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Summary (EN)  
This graduation thesis focusses on the connection between the mullion (vertical) and transom 

(horizontal) in the P500 curtain wall system of the Belgian company Profel. The problem definition is 

stated as follows:  

“What is the bearing capacity of the connection between mullions and transoms 

for aluminum curtain wall systems and how can the system be improved such that 

the load bearing capacity is increased?” 

For the connection between the transom and mullion there are currently two type of connections. The 

first connection is assembled with two screws, as shown in Figure 0.1a. For the second connection an 

extra part (T-connector) is used, that increases the rotational capacity and thus strengthens the 

connection, this results in four screws (Figure 0.1b). 

   

Figure 0.1: Connection between transom and mullion with two screws (a) and with an added T-connector element (b) 

 
Both connections are loaded in the same manner, namely a vertical load on the glazing support. However 
both the connections have different failure mechanisms. The first connection fails through tearing of the 

aluminium in the transition zone of the box girder to the rectangular plate. Shear forces cannot be 

transmitted, shown in Figure 0.2. The second connection fails by pulling out the screws that should fix 

the glazing support to the transom. This results in plastic deformation of the cantilever part of the 
transom, shown in Figure 0.3. The main thing that can be concluded here is that the T-connector 

strengthens the connection between the transom and mullion, however failure happens at the new 

weakest part, which is the connection of the glazing support and the transom.  

   

Figure 0.2: Failure of the connection with only two screws, due to tearing of the aluminium in the transition zone 

between the box girder and the rectangular plate 

(a)             (b) 
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Figure 0.3: Plastic deformation of the cantilever part of the transom due to extra space that arises when the screws are 

pulled out of the cantilever part.  

 
For Profel the most important aspect is the deformations of the connection. The maximal deformation 

is considered for the rotation and bending of the transom. Bending is limited by the Eurocode and for 

rotations there are no limits. An extra interest is the load at which failure occurs. In Table 0.1 provides 
an overview of the failure loads. The connection with the T-connector has a higher failure load, which 

is due to a different failure mechanism. Figure 0.4 provides the serviceability limit state and ultimate 

limit state plotted in a graph.  

Table 0.1: Overview failure loads 

 Value connection without 

T-connector 

Value connection with T-

connector 

Avarage 4.55 kN 6.19 kN 
Student’s t-test 5% lower limit 4.38 kN 4.49 kN 
Design resistance (/γm1) 3.51 kN 3.95 kN 
Characteristic load [Sd] 3.05 kN 3.53 kN 

 

 

Figure 0.4: ULS and SLS based on experimental results of the connection without and with the T-connecotion 
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The final step is the improvement of the connection, that had to be built with the numerical models from 

the previous two connections. The improvement is shown in Figure 0.5. By adding an extra part fixed 

to the mullion to which the glazing support distributed the load, the rotational stiffness of the connection 

will be increased. This mechanism results in screws loaded in shear, since there are no values known 

for the shear capacity an assumptions had to be made, namely a hinge. In a follow up study the shear 

strength of the connection has to be determined. According to the FEM model, by using this assembly 

the load bearing capacity is increased to 6.02 kN (ULS). The serviceability limit state is increased with 

approximately 60%, as can be seen in Figure 0.6. 

  

Figure 0.5: Increasing length of the glazing support and adding an extra element to the mullion  

 

 

Figure 0.6: ULS and SLS based on the numerical results of the connection with the T-connection and the improved 

connection 
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Samenvatting (NL) 
Dit afstudeeronderzoek is gebaseerd op de aansluiting tussen de stijl (verticaal) en regel (horizontaal) 

van het P500 vliesgevel systeem van het Belgische bedrijf Profel. The probleemstelling is als volgt 

gedefinieerd:  

“Wat is de draagcapaciteit van de verbinding tussen de stijl en de regel van een 

aluminium vliesgevel en hoe zou dit systeem verbeterd kunnen worden zodat de 

draagcapaciteit verhoogd wordt?” 

Voor de huidige verbinding bestaan twee manieren. De eerst mogelijkheid is met twee schroeven, zie 

Figuur 0.1a. De tweede mogelijkheid is een toevoeging van een T-verbinder, die de verbinding sterker 

maakt, dit resulteert in vier schroeven (Figuur 0.1b) 

  

 

Figuur 0.1: Verbinding tussen de stijl en regel met twee schroeven (a) en met een toevoeging van een T-verbinder (b) 

 
Voor beide testen is een verticale belasting aangebracht op het overzetprofiel (glassteun). Beide 
verbindingen hebben een ander bezwijkmechanisme. The eerste verbinding bezwijkt door scheuren van 

het aluminium in de overgangszone tussen het kokerprofiel en het rechthoekige plaatje, de 

schuifspanning kan niet worden overgedragen (Figuur 0.2). Bezwijken van de tweede verbinding vindt 

plaats doordat de schroeven van het overzetprofiel uit de uitkraging van de regel worden getrokken, dit 
resulteert in plastisch vervormen van de uitkraging (Figuur 0.3). De belangrijkste conclusie die 

getrokken mag worden is dat de T-verbinder de verbinding sterker maakt, hierdoor komen echter nieuwe 

zwakke punten in beeld, zoals de verbinding tussen het overzetprofiel en de regel. 

  

Figuur 0.2: Bezwijken van de verbinding met twee schroeven, door scheuren van het aluminium in het overgangsgebied 

van het kokerprofiel naar rechthoekige plaat 

(a)             (b) 
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Figuur 0.3: Plastische vervorming van de uitkraging van de regel doordat er extra ruimte vrijkomt om te draaien door 

het uittrekken van de schroeven uit de uitkraging 

 
For Profel is de vervormingen van de verbinding het meest van belang. De maximale vervormingen zin 

beschouwd voor de rotatie en buiging van de regel. Buiging is gelimiteerd in de Eurocode en voor 

rotaties zijn er geen limieten vastgesteld. Van belang is ook de belasting waarbij bezwijken optreedt. 

Tabel 0.1 laat de bezwijkbelastingen zien. De verbinding met een T-connector heeft een hogere 
bezwijklast, wat komt door verschillen in bezwijk mechanismen. Figuur 0.4 geeft de bruikbaarheid 

grenstoestand en uiterste grenstoestand weergegeven in een grafiek. 

Tabel 0.1: Overzicht van de bezwijkbelastingen 

 Verbinding zonder T-
connector 

Verbinding met T-
connector 

Gemiddelde waarde 4.55 kN 6.19 kN 
Student’s t-test 5% ondergrens 4.38 kN 4.49 kN 
Ontwerpwaarde (/γm1) 3.51 kN 3.95 kN 
Karakteristieke belasting [Sd] 3.05 kN (311 kg) 3.44 kN (351 kg) 

 

 

Figuur 0.4: UGT en BGT gebaseerd op de experimentele waardes voor de verbinding met en zonder een T-verbinder 
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De laatste stap is een verbetering van de verbinding. Deze is gemaakt met de twee numerieke model van 

de huidige verbindingen. De verbetering is weergegeven in (Figuur 0.5). Door een extra onderdeel toe 

te voegen die vast zit aan de stijl wordt de rotatie stijfheid van de verbinding vergroot. Dit mechanisme 

zal resulteren in schroeven die op afschuiving staan. Hier zijn nog geen testen op uitgevoerd (ook niet 

in de literatuur) dus een scharnierende verbinding is aangenomen. In een vervolg studie zal de 

afschuifsterkte van de verbinding moeten worden bepaald. Volgens het FEM model verbeterd deze 

montage de draagkracht naar 6.02 kN (ULS). De bruikbaarheidsgrenstoestand is verhoogd met ongeveer 

60 %, zoals weergegeven in Figuur 0.6 

  

Figuur 0.5: Verlengen van het overzetprofiel (glassteun) en het toevoegen van een extra onderdeel op de stijl 

 

 

Figuur 0.6: UGT en BGT gebaseerd op de numerieke waardes van de verbinding met T-connector en de verbeterde 

verbinding 
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Bookmaker 
This graduation report is built out of the following chapters. 

Chapter 1: Introduction 

The introduction consists of an explanation of the problem, the objectives, the scope, and the approach 

of this research. 

Chapter 2: Literature study 

This chapter consists of a summary of the literature that is used in this research. The current rules for 

curtain wall systems from the Eurocode are treated. And an overview is given of the system itself. How 
the curtain wall is assembled and the relevant parts for this research.   

Chapter 3: Analytical analysis 

The curtain wall system is expressed in mechanical schemes. For a reference project the checks from 

the Eurocode are performed to determine the capacity of the system and the connection. 

Chapter 4: Experimental program  

An experimental program is set up and performed by two research student. The results are used as 

validation of the analytical and numerical model. This chapter describes the experiments shortly and 

manly the results. 

Chapter 5: Numerical model – part 1 

This chapter explains the numerical model and is built up in the three main parts of a numerical research, 

namely, the pre-processing, solving, and post-processing. To summarize, the element types, material 
properties, boundary conditions, loadings, etc, are explained.  

Chapter 6: Numerical model – part 2 

This chapter describes the second numerical model, in which the connection with a T-connector is 

modelled.  

Chapter 7: Improvements of the connection 

This chapter contains improvements of the system with both analytical and numerical calculations.  

Chapter 8: Conclusions and recommendations 

The research is closed with conclusions and recommendations. 
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1. Introduction 
In this chapter an introduction to curtain wall systems and an explanation of the problem.  

1.1 Motivation 
A curtain wall system is a non-bearing separation between the interior and exterior of a building. 
Architect use curtain walls especially for non-bearing aspect, since this means that the wall can consist 

of light materials and thus result in lower construction costs. Normally glass is used in the curtain wall, 

which gives natural light to invade in the building. The main load on curtain walls is the self-weight of 
the wall. The horizontal wind load is directed straight to the main load bearing structure through 

connections at the floors and columns.   

Nowadays, buildings need higher thermal insulation values. This results in thicker glass panels and thus 

a higher self-weight of the wall. The curtain wall needs to resist this loading, which is the main topic of 
this graduation thesis. 

1.2 Problem definition 
Curtain wall systems are built up out of mullions (vertical) and transoms (horizontal) that are connected. 

Glass is placed in between as infill elements. Profel has designed their own system for curtain walls. 

However the maximal bearing capacity of this system is not determined, but Profel estimated glass 

panels of 400 kilogram will be the limit of this system. In this graduation thesis research is done for this 
system, with focus on the connection between the transom and mullion.  

This research is divided into two parts. First an analysis of the load bearing resistance of the current type 

of connections followed by an improvement of the system to increase the load bearing resistance. The 

problem definition or main research topic is formulated as follows: 

“What is the bearing capacity of the connection between mullions and transoms 

for aluminum curtain wall systems and how can the system be improved such that 

the load bearing capacity is increased?” 

This problem is divided in the following sub questions:  

Part 1 – Existing connections 

1. What is the bearing capacity of the two types of connection of Profel under vertical loading? 

Part 2 – Improved design of connection mullion and transom 

2. How can the load bearing capacity be increased by making an addition/improvement to the 

connection? 

1.2.1 Part 1: Existing connections 

The connection of curtain wall systems can be built up in different ways. Profel uses two different types 
of connections: screwed connection see Figure 1.1 or a screwed connection with a T-connector see 

Figure 1.2. In Figure 1.3 the technical drawing is shown for a complete overview.  

The first part focusses on the existing type of connections of Profel. First a screwed connection between 
the mullion and transom and second, a connection with an additional t-connector to increase the bearing 

capacity. For both types of connection the load bearing capacity is determined.  
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1.2.1.1 Screwed connection 

The transoms are connected to the mullions with two screws. The screw holes have a diameter of 4 or 5 

millimeter (depending on the location) and are prefabricated. On site the mullions are placed and 

fastened. After this the transoms are screwed to the mullions. The screws that are used are ST4.8x16 
[1]. 

 

Figure 1.1: Assembly and screws [2] 

1.2.1.2 Screwed connection with T-connector 

A curtain wall system starts mostly on ground level. The bottom transom is highly sensitive to damage, 

therefore a T-connector is used to increase the load bearing capacity of the system. Profel uses the T-

connector also for glass panels heavier than 100 kilogram. The main goal of the T-connector is to 

increase the rotational stiffness of the connection. 

The screws named in paragraph 1.2.1.1 are attached. Two extra screws are used when a T-connector is 

applied. The T-connecter is also fixed to the mullions with two screws. In Figure 1.3 the T-connector is 

shown (in red) and the four holes used for the screws. In Figure 1.2 the assembly of the t-connector is 

shown along with the screws. 

 

Figure 1.2: Assembly and screws used for the t-connector (a) [2] and the t-connector (b) 

(a)                (b) 
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Figure 1.3: T-connector [3] 

 

1.2.1.3 Sub question 1 

Both connections are used fairly frequently, but it is unknown what the exact strength is. The load 

bearing capacity is determined for both the ultimate limit state and serviceability limit state. This will 

be determined with sub question one: 

1. What is the bearing capacity of the two types of connection of Profel under vertical loading? 

1.2.2 Part 2: Improved design of connection mullion and transom 

The demand for buildings with higher thermal insulation values is increasing. As a result the glass panels 

in buildings are getting thicker. Thicker glass panels result in larger torsional moments. Profel estimated 
that these forces exceed the load bearing limits determined in sub-question one. In this sub-question a 

design is made for an addition to/improvement of the system to ensure a higher load bearing capacity in 

the connection, with analytical and numerical validation. In sub-question one the failure mechanism is 

determined for the system. This gives a wide insight into possibilities for additions to the system.  

The second part concerns an improvement of the existing system. Profel estimated that the system will 

collapse through failure of the connection. By making an addition/improvement to the current 

connection the bearing capacity is increased. In this part research is done to obtain several solutions. 

Sub-question two focusses on the load bearing capacity limits of the connection, in order to withstand 
the load of larger and/or thicker glass panels.  

2. How can the load bearing resistance be increased by making an addition/improvement to the 

connection? 

1.3 Objectives 
The objectives are formulated for each sub question and finally the main question. 

1.3.1 Sub question 1: Bearing capacity of existing connections 

The objective of the first sub question relates to the maximum load bearing capacity of the current types 

of connection. This is part of the research to gain insight into the current types of connection and increase 
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the familiarity with the connections. The load bearing resistance of the connections are determined and 

calculated with analytical, experimental, and numerical research. Profel now has an overview of what 

their current system can deal with. 

The two types of connection have different failure mechanisms that need to be researched. A few options 

are: 

- The lip of the transom fails. 

- Bearing in the transom or mullion at the screw holes. 

- Maximal capacity of the screw is exceeded (shear, tension). 
- Failure due to torsion in the transom. 

The vertical failure load and deformations of the current connections are determined with experimental 

research performed by two master students [2]. Next to this a numerical model is made that can be 

validated with the experimental research. The goal of the numerical model is to use this to improve the 
current connection.  

In advance it can be said that screws/bolts are very hard to model in a numerical model and it is not 

profitable to do so. The required time to understand this modeling principle and validating the results 

can be a graduation topic on its own.  

1.3.2 Sub question 2: Improved connection mullion and transom 

In sub-question two the load bearing capacity of the connection needs to be increased. From sub-

question one the failure modes are determined and thus the weak parts of the system are highlighted. 
These areas are the most obvious places to strengthen the connection. Several solutions can be made to 

strengthen the connection. In agreement with Profel one solution is worked out and validated through 

FEM. This is focused on the load transfer through the joint and how this can be optimized.  

1.4 Scope 
The main question in combination with the sub questions covers a wide area in curtain wall systems and 

for this reason is bounded by the following assumptions: 

- Screwed connections are the main research topic, adhesive bonded joints are outside the scope 

of this project. 

- The research is focused on the product of Profel. Material properties, cross-section and 

connection between transom and mullion are stated by Profel.  
- From design regulations the loads are determined. In agreement with Profel the variety of loads 

is determined, namely only the dead weight. However the magnitude of the loads are determined 

by the Eurocode.  

- The shape of the existing system of Profel must remain unaltered when an 
addition/improvement is made. 

1.5 Approach 
In this section, the process will be described to complete the objectives (Paragraph 1.3). The graduation 

project consists of three main sections: literature study, main research and conclusions. 

1.5.1 Main research 

The objectives for each sub question are reached with an analytical and numerical model. The results of 
every sub question are of influence on the next sub question. 
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1.5.1.1  Sub question 1: Existing connections 

The first step is to calculate the bearing capacity of the profiles and screws, since the failure modes are 

expected to be at the connection. Through an analytical research the failure modes can be calculated, 

with an experimental background from a simultaneously performed project. With a numerical model 

parts of the joint are simulated (example: web transom on bearing and local buckling, failure of the lip 

of the transom) and checked on stresses and displacements.  

The numerical model is used to improve the system in step 2, since adjustments can be made very easily. 

However to be able to use the numerical model it has to be validated with the experimental tests.  

Below an overview is given of the steps to answer the first sub question: 

- Determine failure modes of the connection through analytical research 

- Calculate analytically the ultimate load per failure mode 

- Validate experimental failure modes of the connection through numerical research 
- Analytical calculation of bearing capacity of the profiles 

- Analytical calculation of shear capacity of the screws 

- Determine maximal load bearing capacity of the connections 

1.5.1.2  Sub question 2: Improved design of connection mullion and transom  

The second step consist of an improved design of the existing connection. From the first question the 

failure modes are determined, this results in direct places that can be strengthened. All these options are 

given and the new load bearing capacity is calculated per option. A practical insight results into an 
improved or new connection for Profel. To answer the second sub question the following components 

are examined: 

- Boundary conditions in terms of limits given by Profel 

- Increase load due to thicker/larger glass 
- Study into different solutions to increase the load bearing capacity of the connection.  

- Numerical validation of different solutions 

- Practical insight into different solutions 
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2. Literature summary 
This chapter contains a summary of the first part of the research on the P500 curtain wall node of the 

Belgian company Profel [4]. 

2.1 Introduction 
Curtain wall systems are the outer skin of a building. The stability and main load bearing purposes are 

not provided by the outer skin but by the main load bearing structure. The goal of a curtain wall is to 

protect the building from external forces.  

Curtain wall systems consist of frames infilled with glass. From the early 1950 these frames are made 

of aluminium and since 1975 double glazing has been used, due to an energy crisis. Nowadays, curtain 

walls are still made in this manner, however thermal insulation and durability of the system are highly 

improved. Figure 2.1 provides an example of a curtain wall and an exploded view of the connection 

between the transom and mullion. The connection is the main research topic of this graduation thesis.  

   

Figure 2.1: Curtain wall facade (a) [5] and the build up between the transom and mullions in the P500 system (b) [2] 

2.2 Design codes 
Specification of how structural design should be conducted are established in the European standards. 

For curtain wall systems, two codes are applicable. Eurocode 1 which describes the actions on structures 

and Eurocode 9 which describes designing with aluminium structures.  

2.2.1 Eurocode 1 (NEN-EN 1991) 

A curtain wall system is seen as a non-bearing structure, or so called secondary structure, for which the 

loading are described in NEN-EN 1991-1-4 [6]. Any failure of the element only affects the infill material 
and other non-structural elements. The main load bearing system is not affected by this.  

Three load combinations are of influence. Firstly wind on the structure, secondly the own weight of the 

structure and finally a combination of these loadings. All values are shown in Table 2.1 to Table 2.3. 

For all combinations the ultimate limit state (ULS) and serviceability limit state (SLS) are given. In the 

tables below all values are given and in bold the final equations. The derivation/explanation can be found 

in the literature research [4]. 

(a)             (b) 
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Table 2.1: Loads by wind pressure 

Limit State Secondary structure  

SLS ����� = �� ∙ 
��������������
����� 
�  

 Ψ1 : accompanying coefficient for wind 0.9 
 50 ���� − 
����� = 1  

 #$�%� = &. ( ∙ )*�+�,-*./&0*1-2)3  

ULS ����� = 45 ∙ 
��������������
����� 
�  

 Fd (w) : design value of windload  
 γQ : partial coefficient for wind 1.25 
 
���� = exposure factor  
 
� = pressure coefficient  

 #$�%� = C. D/ ∙ )*�+�,-*./&0*1-2)3  

 
Table 2.2: Loads by own weight 

Limit State Secondary structure  

SLS #$�EF� = EF  
ULS ���GH� = 4IGH  

 Fd (gk) : design value of the own weight  
 γG : partial coefficient for the own weight 1.15 
 #$�EF� = C. C/ ∙ EF  

 
Table 2.3: Loads by wind and own weight 

Limit State Secondary structure  

SLS �� = GH + �� ∙ 
��������������
����� 
�  

 �� = accompanying coefficient 0.0 

 #$ = EF  
ULS Decisive value of Fd  
 #$ = &, LM/ ∙ )*�+�,-*./&0*1-2)3-NOD )3 + C, C/EF   

 Fd : design value of the load  

2.2.2 Eurocode 9 (NEN-EN 1999) 

NEN-EN 1999 [7] is the Eurocode for aluminium structures. The deflection limits, stress limits, and 

section classification is described.  

2.2.2.1 Deflection 

The deflection rules are given per load combinations. Table 2.4 provides the deflection limits where L 

is defined as the length of the transom.  

Table 2.4: Deflection limits 

Wind pressure Own Weight Own weight and wind pressure 

L ≤ 3.0m y ≤ L/200 y ≤ L/200 L ≤ 3.0m y┴ ≤ L/200 

 

3.0m < L < 7.5m y ≤ 5 + L/300 Limit ≤ 3 mm 3.0m < L < 7.5m y┴ ≤ 5 + L/300 
L ≥ 7.5m y ≤ L/250  L ≥ 7,5m y┴ ≤ L/250 
No limits   y⸗ ≤ L/500 limit ≤ 3mm 

2.2.2.2 Stress limits 

The material properties are discussed in paragraph 2.4.1. 
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2.2.2.3 Section classification 

If aluminium is used as a construction material, a classification needs to be specified. In Table 2.5 the 

classification is shown. These are dependent of the aluminium alloy and the stress distribution in the 

elements. These are determined in the analytical part stated in Chapter 0. 

Table 2.5: Cross-sectional classification 

Class   

1 Can form a plastic hinge with the rotation capacity required for plastic analysis. 
2 Can develop their plastic moment resistance but have limited rotation capacity. 
3 The calculated stress in the extreme compression fiber of the member can reach its proof 

strength, but local buckling is liable to prevent development of the full plastic moment 
resistance. 

4 It is necessary to make explicit allowances for the effects of local buckling when determining 
their moment resistance or compression resistance 

 

2.3 The P500 curtain wall 
The P500 system is the curtain wall system of the Belgium company Profel. This system consist of 

aluminium mullions (vertical) and transoms (horizontal) fixed together with screws and glazing in 
between. In this chapter an overview of the components used in this system.   

In Figure 2.2 a vertical cross section is shown of a curtain wall facade with the names of all components.  

The main parts that are relevant for this research are the transoms, mullions, glazing supports, and the 

optional T-connector. In Figure 2.3 a front view of the system is given, with only structural relevant 
parts.  

   

Figure 2.2: Vertical cross section of a curtain wall façade  
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Figure 2.3: Front view of the connection with the T-connector when all not structural elements are removed 

 

2.3.1 Mullions and transoms 

The transoms and mullions used in this research are shown in Figure 2.4. The same aluminium alloy is 

applied for both elements. There is an option to stiffen the profiles with a steel or aluminium cross-
section placed in the profiles. However this is not used for this research. 

   

Figure 2.4: Mullion (a) and transom (b) for experimental, analytical, and numerical research [3] 

Gravitational 

centre 

(a)             (b) 
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2.3.2 Glazing supports 

In Figure 2.5 the glazing supports are shown. These elements are 150 millimeter in length and fixed at 

both sides of the transom with three screws. These glazing supports are the main support points of the 

glass panels. The glass is supported on a polycarbonate strip (yellow in Figure 2.5) that is placed between 

the glazing support and the glass.  

   

Figure 2.5: Position of glazing supports shown in purple 

2.3.3 T-connector 

The T-connector is an extra element to stiffen the connection between the transom and mullion, and thus 

increase the rotational capacity. In Figure 2.6 the T-connector itself and the assembly of the T-connector 

are shown. The same aluminium alloy, as for the transoms and mullions is used for the t-connector. 

However the thickness of the T-connector is more than three millimeter, which results in different 

characteristic material properties, see Paragraph 2.4. 

   

Figure 2.6: T-connector (a) and the assembly of the T-connector (b) 

2.3.4 Assembly of the curtain wall 

The built up of the system with or without a T-connector is different. In Figure 2.7 a schematized built 

up of the system is shown. It starts with the mullions that are fixed to the primary (or main load bearing) 
structure. The transoms are fixed onto the mullions with two screws (a). The connection with the T-

connector is also shown (b). After this the glazing supports are installed (c). Small polycarbonate strips 

are placed on top of the glazing supports to ensure a non-rigid support -and to prevent peak stresses 

(a)       (b) 
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along the glass edges. The glass is fixed onto the glazing supports (d) and the pressure plates are fixed 

to the transoms with screws (e). Finally the snap caps are snapped into place, on the pressure plates (f). 

   

   

   

Figure 2.7: Assembly of the curtain wall system P500 

 

2.3.5 Connection 

Profel uses two different connections for curtain walls. A screwed connection for loads up to 100 

kilograms or a connection that is strengthened by a T-connector for loads up to 400 kilogram.  

(a)             (b) 

(c)             (d) 

(e)               (f) 
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2.3.5.1 Screwed connection  

The mullion and transoms are connected with two screws on either side of the mullions, as shown in 

Figure 2.8. The screw holes have a diameter of five millimetre and are created before transport to the 

site. In the transoms these holes are slotted to allow for horizontal expansion of the transom. 

  

Figure 2.8: Sketch up model of the screwed connection [2] 

2.3.5.2 Screwed connection with a T-connector 

A T-connector is added to strengthen the connection. This results in an adapted assembly. The T-profiles 

are fixed onto the mullions before transport to the site. The transoms need to be placed over the T-
connectors so the second mullion can only be placed after the transom is placed. The assembly of the T-

connector is shown in Figure 2.9. The main goal of the T-connector is to strengthen the connection. The 

rotational capacity is increased which gives a smaller in-plane rotation of the transom. And thus 
strengthening the system itself.  

  

Figure 2.9: Assembly T-connector [2] 

 

2.4 Material properties of the P500 curtain wall 
All components except the screws are made of the same aluminium alloy. 

2.4.1 Cross-sections and T-connector 

The cross-sections and T-connectors are completely extruded and assembled with screws. Stress 

reduction is not applied yet, so the material properties are taken from the Eurocode 9 [7]. Table 2.6 

shows the properties of aluminium independent of the alloy. The applied alloy is AW6060-T66. In Table 

2.7 the characteristic properties are shown. It should be noted that when the thickness of the material is 
over 3 mm, the characteristic strength decreases. 
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Table 2.6: Aluminium properties [7] 

Property Value  

Modulus of elasticity [E] 70 000 N/mm² 
Shear modulus [G] 27 000 N/mm² 
Poisson’s ratio [ν] 0.30 
Thermal expansion coefficient [α] 23x10-6 per °C 
Weight density [ρ] 2700 kg/m³ 

 

Table 2.7: Mechanical properties aluminium AW6060-T66 alloy [7] 

Property Value for t ≤ 3mm Value for 3 mm < t ≤ 3mm 

0.2% proof stress [f0] (bending and 

yielding) 

160 N/mm² 150 N/mm² 

Tensile stress [fu] (local capacity) 215 N/mm² 195 N/mm² 
Minimal elongation [A] 8 % 8 % 
[f0,haz] 65 N/mm² 65 N/mm² 
[fu,haz] 110 N/mm² 110 N/mm² 
Buckling class A A 

The stress-strain relationship is determined with the Ramberg-Osgood model from Annex E of Eurocode 

9 [7]. With the Ramberg-Osgood equations a non-linear model is calculated, shown in Figure 2.10. Both 

the 0.2% proof stress (f0) and the ultimate tensile stress (fu) are shown. The maximal elongation of 8% 

is reached with a maximal tensile stress of 215 N/mm². 

 

Figure 2.10: Stress-strain graph of AW6060 T66 alloy according to the Ramberg-Osgood model 

2.4.2 Screws 

The connection between the mullion and transom and the fastening of the T-connector are made with 

self-tapping pan head tapping screws. Codes for these screws are the ISO 7049, which describes the 

dimensions of the screws and the ISO 3506 which described the material properties of the screws, shown 
in Table 2.8. 
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Thickness screw-thread [d] 
Nominal thickness screw-thread [dRST] 
Thickness screw-head [dk] 
Depth screw-head [k] 
 
 

4.8 mm 
4.2 mm 
9.5 mm 
3.55 mm 

 

  Figure 2.11: Technical drawing [8] 

 
Table 2.8: Mechanical characteristics screws ST4.8 

Mechanical characteristics Value 

Nominal tensile strength  700 N/mm² 
0,2% proof strength 450 N/mm² 
Elongation 0.4*d mm 
Lower yield stress 320 N/mm² 
Length 16 mm 

  



Capacity node P500 curtain wall 
 

16   

 

  



Analytical analysis 

 

  17 
 

3. Analytical analysis 
In this chapter an analytical approach is shown for determining the load bearing resistance of the 

connection. Then an analysis of both connection types in which the connections are expressed in 

mechanical schemes. Following with a reference project to get insight in the capacity of the frame itself 
and the connection. And finally al possible failure mechanisms are explained.  

3.1 Motivation and objectives 
In the analytical program, the system itself is analysed and an overview is given of how elements are 

connected and understand the connection in mechanical schemes. The whole system is calculated and 

the connection itself, to ensure that failure will happen in the connection. Besides this all failure 

mechanisms are calculated to determine the boundaries for the numerical model. 

3.2 Analysis connection without T-connector 
First the connection without a T-connector is analysed. The connection between the transom and mullion 
is made with two screws, as shown in Figure 3.1. In Paragraph 2.3 the used elements are already 

explained. Annex A describes the different manners in calculating the stress-strain diagrams that are 

used in this Chapter. This paragraph puts more detail into the path of the forces, according to the 

following list: 

- Introducing forces in P500 system; 

- Forces through the glazing support to the transom; 

- Torsional moments in the transom; 
- Forces from transom to mullion perpendicular to the transom; 

- Forces from transom to mullion parallel to the transom. 

   

Figure 3.1: Assembly of the connection between the mullion and transom (a) and front view (b) 

 

 

 

 

 

(a)             (b)  
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3.2.1 Introduction of forces in P500 system 

In this research the main load that is considered for the connection is the vertical self-weight of the glass. 

This load is applied onto the glazing support, which is fixed to the mullion with three screws. In Figure 

3.2 a cross-section of the mullion in which this is shown.  

 

Figure 3.2: Cross-section of the mullion with the glazing support and the applied load from the glass 

3.2.2 Forces through the glazing support to the transom  

As mentioned before the load is applied onto the glazing support that is fixed to the transom. So it is 

very important how the glazing support is fixed and what happens during the application of the glass. 

Figure 3.3 shows an overview of the two different extremes, namely a glazing support that cooperates 
and a glazing support that does not cooperate. 

 

Figure 3.3: Two extremes of the application of the glazing support 

3.2.2.1 Glazing support cooperates 

In model A from Figure 3.3 the glazing support cooperates fully. As can be seen the glass panel applies 
a load on the glazing support. Due to the distance ‘e’ this results in an applied moment. In order to cope 

with this a resulting moment is needed. The resulting moment comes from the contact points at which 

tension and compression forces arise. These forces act as a couple and thus a resulting moment. 

3.2.2.2 Glazing support does not cooperate 

However when the glazing support and transom are not in contact, a compression force cannot develop 

and hence the bending moment is transferred by the screw port (support of the cantilever) only. The 

value of the resisting moment decreases significantly. This is shown in Model B of Figure 3.3. This will 
be elaborated in the chapter about the numerical model. 
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3.2.2.3 Execution 

By self-building the experimental phase it is concluded that there is a tight fit between the glazing 

support and the transom. This means that model A is expected to happen. However when the screws are 

pulled out of the transom, model B is applicable. 

3.2.3 Torsional moments in the transom 

Due to the glass a vertical force is introduced into the transom, also shown in Figure 3.2. This results in 

a torsional moment in the transom. This moment needs to be transferred from the loading point (glazing 

support) to the connection of transom to mullion 

The path of the torsional moment is through the transom that consists of two cross-sections, namely a 

thin-walled box girder and a rectangular cross-section, shown in Figure 3.4. For both cross-sections the 

calculation method differs [9]. In Annex B these calculations are elaborated. In this paragraph only a 

short overview of the results are shown. 

                

Figure 3.4: Connection mullion to transom (a), and shear stress as assumed over the box girder (b) [9], and rectangular 

plate (c) [9] 

 
The results from calculations in the annex are shown in Table 3.1. As can be seen, the box girder is more 
resistant to torsion as the rectangular plate. The results for a rectangular plate may arise alarm bells, 

however a better analysis of the plate results in the following conclusion: The plate only has dimensions 

of 50 by 2 millimeter, and the load is applied at a small distance. Furthermore, the plate is supported by 

the mullion. For such analysis these value are very unrealistic. 

The only thing proven right now is that the rotation capacity of the box girder can be seen as infinitely 

stiff. While the rectangular end plate is weak, and very sensitive to deformations. The transition zone 

between the box girder and rectangular plate is therefore a critical point. 

Table 3.1: Overview shear stress and deformation for the box girder and rectangular plate 

 Shear stress Deformation 

Box girder 5.2 N/mm² 0.206 degrees 
Rectangular plate 1525 N/mm² 32 degrees 

Difference 29227 % 15634 % 

3.2.4 Forces from transom to mullion 

The transom is fixed onto the mullion with only two screws, shown in Figure 3.5. The box girder part 

of the transom is sawed out and the front part (including the cantilever part of the transom) runs through 

until the mullion. In the running through part the two screws are fixed, also shown in Figure 3.5. This 

results in screws loaded in shear and a torsional moment. The connection is analysed from two 

(a)                    (b)                       (c) 
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directions, namely perpendicular (torsion) and parallel (bending) to the transom, shown in Figure 3.6. 

For both directions the rotational capacity and forces in the screws are calculated.  

In Annex B a detailed calculation is given of the rotational capacity and forces in the screws in both 

directions for the connection without a T-connector. In the following paragraphs only summaries of the 

calculations are given.  

  
Figure 3.5: Top view of the connection in which the running through part of the transom is fixed to the mullion with 

two screws 

 

Figure 3.6: Overview of two the two analyzed views 

3.2.5 Perpendicular to transom 

The first analysis is from the side perpendicular to the transom. Which means the point of view is from 

the cross-section of the transom. The transom will be loaded under rotational forces and wants to rotate 

around its fixed point, which lies at the connection between the transom and mullion. 
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3.2.5.1 Rotational stiffness connection 

The stiffness of the connection is determined with equation (3-I) originating from the lecture notes of 

the Koҫ Üniversitesi, Turkey [10], which is basically a transformation of Merchant equation. This sums 

al stiffness’s of the different members together and leads to a translational spring stiffness.  

 1VW = 1V�X��Y + 1V� + 1V� + 1VZ (3-I) 

  Where,  

  VW = Translational stiffness connection  

  V�X��Y = Stiffness screw  

  V[ = Stiffness plates  

 VW = DCD MML \/^^  

 
The translational (axial) spring stiffness of the connection out of plane is now known. This can be 
converted to a rotational stiffness with equation (3-II) [11]. 

 _ = VW ∙ ∑�[� = 212 773 ∙ 2 ∙ 10.5� = de. ( ∙ C&e \^^ (3-II) 

3.2.5.2 Tensile resistance of the screws 

The tensile resistance in one screw is: 

�f� = g ∙ h�X��Y = 700 ∙ i ∙ �� = 700 ∙ i ∙ 2.1� = 9 698 m 

When this value is used as input for the assumption in Figure 3.7 for screw 1 (F1), the other screw (F2) 

is subjected to a force as stated below. This result in the maximal moment that can be taken by the 

connection, assuming an elastic distribution. 

�� = �f�;� ∙ 14.521 + 14.5 = 9698 ∙ 14.521 + 14.5 = 3 961 m 

pq� = 41.4 ∙ 9698 = 401 720 mrr 

    

Figure 3.7: Schematization connection transom to mullion 

3.2.6 Parallel to the transom 

The second analysis is from the front view of the transom and mullion. The transom is connected with 
only two screws to the mullion. Due to the applied load, the transom will deflect which is prevented by 

the screws. This results in screws loads in shear and the plate material of the transom loaded in bearing. 
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When the capacity of both mechanisms is calculated it is noticed that the bearing capacity of the plate 

material is lower than the shear capacity of the screws. This means the aluminium starts bearing first 

around the upper screw (Figure 3.8), followed by the area around the lower screw. This behaviour can 

be described with a load-rotation diagram shown in Figure 3.9. 

 

Figure 3.8: Material of the transom that provides resistance against bearing 

 

 

Figure 3.9: Load-rotation graph of bearing of the plate material of the transom 
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3.3 Analysis connection with T-connector 
When a T-connector is used, it is expected that the connection is stronger. The forces are introduced in 

the same manner as for the connection without the T-connector. The only difference is the transfer of 
forces from the transom to mullion and thus the transfer of torsional moments through the transom. In 

Annex C a more complete overview is given for the connection without a T-connector. In the following 

paragraphs only summaries are given.  

The addition of a T-connector increases the rotational capacity of the connection. The tolerance between 
the transom and mullion is very small, around 1 millimetre (Figure 3.10a). This means that when the 

transom wants to rotate, the T-connector is almost instantly activated and is also loaded by a torsional 

moment. This results in screws loaded in shear forces (Figure 3.10b). 

   

Figure 3.10: Side view of the connection between the transom and mullion, with a front view of the T-connector (a) and 

side view of the T-connector where the screws are load in shear forces (b) 

 

3.4 Capacity of P500 system 
In Annex D the capacity of the system is calculated according to Eurocode 9 [7]. Covered by the system 

are the transoms, mullions, and the joint. In Table 3.2 & Table 3.3 an overview is given of the capacity 
of the transom, the mullion, and the joint.  

Table 3.2: Overview of capacity of transom and mullion in kN 

 Capacity of transom P523 [kN] Capacity of mullion P518 [kN] 

Tension 116.8 131.9 
Compression 104.4 131.9 
Bending moment 1.8 - 
Shear 7.4 - 
Torsion 1.7 - 

 

Table 3.3: Overview capacity connection 

 Load [N] 

Failure mechanism  
Bearing capacity 2 167 
Shear capacity 3 680 
Tensile resistance of self drilling screws 4 416 
Pull through resistance of joints in tension 1 476 
Pull out resistance of joints in tension 1 013 

(a)                      (b) 
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Tension resistance 8 109 
Failure T-connector  

Pull out resistance 3 853 
Shear capacity 1 073 

 

3.5 Reference project 
With a reference project that is described in Annex E the capacity of the frame and the connection are 

determined. The applied load is a glass panel of 1250 x 650 millimetre, according to Figure 3.11. The 

decision for these dimensions lies at the size of the experimental research. For all research methods the 
same reference project is chosen and these dimensions where the largest possible in experimental setup. 

Which also results in quite low unity check values.  

In Table 3.4 an overview is given of the unity check for the system. An overview of the unity check for 

the connection is shown in Table 3.5. As can be seen the unity check of the mullion and transom is lower 

than for the connection without a T-connector. This means that the connection is the weakest part of the 

P500 system when a T-connector is not applied. However when a T-connector is applied the capacity 

of the connection can be calculated again and is also shown in Table 3.5. 

 

Figure 3.11: Glass loading on the transoms 

 
Table 3.4: Overview of unity checks for the cross-sections 

Loading Unity check < 1 

Mullion  
Tension 0.006 
Compression 0.004 
Flexural buckling 0.002 

  
Transom  

Bending moment 0.030 
Shear force 0.053 
Torsion 0.007 
Lateral torsional buckling 0.040 

 



Analytical analysis 

 

  25 
 

Table 3.5: Overview of the unity checks for the connection with and without a T-connector 

Connection without T-connector Unity check < 1 

Bearing capacity 0.16 
Shear capacity 0.05 
Tensile capacity 0.10 
Pull through resistance of joints in tension 0.31 
Combined shear force and tension 0.12 
  

Connection with T-connector  
From transom to T-connector  

Bearing capacity 0.16 
Shear capacity 0.05 
Tensile capacity 0.05 
Pull out resistance 0.26 
Combined shear force and tension 0.10 
Shear resistance open screw port 0.09 
  

From T-connector to mullion  
Bearing capacity 0.02 
Shear capacity 0.05 
Tensile capacity 0.02 
Pull out resistance 0.32 
Combined shear force and tension 0.04 

 

From Table 3.4 & Table 3.5 it can be concluded that the connection with a T-connector behaves stronger 

that the connection without a T-connector, but the difference are small. Or it should be said that the 

rotational capacity is increased. With the unity check something can be said about the failure 

mechanisms.  

3.6 Weakest parts in connection 
Through analytical research the failure mechanisms are determined. Both shown in this paragraph. 

These can be validated with the experimental research.  

From the previous paragraph it has come to an understanding that the joint between the transom and 
mullion is the weakest part of the P500 system and that the elements itself are not decisive with respect 

to load bearing. It can also be concluded that the transition zone between the box girder and rectangular 

plate in the transom is the weakest part in the whole curtain wall, since the translational moment has to 
be brought to the mullion through this zone. The following parts are the weakest: 

- Bearing of the transom near the screw holes; 

- Shear failure of the screws; 

- Pull-out behaviour of the screws; 

- Tearing of the aluminium; 

- Tension and shear failure in the screws. 

 

 

3.7 Summary, discussion and conclusion 
This paragraph summarizes Chapter 0 and describes the main conclusions. 
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3.7.1 Summary 

In this chapter the built up of a curtain wall system is explained. If all elements are removed that are not 

contributing to the load bearing capacity, what remains are the transom, mullion, and glazing support. 

Both connections are analysed to determine the mechanical schemes for the connection and determine 

the weak point in the connection. 

The connection without a T-connector is sensitive for torsional moments. The applied torsional forces 

have to be transferred to the mullion through the transition zone of a box girder to a rectangular plate, 

since this is where the screws are located, shown in Figure 3.12.  

   

Figure 3.12: Transition zone between a box girder and rectangular plate (a) since part of the box girder is sawn out to 

create a running through part to fix the transom to mullion (b) 

 
If the connection with a T-connector is applied, the sensitivity for torsional moments is reduced 
significantly. The T-connector increases the torsional stiffness of the connection due to the added area 

over which the torsional moment is distributed, shown in Figure 3.10. 

   

Figure 3.13: Side view of the connection between the transom and mullion, with a front view of the T-connector (a) and 

side view of the T-connector where the screws are load in shear forces (b) 

 

3.7.2 Discussion and conclusion 

However many assumptions have to be made in the stress distribution since this works in a 3-

dimensional manner and cannot be predicted in a simple manner. From the experimental research it will 

be clear how failure happens within both connections and if the assumptions in the analytical 

calculations are correct.   

(a)       (b) 

(a)                      (b) 
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4. Experimental program 
As part of this graduation thesis an experimental program is set up and performed by Hamid Afantrous 

and Jeff Modderman. In this chapter an overview is given of the experimental setup and the results are 

discussed. For full information on the process a reference is made to their report [2]. 

4.1 Motivation and objective 
In the analytical program the failure mechanisms are calculated. However many assumptions are made 
and these are mostly two-dimensional calculations even though this is a three-dimensional problem. A 

numerical model gives insight into the three-dimensional stress behaviour. However, for that to be 

correct the numerical model needs to be correct and thus validated by experimental research. Since there 

are no experimental test results available an experimental program is set up.  

A total of nine tests are set up of which four are performed without the T-connector and four are set up 

with the T-connector. An extra set-up is made for the whole assembly, including finishings (pressure 

plates and snap caps), however this is not conform reality. Next to these tests, tensile tests are performed 
to determine the material properties. 

The purpose of the experimental setup is to validate the numerical model. The forces, deformations, and 

strain are used for the validation. This will also be elaborated.  

4.2 Tensile test 
The behaviour of the material itself is tested to determine the accurate values instead of the nominal 

values that indicate a lower bound. The tests are performed on a total of twelve strips from two extrusions 
(2x6) according to the NEN-EN-10002-1 [12]. Six samples are taken out of a P501 profile (mullion) 

and six samples from a P508 profile (transom).  

In Table 4.1 the parameters are shown that are used as input for the tests. The test procedure is carried 

out in three steps. Each element is pre-stressed to flatten out any deformations (1), than the strip is slowly 
unloaded (2) and reloaded until failure (3), as shown in Figure 4.1. Only one tensile test (P1.1) is 

explained. Furthermore a summary is given about the other elements.  

Table 4.1: Parameters used for the tensile test [2] 

Parameter  Value 

Test rate 0.6 mm/min 
Gauge length 50 mm 
Pre-stressing 100 N/mm² 
Starting stress 20 N/mm² 
Measurements 4 s-1 

 

  
Figure 4.1: Pre-stressing according to a bi-linear principle. [2]  
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4.2.1 Test P1.1 

The specimen P1.1 originates from a P501 profile (mullion). In Figure 4.2 the original aluminium 

element is shown and the element after the tensile test. The elongation is clearly visible, which is around 

10%, prior to failure. In Figure 4.3 the obtained stress-strain relationship is shown. Three paths can be 
distinguished: elastic behaviour, plastic behaviour and the rupture path. With this graph the values in 

Table 4.2 are determined.  

      

      

Figure 4.2: P1.1 element before (a) and after (b) the tensile test in which the elongation can be seen [2] 

 

 

Figure 4.3: Stress-strain relationship of the P1.1 element [2] 

 
Table 4.2: Resulting values for P1.1 tensile test [2] 

Property  Value 

0.2 % proof stress [N/mm²] 197.0 N/mm² 
Maximal tensile stress [N/mm²] 222.0 N/mm² 
Maximal elongation [%] 8.47 % 

4.2.2 Overview tensile tests 

The graph from Figure 4.3 is comparable to all other tensile test. In Figure 4.4 the averages of extrusion 

set 1 (P501) and set 2 (P508) are shown. The same values as mentioned for test piece P1.1 are calculated 

(a) 
  

 

      

(b) 

8.47% 

197 N/mm² 

225 N/mm² 
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for the other test pieces and shown in Table 4.3 together with the average values and the coefficient of 

determination (R²). The coefficient of determination stands for how well the data fits statistically. A 

value of 100% means that the regression line fits the analysis perfectly.  

In Figure 4.4 the Ramberg-Osgood line is also shown, with values for the parameters according to EN 

1999-1-1. This is a method described in Eurocode 9 to calculate the stress-strain relationship. More 
information can be found in Annex A about stress-strain relationships. 

 

Figure 4.4: Overview test data of all tensile tests [2] 

 
Table 4.3: Result values for extrusion 1 and 2 [2] 

 0.2% Proof stress [N/mm²] Max tensile stress [N/mm²] 

Test 1.1 197.0 222.0 
Test 1.2 204.6 230.1 
Test 1.3 203.7 229.3 
Test 1.4 202.5 228.5 
Test 1.5 201.8 227.7 
Test 1.6 200.9 226.9 
Test 2.1 195.3 223.9 
Test 2.2 193.8 223.5 
Test 2.3 195.3 223.2 
Test 2.4 193.6 221.3 
Test 2.5 192.2 220.8 
Test 2.6 195.6 223.2 
Average (R2) 198.0 (95.6%) 225.0 (96.7%) 

4.2.3 Conclusions 

From the average results and coefficient of determination (R²) it can be concluded that the section 

produced have a very uniform material strength. However the deviation between the sets of different 
extrusions are significantly large. Since the number of sets is too low, the values are not quite 

trustworthy.  
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Side note: These tests are performed to determine the stress-strain relationship. These graphs can 

normally be used to determine the Young’s modulus. The resulting value from this graph is around         

60 000 N/mm2. However, for aluminium this is not a correct manner. The tests are conducted too fast 

so that the result may be inaccurate. In this research the value from Eurocode 9 of 70 000 N/mm² is 

maintained. 

4.3 Test setup with- and without T-connector 
In Figure 4.5 & Figure 4.6 the test set-up is shown for the experimental model. For the tests with- and 
without the T-connector the same setup is used. Three mullions and two transoms are connected to each 

other. The transoms are loaded in upward vertical direction, since this is easier to perform in a laboratory 

set-up (the self-weight of the transom, mullion, and attachments are neglected). The loads are applied 

simultaneously on both sides of the connection via a displacement controlled system with a speed of 0.4 
mm/min. The jacks convert this value into a load-displacement value of 0.37 kN/mm. The six supports 

are hinge connected as shown in Figure 4.5.  

  

Figure 4.5: Test set-up of the experimental model (a) with the supports (b) and load system (c) [2] 

 

(a)                      

(c)  

 

 

 

(b)
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Figure 4.6: Experimental set-up [2] 

4.3.1 Measurements 

Seventeen measuring devices are placed on the test set-up, as shown in Figure 4.7. Linear Variable 

Differential Transformers (LVDT’s) are used to measure linear displacements in millimetres. The four 
yellow LVDT’s are used to validate the blue rotation devices, which are used to measure out of plane 

rotation of the transom. The green rotation devices measure in plane rotation of the transom. The orange 

LVDT’s measure the deflection of the mullion. And finally two Mitutoyo devices are installed to 

measure the deformation of the transom at the application of the load. Throughout this chapter a lot of 

graphs are shown, the names of the lines are indicated in Figure 4.7. 

     

Figure 4.7: Measurement devices [2] 

Number Measurement device Location 

ADC-00 Measurement box Left jack 
ADC-01 Measurement box Right jack 
ADC-02 LVDT D.02 
ADC-03 LVDT D.03 
ADC-04 LVDT D.04 
ADC-05 LVDT D.05 
ADC-06 Rotation measuring device R.06 
ADC-07 Rotation measuring device R.07 
ADC-08 Rotation measuring device R.08 
ADC-09 Rotation measuring device R.09 
ADC-10 LVDT D.10 
ADC-11 LVDT D.11 
ADC-12 Strain gauge S.12 
ADC-13 Strain gauge S.13 
ADC-14 Strain gauge S.14 
ADC-15 Strain gauge S.15 
Mito_0 Mitutoyo digital MD.00 
Mito_1 Mitutoyo digital MD.01 
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4.3.2 Strain-gauges 

On top of this, four strain gauges are applied to a total of four test pieces. The limits of these strain 

gauges is 2% strain, and they are used to validate the numerical model. These strain gauges can measure 

compression and tension by using differences in electrical resistances. The output is given in 

percentages, to keep the data uniform in this thesis. The strain gauges have a length of 6 millimetre and 

the positioning is shown in Figure 4.8. Since the load direction is upward, it is expected that strain-

gauges 1 and 3 are first loaded in compression due to bending and afterwards tension due to torsion by 

which the aluminium is teared apart against the mullion. The lower strain-gauges are expected to be in 
full tension the whole time due to bending. 

  

Figure 4.8: Four strain-gauges attached to the transom [2] 

4.4 Result test without T-connector  
For the test without the T-connector the connection between the transom and mullion is executed with 

only two screws on either side, so a total of four screws. In Figure 4.9 an overview of the connection is 

given. A total of four setups are tested: Final-01 to Final-04. Only the last setup (Final-04) is discussed 
in this paragraph. An overview of all tests is given in Paragraph 4.4.6. 

  

 

Figure 4.9: Overview connection without t-connector [2] 
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4.4.1 Test - Final 04 

In Figure 4.10 the load-time relationship is shown. The jacks show relative small deviations from each 

other. However near the end a bigger load is shown for the left side (ADC-00), since failure of the 

connection is already occurring at the left side (ADC-01). The failure load is 4.4 kN. In all graphs the 
blue lines are measurements from the left side and the red lines are measurements from the right side. 

 

Figure 4.10: Load-time relationship of test Final-04, where ADC-01 is right and ADC-00 is left [2] 

4.4.2 Process 

The load is gradually applied on the transom, so bending is visible in Figure 4.11a. In Figure 4.11b the 

displacements of the LVDT’s at the bottom side are shown. The differences between the red lines 

indicate torsion and are calculated according to Figure 4.12. The resulting rotation is plotted in Figure 
4.13. These values are used to validate the rotational meters, also shown in Figure 4.13.  

    

Figure 4.11: Deformation transom due to bending (a) and displacements of the LVDT’s (b) [2] 
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Figure 4.12: Calculation of the rotation of the transom. The only unknown value is the rotation α. 

 

 

Figure 4.13: Validation of torsional meters [2] 

 
A clear difference is measured between the right and left side. On the left side more bending is measured, 
however also the load was larger. On the right side bending is less due to governing torsional moments. 

Since aluminium is more vulnerable against torsion the test-piece failed on the right side. The differences 

are a result of the deviations in de jacks, even though the same oil pressure was established. The failure 

load is determined at the side for which the connection failed, since this failure mechanism is decisive. 

4.4.3 Failure mechanism 

The connection failed through shredding of the aluminium transom, see Figure 4.14. This can easily be 

explained. The load is slowly applied on the glazing support which is connected to the transom with 
three screws. This creates torsional forces in the aluminium profile. The transom is a tubular section and 

very stiff against torsional forces. However the connection is applied in the rectangular cantilever part 

of the transom. This part is very weak against torsional forces. The transition area becomes the critical 

part, which is also the place where the shredding of the aluminium takes place.  
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Figure 4.14: Effects of shredding in the transom [2] 

4.4.4 Load-strain relationship 

Figure 4.15a shows the results of the top two strain-gauges. The compression forces indicate bending in 

the transom. The slope of the line decreases since torsion becomes bigger. At around 4.0 kN there is a 
turning point. Torsion and bending are in equilibrium with each other and torsion becomes governing 

until failure. This can be validated with Figure 4.15b, since due to bending the lower two strain-gauges 

are under tension and when torsion is governing, tensile strains increase due to torsion. 

   

Figure 4.15: Result of the top two strain-gauges (a) and the lower to strain gauges (b) [2] 

4.4.5 Strains to stresses 

To make use of the strains obtained in the experimental research, they are converted into stresses. This 
is conducted with the use of a continuous stress-strain relationship. In Annex A the different methods 

for calculation a stress-strain relationship are explained. 

In Figure 4.16 the continuous stress-strain relationship is shown that is used to calculate the stresses. 

The values originate from the experimental tensile tests, shown with the dashed lines. The coefficient 

of determination (R²) for the extrusion is 95%. For a good comparison the value of Eurocode based on 

the Ramberg-Osgood model are shown. In Figure 4.17 the resulting stresses are shown. 

Turning 
point

0

1

2

3

4

5

6

-0.5 0 0.5 1 1.5 2

L
o

a
d

 [
k

N
]

Strain [%]

ADC-12 ADC-14

0

1

2

3

4

5

6

0 0.02 0.04 0.06 0.08

L
o

a
d

 [
k

N
]

Strain [%]

ADC-13 ADC-15

(a)            (b) 



Capacity node P500 curtain wall 
 

36   

 

 

Figure 4.16: Continuous stress-strain relationship [2] Average result should be used 

 

 

Figure 4.17: Stresses following from the strain-gauges, #12 and #14 are from above and #13 and #15 from below [2] 

4.4.6 Overview 

The behaviour of all test-pieces is similar. The graphs are mostly the same, the only difference is the 

load at which the connection fails. In Table 4.4 an overview of the failure loads are shown. A statistical 

analysis is performed on the results and with an average of 4.56 kN and a coefficient of determination 

(R²) of 97.6%, the average failure load is statistically significant (R≥95%).  

Table 4.4: Overview failure loads [2] 

Test piece Failure load [kN] 

Final – 01 4.49 
Final – 02  4.66 
Final – 03  4.63 
Final – 04  4.44 

Average 4.56 kN (R² = 97.6%) 
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4.4.7 Conclusion test without T-connector 

It is notable that all four test pieces failed at the right side, even though the load was lower than for the 

left side. This is due to the jacks and could not be prevented. The main conclusion is that the transom 

fails in torsion at the transition zone of a tubular cross-section to a rectangular plate, due to the limited 

torsional capacity in rectangular plates. This is shown in Figure 4.18. A load (qglass) results in a torsional 

moment (Mt,action) that needs to be transferred and contained by the reacting torsional moment (Mt,reaction). 

  

Figure 4.18: Torsional moment (Mt,action) in the transom (a) and failure of the transom due to limited rotational capacity 
at the transition (b) [2] 

4.5 Result tests with T-connector  
For the test with the T-connector the same test-setup and measuring devices are used. This connection 

is executed with four screws on either side. Two screws are connected to the T-connector, which is fixed 

to the mullion. In Figure 4.19 an overview is given of this connection. A total of four setups are tested: 

Final-05 to Final-08. Only the last setup (Final-08) is discussed in this paragraph. An overview of all 

tests is given in Paragraph 4.5.6. 

   

Figure 4.19: Overview connection with a T-connector [2] 

4.5.1 Test - Final 08 

In Figure 4.20 the load-time relationship is shown. The jacks show almost no deviation from each other. 

Due to switching the jacks, the left side has collapsed. In all graphs the blue lines are measurements 

from the left side and the red lines are measurements from the right side.  
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Figure 4.20: Load-time relationship of test Final -08 [2] 

4.5.2 Process 

The start of this test is the same as for the previous connection. The load is applied, which results in 

bending in the elements, see Figure 4.21a. Since the values in Figure 4.21b are all increasing in positive 

direction, bending of the elements is bigger than torsion. Rotation of the transom is calculated in the 
same manner as in Figure 4.12, the resulting values are shown in Figure 4.22. There is hardly any 

deviation between the left and right side.  

   

Figure 4.21: Deformation of the transom due to bending (a) and the displacements of the LVDT’s (b) [2]  
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Figure 4.22: Rotation of the transom [2] 

4.5.3 Failure mechanism 

The failure mechanism is different than that for the connection without the T-connector. This connection 
failed through plastic deformation of the cantilever part of the transom, see Figure 4.23. This can explain 

the function of the T-connector. Due to strengthening the connection with a T-connector the failure 

mechanism shifts to the weakest part of the whole assembly, which is the cantilever part of the transom. 
So the main goal of the T-connector is reached, namely to increase the stiffness the connection, and to 

reduce deformations. 

   

Figure 4.23: Plastic deformation of the transom [2] 

4.5.4 Load-strain relationship 

In Figure 4.24 the results of the strain-gauges are shown. The same behaviour as for the previous 

connection can be seen. First bending is present, since the top strain-gauges (Figure 4.24a) are under 
compression and the bottom two under tension (Figure 4.24b). However the magnitude of the strain is 

very small, so the occurring strain is hardly useful. The reduction of strain and torsion only happens 

where the measurement devices are placed.  
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Figure 4.24: Result of the top two strain-gauges (a) and the lower to strain gauges (b) [2] 

4.5.5 Strains to stresses 

In Figure 4.25 the stresses are shown resulting from the strains. The same continuous stress-strain 

relationship is used as shown on page 35.  

 

Figure 4.25: Stresses following from the strain-gauges [2] 

4.5.6 Overview  

The behaviour of all test-pieces is very similar. In Table 4.4 an overview of the failure loads is shown. 

A statistical analysis is performed on the failure load and results in an average of 6.19 kN, with a 

coefficient of determination (R²) of 87.3%, so the average failure load is statistically insignificant. This 
is mainly due to the low failure load of Final – 05, which cannot be explained but might be due to the 

settling of the T-connector. More research is therefore required. However the results can still be used 

for validation of the numerical research, since the failure mechanism is the same in all four test pieces.  
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Table 4.5: Overview failure loads [2] 

Test piece Failure load [kN] 

Final – 05 5.15 
Final – 06  6.12 
Final – 07  6.45 
Final – 08  7.03 

Average 6.19 kN (R² = 87.3%) 

4.5.7 Conclusion test with T-connector 

For these set of tests the same differences with the jacks are noticed. However the failure loads do differ 

with each other even though the same failure mechanisms have occurred.  

The main conclusion is that the T-profile strengthens the connection. The surface over which the 

torsional moment is applied is increased (Figure 4.26a). The failure mechanism is shifted to the weakest 

part of the system, namely the cantilever part of the transom (Figure 4.26b). Due to the vertical force 

the glazing support wants to rotate, this results in a horizontal force in the screws. The cantilever part of 
the transom needs to transfer the complete load and is subjected to shear forces and the torsional 

moment.  

 

Figure 4.26: Top view of the connection where the T-profile increases the surface of the transition zone in the connection 

(a), this results in a different failure mechanism (b) [2] 

4.6 Comparing connection with- and without T-connector 
The main differences between the connections lies in the rotations of the elements and the following 

failure mechanisms. In Figure 4.27 the rotations of both connections are shown. In the graph only the 

rotations of the failed side are shown. The rotation of the connection with the T-connector is reduced 

(a)             (b) 
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with 80 percent, which is logical due to the added surface over which the torsional moment acts, also 

shown in Figure 4.26. 

 

Figure 4.27: Rotation of both Final-04 (without T-connector) and Final-08 (with T-connector) [2] 

 

In Figure 4.28 the strain results of both connections are shown. As can be seen, the strains in the elements 
of the connection with the T-connector are much smaller than the strains in the connection without a T-

connector. This can easily be explained, since the rotation in the connection without the T-connector is 

smaller due to the added surface over which the rotation, and thus the rotational moment is applied. This 

is shown in Figure 4.29. 

 

Figure 4.28: Strains of both Final-04 (without T-connector) and Final-08 (with T-connector) [2] 
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Figure 4.29: Both failure mechanisms [2] 

4.7 Practical meaning 
The calculated loads are translated into glass weights that can be applied in the P500 system. In the 

experimental program the load is applied on both sides of the connection to reduce the effects of 

deformation in the mullion. However the load is only applied on one side of the transom. This results in 

a doubling of the maximal load capacity. To understand the practical meaning, the results are divided 

into the serviceability limit state (SLS) and the ultimate limit state (ULS). 

4.7.1 Failure of the system in terms of strength (ULS) 

The results as shown before are experimental values, so not valid for design calculations. The values are 

recalculated according to equation (4-I). Furthermore, these values are based on setups made with ideal 

conditions in a laboratory setting. To recalculate these values a safety factor is taken into account. For 

this connection failure happens due to reaching maximal tensile strength (fu). 

 s� = sH4W� 
Rd = Design resistance 
Rk = Characteristic resistance 
 

(4-I) 

 t� = 4I ∙ t��� 
Sd = Characteristic load 
Srep = Representative load  

 t� ≤ s� 

4W = Material factor aluminium for failure by yielding of the 
material = 1.1 4W� = Safety factor joint for when fu is reached 4I = Partial coefficient for the own weight 

 

 4I ∙ t� ≤ sH4W� 
 

 

4.7.1.1 Characteristic resistance (Rk) 

The first step is to calculate the student’s t-distribution. This is a probability distribution for when the 

population size is small. The interval’s estimate is described as the 95% confidence interval or ‘for 95% 

confidence we are sure that the true value is in our confidence interval’. The 5% lower limit is the lower 

bound of the interval. The 5% lower limit is calculated for both connection types, shown in Table 4.6. 

This is the characteristic value [Rk] of resistance. 

Table 4.6: 5% lower limit for the student's t-test 

Test piece Failure load [kN] Test piece Failure load [kN] 

Final – 01 4.49 Final – 05 5.15 
Final – 02  4.66 Final – 06  6.12 
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Final – 03  4.63 Final – 07  6.45 
Final – 04  4.44 Final – 08  7.03 

5% lower limit [Rk] 4.38 kN  5% lower limit [Rk] 4.94 kN 

4.7.1.2 Design resistance (Rd) 

To determine the design resistance [Rd] of the load, the material factor [γm] and safety factor of a joint 

[γm2]  need to be considered. This is shown in equation (4-II). The results are shown in Table 4.7. 

 s� = sH4W� (4-II) 

  Where,  

  sH = Characteristic resistance  

  s� = Design resistance  

 
 

4W� = Safety factor joint, determined with chapter 8 of EC 9 [7] 
= 1.25  

Table 4.7: Convert student’s t-test to a design resistance of the load 

 Value connection without T-
connector 

Value connection with T-
connector 

Avarage 4.55 kN 6.19 kN 
Student’s t-test 5% lower limit [Rk] 4.39 kN 4.94 kN 
Design resistance [Rd] 3.51 kN 3.95 kN 

4.7.1.3 Characteristic load (Srep) 

The characteristic load stands for the representative load on the connection. The design resistance can 
be assumed equal to the load. To determine a design load, this value needs to be divided by the partial 

coefficient for the own weight. This value is in the ultimate limit state (ULS).  

 t� ≤ s� (4-III) 

 t��� = t�1.15 (4-IV) 

  Where,  

  t� = Characteristic load  

  t��� = Representative load  

 
 

4I = Partial coefficient for the own weight 
= 1.15, determined with EC 1 [6]  

 

Table 4.8: Convert student’s t-test to a design resistance of the load 

 Value connection without 
T-connector 

Value connection with T-
connector 

Avarage 4.55 kN 6.19 kN 
Student’s t-test 5% lower limit [Rk] 4.38 kN 4.94 kN 
Design resistance [Rd] 3.51 kN 3.95 kN 
Characteristic load [Srep] 3.05 kN (311 kg) 3.44 kN (351 kg) 

4.7.2 Defined failure of the system in term of displacement transom (SLS) 

However these values are based on the failure of a system without any glass. If glass is placed the limit 

of the system is determined in a different manner. Two kind of rotations need to be taken into account. 

The rotation of the transom around its own axis where the rotation point is assumed to be at the 

connection between the transom and mullion (this is the transition zone and thus the weakest part), 
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shown in Figure 4.30a. Next to this the rotation of the transom due to bending, shown in Figure 4.30b. 

In Eurocode 9 only the rotation of the transom due to bending is limited to 1 degree, as is explained in 

Paragraph 2.2.  

  

Figure 4.30: Rotation around its own axis (a) and rotation due to bending (b) 

4.7.2.1 Rotation transom due to bending 

The rotation of the transom due to bending is limited in the Eurocode [6] to one degree to avoid any 

peak stresses along the glass, see also Paragraph 2.2. In Figure 4.31 the rotations are shown, from this 

it can be concluded that the rotation is only bigger than 1 degree for the connection with a T-profile. 

This result is used to redefine the failure load for the connection with a T-connector. It only affects the 
value for Final-08. For the other tests the rotation is below one degree. When the calculation from Table 

4.7 is performed again shown in Table 4.9 the design value is 360 kilogram, which is only 2.4% higher 

than the ULS value. 

 

Figure 4.31: In plane rotation of the transom [2] 

 
Table 4.9: 5% lower limit for the student's t-test 

Test piece Failure load [kN] 

Final – 05 5.15 
Final – 06  6.12 
Final – 07  6.45 
Final – 08  6.40 (! Lowered due to max rotation of 1 degree in bending) 

  

Avarage 6.03 kN 
Student’s t-test 5% lower limit [Rk] 5.07 kN 
Design resistance [Rd] 4.06 kN 
Characteristic load [Srep] 3.53 kN (360 kg) 
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4.7.2.2 Rotation transom around its own axis 

Connection without T-connector 

The rotation of the transom around its own axis is not limited in design codes. However that does not 

mean that it can be neglected. A limit value for the rotation is not yet determined, nor in the design codes 

or by Profel. For that reason this cannot be expressed in only one value, and is determined by Profel in 
a later stage. 

In Figure 4.32 the load-rotation for every test is shown. Next to this the 5% lower limit is determined 

and shown. This line can be considered to be the Serviceability Limit State, since an actual deformation 
limit it not yet determined. However this says nothing about the actual strength of the system.  

It can be discussed if the average values from the experimental program can be considered as the 

serviceability limit state line. However since the deviation in the tests is quite big and only four tests per 

connection are performed, it is chosen to use the 5% lower limit. 

 

Figure 4.32: Rotation transom around its own axis for connection without T-connector 

Connection with T-connector 

The same calculation is performed for the connection with a T-connector, as shown in Figure 4.33. 

However these values are less reliable since the deviation in the results is quite large. This is mainly due 
to the T-connector that is very sensitive to tolerances needed in the connection. 
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Figure 4.33: Rotation transom around its own axis for connection with T-connector 

 

4.7.3 SLS & ULS 

The ultimate limit state value (3.05 kN) and serviceability line are already determined. These values can 

be put together in one graph, shown in Figure 4.34 and Figure 4.35. In the graph from Figure 4.34 the 

5% lower limit line (SLS) and strength line (ULS) intersect at a rotation of 3 degrees. This means that 
below 3 degrees the deformation is decisive and above 3 degrees the strength becomes decisive.  

Example: When Profel decides that the maximal rotation is 2 degrees, the maximal load on the frame is 

2.0 kN since the SLS is decisive. However when they choose for a maximal rotation of 4 degrees the 

maximal load is 3.05 kN and the ULS becomes decisive.  

 

Figure 4.34: ULS and SLS of the connection without a T-connector. Side note: The ULS in this graph is divided by the 

partial coefficient (1.15) for the own weight of the glass. 
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In the graph from Figure 4.35 the lines intersect at 3.53 kN with a rotation of 0.6 degrees. Below 0.6 

degree the deformation is decisive and above 0.6 degree, the strength.  

 

Figure 4.35: ULS and SLS of the connection with a T-connector 

 

4.8 Plastic deformation 
It is of importance for Profel to know if there is any plastic deformation at which it can be assumed that 

the serviceability limit state is reached. In the experimental program this is calculated with strain gauges 
that are converted into stresses. From the tensile test on page 27, the 0.2% proof stress is determined to 

be 194.3 N/mm².  

From the strain’s in Figure 4.36 the loads can be determined when plastic deformation starts as shown 
in Table 4.10. Note that this only happens at the connection without a T-connector. The connection with 

a T-connector does not reach the 0.2% proof stress at the position of the strain gauges.  

These values are only drawn from very local strains. Therefore there will not be more depth on this 

subject in this chapter. Once the numerical model is validated the stresses from that result can be used 

to determine when plastic behaviour and more importantly where the stresses will arise.  

In Table 4.10 an overview is given of the loads at which plastic deformation starts, as can be seen the 

values are quite consistent and thus reliable. 
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Figure 4.36: Strains of test #3 and #4 

 
Table 4.10: Overview loads at which plastic deformation starts 

Test piece Load at which plastic deformation 

arises [kN] 

Left (ADC-12) Right (ADC-14) 

Final – 03 2.8 kN 2.8 kN 
Final – 04  2.8 kN 3.0 kN 

 

4.9 Summary, discussion and conclusion 
This paragraph summarizes Chapter 4 and describes the main conclusions. 

4.9.1 Summary 

This chapter describes the experimental tests conducted by Hamid Afantrous and Jeff Modderman [2]. 

A total of eight tests are performed, of which four tests of the connection without a T-connector and 

four test with a T-connector. The tests are performed through a displacement control method with a 

speed of 0.4 mm/min. This result in a force-displacement diagram, in which the failure load is 

determined. An overview of the failure loads together with the practical meaning is given in Table 4.11. 

This includes redefined values bases on the maximal rotation of the transom in both directions. 

Table 4.11: Overview failure loads 

 Value connection without T-
connector 

Value connection with T-
connector 

Avarage 4.55 kN 6.19 kN 
Student’s t-test 5% lower limit 4.38 kN 4.49 kN 
Design resistance (/γm1) 3.51 kN 3.95 kN 
Characteristic load [Sd] 3.05 kN 3.44 kN 

 
Next to the failure load the failure mechanisms are determined and these are different for the two 

systems. In Figure 4.37 and Figure 4.38 both failure mechanisms are shown.  
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In the test set-up of the connection without the T-connector the connection fails through tearing of the 

aluminium transom. This is a result of the applied load that creates a rotation and thus a torsional moment 

in the transom. The transom is a box girder, which is strong against torsional moments. However the 

screws in the connection are applied in a small rectangular section that is weak against torsional forces. 
The connection fails in the transition area between the box girder and the rectangular section through 

tearing of the aluminium.  

The connection with a T-connector fails through plastic deformation of the cantilever part of the 
transom. Due to the T-connector the rotational capacity of the connection is higher, since the surface 

over which the torsional moment is applied is larger. This fact shift the failure mechanism to the 

cantilever part of the transom. Due to plastic deformation the system is considered as failed.  

   

Figure 4.37: Failure mechanisms of the connection without a T-connector (a) and with a T-connector (b) [2] 

 

  

Figure 4.38: Analysis of the connection without a T-connector (a) and with a T-connector (b) [2] 

 
The information can be used in the design phase. For this the ultimate limit state and serviceability limit 
state are determined. The ultimate limit state is considered with safety factors, such as the material factor 

for aluminum, and the safety factor of joints. This value is determined at 3.05 kN. The serviceability 

limit state is considered without any safety factor, but the deformation of the joint itself is decisive. 

(a)          (b) 

(a)          (b) 
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However the maximal rotation of the transom is not yet determined by Profel. For that reason the SLS 

is expressed as a line in a graph. When the rotation is determined by Profel the graphs can be used to 

determine the maximal load and see if ULS or SLS are decisive. In Figure 4.39 and Figure 4.40 these 

graphs are shown.  

 

Figure 4.39: ULS and SLS of the connection without a T-connector. Side note: The ULS in this graph is divided by the 

partial coefficient (1.15) for the own weight of the glass. 

 

 

Figure 4.40: ULS and SLS of the connection with a T-connector 
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4.9.2 Discussion and conclusion 

The design value that Profel uses right now is 50 kilogram for the connection without the T-connector 

and 200 kilogram for the connection with a T-connector (doubled values for both sided, respectively 

100 kg and 400 kg per whole glass panel/transom). From the results of the experimental tests these value 

are considered safe.  

What is striking is that the failure load itself (311 vs 351 kilogram) does not differ much from each 

other. However a simple explanation can be made, namely that the failure mechanism shifts to a different 

point. So applying the T-connector does have a positive effect on the connection, but the weak parts of 

the rest of the P500 system are shown. This can be used to find a solution in making the P500 system 

stronger. 

Furthermore, the results of the connection with a T-connector show a lot of deviations. Especially in the 

rotations, which are the most important. Increasing the failure load is combined with decreasing the 
deformations.  
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5. Numerical model of connection without T-connector 
The numerical model is made with the finite element method (FEM). FEM is a method in which a whole 

structure is divided into smaller elements (finite elements). The elements are connected by nodes, as if 

they were pins, and described by a set of equilibrium equations (in stress analysis). These are partial 

differential equations to which approximate solutions can be found.  

This chapter describes the FEM model which is used to analyse the connection between the transom and 

mullion. The model has to be able to replicate the experimental test results with good accuracy. 

Abaqus/CAE version 6.14 is used for simulating the connection. The finite element analysis is split up 

into three parts, as is every FEM analysis: pre-processing, solving, and post-processing. Next to this a 

few annexes are written to explain the problems/solution/background in more depth.  

5.1 Motivation and objective 
The FEM model has to be validated with the experimental research. Once this is computed, the FEM 

model is an ideal tool to acquire more information about the behaviour of the connection. This also gives 

a convenient tool to simulate other tests, with different variables, not part of the experimental research. 

This can be used to discover the weakest points in the system and conduct better solutions. Other cross-
sections, aluminium alloys, lengths of the transom and mullion, and differences in loadings are some 

variables as example.  

The failure mechanisms are determined analytically. However the analytical part assumes two-
dimensional force distributions while the real stress-distribution is three-dimensional. For this reason 

the main goal of the numerical model is to approach the problem three-dimensional and validate the 

failure mechanisms and failure loads.  

The numerical models are based on the failure mechanisms, as discussed in Paragraph 5.3. Since the 

problem definition is divided into two parts, a model with and without the T-connector with two different 

failure mechanisms, the numerical model is built the same. For both failure mechanisms different models 

are used. This is divided into two chapters. The current chapter deals with the connection without a T-

connector and Chapter 6 contains the connection with a T-connector. 

5.2 Simplification 
To build a FEM model some simplifications are taken into account. In the following paragraph, these 
simplifications are discussed.  

- Geometry from the experimental program is used. 

- The glass panels are not modelled since the main focus lies on the connection itself, not the 

curtain wall. However the loads from the glass panels are applied. 

- Only the specimen itself is modelled, no test set-up.  

- Half of the specimen is modelled, since symmetry of geometry & loads is used. 

- The self-weight of the specimen is neglected, so no gravity is simulated. 
- The thickness of the elements is not modelled, since shell elements are used (5.4.1.2). 

5.3 Experimental failure mechanism 
The connection between the transom and mullion is made with screws. From analytical and experimental 
research the failure mechanisms are conducted. The connection between the mullion and transom fails 

due to tearing of the aluminium in the transition zone, as can be seen in Figure 5.1. The load is applied 

gradually, the transom responds by rotating. When the value is close to the failure load the deformation 
of the transom increases rapidly and the transom fails due to ripping of the aluminium. This is described 
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in Chapter 4.4.3. The numerical model is built up out of the transom and mullion to recreate this failure 

mechanism. Between the transom and mullion, contact and connectors are simulated which is discussed 

in paragraph 5.4. 

   

Figure 5.1: Plastic deformation with rupture of the transom due to torsion [2] 

5.4 Pre-processing 
Pre-processing is the first step in FEM analysis and describes the input needed to compose the 

differential equations. In order to ensure a uniform input and output of data, it is important to use a 
consistent system of units. The following units are chosen: length (mm), force (N), mass (kg), and time 

(s).  

5.4.1 Geometry 

The geometry consists of parts, and an arrangement of parts called the assembly. First the assembly is 

described and then the parts itself. In order to have a working model that simulates the experimental 

research, a few models are made and validated, this is described in Annex F. The used model is described 

in this paragraph.  

5.4.1.1 Assembly 

Because of symmetry only parts of the curtain wall need to be modelled. By using symmetric axes the 

whole model can be reduced. The assembly of the model is shown in Figure 5.2. The parts that are not 

modelled are shown in faded grey. Also the position of the symmetric axes are shown.  

 

Figure 5.2: Overview of modelled parts in numerical model 
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5.4.1.2 Parts 

The model is built with shell elements. The main property that should be noted is that the thickness is 

not modelled, but a section property. This results in thin walled shells. For this reason the geometry of 

the transom and the mullion are altered. In Figure 5.3 the original sections are shown in grey and the 

modelled sections in Abaqus are shown in red. The glazing support is also modelled with shells. This is 

shown in Figure 5.4 & Figure 5.5. A full overview of the numerical assembly is shown in Figure 5.6. 

                

Figure 5.3: Geometry of the transom and mullion. 

 

 
Figure 5.4: Sketchup model of connection between transom and mullion together with the glazing support 
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Figure 5.5: Simulation of the glazing support in red that is fixed onto the mullion with screws simulated as wires and 

contact surfaces marked with grey surfaces 

 

 

Figure 5.6: Full assembly with the glazing support shown in red lines 

5.4.2 Shell elements  

The model is built with shell elements. In Abaqus these elements are called S8R-elements. This means 

that the shell elements are built of quadrilateral eight node elements with six degrees of freedom (DOFs) 

at each node and four integration points as shown in Figure 5.7b. There are five integration point along 
the thickness of the shell elements. 

FEM models are built up of a number of finite elements to simulate a continuum model with a discrete 

model. The solution to this discrete model is described with matrix methods. It can also be said that trial 

functions are used as an approximation method to the differential equations that describe a continuum 

model. In Figure 5.7a a continuum model is shown with the black line. The red and blue line stand for 

trial functions, it is clear that for a higher number of elements (red line) better representation is given of 

the continuum model. Integration points are points in an element at which the integrals are evaluated 

numerically. These points are chosen in a way that the results for a numerical integration scheme are 
most accurate. 

These shell elements are based on the Mindlin shell theory, which means that bending and shear 

deformations are incorporated [13]. By using eight node elements, the displacement function (trial 
function) is quadratic. So the bending moment can be described accurately. In contrast to four node 

elements, where the displacement function is linear.  
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Figure 5.7: Continiuum model displayed with trial functions, it should be clear that a finner model (red line) results is 
more accurate solutions (a) and 8-node reduced integration element (b) [14] 

5.4.3 Material properties 

The representative stress-strain relationship of aluminium belonging to a standard tensile test is shown 
in Figure 5.8. The 0.2% proof stress (f0.2), proportionality limit (fp), ultimate strength (fu), and the 

corresponding strain (εu) and ultimate strain (εf) are shown. The values of the properties are shown in 

Table 5.1 [7]. In Annex A an overview is given of the different manners to calculate stress-strain 

relationships. In this paragraph an overview is given of the experimental test results. These values are 

used for the numerical research.  

 

Figure 5.8: Representative stress-strain relationship [15] 

 
Table 5.1: Values for variables [7] 

Alloy EN-AW Temper Thickness t  0.2% proof 

strength f0.2  

Ultimate 

strength fu  

Minimum 

elongation A  

Buckling 

class  

[mm] [N/mm2] [N/mm2] [%]  

6060 T66 t ≤ 3 160 215 8 A 

(a)           (b) 
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5.4.3.1 Experimental model 

Experimental tensile tests are performed on two sets of six test pieces [2]. In Figure 5.9 the overall 

results of the twelve tests are shown, together with the Ramberg-Osgood model from the Eurocode. To 

determine the overall average values statistical calculations are used. Since the two experimental sets 

variate significantly, both sets are shown here.  

 

Figure 5.9: Stress-strain graph of AW6060 T66 alloy according to the experimental tensile tests together with the 

Ramberg-Osgood model from the Eurocode 

5.4.3.2 Numerical model 

For the numerical model the stress-strain relationship of the experimental tensile test is used. In Abaqus 

the elastic and plastic material behaviour needs to be entered separately. For the elastic behaviour a 

modulus of elasticity of 70 000 N/mm² is used and the Poisson ratio is 0.3. The plastic behaviour is 

manually entered, so for every stress value a strain value is entered. However because it is necessary to 
use the actual plastic strain, the stress-strain diagram is transformed with equation (5-I). In Table 5.2 the 

result and thus input values for the plastic material behaviour in Abaqus are given.  

v�w = vx − v�w = vx − gy   (5-I) 

Where:    v�w = Real plastic strain vx = Real total strain v�w   = 
= 

Real elastic strain 
160 N/mm² g = Stress 

 
Table 5.2: In bold the input values for the plastic strain in abaqus 

 Stress σ [N/mm²] Elastic strain εt [-] Plastic strain εpl [-] 

 0 0  

 32 0.000457  

 64 0.000914  

 96 0.001375  

 128 0.001956  

 136 0.002212  
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 144 0.002602  

 152 0.003233  

εel =  160 0.002640 0 

 166 0.002750 0.00011 

 171 0.002870 0.00023 

 199 0.004400 0.00176 

 204 0.006720 0.00408 

 210 0.015410 0.01277 

 215 0.025470 0.02283 

 217 0.029990 0.02735 

 219 0.034931 0.03229 

 221 0.040572 0.03793 

 223 0.047204 0.04456 

 225 0.055834 0.05319 

 227 0.071611 0.06897 

 227.349 0.080011 0.07737 

 228  100 

 
It is noticeable that the plastic strain is set to 100 after the maximal allowable strain. This is due to the 

iterative method Abaqus uses to solve the non-linear system of equations. If the strain is set up to be a 

maximal 8%, due to the iterations that are needed some values are above this limit and the model will 

fail, even if the end strain is below 8%. In Table 5.3 a summary of the input values in Abaqus. 

Table 5.3: Input values for abaqus 

 Aluminium 

Elastic behaviour  
Young’s modulus [N/mm²] 70 000 
Poisson’s Ratio [-] 0.3 

Plastic behaviour According to experimental stress-strain relationship 

5.4.4 Boundary conditions 

Several boundary conditions are applied to the FEM model, as shown in Figure 5.10. Distinction is made 

between symmetric axes as boundary conditions and displacement boundary conditions.  
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Figure 5.10: Boundary conditions in FEM model 

5.4.4.1 Symmetric axis 

To make use of symmetry, only a small part of the curtain wall is modelled. The function of the 

symmetric axis is to reduce the number of elements and the calculation time. The first symmetric axis 

lies through the centre of the mullion, which means that U1 = UR2 = UR3 = 0. U stands for displacement 
and UR for rotation. The values 1, 2, and 3 stand for respectively the x-, y-, and z-axis.  

5.4.4.2 Displacement BC’s 

Next to symmetric boundary conditions, displacement boundary conditions are used. At the bottom of 

the mullion the displacement is fully prevented and thus U1 = U2 = U3 = 0. However at the top the 
displacement in vertical direction is allowed to prevent stressed due to expansion of the material itself 

(U1 = U3 = 0). The boundary conditions correspond to the hinge and roller connection used on site, see 

Figure 5.11. 
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Figure 5.11: Hinge (U1 = U2 = U3 = 0) (a) and roller connection (U1 = U3 = 0) (b) in vertical direction of the curtain 

wall to the main load bearing structure  

5.4.5 Connectors 

Two types of screws are applied in the P500 joint. First for the connection between the mullion and 

transom and secondly for the connection between the glazing support and the transom, both are 

discussed here. 

5.4.5.1 Connection mullion-transom 

The screws are modelled with connectors, and fixed for all displacement and two rotational parameters 

(U1=U2=U3=UR2=UR3=0). This can simply be seen as a hinge for which only the rotation of the 
transom along the screw is free (UR1 = free), as shown in Figure 5.12.  

Note: The screws are screwed in slotted holes. These can be incorporated in the model. However, as 

mentioned in Chapter 0 these holes are not fulfilling their function. Due to the limited space when the 

screws are fixed they act as fully hinged and fixed for rotation in two directions. For this reason the 
initial situation of U=0 is correct and it is not needed to simulate an allowed displacement in the U1 

direction.  

  

Figure 5.12: Position of screws in the connection (a) and position of screws (connectors) as entered in Abaqus (b) 

Position of screws 

(a)            (b) 
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5.4.5.2 Connection glazing support-transom 

The glazing support is connected with three screws to the transom. These screws are modelled with 

wires where properties are applied on. To determine these properties the behaviour of the screws needs 

to be analysed.  

From the experimental research it is determined that there is no displacement or bending in the screws. 
This means that the screw can be modelled as an infinite stiff beam, where the displacement and rotation 

at the end point are zero in relation to the surface to which they are connected. This is modelled with a 

wire at which the properties are applied to, these are called ‘connection type beam’. In Figure 5.13 this 

is shown in a mechanical scheme and in a cross-section of the conducted model with an undeformed 

and deformed viewing.  

   

Figure 5.13: Mechanical scheme of the connection type ‘beam’ (a) [14] and the deformed structure in which the wire 

with beam properties is shown (b) 

5.4.6 Contact 

The transom and mullion are connected to each other with fasteners. An interaction property is added to 

ensure contact between the plates of the transom and mullion, and to allow for compressive forces and 
release for tensile forces. The property ‘“Hard” Contact’ describes this behaviour [14].  

The mullion is described as the master surface and the transom as slave surface. The main difference 

between these surfaces is the active or inactive status. The mullion consist of large, smooth surfaces 
with a large mesh, while the transom consist of smaller surfaces. Another property of master and slave 

surfaces is that master surfaces can penetrate slave surfaces but not the other way around, as shown in 

Figure 5.14a [14]. For this model it is thus very important to keep the mullion as a master surface. 

(a)        (b) 
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Figure 5.14: Master surfaces can penetrate slave surfaces but not the other way around (a) [14] and node-to-surface 
discretization (b) [14] 

 
The following step consists of the differences between two discretization methods: traditional ‘node-to-

surface’ discretization or ‘surface-to-surface’ discretization. ‘Node-to-surface’ entails that each node on 
the slave side connects with a point of projection on the master surface, see Figure 5.14b.  

For this model both methods are examined. The main difference between the methods is the hard line 

for penetration by the master nodes into the slave nodes. ‘Surface-to-surface’ allows for penetration 

since the contact conditions are enforced over the slave surface rather than at discrete points (node-to-
surface). So minimal penetration is observed even though it is not allowed. For further calculations the 

‘node-to-surface’ method is used.  

   

Figure 5.15: Penetration of the slave surface (transom) into the master surface (mullion) on the left side and correct 

modelling since there is no penetration on the right 

  

Penetration 
of mullion 

in transom 

No penetration 

of mullion in 

transom 

(a)          (b) 
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5.4.7 Load cases 

As stated in the graduation plan the only load that is considered is the vertical load from the glass panels 

on the transoms. In practice the load is applied on the glazing supports and can be seen as an equally 

distributed load over the glazing supports. In Abaqus there are two methods to apply the load (shown in 

Figure 5.16):  

- Applying a pressure load (Paragraph 5.4.7.1) 

- Applying a deformation (Paragraph 5.4.7.2) 

Both methods are performed and explained in short here. A more complete research is shown in Annex 
H. 

 

Figure 5.16: Applying a pressure load (a) or a deformation (b) 

5.4.7.1 Apply pressure load  

The first method is to apply pressure load at the cantilever part of the transom, this is shown in Figure 

5.17. The SI-unit of a shell edge load is N/mm². When a direct load is applied, this load is kept constant. 

This means that the deformation of the cantilever part is not constant or equally divided over the surface. 

 

Figure 5.17: Applying a pressure load 

(a)                (b) 
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5.4.7.2 Apply deformation  

A different method is to apply a deformation to the cantilever part of the transom. There are two methods 

in how the load can be applied as a displacement, namely a uniform distributed deformation over the 

width of the glazing support, or a linear deformation over the length, both shown in Figure 5.18. The 

main advantage of using a displacement applied method is that the load is divided equally over the 

glazing support. 

 

Figure 5.18: Uniform distributed displacement (a) and a linear distributed displacement (b) 

 
The main difference between these two methods is that with a linear distributed displacement, the 
bending of the transom is taken into account, since the glazing support does not move down in a straight 

line. This behaviour simulated the final step of the experimental tests the best, however the tests start 

with a uniform distributed load and only increases to a linear distribution.  

This uniform distributed deformation is originated from the experimental results, see Figure 5.19a. The 
SI-unit of the displacement is millimetre and constant over the whole length of the glazing support. In 

Chapter 4 the experimental research is explained, from there the displacement of the glazing support is 

calculated as 4 millimetre, as also shown in Figure 5.19b.  

   

Figure 5.19: Applying deformation from experimental research (a) and deformation of the cantilever part of the 

transom (b) 

 
The linear distributed deformation is determined from the maximal rotation that can arise in the 
experimental research. In the experimental research the displacement can rotate slightly since there is 

space between the jack and the plate that applies the load to the cantilever part, shown in Figure 5.20. 

(a)                (b) 

(a)             (b) 
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From this the maximal rotation of the glazing support (from now on called: jack hinges) can be measured 

as 3.2 degrees. This can be converted into a linear distributed load over the length of the cantilever with 

a maximal displacement of 4 mm at the closest point of the connection (where the rotation is measured) 

and a displacement of 12.3 mm at the other edge, also shown in Figure 5.20. It should be noted that this 

is the maximal rotation that may occur in applying the load. This rotation did not occur in the 

experimental tests, where the maximal occurring rotation was 1 degree.   

 

Figure 5.20: In the experimental research there is space between the jack and plate that applies load. This result in 

rotation of the load.  

 
In Annex H a few examples are given of applying the load, with background theory from Paragraph 5.5. 
During this research the question arises what the difference is between a static general and static Riks 

method, since both methods start from a displacement controlled method. For this reason a parametric 

study is performed with these two methods, to see what the mesh and step increment entitle. This is 

executed for a simple model and is described in Annex G. The main conclusion is that when every 

parameter is the same the results are quite close to each other, as was expected. But for small changes 

in parameters the results differ. For a simple model this is not large, however for a complicated model 

the differences seem quite large.   

5.4.8 Mesh 

To determine the mesh a few things are considered as stated below: 

- A refined mesh is needed at the position of the highest stresses.  

- The mesh of a master surface should be larger than the mesh of the slave surface. 

This results in the mesh as shown in Figure 5.21. The mesh of the transom is refined, since this is where 

most stresses are expected. Furthermore the highest stresses are expected near the connection between 

the transom and mullion, which also results in a finer mesh (= 2 mm).  
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Figure 5.21: Mesh of the transom mullion connection 

5.5 Solving 
In this paragraph the difference between linear and non-linear behaviour is explained and the differences 

in applying either a load or a displacement in the Abaqus model.  

5.5.1 Linear vs non-linear 

In linear analysis the response is directly related to the load. Furthermore Hooke’s law holds, 

deformations and rotations are assumed to be small, stress is proportional to the strain and loads maintain 

in their original direction as the structure deforms. In nonlinear analysis the principle of superposition 
is not allowed, which can be translated to a not direct proportional relationship between the input and 

output. Hooke’s law is not valid.  

Geometrically non-linear behaviour 

Geometrically nonlinearities take into account the change in geometry as the structure deforms or as can 

be said equilibrium in the deformed state. Since the deformations in this model are expected to be 

significantly large, a geometrical nonlinear calculation is needed.  

Physical non-linear behaviour 

Physical non-linear behaviour takes into account the non-linear behaviour of the material itself. Which 
is explained in paragraph 5.4.3 Material properties, where the plastic behaviour is taken into account.  

Geometrically and physical non-linear behaviour 

By taking both geometrically and physical non-linear behaviour into account, Abaqus visualizes the 
deformations of the connection. From this the load-displacement diagram can be conducted and the 

failure load can be determined, together with the stresses and strains. A Geometrical Material Non-linear 

(GMNA) calculation uses a iteration method.  

There are three methods in which the load can be applied, namely: force-controlled method, 
displacement-controlled method, and the arc-length method [13]. The theory of these methods is 

explained here, Abaqus results are showed and explained in Annex H. 

5.5.2 Force-controlled method 

Force-controlled methods use load incrementation in which the load is applied in small increments. 
Equilibrium is checked through iterations with each load increment until residual forces are negligible, 
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see Figure 5.22. This method is called the Newton-Raphson method [13]. The most important aspect is 

that the load-displacement curve does not change its sign (there is no snap-back behaviour), this is 

because the load must remain constant or increase in order to follow the load-displacement curve. So 

limit points are hard to find.  

 

Figure 5.22: Newton-Raphson method where iterations are used to find equilibrium [13] 

5.5.3 Displacement-controlled method 

A second method is to apply the displacement in small increments [13]. The main characteristic of this 

method is that snap-through behaviour can be simulated, since the load is a variable that needs to be 

calculated and can thus decrease or remain constant, see Figure 5.23.  

 

Figure 5.23: Snap-through behaviour [13] 

5.5.4 Arc length methods 

The third method is the arc-length method in which an iterative method is used to find the force-

displacement graph [13], [16]. The solution is controlled by an suitable arc-length measured along the 
path itself. The solution is controlled by an arc-length increment and not force or displacement since the 

force and displacement are variable. This means that snap-back behaviour can arise, see Figure 5.24. 
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Figure 5.24: The arc-length method (a) and snap-back behaviour (b) [13] 

 

5.5.5 Conclusion 

In Annex H a few examples are given of applying the load. For this research the load-displacement 

graph should give a maximal load on the connection. This means that a snap-through in the load-

displacement graph is preferable.  

The method with applying the uniform distributed displacement with the Riks method is the most 

reliable. Since these resulting values are underestimations of the reality and the behaviour corresponds 

well with the experimental tests. However the bending of the transom is not incorporated in the model. 

The following paragraphs are focussed on this model, thus without the bending 

5.6 Post-processing 
In the post-processor nodal output variables (i.e. loads, displacement, and strains) were saved. This data 
is analysed and edited in Microsoft Excel to validate the FEM model.  

5.7 Validation of the FEM model 
In this paragraph the numerical model will be validated against the experimental model. In Annex H an 

overview is given of the different methods/models that are calculated. For the validation the 

displacement controlled method is assumed calculated with the Riks method. This is shown in Figure 

5.18a. Since this model simulates the behaviour quite well, and the calculation time is quite low (= 2.5 

hours). A few points can be validated, as mentioned below. 

- Failure load; 

- Failure mechanism; 

- The rotation of the transom around its own axis; 
- The bending of the transom; 

- Stress distribution near the screws. 

The tables from the experimental and numerical model are shown, together with pictures of the 
behaviour. The experimental models do not differ much from each other, however all models are used 

in the validation. 
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5.7.1 Failure load 

In Table 5.4 an overview is given of the failure loads. The load is applied in small steps and the numerical 

value of 4.46 kN approaches the experimental values quite well.  

Table 5.4: Overview of failure loads 

 Failure load 

Final – 01 4.49 kN 
Final – 02 4.66 kN 
Final – 03 4.63 kN 
Final – 04 4.44 kN 
Average  4.55 kN 
Numerical value 4.46 kN 

5.7.2 Failure mechanism 

A second validation point is the failure mechanism of the connection. For both the numerical model and 

the experimental model the results are shown in Figure 4.37. The experimental model failed through 

tearing of the aluminium in the transom. In the numerical model tearing cannot be simulated, however 
the global peak stresses lie at the same point. Next to this the deformations of both models match. 

   

Figure 5.25: Failure mechanisms of the connection in the experimental model (a) and numerical model (b) 

5.7.3 Rotation of transom 

The rotation from both the experimental and numerical research is shown in Figure 4.22. In the 

experimental model the rotation of the transom is measured through rotational devices, together with 

the rotation of the numerical research this is plotted in Figure 5.27a. 

   

Figure 5.26: Rotation of the experimental (a) and numerical research (b) 

 

(a)               (b) 

(a)        (b)) 

Failure 
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From the figures it can be concluded that the lines seem to match. Even though the numerical result end 

at a rotation of 3.8 degrees, which is most likely due to exceeding the maximal strain of 8%. After 8% 

the strain is set to 100%.  

   

Figure 5.27: Rotation of the transom plotted against the load 

5.7.4 Bending of the transom 

The bending of the transom is measured with an rotational meter in the experimental research. The graph 

is shown in Figure 5.28 and matches fairly well. 

 
Figure 5.28: Bending of the transom 

5.7.5 Stress distribution near the screws 

In Figure 5.30 the strains near the edges of the transom are shown. As can be seen there is a clear 

difference between the numerical and experimental values. However when the experimental values are 

considered there may be an explanation.  
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When a few mesh points are considered, there are some lines that do simulate bending, however this 

value is very low, and not viewable in a graph. In the experimental tests the transom is loaded in bending, 

this means that the top flange is under pressure. These values are very small, which could mean that this 

is a result of eliminating initial tolerances, see Figure 5.29. In the numerical experiment there is no initial 
tolerances since the transom and mullion are modelled against each other. This does not mean that there 

is no bending, it means that the torsion is bigger from the starting point, due to direct contact between 

the transom and mullion. 

 

Figure 5.29: Explanation of the differences in strain diagrams 

 

 

Figure 5.30: Strains plotted against the load 
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Figure 5.31: Stresses plotted against the load 

 

5.7.6 Conclusion 

The numerical model is validated at 4 out of the 5 validation point. Only the strains do not match, which 
is quite strange since the stresses do match. However this is explained before, as being due to initial 

tolerances. For this reason it can be said that the numerical model works correct and can be used for the 

numerical research.  

5.8 Results of FEM model 
The FEM model is validated in the previous paragraph, now the results of Abaqus itself are analysed. 

The material properties in the FEM model are originating from the experimental tensile tests, however 
when a design calculation is performed the values from Eurocode 9 must be maintained. So the tests are 

executed again with the material properties from the Ramberg-Osgood model as described in Annex A. 

When the FEM model is conducted with the design material properties the failure load is 3.6 kN.  

5.8.1 Stress distribution in connection  

In Figure 5.32 the stresses near the connection are shown. For numerical models the local peak stresses 

should not be considered, only global high stress areas. For that reason the stresses are shown on two 

different legend scales. Figure 5.32a shows stresses between 0-215 N/mm² and Figure 5.32b shows 

stresses between the 0.2 % proof stress of 190 to the maximal tensile stress of 215 N/mm².  

As can be seen the critical points are near the screws and the whole transition phase of a box girder to 

rectangular plate. This is according to the expectations from Paragraph 3.2.3. However when the results 

are shown over time it becomes clear that the maximal stress is located at the top screw, and only in the 
last few steps the stress at the transition phase at the bottom side becomes governing. This is shown in 

Figure 5.33. 
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Figure 5.32: Stress distribution over two different legends to lay focus on the peak stresses 

 

 
Figure 5.33: Stress distribution over time 

 

5.8.2 Plastic deformations 

As mentioned in Paragraph 4.8, Profel needs to know if there is any plastic deformation when the 

serviceability limit state is reached. The biggest advantage of using a numerical research is that the stress 

distribution in every part is calculated. The serviceability limit state is already determined in Chapter 4 

and depends on the limitation rules in terms of rotation of the transom. The design value of failure of 

the connection is around 3.05 kN. In Figure 5.34 the stressed are shown at 3.0 kN. With a maximal stress 

in the legend of 194 N/mm² (0.2% proof stress), everything shown in grey exceeds this limit. From the 

figure it can be concluded that the aluminium plate material around the screw is already deforming 
plastically, however, very locally. 
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Figure 5.34: In grey the areas that deform plastically with a load of 3.0 kN 

5.9 Summary, discussion and conclusion 
This Paragraph briefly summarizes Chapter 5, and describes the main conclusions. 

5.9.1 Summary 

This chapter describes the FEM model which is used to replicate the experimental tests. The model has 
been able to replicate the experimental test results with good accuracy. Abaqus/CAE version 6.14 has 

been used for simulating the structural response of the P500 node subjected to a vertical load.  

The FEM model is a simplification of the real experiments, for example only an average geometry is 

used and the boundary conditions are simulated. Several boundary conditions are applied to the FEM 
model, as shown in Figure 5.10. By using symmetrical axes the calculation time is reduced significantly. 

As analysis method a geometrically and physical non-linear method is chosen. So the experimental 

material properties are taken into account and deformation (2nd order effects) are taken into account.   

In Table 5.5 an overview of the failure loads of the numerical model and the experimental models. As 

can be seen the numerical value approaches the experimental values quite well (deviation 2.1 %). The 

main difference between the experimental and numerical model is that the first part initial dimension 

tolerances need to be eliminated. The numerical model skips this part since parts are modelled against 
each other. When the FEM model is conducted with the design material properties determined with the 

Ramberg-Osgood model from the Eurocode, the failure load is 3.6 kN.  

Table 5.5: Overview of failure loads 

 Failure load 

Final – 01 4.49 kN 
Final – 02 4.66 kN 
Final – 03 4.63 kN 
Final – 04 4.44 kN 
Numerical value 4.46 kN 
Design value 3.60 kN 
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5.9.2 Discussion and conclusion 

Figure 5.35 shows the load-deformation graph for both the experimental and numerical research. In this 

graph the failure loads are determined. The rotation of the transom is the most important part of this 

research.  

In this chapter the numerical model is built and validated with the experimental research on a few points. 
Therefore the numerical model can be used in this research. From this model the failure points in the 

system are brought to attention. This can be used for improving the curtain wall system. The weakest 

point in the connection is the transition zone of the transom between the box girder and the rectangular 

plate, as is also mentioned in the analytical research.  

 

Figure 5.35: Load-deformation diagram  
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6. Numerical model of connection with T-connector 
The second model is with the T-connector. From experimental research the failure mechanism is 

determined, which is modelled in the numerical model. The same steps are shown in this chapter as for 

the model without the T-connector. 

The main difference with the previous model is that a different failure mechanism is expected (from 
experimental research). This is the result of the T-connector. Because of a different failure mechanism 

the numerical model is adapted.  

6.1 Simplification 
The simplifications are summed below.  

- The thickness of the elements are modelled, since the contact surfaces are needed in the 

interactions; 
- The glass panels are not modelled since the main focus lies on the connection itself, not the 

curtain wall; 

- Only the specimen itself is modelled, no test set-up; 

- Half of the specimen is modelled, since symmetry of the geometry & load is used; 

- The self-weight of the specimen is neglected, so no gravity is simulated; 

- The geometry is adapted due to a different failure mechanism, more in Paragraph 6.3.1. 

6.2 Failure mechanism 
For the system with the T-connector the failure mechanism is different than without the T-connector. 

The goal/function of the T-connector is to stiffen the connection, which happens. So the failure 

mechanism shifts from the connection to the glazing support. And the glazing supports fails through 

plastic deformation, see Figure 6.1. 

  

Figure 6.1: Plastic deformation of the cantilever part near the glazing support 

 
The connection with a T-connector does not actually fail at the connection. Failure happens due to plastic 

deformation of the cantilever part of the transom, this is a result of rotation of the glazing support due 
to the load. At some point the horizontal force in the screw becomes so large that the aluminium thread 

fails and the screw is pulled out of the transom, shown in Figure 6.2. 
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Figure 6.2: Failure of P500 system with T-connector 

 

6.3 Pre-processing 
The same units are chosen: length (mm), force (N), mass (kg), and time (s).  

6.3.1 Geometry 

In contrast to the previous model, this model consists of only the transom and the glazing support. In 

Figure 6.3 the geometry is shown. Half the length of the transom is used, which is doubled by a 
symmetric boundary condition. The glazing support is also modelled and placed over the transom. In 

Figure 6.4 the whole assembly of the model in abaqus is shown. This model is built with shell elements, 

the same as mentioned in Paragraph 5.4.2. 

 

Figure 6.3: Geometry of model with T-connector 

 
 

 
Figure 6.4: Cross section of the transom with the glazing support 
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6.3.2 Material properties 

The material properties are the same as for the previous model, as shown in Table 5.3. 

Table 6.1: Input values for abaqus 

 Aluminium 

Elastic behaviour  
   Young’s modulus [N/mm²] 70 000 
   Poisson’s Ratio [-] 0.3 
Plastic behaviour According to experimental 

stress-strain relationship 
 

6.3.3 Boundary conditions 

In this model a symmetric axis and a displacement boundary condition are used, as shown in Figure 6.5. 

 

Figure 6.5: Simulation of the model in Abaqus with the displacement boundary condition on the left side and the 

symmetric axis on the right side 

6.3.3.1 Symmetric axis 

The transom is loaded through the glazing support, these are fixed to the transom with screws. A 
symmetric axis is used, to simulate only half the transom and reduce the calculation time. In Figure 6.5 

the symmetric axis is shown, for which the following parameters are taken. U1 = UR2 = UR3 = 0. 

6.3.3.2 Displacement BC’s 

The element would not be stable if the displacement is not fixed is some direction. However the mullion 
and T-connector are not modelled, this means that a rotational stiffness and displacement boundary 

condition are applied.  

The displacement boundary condition lies at the gravitational centre of the mullion (Figure 6.6) and is 
zero for displacements in all directions. The rotational stiffness is applied in two direction and already 

determined in the analytical part, see Paragraph 3.3, and stated below. This value can be inserted in 

Abaqus. 

For torsion (around y-axis) k = 212 773 N/mm 
For bending (around z-axis) k = 100 000 N/mm 
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Figure 6.6: Placement of boundary condition and gravitational centre  

 

6.3.4 Connectors 

The glazing support is fixed with three screws on the transom, as can be seen in Figure 6.4. As mentioned 

in the graduation proposal it is not possible to simulate these screws. However the failure mechanism is 

near, and due to these screws. So to find a decent solution, the behaviour of the screws itself need to be 

analysed.  

Stainless screws are used, with a diameter of 4,8 millimetre. The screws are self-tapping, which means 

that material is pushed/cut aside for the screw to fit. The screws are modelled with wires, with the 

property “translator”, see Figure 6.7. This means that all rotations at the end points are fixed 

(UR1=UR2=UR3=0) and that the displacement in two directions is fixed (U2=U3=0), only the axial 

displacement (U1) of the own direction of the glazing suport is allowed by using the Young’s modulus 

for screws. However it is expected that this value is very small, since the aluminium will fail earlier.  

   

Figure 6.7: The properties of the ‘translator’ are applied on the wire (a) and a connection type translator (b) [14] 

 
However the main problem is that the actual deformation of the glazing support is not known. It was not 

possible to measure this. What we do know is that the screws are pulled out due to plastic deformation 
of the screw thread in the aluminium. In literature, research is known for the pull-out behavior of screws 

in aluminium [17]. Four tests are performed on screws (SB-6.3-15) with a length of 15 millimeter and a 

(a)                  (b)) 
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diameter of 6.3 millimeter. These screws do not correspond to the screws from the experimental study, 

however other values were not available.  

The result of the research is described in a force displacement diagram, where the failure load is shown 

as 2.35 kN. The diagram is part of a series and shown very small in the graph, see Figure 6.8. With this 

graph the spring stiffness can be determined, with equation (6-I). 

         
Figure 6.8: Test-pieces (a) [17] and force-displacement diagram of the pull-out behavior of screws (b) [17] 

 

 � = V ∙ z (6-I) 

  Where,  

 
 

� = Force applied on the screw 
= 2.35 kN 

 

  V = Stiffness screw  

 
 z = Displacement produced by the force 

= 0.8 mm 
 

 V = �z = 23500.8 = 2938 m/rr  

 
However as mentioned before the dimensions of the screws are not applicable. The resulting value of 

2.35 kN is only applicable on 6.3 mm screws. By scaling the nominal diameter and length a more reliable 

value can be taken into account. The nominal diameter of the 6.3 mm screw is 5.6 mm, and for the 4.8 

mm screw the diameter is 4.2 mm. This result in a spring stiffness of 2056 N/mm. 

 Ratio nominal diameter s�{|} = 4.25.6 = 0.75 

 Ratio length s�{|} = 1415 = 0.93 

 V = �z = 2350 ∙ 0.75 ∙ 0.930.8 = D&/e \/^^  

 

6.3.5 Contact 

The assigned property is the same as used before, namely “Hard” Contact. Compression forces can be 

transmitted and with tensile forces the elements just separate. In Figure 6.9 the contact surfaces are 

shown as red lines. The transom is assigned as the master surface and the glazing support as the slave 
surface.  

(a)             (b) 
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Figure 6.9: Contact surfaces shown in red lines 

6.3.6 Load cases 

The load is applied as a line displacement along the edge of the glazing support, shown in Figure 6.10. 

 

Figure 6.10: Displacement applied over a line 

6.3.7 Mesh 

In this model the mesh is more refined as in the previous model. Since the number of parts is reduced, 

the calculation time is reduced. Due to this a more refined mesh can be used for this research. In Figure 

6.11 the mesh is shown. In the previous model a mesh of two millimetre was used, now a mesh of one 

millimetre is used.  

 

Figure 6.11: Fine mesh for the second model 



Numerical model of connection with T-connector 
 

  83 
 

6.4 Solving  
For solving this model the same method is used as for part 1. A geometrical material non-linear (GMNA) 
calculation performed with the Riks method.  

6.5 Post-processing 
In the post-processor nodal output variables (i.e. loads, displacement and strains) were saved. This data 
is analysed and edited in Microsoft Excel to validate the FEM model.  

6.6 Validation of the FEM model 
In this paragraph the numerical model is validated with the experimental model. A few point can be 

validated.  

- Failure load; 

- Failure mechanism; 
- Rotation of the transom; 

- Bending of the transom. 

Strains are also measured in the experimental model, however this is not near the failure mechanism of 
the model. This means that they cannot be used. However there was no space for more measuring 

devices. And it was expected that the connection would fail, not the cantilever part of the transom.  

6.6.1 Failure load 

The applied load from the experimental research can be compared with the reaction force from the 
numerical model, as shown in Table 6.2. However as can be seen the deviation is quite large.  

Table 6.2: Overview failure loads 

Test piece Failure load [kN] 

Final – 05 5.15 
Final – 06  6.12 
Final – 07  6.45 
Final – 08  7.03 
Numerical value 7.30 

 

6.6.2 Failure mechanism 

The second point of validation is the failure mechanism of both methods. In Figure 6.12 the experimental 

and numerical failure mechanisms are shown. The highest stresses are located near the cantilever part 

of the glazing support. Which is where failure happens. In the experimental research it was also noted 
that the screws where pulled out of the cantilever part of the transom, this can be confirmed with the 

high stresses around the screws.  

  

Figure 6.12: Failure mechanisms of the connection for both the experimental research (a) and numerical model (b) 

 

(a)                    (b) 
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6.6.3 Rotation of the transom 

The rotation from both the experimental and numerical model is shown in Figure 6.14. The numerical 

rotation is shown as a linear line, which is as expected, since the rotational parameter is assumed to be 

linear. This rotation is measured at the location of the connection between the transom and the mullion 
for both experimental and numerical testing, as shown in Figure 6.13. Although nothing is actually 

happening here, rotation occurs but there is no failure here or even a slightly important stress 

distribution.  

  

Figure 6.13: Rotation of the experimental (a) and numerical model (b) for the connection with T-connector 

 

Figure 6.14: Rotation of the transom 

 

6.6.4 Bending of the transom  

The transom bends under the vertical loading. In Figure 6.15 the load-bending diagram is shown. The 
bending and rotation are both described with linear rotational boundary conditions determined with an 

analytical method.   
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Figure 6.15: Load-bending diagram 

 

6.6.5 Conclusion 

The numerical model is validated on all four points. For this reason it can be said that the numerical 

model works properly and can be used for further numerical research.  

6.7 Results of FEM model 
The FEM model is validated in the previous paragraph, the results of the FEM model itself can now be 

checked. The tests are executed again with the material properties from the Ramberg-Osgood model as 

described in Annex A. When the FEM model is conducted with the design material properties the failure 
load is 6.6 kN. 

6.7.1 Stress distribution 

From the numerical model details are obtained about the stresses in the transom. In Figure 6.16 the 

stresses are shown. As can be seen the highest stresses occur at the cantilever part of the transom. And 

when the lower limit is increased until the 0.2% proof stress, it can be seen that the highest stresses are 

located at the small part that connects the cantilever part to the transom.  

In Figure 6.17 the stress distribution over time is shown. From these figures it becomes clear that the 

stress gradually builds towards the maximal stresses. And that the stresses in the screws also increase 
gradually.  
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Figure 6.16: Stress distribution over two different legends for the connection with T-connector 

 
  

 

Figure 6.17: Stress distribution over time 

 

6.7.2 Plastic deformations 

For Profel it is of importance when the 0.2% proof stress in the numerical model is reached. Since the 
connection may not deform plastically. The serviceability limit state is already determined in Chapter 4 

and depends on the limitation rules in terms of rotation of the transom. The design value of failure of 

the connection is around 3.44 kN, the stresses at this load are shown in Figure 6.18. With a maximal 

stress in the legend of 194 N/mm² (0.2% proof stress), everything shown in grey exceeds this limit. From 
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the figure it can be concluded that the cantilever part of the transom already want to deform plastically. 

The design value for the connection with T-connector should be beneath this limit.  

 

Figure 6.18: In grey the areas are shown that deform plastically with a load of 3.4 kN 

 

6.8 Summary, discussion and conclusion 
This Paragraph briefly summarizes Chapter 6, and describes the main conclusions.  

6.8.1 Summary 

The main goal of this chapter was to create an model that replicates the behaviour of the connection with 

a T-connector from the experimental test with high accuracy. However it was not possible to model the 

T-connector since too much assumptions had to be made. For this reason the mullion (and thus T-

connector) are not modelled. Instead a rotational boundary condition for both bending and torsion is 

taken into account. The same material properties and analysis method as described in Chapter 5 are used, 

so a geometrical and physical non-linear method.  

In Table 6.3 an overview is given of the failure loads for both the experimental and numerical research. 
As can be seen the result from the numerical test is slightly higher than the experimental results. This 

may be explained by adding linear rotational boundary conditions, since the actual behaviour of the 

connection with T-connector is not linear. When the FEM model is conducted with the design material 

properties from the Ramberg-Osgood method from the Eurocode, the failure load is 6.6 kN. 

Table 6.3: Overview failure loads for both the experimental and numerical research 

Test piece Failure load [kN] 

Final – 05 5.15 
Final – 06  6.12 
Final – 07  6.45 
Final – 08  7.03 
   Average experimental research 6.19 
Numerical value 7.30 
   Design value 6.60 

 

6.8.2 Discussion and conclusion 

In Paragraph 6.3.4 the screws are described that are used to fix the glazing support to the transom. 

However it was also mentioned that the input values are based on screws with the wrong diameter from 

the research of Mazzolani [17], but that other information is not available. Profel uses their own screw-
thread, so it might be valuable for Profel to start a research in the pull-out behaviour of screws in 

aluminium.  
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7. Improvements of the connection 
The main goal of this research is to improve the connection, so that the load bearing capacity of the 

system is increased. However, there are some limitations from Profel to improving this system, which 

are the following: 

- The extrusion process of the transom and mullion cannot be changed which means that the 
cross-sections itself cannot be changed; 

- The extrusion process of the glazing support can be changed, but only if the result is significant; 

- The position and angle of the screws may not be changed; 

- The construction sequence may not be changed. 

From the experimental research it is known what the behaviour of the two connections is, these are used 

to validate the two numerical models. With the numerical models it is easy to change some input 

parameters and recalculate the model. With help of analytical research the change in input parameters 
is chosen. A few options are researched and explained in this chapter. The designs with the highest 

prospect are looked into numerically.  

- Doubling the number of screws to fix the glazing support to the transom; 

- Fixing the glazing support to the transom by snapping it together; 

- Length of glazing support; 

- Ensure cooperation between left and right side; 

- Decreasing margins in execution. 

It should be noted that for improving the connection mostly the second numerical model is used since 

this is already an improvement of the first model, so the T-connector is in place since this increases the 

stiffness against torsion. The experimental (and numerical) failure load for this connection is around 7.0 

kN. An important aspect is that actual failure actually occurs at the connection between the glazing 
support and the mullion and not at the connection between the transom and mullion.  

However the serviceability limit state is the most important aspect for Profel since rotation in torsion 

should remain under a certain value (around 0.5 degrees). At this rotational limit the screws are not yet 

pulled out of the transom and there is no plastic deformation yet. So the overall load bearing capacity 
has to be increased but also the deformations in the transom should be limited.  

7.1 Doubling the number of screws to fix the glazing support to the 

transom 
Failure in the second numerical model occurs at the connection between the glazing support and the 

mullion. Three screws are pulled out of the aluminium due to shredding of the screw-thread. The most 

logical improvement is to strengthen this connection. The forces are transmitted by the screws. The 

surface between these areas is the most important part. By increasing the surface, the forces can also be 

increased. Instead of using three screws, five screws can be used, as shown in Figure 7.1. This increased 
the screw-thread area with 66%. As can be seen the T-connector should still be used, since this keeps 

the connection between the transom and mullion from failing.  
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Figure 7.1: Applying two extra screws to fix the glazing support to the transom 

 
 

7.2 Fixing the glazing support to the transom by snapping it together 
A second method arises during the experimental research. When the load was applied in vertical 

direction, the glazing support tends wants to rotate. This results in compression forces on the bottom 

side and tensile forces at the cantilever part. The screw is subjected to a pulling force, and is slowly 

pulled out of the cantilever part of the transom, shown in Figure 7.2a. 

Or as be said the applied moment needs to be accounted for by the tension and compression forces in 

the transom. If the distance between these forces can be increased, the bending moment that can be 

transferred is increased, see Figure 7.2b. 

 

Figure 7.2: Current mechanical scheme of the pull-out behaviour of the screw (a) and the improved mechanical scheme 

(b) 

 
For this to be possible the glazing support needs to be fixed to the transom. In Abaqus the glazing support 

is fixed to the transom. In the assembly this principle can be performed with two methods; snapping of 

the glazing support to the transom (7.2.1) or adding extra elements (7.2.2).  

7.2.1 Snapping the glazing support to the mullion 

The next step is to find out how assembly should take place. It is of importance to keep in mind that the 

cross-section of the transom cannot change. The glazing support needs to accommodate the snapping. 

(a)                (b) 
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In Figure 7.3 this is visualised. However there are question marks concerning the feasibility, because 

the distance in depth over which the snapping is executed is small, as can be seen in Figure 7.3. 

 

Figure 7.3: Snapping the glazing support to the transom 

 

7.2.2 Extra vertical elements to transom over glazing support 

Because snapping together of the glazing support and the transom might not be possible, a different 

option has to be designed. A different option is to add vertical elements to the transom over the glazing 

support. The plate has to be fixed to the transom with screws. This is visualised in Figure 7.4. 

  

Figure 7.4: Placing an extra element over the current connection 

 

7.3 Length of glazing support 
A third option is to increase the length of the glazing support in the direction of the mullion. The surface 

over which the vertical load is transmitted is larger. Next to this the centre of load of the glazing support 
is closer near the support, which means that the load is transferred over a shorter distance.  

An overview is shown in Figure 7.5. The main disadvantage of this method is that there are screws 

where that glazing support should run. So part of the plates of the glazing support have to be cut off. 
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This is also shown in Figure 7.5 where two cross-section are shown, A.1 is with the cut-out part and A.2 

is the complete part.  

The goal is to keep the application of the load at the same place, which might be reached if the 

polycarbonate strip (placed between the glazing support and glass) increased in thickness. 

 

Figure 7.5: Increasing the length of the glazing support 

 

7.4 Ensure cooperation between left and right side 
Another option is to ensure that the left and right side cooperate together. The load distribution is much 

more direct to the mullion and the bending rotations counteract each other. The connection no longer 

acts as a hinge since the stiffness is increased. However the main problem was the rotation of the glazing 
support around the transom. So to ensure a higher capacity for the rotation, the glazing support also has 

to be fixed to the mullion. This is illustrated with a few examples. 

- Increasing the length of the glazing support 

- Adding extra element over the glazing support 

- Fixing glazing support onto the mullion 

The main disadvantage is that the left and right side work together to ensure a strong connection. When 

this is applied for final elements in a curtain wall there is no other side, and the connection has to work 

on its own.  

7.4.1 Increasing length glazing support 

Increasing the length of the glazing support over the mullion can ensure cooperation between the left 

and right side, shown in Figure 7.6. The bending rotations of the left and right side are coupled to each 
other and counteract each other. However this does not limit the actual torsional rotation of the transom. 

To ensure a lower rotation the glazing support needs to be fixed to the mullion. A second disadvantage 

is that this is made out of aluminium completely, which means that thermal bridges cannot be avoided.  
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Figure 7.6: Cooperation between left and right side 

7.4.2 Adding extra element over glazing support 

A second option is to add an extra non-aluminium element over the glazing support, and fix this to the 

glazing support, as shown in Figure 7.7. Thermal bridges will be avoided in this manner. The material 

of the extra elements has to be picked out carefully, since high stresses will occur.However stresses in 

the transition zone of the added element will be quite high. And the rotation of the transom around its 

own axis is not limited in this manner. 

  

Figure 7.7: Adding an extra element to ensure cooperation between the left and right side 

7.4.3 Fixing glazing support onto mullion 

A third option is to increase the length of the glazing support over the mullion and add an extra 
aluminium element that is fixed to the mullion, shown in Figure 7.8. In both the glazing support and the 

extra part an area is cut out, in such a way that they are slided into each other. The glazing support 

transfers the load to the extra element via the cut out surfaces straight to the extra part and thus to the 

mullion. Figure 7.9 shows the built-up of the connection, where the notch is clearly visable. 

The most important aspect in this improvement are the measurement tolerances. The elements have to 

be fixed against each other to allow forces to be distributed.  
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Figure 7.8: Increasing length of the glazing support and adding an extra element to the transom.  

 

 

Figure 7.9: Built up of the connection using an extra aluminium element 

7.5 Decreasing margins in execution 
The T-connector is applied to increase the load bearing capacity. It functions by decreasing the rotation 

of the transom around its own axis. The rotation is prevented due to the screws that fix the transom to 

the T-connector. However the side surfaces of the T-connector are not used since an initial rotation is 

required before there is contact between the T-connector and the transom. If the margins between these 

elements are decreased there might be more profit in the application of the T-connector. However this 

is completely dependent on the design process of Profel. 

7.6 Without restrictions of Profel 
For now different solutions are addressed within the limits stated by Profel. But what if in the future the 
glass of the curtain wall needs to become even thicker and the weight is more increased. It might by 

profitable for Profel to change their whole system. 
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The main problem is that the screws are pulled out, however this is a result of torsion of the glazing 

support, see Figure 7.10. So the glazing support needs to be fixed to the transom. This is already 

discussed before, where the glazing support was altered. However in altering the transom itself there 

might be more profit, since actual snapping of the glazing support to the transom is then made possible. 

 

Figure 7.10: Mechanical scheme of the failure mechanism between the glazing support and the transom 

 

7.7 Final model 
A few options are addressed to improve the load bearing capacity of the connection of the P500 curtain 

wall system of Profel. The most important aspect for Profel is the deformation of the system, because 

high stresses on the glass will occur if deformations are too high. The deformation limit of the connection 

is for this project set at 0.5 degrees. 

The final goal of this graduation thesis is the design of an improved connection. In agreements with 

Profel the following connection is chosen for further elaboration, shown in Figure 7.11. This is due to 

the easy execution of the extra element. 

  

Figure 7.11: Increasing length of the glazing support and adding an extra element to the transom.  

 
The model from Paragraph 7.4.3 decreased the rotation of the transom around its own axis, which means 

that the load bearing capacity will increase if the same conditions are assumed for the rotation. The T-
connector still needs to be applied in the new model, since this increases the rotational capacity of the 

connection. For further elaboration this is calculated with both an analytical and numerical model.  
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7.7.1 Explanation 

The function of the added part is to increase the rotational capacity of the connection. The added part is 

connected with screws to the mullion. This means that the screws are loaded in shear (Figure 7.12). 

However for screw ports like this (open screw ports), only a value for the pull-out behaviour could be 

found as mentioned before.  

 

Figure 7.12: Screws loaded in shear 

 

7.7.2 Numerical model 

The numerical model for the improvement should follow from the second numerical model. The 

adaptions have to be implemented in the new numerical model. However a few problems arise in making 
the numerical model, summed here: 

- The numerical model is a one sided model and the passing through of the glazing support will 

not be modelled.  
- The boundary conditions of the added part are dependent of the maximal shear forces of the 

screws connected to the mullion, this value is unknown so assumptions are made. 

7.7.2.1 Modelling 

The same numerical model is used as described in Chapter 6, because only small parameters are 
changed. The numerical model is built in a few consecutive steps. All steps and results are explained 

here. The first step is increasing the length of the glazing support towards the mullion (Figure 7.13). 

When this simulation is run, it results in a failure load of 8.0 kN.  

The following step is applying a support to the glazing support, namely a hinge (Figure 7.14). From this 

calculation the reaction forces in the glazing support are calculated and thus the forces on the added part 

in the final model. This results in a failure load of 8.7 kN. 
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Figure 7.13: Increasing the length of the glazing support while still using the rotational boundary conditions 

 

 

Figure 7.14: Applying both rotational boundary conditions to the transom and hinge boundary conditions to the 

glazing support 

 

7.7.2.2 Resulting stresses 

In Figure 7.15 the stresses of the glazing support are shown. Since the displacement is applied at the 

same position on the glazing support, the distribution of forces is unequal over the length of the glazing 

support. However there is a uniform distributed displacement applied in the same manner as mentioned 

in Chapter 6. This results in high stresses and bending in the glazing support.  
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Figure 7.15: Stresses of the improved model 

 
It is more important where the high stresses occur. For that reason the results are plotted while using an 
increased lower boundary condition of the 0.2% proof stress of 190 N/mm². The high stresses occur at 

the transition zone to the cantilever part of the transom. This is shown in Figure 7.16.  

 

Figure 7.16: Stresses of the transom with an increased lower limit of the stresses 

 

7.7.2.3 Resulting displacements 

The failure load of the numerical model is determined to be 8.7 kN, however more importantly are the 

displacements of the model, since the goal is to increase the rotational stiffness of the connection. The 

simulation shown in Figure 7.14 results in the graphs shown in Figure 7.17 & Figure 7.19. From the 

graph in Figure 7.17 it can be concluded that the rotation (red line), and thus torsion of the transom 
around its own axis, is reduced significantly.  

For both supports; the hinged boundary conditions at the glazing support and the rotational boundary 

condition of the transom; the loads can be plotted against the torsion, shown in Figure 7.18. The reaction 

forces in the hinge connected glazing support does not increase linear such as the reaction force in the 
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transom. So the deformation in the glazing support increases while the load remains the same. The same 

result is shown in the load-bending diagram from Figure 7.19. 

 

Figure 7.17: Load-torsion diagram of improving the connection while applying a hinge boundary condition to the 

glazing support 

 
 

 

Figure 7.18: Reaction forces from the glazing support (blue) and transom (red) plotted separately against the rotation 
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Figure 7.19: Load-bending diagram of improving the connection while applying a hinge boundary condition to the 

glazing support 

 

7.7.2.4 Resulting loadings 

As mentioned before the failure load of the numerical model is 8.7 kN. However it is more important 

what the serviceability failure load is. This is calculated to values for the ultimate limit state (ULS), 
according to paragraph 4.7, to a load of 6.02 kN. Next to this the results are plotted in a graph shown in 

Figure 7.20 together with the ULS and SLS lines from the numerical results of the connection with only 

a T-connector.  

 

Figure 7.20: SLS and ULS lines from both the improved connection and the connection with only a T-connector 
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7.7.2.5 Analytical calculation 

The results from the previous paragraph are based on the numerical model, however the question is how 

accurate the numerical model simulates the actual behaviour of the connection. As mentioned before the 

shear resistance of these kind of screws is unknown. However from the numerical model some values 

can be determined with regard to the pull-out forces and shear forces of the screws.  

Pull-out behaviour 

The reaction force in the cantilever part of the glazing support is 2.0 kN divided over the depth of the 

glazing support of 57.5 millimetres. This results in a transferable moment of 0.06 kNm.  

p���w[�� = � ∙ � = 2000 ∙ 30 = 60 000 mrr = 0.06 Vmr 

This moment is transferred to the screws and results in a pull out force on the screws. This can be 

calculated with the mechanical scheme from Figure 7.21 through equilibrium conditions. The result for 

both 2 or 4 screws have been worked out, while assuming a rotation point at the bottom of the added 

part. 

 

Figure 7.21: Mechanical scheme of screws being pulled out of the mullion 

 

Four screws p�X��Y~���� = p���w[�� 

�� = �� ∙ 85105  

�Z = �� ∙ 35105  

�� = �� ∙ 15105  

p�X��Y~���� = �� ∙ 105 + �� ∙ 85 + �Z ∙ 35 + �� ∙ 15 
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p�X��Y~���� = �� ∙ 105 + �� ∙ 85105 ∙ 85 + �� ∙ 35105 ∙ 35 + �� ∙ 15105 ∙ 15 

p�X��Y~���� = �� ∙ �105 + 68.80 + 11.67 + 2.14� = 187.6 ∙ �� 

187.6 ∙ �� = 60 000 mrr 

Pull-out force in the screws: 

�� = 60 000187.6 = 319.8 m 

�� = 319.8 ∙ 85105 = 258.9 m 

�Z = 319.8 ∙ 35105 = 106.6 m 

�� = 319.8 ∙ 15105 = 45.7 m 

Two screws p�X��Y~���� = p���w[�� 

�� = �� ∙ 1515 + 90 

p�X��Y~���� = �� ∙ 105 + �� ∙ 15 = �� ∙ 105 + �� ∙ 1515 + 90 ∙ 15 = 107.1 ∙ �� 

107.1 ∙ �� = 60 000 mrr 

Pull-out force in the screws: 

�� = 60 000107.1 = 560 m 

�� = 560 ∙ 1515 + 90 = 80 m 

From literature [17] and page 80 it is known that these kind of screws allow for tensile forces up to 2000 

kN. So these screws are likely to be safe for tensile forces. 

Shear forces 

The shear forces are divided over the screws. Since the T-connector is also applied, the forces are divided 

over the added part and the connection with the T-connector. The stress distribution is dependent on 

non-linear behaviour of the screws, which is analytical non possible to determine. From the numerical 

model an estimation can be made. This result in 2 kN of shear forces in the added part, divided over 2 
or 4 screws this results in a load of 1 or 0.5 kN of shear forces. 
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7.8 Summary, discussion and conclusion 
This Paragraph briefly summarizes Chapter 7, and describes the main conclusions.  

7.8.1 Summary 

The goal of this chapter was to explain the improved connection for Profel. The chosen connection is 

shown in Figure 7.22, where an extra part is added and fixed to the mullion. The glazing support is 

increased in length over the mullion and is supported by the added part on the transom. 

  

Figure 7.22: Increasing length of the glazing support and adding an extra element to the transom.  

 

The failure load of the improved connection is around 5.5 kN for the ultimate limit state. In Figure 7.23 

the graph is shown where the SLS and ULS are indicated, together with the values of the connection 
with only a T-connector. From this it can be concluded that adding the extra part increases the load 

bearing capacity with 70%. Note that this is based on a numerical research with many assumptions about 

the actual behaviour of the connection. 

 

Figure 7.23: SLS and ULS lines from both the improved connection and the connection with only a T-connector 
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7.8.2 Discussion and conclusion 

The numerical model is built up step by step. This gives insight into the force-distribution changes by 

making small modification to the connection. It can be concluded that increasing the length of the 

glazing support and supported vertically result in a significant higher failure load. 

The second point that must be noted is that for the support a hinge connection is assumed. This will not 
be the actual behaviour of the added part, since these open screw ports do not behave in that manner.  
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8. Conclusions and recommendations 
This chapter reports the main conclusions of this research and recommendations for future work. Where 

a short summary of the conclusions per chapter are summarized and the overall conclusion, which is an 

improvement of the current system, is shown.  

8.1 Conclusions 
The main conclusions are summarized by chapter.  

Chapter 1: Introduction 

The problem definition for this graduation thesis is formulated as follows: 

“What is the bearing capacity of the connection between mullions and transoms 

for aluminum curtain wall systems and how can the system be improved such that 

the load bearing capacity is increased?” 

This can be separated in two problems, namely the bearing capacity of the current connection and an 

improvement of the connection to withstand higher loads. 

Chapter 2: Literature study 

A curtain wall system is considered as a secondary structure in the Eurocode. This means that the only 
load that must be considered is the vertical weight from the glass. The vertical load is applied on two 

glazing supports that are fixed onto the transom. The transom is connected to the mullion, this can be in 

two manners, namely without or with a T-connector. The main goal of the T-connector is to increase the 
rotational capacity and thus the load bearing capacity of the connection.  

Chapter 3: Analytical analysis 

From the analytical analysis it is concluded that it is most likely that failure will happen near the 

connection between the transom and mullion, since the transition zone in the transom from a box girder 
to rectangular plate is the most weakest of the connection.  

Adding a T-connector increases the rotational stiffness of the connection, since the area over which the 

torsional moment is transferred is increased.  

Chapter 4: Experimental program  

Two setups of the curtain wall with the two different connection are tested in the laboratory. This 

resulted in the two failure mechanisms for the connections. The connection without a T-connectors fails 

at the connection between the transom and mullion, at the transition zone in the transom between the 

box girder and rectangular plate. This is due to the small area that has to pass the torsional moment to 

the screws.  

The connection with a T-connector fails at the connection between the glazing support and the mullion. 

The vertical load results in rotation of the glazing support, which means that a pressure point arises in 
the bottom side of the transom and thus a horizontal force on the screws that connect the glazing support 

to the transom. These screws are pulled out of the transom.  

Next to these failure mechanisms the deformations are measured. For Profel the limitation of torsion in 
the transom is around 0.5 degrees. The load at this value for the connection without a T-connector is 0.7 

kN and for the connection with a T-connector is 3.4 kN, which is around respectively 70 kg and 340 kg. 

So it can be concluded that the current used values of 50 kg vs 200 kg are safe.  
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Chapter 5: Numerical model – part 1 

The experimental model is simulated with a FEM model made in Abaqus, where only half the test-setup 

is modeled making use of symmetry. The used solution is General Riks. The assembly is put together 

using shell elements and describing the behavior of the screws between the transom and mullions. The 

glazing support is fixed with three screws to the transom. A good accuracy was obtained between the 

numerical model and experimental model, with only a deviation of around 2% for the failure load. 

Chapter 6: Numerical model – part 2 

The second connection is also described with a FEM model according to the same principles. However 

since actual failure happens near the connection with the glazing support and transom, it is not needed 

to model the connection of the transom to mullion. This connection is described with rotational boundary 

conditions in both directions. For this model also good accuracy was obtained between the numerical 

and experimental model, with only a deviation of around 5% on average. 

Chapter 7: Improvements of the connection 

For Profel the most important aspect is the deformations in the transom. Torsion of the transom is limited 

to a value of 0.5 degrees. So to improve the load bearing capacity of the connection, the rotational 

capacity of the connection needs to be increased. This is achieved by adding a beam attached to the 

mullion and increasing the length of the transom, in such a manner that the glazing support can distribute 

the load directly to the mullion. This is validated with a numerical model and increased the resistance 

with approximately 70%. 

8.2 Overall conclusion 
Profel designed two connection to withstand the vertical load from the glass panels. They assume values 

of 50 kg for the connection without a T-connector and values of 200 kg for the connection with a T-
connector. From the experimental test it can be concluded that these values are safe.  

The main aspect is the rotation of the transom. In Figure 8.1 the improvement of the connection is shown, 

in which rotation of the transom is prevented by the extra beam that is attached to the mullion. This 
results in an increase failure load of 5.5 kN.  

  

Figure 8.1: Increasing length of the glazing support and adding an extra element to the transom.  
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8.3 Recommendations 
During this research a few aspect could not be examined. They are listed here: 

The screws are a main part of the connection. There is some research performed on this kind of screws. 

However this is not applicable since Profel uses its own screw thread. Therefore it is advised to start a 

research in the actual pull-out behaviour of Profel screws. And research if a change in screw-thread 

increases the pull-out capacity of the screws.  

Next to this is was noted that the applied oversized holes, to fix the transom to the mullion, do not 

actually work as slotted holes. Since there is no margin when the screws are applied. This affects the 

rotational capacity of the transom negatively.  

During the numerical research it was noticed that bending is not incorporated in the model. Even without 

bending the numerical model gave quite accurate results. Some time is spend on trying to incorporate 
bending. However only a geometrical linear model could be simulated. This effect could be of 

importance to increase the modelling of the connection. The solution that can be sought in either 

applying a rotational displacement over the glazing support or placing an infinite stiff beam on the 

glazing support and using spring boundary conditions at the edges, as shown in Figure 8.2.  

 

Figure 8.2: Linear and uniform distributed displacement 

 
For Profel the most important aspect is the deformations in the curtain wall itself. The bending and 

torsion are limited to ensure that the stresses on the glass will not be too high. However there has not 
been a research about what the maximal torsion of the transom can be. The value of 0.5 degrees is 

determined from a practical point of view. 

A different aspect is the imperfections/ tolerances of the curtain wall. These are in fact quite large. It 

should be research if it is possible to create a system that is less sensitive for imperfections/ tolerances.  

For the numerical model of the improvements, many assumptions are made with respect to the behaviour 

of the connection. For instance, the rotational boundary conditions for torsion and bending. Next to this 

the screws between the transom and mullion are modelled as point that are fixed to each other, maximal 

shear stress are not considered. This needs to be worked out more and validated with experimental tests.  
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10. Annex A: Stress-strain relationship 
In this annex an overview of different methods to calculate the stress-strain relationship for an 

aluminium AW6060 T66 alloy. The discussed methods are the following: 

- Piecewise model (bi-linear) 

- Continuous model (σ = σ(ε)) 
- Continuous model (ε = ε(σ)) 

- Experimental test results 

10.1 Piecewise model (bi-linear behaviour) 
The piecewise model is described in Annex E of Eurocode 9 [7]. In a piecewise model the behaviour of 

the stress-strain relationship is described by two linear lines, and thus two linear equations (10-I) & 

(10-II). The values of the parameters are determined with Table 3.2b of Eurocode 9 [7]. In Figure 10.1 

and Table 10.1 the results of this model. 

 g = y ∙ v For 0 < v ≤ v� (10-I) 

 g = �� + y��v − v�� For v� < v ≤ vW�� (10-II) 

  Where,  

  �� = Conventional elastic limit of proportionality 
= 160 N/mm² 

 

  v� = Strain corresponding to stress fp = ��y = 16070 000 = 0.002286 

 

  vW��  = Strain corresponding to stress fmax 

= 0.08 
 

  y = Elastic modulus 
= 70 000 N/mm² 

 

  v� = Value of ultimate strain = 2 ∙ vW�� = 2 ∙ 0.08 = 0.16 
 

  y� = Hardening modulus = �� − ��0.5 ∙ v� − v� = 215 − 1600.5 ∙ 0.16 − 0.002286 = 707.72 m/rr² 

 

 

Table 10.1: Input for graph with bi-linear model 

 ε [-] σ [N/mm²] σ [N/mm²] 

  for 0 ≤ ε ≤ εp for εp ≤ ε ≤ εmax 

 0.0000 0.0  

 0.0001 7.0  

 0.0002 14.0  

 … …  

 0.0021 147.0  

εp 0.0022 154.0 159.9 

 0.0023 161.0 160.0 

 0.0024  160.1 

 …  … 

 0.0799  214.9 

εmax 0.0800  215.0 
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Figure 10.1: Stress-strain graph of AW6060 T66 alloy according to a bi-linear model 

10.2 Continuous model (σ = σ(ε)) 
The second model is a continuous model also described in Annex E of Eurocode 9 [7]. There are three 

regions described: 

- Region 1: Elastic behaviour eq. (10-III) 

- Region 2: Inelastic behaviour eq. (10-IV) 

- Region 3: Strain-hardening behaviour eq. (10-V) 

 Region 1     For 0 < v ≤ v�   

 g = y ∙ v  (10-III) 

 With v� = 0.5 ∙ v�̅   

 Region 2     For v� < v ≤ 1.5 ∙ v�̅   

 g = �� �−0.2 + 1.85 ∙ vv�̅ − � vv�̅�� + 0.2 ∙ � vv�̅�Z� 
 

(10-IV) 

 With v�̅ = ��q    

 Region 3     For 1.5 ∙ v�̅ < v ≤ 1.5 ∙ vW��    

 g = �� ��W���� − 1.5 ��W���� − 1� v�̅v  � 
 

(10-V) 

  Where,  

  �� = Conventional elastic limit 
= 160 N/mm² 

 

  �W�� = Tensile strength at the top point of σ-ε curve 
= 215 N/mm² 

 

  v� = Strain corresponding to stress fe (v� = 1.5 ∙ v�̅) = 1.5 ∙ ��y = 1.5 ∙ 16070 000 = 0.0034 

 

  vW��  = Strain corresponding to stress fmax 

= 0.08 
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  y = Elastic modulus 
= 70 000 N/mm² 

 

  v� = Value of ultimate strain = 2 ∙ vW�� = 2 ∙ 0.08 = 0.16 
 

 

Table 10.2: Input for graph with continuous model 

 ε [-] σ [N/mm²] σ [N/mm²] σ [N/mm²] 

  For 0 < v ≤ v� For v� < v ≤ 1.5v�̅ For1.5 ∙ v�̅ < v ≤ 1.5vW�� 

 0.0000 0.0   

 0.0001 7.0   

 0.0002 14.0   

 … …   

 0.0010 70.0   

εp 0.0011 77.0 76.96  

 0.0012  83.93  

 …  …  

 0.0033  158.14  ��* 0.0034  159.60 159.54 

 0.0035   161.12 

    … 

 0.0799   212.64 

εmax 0.0800   212.64 
 

 

Figure 10.2: Stress-strain graph of AW6060 T66 alloy according to a continuous model 
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10.3 Continuous model (ε = ε(σ)) 
A second method for a continuous model is described with the Ramberg-Osgood model. It is common 

to use the Ramberg-Osgood model for stress-strain relationships of aluminium. This manner is described 
in Annex E of Eurocode 9 [7] for which the general shape is described with equation (10-VI) [7]. In 

Figure 10.3 the stress-strain relationship is shown, with the 0.2% proof stress and the ultimate tensile 

stress. 

 v = gy + v�,� �g����
 

For 0 < v ≤ v� 
(10-VI) 

  Where,  

  �� = Conventional elastic limit of proportionality 
= 160 N/mm² 

 

  v�,� = Residual strain corresponding to the stress fe  = ��y = 16070 000 = 0.002286 

 

  �  = Exponent characterizing the degree of hardening of the curve = ln�v�,� v�,�⁄ �ln��� ��⁄ � = ln�0.002 0.08⁄ �ln�160 215⁄ � = 12.48 

 

  v�,� = Residual strain corresponding to the stress fx 

= 0.08 
 

  �� = Second reference stress 
= 215 N/mm2 

 

 
 

Stress Strain 

σ [N/mm²] ε [-] 

0 0.00000 

32 0.00046 

64 0.00091 

96 0.00137 

128 0.00195 

136 0.00221 

144 0.00259 

152 0.00323 

160 0.00429 

166 0.00541 

171 0.00703 

177 0.00933 

182 0.01259 

188 0.01717 

193 0.02354 

199 0.03236 

204 0.04444 

210 0.06088 

215 0.08307 
 

Figure 10.3: Stress-strain graph of AW6060 T66 alloy according to the Ramberg-Osgood model with the values 

shown in the table on the right 
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10.4 Experimental tensile test 
The final method is also explained in Chapter 4 of the main report, namely the experimental tensile tests. 

The experimental tensile tests are part of the experimental program performed by the students Hamid 
Afantrous and Jeff Modderman [2]. A total of twelve tensile tests are performed on two extrusion sets 

(2x6), the results are shown in Figure 10.4, together with the Ramberg-Osgood model from the 

Eurocode. 

The results from the tensile test are shown here as the average values of all tests. However the Ramberg-
Osgood model is based on the 5% lower limit of experimental tests. For the numerical tests it is important 

to be able to validate this with the experimental results. So it is needed to use the average result as input 

for the material properties. As can be seen there is a slight deviation in the result between extrusion 1 

and 2. When more sets are testes the result will be more reliable results.  

 

Figure 10.4: Stress-strain diagram determined with experimental testing 
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11. Annex B: Connection without T-connector 

11.1 Torsional moment in transom 
The loading from the glass plate onto the transom results in torsion in the transom. In Figure 11.1 the 

loading from the glass plate is shown. In this annex an overview is made of torsion in thin-walled bars, 

through the following steps: 

- Introduction to torsion 

- Torsion in thin-walled members 
- Torsion in transom 

- Conclusion 

 

Figure 11.1: Loading on transom 

11.1.1 Introduction to torsion 

There are two kinds of torsion that need to be considered for thin-walled bars. First angular rotation due 

to torque (Figure 11.2a) and second the effect of warping due to torque (Figure 11.2b). Warping is 

deformation of an initial plane surface.  

Thin walled closed section are well suited to receive rotation forces, since all the material is triggered. 

Or as can be said: the shear flow is closed.  

    

Figure 11.2: Angular rotation due to torque (a) [18] and the effect of warping due to torque (b) [18] 

 

a      b 
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11.1.1.1 Eurocode 

In Eurocode 6 paragraph 6.2.7 [7] torsion is calculated with equation (11-I). Warping is disregarded 

here. For members with warping the effect is calculated by the internal warping torsion moment added 

to the St. Venant principle, according to equation (11-II). 

 �q��f� ≤ 1.0 (11-I) 

  Where,  

 

 

�f� = design St. Venants torsion moment resistance of the cross-
section = ��,�w ∙ ��√3 ∙ 4��  

 

  ��,�w = plastic torsional modulus  

     

 �q� = �x,q� + �Y,q� (11-II) 

  Where,  

  �x,q� = is the internal St. Venants torsion moment;  

  �Y,q� = is the internal warping torsion moment.  

11.1.1.2 St. Venant princple 

St. Venant principle is based on the following points: 

- Cross-sections do not distort in plane during twisting, so every point in the section rotates (in 

plane) through angle φ (x) about the centre of twist 

- Out of plane warping is not constrained 
- Out of plane warping does not vary along the bar 

11.1.2 Torsion in thin-walled members 

11.1.2.1 Torsion in box girders 

The shear stress itself is under consideration. In regular bars the shear stress varies linearly over the 
height of the section, as shown in Figure 11.3. For thin-walled members due to the very small 

differences, the variation in shear stress can be neglected.  

 

Figure 11.3: Shear stress varies linearly over the height [9] 

 
For thin-walled members sir Rudolf Bredt [9] designed a method, to take into account the constant shear 

stress and the deformations. With equation (11-III) [9] the shear stresses are calculated and with equation 

(11-IV) [9] the deformations expressed in rotations are calculated. 

Shear stress 

 � = p�2 ∙ { ∙ h� (11-III) 
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  Where,  

  � = Shear stress  

  p� = Twisting moment  

  t = thickness of the considered web  

  h� = Enclosed area by median line of the cross-section  

Deformations 

 ∅� = p�� ∙ 4 ∙ h�� ∙ � � {  (11-IV) 

  Where,  

  ∅ = Rotation  

  � = length of application of torsional moment and support  

  p� = Torsional moment  

 
 

G = Shear modulus 
= 27 000 N/mm² 

 

  h� = Enclosed area by median line of the cross-section  

  �  = length of considered stress plane  

  t = thickness of the considered web  

11.1.2.2 Torsion in rectangular cross-sections 

The main difference between a rectangular cross-section and box girder is that in a rectangular cross-

section cannot be considered constant over the thickness. A variable linear stress distribution needs to 

be considered, as shown in Figure 11.4. Bredt’s method is still considered, but in a different manner [9]. 

 

Figure 11.4: Scheme of rectangular cross-section and variable linear stress distribution over the width of the cross-

section [9] 

 
First the ration between the height (a) and width (b) is determined to calculate the constants c1 and c2. 
When the height is smaller than 20 times the width, the constants are equal to 1/3 [9]. 

� ≥ 20 ∙ ¡ → 
� = 
� = 13 

With these constants the shear stress and deformation can be calculated as shown with equation (11-V) 
& (11-VI). 
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Shear stress 

 � = p�
� ∙ � ∙ ¡� (11-V) 

  Where,  

  � = Shear stress  

  p� = Twisting moment  

  
� = constant  

  � = height of rectangular cross-section  

  b = width of rectangular cross-section  

Deformations 

 ∅� = p�� ∙ 
� ∙ � ∙ ¡Z (11-VI) 

  Where,  

  ∅ = Rotation  

  � = length of application of torsional moment and support  

  p� = Torsional moment  

 
 

G = Shear modulus 
= 27 000 N/mm² 

 

  h� = Enclosed area by median line of the cross-section  

  �  = length of considered stress plane  

  t = thickness of the considered web  

11.1.3 Torsion in transom 

The whole cross-section of the transom needs to be considered to determine the torsion. There are two 
points where torsion is interesting. First in the middle of the beam where the section is considered as a 

box-girder. And secondly, near the connection where the whole torsional moment is only transferred to 

the screws via a small rectangular cross-section. In both manners the cantilever part is neglected, since 
there is no influence on the torsional resistance. 

This calculation is purely done to get an idea in the differences in torsional moments between the middle 

of the beam and near the support.  

      
A                                                                          B                                                       C 

Figure 11.5: Connection mullion to transom (A), and shear stress as assumed over the box girder (B) and 
rectangular (C) 
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11.1.3.1 Middle of the beam 

The middle part of the beam is considered as a box girder. For thin-walled members the shear stress is 

assumed to be constant, as mentioned earlier. With equation (11-III) & (11-IV) this results in the 

following shear stress and deformation. 

Shear stress 

First the enclosed area needs to be determined. In Figure 11.6 it is shown what the enclosed area entitles. 

Then the torsional moment is applied, according to Figure 11.7. After this the maximum shear stress (�) 

is calculated.  

 

Figure 11.6: Enclosed area of the transom 

 
 h� = ¡ ∙ ℎ = 102.5 ∙ �23.9 + 23.9� = 4900 rr²  

 p� = 1555 ∙ 65.4 = 101697 mrr  
 

 
Figure 11.7: Application of torsional moment (MT = torsional moment) 

 
The maximal shear stress is along lines BC and DA since the thickness of the web is here the smallest 

(t = 2.0 mm). 

� = p�2 ∙ { ∙ h� = 1016972 ∙ 2.0 ∙ 4900 = /. D \/^^² 

Deformations 

Below the calculation for the deformation. 

� � { = 12.2 � � ¤¥ + 12.0 � � ¥¦ + 12.2 � � ¦§ + 12.0 � � §¤ = 2 �47.82.0 + 102.52.2 � = 141 
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∅� = p�� ∙ 4 ∙ h�� ∙ � � { = 101697 27000 ∙ 4 ∙ 4900� ∙ 141 = �3.9 ∙ 10¨©� ∙ 141 = 5.53 ∙ 10¨ª ���/rr 

The distance over which the torsional moment is applied is 1250 millimetre.  

∅ = �5.53 ∙ 10¨ª� ∙ 650 = 0.00359 ��� 

∅ = 0.00359 ��� = 0.00359 ∙ 180i = &. D&e° 

This results in an angular rotation of 0.206 degrees over a length of 650 millimeter. This is considered 

to be the rotation at the support. 

11.1.3.2 Near connection 

Near de connection the torsional moment should be taken by a rectangular cross-section, due to the fact 

that the box girder is not connected to the mullion. Only the front plate runs through, as can be seen in 

Figure 11.5. First a ratio between the height and width is determined, to calculate values for the constant 

c1 and c2.  �¡ = ℎ�|Gℎ{�|�{ℎ = 502.0 = 22.7 → 
� = 
� = 13 

� = p�
� ∙ � ∙ ¡� = 101697¬13 ∙ 50 ∙ 2.0� = C/D/ \/^^² 

This is 292% bigger than for a box girder. ∅� = p�� ∙ 
� ∙ � ∙ ¡Z = 10169727000 ∙ 13 ∙ 50 ∙ 2.0Z = 0.028 ���/rr 

∅ = 0.056 ∙ 20 = 0.56 ��� 

∅ = 0.56 ��� = 0.56 ∙ 180i = LD° 

Which is 156% bigger than for a box girder. From the calculation it can be seen that the effect is huge 

in comparison with the box girder. Now the rotation is 32 degrees over a length of 20 millimeter. 

11.1.4 Conclusion 

The results for a rectangular plate may arise alarm bells, however a better analysis of the plate results in 

the following conclusion: The plate only has dimensions of 50 by 2 millimeter, and the load is applied 

at a distance of 125 millimeter (Figure 11.7). For such analysis these value are very unrealistic. 

A second point that needs to be noted is that the internal rotational capacity is dependent of the boundary 

conditions. Since it is already concluded that the connection has no rotation capacity, it is very unlikely 

that the internal torsional moment is activated. A hinged connection does not restrain rotation, while the 

cross-section can be rotated. So there most likely will not be any torsion, however there will be rotation.  

The only thing proven right now is that the rotation capacity of the box girder can be seen as infinitely 

stiff. While the rectangular end plate is weak, and very sensitive to deformations.  
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11.2 Forces from transom to mullion 
The calculation of the rotational capacity and forces in the screws are shown in this paragraph. The 

connection is analysed from two directions, namely perpendicular and parallel to the transom, shown in 
Figure 11.8.  

 

Figure 11.8: Overview of two the two analyzed views 

11.3 Forces from transom to mullion - perpendicular to transom 
The first analysis is from the side perpendicular to the transom. Which means the point of view is from 

the cross-section of the transom. The transom will be loaded under rotational forces and wants to rotate 

around its fixed point, which lies at the connection between the transom and mullion. This results in 

screws loaded in tension.  

11.3.1 Rotational capacity connection 

The stiffness of the connection is determined with equation (11-VII) originating from the lecture notes 

of C. Basdogan from the Koҫ Üniversitesi, Turkey [10], which is basically a transformation of the 

Merchant equation. This sums al stiffness’s of the different members together and leads to a translational 

spring stiffness.  

 1VW = 1V�X��Y + 1V� + 1V� + 1VZ (11-VII) 

  Where,  

  VW = Translational stiffness connection  

  V�X��Y  = Stiffness screw  

  V�w�x� � = Stiffness plate 1  

  V�w�x� � = Stiffness plate 2  

  V�w�x� Z = Stiffness plate 3  

 
Equation (11-VIII) is the equation for calculating the stiffness of a screw [10]. Equation (11-IX) is for 

the stiffness of a plate (frustra) [10]. In Figure 11.9 an overview of the plates that are included in the 

calculation. Frustra one and two are part of the transom and frustra three is part of the mullion. 
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Figure 11.9: Plates taken into account for calculating the stiffness of the joint 

 
 V�X��Y = hx ∙ y�®x  (11-VIII) 

  Where,  

 
 

hx = Tensile stress area of fastener 

= 
�� ∙ �� ∙ i = �� ∙ 4.8� ∙ i = 18.1 rr�  

 
 

d = Diameter screw 
= 4.8 mm 

 

 
 

y� = Young’s modulus of screw 
= 210 000 N/mm²  

 
 

®x = Overall thread length 
= 16 mm 

 

 V�X��Y = 18.1 ∙ 210 00016 = 238 ∙ 10Z mrr = 238 ∙ 10ª m/r  

   

 V�w�x�� = 0.577 × i × y� × �ln �1.15{ + ° − ���° + ���1.15{ + ° + ���° − �� 
(11-IX) 

  Where,  

 
 

y� = Young’s modulus of plate 
= 70 000 N/mm² 

 

 

 

° = Diameter at the top of the frustra 
= 9.5 mm (Plate 1) 
= 11.2 mm (Plate 2) 
= 4.8 mm (Plate 3) 
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t = Thickness of upper frustra 
= 1.7 mm (Plate 1) 
= 0.8 mm (Plate 2) 
= 2.0 mm (Plate 3) 

 

 V�w�x� � = 0.577 × i × 70 000 × 4.8ln �1.15 ∙ 1.7 + 9.5 − 4.8��9.5 + 4.8��1.15 ∙ 1.7 + 9.5 + 4.8��9.5 − 4.8� = 2773 ∙ 10Z mrr 
 

 V�w�x� � = 0.577 × i × 70 000 × 4.8ln �1.15 ∙ 0.8 + 11.2 − 4.8��11.2 + 4.8��1.15 ∙ 0.8 + 11.2 + 4.8��11.2 − 4.8� = 7768 ∙ 10Z mrr 
 V�w�x� Z = 0.577 × i × 70 000 × 4.8ln �1.15 ∙ 2.0 + 4.8 − 4.8��4.8 + 4.8��1.15 ∙ 2.0 + 4.8 + 4.8��4.85 − 4.8� = 609067ln 0  

 

 
With equation (11-VII) this results in the following: 

 1VW = 1238 ∙ 10Z + 12 773 ∙ 10Z + 17 768 ∙ 10Z = 4.70 ∙ 10¨ª  

 VW = DCD MML \/^^  

 
The translational (axial) spring stiffness of the connection out of plane is now known. This can be 

converted to a rotational stiffness with equation (3-II) [11], see Figure 11.10. 

 

Figure 11.10: Axial spring stiffness to rotational stiffness 

 
 _ = pϕ = p²[�[

= ppVW ∙ ∑�[� = VW ∙ ∑�[� 
(11-X) 

  Where,  

 
 

�[ = Distance of translational spring to rotation center 
= 10.5 mm 

 

 _ = 212 773 ∙ 2 ∙ 10.5� = de. ( ∙ C&e \^^  
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11.3.2 Forces in the screws 

The connection can be schematized according to Figure 14.12, in which the supports represent the two 

screws that are used to connect the transom to the mullion. The force from the shear force line (Figure 

11.12) is equally divided over the two supports, for simplification this load is called P: 

³́ ,q� = 0.5 ∙ � [Vm] per screw/support 

     

Figure 11.11: Scheme connection between transom and mullion. The figure on the right shows the connection to the 

mullion 

 

Figure 11.12: Shear force line 

 
The bending moment applied in the cantilever beam, due to the distance between the force from the 

glass and the support, is divided into two normal forces over the screws: tension Ft and compression Fd.  

�x;� = �X;� = p�  [Vm] 
This can only be applied for when the bending moment is taken up by the screws. However due to the 

screwed connection, the transom and mullion are touching each other. This means that a forced rotation 

point arises that can also be seen as a pressure point, the connection is better schematized as shown in 

Figure 3.7 [19]. This results in the following relationships due to geometric ratios: 

�� = �� ∙ 14.521 + 14.5 

p�X��Y~���� = �� ∙ 35.5 + �� ∙ 14.5 = �� ∙ 35.5 + �� ∙ 14.535.5 ∙ 14.5 = 41.4 ∙ �� 

The maximal allowed force in one screw is: 
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�f� = g ∙ h�X��Y = 700 ∙ i ∙ �� = 700 ∙ i ∙ 2.1� = 9698 m 

When this value is assumed for screw 1 (F1), the other screw (F2) is submitted to a force as stated below. 

This result in the maximal moment that can be taken by the connection. 

�� = �f�;� ∙ 14.521 + 14.5 = 9698 ∙ 14.521 + 14.5 = 3961 m 

pq� = 41.4 ∙ 9698 = 401 720 mrr 

³ = pq�� = 401 72026.5 = 15 159 m = 15 Vm }� G®�   

    

Figure 11.13: Schematization connection transom to mullion 

 

11.4 Forces from transom to mullion - parallel to the transom 
The second analysis is from the front view of the transom and mullion. The transom is connected with 
only two screws to the mullion. Due to the applied load, the transom will deflect which is prevented by 

the screws. This results in screws loads in shear. 

The transom is connected to the mullion with two screws. This indicates that a moment can be 
transferred due to the distance between the screws. However, since the distance between the screws is 

small (21 mm) in comparison with the length of the transom (1250 mm), there is no rotational capacity 

that can be included. For this reason a hinge support should be chosen, as shown in Figure 11.14. 
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Figure 11.14: Mechanical scheme transom 

 
However this can only be applied when the movements are not constrained, so when that are slotted 

holes. When movements are constrained a small bending moment can be transferred, this results in 

possible bearing of the aluminium plates of the transom. When the experimental test set-up was received 
it was noticed that slotted holes are used for all holes, which was confirmed by de company Profel [2]. 

However when the test set-up was built it came to the attention that the placement of the oversized holes 

in the transom is not favorable. This means that the effect of the slotted holes is none.  

When the transom is loaded in bending, the rotation is prevented by the screws that connect the transom 
to the mullion and at the bottom where the transom and mullion touch. This can be seen as a forced 

rotational center, shown in Figure 11.15. 

 

Figure 11.15: Forced rotation centre at the bottom side where the transom and mullion touch each other 

 
The connection parallel to the transom can be considered in the same manner as the connection 

perpendicular to the transom. The screws are loaded in shear, this also results in plate material of the 

transom loaded in bearing. The shear capacity of the screws is determined with Eurocode 9 [7] and 

calculated with equation (13-XX).  
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Figure 11.16: Forced rotation centre at the bottom side where the transom and mullion touch each other and shear in 

the fastener  

 
 �́ ,f� = 380 ∙ h�4�Z  (11-XI) 

  Where,  

  �́ ,f� = Design bearing resistance per screw  

 
 

h� = Tensile stress area of a screw = i ∙ �� = i ∙ �4.82 �� = 18.1 rr² 
 

 �́ ,f� = 380 ∙ h�4�Z = 68781.25 = 5502 m  

Now that the shear capacity of the screw is known, only the bearing capacity of the plate material of the 
transom needs to be calculated with equation (11-XI) according to Figure 11.17. Three phases can be 

distinguished in loading the transom, namely first direct contact between the transom and mullion, 

followed by reaching the bearing capacity in the upper part of the plate, and finally reaching the bearing 

capacity of the lower material. All three phases are calculated here an put together in a load-rotation 
diagram.  

 

Figure 11.17: Bearing capacity according to Eurocode 9 [7] 

 ��,f� = V� ∙ ¶� ∙ �� ∙ � ∙ {4��  (11-XII) 

  Where,  

 
 

�� =  
= 215 N/mm² 
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d =  
= 4.8 mm 

 

 
 

t = 
= 2.0 mm 

 

 

 

k1 = min ¸2.8 ∙ ���� − 1.7 = 2.8 ∙ 144.8 − 1.7 = 6.462.5  

= 2.5 

 

 

 

¶� 

= min
¹º»
º¼ ��3 ∙ �� = 14.53 ∙ 4.8 = 1.01����� = 400215 = 1.861.0

 

= 1.0 

 

 ��,f� = 2.5 ∙ 1.0 ∙ 215 ∙ 4.8 ∙ 2.01.25 = 4 128 m  

 

To reach the force of the bearing capacity, the external forces has to be a certain value. This can be 

calculated with the proportions shown in Figure 11.18. 

���x ∙ 125 = �����[�~´�w�� ∙ 35.5 

�����[�~´�w�� = ��,f� = d CD½ \ 

���x = 4 128 ∙ 35.5125 = 1 173 m 

 

Figure 11.18: Proportions of external force and internal force 

 
The part of the plate that provides resistance against bearing is indicated in Figure 3.8. The behavior of 
bearing of plate can be described with an elastic stiffness, as stated in equation (11-XIII). The 

displacement and rotation can now be calculated. This result is shown in a load-rotation graph in 

Figure 3.9. 
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 � = V�w��x[X ∙ ¾ (11-XIII) 

  Where,  

 
 

F = Force 
= 4128 N 

 

 
 

A = Surface of plate material against bearing = ¡ ∙ {�w�x� = 7.5 + 4.8 + 7.52 ∙ 2.0 = 19.8 rr² 
 

 
 

V�w��x[X = Stiffness = y ∙ h® = 70000 ∙ 19.810.6 = 131 ∙ 10Z m/rr 
 

  u = Deformation  

 ¾ = �V�w��x[X = 4128131 ∙ 10Z = 0.03 rr  

 Δφ = u35.5 = 0.0335.5 = 0.000889 rad = &. &/°  

 

Figure 11.19: Material of the transom that provides resistance against bearing 

 
The third phase is when the plate material around the lower screw hole start to bear. This can be 

considered as the full capacity of the connection. The same calculation is used to determine the 
displacement of the screw hole and thus the rotation of the transom. This results in the values shown in 

Table 11.1. It should be noted that the assumption is made that the plate material is already bearing at 

this point, so the effect of the upper screw is neglected.  

���x ∙ 125 = �����[�~´�w�� ∙ 35.5 

�����[�~´�w�� = ��,f� = d CD½ \ 

���x = 4 128 ∙ 14.6125 = 482 m 

 � = V�w��x[X ∙ ¾ (11-XIV) 

  Where,  

 
 

F = Force 
= 482 N 

 

  A = Surface of plate material against bearing  
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= ¡ ∙ {�w�x� = 7.5 + 4.8 + 7.52 ∙ 2.0 = 19.8 rr² 

 
 

V�w��x[X = Stiffness = y ∙ h® = 70000 ∙ 19.810.6 = 131 ∙ 10Z m/rr 
 

  u = Deformation  

 ¾ = �V�w��x[X = 482131 ∙ 10Z = 0.0037 rr  

 Δφ = u14.6 = 0.003714.6 = 0.00025 rad = &. &Cd°  

 

Table 11.1: Overview of loads and rotation of the plate bearing 

 External load [N] Rotation [degrees] 

Direct contact between transom and mullion 0 0 
Bearing of the plate material around the upper screw 1173 0.051 
Bearing of the plate material around the lower screw 1655 0.065 

 

 

Figure 11.20: Load-rotation graph of bearing of the plate material of the transom 
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12. Annex C: Connection with T-connector 
When a T-connector is used, it is expected that the connection is stronger. The forces are introduced in 

the same manner as for the connection without the T-connector. The only difference is the transfer of 

forces from the transom to mullion and thus the transfer of torsional moments through the transom. 

 

Figure 12.1: Overview of two the two analyzed views 

 

12.1 Torsional moments in the transom 
The torsional moment in the transom remain the same thus according to page 123 a shear stress of 5.2 

N/mm² and a rotation of 0.206 degrees. The only thing that changes is the transfer of torsional moment 
to the mullion since the added T-connector increases the rotational capacity of the connection.  

The tolerance between the transom and mullion is very small, around 1 millimetre (Figure 3.10). This 

means that when the transom wants to rotate, the T-connector is almost instantly activated and is also 
loaded in a torsional moment. This results in screws loaded in shear forces. This is described in the 

following paragraph. For this paragraph it is enough to mention that the torsional moment at the support 

can be considered the same or even higher as for a box girder.  

 

Figure 12.2: Side view of the connection between the transom and mullion, with a front view of the T-connector  
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12.2 Perpendicular to transom 
The connection is analysed in two directions; perpendicular and parallel to the transom. If a T-connector 

is applied the scheme from Figure 12.3 is still applicable. The only difference is four screws instead of 
two and thus an increased rotational capacity. 

�́ ,q� = 1.594 = 0.40 Vm per screw/support 
The bending moment is also divided over more screws: 

�x;� = �X;� = 2.02 = 1.0 Vm 

 

Figure 12.3: Side view of the transom, where there is a forced rotation centre between the transom and mullion 

 
It is just concluded that the contact between the transom and mullion can be seen as a support, shown in 
Figure 12.3. For the T-connector a quick solution is to divide the occurring tensile and compression 

forces over two extra screws, thus in the same manner as above. This results in:  

�x;� = �Z;� = 1.22 = 0.6 Vm 

However as mentioned before it is unknown how the forces will distribute over the supports, it depends 

on the stiffness of the screws, and the contact between the transom and mullion. 

12.3 Parallel to the transom 
When a T-connector is applied, two extra screws are used. In the parallel direction this results in an extra 

hinge support, this is shown in Figure 14.14. To avoid stresses between the support the first support is 

now a roller. This is in agreement with Profel, who uses slotted holes.  
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Figure 12.4: Mechanical scheme transom with T-connector 

 

With a T-connecter there is a moment in the connection due to eccentricity in the load and supports. The 

T-connector itself is mostly loaded in shear. In Figure 14.15 the mechanical scheme is shown, in which 

the eccentricity can be seen. Side note, the T-connector is connected with two screws to the mullion. So 
the shear load from the transom is divided by 2. 

�́ ;q� = 0,4002 = 0,200 Vm 

pq� = 200 × 13 = 2600 mrr 

�x = �� = p� = 260019.5 = CLL \ 

 

Figure 12.5: Mechanical scheme t-connector 
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13. Annex D: Capacity P500 system 
In this annex the capacity of the transoms, mullions, and the joint is calculated according to the Eurocode 

[7]. Nothing can be said over failure mechanism or load distribution. Also some parameters are not 

determined yet, for example the length of the profiles. That is shown in a different annex for the 

reference project. 

13.1 Properties aluminium 
Table 13.1: Properties aluminium 

Property Value for Aluminium Value for Steel 

Modulus of elasticity [E] 70 000 N/mm² 210 000 N/mm² 
Shear modulus [G] 27 000 N/mm² 81 000 N/mm² 
Poisson’s ratio [ν] 0.30 0.30 
Thermal expansion 

coefficient [α] 
23x10-6 per °C 12x10-6 per °C 

Weight density [ρ] 2700 kg/m³ 7850 kg/m³ 
 
Table 13.2: Mechanical properties aluminium AW6060-T66 alloy [7] 

Property Value for t ≤ 3mm Value for 3 mm < t ≤ 3mm 

0.2% proof stress [f0] (bending and 

yielding) 

160 N/mm² 150 N/mm² 

Tensile stress [fu] (local capacity) 215 N/mm² 195 N/mm² 
Minimal elongation [A] 8 % 8 % 
0.2% proof stress in heat affected zone 
[f0,haz] 

65 N/mm² 65 N/mm² 

ultimate tensile strength in heat 
affected zone [fu,haz] 

110 N/mm² 110 N/mm² 

Buckling class A A 

13.2 Section modulus (Wx & Wy) 
Profel uses a system of five different mullions and four different transoms, the main difference is the 

depth of the profiles. Each profile has its own stiffness and can be strengthened with steel or aluminium 

cross-sections. As described in the graduation plan, the experimental and numerical model will consist 
of a P518 mullion and a P523 transom without any stiffening parts, shown in Figure 2.4. The center of 

gravity is indicated in the figure, and calculated with the massprop function in Autocad. The neutral axis 

of is not on the same height as the midline. With equation (13-I) this means that the section modulus is 

not the same for both sides of the section. In Table 13.3 the section modulus is given.  

 �[ = Á[�[ (13-I) 

  Where,  

  �[ = Section modulus   

  Á[ = Second moment of area  

  �[ = Distance from neutral axis to most severely stressed fibre  

 
Table 13.3: Overview material properties 

Profile Surface Moment of inertia  Section modulus 

 A [mm²] Ix [cm4] Iy [cm4] Wx [cm³] Wy [cm³] 
P518 mullion 906.53 156.90 31.70 25.39 – upper 12.68 
    22.67 – lower   
P523 transom 802.97 143.20 30.70 22.17 – upper  12.28 
    21.91 – lower   
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Figure 13.1: Mullion (left) and transom (right) for experimental and numerical research [3] 

13.3 Classification of cross-sections 
The profiles are classified to determine if the cross-sections are limited in the resistance and rotation 

capacity by local buckling resistance. According to article 6.1.4.2 of Eurocode 9 [7], there are four 

classes of cross-sections defined, as named below.. 

- Class 1: cross-sections can form a plastic hinge 

- Class 2: cross-sections can form a plastic hinge but have limited rotation capacity 

- Class 3: proof stress can be reached in extreme stressed fibre, however local buckling can occur  

in development to full plastic moment resistance 
- Class 4: local buckling will occur before proof stress is reached 

In Figure 13.2 the cross-section classes are expressed in slenderness limits. The slenderness limits are 

determined according to article 6.1.4.4 of Eurocode 9 [7]. In Figure 13.3 the values are shown to 

determine the slenderness parameters βi, this depends on the material classification (buckling class from 
EC [7]) and if it is an internal or external part.  

 slenderness parameter = Â[v  (13-II) 

  Where,  

  Â[ = Limits for slenderness parameter  

  v = 250 / fo , coefficient  
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Figure 13.2: Stress distribution and shape factor for cross-sections  

 

 

Figure 13.3: Slenderness parameters [7] 

 
Profel uses extruded profiles, so no welds are applied. The buckling class is the aluminium alloy 

AW6060-T66 is A [7]. Side note: the notches are not applied for resistance to local buckling, they are 
applied to center a stiffening part. They do however increase the section modulus and moment of inertia, 

but only minimal. 

The slenderness parameter is determined with equation (13-III). For the classification it is also of 

importance if the elements are under pressure, tension, or bending. For bending the stress distribution 
over the height is taken into account by the coefficient eta (η) as shown below. It is thus important to 

predict the stress distribution.  

 Â = Ã ∙ ¡{  (13-III) 

  Where,  

  Â = Width-to-thickness ratio b/t  

 
 

Ã = Coefficient to allow for stress gradient or reinforcement of cross 
section part 
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   = 0.70 + 0.30 ∙ �  (for 1≥ψ≥-1) 

 
 

 = 0.801 − � (for ψ<-1) 

  � = stress ratio  
  b = Width of cross section part  

  t = Thickness of a cross-section part  

13.3.1 Mullions - P518 

13.3.1.1 Stress distribution 

The mullion is a vertical profile that bends around the x-axis due to the wind. The glass weight and own 
weight cause normal forces. So axial compression and bending moment are accounted for, shown in 

Figure 13.4. 

   

Figure 13.4: Loadings and internal forces of the mullion in terms of bending moment and normal force 

 

13.3.1.2 Upper flange 

The upper flange is an unstiffened internal part. From Figure 13.3 this results in the following 

slenderness parameters: Â�v = 11 
Â�v = 16 

ÂZv = 22 

With   

v = Ä250�� = Ä250160 = 1.25 

  

gives   
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Â� = 13.75 Â� = 20.00 ÂZ = 27.50 

The classification of the upper flange can now be determined according to article 6.1.4 of EC [7]. Filling 

in equation (13-III) results in the following: 

 Â = Ã ∙ ¡{  
  

 Ã = 0.70 + 0.30 ∙ �    
 � = 1 since there is only compression   
 Ã = 0.70 + 0.30 ∙ 1 = 1   
 Â = 1 ∙ 47.83 = 15.9 

  

 Â� ≥ Â ≥ Â� which gives a ÉÊËÌÌ D classification 

It must be noted that it is assumed that the normal stresses exceeds the bending stresses. If this is not the 

case, the upper flange will be loaded in tension and is unable to buckle.  

13.3.1.3 Lower flange 

The lower flange is a stiffened internal part. This gives the same slenderness parameters as for the upper 

flange. Only compressive stresses occur.  

 Â� = 13.75 
 Â� = 20.00 
 ÂZ = 27.50 

The classification of the lower flange can now be determined. For stiffened plates local buckling needs 

to be considered, by taking the buckling modes into account. This gives different values for eta (η). 

There are two buckling modes that need to be considered, as shown in Figure 13.5. There are also two 

different stiffening parts in in lower flange. First the small internal stiffening parts are checked, followed 
by the cantilever part on the outside. 

 

Figure 13.5: Local buckling modes that are considered 

 
Mode a Â = Ã ∙ ¡{  

 

Ã = 1
Í1 + 4.5 ∙ ¬
{ − 1�

¡{
= 1

Í1 + 4.5 ∙ ¬2.32.2 − 1�
45.62.2

= 1.0 

Since the value is one, the stiffening parts have no effect, which is in agreement with the design 

principles of Profel. The second buckling mode is due to this effect not even considered.  

The lower flange has an extra part on which the glass is supported (cantilever part). This also functions 

as a stiffened part.  
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Mode a Â = Ã ∙ ¡{  

 

Ã = 1
Í1 + 4.5 ∙ ¬
{ − 1�

¡{
= 1

Í1 + 4.5 ∙ ¬42.02.0 − 1�
45.62.0

= 0.15 

 Ã should be bigger than 0.5 as given by EC as a lower limit 
 Â = 0.5 ∙ 45.62.2 = 10.4 

 Â� ≥ Â which gives a ÉÊËÌÌ C classification 

13.3.1.4 Web 

The left and right plate of the profile are unstiffened internal parts. Also the same slenderness parameters 

are applied. The same buckling modes are considered as for the lower flange.  

 Â� = 13,75 
 Â� = 20.00 
 ÂZ = 27.50 
 Â = Ã ∙ ¡{  

 Ã = 0.70 + 0.30 ∙ � 
 � = dependend of stress distibution 
 Class A profile with a stress distribution ratio of 1 to -0.43, see Figure 13.6. 
 

 
Figure 13.6: Stress distribution mullion 

 � = 1−0.43 = −2.33 

 Ã = 0.801 − � = 0.801 − �−2.33� = 0.24 

 Â = 0.24 ∙ 83.82.2 = 9.42 

 Â ≤ Â�  which gives a ÉÊËÌÌ C classification 

13.3.2 Transom - P523 

The transom also needs to be classified similarly to the mullion. However in practice the transom is a 

horizontal profile that bends around the y-axis due to the glass loads. That means that the stress 

distribution needs to be taken into account for the flanges and is less of importance in the web. The 

naming of the plates switches according to Figure 13.8. 
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13.3.2.1 Stress distribution 

The transom is a horizontal profile with a cantilever beam. The force from the glass panels results in 

torsional moments. However the magnitude of the torsional moments is dependent on the load and the 

location of the cross-section under consideration. For now the most unfavourable location is taken into 

account which is near the support.  

The point of application of the torsional moment is in the shear centre of the profile, as shown in Figure 

13.8. The screws that connect the transom to the mullion are schematized as hinge supports. With the 

program MatrixFrame a valid first prediction of the internal forces are determined. The loading are 

applied in the shear centre, to make this possible the profile is adjusted, as shown in Figure 13.7. 

 

Figure 13.7: Adjusted profile to calculate the internal forces 

 

Figure 13.8: Loadings and internal forces of the transom in terms of torsional moment and normal force 

 

13.3.2.2 Right flange 

The flanges are unstiffened internal parts. This gives the same slenderness parameter as in the previous 
parts.  

 Â� = 13.75 
 Â� = 20.00 
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 ÂZ = 27.50 
 Â = Ã ∙ ¡{  

  

 � = −1 since the stress distribution is − 1: 1 
 Ã = 0.70 + 0.30 ∙ � = 0.70 + 0.30 ∙ −1 = 0.4 
 Â = 0.4 ∙ 46.52.0 = 9.3 

  

 Â ≤ Â� which gives a ÉÊËÌÌ C classification 

13.3.2.3 Left flange 

 Â� = 13.75 
 Â� = 20.00 
 ÂZ = 27.50 
 Â = Ã ∙ ¡{  

  

 The stress distribution  
 � = −1 since the stress distribution is − 1: 1 
 Ã = 0.70 + 0.30 ∙ � = 0.70 + 0.30 ∙ −1 = 0.4 
 Â = 0.4 ∙ 46.52.0 = 9.3 

  

 Â ≤ Â� which gives a ÉÊËÌÌ C classification 

13.3.2.4 Top web 

The top web of the profile is unstiffened internal parts. Since from the mullions it is concluded that the 

stiffening parts have no effect. Therefore they are not considered, and the part is approached as 

unstiffened. The same slenderness parameters are applied.  

 Â� = 13.75 
 Â� = 20.00 
 ÂZ = 27.50 
 Â = Ã ∙ ¡{  

 The stress ratio for the top web is depended of the magnitude of the forces. In the most 
unfavourable manner there is mostly compression in the web. For this a psi-factor of 0 is 
presumed.  

 Ò = 0 
 Ã = 0.70 + 0.30Ò = 0.70 + 0.30 ∙ 0.0 = 0.7 

 Â = 0.7 ∙ 100.52.2 = 31.98 

 ÂZ < Â which gives a ÉÊËÌÌ d classification 

13.3.2.5 Lower web 

 Â� = 13.75 
 Â� = 20.00 
 ÂZ = 27.50 
 Â = Ã ∙ ¡{  

 Where in the top web there is mostly compression the lower web has more tension due to 
the bending moment. For this reason a psi-factor of 0.5 is assumed.  

 Ò = 0.5 
 Ã = 0.70 + 0.30Ò = 0.70 + 0.30 ∙ 0.5 = 0.85 

 Â = 0.85 ∙ 100.52.2 = 38.8 

 ÂZ < Â which gives a ÉÊËÌÌ d classification 
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13.3.3 Overview classifications 

An overview of the classifications is given in Table 13.4. This can however change for parts in tension 

or compression. So in the following chapter the classification is determined per load situation.  

Table 13.4: Overview classifications P518 

 P518 - mullion 

Upper flange Class 2 
Lower flange Class 1 
Web Class 1 

 

Table 13.5: Overview classifications P523 

 P523 - transom 

Right flange Class 1 
Left flange Class 1 
Top web Class 4 
Lower web Class 4 

13.4 Strength of cross-sections 
In this paragraph the resistance of the applied mullions and transoms is calculated. The design rules of 

the Eurocode [7] are used for regular aluminium profiles. The classification of the profiles is determined 

in the previous paragraph. 

13.4.1.1 P518 – mullion 

The mullion is the vertical profile and mainly loaded in compression, since wind load is not of 

importance in this research. In Figure 13.9 the cross-section of the mullion is shown. The loadings are 
assumed according to paragraph 13.3.1.1. 

 

Figure 13.9: Cross section of the mullion 
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13.4.1.2 Tension 

When a member is loaded in tension, the resistance is provided by a minimum value of [7]: 

 m�,f§ = h~ ∙ ��4��  (13-IV) 

 or  

 m�,f� = 0.9 ∙ h��x ∙ ��4��  (13-V) 

  Where,  

 
 

m�,f§ = design value of resistance to general yielding of a member in 
tensions 

 

 
 

m�,f� = design value of resistance to axial force of the net cross-section 
at holes for fasteners 

 

  h~ = area of gross cross-section  

 
 

h��x = net area of cross-section 
= h~ − 2 ∙ ∅ ∙ { 

 

  �� = characteristic value of 0,2% proof strength  

  �� = characteristic value of ultimate tensile strength  

 
 

4�� = partial factor for resistance of cross-sections whatever the class 
is 

 

  4�� = partial factor for resistance of cross-sections in tension to fractur  

The characteristic value of the 0.2% proof strength depends on the alloy used. In Table 2.7 the values 

are given. The profiles are extruded there is no heath affected zone. Equation (13-IV) is only applicable 

to members with holes. This gives a design tension resistance of:  

m�,f§ = h~ ∙ ��4�� = 907 ∙ 1601,1 = CLC. ( F\ 
 

m�,f� = 0.9 ∙ h��x ∙ ��4�� = 0.9 ∙ �906.5 − 2 ∙ 4.8 ∙ 2.0� ∙ 2151.25 = 137.4 Vm 
 

13.4.1.3 Compression 

When a member is loaded in compression, the resistance is provided by a minimum value of [7]: 

 mX,f§ = h��� ∙ ��4��  (13-VI) 

 or  

 m�,f§ = h��x ∙ ��4��  (13-VII) 

  Where,  

 
 

mX,f§ = design resistance to normal forces of the cross-section for 
uniform compression 

 

 
 

m�,f� = design value of resistance to axial force of the net cross-section 
at holes for fasteners 

 

  h��� = effective area of cross-section  

 
 

h��x = net area of cross-section 
= h~ − 2 ∙ ∅ ∙ { 

 

  �� = characteristic value of 0,2% proof strength  

  �� = characteristic value of ultimate tensile strength  

  4�� = partial factor for resistance of cross-sections whatever the class is 
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  4�� = partial factor for resistance of cross-sections in tension to fracture 
For this the effective area and net cross-sectional area needs to be calculated. The effective area depends 

on the reduced thickness due to buckling. The P518 profile is a class 3 profile, so there is no reduced 

thickness.  

mX,f§ = h��� ∙ ��4�� = 906.53 ∙ 1601.1 = CLD F\ 
 

m�,f§ = h��x ∙ ��4�� = �906.5 − 2 ∙ 4.8 ∙ 2.0� ∙ 2151.25 = 153 Vm 
 

13.4.2 P523 – transom 

The loadings are assumed according to paragraph 13.3.2.1 at page 145. 

13.4.2.1 Tension 

The tension is calculated in the same manner as for the P518 mullion. 

m�,f§ = h~ ∙ ��4�� = 803 ∙ 1601,1 = CCM F\ 
 

m�,f� = 0.9 ∙ h��x ∙ ��4�� = 0.9 ∙ �803 − 2 ∙ 4.8 ∙ 2.0� ∙ 2151.25 = 121 Vm 
 

 

13.4.2.2 Compression 

The effective area (Aeff) is dependent of the impact of partial instability. Since only the webs are of class 

4, this needs to be reduced in cross-section according to equation (13-VIII). The reduced web thickness 

is calculated with equation (13-IX). With the reduced web thickness (Figure 13.10) the effective area is 

calculated. The reduced thickness is only considered for the transom, since this is a class 4 profile.  

 ÓX = _��Â/v� − _��Â/v��  (13-VIII) 

 {X = ÓX ∙ { (13-IX) 

  Where,  

  ÓX = reduction factor for local buckling  

  _�&_� = Constants from EC9 – table 6.3 see Table 13.6  

 
 Â = Width-to-thickness ratio b/t 

= 38.8 see page 146 
 

  v = 250 / fo , coefficient  

  {X = reduced web thickness  

 
 

{ = thickness of a cross-section part 
= 2.2 mm 

 

 

Table 13.6: Constants C1 and C2 [7] 

 

This results in the following reduced thickness: 
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 ÓX = 32�31.05� − 220�31.05�� = 0.8 (13-X) 

 {X = 0.8 ∙ 2.2 = 1.76 rr (13-XI) 

  

Figure 13.10: Reduced cross-sections that results in an effective area of 717.8 mm² 

 
To calculate the effective are, the reduced thickness needs to be taken into account. With the massprop 

function in Autocad this results in an effective area of 717.8 mm². Now that the effective area is 

calculated, the maximal compression load is calculated with equation (13-VI) & (13-VII) . 

mX,f§ = h��� ∙ ��4�� = 717.8 ∙ 1601.1 = C&d F\ 
 

m�,f§ = h��x ∙ ��4�� = �906.5 − 2 ∙ 4.8 ∙ 2.0� ∙ 2151.25 = 135 Vm 
 

13.4.2.3 Bending moment 

When a member is loaded in bending, the resistance is given by equation (13-XII) [7]. The neutral axis 

is in the same height as the geometric axis, so the positive and negative bending are equal to each other. 

 pX,f§ = ¶ ∙ ��w ∙ ��4��  (13-XII) 

 or  

 p�,f§ = ���x ∙ ��4��  (13-XIII) 

  Where,  

  pX,f§ = is the design bending moment resistance   

  p�,f� = design resistance for bending of the net cross-section at holes  

  ¶ = shape factor  

  ��w  = elastic modulus of the gross section  

  ���x = elastic modulus of the net section allowing for holes  



Annex D: Capacity P500 system 

 

  151 
 

 

Figure 13.11: Values of shape factor from EC 6 – table 6.4 [7] 

 
The profile is a class 4 profile. With Figure 13.11 this results in a shape factor that is determined by the 

effective elastic section modulus, after reduction, and the elastic section modulus of the gross section. 

Formula (13-XII) than transforms to: 

¶ = ������w   

pX,f§ = ¶ ∙ ��w ∙ ��4�� = ������w ∙ ��w ∙ ��4�� = ���� ∙ ��4��   

To determine the effective section modulus (Weff), first the effective section has to be determined. Some 

parts are loaded in compression, these have to be reduced to take local plate buckling into account, this 

is already calculated in the previous paragraph. The corresponding section modulus is given in Table 

13.7. 

Table 13.7: Overview material properties 

Profile Surface Reduced moment of inertia Reduced section modulus 

 A [mm²] Ix [cm4] Iy [cm4] Wx [cm³] Wy [cm3] = Wnet 
P523 transom 717.8 128.35 21.80 18.99 – upper  10.56 
    20.54 – lower   

 
This results in a maximal bending moment of: 

pX,f§ = ���� ∙ ��4�� = 12.28 ∙ 10Z ∙ 1601.1 = C. M( F\^ 

p�,f§ = ���x ∙ ��4�� = 10.56 ∙ 10Z ∙ 2151.25 = 1.82 Vmr 

13.4.2.4 Shear force 

First we need to determine if the plates of the cross-section are non-slender members. According to 

Eurocode [7] a member is non-slender if hw / tw < 39ε. 

 ℎY{Y < 39 ∙ v (13-XIV) 

  Where,  

  ℎY = depth of a web between flanges   

  {Y = web thickness  

  v = 250 / fo , coefficient  
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 39 ∙ v = 39 ∙ Ä250�� = 39 ∙ Ä250160 = 48.8  

 ℎY{Y = 100.52.2 = 45.7 < 48.8 OK 

Since the plates are considered as non-slender members, the resistance is provided by: 

 Õf� = hÖ ∙ ��√3 ∙ 4�� (13-XV) 

  Where,  

  Õf� = design shear resistance  

 

 

hÖ = shear area = × Ø¬ℎY − × � ∙ �{Y�[ − �1 − Ó�,Ù�Ú� ∙ ¡Ù�Ú ∙ �{Y�[Û�
[Ü�  

 

 
 

n = number of holes 
= 2 holes 

 

 
 

ℎY = depth of a web between flanges 
= 83.8 mm and 100.5 mm 

 

 
 

d = diameter of hole 
= 0 (no holes applied) 

 

 
 

{Y = web thickness 
= 2.2 mm 

 

 
 

Ó�,Ù�Ú  = ratio between 0,2% proof strength in HAZ and in parent 
material 

 

  ¡Ù�Ú = extant of HAZ  h´ = 50 ∙ 1.76 = 88 rr�  Õf� = 88 ∙ 225√3 ∙ 1,1 = M. d F\ 
 

13.4.2.5 Torsion 

Loads on the transoms give a resulting force away from the shear centre of the cross-section. This results 
in torsion with warping [7]. 

 �f� = ��,�w ∙ ��√3 ∙ Ý��  (13-XVI) 

  Where,  

  �f� = design St.Venant torsion moment resistance  

 
 

��,�w = plastic torsion modulus = ¶ × ��;�w  

 
 

¶ = shape factor 
= 1.2 

 

 
 

��;�w = elastic torsion modulus 
= 2 × hx × min �{[� 

 

 

 

hx = enclosed area = 0,5 ×��[ − �[¨����[ + �[¨���
[Ü�  

 

The enclosed area is determined with the Figure 13.12. The shear center is taken as the center with 
coordinates (0,0). From this the coordinates of the four corner points follow, see Table 13.8. The 

equation that follows is below the table. 
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Figure 13.12: Cross-section to determine the elastic torsional moment 

 
Table 13.8: Coordinates nodes used to calculate the enclosed area 

Node y-coordinate z-coordinate 

1 -38.9 -23.9 
2 -38.9 +23.9 
3 +63.4 +23.9 
4 +63.4 -23.9 

 

 Þß = &. / ∙ ��−L½. ( − eL. d� ∙ �−DL. ( − DL. (� + �−L½. ( − −L½. (� ∙ �DL. ( − DL. (�+ �eL. d − −L½. (� ∙ �DL. ( + DL. (� + �eL. d − eL. d� ∙ �−DL. ( + DL. (�= d ½(& ^^² 

 ��;�w = 2 × 4890 × 1.76 = 17 213 rr³  

 ��;�w = 1.2 × 17213 = 20 656 mm³  

 �f� = 20 656 × 160√3 × 1.1 = C. M F\^  

13.4.3 Overview 

In Table 3.2 an overview is given of the capacity in the transom and mullion. These value are 
independent of the length and height of the system and are calculated with parameters belonging to the 

P518 mullion and P523 transom. 

Table 13.9: Overview of capacity of transom and mullion in kN 

 Capacity of transom P523 [kN] Capacity of mullion P518 [kN] 

Tension 116.8 131.9 
Compression 104.4 131.9 
Bending moment 1.8 - 
Shear 7.4 - 
Torsion 1.7 - 
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13.5 Stability of transom and mullion 
To calculate the capacity of the transom and mullion in terms of stability, more values are needed. The 

length and height of the system need to be known. For this a reference project is chosen, this is in 
agreement with Profel and the master research students [2]. The stability calculations can be found in 

the Annex Load distribution. 

13.5.1 P518 – mullion 

13.5.1.1 Flexural buckling 

The resistance of a member loaded in compression is given by equation (13-XVII). 

m�;f� = á ∙ â ∙ h��� ∙ ��4��  
 

 (13-XVII) 

Where:    
 m�;f�  = Design buckling resistance of a compression member 
 á  = Factor to allow for the weakening effect of welding 
 â  = Reduction factor for relevant buckling mode 
 h���  = Effective cross-section area 
 ��  = 0,2% proof strength 
 â = 1∅ + ã∅� − Ý̅² 

 ∅  = Value to determine the reduction factor χ 
 Ý̅  = Relative slenderness 
 Ý̅ = Äh��� ∙ ��mX�  

 mX�  = Elastic torsional-flexural buckling force 
 mX� = i� ∙ y ∙ Á�²  

13.5.2 P523 – transom 

13.5.2.1 Lateral-torsional buckling 

Lateral-torsional buckling is a stability failure that occurs when a beam is subjected to a bending moment 

and transverse loads. 

p�;f� = âäx ∙ ¶ ∙ ��w;� ∙ ��4��  
 

 (13-XVIII) 

Where:    
 p�;f�  = Design buckling resistance moment 
 âäx  = Reduction factor for lateral-torsional buckling 
 ¶  = Shape factor 
 ��w;�  = Elastic bending resistance 
 âäx = 1

∅ä� + å∅ä� � − Ý̅ä�� ≤ 1,0 

 ∅ä�  = Value to determine the reduction factor χLT 
 ∅ä� = 0.5æ1 + ¶ä��Ý̅ä� − Ý̅�,ä�� + Ý̅ä�²ç 
 ¶ä�  = Imperfection factor 
 Ý̅ä�  = Non dimensional slenderness for lateral torsional buckling 
 Ý̅�,ä�  = Plateau length of the lateral torsional buckling curve 
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13.6 Connection 
The connection between the transom and mullion is made with two screws. In Eurocode 9-1-4 a 
connection with screws is not explicitly addressed, it is however mentioned in paragraph 8.9 of Eurocode 

9-1-1 [7]. A reference is made to Eurocode 9-1-4 [20] for which the subject is cold-formed structural 

sheeting. The equations in Paragraph 8.3: “Self-tapping/ self-drilling screws” are used to determine the 

failure mechanisms. 

Next to the Eurocode there is a handbook for designers by Sapa [21], which consists of examples for the 

calculation of the connection, which is almost the same as the Eurocode. It should be noted that the Sapa 

book has more failure mechanisms due to the open screw ports. In mechanical joints, failure can occur 
in either the material or the fastener. In Figure 13.13 the failure mechanisms are shown that exist. In this 

chapter the capacity of the relevant failure mechanisms are calculated. 

  

Figure 13.13: Failure mechanisms for connections in shear (left) or connections in tension (right) 

 

13.6.1 Failure of the connection 

13.6.1.1 Bearing capacity of the thin plates 

The bearing capacity is visualized in Figure 13.14 and is calculated with equation (13-XIX) [20], [21]. 

 

Figure 13.14: Failure in bearing capacity 

 
 ��;f� = 2,5��;W[�4�Z ã{³� ≤ 1,5��;W[�{�4�Z  (13-XIX) 

  Where,  

  ��;f� = Design bearing resistance per screw  

  ��;W[� = Minor ultimate tensile strength of both connected parts  

 
 

4�Z = Partial safety factors 
= 1.25 
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{ = Thickness of the plate, both plates are the same thickness here 
= 2 mm 

 

 
 

� = Diameter of fastener 
= 4.2 mm 

 

 ��;f� = 2.5 ∙ 2151.25 ã2.0³ ∙ 4.2 ≤ 1.5 ∙ 215 ∙ 2.0 ∙ 4.21.25   

 ��;f� = 2492.5 m ≤ 2167.2 m  

 ��;f� = DCeM. D \  

13.6.1.2 Shear capacity  

Shear failure in the fastener, shown in Figure 13.15, is checked with equation (13-XX) [20] or (13-XXI) 
[21]. As can be seen there is a clear difference between the two calculation methods. 

 

Figure 13.15: Shear in the fastener 

Eurocode 

 �́ ,f� = 380 ∙ h�4�Z  (13-XX) 

  Where,  

  �́ ,f� = Design bearing resistance per screw  

 
 

h� = Tensile stress area of a screw = i ∙ �� = i ∙ �4.82 �� = 18.1 rr² 
 

 �́ ,f� = 380 ∙ h�4�Z = 68781.25 = 5502 m  

Sapa book 

 �́ ,f� = �́ ,fH4��  (13-XXI) 

  Where,  

  �́ ,f� = Design shear resistance per bolt  

 
 

�́ ,fH = Shear failure force, obtained from table 19.14 in Sapa [21] for 
a 4.8 mm screw 
= 4600 N 

 

 �́ ,f� = �́ ,fH4�� = 46001.25 = 3680 m  

13.6.1.3 Tensile resistance of self-drilling screws 

The tensile resistance is calculated with equationError! Reference source not found.) [21]. However 

this cannot be found in the Eurocode.  
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Figure 13.16: Tensile resistance screw 

 
 
 �x,f� = V� ∙ ��� ∙ h�4��  (13-XXII) 

  Where,  

  �x,f� = Design tension resistance  

  V� =   

  ��� =   

  h� = i ∙ ��  

 �x,f� = 0.9 ∙ 400 ∙ 18. .11.25 = 5.21 m  

 

13.6.1.4 Pull through resistance of joints in tension 

The pull through resistance is determined with (13-XXIII) [20]. 

 

Figure 13.17: Pull through resistance 

 
 ��,f� = 6.1 ∙ ¶ä ∙ ¶q ∙ ¶� ∙ Ä�Y22 ∙ { ∙ ��4��  (13-XXIII) 

  Where,  

  ��,f� = Pull through resistance of joints in tension  

 

 

¶ä = Correction factor with respect to tension in bending 
See Table 13.10 = 1.25 − �6 = 1.25 − 2.56 = 0.833 

 

 
 

¶q = Correction factor with respect to the location of fasteners 
= 0.7, See Table 13.12 

 

 
 

¶� = Correction factor with respect to the type of washer 
= 0.8, see Table 13.11 

 

 
 

�Y = Diameter of the washer or the head of the fastener 
= 50 mm 

 

 ��,f� = 6.1 ∙ 0.833 ∙ 0.7 ∙ 0.8 ∙ Ä5022 ∙ 2.0 ∙ 2151.25 = CdM/. M \  
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Table 13.10: Correction factor αL from Table 8.1 of Eurocode [3] 

 

Table 13.11: Correction factor αM from Table 8.2 of Eurocode [3] 

 

Table 13.12: Correction factor αE from Table 8.3 of Eurocode [3] 

 

13.6.1.5 Pull out resistance of joints loaded in tension 

The pull out resistance is determined with (13-XXIV) [20]. 

 

Figure 13.18: Pull out resistance 

 
 ��,f� = 0.95 ∙ ��,��� ∙ å{���Z ∙ �4�Z  

(13-XXIV) 

  Where,  

  ��,f� = Pull out resistance of joints in tension  

 
 

��,��� = ultimate tensile strength of the supporting component into 
which a screw is fixed 

 

 
 

{���  = thickness of the supporting member in which the screw is 
fixed 

 

 
 

� = diameter of fastener 
= 4.2 mm 

 

 ��,f� = 0.95 ∙ 215 ∙ ã2.0³ ∙ 4.21.25 = 947 m  

13.6.1.6 Tension resistance  

The design tension resistance is given by equation (13-XXV). 
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 �x,f� = 560 ∙ h�4�Z  (13-XXV) 

  Where,  

  �x,f� = Design tension resistance  

 
 

h� = tensile stress area of a screw = i ∙ �� = i ∙ �4.82 �� = 18.1 rr² 
 

 ��,f� = 560 ∙ 18.11.25 = 8 109 m  

13.6.2 Failure of T-connector  

The addition of a T-connector results in more failure modes. The connection from transom to T-

connector is created with open screw ports. This results in the following extra failure mechanisms [21]: 

- Pull-out resistance 
- Shear capacity of an open screw port 

13.6.2.1 Pull-out resistance 

 �x,f� = 1.6 ∙ � ∙ ��4�� (13-XXVI) 

  Where,  

  �x,f� = Design pull out resistance  

 
 

� = Tread length in the port = ��X��Y − { = 16 − 2.0 = 14.0 rr 
 

  �� = Ultimate strength of the profile  

 �x,f� = 1.6 ∙ 14.0 ∙ 2151.25 = 3 853 m  

13.6.2.2 Shear capacity of an open screw port 

The shear force is applied in downwards direction. The opening of the top screw port is above and for 

the down screw port is below. So shear failure can only occur for the top screw port. The failure of the 

other screw port can only happen due to failure of the screw.  

 �́ ,f� = �2 ∙ { + 0.16 ∙ �� ∙ ��4�� (13-XXVII) 

  Where,  

  �́ ,f� = Design shear resistance  

 
 

t = thickness of the plate, both plates are the same thickness 
here 
= 2.0 mm 

 

 
 

� = Tread length in the port = ��X��Y − { = 16 − 2.0 = 14.0 rr 
 

  �� = Ultimate strength of the profile  

 �x,f� = 1 = �2 ∙ 2 + 0.16 ∙ 14� ∙ 2151.25 = 1 073m  
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13.6.3 Overview 

In Table 3.3 an overview is given of the capacity of the connection between the transom and mullion. 

The forces are shown in Newton, since the magnitude is smaller than for the transom and mullion itself. 

Table 13.13: Overview capacity connection 

 Load [N] 

Failure mechanism  
Bearing capacity 2 167 
Shear capacity 3 680 
Tensile resistance of self-drilling screws 4 416 
Pull through resistance of joints in tension 1 620 
Pull out resistance of joints in tension 947 
Tension resistance 8 109 

Failure T-connector  
Pull out resistance 3 853 
Shear capacity 1 073 
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14. Annex E: Reference project 
In this Annex a reference project is used to calculate the capacity of the P500 system, in particular the 

capacity of the mullion and transom, and the node itself. The failure mechanisms are determined in this 

Annex and the weak point of the curtain wall are shown.  

14.1 Geometry reference project  
In agreement with Profel the project shown in Figure 14.1 is chosen. For the transom and mullion the 

same cross-sections and screws are chosen as in the experimental and numerical research: 

- P518 mullion  

- P523 transom 

- Screws st. 4.8x16 and st. 4.8x32 

 

Figure 14.1: Reference project 

14.2 Loadings on curtain wall 
As described in the graduation plan the load is in vertical direction and consist of the own weight of 

glass panels, see Figure 3.11. The glass is only supported on the glazing supports, as shown in Figure 

3.11. Next to this the own weight of the transom and mullion need to be taken into account, all shown 
in Table 14.1. It should be noted that the own weight of the transom and mullion seem extremely small 

in comparison to the glass weight. 

Table 14.1: Weight of elements 

Parameter Weight 

Glass  25.0 kN/m³ 
P518 mullion 0.02475 kN/m 
P523 transom 0.02192 kN/m 
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Figure 14.2: Glass loading on the transoms 

14.2.1 Glass 

The glass consist of two 8 millimeter panels. This results is the following vertical loading: 

h~w��� = �|�{ℎ {��� }r ∙ �2 ∙ G®�    {ℎ|
V��  � = 1.25 ∙ �2 ∙ 0.008 � = 0.02 r� ~w��� = h~w��� ∙ Ý~w��� = 0.02 ∙ 25.0 = &. / F\/^ 

14.2.2 Mullion 

14.2.2.1 Loadings on mullion 

The glass panels are completely supported on the transom, this means that the load is distributed onto 
the mullion through the transom. In Figure 14.3 the loading area for the mullion is shown with the 

mechanical scheme for the mullion and the corresponding loads. The top force (F1) only consists of the 

own weight of the top two transoms.  

 

Figure 14.3: Loading area, mechanical scheme, and internal forces for the mullion 
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14.2.2.2 Characteristic loads ��;~,H = length ∙ own weight transom ��;~,H = 1.25 ∙ 0.02192 = &. &DM F\ ��;~,H = own weight transom + own weight mullion + glass weight ��;~,H = 0.0274 + 0.65 ∙ 0.02475 + 0.65 ∙ 0.5 = &. Le½ F\ �Z;~,H = own weight transom + own weight mullion + glass weight �Z;~,H = 0.0274 + 0.65 ∙ 0.02475 + 0.65 ∙ 0.5 = &. Le½ F\ 

14.2.2.3 Design loads 

The design loads are determined according to Eurocode [6] 

�[;~,� = 1.35 ∙ �[;~,H ��;~,� = 1.35 ∙ 0.027 = &. &Le F\ ��;~,� = 1.35 ∙ 0.368 = &. d(M F\ �Z;~,� = 1.35 ∙ 0.368 = &. d(M F\ 

14.2.2.4 Determine reaction forces 

There are only vertical loadings, so there are also only vertical reaction forces. 

× �́ = 0 → èé = 0.036 + 0.497 + 0.497 = C. & F\ 

The normal force line is determined and shown in Figure 14.3. 

Normal force in mullion = 0.036 + 0.497 = 0.53 Vm 

14.2.2.5 Stresses 

The mullion is only loaded by vertical forces, this results in only normal stresses. 

gë,� = ��,~,� + ��,~,�hW�ww[�� = �0.036 + 0.497� ∙ 10Z906.5 = 0.53 ∙ 10Z906.5 = 0.59 m/rr² 

14.2.3 Eccentricity in the mullion 

The connection between the transom and mullion is made with screws. These are however not in the 

centroid of the mullion (and transom). The eccentricity is determined between the shear center of the 

mullion and the point of application of the screws from the transom. So the vertical force is applied with 
an eccentricity of 41 millimeter, see Figure 14.4. This will be discussed later, however due to the 

eccentricity the stresses in the mullion now also arise due to the moment. Both in positive and negative 

direction.  

p�,W�ww[�� = ��,W�ww[�� ∙ � = 533 ∙ 41 = 21 853 mrr 

g�,�,���[x[´� = p�,W�ww[����w,� = 533 ∙ 4122680 = 0.96 m/rr² 

The bending stress and earlier calculated normal stress result in the total stress both in compression and 

tension. 

g�,X,x�x = gë,� + g�,� = 0.59 + 0.96 = 1.55 m/rr�  compression  
g�,x,x�x = gë,� − g�,� = 0.59 − 0.96 = −0.37 m/rr�  tension 
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Figure 14.4: Eccentricity in mullion 

14.2.4 Transom 

14.2.4.1 Loadings on mullion 

The load distribution on the transom happens through a glazing supports with a width of 150 millimeter. 

In Figure 14.5 the loading area and mechanical scheme is shown for the transom, in which the load from 
the glass panels is assumed as equally distributed loads over a width of 150 millimeter (q1). The second 

load is the own weight of the transom (q2). 

 

 

Figure 14.5: Loading area and mechanical scheme for the transom 
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14.2.4.2 Characteristic loads �;~,H = qíîïðð ∙ heightíîïððno. supports ∙ widthíîïñòRíðóôôSõö �;~,H = 1.0 ∙ 0.652 ∙ 0.15 = D. CM F\/^ �;~,H = &. &DC(D F\/^ 

 
Figure 14.6: Loads on transom and internal forces 

 

14.2.4.3 Design loads �;~,� = �;~,H ∙ 1.15 = D. /& F\/^ �;~,� = �;~,H ∙ 1.35 =  &. &D(e F\/^ 

14.2.4.4 Determine reaction forces 

In Figure 14.6 the internal forces are shown, the shear force line is calculated from the reaction forces 

as shown below. The bending moment line is determined from the surface of the shear force line.  

× �Ù = 0 → Þ÷ = & × p¤ = 0 → ø´ ∙ 1.25 − 0.0296 ∙ 1.25 ∙ 0.625 − 2.50 ∙ 0.15 ∙ 1.125 − 2.50 ∙ 0.15 ∙ 0.125 = 0 ùé = &. L( F\ × �́ = 0 → Þé = &. L( F\ 

14.2.4.5 Eccentricity 

As mentioned earlier in the transom there is also an eccentricity between the load and support point. For 

the transom this is around 26.5 millimeter, as shown in Figure 14.7. This result in stresses in the 

cantilever part of the transom. This is explained in the following paragraph. 

p = �I,� ∙ � = 0.39 ∙ 0.0265 = 0.0103 Vmr 
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Figure 14.7: Eccentricity in transom 

 

14.3 Mechanical scheme’s 
In this paragraph an overview is made of all mechanical schemes in which the connection can be divided.  

14.3.1 Section properties 

The section properties are taken from Annex D and shown in Table 13.3 & Figure 2.4. 

Table 14.2: Overview material properties 

Profile Surface Moment of inertia  Section modulus 

 A [mm²] Ix [cm4] Iy [cm4] Wx [cm³] Wy [cm³] 
P518 mullion 906.53 156.90 31.70 25.39 – upper 12.68 
    22.67 – lower   
P523 transom 802.97 143.20 30.70 22.17 – upper  12.28 
    21.91 – lower   

 



Annex E: Reference project 
 

  167 
 

  
Figure 14.8: Mullion (left) and transom (right) for experimental and numerical research [3] 

14.3.2 Transfer glass loading onto transom 

The glass is supported by the glazing supports, the glazing supports are screwed on the transom. In 

Figure 14.9 a Sketchup view is given of the glass loading on the transom. In purple the glazing supports 
are shown, on which the glass stands. In Figure 14.10 a 2D model of the section is shown that can be 

converted into a mechanical scheme. The loadings of the glass can be seen as an equally divided line 

load over the length of the glazing supports. In the 2D overview this becomes a point load, at the shear 

center.  

 

Figure 14.9: Glass loadings on transom 
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Figure 14.10: Realistic overview and mechanical scheme 

 
To make a 2D analysis possible a value must be attached to the point load. Since the glass weight is 

known from page 165 and the length of the supports is known as 150 millimeters, the point load can be 
calculated.  

�;~,� = C&. L/ F\/^ 

���G{ℎ  ¾úú}�{ = 150 rr 

��,�� �§ x�����W = 10.35 ∙ �2 ∙ 0.15� = 3.11 Vm 

14.3.3 Connection without T-connector 

The connection between the transom and mullion is a 3-dimensional problem, with loadings in 2 

directions. For this reason the connection is broken up into the connection parallel and perpendicular to 

the transom, as shown in Figure 3.6. It should be noted that it is unknown it the load distribution acts 

through the transom to the screw or if there is straight load transfer through the outer plate of the transom.  

 

Figure 14.11: Connection parallel to the transom 
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14.3.3.1 Connection perpendicular to the transom 

The connection can be schematized according to Figure 14.12, in which the supports represent the two 

screws that are used to connect the transom to the mullion. The force F, from the shear force line is 

equally divided over the two supports: 

�́ ,q� = 1.592 = 0.795 Vm per screw/support 
The bending moment in the cantilever beam from page 165 with a magnitude of 0.0421 kNm is divided 

into two normal forces: tension Ft and compression Fd.  

�x;� = �X;� = p� = 0.0421 ∙ 10ª21 = 2.0 Vm 

     

Figure 14.12: Scheme connection between transom and mullion. The figure on the right shows the connection to the 

mullion 

 
This applies only for when the bending moment is taken up by the screws. However due to the screwed 

connection, the transom and mullion are touching each other. This means that a forced rotation point 

arises that can also be seen as a pressure point, the connection is better schematized as shown in Figure 

3.7. This results in the following [19]: 

�� = �� ∙ 14.535.5  

p�X��Y~���� = �� ∙ 35.5 + �� ∙ 14.5 = �� ∙ 35.5 + �� ∙ 14.535.5 ∙ 14.5 = 41.4 ∙ �� 

Since the moment on the transom is known (page 165), the forces in the screws can be calculated.  

p�X��Y~���� = p���w[�� 

41.4 ∙ �� = 0.0421 ∙ 10ª 

�� = �.����∙��û��.� = 1.02 VmF 

�� = 1.02 ∙ 14.535.5 = 0.42 Vm 



Capacity node P500 curtain wall 
 

170   

 

From vertical equilibrium the force at the location of the rotation center can be calculated.  

�¤ = �� + �� = 1.02 + 0.42 = 1.44 Vm 

    

Figure 14.13: Schematization connection transom to mullion 

14.3.4 Connection with T-connector 

The connection with the T-connector is mostly the same as without a T-connector. The only difference 

is a change in transfer of the load from the transom to the mullion.   

14.3.4.1 Connection parallel to the transom 

When a T-connector is applied, two extra screws are used. In the parallel direction this results in an extra 

hinge support, this is shown in Figure 14.14. To avoid stresses between the support the first support is 

now a roller. This is in agreement with Profel, who uses slotted holes.  

 

Figure 14.14: Mechanical scheme transom with T-connector 
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With a T-connecter there is a moment in the connection due to eccentricity in the load and supports. The 

T-connector itself is mostly loaded in shear. In Figure 14.15 the mechanical scheme is shown, in which 

the eccentricity can be seen. Side note, the T-connector is connected with two screws to the mullion. So 

the force is divided by 2. 

�́ ;q� = 0,4002 = 0,200 Vm 

pq� = 200 × 13 = 2600 mrr 

�x = �� = p� = 260019.5 = CLL \ 

 

Figure 14.15: Mechanical scheme t-connector 

14.3.4.2 Connection perpendicular to the transom 

If a T-connector is applied the scheme from Figure 14.12 is still applicable. The only difference is four 

screws instead of two.  

�́ ,q� = 1.594 = 0.40 Vm per screw/support 
The bending moment is also divided over more screws: 

�x;� = �X;� = 2.02 = 1.0 Vm 

It is just concluded that the contact between the transom and mullion can be seen as a support, shown in 

Figure 3.7. For the T-connector an quick solution is to divide the occurring tensile and compression 

forces over two extra screws, thus in the same manner as above. This results in:  

�x;� = �Z;� = 1.22 = 0.6 Vm 

However as mentioned before it is unknown how the forces will distribute over the supports, it depends 

on the stiffness of the screws, and the contact between the transom and mullion. 

14.4 Unity checks 
In this paragraph al unity checks are shown. The capacity is calculated and described in Annex D and 

are named here.  
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14.4.1 Mullion 

The mullion is loaded by the vertical weight from the transoms. This is mainly a compression force, 

however due to eccentricity there might also be tensile forces.  

14.4.1.1 Compression 

From the normal forces lines (Figure 14.16), the compression forces are determined. 

 

Figure 14.16: Loading area, mechanical scheme, and internal forces for the mullion 

 mX,f� = h��� ∙ ��4�� = 131.9 Vm 
 

mX,y� = 0.53 Vm  mX,y�m
;s� ≤ 1.0 
 

0.53131.9 = 0.004 ≤ 1.0 
OK 

14.4.1.2 Tension  

Due to the eccentricity in the mullion of 41 millimeter, the mullion wants to bend. This results in tensile 

and compression forces, shown in Figure 14.17. 

 

Figure 14.17: Eccentricity in mullion results in compression and tensile forces 
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mx,f� = h~ ∙ ��4�� = 131.9 Vm 
 

m{,y� = 0.53 ∙ 0.610.41 = 0.79 Vm 
 

m{,y�m{;s� ≤ 1.0 
 

0.79131.9 = 0.006 ≤ 1.0 
OK 

14.4.1.3 Flexural buckling 

Capacity ®� = 0.65 r mX� = i� ∙ y ∙ Á�² = i� ∙ 70000 ∙ 156.9 ∙ 10�0.65² = 2566 Vm 

Ý̅ = Äh��� ∙ ��mX� = Ä717.8 ∙ 1602566 ∙ 10Z = 6.70 

Class A: ¶ = 0.2 Ý0 = 0,1 ∅ = 0,5�1 + ¶�Ý̅ − Ý̅�� + Ý̅�� = 0,5�1 + 0.2 ∙ �6.70 − 0.1� + 6.70�� = 23.6 â = 1∅ + ã∅� − Ý̅² = 123.6 + ã23.6� − 6.70������² = 0.022 

m�;f� = á ∙ â ∙ h��� ∙ ��4�� = 1.0 ∙ 0.02 ∙ 717.8 ∙ 1601.1 = 226 Vm 
 

 (14-I) 

Unity check m¡,y� = 0.53 Vm  m¡,y�m¡;s� ≤ 1.0 
 

0.53226 = 0.002 ≤ 1.0 
OK 

14.4.2 Transom  

The transom is loaded in by a vertical force from the glass. This also results in rotation of the transom. 

In Figure 14.18 the mechanical scheme of the transom is shown.  
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Figure 14.18: Mechanical scheme of transom 

14.4.2.1 Bending moment pf� = ���� ∙ ��4�� = 1.8 Vmr 
 

pq� = 0.049 Vmr From Figure 14.18 py�ps� ≤ 1.0 
 

0.0491.8 = 0.03 ≤ 1.0 
OK 

14.4.2.2 Shear force Õf� = hÖ ∙ ��√3 ∙ 4�� = 7.4 Vm 
 

Õq� = 0.39 Vm From Figure 14.18 Õy�Õs� ≤ 1.0 
 

0.397.4 = 0.053 ≤ 1.0 
OK 

14.4.2.3 Torsion  �f� = ��,�w ∙ ��√3 ∙ Ý�� = 3.5 Vmr 
 

�q� = �� ∙ � = 0.39 ∙ 0.0654 = 0.026 Vmr  
Eccentricity (e) from Figure 14.7  �y��s� ≤ 1.0 

 

0.0263.5 = 0.007 ≤ 1.0 
OK 
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14.4.2.4 Lateral-torsional buckling 

p
� = 4.16 × 1010� × Ä1 + 0.37�² = 4.16 × 1010650 × Ä1 + 0.37650² = 64.0 Vmr 

Ý�� = Ä¶��®;��}p
� = Ä0,86 × 10.56 × 103 × 16064.0 × 106 = 0.15 

∅ä� = 0.5æ1 + ¶ä��Ý̅ä� − Ý̅�,ä�� + Ý̅ä�²ç = 0.5[1 + 0.1�0.15 − 0.6� + 0.15²] = 0.49 âäx = 1
∅ä� + å∅ä�� − Ýä�� = 10.49 + √0.49� − 0.15� = 1.05 ≤ 1,0  } âäx = 1  

p�;f� = âäx ∙ ¶ ∙ ��w;� ∙ ��4�� = 1 ∙ 0.86 ∙ 10560 ∙ 1601.1 = 1.32 Vmr pq�p¡,s� ≤ 1.0 py� is taken from Figure 14.18 0.0491.32 = 0.04 ≤ 1.0 
OK 

14.4.3 Screws 

In this paragraph the unity checks are given for calculating the screws, together with the values from the 
Eurocodes. In this paragraph the T-connector is not considered yet. So the only connection that is applied 

is the two screws between the transom and mullion. 

14.4.3.1 Bearing capacity 

 

Figure 14.19: Failure in bearing capacity 

 ��,f� = 1,5��;W[�{�4�Z = 2.5 Vm 
 

��,q� = Õq� = 0.39 Vm  
VEd from Figure 14.18  ��,y���,s� = 0.392.5 = 0.16 ≤ 1,0 

OK 

14.4.3.2 Shear capacity 

The load vertical load on the glazing support is equally over the two screws for the connection between 

the transom and mullion. 
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Figure 14.20: Shear in the fastener (a), scheme connection (b), and the distribution of forces (c) 

 �́ ,f� = �́ ,fH4�� = 3.68 Vm 
 

�́ ,q� = Õq�2 = 0.20 Vm 
 

VEd from Figure 14.18  �ü,y��ü,s� = 0.203.68 = 0.05 ≤ 1,0 
OK 

14.4.3.3 Tensile capacity 

The torsional moment is distributed between the two screws, as is also shown in Figure 14.22. 

 

Figure 14.21: Tensile resistance screw (a) and eccentricity between the load point and support point in the transom (b) 

 �x,f� = V� ∙ ��� ∙ h�4�� = 5.21 Vm 
 

�x,q� = p� = 0.39 Vm ∙ 0.0265 rr0.021 = 0.50 Vm 
 �x,y��x,s� = 0.55.21 = 0.096 ≤ 1,0 

OK 

(a)      (b)     (c) 

(a)     (b) 
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14.4.3.4 Pull through resistance of joints in tension 

 

Figure 14.22: Pull through resistance 

 

��,f� = 6.1 ∙ ¶ä ∙ ¶q ∙ ¶� ∙ Ä�Y22 ∙ { ∙ ��4�� = 1.62 Vm 

 

�x,q� = p� = 0.39 Vm ∙ 0.0265 rr0.021 = 0.50 Vm 
 �x,y���,s� = 0.51.62 = 0.31 ≤ 1,0 

OK 

14.4.3.5 Combined shear force and tension �́ ,f� = 3,68 Vm  �x,f� = 5.21 Vm  �ü,y��ü,s� + �{,y�1,4 ∙ �{,s� = 0.203.68 + 0.51.4 ∙ 5.21 = 0.12 ≤ 1,0 
OK 

14.4.4 Connection transom to T-connector 

14.4.4.1 Bearing capacity 

The bearing capacity does not change. 

��,f� = 2.5 Vm  ��,q� = 0.39 Vm  ��,y���,s� = 0.392.5 = 0.16 ≤ 1,0 
OK 

14.4.4.2 Shear capacity 

The shear force is divided over two more screws.  

�́ ,f� = 3.68 Vm  �́ ,q� = Õq�4 = 0.10 Vm 
 �ü,y��ü,s� = 0.103.68 = 0.05 ≤ 1,0 

OK 

14.4.4.3 Tensile capacity 

The tensile capacity is also increased by two more screws. 

�x,f� = 5.21 Vm  

�x,q� = p� = ¬0.39 Vm ∙ 0.0265 rr0.021 2 = 0.25 Vm 

 

�x,y��x,s� = 0.255.21 = 0.05 ≤ 1,0 
OK 
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14.4.4.4 Pull out resistance 

Also the pull out resistance is divided over two more screws. 

��,f� = 0.95 Vm  �x,q� = 0.52 = 0.25 Vm 
 �x,y��x,s� = 0.250.95 = 0.26 ≤ 1,0 

OK 

14.4.4.5 Combined shear force and tension �́ ,f� = 3,68 Vm  �x,f� = 5.21 Vm  �ü,y��ü,s� + �{,y�1,4 ∙ �{,s� = 0.103.68 + 0.51.4 ∙ 5.21 = 0.10 ≤ 1,0 
OK 

14.4.4.6 Shear resistance open screw port 

The screws that connect the transom to the T-connector are fixed in open screw ports.  

�́ ,f� = 1.07 Vm  �́ ,f� = 0.10 Vm  �ü,y��ü,s� = 0.101.07 = 0.09 ≤ 1,0 
OK 

14.4.5 Connection T-connector to mullion �́ ;q� = 0,4002 = 0,200 Vm 

pq� = 200 × 13 = 2600 mrr 

�x = �� = p� = 260019.5 = CLL \ 

 

Figure 14.23: Mechanical scheme t-connector 

 

14.4.5.1 Bearing capacity 

 ��,f� = V� ∙ ¶� ∙ �� ∙ � ∙ {4��  (14-II) 
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 ��,f� = 2.5 ∙ 1.0 ∙  215 ∙ 4.8 ∙ 2.01.25 = 4.13 Vm  

�́ ,q� = 0.10 Vm  �´,y���,s� = 0.104.13 = 0.02 ≤ 1,0 
OK 

14.4.5.2 Shear capacity �́ ,f� = 3.68 Vm  �́ ,q� = Õq�4 = 0.10 Vm 
 �ü,y��ü,s� = 0.103.68 = 0.05 ≤ 1,0 

OK 

14.4.5.3 Tensile capacity �x,f� = 5.21 Vm  �x,q� = �� = p� = 260019.5 = 0.133 m 
 �x,y��x,s� = 0.135.21 = 0.02 ≤ 1,0 

OK 

14.4.5.4 Pull out resistance ��,f� = 0.95 Vm  �x,q� = 0.133 Vm  �x,y��x,s� = 0.130.95 = 0.32 ≤ 1,0 
OK 

14.4.5.5 Combined shear force and tension �́ ,f� = 3,68 Vm  �x,f� = 5.21 Vm  �ü,y��ü,s� + �{,y�1,4 ∙ �{,s� = 0.103.68 + 0.131.4 ∙ 5.21 = 0.04 ≤ 1,0 
OK 
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14.5 Overview 
Table 14.3: Overview of unity checks for the cross-sections 

Loading Unity check < 1 

Mullion  
Tension 0.006 
Compression 0.004 
Flexural buckling 0.002 

  
Transom  

Bending moment 0.030 
Shear force 0.053 
Torsion 0.007 
Lateral torsional buckling 0.040 

 

Table 14.4: Overview of the unity checks for the connection with and without a T-connector 

Connection without T-connector Unity check < 1 

Bearing capacity 0.16 
Shear capacity 0.05 
Tensile capacity 0.10 
Pull through resistance of joints in tension 0.31 
Combined shear force and tension 0.12 
  

Connection with T-connector  
From transom to T-connector  

Bearing capacity 0.16 
Shear capacity 0.05 
Tensile capacity 0.05 
Pull out resistance 0.26 
Combined shear force and tension 0.10 
Shear resistance open screw port 0.09 
  

From T-connector to mullion  
Bearing capacity 0.02 
Shear capacity 0.05 
Tensile capacity 0.02 
Pull out resistance 0.32 
Combined shear force and tension 0.04 
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15. Annex F Overview of numerical models for the connection 

without T-connector 
In order to come to a working numerical model knowledge about Abaqus is needed. However since 

Abaqus is not known well enough this takes quite a few steps. In this Annex an overview of these the 
different models is given. In addition the validation is briefly discussed, the complete validation of the 

end model is shown in Chapter 5 of the main report. The following models are used, also shown in 

Figure 15.1.  

- A - Connection without the glazing support (linear) 

- A - Connection without the glazing support (Non-linear analysis with Riks) 

- B - Connection with an extra element 

- C - Connection with glazing support (linear) 
- C - Connection with glazing support (non-linear) 

 

Figure 15.1: The three analyzed models 

15.1 Connection without the glazing support (linear) 
In this analysis the behavior of the screws and the non-linear material properties are checked. In Figure 

15.2a the mechanical scheme of the screws is shown. The rotation around the screw is free and the other 
directions are fixed, together with the displacements in all directions. Figure 15.2b shows the stress-

strain relationship that is programmed in Abaqus. 

   

Figure 15.2: Mechanical scheme of the screw (a) and the used stress-strain relationship (b) 

 
In Figure 15.3 the input of the model is shown. In Figure 15.4 the resulting stresses and deformations of 

the model are shown. As can be seen, the deformations of the cantilever part of the transom are not 

(a)            (b) 
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correct with the reality since it was expected that the transom failed near the connection. However it is 

a completely correct behavior for the parts that are modeled. The glazing support is missing, which 

normally results in an extra compressive force and thus a truss mechanism, see page 185. 

   

Figure 15.3: Input of Abaqus in both 2D and 3D images 

 

   

Figure 15.4: Experimental deformations (a) and the numerical resulting stresses and deformations (b) 

 

15.2 Connection without the glazing support (Non-linear with Riks) 
In this analysis the calculation methods is checked. The previous model was made with a linear 

calculation method, the geometrical non-linear properties are not taken into account. To make a 
geometric non-linear calculation the arc length method is used. This can also be called the Riks method. 

The Riks method is applied when global instability is present.  

15.3 Connection with an extra element (non-linear) 
In this model an extra element is added to simulate the truss system mentioned on the previous page. A 

tensile and compressive force are introduced in the transom, shown in Figure 15.5. As can be seen in 

Figure 15.6 failure of the element happens at the connection, at the same point as where the transom 
fails in the experimental research. This calculation is performed geometrically non-linear.  

(a)               (b) 
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Figure 15.5: Truss mechanism in the simulated transom 

 

   

Figure 15.6: Failure of the experimental model (a) and numerical model (b) 

 
The next step is to check the output. For this the load-displacement graph, rotation of the transom and 

stresses near the screws are checked. In the following graphs both the experimental values and the 

numerical values are shown. The load-time relation is a linear graph.  
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Figure 15.7: Graphs that validate the model. The red line indicated the numerical values 

15.4 Connection with glazing support (linear) 
The next model is with the full glazing support so a part is added. The screws between the glazing 

support and the transom are modeled with “beams”. And the contact surfaces are simulated, as shown 
in Figure 5.5. This model should simulate the reality the best, and due to the simulation of the screws as 

beams a axial pull-out parameter can be added. In Figure 15.9 the deformations and stresses of this 

model are shown.  

 

Figure 15.8: Simulation of the glazing support with screws as beams and contact surfaces 

 

 

Figure 15.9: Deformation and stresses of the model with a glazing support 
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The next step is validation of the model, shown in the following graphs. The red lines indicate the 

numerical results.  

   

   

Figure 15.10: Graphs that validate the model. The red line indicated the numerical values 

 

15.5 Connection with glazing support (non-linear) 
The same calculation as in the previous paragraph is conducted. However now the geometrical non-

linear properties are taken into account. This model is theoretically the best match to reality. The output 

data is validated with the numerical research.  

As can be seen in Figure 15.11 the numerical values differ a lot from the experimental results. This is 
most likely due to the step size. In the stress-load diagram it is clear that in the first step material already 

reached the 0.2% proof stress.  
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Figure 15.11: Graphs that validate the model. 
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16. Annex G: Parametric study of static general versus static Riks 
Within the research of the different methods that Abaqus used, the question came up if there is a 

difference between a ‘static general’ step and a ‘static Riks’ step. In this Annex this is research with a 

small model, that can be verified with an analytical calculation. Please note that this is only indicative, 

the cross-section of loads are not in correspondence with the actual model. 

16.1 Introduction 
The ‘static general’ step and ‘static Riks’ step are both non-linear methods and displacement controlled. 
However the static general used displacement increments and the static Riks uses the stiffness of the 

elements. Even though this is different the results should be close to each other, at least until the first 

limit point as shown in Figure 16.1. For this to be researched the following parameters are adapted: 

- Mesh size 

- Increment size 

 

Figure 16.1: Limit point in load-displacement diagram 

 

16.2 Analytical calculation 
For this research a beam is used that is fixed at one side and a displacement is applied on the other side. 

The mechanical scheme is shown in Figure 16.2. For the geometry a box girder profile is assumed, that 
is comparable to a transom. With a simple analytical calculation and the following characteristics the 

deflection and load can be calculated. 

 

Figure 16.2: Mechanical scheme of simpele model 

 b 200 mm  Ix 3238892 mm4 

 h 100 mm  Iy 9472492 mm4 

 t 3 mm  Wx 64778 mm³ 

 A 1764 mm²  Wy 94725 mm³ 

 Length 2000 mm  E 70000 N/mm² 

 σmax 160 N/mm²  

 F 7578 N  
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 θ 0.0668 rad  

  3.8301 degr  

 u 89.13 mm  

 

16.3 Abaqus model 
The model shown in Figure 16.3 is used. A simple beam of 2000 millimeter is built up out of an extrusion 

shell element. Hinged at one direction and a displacement applied in vertical direction on the other side. 

The applied displacement is 90 millimeter. The parameters from Table 16.1 change for every model. 

 

Figure 16.3: Simple model used for both calculations  

 

Table 16.1: Parameters used for all models 

Parameters Value 

Initial increment size 0.01 
Minimum increment size 0.001 
Maximum increment size 0.1 
Maximum number of increments 1000 
Mesh size transom 10 mm 

 

16.4 Mesh size 
In this paragraph the mesh size is researched. The size of the mesh affects the distance to the integration 

point. When the mesh size is decreased the solution is more reliable. The parameters from Table 16.2 

are used for both models, and only the mesh size is changed from 10 millimeter to 1 millimeter.  

Table 16.2: Parameters used for both models 

Parameters Static general Static Riks 

Initial increment size 0.01 0.01 
Minimum increment size 0.001 0.001 
Maximum increment size 0.1 0.1 
Maximum number of increments 1000 1000 

 
The results are shown in Figure 16.4. As can be seen the lines correspond well. However when the 

values are shown in more depth the deviation is visible, shown in Table 16.3. From this it can be 

concluded that the mesh size is thus not important for a simple model. However when the model is more 
difficult and increases in size it is clear that this is what the differences in models can be.   
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Figure 16.4: Displacement of the load 

 
Table 16.3: Loads in newton per step size 

 Riks General 

 1 mm 4 mm 1 mm 4 mm 

0.000 0.0 0.0 0.0 0.0 

0.010 6.0 6.0 6.0 6.0 

0.020 12.1 12.0 12.1 12.0 

0.035 21.1 21.0 21.1 21.0 

0.058 34.7 34.4 34.7 34.4 

0.091 55.0 54.6 55.0 54.6 

0.142 85.6 85.0 85.6 85.0 

0.218 131.4 130.4 131.4 130.4 

0.318 191.7 190.3 191.7 190.3 

0.418 252.0 250.2 251.9 250.1 

0.518 312.3 310.0 312.2 310.0 

0.618 372.6 369.9 372.5 369.8 

0.718 432.8 429.7 432.7 429.6 

0.818 493.1 489.5 493.0 489.4 

0.918 553.4 549.4 553.2 549.2 

1.018 613.6 609.2 602.7 598.3 

 

16.5 Increment size 
The second parameter that could be of influence is the increment size of the displacement. In Table 16.4 
an overview is given of the parameters. For both methods a larger increment size is taken. This results 

in the graph from Figure 16.5. As can be seen the line only variate at the final increment. However this 

displacement will probably increase if the load is applied even further. To make a valid comparison a 
graph is added in which the load is increased (Figure 16.6). 

Table 16.4: The parameter increment size 

Parameters Regular increment size Larger increment size 

Initial increment size 0.01 0.02 
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Minimum increment size 0.001 0.002 
Maximum increment size 0.1 0.2 
Maximum number of increments 1000 1000 
Mesh size 1 mm 1 mm 

 

 

Figure 16.5: Load-displacement graph of different increment sizes 

 

 

Figure 16.6: Changes in load 

16.6 Conclusion 
From this small research the following points can be concluded. The mesh size is not of huge importance 

for any difference between the two methods. However the increment size is of importance. For the first 

couple of steps the results are the same. However they can change for exactly the same model, which is 
shown for the final increment. The most important part is that the increment size should be the same for 

both methods.  
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17. Annex H: Determination of applying the load in Abaqus 
In Abaqus a few methods can be used. In the main report the differences between three load applying 

methods are explained; force-controlled method, displacement-controlled method, and the arc length 

method. All models are geometrically and physical non-linear. In this annex a small overview of what 

these methods result into, and finally the conclusion.  

- Introduction; 

- Force-controlled versus displacement-controlled; 

- Arc-length method. 

17.1 Introduction 
There are three different methods that can be used to apply the loads in Abaqus, namely force-controlled 

method, displacement-controlled method, and the arc length method. In the first two methods, 

respectively the load and displacement are increased by small increments. This results in either a 

displacement or a load. With the arc-length method a starting value for the displacement is given but the 

result is both the displacement and the load. In Figure 17.1 the force-displacement graphs of these three 

methods are shown.  

 

Figure 17.1: The force-controlled method (a), displacement controlled method (b), and the arc length method (c) [13] 

 
Table 17.1: Parameters used for all models 

Parameters Values for Static general Values for arc length 
method 

Initial increment size 0.01 0.0001 
Minimum increment size 0.001 1∙10-50 
Maximum increment size 0.1 1∙1036 
Maximum number of increments 1000 1000 
Mesh size transom 1 mm 1 mm 
Arc length  2 

 
Since there is a difference in applying the load or the displacement these values have to correspond with 
each other and thus have to be coupled. This can be done by simulating an load applied method, and 

extract the displacement from this simulation. This displacement can be applied in the displacement 

controlled methods. 

17.2 Force-controlled versus displacement controlled 
The first step is to make a the differences between force-controlled and displacement-controlled clear.  

17.2.1 Force-controlled method 

In the force-controlled method, the load is applied by small increments. The load is applied as pressure 

load, equally divided over the surface of the glazing support, as shown in Figure 17.2. The load 
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originates from the experimental research, where the failure load was around 4.5 kN. This results in an 

equally divided load of 1.22 kN/mm² as vertical load.  

In Figure 17.6 the resulting graphs are shown in green, together with the experimental results (dashed 

lines), and the results from the displacement controlled method. Note that this method does not result in 

a clear failure of the connection. Actual failure of the system needs to be determined with the resulting 
strain values. Whereas the experimental strain gauges failed at the maximum elongation of 2%. The 

main disadvantage of this method is that due to a pressure load, the load can deform the glazing support 

uneven. This is not conform reality.  

 

Figure 17.2: Applying pressure load on the glazing support 

17.2.2 Displacement-controlled method 

In the second method, the load is applied by small increments of the displacement. The result is the load 
at which the connection fails, this is determined by the limit point in the load-displacement graph. The 

load is applied as a deformation along the edge of the glazing support, as shown in Figure 17.3. The 

displacement originated from the load-controlled method, in which the displacement in vertical direction 

can be measured (6mm). The resulting graphs are shown in Figure 17.6. 

 

Figure 17.3: Applying line deformation 

17.2.3 Conclusion 

17.2.3.1 Deformations 

In Figure 17.4 & Figure 17.5 the deformations in y-direction are shown. What can be seen is the 
differences between the deformation off the glazing support itself. The load controlled method results 

in a glazing support that rotates slightly and the deformation applied method results in a glazing support 

that moves equally over the whole length of the support.  



Annex H: Determination of applying the load in Abaqus 

 

  193 
 

 

Figure 17.4: Deformation in y-direction with a load controlled method 

 

 

Figure 17.5: Deformations in  y-direction with a displacement controlled method 

 

17.2.3.2 Graphs 

From the graphs of Figure 17.6 it can be concluded that displacement-controlled results in more reliable 

values. Due to a limit-point failure can easily be determined. Next to this, the load-displacement graphs 
have the shape of an exponential line. Which means that the displacement increases much more faster 

than the load. For this reason alone it is more desirable to use a method that increases the displacement 

in small steps and where the load is derived from the displacement.  



Capacity node P500 curtain wall 
 

194   

 

  

  

Figure 17.6: Resulting graphs of a displacement-controlled test with the numerical values shown in purple 
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17.3 Arc-length method 
The final method is the arc-length method in which both displacement and load are determined in the 
model. This means that a snap-back behaviour can be simulated. However to start the system there needs 

to be a starting displacement (initial). For a first model this is assumed to be a uniform distributed 

displacement over the length of the glazing support (Figure 5.18a). In the second model, the maximal 

rotation that arises in the experimental program is taken into account. This results in a linear distributed 
displacement (Figure 5.18b). 

 

Figure 17.7: Uniform distributed displacement (a) and a linear distributed displacement (b) 
 

The maximal rotational capacity is measured from the jack hinges, as shown in Figure 5.20. The 

maximal rotation capacity is around 0.8 degrees in bending, which results in the imposed displacement. 
In the graphs from Figure 17.10 all these lines are shown.  

   

Figure 17.8: Space between the jack and plate that applies load 

 

Figure 17.9: Experimental results of bending of the transom 
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Figure 17.10: Resulting graphs of displacement controlled tests according to the Riks method, where the uniform 

distributed displacement is shown in red, the linear displacement of 1° in dark blue, and the linear displacement of 3° 

in light blue. 

 
From the graphs in Figure 17.10 it can be concluded that the method with the uniform displacement is 

an underestimation of the true values and the linear displacement of 1 degrees is an overestimation. 

However the linear displacement is based on the maximal rotational capacity of the jack hinges, this is 

only activated over time (Figure 17.9). At the load-applying starting point the displacement is uniform 
divided over the width of the glazing support and only becomes linear over time (or applied load). For 

this reason a different model is made that should take the bending into account.  
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17.4 Taking bending into account 
The main problem with the displacement applied method is that the displacement in y-direction if 

uniform over the whole width of the glazing support.  

From the previous paragraphs it is know that the displacement controlled method with Riks is the method 

that approaches the experimental research the best. However this model is not completely correct, since 

the bending of the glazing support is not considered. It should be questioned if there is another method 

is which the bending can be considered. It is possible to put a rotational boundary condition on the 
glazing support. This requires a reference point from which the rotation is started. The rotation is know 

from the experimental research as 1 degree (0.017 radial). In Figure 17.11 the displacements are shown 

in the y-direction for this model. However it should be noted that this is a geometrical linear calculation, 

since non-linear would not work.  

 

Figure 17.11: Displacement in the y-direction while applying a rotational displacement 
N 


