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Abstract 

 

 

 

 

 

 

 

 

This study aims to research the analytical calculation methods which are applicable to glass 

parapets. Specifically it is focused on continuously clamped along their lower edge glass 

parapets, without the addition of a (structural) handrail. The starting point of the research is 

the current codes of practice regarding glass parapets. Researching the limitations of the 

current methods, to develop new methods and to test whether these are applicable, taking into 

account the standards of several European countries. Variation in codes and standards 

between the Netherlands, Belgium, the United Kingdom and Germany is analyzed and 

applied to the calculation methods, to identify and analyze the differences. Finally, 

recommendations are made to improve the current calculation methods.  

 

For the experimental model, a series of static load tests, in collaboration with AMG, OnLevel, 

Scheuten Glas and Q-railing have been performed in the laboratory for Research on Structural 

Models (LMO) at Ghent University. These tests have been performed to determine the spring 

stiffness of the aluminium parapet clamping profiles, such that they can be applied in new 

analytical calculation methods. These tests are used as verification and validation of the old 

and new calculation methods as well. The research will focus on both the ultimate limit state 

as well as the serviceability limit state. Respectively this means the determination of the stress 

and the displacements within a loaded glass parapet.  

 

The long term value of this research is more accurate calculation methods which can be 

applied to linearly supported glass parapet. With the inclusion of  several different parameters 

such as, the rubbers and the wedge depth.  
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1 
Introduction 

1.1       Introduction 
 

The material glass has been applied within the built environment for centuries. Due to the 

transparent nature of glass it has been an inspiration for architects and engineers. Over the last 

decades multiple fully transparent skins have been developed and desired within the built 

environment. The load-bearing capacity of glass has yet to reach the full potential.  

The first application of glass, as a structural element in Europe, was during the 19
th

 century. 

The combined application of glass with iron led to the creation of  for example, glass domes 

and the roofs of several train stations. In 1959 a different production process for glass was 

developed, namely the float process. The float process was developed by Pilkington. The 

technology required to produce large panes on a cost-effective level was available. The 

discovery of the float process also led to the development of toughening techniques. These 

toughening techniques play a crucial role in the development of glass as a structural element. 

Toughened or heat-strengthened glass is up to five times stronger than ordinary float glass. 

This resulted in that for the first time in history, glass panels could be applied without linear 

edge supports.  

Due to the high variety in strength of glass and the many unknowns about its structural 

behaviour, glass was designed with relatively high safety factors. As more and more 

knowledge about glass became widely available, structural engineers and architects were 

starting to understand more about the characteristics of glass. Together with the newly 

developed toughening methods of glass, the idea of glass as a structural element became more 

realistic.  

Within this research, glass parapets is the main topic. Over the last decades, an increase in the 

usage of glass parapets has led to a need for design standards. Due to the application of 

different calculation methods, a high variety within the dimensioning of the design of glass 

parapets is occurring. This interference has led to a need for research within these calculation 

methods.  
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1.2      Background. 
 

Scheuten Glas BV was confronted with the problem that different methods for the 

dimensioning of glass parapets are used in practice, which leads to significant differences in 

glass thickness. This resulted that competing companies were able to dimension their parapets 

slimmer than they could. This led to the interest to research the possible options on how glass 

parapets are designed. The research was at first was primarily focused on the Eurocodes and 

national standards involving several countries; the Netherlands, Belgium, Germany and the 

United Kingdom.  

After these had been analysed, the focus of the research moved/switched to the 

schematization of glass parapets. This led to four different schematizations; Encastre, 

horizontal support, rotational spring and translational spring, as depicted in Figure 1.2.  

1.3      Parapets in general 
 

Definition;  A parapet is a vertical barrier which is an extension of the wall at the edge of a 

roof, terrace, balcony, walkway or any other structure.  

 

Parapets are available in all kind of shapes and materials. The goal/use of a parapet is to 

prevent a user of a built environment from falling. This is done by creating a vertical barrier at 

which is able to absorb a load imposed by an object or a person. 

A parapet has multiple uses which have varied over the years they have been applied. In the 

middle ages they were applied for defending buildings from military attacks. Yet today they 

are primarily used as a guard rails and/or for the prevention of spreading of fires within 

buildings. 

The parapet can be made out of different materials. Three examples are depicted in Figure 

1.1; 

1. Timber 

2. Steel 

3. Glass 

4. Aluminium  

5. Concrete (reinforced) 

6. Masonry  

 

  

(a) (b) (c) 

Figure 1.1: Different material types of parapets: (a) timber parapet; (b) steel parapet; (c) glass parapet. 
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1.4 Variables in the research 
 

During the research on the design of glass parapets, multiple variables will be of influence.  

Test setup parapet design 

1. Height of the panel; 

2. Connection type; 

3. Number of rows of connections; 

4. Hand railing; 

5. Number of neighbouring panels;  

6. Thickness of the glass. 

 

Type of glass 

1. Thermally toughened glass; 

2. Heat strengthened glass; 

3. Annealed glass. 

 

Lamination process 

1. Standard PVB; 

2. “Stiff” PVB (DG-41) 

3. Ionomers (SG) 

4. EVA 

5. CIP 

 

1.5 Scope of the research.  
 

Within this research, only linearly supported glass parapets will be researched. The choice has 

been made for this specific type of parapet, because several manufacturers and companies had 

specific interest in this type of parapet.  

Another reason for this type of parapet is the increasing popularity within the built 

environment.  

 

1.6 Problem definition  
 

Michael Wigginton [1996] summarises the problems surrounding designing with glass, which 

equally summarises the limitations of glass parapets. 

“Glass structures are developing rather in the way that stone structures developed in the 

middle ages, by pragmatism and trial and error. Engineers, who invariably have to stand 

responsible for structural failure, have no real codes or structural data to design with, and 

are forced in to accepting recommendation of the glassmakers, or into a programme of 

testing which demonstrate that a proposal is sound. This usually means the construction of 

prototypes, the cost of which may deter an otherwise enthusiastic client.” – Michael 

Wiggington [1996].  
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Currently there is no Eurocode for glass yet. Thus, there is not a governing method in Europe 

to dimension / design / calculate these parapets. Currently each country has its own standard; 

in the Netherlands this is the NEN-2608 [2014]. This deviation within design standards has 

led to the need for extra research.  

The method of addressing the above mentioned limitations is by the proper formulation and 

inclusion of governing design guidelines, which would assist in the designing of structurally 

correct glass parapets. An evaluation of existing design standards reveals a number of 

incomplete areas otherwise fundamental to the effective design and construction of the glass 

parapets. The glass parapet design process in Europe is controlled by several standards, each 

playing a vital role in the proper design and construction of glass parapets. Important 

standards are: 

 

Europe 

• EN 1990: Eurocode – Basis of structural design [2011]. 

• EN 1991-1-1:Eurocode 1: Actions on Structures [2011]. 

 

Netherlands 

• NEN 2608 [2014]. 

• Bouwbesluit [2012]. 

 

Belgium 

• NBN S 23 002-2 [2010]. 

• NBN B03-004 [2015]. 

 

Germany 

• DIN 18008 [2010]. 

 

United Kingdom 

• BS 6180 [2011]. 

• PD6688-1-1 [2011]. 
 
 

Yet even with the application of these standards, there is still a lot of interference on the 

design process of glass parapets. This is due to the mechanical schematization of the glass 

parapets. The possible mechanical schemes for clamped glass parapets are depicted in Figure 

1.2. 

 

Currently in practice mechanical schemes encastre(1) and horizontal support(3) are used. For 

this research two new mechanical schemes/schematizations have been developed: rotational 

spring(2) and translational spring(4).  

The application of each different schematization leads to a different result. The calculated 

displacements in these schemes have such a large difference, that safety is jeopardized when 

the wrong mechanical scheme is chosen. Most engineers lack the specific knowledge to 

Figure 1.2: Mechanical schematizations of glass parapets. 
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choose the right mechanical scheme and often the choice is made for the economical most 

efficient schematization.  

1.7 Objectives   
 

The goal of this research was to compare and evaluate, the design methods currently applied. 

From that point on, the research was focused on improving these methods and comparing 

them with the newly developed methods.  

Making use of analytical, numerical and experimental research techniques these methods will 

be evaluated. The objective of these analysis were to obtain validation of analytical 

mechanical schematizations. This method should keep safety in regard, yet try to dimension 

the parapets as economic as possible. 

 

In detail, the objectives of the research are: 

1. To determine the material properties of thermally toughened glass.  

2. To identify all parameters that play a role and to determine the magnitude of their effects 

on the static loading of glass parapets, such as 

 clamping types,  

 addition of the handrail, 

 depth of the wedge, 

 direction of the load. 

3. To investigate the currently applied clamping methods and the corresponding mechanical 

schematization. 

4. To determine which calculation method corresponds best with the occurring displacements 

in reality.  

5. To make recommendations to the existing mechanical schematization of the glass parapets.  

  



Eindhoven University of Technology & Ghent University 
22 

1.8 Benefit 
The application of glass parapets within the built environment is becoming more common 

nowadays.  

 The benefits are that when the research is finished, a governing design method proposal is 

made, which engineers could use to design glass parapets. The proposed method will be the 

currently known most accurate method.  

It would also clarify the type of calculations that can be carried out and the difference 

between them.  

 
 

1.9  Research methodology 
 

The research will be conducted through three types of 

research; 

1. Analytical models 

2. Numerical simulations 

3. Experimental testing 

Data will be obtained through these types of research. The 

combined data will explain the results of the research.  

The analytical research will consist of the mechanical 

schematization of the glass parapet. These schematizations 

lead to a different calculation method of the displacements in the serviceability limit state, as 

will be shown in section 4.1.  

The numerical simulations will consist of finite element models, created in Abaqus CAE. The 

purpose of the numerical simulations is to determine the spring stiffness of the aluminium 

parapet clamping profiles, to perform parameter studies and the validate the analytical 

models. 

The experimental testing will consist of multiple static load tests. Will result in the 

determination of the spring stiffnesses of the aluminium parapet clamping profiles and the 

validation of both the analytical and numerical research.  

The combination of these three types of research will lead to the conclusion of the research.  

Figure 1.3: Research model. 
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2 
Glass Parapets 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter aims to give an introduction to glass parapets. Firstly, the different types of 

glass parapets as well as the connection types are treated. Secondly, the classification of the 

different types of profiles, followed by the profiles provided by the manufacturers. Finally the 

components within a glass parapet are treated.   
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2.1 Types of parapets 
 

There are three types of glass parapets, namely; 

1. Continuously clamped along its lower edge 

2. Infill panels 

3. Point supported 

Continuously clamp supported along its lower edge parapets are often made using an 

aluminium or steel clamping profile. An example is shown in Figure 2.1 (a).  

Infill panels are glass panels that fill in the framework, often made of metal, with glass panels. 

Such that a parapet is created. In Figure 2.1 (b) an infill panel is shown.  

The glass is supported through means of point supports is called point supported parapets. In 

Figure 2.1 (c) an example of a point supported parapet is shown. In this case the parapet is 

used as a balustrade for a staircase. 

 

(b) (c) (a) 

Figure 2.1: Different support type parapets: (a) continuously clamped along its edge glass parapet; (b) infill panel glass 
parapet; (c) point supported glass parapet. 
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2.2 Structural glass parapets vs. non-structural glass parapets 
 

Glass in parapets can be applied in two different ways; 

1. Glass as a fill element, as shown in Figure 2.2 (a); 

2. Glass as a structural element, as shown in Figure 2.2 (b). 

When glass is used as a fill-element, the glass itself is not the primary structure. The glass in 

this case needs to be able to withstand impact loads and be able absorb the bending stress. Yet 

most of the force is carried by the surrounding material, which is the primary structural 

element. 

In the other case, the glass actually is the primary structural element. Thus carrying all of the 

load to the floor.  

 

  

(a) Parapet with glass as an infill element. 

(b) Parapet with glass as a structural element. 

Figure 2.2: Examples of (a) non-structural glass parapets and (b) structural glass parapets [TVN 221, 2011]. 

 



Eindhoven University of Technology & Ghent University 
26 

Figure 2.3: Example of a through bolt connection: 
(a) monolithic glass; (b) laminated safety glass. 

[Haldiman et al. 2008] 

(b) 

(a) 

2.3 Types of connections 
 

Two types of connections exist, namely; 

1. Mechanical 

2. Adhesive 

Mechanical connections are defined as; 

The joining of two or more elements by mechanical 

fasteners such as linearly supported glazing, clamped and 

friction-grip fixings, through bolt connections and point 

supports. Figure 2.3 depicts an example of a through bolt 

connection and Figure 2.4 depicts an example of point 

supports.[bron: Structural use of glass: Matthias 

Haldiman] 

 

 

 

 

 

 

 

 

 

Adhesive connections are defined as; 

The bonding of two or more elements by means of 

an adhesive material such as acrylate, silicone, 

epoxy polyurethane based adhesives.   

These types of adhesives are specifically 

compatible with glass and most commonly used.  

  

         (a)                                          (b)                                           (c) 

Figure 2.4: Example of point supports: (a) cylindrical hole; (b) conical hole 
monolithic glass; (c) conical hole with insulated glass unit. [Haldiman et al. 2008] 

               (a)                            (b)                              (c) 

Figure 2.5: Example of adhesive silicone glass joint: (a) U-shape 
joint; (b)T-shape joint; (c) L-shape joint. [Haldiman et al. 2008] 
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2.4  Classification of the aluminium parapet clamping profiles 
 

The aluminium parapet clamping profiles can be classified in to several categories.  

The names are derived from the letter the shape of the clamping profile represents. These 

categories are; 

1. F-profile 

2. U-profile 

3. Y-profile 

Another variable of influence on the classification of the profile is the location where the 

profile is mounted towards the floor. These consist of; 

1. Top mounted, which means the profile is mounted on top of the floor. This can be 

viewed for the U- and F- profile. 

2. Side mounted. This classification is represents the mounting of the profile to the side 

of the construction. The U- and Y- profile are classified this way. 

This results in the full 4-type classification system used within this research, as depicted in 

Table 2.1.   

 

Within Figure 2.6  these profiles are shown.  

  

Table 2.1. Mounting types of the parapet profiles 

Profile Top mounted Side mounted 
F-profile a  
U-profile c b 
Y-profile  d 

                   
(c) 

                   
(a) 

                   
(b) 

                   
(d) 

Figure 2.6: Classification of the parapet profile types: (a) F-profile; (b) U-profile, side mounted   
(c) U-profile, top mounted; (d) Y-profile. 
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2.5 Manufacturers 
 

Three manufacturers of aluminium parapet clamping profiles have cooperated 

with the research: AMG, OnLevel and Q-railing. They have provided their 

own profiles, which are subjected to analytical, experimental and numerical 

research.  

Each manufacturer provided a profile of each type.  

Resulting in the following overview, as depicted in Table 2.2.  

 

Table 2.2. overview of the different profiles. 

Profile type Manufacturer 

 AMG OnLevel Q-railing 

F-profile, top Quick Premium TL 3010 Easy Glass Pro F 
U-profile, top Simple Premium TL 6010 Easy Glass Pro U 
U-profile, side Simple Premium TL 6011 Easy Glass Pro U 
Y-profile, side Standard Advanced TL 3011 Easy Glass Pro Y 
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2.6 Components in a glass parapet.  
 

A glass parapet consists of several different components. These components each have an 

individual role to add to the practical application of the profile. The numbering of the 

components corresponds with the building order 

during construction of the parapet. In this section 

the U-profile of Q-railing has been used as an 

example. The components noted in this section 

may vary in shape and size depending on the 

manufacturer. 

1. Parapet clamping profile 

The clamping profile can be used for a range of 

glass thicknesses. If no extra components were 

used, each profile would have to vary in cross-

section. For this reason the components vary in 

thickness/size. The parapet clamping profile is 

used to provide the strength and stiffness to the 

system. It provides the connection between the 

floor and the parapet and is used for the clamping 

of the glass. 

 

 

   

Table 2.3. Characteristics of the parapet clamping profile. 

Material Aluminium 6063 T6 
Modulus of elasticity [N/mm

2
] 68900 

Poisson’s ratio 0.33 

Figure 2.7: Cross section of a parapet clamping 
system: (1) parapet clamping profile; (2) inlay profile; 

(3) wedge; (4) rubbers. 
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 2. Inlay profile 

The inlay is placed within the parapet clamping profile. The inserted glass rests on top of the 

inlay profile. The centre to centre distance of the inlay profile varies per profile type and glass 

thickness. This varies from 250 mm to 500 mm. The inlay profile prevents contact between 

metal and glass and provides a more tight clamping on the glass. AMG uses a different 

material for an inlay profile, namely rubber.  

 

 

3. Wedge(s) 

The wedges are placed to clamp the glass in the parapet profile. The wedges shape vary per 

manufacturer of the parapet clamping profiles. The centre to centre distance varies per 

manufacturer as well, depending on the type of profile. The wedges are also used to adjust the 

angle of the glass that protrudes from the parapet profile. The main purpose of the wedges is 

to prevent contact between glass and metal and provide clamping for the glass. Secondly it 

provides possibilities for the adjustment of the vertical placement of the glass.  

 

4. Rubbers 

Lastly the rubbers are inserted. The rubbers are the finishing touch of the parapet clamping 

profile. They create a watertight seal and prevent the visibility of the other components used 

within the parapet clamping profile. This also ensures that no one tries to remove or adjust the 

wedges. It also prevents any contact between metal and glass. Lastly it adds aesthetics 

properties to the parapet. 

 
 
 
 
 

  

Table 2.4. Characteristics of the inlay profile. 

Material Acrylnitril Butadien Styrol (ABS) 
Modulus of elasticity [N/mm2] 2300 
Poisson’s ratio 0.35 

Table 2.5. Characteristics of the wedges. 

Material Acrylnitril Butadien Styrol (ABS) 
Modulus of elasticity [N/mm2] 2300 
Poisson’s ratio 0.35 

Table 2.6. Characteristics of the rubbers. 

Material Ethylene Propylene Diene Monomer (EPDM) 
Modulus of elasticity [N/mm2] Varies depending on composite 
Poisson’s ratio Varies depending on composite 
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2.7 Materials  
Within this section, the provided materials by the different manufacturers are compared and 

analysed. The materials will be divided into several categories, namely; aluminium parapet 

clamping profiles, rubbers, inlay profiles and wedges. For each of these categories, several 

characteristics will be noted. The purpose of this section is to compare the different elements 

within a continuously clamped along their lower edge glass parapets. 

 Aluminium parapet clamping profiles 2.7.1
The aluminium parapet profiles will be divided into the same categories as has been done in 

section 2.4. The profiles will are compared with their dimensions, which are presented in 

Tables. Additional side notes are given.  

 

1. U-profile top mounted  

Within this section, the characteristic dimensions of the U-profile top mounted are presented. 

In Figure 2.8, the variables are depicted. The corresponding values of the variables are 

depicted in Table 2.7. H1 is the height of the total profile, H2 the profile insertion depth, H3 

the bottom profile height, W1 the width of the parapet clamping profile and W2 the inner 

width of the system. The final column is the centre to centre distance of the bolts, which are 

used to connect the profile to the construction. 

Table 2.7. Variables of the U-profile, top mounted. 

 Variables 

Manufacturer H1 [mm] H2 [mm] H3 [mm] W1 [mm] W2 [mm] Bolt c.t.c. 
[mm] 

Q-railing 122 105 17 60 33 200 
AMG 127 110 17 50.5 38 100 
OnLevel 120 105 15 50.5 38 150 

 

Figure 2.8: Overview of the U-profiles, top mounted: (left)Q-railing Easy Glass Pro “U”; (middle)AMG Simple 
Premium; (right)OnLevel TL 6010. 
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2. U-profile side mounted 

Within this section, the characteristic dimensions of the U-profile side mounted are presented. 

In Figure 2.9, the variables are depicted. The corresponding values of the variables are given 

in Table 2.8. H1 is the height of the profile, H2 the insertion depth, H3 the bottom profile 

height, W1 the width of the parapet clamping profile and W2 the inner width of the parapet 

clamping profile. The final column is the centre to centre distance of the bolts, which are used 

to connect the profile to the construction. 

 

 

 

 

Table 2.8. Variables of the U-profile, side mounted. 

Manufacturer Variables 

 H1 [mm] H2 [mm] H3 [mm] W1 [mm] W2 [mm] Bolt c.t.c. 

Q-railing 135 30 105 61.5 33 200 
AMG 127.5 110.5 17 50.5 38 100 
OnLevel 140 105 35 50 38 250 

Figure 2.9: Overview of the U-profiles, side mounted: (left)Q-railing Easy Glass Pro “U” ; (middle)AMG Simple 
Premium; (right)OnLevel TL 6011. 
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3. F-profile 

Within this section, the characteristic dimensions of the F-profile are presented. In Figure 

2.10, the variables are depicted. The corresponding values of the variables are given in Table 

2.9. H1 is the height of the profile, H2 the insertion depth, H3 the bottom profile height, W1 

the width of the parapet clamping profile, W2 the inner width of the parapet clamping profile 

and W3 the width of the flange. The final column is the centre to centre distance of the bolts, 

which are used to connect the profile to the construction. 

 

 

Table 2.9. Variables of the F-profile. 

Manufacturer Variables 

 H1 [mm] H2 [mm] H3 [mm] W1 [mm] W2 [mm] W3 [mm] Bolt c.t.c. 

Q-railing 120.5 105 12 60 33 67 200 
AMG 123.5 108 11.5 52 38 73 250 
OnLevel 118.5 104.5 11.5 50 38 90 360 

Figure 2.10: Overview of the F-profiles: (left)Q-railing Quick Premium; (middle)AMG Quick Premium; 
(right)OnLevel TL 3010. 
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4. Y-profile 

Within this section, the characteristic dimensions of the Y-profile are presented. In Figure 

2.11, the variables are depicted. The corresponding values of the variables are given in Table 

2.10. H1 is the height of the profile, H2 the insertion depth, H3 is the thickness of the centre 

of the profile, H4 is the height of the bottom flange of the profile, W1 the width of the parapet 

clamping profile, W2 the inner width of the parapet clamping profile and W3 the width of the 

flange. The final column is the centre to centre distance of the bolts, which are used to 

connect the profile to the construction. 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.10. Variables of the Y-profile. 

 Variables 

Manufacturer H1 [mm] H2 [mm] H3 [mm] H4 [mm] W1 
[mm] 

W2 
[mm] 

W3 
[mm] 

Bolt 
c.t.c. 

Q-railing 208.5 105 15.5 88 60 33 35 200 
AMG 229 110.5 14 104.5 50.5 38 13.3 300 
OnLevel 208.5 105 14 90 50 38 11.5 370 

Figure 2.11: Overview of the Y-profiles: (left)Q-railing Easy Glass Pro “Y”; (middle)AMG Standard Advanced; 
(right)OnLevel TL 3011. 
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 Inlay profiles 2.7.2
Within this section, the characteristic dimension of the inlay profiles are presented. In Figure 

2.12, the variables are depicted. The corresponding values of the variables are given in Table 

2.11. H1 is the height of the inlay profile, W1 is the thickness of the inlay profile and W2 is 

the width of the inlay profile. The final column is the centre to centre distance of the inlay 

profiles. It must be noted that the inlay profile of AMG is a rubber strip, which is placed in the 

shape it is shown in Figure 2.12.  

 

 

Table 2.11. Variables of the inlay profiles 

 Variables 

Manufacturer H1 [mm] W1 [mm] W2 [mm] Material Centre to centre distance [mm] 

Q-railing 95 6 27.4 ABS 250 
AMG 18 21 3.1 EPDM 250 
OnLevel 95 10 28 ABS 312.5 

Figure 2.12: Overview of the inlay profiles: (left)OnLevel; (middle)Q-railing; (right)AMG. 
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 Wedge rubber 2.7.3
Within this section, the characteristic dimension of the wedge rubbers are presented. In Figure 

2.13, the variables are depicted. The corresponding values of the variables are given in Table 

2.12. H1 is the height of the wedge rubber, W1 is the inner width of the wedge rubber and W2 

is the outer width of the rubber.  

 

Table 2.12. Variables of the wedge rubbers. 

Manufacturer Variables 

 H1 [mm] W1 [mm] W2 [mm] 

Q-railing 10 15.4 11.7 
AMG 18.3 16.7  
OnLevel 8.5 12.4 16.5 

Figure 2.13: Overview of the wedge rubbers: (left)AMG; (middle)Q-railing; (right)OnLevel. 
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 Non-wedge rubber 2.7.4
Within this section, the characteristic dimension of the non-wedge rubbers are presented. In 

Figure 2.14, the variables are depicted. The corresponding values of the variables are given in 

Table 2.13. H1 is the height of the wedge rubber, W1 is the outer width of the non-wedge 

rubber and W2 is the inner width of the rubber.  

 

 

  

Table 2.13. Variables of the non-wedge rubbers. 

Manufacturer Variables 

 H1 [mm] W1 [mm] W2 [mm] 

Q-railing 9.6 6.7 1.3 
AMG 28 8.7 12.8 
OnLevel 8.5 14.3 10.7 

Figure 2.14: Overview of the non-wedge rubber: (left)Q-railing; (middle)AMG; (right)OnLevel. 
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 Wedges 2.7.5
Within this section, the characteristic dimension of the wedge rubbers are presented. In Figure 

2.15, the variables are depicted. The corresponding values of the variables are given in Table 

2.14. H1 is the height of the wedge rubber, W1 is the inner width of the wedge rubber and W2 

is the outer width of the rubber 

 

Table 2.14. Variables of the wedges. 

Manufacturer Variables 

 H1 [mm] W1 [mm] W2 [mm] 

Q-railing 50 7.5 10.1 
AMG 50 4.9 8 
OnLevel 34 8.2 10 

Figure 2.15: Overview of the wedges: (left)Q-railing; (middle)AMG; (right)OnLevel. 
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3 
Standards & Codes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter discusses the standards and codes applicable to glass parapets of several 

European countries, namely the Netherlands, Belgium, the United Kingdom and Germany.   
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3.1 Standards & Codes 
 

This section gives an introduction to the standards and codes that are applicable to glass 

parapets. The standards and codes applied within this research mainly focus on the 

Netherlands. The loading on the parapets as described in the Dutch codes is used. Other close 

by countries such as Belgium, Germany and the United Kingdom, their standards and codes 

are also taken in to account. This has been done by taking their ultimate limit state and 

serviceability limit state standards. Firstly, the loading on the parapet is explained. This is 

followed by the serviceability and ultimate limit states of the different countries. 

 

3.2  Loading on the parapet 
 

In Europe, the same type of loading is applied on 

parapets. The loading is described in Eurocode 

1[2011].  

Firstly, the parapet is divided in to two zones, 

namely zone A and zone B, as depicted in Figure 

3.1. 

Zone A is defined as the hand-railing zone. In case 

of a hand-railing the height of the hand railing is 

used as zone A. When there is no hand-railing, the 

height of zone A is a maximum of 0.1m. 

Zone B is the other section of the parapet which is not defined as zone A. 

The loading on parapets consist of two types of loading. 

1. The first type of loading is the evenly distributed load qrep. At the top of the parapet, in 

zone A, an evenly distributed load is located. This type of load represents multiple 

people pushing against the parapet. The amplitude of the qrep varies according to the 

classification of the space where the parapet is placed. The qrep can vary between 0.3 – 

3.0 kN/m.  

2. The second type of loading is a point load Frep. The point load is located in zone B. 

The point load represents someone falling against the glass or objects being placed 

against the parapet construction.  The Frep has an amplitude of 0.5 – 1 kN and has to be 

divided over an area of 0.2m x 0.2m. 

 

Another variable described in Eurocode 1 is the duration of the load. The duration of the load 

can vary from 1 minute ( 60 seconds )  to 1 week ( 604800 seconds ).  

The above mentioned variables are specifically for the Netherlands. Within Europe the 

amplitude of the load and the duration can vary. 

Figure 3.1: Parapet loading according to Eurocode 1. 
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3.3 Standards & Codes 
 

Within this section the standards and codes of several EU-countries will be treated. Due to the 

lack of a governing Eurocode – Glass, there is a lot of diversion between several countries. 

 Belgium 3.3.1
 

In Belgium the main code about glass structures is the NBN S23 002-2 [2010], calculation of 

the glass thickness. Within this standard the calculation methods applied for the serviceability 

limit state and the ultimate limit state are shown. 

In this standard the calculation methods for the determination of the stresses are divided in to 

several sections; glass plates supported on all four sides, glass plates supported on three sides 

and glass plates supported on two sides.  Yet the parapet as applied within this context, a one 

side clamped parapet is, which can be considered a glass plate supported on one side is not 

treated.  

The NBN B 03-004 [2015] is specifically focussed on parapets. The ultimate limit state and 

serviceability limit state are treated.  

 

  

Table 3.1. Overview of the loads on parapets in Eurocode 1*[2011] 

Spaces qrep Frep 

Prescribed height 
or zone a 

Prescribed height 
or zone a 

Zone b Zone a + b 

Non-collective space with 
residential functions 
 

0.3 kN/m 
1 min 

0.5 kN 
1 min 

0.35 kN 
10 s 

0.2 kN 
24 h 

Collective space with 
residential function 
 

0.5 kN/m 
1min 

1kN 
1 min 

0.35 kN 
10 s 

0.2 kN 
24 h 

Non-collective space of a 
celfunction 
 

0.5 kN/m 
1 min 

1 kN 
1 min 

0.5 kN 
10 s 

0.3 kN 
24 h 

Remaining utility functions 
 
 

3 kN/m 
5 min 

1 kN 
5 min 

0.7 kN 
5 min 

0.5 kN 
7 x 24 h 

Remaining spaces 
 

0.8 kN/m 
5 min 

1 kN 
5 min 

0.7 kN 
5 min 

0.5 kN 
7 x 24 h 

*as done in the Dutch National Annex 
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Ultimate limit state 

The determination of the load which has to be applied needs to be calculated. The calculation 

of the load 𝐹𝑑 will now be elaborated. Since these vary for both the ultimate limit state and 

the serviceability limit state, both will be elaborated separately. 

The determination of the load 𝐹𝑑 in the ultimate limit state needs to be calculated with either 

of the following equations; 

 

𝐹𝑑 = 𝑀𝐴𝑋 {
𝛾𝐺 𝐺𝑘 + 𝛾𝑄( 𝑄𝑘 + 𝜓0 𝑤𝑘)

𝛾𝐺 𝐺𝑘 + 𝛾𝑄(𝑤𝑘 + 𝜓0𝑄𝑘)
   ( 3.1 ) 

Where; 

𝛾𝐺 = partial factor for the permanent load; 

𝛾𝑄 = partial factor for the variable load; 

𝜓𝑖 = coefficient for the combination values of the variable load, ; 

𝐺𝑘 = effect of the characteristic values of the permanent weight of the parapet; 

𝑄𝑘 = effect of the characteristic values of the divided exploitation load qk or the 

concentrated exploitation load Qk; 

𝑤𝑘 = effect of the characteristic values of the wind loads.  

 

Now that the load in the ultimate limit state has been treated, the ultimate limit state can be 

checked. This shall be done using a simple unity check.  

 

𝐸𝑑 ≤ 𝑅𝑑                 ( 3.2 ) 

 

Where: 

𝐸𝑑  = occurring stress; 

𝑅𝑑  = characteristic design strength of glass. 

 

Where: 

𝑅𝑑 =
𝑅𝑘

𝛾𝑀
                ( 3.3 ) 

 

Where: 

𝑅𝑘 = the characteristic value of the resistance 
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𝛾𝑀 = partial factor dependent on the material properties.  

 

Serviceability limit state 

Firstly the load in the serviceability limit state needs to be determined. This is done using 

Equation 3.4, which is shown below. 

𝐹𝑑 = 𝑀𝐴𝑋 {
𝐺𝑘 + 𝜓1𝑄𝑘 + 𝜓2 𝑤𝑘

𝐺𝑘 + 𝜓1𝑤𝑘 + 𝜓2 𝑄𝑘
               ( 3.4 ) 

In Belgium the serviceability limit state has one of the strictest standards. Again a unity check 

is required for the determination whether the parapet is sufficiently dimensioned. 

 

The unity check is; 

𝐸𝑑 ≤ 𝐶𝑑                  ( 3.5 ) 

 

In which; 

𝐸𝑑 = occurring value of the displacement under the specified loading conditions, in mm; 

𝐶𝑑  = the upper limit of the displacement value as described in the standard, in mm. 

 

  

Figure 3.2: Deformation of the upper parapet truss between two balustrade posts [NBN B 
03-004, 2015] 
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The upper limit value 𝐶𝑑 is limited by the standard NBN B 03-004 to 

15 mm at a height of 1000 mm, as shown in Figure 3.3. [ bron NBN 

b03004]   

Another rule can be applied, which is dependent on the centre to 

centre distance of the balustrade posts. For this research this is not 

relevant, yet will still be added. Instead of the centre to centre 

distance of the balustrade posts, the length of the glass can be taken. 

The Equation 3.6 for the maximum displacement in the serviceability 

limit state dependant on the centre to centre distance of the  balustrade 

posts is; 

 

𝛿𝑆𝐿𝑆 =
𝐿

200
    ( 3.6 ) 

 

 

 

 

 

 Germany 3.3.2
 

Germany has one of the more advanced standards regarding glass structures. For the 

calculation of glass thicknesses, the DIN-18008 [2010] can be used.  

The DIN-18008 consists of several parts; 

1. Terms and general bases 

2. Linearly supported glazing 

3. Point fixed glazing 

4. Additional requirements for barrier glazing 

5. Additional requirements for walk-on glazing 

 

  

Figure 3.3: Belgian SLS of horizontal 
displacement. [NBN B 03-004, 2015] 



Eindhoven University of Technology & Ghent University 
45 

Ultimate limit state 

For the determination of the ultimate limit state, the bending strength needs to be calculated. 

In section 1 of the DIN-18008 [2010] it states that the bending strength needs to be calculated 

as follows; 

 

𝑅𝑑 =
𝑘𝑐∗𝑓𝑘

𝛾𝑀
                                        ( 3.7 ) 

 

In which; 

𝑘𝑐  = modification factor which takes structural safety in to account. When it is not 

specifically mentioned, the value 𝑘𝑐 = 1; 

𝑓𝑘  = characteristic value of the strength of glass; 

𝛾𝑀  = material factor. For fully tempered glass 𝛾𝑀 = 1.5. 

After the resistance and the occurring stress have been calculated, the following Equation 

needs to be fulfilled 

 

𝐸𝑑 ≤ 𝑅𝑑                  ( 3.8 ) 

 

 

In which; 

𝐸𝑑  = occurring stress; 

𝑅𝑑  = characteristic design strength of glass. 

 

 

Serviceability limit state 

The maximum occurring displacement within the German national codes for glass parapets is 

20 mm. 

Additional requirements 

Within the German standards some additional requirements are given 

1. Laminated safety glass (LSG) needs to be applied; 

2. The minimum glass composition should consist of 10.10.4 glass. 

3. A continuous handrail needs to be applied.  
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 Netherlands 3.3.3
 

In the Netherlands the main code about glass structures, regarding glass parapets is the NEN-

2608 [2014], Glass in building – Requirements and determination method. Within this 

standard the ultimate limit state and the serviceability limit state of the glass parapet is 

written. 

 

Ultimate limit state 

The ultimate limit state within the NEN-2608 [2014] has to be calculated making use of a 

unity check. In a unity check the occurring maximum bending stress, often determined with a 

static calculation, is divided by the material strength of glass.  

 

 

 
𝜎𝑝𝑙;𝑚𝑡;𝑖;𝑑

𝑓𝑚𝑡;𝑢;𝑑
≤ 1.0                 ( 3.9 ) 

 

In which; 

𝜎𝑝𝑙;𝑚𝑡;𝑖;𝑑  = occurring value of the tension bending stress in glass plate I, in N/mm
2
 

𝑓𝑚𝑡;𝑢;𝑑  = characteristic value of the tension bending stress in glass plate I, in N/mm
2 

 

Serviceability limit state 

The maximum occurring displacement in a parapet is 20 mm.  
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 United Kingdom 3.3.4
 

For the design of glass parapets within the United Kingdom the codes BS EN 1991-1-1 [2011]  

(Eurocode 1) and BS 6180 [2011]– Barriers in and about buildings – codes of practice are 

used. It must be mentioned that the BS 6180 [2011] is a guideline, as such it is ultimately up 

to the designer to interpret the acceptable deflection limits on the parapet under consideration. 

 

Ultimate limit state 

The stress limits within the United Kingdom have been derived from the prEN 16612 [2013]. 

The following criterion needs to be fulfilled; 

 

𝐸𝑈𝐿𝑆,𝑑 ≤ 𝑅𝑑                ( 3.10 ) 

 

Where; 

𝑅𝑑 = is the design strength limit 

𝐸𝑈𝐿𝑆,𝑑  = is the applied stress 

 

The calculation of the design strength limit 𝑅𝑑 is based on the design value of the strength of 

the glass. The characteristic strength of basic annealed glass can be calculated with Equation 

3.11; 

 

𝑓𝑔,𝑑 =
𝑘𝑚𝑜𝑑∗𝑘𝑠𝑝∗𝑓𝑔,𝑘

𝛾𝑀,𝐴
              ( 3.11 ) 

 

Where; 

𝑘𝑚𝑜𝑑  = is the factor for load duration 

𝑘𝑠𝑝  = is the factor for glass surface profile 

𝑓𝑔,𝑘  = is the characteristic strength of basic annealed glass (45 N/mm
2
) 

𝛾𝑀,𝐴  = is the material partial factor for basic annealed glass 
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For prestressed surface glass (heat-strengthened and toughened) the design strength can be 

calculated with the following equation; 

 

𝑓𝑔,𝑑 =
𝑘𝑚𝑜𝑑∗𝑘𝑠𝑝∗𝑓𝑔,𝑘

𝛾𝑀,𝐴
+

𝑘𝑣(𝑓𝑏,𝑘−𝑓𝑔,𝑘)

𝛾𝑀,𝑣
              ( 3.12 ) 

 

Where; 

𝑘𝑚𝑜𝑑  = is the factor for load duration 

𝑘𝑠𝑝  = is the factor for glass surface profile 

𝑘𝑣 = is the factor derived from the method of strengthening of the glass 

𝑓𝑔,𝑘  = is the characteristic strength of basic annealed glass (45N/mm
2
) 

𝑓𝑏,𝑘 = is the characteristic bending strength of prestressed glass.  

𝛾𝑀,𝐴  = is the material partial factor for basic annealed glass 

𝛾𝑀,𝑣 = is the material partial factor for surface prestressed glass.  

 

Serviceability limit state 

As previously mentioned, the United Kingdom gives the designer of the parapet the freedom 

to interpret the given deflection limit of 25 mm. Thus leaving the ultimate deflection limit up 

to the designer, though it stipulates that the maximum deflection is 25 mm at the top.  
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Conclusions 

Comparing these four countries, several differences and similarities can be analyzed. 

The main similarity is the ultimate limit state. Even though the formulas somewhat differ, 

ultimately they all apply the same methods to determine whether the ultimate limit state is 

met. Through means of the characteristic strength of glass, the occurring stress in the glass 

and a unity check, the ultimate limit state is met. 

The largest difference is to be seen in the ultimate limit state, as the deflection limits vary a 

lot, e.g. from only 15 mm in Belgium to the least strict in the United Kingdom, where they 

stipulate on a 25mm deflection, yet leave it up to the designer if it does not meet those 

requirements.  

This variation within the deflection limits within Europe creates a difficult situation for 

designers, suppliers and manufacturers. The currently applied deflection limits seem to be 

derived from different material parapet deflection limits. The issue with these deflection limits 

is that they are based on parapets created out of different materials, such as concrete, steel or 

timber. These materials have a different behaviour and the dimensions and shape of the 

material in which they are applied are different.  This leads to conclude that the currently used 

serviceability limit states are based on the wrong context. 

The deflection of glass parapets is often a lot higher than parapets created out of different 

materials, thus different serviceability limit states should be applied.   

Table 3.2. Overview of the codes 

Country Loading 
standard 

Mechanical 
schematization 

Additional 
requirements 

ULS  SLS  Height 
[mm] 

Netherlands Eurocode Not prescribed Bouwbesluit Unity 
Stress 
check  

20mm  1000-
1200 

Belgium Eurocode Not prescribed  Unity 
Stress 
check  

15mm  1100-
1200 

Germany Eurocode Not prescribed LSG  
Min 10.10.4 glass 
Continuous 
handrail  

Unity 
Stress 
check  

20mm 
  

Max 
1100 

United 
Kingdom 

Eurocode Not prescribed  Unity 
Stress 
check  

25 mm   1000-
1200 
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Part II 

 

Analytical research   
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4 
Analytical research 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter informs the reader about the different types of static analytical calculations 

that can be performed on glass parapets. This includes four different mechanical 

schematizations, the variables which are of influence on the analytical formulas.  
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4.1 Analytical research 
 

The analytical research will consist of the several mechanical schematizations of the glass 

parapet. 

As shown in Figure 4.1, multiple options are possible to schematize a glass parapet. 

 

Encastre and horizontal support are currently the only applied methods within the built 

environment. Yet the other options might yield more accurate results. 

The occurring moment in each of the systems is the same, yet the displacement shows a large 

variation. 

  

Figure 4.1: Mechanical schematizations of glass parapets. 
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 Encastre 4.1.1
 

This schematization assumes the glass is fully clamped within the 

profile. The length L is often chosen as the length that protrudes above 

the aluminium parapet clamping profile, also known as the 

unsupported length. The unsupported length generally is 1000 mm, in 

the case of a 1100 mm glass plate. In the case of a 1300 mm glass 

plate, the unsupported length is 1200 mm. The full clamping takes 

place between the interface where the aluminium profile ends and the 

unsupported glass starts.  

 

 

Moment formula 

𝑀𝑚𝑎𝑥 = 𝐹𝐿                   ( 4.1 ) 

Displacement formula 

𝛿 =
𝐹𝐿3

3𝐸𝐼
                  ( 4.2 ) 

 

 

 

 Horizontal support 4.1.2
 

Within this schematization type the glass plate is supported by a 

horizontal support at 1/10 of the length of the protruding glass. This 

assumes a unsupported length of 1000 mm. In the case of an unsupported 

length of 1200 mm, the ratio is 1/12 L. The horizontal support is assumed 

to be the top edge of the aluminium parapet clamping profile, where the 

glass is clamped between the rubbers, which are inserted in the profile.  

Moment formula 

𝑀𝑚𝑎𝑥 = 𝐹𝐿                   ( 4.1 ) 

Displacement formula 

𝛿 =
11𝐹𝐿3

30𝐸𝐼
                            ( 4.3 ) 

 

Figure 4.2: Encastre 
schematization 

Figure 4.3: Horizontal support 
schematization 
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 Rotational spring 4.1.3
 

The schematization of the aluminium glass parapet in this case consists 

of a glass plate, which is schematized as a beam with a length. The 

length L can vary between 1000-1100 mm. The exact length still has to 

be determined. An example of the determination of the effective length 

is presented in section 4.2.1. Added to this schematization is a rotational 

spring with a spring stiffness Kr. The spring stiffness will be determined 

through FE-models and experimental testing.  

Moment formula 

𝑀𝑚𝑎𝑥 = 𝐹𝐿      ( 4.1 ) 

 

Displacement formula 

𝛿 =
𝐹𝐿3

3𝐸𝐼
+

𝐹𝐿2

𝐾𝑟
      ( 4.4 ) 

 

 Translational spring 4.1.4
 

The translational spring schematization consists of a glass plate, which 

is schematized as a beam. The length L is the protruding height of the 

glass above the parapet profile. Within this research this is 1000 mm. 

The beam is supported by a translational spring at 1/10 L. The 

translational spring has a spring stiffness Kt. the spring stiffness will be 

determined through FE-models and experimental testing. 

Moment formula 

𝑀𝑚𝑎𝑥 = 𝐹𝐿                
( 4.1 ) 

 

Displacement formula 

𝛿 =
11

30

𝐹𝐿3

𝐸𝐼
+

121𝐹

𝐾𝑡
               ( 4.5 ) 

 

 

Figure 4.4: Rotational spring 
schematization 

Figure 4.5: Translational spring 
schematization 
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4.2 Additional variables. 
 

Within this section, the additional variables of the system are elaborated.  

 Effective length. 4.2.1

 

In practice the length L of the system is taken as 1000 mm. In reality the actual length of the 

system is different. The length of the glass plate often is 1100 – 1300 mm. The free height of 

the glass within the profile is 1000-1200 mm. Yet the glass is able to bend within the profile; 

this results in the actual length of the system being different from the free height of the glass.  

A method to determine the effective length of the system has been developed. By means of 

finite element modelling an approximation of the effective length can be made. This method 

is shown in section 5.6.2.  

 Compression of the rubber  4.2.2

 

Currently the analytical model consists of two parts that contribute to the displacement of the 

glass at the outer end: 

1. The bending of the glass 

2. The displacement due to the parapet profile 

a. Rotation of the profile 

b. Deformation of the profile 

This is not complete yet, since the rotation of the aluminium parapet clamping profile does 

not fully comply with the displacement at that point. This is due to the compression of the 

rubber at that specific point. The compression of the rubber causes the glass plate to tilt 

sideways, adding an additional displacement. Thus the compression of the rubber needs to be 

taken in to account.  
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4.3 Conclusions from the analytical research. 

 

Displacement 

The analytical research clearly shows that there is a large disparity between the different 

formulas, which can be applied for the calculation of the displacement on the edge of the glass 

within a glass parapet. This results in the conclusion that there is a possibility that the 

currently applied mechanical schematizations are not sufficiently accurate. This results in the 

need to research the most accurate mechanical schematization for linearly supported glass 

parapets. In practice the mechanical schematizations encastre and horizontal support are 

currently used.  

Moment 

The moment in each mechanical schematization is equal, when using the same assumptions as 

currently in practice; the length L of the system is 1000 mm. In reality the length L varies 

depending on the type of parapet profile, as has been stated in section 4.2.1. However, since 

the effective length is currently still unknown, the practical assumptions are adopted. Thus the 

mechanical schematization does not influence the determination of the maximum bending 

moment. The highest occurring stresses within the linearly supported glass parapet are 

bending stresses. These stresses can be calculated using either of the mechanical schemes.  

Variables 

Essential for the correct application of the formulas, the variables used need to be defined.  

The length L varies depending on the height of the parapet. In practice two glass plate lengths 

are used, namely 1100 mm and 1300 mm. This leads respectively to a length L of 1000 mm 

and 1200 mm. This length L is chosen since the glass plate is partially within the parapet 

clamping profile, thus the protruding length is approximately 100 mm shorter than the actual 

length.  

This leads to the conclusion that the mechanical schematization of the glass parapet highly 

influences the displacement and hardly influences the stresses. Consequently, the rest of the 

research will mainly focus on the displacements of the glass parapets. The stresses shall be 

checked as well for validation. Within this research, these four mechanical schematizations 

will be analysed and compared  
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Numerical research   
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5 
Numerical research 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter discusses the finite element models that have been made for the numerical 

research. This includes the element choice, materials, type of analysis and the mesh. 

Furthermore the spring stiffness of the different aluminium parapet clamping profiles is 

determined. Finally a parameter study is carried out, which is used to determine the influence 

of the depth of the wedge and the effective length of the glass plate.   
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5.1 Introduction 
 

This chapter discusses the modelling approach used to calculate the continuously supported 

glass parapet which is subjected to several point load, making use of aluminium parapet 

clamping profiles at the lower glass edge. The glass parapet is subjected to a line-load, which 

causes the glass and the parapet clamping profile to displace. The glass applied within the 

glass parapet is monolithic glass. First, the overall setup of the finite-element model will be 

explained. Secondly, the input for the different models is reviewed. Next, the models results 

will be interpreted and conclusions are drawn.  

 
 

5.2 Modelling approach. 
 

A 3D parametric static load model was developed for all the profiles stated in section 2.5. 

These models are created using ABAQUS standard, version 6.14-1, in combination with 

AutoCAD, from which the aluminium parapet clamping profiles sections are exported. The 

finite-element models aim to calculate; 

1. Rotational stiffness of the aluminium parapet clamping profiles 

2. The influence of several parameters within the system 

First, an example of a specific model is explained and the assumptions that are used within 

this model are discussed. Next, the parameter study is elaborated. This is followed by the 

determination of the rotational stiffness of the aluminium parapet clamping profiles.  

 

  



Eindhoven University of Technology & Ghent University 
63 

5.3 Example of a finite element model.  
 

To concept of the finite element model is to re-create an 

aluminium parapet clamping profile with a glass plate 

modelled within the profile. The properties of the materials 

will be kept as close to reality as possible, and the boundary 

conditions applied as well. Figure 5.1 shows an example of 

one of the finite-element models used within this research.  

The finite element model depicted in Figure 5.1 is composed 

of several parts.  These parts are; 

1. Aluminium parapet clamping profile 

2. Inlay profile 

3. Wedges 

4. Rubbers 

The length of the model is 500 mm. Since the model uses a 

symmetry axis, in actuallity a 1000 mm long aluminium 

parapet is modelled. The reasoning behind this is the 

computation time. The computation time is decreased by 

50% by applying this symmetry boundary condition. 

The necessity for 3D-modelling.  

3D modelling is required, since the cross section of the glass 

parapet varies over the length of the aluminium profile. This 

discontinuity is caused by  the plastic elements located at a 

varying centre to centre distance. A 2D model assumes that 

the plastic elements are present continuously over the whole 

length of the glass parapet. 

 The length of a plastic element is approximately 70 mm – 80 

mm, with a centre to centre distance of 200 mm – 300 mm. 

This results in a gap of at least 120 mm between the plastic 

elements. An example  of the OnLevel TL-6010 inlay profile 

placement is depicted in Figure 5.2.  

The bolted connection to the floor is discontinue as well. 

Having a varying centre to centre distance for each 

manufacturer. Some manufacturers bolt centre to centre 

distance varies per profile. 

To achieve a realistic result, the exact location of the plastic elements and the bolts should be 

taken in to account. 

  

Figure 5.1: Example of a glass parapet in 
Abaqus CAE. 

Figure 5.2: Example of centre to centre 
distance of the inlay profiles. 
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 Element type  5.3.1
To obtain an accurate model, the correct element type needs to be applied to the model. The 

model consists of a 3D representation of the glass parapet.  

 

The possible element types are: 
 

1. Hex (brick) 

a. Linear: C3D8R 

b. Quadratic: C3D20R 

2. Tet 

a. Linear: C3D4 

b. Quadratic:C3D10 

3. Wedge 

a. Linear: C3D6 

b. Quadratic: C3D15 

     

 

5.3.1.1 Aluminium profile 

The aluminium profile consists of Tet-elements. Tetrahedral elements are often the default 

element type for most physics problem. The choice for tet elements is because  with 

tetrahedral elements, any shape can be meshed.  

The other type of elements, hex (bricks) and wedges should only be used when motivated to 

do so. The first issue that arises with these types of elements is that they are not able to mesh 

any geometry. This results in the aluminium parapet profile not able to be meshed.   

The main reason for using hex or wedge elements is that they can reduce the amount of 

elements in the mesh significantly. These type of elements can have a relatively high aspect 

ratio, in comparison with a Tet element that will try to keep an aspect ratio close to 

unity(one). The aspect ratio is a ratio of the longest edge of an element to the shortest edge. 

Dependent on the element type, the aspect ratio is essential for accurate calculations.   

If you know that the solution varies gradually in certain directions, it makes sense to use high 

aspect ratio hex or wedge elements.  

Another reason for using high aspect ratio hex or wedge elements is that the accuracy of that 

specific area  is not of interest. The required results are elsewhere in the model.  
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5.3.1.2 Glass 

The glass is created from Hex-elements. This choice is made since the overall shape and the 

cross-section are rectangular. The amount of elements within this part reduces significantly in 

comparison with for example Tet-elements.  

5.3.1.3 Wedges 

The wedges are also created from Hex-elements. The reasoning behind this choice is the same 

as for the glass part. 

5.3.1.4 Rubbers 

The rubbers have a more irregular cross-section than the wedges and the glass. Since the 

rubbers vary in shape depending on the manufacturer, it is difficult to mesh this part in to 

well-shaped elements. Some rubbers are not solid, which increases the difficulty to mesh, 

since the element size needs to be decreased to retain proper aspect-ratios. For this reason the 

all rubbers are made solid, even in the case when the rubbers are hollow. This is done such 

that they can be meshed with well-shaped elements. The element-type of the solid rubbers is 

hex-elements. If they are not solid Tet-elements must be used, even when these are used, the 

aspect ratio of these elements is not good.  

 

 Boundary conditions 5.3.2
The aluminium parapet clamping in practice is bolted on the floor. In 

the finite element model, boundary conditions need to be applied to 

the parapet clamping profile, such that the connection corresponds the 

best with reality. In this research, the bolt holes are fully encastre, 

preventing any displacements or rotations within the bolt holes. In 

reality it must be noted, that the bolts holding the profile in place, are 

deformable. This might result in additional rotation of the profile, due 

to the bolt deformation.  

 

The second boundary condition is required to prevent the profile from 

rotating. As has been stated, in practice the parapet clamping profile is 

mounted to the floor. This prevents the profile from rotating around 

the bolt holes. In the finite element model this needs to be prevented 

as well. This has been done by implementing a boundary condition to 

the bottom of the parapet clamping profile, preventing any vertical 

displacements. In Figure 5.3, these boundary conditions are depicted 

for load direction two. For load direction one, boundary condition that 

prevents vertical movement, needs to be mirrored to the other side of 

the profile.  

 

 

  
Figure 5.3: Boundary 

conditions U-profile load 
direction two. 
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 Materials in the FEM-models 5.3.3
Within this section, the materials used within the finite element models are given. In Table 5.1 

the different elements and their corresponding properties are depicted. 

Glass 

The glass in the finite element model is soda-lime-silica glass.  

Rubbers 

The rubbers are manufactured out of ethylene propylene diene monomer, also known as 

EPDM. This type of rubber is a very flexible rubber. There are many variations on the 

composition of this type of rubber, which influences the material properties. Since the exact 

composition of the different types of rubbers is unknown, some values are assumed. 

Wedges and inlay profiles 

The wedges and inlay profiles are manufactured out of acrylonitrile butadiene styrene, also 

known as ABS. ABS is a common thermoplastic polymer.  

 

Aluminium parapet clamping profile 

The aluminium parapet clamping profile is manufactured out of aluminium. Aluminium is 

made in many different compositions. The exact composition used within the aluminium 

parapet clamping profile is referred to as aluminium 6063-T6.  

 
Table 5.1 - Material properties in FEM 

Element Material Young’s modulus [N/mm
2
] Poisson’s ratio 

Glass Soda-lime silica glass 70000 0,23 
Rubber Ethylene propylene diene monomer 10 - 100 0,48 – 0,50 
Wedges and inlay profiles Acrylonitrile butadiene styrene  1400 – 3100 0,35 
Aluminium parapet profile Aluminium 6063-T6 68900 0,33 

 

Load direction 

Two load directions are tested within this report. For each profile 

type first load direction one will be treated, subsequently load 

direction two will be given. Load direction one is considered the 

direction where no wedges are applied. Load direction two is the 

direction where the wedge is inserted. In Figure 5.4, both load 

directions are shown.   

  

Figure 5.4: Load directions one and two 
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 Types of analyses in finite element software 5.3.4
Within the finite element method there are several types of analysis. These are depicted in 

Figure 5.5. 

Linear elastic analysis (LEA) 

Linear elasticity is the assumption that solid objects deform and become internally stressed 

due to the loading conditions. It is assumed that the deformation of the solid object reacts 

linearly to the stresses applied to it. Thus the stress and strain are linearly related. It must be 

noted that linear elastic analysis are only valid if the stress states that occur do not cause 

yielding of the material.  

Material Nonlinear Analysis (MNA) 

This takes the nonlinear behaviour of the material in to account. This is not required for the 

glass parapet analysis, since the determination of the rotational stiffness is within the linear 

elastic range of the materials. 

Geometrical Material Nonlinear Analysis (GMNA) 

Within this analysis both the material and the geometry are non-linear. Geometric nonlinearity 

involves nonlinearities in kinematic quantities such as the strain-displacement relations in 

solids. These non-linearities can occur due to large displacements, large strains, large 

rotations etc. [1] 

Geometrical Material Nonlinear Analysis with Imperfections (GMNIA)  

the same analysis as the GMNA analysis, yet an imperfection is assumed at the start of the 

computation. This is not required for the analysis of the glass parapet.   

Figure 5.5: Graphical representation of different numerical calculation methods [Material aspects of structural 
stability reader, 2015] 
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 Type of analysis for this research 5.3.5
For this research the linear elastic analysis(LEA) is applied. This choice has been made for 

several reasons; 

1. The glass and aluminium stay within the elastic range of the material; 

2. No imperfections are assumed to be present, although actually they are present yet the 

influence of these imperfections is negligible; 

3. The computation time is the shortest with the LEA; 

4. For the determination of the spring stiffness and the displacement of the glass at the 

top, no over complicating factors need to be involved; 

5. The simplest model will be applied, such that it can be expanded later on; 

 Contact modelling 5.3.6
Within the glass parapet, several components have to be connected to each other. To create 

this connection, the type of connection between the different types of elements have to be 

created. Within Abaqus this is done within the module “Interaction” and the module 

“Constraints”.  

 

Interaction module 

The interaction module is used to describe the interaction between several 

elements. The interaction property that has been chosen is Contact. 

The interaction property contact is used between the rubber and the glass in 

the opposite side to which to load is going. This enables the glass and the 

rubber to disconnect from each other during the loading of the system. This 

interaction has also been assigned to the glass and the inlay profile. In 

Figure 5.6 the interactions are shown in red, for load direction two. For load 

direction one, the interactions are mirrored. 

 

Properties given to the contact interaction 

Two types of properties have been assigned to the contact interaction 

property, namely; 

1. Tangential behaviour 

a. Friction formulation: Frictionless 

2. Normal behaviour 

a. Pressure-Overclosure: “Hard Contact” 

b. Constraint Enforcement Method: Default 

c. Allow separation after contact 

 
  

Figure 5.6: Location of the 
interaction property. 
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Constraints module 

The constraints module is used to describe boundary conditions to two 

elements which are connected. The constraint property that has been 

chosen is “Tie”. 

Tie constraints are defined as two separate surfaces tied together. This 

makes sure there is no relative motion between these two surfaces.  

This type of constraint has been to connect most of the different elements 

together; 

1. Rubbers to the glass (only in the load direction); 

2. Rubbers to the aluminium parapet clamping profile; 

3. Inlay profile to the aluminium parapet clamping profile; 

4. Wedges to the glass; 

5. Wedges to the aluminium parapet clamping profile. 

In Figure 5.7, the constraints are shown in red, for load direction two. For 

load direction one, constraint 1, rubbers to glass will be mirrored to the 

left rubber.  

At first, attempts were made to insert the wedges between the glass and 

the aluminium parapet clamping profile. This was done to recreate the 

pre-stress created by the insertion of the wedges. In Abaqus this seemed 

to be very prone to errors and increased computation time significantly. Besides that, the 

wedges did not reach the depth they were intended to reach. For this reason, the wedges are 

Tied to the glass and the aluminium parapet clamping profile. This approaches the pre-stress 

created by the insertion of the wedges, because the glass, the wedges and the aluminium 

parapet clamping profile are in contact during the loading. If the Contact interaction would 

have been applied, the wedge will separate from either the parapet clamping profile or the 

glass, which is not the case in practice.  

 

  

Figure 5.7: Location of the 
constraints property. 
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5.4 Mesh of the finite element model 
 

Meshing can be defined as the discrete representation of the geometry involved with the 

problem. This technique partitions space in to so-called elements.  

Within the finite element method, the number of elements is of great importance. The higher 

the number of elements, the more accurate the solution often is. The number of elements 

increased, the smaller each element is made.  

This would propose to create a model where the element-size is as small as possible, yet in 

practice this does not make sense. Every element has their own set of equations, thus if the 

number of elements is increased, the number of equations increases proportionally. This 

results in a very large computation time. These equations are linked to the nodes of the 

element. Between the nodes of the elements are integration points. Integration points can be 

defined as a point within an element, where the integrals are evaluated numerically.  

In practice the element-size is determined by means of a sensitivity analysis. The result of the 

sensitivity analysis is to determine which size of elements are required, to obtain an accurate 

estimation of the solution.  This analysis uses different types of mesh densities, such that the 

convergence of the system can be determined. When this is done, the element-size of the 

system can be chosen, such that there is an accurate solution, which can efficiently be 

calculated. This is especially important within this research, because there is not one model to 

be determined, but twenty-four. 

 

Sensitivity analysis 

For the determination of the mesh density a sensitivity analysis is carried out. Another reason 

to perform a sensitivity analysis is to see whether the model converges or not. For this reason, 

the mesh density of the model is increased several times. Since the main focus of the research 

is the spring stiffness of the aluminium parapet clamping profile, only this part will have the 

mesh density increased. The other parts within the model remain the same. 

Two nodes are used as reference nodes. These nodes are the outer nodes where the 

displacement of the aluminium parapet clamping profiles are measured. In Figure 5.8, these 

nodes are depicted. 

  

Figure 5.8: Indication of the locations of node 1 and node 2 in the finite element model. 
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Graph 5.1: Displacement of node 1 of the Q-railing Easy Glass Pro “U”. 

Graph 5.2: Displacement of node 2 of the Q-railing Easy Glass Pro “U”. 
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Q-railing Easy Glass Pro “U” 

For Q-railing the Easy Glass Pro “U” has been used in the sensitivity analysis.  The mesh 

densities that are applied are depicted in Annex C. In Graph 5.1 and Graph 5.2 the graphic 

representation of the sensitivity analysis is shown. It is clear that the displacement values of 

the specific nodes are converging. With the computation time taken in to account, the choice 

has been made to use an approximate element size of 5.  
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OnLevel TL 6010 

For OnLevel the TL 6010 profile has been used in the sensitivity analysis. The same analysis 

as for the Q-railing Easy Glass Pro “U” has been carried out. The mesh densities that are 

applied are depicted in Annex C and a graphic representation of the sensitivity analysis can be 

found in Graph 5.3 and Graph 5.4.  
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Graph 5.3: Displacement of node 1 of the OnLevel TL-6010 
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Graph 5.4: Displacement of node 2 of the OnLevel TL-6010 
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Graph 5.5: Displacement of node 1 of the AMG Simple Premium 
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Graph 5.6: Displacement of node 2 of the AMG Simple Premium. 

AMG Simple Premium 

For AMG the Simple Premium profile has been used in the sensitivity analysis. The same 

analysis as for the other profiles has been carried out. The mesh densities that are applied are 

shown in Annex C and a graphic representation of the sensitivity analysis can be found in 

Graph 5.5 and Graph 5.6.  
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Conclusions sensitivity analysis 

 

The graphs show that the sensitivity analysis are converging, thus the results can be obtained. 

As has been previously elaborated, a choice has to be made for the choice of the mesh density. 

In Table 5.2, the approximate element size of each part within the finite element model is 

given. The approximate element size does not have a dimension, since Abaqus CAE is a 

dimensionless programme. The approximate element size is the size of one side of the 

element. Since the quantity that has been used is in mm, the element size is also in mm.  

It must be noted that the finest mesh density applied within this research (approximate 

element size of 3) is at the maximum of the currently used computer. As soon as the mesh is 

densified even further, the computer crashes. The mesh density can be increased even further 

for more accurate results, which would require more processing power.  

  

Table 5.2 - Overview of the approximate element size 

Part Element size [mm] 

Glass 5 
Rubber 5 
Aluminium profile 5 
Inlay profile 3 
Wedge 2 

Figure 5.9: Example of a meshed glass parapet in Abaqus CAE 
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5.5 Determination of the spring stiffness 
 

From the finite element models, the rotational and translational stiffness of the profile can be 

determined as well. Within this section, both the spring stiffnesses calculation methods are 

elaborated. 

 Rotational stiffness 5.5.1
The rotational stiffness obtained out of Abaqus CAE will be further 

referred to as 𝐾𝑟_𝐹𝐸𝑀. The approach is elaborated below:  

 

1. The displacement is measured at six locations by the finite 

element software on top of the aluminium parapet clamping 

profile. `The deformation of the parapet clamping profile is 

depicted in Figure 5.10. In Figure 5.11, the locations where the 

displacement is measured are shown; 

 

2. The average displacement of these six nodes is determined; 

 

3. This displacement can be converted to an angle 𝜙 by means of 

the Sinus function 

𝜙 = 𝑆𝐼𝑁−1 (
𝛿𝑃𝑟𝑜𝑓𝑖𝑙𝑒

𝐻𝑝𝑟𝑜𝑓𝑖𝑙𝑒
)        ( 5.1 ) 

 

4. The total moment 𝑀 can be calculated using the occurring load 𝐹 and the length of the 

system 𝐿 

𝑀𝑚𝑎𝑥 = 𝐹 ∗ 𝐿        ( 5.2 ) 

 

5. The rotational stiffness 𝐾𝑟_𝐹𝐸𝑀 can be calculated by dividing the maximum moment 

by the maximum angle 

𝑀𝑚𝑎𝑥

𝜙
= 𝐾𝑟_𝐹𝐸𝑀       ( 5.3 ) 

  

Figure 5.10: Deformed parapet profile 

Figure 5.11: Indication of the locations where the displacement is measured. 
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 Translational stiffness 5.5.2
 

The translational stiffness obtained out of Abaqus CAE will be further referred to as 𝐾𝑡_𝐹𝐸𝑀. 

The approach is elaborated;  
 

1. The displacement is measured at six locations by the finite element software on top of 

the aluminium parapet clamping profile. In Figure 5.8 the locations where the 

displacement is measured are shown; 

 

2. The average displacement 𝛿𝑝𝑟𝑜𝑓𝑖𝑙𝑒 of these six nodes is determined; 

 

3. The reaction force at the location of the translational spring is determined;  

 

𝑅𝐵𝐻 = 11 ∗ 𝐹𝑡𝑜𝑡𝑎𝑙        ( 5.5 ) 

 

4. The average displacement 𝛿𝑝𝑟𝑜𝑓𝑖𝑙𝑒 and the reaction force 𝑅𝐵𝐻 can be converted to the 

translational spring stiffness 𝐾𝑡_𝐹𝐸𝑀 

𝐾𝑡_𝐹𝐸𝑀 =
𝑅𝐵𝐻

𝛿𝑝𝑟𝑜𝑓𝑖𝑙𝑒
         ( 5.6 ) 
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 Determination of spring stiffness from Abaqus CAE 5.5.3
Within this section the results from the spring stiffnesses determined from the finite element 

models are given. 

Table 5.3 - Overview spring stiffnesses determined in Abaqus CAE 

Manufacturer: 
AMG 

Rotational stiffness [10
7
 Nmm/rad] Translational stiffness [10

3
 N/mm] 

Profile Load direction 1 Load direction 2 Load direction 1 Load direction 2 

UP-TM 93.87 62.11 86.05 56.93 
UP-SM 35.62 * 32.65 * 
YP 44.07 * 40.39 * 
FP 15.81 14.52 14.49 13.31 
* = The boundary conditions apply directly to the point where the displacement is measured.   

  
 
Table 5.4 - Overview spring stiffnesses determined in Abaqus CAE 

Manufacturer: 
Q-railing 

Rotational stiffness [10
7
 Nmm/rad] Translational stiffness [10

3
 N/mm] 

Profile Load direction 1 Load direction 2 Load direction 1 Load direction 2 

UP-TM 72.81 36.50 66.74 33.46 
UP-SM 113.2 * 103.7 * 
YP 53.50 * 49.04 * 
FP 195.5 14.80 179.2 13.57 
* = The boundary conditions apply directly to the point where the displacement is measured.   

 
 
Table 5.5 -  Overview spring stiffnesses determined in Abaqus CAE 

Manufacturer: 
OnLevel 

Rotational stiffness [10
7
 Nmm/rad] Translational stiffness [10

3
 N/mm] 

Profile Load direction 1 Load direction 2 Load direction 1 Load direction 2 

UP-TM 136.8 18.80 12.54 17.24 
UP-SM  *  * 
YP 14.56 * 13.34 * 
FP 91.38 13.13 83.77 12.04 
* = The boundary conditions apply directly to the point where the displacement is measured.   
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Conclusions 

The spring stiffness values obtained through the finite element modelling are relatively high. 

This can be explained by the boundary conditions that are applied to the connection between 

the wedge, the glass and the aluminium parapet clamping profile.  

In load direction one, the connection between the glass, wedges and aluminium profile ensure 

that both the flanges of the aluminium profile partially absorb the force. In load direction two 

only one flange absorbs the force, since the inlay profile is not directly connected to the glass. 

In practice the wedges are inserted, which creates pre-stress within the profile. For this reason 

the wedges are connected to both the glass and the aluminium profile.  

In practice these should be able to loosen and tighten depending on the load direction. This is 

not possible within the current model.  

For further research the wedge should be inserted properly, creating a pre-stressed system, 

which should offer more accurate results.  

A second deviation from practice is the way the boundary conditions are connected to the 

profile. Currently it is assumed that the bolt connection is fully clamped. In actuality these are 

connected with bolts, which can deform thus decreasing the overall stiffness of the spring 

stiffness.  

 

Possible solution 

One of the possible solutions to solve the boundary condition problem of the wedges would 

be to work with surfaces that are connected through friction boundary conditions. This would 

allow the wedges to still separate from the glass and the aluminium parapet clamping profile 

in horizontal direction yet would prevent vertical movement.  
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5.6 Parameter study 
When the glass parapet is applied within the built environment, several parameters influence 

the force distribution. To analyse the influence of such parameters, different types of finite 

element models can be created.  

Within these different models, the influencing parameter can be changed. The results can be 

extracted from the models, to check whether the influence is negligible.  

Within this section, the parameter study as performed in ABAQUS CAE is elaborated.  

 Influence of the depth of the wedge. 5.6.1
For the determination of the spring stiffness of the aluminium parapet clamping profiles, all 

parameters need to be taken into account. One of these parameters is the depth of the wedge. 

The wedge depth can vary for each wedge that is placed. This is due to the human process 

involved during of the wedge insertion.  For this reason it is required to perform a study too 

check whether the depth of the wedge influences the spring stiffness and if so, to what degree. 

 

Approach 

The influence of the depth of the wedge on the spring stiffness will be calculated using finite 

element models. Within these models all variables are kept the same, only the depth of the 

wedge is varied. Three different models will be created, each with three different wedge 

depths. The finite element models will consist of the U-profile of each manufacturer. 

The profiles which are used are: 

1. U profile, Q-railing 

2. U profile, AMG 

3. U profile, OnLevel 

 
  

Figure 5.12: Parapat cross-section with wedges 
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Depth of the wedge 

As previously mentioned, three different depths will be 

applied to the wedges; 

1. At the top location in the profile 

2. At the middle location in the profile 

3. At the bottom location in the profile 

Since each of the profiles has small variations within the 

cross-section, the actual depth of the wedge varies 

between the profiles. 

The depth of the wedge is measured, by the exact 

distance between the top edge/surface of the profile and 

the top edge/surface of the wedge. An example of 

different wedge depths is depicted in Figure 5.13.  

 

 

 

Load direction 

However, since the cross section of the profile may be symmetric, the inlay profiles and 

wedges are not. For this reason the load direction may be of importance on the spring 

stiffness. Thus it has been chosen to take the load direction in to account as well.  

For each profile that is analysed within this parameter study, six different finite element 

models are made, namely; 

1. Top wedge,   load direction one 

2. Top wedge,   load direction two 

3. Middle wedge,  load direction one 

4. Middle wedge,  load direction two 

5. Bottom wedge,  load direction one 

6. Bottom wedge,  load direction two 

  

Figure 5.13: Parapet cross section with different 
wedge depths. 
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5.6.1.1 Results 

The obtained results are shown in Table 5.6, Graph 5.7 and Graph 5.8. In the Table, the exact 

rotational stiffness values are visible with the attached wedge depth. In the graphs, the spring 

stiffness of the profile with respect to the wedge depth is shown. The obtained values are 

connected, thus a bilinear relation is shown.  

Load direction one 

The results of the wedge depth analysis in load direction one are given.  

 
Table 5.6 - Influence of the depth of the wedge  

Load direction one Rotational stiffness [10
8
 Nmm/rad] 

Profile: 
U-profile 

Wedge Location 

Manufacturer Bottom Middle Top 
AMG 1.32  1.32  1.32  
Onlevel 2.44  2.49 2.58 

Q-railing 3.12  3.12 3.12 

 Translational stiffness  [10
3 

N/mm] 

Manufacturer Bottom Middle Top 
AMG 12.2 12.2 12.2 
OnLevel 22.3 22.8 23.7 
Q-railing 26.9 26.9 26.9 
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Graph 5.7: Influence of the depth of the wedge – translational stiffness – load direction one 
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Graph 5.8: Influence of the depth of the wedge – rotational stiffness – load direction one 
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Load direction two 

The results of the wedge depth analysis in load direction two are depicted in Table 5.7 and 

Graph 5.9 and Graph 5.10.  

Table 5.7 - Influence of the depth of the wedge  

Load direction two Rotational stiffness [10
8
 Nmm/rad] 

Profile: 
U-profile 

Wedge Location 

Manufacturer Bottom Middle Top 
AMG 1.94 2.04  2.08 
Onlevel 2.94 3.09  3.25 

Q-railing 2.57  2.59 2.44  

 Translational stiffness  [10
3 

N/mm] 

Manufacturer Bottom Middle Top 
AMG 19.1 18.7 17.8 
OnLevel 29.8 28.3 26.9 
Q-railing 22.4 23.7 23.6 
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Graph 5.9: Influence of the depth of the wedge – translational stiffness – load direction two 
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Graph 5.10: Influence of the depth of the wedge – rotational stiffness – load direction two. 



Eindhoven University of Technology & Ghent University 
83 

Conclusions 

The influence of the depth of the wedge within this parameter analysis is small. In load 

direction one, where the wedge is not being pushed against, two out of the three profiles show 

no deviation depending on the wedge depth. It must be stated that in this model no pre-stress 

is present, this results in the model effortlessly detaching the glass and the wedge.  

 

In load direction two, which is the direction where the wedge is located, there is an influence 

of the depth of the wedge. In the OnLevel and AMG profile both increase in spring stiffness 

as the wedge is pushed deeper in the profile. The Q-railing profile also increases in spring 

stiffness, yet it shows a decrease when placed as deep as possible within the profile. Yet, the 

range over which the Q-railing wedge was being inserted is substantially larger.  

 

Concluding it can be stated that the influence of the depth of the wedge cannot be disregarded 

in load direction two. The deeper the wedge is placed within the profile, the higher the 

rotational stiffness becomes. There seems to be a tipping point after which the value of the 

spring stiffness decreases.  For load direction one it currently seems the influence in 

negligible, but since no pre-stress is present, this needs to be analysed with pre-stress.  

 

The practical value is rather limited, because in practice the wedges are often inserted with a 

high amount of force. This results in the wedge being placed as deep as the construction 

worker possibly can, thus always being at the lowest position, resulting in the highest possible 

stiffness.  
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 Determination of the effective length of the glass plate. 5.6.2
 

Currently in practice the length of the system is often taken as the length that rises above the 

aluminium parapet clamping profile. In actuality the length of the system may vary depending 

on several factors; 

1. Depth of the wedge; 

2. Rotation of the glass within the profile; 

3. Load direction; 

4. Shape of the profile. 

 

An indication of the exact rotation point within the system can be computed making use of a 

numerical analysis.  

The numerical analysis will consist of two models in which the length of the glass plate will 

be varied. In each of these models the displacement of the aluminium parapet clamping 

profile will be determined and set to approximately the same value.  

The displacement of the aluminium parapet clamping profile at the top of the flange as 

depicted in Figure 5.11 are approximately equal in both models. It is assumed that therefore 

the moment in both systems are equal. It is assumed that only the moment significantly 

influences the displacement at this location.  

The general equation for the determination of the effective length can be written as; 

𝑀𝑚𝑜𝑑𝑒𝑙1 = 𝑀𝑚𝑜𝑑𝑒𝑙2        ( 5.7 ) 

 

The following constitutive relations are used 

 
𝑀𝑚𝑜𝑑𝑒𝑙,𝑖 = 𝐹𝑖 ∗ 𝐿𝑖       ( 5.8 ) 

 

Where: 

𝐹𝑖 = 𝐹𝐹𝐸𝑀 ∗ 𝑡 [𝑚𝑚] 

𝐿𝑖 = 𝐿𝑔𝑙𝑎𝑠𝑠 − 𝑥 [𝑚𝑚] 

𝑥 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑎𝑛𝑑 𝑠𝑦𝑠𝑡𝑒𝑚 𝑙𝑒𝑛𝑔𝑡ℎ [𝑚𝑚] 

𝑡 = 𝑡𝑖𝑚𝑒 [𝑠] 

𝑖 = 1 𝑜𝑟 2 
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Example case – OnLevel – U-profile – Top mounted 

An example of how the effective length of the system can be determined making use of 

Abaqus CAE is treated within this section. To determine the effective length of the system, 

the rotation point of the system needs to be calculated. For this reason, two different Abaqus 

models are created, in which the length of the glass plate and the force applied to the glass are 

varied. In both models the displacement of the flange of the parapet profile in the load 

direction is measured. The force increases linearly, thus when the displacements between the 

two models are approximately equal, it is assumed that the moment is approximately equal as 

well. It must be noted that the influence of the shear force is assumed neglect able. To 

determine the exact rotation point, model 1 is used as a reference.  

The example case will consist of a U-profile top mounted. The specific profile that has been 

used is the TL-6010 from OnLevel. needs to be determined.  

 

Plan of action. 

1. Determine the displacement of the parapet clamping profile in model one with glass 

plate length 1100mm with a force of 1000N. The system is loaded in 1 second, 

linearly increasing the force. 

2. Create model 2 and determine which frame has the closest corresponding 

displacement at the same location in model 1. The system is loaded in 1 second, 

linearly increasing the force applied to the glass. This model consists of 100 frames, 

thus each 0.01 second can be compared to the maximum displacement in model 1. 

 

 

 

 

 

 

 

 

  

Table 5.8 - Variables for the determination of the effective length 

Parameters Model 1 Model 2 

Length of the glass plate [mm] 1100 600 
Force [N] 1000 2500 
Frames 6 100 
Total time of the simulation [s] 1 1 
Time per frame [s] 0,17 0,01 
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Example calculation 

Due to the displacement being approximately equal in both models(deviation %), and the 

shear force influence is neglected. It is assumed that the moment in each system is the same. 

Resulting in the following equation; 

 

𝑀𝑚𝑜𝑑𝑒𝑙1 = 𝑀𝑚𝑜𝑑𝑒𝑙2       ( 5.7 ) 

 

With; 

𝑀𝑚𝑜𝑑𝑒𝑙1 = (1100 − 𝑥) ∗ 𝐹     ( 5.9 ) 

 

𝑀𝑚𝑜𝑑𝑒𝑙2 = (600 − 𝑥) ∗ 𝐹     ( 5.10 ) 

 

Filling in the Equation 5.9 of model 1 gives; 

𝑀𝑚𝑜𝑑𝑒𝑙1 = (1100 − 𝑥) ∗ 1000    ( 5.9 ) 

 

 

Running the numerical model 2, the displacement in model 2 closest to the displacement of 

model 1 occurs in frame 74, this means that the force within this model at that point is 0.74 * 

2500N. this gives; 

  

𝑀𝑚𝑜𝑑𝑒𝑙2 = (600 − 𝑥) ∗ (2500 ∗ 0.74)         ( 5.10 ) 

 

Since it is assumed that the displacement of the aluminium parapet clamping profile is the 

same with the same occurring moment, both the moments can be equalized. Resulting in the 

following Equation 5.7. 

 

(1100 − 𝑥) ∗ 1000 = (600 − 𝑥) ∗ (2500 ∗ 0.74)                  ( 5.7) 

 

Solving this equation for 𝑥 gives; 

𝑥 = 11.77 
 

Now the effective length of the system is determined, namely 

 

𝐿𝑒𝑓𝑓 = 1100 − 𝑥 = 1088.2 
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Experimental research  
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6 
Quasi - static load test 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter elaborates on the static load tests which have been performed at Ghent 

University. This includes the test-setup, preparation of the experiment, determination of the 

spring stiffnesses and the results of the static load tests performed.  
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6 Experiment – Quasi-static load test introduction. 
 

For the determination of the rotational stiffness of the aluminium parapet clamping profiles a 

quasi-static load test is performed. The goal of this experiment was to; 

1. Determine the displacement of the glass when loaded for validation of the analytical 

models; 

2. Determine the rotational stiffness of the aluminium parapet clamping profiles; 

3. Check the influence of several parameters, treated in Chapter 9. 

The results of the experiment will be compared, with the results of the analytical models and 

the numerical models.  

The results of the experiment are essential for the evaluation of the feasibility of the different 

analytical models used in practice with the addition of the proposed new mechanical 

schematization.  

During the experiment the length of the aluminium parapet test samples will be 1000mm. In 

practice the length of glass parapets is longer, yet the mechanical schematization does not 

change. 

The experiment is a displacement-controlled setup. This has been done, considering that we 

wanted each glass parapet to reach approximately the same displacement, independent of the 

amount of force applied to the glass parapet. The ultimate displacement values measured at 

the top of the glass plate during the experiment varied from 45mm to 50mm.  
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6.1 General Test setup 
The test setup is shown in Figure 6.1.  

The test setup consists of; 

1. 2 HEA 240 columns 

2. 2 UPN 100 beams 

3. 1 SHS composite beam 

 

 

 

 SHS-composite beam 6.1.1
The SHS-composite beam consists of two L-section 

profiles. The dimensions of the L-profiles are 

160x160x15mm. These L-profiles are welded together 

on the corners as shown in Figure 6.2.  In the beam 

multiple holes are drilled. The distribution of these holes 

is shown in Figure 6.3. The reason for these holes is the 

connection of the parapet clamping profiles to the SHS-

beam, such that they have a solid foundation. The holes 

in the SHS-beam have been oriented in such a way, that 

all the profiles which have been provided can be directly 

mounted.  

Points of attention; 

1. The full surface of the profile is in contact with the beam, as intended by the 

manufacturer. 

 

 

  

Figure 6.2: Cross section of the SHS-composite beam 

Figure 6.3: Front- and top view of the SHS-composite beam with indications of the holes. 

Figure 6.1: General test setup of the quasi-static load test. 
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 The load system 6.1.2
The two HEA240 columns support the two UPN100 beams. On the 

UPN100 beams the load system is connected.  

The load system consists of; 

1. SHS beam; 

a. Rubber strip 

2. Load cell; 

3. Hydraulic jack; 

4. Hydraulic pump. 

The load is introduced by means of an hydraulic pump. The hydraulic pump 

is manually operated to increase the applied load by the hydraulic piston. 

The hydraulic jack is connected to the load cell. The load cell measures the 

difference in resistance within the load cell, which can be converted to the 

actual load. The load cell is connected to the SHS-beam, which converts the 

hydraulic load to a line load on the glass. A rubber strip is placed on the 

SHS-beam, to prevent any metal-glass contact. 

In Figure 6.5 a simplified drawing is shown of the system.   

Figure 6.4: Location of the 
load system 

Figure 6.5: Load system setup 



Eindhoven University of Technology & Ghent University 
93 

6.2 Different types of test setups 
During the experiment two types of test setups have been used. The test setup changed after 

several results obtained in the first test setup had been processed. After the processing of these 

results, several measurements seemed redundant. For this reason several linear variable 

differential transducers (LVDT) were relocated and/or removed in the system.  The removal 

of several LVDT’s opened up slots for strain gauges.  

In experimental test setup 2 strain gauges have been placed on the glass. These strain gauges 

were placed to measure the occurring strains at several locations on the glass plate. 

 Experimental test setup 1. 6.2.1
 

Experimental test setup 1 is shown in Figure 6.6. The LVDT’s are shown in red. Experimental 

test setup 1 consists of; 

1. 15 LVDTs 

o 3 on the top of the glass plate; 

o 3 on the middle of the glass plate; 

o 3 on top of aluminium profile; 

o 3 on middle of aluminium profile; 

o 3 on the top of the aluminium profile (backside). 

2. 0 strain gauges 

 

Profiles tested within this test setup 

1. F-profile 

a. Easy Glass Pro “F”  (Q-railing) 

b. Quick Premium  (AMG) 

c. TL-3010   (OnLevel) 

2. U-profile, top mount 

a. Easy Glass Pro “U”  (Q-railing) 

b. Simple Premium  (AMG) 

c. TL-6010   (OnLevel) 

In this test setup the LVDT’s are used to measure the displacement on several locations. The 

reasoning behind each location will be elaborated below 
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LVDT on the top of the glass 

Measures the total displacement at the top of the glass. Is used for the determination of the 

total displacement of the glass. Validation of the numerical and the analytical models. 

LVDT on the middle the glass 

For the validation of the linear displacement behaviour of the glass plate.  

LVDT on the top of the aluminium profile 

The LVDT’s placed on top of the aluminium profile are to measure the displacement which 

occurs at this location. The displacement measured at this location can be converted in to the 

rotational/translational stiffness of the profile. 

LVDT on the middle of the aluminium profile 

For the validation of the linear displacement behaviour of the aluminium profile. 

LVDT on the top of the aluminium profile (backside) 

Validation of the displacement caused by the LVDT’s at the exact opposite side. This can be 

of influence when the aluminium profile is tilted.  

  

Figure 6.6: Experimental test setup 1: (a) side view; (b) front view. 

 (a)   (b)  
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 Experimental test setup 2. 6.2.2
 

Experimental test setup 2 is shown in Figure 6.7. The LVDT’s are shown in red and the strain 

gauges are shown in green. Experimental test setup21 consists of; 

1. 11 LVDT 

a. 3 on the top of the glass plate; 

b. 3 on the middle of the glass plate 

c. 1 on the bottom of the glass plate above the aluminium profile 

d. 3 on the top of the aluminium profile (front side) 

e. 1 on the middle of the aluminium profile (front side) 

2. 4 strain gauges 

a. 1 in the centre of the glass plate 

b. 3 on the bottom of the glass plate above the aluminium profile 

 

 

  

 (a)   (b)  

Figure 6.7: Experimental test setup 2: (a) side view; (b) front view. 
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Profiles tested within this test setup 

1. Y-profile 

a. Easy Glass Pro “Y” (Q-railing) 

b. Standard Advanced (AMG) 

c. TL-3011  (OnLevel) 

2. U-profile, side mount  

a. Easy Glass Pro “U” (Q-railing) 

b. Simple Premium (AMG) 

c. TL-6011  (OnLevel) 

 

In this test setup the LVDT’s and strain gauges are used to measure the displacement and 

strain on several locations. For the explanation of the LVDT’s, is referred to experimental test 

setup 1, section 6.2.1.  The reasoning for the strain gauges is elaborated below. 

Strain gauge on the bottom of the glass plate above the aluminium profile 

The strain within the glass plate is presumably the highest at the interface between the profile 

and protruding glass. For this reason the strain gauges are located at this location. Three strain 

gauges are placed to measure the difference over the depth of the glass plate in strain.  

Strain gauge in the centre of the glass plate 

In the centre of the glass plate the strain should be approximately 50% of the of the strain that 

is measured at the bottom of the glass plate. The reasoning for this strain gauge is for 

verification of the linear behaviour of the stresses within the glass plate.   
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6.3 Preparation of the glass parapet.  
 

The process of preparing the glass parapet will now be treated. The order in which the actions 

took place remained the same during all the test-samples. Here the action-order (step-by-step 

plan) is shown for the normal situations. Additionally Figures are shown to elaborate the 

noted actions. The step-by-step plan is as follows; 

1. The first rubber is placed within the aluminium parapet profile, as depicted in Figure 

6.8. 

 

2. The aluminium parapet profile is mounted on the steel SHS-beam at the bottom of the 

test setup making use of M12 bolts. The amount of bolts is dependent on the profile. 

The process is depicted in Figure 6.9. 

 

3. With the provided information from the manufacturer, plastic inlay profile is shoved at 

the right location, as depicted in Figure 6.10. 

 

4. Subsequently, by means of suction cups the glass plate is lifted and placed within the 

aluminium parapet profile. This should be done accurately and carefully, to prevent 

the glass plate from receiving an impact, which could result in breakage. Placement of 

the glass is depicted in Figure 6.11. 

 

5. To clamp the glass plate firmly within the profile, wedges are inserted on the other 

side of the glass plate then the rubber in step 1. These wedges are inserted at the centre 

of the inlay profiles, as depicted in Figure 6.12. Consequently the depth of each wedge 

is measured with a Vernier depth gauge. 

 

6. Above the wedges there remains an opening. This opening is filled with a specially 

designed rubber to fill this opening, as depicted in Figure 6.13 

 

7. Three dial gauges are used to measure three different displacements. The first dial 

gauge is placed at the end of the loading system, to measure the displacement of the 

loading system. The remaining two dial gauges are placed on the SHS-composite 

beam, as depicted in Figure 6.14. One is placed horizontally and one is placed 

vertically. Thus giving the displacements of this beam in both directions, which can be 

converted in to the rotation of the beam.  

 

8. Hereafter, the LVDT’s are placed on the glass plate, as depicted in Figure 6.15. For 

the location of the different LVDT’s is referred to section 6.2.1. The starting position 

of the dial gauges value is noted. 
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9. The glass plate is horizontally loaded. The LVDT’s register the displacements at the 

different locations. The load introduced in to the glass plate is registered as well. The 

load is gradually increased until the glass plate has reached a displacement of 

approximately 45 mm, depending on the amount of range left on the LVDT’s. The 

final position of the dial gauges value is noted. 

 

10. The load is gradually decreased until the glass plate is fully relieved. The position of 

the dial gauges value is noted. 

 

11. Followed by the removal of the LVDT’s and dial gauges. 

 

12. The filling rubber above the wedges are removed and subsequently the wedges are 

removed.  

 

13. Making use of the suction cups, the glass plate is carefully removed out of the 

aluminium parapet profile. 

 

14. The aluminium parapet profile is detached from the SHS-beam and the thickness of 

the aluminium parapet profile is measured making use of a micrometer, as depicted in 

Figure 6.18. If excessive distortion of the profile is measured, this would suggest the 

profile is plastically deformed. 

 

15. A new profile is taken and the process is repeated from step 1. 

 

 

The preparation of the test takes more time than the actual test. In case that the preparation of 

the test setup is done with two or more individuals, this would take approximately 20 minutes. 

The static load test on the aluminium parapet clamping profile would take approximately 10 

minutes. In some cases the SHS-beam requires repositioning. This is the case when the 

aluminium parapet profile has to be mounted on different holes or when the parapet profile is 

no longer centrally aligned with the load system. 
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Figure 6.8: Placing rubber strip. 

 

Figure 6.9: Mounting profile to SHS-beam. 

 

Figure 6.10: Place inlay profiles. 

 

Figure 6.11: Insert glass within parapet 
profile. 
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Figure 6.12: Tightening of the wedges. Figure 6.13: Placement final rubber. 

 

Figure 6.14: Placement dial gauges. 

 

Figure 6.15: Placement of the LVDT’s. 
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Figure 6.16: Results force-displacement. 

Figure 6.17: Displacement top of the 
parapet. 

Figure 6.18: Measure width of the profile. 
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6.4 Determination of the rotational stiffness. 
 

During the experimental research the rotational stiffness needs to be 

determined. In this section, it will be elaborated how the rotational 

stiffness of a specific profile has been determined according to the 

values obtained during the experiment. 

The rotational stiffness can be calculated in various ways. To obtain a 

good indication of the rotational stiffness, three methods on how to 

determine the rotational stiffness with this specific test setup have 

been used. 

 

 Rotational stiffness Kr1. 6.4.1
 

The first rotational stiffness will be further referred to as 𝐾𝑟1. This is the simplest approach of 

the three options.  

 

1. The displacement is measured by the LVDT’s on top of the aluminium parapet 

clamping profile. In Figure 6.18 this represents LVDT1. 

 

2. This displacement can be converted to an angle 𝜙 by means of the sinus function, as is 

depicted in Figure 6.19. 

𝜙 = 𝑆𝐼𝑁−1 (
𝛿𝑃𝑟𝑜𝑓𝑖𝑙𝑒

𝐻𝑝𝑟𝑜𝑓𝑖𝑙𝑒
)      ( 6.1 ) 

 

3. The total moment 𝑀 can be calculated using the occurring load 𝐹 and the length of the 

system 𝐿 

𝑀𝑚𝑎𝑥 = 𝐹 ∗ 𝐿      ( 6.2 ) 

 

4. The rotational stiffness 𝐾𝑟1 can be calculated by dividing the maximum moment by 

the maximum angle   

𝑀𝑚𝑎𝑥

𝜙𝑡𝑜𝑡𝑎𝑙
= 𝐾𝑟1      ( 6.3 ) 

 

It must be noted that this method does not take the rotation of the SHS-beam in to account, 

thus offering a relative low value for the rotational stiffness of the profile. 

 

  

Figure 6.19: Locations of the LVDT’s 
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 Rotational stiffness Kr2. 6.4.2
 

The second rotational stiffness will be further referred 

to as 𝐾𝑟2. This method is based upon the reduction of 

the measured displacements. The method will be 

referred to as the displacement reduction method.  

 

1. The displacement is measured by the LVDT’s 

on top of the aluminium parapet clamping 

profile. 

 

2. The displacement measured by (LVDT2/3 or 

dial gauges 2/3) can be converted towards the 

angle 𝜙𝑏𝑒𝑎𝑚.  

𝜙𝑏𝑒𝑎𝑚 = 𝑇𝐴𝑁−1 (
∆𝐿𝑉𝐷𝑇

𝐵𝑏𝑒𝑎𝑚
)     ( 6.4 ) 

 

3. Calculate the displacement at LVDT1 caused by 𝜙𝑏𝑒𝑎𝑚 

𝛿𝑏𝑒𝑎𝑚 = 𝜙𝑏𝑒𝑎𝑚 ∗ (𝐻𝑝𝑟𝑜𝑓𝑖𝑙𝑒 + 𝐻𝑏𝑒𝑎𝑚)   ( 6.5 ) 

 

4. Reduce the displacement measured by LVDT1 

𝛿𝑅𝑒𝑑,𝐿𝑉𝐷𝑇1 = 𝛿𝐿𝑉𝐷𝑇1 − 𝛿𝑏𝑒𝑎𝑚    ( 6.6 ) 

 

5. Determine the angle created by the profile 𝜙𝑝𝑟𝑜𝑓𝑖𝑙𝑒 

𝜙𝑝𝑟𝑜𝑓𝑖𝑙𝑒 = 𝑆𝐼𝑁−1 (
𝛿𝑅𝑒𝑑,𝐿𝑉𝐷𝑇1

𝐻𝑝𝑟𝑜𝑓𝑖𝑙𝑒
)    ( 6.7 ) 

 

6. The total moment 𝑀 can be calculated using the occurring load 𝐹 and the length of the 

system 𝐿 

𝑀𝑚𝑎𝑥 = 𝐹 ∗ 𝐿       ( 6.8 ) 

 

7. The rotational stiffness 𝐾𝑟2can be calculated by dividing the maximum moment by the 

angle 

𝐾𝑟2 =
𝑀𝑚𝑎𝑥

𝜙𝑝𝑟𝑜𝑓𝑖𝑙𝑒
       ( 6.9 ) 

 

 

Figure 6.20: Rotation of the test setup 
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 Rotational stiffness Kr3. 6.4.3
 

 

The third rotational stiffness will be further referred 

to as 𝐾𝑟3. This method is based upon the reduction of 

the angles which can be calculated from the 

displacements measured. The method will be referred 

to as the angle reduction method.  

 

 

 

 

 

1. The displacement measured by the LVDT1 as depicted in Figure 6.20 on top of the 

aluminium parapet clamping profile are converted to 𝜙𝑡𝑜𝑡𝑎𝑙 

 

2. The displacements measured by LVDT2 and LVDT3 in Figure 6.20 on the SHS-beam 

are converted to 𝜙𝐵𝑒𝑎𝑚 

𝜙𝑏𝑒𝑎𝑚 = 𝑇𝐴𝑁−1 (
∆𝐿𝑉𝐷𝑇

𝐵𝑏𝑒𝑎𝑚
)    ( 6.10 ) 

 

3. Calculate the angle created by the deformation and relative rotation of the aluminium 

parapet clamping profile; 

𝜙𝑝𝑟𝑜𝑓𝑖𝑙𝑒 = 𝜙𝑡𝑜𝑡𝑎𝑙 − 𝜙𝑏𝑒𝑎𝑚    ( 6.11 ) 

 

4. The total moment 𝑀 can be calculated using the occurring load 𝐹 and the length of the 

system 𝐿 

𝑀𝑚𝑎𝑥 = 𝐹 ∗ 𝐿      ( 6.12 ) 

 

5. The rotational stiffness 𝐾𝑟3 can be calculated by dividing the maximum moment by 

the angle 

𝐾𝑟2 =
𝑀𝑚𝑎𝑥

𝜙𝑝𝑟𝑜𝑓𝑖𝑙𝑒
      ( 6.13 ) 

 

 

 
  

Figure 6.20: Rotation of the test setup 
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6.5 Determination of the translational stiffness 
 

The translational stiffness can be determined making use of the experimental data. In this 

section, the determination of the translational stiffness will be elaborated.  

The translational stiffness can be calculated multiple ways. To obtain the translational 

stiffness, two methods on how to determine the translational stiffness with this specific static 

load test setup used, are elaborated.   

 

 Translational stiffness Kt1 6.5.1
 

The translational stiffness obtained from the experimental data 

will be further referred to as 𝐾𝑡1. The approach is the same as for 

the translational stiffness determined from Abaqus CAE in 

section 5.5.2.  

 
 

1. The displacement is measured at three locations by the 

LVDT’s which are located on the top of the aluminium 

parapet clamping profile.  

 

2. The average displacement 𝛿𝑝𝑟𝑜𝑓𝑖𝑙𝑒 of these three locations 

is determined; 

 

3. The horizontal reaction force RBH at the location of the translational spring is 

determined, as depicted in Figure 6.21;  

 

𝑅𝐵𝐻 = 11 ∗ 𝐹𝑡𝑜𝑡𝑎𝑙     ( 6.14 ) 

 

4. The average displacement 𝛿𝑝𝑟𝑜𝑓𝑖𝑙𝑒 and the reaction force 𝑅𝐵𝐻 can be converted to the 

translational spring stiffness 𝐾1 

𝐾𝑡1 =
𝑅𝐵𝐻

𝛿𝑝𝑟𝑜𝑓𝑖𝑙𝑒
       ( 6.15 ) 

 
  

Figure 6.21: Reaction force in the 
spring 
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 Translational stiffness Kt2 6.5.2
 

The translational stiffness obtained from the experimental data will be further referred to as 

𝐾𝑡2. This approach takes the rotation of the SHS-beam in to account. Thus offering a higher 

translational stiffness than 𝐾𝑡1.  

 

1. The displacement is measured at three locations by the LVDT’s which are located on 

the top of the aluminium parapet clamping profile.  

 

2. The average displacement 𝛿𝑝𝑟𝑜𝑓𝑖𝑙𝑒 of these three locations is determined; 

 

3. The displacement measured by dial gauges on the SHS-beam can be converted towards 

the angle 𝜙𝑏𝑒𝑎𝑚.  
 

𝜙𝑏𝑒𝑎𝑚 = 𝑇𝐴𝑁−1 (
∆𝐿𝑉𝐷𝑇

𝐵𝑏𝑒𝑎𝑚
)    ( 6.16 ) 

4. Calculate the displacement at the top of the aluminium parapet clamping profile caused 

by 𝜙𝑏𝑒𝑎𝑚 

 

𝛿𝑏𝑒𝑎𝑚 = 𝜙𝑏𝑒𝑎𝑚 ∗ (𝐻𝑝𝑟𝑜𝑓𝑖𝑙𝑒 + 𝐻𝑏𝑒𝑎𝑚)   ( 6.17 ) 

5. Reduce the displacement 𝛿𝑝𝑟𝑜𝑓𝑖𝑙𝑒 

 

𝛿𝑅𝑒𝑑,𝑝𝑟𝑜𝑓𝑖𝑙𝑒 = 𝛿𝑝𝑟𝑜𝑓𝑖𝑙𝑒 − 𝛿𝑏𝑒𝑎𝑚    ( 6.18 ) 

6. The reaction force at the location of the translational spring is determined, as depicted 

in Figure 6.21;  

 

𝑅𝐵𝐻 = 11 ∗ 𝐹𝑡𝑜𝑡𝑎𝑙      ( 6.19 ) 

7. The average displacement 𝛿𝑅𝑒𝑑,𝑝𝑟𝑜𝑓𝑖𝑙𝑒 and the reaction force 𝑅𝐵𝐻 can be converted to 

the translational spring stiffness 𝐾𝑡2 

 

𝐾𝑡_𝐹𝐸𝑀 =
𝑅𝐵𝐻

𝛿𝑅𝑒𝑑,𝑝𝑟𝑜𝑓𝑖𝑙𝑒
       ( 6.20 ) 
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6.6 Results of the experiments 
 

Within this section the results obtained during the quasi-static load test are given. These test 

results will be split up in to four different sections according to the classification of the 

aluminium parapet clamping profiles. First, the average spring stiffnesses and standard 

deviation are given. Secondly, the results of each specific test are given.   

1. U-profile, top mount 

a. Q-railing = Easy Glass Pro “U” 

b. OnLevel = TL-6010 

c. AMG  = Simple Premium 

2. U-profile, side mount 

a. Q-railing = Easy Glass Pro “U” 

b. OnLevel = TL-6011 

c. AMG  = Simple Premium 

3. F-profile, top mount 

a. Q-railing = Easy Glass Pro “F” 

b. OnLevel = TL-3010 

c. AMG  = Quick Premium 

4. Y-profile, side mount 

a. Q-railing = Easy Glass Pro “Y” 

b. OnLevel = TL-3011 

c. AMG  = Standard Advanced  
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 Average spring stiffness and standard deviation  6.6.1
The average values of the spring stiffness, also known as the mean[𝜇]  and the standard deviation[𝜎] will be 
presented within this section of the report. The average spring stiffnesses can be used to compare the stiffness 
of the different profiles to each other. The standard deviation shows the variance of the experiments 
performed.  
 
U-profile top mounted 
In Table 6.1 the results of the U-profile top mounted in both load directions are presented. The average spring 
stiffness are relatively close between all manufacturers. The standard deviation 𝜎of the Q-railing samples in 
load direction one are higher compared to the other manufacturers, this is due to these profiles being the first 
to be subjected to the static load test, thus having a relatively high deviation due to human variance.   
 
Table 6.1 - Overview U-profile  

Load direction one 

 
Manufacturer 

 
Parameters 

Spring type 

Kr1 Kr2 Kr3 Kt1 Kt2 

[10
7
 Nmm/rad] [10

3
 N/mm] 

AMG 𝜇 5.76 6.10 6.64 5.27 6.09 
𝜎 0.45 0.48 0.57 0.42 0.53 

OnLevel 𝜇 5.82 6.81 8.80 5.34 8.07 
𝜎 0.63 0.72 0.89 0.58 0.82 

Q-railing 𝜇 4.57 5.39 7.11 4.19 6.52 

𝜎 1.48 1.91 2.92 1.36 2.68 

Load direction two 

AMG 𝜇 7.98 9.20 11.7 7.32 10.7 

𝜎 1.07 1.08 1.55 0.98 1.42 

OnLevel 𝜇 7.10 8.00 9.76 6.50 8.95 

𝜎 0.99 0.82 0.26 0.91 0.24 

Q-railing 𝜇 7.02 8.82 13.5 6.44 12.4 

𝜎 0.79 1.19 2.69 0.73 2.46 

 
 

U-profile, side mount 
In Table 6.2 the results of the U-profile side mounted are presented. The side mounted U-profiles have a higher 
spring stiffness than the top mounted profiles. This can be explained by one side of the U-profile being fully in 
contact with the SHS-beam. This increases the stiffness of the overall system. Where the top mounted profile 
remained relatively consistent over the different manufacturers, a large difference is visible for this profile 
type. 
  

  

Table 6.2 - Overview U-profile load direction one 

 
Manufacturer 

 
Parameters 

Spring type 

Kr1 Kr2 Kr3 Kt1 Kt2 

[10
7
 Nmm/rad] [10

3
 N/mm] 

AMG 𝜇 4.89 5.07 5.33 4.49 4.89 
𝜎 0.52 0.54 0.57 0.48 0.52 

OnLevel 𝜇 7.50 8.09 9.03 6.87 8.28 
𝜎 0.93 0.97 1.02 0.85 0.94 

Q-railing 𝜇 10.9 12.7 16.6 9.97 15.2 

𝜎 1.56 1.99 3.04 1.43 2.79 
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F-profile 
In Table 6.3  the results of the F-profile are presented. In load direction one and two, the AMG profile performs 
the most stiff. All the samples show a low standard variation, except the AMG profile in load direction two.  
  
Table 6.3 - Overview F-profile 

Load direction one 

 
Manufacturer 

 
Parameters 

Spring type 

Kr1 Kr2 Kr3 Kt1 Kt2 

[10
7
 Nmm/rad] [10

3
 N/mm] 

AMG 𝜇 4.52 5.24 6.68 4.15 6.12 
𝜎 0.38 0.33 0.33 0.34 0.29 

OnLevel 𝜇 3.07 4.03 6.90 2.82 6.32 
𝜎 0.08 0.09 0.24 0.08 0.21 

Q-railing 𝜇 3.23 3.51 4.17 2.96 3.83 

𝜎 0.28 0.50 1.15 0.26 1.05 

Load direction two 

AMG 𝜇 5.49 6.28 7.87 5.04 7.22 

𝜎 1.10 1.13 1.47 1.01 1.36 

OnLevel 𝜇 3.13 4.42 9.71 2.87 8.90 

𝜎 0.14 0.18 0.48 0.13 0.44 

Q-railing 𝜇 2.60 3.35 5.47 2.39 5.02 

𝜎 0.14 0.13 0.31 0.13 0.28 

 
Y-profile 
In Table 6.4 the results of the Y-profile are presented. This profile type shows high variance in stiffness between 
the different manufacturers. The most stiff profile in both directions is the Q-railing profile. This is due to the 
hollow section profile having a higher bending strength. The standard deviation is low for all test samples, thus 
these results can be considered consistent.  
  

 
 

  

Table 6.4 - Overview Y-profile 

Load direction one 

 
Manufacturer 

 
Parameters 

Spring type 

Kr1 Kr2 Kr3 Kt1 Kt2 

[10
7
 Nmm/rad] [10

3
 N/mm] 

AMG 𝜇 4.17 4.71 5.69 3.83 5.22 
𝜎 0.25 0.37 0.64 0.23 0.59 

OnLevel 𝜇 3.35 3.75 4.44 3.08 4.07 
𝜎 0.15 0.18 0.23 0.14 0.21 

Q-railing 𝜇 5.43 5.92 6.72 4.98 6.16 

𝜎 0.20 0.22 0.25 0.18 0.23 

Load direction two 

AMG 𝜇 9.38 11.6 17.4 8.60 15.9 

𝜎 0.73 1.34 3.71 0.67 3.39 

OnLevel 𝜇 7.77 8.49 9.71 7.13 8.90 

𝜎 0.38 0.44 0.53 0.35 0.48 

Q-railing 𝜇 17.7 20.8 27.0 16.2 24.9 

𝜎 0.44 0.50 0.81 0.40 0.77 
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 U-profile, top mounted – Load direction one 6.6.2
 

Within this chapter, the results of the U-profile, top mounted are shown. the results of each of 

the manufacturers in load direction one are shown and elaborated. Next, the results for load 

direction two are shown. This is followed by the conclusion of this specific profile type.  

 

Q-railing – Easy Glass Pro “U” 

In Table 6.5 the force and displacement during the experiment of the five test samples are 

shown. Samples 1 and 4 have achieved a lower force than the other three samples. The 

difference for sample one is most likely due to the depth of the wedge, which seems relatively 

low.  

It seems that these two samples should be taken out of the experiment. In the row average the 

samples one and four are removed from data set.  

In Table 6.6 the overview of the three types of rotational stiffnesses are shown. Due to the 

force in sample 1 and 4 being relatively low, the rotational stiffness of these samples is 

relatively low as well.  

OnLevel – TL-6010 

In Table 6.5 the force and displacement during the experiment of the five test samples are 

shown.  The corresponding wedge depth is shown in the third column. All of the samples 

show approximately the same corresponding forces and displacements. For this reason all the 

samples are taken into account to average the values.   

In Table 6.6 the overview of the three types of rotational stiffnesses are shown. Even though 

the displacements and the forces did not vary a lot between the test samples, sample five 

shows a relatively low rotational stiffness in comparison with the other four samples.  

With all the data being compared and analysed, there currently is no explanation for this 

difference in rotational stiffness of this sample. The force was relatively low with a relatively 

high displacement of the aluminium parapet clamping profile. This results in the lower 

rotational stiffness of this specific profile.  
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AMG - Simple Premium 

For this profile type, the manufacturer AMG supplied 4000mm of profile. These were cut in 

to pieces of 1000 mm, resulting in four test samples.  

In Table 6.5, the force, displacement and average wedge depth are presented. There does not 

seem to be a large variation between the different test samples. Yet it must be noted that the 

AMG wedges seemed to be fairly loose within the system. This is because the wedge-system 

was made for 8.8.2 glass, with a thickness of nominal 16.76mm. Within the current setup the 

glass had a nominal thickness of 15mm, resulting in an actual thickness of approximately 

14.7mm. For this reason the additional test of the 2mm aluminium plate was designed, as 

elaborated in section 9.1. 

In Table 6.6 of the overview of the rotational stiffnesses the samples one, two and four show 

almost the same results. Sample three does not have a 𝐾𝑟2 and 𝐾𝑟3, because the extracted data 

did not have enough significance. For this reason this sample is not taken into account during 

the averaging of the rotational stiffnesses. 

  

Table 6.5 - Overview of the force and displacement of U-profile top mounted load direction one.  

Q-railing 

Sample Max. force [N] Experiment disp. [mm] Average wedge depth [mm] 

1 762 47.32 32.48 
2 1279 46.87 36.08 
3 1168 46.15 36.38 
4 845 47.69 35.78 
5 1390 47.76 36.48 

Average  1088 46.93 36.31 

OnLevel 

1 744 46.74 52.73 
2 633 47.22 51.06 
3 744 46.08 52.75 
4 633 45.21 52.73 
5 652 47.69 52.78 

Average  681.2 46.59 52.41 

AMG 

1 781 44.13 38.30 
2 901 45.99 38.90 
3 901 46.38 39.00 
4 956 48.13 38.95 

Average  885 46.16 38.79 
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Overview of the spring stiffnesses U-profile top mounted 

In Table 6.6, an overview of the different spring stiffnesses of the U-profile top mounted are 

given. In the first column the sample name is given, followed by the rotational stiffnesses one 

to three. The last two columns are the translational stiffnesses.  

 

 

Force-displacement graph U-profile top mounted 

In Annex D, the force-displacement graphs of all the U-profile top mounted in load direction 

one are presented. From these graphs, the linearity of the displacement can be extracted. The 

graphs also show the consistency of the displacement of the different tests. 

  

Table 6.6 - Overview of the spring stiffnesses of U-profile, top mounted. Load direction 1.  

Sample Rotational 
stiffness 
Kr1 [10

7 

Nmm/rad]   

Rotational 
stiffness Kr2 
[10

7 
Nmm/rad]   

Rotational 
stiffness Kr3 
[10

7 
Nmm/rad]   

Translational 
stiffness Kt1 
[10

3 
N/mm] 

Translational 
stiffness Kt2 
[10

3 
N/mm] 

OL-UP-TM-LD1-S1 5.64 6.66 8.80 5.17 8.07 
OL-UP-TM-LD1-S2 6.39 7.39 9.33 5.86 8.55 
OL-UP-TM-LD1-S3 5.73 6.71 8.71 5.25 7.98 
OL-UP-TM-LD1-S4 6.56 7.68 9.92 6.02 9.09 
OL-UP-TM-LD1-S5 4.79 5.61 7.24 4.39 6.64 

QR-UP-TM-LD1-S1 3.18 3.54 4.16 2.92 3.81 
QR-UP-TM-LD1-S2 5.97 7.19 9.86 5.48 9.04 
QR-UP-TM-LD1-S3 4.81 5.65 7.36 4.41 6.75 
QR-UP-TM-LD1-S4 2.57 2.89 3.46 2.36 3.17 
QR-UP-TM-LD1-S5 6.32 7.67 10.73 5.79 9.84 

AMG-UP-TM-LD1-S1 5.21 5.41 5.71 4.77 5.23 
AMG-UP-TM-LD1-S2 5.98 6.30 6.78 5.48 6.22 
AMG-UP-TM-LD1-S3 6.37 6.73 7.28 5.84 6.68 
AMG-UP-TM-LD1-S4 5.46 5.96 6.78 5.00 6.22 
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 U-profile, top mounted – Load direction two 6.6.3
 

Q-railing – Easy Glass Pro “U” 

In Table 6.7 the force, displacement and the wedge depth during the experiments of the Q-

railing Easy Glass Pro “U” in load direction two are shown. Sample 3 has been removed from 

the Table, due to the data not being exported correctly, thus not giving the correct values.  

In contrast to the same profile in load direction one, the samples the approximate same 

behaviour.  

OnLevel – TL-3010 

In Table 6.7 the force and displacement during the experiment of the five test samples are 

shown.  The corresponding wedge depth is shown in the third column. All of the samples 

show approximately the same corresponding forces and displacements.  

AMG - Simple Premium 

Table 6.7 shows the results of the experiments performed on the AMG Simple Premium. Four 

experiments were carried out. The first experiment was stopped early, due to the load cell 

being too far away from the glass plate, limiting the amount of displacement.  

  

Table 6.7 - Overview of the force and displacement of U-profile top mounted load direction two.  

Q-railing 

Sample Max. force [N] Experiment disp. [mm] Average wedge depth [mm] 

1 1215 47.71 36.75 
2 1315 48.52 37.05 
4 1270 47.94 37.10 
5 1261 46.91 36.85 

Average  1265.3 47.77 36.94 

OnLevel 

1 910 47.61 52.80 
2 901 45.71 52.55 
3 928 46.25 52.80 
4 919 47.84 52.75 
5 901 47.78 52.55 

Average  911.8 47.04 52,69 

AMG 

1 643 25.55 38.50 
2 1021 45.05 38.90 
3 1002 44.72 39.00 
4 1048 44.75 38.85 

Average  928.5 40.02 38.81 
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Overview of the spring stiffnesses U-profile top mounted 

In Table 6.8, an overview of the different spring stiffnesses of the U-profile top mounted are 

given. In the first column the sample name is given, followed by the rotational stiffnesses one 

to three. The last two columns are the translational stiffnesses.  

 

Force-displacement graph U-profile top mounted 

In Annex D, the force-displacement graphs of all the U-profile top mounted in load direction 

two are presented. From these graphs, the linearity of the displacement can be extracted. The 

graphs also show the consistency of the displacement of the different tests  

Table 6.8 - Overview of the spring stiffnesses of U-profile, top mounted. Load direction 2 

Sample Rotational 
stiffness Kr1 
[10

7 

Nmm/rad]   

Rotational 
stiffness Kr2 
[10

7 

Nmm/rad]   

Rotational 
stiffness Kr3 
[10

7 

Nmm/rad]   

Translational 
stiffness Kt1 
[10

3 
N/mm] 

Translational 
stiffness Kt2 
[10

3 
N/mm] 

OL-UP-TM-LD2-S1 7.87 8.62 9.89 7.21 9.07 
OL-UP-TM-LD2-S2 7.95 8.73 10.05 7.29 9.21 
OL-UP-TM-LD2-S3 7.61 8.39 9.74 6.97 8.93 
OL-UP-TM-LD2-S4 6.74 7.79 9.84 6.18 9.02 
OL-UP-TM-LD2-S5 5.31 6.49 9.27 4.87 8.50 

QR-UP-TM-LD2-S1 6.00 7.39 10.69 5.50 9.81 
QR-UP-TM-LD2-S2 7.23 9.34 15.28 6.63 14.00 
QR-UP-TM-LD2-S4 6.68 8.05 11.08 6.12 10.15 
QR-UP-TM-LD2-S5 8.17 10.50 16.97 7.49 15.55 

AMG-UP-TM-LD2-S1 9.44 10.21 11.44 8.66 10.49 
AMG-UP-TM-LD2-S2 6.42 7.39 9.27 5.89 8.49 
AMG-UP-TM-LD2-S3 7.87 9.54 13.29 7.22 12.19 
AMG-UP-TM-LD2-S4 8.17 9.66 12.74 7.49 11.68 
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 F-profile  – Load direction one 6.6.1
 

The results of the F-profiles are presented in this section. Starting off with load direction one 

of each of the manufacturers. In case of any inconsistencies these will be noted and if possible 

explained. Next, the results for load direction two are given. After that, the conclusion of this 

specific type of profile is given.  

 

Q-railing – Easy Glass Pro “F” 

In Table 6.9 the results of the Q-railing F-profile experiments are shown. Five test samples 

were provided by the manufacturer. The force of samples one to three is relatively low, this is 

because these were the first tests that were carried out. The wedges were not pushed as far 

down as they were physically possible. The force applied to the wedges has increased in 

samples four and five. This is also visible in the average wedge depth of the samples.  

It can also be concluded that the wedges have to be inserted as deep as they are physically 

possible. This increases the amount of pre-stress on the glass and profile, thus increasing the 

amount of clamping provided by the system. 

the maximum force deviation within this test-sample pool is- 40% to +40% from the average.  

OnLevel – TL-3010 

The results of the experiments performed on the OnLevel TL-3010 in load direction one are 

shown in Table 6.9. These experiments were very consistent. The forces do not vary too far 

from the average, nor did the displacement or the wedge depth.  The maximum  force 

deviation from the average does not exceed 10%.  

AMG – Quick Premium 

Four samples were available for testing of the AMG Quick Premium profile. The average 

force during these experiments was approximately 700N. All of the experiments seemed to 

yield approximately the same results. The force deviation from the average did not exceed 

10%. The results are depicted in Table 6.9. 

Force-displacement graph F-profile 

In Annex D, the force displacement graphs of all the F-profiles which have been subjected to 

the static load test in load direction one are shown. The displacement is the displacement at 

the top of the glass plate and the force measured is the force applied to the glass plate. From 

these graphs, the linearity of the displacement can be extracted. The graphs also show the 

consistency of the displacement of the different tests. 
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Overview of the spring stiffnesses F-profile 

Table 6.10 shows the overview of the different spring stiffnesses of the F-profiles in load 

direction one. The first column is the sample name. The following three columns give the 

rotational stiffnesses one to three, and the final two columns give the translational stiffnesses 

one and two.  

 

  

Table 6.9 - Overview of the force and displacement of F-profile load direction one.  

Q-railing 

Sample Max. force [N] Experiment disp. [mm] Average wedge depth [mm] 

1 560 41.77 12.78 
2 449 46.01 13.45 
4 633 49.48 18.83 
5 1039 49.29 35.05 

Average  1030 48.21 33.15 

OnLevel 

1 762 48.16 52.13 
2 679 46.18 52.40 
3 753 48.58 52.28 
4 744 48.57 52.38 
5 753 48.89 52.57 

Average  738.2 48.08 52.35 

AMG 

1 762 47.92 31.95 
2 707 47.91 32.06 
3 698 46.69 30.82 
4 753 48.02 33.05 

Average  730 47.64 31.97 

Table 6.10 - Overview of the spring stiffnesses of F-profile. Load direction 1 

Sample Rotational 
stiffness Kr1 
[10

7 
Nmm/rad]   

Rotational 
stiffness Kr2 
[10

7 
Nmm/rad]   

Rotational 
stiffness Kr3 
[10

7 
Nmm/rad]   

Translational 
stiffness Kt1 
[10

3 
N/mm] 

Translational 
stiffness Kt2 
[10

3 
N/mm] 

OL-FP-LD1-S1 3,17 4,07 6,52 2,91 5,98 
OL-FP-LD1-S2 2,92 3,86 6,77 2,68 6,20 
OL-FP-LD1-S3 3,10 4,08 7,09 2,85 6,49 
OL-FP-LD1-S4 3,10 4,09 7,18 2,84 6,58 
OL-FP-LD1-S5 3,08 4,04 6,95 2,82 6,37 

QR-FP-LD1-S1 3,17 3,32 3,54 2,91 3,24 
QR-FP-LD1-S2 2,73 2,87 3,06 2,50 2,81 
QR-FP-LD1-S3 3,36 3,35 3,80 3,08 3,49 
QR-FP-LD1-S4 3,31 3,61 4,09 3,04 3,75 
QR-FP-LD1-S5 3,56 4,39 6,37 3,27 5,84 

AMG-FP-LD1-S1 4,60 5,43 7,17 4,22 6,57 
AMG-FP-LD1-S2 4,17 4,93 6,51 3,83 5,96 
AMG-FP-LD1-S3 4,21 4,91 6,29 3,86 5,77 
AMG-FP-LD1-S4 5,11 5,69 6,73 4,68 6,17 
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 F-profile  – Load direction two 6.6.2
 
 

Q-railing – Easy Glass Pro “F” 

In Table 6.11 the results are shown for the Q-railing Easy Glass Pro “F” in load direction two. 

The average force during the experiments was approximately 850N. The maximum deviation 

in force is 5%. The results obtained from these test samples are consistent. 

In comparison to the QR-FP-LD1 samples 4 and 5 the forces are relatively low, 

approximately 200N lower. This is most likely due to the influence of the rubber. In load 

direction one the rubber is substantially slimmer than in load direction two. Thus the glass 

plate can move more freely in load direction two.  

OnLevel – TL-3010 

The results of the experiments performed on the OnLevel TL-3010 in load direction two are 

shown in Table 6.11. The force during this test sample pool was approximately 100N higher 

than in the other direction. This is most likely due to the asymmetric cross section of the 

profile and the orientation of the inlay profile. the OnLevel rubbers have approximately the 

same size, so this should not influence the load too much.  

AMG – Quick Premium  

Again the average force is higher than the force in load direction one for the same profile. The 

average wedge depth is a bit deeper, this probably increases the force marginally. The rest of 

the force increase is due to the asymmetric shape of the profile.  

Table 6.11 - Overview of the force and displacement of F-profile load direction two.  

Q-railing 

Sample Max. force [N] Experiment disp. [mm] Average wedge depth [mm] 

1 799 45.67 31.34 
2 892 48.56 34.69 
4 882 47.65 34.86 
5 845 47.69 36.14 

Average  855 48.24 36.50 

OnLevel 

1 882 47.84 52.22 
2 809 47.67 52.25 
3 836 48.86 52.47 
4 781 47.98 52.26 
5 799 49.01 52.28 

Average  821.4 48.27 52.30 

AMG 

1 956 47.99 33.55 
2 938 48.18 33.69 
3 1048 49.72 33.26 
4 919 48.36 37.33 

Average  965.3 48.56 34.46 
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Overview of the spring stiffnesses F-profile 

Table 6.12 shows the overview of the different spring stiffnesses of the F-profiles in load 

direction two. The first column is the sample name. The following three columns give the 

rotational stiffnesses one to three, and the final two columns give the translational stiffnesses  

 

Force-displacement graph F-profile 

In Annex D, the force displacement graphs of all the F-profiles which have been subjected to 

the static load test in load direction two are shown. The displacement is the displacement at 

the top of the glass plate and the force measured is the force applied to the glass plate. From 

these graphs, the linearity of the displacement can be extracted. The graphs also show the 

consistency of the displacement of the different tests  

Table 6.12 - Overview of the spring stiffnesses of F-profile. Load direction 2 

Sample Rotational 
stiffness Kr1 
[10

7 
Nmm/rad]   

Rotational 
stiffness Kr2 
[10

7 
Nmm/rad]   

Rotational 
stiffness Kr3 
[10

7 
Nmm/rad]   

Translational 
stiffness Kt1 
[10

3 
N/mm] 

Translational 
stiffness Kt2 
[10

3 
N/mm] 

OL-FP-LD2-S1 3.40 4.77 10.29 3.12 9.43 
OL-FP-LD2-S2 3.09 4.32 9.19 2.84 8.42 
OL-FP-LD2-S3 3.11 4.40 9.86 2.85 9.04 
OL-FP-LD2-S4 3.04 4.35 10.11 2.79 9.26 
OL-FP-LD2-S5 3.02 4.24 9.11 2.77 8.35 

QR-FP-LD2-S1 2.34 3.16 5.91 2.15 5.42 
QR-FP-LD2-S2 2.71 3.42 5.23 2.49 4.79 
QR-FP-LD2-S3 2.72 3.51 5.74 2.49 5.26 
QR-FP-LD2-S4 2.57 3.26 5.10 2.36 4.68 
QR-FP-LD2-S5 2.68 3.42 5.39 2.46 4.95 

AMG-FP-LD2-S1 5.13 6.24 8.76 4.71 8.03 
AMG-FP-LD2-S2 5.28 6.34 8.67 4.84 7.95 
AMG-FP-LD2-S3 7.30 7.86 8.74 6.69 8.02 
AMG-FP-LD2-S4 4.28 4.67 5.31 3.93 4.87 
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 Y-profile  – Load direction one 6.6.3
 

Within this section of the report the results of the Y-profiles are presented. Firstly, the results 

of the static load test in load direction one will be explained. Consequently, the results of load 

direction two will be explained. If any irregularities are found within the test sample pool, 

these will be noted and if possible explained. After that, the conclusion for this specific profile 

type is given. 

Q-railing - Easy Glass Pro “Y” 

In Table 6.13 the results of the Q-railing Y-profile experiments in load direction one are 

given. Q-railing provided five test samples.  

The average force is approximately 1250N. The deviation from the average value is lower 

than 10%. Thus this test sample pool can be considered to yield consistent results.  

OnLevel – TL 3011 

In Table 6.13 the force and displacement during the experiment of the five test samples of the 

OnLevel TL-3011 in load direction one are presented.  The corresponding wedge depth is 

shown in the third column. All of the samples show approximately the same corresponding 

forces and displacements.  

 

The deviation of the forces is no larger than 10%. For this reason the test sample pool can be 

considered to yield consistent results.  

AMG – Standard Advanced 

AMG provided four test samples of the AMG Standard Advanced profile. The results of the 

experiments on these profiles in load direction one are shown in Table 6.13.   

The average force during these tests was approximately 1000N and the deviation is less than 

10%.  

Force-displacement graph Y-profile 

In Annex D, the force displacement graphs of all the Y-profiles which have been subjected to 

the static load test in load direction one are shown. The displacement is the displacement at 

the top of the glass plate and the force measured is the force applied to the glass plate. From 

these graphs, the linearity of the displacement can be extracted. The graphs also show the 

consistency of the displacement of the different tests. 
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Overview of the spring stiffnesses Y-profile 

Table 6.14 shows the overview of the different spring stiffnesses of the Y-profiles in load 

direction one. The first column is the sample name. The following three columns give the 

rotational stiffnesses one to three, and the final two columns give the translational stiffnesses 

one and two.  

 
Table 6.14 - Overview of the spring stiffnesses of Y-profile load direction one. 

Sample Rotational 
stiffness Kr1 
[10

7 
Nmm/rad]   

Rotational 
stiffness Kr2 
[10

7 
Nmm/rad]   

Rotational 
stiffness Kr3 
[10

7 
Nmm/rad]   

Translational 
stiffness Kt1 
[10

3 
N/mm] 

Translational 
stiffness Kt2 
[10

3 
N/mm] 

OL-YP-LD1-S1 3.47 3.90 4.65 3.19 4.26 
OL-YP-LD1-S2 3.06 3.41 4.00 2.81 3.67 
OL-YP-LD1-S3 3.46 3.87 4.58 3.18 4.20 
OL-YP-LD1-S4 3.36 3.76 4.47 3.09 4.09 
OL-YP-LD1-S5 3.39 3.80 4.52 3.11 4.14 

QR-YP-LD1-S1 5.13 5.64 6.49 4.71 5.95 
QR-YP-LD1-S2 5.27 5.70 6.39 4.84 5.86 
QR-YP-LD1-S3 5.59 6.11 6.97 5.13 6.39 
QR-YP-LD1-S4 5.68 6.18 7.00 5.21 6.42 
QR-YP-LD1-S5 5.47 5.95 6.73 5.02 6.17 

AMG-YP-LD1-S1 3.76 4.08 4.59 3.45 4.21 
AMG-YP-LD1-S2 4.37 4.98 6.09 4.01 5.59 
AMG-YP-LD1-S3 4.18 4.77 5.88 3.83 5.39 
AMG-YP-LD1-S4 4.37 4.99 6.19 4.01 5.67 

 
 

  

Table 6.13 - Overview of the force and displacement of Y-profile load direction one.  

Q-railing 

Sample Max. force [N] Experiment disp. [mm] Average wedge depth [mm] 

1 1205 49.27 36.04 
2 1168 48.25 36.60 
4 1353 50.49 36.83 
5 1251 49.75 36.76 

Average  1251 49.21 36.80 

OnLevel 

1 716 49.51 52.28 
2 661 49.87 52.42 
3 698 49.65 52.25 
4 670 49.42 52.53 
5 707 49.98 52.50 

Average  690.4 49.69 52.40 

AMG 

1 892 49.15 32.53 
2 1030 49.89 35.75 
3 965 48.75 36.33 
4 993 48.50 36.59 

Average  970 49.07 32.29 
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 Y-profile  – Load direction two 6.6.4
 

Q-railing - Easy Glass Pro “Y” 

The results of the five experiments performed on the Easy Glass Pro “Y” are shown in Table 

6.15.  The force is this direction is relatively high, averaging at 1600N. This is 350N higher 

than the same profile type in load direction one. 

This increase in force/load can be explained by the simple fact that the SHS-composite beam 

supports the Y-profile in this direction. It is not fully supported, yet part of the Y-profile is in 

connection to the SHS-beam, which prevents it from bending.  

In practice the Y-profile is supported fully by a floor slab or similar support, which results in 

an even higher load to achieve the same displacement.  

OnLevel – TL 3011 

Table 6.15 displays the results performed on the OnLevel TL-3011 in load direction two. The 

average force is 1050N, which is almost 350N higher than the average of 700N in load 

direction one. Again this can be explained by the simple fact that the Y-profile is supported by 

the SHS-beam in this direction.  

AMG – Standard Advanced 

The results of the experiments performed on the AMG Standard Advanced in load direction 

two are given in Table 6.15. The force on the system averaged about 1350N. As with the 

other Y-profile’s, this is higher than in load direction one. Once again the deviation from the 

average in load direction one is about 350N.  

 

Table 6.15 - Overview of the force and displacement of Y-profile load direction two.  

Q-railing 

Sample Max. force [N] Experiment disp. [mm] Average wedge depth [mm] 

1 1639 47.48 36.80 
2 1528 47.66 36.89 
4 1593 46.99 36.80 
5 1612 48.26 36.76 

Average  1621 48.57 36.81 

OnLevel 

1 1012 48.91 52.35 
2 1012 46.65 52.35 
3 1095 47.98 52.25 
4 1085 48.56 52.21 
5 1002 48.87 52.28 

Average  1041 48.19 52.29 

AMG 

1 1381 47.71 36.89 
2 1371 49.52 36.73 
3 1399 48.21 37.90 
4 1288 48.34 37.60 

Average  1359 48.44 37.28 
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Overview of the spring stiffnesses Y-profile 

Table 6.16 shows the overview of the different spring stiffnesses of the Y-profiles in load 

direction one. The first column is the sample name. The following three columns give the 

rotational stiffnesses one to three, and the final two columns give the translational stiffnesses 

one and two.  

 

 

Force-displacement graph Y-profile 

In Annex D, the force displacement graphs of all the Y-profiles which have been subjected to 

the static load test in load direction two are shown. The displacement is the displacement at 

the top of the glass plate and the force measured is the force applied to the glass plate. From 

these graphs, the linearity of the displacement can be extracted. The graphs also show the 

consistency of the displacement of the different tests 

 

 

 

  

Table 6.16 - Overview of the rotational stiffnesses of Y-profile. Load direction 2 

Sample Rotational 
stiffness Kr1 
[10

7 
Nmm/rad]   

Rotational 
stiffness Kr2 
[10

7 
Nmm/rad]   

Rotational 
stiffness Kr3 
[10

7 
Nmm/rad]   

Translational 
stiffness Kt1 
[10

3 
N/mm] 

Translational 
stiffness Kt2 
[10

3 
N/mm] 

OL-YP-LD2-S1 7.33 8.02 9.20 6.72 8.43 
OL-YP-LD2-S2 7.43 8.10 9.23 6.81 8.46 
OL-YP-LD2-S3 7.94 8.66 9.84 7.28 9.02 
OL-YP-LD2-S4 7.78 8.48 9.62 7.13 8.82 
OL-YP-LD2-S5 8.39 9.23 10.64 7.69 9.76 

QR-YP-LD2-S1 17.57 20.66 26.99 16.10 25.27 
QR-YP-LD2-S2 17.02 20.16 26.73 15.61 24.51 
QR-YP-LD2-S3 17.75 20.51 25.87 16.28 23.72 
QR-YP-LD2-S4 17.89 20.91 26.98 16.39 24.73 
QR-YP-LD2-S5 18.38 21.65 28.39 16.85 26.03 

AMG-YP-LD2-S1 8.88 10.56 14.13 8.14 12.96 
AMG-YP-LD2-S2 9.07 11.18 16.22 8.32 14.88 
AMG-YP-LD2-S3 8.91 10.89 15.49 8.17 14.20 
AMG-YP-LD2-S4 10.64 13.92 23.67 9.75 21.69 
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 U-profile, side mounted – Load direction one 6.6.1
Within this section of the report the results of the U-profiles which are side mounted are 

presented. Firstly, the results of the static load test in load direction one will be explained. In 

load direction two, the tests are performed, yet the only results that are available are the 

displacements of the glass and the load introduced in to the glass. This is due to the fact that 

the U-profile is mounted on the SHS-beam, which prevents any LVDT’s to measure the 

displacements on the aluminium parapet clamping profile. Since no displacements can be 

measured of the parapet clamping profile, no rotational stiffness can be determined.  

 

Q-railing – Easy Glass Pro “U” 

In Table 6.17 the results of the experiments on the Easy Glass Pro “U” – side mounted are 

shown. The average force varied is 1700N. The lowest load was 1500N and the highest 

2000N, so there was a relatively large variation between the test samples. Looking at the 

graph from this test sample pool, sample one and sample two have a large increase in the load 

at some point. Due to this reason the latter three test samples seem to be most representative 

of the actual behaviour of the U-profile. 

OnLevel – TL 6011 

In Table 6.17  the results of the five tests performed on the OnLevel TL-6011 are shown.  The 

average load was approximately 1000N during these experiments. There is a relatively large 

variation between the several test samples. Yet this does not seem to correlate with the 

average wedge depth.   

Other possible reasons might be; 

1. Tilting of the glass plate. 

 

AMG – Simple Premium 

The results of the tests performed on the AMG Simple Premium profile are shown in Table 

6.17. Four test samples  of the AMG Simple Premium were available for the static load test. 

The average force during these experiments was 750N.  Test samples one to three seem to be 

the most representative for the profile.  

Force-displacement graph U-profile side mounted 

In Annex D, three force-displacement graphs are given. Each graph is the force-displacement 

graph an U-profile side mounted which consists of four or five test samples subjected to the 

static load test in load direction one. The displacements shown is the displacement of the top 

of the glass plate. The force measured is the total force applied to the glass plate. From these 

graphs displacement behaviour of the glass parapet can be extracted. The graphs also show 

whether the test samples were consistent.  
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Overview of the spring stiffnesses U-profile side mounted 

Table 6.18 shows the overview of the different spring stiffnesses of the Y-profiles in load 

direction one. The first column is the sample name. The following three columns give the 

rotational stiffnesses one to three, and the final two columns give the translational stiffnesses 

one and two.  

 
  

Table 6.17 - Overview of the force and displacement of U-profile side mounted load direction one.  

Q-railing 

Sample Max. force [N] Experiment disp. [mm] Average wedge depth [mm] 

1 2009 47.60 36.63 
2 1963 47.60 36.79 
3 1528 48.71 36.81 
4 1482 47.81 36.15 
5 1547 49.45 36.56 

Average  1706 48.24 36.59 

OnLevel 

1 1168 49.22 49.58 
2 965 48.52 50.30 
3 818 50.06 48.57 
4 1012 49.11 52.18 
5 864 48.09 52.47 

Average  965 49.00 50.62 

AMG 

1 772 48.21 27.56 
2 818 48.72 28.70 
3 827 48.95 27.10 
4 597 48.89 27.05 

Average  754 48.69 27.62 

Table 6.18 - Overview of the spring stiffnesses of U-profile, side mounted. Load direction 1 

Sample Rotational 
stiffness Kr1 
[10

7 

Nmm/rad]   

Rotational 
stiffness Kr2 
[10

7 
Nmm/rad]   

Rotational 
stiffness Kr3 
[10

7 

Nmm/rad]   

Translational 
stiffness Kt1 
[10

3 
N/mm] 

Translational 
stiffness Kt2 
[10

3 
N/mm] 

OL-UP-SM-LD1-S1 9.10 9.73 10.71 8.34 9.82 
OL-UP-SM-LD1-S2 7.61 8.23 9.23 6.98 8.46 
OL-UP-SM-LD1-S3 6.67 7.15 7.91 6.11 7.25 
OL-UP-SM-LD1-S4 7.63 8.26 9.29 6.99 8.52 
OL-UP-SM-LD1-S5 6.49 7.06 8.01 5.95 7.34 

QR-UP-SM-LD1-S1 12.99 15.38 20.41 11.90 18.71 
QR-UP-SM-LD1-S2 12.53 14.81 19.57 11.49 17.94 
QR-UP-SM-LD1-S3 9.35 10.40 12.24 8.57 11.22 
QR-UP-SM-LD1-S4 9.90 11.81 15.89 9.08 14.56 
QR-UP-SM-LD1-S5 9.59 11.28 14.75 8.79 13.52 

AMG-UP-SM-LD1-S1 4.92 5.11 5.38 4.51 4.93 
AMG-UP-SM-LD1-S2 5.32 5.52 5.82 4.88 5.34 
AMG-UP-SM-LD1-S3 5.29 5.47 5.73 4.86 5.26 
AMG-UP-SM-LD1-S4 4.04 4.18 4.39 3.69 4.02 
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 U-profile, side mounted – Load direction two 6.6.2
 

For the results in load direction two of the U-profiles, no 

rotational stiffness can be determined. In Figure 6.22 an example 

of a side mounted U-profile is shown. It is not possible to 

measure the displacement of the profile, indicated by the red dot. 

This is because no LVDT’s can be placed between the parapet 

profile and the SHS-composite beam.  

Yet load direction two does offer a different approach. Since 

there is no profile bending, the rotational stiffness is infinitely 

large. This results the rotational spring system to convert into an 

Encastre system. 

AMG – Simple premium 

The results of the tests performed on the AMG Simple Premium profile in load direction two 

are shown in Table 6.19. Four test samples  of the AMG Simple Premium were available for 

the static load test. The average force during these experiments was 1500N.  

This is two times as high as in the other load direction. This is due to the profile itself not 

being able to    

OnLevel – TL 6011 

Five test samples were used in the OnLevel TL 6011 tests. The average force during these 

tests was approximately 1300N. With all tests being within a 10% range from the average, all 

tests results are considered consistent. The results are depicted in Table 6.19. 

The average force is about 300N higher than in load direction one. 

Q-railing – Easy Glass Pro “U” 

In Table 6.19 the results of the experiments on the Easy Glass Pro “U”- side mounted in load 

direction two are shown. the average force during these experiments was about 1500N. All of 

the samples seem to yield approximately the same results. The displacement and load values 

lie within a 10% deviation of the average. 

The average force is approximately 200N lower than in load direction one. This is in contrast 

with the U-profile side mounted from the other manufacturers, which show an increase in 

force in load direction two. 

The explanation can be found in the thickness of the rubber. The rubber of the Q-railing in 

load direction one is very slim, thus restraining the glass more than in load direction two. 

 

 

Figure 6.22: U-profile side mounted to 
SHS-composite beam. 
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Force-displacement graph U-profile side mounted 

In Annex D, three force-displacement graphs are given. Each graph is the force-displacement 

graph an U-profile side mounted which consists of four or five test samples subjected to the 

static load test in load direction two. The displacements shown is the displacement of the top 

of the glass plate. The force measured is the total force applied to the glass plate. From these 

graphs displacement behaviour of the glass parapet can be extracted. The graphs also show 

whether the test samples were consistent.  

  

Table 6.19 - Overview of the force and displacement of U-profile side mounted load direction two.  

Q-railing 

Sample Max. force [N] Experiment disp. [mm] Average wedge depth [mm] 

1 1464 47.97 36.50 
2 1418 45.80 36.61 
3 1565 49.59 36.65 
4 1473 47.73 36.54 
5 1445 46.57 36.93 

Average  1473 47.53 36.65 

OnLevel 

1 1307 44.45 51.60 
2 1251 44.28 51.17 
3 1288 43.99 52.28 
4 1335 43.84 50.52 
5 1399 46.58 52.37 

Average  1316 44.62 51.59 

AMG 

1 1658 47.66 29.34 
2 1722 49.04 29.71 
3 1353 48.67 26.04 
4 1261 48.92 28.16 

Average  1499 48.57 28.31 
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Overview of the rotational stiffness in load direction one 

In Graph 6.1, shown below the overview of the rotational stiffnesses of the three 

manufacturers are shown in load direction one. The purpose of the histogram is that the 

difference in magnitude of spring stiffness of the manufacturers can be compared. For this 

reason only the rotational stiffnesses will be shown. The translational stiffnesses would show 

the exact same histograms, yet only with a different scale. This obviously is due to both the 

stiffnesses being derived from the same displacement data.  

 

Overview of the rotational stiffness in load direction 

two 

In Graph 6.10,  the overview of the rotational 

stiffnesses of the three manufacturers are shown in load 

direction 

two. 

 

 

Overview of the rotational stiffnesses in load direction two. 

In Graph 6.2, the overview of the rotational stiffnesses of the three manufacturers are depicted 

in load direction two.  
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Graph 6.1: Histogram rotational stiffness in load direction one 
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Graph 6.2: Histrogram rotational stiffness load direction two. 
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7 
Comparison with experimental data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter seven compares the displacement data obtained from the static load test with the 

results obtained from the finite element model. Secondly within this chapter the analytical 

formulas are used to compare the analytical displacement with the experimental 

displacement.  
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7 Comparison with experimental data 
 

Within this section, the spring stiffnesses obtained during the experimental research are  

compared with the spring stiffnesses obtained from the finite element models. Secondly the 

spring stiffness obtained from the experimental data are inserted in the analytically derived 

formulas.  The results are presented in Tables, which show the occurring displacement during 

the experiment.  

 

7.1 Comparison between the FEM and experimental rotational stiffness 

values  
 

The spring stiffnesses obtained from the static load tests are compared to the numerical 

values. This is important to validate the numerical model and to check the accuracy of the 

current model. The results are presented in Table 7.1. In this Table, the different rotational 

and translational stiffnesses are presented, with an additional row below for the numerically 

determined spring stiffnesses. The numerical spring stiffnesses have only one specific value, 

since no variance due to the  rotating SHS-beam is present. 

U-profile top mounted 

In Table 7.1 the results of the U-profile top mounted in both load directions are presented. 

Below the experimentally obtained values are the numerically calculated values of the spring 

stiffnesses.  

 
Table 7.1 – Overview spring stiffnesses U-profile. 

Load direction one 

 
Manufacturer 

 
Type 

Spring type 

Kr1 Kr2 Kr3 Kt1 Kt2 

[10
7
 Nmm/rad] [10

3
 N/mm] 

AMG Experimental 5.76 6.10 6.64 5.27 6.09 

Numerical  93.9 86.1 

OnLevel Experimental 5.82 6.81 8.80 5.34 8.07 

Numerical  137 12.54 

Q-railing Experimental 4.57 5.39 7.11 4.19 6.52 

Numerical  72.8 66.7 

Load direction two 

AMG Experimental 7.98 9.20 11.7 7.32 10.7 

Numerical  62.11 56.9 

OnLevel Experimental 7.10 8.00 9.76 6.50 8.95 

Numerical  36.50 33.46 

Q-railing Experimental 7.02 8.82 13.5 6.44 12.4 

Numerical  36.5 33.5 
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U-profile, side mount 

In Table 7.2 the results of the U-profile side mounted are presented. Only load direction one is 

presented, because no experimental spring stiffnesses were obtained in load direction two. 

This is due to the flange of the U-profile being limited by the SHS-beam.  

  
Table 7.2 - Overview spring stiffnesses U-profile side mounted. 

Load direction one 

 
Manufacturer 

 
Type 

Spring type 

Kr1 Kr2 Kr3 Kt1 Kt2 

[10
7
 Nmm/rad] [10

3
 N/mm] 

AMG Experimental 4.89 5.07 5.33 4.49 4.89 

Numerical  35.6 32.7 

OnLevel Experimental 7.50 8.09 9.03 6.87 8.28 

Numerical  * * 

Q-railing Experimental 10.9 12.7 16.6 9.97 15.2 

Numerical  113 103 

* ; The OnLevel U-profile side mounted Abaqus model did not converge 

 

F-profile 

In Table 7.3 the results of the F-profile are presented in both load directions are presented. In 

load direction one the spring stiffnesses are substantially higher than in load direction two. As 

has been elaborated in section 5.5.3, this is due to the boundary conditions applied to the 

numerical model.  

 Table 7.3 – Overview spring stiffnesses F-profile 

Load direction one 

 
Manufacturer 

 
Type 

Spring type 

Kr1 Kr2 Kr3 Kt1 Kt2 

[10
7
 Nmm/rad] [10

3
 N/mm] 

AMG Experimental 4.52 5.24 6.68 4.15 6.12 

Numerical  15.8 14.5 

OnLevel Experimental 3.07 4.03 6.90 2.82 6.32 

Numerical  91.4 83.8 

Q-railing Experimental 3.23 3.51 4.17 2.96 3.83 

Numerical  196 179 

Load direction two 

AMG Experimental 5.49 6.28 7.87 5.04 7.22 

Numerical  14.5 13.3 

OnLevel Experimental 3.13 4.42 9.71 2.87 8.90 

Numerical  13.1 12.0 

Q-railing Experimental 2.60 3.35 5.47 2.39 5.02 

Numerical  14.8 13.6 
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Y-profile 

In Table 7.4 the results of the Y-profile are presented. Only load direction one is presented, 

because the boundary condition in load direction two is exactly at outer point of the flange of 

the Y-profile. During the experiment this was partly free, yet in practice this often is not the 

case. 

Table 7.4 - Overview spring stiffnesses Y-profile 

Load direction one 

 
Manufacturer 

 
Type 

Spring type 

Kr1 Kr2 Kr3 Kt1 Kt2 

[10
7
 Nmm/rad] [10

3
 N/mm] 

AMG Experimental 4.17 4.71 5.69 3.83 5.22 

Numerical  44.1 40.4 

OnLevel Experimental 3.35 3.75 4.44 3.08 4.07 

Numerical  14.6 13.3 

Q-railing Experimental 5.43 5.92 6.72 4.98 6.16 

Numerical  53.5 49.0 

 

Conclusions 

The spring stiffnesses obtained by the numerical model are extremely high in comparison 

with the experimental values.  The numerical models in load direction two offer more 

accurate results in comparison with the experimental spring stiffnesses. However, these spring 

stiffnesses are not yet accurate enough to be determined solely from numerical models. The 

most likely reasons for the deviations are; 

1. Boundary conditions need to be adjusted 

2. The system is not pre-stressed  

3. Tilting of the glass plate in the profile 

These phenomena are the most likely cause of the Abaqus models deviation from the 

experimentally obtained spring stiffnesses. For additional information is referred to section 

5.5.3. 
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7.2 Comparison between analytical and experimental displacement  
 

In this section of the report, the displacement obtained from the static load test and the spring 

stiffnesses obtained from the static load test are compared with the displacement values which 

are determined analytically.  

Total displacement 

The displacement of the glass during the experiment is composed of several contributions, 

namely; 

1. The displacement according to the static calculation formula (𝛿𝑓𝑜𝑟𝑚𝑢𝑙𝑎); 

2. The displacement caused by the rotation of the SHS-beam  𝛿𝑏𝑒𝑎𝑚 (); 

3. The displacement caused by the compression of the rubber (𝛿𝑅_𝐺𝑙𝑎𝑠𝑠). 

These components together can be used to compare the analytical calculation of the 

displacement to the experimentally obtained displacement.  

 
 
Displacement total  

𝛿𝑇𝑜𝑡𝑎𝑙 = (1)𝛿𝐹𝑜𝑟𝑚𝑢𝑙𝑎 + (2)𝛿𝑏𝑒𝑎𝑚 + (3)𝛿𝑅_𝐺𝑙𝑎𝑠𝑠  ( 7.1 ) 

 
Displacement according to the static calculation formula 

𝛿𝑓𝑜𝑟𝑚𝑢𝑙𝑎 =
𝐹𝐿3

3𝐸𝐼
+

𝐹𝐿2

𝐾𝑟
       ( 7.2 ) 

 
Displacement caused by rotation of the SHS-beam 

𝛿𝑏𝑒𝑎𝑚 = 𝜙𝑏𝑒𝑎𝑚 ∗ (𝐻𝑝𝑟𝑜𝑓𝑖𝑙𝑒 + 𝐻𝑏𝑒𝑎𝑚)    ( 7.3 ) 

 
Displacement caused by the compression rubber 

𝛿𝑅_𝑔𝑙𝑎𝑠𝑠 = 𝛿𝑟𝑢𝑏𝑏𝑒𝑟 ∗ 𝛼𝑟𝑎𝑡𝑖𝑜       ( 7.4 ) 

Where; 

𝛼𝑟𝑎𝑡𝑖𝑜 =
𝐿𝐺𝑙𝑎𝑠𝑠_𝑝𝑟𝑜𝑡𝑟𝑢𝑑𝑖𝑛𝑔

𝐿𝐺𝑙𝑎𝑠𝑠_𝑖𝑛𝑠𝑒𝑟𝑡𝑖𝑜𝑛
     ( 7.5 ) 

 

For the displacement caused by the compression of the rubber, it is assumed that a glass plate 

with a length of 1100 mm is used, with an insertion depth (𝐿𝐺𝑙𝑎𝑠𝑠_𝑖𝑛𝑠𝑒𝑟𝑡𝑖𝑜𝑛) of 100 mm in the 

aluminium parapet profile, this results in a protruding glass length  (𝐿𝐺𝑙𝑎𝑠𝑠_𝑝𝑟𝑜𝑡𝑟𝑢𝑑𝑖𝑛𝑔) of 1000 

mm. If a 1300 mm glass plate is used, the multiplication factor 10 needs to be converted to a 

multiplication factor 12.  
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Within this section of the report, the displacements values for the U-profiles from AMG, 

OnLevel and Q-railing are shown. The displacement values are depicted in Tables in Annex E 

– Annex H. Several different displacements will be noted given; 

1. Encastre; the displacement making use of the encastre mechanical schematization; 

2. Horizontal support; the displacement making use of the horizontal support mechanical 

schematization; 

3. Rotational spring 𝐾𝑟1, 𝐾𝑟2 and 𝐾𝑟3; the displacements making use of the rotational 

spring mechanical schematization with the spring stiffness value of respectively 𝐾𝑟1, 

𝐾𝑟2 and 𝐾𝑟3; 

4. Translational spring 𝐾𝑡1 and 𝐾𝑡2; the displacements making use of the translational 

spring mechanical schematization with the spring stiffness value of respectively 𝐾𝑡1 

and 𝐾𝑡2; 

5. Rubber; the additional displacement caused by the compression of the rubber 

6. Experiment; the occurring maximum average displacement of the top of the glass plate 

during the experiment. 

7.3 U-profile, top mounted. 
In Annex E, the Tables comparing the displacement values from the quasi-static load tests to 

the analytically calculated displacements are depicted. For the AMG U-profile top mounted it 

can clearly be seen that the encastre and the horizontal support mechanical schematizations 

fall short when used to determine the displacement that occurs in practice. Even with the 

addition of the displacement caused by the compression of the rubber these mechanical 

schematizations lead to an huge underestimation of the displacement.  

Both the rotational spring and translational spring achieve a lot higher accuracy in the 

estimation of the displacement. Preferably Kr1 and Kt1 are not used, since these do not take 

in to account the rotation of the SHS-beam. From the remaining spring stiffnesses, Kt2 seems 

to be the most accurate. 

7.4 F-profile. 
In Annex G, the Tables comparing the displacement values from the quasi-static load tests to 

the analytically calculated displacements are depicted. The encastre and horizontal support 

mechanical schematizations lead to a high underestimation of the approximation of the 

displacement of a loaded glass parapet.  

The additional displacement caused by the rotation of the SHS-beam varied from 2mm to 

4mm. This should be subtracted from the experimental displacement.  

In load direction one, the spring stiffnesses Kr1 and Kt1 offer the most precise results. Yet it 

must be noted that the spring stiffnesses Kr1 and Kt1 do not take the rotation of the SHS-

beam into account. Another side-note is the displacement due to the compression of the 

rubber, which currently is an estimate based on the values obtained by the tests performed on 

the AMG Y-profiles in the corresponding load direction.  
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7.5 Y-profile. 
In Annex H, the Tables comparing the displacement values from the quasi-static load tests to 

the analytically calculated displacements are depicted. The experimental displacement varied 

from 47mm to 50mm.  Making use of the encastre mechanical schematization the 

displacement varied from 16mm to 25mm. With the addition of the rubber this would still 

lead to a high underestimate of the actual displacement. The same can be said for the 

horizontal support mechanical schematization. 

The calculated displacement making use of either of the mechanical schematizations which 

include springs, result in a more accurate approximation of the experimental displacement.  

 

7.6 U-profile, side mounted. 
In Annex F, the Tables comparing the displacement values from the quasi-static load tests to 

the analytically calculated displacements are depicted. Once again the encastre and the 

horizontal displacement mechanical schematizations give a large underestimation of the 

displacements. 

The U-profile side mounted shows relatively close displacements making use of the spring 

stiffnesses.  

 

7.7 Conclusions displacement comparison 
All the results of the analytical calculation methods have been presented in Annex E – Annex 

H.  

Encastre 

Making use of the encastre mechanical schematization leads to relatively low displacement 

results in comparison with the obtained displacement during the performed static load test 

experiments. This is due to the fact that the Encastre schematization oversimplifies the glass 

parapet. This type of schematization does not take in to account; 

1. Rotation or displacement of the profile; 

2. rotation of the glass at the bottom of the glass 

Due to the lack of these two assumptions, this mechanical schematization does not give a 

good representation of the displacement which would be obtained in practice. 
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Horizontal support 

The horizontal support mechanical schematization offers more accurate results than the 

encastre schematization. In most cases making use of the horizontal support schematization 

leads to an underestimation of the practical displacement values. This type of schematization 

does not take in to account the rotation or displacement of the profile. 

This absence of taking the deformation of the profile in to account again oversimplifies the 

glass parapet, which leads to conclude that this type of schematization does not give a good 

representation of the displacement which would be obtained in practice. It must be noted that 

for higher loads, this type of calculation does seem to become more accurate.  

Rotational spring 

The calculation of the displacement of glass parapets making use of the rotational spring 

mechanical schematization offers the most accurate results within this research. On the other 

hand this method does require more effort, specifically the determination of the rotational 

stiffness of the profile. Within this report, three different types of methods to determine the 

rotational spring stiffness Kr are used, as explained in section 6.4.  

Rotational spring stiffness Kr1 is the least accurate method to calculate the spring stiffness. 

Due to the oversimplified calculation method, as has been elaborated in section 6.4.1. 

Rotational spring stiffnesses Kr2 and Kr3 are advised to be used to calculate the displacement 

values. These spring stiffnesses take in to account the rotation of the SHS-beam during the 

static load test. 

Translational spring 

Calculating the displacement making use of the translational spring Kt1 offers a method, 

which yields into an overestimation of the displacements obtained on a loaded glass parapet. 

This method does not take into account the rotation of the SHS-beam, thus this is not a 

surprising result. 

Doing the same calculation, but using Kt2 offers a better result of practical displacement 

values of the displacement of a loaded glass parapet, with a relatively slim deviation in 

comparison with the currently in practice used calculation methods.  
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Concluding it can be said that the rotational and translational mechanical schematizations 

offer an more accurate method than the currently in practice used schematizations such as the 

encastre or the horizontal support schematizations.  

Using the encastre or horizontal support mechanical schematization, results in an 

underestimation of the displacement varying from 25 mm to 35 mm. Respectively this is an 

underestimation of 50% to 70%. The deviation is dependent on the profile type and load 

direction. 

The new methods making use of springs do require additional effort and are slightly more 

complicated, yet the significant increase in accuracy does make these methods a good 

replacement for the current calculation methods.  
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8 
Comparison with experimental stress 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Within this chapter the stresses within the glass parapet measured by the strain gauges 

will be compared with the analytically determined stress.  
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8 Comparison analytical stress with experimental stress 
 

Within this section, the strains obtained from the strain gauges during the experimental 

research are inserted in the analytical formulas for the determination of the stresses. The 

results are presented in Tables, which show the load, the experimental stress and the 

analytical stress. Not all profiles will be compared, since not all profiles were tested making 

use of test setup 2.  

 

Determination of the experimental stress 

During the experiment, the strain 𝜖 is obtained. Making use of Hooke’s law, the strain can be 

converted towards the stress; 

 

𝜎 = 𝜖 ∗ 𝐸       ( 8.1 ) 

 

Since both the young’s modulus E and the strain 𝜖 are known, the stress within the glass plate 

can be determined.  

 

Determination of the analytical stress 

To compare the experimental stress, the analytical stress needs to be determined. The 

analytical stress which is determined, is the bending stress. The bending moment 𝑀 is 

calculated with Equation 8.2; 

𝑀 = 𝐹 ∗ 𝐿        ( 8.2 ) 

 

The section modulus is calculated with Equation 8.3; 

 

𝑊 =
1

6
𝑏ℎ2        ( 8.3 ) 

 

With both the experimental moment and the section modulus being known, the bending stress 

can be calculated. The bending stress is calculated making use of Equation 8.4; 

 

𝜎𝑏𝑒𝑛𝑑𝑖𝑛𝑔 =
𝑀

𝑊
        ( 8.4 ) 
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8.1 Y-profile comparison stress 
 

Within this section stresses obtained during the experimental phase of all the y-profiles of all 

three manufacturers are presented. The Tables will consist of the maximum force, the 

experimental stress and the analytical stress. The last two columns consist of the absolute 

difference in stress and the percentage difference in stress. 

 

OnLevel  

In Table 8.1, the stress comparison of the OnLevel TL-3011 is shown. In columns four and 

five, the experimental respectively the analytical stresses are shown. The final two columns 

consist of the absolute deviation in stress and the percentage deviation between the 

experimentally obtained stress and the analytically calculated stress.  

 
Table 8.1 - Overview stress OnLevel TL-3011 

Load 
direction 

Sample Maximum 
force [N] 

Stress 
experiment 

[N/mm
2
] 

Stress analytical 
[N/mm

2
] 

Difference 
[N/mm

2
] 

Difference [%] 

 
 

LD1 

1 716 20.97 19.88 1.09 5.19 
2 661 20.34 18.35 1.99 9.78 
3 698 20.58 19.38 1.20 5.83 
4 670 20.30 18.60 1.70 8.37 
5 707 20.82 19.63 1.19 5.71 

 
 

LD2 
 

1 1012 31.41 28.09 3.32 10.57 
2 1012 29.77 28.09 1.68 5.64 
3 1095 30.19 30.40 -0.21 0.69 
4 1085 30.51 30.13 0.38 1.25 
5 1002 29.78 27.82 1.96 6.58 

 

Average deviation 

Below the average deviation of both the absolute and the percentage values are given. 

Load direction 1 

Average difference [N/mm
2
]  = 1.43  

Average difference [%]  = 6.97 

Load direction 2 

Average difference [N/mm
2
]  = 1.51 

Average difference [%]  = 4.95 

 

All of the test samples analytical calculated stress are within 10% of the experimental stress. 

Only sample one in load direction two had a slightly larger deviation than 10%.   
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Q-railing 

In Table 8.2, the stress comparison of the Q-railing Easy Glass Pro “Y” is shown. In columns 

four and five, the experimental respectively the analytical stresses are shown. The final two 

columns consist of the absolute deviation in stress and the percentage deviation between the 

experimentally obtained stress and the analytically calculated stress.  

 

 

 

 

Average deviation 

Below the average deviation of both the absolute and the percentage values are given. 

Load direction 1 

Average difference [mm] = 2.03 

Average difference [%] = 7.11 

Load direction 2 

Average difference [mm] = 0.91 

Average difference [%] = 2.04 

 

The Q-railing Y-profile stress comparison results seem accurate. The average deviation in 

load direction one is approximately 7% and in load direction two it is 2%. These results are 

accurate enough for the analytical calculation to be assumed correct.   

Table 8.2 - Overview stress Q-railing Easy Glass Pro “Y” 

Load 
direction 

Sample Maximum 
force [N] 

Stress 
experiment 

[N/mm
2
] 

Stress analytical 
[N/mm

2
] 

Difference 
[N/mm

2
] 

Difference [%] 

 
 

LD1 

1 1205 31.66 33.46 -1.8 5.85 
2 1168 31.31 32.43 -1.12 3.57 
3 1353 33.58 37.57 -3.99 11.88 
4 1251 31.87 34.74 -2.87 9.01 
5 1261 33.26 35.01 -1.75 5.26 

 
 

LD2 
 

1 1639 46.35 45.51 0.84 1.81 
2 1528 44.42 42.43 1.99 4.48 
3 1593 44.81 44.23 0.58 1.29 
4 1612 44.32 44.76 -0.44 0.99 
5 1621 44.28 45.00 -0.72 1.63 
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AMG 

In Table 8.3, the stress comparison of the AMG Standard Advanced is shown. In columns 

four and five, the experimental respectively the analytical stresses are shown. The final two 

columns consist of the absolute deviation in stress and the percentage deviation between the 

experimentally obtained stress and the analytically calculated stress.  

 

 

 

Average deviation 

Below the average deviation of both the absolute and the percentage values are given. 

Load direction 1 

Average difference [N/mm
2
]  = 0.59 

Average difference [%]  = 2.23 

Load direction 2 

Average difference [N/mm
2
]  = 1.63 

Average difference [%]  = 5.02 

 

The AMG Y-profile test results show that all analytical stress calculations are within a 10% 

range of the experimental values. Once exception is present, which is sample four in load 

direction two. This sample also increases the average deviation in load direction two greatly.  

  

Table 8.3 - Overview stress AMG Standard Advanced 

Load 
direction 

Sample Maximum 
force [N] 

Stress 
experiment 

[N/mm
2
] 

Stress analytical 
[N/mm

2
] 

Difference 
[N/mm

2
] 

Difference [%] 

 
 

LD1 

1 892 25.07 24.77 0.30 1.19 
2 1030 27.14 28.59 -1.45 5.34 
3 965 26.43 26.79 -0.36 1.36 
4 993 27.85 27.57 0.28 1.01 

 
 

LD2 
 

1 1381 38.45 38.34 0.11 0.29 
2 1371 39.29 38.06 1.23 3.13 
3 1399 38.74 38.84 -0.1 0.26 
4 1288 30.71 35.76 -5.05 16.4 
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8.2 U-profile, side mount, stress comparison 
 

Within this section stresses obtained during the experimental phase of all the U-profiles side 

mounted of all three manufacturers are presented. The Tables will consist of the maximum 

force, the experimental stress and the analytical stress. The last two columns consist of the 

absolute difference in stress and the percentage difference in stress. 

OnLevel  

In Table 8.4, the stress comparison of the OnLevel TL-6011 is shown. In columns four and 

five, the experimental respectively the analytical stresses are shown. The final two columns 

consist of the absolute deviation in stress and the percentage deviation between the 

experimentally obtained stress and the analytically calculated stress.  

Table 8.4 - Overview stress OnLevel TL-6011 

Load 
direction 

Sample Maximum 
force [N] 

Stress 
experiment 

[N/mm
2
] 

Stress analytical 
[N/mm

2
] 

Difference 
[N/mm

2
] 

Difference [%] 

 
 

LD1 

1 1168 23.14 32.43 -9.29 29.7 
2 965 22.97 26.79 -3.82 14.3 
3 818 22.28 22.71 0.43 1.89 
4 1012 26.65 28.09 1.44 5.13 
5 864 25.55 23.99 1.56 6.50 

 
 

LD2 
 

1 1307 34.57 36.29 -1.72 4.74 
2 1251 34.44 34.74 -0.30 0.86 
3 1288 34.62 35.76 -1.14 3.19 
4 1335 34.69 37.07 -2.38 6.42 
5 1399 35.74 38.84 -3.10 7.98 

 

 

Average deviation 

Below the average deviation of both the absolute and the percentage values are given. 

Load direction 1 

Average difference [N/mm
2
]  = 3.31 

Average difference [%]  = 11.49 

Load direction 2 

Average difference [N/mm
2
]  = 1.73 

Average difference [%]  = 4.64 

The OnLevel U-profile side mount shows a relatively large deviation in load direction one. 

This is due to the first two test samples having a high deviation. The other three test samples 

in load direction one remain within 10% deviation. In load direction two both the absolute and 

percentage deviation are small. No significant variation is noticeable in this load direction.  
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Q-railing 

In Table 8.5, the stress comparison of the Q-railing Easy Glass Pro “U” is shown. In columns 

four and five, the experimental respectively the analytical stresses are shown. The final two 

columns consist of the absolute deviation in stress and the percentage deviation between the 

experimentally obtained stress and the analytically calculated stress.  

 

 
 

 

Average deviation 

Below the average deviation of both the absolute and the percentage values are given. 

Load direction 1 

Average difference [N/mm
2
]  = 8.93 

Average difference [%]  = 17.31 

Load direction 2 

Average difference [N/mm
2
]  = 0.36 

Average difference [%]  = 0.86 

 

In load direction one the deviation for test samples one and two is considerably large. This is 

most likely due to the force being almost 2000N in both these samples, whilst the average is 

about 1500N.  

In load direction two the deviations once again are really small, the average deviation is 

below one percent. 

 

  

Table 8.5 - Overview stress Q-railing Easy Glass Pro “U” 

Load 
direction 

Sample Maximum 
force [N] 

Stress 
experiment 

[N/mm
2
] 

Stress analytical 
[N/mm

2
] 

Difference 
[N/mm

2
] 

Difference [%] 

 
 

LD1 

1 2009 36.57 55.78 -19.21 34.44 
2 1963 39.18 54.51 -15.33 28.12 
3 1528 38.89 42.43 -3.54 8.34 
4 1482 37.76 41.15 -3.39 8.24 
5 1547 39.76 42.95 -3.19 7.43 

 
 

LD2 
 

1 1464 41.06 40.65 0.41 1.01 
2 1418 39.63 39.37 0.26 0.66 
3 1565 42.84 43.45 -0.61 1.40 
4 1473 40.76 40.89 -0.13 0.32 
5 1445 39.75 40.12 -0.37 0.92 
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AMG 

In Table 8.6, the stress comparison of the AMG Simple Premium is shown. In columns four 

and five, the experimental respectively the analytical stresses are shown. The final two 

columns consist of the absolute deviation in stress and the percentage deviation between the 

experimentally obtained stress and the analytically calculated stress.  

 

 

 

Average deviation 

Below the average deviation of both the absolute and the percentage values are given. 

Load direction 1 

Average difference [N/mm
2
]  = 1.51 

Average difference [%]  = 8.30 

Load direction 2 

Average difference [N/mm
2
]  = 1.83 

Average difference [%]  = 4.37 

 

The average deviation in load direction one is below 10%. Sample four had a deviation of 

approximately 25%, which is high in comparison to the other samples. This was due to the 

force being relatively low. 

 

In load direction two, the test samples gave similar results. The deviation varied between 2% 

to 6%.  

 

Table 8.6 - Overview stress AMG Simple Premium 

Load 
direction 

Sample Maximum 
force [N] 

Stress 
experiment 

[N/mm
2
] 

Stress analytical 
[N/mm

2
] 

Difference 
[N/mm

2
] 

Difference [%] 

 
 

LD1 

1 772 21.43 21.43 0.00 0.00 
2 818 22.31 22.71 -0.40 1.76 
3 827 21.42 22.96 -1.54 6.71 
4 597 20.67 16.57 4.10 24.74 
5 1658 44.79 46.03 -1.24 2.69 

 
 

LD2 
 

1 1722 44.88 47.81 -2.93 6.13 
2 1353 35.80 37.57 -1.77 4.71 
3 1261 33.63 35.01 -1.38 3.94 
4 772 21.43 21.43 0.00 0.00 
5 818 22.31 22.71 -0.40 1.76 
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Conclusions stress comparison 

For the determination of the bending stress within a glass parapet, it does not matter which 

mechanical schematization is applied. For all of the mechanical schemes the maximum 

bending moment is the same, thus the bending stress is the same. 

Comparing the analytically calculated stress with the occurring stress during the static load 

test, it is noticeable that there is no large difference between these two. Some exceptions 

occur, such as the Easy Glass Pro “U” side mounted from Q-railing test samples one and two. 

Due to the relatively high force, the analytical calculation gives an overestimation of the 

occurring stress.  

Overall it can be stated that the all of the mechanical schematizations which have been treated 

within this report, do not need to be adjusted for the determination of the stresses within a 

glass parapet. The accuracy of the stress calculation provides enough information for an 

engineer to draw solid conclusions whether the parapet is safe.   
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9 
Additional tests 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter nine elaborates on the additional tests that have been performed. These 

additional tests have been carried out to determine the influence of several parameters. 
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9 Additional tests 
 

During the experiments several parameters which were of influence on the behaviour of the 

glass parapet have been identified. Within this chapter, the previously performed tests will be 

compared with additional parameter tests that have been carried out. These tests are; 

1. Test with additional 2 mm aluminium plate; 

2. Test without rubber; 

3. Cyclic loading test. 

With the addition of these tests,  the test sample pool became too large for this research. Yet 

for each profile type, each test has been performed once. This has been done, to identify 

whether these parameters influence the system significantly. 
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9.1 Explanation of each test 
 

 Test with additional 2 mm aluminium plate 9.1.1
The 2 mm aluminium plate test is an experiment where an additional 2 mm 

thick aluminium plate has been inserted between the wedges and the 

aluminium parapet clamping profile. An example of this is shown in Figure 

9.1. 

The reason this test has been added, is because that the glass used within our 

test setup has a nominal glass thickness of 15 mm.. In practice this results in 

a real glass thickness which is slimmer than the thickness of 15 mm that has 

been ordered, e.g. the thickness of the glass during the experiment was 

14,7mm.  

The wedge sets which have been provided by the manufacturers are designed 

for 8.8.2 laminated glass. This glass has a thickness of approximately 

16,7mm. 

Thus the wedge sets are designed for a glass plate which is 2 mm thicker. To 

compensate for this loss in thickness, the additional 2 mm aluminium plate is 

inserted within the test setup. This results in the wedge depth being smaller.  

It must be noted that not all profile types were subjected to this test, because the aluminium 

plate in some cases prevented the wedges from being inserted. 

Here an overview of the different types of profiles from each manufacturer and its 

corresponding test sample are given in Table 9.1. 

 
Table 9.1 - Overview of the 2 mm test samples 

Profile type Manufacturer 

AMG OnLevel Q-railing 

F-profile LD2-S2 LD2-S5 LD2-S5 
Y-profile LD1-S4 

LD2-S4 
LD1-S5 
LD2-S5 

LD1-S5 
LD2-S5 

U-profile, top mount LD2-S1 LD2-S1  
U-profile, side mount LD1-S4 

LD2-S4 
LD1-S1 
LD2-S1 

LD1-S5 
LD2-S5 

LD = Load direction ; S = Sample 

  

Figure 9.1: Parapet profile 
cross section with 2 mm 

aluminium plate. 
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AMG  

Within this section the results of the AMG profiles which have been subjected to the 2 mm 

aluminium plate test are presented. The obtained results are presented in Table 9.2, comparing 

the average force during the standard tests to the 2 mm aluminium plate tests. The comparison 

between the average rotational stiffness 𝐾𝑟1of a specific profile with the rotational stiffness 

𝐾𝑟1 of the 2 mm aluminium plate test. The same has been done for translational stiffness 𝐾𝑡1. 

Finally the wedge depth comparison is shown. The force displacement graphs are depicted in 

Annex A. 

Table 9.2 - Comparison AMG profiles 2 mm aluminium plate test 

 Standard test average 2 mm plate test 

Quick Premium 
Load direction two 

 

Maximum load                        [N] 965 910 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 5.49 4.43 

𝑲𝒕𝟏                            [10
3
 N/mm] 5.04 4.07 

Wedge depth                      [mm] 34.46 21.44 

Simple Premium 
Load direction one 

 

Maximum load                        [N] 754 679 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 4.89 7.91 

𝑲𝒕𝟏                            [10
3
 N/mm] 4.89 7.25 

Wedge depth                      [mm] 27.62 -1.2 

Simple Premium 
Load direction two 

 

Maximum load                        [N] 1499 1741 
Wedge depth                      [mm] 28.31 5.95 

Simple premium, top mount 
Load direction  two 

 

Maximum load                        [N] 929 1131 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 7.98 6.53 

𝑲𝒕𝟏                            [10
3
 N/mm] 7.32 5.98 

Wedge depth                      [mm] 38.81 20.79 

Standard advanced 
Load direction one 

 

Maximum load                        [N] 970 679 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 4.17 4.05 

𝑲𝒕𝟏                            [10
3
 N/mm] 3.83 3.72 

Wedge depth                      [mm] 32.29 8.24 

Standard advanced 
Load direction two 

 

Maximum load                        [N] 1359 1316 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 9.38 8.77 

𝑲𝒕𝟏                            [10
3
 N/mm] 8.60 8.05 

Wedge depth                      [mm] 37.28 13.84 

 

Conclusions 

For the AMG profiles it can be stated that the influence of the 2 mm aluminium plate is hardly 

noticeable. There is some variance in comparison with the average values, yet with the small 

sample pool size which is used for the 2 mm test, it is currently too difficult to draw precise 

conclusions.  
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OnLevel 

Here the results of the OnLevel profiles which have been subjected to the 2 mm aluminium 

plate test are presented. The obtained results are presented in Table 9.3, comparing the 

average force during the standard tests to the 2 mm aluminium plate tests. The comparison 

between the average rotational stiffness of a specific profile with the rotational stiffness of the 

2 mm aluminium plate test and finally the wedge depth comparison is shown. The force 

displacement graphs are depicted in Annex A. 

 

  

Table 9.3 - Comparison OnLevel profiles 2 mm aluminium plate test 

 Standard test average 2 mm plate test 

TL-3010 
Load direction two 

 

Maximum load                        [N] 821 1104 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 3.13 4.59 

𝑲𝒕𝟏                            [10
3
 N/mm] 2.87 4.21 

Wedge depth                      [mm] 52.30 25.50 

TL-6011 
Load direction one 

 

Maximum load                        [N] 965 624 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 7.50 9.31 

𝑲𝒕𝟏                            [10
3
 N/mm] 6.87 8.53 

Wedge depth                      [mm] 50.62 15.68 

TL-6011 
Load direction two 

 

Maximum load                        [N] 1316 1861 
Wedge depth                      [mm] 51.59 22.05 

TL-6010 
Load direction  two 

 

Maximum load                        [N] 912 1159 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 7.10 7.18 

𝑲𝒕𝟏                            [10
3
 N/mm] 6.50 6.58 

Wedge depth                      [mm] 52.69 29.80 

TL-3011 
Load direction one 

 

Maximum load                        [N] 690 689 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 3.35 3.59 

𝑲𝒕𝟏                            [10
3
 N/mm] 3.08 3.29 

Wedge depth                      [mm] 52.40 29.82 

TL-3011 
Load direction two 

 

Maximum load                        [N] 1041 1279 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 7.77 9.17 

𝑲𝒕𝟏                            [10
3
 N/mm] 7.13 8.41 

Wedge depth                      [mm] 52.29 31.60 
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Conclusions 

The average force on the OnLevel profiles seems to increase in comparison to the average 

load on the standard static load test. Prior to these results, it was expected that the average 

force would increase, because the wedge sets are manufactured for this thickness. Four out of 

the six tests the average force increased and one test it remained approximately equal. 

However,  the only profile where is no increase in force is the U-profile side mounted in load 

direction 1. This difference can also be viewed in Annex A. 

Concluding it can be stated that the 2 mm aluminium plate does influence the maximum load 

and the spring stiffness. This influence can be regarded as positive, since the load and the 

spring stiffness seem to increase.  
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Q-railing 

The results of the Q-railing profiles which have been subjected to the 2 mm aluminium plate 

test are presented within this section. The obtained results are presented in Table 9.4,  

comparing the average force during the standard tests to the 2 mm aluminium plate tests. The 

comparison between the average rotational stiffness of a specific profile with the rotational 

stiffness of the 2 mm aluminium plate test and finally the wedge depth comparison is shown. 

The force displacement graphs are depicted in Annex A. 

 

Conclusion 

The U-profile side mounted in load direction one seems to give a low value for the maximum 

load and the spring stiffnesses. 

For the Y-profile in load direction one, it can be stated that the test was stopped at a relatively 

low displacement value in comparison to the other standard static load tests. This is the reason 

why it is low in comparison to the other SLT on the Y-profiles. When the spring stiffnesses 

are compared, it can be seen that the stiffnesses are actually higher than the average.  

Overall it can be viewed that the spring stiffness remains approximately the same or a little 

higher. 

Table 9.4 - Comparison Q-railing profiles 2 mm aluminium plate test 

 Standard test average 2 mm plate test 

Easy Glass Pro “F” 
Load direction two 

 

Maximum load                        [N] 855 1131 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 2.60 4.29 

𝑲𝒕𝟏                            [10
3
 N/mm] 2.39 3.94 

Wedge depth                      [mm] 34.71 9.04 

Easy Glass Pro “U”  
Load direction one 

 

Maximum load                        [N] 1706 1205 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 10.87 8.75 

𝑲𝒕𝟏                            [10
3
 N/mm] 9.97 8.02 

Wedge depth                      [mm] 36.59 2.15 

Easy Glass Pro “U” 
Load direction two 

 

Maximum load                        [N] 1473 1695 
Wedge depth                      [mm] 36.65 2.76 

Easy Glass Pro “Y” 
Load direction  one 

 

Maximum load                        [N] 1246 1104 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 5.43 5.85 

𝑲𝒕𝟏                            [10
3
 N/mm] 4.98 5.37 

Wedge depth                      [mm] 36.61 6.55 

Easy Glass Pro “Y” 
Load direction  two 

 

Maximum load                        [N] 1599 1889 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 17.72 17.59 

𝑲𝒕𝟏                            [10
3
 N/mm] 16.25 16.12 

Wedge depth                      [mm] 36.81 10.94 
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Conclusions 2 mm aluminium plate test 

Overall can be stated that the 2 mm aluminium plate within the profile does influence the 

behaviour of a glass parapet. This can be interpreted in two ways; 

1. The depth of the wedge influences the behaviour; 

2. The tightening of the glass by the wedge influences the behaviour. 

Neither of these conclusions can be excluded, since the amount of pre-stress created by the 

wedge has not been measured. 

Yet it must be noted that the current practical application is little, since the depth of the wedge 

is hard to influence in practice.   
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 Test without rubber 9.1.2
 

The second additional test that has been added is the test without 

rubber. This test is an exact copy of the standard load test that has been 

performed, but with one difference: the rubber in the load direction has 

been removed. This has been done such that the influence of the rubber 

can be identified and checked whether the influence is significant. An 

example of this is shown in Figure 9.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 9.5 -  Overview of the test without rubber samples 

Profile type Manufacturer 

AMG OnLevel Q-railing 

F-profile LD2-S2 LD2-S5 LD2-S5 
Y-profile LD2-S1 LD1-S5 

LD2-S5 
LD2-S5 

U-profile, top mount  LD2-S1 LD2-S5 
U-profile, side mount LD2-S4 LD1-S1 

LD2-S1 
LD2-S5 

LD = Load direction ; S = Sample 

 

  

Figure 9.2: Parapet profile 
cross section with removal of 

rubber. 
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AMG  

Within this section the results of the AMG profiles which have been subjected to the test 

without rubber are presented. The obtained results are presented in Table 9.6, comparing the 

average force during the standard tests to the no rubber plate tests. The comparison between 

the average rotational stiffness of a specific profile with the rotational stiffness of the no 

rubber test. The force displacement graphs are depicted in Annex B. 

 
Table 9.6 - Comparison AMG profiles test without rubber 

 Standard test average No rubber test 

Quick Premium 
Load direction two 

 

Maximum load                        [N] 965 624 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 5.49 5.94 

𝑲𝒕𝟏                            [10
3
 N/mm] 5.04 5.44 

Simple Premium 
Load direction two 

 

Maximum load                        [N] 1499 1575 

Standard Advanced 
Load direction two 

 

Maximum load                        [N] 1359 1251 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 9.38 9.00 

𝑲𝒕𝟏                            [10
3
 N/mm] 8.60 8.25 

 

Conclusion 

Three tests without rubber have been performed on the AMG profiles. Due to the relatively 

slim nature of the AMG profiles, the test without rubber was not possible on all profiles. This 

choice has been made, because the profile without rubber would have a high chance of 

aluminium-glass contact during the static load test. 

The load values remain approximately the same during the standard static load test and the no 

rubber test. There was no significant difference between the values for the spring stiffnesses 

either. One exception for the AMG profiles is the F-profile in load direction two, which 

resulted in relatively low results. 

This relatively low load can be explained by tilting of the glass plate. When the force-

displacement graph of this test sample is viewed in comparison with the other standard static 

load tests, it can easily be seen that the displacement increases without an increase of force the 

first part.  
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OnLevel 

Here the results of the OnLevel profiles which have been subjected to the test without rubber 

are presented. The obtained results are presented in Table 9.7, comparing the average force 

during the standard tests to the tests without rubber. The comparison between the average 

rotational stiffness of a specific profile with the rotational stiffness of the test without rubber. 

The force displacement graphs are depicted in Annex B. 

 
Table 9.7 - Comparison OnLevel profiles test without rubber 

 Standard test average No rubber test 

TL-3010  
Load direction two 

 

Maximum load                        [N] 821 901 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 3.13 4.92 

𝑲𝒕𝟏                            [10
3
 N/mm] 2.87 4.51 

TL-6011 
Load direction one 

 

Maximum load                        [N] 965 892 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 7.50 7.61 

𝑲𝒕𝟏                            [10
3
 N/mm] 6.87 6.97 

TL-6011 
Load direction two 

 

Maximum load                        [N] 1316 1298 

TL-6010 
Load direction two 

 

Maximum load                        [N] 912 892 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 7.10 8.55 

𝑲𝒕𝟏                            [10
3
 N/mm] 6.50 7.84 

TL-3011 
Load direction one 

 

Maximum load                        [N] 690 716 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 3.35 3.58 

𝑲𝒕𝟏                            [10
3
 N/mm] 3.08 3.28 

TL-3011 
Load direction two 

 

Maximum load                        [N] 1041 1030 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 7.77 9.98 

𝑲𝒕𝟏                            [10
3
 N/mm] 7.13 9.15 
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Conclusions 

Six different no rubber tests have been performed on the OnLevel profiles. During the no 

rubber tests the load remained approximately the same in all cases.  

All of the tests seem to offer a relatively higher rotational stiffness with the removal of the 

rubber. This phenomena can be explained by the fact that the rubber causes a faster 

displacement of the aluminium profile at the location where the LVDT’s are located. Thus in 

the no rubber tests the rotational stiffness is higher, due to the decrease in displacement of the 

aluminium profile. 

Yet the behaviour of the glass parapet in general remains the same during the standard static 

load test and the no rubber tests as can be seen in Annex B. 

 

 

Q-railing 

The results of the Q-railing profiles which have been subjected to the test without rubber are 

presented within this section. The obtained results are presented in Table 9.8,  comparing the 

average force during the standard tests to the test without rubber. The comparison between the 

average spring stiffness of a specific profile with the spring stiffnesses of the no rubber test. 

The force displacement graphs are depicted in Annex B. 

 
Table 9.8 - Comparison Q-railing profiles test without rubber 

 Standard test average No rubber test 

Easy Glass Pro “F” 
Load direction two 

 

Maximum load                        [N] 855 1012 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 2.60 4.05 

𝑲𝒕𝟏                            [10
3
 N/mm] 2.39 3.72 

Easy Glass Pro “U” – SM 
Load direction two 

 

Maximum load [N] 1473 1381 

Easy Glass Pro “U” – TM  
Load direction two 

 

Maximum load                        [N] 1265 1215 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 7.02 8.50 

𝑲𝒕𝟏                            [10
3
 N/mm] 6.45 7.79 

Easy Glass Pro “Y” 
Load direction two  

 

Maximum load                        [N] 1599 1593 
𝑲𝒓𝟏                      [10

7
 Nmm/rad] 17.72 18.81 

𝑲𝒕𝟏                            [10
3
 N/mm] 16.25 17.25 

SM = Side mounted ; TM = Top mounted   
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Conclusions 

Four different no rubber tests were performed on the Q-railing profiles. Only load direction 

two has been subjected to the no rubber test, to prevent any aluminium-glass contact.  

The forces remain approximately the same as during the standard static load tests, yet the 

rotational stiffness does seem to increase slightly. Once again the same phenomena as with 

the OnLevel profiles can be noticed, which is the reduction of the displacement of the 

aluminium profile at the location of the LVDT’s. 

Overall can be summed up that the rubber hardly influences the general displacement 

behaviour of the glass parapets, yet it does influence the determination of the spring stiffness.  

 

Conclusions test without rubber 

The tests without rubber lead to conclude that the influence of the rubber within the profile is 

small to negligible. The rotational stiffness of the profiles do increase slightly, which seems to 

lead to a stiffer profile. As has been elaborated previously, this is because the rubber is no 

longer able to transmit forces to the flange of the parapet clamping profile.  

The higher spring stiffness would result in a smaller displacement when inserted within the 

analytical formula.   
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 Cyclic loading test 9.1.3
The final additional test is the cyclic loading test. This test consists of several 

loading steps. Each step the glass parapet is loaded up to a specific 

displacement value, after which the load is released and the next step is started. 

The cyclic loading cycle is as follows; 

1. Three times up to 10mm; 

2. Three times up to 20mm; 

3. Three times up to 30mm; 

4. Three times up to maximum displacement. 

This test has been added to be able to identify whether cyclic loading on the 

glass parapet influences the deformation of the glass parapet. An example of 

this is shown in Figure 9.3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 9.9 - Overview of the cyclic loading test samples 

Profile type Manufacturer 

AMG OnLevel Q-railing 

F-profile LD2-S2 LD2-S5 LD2-S5 
Y-profile LD1-S4 

LD2-S4 
LD1-S5 
LD2-S5 

LD1-S5 
LD2-S4 

U-profile, top mount LD2-S1 LD2-S1 LD2-S5 
U-profile, side mount LD1-S4 

LD2-S4 
LD1-S1 
LD2-S1 

LD1-S5 
LD2-S5 

LD = Load direction ; S = Sample 

 

  

Figure 9.3: Cyclic 
loading test 
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AMG 

The results of the AMG profiles which have been subjected to the cyclic loading test are 

presented within this section. The obtained results consists of the rotational stiffness which 

has been determined for each of the loading steps. These spring stiffnesses are shown in Table 

9.10. 

 
Table 9.10 - Comparison AMG profiles cyclic loading tests – Rotational stiffness 

Test code Loading cycle - Rotational stiffness Kr1 [10
7
 Nmm/rad] 

10-1 10-2 10-3 20-1 20-2 20-3 30-1 30-2 30-3 M-1 M-2 M-3 

FP-LD2-S2 6,09 6,28 6,07 6,38 6,37 6,36 7,38 7,41 6,23 5,46 5,41 5,41 
YP-LD1-S4 4,98 5,03 4,86 4,65 4,74 4,66 4,56 4,59 4,67 4,36 4,41 4,35 
YP-LD2-S4 7,98 8,04 7,85 8,63 8,55 6,33 9,45 9,25 9,30 9,28 9,24 9,15 
UP-TM-LD2-S1 8,51 8,57 8,75 8,42 8,42 8,55 9,62 7,65 7,74 6,62 6,74 6,83 
UP-SM-LD1-S4 7,81 7,95 7,83 6,55 6,40 6,54 5,76 5,79 5,76 5,16 5,19 5,09 
LD = Load direction ; S = Sample ; FP = F-profile ; YP = Y-profile ; UP = U-profile ; TM = Top mounted ; SM = Side mounted 

 

Conclusions 

The AMG profiles show stable results for each loading cycle. This leads to conclude that 

cyclic loading does not influence the spring stiffness of the profile. Yet when the 

displacement is increased, this does influence the rotational stiffness. Four out of the five 

cyclic loading tests decrease in spring stiffness, while only the Y-profile in load direction two 

increases as the load is increased.  

The phenomena where the spring stiffness decreases as the load is increased can be explained 

by the fact that the force increases faster than the displacement of the profile. The fact that the 

Y-profile increases as the load is increased is most likely due to the fact that the Y-profile is 

partially supported by the SHS-beam during the loading.  
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OnLevel 

Within this section the results of the OnLevel profiles which have been subjected to the cyclic 

loading test are presented. The results consist of the rotational stiffness which has been 

determined for each of the loading steps. In Table 9.11 below, the results of these tests are 

presented. 

 
Table 9.11 - Comparison OnLevel profiles cyclic loading tests – Rotational stiffness 

Test code Loading cycle - Rotational stiffness Kr1 [10
7
 Nmm/rad] 

10-1 10-2 10-3 20-1 20-2 20-3 30-1 30-2 30-3 M-1 M-2 M-3 

FP-LD2-S5 6,03 5,99 5,76 5,73 5,56 5,73 5,38 5,34 5,28 5,18 5,01 4,98 
YP-LD1-S5 4,06 4,05 3,99 3,56 3,69 3,51 3,38 3,36 3,38 3,55 3,49 3,51 
YP-LD2-S5 7,07 7,22 7,31 7,77 7,77 7,65 8,54 8,44 8,56 9,76 9,77 9,61 
UP-TM-LD2-S1 8,31 8,18 8,39 9,28 8,96 9,25 9,15 9,24 9,28 8,33 8,46 8,37 
UP-SM-LD1-S1 7,26 7,00 7,38 6,06 6,19 6,05 6,41 6,41 6,41 7,65 7,73 7,79 
LD = Load direction ; S = Sample ; FP = F-profile ; YP = Y-profile ; UP = U-profile ; TM = Top mounted ; SM = Side mounted 

 

Conclusions 

Likewise to the AMG profiles, the Q-railing profiles offer stable results for each loading 

cycle. Between each loading cycle there once again is a difference noticeable.  

The F-profile in load direction two and the Y-profile in load direction one both decrease in 

spring stiffness as the load increases.  

The Y-profile in load direction two increases in spring stiffness as the load increases. 

The U-profile top mounted in load direction two and the U-profile side mounted in load 

direction one remain approximately the same over the course of the loading. The top mounted 

profile shows a small increase in spring stiffness around the 20 and 30mm displacements, yet 

the side mounted profile shows a decrease around those displacements. 
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Q-railing 

Here the results of the Q-railing profiles which have been subjected to the cyclic loading test 

are shown. Again the results are presented in a Table showing the rotational stiffness which 

has been calculated for each corresponding loading cycle. The results are shown in Table 9.12 

below. 

 

Conclusions 

The spring stiffnesses obtained during the cyclic loading test on the Q-railing profiles lead to 

stable results for each loading cycle.  

Out of the five tests that have been performed, four tests decrease in spring stiffness value as 

the load increases. The Y-profile in load direction two increases in spring stiffness as the load 

increases. 

As has been previously elaborated, this is most likely due to the fact that the Y-profile is 

partially supported by the SHS-beam, preventing the flange of the Y-profile to displace freely. 

This results in a significantly higher force to require the displacement desired. This higher 

force leads to a relatively high moment. From this high moment the spring stiffness is 

calculated, thus leading to an increase in rotational stiffness as the displacement is increased.  

 

Conclusions cyclic loading test 

Due to the small sample pool size for the cyclic loading test, it is difficult to draw final 

conclusions. Currently it seems that the rotational stiffness does vary depending on the 

displacement and force to which the glass parapet is subjected.  

The higher the force and/or the displacement is, the lower the spring stiffness seems to 

become.  

Table 9.12 - Comparison Q-railing profiles cyclic loading tests – Rotational stiffness 

Test code Loading cycle - Rotational stiffness Kr1 [10
7
 Nmm/rad] 

10-1 10-2 10-3 20-1 20-2 20-3 30-1 30-2 30-3 M-1 M-2 M-3 

FP-LD2-S5 5,10 5,25 5,17 4,87 4,84 4,83 4,57 4,51 4,47 4,14 4,13 4,15 
YP-LD1-S5 6,20 6,29 6,39 5,93 6,03 5,93 5,94 5,90 5,93 5,83 5,82 5,80 
YP-LD2-S5 12,3 12,6 12,7 15,4 14,9 15,2 16,1 16,1 16,1 16,3 16,2 16,2 
UP-TM-LD2-S1 15,8 15,6 15,8 16,2 16,0 16,2 14,1 14,0 14,0 12,3 12,4 12,6 
UP-SM-LD1-S1 10,2 10,3 10,5 10,3 10,4 10,3 10,2 10,2 10,1 9,89 9,80 9,81 
LD = Load direction ; S = Sample ; FP = F-profile ; YP = Y-profile ; UP = U-profile ; TM = Top mounted ; SM = Side mounted 
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Part V 

 

Static calculation  
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10 
Effective Thickness 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In chapter ten three effective thickness methods will be elaborated and compared. Effective 

thickness is the equivalent monolithic thickness of a laminated glass plate.  
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10  Effective thickness 
 

The effective thickness methods have been designed to simplify the behaviour of laminated 

glass. The effective thickness methods calculate the equivalent monolithic glass thickness 

from laminated glass plate.  

In practice several different types of methods can be applied to calculate the effective 

thickness. Within this chapter the difference in calculation method of several methods are 

analysed and compared. The effective thickness can be important for the static calculation of a 

glass parapet, because the glass applied within a glass parapet is often a laminate. This 

ensures that the effective thickness method is a key aspect for the calculation process.  

The methods that will be applied for the calculation of effective thickness of the glass in this 

case study are; 

1. NEN 2608 [2014] 

2. prEN 16612 [2013] 

3. Enhanced effective thickness method [Galuppi, 2014] 
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10.1 NEN 2608 – Glass in building – Requirements and determination method 
 

The NEN 2608 [2014] is the Dutch code. Within this code the effective thickness method is 

divided in to two different formulas. One formula for the effective thickness in the 

serviceability limit state and one formula for the effective thickness in the ultimate limit state. 

Ultimate limit state 

The formula for the effective thickness according to NEN 2608 [2014] in the ultimate limit 

state is as follows; 

𝑡𝑔𝑔;𝑖;𝑢 = √
(1−𝜔𝜎)∗ ∑ 𝑡𝑝𝑙;𝑗

3𝑛
𝑗=1 +𝜔𝜎∗(∑ 𝑡𝑝𝑙;𝑗

𝑛
𝑗=1 )

3

𝑡𝑝𝑙;𝑖 + 2∗𝜔𝜎∗𝑡𝑚;𝑖 
   ( 10.1 ) 

Where: 

𝑡𝑔𝑔;𝑖;𝑢 = the equivalent glass thickness of the laminated glass in the ultimate limit state, in 

mm;  

𝜔𝜎 = the shear-coefficient to account for the contribution of interlayer to laminate 

stiffness, where 0 ≤ 𝜔𝜎 ≤ 1; 

𝑡𝑝𝑙;𝑖 = the nominal glass thickness of glass plate i (with i = 1, 2, 3, …, n), in mm; 

𝑡𝑝𝑙;𝑗  = the nominal glass thickness of glass plate j (with i = 1, 2, 3, …, n), in mm; 

𝑛 = the number of glass plates; 

𝑡𝑚;𝑖 = the distance between the centre of glass plate i (with i = 1, 2, 3, …, n) and the centre 

of the laminated glass, without taking the thickness of the interlayer in to account, in 

mm. see Figure 10.1. 

 
 

 
 
 
 

Figure 10.1: Laminated glass for the determination of tm;I [NEN 2608, 2014] 
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An example calculation of the effective thickness is presented. The variables that are 

applicable to this case study are shown in Table 10.1. The glass used within the case study is a 

10.10.4 laminated glass plate. 

 

Filling in equation 10.1gives; 

𝑡𝑔𝑔;𝑖;𝑢 = √
(1 − 0.3) ∗  ∑ (9.73 + 9.73)2

𝑗=1 + 0.3 ∗ (∑ 9.7 + 9.72
𝑗=1 )

3

9.7 +  2 ∗ 0.3 ∗ 3.85
 = 16.58 [𝑚𝑚] 

 

It must be noted that in this specific case an shear-coefficient of 0.3 has been used. The 

effective thickness depends heavily on this factor. If it is assumed 𝜔𝜎 = 1, the effective 

thickness of the laminated glass plate is 19.14mm. if it is assumed that there is no shear 

cooperation between the two glass plates , 𝜔𝜎 = 0, the effective thickness of the laminated 

glass plate is 13.72mm. 

Serviceability limit state 

The equation for the effective thickness in the serviceability limit state is as follows; 

 

𝑡𝑔𝑔;𝑠𝑒𝑟 = √(1 − 𝜔𝑤) ∗ ∑ 𝑡𝑝𝑙;𝑖
3𝑛

𝑖=1 + 𝜔𝑤 ∗ (∑ 𝑡𝑝𝑙;𝑖
𝑛
𝑖=1 )

33

 ( 10.2 ) 

Where: 

𝑡𝑔𝑔;𝑠𝑒𝑟 = the equivalent glass thickness of the laminated glass in the serviceability limit state, 

in mm; 

𝜔𝑤  = the shear-coefficient to account for the contribution of the interlayer to laminate 

stiffness,  where 0 ≤ 𝜔𝑤 ≤ 1; 

𝑡𝑝𝑙;𝑖 = the nominal glass thickness of glass plate i (with i = 1, 2, 3, …, n), in mm; 

𝑛  = the number of glass plates. 

 
  

Table 10.1 - Variables ULS – NEN 2608 

𝒕𝒑𝒍;𝟏 [mm] 9.7 

𝒕𝒑𝒍;𝟐 [mm] 9.7 

𝒕𝒎;𝟏 [mm] 3.85 

𝒕𝒎;𝟐 [mm] 3.85 
𝒏 2 
𝝎𝝈 0.3 
𝝎𝒘 0.3 
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The variables that are applicable to this case study are shown in Table 10.1. 

 

 Filling in equation 10.2 gives; 

 

𝑡𝑔𝑔;𝑠𝑒𝑟 = √(1 − 0.3) ∗ ∑(9.73 + 9.73)

2

𝑖=1

+ 𝜔𝑤 ∗ (∑ 9.73 + 9.73

2

𝑖=1

)

3
3

= 15.14 

 

Once again it must be noted that in this specific case an shear-coefficient of 0.3 has been used. 

The effective thickness depends heavily on this factor. If it is assumed 𝜔𝜎 = 1, the effective 

thickness of the laminated glass plate is 19.40mm. if it is assumed that there is no shear 

cooperation between the two glass plates , 𝜔𝜎 = 0, the effective thickness of the laminated 

glass plate is 12.22mm. 
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10.2 Enhanced effective thickness method 
 

A relatively new method for the determination of the equivalent glass thickness of laminated 

glass is the enhanced effective thickness method[Galuppi, 2014]. The enhanced effective 

thickness method is based on the variational approach. Once again two different equations 

have been developed, for both the ultimate limit state and the serviceability limit state.  

Serviceability limit state 

The equation for the enhanced effective thickness method in the serviceability limit state is as 

follows; 

ℎ̂𝑤 = √
1

𝜂

(ℎ1
3+ℎ2

3+12𝐼𝑠)
+

(1−𝜂)

(ℎ1
3+ℎ2

3)

3
   ( 10.3 ) 

Where: 

𝐼𝑠 = moment of inertia of the laminated glass plate 

𝐼𝑠           =
𝐵𝑠

𝐸𝑏
=

ℎ1ℎ2

ℎ1+ℎ2
𝐻2  

ℎ𝑖 = the glass thickness of glass plate i (with i = 1, 2, 3, …, n), in mm; 

𝜂 = the shear-coefficient to account for the contribution of interlayer to laminate 

stiffness, where 0 ≤ 𝜂 ≤ 1; 

𝛽          = 𝜂 =
1

1+
𝐼1+𝐼2
𝜇 𝐼𝑡𝑜𝑡

∗
𝐴1𝐴2

𝐴1+𝐴2
𝛹

  

 

  

Figure 10.2: Graphical representation of the variables for the EET 
[Galuppi et al. 2012] 
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An example calculation of the effective thickness is presented. The variables that are 

applicable to this case study are shown in Table 10.2. The glass used within the case study is a 

10.10.4 laminated glass plate. 

 

 

Filling in the equation gives; 

 

 

ℎ̂𝑤 =
√

1

0.3
(103 + 103 + 12 ∗ 663.6)

+
(1 − 0.3)

(103 + 103)

3 = 13.80 [𝑚𝑚] 

 

 

Once again it must be noted that in this specific case an shear-coefficient of 0.3 has been used. 

The effective thickness depends heavily on this factor. If it is assumed 𝜔𝜎 = 1, the effective 

thickness of the laminated glass plate is 21.52mm. if it is assumed that there is no shear 

cooperation between the two glass plates , 𝜔𝜎 = 0, the effective thickness of the laminated 

glass plate is 12.59mm. 

 

Ultimate limit state 

The equation for the enhanced effective thickness method in the ultimate limit state is as 

follows; 

 

ℎ̂1;𝜎 = √
1

2𝜂ℎ𝑠;2

ℎ1
3+ℎ2

3+12𝐼𝑠
+

ℎ1
ℎ𝑤

3

   ( 10.4 ) 

ℎ̂2;𝜎 = √
1

2𝜂ℎ𝑠;1

ℎ1
3+ℎ2

3+12𝐼𝑠
+

ℎ2
ℎ𝑤

3

   ( 10.5 ) 

  

Table 10.2 - Variables for EET 

𝒉𝟏   [mm] 10 
𝒉𝟐   [mm] 10 
𝒉𝒔;𝟏 [mm] 5.76 

𝒉𝒔;𝟐 [mm] 5.76 

𝑰𝒔     [mm
3
] 663.5 

𝒉𝒘   [mm] 13.76 
𝜼 0.3 
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Where: 

𝐼𝑠 = moment of inertia of the laminated glass plate 

𝐼𝑠           =
𝐵𝑠

𝐸𝑏
=

ℎ1ℎ2

ℎ1+ℎ2
𝐻2  

ℎ𝑖 = the glass thickness of glass plate i (with i = 1, 2, 3, …, n), in mm; 

𝐻 = the distance between the centre of the glass plates, in mm; 

ℎ𝑤 = the enhanced effective thickness in the serviceability limit state, in mm; 

𝜂 = the shear-coefficient to account for the contribution of interlayer to laminate 

stiffness, where 0 ≤ 𝜂 ≤ 1; 

 

Additional equations that are required; 

 

𝛽       = 𝜂 =
1

1+
𝐼1+𝐼2
𝜇 𝐼𝑡𝑜𝑡

∗
𝐴1𝐴2

𝐴1+𝐴2
𝛹

       ( 10.6 ) 

ℎ𝑠;1 =  
𝐻ℎ1

ℎ1+ℎ2
         ( 10.7 ) 

ℎ𝑠;2 =  
𝐻ℎ2

ℎ1+ℎ2
         ( 10.8 ) 

𝐼𝑠           =
𝐵𝑠

𝐸𝑏
=

ℎ1ℎ2

ℎ1+ℎ2
𝐻2

        ( 10.9 ) 

 

 

Two equations are given, in case the thickness of the glass plates is different. In this specific 

case both the glass plates have the same thickness, thus filling in either of the equations above 

is sufficient. This gives; 

 

ℎ̂1;𝜎 = √
1

2 ∗ 0.3 ∗ 5.76
103 + 103 + 12 ∗ 578.9

+
10

13.803

= 15.53 [𝑚𝑚] 

 

Once again it must be noted that in this specific case an shear-coefficient of 0.3 has been used. 

The effective thickness depends heavily on this factor. If it is assumed 𝜂 = 1, the effective 

thickness of the laminated glass plate is 20.23mm. if it is assumed that there is no shear 

cooperation between the two glass plates , 𝜂 = 0, the effective thickness of the laminated 

glass plate is 14.14mm. 

 

  



Eindhoven University of Technology & Ghent University 
177 

10.3 prEN 16612 
 

The prEN 16612 [2013] provides a set of equations for the determination of the equivalent 

monolithic glass thickness of a laminated glass plate. The exact same equations are used in 

Belgium in the NBN S23 002-2 [2010]. As with the other effective thickness methods, this 

method offers two separate equations for the ultimate limit state and the serviceability limit 

state. 

 

Serviceability limit state 

The equation for the determination of the effective thickness in the serviceability limit state  

according to the prEN 16612 is; 

 

ℎ𝑒𝑓;𝑤 = √∑ ℎ𝑖
3 + 12 ∗ 𝜔 ∗ (∑ ℎ𝑖 ∗ ℎ𝑚;𝑖

2 )𝑖
3

  ( 10.10 ) 

With; 

ℎ𝑖 = the glass thickness of glass plate i (with i = 1, 2, 3, …, n), in mm; 

𝜔  = the shear-coefficient to account for the contribution of interlayer to laminate 

stiffness, where 0 ≤ 𝜂 ≤ 1; 

ℎ𝑚;𝑖 = the distance between the centre of the glass plate i and the centre of the laminated 

glass plate, in mm. 

 

An example calculation of the effective thickness is presented. The variables that are 

applicable to this case study are shown in Table 10.3. The glass used within the case study is a 

10.10.4 laminated glass plate.  

 

Filling in the equation gives; 

 

ℎ𝑒𝑓;𝑤 = √∑ (103 + 103) + 12 ∗ 0.3 ∗ (∑(10 ∗ 5.762 + 10 ∗ 5.762))
2

3

= 16.38 [𝑚𝑚] 

 

  

Table 10.3 - Variables for prEN 16612 

𝒉𝟏       [mm] 10 
𝒉𝟐       [mm] 10 
𝒉𝒎;𝟏   [mm

3
] 5.76 

𝝎 0.3 
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It must be noted that in this specific case an shear-coefficient of 0.3 has been used. The 

effective thickness depends heavily on this factor. If it is assumed 𝜔 = 1, the effective 

thickness of the laminated glass plate is 21.52 mm. if it is assumed that there is no shear 

cooperation between the two glass plates , 𝜔 = 0, the effective thickness of the laminated 

glass plate is 12.59 mm. 

Ultimate limit state 

The equation for the effective thickness according to prEN 16612 in the ultimate limit state is 

as follows; 

ℎ𝑒𝑓;𝜎;𝑖 = √
(ℎ𝑒𝑓;𝑤)

3

(ℎ𝑖+2∗𝜔∗ℎ𝑚;𝑖)
     ( 10.11 ) 

 

With; 

ℎ𝑒𝑓;𝑤 = the effective thickness of the laminated glass plate in the serviceability limit state, in 

mm; 

ℎ𝑖 = the glass thickness of glass plate i (with i = 1, 2, 3, …, n), in mm; 

𝜔  = the shear-coefficient to account for the contribution of interlayer to laminate 

stiffness, where 0 ≤ 𝜂 ≤ 1; 

ℎ𝑚;𝑖 = the distance between the centre of the glass plate i and the centre of the laminated 

glass plate, in mm. 

 

The variables that are applicable to this case study are shown in Table 10.4.  

 

Filling in the equation gives; 

 

ℎ𝑒𝑓;𝜎;1 = √
(16.38)3

(10 + 2 ∗ 0.3 ∗ 5.76)
= 18.06 [𝑚𝑚] 

 

  

Table 10.4 - Variables for prEN 16612 

𝒉𝟏          [mm] 10 
𝒉𝟐          [mm] 10 
𝒉𝒎;𝟏      [mm

3
] 5.76 

𝒉𝒆𝒇;𝒘     [mm] 16.38 

𝝎 0.3 
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It must be noted that in this specific case an shear-coefficient of 0.3 has been used. The 

effective thickness depends heavily on this factor. If it is assumed 𝜔 = 1, the effective 

thickness of the laminated glass plate is 21.52 mm. if it is assumed that there is no shear 

cooperation between the two glass plates , 𝜔 = 0, the effective thickness of the laminated 

glass plate is 14.14 mm. 

 

10.4 Conclusions effective thickness 
 

Three methods are used within this research. In Table 10.5 and Graph 10.1 and Graph 10.2, an 

overview is given of the obtained effective thickness in relation to the shear-coefficient. 

Depending on which method is used, the effective thickness varies several millimetres. This 

highly influences the final results obtained through the static calculation.  

 

All three methods seem to be relatively close at a shear-coefficient from 0.0 to 0.2. Thus for a 

low shear-coefficient all three methods are equal. Yet if the middle range of the shear 

coefficient(0.2 – 0.6) is viewed, one can easily see there is a large variation between the three 

methods. The enhanced effective thickness method results in the slimmest effective thickness, 

the prEN 16612 [2013] results in the thickest effective thickness and the NEN 2608 [2014] is 

approximately between these two methods. For the higher ranges of shear-coefficient (0.6 – 

1.0) the EET and the prEN16612 [2013] are moving towards the same result, yet the NEN 

2608 remains a lower value of effective thickness. 

 

Concluding it can be stated that each of these methods has a different approach to how to 

determine the effective thickness of a laminated glass plate. The difficulty between these 

methods varies as well.  

  

Table 10.5 - Overview effective thickness  

Serviceability limit state 

Method 𝜔 = 0 𝜔 = 0,3 𝜔 = 1 

NEN 2608                                  [mm] 12.22 15.14 19.40 
prEN 16612                               [mm] 12.59 16.38 21.52 
Enhanced Effective Thickness [mm] 12.59 13.80 21.52 

Ultimate limit state 

NEN 2608                                  [mm] 13.72 16.58 19.14 
prEN 16612                               [mm] 14.14 18.06 21.52 
Enhanced Effective Thickness [mm] 14.14 15.53 20.23 
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Graph 10.1: Overview effective thickness laminated glass plate 10.10.4 in the ultimate limit state 
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Graph 10.2: Overview effective thickness laminated glass plate 10.10.4 in the serviceability limit state 
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11 
Static calculation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In chapter eleven an example static calculation of a glass parapet is carried out. This 

calculation takes in to account the several different mechanical schematizations as well as the 

effective thickness method.  
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11 Example static calculation of a glass parapet.  
 

Within this section of the report a static calculation will be done for the determination of the 

glass thickness in a glass parapet mounting system. The purpose of this case-study is to show 

the practical approach to the design process of a glass parapet.  

To show that there is a difference in the choice for the glass thickness, which is highly 

dependent on the serviceability limit state, several European standards and codes are applied 

to the design process. 

These countries are; 

1. The Netherlands 

2. Belgium 

3. The United Kingdom 

4. Germany 

11.1 The case 
 

The case that is being treated within this report is a glass parapet. The parapet is assumed to 

be linearly supported by a OnLevel TL-6010.  

The variables of the parapet are depicted in Table 11.1. 

 

To perform a static calculation making use of laminated safety glass, the effective thickness of 

the glass needs to be determined. The effective thickness of glass can be calculated using 

several different methods. These methods slightly vary from each other, yet they do influence 

the results. 

 

  

Table 11.1 - Variables for the static calculation 

Glass type Soda-lime silica 
Glass treatment Thermally toughened 
Glass laminate 10.10.4 
E-modulus glass            [N/mm

2
] 70000 

Mechanical strength    [N/mm
2
] 120 

Height of the system    [mm] 1000 
Load on the system       [N/m] 1000 
Shear-coefficient 0.3 
Load                                 [N] 1000 
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11.2 Static calculation 
 

Before the static calculation can be performed, the effective thickness of the laminated glass 

plate is required. The type of glass that will be used within this setup as a reference point is 

10.10.4 glass. The method to determine the effective thickness for the static calculation is the 

method proposed by the NEN2608 [2014], as has been done in section 10.1. The static 

calculation needs to fulfil two requirements; 

1. The maximum stress may not exceed the mechanical strength of glass; 

2. The maximum displacement may not exceed the prescribed standard. See Table 11.2.  

a. Netherlands:   NEN2608 [2014] 

b. Belgium:   NBN B03-004 [2015] 

c. Germany:   DIN 18008 [2010] 

d. United Kingdom:  BS 6180 [2011] 

 
Table 11.2 - Overview of the standards for the serviceability limit state 

Country Standard Maximum displacement [mm] 

Netherlands NEN 2608 20 
Belgium NBN B03-004 15  
Germany DIN 18008 20 
United Kingdom BS 6180 25 

 

 

Ultimate limit state 

 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 10.10.4 𝑔𝑙𝑎𝑠𝑠 𝑖𝑛 𝑈𝐿𝑆 𝑎𝑐𝑐𝑜𝑟𝑑𝑖𝑛𝑔 𝑡𝑜 𝑁𝐸𝑁 2608 = 16.58 [𝑚𝑚]  
 

Determination of the moment 

𝑀 = 𝐹 ∗ 𝐿 
 

𝑀 = 1000 ∗ 1000 = 1.0 ∗ 106 [𝑁𝑚𝑚] = 1 [𝑘𝑁𝑚] 
 

Determination of the section modulus 

 

𝑊 =
1

6
𝑏ℎ2 

 

𝑊 =
1

6
∗ 1000 ∗ (16.58)2 = 4.56 ∗ 104  [𝑚𝑚3] 

 

  



Eindhoven University of Technology & Ghent University 
184 

Determination of the second moment of inertia 

 

𝐼 =
1

12
𝑏ℎ3 

 

𝐼 =
1

12
∗ 1000 ∗ (16.58)3 = 3.79 ∗ 105 [𝑚𝑚4] 

 

Determination of the bending stress 

𝐵𝑒𝑛𝑑𝑖𝑛𝑔 𝑠𝑡𝑟𝑒𝑠𝑠 = 𝜎𝑀 =
𝑀

𝑊
 

 

𝜎𝑀 =
1.0 ∗ 106

4.56 ∗ 104 
= 21.83[𝑁/𝑚𝑚2] 

 

Unity check for the bending stress 

 
𝜎𝑀;𝑒𝑑

𝜎𝑀;𝑅𝑑
≤ 1 

 
21.83

87.5
≤ 1 = 𝑂𝐾 

 

 

Serviceability limit state 

Since the ultimate limit state has been fulfilled, the serviceability limit state has to be checked. 

As has been treated within this report, the deflection at the top of the glass plate can be 

calculated three ways; 

1. Encastre 

2. Horizontal support 

3. Rotational spring 

4. Translational spring 

 

Encastre(1) 

𝛿 =
𝐹𝐿3

3𝐸𝐼
 

 

𝛿 =
1000 ∗ 10003

3 ∗ 70000 ∗ 3.79 ∗ 105
= 12.56 [𝑚𝑚] 
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Horizontal support(2) 

 

𝛿 =
11𝐹𝐿3

30𝐸𝐼
 

 

𝛿 =
11 ∗ 1000 ∗ 10003

30 ∗ 70000 ∗ 3.79 ∗ 105
= 13.82 [𝑚𝑚] 

Rotational spring(3) 

 

𝛿 =
𝐹𝐿3

3𝐸𝐼
+

𝐹𝐿2

𝐾𝑟
 

 

The rotational stiffness value 𝐾𝑟1 from OL-UP-TM-LD1 has been taken as an example. 

 

𝐾𝑟1 = 5.82 ∗ 107  [
𝑁𝑚𝑚

𝑟𝑎𝑑
]  

 

𝛿𝐾𝑟1 =
1000 ∗ 10003

3 ∗ 70000 ∗ 3.79 ∗ 105
+

1000 ∗ 10002

5.82 ∗ 107
 

 

𝛿 = 12.56 + 17.18 = 29.74 [𝑚𝑚] 
 

The rotational stiffness value 𝐾𝑟2 from OL-UP-TM-LD1 has been taken as an example. 

 

𝐾𝑟2 = 6.81 ∗ 107  [
𝑁𝑚𝑚

𝑟𝑎𝑑
]  

 

𝛿𝐾𝑟2 =
1000 ∗ 10003

3 ∗ 70000 ∗ 3.79 ∗ 105
+

1000 ∗ 10002

6.81 ∗ 107
 

 

𝛿 = 12.56 + 14.68 = 27.24 [𝑚𝑚] 
 

 

The rotational stiffness value 𝐾𝑟3 from OL-UP-TM-LD1 has been taken as an example. 

 

𝐾𝑟3 = 8.80 ∗ 107  [
𝑁𝑚𝑚

𝑟𝑎𝑑
]  

 

𝛿𝐾𝑟3 =
1000 ∗ 10003

3 ∗ 70000 ∗ 3.79 ∗ 105
+

1000 ∗ 10002

8.80 ∗ 107
 

 

𝛿 = 12.56 + 11.36 = 23.92 [𝑚𝑚] 
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Translational spring(4) 

 

𝛿 =
11

30

𝐹𝐿3

𝐸𝐼
+

121𝐹

𝐾𝑡
 

 

The rotational stiffness value 𝐾𝑡1 from OL-UP-TM-LD1 has been taken as an example. 

𝐾𝑡1 = 7.21 ∗ 103  [
𝑁𝑚𝑚

𝑟𝑎𝑑
]  

 

𝛿 =
11

30
∗

1000 ∗ 10003

70000 ∗ 3.79 ∗ 105
+

121 ∗ 1000

7.21 ∗ 103
 

 

𝛿 = 13.82 + 16.78 = 30.60 [𝑚𝑚] 
 

The rotational stiffness value 𝐾𝑡2 from OL-UP-TM-LD1 has been taken as an example. 

𝐾𝑡1 = 9.07 ∗ 103  [
𝑁𝑚𝑚

𝑟𝑎𝑑
]  

 

𝛿 =
11

30
∗

1000 ∗ 10003

70000 ∗ 3.79 ∗ 105
+

121 ∗ 1000

9.07 ∗ 103
 

 

𝛿 = 13.82 + 13.34 = 27.16 [𝑚𝑚] 
 

 

Conclusions 

The serviceability limit state seems to be met when calculating with either the encastre(1) 

mechanical schematization or the horizontal support(2) schematization. Yet when the 

rotational spring(3) schematization or the translational spring(4) schematization is used, the 

deflection limits of Belgium, the Netherlands and Germany are exceeded no matter which of 

the three rotational spring stiffnesses is used. In the case of the United Kingdom, the 

deflection limit of 25mm is exceeded when 𝐾𝑟1 or 𝐾𝑟2 is used. Only when 𝐾𝑟3 is used, the 

requirements are met. It must be noted that these static calculations do not take the influence 

of the compression of the rubber into account. 

  



Eindhoven University of Technology & Ghent University 
187 

 

 

 

 

 

Part VI 

 

Conclusions and recommendations 

  



Eindhoven University of Technology & Ghent University 
188 

12 Conclusions 
 

The first goal of the master thesis was to analyze and gain insight within the static calculation 

of continuously supported along the bottom edge glass parapets. There were lots of unknowns 

on the different types of analysis carried out in several different countries in Europe. These 

differences in primarily the serviceability limit state have been summarized. The maximum 

deflection currently is the bottleneck of the system, which limits the slim dimensioning of 

glass parapets. Yet, with the dynamic loads not taken into account, the current displacement 

limits that have been imposed by the governments of Belgium, the Netherlands and Germany 

seem strict. With the application of the Encastre or Horizontal support mechanical 

schematizations, these serviceability limit state standards are achievable. However, they are 

not realistic. The displacements calculated with these schematizations largely underestimate 

the real displacements.  

It must be noted, that with the current standards, the stresses within the glass parapet do match 

with the mechanical schematizations currently applied within the built environment.  Thus the 

ultimate limit state is calculated correctly. This results in a parapet which is dimensioned 

based upon the serviceability limit state as a bottleneck.  

Subsequently, different mechanical schematizations for a linearly supported glass parapet 

have been developed. The rotational spring and translational spring schematization both lead 

to a high increase in accuracy for the determination of the displacement. However, the 

application of these schematizations is more complex, because the spring stiffnesses needs to 

be determined.  

The determination of the spring stiffnesses is carried out numerically and experimentally. 

Determining the spring stiffnesses numerically, results in a relatively fast and cheap method; 

however, the complexity of these models, increases the effort significantly. The numerical 

models applied within this research, resulted in relatively high spring stiffnesses. This is most 

likely due to the difficulty of implementing the pre-stress, created by the wedges in practice. 

If these difficulties are solved, the numerical determination of the spring stiffness should be a 

valid method. 

The experimental determination of the spring stiffness offers more accurate results than the 

numerical determination. Implementing these spring stiffnesses in the rotational spring and 

translational spring method, results in a low deviation when compared to the actual 

displacements of the glass parapet. 

In conclusion, some of the current calculation methods deviate highly from realistic 

displacements. The current serviceability limit state standards, are therefore not adequate for 

continuously supported along the lower edge glass parapets. If the rotational spring or 

translational spring mechanical schematizations were to be applied, the standards would have 

to be adjusted, such that the realistic displacement values are incorporated within the standard.    
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13 Recommendations for further research 
 

Several problems were encountered during the research of this glass parapet project. These 

problems will be divided in to the three main research categories that have been applied to 

this research, namely; 

1. Analytical research 

2. Numerical research 

3. Experimental research 

Each category will be treated and the problems with possible solutions will be noted, such that 

further research can be carried out. 

 

Analytical research 

The issues with the analytical research can be found in section 4.2. These problems mainly 

focus on different parameters within the glass parapet, that have yet to be analysed properly. 

The recommendations for the analytical research mainly focus on two subjects; 

1. The compression of the rubber 

2. The effective length of the glass 

 

Within the current analytical models that have been used within this research, the spring 

stiffness has been derived directly from the displacement of the parapet clamping profile. This 

method does not take into account the compression of the rubber, which should lower the 

spring stiffness. Currently the influence of the compression is not known accurately enough to 

incorporate this in the spring stiffness or in the analytical formula itself. This can be solved by 

additional research on the compression of the rubber, within the static load test. 

 

The effective length of the glass is essential to create an accurate analytical model. Within this 

research the effective length is assumed to be 1000mm, when a 1100mm glass plate is 

applied. In section 5.6.2, it has been shown that the effective length is between 1000mm – 

1100mm, yet not enough research has been done to validate this method. Further research 

could focus on the determination of the effective length of the glass parapet.  

 

Experimental research 

During the static load test and processing of the data, several issues came up, such as 

adjustments to the test-setup and the determination of the spring stiffness. 

 

The first minor problem that can be prevented is the loading system. Currently, the loading 

system is hard to move sideward. This increases the amount of time to set up a new profile 

within the test-setup significantly. Due to the different hole spacing in the SHS-beam, some 

parapet clamping profiles have an offset sideward. When this is the case, either the SHS-beam 

needs to be moved or the loading system needs to be moved.  The exact same time consuming 

activity occurs when the height of the system needs to be adjusted. A recommendation for 

further research is an adjustable mounting system for the parapet clamping profiles or an 

adjustable loading system. 

 

The second problem with the current test setup is the SHS-beam. Currently the SHS-beam is 

connected by means of clamps. This results in the SHS-beam still having some possible 

rotation. This rotation is taken in to account by means of the several different spring stiffness 

calculation methods, e.g. 𝐾𝑟1, 𝐾𝑟2 and 𝐾𝑟3. For further research it is advised that this 

uncertainty is removed from the setup, such that only one method of determining the spring 

stiffness is needed.  



Eindhoven University of Technology & Ghent University 
190 

 

The final minor issue that needs to be analysed is the tilting of the glass plate. The tilting of 

the glass plate within the parapet profile, might be caused by insufficient pre-stress of the 

wedges and/or the inlay profile not preventing sideward movement.  Within the glass parapet 

it sometimes seemed like the glass plate was able to move slightly within the bottom of the 

profile. This displacement of the glass within the profile results in displacements on top of the 

glass. This effect was not taken into account within the current research, thus the significance 

of the tilting of the glass plate is currently unknown. However, the influence of the tilting of 

the glass plate seems marginal, because the analytical calculations are accurate enough 

without the addition of this effect.   

 

Numerical research 

The numerical research was done making use of Abaqus CAE. Due to the complexity of the 

system, multiple parameters were simplified such that the calculation would converge. For 

additional information is referred to section 5.3.  

 

The first major issue that should be improved is the pre-stress of the wedges. In the current 

Abaqus models the boundary conditions are applied in such a way that the wedges increase 

the rotational stiffness in load direction one and in load direction two the spring stiffness is 

possibly lower than the actual stiffness, due to the absence of the pre-stress. The best solution 

would be to insert the wedge within the actual model, which would create pre-stress. It must 

be noted that this seems difficult to model and the computation time is large. A second best 

solution might be to work with friction surfaces, such that the wedge cannot move, yet still is 

able to prevent movement. 

 

With the current computer, the maximum mesh density is reached rather easily. This is due to 

the model being a 3D model, consisting out of several part with each their own mesh density. 

The accuracy of the simulation can be increased even further, with a higher mesh density. A 

simple solution would be a computer with more computing power.  

 

 

  



Eindhoven University of Technology & Ghent University 
191 

 

 

 

 

 

Part VII 

 

Appendix 



Eindhoven University of Technology & Ghent University 
192 

  



Eindhoven University of Technology & Ghent University 
193 

A 
Test with additional 2 mm aluminium plate 
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B 
Test without rubber 
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C 
 

SENSITIVITY ANALYSIS 
 
Table C.1 - Overview of the sensitivity analysis on the Q-railing Easy Glass Pro “U” 

Approximate 
element size 

Nr. Of 
 elements 

Displacement 
 node 1 [mm] 

Displacement  
node 2 [mm]  

30 11407 0,117758 0,11872 
25 14052 0,121703 0,131728 
20 16979 0,211119 0,21907 
15 26057 0,235329 0,245459 
10 57958 0,367968 0,353311 
5 169573 0,433603 0,42928 
3 529307 0,476646 0,477777 

 

 
Table C.2 - Overview of the sensitivity analysis on the OnLevel TL 6011 

Approximate 
element size 

Nr. Of 
 elements 

Displacement 
 node 1 [mm] 

Displacement  
node 2 [mm]  

30 4737 0.08084 0.106752 
25 6450 0.101636 0.133656 
20 8097 0.127595 0.163114 
15 11678 0.136554 0.212711 
10 22048 0.134541 0.269953 
5 100946 0.166933 0.376251 
3 352305 0.180345 0.408906 

 

 
Table C.3 - Overview of the sensitivity analysis on the AMG Simple Premium 

Approximate 
element size 

Nr. Of 
 elements 

Displacement 
 node 1 [mm] 

Displacement  
node 2 [mm]  

30 4385 0.104586 0.123956 
25 5129 0.097563 0.139368 
20 6649 0.252422 0.714003 
15 9806 0.147704 0.264389 
10 21859 0.163892 0.407178 
5 104365 0.252422 0.714003 
3 369462 0.29793 0.831506 
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D 
Force-Displacement graphs – Quasi-static load test 
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Graph D.1: Force displacement graph U-profile top mounted load direction one: (top) AMG Simple Premium;   
(middle) OnLevel TL-6010; (bottom) Q-railing Easy Glass Pro “Ü”. 
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Graph D.2: Force displacement graph U-profile top mounted load direction two: (top) AMG Simple Premium;   
(middle) OnLevel TL-6010; (bottom) Q-railing Easy Glass Pro “Ü”. 
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Graph D.3: Force displacement graph F-profile load direction one: (top) AMG Quick Premium(middle) OnLevel 
TL-3010; (bottom) Q-railing Easy Glass Pro “F”. 
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Graph D.4: Force displacement graph F-profile load direction two: (top) AMG Quick Premium(middle) OnLevel 
TL-3010; (bottom) Q-railing Easy Glass Pro “F”. 
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Graph D.5: Force displacement graph Y-profile load direction one: (top) AMG Standard Advanced(middle) 
OnLevel TL-3011; (bottom) Q-railing Easy Glass Pro “Y”. 
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Graph D.6: Force displacement graph Y-profile load direction two: (top) AMG Standard Advanced(middle) 
OnLevel TL-3011; (bottom) Q-railing Easy Glass Pro “Y”. 
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Graph D.7: Force displacement graph U-profile side mounted load direction one: (top) AMG Simple 
Premium(middle) OnLevel TL-6011; (bottom) Q-railing Easy Glass Pro “U”. 
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Graph D.8: Force displacement graph U-profile side mounted load direction two: (top) AMG Simple 
Premium(middle) OnLevel TL-6011; (bottom) Q-railing Easy Glass Pro “U” 
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E 
Comparison Experimental – Analytical displacement 

U-profile, Top mounted 
 

AMG U-Profile, top mounted  

The results of analytical calculations performed on the AMG U-profile top mounted  in both 

load directions are given in Table E.1.  

 

Table E.1 - Overview displacement AMG U-profile top mounted 

Load direction one 

Sample Displacement [mm] 

 Encastre Horizontal support 𝐾𝑟1 𝐾𝑟2 𝐾𝑟3 𝐾𝑡1 𝐾𝑡2 Rubber* Experiment 

1 14,05 15,45 29,74 28,48 27,72 36,80 35,04 6,07 44,14 
2 16,21 17,83 32,18 30,51 29,49 39,49 37,15 6,07 45,99 
3 16,21 17,83 32,25 30,51 29,49 38,28 35,94 6,25 46,38 
4 17,19 18,92 36,45 33,24 31,29 43,91 39,41 6,45 48,13 

Load direction two 

1 11,57 12,72 18,98 17,86 17,59 22,98 21,41 4,94 25,55 
2 18,37 20,20 36,78 32,17 29,38 43,21 36,76 8,87 45,05 
3 18,03 19,83 33,41 28,52 25,56 38,60 31,76 6,71 44,72 
4 18,85 20,74 34,03 29,70 27,08 39,73 33,67 9,53 44,75 
*The displacement values of the rubbers have been approximated by the compression of the rubbers in AMG-YP-LD1/2 
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OnLevel U-Profile, top mounted  

The results of analytical calculations performed on the OnLevel U-profile top mounted  in 

both load directions are given in Table E.2. 

 
 

Q-railing U-Profile, top mounted  

The results of analytical calculations performed on the Q-railing U-profile top mounted  in 

both load directions are given in Table E.3.  

 

  

Table E.2 - Overview displacement OnLevel U-profile top mounted 

Load direction one 

Sample Displacement [mm] 

 Encastre Horizontal support 𝐾𝑟1 𝐾𝑟2 𝐾𝑟3 𝐾𝑡1 𝐾𝑡2 Rubber* Experiment 

1 13,38 14,72 30,24 18,53 25,49 33,61 27,35 6,31 46,74 
2 11,39 12,53 22,88 21,54 19,77 26,84 22,73 7,18 47,22 
3 13,38 14,72 28,66 26,75 24,21 33,34 27,47 6,36 46,08 
4 11,39 12,53 22,51 21,30 19,44 26,49 22,19 5,72 45,21 
5 11,73 12,90 27,68 25,71 23,09 32,13 26,07 5,63 47,69 

Load direction two 

1 16,37 18,00 29,16 28,14 26,79 35,08 31,94 9,29 47,61 
2 16,21 17,83 28,76 27,74 26,39 34,57 31,44 7,79 45,71 
3 16,69 18,36 30,26 29,11 27,59 36,29 32,77 7,22 46,25 
4 16,53 18,18 32,38 30,53 28,08 37,99 32,33 16,17 47,84 
5 16,21 17,83 36,91 33,80 29,65 42,02 32,43 8,90 47,78 
*The displacement values of the rubbers have been approximated by the compression of the rubbers in OL-YP-LD1/2 

Table E.3 - Overview displacement OnLevel Q-profile top mounted 

Load direction one 

Sample Displacement [mm] 

 Encastre Horizontal support 𝐾𝑟1 𝐾𝑟2 𝐾𝑟3 𝐾𝑡1 𝐾𝑡2 Rubber* Experiment 

1 13,71 15,08 41,77 35,24 32,02 48,19 40,76 3,99 47,32 
2 23,01 25,31 48,76 40,80 35,98 56,10 44,96 6,47 46,87 
3 21,01 23,11 49,65 41,70 36,87 57,50 46,36 5,15 46,15 
4 15,20 16,72 52,41 44,45 39,62 61,77 50,62 5,10 47,69 
5 25,00 27,50 51,41 43,12 37,96 59,28 47,35 5,32 47,76 

Load direction two 

1 21,86 24,04 46,68 38,30 33,21 53,17 41,44 4,99 47,71 
2 24,33 26,77 47,16 38,82 33,19 54,14 41,14 8,19 48,52 
3 22,85 25,13 45,76 38,63 34,31 52,75 42,78 9,01 47,94 
4 22,68 24,95 42,23 34,69 30,12 47,82 37,26 7,40 46,91 
5 21,86 24,04 46,68 38,30 33,21 53,17 41,44 4,99 47,71 
*The displacement values of the rubbers have been approximated by the compression of the rubbers in QR-YP-LD1/2 
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F 
Comparison Experimental – Analytical displacement 

U-profile, Side mounted 
 

AMG U-Profile, side mounted 

The results of analytical calculations performed on the AMG U-profile side mounted in load 

direction one is given in Table F.1. 

 

OnLevel U-Profile, side mounted 

The results of analytical calculations performed on the OnLevel U-profile side mounted in 

load direction one is given in Table F.2. 

 

 

  

Table F.1 - Overview displacement AMG UP-SM-LD1 

Sample Displacement [mm] 

 Encastre Horizontal support 𝐾𝑟1 𝐾𝑟2 𝐾𝑟3 𝐾𝑡1 𝐾𝑡2 Rubber* Experiment 

1 13,89 15,27 31,56 30,99 30,22 37,51 35,75 6,83 48,21 
2 14,72 16,19 32,30 31,73 30,97 38,10 36,34 10,92 48,72 
3 14,88 16,36 32,47 31,96 31,28 38,60 37,04 10,49 48,95 
4 10,74 11,81 27,59 27,08 26,41 32,52 30,96 9,25 48,89 

Table F.2 -  Overview displacement OnLevel UP-SM-LD1 

Sample Displacement [mm] 

 Encastre Horizontal support 𝐾𝑟1 𝐾𝑟2 𝐾𝑟3 𝐾𝑡1 𝐾𝑡2 Rubber* Experiment 

1 21,01 23,11 35,98 35,15 34,05 44,36 39,82 4,43 49,22 
2 17,36 19,09 32,17 31,22 29,95 37,74 34,80 3,46 48,52 
3 14,72 16,19 28,89 28,07 26,97 34,00 31,46 5,80 50,06 
4 18,20 20,03 33,68 32,66 31,31 39,53 36,40 3,66 49,11 
5 15,54 17,09 30,98 29,91 28,47 36,37 33,04 5,21 48,09 
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Q-railing U-Profile, side mounted 

The results of analytical calculations performed on the Q-railing U-profile side mounted in 

load direction one is given in Table F.3. 

 

  

Table F.3 - Overview displacement Q-railing UP-SM-LD1 

Sample Displacement [mm] 

 Encastre Horizontal support 𝐾𝑟1 𝐾𝑟2 𝐾𝑟3 𝐾𝑡1 𝐾𝑡2 Rubber* Experiment 

1 36,14 39,75 53,36 50,95 47,73 64,15 56,72 4,43 47,60 
2 35,31 38,84 50,72 48,31 45,09 63,40 55,97 4,35 47,60 
3 27,49 30,24 43,56 41,91 39,71 54,83 49,74 4,02 48,71 
4 26,66 29,33 43,59 41,18 37,97 52,00 44,57 3,15 47,81 
5 27,83 30,61 45,85 43,44 40,22 54,95 47,52 3,76 49,45 
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G 
Comparison Experimental – Analytical displacement 

F-profile 
 

AMG F-Profile 

The results of analytical calculations performed on the AMG F-profile top mounted  in both 

load directions are given in Table G.1 

 

  

Table G.1 - Overview displacement AMG F-profile 

Load direction one 

Sample Displacement [mm] 

 Encastre Horizontal support 𝐾𝑟1 𝐾𝑟2 𝐾𝑟3 𝐾𝑡1 𝐾𝑡2 Rubber* Experiment 

1 13,71 15,08 33,31 27,72 24,34 38,43 30,61 5,92 47,92 
2 12,72 13,99 32,78 27,06 23,59 37,75 29,73 3,26 47,92 
3 12,56 13,81 31,94 26,77 23,64 37,05 29,82 4,84 46,69 
4 13,55 14,90 30,11 26,76 24,73 35,84 31,15 3,60 48,02 

Load direction two 

1 17,19 18,92 39,78 32,52 28,11 45,39 35,22 7,36 47,99 
2 16,87 18,56 38,24 31,67 27,69 43,89 34,69 8,15 48,18 
3 18,85 20,73 34,43 32,19 30,84 41,76 38,63 7,02 49,72 
4 16,53 18,19 40,12 36,21 33,83 48,32 42,84 8,36 48,36 
*The displacement values of the rubbers have been approximated by the compression of the rubbers in AMG-YP-LD1/2 
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OnLevel F-Profile 

The results of analytical calculations performed on the OnLevel F-profile top mounted  in 

both load directions are given in Table G.2.  

 

 

Q-railing F-Profile 

The results of analytical calculations performed on the Q-railing F-profile in both load 

directions are given in Table G.3.  

 
 
  

Table G.2 - Overview displacement OnLevel F-profile 

Load direction one 

Sample Displacement [mm] 

 Encastre Horizontal support 𝐾𝑟1 𝐾𝑟2 𝐾𝑟3 𝐾𝑡1 𝐾𝑡2 Rubber* Experiment 

1 13,71 15,08 44.,00 32,42 25,39 48,23 32,00 6,46 48,16 
2 12,21 13,46 42,21 29,79 22,25 45,43 28,03 7,70 46,18 
3 13,55 14,90 44,81 31,96 24,17 48,40 30,41 6,44 48,58 
4 13,38 14,72 44,39 31,54 23,75 47,87 29,88 6,72 48,57 
5 13,54 14,90 45,02 32,17 24,38 48,68 30,69 6,49 48,90 

Load direction two 

1 15,86 17,45 50,69 34,34 24,43 53,39 30,51 9,00 47,84 
2 14,55 16,00 49,61 33,27 23,36 52,11 29,22 6,99 47,67 
3 15,04 16,54 51,34 34,02 23,52 53,63 29,39 6,50 48,86 
4 14,05 15,45 48,50 32,02 21,78 50,86 27,20 13,75 47,98 
5 14,37 15,81 49,84 33,22 23,14 52,24 28,97 7,90 49,01 
*The displacement values of the rubbers have been approximated by the compression of the rubbers in OL-YP-LD1/2 

Table G.3 - Overview displacement Q-railing F-profile 

Load direction one 

Sample Displacement [mm] 

 Encastre Horizontal support 𝐾𝑟1 𝐾𝑟2 𝐾𝑟3 𝐾𝑡1 𝐾𝑡2 Rubber* Experiment 

1 10,07 11,08 28,60 26,92 26,82 35,44 33,09 2,94 41,77 
2 8,07 8,88 25,42 23,74 23,64 31,46 29,11 2,27 46.,01 
3 11,39 12,52 31,39 29,29 29,17 38,68 35,75 2,79 49,48 
4 18,69 20,56 53,10 47,51 44,12 64,00 56,18 6,27 49,30 
5 18,53 20,38 53,99 41,98 34,70 60,57 43,76 3,94 48,21 

Load direction two 

1 14,37 15,81 57,56 39,67 27,89 62,42 35,24 3,28 45,68 
2 16,04 17,65 57,10 42,15 33,09 62,83 41,91 5,40 48,57 
3 15,87 17,45 57,05 40,98 31,24 61,98 39,49 6,24 47,65 
4 15,20 16,72 57,36 41,08 31,77 61,77 40,26 5,99 47,69 
5 15,38 16,92 56,29 40,36 31,22 60,63 39,51 5,02 48,24 
*The displacement values of the rubbers have been approximated by the compression of the rubbers in QR-YP-LD1/2 
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H 
Comparison Experimental – Analytical displacement 

Y-profile 
 

 

AMG Y-Profile 

The results of analytical calculations performed on the AMG Y-profile top mounted  in both 

load directions are given in Table H.1.  

 

 
 

  

Table H.1 - Overview displacement AMG Y-profile 

Load direction one 

Sample Displacement [mm] 

 Encastre Horizontal support 𝐾𝑟1 𝐾𝑟2 𝐾𝑟3 𝐾𝑡1 𝐾𝑡2 Rubber* Experiment 

1 16,05 17,65 41,97 37,92 35,47 50,72 45,05 6,93 49,15 
2 18,53 20,38 45,52 39,23 35,42 53,52 44,72 2,78 49,89 
3 17,36 19,10 43,87 37,58 33,77 51,47 42,67 6,70 48,75 
4 17,86 19,65 44,01 37,73 33,92 51,60 42,80 2,59 48,50 

Load direction two 
1 24,84 27,33 43,36 37,91 34,61 50,58 42,96 10,63 47,71 
2 24,66 27,13 43,21 36,92 33,11 49,79 40,99 11,92 49,52 
3 25,17 27,68 44,30 38,01 34,20 51,18 42,38 9,38 48,21 
4 23,17 25,49 38,71 32,42 28,61 44,02 35,22 11,72 48,34 
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OnLevel Y-Profile 

The results of analytical calculations performed on the OnLevel Y-profile top mounted  in 

both load directions are given in Table H.2 

 

 
Q-railing Y-Profile 

The results of analytical calculations performed on the Q-railing Y-profile in both load 

directions are given in Table H.3.  

 
  

Table H.2- Overview displacement OnLevel Y-profile top mounted 

Load direction one 

Sample Displacement [mm] 

 Encastre Horizontal support 𝐾𝑟1 𝐾𝑟2 𝐾𝑟3 𝐾𝑡1 𝐾𝑡2 Rubber* Experiment 

1 12,88 14,17 36,12 31,23 28,27 42,74 35,89 6,07 49,52 
2 11,89 13,08 36,02 31,27 28,39 42,82 36,17 7,49 49,87 
3 12,56 13,81 35,19 30,59 27,79 41,75 35,30 5,97 49,65 
4 12,05 13,26 34,45 29,84 27,05 40,83 34,38 6,05 49,42 
5 12,72 13,99 36,21 31,32 28,36 42,87 36,03 6,10 49,98 

Load direction two 
1 18,20 20,03 33,47 30,81 29,20 40,26 36,54 10,30 48,91 
2 19,20 20,03 33,20 30,69 29,16 40,02 36,49 8,75 46,65 
3 19,69 21,67 34,86 32,34 30,82 42,04 38,52 8,51 47,98 
4 19,52 21,47 34,83 32,32 30,79 42,02 38,50 19,10 48,56 
5 18,03 19,83 31,25 28,88 27,44 37,56 34,24 9,91 48,88 

Table H.3 - Overview displacement Q-railing Y-profile. 

Load direction one 

Sample Displacement [mm] 

 Encastre Horizontal support 𝐾𝑟1 𝐾𝑟2 𝐾𝑟3 𝐾𝑡1 𝐾𝑡2 Rubber* Experiment 

1 21,68 23,84 47,64 43,03 40,23 57,18 50,72 6,32 49,27 
2 21,01 23,11 45,13 41,50 39,29 54,64 49,56 5,91 48,25 
3 24,16 26,77 50,94 46,47 43,76 61,34 55,09 5,96 50,49 
4 22,50 24,75 46,66 42,74 40,37 56,29 50,82 7,54 49,75 
5 22,68 24,95 47,94 43,89 41,10 57,87 52,19 4,79 49,21 

Load direction two 

1 29,48 32,43 40,49 37,42 35,56 47,99 43,69 6,73 47,48 
2 27,49 30,24 38,14 35,07 33,20 45,11 40,80 9,25 47,66 
3 28,66 31,52 39,08 36,42 34,81 46,52 42,80 11,26 46,99 
4 28,99 31,89 39,57 36,71 34,97 46,98 42,97 11,44 48,27 
5 29,16 32,08 39,58 36,65 34,87 46,93 42,82 9,51 48,57 
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I 
Derivation of the analytical formulas 

 

 

(1) Encastre 

For this mechanical schematization, basic mechanics formulas are used. 

 

Determination of the maximum moment: 

 

𝑀𝑚𝑎𝑥 = 𝐹𝐿 

 

Determination of the maximum displacement: 

𝛿 =
𝐹𝐿3

3𝐸𝐼
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(2) Horizontal support 

For this mechanical schematization, force-equilibrium is used. 

Determination of the maximum moment: 

∑ 𝑉 = 0         →   𝑅𝐴𝑉 = 0 

∑ 𝐻 = 0 → 𝑅𝐴𝐻 + 𝑅𝐵𝐻 − 𝐹 = 0 

∑ 𝑀𝑇.𝑂.𝑉.𝐴 = 0 → 𝑅𝐵𝐻 ∗
𝐿

10
− 𝐹 ∗

11𝐿

10
= 0 → 𝑅𝐵𝐻 ∗

𝐿

10
= 𝐹

11𝐿

10
 

𝑅𝐵𝐻 = 11𝐹 

𝑅𝐴𝐻 = 𝐹 − 11𝐹 = −10𝐹 

𝑀𝐵 = 𝑀𝑀𝐴𝑋 = 𝑅𝐴𝐻 ∗
1𝐿

10
= 𝐹𝐿 

Determination of the maximum displacement: 

𝑀𝐵𝐶 = 𝐹𝐿 

𝜑𝐵 =
𝑀𝐵𝐶 ∗

1
10 𝐿

3𝐸𝐼
=

𝐹𝐿2

30𝐸𝐼
 

𝛿 =
𝐹𝐿2

30𝐸𝐼
∗ 𝐿 +

𝐹𝐿3

3𝐸𝐼
=

11𝐹𝐿3

30𝐸𝐼
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(3) Rotational spring 

For this mechanical schematization, the potential energy method has been used. 

 

Determination of the maximum moment: 

 

𝑀𝑀𝐴𝑋 = 𝐹𝐿 

Determination of the maximum displacement: 

First, the mechanical schematization is divided into two different parts; 

1. The first part is used to determine the contribution bending and the encastre support on 

the displacement; 

2. The second part is used to determine the contribution of the rotational spring on the 

displacement. 

1. Contribution of bending and the encastre support. 

 

𝛿1 =
𝐹𝐿3

3𝐸𝐼
 

2. Contribution of the rotational spring. 

𝑉 = 𝑈 − 𝐿𝑃 

𝐿𝑃 = 𝐹 ∗ 𝛿2 

𝑈 =
1

2
𝐾𝑟𝜙2, with 𝜙 =

𝛿2

𝐿
 

𝑈 =
1

2

𝐾𝑟𝛿2
2

𝐿2
 

𝑉 =
1

2

𝐾𝑟𝛿2
2

𝐿2
− 𝐹𝛿2 

𝑑𝑉

𝑑𝛿2
𝜹𝛿2 = 0, ∀𝜹𝛿2 ≠ 0 →  

𝑑𝑉

𝑑𝛿2
= 0 

𝑑𝑉

𝑑𝛿2
=

𝐾𝑟𝛿2

𝐿2
− 𝐹 = 0 

𝛿2 =
𝐹𝐿2

𝐾𝑟
 

Combining these results in; 

𝛿𝑡𝑜𝑡 = 𝛿1 + 𝛿2 

𝛿𝑡𝑜𝑡 =
𝐹𝐿3

3𝐸𝐼
+

𝐹𝐿2

𝐾𝑟
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(4) Translational spring 

For this mechanical schematization, the potential energy method has been used. 

Determination of the maximum moment: 

𝑀𝑀𝐴𝑋 = 𝐹𝐿 

Determination of the maximum displacement: 

First, the mechanical schematization is divided into two different parts; 

1. The first part is used to determine the contribution bending and horizontal support on 

the displacement; 

2. The second part is used to determine the contribution of the translational spring on the 

displacement. 

1. Contribution of bending and the horizontal support. 

𝛿1 =
11𝐹𝐿3

30𝐸𝐼
 

2.  Contribution of the translational spring. 

𝑉 = 𝑈 − 𝐿𝑃 

𝐿𝑃 = 𝐹 𝛿2 

𝑈 =
1

2
 𝐾𝑡𝛿𝐾𝑡

2  

𝑉 =
1

2
 𝐾𝑡𝛿𝐾𝑡

2 − 𝐹 𝛿2 

𝛿𝐾𝑡 =
1

11
𝛿2 

𝑉 =
1

2
𝐾𝑡 (

1

11
𝛿2)

2

− 𝐹𝛿2 

𝑉 =
1

2
𝐾𝑡

1

121
𝛿2

2 − 𝐹𝛿2 

𝑉 =
1

242
𝐾𝑡𝛿2

2 − 𝐹𝛿2 

𝑑𝑉

𝑑𝛿2
𝜹𝛿2 = 0, ∀𝜹𝛿2 ≠ 0 →  

𝑑𝑉

𝑑𝛿2
= 0 

𝑑𝑉

𝑑𝛿2
=

1

121
𝐾𝑡𝛿2 − 𝐹 = 0 
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𝐹 =
1

121
𝐾𝑡𝛿2 

𝛿2 =
𝐹

1
121 𝐾𝑡

=
121𝐹

𝐾𝑡
 

Combining these results in; 

 

𝛿𝑡𝑜𝑡 = 𝛿1 + 𝛿2 

𝛿𝑡𝑜𝑡 =
11𝐹𝐿3

30𝐸𝐼
+

121𝐹

𝐾𝑡
 

  



Eindhoven University of Technology & Ghent University 
230 

  



Eindhoven University of Technology & Ghent University 
231 

References 

Abaqus (2016). Inc. Abaqus version 6.14. Manuals. Simulia.  

Aenlle, M. L., Pelayo, F., and Ismael, G. (2015). An effective thickness to estimate stresses in 

laminated glass beams under dynamic loadings. Department of Construction and 

Manufacturing Engineering, University of Oviedo. 

Asik, M, Z. (2003) Laminated glass plates: revealing of nonlinear behaviour. Department of 

Engineering sciences, Middle East Technical University. 

Bergström, J. (2015), Mechanics of solid polymers, San Diego. 

Bouwbesluit (2012) – Art. 2.16, 2.17 and 2.18.  

Calderone, I., Davies, P. S., Bennison, S. J., Xiaokun, H., and Gang, L. (2009).  Effective 

Laminate Thickness for the Design of Laminated Glass. In Glass Performance Days. 

Calderone and Associates Pty Ltd, Australia. – E.I. DuPont de Nemours & Co Inc., 

Wilmington. – China Academy of Building Research, Beijing China. 

Chen, S., Zang, M., and Xu, W. (2014). A three-dimensional computational framework for 

impact fracture analysis of automotive laminated glass. School of Mechanical Engineering, 

Kanazawa University.  

El-Shami, M, M., Norville, S., and Ibrahim, Y, E. (2012). Stress analysis of laminated glass 

with different interlayer materials. Civil Engineering Department, Menoufia University, - 

Civil and Environmental Engineering Department, Texas Tech. University - Construction 

Engineering Department, College of Engineering, Dammam University.  

El-Shami, M, Ibrahim, Y, E., and Shuaib, M. (2011). Structural behaviour of architectural 

glass plates. Department of Civil Engineering, Faculty of Engineering, Menoufia University. -  

Department of Civil and Environmental Engineering, Texas Tech University. - Department of 

Structural Engineering, Faculty of Engineering, Zagazig University. 

Foraboschi, P. (2012). Analytical model for laminated-glass plate. Università IUAV di 

Venezia, Convento delle Terese. 

Galuppi, L., and Royer-Carfagni, G. F. (2012). Effective thickness of laminated glass beams: 

New expression via a variational approach. Department of Civil-Environmental Engineering 

and Architecture, University of Parma. 

Galuppi, L., and Royer-Carfagni, G. F. (2014) – Enhanced Effective Thickness of Multi-

Layered Laminated Glass. Department of Civil-Environmental Engineering and Architecture, 

University of Parma. 

Galuppi, L., and Royer-Carfagni, G. F. (2013). The effective thickness of laminated glass: 

Inconsistency of the formulation in a proposal of EN-standards. Department of Industrial 

Engineering, University of Parma. 



Eindhoven University of Technology & Ghent University 
232 

 

Galuppi, L., Manara, G., and Royer-Carfagni, G. F. (2012). Practical expressions for the 

design of laminated glass. Department of Industrial Engineering, University of Parma, Italy - 

Permasteelisa Group, Vittorio Veneto, Italy. 

Goosen, A. (2007), Structural capacity of freestanding glass, Stellenbosch. 

Haldimann, M., Luible, A., and Overend, M. (2008). Structural use of Glass. International 

Association for Bridge and Structural Engineering. 

Ivanov, I. V. (2006). Analysis, modelling, and optimization of laminated glasses as plane 

beam. Department of Engineering Mechanics, University of Rousse.  

López-Aenlle, M., Pelayo, F., Fernández-Canteli, A., and García Prieto, M. A. (2013). The 

effective-thickness concept in laminated-glass elements under static loading. Department of 

Construction and Manufacturing Engineering, University of Oviedo.  

López-Aenlle, M., and Pelayo, F. (2014). Dynamic effective thickness in laminated-glass 

beams and plates. Department of Construction and Manufacturing Engineering, University of 

Oviedo. 

Marcon, B., Fourvry, S., Sassy, O., Guegan, J., and Daniel, G. (2014). Fracture mechanics of 

impacted laminated glass subjected to various fatigue stressing conditions. Laboratoire de 

Tribologie et Dynamique des Systèmes and Berlon Technical Unit.  

NBN EN1993-1-3 – Eurocode 3: Design of Steel Structures Part 1.3 General Rules - 

Supplementary Rules for Cold-formed Members and Sheeting. Bureau for Standardisation, 

Brussels, Belgium. (2011).  

NEN-EN 1990 Eurocode – Grondslagen van het constructief ontwerp. (2011). 

NEN-EN 1991 Eurocode 1 – Belastingen op constructies. (2011). 

NEN 2608 - Vlakglas voor gebouwen, eisen en bepalingsmethoden. (2014). 

NEN 3569 - Vlakglas voor gebouwen, risicobeperking van lichamelijk letsel door brekend en 

vallend glas. (2011). 

NEN 6702 - Technische grondslagen voor bouwconstructies - TGB 1990 - Belastingen en 

vervormingen. (2007). 

NEN-EN 12600 - Glas voor gebouwen - Slingerproef - Stootbelastingproef en classificatie 

voor vlakglas. (2003). 

prEN 16612 – Glass in building – Determination of the load resistance of glass panes by 

calculation and testing. (2013). 

prEN 16613 – Glass in building – Laminated glass and laminated safety glass – 

Determination of interlayer mechanical properties. (2013). 



Eindhoven University of Technology & Ghent University 
233 

Reader material aspects of structural stability – timber. Eindhoven University of Technology. 

(2016) 

Sanches, J. (2013). Analysis and Design of Structural Glass Systems. Institute of Engineering 

- Technical University of Lisbon.  

Schittich, C., Staib, G., Balkow, D., Schuler, M., and Sobek, W. (1999). Glass Construction 

Manual. 

Sun, D, Z., Andrieux, F., and Ockewitz, A. (2005). Modelling of failure behaviour of 

windscreens and component tests. Fraunhofer Institute for Mechanics of Materials. 

TVN 221 -  Plaatsen van glas in sponningen. (2011). 

Van Lancker, B., Belis, J., and De Corte, W. (2014).  Rotational stiffness of linear adhesive 

connections between cold-formed steel members and glass panels. Ghent University. 

Wigginton, M. (1996), Glass in architecture, Phaidon Press, London. 

Internet references 

https://en.wikiversity.org/wiki/Nonlinear_finite_elements/Nonlinearities_in_solid_mechanics 

- Consulted on (8-3-2016) 

https://www.comsol.com/blogs/meshing-your-geometry-various-element-types/ - Consulted 

on (8-3-2016) 

http://www.comsol.com/blogs/meshing-considerations-linear-static-problems/ - Consulted on 

(8-3-2016) 

http://www.matbase.com/material-categories/natural-and-synthetic-

polymers/elastomers/material-properties-of-ethene-propene-diene-rubber-

epdm.html#properties – Consulted on ( 17-2-2016) 

http://asm.matweb.com/search/SpecificMaterial.asp?bassnum=MA6063T6 - Consulted on ( 

17-2-2016) 

  

http://www.comsol.com/blogs/meshing-considerations-linear-static-problems/
http://www.matbase.com/material-categories/natural-and-synthetic-polymers/elastomers/material-properties-of-ethene-propene-diene-rubber-epdm.html#properties
http://www.matbase.com/material-categories/natural-and-synthetic-polymers/elastomers/material-properties-of-ethene-propene-diene-rubber-epdm.html#properties
http://www.matbase.com/material-categories/natural-and-synthetic-polymers/elastomers/material-properties-of-ethene-propene-diene-rubber-epdm.html#properties
http://asm.matweb.com/search/SpecificMaterial.asp?bassnum=MA6063T6


Eindhoven University of Technology & Ghent University 
234 

  



Eindhoven University of Technology & Ghent University 
235 

List of Figures 

1.1 Different types of parapets……………………………………………………………18 

1.2 Mechanical schematizations of glass parapets………………………………………..20 

1.3 Research model……………………………………………………………………….22 

2.1 Different support type parapets……………………………………………………….24 

2.2 Examples of non-structural glass parapets and structural glass parapets…………..…25 

2.3 Example of a through bolt connection…………………………………..……………26 

2.4 Example of point supports…………………………………………………………….26 

2.5 Example of adhesive silicone glass joint……………………………………………...26 

2.6 Classification of the parapet profile types…………………………………………….27 

2.7 Cross section of a parapet clamping system……………………….……………….…29 

2.8 Overview of the U-profiles, top mounted………………….…………………………31 

2.9 Overview of the U-profiles, side mounted……………………………………………32 

2.10 Overview of the F-profiles……………………………………………………………33 

2.11 Overview of the Y-profiles……………………………………………………..….…34 

2.12 Overview of the inlay profiles……………………………………………………...…35 

2.13 Overview of the wedge rubbers………………………………………………………36 

2.14 Overview of the non-wedge rubbers……………………………………………….…37 

2.15 Overview of the wedges………………………………………………………………38 

3.1 Parapet loading according to Eurocode 1………………………………………….…40 

3.2 Deformation of the upper parapet truss between two balustrade posts…………….…43 

3.3 Horizontal serviceability limit state displacement according to the Belgian code…...44 

4.1 Mechanical schematizations of glass parapets…………………..……………………54 

4.2 Encastre schematization………………………………………………………………55 

4.3 Horizontal support schematization……………………………………………………55 

4.4 Rotational spring schematization……………………………………………………..56 

4.5 Translational spring schematization……………………………………………….….56 

5.1 Example of a glass parapet in Abaqus CAE………………………………………….63 

5.2 Example of the centre to centre distance of inlay profiles…………………………....63 

5.3 Boundary conditions U-profile, load direction two………………………………..…65 

5.4 Example of load directions one and two……………………………………………...66 

5.5 Graphical representation of different numerical calculation methods……………..…67 

5.6 Location of the interaction property……………………………………………….…68 

5.7 Location of the constraints property……………………………………………….…69 

5.8 Indication of the locations of node 1 and node 2 in the finite element model……….70 

5.9 Example of a meshed glass parapet in Abaqus CAE…………………………………74 

5.10 Deformed parapet profile……………………………………………………………..75 

5.11 Indication of the locations where the displacements in measured in Abaqus CAE. …75 

5.12 Parapet cross-section with wedges……………………………………………………79 

5.13 Parapet cross section with different wedge depths……………………………….…...80 

6.1 General test setup of the quasi-static load test. ………………………………….…...91 

6.2 Cross section of the SHS-composite beam…………………………………………...91 

6.3 Front- and top view of the SHS-composite beam with indications of the holes……...91 

6.4 Location of the load system…………………………………………………..………92 

6.5 Load system setup……………………………………………………………….……92 

6.6 Experimental test setup 1……………………………………………………………..94 

6.7 Experimental test setup 2……………………………………………………..………95 

6.8 Placing rubber strip…………………………………………………………………...99 



Eindhoven University of Technology & Ghent University 
236 

6.9 Mounting profile to SHS-beam………………………………………….……………99 

6.10 Placement of inlay profiles……………………………………………………………99 

6.11 Insert glass within parapet profile………………………………………….…………99 

6.12 Tightening of the wedges……………………………………………………………100 

6.13 Placement wedge-rubber…………………………………………………………….100 

6.14 Placement dial gauges……………………………………………………………….100 

6.15 Placement of the LVDT’s………………………...…………………………………100 

6.16 Results force-displacement………………………………….………………………101 

6.17 Displacement top of the parapet…………………………………..…...……………101 

6.18 Measure width of the parapet profile…………………………………..……………101 

6.19 Locations of the LVDT’s……………………………………………………………102 

6.20 Rotation of the test setup……………………………………………….……………103 

6.21 Reaction force in the translational spring……………………………………………105 

6.22 U-profile side mounted to the SHS-composite beam……………………………..…125 

9.1 Parapet profile cross section with 2 mm aluminium plate………………………..…151 

9.2 Parapet profile cross section with removal of rubber……………………………….157 

9.3 Cyclic loading test………………………………………………………..…………162 

10.1 Laminated glass for the determination of  tm;i………………………………………171 

10.2 Graphical representation of the variables for the EET………………………………174 

  



Eindhoven University of Technology & Ghent University 
237 

List of Tables 

2.1 Mounting types of the parapet profiles……………………………………………….27 

2.2 Overview of the different profiles…………………………………………………….28 

2.3 Characteristics of the parapet clamping profile………………………………….……29 

2.4 Characteristics of the inlay profile……………………………………………………30 

2.5 Characteristics of the wedges…………………………………………………………30 

2.6 Characteristics of the rubbers…………………………………………………………30 

2.7 Variables of the U-profile, top mounted. …………………………………………….31 

2.8 Variables of the U-profile, side mounted……………………………………………..32 

2.9 Variables of the F-profile……………………………………………………………..33 

2.10 Variables of the Y-profile…………………………………………………………….34 

2.11 Variables of the inlay profiles………………………………………………………...35 

2.12 Variables of the wedge rubbers……………………………………………………….36 

2.13 Variables of the non-wedge rubbers…………………………………………………..37 

2.14 Variables of the wedges………………………………………………………………38 

3.1 Overview of the loads on parapets in Eurocode 1…………………………….………41 

3.2 Overview of the codes……………………………………………………….………..49 

5.1 Material properties in FEM………………………………………………….………..66 

5.2 Overview of the approximate element size…………………………………………...74 

5.3 Overview AMG spring stiffnesses determined in Abaqus CAE……………………...77 

5.4 Overview Q-railing spring stiffnesses determined in Abaqus CAE………………….77 

5.5 Overview OnLevel spring stiffnesses determined in Abaqus CAE…………………..77 

5.6 Influence of the depth of the wedge load direction one………………………………81 

5.7 Influence of the depth of the wedge load direction two………………………………82 

5.8 Variables for the determination of the effective length……………………………….85 

6.1 Overview of the U-profile, top mounted…………………………………………….108 

6.2 Overview of the U-profile, side mounted……………………………………………108 

6.3 Overview of the F-profile……………………………………………………………109 

6.4 Overview of the Y-profile…………………………………………………………...109 

6.5 Overview of the force and displacement of the U-profile, top mounted. Load direction 

one…………………………………………….……………………………………..111 

6.6 Overview of the spring stiffnesses of the U-profile, top mounted. Load direction 

one…………………………………………………………………………………...112 

6.7 Overview of the force and displacement of the U-profile, top mounted. Load direction 

two……………………………………………….…………………………………..113 

6.8 Overview of the spring stiffnesses of the U-profile, top mounted. Load direction 

two…………………………………………………………………………………...114 

6.9 Overview of the force and displacement of the F-profile. Load direction one……...116 

6.10 Overview of the spring stiffnesses of the F-profile. Load direction one…………….116 

6.11 Overview of the force and displacement of the F-profile. Load direction two……...117 

6.12 Overview of the spring stiffnesses of the F-profile. Load direction two……………118 

6.13 Overview of the force and displacement of the Y-profile. Load direction one……...120 

6.14 Overview of the spring stiffnesses of the Y-profile. Load direction one……………120 

6.15 Overview of the force and displacement of the Y-profile. Load direction two……..121 

6.16 Overview of the spring stiffnesses of the Y-profile. Load direction two……………122 

6.17 Overview of the force and displacement of the U-profile, side mounted. Load direction 

one.…………………………………………………………………………………124 



Eindhoven University of Technology & Ghent University 
238 

6.18 Overview of the spring stiffnesses of the U-profile, side mounted. Load direction 

one...…………………………………………………………………………...…….124 

6.19 Overview of the force and displacement of the U-profile, side mounted. Load direction 

two.……………………………………………………………………………….….126 

7.1 Overview spring stiffnesses U-profile, top mounted.………………………………..130 

7.2 Overview spring stiffnesses U-profile, side mounted……………………………….131 

7.3 Overview spring stiffnesses F-profile……………………………………………….131 

7.4 Overview spring stiffnesses Y-profile……………………………………………….132 

8.1 Overview stresses OnLevel TL-3011………………………………………………..141 

8.2 Overview stresses Q-railing Easy Glass Pro “U” …………………………………...142 

8.3 Overview stresses AMG Standard Advanced……………………………………….143 

8.4 Overview stresses OnLevel TL-6011………………………………………………..144 

8.5 Overview stresses Q-railing Easy Glass Pro “U” …………………………………...145 

8.6 Overview stresses AMG Simple Premium…………………………………………..146 

9.1 Overview of the 2 mm test samples…………………………………………………151 

9.2 Comparison AMG profiles 2 mm aluminium plate test……………………………..152 

9.3 Comparison OnLevel profiles 2 mm aluminium plate test………………………….153 

9.4 Comparison Q-railing profiles 2 mm aluminium plate test………………………….154 

9.5 Overview of the test without rubber samples………………………………………..157 

9.6 Comparison AMG profiles test without rubber……………………………………...158 

9.7 Comparison OnLevel profiles test without rubber…………………………………..159 

9.8 Comparison Q-railing profiles test without rubber………………………………….160 

9.9 Overview of the cyclic loading test samples………………………………………...162 

9.10 Comparison AMG profiles cyclic loading tests……………………………………..163 

9.11 Comparison OnLevel profiles cyclic loading tests…………………………………..164 

9.12 Comparison Q-railing profiles cyclic loading tests………………………………….165 

10.1 Variables ULS – NEN 2608…………………………………………………………172 

10.2 Variables for EET………………………………………………….………………...175 

10.3 Variables for prEN 16612…………………………………………………………...177 

10.4 Variables for prEN 16612…………………………………………………………...178 

10.5 Overview effective thickness………………………………………………………..179 

11.1 Variables for the static calculation…………………………………………………..182 

11.2 Overview of the standards for the serviceability limit state…………………………183 

 


