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Abstract 

The structural use of glass in buildings and constructions has dramatically increased in recent 

years due to the ever-growing demand for architectural transparency. Indeed, the use of glass 

has evolved from simple infill panels for framed windows to large frameless facades and 

primary structural members (columns, beams). Given the brittle glass nature, one of the most 

critical issues in glass engineering is how to effectively connect structural glass components in 

a visually unobtrusive manner. 

To date, bolted assemblies represent one of the most common methods for connecting glass. 

However, bolted glass connections are structurally inefficient because they generate high 

tensile stress concentrations which cannot be plastically redistributed due to the glass 

brittleness. Consequently, research has focused on adhesive connections which distribute the 

loads more evenly, thereby reducing the stress concentrations and simultaneously eliminating 

drilling of the glass. About a decade ago, a new type of adhesive connection emerged, known 

as embedded laminated glass connections, that has significantly improved the load-bearing 

capacity and appearance of glass connections. Typically, these connections consist of a metallic 

insert which is partially embedded within a glass laminate via solid foil interlayers and they 

are assembled in an autoclave. However, unfavourable residual stresses are set up in the 

embedded zone due to the differential thermal expansion between the glass and the metallic 

insert during the autoclaving fabrication process. To address this, this research aims to develop 

a novel variant of embedded laminated connections where lamination is achieved through a 

liquid resin interlayer. Unlike autoclave lamination, resin lamination is performed at much 

lower temperatures, thereby drastically reducing the undesirable residual stresses and the 

energy consumption required for lamination. To this aim, research has been undertaken to 

assess the structural performance of embedded resin-laminated connections under various 

loading and environmental conditions and to develop analytical/numerical tools capable of 

sufficiently predicting the connection mechanical response for engineering design purposes. 

Specifically, in this thesis, the axial tensile load-carrying behaviour of embedded resin-

laminated connections with thin steel inserts is investigated by means of experimental pull-out 

tests performed on physical connection prototypes. These tests are executed at varying 

displacement rates and temperatures in order to assess the effect of the time and temperature 

dependent behaviour of the polymeric resin interlayer on the strength, stiffness and failure 

mode of the connection. The resistance of the connection to humidity is also examined. 
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Namely, as-new connection specimens are subjected to an artificial accelerated weathering 

schedule and then tested under pull-out loading in order to compare their mechanical response 

with that of their non-weathered counterparts. 

To further interpret the experimental findings and better understand the connection mechanical 

behaviour, numerical finite element (FE) simulations of these tests are performed. The 

principal load-transfer/failure mechanisms of the connection are identified and the associated 

complex stress state within the connection is studied in order to quantify the resulting stress 

peaks. Alternative connection configurations are also numerically examined with the purpose 

of improving the connection structural performance. 

Based on the experimental and numerical data, an analytical model is developed that captures 

the pull-out load-displacement response of the connection with less effort, time and cost 

compared to numerical modelling or experimental testing. Therefore, this analytical approach 

provides an insight of the connection response which is a useful aid for preliminary sizing of 

such connections during initial stages of design. 

Finally, the benefits and viability of the embedded liquid laminated connection examined in 

this research are demonstrated by assembling a novel glass component (demonstrator). The 

successful completion of this component confirms that embedded resin-laminated connections 

are suitable for the development of robust and aesthetically appealing real-world glass 

applications. 
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CHAPTER 1 

1. INTRODUCTION  

1.1 Background and history 

The growing trend for transparency and lightness in contemporary architecture has fuelled the 

demand for load-bearing glass applications in the building industry. Given the inherent brittle 

nature of glass, one of the most challenging engineering tasks is the development of visually 

unobtrusive glass connections that can transfer considerable loads in a material that is 

susceptible to stress concentrations. 

The development of bolted glass connections a few decades ago brought about an 

unprecedented level of architectural transparency as it enabled the connection of glass elements 

by means of specially developed stainless steel fixings, thereby eliminating the visual impact 

of the traditional mullions and transoms. To date, bolted assemblies represent one of the most 

familiar and relatively established methods for connecting glass that also allow the glass 

structure to be disassembled with ease during maintenance and decommissioning stages of its 

lifecycle. However, despite its increasing popularity, this technique has several limitations. 

Bolted connections are arguably one of the least structurally efficient ways of connecting brittle 

materials as they generate high stress concentrations around the bolt hole which unlike metals, 

glass is unable to redistribute by yielding (plastic flow). This stress intensification also 

coincides with the region where glass exhibits reduced strength capacity due to the additional 

surface flaws introduced by the drilling process and the decreased effectiveness of the thermal 

tempering process. Moreover, the need to drill  the glass prior to tempering attracts an additional 

production cost and once assembled the bolt itself becomes a source of thermal and acoustic 

bridging in façade applications. 

Alternative connection solutions, and most notably adhesive glass connections, have been the 

subject of on-going research over the last 20 years. In fact, glass bonded by means of high 

strength and stiffness polymeric structural adhesives has been shown to outperform its bolted 

counterparts in terms of load-bearing capacity as a more uniform load distribution is achieved 

and therefore significantly lower stress concentrations are developed. Additionally, adhesive 

glass bonding requires very little surface preparation and eliminates the need of glass drilling, 



Embedded liquid-laminated connections for structural glass applications 

2 

thereby reducing fabrication expenses and energy consumption while enhancing the aesthetic 

appeal of glass connections. 

About a decade ago, a novel form of adhesive connections has emerged, known as embedded 

laminated glass connections, that has made step-change improvements in the load-bearing 

capacity and the aesthetics of structural glass connections. In embedded laminated connections 

a metallic insert is partially encapsulated within the glass plies of a laminated unit by means of 

transparent solid foils interlayers via the standard autoclave lamination process. Hence, this 

connection method makes use of the laminated adhesive interlayer to transfer loads between 

the metallic insert and the glass panels. However, the imposed thermal cycles during the 

autoclave lamination production process generate unfavourable residual glass stresses due to 

the differential thermal expansion of the glass and the metallic inserts that compromise the 

structural integrity of the connection. This can be overcome by using liquid adhesive interlayers 

(resins) whose lamination is performed at much lower temperatures, thereby eliminating the 

unwanted residual stresses while reducing manufacturing costs and energy consumption. 

In addition, although being applied in several real-world projects such as the folded glass roof 

of the historic city swimming hall in Zurich (Figure 1.1), there are still gaps in knowledge in 

terms of the structural behaviour of embedded laminated connections. As a result, extensive 

testing is often performed on a project-by-project basis and large safety factors are used, 

thereby making these connections material inefficient and costly and thus limiting their use to 

only high-end and high-budget projects. 

 

Figure 1.1 Zurich swimming hall: (a) global view of folded glass roof and (b) close view of 

embedded laminated glass connections  

(b)(a)
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1.2 Aims and objectives 

In view of the above, the principal aim of this work is to develop a new generation of embedded 

laminated connections by utilising the benefits of liquid (resin) lamination technology. In 

parallel, this thesis aims to expand the mechanical understanding of embedded laminated 

connections at varying strain rate and temperature as well as to investigate the impact of long-

term exposure to humidity on their structural and aesthetic performance. 

In more detail, the objectives of this research are to: 

Å Provide a simple and consistent step-by-step methodology for the fabrication of embedded 

liquid-laminated connections 

Å Investigate and quantify the effects of strain rate and temperature variations on the pull-out 

behaviour of embedded laminated connections 

Å Investigate and quantify the effects of humidity on the long-term structural and aesthetic 

performance of embedded laminated connections 

Å Provide a simple analytical model which sufficiently predicts the pull-out mechanical 

response of embedded laminated connections and can be used at preliminary design stages 

Å Provide numerical models for the accurate prediction of the mechanical pull-out response 

of embedded lamination connections that can be used at detailed design stages 

Å Enhance the mechanical and aesthetic performance of embedded laminated connections by 

examining different geometrical connection configurations as well as different shapes and 

types of inserts  

Å Develop an actual glass structure that demonstrates the potential and confirms the suitability 

of embedded liquid-laminated connections for real-world applications 

1.3 Outline of thesis 

This thesis is structured in seven individual chapters (Figure 1.2), including the introduction in 

Chapter 1 and the conclusions and future work presented in Chapter 7. A brief outline of the 

main chapters (chapter 2 to chapter 6) is provided below: 

Chapter 2 provides a detailed review of the existing research on structural glass connections. 

This mainly focuses on mechanical (i.e. bolted) and adhesive point (i.e. frameless) connections 

which are currently the most commonly used methods in glass applications. Particular attention 

is also paid to embedded laminated glass connections and shortcomings/limitations as well as 

research opportunities within this topic are identified. 
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In Chapter 3 the mechanical pull-out response of embedded liquid-laminated glass 

connections is investigated at different displacement rates in order to examine the effect of the 

time dependent behaviour of the interlayer. The numerical (FE) studies undertaken to identify 

the principal load transfer mechanisms and the resulting complex stress state in the connection 

are described. An analytical model for the prediction of the pull-out load-displacement 

behaviour of the connection is also discussed and validated. 

In Chapter 4 the mechanical behaviour of embedded liquid-laminated glass connections at 

different temperatures is investigated. Specifically, the effect of temperature on the load-

bearing capacity, stiffness, failure mode and stress state of the connection is studied. The 

numerical and analytical models described in Chapter 3 are also extended to take into account 

the temperature dependent behaviour of the interlayer. This chapter concludes by examining 

an alternative connection configuration with the aim of enhancing its structural performance. 

In Chapter 5, the experimental programme is extended in order to investigate the durability of 

embedded liquid-laminated glass connections against humidity. To this aim, as-new connection 

specimens are subjected to an accelerated weathering schedule and then tested under pull-out 

loading in order to examine the effect of long-term exposure to humidity on the structural and 

aesthetic performance of the connection. 

Chapter 6 describes the design and fabrication process of a novel glass component that 

highlights the benefits of embedded liquid-laminated glass connections for real-world 

applications. In particular, the numerical analysis (FEA) performed for assessing the structural 

response of the demonstrator is presented along with its step-by-step fabrication process. 

 

Figure 1.2 Structure of thesis 

Introduction
Chapter 1

Literature review of glass connections
Chapter 2

Strain rate effects on embedded connections
Chapter 3

Temperature effects on embedded connections
Chapter 4

Humidity effects on embedded connections
Chapter 5

Design & fabrication of a novelglass component
Chapter 6

Conclusions and future work
Chapter 7
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CHAPTER 2  

2. REVIEW  OF EXISTING  LITERATURE  

2.1. Introduction 

Before attempting to develop a novel and superior method for connecting glass, it is reasonable 

to review and understand the physical and mechanical properties of glass and the performance 

of the existing connection techniques. As such, this chapter starts with discussing the 

composition, production, types and strength of soda lime silicate glass. A classification of the 

different methods for connecting glass is then provided followed by a detailed description of 

each connection type. In particular, Section 2.3.1 describes the basic properties and mechanical 

behaviour of the well-established linear glass connections that are typically used in framed 

glazing construction. In Section 2.3.2, alternative techniques such as bolted connections along 

with the emerging adhesives connections are discussed. The last part of this chapter (Section 

2.3.2.5) reviews the state-of-the-art embedded laminated glass connections which represent the 

principal interest of this research project. The chapter concludes by summarising the main 

findings of the literature survey as well as the research opportunities that were identified and 

will be examined in this thesis. 

2.2 Glass as a structural material 

2.2.1 Chemical composition and physical properties 

Glass is an inorganic and amorphous (non-crystalline) material consisting of an irregular 

network of silicon and oxygen atoms with alkaline parts in between (Figure 2.1). Although 

there are other types of glass such as borosilicate glass (BS EN 1748-1-1 2004) and alumina-

silicate glass (BS EN 15681-1 2016), most of the glass used in construction is soda lime silica 

glass due to the abundance of raw materials and the relatively low production cost. The 

chemical composition and physical properties of soda lime silica glass are summarised in Table 

2.1. 
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Figure 2.1 Molecular structure of soda lime silica glass (Haldimann et al. 2008). 

Table 2.1 Chemical composition and physical properties of soda lime silicate glass (BS EN 

572 ï 1 2004) 

Chemical composition Physical properties 

Silica sand SiO2 69-74% Density ɟ (kg/m3) 2500 

Lime CaO 5-14% Coefficient of thermal expansion aT (10-6 K-1) 9 

Soda Na2O 10-16% Thermal Conductivity ɚ (Wm-1K-1) 1 

Magnesia MgO 0-6% Knoop Hardness HK0,1/20 (GPa) 6 

Alumina Al 2O3 0-3% Youngôs modulus E (MPa) 70000 

Others  0-5% Poissonôs ratio v 0.2 

The random molecular structure of glass (Figure 2.1) has no slip planes or dislocations to allow 

macroscopic plastic flow before fracture. As a result, glass shows an almost perfectly elastic, 

isotropic behaviour and exhibits brittle fracture since it does not have the ability to redistribute 

stress concentrations by local yielding like metals do. The theoretical tensile strength of glass 

is exceptionally high (å 32 GPa) due to its strong internal molecular forces. However, the actual 

tensile strength is much lower due to the physical flaws (i.e. cracks) existing on the glass 

surface which are not necessarily visible with naked eye. As a result, a glass element fails as 

soon as the stress intensity at the tip of one flaw reaches its critical value. As surface flaws do 

not grow or fail in compression, the compressive strength of glass is much larger than the 

tensile one. Nevertheless, the compressive strength is irrelevant for structural applications as 

in any case tensile stresses are developed due to buckling or Poissonôs ratio effect that usually 

exceed an elementôs tensile strength long before its compressive strength is surpassed. The 

tensile strength of glass will be discussed further in section 2.2.5. 

  

Na

Ca

Ca

oxygen (O)

silicone (Si)

Nasodium (Na)
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2.2.2 Glass production 

The float process (Figure 2.2), introduced by the Pilkington Brothers in the mid-1950s, is the 

most popular manufacturing process and currently accounts for about 90% of flat glass 

production worldwide. The process starts with melting the raw materials (silica, soda and 

alumina) in a furnace at temperature of up to 1550°C. The molten glass is then poured 

continuously at approximately 1000°C onto a bath of molten tin. As the glass floats on the tin, 

it spreads out evenly forming a smooth flat surface which is gradually cooled and drawn on to 

rollers before entering an oven called annealing lehr at around 600 °C. The glass thickness can 

be controlled within a range of 2 to 25 mm by adjusting the speed of the rollers. The annealing 

lehr slowly cools the glass to prevent the development of residual stresses. Finally, the annealed 

glass is automatically inspected to ensure that obvious visual defects and imperfections are 

removed during cutting.  

 

Figure 2.2 Float glass production process 

2.2.3 Glass tempering 

The glass produced by the aforementioned float process is called annealed glass. The fracture 

pattern of annealed glass is characterised by large fragments (Figure 2.3) that can cause serious 

injury when falling from buildings (e.g. overhead glazing). For structural glass applications, 

annealed glass is usually heat treated to form heat strengthened or fully toughened glass. This 

process (tempering) creates a favourable residual stress field featuring tensile stresses in the 

core of the glass and compressive stresses on and near the surfaces. As a result, the tensile 

strength of tempered glass increases considerably since the unavoidable surface flaws can only 

grow if they are exposed to a net tensile stress. Additionally, given that the fracture pattern 

depends on the energy stored, tempered glass breaks into smaller (Figure 2.3) and therefore 

safer fragments compared to annealed glass. 

Melter

Raw materials

мррлϲ/ млллϲ/

Molten tin bathAnnealing lehrInspectionCutting

сллϲ/ рллϲ/ мллϲ/
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Figure 2.3 Fracture pattern (Haldimann et al. 2008) and characteristic bending strength of 

annealed (BS EN 572 ï 1 2004), heat strengthened (BS EN 1863-1 2011)) and fully toughened 

(EN 12150-1 2015) glass  

Chemical tempering is an alternative toughening process that does not involve thermal 

treatment and produces a different residual stress profile. Although, chemically tempered glass 

is much stronger (150 MPa, BS EN 12337-1 2000) than heat treated, it is rarely used in 

structural applications due to its increased cost. Additionally, this process produces a 

significantly thinner compression zone (depth) compared to thermal tempering, making it more 

susceptible to deep flaws that may typically be encountered in building applications. Chemical 

tempering is mainly used for special geometries where usual tempering processes cannot be 

applied, e. g. curved glasses with high radius of curvature (Haldimann et al. 2008). 

2.2.4 Laminated glass 

Although, the tempering process enhances significantly the structural capacity of glass, it still 

remains a brittle material thus compromising the robustness of load-bearing glass applications. 

In order to improve its post-fracture performance, two or more glass plies are bonded by means 

of a transparent plastic interlayer to form laminated glass. The interlayer holds the glass 

fragments together after breakage preventing them from falling out, thereby a certain remaining 

load-bearing capacity is achieved due to the locking action between the fragments (Haldimann 

et al. 2008). The post-breakage performance of laminated glass depends highly on the glass 

fragmentation pattern. Namely, laminated glass units consisting of annealed or heat 

Annealed Fully toughenedHeat strengthened

Increasing tensile bending strength

пр atŀ тл atŀ мнл atŀ
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strengthened glass that break into large pieces (Figure 2.3) exhibit higher remaining structural 

capacity compared to units with fully toughened glass. 

The most common glass lamination process is autoclaving (Figure 2.4) using a transparent 

polyvinyl butyral (PVB) interlayer. The process starts with cleaning the glass plies to remove 

any dirt or dust and cutting the PVB solid foils to the appropriate size. Subsequently, the 

interlayer foils are placed between two or more glass plies and this ósandwichô assembly is 

preheated (approximately at 70°C) and pressed by rollers to squeeze out the air or the blisters. 

The assembly is then subjected to the autoclaving process which involves heating at 

approximately 140 °C under pressure up to 14 bar for about 60 minutes. During this process, 

the interlayers softens and fuses with the glass creating a strong bond. After autoclaving, the 

assembly is slowly cooled down to room temperature to avoid glass breakage due to thermal 

shock. Lamination can be performed with or without vacuum-bag, depending on the size of the 

glass element, the geometry, size of autoclave and other factors. The use of vacuum bag is more 

expensive but results in high quality lamination and reduces the risk of air-bubble inclusion. 

 

Figure 2.4 Scheme of autoclaving lamination process 

Since laminated glass is a multi-layer sandwich composite, its strength and stiffness are 

significantly influenced by the structural interaction (coupling), commonly referred to as 

composite action (i.e. transfer of shear stresses among glass plies) between the different 

material layers (i.e. glass and interlayer). The degree of this composite action depends highly 

on the interlayer stiffness (Hooper 1973). In more detail, Figure 2.5 and 2.6 show the typical 

behaviour of double laminated glass beams/plates in bending. Two borderline cases can be 

recognised (Norville et al 1998): 

(i) The monolithic limit (stiff interlayer) where the two glass plies are perfectly bonded 

together (full shear transfer, no relative slippage), thus satisfying the Euler-Bernouli 

assumption that óplane sections remain planeô (Figure 2.5a). Hence, the response of the 

sandwich beam approaches that of a homogeneous glass beam (pure bending) with 

equal cross section (Figure 2.6a). 

Positioning & layering

Glass

Interlayer

Prelamination by rollersAutoclave Finished laminated glass

Glass
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(ii)  The layered limit (compliant interlayer) where the two glass plies bend independently 

(no shear transfer, free-sliding plies) as two separate beams (Figure 2.5c) and thus the 

flexural inertia of the sandwich beam is the sum of the inertia of the isolated glass plies 

(Figure 2.6c).  

In most cases, the interlayer is able to mobilise some degree of composite action and thus the 

real condition is intermediate between these two borderline cases (Figure 2.5b and 2.6b). 

 

Figure 2.5 Scheme of laminated glass under bending: (a) monolithic limit (b) intermediate 

configuration (c) layered limit 

 

Figure 2.6 Scheme of bending stress distribution within laminated glass: (a) monolithic limit 

(b) intermediate state (c) layered limit 

In the (preliminary) design practice, it is commonplace to account for the degree of composite 

action by determining the effective thickness (Ὤ ) of an óequivalentô homogeneous glass 

beam/plate which is used in subsequent structural calculations. The most used approach is that 

proposed by Bennison et al. (2009) which is also adopted by the ASTM E1300-16 (2016) 

standard and provides engineering formulae for calculating the effective thickness of double 

laminated glass units. In particular, the degree of composite action is estimated by the shear 

transfer coefficient ῲ (Equation 2.1) which is a measure of the capability of the interlayer to 

transfer shear stresses between the glass plies. Thus, ῲ ranges between 0 to 1 (0 ῲ ρ) with 

(a) (b) (c)

Monolithic limit Layered limit

Glass

Glass

Interlayer

Monolithic limit Layered limit

(a) (b) (c)
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these extreme values corresponding to the layered (ῲ 0) and monolithic limit (ῲ 1) 

respectively. 

ῲ
 Ȣ 

  

  

         (2.1) 

Where Ὁ is the glass modulus of elasticity, Ὤ  is the interlayer thickness, ὥ is the smallest in-

plane dimension of bending of the glass laminate and Ὅ, Ὤ are defined as follows: 

Ὅ ὬὬȠ ὬὬȠ         (2.2) 

ὬȠ           (2.3) 

ὬȠ           (2.4) 

Ὤ πȢυὬ Ὤ  Ὤ         (2.5) 

Where Ὤ and Ὤ are the thickness of each glass ply of the double laminated glass. 

Finally, the effective thickness for calculating the deflections (Ὤ Ƞ ) and stress (ὬȠ Ƞ for 

each glass ply) of the glass laminate is given by Equations (2.6) and (2.7) respectively:  

Ὤ Ƞ Ὤ Ὤ ρςῲὍ       (2.6) 

Ὤ Ƞ
Ƞ

Ƞ
 and Ὤ Ƞ

Ƞ

Ƞ
      (2.7) 

2.2.5 Glass strength 

Although, there are reliable and consistent design strength values for metals (e.g. steel), the 

accurate determination of the glass strength is a relatively complex task. Specifically, the 

mechanical strength of glass is governed by i) its inherent strength and ii) the toughening 

process used (section 2.2.3). The former is a function of the surface glass characteristics such 

as the orientation, shape, size and distribution of flaws (cracks) while the latter depends on the 

resulting toughening stress profile (Ὢ ) due to tempering. 

The inherent strength of glass can be determined using linear elastic fracture theory. In 

particular, Irwin (1957) introduced the concept of stress intensity factors to describe the elastic 
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stress intensity near the tip of a crack. The stress intensity factor for a tensile stress („) applied 

normal to the crackôs plane is:  

ὑ=Y„Ѝ“‌          (2.8) 

Where a is the size of the crack, „ is the nominal applied stress and Y is the geometry factor 

that depends on the configuration (geometry and depth) of the crack, the specimen geometry, 

the stress field and the proximity of the crack to the specimen boundaries (Haldimann et al. 

2008).  

Considering the favourable stress profile (Ὢ ) due to tempering, the following expression is 

derived for tempered glass: 

ὑ=Y(„ Ὢ
ὶὯ
 Ѝ“‌          (2.9) 

When the stress intensity factor ὑ) exceeds a critical value known as the fracture toughness 

(ὑ ), there is excess energy to cause propagation of the crack resulting in instantaneous 

catastrophic failure. The failure condition is expressed as: 

ὑ ὑ            (2.10) 

The critical stress intensity factor ὑ  is a material constant which for soda lime silica glass 

ranges from 0.72 to 0.82 MPa m0.5 (Haldimann et al. 2008). 

In vacuum, the strength of glass is time-independent. In the presence of humidity, however, 

stress corrosion causes surface flaws to grow slowly when they are exposed to a crack opening 

stress. This means that a glass element which is stressed below its short-term fracture strength 

(ὑ ὑ  may still fail after the time necessary for the most critical flaw to grow to its critical 

size at that particular stress level. As such, the fracture strength of a loaded glass element 

decreases with time, even if it is exposed to static loads only. The growth of a surface flaw 

(sub-critical crack growth) depends on the properties of the flaw and the glass, the stress history 

that the flaw is exposed to and the relationship between crack velocity and stress intensity. 

Evans (1972) proposed the following empirical relationship for the determination of the rate of 

crack growth (crack velocity v) when the crack is exposed to humidity: 

ὺ ὺ          (2.11) 
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Where the crack velocity parameter ὺ and n depend on the material, the temperature and the 

environment. For in-service conditions of float glass in buildings, ὺ φάάȾί and ὲ ρφ 

are conservative estimates and ὺ σπάάȾί and ὲ ρφ are representative values of glass 

permanently immersed in water (Haldimann 2006). 

By solving this differential equation (2.11), the uniform failure stress („  of a surface crack in 

annealed glass as a function of the stress duration and the crack geometry can be obtained 

(Overend & Zammit 2012): 

„
Ѝ Ⱦ

Ⱦ

Ⱦ

Ⱦ

    (2.12) 

Where ὸ is the time to failure of a crack with initial size ὥ and ὥ represents the crack size at 

failure. Equation 2.12 has two asymptotes (Figure 2.7): the inert strength ( ) for very short 

durations and the threshold strength for very long durations: 

 

Figure 2.7 Failure stress of a surface crack as a function of stress duration (Overend & Zammit 

2012) 

In practice, using theoretical fracture mechanics for the determination of the glass strength is 

not very realistic as the location and the distribution of the flaws are usually not known a priori. 

Therefore, a stochastic approach is often employed. The best fitting statistical model to describe 
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glass strength is a 2 parameter Weibull distribution. The probability of failure (ὖ) is expressed 

as: 

ὖ ρ ÅØÐ Ὧὃ„ Ὢ        (2.13) 

Where m, k are two interdependent parameters of the Weibull distribution and A is the surface 

area exposed to tensile stress. The magnitude of parameters m and k are a measure of the 

variability and the mean strength respectively. There are therefore considerable differences in 

m and k values between new (as-received) and heavily weathered or damaged glass. Typical 

values are φȢπ ά ωȢπ and ρȢσςρπ ά ὖὥȢ Ὧ χȢρωρπ ά ὖὥȢ 

(Haldimann 2006). 

Since both the aforementioned methods require laborious and complex calculations, 

conservative design values of the glass strength are typically used which often neglect the 

inherent glass strength component. Despite there are several standards for structural glass, only 

a few describe the strength of glass. According to the recent European technical specification 

CEN/TS 19100 (2021) the design glass strength can be calculated as: 

ὪȠ
Ƞ ȟ Ƞ Ƞ

      (2.14) 

Where ὪȠ is the characteristic (ὖ υϷ) value of the bending strength of annealed glass (45 

MPa, Figure 2.3), ὪȠ is the characteristic value of glass strength after a strengthening 

treatment (Figure 2.3), Ὧ is the edge or hole finishing factor, Ὧ  is the surface profile factor, 

‗ is the size-effect factor area, ‗ is the size-effect factor length (edge, hole), Ὧ  is the 

modification factor depending on the load duration, Ὧ is the coefficient accounting for the 

reduction of the process-induced prestress, Ὧȟ is the edge or hole prestress factor, ‎  is the 

material partial factor and ‎ is the partial factor for surface prestress.  
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2.3 Glass connections 

Given the inherent brittleness of glass, one of the most significant engineering challenges that 

arise is the development of glass connections that can transfer considerable loads in a visually 

unobtrusive fashion. 

To date, there are two main categories of glass connections (Figure 2.8) based on the supporting 

system (Overend 2012): 

 a) Linear connections, also known as framed connections 

 b) Point connections, also known as frameless connections 

These principal types can be further subdivided as discussed in the following sections. 

 

Figure 2.8 Classification of glass connections 

2.3.1 Linear connections 

Linear connections are mainly used in framed glazing construction such as curtain wall systems 

(Figure 2.9) where a framework of rectilinear elements typically made of steel, timber or 

aluminium provide support to rectangular glass infill panels along two or four edges. Linear 

connections can be further divided into (Figure 2.8): i) Mechanically fixed mullion glazing and 

ii) Structural silicone glazing as described below. 

 

Figure 2.9 Examples of curtain wall systems  

Glass Connection

Linear (framed) Connections Point (frameless) Connections

Structural silicone glazingMechanically fixed mullion glazing Clamped BoltedAdhesiveFriction-Grip
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2.3.1.1 Mechanically fixed mullion glazing  

Figure 2.10 shows the typical configuration of the mechanically fixed mullion glazing 

connections. The self-weight of the glass is transmitted to the frame (profile) via plastic setting 

blocks placed at the horizontal bottom edge of the glazing panels. Lateral (out-of-plane) loads 

usually induced from wind pressure and suction are resisted by clamping the glass panel 

between the frame and a capping/pressure plate. Gaskets made of ethylene propylene diene 

monomer (EPDM) rubber, neoprene or silicone are used in order to avoid direct contact 

between the glass and the frame. The gaskets allow a significant degree of rotation of the glass 

edges and therefore they may be considered as simple supports for the purposes of analytical 

and numerical calculations. The frame size is larger than the glass pane. This clearance should 

have the appropriate size to accommodate potential deviations that result from manufacturing 

and construction tolerances and the inherent deviations that result from post-installation 

dimensional changes (Haldimann et al. 2008). 

 

Figure 2.10 Scheme (Overend 2012) (a) and example (b) of a mechanically fixed mullion 

glazing connection 

  

(a) (b)
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2.3.1.2 Structural silicone glazing  

Structural silicone glazing (a.k.a. structural silicone glazing systems SSGS or bonded glazing) 

is a variant of the aforementioned connection type where the capping strip is eliminated and 

the glass is bonded to the supporting frame through an elastomeric structural silicone adhesive 

(Figure 2.11). The glass self-weight is transmitted to the profile either through POM 

(polyoxymethylene) setting blocks (Type I and II in ETAG 002 2001) or through the structural 

silicone (Type III and IV in ETAG 002 2001). In all cases, the lateral loads are transmitted to 

the profile by means of the structural silicone adhesive. The gap between adjacent glass units 

is sealed with a silicone weather sealant (Overend 2012). Depending on the curing process, two 

types of structural silicone adhesives are available (Haldimann et al. 2008): a) one component 

silicones where curing initiates as soon as they come into contact with moisture in the air and 

b) two-component silicones which are cured by the polymerization reaction that is triggered by 

the mixing of a base compound (1st component) and a catalyst (2nd component). 

Structural silicones have a relatively low modulus of elasticity. On one hand, this leads to 

reduced glass stress concentrations but on the other hand structural silicones are not suitable 

for transferring high loads (Vallabhan et al. 1997). In addition, silicone materials are almost 

incompressible (i.e. v å 0.5) and therefore the geometry of the joint affects highly its stiffness. 

Specifically, investigations (Hagl 2010) into various joint geometries (Figure 2.12) indicate 

that U-channels and E-channels joint geometries lead to better mechanical performance and 

durability. 

In general, the material behaviour of structural silicones as well as design requirements are well 

documented in several standards and codes such as AAMA CW-13-85 (1985), EOTA ATAG 

Nr 002 (1998), ASTM C 1401-02 (2002) and BS 6262-6 (2005). 
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Figure 2.11 Scheme (Overend 2012) (a) and example (b) of structural silicone glazing 

connection 

 

Figure 2.12 Scheme of U (a), T (b), L (c) and E (d) type of joint geometries 

2.3.2 Point connections 

Point (frameless) connections were developed to minimize the visual impact of linear 

supporting frames and pressure cap profiles. Based on the mode of load transfer, they can be 

classified in four sub-categories (Bedon et al. 2018, Centelles et al. 2019): i) clamped ii) 

friction-grip iii) bolted and iv) adhesive connections (Figure 2.8). The following sections 

provide a detailed description of each connection type. An overview of the basic characteristics, 

the materials and the experimental tests of each connection type performed by different authors 

is presented in Table 2.2, 2.3 and 2.4. 

  

(a) (b)

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

Steel

Glass

Silicone
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Table 2.2 Experimental research on mechanical glass point connections 

Type Characteristics Tests 

Clamped 
- Transmission of out-of-plane loads through contact 

- Stress intensification at support points 

4 corner supported panel under lateral loading  

(Feng et al. 2012) 

Friction grip 
- Transmission of in-plane loads through friction 

- Require glass drilling 

Double-lap shear  

(Panait et al 2007, Belis et al 2016) 

Bolted 

- In plane and out-of-plane loads transmitted via 

contact between the glass bolt-hole and the bolt 

- Require glass drilling and tempering 

- Stress concentrations in the bolt hole 

Liner materials (Maniatis 2005, Overend 2005) 

Hole geometry (Whaley 1965, Overend 2005) 

Goodness of fit (Overend 2005) 

Bolt prestress (Bernard et al. 2009) 

Fixing location (Amadio et al. 2008, 

Type of loading (Mocibob et al. 2008, 2010) 

Table 2.3 Experimental research on adhesive glass point connections 

Substrates Adhesive Tests 

Glass to glass 

Two component epoxy resin (Speranzini et al. 2016) Single-lap shear  

UV-curing acrylate Ritelok UV50 (Machalick§ and Eli§ġov§ 2017) Double-lap shear 

UV-curing acrylate Conloc 685 (Machalick§ and Eli§ġov§ 2017) Double-lap shear 

Glass to steel 

Silicone Dow Corning DC993 (Overend 2011) Single-lap shear, T-peel  

Polyurethane SikaForce  (Overend 2011) Single-lap shear, T-peel  

Epoxy 3M 2216 B/A (Overend 2011) Single-lap shear, T-peel 

Two-component acrylic Holdtite 3295 (Overend 2011) Single-lap shear, T-peel 

UV-curing acrylic Bohle 682-T (Overend 2011) Single-lap shear, T-peel 

One-component polyurethane SikaFlex 265  

(Machalick§ and Eli§ġov§ 2017) 
Double-lap shear, Tensile 

Two-component polyurethane SikaForce 7550  

(Machalick§ and Eli§ġov§ 2017) 
Double-lap shear, Tensile 

Two-component acrylate SikaFast 5211  

(Machalick§ and Eli§ġov§ 2017, Belis et al. 2011) 
Double-lap shear, Tensile 

Epoxy 3MTM Scotch-WeldTM 9323 B/A  

(Van Lancker et al. 2016, Dispersyn et al. 2016, Belis et al. 2011) 
Single-lap shear, Tensile 

MS-polymer Soudaseal 270 HS 

(Van Lancker et al. 2016, Belis et al. 2011) 
Single-lap shear, Tensile 

Silicone (Sikasil® SG-500  

(Van Lancker et al. 2016, Belis et al. 2011) 
Single-lap shear, Tensile 

Ionomer SentryGlas (Santarsiero et al. 2017, Belis et al. 2011) Single-lap shear, Tensile 

Silicone TSSA (Santarsiero et al. 2016, Belis et al. 2011) Single-lap shear, Tensile 

Glass to aluminium 

One-component polyurethane SikaFlex 265  

(Machalick§ and Eli§ġov§ 2017) 
Double-lap shear 

Two-component polyurethane SikaForce 7550  

(Machalick§ and Eli§ġov§ 2017) 
Double-lap shear 

Two-component acrylate SikaFast 5211  

(Machalick§ and Eli§ġov§ 2017) 
Double-lap shear 

Glass to timber 

One-component silicone Sikasil SG-20 (Blyberg et al. 2012) Single-lap shear, Tensile 

Two-component acrylic SikaFast 5215 (Blyberg et al. 2012) Single-lap shear, Tensile 

One-component polyurethane Prefere 6000 (Blyberg et al. 2012) Single-lap shear, Tensile 

Glass to GFRP 

Polyurethane Sikaflex 265 (Valarinho et al. 2013) Double-lap shear 

Polyurethane Sikaforce 7710-L100 (Valarinho et al. 2013) Double-lap shear 

Epoxy Sikadur-31 cf (Valarinho et al. 2013) Double-lap shear 

Two-component epoxy3M DP490 (Pascual et al. 2017) 
Single-lap shear 

4-point bending 
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Table 2.4 Experimental research on embedded laminated glass point connections 

Insert Interlayer Tests 

Thick  
SentryGlas 

EVA 

Pull-out (Santarsiero et al. 2018, Zhao et al. 2021) 

Bending (Bajtek et al. 2020) 

Thin  
SentryGlas 

PVB 

Pull-out (Belis et al. 2009, Puller et al. 2012a,b) 

Pull-out (Louter et al. 2019, Carvalho et al. 2012) 

2.3.2.1 Clamped connections 

Clamped connections (Figure 2.13) consist of small stainless steel or aluminium plates that 

mechanically clamp the glass panel edges at discrete locations, thus holding it in place and 

providing support to out-of-plane loads. This minimisation of the contact region results in 

increased transparency but generates localised glass stress concentrations that should be taken 

into account in engineering design. To reduce stresses and avoid hard contact, soft plastic 

intermediate materials such as neoprene or EPDM are placed between the clamps and the glass. 

Research conducted on glass panels subjected to out-of-plane loads and supported with steel 

clamps (Feng et al. 2012) showed that high tensile glass stresses arise in the vicinity of the 

supports due to the warping distortion of the glass. In this regard, the use of fully tempered 

glass is proposed. Typically, clamped connections are employed at glass balustrades or facades 

comprising small glass elements with minor structural role in buildings. 

 

Figure 2.13 Examples of clamped connections (Bedon et al. 2018) 

  

Glass

Steel / aluminium plate

EPDM or neoprene gasket

(a) (b)
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2.3.2.2 Friction -grip connections 

Friction-grip connections (Figure 2.14) constitute an alternative clamping solution commonly 

used in structural glass fins and facades (e.g. HansenFacades, McClelland 2005). The typical 

design comprises two steel plates which are clamped together by a preloaded bolt that passes 

through the glass component, thus generating high friction among the contact surfaces. As 

such, in-plane loads (e.g. glass self-weight) are transferred from the glass to the steel plates 

through friction resulting in shear loads in the bolts. Theoretically, these fixings provide high 

resistance to in-plane loads as they distribute the load over a larger surface area compared to 

bolted assemblies, thereby minimising local stress peaks in glass. Direct contact between the 

glass and the steel parts is prevented by oversized bolt holes and by employing gaskets that act 

as an interlayer material between the glass and the steel plates. The gaskets are made from stiff 

materials (pure aluminium or fibre gasket) in order to transmit the normal stresses induced by 

the pre-stressed bolts without squeezing out of the joint and resist the shear stresses induced by 

the in-plane loading. However, they must not be too hard so that they do not damage the glass 

and they must also be sufficiently flexible to allow for fabrication tolerances between the glass 

and the steel plates. Additionally, gaskets should exhibit very low creep to prevent normal 

forces in bolts from relaxing (Belis et al. 2016).  

 

Figure 2.14 Typical examples of friction-grip connections with (a) laminated and (b) 

monolithic glass (Haldimann et al. 2008) 

The load-bearing performance of friction grip connections depends on the geometry of the 

connection, the bolt preload level, the stiffness of the materials involved, the long-term load 

carrying capacity of the various components and the coefficient of friction between the various 

interfaces. There is an established body of research that investigates the effect of these 

parameters (Panait et al. 2004, Panait et al. 2007, Campione et al. 2012, Belis et al. 2016). 

Overall, guidelines for the use of friction-grip connections are provided in Ryan et al. (1998). 

(a) (b)
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2.3.2.3 Bolted connections 

Bolted connections gained popularity in the 1980s and 1990s with the development of several 

patented bolted glass systems. This type of connection is very attractive because it minimizes 

the visual impact by eliminating the traditional transoms and mullions. Bolted joints are useful 

either for assembling façade glass panels or to connect several glass elements such as columns, 

beams and fins. This method involves drilling bolt holes in the glass components that are 

usually made of heat strengthened or fully toughened glass due to the high stress concentrations 

that arise in the vicinity of the holes. To mitigate these stresses and avoid direct contact between 

the glass and the bolt, intermediate (liner) materials are employed. In-plane and out-of-plane 

loads are transmitted as transverse shear and direct forces to the bolt respectively. The bolts are 

usually fixed to a cast node (spider fixing) which is in turn supported by a sub-frame or trusses 

(Figure 2.15).  

 

Figure 2.15 Examples of bolted connections (Bedon et al. 2018) 

Bolted connections can be assembled either with conventional bolts or countersunk bolts 

(Figure 2.16). Conventional connections are the earliest and generally the strongest type of 

bolted connections which are commonly used in steel and timber construction. Countersunk 

bolted connections are basically used in glass-to-glass connections or to connect glass to a sub-

frame. Their main advantage is that they eliminate all protrusions beyond one surface of the 

glass thus achieving a flush outer surface. However, this type is not suitable for transferring 

high in-plane loads as it causes higher stress concentrations compared to conventional 

assemblies (Whaley, 1965). 
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Figure 2.16 Scheme of conventional (a) and countersunk (b) bolted fittings (Overend 2012) 

Originally, bolted connections did not allow for rotational out-of-plane movements thus 

resulting in high glass stresses in the bolt hole region. Hence, later versions tried to match their 

rotational stiffness with that of the glass in an attempt to reduce the stresses induced by the 

applied loads. Articulated bolts have also been developed (Figure 2.17) which allow for free 

(out-of-plane) rotation of the bolted glass panel. 

 

Figure 2.17 Articulated (left) and fixed (right) bolts (Sadev Structural Fittings) 

One of the main disadvantages of bolted connections is that they generate large stress 

concentrations in the vicinity of the bolt hole where the glass is already at its weakest due to 

the additional drilling-induced flaws and the reduced effectiveness of tempering in the bolt hole 

region. In more detail, the favourable parabolic residual stress profile induced by the tempering 

process is distorted in the region of the holes thus reducing the glass strength (Laufs et al. 

1999a, Laufs et al. 1999b). Besides the work of Laufs et al., several studies (Bernard et al. 

2001, Daudeville et al. 2002, Nielsen et al. 2007, Nielsen et al. 2008, Nielsen et al. 2010) 

aimed at predicting the toughening stress profile in glass with different hole geometries and 

curved edges based on 3D numerical models. For comparable hole geometries, both Bernard 

et al. (2001) and Nielsen et al. (2008) report that the maximum pre-compression at the edge of 

(a) (b)
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holes is between 20% to 25% less than that of the far-field. A more detailed evaluation of the 

aforementioned methods is provided in the work of Watson et al. (2013).  

The structural performance of bolted connections in any material is highly dependent on the 

stress concentrations that arise in the vicinity of the bolt hole (Figure 2.18). As such, several 

studies have been conducted to evaluate the state of stresses around the hole. An analytical 

formulation (Equation 2.15 and 2.16) can be found in the study of Howland (1930): 

 

Figure 2.18 Scheme of connection geometry and applied load (a) and typical distribution of 

stresses near holes (b) 

„           (2.15) 

ὑ ρ πȢςψψψȢψς ςσȢρωφ ςωȢρφψ    (2.16) 

Where „  is the peak stress, Ὂ is the applied force, Ὤ and Ὄ is the thickness and width of the 

bolted component respectively, d is the hole diameter and Kt  is the stress intensity factor. 

Later, Frocht et al. (1940) proposed an alternative analytical solution (Equation 2.17) for the 

computation of the stress intensity factor in glass: 

ὑ ρςȢψψςυςȢχρτ ψωȢχφς υρȢφφχ     (2.17) 

A more recent study by Duerr et al. (2006) provides the following equation (Equation 2.18). 

ὑ ρȢυ ρȢςυ ρ πȢπφχυ ρ       (2.18) 
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However, while the above equations provide a substantial initial approach of the magnitude of 

the peak stress („ ), they do not take into account the effect of the following variables: 

i) Liner materials (i.e. intermediate materials to avoid direct contact between the steel bolts and 

the glass) e.g. resin, aluminium etc. 

ii) Geometry of the hole (i.e. cylindrical or conical)  

iii) Goodness of fit (i.e. the size of the bolt relative to the hole) 

iv) Degree of mechanically applied prestress (i.e. torque on bolt) 

v) Location of the point fixing in the glass component (i.e. edge-corner distance) 

vi) Type of loading (i.e. in-plane, out-of-plane loading) 

i) Liner Materials  

There are several types of liner materials that are used as intermediate layers between the glass 

and the bolt. Aluminium, plastics such as EPDM and POM, polyamide or injected resin (To et 

al. 2007) and mortar are some of the most commonly used materials. These materials should 

be sufficiently strong and stiff to transfer loads to and from the glass without breaking or oozing 

out of the joint. In addition, their long term behaviour is important and especially their 

performance under cyclic loading, UV radiation and creep. Generally, their purpose is not only 

to mitigate the intensification of stresses due to interaction of the glass component and the 

metal connector but also to compensate for fabrication and installation tolerances.  

A number of studies have been conducted to evaluate the influence of liner materials on the 

structural response of bolted connections. Maniatis (2005a and 2005b) found that different 

material combinations (i.e. glass-aluminium, glass-POM) lead to slightly different maximum 

principal tensile glass stresses while the principal compressive stresses are largely unaffected. 

Overend (2005) reaches a similar conclusion in terms of the tensile stresses, although the 

materials examined are nylon and aluminium. However, Overendôs investigation reveals that 

the softer nylon liner produces substantially lower compressive stresses and better stress 

distribution. Bernard et al. (2009) conducted a parametric study to optimize bolted countersunk 

connections. Namely, experimental tests including PTFE (polytetrafluoroethylene) or 

aluminium liners show an increase in the load-bearing capacity of the connections in annealed 

glass when PTFE is used whereas no effect is noticed for tempered glass.  
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ii) Geometry of the hole 

Another major factor that affects the overall strength of a bolted connection is the shape of the 

metal connector (i.e. bolt). According to Whaley (1965) the stress concentrations around a 

countersunk hole are 13ï23% larger than a normal cylindrical hole. In addition, Overendôs 

(2005) numerical studies indicate that countersunk fixings generate uneven stress distribution 

across the thickness of the glass and generally the resulting maximum principal tensile stress 

are slightly higher than those imposed by conventional (i.e. cylindrical) connections. 

iii) Goodness of fit 

The latter study (Overend 2005) also addresses the effect of bolt-to-hole clearance on the 

performance of bolted connections. The general conclusion is that decrease in tolerance 

produces a slight reduction in principal tensile stresses, but noticeably lower compressive 

stresses at the bearing end of the hole. 

iv) Degree of mechanically applied prestress 

The initial preload of the bolt has also a great influence on the stress state of the constituent 

parts of the joint. In particular, the study by Bernard et al. (2009) reveals that initial prestressing 

has a positive impact as it creates a compressive stress state, thus compensating for the high 

tensile stresses applied to the glass. However, because of this more intimate contact, surface 

damage is induced to the glass component leading to failure. This phenomenon is mainly 

noticeable in annealed glass and therefore the authors suggest that further research is required 

to estimate the optimum value of the initial preload. 

v) Location of the point fixing in the glass component 

Amadio et al. (2008) examined experimentally and numerically the influence of the distance 

between the hole and the glass pane edge on the behaviour of the joint. Both methods agreed 

that the strength capacity of the connection increases as the ratio of edge distance to bolt 

diameter rises. This conclusion is in agreement with the numerical results of Overend (2005). 

vi) Type of loading 

Mocibob et al. (2007 and 2008) investigated the structural behaviour of bolted glass panels 

under the interaction of both axial force and bending moment. The results indicate that the 

specimens subjected to pure axial loading yield higher resistance but less deformation 

compared to the ones subjected to a combination of axial force and bending moment. 

Subsequently, Mocibob et al. (2010) conducted  numerical and experimental research on bolted 

glass panels subjected to axial compression or tension. The results showed that for both loading 
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cases glass failure initiated in the region of the holes but the origin of fracture was found to be 

at different locations and the maximum principal tensile stress at failure obtained by the 

compressive loading case was less than half the value produced by the tensile case.  

2.3.2.4 Adhesive connections 

Bolted connections is one of the least structurally efficient methods for connecting glass as 

large stress intensification occurs around the bolt holes, coinciding with the region where the 

glass is already weakened due to the drilling induced flaws and the distorted heat treatment 

stresses. In addition, the engineering design of bolted glass connections is currently not 

straightforward and it usually requires experimental testing and/or laborious numerical (FE) 

simulations. 

Therefore, alternative connection solutions and most notably adhesive connections have been 

the subject of on-going research over the last 20 years. In fact, the consensus from the work of 

Overend et al. (2013) is that adhesive joints outperform their bolted counterparts in terms of 

structural performance because they achieve a more uniform load distribution compared to 

bolted assemblies (i.e. loads are transferred over a larger area) and they also eliminate the need 

of drilling which results in reduced glass strength at the bolt hole edges. Additionally, adhesive 

connections provide a surface that is flat since metal parts do not perforate the glass, thus 

ensuring a continuous external surface which is easier to maintain (i.e. cleaning). Moreover, 

due to the absence of glass drilling the overall thermal performance of glazing systems is 

enhanced as thermal bridges and losses are minimized and gas losses typically occurring in 

bolted Insulating Glass units (IGU) are avoided. 

However, adhesive connections exhibit structural and aesthetic long-term performance 

degradation when subjected to environmental aging conditions (UV radiation, humidity, 

temperature and freeze-thaw cycling). In addition, until now there is no efficient method for 

end-of-life disassembly of adhesives connections to allow for recycling/reuse of its constituent 

materials. 
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i) Types and behaviour of adhesives 

Adhesive glass connections are assembled by gluing glass components to metal parts or to 

other glass components via high strength and stiffness structural adhesives such as acrylates, 

epoxies, polyurethanes and ionomers. Adhesives are polymer materials produced by 

polymerization i.e. the procedure in which monomer units are bonded together repeatedly 

creating long chains known as macromolecules or large-sized molecules. According to their 

thermomechanical characteristics controlled by their molecular structure (Figure 2.19), 

polymers can be classified into the following categories (Hagl 2006) shown in Figure 2.20. 

 

Figure 2.19 Molecular structure of polymers (Ehrenstein 2001) 

 

Figure 2.20 Classification of polymer adhesives (Hagl 2006) 

1) Thermoplastics 

Thermoplastics consist of physically bound linear or branched macromolecules resulting in 

relatively weak intermolecular forces. Therefore, the material softens when exposed to heat but 

returns to its original condition (i.e. harden) upon cooling. Thermoplastics are made by chain 

polymerization and their structure may be amorphous or partly crystalline (semi-crystalline). 

linear branchedcross-linkedintertwined

Polymer adhesives

ThermoplasticsElastomers

Linear or branched 

chains

PVB, SentryGlas

Long cross-linked 

polymer chains

Silicones, EVA, 

EPDM

Thermosets
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polymer chains
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Polyurethanes
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2) Elastomers 

Elastomers comprise chemically cross-linked macromolecules that form a loosely bound 

network structure with a rather low cross-link density. Elastomers are characterised by their 

ability to recover their original shape after being stretched to great extents.  

3) Thermosets 

Thermosets are mostly heavily cross-linked/intertwined polymers and their structure is almost 

always amorphous. This high degree of cross-linking between polymer chains restricts their 

motion, thus resulting in a rigid material. Thermosets become irreversibly hardened upon being 

heated and further heating cannot reshape this material. 

The mechanical behaviour of polymers is highly sensitive to external influences such as 

temperature, time, loading rate, environment (humidity, oxygen, organic solvents, etc.) and 

UV-radiation (Ehrenstein 2001). When loaded, three different deformation types, which have 

to be superimposed, are distinguished: 

- Instantaneous elastic deformation (reversible), due to the distortion of the valence angles of 

atoms between fixed chemical bonds 

- Time-dependent viscoelastic deformation or relaxation (reversible), due to stretching of the 

molecular chains 

- Time-dependent viscoplastic deformation (irreversible), due to movement (relocation) of the 

molecular chains 

These deformations are strongly dependent on the material temperature, the rate and magnitude 

of loading as well as the molecular structure of the polymer. In this regard, the glass transition 

temperature Tg  is of major importance in terms of the material behaviour of polymers as it is 

the temperature where polymers transition from a hard and glassy material to a soft and rubbery 

one. In other words, below Tg or for high loading rates polymers exhibit rigid and brittle 

behaviour while above Tg or for low loading rates polymers exhibit flexible and ductile 

behaviour. Further information and guidelines on structural adhesives are provided in Adams 

et al. (1997) and IStructE (1999).  

Linear viscoelasticity is a simple and reasonable approximation to the time-dependent 

behaviour of polymers at relatively small strains (the theory does not account for viscoplastic 

deformation). As linear viscoelastic are classified the materials for which there is a linear 

relationship between stress and strain at any given time. To visualise this, we can consider the 

(shear) strain response (creep) of a material subjected to two different constant (shear) stress 
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levels. For linear viscoelastic materials, the resulting strain at any fixed time is proportional to 

the applied stress as shown in Figure 2.21.  

 

Figure 2.21 Scheme of linear viscoelastic creep behaviour 

Provided this linear relationship between stress and strain, the Boltzmannôs superposition 

principle states that the response of a linear viscoelastic material produced by any set of applied 

stress/strain can be evaluated as the sum (superposition) of the strain/stress produced by each 

individual set acting independently (Figure 2.22). In other words, the ñeffectò of a sum of 

ñcausesò is the sum of the individual ñeffectsò of each ñcauseò.  

 

Figure 2.22 Scheme of Boltzmannôs superposition principle  
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Based on this principle, the response (†, ‎) of a linear viscoelastic material for a given applied 

strain or stress history can be expressed in the form of a convolution integral as given in 

Equations 2.19 and 2.20 respectively: 

†ὸ ᷿Ὃὸ ί  ‎ί Ὠί        (2.19) 

‎ὸ ᷿Ὀὸ ί  †ί Ὠί        (2.20) 

Where Ὃὸ, Ὀὸ is the shear relaxation and compliance modulus of the material. 

The behaviour of linear viscoelastic materials can be mechanically represented via the 

generalised Maxwell Model (Ferry 1980). This model consists of a series of elastic spring and 

viscous damper pairs in parallel (Figure 2.23) and it is commonly used to define the viscoelastic 

material properties in FE programs due to its computational efficiency. 

The generalised Maxwell Model can be mathematically approximated with a Prony Series: 

Ὃὸ Ὃ В ὋὩ          (2.21) 

Where Ὃ  is the long term (infinitely slow loading) shear modulus and Ὃ, † are the shear 

modulus and relaxation time respectively associated with each spring and damper pair for each 

term (i) of the Prony Series. The instantaneous (rapid loading) or glassy shear modulus, Ὃ, 

can be evaluated as :  

Ὃ Ὃ В Ὃ          (2.22) 

 

Figure 2.23 Mechanical representation of the generalised Maxwell Model 
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ii) Stress analysis of a typical adhesive joint 

One of the most important engineering challenges that arise in adhesive connections is to 

accurately determine the magnitude and distribution of stresses in adhesive joints. There are 

several possible joint geometries but the majority of the research to-date considers single lap 

joints (Figure 2.24) as this is the most common configuration encountered in practice.  

The first important study was that of Volkersen (1938) who introduced the differential shear 

model (Equation 2.23 and 2.24). Volkersen assumes that adherends deform only in tension 

while adhesive deforms only in shear. According to this model, the shear stresses are not 

uniform across the overlap length with stress concentrations arising at the edges of the bond 

(Figure 2.24). 

 

Figure 2.24 Stress distribution of Volkersenôs model 

†        (2.23) 

‫
Ὃὥ

Ὁ
ρ          (2.24) 

Where b is the bond width, ὸ and ὸ is the thickness of the top and bottom adherend 

respectively, ὸ is the adhesive thickness, Ὃ is the adhesive shear modulus, Ὁ is the adherend 

modulus and ὖ is the applied force. The origin of ὼ is the middle of the overlap (Figure 2.24). 

However, the above theory ignores that the direction of the applied forces are not collinear 

(eccentricity) which results in a bending moment applied to the joint in conjunction with the 

in-plane tension. The work of Goland and Reissner (1944) extended Volkersen's model by 

including substrate bending and adhesive shear and peel stresses. However, this work is limited 

as i) peel and shear stresses are assumed constant across the adhesive thickness, ii) the shear 

deformation of the adherends is neglected iii) the arising shear stresses are maximum at the 

overlap end which is against the law of complementary shears (i.e. since the end of the adhesive 
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is a free surface, there can be no shear stress on it iv) it is only valid for (symmetric) joints with 

similar adherends and v) the non-linear material behaviour of the adhesive is neglected. Hart 

and Smith (1973) extended this work by modelling the adhesive as an elasto-plastic material, 

as well as including asymmetric joints. Another significant contribution was that of Bigwood 

& Crocombe (1989). This provides a more general method for predicting the shear and peel 

stresses in the adhesive including dissimilar adherends which was subsequently extended to 

include plasticity (Crocombe & Bigwood 1992). The main shortcoming of Bigwood and 

Crocombeôs method is that the boundary conditions at the ends of the overlap region are 

required and the model does not provide them. This issue was addressed by the work of Cheng 

et al. (1991) who provide analytical solutions for the determination of the bending moments 

and the vertical shear forces at the ends of the joint.  

All the theories discussed so far indicate that the maximum adhesive stresses always occur 

close to the ends of the joint assuming that the adhesive layer ends in a square edge. In reality 

though, most adhesive joints are formed with a fillet (Figure 2.25) which is squeezed out under 

pressure while the joint is being manufactured. Therefore, the influence of the fillet on these 

maximum stresses should be taken into account as failure is bound to occur in this critical 

region. Since it is unlikely that a closed-form analytical solution will be found, numerical (FE) 

techniques have been used to evaluate the fillet effect (Adams & Peppiatt 1974 and Wang et 

al. 1976). Overall, more details on the analysis of adhesive joints can be found in the work of 

Adams et al. (1997) and Da silva et al. (2009a and 2009b). 

 

Figure 2.25 Typical single-lap adhesive joint with fillet 
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iii) Existing research on the performance of adhesive glass connections 

Although adhesive glass connections have been successfully implemented (Figure 2.26) in real 

glass projects (Blandini 2005, Bos et al. 2005 and Fuchs & Witek 2007), this technology is still 

under development and very few design regulations (e.g. Clarke 1996) exist. 

 

Figure 2.26 Glass dome at the University of Stuttgart (Blandini 2005) 

There are several parameters that influence the mechanical response of an adhesive joint, 

including the adhesive type (i.e. in terms of chemical compatibility), the joint geometry, the 

surface preparation, the type and duration of loading, the temperature range in which the 

adhesive must perform and the durability (aging) of the adhesive joint. 

Overall, the ultimate mechanical resistance of adhesive connections is governed by the 

following three failure modes or a combination of them:  

1) cohesive failure i.e. failure of the adhesive material within its thickness  

2) adherendôs failure i.e. failure of the bonded components such as glass or metal parts  

3) adhesive failure i.e. failure at the interface between the adhesive and the adherend. This case 

is the most unfavourable one as it does not allow to deploy the maximum load-bearing capacity 

of the adhesive and the adherends.  

Over the last 20 years, there is an increasing research interest on the mechanical performance 

of adhesive glass connections due to their superior features in comparison with bolted 

assemblies. Depending on the type of the adherend examined, the studies found in literature 

can be classified into the following categories: 
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a) Glass to glass connections 

Speranzini et al. (2016) examined experimentally the behaviour of single-lap glass (annealed) 

joints made of a two-component transparent and a two-component light grey epoxy resin. In 

both cases, cohesive failure was observed with both resins showing a satisfying level of 

resistance. Machalick§ and Eli§ġov§ (2017) conducted double-lap shear tests with two different 

UV-curing acrylates (Ritelok UV50 and Conloc 685). This study also examined the influence 

of the glass surface treatment, the adhesive thickness and ageing factors (temperature, UV 

radiation and moisture) on the structural response of the joints. The tests results indicated that 

the load-bearing capacity of the joint reduced with increasing adhesive thickness especially for 

rigid adhesives. Additionally, it was observed that a non-uniform stress distribution is 

developed within the connection with stress peaks occurring at the edges. After exposure to 

accelerated laboratory ageing, the Ritelok UV50 adhesive was assessed as unsuitable for 

structural use because of serious deterioration of its mechanical properties. Accordingly, the 

shear strength values of the Conloc 685 adhesive were reduced by about 40% due to exposure 

to relative humidity during the accelerated ageing cycle. 

b) Glass to steel connections 

The vast majority of the existing literature to date have investigated the performance of glass 

to steel connections. In particular, Overend et al. (2011) studied the short-term structural 

behaviour of single-lap and T-peel steel-glass joints considering five different adhesive 

materials (silicone Dow Corning DC993, polyurethane SikaForce 7550L15, epoxy 3M 2216 

B/A, two-component acrylic Holdtite 3295, UV-curing acrylic Bohle 682-T). The experimental 

findings showed that cohesive failure occurred in all the silicone samples, the single-lap epoxy 

tests, the T-peel Holdtite tests and the T-peel Bohle tests. The majority of the polyurethane 

samples as well as the T-peel epoxy ones exhibited adhesive failure. The former occurred at 

the adhesive-steel interface while the latter occurred partly at the adhesiveïsteel interface and 

partly at the adhesiveïglass interface. Glass failure was mainly observed in the single-lap tests 

for both Holdtite and Bohle. The study concluded that silicone is the most suitable material for 

low strength/stiffness steelïglass joints while for stiffer and/or stronger joints the best 

performing adhesives are the epoxy and the two-component acrylic (Holtide) but further 

research is required to assess their long-term performance comprehensively. 

Machalick§ and Eli§ġov§ (2017) conducted shear and tensile tests on steel-glass connections 

bonded by an one-component polyurethane (SikaFlex 265), a two-component polyurethane 

(SikaForce 7550) and a two-component acrylate (SikaFast 5211). The results showed that for 
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both the shear and tensile tests, the polyurethane specimens failed cohesively. A combination 

of adhesive and cohesive failure was observed for the tensile acrylate specimens. This failure 

mode also occurred in the shear acrylic specimens. However, similar specimens with a 

roughened glass surface exhibited cohesive failure resulting in 20% strength increase. 

Moreover, for all adhesives, artificial ageing tests on identical specimens indicated minor 

deterioration of their mechanical properties. However, the acrylate adhesive demonstrated 

visible faults (bubbles and cracks) which are attributed to the imposed temperature cycling over 

its glass transition temperature. 

Belis et al. (2011) investigated the structural behaviour of 32 different adhesives by means of 

steel-glass single-lap shear tests to identify suitable materials for adhesive glass connections. 

The examined materials belong in the following adhesive families: silicones, polyurethanes, 

MS-polymers (modified silicone), acrylates, epoxies and ionomers. In order to estimate the 

effect of weathering environmental conditions, the specimens were exposed to 90% relative 

humidity at 50o C for zero, 4 and 12 weeks before tested at room temperature. From the test 

results, it was identified that epoxies and acrylates are in general significantly stronger than 

silicones. It was also observed that the majority of the adhesives exhibited decreasing shear 

strength after ageing. However, a few adhesives seemed to benefit from the exposure 

conditions as they yielded better shear strength, most probably due to further curing and 

consequent hardening at the exposure temperature (+50°C). 

Van Lancker et al. (2016) extended the above work by investigating further the long-term 

performance (ageing) of the three most promising adhesives; namely a stiff epoxy (3MTM 

Scotch-WeldTM 9323 B/A), a flexible MS (modified silicone) polymer (Soudaseal 270 HS) and 

a structural silicone (Sikasil® SG-500). Moisture, temperature and UV radiation were taken 

into account. The tests showed that the epoxy exhibited significant strength and stiffness 

reduction when exposed to moisture but it showed good resistance against thermal cycling. UV 

radiation deteriorated its mechanical properties only in case of specimens previously exposed 

to moisture. Although MS-polymer performed poorly against moisture, thermal cycling 

upgraded its mechanical properties while UV radiation seems to have no significant influence. 

The silicone demonstrated good resistance against moisture whereas thermal cycling and UV-

radiation did not alter its structural behaviour. 

Dispersyn et al. (2015) tested rectangular glass panels which were supported by six circular 

steel-adhesive rubber point-fixings and subjected to out-of-plane loading. Two types of 
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connections were examined: a hinged and a fixed one. The results showed that the fixed 

configuration exhibited higher stresses but smaller displacements compared to the hinged one. 

The influence of corner and edge distance of the adhesive point-fixings was also investigated. 

It was found that lower stresses and deformations as well as a more uniform stress distribution 

are achieved when the edge distance was maximal. 

Later, Dispersyn et al. (2016) investigated the structural performance of adhesive point-fixings 

by means of experimental tests and numerical (FE) analysis. The specimens consisted of 

rectangular glass plates bonded to circular metal connectors via a two component epoxy 

adhesive (3M Scotch Weld 9323 B/A). The specimens were simply supported along their 

circumference and subjected to uniaxial tensile loading. The experimental/numerical results 

indicate that the maximum stresses in the adhesive and glass increase with decrease of the 

connector diameter, the glass thickness and adhesive thickness, and with increase of the 

adhesive stiffness and adhesive Poissonôs ratio. The maximum deformation of the glass panel 

is reduced by increasing the glass thickness, adhesive stiffness and adhesive Poissonôs ratio, 

and by decreasing the connection diameter and the adhesive thickness.  

Similarly, Santarsiero et al. (2016 and 2017a) performed shear and tensile tests at different 

temperatures and displacement rates on connections made of circular stainless steel connectors 

bonded to the surface of glass plates by means of the transparent ionomer SentryGlas (SG) and 

the Transparent Structural Silicone Adhesive (TSSA). The results showed that temperature and 

strain rate variations have a major impact on the mechanical response of the connections. 

Specifically, regardless of the loading type and adhesive material, the connection strength is 

proportional to the logarithm of the applied strain rate and decreases as the working 

temperature rises.  

c) Glass to other construction materials 

A limited number of studies have investigated alternative adherend materials. In particular, 

Zangenberg et al. (2012) and Machalick§ and Eli§ġov§ (2017) studied glass to aluminium 

connections. Moreover, Blyberg et al. (2012) examined the tensile and shear resistance of 

adhesive connections between glass and timber and Kozğowski et al. (2014) as well as Ber et 

al. (2014) tested timber-glass composite I-beams and timberïglass composite wall panels 

respectively. Finally, experimental investigations on glass to GFRP (Glass Fiber Reinforced 

Polymer) connections are provided in the work of Valarinho et al. (2013), Speranzini et al. 

(2016) and Pascual et al. (2017). 
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2.3.2.5 Embedded laminated adhesive connections 

About one and a half decade ago, a novel form of adhesive glass connections emerged, known 

as embedded laminated glass connections, which represents the main focus of this dissertation. 

Embedded laminated connections (Figure 2.27) consist of a metallic insert which is partially 

embedded within the laminated glass unit by means of a transparent adhesive interlayer that 

transfers loads from the metal insert to the glass plies. Typically, the adhesives that are used 

for embedded laminated connections are: the PVB or the ionomer SentryGlas® (SG, 

SentryGlas Ionoplast Interlayer 2021). In the former case, a stiffer version (a.k.a. structural 

PVB) of the regular PVB is usually employed such as Saflex Structural produced by Eastman 

(Eastman 2021) because it provides superior structural capacity and adhesion with glass 

compared to conventional PVB interlayers. 

The primary idea is to make use of the well-established principles and manufacturing protocols 

of laminated glass in order to produce transparent adhesive glass connections. Specifically, 

solid foils (nominal thickness of 0.38 ï 1.52 mm) of the adhesive material are placed between 

a metal connector and the glass panels. The assembly is then placed in a vacuum bag and 

subjected to the standard lamination process which involves the simultaneous application of 

pressure and heat via an autoclave (Figure 2.27). While the use of vacuum bag increases the 

manufacturing costs, it is usually required because it reduces the formation of air bubbles, thus 

resulting in high quality lamination. For the most commonly used SG laminated connections, 

lamination is performed in a single cycle where typically a constant temperature of 135°C and 

pressure of 12 bars are applied for at least 60 minutes (Santarsiero 2015). To ensure good 

lamination quality, the cooling phase is performed with a minimum rate of 2-3°C/min1. 

However, the heating/cooling of materials (glass, steel) with different coefficients of thermal 

expansions ( 9 ρπȾὑ  for glass and 12.5 ρπȾὑ  for stainless steel) during the autoclave 

lamination results in residual glass stresses in the embedded area that compromise the 

connection structural performance. To address this, titanium inserts are often used as titanium 

has a thermal expansion coefficient (8.5 ρπȾὑ) similar to that of glass. 

 
1 According to the material manufacturer, the optimal values of temperature, pressure and duration depend on a plethora of 

parameters such as the autoclave size, the glass size and the interlayer thickness. 
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Figure 2.27 Scheme of fabrication of (a) laminated glass (a) and (b) embedded laminated 

connections 

The main advantage of embedded laminated connections is that at the end of the lamination 

process, the final glass product is complete and ready to be easily installed on site by simply 

connecting the protruding part of the metal insert to an adjacent one or to a subframe. In 

addition, unlike other connection techniques, the need of glass drilling or mortar injection is 

eliminated along with the glass stress concentrations that arise due to direct contact. Other 

advantages of embedded laminated connections are: i) the in-plane flatness and overall 

transparency of glass structures is improved ii) the simple preparation and the semi-automatic 

fabrication process which is well known by most of the glass manufactures iii) the enhanced 

post-fracture performance in comparison with monolithic components since in case of glass 

breakage the fragments remain attached to the interlayer, thereby providing a certain remaining 

load-carrying capacity. 

Depending on the geometric configuration and the thickness of the insert, embedded laminated 

connections are classified into connections with thick or thin insert (Figure 2.28). In the former 

case, a slot is machined in the intermediate glass ply in order for the metal insert to be 

encapsulated. In the latter case, multiple interlayer foils between the glass plies are typically 

required to compensate for the additional thickness of the insert. This is not necessary for thick 

inserts because the insert thickness is usually the same as that of the middle glass panel. 
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Figure 2.28 Scheme of embedded laminated connections with thick (a) and thin (b) insert 

Several authors have examined the mechanical behaviour of embedded laminated connections 

with thick metal inserts. Santarsiero et al. (2013a, 2015 and 2018) investigated the pull-out 

response of embedded SG laminated connections at different temperatures (20°C ï 60°C). The 

experimental results showed that temperature markedly affects not only the maximum load-

carrying capacity, but also the failure mode of the connection. Specifically, the load-carrying 

capacity decreases as the temperature rises. At relatively low temperatures (T Ò 40ÁC), the 

resistance is dominated by glass failure while at higher temperature cohesive failure was 

observed. Another important finding of this work is that residual glass stresses of up to 6 MPa 

were recorded in the embedded zone which are attributed to the autoclave lamination process 

as described above.  

In the work of Zhao et al. (2021), the influence of (i) the type of the outer glass plies, (ii) the 

thickness of the intermediate glass ply and (iii) the dimension of the embedded metal insert on 

the pull-out structural performance of embedded SG laminated connections was examined. The 

test results indicated that using fully tempered glass instead of annealed glass as outer plies 

and/or increasing the thickness of the intermediate glass layer results in higher connection 

strength. It was also shown that the failure mode of connections with relatively small metal 

inserts is governed by full delamination (i.e. adhesive failure) between the insert and the 

interlayer and therefore reduced load-bearing capacity compared to connections with larger 

inserts. 

Bajtek et al. (2020) studied the response of embedded connections laminated via an EVA 

(ethylene vinyl acetate) interlayer under bending loading. The study concluded that EVA is 

unsuitable for load bearing applications due to its significantly lower stiffness compared to 

PVB and SG. 

In subsequent studies, Santarsiero et al. (2017b) and Bedon & Santarsiero (2018) investigated 

the structural behaviour of full-scale SG laminated glass beams connected via thick embedded 
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Insert
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inserts by means of experimental and numerical (FE) methods respectively. Three different 

configurations were examined; each featuring different location and dimensions of the 

embedded metal inserts. The results revealed that the configuration of the embedded 

connections has major impact on the mechanical behaviour of the beams. Overall, it was shown 

that a redundant and ductile behaviour can be achieved and that beams with embedded 

laminated connections are able to resist severe damage scenarios and to sustain loads over time, 

including cases when all glass plies have fractured. 

Accordingly, several authors have investigated the performance of embedded laminated 

connections with thin metal inserts (Belis et al. 2009). Puller et al. (2011, 2012a and 2012b) 

conducted pull-out tests on embedded SG laminated connections at different temperatures 

(23°C, 40°C and 75°C). The results showed that the stiffness and strength of the connection is 

significantly reduced at relatively high temperatures (75°C). 

A similar study by Santarsiero et al. (2013b) confirmed the above findings showing that the 

connection failure mode at relatively low temperatures (Ò 40ÁC) is governed by glass fracture 

while delamination phenomena dominate its response at higher temperatures. 

In the work of Carvalho et al. (2011 and 2012) and Louter et al. (2019), both structural PVB 

(Saflex Structural) and SG laminated embedded connections were tested under pull-out loading 

at room temperature. Two different types of metal inserts were examined: a normal steel plate 

and a perforated one. The results showed that the SG connections demonstrated a considerably 

higher strength than the structural PVB ones. The study also concluded that the insert type has 

a minor impact on the ultimate load bearing capacity of the connection but it was observed that 

the use of perforated inserts results in increased ductility.  

The work of Carvalho was further extended by Veer et al. (2016) who examined the fatigue 

and creep behaviour of embedded SG laminated connections with perforated inserts. The 

experimental results indicated that at relatively high temperatures (40°C) there is a serious risk 

of cumulative creep-fatigue damage leading to insert delamination. The long-tern performance 

of such connections was also investigated by Denonville et al. (2013) who performed pull-out 

creep tests on connections subjected to temperature cycles. 

Another significant contribution is that of Marinitsch et al. (2016) and Griffith et al. (2016) 

who studied a connection detail for folded plate structures made of triple SG laminated glass 

units which are connected via metallic inserts. The experimental and numerical findings 

confirm the viability of the proposed connection detail for structural glass applications but the 
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authors suggest that further research is required to examine its durability and its behaviour 

under elevated temperatures and long term loading before implementation in real-world 

applications.  

Hänig and Weller (2022) investigated a variant of embedded laminated connections where a 

metallic insert is encapsulated in glass-PMMA composite panels (Hänig & Weller 2020, 2021) 

by means of either a mechanical fastener or an adhesive connection. The structural performance 

of the connection was examined under pull-out loading at three different temperatures (+23°C, 

+40°C and +60°C). For the adhesive connection, an epoxy resin (Huntsman Araldite®), an UV 

curing acrylate (DELO® Photobond® GB368) and a two component polyurethane 

(technicoll® 9430-1) were employed. It was found that unlike the mechanical connection, the 

load-bearing capacity of the adhesive connections is significantly affected by temperature 

resulting in reduced strength at temperatures above the glass transition temperature of the 

adhesives. Overall, it is concluded that the mechanical connection offers superior structural 

performance (i.e. strength, residual load-bearing capacity) as well as easier 

assembly/disassembly process compared to the adhesive ones. 

Over the last 15 years, embedded laminated connections have been applied in several real world 

projects. Shell glass structures (e.g. domes, vaulted structures and free form shapes) constitute 

a typical example where embedded connections have been employed to connect planar or 

curved glass laminates. Since the load bearing behaviour of these structures is mainly governed 

by in-plane membrane forces the connection is mostly subjected to axial and shear forces 

(Figure 2.29a). However, even in such applications, a limited bending stiffness is required to 

cope with asymmetric loads and ensure the global stability of the shell. Additionally, embedded 

laminated connections have been successfully implemented in façade applications to connect 

facades panels with their supporting fins. The out-of-plane (i.e. wind loads) façade loads are 

transferred to the fins through the embedded connection in the form of axial forces (Figure 

2.29b). Embedded laminated connections have also been employed to form a moment joint (i.e. 

shear force and bending moment) between structural glass beams which are usually used to 

support glass roofs and floors (Figure 2.29c).  
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Figure 2.29 Schematic representation of real world applications and loading conditions of 

embedded laminated connections  

In more detail, in case of embedded SG laminated connections with thick inserts, probably the 

most emblematic real world application (Figure 2.30) is the Apple store (O'Callaghan & Coult 

2008 and O'Callaghan 2010) in New York (U.S.) where embedded connections were used to 

connect the structural glass elements (i.e. column to façade connection and beam to beam 

connection in Figure 2.30 b and c respectively) of the 10 m x 10 m glass cube structure. 

Applications of this connection typology can also be found in subsequent Apple stores 

manufactured worldwide (O'Callaghan 2012, Lenk & Lambert 2012 and Lenk & Lancaster 

2013). Embedded SG laminated connections with titanium inserts were also used to join the 

façade glass panels to the glass fins at the new Medical School of Montpellier (Torres et al. 

2017) and the Torre Europa building in Madrid (Teixidor et al. 2018). Another application of 
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this technology can be found at the new Tottenham Court road underground station in London 

(Ludwig 2014 and 2015). Embedded laminated connections have also been implemented in 

non-façade applications such as glass staircases for the Apple stores in Hamburg and New York 

(Oô Callaghan 2003) where titanium inserts were used as connectors between the glass treads 

and stringers (Figure 2.31). 

Accordingly, embedded laminated connections with thin inserts were implemented at the 

internal folding glass ceiling of the Zurich Stadtbad (Willareth & Meyer 2011). Additionally, 

Schieber et al. (2021) and Stevels et al. (2022) designed and fabricated a demonstrator shell 

glass structure (Figure 2.32) consisting of double laminated glass panels which were connected 

by means of embedded structural PVB (Saflex Structural) laminated connections (Fildhuth et 

al. 2022). 

 

Figure 2.30 Apple Retail Store in New York (U.S.): (a) global view of the project (b) close 

view of the embedded laminated connections between column and façade panels (c) close view 

of the embedded laminated connections between roof beams (Bedon & Santarsiero 2018) 

 

 

 

 

 

(a) (b) (c)



Chapter 2: Review of existing literature 

45 

 

Figure 2.31 Glass staircase of Apple store : (a) global view of the project and (b) close view of 

embedded laminated connections between tread and stringer (Oô Callagham 2003)  

 

Figure 2.32 Photo of demonstrator glass structure (Stevels et al. 2022) 

  

(b)(a)
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2.4 Conclusions 

In this chapter, the main physical and mechanical characteristics of glass have been discussed 

and a comprehensive review of the various types of structural glass connections has been 

presented. In particular, the review focused on the set-up and the structural behaviour of well-

established (linear & bolted connections) and emerging (adhesive connections) connection 

techniques. 

The literature survey revealed that although linear connections are extensively used nowadays, 

they often fail to meet the architectural intent due to the visual impact of the supporting frame. 

This limitation has been overcome by point connections such as bolted assemblies. However, 

bolted connections are structurally inefficient and there are still gaps in our knowledge that do 

not allow for an accurate design without conducting complex and time-consuming numerical 

(FE) analysis. Therefore, adhesive connections are currently being heavily investigated as a 

promising alternative for connecting glass. Specifically, embedded laminated adhesive glass 

connections are of particular interest because they offer an improved structural and aesthetic 

performance. Although there is a significant body of research on this connection method, there 

are several topics that still remain unresolved and require further investigation. 

Firstly, all studies published so far have considered either PVB or SG as potential interlayers 

which both require the application of high temperature and pressure via an autoclave. This 

lamination process produces residual glass stresses in the vicinity of the embedded area due to 

the differential thermal expansion between the glass and the metallic insert that compromise 

the load-bearing capacity of the connection.  

Moreover, while the existing studies provides a useful background for the experimental testing 

and numerical modelling of embedded laminated connections, none provides an 

analytical/empirical model for predicting their mechanical response in order to support 

engineering design tasks. 

Most of the research has investigated the short-term behaviour of embedded laminated 

connections and therefore there is a paucity of data on their long-term performance and 

especially their durability against exposure to environmental (aging) factors such as humidity. 

Additionally, all studies have only considered embedded laminated connections with metallic 

inserts. However, due to the increasing demand for architectural transparency it seems pertinent 

to examine the possibility of using alternative transparent inserts that will eliminate the visual 
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impact of the metallic ones, thereby enhancing further the overall connection aesthetic 

performance. 

Finally, despite the rich source of background knowledge on embedded connections with thin 

inserts, a limited number of studies have translated this technology on actual medium/large 

scale glass applications in order to confirm its suitability and demonstrate its potentials for real-

world projects. 

In view of the above, this research project aims to address the aforementioned gaps by means 

of experimental, numerical (FE) and analytical investigations on embedded liquid-laminated 

glass connections as discussed in the following chapters. 
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CHAPTER 3 

3. STRAIN  RATE  EFFECTS ON EMBEDDED  CONNECTIONS 

3.1 Introduction 

The literature reviewed showed that embedded laminated glass connections have gained 

popularity in recent years due to their enhanced mechanical performance and aesthetic appeal 

compared to the conventional bolted assemblies. However, it was also shown that undesirable 

residual glass stresses are set up in the embedded zone due to the thermal cycling imposed on 

materials with dissimilar coefficients of thermal expansion (glass and metallic insert) 

throughout the autoclave lamination process. These residual stresses can be mitigated by using 

inserts made of titanium which has a thermal expansion coefficient similar to that of glass. Yet, 

the increased cost of titanium along with the cost of the specialised autoclave lamination 

process (vacuum bag is usually required to achieve high quality lamination) make these 

connections relatively expensive. 

In this chapter, aiming to address these issues, a variant of the embedded laminated connections 

is examined where lamination is performed by means of a transparent cold-poured resin (i.e. 

liquid optically-clear adhesive, Davis 2013). Unlike autoclave lamination, liquid (resin) 

lamination does not require high temperature and pressure, thus eliminating the aforementioned 

unfavourable residual stresses and reducing manufacturing expenses while being 

environmentally friendlier due to the lower energy consumption. 

Firstly, experimental pull-out tests are conducted on physical prototypes of the embedded 

liquid laminated connection at different displacement rates in order to investigate the effect of 

the time dependent behaviour of the polymeric resin interlayer on the mechanical response of 

the connection. 

These pull-out tests are then modelled and analysed by means of Finite element (FE) 

simulations in order to identify the principal load transfer/failure mechanisms of the connection 

and the associated stress states. A parametric numerical (FE) study is also performed to 

evaluate the effect of salient geometric variables and optimise the structural performance of the 

connection. 
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Finally, the insights gained along with the data generated from the experimental and numerical 

investigations are used to develop a simple analytical model that can adequately predict the 

pull-out load-displacement response of the connection while accounting for the time dependent 

response of the interlayer.  

The findings of this chapter have also been published in Volakos et al. (2021). 

3.2 Materials and methods 

3.2.1 Preparation of specimens 

The pull-out connection specimens shown in Figure 3.1 consist of a laminated glass unit 

comprising two heat-strengthened (BS EN 1863-1 2011) glass plies where a thin steel plate is 

partially embedded along one long edge (i.e. glass embedment edge). The nominal dimensions 

of the two rectangular glass plies are 300 x 400 x 6 mm (Figure 3.2). Heat-strengthened glass 

was used because it combines increased strength capacity (i.e. compared to annealed glass) and 

relatively good post fracture performance (Haldimann et al. 2008). In order to achieve high 

transparency and thus enhanced aesthetics, low iron (high-clarity) soda-lime-silica float glass 

(BS EN 572-2 2012) with polished edges was selected. The 100 x 200 x 2 mm rectangular plate 

insert is made of 1.4404 stainless steel (BS EN 10088-1 2014) which is polished to a surface 

roughness (Ra) of 0.2 mm. The insert has an embedded length of 100 mm and rounded corners 

of radius R = 5 mm at its end face to minimise stress intensification. The embedded dimensions 

(100 x 200 x 2 mm) of the insert were determined to be practical in terms of fabrication and 

testing, taking into account the geometric and load capacity of the testing machine. In the 

interest of internal consistency and text coherence, the large faces of the steel insert are labelled 

as ótop-bottom faceô, the small lateral faces as óside faceô and the remaining embedded face as 

óend faceô (Figure 3.2). 

Lamination is performed by means of a transparent, two-component, polyurethane-based, 

thermoset resin (Ködistruct LG) provided by H. B. Fuller - Kömmerling. In consultation with 

the product manufacturer, this particular resin was selected due to its relatively high stiffness 

(especially for long-term loads) and good adhesion quality with glass (Wittwer et al. 2013). 

The resin pot life can be adjusted from 10 to 60 minutes, its handling (fixture) time is 

approximately 48 hours and its chemical curing (exothermic reaction) is mostly completed 

within seven days at room temperature. The relatively low shrinkage (3.5%) of the resin while 

curing results in limited quantities of entrapped air (i.e. bubbles) and low residual stresses. The 
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thickness of the resin interlayer between the steel insert and the glass plies is 2 mm (Figure 3.2) 

while its total thickness (away from the embedded area) is 6 mm (tolerance of ± 0.3mm). 

Further details on the resin properties can be found in Appendix A. 

 

Figure 3.1 Schematic representation (a) and photo (b) of embedded laminated connection 

specimen 

 

Figure 3.2 Geometry and dimensions of pull-out specimen 

All specimens were manufactured by the author and support staff at the H. B. Fuller - 

Kömmerling Liquid Composite Centre of Excellence at TTEC GmbH (Bexbach, Germany). 

The fabrication methodology is presented in the form of the following sequential steps in 

chronological order: 

1. The steel insert and the inner glass surfaces were cleaned with an agent (Körasolv GL 

solvent) to provide a dust and grease free surface. Unlike some adhesive interlayers, 

application of primer is not required prior to lamination to achieve good adhesion quality. 
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2. Three layers of a 2 mm thickness VHB (3M) clear acrylic tape was applied along three 

glass edges to pre-bond the two glass plies. In this way, a 6 mm cavity (clearance) was 

formed between the two glass plies that provided a controlled envelope for the resin 

injection (Figure 3.3). 

3. Hot-melt adhesive (HMA) was applied externally along the three VHB bonded edges of 

the glass assembly with the aid of a glue gun. These edges were further sealed with 

aluminium tape (Figure 3.4) to eliminate potential leaks during resin injection. 

4. The glass assembly was placed in a vertical position (i.e. glass embedment edge up) in a 

simple purpose-built assembly jig. The jig held the glass in a vertical position and 

simultaneously held the steel insert in position and in correct alignment with the glass 

during the resin injection. The jig had a capacity of four specimens (placed side by side) 

and a tolerance of ±1 mm with respect to the nominal geometry (Figure 3.4). 

5. The two resin components were mixed at a specific ratio by a specialised metering/mixing 

system (Eldomix) and then injected into the glass assembly with a pipe (Figure 3.5a and b). 

The total volume of the resin required to ensure a complete filling of the finished specimens 

was calculated to compensate for the resin shrinkage (3.5%) during its curing phase. 

Aluminium tape (Figure 3.5c) was used to form a suitable funnel along the entire length of 

the filling edges (glass embedment edges). 

 

Figure 3.3 Glass ply with VHB tape (a) and glass assembly (b) 
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During the resin injection (i.e. Step 5) no leaks were observed. Visual inspection at the end of 

the curing period revealed that some specimens (ḗ 30%) exhibited relatively small (Ò 1 mm 

diameter) bubbles distributed along the end face of the steel insert (ranging from 5 to 15 in 

total) due to air trapped during the resin injection (Figure 3.5c). 

 

Figure 3.4 Photo of alignment jig  

 

Figure 3.5 Photo of mixing machine (a, b) and scheme of resin injection (c) 
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3.2.2 Test setup 

The testing series consists of 8 pull-out tests, all executed at Cambridge University Structures 

Laboratory using an Instron electro-mechanical testing machine fitted with a 150 kN load cell 

(± 0.5% load measurement accuracy). The tests were carried out at ambient laboratory 

conditions (T å + 22ÁC Ñ 2ÁC, relative humidity RH å 40% Ñ 5%) and in displacement control 

at two (1, 10 mm/min) different constant crosshead displacement rates (4 tests for each 

displacement rate) in order to assess the effect of the time dependent behaviour of the polymeric 

interlayer on the mechanical performance of the connection. 

The specimens are placed vertically (Figure 3.6) and the protruding part of the steel insert is 

connected by five M12 (grade 8.8) steel bolts to two (one on each side) steel clamping plates. 

These steel clamping plates were in turn rigidly fixed to the crosshead of the Instron machine 

with a single M20 (grade 8.8) steel bolt. The specimens were clamped down to the machine by 

means of two symmetrically placed steel reaction bars which are directly fixed to the Instron 

base via four steel threaded rods. The steel reaction bars were placed relatively close to the 

steel insert (15 mm clearance) to minimize load eccentricity. Pure aluminium sheets of 

thickness 6.35 mm were placed between the steel reaction bars and the glass embedment edges, 

thereby avoiding direct contact.  

The total applied load and the crosshead displacement were recorded throughout the tests. 

Additionally, two transducers were used to measure the relative displacement between the glass 

and bolts (highlighted in red in Figure 3.6b) and four transducers were used to record the 

relative displacement between the steel insert and the glass (highlighted in green in Figure 

3.6b). Strain gauges were also applied to some specimens at the outer glass surface in the 

vicinity of the end face of the insert where large stress concentrations were expected to occur 

based on preliminary exploratory numerical (FE) investigations (Figure 3.6a and b).  
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Figure 3.6 Scheme of the test setup; (a) photo, frontal view (b) and (c) lateral view 
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3.3 Experimental results and discussion 

3.3.1 Pull-out load displacement curves 

Firstly, the structural pull-out response of the connection is examined in terms of the load 

versus relative displacement curves (the full set of results is given in Table 3.1 and 3.2). 

Specifically, Figure 3.7 shows the applied load as a function of the relative displacement 

between the glass and the bolts. It is observed that for both applied displacement rates the 

specimens demonstrated an initial linear elastic response up to approximately 40 kN, followed 

by an plastic (softening) behaviour up to failure. This reduction in initial stiffness is attributed 

to yielding of the insert in the vicinity of the boltholes where high stress intensification occurs, 

in conjunction with progressive relaxation (time-dependent behaviour) of the resin interlayer. 

After the initial linear response, for the high displacement rate tested specimens (10 mm/min), 

the load continued to increase with the steel insert deforming plastically up to a maximum load 

of about ḗ 140 kN and maximum displacement of approximately ḗ 12 mm where the steel 

insert failed in the region of the boltholes (Figure 3.7b).  

Accordingly, for the low displacement rate tested specimens (1 mm/min) after the initial linear 

response, the applied force increased up to a maximum load of about ḗ 115 kN and 

displacement of about ḗ 7 mm where the connection lost its load-bearing capacity due to 

fracture of one of the glass plies (Figure 3.7a).  

As expected, the standard deviation of the maximum load-bearing capacity (Table 3.3) of the 

low displacement rate tested specimens that exhibited glass failure is higher compared to that 

of the high displacement rate tested specimens (steel failure) due to the relatively large 

statistical spread distribution of the glass strength (Haldimann et al. 2008). 

Table 3.1 Test results of each specimen tested at ambient laboratory temperature (+ 22°C ± 

2°C) and at 1 mm/min displacement rate  

 Strength (kN) Initial stiffness (kN/mm) Failure mode 

Specimen 1 113.83 289.92 Glass 

Specimen 2 119.78 266.67 Glass 

Specimen 3 119.75 258.06 Glass 

Specimen 4 109.21 248.15 Glass 
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Table 3.2 Test results of each specimen tested at ambient laboratory temperature (+ 22°C ± 

2°C) and at 10 mm/min displacement rate  

 Strength (kN) Initial stiffness (kN/mm) Failure mode 

Specimen 1 140.41 465.22 Steel 

Specimen 2 139.22 429.79 Steel 

Specimen 3 138.13 443.48 Steel 

Specimen 4 139.21 419.99 Steel 

 

 

Figure 3.7 Load-relative displacement (between glass and bolt) curves for each specimen tested 

at 1 mm/min (a) and 10 mm/min (b) displacement rate  
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Moreover, Figure 3.8 shows the applied load versus the relative displacement between the glass 

and the steel insert, thus allowing us to decouple the two non-linear phenomena, i.e. the 

yielding of the steel insert in the region of the boltholes and the relaxation (softening) of the 

resin interlayer. From this figure, it is observed that for both applied displacement rates, the 

load-relative displacement responses were initially linear and were followed by gradual 

softening up to adherend failure (steel for 10 mm/min and glass for the 1 mm/min). In this case, 

the stiffness reduction in the initial linear stage is the result of the progressive relaxation of the 

resin in conjunction with yielding of the steel insert in the region below the boltholes 

commencing at an applied load of about ḗ 95 kN (based on the FE results and experimental 

observations). 

Figure 3.8 also shows that as expected, the initial stiffness of the 10 mm/min tested specimens 

is noticeably greater than that of the 1 mm/min tested ones due to the higher imposed 

displacement (strain) rate. In particular, the average (st. dev. = 16.97 kN/mm) initial linear 

connection stiffness (i.e. initial linear slope of the equivalent bilinear curve that approximates 

the experimental load-displacement curves shown in Figure 3.8) of the high displacement rate 

tested specimens was found to be in the order of ḗ 440 kN/mm, exhibiting an increase of about 

å 66% compared to that of the low displacement rate tested specimens (i.e. ḗ 265 kN/mm, st. 

dev. = 15.47 kN/mm) (Table 3.3). 

By comparing Figures 3.7 and 3.8, it can be seen that despite the high displacement rate tested 

specimens reached a higher relative displacement between the glass and the bolt (Figure 3.7) 

at failure than the low displacement rate tested ones, the corresponding relative displacement 

between the glass and the insert (Figure 3.8) at failure was found to be slightly lower. This is 

attributed to the greater resin stiffness of the high displacement rate tested specimens and 

indicates the development of large plastic deformations in the vicinity of the boltholes that 

eventually led to steel failure.  
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Figure 3.8 Load-relative displacement (between glass and steel insert) curves for each 

specimen tested at 1 mm/min and 10 mm/min displacement rate 

3.3.2 Failure mechanisms 

The experimentally observed failure mechanisms of the connection are here presented for the 

two different imposed displacement rates (1 and 10 mm/min). Firstly, for both applied 

displacement rates, yielding of the steel insert was observed in the vicinity of the boltholes at 

a relatively low applied load (40 kN) due to the high stress concentrations in this region and 

the relatively low grade steel insert. As the load continued to increase, this plastic deformation 

became more evident distorting the shape of the boltholes (Figure 3.9 and 3.10). Finally, when 

the magnitude of the applied load decreased by 40% with respect to the maximum value, the 

tests were automatically stopped (by the Instron machine software). The average total testing 

duration of the high displacement rate (10 mm/min) tested specimens was approximately ḗ 

110s while the corresponding duration of the low displacement rate (1 mm/min) tested 

specimens was ḗ 7 times longer (Table 3.3). 

Two distinct failure mechanisms were observed during testing that correlate with the 

magnitude of the imposed displacement rate. In particular, the high displacement rate (10 
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plastified (i.e. applied load ḗ 135 kN), some specimens (i.e. 3 out of 4) demonstrated a small 

degree of delamination (i.e. loss of adhesion) at the side faces of the embedded insert in the 

vicinity of the glass embedment edge (Figure 3.9). 

 

Figure 3.9 Steel failure of 10 mm/min displacement rate tested specimens 

For the low displacement rate (1 mm/min) tested pull-out specimens, the failure mechanism 

was governed by fracture of one of the glass plies (Figure 3.10). However, in this case as well, 

the steel insert underwent plastic deformation in the vicinity of the boltholes resulting in 

considerable ductility prior to brittle glass fracture. Based on the experimental observations, 

the origin of glass failure was located at the glass embedment edge (Figure 3.10) and especially 

in the region of contact with the steel reaction bars (Figure 3.6) where the glass was subjected 

to large normal compressive stresses due to the reaction forces that led to the development of 

vertical (bearing) cracks (i.e. parallel to the loading direction). These cracks instantly 

propagated over the embedded zone, gradually deviating from the loading direction until 

becoming almost perfectly horizontal (i.e. perpendicular to the loading direction) at the glass 

region located close to the end face of the steel insert. The formation of vertical (flexural) 

cracks was also observed at the glass embedded area in the vicinity of the glass embedment 

edge (Figure 3.10) which are attributed to the eccentricity between the applied load and the 

reaction forces. Considering that in real applications the connection transfers forces (e.g. axial) 

between consecutive laminated glass panels (i.e. absence of reaction bars/forces), glass failure 

is expected to occur in the vicinity of the end face of the insert where the formation of horizontal 

cracks (Figure 3.10) was experimentally observed. 

The experimental results also showed that the low displacement rate tested specimens failed at 

a lower load (ḗ 115 kN) compared to high displacement rate ones (ḗ 140 kN). This premature 

glass failure can be attributed to possible variations in glass strength and to the reduced glass 
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strength of the low displacement rate tested specimens owing to the sub-critical crack growth 

phenomenon ( Haldimann et al. 2008) since the duration (Table 3.3) of the low displacement 

rate tests is significantly longer compared to the high displacement rate ones.  

Table 3.3 Results of pull-out tests at different displacement rates 

 Displacement rate (mm/min) 

 1 10 

Duration (s) 764 109 

Mean initial stiffness (kN/mm) 265 440 

Failure mode Glass Steel 

Mean strength (kN) 115.65 139.25 

Strength standard deviation (kN) 4.44 0.81 

 

 

Figure 3.10 Photo (a) and scheme (b) of experimental glass crack pattern at 1 mm/min tested 

specimens  
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3.4 Numerical (FE) investigations  

3.4.1 Description of numerical (FE) models 

In order to further interpret and better understand the experimental findings, a 3D Finite 

Element (FE) model of the pull-out tests was constructed and analysed in Abaqus (Simulia 

Abaqus 2018). The simulations were performed as quasi static analyses taking into account the 

time-dependent material response of the resin interlayer (Visco Step in Abaqus). Non-linear 

effects from large displacements and deformations (geometric non-linearity) were also 

considered. The total analyses time was divided into approximately 250 steps/increments 

regardless of the examined displacement rate. This resulted in a maximum time step of about 

4s and 0.5s for the FE simulations at 1 mm/min and 10 mm/min respectively. 

To reduce computational time, half of the pull-out specimen (Figure 3.11) was modelled 

utilising the symmetry along the direction of loading (x-axis) and applying the relevant 

boundary conditions (BC). Moreover, to further simplify the model, the steel clamping plates 

(Figure 3.6) were omitted and hence a forced displacement rate (in the x-axis) was directly 

applied to the bolts in the region of contact with the steel clamping plates. The steel reaction 

bars along with the steel threaded rods (Figure 3.6) that restrain the glass specimens were also 

omitted from the model and were simulated by appropriate boundary conditions at the free 

(top) face of the pure aluminium sheet. 

 

Figure 3.11 Connection FE model with boundary conditions (BC)  
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Solid brick elements were used to describe the geometry of the FE specimens. Namely, 8-node 

Continuum 3D stress elements (C3D8R) with reduced integration were assigned to the glass 

plies, the steel insert, the aluminium sheets and the resin interlayer. The main advantage of 

these elements is that they are not susceptible to volumetric locking phenomena (see Abaqus 

Analysis Userôs Manual) which occur when modelling almost incompressible material 

(Poisson ratio ḗ 0.5) as the resin interlayer. Additionally, it was assumed that the glass plies, 

the steel insert and the resin interlayer are rigidly connected (perfect bonding) and thus possible 

delamination (debonding) phenomena are neglected in the current numerical (FE) study. 

For the contact between the M12 bolts and the steel insert as well as between the glass plies 

and the aluminium sheet, surface to surface contact interactions were defined. In the direction 

of the applied displacement rate, hard normal contact was considered which allows separation 

of the surfaces in contact but prevents penetration. For the tangential behaviour, it was assumed 

that the surfaces in contact can slide freely (i.e. frictionless tangential relative displacement). 

The mesh pattern of the FE model (Figure 3.12) was carefully selected in order to ensure 

sufficient accuracy of the numerical predictions. Therefore, based on the experimental findings 

and on the results of preliminary FE investigations (convergence study), the mesh size was 

refined (i.e. solid elements of size å 1 mm) (i) in the region of the embedded area, (ii) in the 

vicinity of the contact between the glass plies and the aluminium sheet and (iii) in the region 

of contact between the bolts and the insert where large stress gradients are expected to occur. 

A coarser mesh was assigned along the end edges of the FE specimens (i.e. 12 mm element 

size). A total number of about 280,000 elements and 920,000 degrees of freedom were defined 

to replicate/reproduce the pull-out experimental tests. 
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Figure 3.12 Mesh pattern: lateral view (a), frontal view (b) and mesh detail of embedded area 

(c) 

Special attention was given to the materials numerical models and especially to the time 

dependent behaviour of the resin interlayer. The glass was modelled as linear elastic material 

with nominal values for modulus of elasticity Ὁ  = 70 GPa and Poisson ratio ὺ  = 0.2 

(BS EN 572-2 2012). The 1.4404 stainless steel insert was modelled as elasto-plastic material 

with modulus of elasticity Ὁ  = 200 GPa and Poisson ratio ὺ  = 0.3 (BS EN 10088-1 

2014). The yield and ultimate stress were defined based on data provided by the product 

manufacturer as 320 MPa and 620 MPa (fracture strain = 48.2%) respectively. For the 

aluminium, a linear elastic behaviour was assigned with modulus of elasticity Ὁ Ȣ = 70 GPa 

and Poisson ratio ὺ Ȣ = 0.30 (BS EN 1999-1-1 2007). 

Based on research (Wittwer et al. 2013) performed by the product manufacturer (H. B. Fuller 

- Kömmerling), the time dependent material response of the resin can be characterised as linear 

viscoelastic and therefore can be represented via the generalised Maxwell Model (Equation 

2.21, 2.22 and Figure 2.23).  

In the present study, the Prony Series coefficients (Table 3.4) of the resin (Ködistruct LG), used 

to define its numerical (FE) material model, were determined by the product manufacturer (H. 

B. Fuller - Kömmerling) and provided to the author after private communication. Moreover, in 

consultation with the product manufacturer, the resin was modelled as isotropic and nearly 

incompressible with a Poissonôs ratio of ὺ  = 0.49 that is time and temperature independent 
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(Wittwer et al. 2013). The shear relaxation modulus Ὃὸ of the resin interlayer at room 

temperature (+22°C ±2°C) for different load durations is shown in Figure 3.13. 

Table 3.4 Prony Series coefficients (Ὃ= 36.39 MPa) of Ködistruct LG at different temperatures 

   Temperature  

  -10°C + 20°C + 22°C + 24°C +50°C 

Term Index 

(i) 
ὋȾὋ 

 
†  ί 

 

1 2.00E-03 1.79E+11 5.86E+05 2.77E+05 1.32E+05 2.00E+01 

2 3.10E-03 4.44E+10 1.45E+05 6.86E+04 3.27E+04 4.96E+00 

3 1.02E-02 1.75E+10 5.73E+04 2.71E+04 1.29E+04 1.96E+00 

4 3.79E-02 2.67E+09 8.75E+03 4.13E+03 1.97E+03 2.99E-01 

5 1.26E-01 2.39E+08 7.82E+02 3.69E+02 1.76E+02 2.67E-02 

6 7.87E-01 9.74E+06 3.19E+01 1.51E+01 7.18E+00 1.09E-03 

 

Figure 3.13 Shear relaxation modulus G(t) of the resin interlayer at room temperature for 

different load durations 
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3.4.2 Numerical (FE) results and discussion 

(i) Comparison between numerical (FE) and experimental load displacement curves 

The numerical (FE) load-relative displacement (between the glass and the insert) curves for 

each displacement rate shown in Figure 3.14, exhibit a close correlation with the experimental 

results within the examined temperature range (+22°C ±2°C), especially in the region of the 

initial linear pull-out response, confirming the experimentally observed stiffness variation 

between the different imposed displacement rates. In this regard, the suitability of the numerical 

procedure and the materials models is verified which enables us to explore the resulting stress 

state within the connection. 

 

Figure 3.14 Numerical vs experimental load-displacement curves of the 1 mm/min (a) and 10 

mm/min (b) tested specimens 

(ii) Load-transfer mechanisms and stress state 

Before examining the resulting connection stress state, the load-transfer mechanisms of the 

connection are first discussed as follows: 
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is then transferred to the glass plies via the resin interlayer. The load-transfer through the resin 
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1. Shear load-transfer mechanism 

Load-transfer at the top-bottom faces (Figure 3.2) of the steel insert that results in shear 

stresses (Figure 3.15a) in the resin interlayer (i.e. stress tensor is mostly dominated by the 

deviatoric component) which are in turn transferred to the inner surface of the glass plies 

generating normal tensile stresses in the glass parallel to the loading direction („). The 

eccentricity (e) of these shear stresses with respect to the centroidal axes of the glass plies 

produces out-of-plane bending (Figure 3.16) that gives rise to additional tensile stresses 

(„) located at the outer and inner glass surface in the region of the end face of the insert 

and the glass embedment edge respectively.  

2. Tensile load-transfer mechanism 

Load-transfer at the end face of the steel insert (Figure 3.2) that results in normal tensile 

stresses in the resin interlayer parallel to the loading direction (Figure 3.15a). As mentioned 

in Section 3.4.1, the resin is isotropic and almost incompressible (‐ ‐ ‐ π) 

because of its high Poissonôs ratio (ὺ ḗπȢτω). In addition, the resin is highly confined 

(‐ḗπ) along the in plane z direction (i.e. perpendicular to the loading direction) in this 

region (Figure 3.17). Therefore, the applied in-plane strain in the interlayer parallel to the 

loading direction (i.e. ‐) yields an equal and opposite out-of-plane (‐ḗ ‐) strain (i.e. 

contraction) that produces out-of-plane bending of the glass plies (Figure 3.15b), thus 

resulting in high normal tensile stresses („) at the inner surface of the glass plies in the 

vicinity of the end face of the steel insert. 

Moreover, in this region the stress state of the adhesive interlayer is characterised by a high 

tensile hydrostatic component which can lead to cohesive failure especially in case of 

polymeric interlayers that are susceptible to cavitation phenomena (i.e. formation of 

voids/bubbles in the bulk of the adhesive) as reported in the work of Santarsiero et al. 

(2018). 
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Figure 3.15 Schematic representation of load-transfer mechanisms (a), exaggerated out-of-

plane deformed shape of glass plies and through thickness distribution of maximum principal 

stresses (b) of 1 mm/min displacement rate analysed FE specimen at failure load (ḗ 120 kN) 
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Figure 3.17 Scheme of Tensile load-transfer mechanism 

The effect of these load-transfer mechanisms on the connection mechanical response is 

illustrated qualitatively in Figure 3.15b in terms of the out-of-plane deformed shape of the glass 

plies and the through thickness distribution of the maximum principal („ ȟ Ȣ) stresses. 

Accordingly, Figure 3.18 shows the in-plane deformed shape of the glass plies along with the 

distribution and direction of the maximum principal stresses at the experimental failure load 

for the 1 mm/min tested specimen that exhibited glass failure considering the interlayer 

material properties at +22°C. It is observed that a rather complex stress state is developed 

within the connection with large stress gradients especially over the embedded zone that closely 

corresponds to the glass crack pattern observed in the physical tests considering that in brittle 

materials (i.e. glass) the crack plane is usually located orthogonal to the maximum tensile 

stresses direction (Haldimann et al. 2008). More in detail, both the outer and inner glass 

surfaces in the region of the glass embedment edge are subjected to tensile stresses 

perpendicular to the loading direction („  that are in line with the experimentally observed 

vertical (flexural) cracks and are attributed to in-plane bending of the glass plies produced by 

the eccentricity between the applied load and the reaction forces (Figure 3.10). These tensile 

stresses gradually deviate along the embedded length until they become parallel to the loading 

direction („) in the vicinity of the end face of the steel insert matching the location and 

direction of the experimentally observed horizontal cracks (Figure 3.10). In this region, large 

stress intensification („ tensile stresses) is observed at the inner glass surface due to the 

combined action of the aforementioned two load-transfer mechanisms (Shear and Tensile). 
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Namely, the tensile stresses generated by the applied shear stresses at the inner glass surface 

due to the Shear load-transfer mechanism (Figure 3.16) are superimposed with the tensile 

stresses produced by the out-of-plane bending of the glass due to the Tensile mechanism 

(Figure 3.17). 

 

Figure 3.18 Exaggerated in-plane deformed shape (b), (c) and distribution/direction of 

maximum principal stresses („ ȟ Ȣ) at the outer (a) and inner (d) glass surfaces 

respectively of 1 mm/min displacement rate analysed FE specimen at failure load (ḗ 120 kN) 

This localised stress intensification is also explicitly confirmed by the experimental 

measurements (strain gauges) of the strain parallel to the loading direction (‐  at the outer 

glass surface in the vicinity of the centre of the end face of the steel insert. In particular, Figure 

3.19 shows that in the beginning (i.e. relatively low applied load) of the tests conducted at 1 

mm/min displacement rate, tensile glass strains are developed due to the Shear load transfer 

mechanism that rise with increase of the applied load. However, as the load increases, these 

axial strains start to decline with some strain gauges reporting even compressive (i.e. negative) 

strains close to the maximum failure load which indicates large out-of-plane bending (Tensile 

load transfer mechanism) of the glass in this region resulting in high tensile stresses („) at the 

inner glass surface. From Figure 3.19, it can also be seen that the FE results are in agreement 

with the experimental findings, both indicating that large stress gradients occur in this region 

(i.e. large scatter of curves). 
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Figure 3.19 Axial strain (‐  at the outer glass surface in the vicinity of the end face of the 

insert of 1 mm/min displacement rate tested specimen 

Accordingly, Figure 3.20 shows that a similar glass stress state is developed at failure of the 

high displacement rate tested specimens. However, comparison between Figure 3.18 and 3.20 

reveals that although the 10 mm/min displacement rate tested specimens failed at a higher 

applied load (140 kN) compared to the 1 mm/min ones (120 kN), the maximum resulting stress 

peak (ḗ 80 MPa) at the end face of the insert is slightly lower than that of the 1 mm/min 

analysed FE specimen (ḗ 85 MPa). 

 

Figure 3.20 Exaggerated in-plane deformed shape (b), (c) and distribution/direction of 

maximum principal stresses („ ȟ Ȣ) at the outer (a) and inner (d) glass surfaces 

respectively of 10 mm/min displacement rate analysed FE specimen at failure load (ḗ 140 kN)  
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In this regard, in order to examine the effect of the magnitude of the imposed displacement rate 

on the resulting stress state within the connection, the distribution and magnitude of the 

maximum principal glass stresses for the two different applied displacement rates are compared 

at the load of 120 kN where glass failure occurred for the low displacement rate tested 

specimens. Specifically, Figure 3.21 shows that the maximum principal stress of the low 

displacement rate analysed FE specimen in the vicinity of the end face of the insert is 

approximately 85 MPa whereas for the same applied load, the maximum stress of the high 

displacement rate analysed FE specimen decreases by 30% (ḗ59 MPa). This magnitude 

difference is attributed to the resin stiffness. Namely, for the same applied load, the higher resin 

stiffness of the high displacement rate tested specimens yields lower relative displacement 

between the glass and the steel insert compared to the low displacement rate ones (Figure 3.8), 

producing smaller resulting axial strain (‐) in the resin located at the end face of the insert and 

thus reduced out-of-plane bending of the glass plies (see Figure 3.15) that results in lower glass 

stress intensification in this region. 

 

Figure 3.21 Comparison of maximum principal stresses („ ȟ Ȣ) at the inner glass surfaces 

between 1 mm/min and 10 mm/min analysed FE specimens at 120 kN applied load 
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3.5 Parametric numerical (FE) study 

Given that the results obtained from the numerical (FE) model of the connection are in good 

agreement with the response obtained from the physical experiments, a parametric FEA study 

was conducted to explore and evaluate the effects of some salient geometric variations on the 

pull-out structural response of the connection. The following numerical (FE) simulations 

(Table 3.5) were performed utilising the FE model described in Section 3.4.1 and considering 

the interlayer material properties at + 22°C. 

Table 3.5 Parametric FEA connection configurations (R = Reference, C = Contactless, L = 1 

mm/min and H = 10 mm/min) 

   Embedded Length (mm) 

  25 50 75 100 

 

Glass 

Thickness 

(mm) 

4 RL R L R L R L 

6 RL/RH/CL/CH RL/RH/CL/CH RL/RH/CL/CH RL/RH/CL/CH 

8 R L R L R L R L 

10 R L R L R L R L 

12 R L R L R L R L 

3.5.1 FEA study of geometrical parameters  

In the first instance, the pull-out load-bearing capacity of the connection (Reference in Table 

3.5) was investigated for the low displacement rate (L in Table 3.5) tested specimens 

considering variations in the thickness of the glass plies (Ὤ = 4, 6, 8, 10, 12 mm) and in the 

embedded length (25, 50, 75, 100 mm) of the insert (Figure 3.22 and Table 3.5). Other 

parameters such as the thickness of the resin interlayer and the insert thickness also affect the 

connection mechanical response (Machalická et al. 2017) but are not considered in the current 

study. 

The experimental programme indicated that the failure of the low displacement rate tested 

specimens is governed by glass fracture, therefore the criterion adopted for the numerical 

(FEA) determination of the maximum connection load-bearing capacity is based on the glass 

fracture strength. Namely, it is assumed that glass failure occurs when the maximum principal 

tensile stress in the embedded glass zone reaches the characteristic tensile strength of heat 

strengthened glass (i.e. 70 MPa, BS EN 16612 2019).  
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Figure 3.22 Scheme of geometrical parameters of FEA study; section (a) and top view (b) 

In fact, the parametric FE analyses revealed that for all configurations, the maximum principal 

tensile glass stress is located in the vicinity of the end face of the steel insert due to the 

combined action of the aforementioned two load-transfer mechanisms. As expected, the FEA 

results also indicate that the overall connection strength decreases with the reduction of the 

embedded length and/or reduction of the glass thickness (Figure 3.23a). In the former case, the 

applied load is distributed over a smaller embedded area (i.e. top-bottom faces) which results 

in larger tensile glass stresses due to the Shear mechanism. In addition, reduction of the 

embedded length generates higher shear stresses in the resin interlayer, thus higher relative 

displacement between the glass and the steel insert and according to the Tensile load-transfer 

mechanism, larger out-of-plane bending of the glass plies. In the latter case, the glass resistance 

to both axial loading (i.e. cross-sectional area) and out-of-plane bending (i.e. moment of inertia) 

decreases and thus higher tensile glass stresses are developed. 

In more detail, from Figure 3.23a that summarises the connection strength per the width of the 

insert (i.e. 200 mm) for each geometrical setup, it is found that for a given embedded length 

(e.g. 50 mm), the average connection strength increase due to 200% increase in glass thickness 

(i.e. from 4 mm to 12 mm) is ḗ 57% while for a given glass thickness (e.g. 6 mm) the average 

connection strength increase due to 300% increase in the embedded length (i.e. from 25 mm to 

100 mm) amounts to ḗ110%. From this perspective, it is concluded that in terms of achieving 
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higher load-bearing capacity, it is more effective to increase the embedded length rather than 

the glass thickness. 

Moreover, in order to assess the effect of each parameter (i.e. embedded length and glass 

thickness) separately, Figure 3.23b and c show the connection strength per the embedded length 

and per the glass thickness respectively. It is noticed that for a given glass thickness, although 

reduction in the embedded length leads to decrease in the overall connection strength (see 

Figure 3.23a), the strength per the embedded length of the insert increases exponentially (see 

Figure 3.23b). Accordingly, for a given embedded length, although reduction in glass thickness 

leads to decrease in the overall connection strength (see Figure 3.23a), the strength per glass 

thickness rises exponentially (see Figure 3.23c). Therefore, it is concluded that increase of the 

embedded length and/or glass thickness yields higher overall connection strength but poorer 

material utilisation. 
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Figure 3.23 Connection strength per the insert width (a), per the embedded length (b) and per 

the glass thickness (c) for different geometric configurations of 1mm/min displacement rate 

analysed FE specimen  

0.2

0.3

0.4

0.5

0.6

0.7

4 6 8 10 12

C
o
n
n
e
c
t
i
o
n
 
s
t
r
e
n
g
t
h
 
p
e
r
 
i
n
s
e
r
t
 
w
i
d
t
h
 

(k
N
/
 
m
m
)

Glass thickness (mm)

110% 57 %

όŀύ

Width = 200mm

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

4 6 8 10 12

C
o
n
n
e
c
t
i
o
n
 
s
t
r
e
n
g
t
h
 
p
e
r
 
e
m
b
e
d
d
e
d
 
l
e
n
g
t
h
 

(k
N /
m
m
)

Glass thickness (mm)

Embedded 

length

όōύ

5

7

9

11

13

15

17

19

21

23

4 6 8 10 12

C
o
n
n
e
c
t
i
o
n
 
s
t
r
e
n
g
t
h
 
p
e
r
 
g
l
a
s
s
 
t
h
i
c
k
n
e
s
s
 

(k
N/
m
m
)

Glass thickness (mm)

ὬὫ ὬὫ

όŎύ



Embedded liquid-laminated connections for structural glass applications 

76 

3.5.2 FEA study of a modified ócontactlessô connection configuration  

The numerical and experimental findings discussed so far, revealed that the critical region of 

the connection for glass failure is located at the end face of the steel insert where large stress 

intensification occurs due to the combined action of the two load-transfer mechanisms (see 

Figure 3.15). In this regard, in order to evaluate the effect of the Tensile load-transfer 

mechanism and improve the structural performance of the connection, a ócontactless end faceô 

(C in Table 3.5) configuration (Figure 3.24) was numerically (FE) modelled and assessed, 

featuring a 2 mm gap (clearance) between the end face of the steel insert and the resin interlayer 

so as to prevent adhesion and load-transfer between them, thereby eliminating the contribution 

of the Tensile load-transfer mechanism. In real world, this can be achieved by placing an 

intermediate transparent adhesion blocking coating (e.g. EPDM, PC, PMMA) at the end face 

of the insert prior to resin lamination. Four configurations (Table 3.5) were analysed in total, 

one for each embedded length (i.e. 25, 50, 75 and 100 mm) with a low (L, 1mm/min) or high 

(H, 10mm/min) displacement rate and all featuring 6 mm thick glass plies.  

 

 

Figure 3.24 Scheme (a) and (b) FE model of the modified ócontactless end faceô connection 

configuration  
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Firstly, the numerical load-relative displacement curves for different embedded lengths shown 

in Figure 3.25, indicate that regardless of the configuration type (i.e. reference R or contactless 

C) and the applied displacement rate, the connection pull-out stiffness is largely unaffected by 

end face adhesion and it is in fact governed by the embedded length. Specifically, the 

connection stiffness decreases with shorter embedded lengths since the applied load is 

distributed over a smaller embedded area. For example, for both applied displacement rates, 

the initial linear stiffness of the 25 mm embedded length configurations exhibits a reduction of 

about ḗ 62% with respect to the 100 mm embedded length ones. 

By comparing the reference with the contactless configuration, it can be seen that the variation 

in pull-out stiffness rises as the embedded length decreases. This indicates that for a rectangular 

insert, the contribution of the Tensile mechanism to the total load-transfer depends on the ratio 

of the embedded length to the thickness of the insert. In particular, for relatively long embedded 

lengths and/or thin inserts the load is mostly transferred via shear forces at the top/bottom 

surfaces of the insert (Shear mechanism). Conversely, for short embedded lengths and/or thick 

inserts a considerable amount of load is transferred through direct stresses at the end face of 

the insert (Tensile mechanism). 

Further comparison between the two configuration types shows that for a given geometrical 

setup (e.g. 25 mm embedded length) the variation between the two curves becomes more 

apparent as the load/displacement increases. This may be attributed to the gradual relaxation 

of the resin interlayer. For instance, for the 25 mm embedded length reference configuration 

analysed at 1 mm/min (L) displacement rate, Figure 3.26 shows the distribution of the axial 

displacement parallel to the loading direction (‏) along the embedded length of the insert at 

different load steps. It is observed that, as the load/displacement increases and the resin softens, 

the distribution of the axial displacement along the embedded length becomes more uniform 

and thus greater axial displacement is developed at the end face of the insert that leads to greater 

resulting normal strain (‐) at the resin (see Figure 3.17), thereby amplifying the contribution 

of the Tensile load-transfer mechanism. Consequently, for a given geometric configuration, the 

contribution of the Tensile mechanism to the total load-transfer depends on the relative 

stiffnesses of the constituent materials (glass, steel and resin) and specifically the more 

compliant the interlayer is the more significant the contribution. 
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Figure 3.25 Load-relative (between glass and steel insert) displacement curves for different 

embedded lengths of the Reference and the Contactless configuration analysed at 1mm/min (a) 

and 10mm/min (b) displacement rate 
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Figure 3.26 Distribution of axial (loading direction, x-axis) displacement (‏) along the 

embedded part of the insert at different loads for the 25mm embedded length Reference 

configuration analysed at 1 mm/min displacement rate 

Following the implications of the Tensile load-transfer mechanism on the connection stiffness, 

the effect of this mechanism is further examined in terms of the resulting stress state in the 

glass. In fact, it was found that despite the minor difference in stiffness between the reference 

and contactless configurations especially for the long embedded length setups, the numerical 

(FE) results revealed significant variations in the magnitude of the resulting stresses at the 

critical glass region. In particular, Figure 3.27 shows that for the contactless configuration 

featuring 100 mm embedded length and analysed at low displacement rate (1 mm/min), the 

maximum principal tensile glass stress (49 MPa) at the load of 120 kN (i.e. experimental glass 

fracture) exhibits a stress reduction of 42% compared to the reference (experimental) 

configuration (85 MPa). For the high displacement rate tested specimens the corresponding 

stress reduction is 25%. Therefore, it is deduced that the contactless configuration is 

structurally more efficient compared to the reference one, especially for relatively long 

embedded lengths and relatively compliant interlayers since it markedly reduces the localised 

glass stress concentrations without compromising the connection pull-out stiffness and 

aesthetic performance.  
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Figure 3.27 Comparison of maximum principal stresses („ ȟ Ȣ) between the Reference 

and Contactless configuration analysed at 1 mm/min and 10 mm/min displacement rate at 120 

kN applied load 
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3.6 Analytical investigations 

3.6.1 Analytical model 

Based on the insights gained so far, a simplified analytical model (Figure 3.28) is herein 

introduced that can sufficiently capture the time dependent characteristics of the pull-out load-

displacement response of the connection obtained from the experimental and numerical (FE) 

investigations.  

This analytical model does not account for the plastic behaviour of the steel insert and also 

neglects the contribution of the Tensile mechanism (Figure 3.15) to the total load transfer based 

on the aforementioned numerical (FE) results (see Figure 3.25). 

 

Figure 3.28 Schematic representation of analytical model 

Therefore, it is conservatively assumed that the applied load is only transferred through shear 

stresses over the top and bottom embedded surface (i.e. Shear load-transfer mechanism, Figure 

3.15) of the steel insert. In this regard, by assuming a uniform distribution of the shear 

stresses/strains over the embedded zone (the actual distribution is not uniform, see section 

2.3.2.4), the following simplified expression can be derived: 

Ὂ ὃ  †          (3.1) 

Where F is the total applied load, ὃ  (2 x 100mm x 200mm) is the sum of the insert surfaces 

subjected to shear stresses (i.e. top/bottom faces in Figure 3.2) and Ű is the shear stress in the 

interlayer. 
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For an isotropic linear viscoelastic material, the shear stress †ὸ resulting from any applied 

shear strain history can be expressed by Equation 2.19.  

Consequently, substitution of Equation 2.19 to 3.1 yields the following expression:  

Ὂὸ ὃ  ᷿ Ὃὸ ί ‎ί Ὠί       (3.2) 

By assuming linear elastic behaviour of the adherends (i.e. steel and glass) and considering that 

the interlayer stiffness is significantly lower than that of the adherends, the shear strain history 

‎ὸ applied to the resin interlayer can be evaluated based on the relative displacement between 

the glass and the insert ‏ὸ by the following relationship: 

‎ὸ            (3.3) 

Where ‏ὸ is the history of the applied relative displacement and Ὤ  (2 mm) is the thickness 

of the interlayer between the glass and the insert (Figure 3.28). 

By inserting Equation 3.3 to 3.2 the following formula is derived: 

Ὂὸ ὃ  ᷿ Ὃὸ ί  Ὠί       (3.4) 

Finally, by substituting the shear relaxation modulus Ὃὸ with the Prony Series approximation 

(Equation 2.21) the following expression is obtained: 

Ὂὸ ὃ  ᷿ Ὃ В ὋὩ   Ὠί     (3.5) 

As expected, the expression derived for a viscoelastic material (Equation 3.5) is a function of 

time which indicates that the overall pull-out mechanical response of the connection depends 

highly on the duration of the applied load. 
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3.6.2 Analytical results and discussion 

Figure 3.13 shows that at +22°C ± 2°C the resin interlayer exhibits large relaxation for load 

durations relevant to that of the pull-out tests (i.e. < 30 min). Hence, for both applied 

displacement rates the mechanical pull-out response of the connection is time-dependent and 

specifically according to Equation 3.5, it is governed by the history of the relative displacement 

between the glass and the insert ‏ὸ which is summarised in Figure 3.29 for each tested 

specimen. In order to analytically estimate the pull-out response of the connection, these 

experimental relative displacement time histories are first approximated by six/seven degree 

polynomials (see Appendix B) and are then implemented in Equation 3.5. All analytical 

calculations were performed in Matlab (Math Works Matlab 2019). 

 

Figure 3.29 History of relative displacements between the glass and insert ŭ(t) for each 

specimen tested at 1 mm/min (a) and 10 mm/min (b) displacement rate 

The analytical predictions are presented in Figure 3.30 and Figure 3.31 for each specimen 

tested at 1 and 10 mm/min displacement rate respectively. Overall, it is observed that regardless 

the applied displacement rate, the connection response is adequately captured within the 

examined temperature range (+22 °C ± 2 °C). In more detail, Figure 3.30 shows that for the 

tests performed at 1 mm/min, the response of Specimen 1 is better approximated by considering 

the resin properties at +22°C while the behaviour of the other specimens is better captured 

considering the interlayer properties at +20°C. Accordingly, the response of all the 10 mm/min 

displacement rate tested specimens is better captured considering the 22°C interlayer properties 

(Figure 3.31). Therefore, it is concluded that the proposed analytical model is rather sensitive 
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to the material properties of the polymeric interlayer and thus precise determination of those is 

required in order to ensure sufficient accuracy. 

Additionally, it can be seen that for both applied displacement rates, the analytical model 

overestimates the connection response for applied loads higher than about å 95 kN. As 

mentioned in Section 3.3.1, at this applied load level, local yielding of the steel insert 

commences (Figure 3.8) and hence the actual applied shear strain ‎ὸ in the resin interlayer is 

significantly lower from that calculated by Equation 3.3. 

 

 

Figure 3.30 Experimental and analytical load-displacement curves for each of the four 

specimens tested at 1 mm/min displacement rate 

  






















































































































































