. 

 

Figure 8.9: Characteristic load/displacement curves for the brittle and ductile DCB samples and 

numerical curve fitting after 3 weeks of exposure. 

 

Table 8.4: Comparison of calibrated cohesive properties in mode I before and after exposure for the 

brittle adhesive (Araldite 2020). 

Brittle adhesive (Araldite 2020) 

Property Before exposure After exposure 

E (GPa) 2.57 1.87 

𝑡𝑛
𝑐

 (MPa) 25 12 

𝛿𝑛
𝑐

 (mm) 0.004 0.004 

𝐺𝑛
𝑐(J/m2) 50 25 
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Table 8.5: Comparison of calibrated cohesive properties in mode I before and after exposure for the 

ductile adhesive (Araldite 2047-1). 

Ductile adhesive (Araldite 2047-1) 

Property Before exposure After exposure 

E (GPa) 0.89 0.54 

𝑡𝑛
𝑐

 (MPa) 10 8 

𝛿𝑛
𝑐

 (mm) 0.104 0.075 

𝐺𝑛
𝑐(J/m2) 520 300 

 

It can be seen that there is a significant drop in both the traction and the fracture energy for both 

adhesives. The brittle adhesive is more affected, since both the traction and the fracture energy record 

a 50% reduction, while the ductile adhesive has a small drop of 20% on the traction and about 40% 

for the fracture energy. It has to be noted, however, that the larger experimental coefficient of 

variation for the exposed DCB specimens made the agreement between the experimental data and 

the FE calibration less precise.  

 

Figure 8.10 shows characteristic experimental load-displacement response of the SLB specimens for 

the two adhesives, and the subsequent numerical curve fitting that was achieved after 3 weeks of 

exposure. The shaded areas define the variation based on minimum and maximum values measured 

experimentally. The fitted curves represent the typical experimental results. Tables 8.6 and 8.7 

summarise the calibrated properties and compare them with the respective values before exposure. 

 

Figure 8.10: Characteristic load/displacement curves for the brittle and ductile SLB samples and 

numerical curve fitting after 3 weeks of exposure. 
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Table 8.6: Comparison of calibrated cohesive properties in mode II before and after environmental 

exposure for three weeks for the brittle adhesive (Araldite 2020). 

Brittle adhesive (Araldite 2020) 

Property Before exposure After exposure 

G (GPa) 0.93 0.67 

𝑡𝑠
𝑐

 (MPa) 15 6 

𝛿𝑠
𝑐 (mm) 0.013 0.05 

𝐺𝑠
𝑐 (J/m2) 100 150 

 

Table 8.7: Comparison of calibrated cohesive properties in mode II before and after exposure for 

the ductile adhesive (Araldite 2047-1). 

Ductile adhesive (Araldite 2047-1) 

Property Before exposure After exposure 

G (GPa) 0.31 0.19 

𝑡𝑠
𝑐

 (MPa) 2 2 

𝛿𝑠
𝑐 (mm) 1.04 0.5 

𝐺𝑠
𝑐 (J/m2) 1040 500 

 

It can be seen that mode II properties also degraded after exposure. The only exception to this trend 

is the fracture energy of the brittle adhesive, which was slightly higher. This was attributed to the 

increase of the ductility of the brittle adhesive. Similarly to the DCB samples, the experimental 

scatter was large, and therefore the calibration was not as accurate as for the unaged specimens.  

 

Based on bulk material testing after environmental exposure, a decrease in strength and fracture 

toughness for the triangular law parameters was expected. It was also envisaged that the critical 

displacement value might increase in line with the enhanced ductility of the bulk specimens. This 

occurred for the data of the brittle adhesive in mode II as seen in Table 8.6, but was not detected for 

the other tests. In this context it is worth noting that the simple triangular law applied in this study 

might not be ideal for capturing the interface responses after the environmental degradation, 

especially considering the increase in the ductility of both adhesives. In addition, other possible 

combinations of traction/separation parameters capturing the DCB/SLB performance could exist 

which might better capture the interface response in line with the bulk material degradation. A direct 

method of measuring the cohesive law response from DCB/SLB tests would improve the confidence 

in the models and possibly the accuracy of the predictions. However, due to time constraints, this 

was unfortunately considered outside the scope of this thesis. 
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8.5 Numerical and experimental analysis of adhesive joints under 

exposure 

 

This section presents the response and failure behaviour of the double lap shear joints after 

environmental exposure for 21 days. The load cases and the measurements for each test were 

identical to the ones described in Chapters 5-7. At least 3 specimens were tested for each load case. 

In addition, the numerical predictions of the continuum mechanics and CZM modelling approaches 

are also presented, compared to the experimental data and discussed. 

 

Table 8.8 summarises the failure loads and mechanisms for the joints under uniaxial loading before 

and after exposure, while Table 8.9 summarises the failure loads and mechanisms for the joints under 

in-plane and out-of-plane bending loading. It can be seen that in all cases there was a significant 

strength drop ranging from 29% up to 48%. In addition, it is worth noting that in most cases the 

failure mechanisms did not change and, failures were mostly initiating at the interfaces. However, in 

most cases shock effects led to subsequent glass substrate fracture. 

 

Table 8.8: Summary of the uniaxial tests for brittle and ductile adhesive joints before and after 

exposure. 

 Before exposure After exposure Percentage 

change 

(%) 
Load case 

Joint 

type 

Failure load 

(kN) 

Failure 

mechanism 

Failure load 

(kN) 
Failure mechanism 

Tension 

Brittle 38.0 ± 1.8 

Significant 

damage in the 

adhesive 

layer/glass side 

interface leading 

to glass failure 

21.4 ± 1.5 

Significant damage 

in the adhesive layer/ 

glass side interface 

leading to glass 

failure 

-44 

Ductile 46.7 ± 4.5 Cohesive failure 34.2 ± 5.7 
Adhesive/cohesive 

failure 
-27 

Compression 

Brittle 42.4 ± 5.1 

Significant 

damage in the 

adhesive 

layer/glass side 

interface leading 

to glass failure 

29.7 ± 4 

Significant damage 

in the adhesive 

layer/glass side 

interface leading to 

glass failure 

-30 

Ductile 46.2 ± 0.6 Cohesive failure 34.6 ± 5.5 
Adhesive/cohesive 

failure 
-25 

 



Chapter 8 

156 

Table 8.9: Summary of the bending tests for brittle and ductile adhesive joints before and after 

exposure. 

 Before exposure After exposure Percentage 

change 

(%) 
Load case Joint type 

Failure load 

(kN) 

Failure 

mechanism 

Failure load 

(kN) 
Failure mechanism 

Out-of-plane 

bending 

Brittle 0.83 ± 0.21 

Adhesive / 

cohesive failure 

 

0.42 ± 0.03 
Damage initiation in 

the adhesive layer 

leading to glass 

failure 

-49 

Ductile 1.45 ± 0.04 
Glass failure 

 
1.05 ± 0.16 -28 

In-plane 

bending 

Brittle 14.3 ± 0.7 1) Adhesive / 

cohesive failure 

2) Glass failure 

preceded by 

significant damage 

in the adhesive 

layer 

7.85 ± 1.25 Glass failure -45 

Ductile 20.0 ± 0.4 13.8 ± 3.5 

1) Adhesive/cohesive 

failure 

2) Glass failure 

preceded by 

significant damage 

in the adhesive layer 

-31 

 

Figures 8.11, 8.12 and 8.13 show the interfaces of the glass/steel adhesive joints after failure. The 

stress whitening observed in the ductile adhesive joints before exposure was also evident after 

exposure. In addition, the moisture ingress ring that was observed in the DCB/SLB samples could 

also be seen in the double lap shear joints.  

 

 

Figure 8.11: Typical glass/steel interfaces after failure for a) brittle and b) ductile joints under 

uniaxial loading. All bonded overlap regions are 50 mm x 50 mm. 
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Figure 8.12: Typical glass/steel interfaces after failure for a) brittle and b) ductile joints under out-

of-plane bending loading. All bonded overlap regions are 50 mm x 50 mm. 

 

 

Figure 8.13: Typical glass/steel interfaces after failure for a) brittle and b) ductile joints under in-

plane bending loading. All bonded overlap regions are 50 mm x 50 mm. 

 

Numerically, both methodologies previously evaluated for the unaged joints were also used for the 

joints after exposure. In the continuum mechanics approach, the linear Drucker-Prager model was 

coupled with the ductile damage model. The bulk properties were taken from Table 8.1, while the 

hardening curve of the two adhesives was extracted from Figure 8.3. The pressure sensitivity factor 

and Poisson’s ratio were assumed to be the same as for the unaged adhesives. For the CZM approach, 

the traction-separation laws established in Section 8.4 were used.  

 

Both numerical methodologies were initially evaluated by comparing the numerical predictions to 

the experimental data in terms of failure loads. Table 8.10 summarises the numerical predictions for 

the failure loads of the two methods and compares them with the experimental data. This comparison 

served as an initial evaluation of the two methodologies in order to assess their respective ability to 

capture the joint degradation following environmental exposure. The highlighted cells indicate which 

method has a better agreement with the experimental data. 
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Table 8.10: Evaluation of the numerical predictions of the failure loads, using two different 

methodologies for brittle and ductile adhesive joints after exposure. 

 Failure loads for the brittle adhesive Failure loads for the ductile adhesive 

 
Experimental 

(kN) 

Continuum 

mechanics 

(kN) 

CZM (kN) 
Experimental 

(kN) 

Continuum 

mechanics 

(kN) 

CZM (kN) 

Tension 21.4 ± 1.5 40.5 27.2 34.2 ± 5.7 29.5 29.9 

Compression 29.7 ± 4 47.7 27.2 34.6 ± 5.5 29.6 29.9 

Out-of-plane 

bending 
0.42 ± 0.03 1.13 0.58 1.05 ± 0.16 1.34 1.33 

In-plane 

bending 
8.78 ± 1.41 15.9 10.4 13.83 ± 3.49 14.4 12.6 

  

It can be seen that for the brittle adhesive the continuum mechanics methodology is unable to capture 

the degradation by simply reducing the bulk properties of the adhesive. It is obvious that the damage 

takes place mostly in the interface and thus cannot be captured with this approach. In comparison, 

the CZM approach also slightly overestimates the performance of the joints in all load cases, but the 

predictions are much closer to the experimental data.  

 

For the case of the ductile adhesive, both methodologies produce similar results. This indicates that 

the degradation of the joints is mostly due to the degradation of the adhesive, but the interface is not 

as affected. Therefore, the damage is mostly cohesive and stress whitening is observed indicating 

that the adhesive yields and develops a plastic zone. As a result, in the case of the ductile adhesive 

joints both methodologies are able to capture the degradation. However, given that the CZM 

approach yielded consistent results for both adhesives, it will be used for the remainder of the 

numerical study. 

 

Figure 8.14 shows the strain response in the midpoint of the joints for the tensile and compressive 

tests as measured experimentally and predicted numerically (using the CZM methodology). The 

evaluation of the strain response is based on the strain gauge measurements and the FE predictions 

at the midpoints of the joints.  
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Figure 8.14: Strain response in the midpoints of the brittle and ductile adhesive joints under 

uniaxial a) tensile and b) compressive loading. 

 

It can be seen that in terms of strain response the experimental and numerical methods have very 

good agreement. However, it is worth noting that for the brittle adhesive the numerical methods 

overestimate the failure load by 24% in tension and slightly underestimate in compression by 8%. 

On the other hand, for the ductile adhesive, the numerical methods underestimate the failure loads in 

both tension and compression by about 14%. Tables 8.11 and 8.12 show the predicted failure loads 

and mechanisms for the tensile and compressive tests and compares them with the experimental 
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observations. In most cases the predictions of the cohesive laws were within the standard deviations 

of the experimental observations. Here, the standard deviations for the experimental testing were 

significantly larger compared to the unaged joints. 

 

In terms of prediction accuracy, it is noted that the CZM model predicts the amount of interface 

degradation based on the DCB and SLB coupon geometries. The level of moisture ingress, however, 

is related to the exposed bonded area. It is therefore important to note that the surface areas for the 

moisture ingress are different when comparing the DCB/SLB specimens and the double lap shear 

joints. Additionally, excess adhesive material might more effectively seal surfaces, hence direct 

comparison is difficult. Nevertheless, clear similarities in terms of stress whitening and area 

reduction due to moisture ingress are found for the ductile adhesive and this explains the better 

agreement with the CZM approach as failure load reduction is controlled by interface moisture 

diffusion rather than bulk material degradation.  

 

Table 8.11: Summary of the experimental and numerical predictions of the failure load/mechanism 

for brittle and ductile adhesive joints under tensile loading after exposure. 

 
Tension 

Experimental Numerical (CZM) 

Configuration Failure load (kN) Failure mechanism Failure load (kN) Failure mechanism 

Brittle Adhesive 

(Araldite 2020) 
21.4 ± 1.5 

Significant damage in the 

adhesive layer/glass side 

interface leading to glass 

failure 

27.2 
Interface failure on 

glass side 

Ductile Adhesive 

(Araldite 2047-1) 
34.2 ± 5.7 Cohesive failure 29.9 
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Table 8.12: Summary of the experimental and numerical predictions of the failure load/mechanism 

for brittle and ductile adhesive joints under compressive loading after exposure. 

 
Compression 

Experimental Numerical (CZM) 

Configuration Failure load (kN) Failure mechanism Failure load (kN) Failure mechanism 

Brittle Adhesive 

(Araldite 2020) 
29.7 ± 4 

Significant damage in the 

adhesive layer/glass side 

interface leading to glass 

failure 

27.2 
Interface failure on 

glass side 

Ductile Adhesive 

(Araldite 2047-1) 
34.6 ± 5.5 Cohesive failure 29.9 

 

Figure 8.15 shows the strain response of the joints under out-of-plane and in-plane bending. The 

strains were evaluated in the areas of stress concentrations of the glass for both joint types (in a 

similar way as the measurements in Chapters 5-7). 

 

Once again the experimental and numerical CZM methods have good agreement in terms of the 

stiffness response of the joints. Experimentally, for the in-plane bending loading, gradual damage 

development in the adhesive layers led to uneven loadings on the four glass substrates which explains 

the change of stiffness towards the end of the test. The FE model could not capture the uneven loading 

conditions.  

 

In terms of failure load, the FE predictions overestimated the performance of the joints under out-of-

plane loading, by 32% for the brittle adhesive and 23% for the ductile adhesive. For the in-plane 

bending loading condition, the FE predictions overestimated the performance of the brittle adhesive 

joints by 17% and underestimated the performance of the ductile adhesive joints by 9%. Tables 8.13 

and 8.14 summarise the predicted failure loads and mechanisms under out-of-plane and in-plane 

bending and compare them to the experimental observations. 
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Figure 8.15: Strain response in the areas of stress concentrations of the brittle and ductile adhesive 

joints under a) out-of-plane and b) in-plane bending loading. 
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Table 8.13: Summary of the experimental and numerical predictions of the failure load/mechanism 

for brittle and ductile adhesive joints under out-of-plane loading after exposure. 

 
Out-of-plane bending 

Experimental Numerical (CZM) 

Configuration Failure load (kN) Failure mechanism Failure load (kN) Failure mechanism 

Brittle Adhesive 

(Araldite 2020) 
0.42 ± 0.03 

Significant damage in the 

adhesive layer/glass side 

interface leading to glass 

failure 

0.58 
Interface failure on 

glass side Ductile Adhesive 

(Araldite 2047-1) 
1.05 ± 0.16 1.33 

 

Table 8.14: Summary of the experimental and numerical predictions of the failure load/mechanism 

for brittle and ductile adhesive joints under in-plane loading after exposure. 

 
In-plane bending 

Experimental Numerical (CZM) 

Configuration Failure load (kN) Failure mechanism Failure load (kN) Failure mechanism 

Brittle Adhesive 

(Araldite 2020) 
8.78 ± 1.41 

Significant damage in the 

adhesive layer/glass side 

interface leading to glass 

failure 

10.4 
Interface failure on 

glass side 

Ductile Adhesive 

(Araldite 2047-1) 
13.83 ± 3.49 Adhesive/cohesive failure 12.6 

 

 

8.6 Summary 

 

Chapter 8 described a study on the environmental exposure of glass/steel adhesive joints. The 

conditions of the exposure were based on a European guideline for sealants in buildings, and the 

degradation was reported for the bulk properties, the glass/steel interfaces and finally the glass/steel 

double lap shear joints. Experimentally, tensile tests were performed on the brittle and ductile 

adhesives for the extraction of the bulk properties, DCB and SLB tests were performed for both 

adhesives for the characterisation of the interfaces, and the double lap shear joints were tested in four 

load cases based on the designs described in previous chapters. 

 

A significant drop was observed in the bulk properties of the two adhesives, with the elastic modulus 

and yield and failure stresses reducing significantly. In contrast, both adhesives increased their 

ductility. The maximum load recorded for the DCB tests gradually decreased as the exposure time 
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increased, while a similar trend was also observed for the SLB samples. Similar strength drops 

(ranging from 27-49%) were recorded for the double lap shear joints under the four different load 

cases. Interestingly, even though the bulk properties of the ductile adhesive experienced a higher 

degradation (in terms of stiffness and strength), the reduction in the maximum loads for the 

DCB/SLB and the double lap shear joints are smaller compared to the brittle adhesive. 

 

The experimental tests resulted in the extraction of cohesive laws for the interfaces after exposure. 

The cohesive laws were extracted considering the degradation on the DCB/SLB specimens and 

adopting an inverse method as the one described in Chapter 4. These cohesive laws were later used 

as numerical inputs for the double lap shear joints to compare the effects of interface degradation 

with the experimental observations.  

 

The continuum mechanics methodology developed in Chapter 6 was also used and compared with 

both the experimental data and the CZM approach. It was observed that the continuum mechanics 

approach, based on a bulk property deterioration, could not capture the degradation of the brittle 

joints (when the damage was adhesive) predicting very high failure loads. When however, the 

damage of the joints was mostly cohesive (as for the ductile joints) the continuum mechanics 

approach resulted in good agreement with the experimental data. On the other hand, the CZM 

methodology was not affected by the mode of failure and produced consistent predictions for both 

adhesives. Based on these observations, the CZM methodology was considered more versatile for 

predicting the degradation in the adhesive joints. 

 

It is worth noting however, that even with the CZM methodology the accuracy of the predictions is 

not as high as with the cohesive laws established for the unaged joints. For the brittle and ductile 

adhesive joints the FE predictions overestimated/underestimated the failure loads by a maximum of 

32% and 23% respectively. However, it is worth noting, that the DCB/SLB tests had large standard 

deviations which made the calibration of the cohesive laws less accurate. Large standard deviations 

were also observed in the double lap shear joints.  
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Chapter 9 Concluding remarks 

 

9.1 Introduction and structure 

 

A wide range of issues relating to the experimental and numerical analysis of bolted and adhesive 

glass/steel joints was presented in this thesis. Benchmark designs in four different load cases were 

introduced and tested experimentally for bolted and brittle/ductile adhesive joints. Strain gauges and 

high-speed cameras were used for the monitoring of the joint performance and characteristics during 

testing. Continuum mechanics finite element models were developed taking into consideration the 

pressure-sensitive plasticity that polymers typically display. In addition, a cohesive zone modelling 

approach was also developed for the prediction of damage initiation and propagation in the adhesive 

layers. For both numerical approaches extensive experimental testing was required in order to 

establish the constitutive and failure models.  

 

In addition, a numerical tool based on the continuum mechanics approach was developed for the 

optimal selection of adhesives, which identified optimum combinations of adhesive strength/ductility 

for the given adhesive joint design. The optimum selection was validated experimentally leading to 

a significant strength increase in every load case. Finally, the effect of high humidity/temperature on 

adhesive joints was assessed experimentally by evaluating the degradation on the bulk properties of 

the adhesives and the glass/steel interfaces. Both the continuum mechanics and CZM approaches 

were used to simulate the effect of elevated temperatures and humidity, but it was concluded that 

only the CZM approach was able to capture the strength reduction due to the combined degradation 

of the bulk properties of the adhesives and the interface bonding. 

 

This chapter discusses the most important results, summarises the main findings of the thesis and 

finally highlights the limitations of the thesis and suggests areas of future research on the topic. 

Figure 9.1 provides a graphical abstract of the project highlighting the key activities undertaken. 
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Figure 9.1: Graphical abstract of the PhD project. 
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9.2 Discussion 

 

9.2.1 Experimental/numerical analyses of bolted/adhesive joints 

 

The experimental comparison of the benchmark designs of bolted and brittle/ductile adhesive joints 

revealed that adhesive joints were significantly stronger for quasi-static loading under ideal 

laboratory conditions. In addition, adhesive joints in most cases avoided catastrophic glass fracture 

and displayed adhesive/cohesive modes of failure. Especially the ductile adhesive ensured a gradual 

damage propagation with a large plastic zone developing that in most cases was extending across 

most of the adhesive layer. The presence of the plastic zone was visualised experimentally by the 

presence of significant stress whitening. 

 

The strength increase achieved with adhesive joints under uniaxial loading compared to bolted joints 

was 337% and 370% for the brittle and ductile adhesives, respectively. For the case of out-of-plane 

bending, the strength increase is not as significant as the ductile adhesive joints are about 21% 

stronger compared to bolted joints but the brittle adhesive joints fail at slightly lower loads.  

 

An interesting trend was observed when the brittle and ductile adhesive joints were compared. Even 

though the brittle adhesive has about 4 times higher strength (in terms of bulk properties), it led to 

weaker adhesive joints. More specifically, under uniaxial loading the ductile adhesive joints were 7-

23% stronger, under out-of-plane loading 75% stronger and finally under in-plane loading 40% 

stronger. The failure mechanisms of the ductile adhesive joints were more favourable as mostly 

cohesive damage was observed, as opposed to a combination of adhesive and glass failure mostly 

witnessed for the brittle adhesive joints. 

 

This trend can be explained by the development of a much larger plastic zone for the ductile adhesive 

within the adhesively bonded region. This led to a larger area resisting the loading, redistribution of 

the stress concentrations in the corners of the adhesive layers and as a result stronger joints. However, 

important questions remained regarding: 1) the effect of strength/ductility on the performance of the 

joint and 2) the sensitivity of these parameters considering the geometry of the joint. These questions 

were addressed via numerical modelling approaches. 

 

Numerically, FE models were developed for simulating the response of glass adhesive joints utilising 

two different approaches. The first approach was based on continuum mechanics, considered the 

complex stress state of the adhesive layer and coupled a pressure sensitive yield criterion (Linear 

Drucker-Prager model) with a damage/failure model (ductile damage model). The second approach 

was based on cohesive zone modelling, by introducing a triangular traction-separation law. Both 
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methods showed good agreement with the experimental data for room temperature testing and 

accurately predicted the failure loads and mechanisms observed. 

 

For both methodologies, different characterisation tests were required. Before selecting a numerical 

methodology it is important to assess the ability to perform these characterisation tests. For the 

continuum mechanics approach, characterisation tests were conducted for the extraction of the bulk 

properties of the adhesives in two stress states (uniaxial tension and compression). These tests led to 

the calibration of the pressure sensitivity factor, the extraction of the adhesive hardening curve and 

the critical fracture strain. For the cohesive zone modelling approach, standardised methods for the 

extraction of the cohesive properties in modes I and II (DCB and SLB) were modified. An in-house 

thermal strengthening methodology had to be developed for small glass coupons in order to avoid 

premature glass failure during the interface characterisation testing. The in-house thermal 

strengthening methodology led to a 75% strength increase compared to typical annealed glass.  

 

9.2.2 Development of a numerical tool for optimum adhesive selection 

 

The experimental analysis of the glass adhesive joints revealed that the lower strength, but ductile 

adhesive (in terms of bulk properties) outperformed the stronger, stiffer but more brittle adhesive in 

every load case (in terms of joint strength). Numerical analysis of the adhesive layers during damage 

initiation and propagation revealed that the size of the plastic zone played a crucial role in the 

performance of the joint. This conclusion was investigated further by performing a broad screening 

of adhesives suitable for glass/steel adhesive connections based on their mechanical properties. The 

screening revealed that with increasing strength, the stiffness increases and the strain-to-failure and 

fracture toughness decrease. 

 

Based on these observations, and assuming linear elastic-perfectly plastic responses, these adhesives 

were used to predict joint strength under tensile loading. The numerical analyses revealed that there 

is an optimum combination of adhesive properties for the given design geometry that is expected to 

lead to significant strength increases in every load case. Accordingly, the optimum selected adhesive 

was characterised and tested experimentally in similar joints.  

 

Under tensile loading the strength increase recorded with the optimum adhesive was 86% and 51% 

compared to the brittle and ductile adhesives, respectively. Under compressive loading, buckling 

effects were observed and therefore the numerical analysis was also adjusted to consider buckling. 

An initial imperfection was added to the model, and this led to joint buckling in the numerical 

analysis and very good agreement was achieved between the experimental and numerical data. Even 

with buckling, however, the optimum adhesive led to a 54% and 43% strength increase, respectively, 

compared to the brittle and ductile adhesives. 
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Under out-of-plane bending loading, the strength increase compared to the brittle adhesive was 99%. 

The comparison with the ductile adhesive revealed a smaller strength increase (14%) but this was 

justified by the fact that for this load case the damage for these two types of joints was introduced in 

the glass substrates and not in the adhesive layers. Finally, under in-plane bending loading, the joints 

manufactured with the optimum adhesive failed prematurely in the glass substrate due to the stress 

concentrations in the load introduction points, which could not be captured numerically. Even with 

the premature failures however, the strength increase recorded was significant (81% and 30% 

compared to the brittle and ductile adhesive, respectively).  

 

The conclusions were found to be dependent on the geometry tested. Bonded areas of different size 

were analysed numerically. It was shown that the size of the bonded area is strongly related to the 

effect of the strength or the ductility of the adhesive. For smaller bonded areas the strength of the 

adhesive is more important, given that there is not enough space for a large plastic zone development. 

As a result, for smaller bonded areas the failure load of the joints is mostly governed by the stress 

concentrations in the corners of the adhesive layer and therefore the strength of the adhesive is more 

crucial. However, as the size of the bonded area increases, the adhesive has a larger area to develop 

a plastic zone and therefore the effect of ductility starts to become more important.  

 

It is important to highlight that the experimental test campaign conducted confirmed the parametric 

study and further validated the capability of the nonlinear FE analyses for joint design and 

optimisation. It should also be noted that a similar approach can be utilized as an initial screening 

test for any type of joint geometry and loading condition. 

 

9.2.3 Environmental exposure 

 

High temperature/humidity conditions were used for the exposure study. The effect of the 

environmental exposure focused on two different areas: 1) the degradation of the bulk properties of 

the brittle and the ductile adhesives was considered by repeating tests on tensile coupons and 2) the 

effect on the glass/steel interfaces was also studied by repeating the DCB/SLB tests after exposure. 

These input data were used to predict the degradation of the double lap shear joints for the four load 

cases that were described previously. 

 

The tensile tests on the dogbone specimens revealed that the strength and stiffness of both adhesives 

dropped while the ductility increased. More specifically, the Young’s modulus dropped 27% and 

39%, while the strength dropped 8% and 30% for the brittle and ductile adhesives, respectively. In 

addition, the ductility of both adhesives increased by 41% and 46% respectively. A similar trend 

(strength reduction/increase in ductility) has been reported by other authors as well [82, 106, 148]. 
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It can be seen that the exposure to high temperature/humidity affected the ductile adhesive more in 

terms of bulk properties. However, when considering the interface tests this trend was reversed with 

the brittle adhesive retaining 45% and 74% of its initial strength and the ductile adhesive retaining 

61% and 85% of its initial strength for the DCB and SLB tests, respectively. This shows that the 

interface degradation is not necessarily related to the degradation of the mechanical properties of the 

adhesives. 

 

Double lap shear joints were also exposed to the same conditions and tested under the four load cases 

described in the previous chapters. Significant load reductions were recorded for both adhesive joint 

types ranging from 29% to 48%. In terms of failure mechanisms, it is interesting to note that all the 

brittle adhesive joints failed in the glass substrate. This is related to the degradation of the adhesive 

layers however, since in Chapters 5-7 it was shown that the strength of glass is not reached at such 

relatively low loads. Damage initiation in the adhesive layer however, can lead to instant 

delamination, unbalance the joints and cause shock effects that lead to subsequent glass fracture. 

 

It is worth noting that even after environmental exposure, adhesive joints failed at significantly higher 

loads under uniaxial loading compared to bolted joints. More specifically, the brittle and ductile 

adhesive failed at 200% and 250% higher loads compared to the reference unaged bolted joints. 

However, this trend changed under out-of-plane bending loading. There bolted joints outperformed 

(in terms of failure load) both types of adhesive joints. Especially brittle adhesive joints failed at 

about 3 times lower loads compared to bolted joints. It is worth noting, however, that this was the 

only load case in which bolted joints displayed a comparable performance with adhesive joints even 

before exposure.  

 

In terms of numerical methodology, both the continuum mechanics and CZM approaches were 

implemented and evaluated based on their ability to capture the degradation of the adhesive joints. 

As discussed in the literature review both methodologies have been examined in the past. Continuum 

mechanics approaches have shown potential to capture the degradation when the damage is cohesive, 

while CZM was preferred when the damage was adhesive.  

 

The continuum mechanics approach was established by considering the degradation of the bulk 

properties of the two adhesives and assuming the same values for pressure sensitivity as in the unaged 

adhesives. For the CZM approach the degraded traction-separation laws were extracted from the 

DCB/ENF tests.  

 

It was shown that the CZM approach resulted in good agreement with the experimental data for both 

adhesives. However, larger standard deviations were observed for both the characterisation and the 
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double lap joints tests and therefore the agreement was not as strong as for the case of the unaged 

joints. 

 

Regarding the continuum mechanics approach, the results showed good agreement with the CZM 

and the experimental data for the ductile adhesive when the damage was mostly cohesive. However, 

this approach failed to capture the degradation of the brittle joints when the damage was mostly 

adhesive. It was therefore concluded that it is safer to utilise a CZM approach when the 

environmental degradation of adhesive joints is considered numerically since this approach can 

capture both the degradation of the bulk properties and the interfaces. A continuum mechanics 

approach fails to account for the interface damage and is therefore only accurate when the damage is 

cohesive. 

 

9.3 Conclusions 

 

The main aim of this research project was to understand the load response and failure behaviour of 

glass adhesive joints by analysing their performance under different loading conditions both 

experimentally and numerically. The objectives set in Chapter 1 were all addressed by building a 

coherent, interconnected narrative throughout this thesis. The main conclusions of the research are 

as follows: 

 

 Adhesive joints outperform (in terms of failure loads) bolted joints under quasi-static loading 

in different load cases in ideal laboratory conditions. All three adhesive types tested were 

significantly stronger, especially under uniaxial loading. 

 Lower strength ductile adhesives (in terms of bulk properties) outperform (in terms of joint 

failure loads) stronger and stiffer adhesives by developing large plastic zones that 

redistribute stresses in the areas of stress concentrations. 

 For given designs, optimum combinations of strength/ductility can be identified and lead to 

significant joint strength improvements and optimisation. FE methodologies can be used for 

the parametric studies required to lead to these optimised mechanical properties. 

 Under ideal laboratory conditions, both continuum mechanics and CZM methodologies can 

be used for the simulation of damage initiation and propagation. Each methodology has its 

merits, but it is important to make a selection based on the ability to perform the 

material/interface characterisation tests. 

 Elevated temperatures and humidity have a degrading effect on both the bulk properties of 

the adhesives and the interfaces. However, different adhesives experience different types of 

degradation. For example, the brittle adhesive was damaged more at the interface and less in 

the bulk, while the opposite trend was observed for the ductile adhesive. Therefore, it is 
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important to perform both types of tests (bulk and interface) when environmental exposure 

is considered for adhesive joints. 

 Numerically, the degradation was simulated with two ways. First, by considering the 

reduction of the bulk properties and second, by considering the degradation of the interface. 

It was shown that the CZM approach was able to capture the effect of the environmental 

exposure for both adhesives, regardless of the mode of failure. On the other hand, the 

continuum mechanics approach was only able to capture the damage for the ductile adhesive 

(where the damage was cohesive), but not the brittle one (where the damage was adhesive at 

the glass interface). This was explained by the fact that the brittle adhesive bonding degraded 

more at the interface. It can therefore be concluded that it is safer to model environmental 

exposure of adhesive joints with CZM approaches which can consider all modes of failure 

more accurately. 

 

9.4 Future work 

 

The research presented has led to an improved understanding of the response and failure behaviour 

of glass/steel adhesive connections. However, the study had certain limitations which could form the 

basis of an extended study on the use of glass adhesive joints: 

 

 Examine the effects of different geometries and sizes of the hybrid joints. While a numerical 

parametric study was used to evaluate the effect of the bonded area, it would be useful to 

develop an experimental/numerical campaign that examines different geometries/sizes and 

fillet shapes. For instance, thinner/thicker glass substrates can be used to switch the failure 

more to the interfaces or to the glass substrates and study those in more detail.  

 The adhesive thickness effect was not studied in this project. However, adhesive thickness 

plays a very important role in the performance of the joints. Thicker bondlines are more 

susceptible to internal flaws and voids [149]. At the same time, however, thicker bondlines 

might have the capacity to develop a larger plastic zone before damage and failure.  

 Surface treatment plays an important role in the quality of the adhesion. This study did not 

consider different surface treatments for the substrates. In many instances, however, the 

failure initiated on the glass/adhesive interface indicating that a study on different surface 

treatments and/or the use of primers could improve the strength of the joints and change the 

failure mechanisms. The modified DCB/SLB tests can be utilised as a cost-effective solution 

to evaluate the effectiveness of the interface treatments. 

 The study was limited to quasi-static loadings. However, higher strain rates should also be 

studied. Adhesives are known to be affected by viscoelasticity and therefore the strain rate 

will play an important role in the response of the joints. As a result, different models that 

also consider viscoelasticity would need to be developed and coupled with the ones 
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presented in this study. In addition, it would be interesting to see the effect of high strain 

rates on cohesive laws. 

 Effects of thermal mismatch for hybrid joints were minimised in this study by selecting 

room temperature curing adhesive systems. Curing at elevated temperatures, however, could 

lead to residual stresses in both steel and glass substrates affecting the adhesive layer.   

 The cohesive shapes of the traction-separation laws were assumed to be triangular. 

However, more precise measurements could be employed using the direct method.  

 While the environmental exposure effect on the bulk adhesives, the hybrid interfaces and 

the joints was studied, there are still more parameters to be considered. Since glass substrates 

are used, UV radiation might play an important role and needs to be researched more 

thoroughly. In addition, higher and lower temperature effects along with longer exposure 

periods should be considered.
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Appendix A 

Analytical solutions for the stress distribution of single 

lap adhesive joints 

A.1 Volksersen’s analysis 

The analytical solution of Volkersen for the determination of the shear stress in a single lap joint was 

provided in equation 2.2. The parameters used in equation 2.2 are related to the applied load 𝑃, the 

width of the joint 𝑏, the overlap length 𝑙, the relative position on the adhesive layer 𝑋 and parameter 

𝑤 which is related to the thickness and the elastic and shear moduli of the substrates and the adhesive.  

More specifically, 𝑤 is related to parameter 𝜓 which is the ratio of the thickness of the top to the 

bottom substrate and parameter 𝜑 which correlates the shear modulus 𝐺 of the adhesive to the overlap 

length, the elastic modulus of the substrates 𝐸 and the thickness of the substrates and the adhesive. 

The origin of the longitudinal coordinate 𝑥 is the middle of the overlap and therefore 𝑋 can only take 

values between −0.5 and 0.5. The aforementioned parameters are defined as 

 

𝑤2 = (1 + 𝜓)𝜑 , (A.1) 

 

𝜓 =
𝑡𝑡
𝑡𝑏

 , (A.2) 

 

𝜑 =
𝐺𝑙2

𝐸𝑡𝑡𝑡𝑎
 , (A.3) 

 

𝑋 =
𝑥

𝑙
 . (A.4) 

 

A.2 Goland and Reissner’s analysis 

 

Goland and Reissner provided analytical solutions for the distribution of shear (eq. 2.4) and peel 

stresses (eq. 2.5) along an adhesive layer in a single lap adhesive joint and correlated them to the 

bending moment factor 𝑘 which can be calculated as shown in equation A.5. The bending factor 

depends on the initial geometry and characteristics (via parameters 𝑢2 and 𝑐) of the adherends and 

the adhesive as follows 

𝑘 =
cosh (𝑢2𝑐)

cosh(𝑢2𝑐) + 2√2sinh (𝑢2𝑐)
 . (A.5) 
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The term 𝑢2 (eq. A.6) can be calculated as 

 

𝑢2 = √
3(1 − 𝑣2)

2

1

𝑡
√

�̅�

𝑡𝐸
 ,   (A.6) 

 

where 𝐸 is the Young’s modulus, 𝑣 is Poisson’s ratio and 𝑡 the thickness of the adherends while 𝑐 is 

half of the overlap length and �̅� the load per unit width. 

 

The parameters 𝛽, 𝜆, 𝛾, 𝑅1, 𝑅2, 𝛥 found in equations 2.4 and 2.5 are related to the stiffness, the 

thickness of the adherends and the adhesive and the geometry of the joint, 𝐸 and 𝑡 are the elastic 

modulus and thickness of the adherends, 𝐸𝑎 , 𝐺𝑎 and 𝑡𝑎 are the elastic, shear modulus and thickness 

of the adhesive respectively, 𝑘′ is the transverse force factor and is related to the loading conditions 

and the geometry, and finally 𝑥 is the longitudinal coordinate and its origin is considered to be in the 

middle of the overlap. Equations A.8−A.14 define these parameters as 

 

𝛽 = √8
𝐺𝑎𝑡

𝐸𝑡𝑎
 , (A.8) 

 

𝜆 = 𝛾
𝑐

𝑡
 , (A.9) 

 

𝛾4 = 6
𝛦𝑎𝑡

𝐸𝑡𝑎
 , 

(A.10) 

 

𝑘′ =
𝑘𝑐

𝑡
√3(1 − 𝑣2)

�̅�

𝑡𝐸
 , (A.11) 

 

𝑅1 = sinh(𝜆) cos(𝜆) + cosh(𝜆) sin(𝜆),  (A.12) 

 

𝑅2 = sinh(𝜆) cos(𝜆) − cosh(𝜆) sin(𝜆), (A.13) 

 

𝛥 =
1

2
(sin(2𝜆) + sinh(2𝜆)). (A.14) 

 

A.3 Hart-Smith’s analysis 

 

Hart-Smith provided analytical solutions for the distribution of shear (eq. 2.6) and peel stresses (eq. 2.7) 

along an adhesive layer in a single lap adhesive joint. The authors correlated the shear and peel stresses to 

the bending moment 𝑀 of the adherend. The bending moment can be calculated in equation A.15 and 
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depends on the loading conditions and geometry of the joint while the parameter 𝜉 (eq. A.16) depends on 

the load per unit width and the bending stiffness (eq. A.17) of the adherends as follows 

  

𝑀 = �̅� (
𝑡 + 𝑡𝑎

2
)

1

1 + 𝜉𝑐 + (
𝜉2𝑐2

6
)
 , 

(A.15) 

 

𝜉2 =
�̅�

𝐾
 , (A.16) 

 

𝐾 =
𝐸𝑡3

12(1 − 𝑣2)
 . (A.17) 

 

Finally, the parameters 𝜆′, 𝐴2, 𝐶2, 𝜒, 𝐴, 𝛣 found in equations 2.6 and 2.7 are related to the loading 

conditions, the geometry and the mechanical characteristics of the adherends and adhesive and are defined 

in equations A.18-A.23 as 

 

𝜆′ = √[
1 + 3(1 − 𝑣2)

4
]
2𝐺𝑎

𝑡𝑎𝐸𝑡
 , (A.18) 

 

𝐴2 =
𝐺𝑎

𝑡𝑎𝐸𝑡
[�̅� +

6(1 − 𝑣2)𝑀

𝑡
]

1

2𝜆′ sinh(2𝜆′𝑐)
 , (A.19) 

 

𝐶2 =
1

2𝑐
[�̅� − 2

𝐴2

2𝜆′
sinh(2𝜆′𝑐)] , (A.20) 

 

𝜒4 =
𝛦𝛼

2𝐾𝑡𝑎
 , (A.21) 

 

𝐴 = −
𝐸𝑎𝑀[sin(𝜒𝑐) − cos(𝜒𝑐)]

𝑡𝑎𝐷𝜒2𝑒(𝜒𝑐)
 , (A.22) 

 

𝐵 =
𝐸𝑎𝑀[sin(𝜒𝑐) + cos (𝜒𝑐)]

𝑡𝑎𝐷𝜒2𝑒(𝜒𝑐)
 . (A.23) 

In equations A.18−A.23 𝐸, 𝐺, 𝑣, 𝑡  are the elastic modulus, the shear modulus, Poisson’s ratio and 

the thickness of the substrates while 𝐸𝑎 , 𝐺𝑎 and 𝑡𝑎 are the elastic modulus, the shear modulus and the 

thickness of the adhesive. Finally, 𝑐 is half of the overlap length and 𝑥 is the origin of the longitudinal 

coordinate and is found in the midpoint of the adhesive overlap. 
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