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Summary 

This graduation project consists of two phases: first, a research into the feasibility of curving glass by 

means of controlled buckling, and second, a structural design of a railway station canopy, 

incorporating the researched concept. 

 

Summary of Phase 1 – Research 

The objectives of the research are: (1) to demonstrate the feasibility of the curving of glass panels by 

means of controlled buckling, and (2) activating the curved glass panels as shear panels through 

friction shear in the connections. Based on experimental research with a full scale test setup it was 

concluded that both goals are feasible. The main conclusions are: 

- it is possible to load glass panes beyond their critical buckling load, without inducing failure; 

- shear loads can be transferred through the curved pane, by means of friction shear in the 

connections; 

- it is possible to use glass structurally without the use of adhesives or bolts through the glass element; 

- a successful application of this concept is to a large extend dependant on the boundary conditions, 

specifically the stiffness; 

- the experiments with the laminated glass specimens have shown that the concept can be redundant, 

which is very important in structural applications; 

- designs can be more transparent in the future, because the glass does not have to be supported 

along its span, also, wider glass elements can be used than with other popular curving methods. 

 

Summary of Phase 2 – Design 

The recent expansion of the Amsterdam RAI railway station does not offer travellers much comfort 

during a stay on the new platform, therefore a new design is proposed for the railway station canopy.  

The objectives of Phase 2 are: (1) to make a structural design for a new canopy for the new platform 

of the Amsterdam RAI railway station, that protects the travellers from the environment; and (2) to 

incorporate the concept researched in Phase 1 in this structural design. 

A new canopy has been designed and is an extension of the old (1992) steel canopy structure, with 

many resemblances to its elder. The new design features a laminated glass roof light between the old 

and the new parts of the station, measuring approximately 8m by 144m. Two opposing laminated 

glass panels, measuring 2m by 4.5m each, together make the 8m span. Steel rods underneath the 

panels keep the arched glass in the right shape. 
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1 Introduction 

Contemporary architecture often desires large transparent surfaces and therefore a minimum 
of non-transparent materials. Since glass panes are already used in many façades and roofs 
of buildings, the question arises of whether the (transparent) material can also be used 
structurally, as well as aesthetically and to protect the inner building from the outside 
elements, such as wind and rain. The glass panes could take on the structural functions of, for 
example, walls and steel braces. 

Since its discovery thousands of years ago, glass has been favoured for its hardness and its 
transparency and the material is still growing in popularity within the built environment. 
Architects use glass panes to build transparent and slender; even when insulation glass is 
used, the thickness of the façade or roof package can be considerably less than when other 
common building materials are used.  

It is common for glass panes to resist out-of-plane loads, such as those caused by wind and 
snow. Glass panes can also resist in-plane loads, however, they are currently not often used 
for this purpose, since this application is not fully regulated by building codes. Moreover, much 
is uncertain about the behaviour of glass panes loaded in-plane. A number of studies 
investigated the behaviour of in-plane loading of glass panes in several different ways, 
however, for many specific applications the uncertainty remains, for example the combination 
of curving and in-plane loading of glass panes. 

There are several ways to create a curved surface with glass panes. If enough flat panes are 
used to follow the curved shape of a supporting structure, the building appears to be curved. 
However, many glass panes are needed and therefore many connections have to be made, 
which is expensive and aesthetically undesirable with regard to transparency. Alternatively 
warm bent glass panes may be used, which are given the desired curvature by heating of the 
glass in a factory. This way fewer panes are needed for the building to appear curved and 
therefore fewer connections have to be made. However, the production, transportation and 
replacement costs of warm bent glass panes are relatively high. 

It is also possible to bend glass panes, without preheating, at the construction site, i.e. in-situ. 
Glass is a linear-elastic material which is flexible at ambient temperature when it is used in 
slender geometric dimensions; this is called ‘cold bending’. Float glass panes are used for this 
purpose that were heat strengthened or thermally toughened in a factory after production. 
Often two or more of these glass panes are laminated together using a viscoelastic foil, 
creating a sandwich panel, to increase the safety and redundancy of the structure. The 
applicability of cold bent glass is limited, because the tensile bending stresses due to curving 
limit the minimum bending radius. Cold bent glass panes have been applied in several 
building projects. 

If in-plane compressive loading and cold bending of glass panes were combined, the glass 
pane could be curved by means of buckling in a controlled way. The cold bent glass panes in 
curved roof structures or façades may also be shear loaded in-plane to stabilize the larger 
structure. Of particular interest are glass panes that structurally function as an arch, because 
the normal compressive force in the arch could be used to advantage in the connections. This 
compressive force can give rise to a friction shear potential between the glass and the 
connecting material, that could be used to transfer in-plane shear forces. Possible 
applications of this concept are roofs for galleries, corridors, canopies, greenhouses and 
station buildings. 

In this research the combination of in-plane loading and cold bending, by means of controlled 
buckling, of glass panes is investigated. This concept could in the future lead to a decrease in 
the building costs and more transparent designs. 

1.1 Objectives  

The combination of in-plane compressive loading and cold bending of glass panes, especially 
by buckling, is currently not regulated in the building codes. However, despite this lack of 
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regulations there is a clear tendency towards structurally loading glass panes in-plane, 
towards cold bending glass panes and towards combining these two applications; these topics 
are to be further investigated. 

A new method of curving glass panes, curving by buckling, is proposed and is the topic of this 
thesis. 

The objectives of this research are: (1) to demonstrate the feasibility of the curving of glass 
panes by means of controlled buckling and (2) activating the curved glass panes as shear 
panels through friction shear in the connections. 

To this end, analytical and experimental research was performed.  

1.2 Methodology 

First, the proposed concept is explained and relevant literature is discussed (section 1.3 and 
chapter 2), to sheds light on the advantages and disadvantages of this curving method. 

Then, the proposed concept is investigated analytically to gain insight in the mechanical 
aspects of curving and buckling of glass panes and the behaviour of panels loaded by in-
plane shear forces (chapter 3). 

The full scale experiments that were conducted to observe and measure the physical 
behaviour of the glass panes during the buckling and in-plane shear loading are described in 
chapter 4. 

And finally, conclusions are drawn and recommendations are made in chapter 5. 

At the end of this report one can find a reference list and the appendices. 

1.3 Proposed concept 

In this section the proposed concept is explained, starting with the curving of glass panes and 
followed by the activation of the pane as a shear panel. 

1.3.1 Curving glass panes 

Glass panes that are loaded out-of-plane by external forces, such as snow or wind, usually 
transfer the loads to the supports by bending, because the panes were not designed to take 
axial or in-plane loading. 

However, for thousands of years it has been known that loading a structural member axially, 
instead of transferring forces by bending, is far more efficient. The Romans used natural rock 
to build arched bridges,  aqueducts and domes which (still) span considerable distances and 
in which the rock is mainly in compression. since in-plane loading is a more efficient way of 
transferring forces, glass panes could be designed for this purpose. 

To explore the prospects of a structural glass arch, first the act of curving is explained. 

1.3.1.1 Curving by out-of-plane loading 

The most common way of bending or curving an object is to apply a bending moment to it, 
e.g. by applying pressure perpendicular to the axis that is to be curved. In the case of a glass 
pane, this could be done by applying pressure to the largest surface, or out-of-plane loading 
of the pane. An example is the curving of a pane over a mould by out-of-plane loading. 

Figure 1.1 gives a mechanical model of a glass pane clamped to a mould on one side (a); the 
pane is then curved to the shape of the mould by the out-of-plane force F and secured in 
place (b). In (c) a top view of the curved and secured pane is given, where F works on the 
short sides and the long curved sides are supported by the mould; (d) shows the forces at 
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work once the pane is curved. Here F is the force needed to clamp the pane on the mould and 
qR is the resistance of the mould to these forces. Usually only the edges of the pane are 
supported, to maximize the transparency of the building. Moreover, a mechanical connection 
can more easily be made at the edges without drilled holes through the pane.  

 

Figure 1.1 – Curving of a pane on a mould by applying an out-of-plane load. 

In Figure 1.2 a test rig is shown, used for experiments with the cold bending of laminated 
glass panels, (Belis et al., 2007). The experiment can be mechanically modelled as shown in 
Figure 1.1. 

 

Figure 1.2 – Test rig for experiments with cold bent glass laminates (Belis et al., 2007), 
Ghent University. 

The glass panes in roof structures are most often supported along the curved sides of the 
glass panes; the external loads are therefore also transferred to the curved sides. 

When the mould in Figure 1.1.b would be removed while the supports remain, the forces 
would change: the pane is now only supported at the straight edges, which must resist the 
straightening of the pane, or the normal force in the pane, see Figure 1.3. Here (a) is the 
mechanical model of the glass pane after the removal of the mould, (b) is the top view of the 
pane in this situation and (c) shows the forces that now act in and on the pane. The grey 
arrows are the internal (normal) forces in the glass pane, RH and RV are respectively the 
horizontal and vertical reaction forces in the supports. 

The glass pane is mainly loaded by an in-plane compressive force and thus structurally acts 
as an arch. Note that in Figure 1.1 the glass obtains the shape of the mould, whereas in 
situations without a mould the shape of the curve of the pane is dependent on its stiffness 
properties and external loading. Therefore the shape of the pane may vary with external 
loading, such as wind or snow, since the curved sides are not supported. 
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Figure 1.3 - The curved pane from Figure 1.1 will function as a structural arch when the 
mould is removed. 

When the glass pane structurally acts as a shallow arch, the horizontal reaction forces in the 
supports are relatively large compared to the vertical reaction forces. This could have a 
negative effect on the weight of the structure as a whole, because it costs  material to resist 
these forces. This effect can be mitigated if the supports are connected to each other, e.g. by 
steel bars or cables. In Figure 1.4 (a) shows a side view and (b) a top view of the mechanical 
model of the arched pane, in which the supports of the pane are connected  by two bars. This 
leads to horizontal equilibrium within the substructure as shown in Figure 1.4.c. The reaction 
forces, RV, in the supports in this situation only consist of the weight of the substructure and 
possible external loading. 

 

Figure 1.4 – The arched glass pane with the supports connected by two bars. 

An example of the mechanical model presented in Figure 1.4 is a loggia built in Aalen, 
Germany (Figure 1.5). Because the bent glass is in equilibrium with the steel bars underneath 
the glass, the structure as a whole is slender. The 7 laminated glass panels in the roof are 
25mm thick, each span 5.4m and the overall height of the loggia is 5m, (Breuninger et al., 
2003). 

 

Figure 1.5 – Cold bent glass canopy, Aalen, Germany. 
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1.3.1.2 Curving by buckling 

The mechanical model shown in Figure 1.3 may be obtained in a different way. When, instead 
of an out-of-plane load, an in-plane load is applied, the pane may buckle. To prevent sudden, 
uncontrolled buckling, the pane is first given a small out-of-plane deflection, w0, to initiate 
buckling, Figure 1.6.a. Secondly, one of the supports is displaced an arbitrary distance, u, 
until the desired pitch, w, is reached and then the support is secured in place (b). The glass 
pane is now curved by displacement controlled in-plane compressive loading, or displacement 
controlled buckling, research objective 1. The reaction forces in the supports (c) are the same 
as in Figure 1.3.c. In the top view of the curved pane, Figure 1.6.d, the line load qR is the 
horizontal reaction of the supports to the normal force in the pane, that is force RH in (c) 
(assumed to be) equally divided over the length of the supports. An isometric view of the 
arched pane is shown in (e).  

 

 

Figure 1.6 – Curving a pane by means of displacement controlled buckling, objective 1. 

 

1.3.2 In-plane shear loading curved panes 

The mechanical model in Figure 1.6 has a potential advantage over the model in Figure 1.4: 
reaction force RH on the supports ensures that the connections are in compression, whereas 
in Figure 1.4 the bars underneath the curved pane make horizontal equilibrium with the 
normal force in the pane and thus, the pressure on the supports is limited. Compression of the 
supports can be an advantage, because a connection in compression is often relatively easy 
to make and the compression gives rise to a friction potential in the connections. A 
compressed connection has a friction coefficient that, together with a normal force on the 
connection, enables a friction shear load transfer through this connection. 
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Figure 1.7.a is an isometric view of the model in Figure 1.6.b, the arched pane with the 
supports fixed in the global X-direction, however, here both supports are free to move in the 
global Y-direction and an in-plane shear load F is added. In the top view of the curved pane, 
Figure 1.7.b, line load qR is a trapezoid instead of a line load that is constant over its length. 
The in-plane rotating moment, introduced by the transfer of force F over the length of the 
pane, is resisted by the supports, changing the reaction forces on the supports. The total 
reaction force of the supports (the summation of qR over the length of the support) remains the 
same, namely as large as RH in Figure 1.6.c. 

 

 

Figure 1.7 – The in-plane shear loading of an arched pane, objective 2. 

In this model external force F, due to, for example, wind, is transferred from the supports to 
the pane by means of friction shear, enabled by the friction coefficient of the connection and 
the compression in the connection (research goal 2). 
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2 Literature review 

This chapter gives a summary of relevant literature on the structural application of glass in the 
built environment. 

2.1 Material properties of glass 

2.1.1 Chemical properties 

Glass is generally defined as an ‘inorganic product of fusion which has been cooled to a rigid 
condition without crystallization’; the term therefore applies to all non-crystalline solids 
showing a glass transition (Haldimann, 2006). Glass is thus an amorphous material, as 
opposed to a crystalline material. The difference between a crystalline and amorphous 
material is that a crystalline solid exhibits a short- and long range order, whereas an 
amorphous material only exhibits a short range order (Mahan, 1998). In Figure 2.1 schematic 
2 dimensional images are shown of a crystalline solid, on the left hand side, and an 
amorphous solid, on the right hand side. In both images the short range order is circled in red 
and whereas the crystalline solid shows a very regular pattern of these short range orders, 
and thus exhibits a long range order, the amorphous solid shows an irregular configuration of 
the short range orders. 

 

Figure 2.1 – Schematic 2 dimensional images of a crystalline (left) and an amorphous 
material (right) at nano level (Mahan, 1998). 

 

Soda lime silica glass (SLSG) is the most commonly used glass compound in the built 
environment. Even though in SLSG ring shaped formations of silicone (Si) and oxygen (O) 
can be found at nano-level, see Figure 2.2 (Haldimann et al., 2008), the lack of a crystal 
lattice prevents dislocations and thus removes any possibility of plasticity. The bonding 
between most of the atoms cannot reform easily if broken. Any local stresses around a defect 
that exceed the chemical bond strength will thus cause bond failure and increase the local 
stresses. Therefore glass is brittle and can only deform elastically or fracture (Veer, 2007). 
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Figure 2.2 – Schematic 2 dimensional image of a ring shaped formation in SLSG. 

Even though glass has good durability properties, because it is a chemically inert material, it is 
very susceptible to stress corrosion caused by water in an ambient climate, also known as 
static fatigue (Haldimann et al., 2008). This fatigue of silicone glasses is a stress enhanced 
reaction of water with the silicone lattice at a crack tip, expressed by the chemical reaction 
(2.1) (Shelby, 2005). 

≡ 𝑆𝑖 − 𝑂 − 𝑆𝑖 ≡        +       𝐻2𝑂     →      2 ≡ 𝑆𝑖 − 𝑂 − 𝐻   

2.1 

2.1.2 Physical properties of glass 

The most prominent physical property of glass is the very high transparency within the visible 
spectrum. The reflection of visible light of common SLSG is 4% per surface, thus 8% per 
pane, and reduces the transparency (Haldimann et al., 2008). 

The most important material properties of SLSG are summarized in Table 2.1 (Huveners, 
2009). 

 

Table 2.1 - Material properties of soda lime silica glass. 

The shock wave velocity of glass, the velocity at which a shock wave propagates through the 
material, is approximately 4500 m/s (Lehman, 2004). 

2.1.3 Strength of glass 

Glass is a very strong and brittle material. It is linear elastic and isotropic, without plastic 
behaviour, i.e. it fails without warning where local tensile stresses exceed the tensile strength 
of the glass, determined by the chemical bonds and flaws at surface and the edges. 

The theoretical tensile strength of glass (based on the molecular forces) is with 32 GPa 
exceptionally high. However, the practical (engineering) strength of glass is much lower, 
because it depends to a very large extend on mechanical flaws in the material, that are found 
especially on the surfaces and at the edges of a specimen. For example, glass panes 
generally contain a large number of severe surface flaws, not necessarily visibe with the 
naked eye and hardly influence the optical quality of the glass pane (Hess, 2004). Therefore 
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the strength of glass depends, among other factors, on the size of the specimen (Haldimann 
et al., 2008).  

The strength of a glass pane is not a constant, it is time dependant, due to the growth of the 
material flaws. The fracture velocity of glass, the speed at which cracks propagate through the 
material, is extremely variable and within the range of zero up to approximately 1500 m/s 
(Barstow and Edgerton, 1939), zero for a flaw or crack in compression and 1500m/s for 
complete failure of the section. This velocity is dependent on thermal and mechanical loading 
and thus on the amount of strain energy stored in the specimen.  

The tensile stress at the tip of a crack is a function of the radius at the end of the crack and 
the loading perpendicular to the crack. The smaller the crack tip radius and the greater the 
depth of the crack, the higher the tensile stresses that will occur in the glass at the crack tip 
(Haldimann, 2006). This can be a problem if the pane is loaded in tension or bent, because 
the cracks will grow and the pane may crack. 

Glass applications in the built environment are such that the glass will virtually always fail due 
to tensile stress and never due to compressive stress. The compressive strength of glass is 
much higher than the practical tensile strength. However, tensile stresses can arise due to the 
Poisson effect when the compressive stress is high, thereby inducing failure (Haldimann et al., 
2008). 

2.2 Glass panes and processing 

Soda lime silica float glass (SLSFG) panes are the most commonly used glass products in the 
built environment, therefore SLSFG panes, with the material properties mentioned in Table 
2.1, are used in this research, both in the theoretical and experimental sense.  

2.2.1 Annealed float glass 

Float glass panes account for 90% of flat glass production worldwide (Haldimann et al., 2008). 
Float glass panes are produced in a float line, a production line for annealed float glass panes  
Figure 2.3 (Hess, 2004). Raw material, being either sand and the additional elements or old 
glass that is recycled, is collected in a batch plant and transported to a melting tank, which 
operates at approximately 1600°C. The liquid glass then enters the float bath, where it floats 
on tin of 600° C, which is just above the glass transition temperature of approximately 530°C., 
the temperature which the glass starts to solidify. The glass drawn out of the tin bath, into the 
annealing lehr, an oven which gradually decreases the temperature of the glass to 100°C. The 
thickness of the float glass panes is controlled by the speed of the rollers in the annealing lehr 
and ranges from 2mm up to 25mm (Haldimann et al., 2008). 

 

Figure 2.3 – Schematic image of a float line (Hess, 2004). 

Annealed float glass is the end product and ready for use in buildings or further customisation. 
The annealing, the process of slowly cooling the glass in the annealing lehr, is done to relieve 
the glass pane of residual stresses and thereby making it less vulnerable when mechanically 
or thermally loaded. 

2.2.2 Heat strengthened and fully tempered glass 

The surface flaws do not grow, when the surface of the pane is in compression. Therefore 
heat strengthened (HSG) or thermally toughened (FTG) float glass is used for cold bending of 
glass panes instead of regular annealed float glass. This processing method creates 
favourable residual stresses in the glass, see Figure 2.4. The heat treatment of the glass 
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panes is also known as tempering or quenching. First the pane is heated up to 650° C. and 

then quenched (cooled rapidly) with cold air or cold liquids (Haldimann, 2006). 

 

Figure 2.4 – Distribution of residual stresses over a cross section of a non-toughened vs a 
toughened glass pane (Haldimann, 2006). 

The compressive stresses in the surfaces of the pane prevent the surface flaws from opening 
due to tensile loading or bending of the pane, until the tensile stresses due to external loading 
exceed the compressive prestress in the surface. Common prestress levels in the surface are 
70 MPa for HSG and 120 MPa for FTG. 

The crack pattern of tempered glass is different from regular annealed float glass. The shard 
size of broken glass is a function of the residual stresses in the pane before it cracked. In 
general, higher residual stresses in the glass will result in smaller shards when the glass 
breaks. This is important with regard to the redundancy of the structure the glass pane is a 
part of. Figure 2.5 (Haldimann, 2006) shows laminated glass of different types and the effect 
on remaining structural capacity after breakage. 

Table 2.2 describes the crack pattern after breakage and gives characteristic values of the 
fracture strength of the different glass types in Figure 2.5 (Huveners, 2009). 

 

Table 2.2 - Characteristic value of the fracture strength (5% fractile), fb;k , and a description 
of the crack pattern if a glass pane should fail. 
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Figure 2.5 – The strength and the remaining structural capacity after breakage of different 
glass types. 

2.3 Current requirements  

Glass is a brittle material, therefore it must be used with great care to safeguard the safety of 
people and the building as a whole at all times. This is especially important if the glass is used 
in a structural way, because a building must be safe and possess a degree of redundancy. 
There are several ways to create a safe and redundant building when glass is used in a 
structural manner. The current building codes for glass in construction, e.g. the European 
Standard (NEN 572-2, 2012), contains guidelines for glass pane design, especially for out-of-
plane load cases. 

The tolerances with respect to the thickness of a glass pane that have to be taken into 
account, are applied according to equation 2.2.  

𝑡𝑝𝑙 = 𝑡𝑛𝑜𝑚 ± ∆𝑡 

2.2 

Where: 

tpl The calculation value of the thickness of a glass pane [mm]; 

tnom The nominal value of the thickness of a glass pane [mm]; 

Δt The tolerance with respect to the thickness of a glass pane [mm]; 0.2 for panes with a 
nominal thickness of 3 up to 6 mm and 0.3 for a nominal thickness of 8 up to 12 mm. 

However, the thickness and the evenness of a glass pane can be rather accurately governed 
with the float glass production method and producers of float glass tend to the lower bound of 
the tolerances, thereby saving material (Haldimann, 2006). 

Tensile bending stresses in the glass govern the design of cold bent glass panes. For a given 
curvature these stresses increase when the pane thickness increases; thus +Δt must be used 
in equation 2.2 when designing cold bent glass to be on the conservative side. 

However, for calculations regarding the resistance of the pane to external loading during its 
lifetime, such as wind or snow, –Δt must be used in equation 2.2 since the resistance of the 
pane to this external loading is lower when the glass is thinner. 
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2.3.1 Strength of glass 

The permissible effective tensile stress, fg,d , is defined by equation 2.3  (Haldimann, 2006): 

𝑓𝑔,𝑑 =
𝑘𝑚𝑜𝑑    𝑓𝑔,𝑘

𝛾𝑀   𝑘𝐴

+
𝑓𝑏,𝑘 − 𝑓𝑔,𝑘

𝛾𝑉

 

2.3 

Where: 

fb,k Characteristic value of the fracture strength (5% fractile), according to Table 2.2; 

fg,k Characteristic value of the inherent strength (5% fractile), which is 45 N/mm
2
; 

kmod Modification factor to account for load duration, load combination and environmental 
conditions. For the dominant actions: short duration (e.g. wind): 0.72; medium 
duration (e.g. snow): 0.36 and permanent loads, 0.27; 

kA Factor to account for the surface area, kA = A
1/25

 (A is the largest surface in m
2
 and 

1/25 is based on Weibull statistical models; 

γM Material factor for inherent strength, 1.8; 

γV Factor for residual stress due to tempering, 2.3; 

In the Dutch design code (“NEN 2608,” 2011) a strength reduction factor ke is included, to take 
into account the edge quality. This factor only applies to the edge of the pane when it is 
loaded in-plane. This value is 0.62 for HSG and 1.0 for FTG. If a glass pane is bent, the 
normal bending stresses will also act at the edges of the pane and should therefore be taken 
into account for cold bent glass. 

Including factor ke in equation 2.3, results in equation 2.4 for the permissible effective tensile 
stress at the edge of an in-plane loaded pane. 

𝑓𝑔,𝑑 =
𝑘𝑚𝑜𝑑    𝑘𝑒    𝑓𝑔,𝑘

𝛾𝑀   𝑘𝐴

+
𝑓𝑏,𝑘 − 𝑓𝑔,𝑘

𝛾𝑉

 

2.4 

An example calculation is made for a permanently bent rectangular HSG pane, measuring 3m 
x 1m x 4mm (A= 1x3 = 3 m

2
). The value of the permissible effective tensile stress is the 

following. 

𝑓𝑔,𝑑 =
𝑘𝑚𝑜𝑑    𝑘𝑒    𝑓𝑔,𝑘

𝛾𝑀   𝑘𝐴

+
𝑓𝑏,𝑘 − 𝑓𝑔,𝑘

𝛾𝑉

=
0.27 ∗ 0.62 ∗ 45

1.8 ∗ 30.04
+

70 − 45

2.3
= 14.9 𝑁 𝑚𝑚2⁄  

The same calculation is made for FTG. 

𝑓𝑔,𝑑 =
𝑘𝑚𝑜𝑑    𝑘𝑒    𝑓𝑔,𝑘

𝛾𝑀   𝑘𝐴

+
𝑓𝑏,𝑘 − 𝑓𝑔,𝑘

𝛾𝑉

=
0.27 ∗ 1.0 ∗ 45

1.8 ∗ 30.04
+

120 − 45

2.3
= 39.1 𝑁 𝑚𝑚2⁄  

The permissible effective tensile stress in HSG is rather low. The relatively high tensile 
stresses in a permanently bent pane surface, demand that FTG is used in these applications. 

2.4 Glass units 

Multiple glass panes can be combined to form glass units. Examples of glass units are 
insulating glass units (IGU), laminated glass and fire and bullet protection glass. 

Insulating glass units are often used in the built environment, for temperature as well as 
acoustic insulation. IGU is a combination of glass panes enclosing a hermetically sealed 
space that is usually filled with dehydrated air or a noble gas.  

Fire protection glass panels consist of multiple glass panes bonded by intumescent 
interlayers. When exposed to fire the interlayers foam up to form an opaque insulating shield 
that blocks the heat. 
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Bullet protection glass panels consist of multiple glass panes bonded by energy absorbing 
interlayers. For some applications one or more of the sandwiched glass panes may be 
replaced by a polycarbonate (PC) pane (Haldimann et al., 2008). 

2.4.1 Laminated safety glass 

Because of the brittle nature of glass, laminated safety glass (LSG) is often used to increase 
the redundancy of a structure. When the glass fractures, the laminate holds the glass shards 
of the broken panes together by interlocking. This effect is clearly shown in Figure 2.5. 

LSG panels consist of two or more glass panes bonded by an often transparent plastic 
interlayer. Glass panes used for structural purposes are commonly laminated with polyvinyl 
butyral (PVB) interlayers. The thickness and the heat treatment of the panes may vary within 
the glass unit. The panes are laminated together in an autoclave at a pressure of up to 14 bar 
at approximately 140° C. Due to the heat, the PVB laminate plasticises and bonds to the 
glass. The pressure ensures there are no air inclusions in the panel. PVB foil has a nominal 
thickness of 0.38 mm and normally 2 up to 6 foils form one PVB interlayer. Typical material 
properties of PVB are shown in Table 2.3. 

 

Table 2.3 – Typical material properties of PVB. 

The approximate values for the strength and the maximum elongation of a typical PVB is 20 
N/mm² and at least 250%, respectively (Belis et al., 2007). The shear stresses in the PVB 
laminate, e.g. due to bending of the panel, dissipate over time due to creep effects. Also, the 
stiffness of the laminate, and thereby the shear resistance, changes with the temperature. 
PVB behaves stiff at low temperatures and weakens as the temperature rises. 

At temperatures well below 0° C. and a very short load duration, PVB can transfer shear 
stresses up to 470 N/mm² between glass panes. If the temperature rises to 60° C. and above, 
the shear transfer is as low as 0.05 N/mm². Figure 2.6 shows the logarithmic curve of the 
shear modulus as a function of time for  PVB (Belis et al., 2007). 

 

Figure 2.6 - The curve of the shear modulus, as a function of time, of PVB at 20° C. 
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2.5 Connections 

Glass panes must be connected with a material that is strong enough to resist the design 
loads and flexible enough to spread the loads over an area large enough to avoid local peak 
tensile stresses. 

The tensile capacity of glass panes is the lowest at the surfaces and the edges, because the 
cutting, drilling and handling of the pane damages it, creating numerous micro and macro 
flaws, leading to local peak stresses when the pane is loaded. Because people enjoy the 
transparent nature of glass, the connections to other structural elements are usually made at 
the edges of the pane, where the view is least disturbed, but where the pane is the most 
fragile. 

2.5.1 Mechanically fixed 

2.5.1.1 Bolted connections 

For bolted connections boltholes are drilled through the glass pane, unfortunately especially 
drilling severely damages the glass; therefore, the boltholes are among the weakest places in 
the glass pane. Because the bolts have to transfer the loads, the pane is loaded very locally at 
its weakest points, severely bringing down the potential strength of the structure,   Figure 2.7 
(Schober and Schneider, 2004). 

  Figure 2.7 – A bolted connection in a glass pane. 

2.5.1.2 Clamped connections 

Clamping connections are generally applied at the edges of a pane, where the clamps are 
placed on the flat, larger surface of the pane. The clamping force is thereby applied out-of-
plane, instead of in-plane, see the inlay of Figure 2.8 (Gräf et al., 2004). 

  

 

 

 

 

 

 

 

Figure 2.8 – A clamped 
connection on a glass pane. 

 

As with bolted connections, the local nature of the  clamp at the edges increases the risk of 
failure due to local peak tensile stresses. 
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Linear clamps are structurally favourable, because the load is spread over a much larger 
surface, thereby reducing the risk of failure due to local peak tensile stresses. With a linear 
support the stiffness of the structure will also be higher than with local supports.  

Figure 2.9 shows a section of a linear clamp, 
connecting the curved sides of two cold bent 
glass panels to a curved steel beam, a 
patented design by Movares and BRS Glass 
(Vákár and Gaal, 2004). 

 

 

 

 

 

 

Figure 2.9 – A section of a linear clamping 
connection, joining the curved sides of cold 
bent glass panels with a curved steel beam. 

However, designs with linear supports are often less transparent than designs with local 
supports. 

A different example of a linear support with clamping was developed by (Haarhuis, 2010). 
Cast polyurethane (PU) blocks were used as connecting elements between glass panes and 
steel connectors in his cylindrical shell structure. The design of this structure was such that all 
glass panels were loaded in-plane in compression at all times. The forces in the steel and the 
glass were transferred by contact pressure through the cast PU elements, Figure 2.10.  

The glass panels consist of three glass panes laminated together. The middle pane is slightly 
smaller than the outer panes, creating two ridges in between which the clamping elements are 
placed. 

Cast PU has several advantages, such as flexibility (a Young’s modulus of approximately 12 
MPa); it is not affected by UV radiation; the hardness (D70 on Shore’s scale) and it can be 
transparent. Like rubber, it has a Poisson’s ratio of close to 0.5. 

 

 

 

 

Figure 2.10 – A linear glass connection 
with cast PU elements in a cylindrical 
shell structure. The steel cables are pre-
stressed to guarantee that the 
connections are always in compression. 

2.5.2 Adhesive bonded 

Adhesives are often used to connect glass structures. The connections can be local, for 
example the adhesive bonded “spider” (steel connector) by Octatube BV, where the 
connection is made on the surface of the pane, rather than at the edge,    Figure 2.11. The 
transparent nature of this concept is an advantage; the local introduction of the load is the 
downside from a structural point of view. 
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   Figure 2.11 – A “spider” bonded by adhesive to an IGU. 

(Huveners, 2009) and many others investigated linearly bonded joints for glass panes. Such 
connections can be very strong, which is the main advantage of this type of joints. Figure 2.12 
shows the three joint types investigated by (Huveners et al., 2007); glass panes were glued 
into a steel sway frame in three different ways, to stabilize the frame in-plane, acting as a 
shear panel.  

The double sided epoxy joint (the middle picture) was the strongest and gave the frame the 
highest stiffness. 

 

Figure 2.12 – Three connection types with adhesives in a research by Huveners, 2009. 

Adhesive joints function best if the area at which the glue is applied is large. If a translucent 
adhesive is used the transparent nature of a glass structure can be contained, even in large 
connections. For example, at a conservatory in Leiden, the Netherlands (Figure 2.13), a glass 
beam was connected to a column using two panes glued to the sides, creating a fixed 
connection (Nijsse, 2004). 

 

Figure 2.13 – A glass beam connected to a column by two panes glued to the sides. 

However, adhesive joints are expensive to make and often even more costly to replace if a 
pane should crack.  
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2.6 A case study 

(Breuninger et al., 2003) designed a loggia built in Aalen-Wasseralfingen, Germany (Figure 
1.5 and Figure 2.14). The seven glass panels on the loggia each span 5.4 metres, are 2 
metres wide and are made out of two 12 millimetres thick FTG panes, laminated together by a 
PVB-film with a thickness of 1.9 millimetres. The pre-fabricated glass arches were forced into 
the arched shape at 60°C., using a mould and external out-of-plane loading. The  arched 
shape was then secured by two steel rods and four steel clamped connectors, before they 
were cooled down to an ambient temperature. Between the glass and the connector an 
intermediate layer of Hilti-Hit HY50 was injected; Figure 2.15 shows the connector in detail. 
The pitch of the arch is 30 centimetres which is 1/18 of the span.  

 

Figure 2.14 - Loggia in Wasseralfingen, Germany; arched glass panels supported at four 
points each and kept in shape by two steel rods per glass panel. 

 

 

 

Figure 2.15 – Steel connector that support the glass panel. 

 

In Heidenheim, Germany, the same concept was applied in a bus station. Here, 31 arched 
glass elements with a span of 3.9 metres and a width of 2 metres were used. The panels are 
made of two 10mm thick FTG panes laminated together by a PVB-film with a thickness of 1.9 
millimetres. The pitch is 22 centimetres, also 1/18 of the span. (Breuninger and Stumpf, 
2004). 
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Extensive research was carried out by (Fahlbusch, 2007) to ascertain the safety of the use of 
overhead glass. If one of the two laminated glass panes fails, the arch remained standing and 
fully load bearing (100% of the simulated snow load). Also, if both FTG panes failed, the steel 
rods carried the broken panels, Figure 2.16. 

 

Figure 2.16 – The broken glass panels; Immediately after the collaps (left) and 12 hours 
later (right). 
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3 Structural design and analysis 

In this chapter the theoretical backgrounds of curving glass panes by means of controlled 
buckling are looked into, as well as the effects of introducing in-plane shear loads. First, the 
concept of pure bending is discussed, and then the combination of bending and membrane 
action. Section 3.2 continues about stability, buckling in the linear and nonlinear sense. This is 
followed by subjects that regard the considerations that have to be made during the design 
process with the concept, orientation of panes, initial pitches before buckling, the friction shear 
transfer of forces and sandwich panels. 

The concept that is the topic of this research, starts with a rectangular plate that is flat in its 
unloaded, neutral state. The plate is then slightly loaded out of plane to create an 
“imperfection” with regard to the neutral state, and is then an axial load is applied to increase 
the deflection of the plate. At this stage the previously flat, rectangular plate has become a 
shell, the loads are primarily transferred by membrane action, or in-plane forces, and the 
stability of the structure has to be investigated. 

3.1 Bending 

To speak clearly of mechanical loading, displacements, rotation and boundary conditions, a 
sign convention is introduced, see Figure 3.1. 

 

Figure 3.1 – A schematic isometric view of a curved pane, with the general directions used 
in this report indicated. 

In this section a short summary of the classical beam and plate theory is given. The structures 
in this narrative are assumed to be elastic, homogeneous, isotropic and prismatic. To describe 
these theories, the following basic quantities are used and related: loads, stresses, strains 
and displacements. The effect of other physical phenomena, e.g. temperature or inertia 
related loading, are not taken into consideration. 

3.1.1 Beam theory 

The classical beam theory, also known as the Euler-Bernoulli beam theory, is based upon the 
following assumptions (the Kirchhoff assumptions, after Gustav Kirchhoff) that straight lines 
normal to the middle surface before deformation: 

- Remain straight; 
- Remain normal to the middle surface; 
- Remain unchanged in length after deformation. 

Where “normal” means that a line is perpendicular to the neutral line of a beam. 

With these assumptions, the position of any point on the middle surface before and after 
deformation, together lead to the knowledge of the initial and final position of all points on the 
outer surface. Hence, all strains can be calculated from the deformation of the middle surface 
alone. This simplification reduces the deflected shape of a beam from a two- to a one-
dimensional problem (Donnell, 1976). This theory is an approximation that is only valid if the 
deformations are small. 
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The Euler-Bernoulli beam equation is obtained by the combination of three distinct 
relationships: kinematic (equations 3.1), constitutive (equation 3.2) and equilibrium (equation 
3.3). 

Kinematic: 

𝜑 =
𝑑𝑤

𝑑𝑥
        𝑎𝑛𝑑        𝛫 = −

𝑑2𝑤

𝑑𝑥2
        𝑎𝑛𝑑        휀 =

𝑑𝑢

𝑑𝑥
 

3.1 

Constitutive: 

𝜎 = 𝐸 휀 

3.2 

Equilibrium: 

𝑑𝑀

𝑑𝑥
= 𝑉        𝑎𝑛𝑑        

𝑑𝑉

𝑑𝑥
= −𝑝        𝑎𝑛𝑑 𝑡ℎ𝑢𝑠        

𝑑2𝑀

𝑑𝑥2
= −𝑝         

3.3 

Where: 

- φ is the angle of rotation of the beam; 
- Κ (Greek capital Kappa) is the curvature of the beam; 
- ε is the strain of the material; 
- w is the deflection of the beam; 
- u is the displacement along the axis of the beam; 
- x is the distance along the length of the beam (0 ≤ x ≤ L); 
- L is the length of the beam; 
- σ is the stress in the material; 
- E is the Young’s modulus of the beam material; 
- M is the bending moment on the beam; 
- V is the shear force in the beam; 
- p is the (equivalent) lateral load on the beam; 

Thus, the kinematic relations relate the strains to displacements, or the geometric location of a 
point on the beam to the deformation of the beam. The constitutive relations describe how 
stress and strain are related. And the equilibrium equations describe the relation between the 
lateral load on the beam and the internal forces in the beam. When taken together, the Euler-
Bernoulli beam equation is obtained, equation 3.4. 

 
𝑑2

𝑑𝑥2
(𝐸𝐼

𝑑2𝑤

𝑑𝑥2
) = 𝑝        𝑜𝑟        

𝑑4𝑤

𝑑𝑥4
=

𝑝

𝐸𝐼
          𝑎𝑛𝑑          𝑀 = −𝐸𝐼

𝑑2𝑤

𝑑𝑥2
 

3.4 

Where I is the second moment of inertia of the beam. 

Early in the 20
th
 century Stephen Timoshenko devised a correction factor for the Euler-

Bernoulli beam theory, to take into account the shear deformation of the beam. Hereby, the 
second mentioned assumption, that straight lines normal to the middle surface before 
deformation remain normal to the middle surface, was no longer necessary and more 
accurate calculations could be made. These equations are not included in this report. 

3.1.2 Plate theory 

The Kirchhoff assumptions, were applied to plates by Augustus Love, hence the name, 
Kirchhoff–Love plate theory. This was a simplification, which reduced the deflected shape of a 
plate from a three- to a two-dimensional problem (Donnell, 1976). In the equations regarding 
the plate theory, a flat plate is considered (no curvature in the unstressed state), it is assumed 
that the edges of the plate are free to move in the plane of the plate and thus no membrane 
forces will develop. Again, this theory is an approximation that is only valid if the deformations 
are small with respect to the thickness of the plate. 



 Technische Universiteit Eindhoven University of Technology 

 

24   Curving glass panes by buckling    / Version:  1.0 

Considering the equilibrium of a plate, equation 3.5 is obtained (Timoshenko and Woinowsky-
Krieger, 1959). 

𝑑2𝑀𝑥

𝑑𝑥2
+  

𝑑2𝑀𝑦

𝑑𝑦2
+

𝑑2𝑀𝑦𝑥

𝑑𝑥 𝑑𝑦
−

𝑑2𝑀𝑥𝑦

𝑑𝑥 𝑑𝑦
= −𝑞         𝑜𝑟        

𝑑2𝑀𝑥

𝑑𝑥2
+  

𝑑2𝑀𝑦

𝑑𝑦2
− 2

𝑑2𝑀𝑥𝑦

𝑑𝑥 𝑑𝑦
= −𝑞   

3.5 

Where Mx and My are the bending moments on the plate, causing bending stresses in the X- 
and Y-directions, respectively. Thus, Mx and My are bending moments around the Y- and X-
axis, respectively. Mxy and Myx are the twisting moments in the plate and q is the (equivalent) 
lateral load on the plate. 

The constitutive relations between normal stress and normal strains in a plate (here, normal 
means in-plane with the plate) are given by equations 3.6. In which σx and σy are the normal 
stresses, in the X- and Y-direction respectively; εx and εy are the normal strains in the plate, in 
the X- and Y-direction respectively; and ν is the Poisson constant. 

𝜎𝑥 =
𝐸

1 − 𝜈2
(휀𝑥 + 𝜈 휀𝑦)        𝑎𝑛𝑑       𝜎𝑦 =

𝐸

1 − 𝜈2
(휀𝑦 + 𝜈 휀𝑥) 

3.6 

Equation 3.7 gives the relation between the in-plane shear stress 𝜎𝑥𝑦, also known as 𝜏𝑥𝑦, and 

the shear strain 𝛾𝑥𝑦. And 𝐸 (2(1 +⁄  𝜈)) is also known as the shear modulus, G. 

𝜎𝑥𝑦(= 𝜎𝑦𝑥 =  𝜏𝑥𝑦) =
𝐸

2(1 + 𝜈)
 𝛾𝑥𝑦 = 𝐺 𝛾𝑥𝑦 

3.7 

Similar to the beam theory case, combining kinematic, constitutive and equilibrium equations, 
only now with two dimensions and the Poisson effect to consider, leads equations (3.8) for the 
bending moments in the plate.  

𝑀𝑥 = −𝐷 (
𝑑2𝑤

𝑑𝑥2
+  𝜈

𝑑2𝑤

𝑑𝑦2
)      𝑎𝑛𝑑     𝑀𝑦 = −𝐷 (

𝑑2𝑤

𝑑𝑦2
+  𝜈

𝑑2𝑤

𝑑𝑥2
)      𝑎𝑛𝑑      

𝑀𝑥𝑦 = −𝑀𝑦𝑥 = 𝐷(1 −  𝜈)
𝑑2𝑤

𝑑𝑥 𝑑𝑦
 

3.8 

Where D is given by equation 3.9. Because the deflection shape is a two dimensional problem 
for plates and the Poisson effect must be taken into account in the constitutive relations, the 
resistance of the plate to bending is thus given by “D”, instead of “EI” in the case of beams. 

𝐷 =
𝐸 𝑡3

12 (1 − 𝜈2)
 

3.9 

Where t is the thickness of the plate and ν is the Poisson constant.  

As in equation 3.4, equation 3.8 can be rewritten to equation 3.10 (Timoshenko and 
Woinowsky-Krieger, 1959). 

𝑑4𝑤

𝑑𝑥4
+ 2

𝑑4𝑤

𝑑𝑥2 𝑑𝑦2
+

𝑑4𝑤

𝑑𝑦4
=

𝑞

𝐷
 

3.10 

3.2 Buckling 

In this section only global flexural buckling is investigated, no local buckling effects. If a bar or 
pane in its deflected shape is not sufficiently curved, snap-through buckling due to out-of-
plane loading is a severe risk and must be avoided. This topic is not discussed in this 
research. 
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3.2.1 Linear Buckling Analysis  

A linear buckling analysis (LBA) is performed on a bar in axial compression, to 
obtain the limit of the load carrying capacity and the shape of the buckled bar.  

When a simply supported bar in axial compression buckles, it takes on the 
shape a half sine wave, as shown in figure Figure 3.2. 

 

 

 

The shape of a simply supported axially loaded buckled bar is given by equation 3.11. 

𝛿 = 𝑤(𝑥) = 𝐴 ∗ sin (
𝑚 𝜋 𝑥 

𝐿
) 

3.11 

In which w(x) is the deflection of the bar in the Z-direction at x, where (0 ≤ x ≤ L), A is the 
arbitrary maximum value of w and m is the number of half sine waves of the buckled shape of 
the bar, in Figure 3.2 m = 1. For small deflections this geometrical relationship can be used to 
derive other variables that are shape related, such as rotation angle, equation 3.12, and 
curvature, equation 3.13. 

𝜑 =
𝑑𝑤

𝑑𝑥
= (

𝐴 𝑚 𝜋 

𝐿
) cos (

𝑚 𝜋 𝑥 

𝐿
) 

3.12 

 

𝛫 = −
𝑑2𝑤

𝑑𝑥2
= (

−𝐴 𝑚2 𝜋2 

𝐿2
) sin (

𝑚 𝜋 𝑥 

𝐿
) 

3.13 

When equation 3.4 is combined with equation 3.13, the bending moment in the buckled bar in 
Figure 3.2 is related to the resistance of that bar to the buckling, equation 3.14. 

𝑀 = −𝐸𝐼
𝑑2𝑤

𝑑𝑥2
= 𝐸𝐼 (

−𝐴 𝑚2 𝜋2 

𝐿2
) sin (

𝑚 𝜋 𝑥 

𝐿
) 

3.14 

At any value of x (for 0 ≤ x ≤ L), the bar must be in equilibrium. The bending moment in the 
bar is the axial force F multiplied by the deflection w(x). The equilibrium equation is thus 
(3.15). 

−𝐸𝐼
𝑑2𝑤

𝑑𝑥2
= 𝐹 𝑤(𝑥)       𝑜𝑟        𝐸𝐼

𝑑2𝑤

𝑑𝑥2
+ 𝐹 𝑤(𝑥) = 0 

3.15 

Solutions for equation 3.15 are the following (Dicke, 1994): 

- A is zero (this contradicts the assumption that there is a deflection); 
- 𝑆𝑖𝑛( 𝑚 𝜋 𝑥 / 𝐿 ) is zero (this is the case in x=0 and x=L). 

- 𝐹 = 𝑚2 𝜋2 𝐸𝐼/ 𝐿2 

This last possible solution is the critical buckling load of the bar, for any given number of half 
sine waves (m). The critical buckling load FCr for the bar in Figure 3.2, with m = 1, is thus 
(3.16). 

𝐹𝐶𝑟 =
𝜋2𝐸𝐼

𝐿𝐶𝑟
2  

3.16 

In which LCr is the critical buckling length of the bar. The critical buckling load is also known as 
the Euler buckling load, after Leonhard Euler, and is used to perform a LBA on a bar. 

Figure 3.2 – A simply supported buckled bar. 
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3.2.2 Geometrically Nonlinear Analysis with Imperfections 

In a LBA imperfections of the bar are not taken into account, it assumed that the bar is 
perfectly straight, therefore the calculated value is the upper limit. However, in practice 
perfectly straight bars do not exist and therefore geometrical imperfections must be included 
in the calculation. These geometrical imperfections are included in the buckling analysis in the 
form of an initial deflection, w0, and a magnification factor 𝑛 (𝑛 − 1)⁄ , in which 𝑛 = 𝐹𝐶𝑟/𝐹, thus 
n is the ratio of the axial load in the bar to the critical buckling load of the bar. This is a 
geometrical nonlinear analysis with imperfections (GNAI), equation 3.17 (Blaauwendraad, 
2007). 

𝑤 =
𝑤0 𝑛

𝑛 − 1
 

3.17 

3.2.2.1 GNIA for a glass pane 

(Luible, 2004) stated that a lateral imperfection, w0, of an axially compressed glass member of 
L/300 is appropriate for HSG and FTG. 

Figure 3.3 shows the deformation curve, w, normalized to FCr, for an axially loaded glass 
pane, obtained by a GNIA (equation 3.17). The pane measuring 1m in width, by 4mm in 
thickness and the buckling length is 3m, it is simply supported like in Figure 3.2 and with a 
lateral imperfection w0 of 10mm (w0 = L/300). 

 

Figure 3.3 – Normalized force - deformation curve for an axially loaded glass pane with an 
imperfection w0 of 10mm. 

Equation 3.16 was used to obtain the Fcr of this pane (which is considered a bar in this 
example). 

𝐹𝑐𝑟 =
𝑚2 𝜋2𝐸𝐼

𝐿𝑐𝑟
2 =

12 ∗ 𝜋2 ∗ 70000 ∗ (1000 ∗ 43 12⁄ )

30002
= 409 𝑁 

Figure 3.3 clearly shows that FCr is a theoretical value which will never be reached if a bar is 
imperfect and the axial load is the only load. 
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3.3 Orientation of panes 

To transfer a friction shear load between two structural elements (objective 2 of this research), 
the connection of these elements must be in compression. Therefore, the concept that is the 
topic of this research is best built with horizontal, laying panes, buckling upwards, because the 
gravity load, G, on the arched pane that gives rise to a horizontal thrust in the supports and 
thus the connections are in compression, see Figure 3.4 – 1. 

 

Figure 3.4 - Four possible orientations of a buckled pane. 

Other orientations of buckled panes have been considered. For example Figure 3.4 – 2, a 
horizontal, laying pane, buckling downwards. However, due to the gravity load on the pane, 
the compression in the connections would now greatly be reduced, because instead of a 
thrust there would be a tensile force acting on the connections. If the tension due to the 
gravity load would exceed the axial buckling load, the pane would fall out of its supports. 
When this would be prevented, there could still be no friction shear, because the connection is 
not in compression. 

A pane may also be buckled horizontally, whilst vertically placed, see Figure 3.4 – 3. Even 
though this manner gives the best insight into the buckling behaviour itself, since there is no 
gravity load influencing the initiation of buckling, this option is not preferred to option 1. One 
reason is that the pressure on the connections is lower than in option 1, due to the absence of 
the thrust from the gravity loading. Moreover, the shear friction potential of the connection is 
used to support the pane weight, thus the friction shear potential to transfer external loads in-
plane is limited. Another downside to this configuration is the twisting moment that occurs as 
the deflection of the pane increases, because the centre of gravity of the pane is increasingly 
eccentric to the supports. 

In a vertical configuration such as in Figure 3.4 – 4, the axial load is not constant over the 
height of the pane, due to the gravity load. For the same reason the contact pressure in the 
upper connection is lower than in the lower connection, limiting the friction shear potential of 
the concept. And, as with option 3, the distance between the centre of gravity of the pane and 
the vertical axis increases with the deflection of the pane. This results in an extra bending 
moment in the pane and further decreases the contact pressure in the upper connection. 
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3.4 Initial pitch of a pane before buckling 

If a horizontal, laying pane is to be buckled upwards, the geometrical imperfection to initiate 
buckling should also be upwards. When a pane is given an upwards imperfection, this can 
also be called a pitch. In this section the minimum height of the pitch, for the pane to remain in 
an arched position with support on either side of the span only (Figure 3.5), is estimated. 

 

Figure 3.5 – A schematic side view of an arched pane. 

From equilibrium considerations the vertical reaction force, Rv , in the supports can be 
obtained for the arched pane in Figure 3.5, with equation 3.18, where q is the weight of the 
pane. 

𝑅𝑣 = 𝑞 𝐿/2 

3.18 

When the angle of rotation, φ, of the bar (with regard to the horizontal axis) at the supports is 
known, the horizontal reaction force or horizontal thrust, RH , follows from equation 3.19. 

𝑅𝐻 =
𝑅𝑉

tan 𝜑
 

3.19 

If the pitch of the pane, A in equation 3.12, is varied from 0 up to 600mmin, φ varies from zero 
to 36°. Thus, with the combination of equations 3.12 and 3.19, the horizontal thrust can be 
related to the pitch of the pane. This relation is plotted in Figure 3.6 for a pane with a 
thickness of 4mm, 1m wide and 3m in length (the same pane as in the example in Figure 3.3). 
Also plotted in this graph are the critical buckling loads for the first (m=1) and second (m=2) 
buckling mode shapes, FCr 1 and FCR 2 , respectively. 

 

Figure 3.6 – A graph of RH vs A of a thick pane 4mm thick, 1m wide and 3m in length. 
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Figure 3.7 shows a graph of the same relation, only this pane is 8mm in thickness. Again, also 
FCr 1 and FCr 2 are plotted. 

 

 

Figure 3.7 – A graph of RH vs A of a thick pane 8mm thick, 1m wide and 3m in length. 

Thus, a higher pitch results in a lower horizontal thrust and vice versa. 

For the arched pane to remain stable in the arched position and not collapse between the 
supports, the pane must be pitched at least to the point at which the horizontal thrust is lower 
than the critical buckling load in the second buckling mode shape, FCr 2. For the pane with a 
thickness of 4mm, the minimum pitch, A, is approximately 87mm and for the 8mm thick pane 
approximately 11mm. 

3.5 Friction shear connections 

Forces can be transmitted by means of friction. In general this is possible when there is a 

compressive force (N) normal to a surface with a friction coefficient (μ) greater than zero. The 

maximum friction shear force (F) that can be transmitted perpendicular to this surface is the 
friction coefficient multiplied by the force normal to the surface, equation 3.20. 

𝐹 = 𝜇 ∗ 𝑁 

3.20 

3.6 Shear panel  

Shear forces in roof structures are commonly transferred by means of steel elements, e.g. 
wind bracing, or in-plane, e.g. through concrete or timber plates. However, if a roof structure is 
filled with glass panes, it is unusual to activate them in-plane as shear panels and mostly steel 
members are used for bracing. The in-plane strength and stiffness of glass panes is not used 
to advantage, even though the glass is already part of the design, because of a gap in the  
building regulations and the knowledge on this subject. There have been a number of 
investigations looking into the use of glass panes as shear panels, e.g. (Huveners, 2009). 
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However, there is still much unknown and further research into this topic is needed in order to 
fully exploit the strength of glass panes, especially when loaded in-plane. 

Figure 3.8 shows the top view of the buckled pane, Figure 1.7.b, in more detail. One of the 
objectives of this research is to investigate the possibility of loading the curved glass pane in-
plane as a shear panel. The compression in the connection (qN), together with the friction 
coefficient of the connection (μ), gives rise to a friction shear potential (μ qN) over the length of 
the connection (B). In the following equilibrium equations it is assumed that qN is constant 
over the width of the pane. Whether or not this is justified depends on the in-plane stiffness of 
the pane and the supports, this is further investigated with a finite element analysis in chapter 
5. 

 

Figure 3.8 – Top view of an arched pane; Figure 1.7.b in more detail. 

In Figure 3.8 the symbols stand for: 

- L  = the length of the pane, the span of the pane. 
- B = the width of the pane, the supported sides of the pane. 
- N = the normal force in the pane; 
- qN = N / B = the reaction force (line load) in supports due to the normal force in  

 the pane; 
- μ = the friction coefficient of the connection; 
- F ≤ μ qN B = μ N = the maximum in-plane shear force; 
- qM ≤ 6 F L / ( 2 B

2
 ) = 3 F L / B

2 
= the line load on the width of the pane due to the 

 in-plane moment caused by the transfer of force F over length L. 

The maximum value of qM should not exceed qN (𝑞𝑀 ≤ 𝑞𝑁), because the connection must be 
in compression at all times, no friction shear load transfer can take place where the contact 
pressure is lost. If locally the value of qM would exceed qN, the compression in the remaining 
connection would be higher and the shear load would be transferred through a smaller area. 
In this case, the local stresses would be higher and deformations would be larger, both effects 
are considered to be negative. 

If the whole connection is to be in compression the in-plane shear force F should not exceed 
one third of the normal force N in the pane multiplied by the ratio of the width versus the 
length of the pane, see equation 3.21. 

𝑞𝑀 ≤ 𝑞𝑁        →        
3𝐹𝐿

𝐵2
≤

𝑁

𝐵
       →        𝐹 ≤

𝑁𝐵

3𝐿
 

3.21 

Furthermore, the in-plane shear force F should not exceed the friction potential of the 
connection, that is the friction coefficient μ of the connection multiplied by the normal force N 
in the pane ( F ≤ μ N  or  F ≤ μ qN B ). If F > μ N, no equilibrium is found, the shear force would 
be insufficiently resisted and the pane would slide in the connection until deformations are too 
large or stresses too high and failure occurs. 
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3.7 Sandwich panel 

If two glass panes are laminated together to form a sandwich panel (section 2.4.1), the 
resistance to buckling of the panel is not a constant value. The second moment of inertia, I, of 
a laminated glass ‘sandwich’ panel changes over time due to creep effects and temperature 
changes in the laminate. Therefore, in a sandwich panel the critical buckling load is a function 
of the shear resistance of the laminate, GPVB (Luible, 2004). The critical buckling load for a 
laminated glass panel with two panes, Figure 3.9, is given by equation 3.22. 

𝐹𝑐𝑟 =
𝜋2(1 + 𝛼 + 𝜋2𝛼𝛽) 𝐸𝑔 𝐼𝑆

(1 + 𝜋2𝛽) 𝐿𝑐𝑟
2  

3.22 

Where: 

Eg Young’s modulus of the glass;  

α = ( I1 + I2 ) / Is 

Ii = b t𝑖
3/ 12 

IS = b ( t1 z1
2 + t2 z2

2 ) 

β = 𝑡𝑃𝑉𝐵 𝐸𝑔 𝐼𝑆 (𝐺𝑃𝑉𝐵  𝑏 (𝑧1 + 𝑧2)2 𝐿2)⁄   

GPVB The shear modulus of the PVB laminate; 
a function of the temperature and the 
load duration. 

 

Figure 3.9 – Cross-section of a glass 
sandwich panel. 
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4 Experiments 

A series of experiments was conducted in the Pieter van Musschenbroeck laboratory at the 
Eindhoven University of Technology to investigate the feasibility of controlled buckling of glass 
panes (objective 1) and transferring in-plane shear loads through the buckled panes by 
means of friction shear loading (objective 2). The other means of investigating structural 
behaviour, analytical and numerical, have to be compared to practical tests to verify their 
credibility. Experiments are a costly affair, but vital to see the actual structural response of the 
panes in these two situations. To this end, five specimens were tested in a full scale custom 
made test rig that is shown in Figure 4.1, this test setup is explained in section 4.2. 

 

Figure 4.1 - Perspective view of the total test setup in the Pieter van Musschenbroeck 
laboratory at the Eindhoven University of Technology. 

4.1 General description of the experiments 

In this series of experiments rectangular glass panes were buckled from a horizontal laying 
position upwards (objective 1). The short sides of the panes were supported along the edge 
by hinged clamps. In the arched position an in-plane shear load was applied to one support 
and resisted at the other support (objective 2). This shear load was transferred from the steel 
hinged support, via a rubber strip, to the short edge of the test specimen by means of friction 
between the contact surfaces. 

Section 4.1.3 explains the experiment step by step. Section 4.2 shows the test rig and section 
4.3 explains what measurements have been taken. The test results can be found in section 
4.4 and in section 4.5 the results are discussed. 

4.1.1 Test program and specimen specification 

Five specimens, measuring 1 by 3 meters, were tested in the experimental part of this 
research. The goal was to do three series of two duplicate tests: two tests with a pane with a 
nominal thickness of 4mm, two tests with a pane with a nominal thickness of 8mm and two 
tests on a sandwich panel, made of two 4mm panes laminated together with 0.76mm of PVB 
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film (nominal thicknesses). The last test, on a sandwich panel, was a long term test. When the 
sandwich panel, specimen 5, was arched up to 180mm in the middle of the span, the test (6) 
was halted for two weeks to investigate the effects of the creep of the PVB laminate, which is 
a function of the time, among other things. After this “relaxation period” the test was continued 
in the same way as the other tests. Table 4.1 contains the test program which gives an 
overview of the experimental work of this research. 

 

Table 4.1 - Test program. 

Only five specimens were used to do six tests, because specimen 1 was used for test 1 and 
2, see Table 4.2. The number of tests was constrained by the research budget and time. 
However, six duplicate tests were performed, instead of three single tests, because of the fear 
that a specimen would break untimely and then there would be no results for one of the test 
variables. Moreover, two duplicate tests give better insight in the behaviour than one single 
test. The statistical significance of the results is negligible due to the number of tests and 
variables. However, since this is a qualitative research merely investigating general behaviour 
and feasibility, as opposed to a quantitative research, the lack of statistical significance does 
not pose a problem. 

 

Table 4.2 – Specimen specification. *At “Safety measures” AF means Adhesive Foil and 
PVB is the laminate between two glass panes in a sandwich panel. 

The measured geometry as shown averaged in Table 4.2 can be found in Appendix A. 

All specimens share the following properties: the material, namely soda lime silica glass, the 
production method, only float glass panes were used in these experiments, and all float glass 
panes were tempered to obtain a compressive prestress of 120 MPa in the surface. The 
Young’s modulus and the Poisson ratio were not tested and assumed to be 70 GPa and 0.23, 
respectively, in accordance with (“NEN 2608,” 2011). And lastly, all specimen had the same 
the nominal length and width, namely 3000mm and 1000mm respectively. 

The test specimens are distinguished by their section properties: three rectangular solid 
sections (specimens 1, 2 and 4) and two sandwich panels  made of two rectangular solid 
sections, laminated together with PVB foil (specimens 3 and 5). 

As a safety measure the single glass panes (specimens 1, 2 and 4) were sealed on the top 
side with an adhesive foil, because glass, and especially fully tempered glass may shatter 
when it is heavily loaded. The two sandwich panels (specimens 3 and 5) were laminated 
together with PVB foil which functions as a safety measure. 
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4.1.1.1 Size of the specimens 

The length and width of the specimens, 3m and 1m respectively, followed practical 
considerations. Panes of approximately this size have been used in several building projects 
and can be lifted manually by two people, making it relatively easy to handle in the laboratory. 
A shorter pane would have been harder to buckle, whereas a longer pane would have 
required more space in the laboratory and would have made it harder to transfer an in-plane 
shear force. A wider pane would be convenient for the transfer of in-plane shear forces, 
however, the pane would be harder to buckle, the test setup would need to be larger and the 
pane would be harder to handle manually. 

The thicknesses of the specimens followed practical considerations as well. Laminated glass 
panels made of two panes of 4mm thickness and approximately 3 by 1 meters, have been 
used for cold bending purposes in building projects. In order to compare the behaviour of a 
sandwich panel to that of a solid section, single panes of 4mm and 8mm nominal thickness 
were tested. 

4.1.2 Orientation of the test specimen 

To transfer a friction shear load between two structural elements, the connection of these 
elements must be in compression. Therefore, the test rig was built for experiments on 
horizontal, laying panes, buckling upwards, because the gravity load on the arched specimen 
gives rise to a horizontal thrust in the supports and thus the connection is in compression, as 
explained in section 3.3. The test specimen in this experiment series were oriented like option 
1 in Figure 3.4, because this was the most practical and in practice most realistic orientation. 

4.1.3 The experiment explained 

In this section the experiment is explained step by step. 

The increase of forced axial displacement and thus the buckling process (objective 1) was 
alternated with the in-plane shear loading of the buckled specimen (objective 2), because it 
was not known how far the specimen could bend or how well it would react to the shear 
loading. To gain the most information on both behaviours, the two goals were alternately 
explored in multiple stages. Specific information regarding the individual tests is given in 
section 4.4. 

First a specimen was lifted into the test setup laying on rubber strips attached to a timber 
frame. Then the hinged clamps were closed, clamping the specimen on the short sides.  

After the measuring instruments were placed, a “zero measurement” or reference 
measurement was taken, whilst the unloaded specimen was still lying flat. A moment like this 
was captured in Figure 4.1. 

For the first goal of the experiment, the controlled buckling of a glass pane, the specimen was 
given a small upwards deflection by means of timber beams that were placed underneath the 
specimen, the resulting situation can be seen in Figure 4.2 and is marked in the graphs and 
tables in section 4.4 as “A”. 
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Figure 4.2 – All specimens were given an initial pitch to enable controlled buckling. 

By means of two manually operated hydraulic jacks one hinged support was forced 
horizontally towards the other, thereby creating an axial load in the specimen (in the global X 
direction, see for example Figure 4.3 for the general directions). At this time the specimen was 
still supported by the timber beams. There was a small axial displacement as the load was 
increased and the test setup settled. The axial load rose until the thrust was large enough to 
carry the weight of the slightly arched specimen. The specimen rose from its timber supports 
as the thrust was large enough to buckle the specimen upward, against the gravity load. This 
moment is marked in tables and graphs as “B”. The buckled specimen was now in an arched 
shape supported only by the hinged clamps on the short sides of the specimen. 

As the forced axial displacement was increased, governed by the out-of-plane deflection 
speed in the middle of the span of 10mm/min, the resulting axial load showed a sharp decline. 
The axial displacement was put on hold when the out-of-plane displacement, or deflection, in 
the middle of the span reached 180 mm (in the global Z-direction). This height was chosen 
because the pitch to span ratio corresponds roughly to the case study in section 2.6, with a 
pitch to span ratio of 1/18. This moment is marked “C1”. 

The forced axial displacement was locked in place to prevent decreasing due to a fall in the 
pressure in the hydraulic system. This was done in such a manner that the axial load could 
still be measured, this is explained in section 4.2. 

At this time an in-plane shear load F was applied to the specimen by another hydraulic jack in 
the global Y-direction, goal 2 of this research. The resulting reaction force R was resisted and 
measured on the far side of the specimen, see Figure 4.3. 

 

Figure 4.3 – A schematic view of the application of the in-plane shear load on the arched 
specimen, goal 2 of this research. 

The force was applied to and resisted on the steel hinges holding the clamps that supported 
the specimen on either side of the span, see Figure 4.4. In the left picture the hydraulic jack 
that applied the in-plane shear load, with load cell attached, is circled in red. In the right hand 
picture the steel piston that resisted the in-plane shear force, attached to another load cell, is 
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circled in red. The hinges were bolted to steel beams placed on horizontal and vertical rollers 
enabling displacement in the global Y-direction.  

 

Figure 4.4 – Circled in red, a hydraulic jack with load cell (left) and steel piston attached to 
a load cell (right).  

The in-plane shear load was increased until the specimen or the steel beams with the hinges 
locally lost contact with their supports. This moment is marked “C2”. In this case or if devices 
were at the end of their range the shear test was stopped. This meant the shear load was 
taken away as well as the resisting piston. 

After the release of the shear load, the axial displacement was increased again, governed by 
the out-of-plane deflection speed. This speed was increased to 20mm/min, because part B 
and C, that were believed to be critical parts, were successfully passed. As the deflection 
increased, the axial load continued to lower, but at a slower pace. The axial displacement was 
put on hold again and locked in place when the deflection in the middle of the span reached 
300 mm. This moment is marked “D1”. This height was chosen, because 300mm is 10% of 
the length of the specimen and the predicted tensile stresses in the thicker specimens was 
approximately 100 N/mm

2
, which is relatively close to the presumed 120 N/mm

2
 prestress in 

the surface, provided the specimen had to undergo the in-plane shear test as well. 

In-plane shear load F was again applied to the specimen until the displacements seemed to 
become excessive. This moment is marked “D2”. The shear load was released again. 

The axial displacement was increased, again at 20mm/min out-of-plane deflection. This stage 
of the test warrants the same description as part D1, save for the point at which the axial 
displacement was locked, namely 440 mm. This moment is marked “E1”. This height was 
chosen, because from 300mm it is half of the remaining possible 280mm deflection until the 
predicted maximum deflection of 580mm.  

Again the in-plane shear load F was applied to the specimen until the displacements became 
excessive. This moment is marked “E2”. The shear load was released again. 

The axial displacement was increased at 20mm/min of out-of-plane deflection, until the two 
hydraulic jacks could go no further. This corresponds with an axial displacement of 
approximately 290 mm, at which time the out-of-plane displacement reached approximately 
580mm, Figure 4.5. This moment is marked “F1”. 

 

Figure 4.5 – On the left specimen 1 is depicted in its final arched shape; on the right hand 
side the hydraulic jacks at the end of their range are shown. 
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A last time an in-plane shear force was applied and increased until measuring devices went 
out of range and seconds before this moment is marked “F2”. 

The shear force was released and after that the axial displacement was slowly decreased, 
lowering the specimen and increasing the axial load, until the specimen sagged quickly into a 
laying position. The axial load showed a sharp rise followed by a sharp decline, before it was 
taken away completely. 

4.1.4 Initial pitch 

Each specimen was buckled from a horizontal (laying) position upward, thereby creating an 
arched pane. To enable a controlled buckling process as opposed to very dynamic buckling 
behaviour, the specimens were given an out-of-plane deflection, or initial pitch, with timber 
beams, see Figure 4.2.  

Based on the relation between the horizontal thrust in the supports and the critical buckling 
loads of the specimen, explained in section 3.4, the initial pitches were conservatively chosen 
to be higher than the critical pitch, at which buckling would occur in the second mode shape. 
For tests 1 and 2 with specimen 1, with a nominal thickness of 4mm, an initial pitch of 90mm 
was used. For tests 3 up to 6, with different thicknesses, an initial pitch of 40mm was used. 

The timber beams that were used to give the specimens the initial pitches needed, were 
placed at every 20% of the span. Each specimen was thus linearly supported at 6 places, 
including the steel hinged supports on the short sides of the specimen. The height of each 
support was determined by stating that the deflected shape was half a sine wave. 

4.2 Test rig 

In Figure 4.1 a perspective view of the total test setup is shown. The test setup measures 
roughly 6.3m in length, 2.7m in width and 1.5m in height. Due to the many elements in the 
three dimensional test setup, for clarity a distinction is made between the primary reaction 
frame and a secondary reaction frame within the test rig. Figure 4.6 shows a perspective view 
of the primary reaction frame, built with steel sections HEB300, provided with holes Ø27 at 
regular intervals, that were bolted together with bolts M24. The primary reaction frame was 
designed to be a stiff ring around the test specimen to resist the in-plane (shear) forces during 
the test without much deformation. 

 

Figure 4.6 – Perspective view of the primary reaction frame. 
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The secondary reaction frame, Figure 4.7, was built with steel sections HEA150, provided with 
holes Ø18 at regular intervals, that were bolted together with bolts M16. The secondary 
reaction frame was supported in the middle of the span by a stocky column and bolted 
underneath the primary reaction frame at the end of the span. The secondary reaction frame 
resisted the axial load in the specimen during the tests, applied by the hydraulic jacks on the 
primary reaction frame, by means of a vertically placed roller bar, which enabled displacement 
in the Y-direction. It also carried the weight of the rolling support beams and the specimen, on 
one side by horizontally placed roller bars, enabling movement in the Y-direction, on the other 
side with roller plates, enabling movement in both the X- and Y-directions. 

 

Figure 4.7 – Perspective view of the secondary reaction frame. 

The loading mechanisms that are attached to the primary reaction frame are shown in Figure 
4.8 (the primary reaction frame is left out of the drawing). A glass pane was drawn in the 
picture to visualize the orientation of the different elements. The two hydraulic jacks on the 
right hand side of the figure were used to apply the axial displacement in the test specimen. 
Even though these two jacks were operated by the same manual hydraulic pump, which 
should give equal pressure in both jacks, they were coupled by means of a steel beam to 
balance the displacements of the two jacks. Two steel “stops” were bolted to the ends of this 
steel beam, which were used to lock the forced axial displacement during each shear test. 
This was done to prevent decreasing of the axial displacement due to a fall in the pressure in 
the hydraulic system. The stops were “locked” by means of two steel bars per stop, which 
were adjusted in length to follow the displacement, before every shear test. Also attached to 
this beam were two load cells, which were placed in front of the jacks. By placing the load 
cells between the specimen and the stops, the forces could still be measured when the 
displacement was locked by the stops. Attached to these two load cells was another steel 
beam with a vertically placed horizontal roller bar, which enabled displacement in the Y-
direction. 

On the left side of Figure 4.8, another hydraulic jack is shown, fitted with another load cell. 
Diagonally across the glass pane a load cell was placed. These two opposite load cells 
measured the shear force applied by the left hand jack and the reaction force delivered by the 
primary reaction. 
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Figure 4.8 – Perspective view of the loading mechanisms (a glass pane has been drawn in 
the picture to clarify the orientation). 

In Figure 4.9 the support beams can be seen, with the hinges attached. The support beam on 
the left was placed on the roller bars in Figure 4.7, thereby supported in the X- and Z-direction 
and free in the Y-direction. The support beam on the right hand side of Figure 4.9 was placed 
on the roller plates in Figure 4.7, thus it was supported in the Z-direction and free in the X- 
and Y-direction. The four hinges attached to the rolling support beams were cylindrical ball 
bearings, which fit a circular a steel bar with a plate, which was used to attach the steel 
clamps that supported the specimen during the tests. Each clamp was thus supported by two 
hinges. Both rolling support beams could be moved over the rollers with just one finger, even 
though the combined weight of the beam, the hinges, the clamp and the counterweight was 
close to 300kg. 

 

Figure 4.9 – Rolling support beams with hinged clamps and a glass pane. 

The clamps were made of a steel bar (a solid rectangular section of 100mm by 30mm and 
1016mm in length) with two steel plates (rectangular solid sections of 80mm by 12mm and 
1010mm in length) attached to the steel bar with socket cap screws M10, Figure 4.10. 
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Figure 4.10 – Cross section of the clamps holding the glass specimen; measurements are 
in [mm]. 

At the front side of the steel bar, the left side of the bar in Figure 4.10, a 4mm thick rubber 
strip was placed along the length of the bar, that was the interface between the glass and the 
steel clamp during the tests. Thus, it was this rubber strip through which the friction shear 
forces were transferred from the hinged clamps to the test specimens. The contact surface of 
the glass pane and the rubber strip was aligned with the rotation axis of the hinges. The 
centre of gravity of the clamps did not coincide with this axis and therefore a counterweight 
was attached to the clamps to balance them. To hold the test specimen in the centre of the 
clamp, two steel strips (rectangular solid sections of 25mm by 6mm and 1010mm in length) 
and 3mm thick rubber strips were placed on the top and bottom side of the specimen in the 
clamp. The positioning of the specimen in the clamp was done with two rows of socket cap 
screws M6 in the top steel plate as well as in the bottom steel plate. The distance from the 
contact surface of the glass pane and the 4mm thick rubber strip to the front side of the clamp 
was 30mm. Since the clamps were balanced and the hinges could rotate smoothly, the 
clamps could be positioned at any angle, and remain in this position, with just one finger. Thus 
the bending moment on the test specimen around the Y-axis was negligible in the supports.  

A timber frame (Figure 4.9) was made to lift the test specimens into the test setup by means 
of a crane on rails mounted in the laboratory. The timber frame with the specimen on it was 
placed on the secondary reaction frame, with the short sides of the specimen in the clamps. 

 

Figure 4.11 – Perspective view of the complete test setup. 
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When the secondary reaction frame (Figure 4.7) and the loading mechanisms (Figure 4.8)  
were bolted to the primary reaction frame (Figure 4.6) and the rolling support beams, with the 
hinges and clamps, were placed and finally the test specimen was lifted into the setup (Figure 
4.9), the test setup was complete, see Figure 4.11. 

The loads applied during the experiments were very low relative to the stiffness of the frame, 
therefore it is assumed that the stiffness of the test rig had no significant influence on the 
results obtained during the tests. 

4.3 Measurements 

The behaviour of the specimens during the tests was measured, filmed and photographs were 
taken. This section explains the different measurements taken and why they were taken. 

Electronic measuring devices were used to measure the applied loads, reaction forces, 
displacements, rotation angles and strains. These devices were connected to a computer 
which logged the measurements at a regular interval  of 1 measurement per second. The log 
files were used to make graphs and calculations, that are the results presented in section 4.4. 

4.3.1 Load cells 

The loads applied by the hydraulic jacks were measured by Load Cells, from now on indicated 
as LC. In total 4 LCs were used, with a range up to 10kN and an accuracy of 0,01% of this 
range. Thus the LCs were accurate up to 1N.  

Figure 4.12 shows a schematic top view of the test setup with the location of the 4 LCs 
indicated. The primary and secondary reaction frames were left out of the picture to increase 
the clarity. The rectangle drawn around the picture represents the primary reaction frame. All 
LCs were placed level with the neutral position of the specimen in the Z-direction.  

 

Figure 4.12 – The 4 load cells in a schematic top view of the test setup. 

LCs Strain5-00 and Strain5-01 were placed in front of the two hydraulic jacks that applied the 
axial displacement and thus together measured the axial load in the specimen. Because two 
LCs were used to measure the axial load, the moment around the Z-axis due to the in-plane 
shear force could be measured.  

LC Strain5-02 was attached to the hydraulic jack that applied the in-plane shear force to the 
specimen during the shearing tests and thus could measure this force. LC Strain5-03 was 
placed diagonally across the specimen and attached to the primary reaction frame and 
measured the resistance of the primary reaction frame to the in-plane shear load. This way 
the rolling friction of the system in the Y-direction was obtained by taking the difference 
between the measurements of LCs Strain5-02 and Strain5-03. Both LCs were placed in line 
with the rotation axis of the hinges. 

The 4 LCs are listed in Table 4.3. 
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Table 4.3 – A list of the load cells. 

 

4.3.2 Displacement measurements 

The displacements were measured using Linear Variable Differential Transformers (LVDT) 
and Digital Draw Wire Position Sensor (DDWPS). Figure 4.13 shows a schematic top view of 
a test specimen in the hinged clamps, with the location of the displacement measurements 
indicated. The orientation of the picture is the same as that of Figure 4.12. In Figure 4.13 and 
the accompanying text the actual names of the measuring devices, that are listed in Table 4.4, 
are abbreviated to just the numbers in their names. For example, Analog1-09 is indicated as 
“109”. 

 

Figure 4.13 - The displacement measurements in a schematic top view of the test setup. 

LVDTs 100 and 101 measured the relative displacement of the specimen to the hinged 
clamps in the Y-direction, at half the width of the specimen. These measurements were taken 
to obtain the shear angle of the rubber strip or the slip in the connection, if the connection 
could not transfer the shear load by means of friction. 

LVDTs 102 and 103 measured the displacement in the X-direction of the left hand rolling 
support beam. They were attached to the primary reaction frame and the measurements are 
thus relative to the test rig and not to the “outside world”, or the concrete floor of the 
laboratory. DDWPSs 104 and 105 measured the displacement in the X-direction of the right 
hand rolling support beam, the axial displacement. These measurements were relative to the 
laboratory floor. In the Y-direction 102 up to 105 were aligned with the hinges, as indicated in 
Figure 4.13. 

DDWPSs 107, 109 and 111 measured the vertical displacement, or out-of-plane deflection, at 
every 25% of the span in the middle of the width of the specimen; 108 and 110 measured the 
vertical displacement in the middle of the span, 5cm from the edges of the specimen. These 
measurements were taken relative to the laboratory floor. It was assumed that the supports 
would not move vertically, because of the weight of the supporting assembly. Thus together 
with the position of the supports, data from 107 up to 111 were used to map the deformed 
shape of the specimen. DDWPSs 107 up to 111 were placed 1000mm below the specimen 
and made a measurement error that increased with the increasing displacement of the right 
hand support of the specimen. Because the horizontal displacement was known, the error 
was corrected with equation 4.1. 



 Technische Universiteit Eindhoven University of Technology 

 

43   Curving glass panes by buckling    / Version:  1.0 

𝑤 = √(𝑤𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 + 1000)2 − (%𝑠𝑝𝑎𝑛 ∗ 𝑢𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)
2

− 1000 

4.1 

In which “w” is the actual vertical displacement of the point of interest; “wmeasured“ is the 
displacement measured by either 107, 108, 109, 110 or 111. “%span” gives the location on the 
specimen in the X-direction, here the left hand support is 0% and the right hand support is 
100% of the span, thus for 107 it is 75%, for 108, 109 and 110 it is 50% and for 111 it is 25%. 
For the displacement in the X-direction, “umeasured”, the average of 104 and 105 was taken. 

The LVDTs 114 up to 119 measured relative displacements of the test specimen to the 
clamps in the X-direction. They were positioned 3cm from the free edge of the specimen. 114 
up to 117 were placed on the top side of the specimen, 118 and 119 were placed on the 
bottom side of the specimen, underneath 117 and 114 respectively. The measurements of 
these LVDTs gave insight in the amount of compression of the rubber strips in the clamps, 
this was especially useful during the shear tests, because it could be estimated when the 
contact between the specimen and the rubber strip was lost. The LVDTs 118 and 119 were 
only used in tests 4 and 6, the tests with sandwich panels, because combined with 117 and 
114, the relative displacement of the two glass panes in the specimens to each other could be 
calculated. 

The displacement of the supports in the Y-direction was measured by the LVDTs Mitu_0 and 
Mitu_1, the right hand and the left hand support respectively. Both devices were positioned in 
line with the axis of rotation of the hinges. They were attached to the primary reaction frame 
and the measurements are thus relative to the test rig and not to the “outside world”. 

 

Table 4.4 – A list of the displacement measuring devices. 

4.3.3 Angles of rotation 

The rotation angles of the supports of the specimen around the Y-axis were measured by 2 
rotary sensors, from now on indicated as RS. Table 4.5 lists the RSs used in the experiments;  
Analog1-12 and Analog1-13 are referred to in this section by 112 and 113, respectively. RS 
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112 was attached to the bottom of the right hand clamp at the point marked 100 in Figure 
4.13; the point marked 101 was the location of RS 113, at the bottom of the left hand clamp. 
The angles of rotation measured by these devices are denoted as “φ” in the following 
sections. 

 

Table 4.5 – A list of the rotary sensors. 

4.3.4 Strains  

At several points the strain of test specimens was measured. Together with the displacement 
data and the angles of rotation, the strains of the material were used to calculate the curvature 
of the specimen and the stresses in the material at these points. 

The strains were measured by strain gauges, with a length of 10mm, glued to the glass. 
Single strain gauges (SSG) were used and rosettes with 3 strain gauges each; a schematic 
and a real image of a strain rosette are given in Figure 4.14. Strain in the X-direction is 
denoted as “ε0”, in the Y-direction as “ε90” and in the XY-plane, at 45° to the X-direction, as 
“ε45”. 

 

Figure 4.14 – Schematic image (left) and a picture (right) of a rosette with 3 strain gauges. 

For economic reasons, not all specimens were fitted with strain gauges. Specimen 1, 4 and 5 
were provided with strain gauges and thus tests 1, 2, 5 and 6 are the tests for which strain 
data was acquired. The original plan was to provide one of each duplicate test with strain 
gauges, however, because specimen 1 was tested twice, strain data was obtained for test 2 
as well. 

Figure 4.15 shows a schematic top view of a test specimen in its supports, with strain gauges, 
and Table 4.6 lists all the strain measurements taken. Again, the codes of the measurement 
devices are abbreviated to just the number in the code. 

The strains were measured in the middle of the span and close to the left hand support. In the 
middle of the span the curvature of an arched specimen was the highest and, therefore, the 
strains due to bending the greatest and thus the stresses in the material as well. The strains 
were measured in the middle of the span at the top side of the specimen, where the tensile 
stresses were suspected to be the greatest, and in the middle of the span at the bottom of the 
specimen, where the compression stresses were suspected to be the greatest.  Towards the 
edges of the specimen SSGs were used to measure the axial strain due to curving, whereas 
in the centre of the length and width rosettes were used, to measure the effects of the in-plane 
shearing on the strains as well. Close to the left hand support the strains were measured only 
at the top side of the specimen, because the main goal of these strain gauges was to gain 
insight in the in-plane shear behaviour of the specimen, thus here rosettes were used. 
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Figure 4.15 – The strain gauges in a schematic top view of part of the test setup. 

On the top side of the specimen, in the middle of the span, to the upper side of Figure 4.15 
SSG 700 and to the lower side of the picture SSG 704 were placed 8cm from the free sides of 
the specimen, measuring strains in the X-direction. SSG 800 and 804 were placed at the 
bottom side of the specimen, directly under 700 and 704, respectively. The distance to the 
sides of the specimen was 8cm, because the vertical displacement wires 108 and 110 were 
attached in the middle of the span at 5cm from the edge, and even closer to the edge of the 
specimen there are (literally) more side effects that influence the measurement, such as 
imperfections in the glass edge. 

 

Table 4.6 – A list of the strain gauges. 

In the middle of the span and in the middle of the width of the specimen, a strain rosette was 
fitted to the top and bottom side of the specimen. The rosette on top measured the ε0, ε45 and 
ε90, with the strain gauges 701, 702 and 703, respectively. The rosette on the bottom side 
measured the ε0, ε45 and ε90, with 801, 802 and 803, respectively. 
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At 15cm from the supported left hand edge, thus at 5% of the span, three rosettes were fitted 
to the top side of the specimen. As indicated in Figure 4.15, the ε0 measurements were taken 
with strain gauges 708, 711 and 716, the ε45 measurements were taken with strain gauges 
709, 712 and 717 and the ε90 measurements with 710, 713 and 714. 

4.3.4.1 Calculations with strains 

The strains measured by the SSGs were used to calculate the stresses in the direction these 
strains were measured, using equation 4.2, the common expression for Hooke’s Law. In this 
equation the lateral strain, due to the Poisson effect, is not taken into account. However, since 
the lateral restraint, the Poisson effect, is at a maximum in the middle of a plate and zero at 
the free edges of the plate, and the measurements were taken close to the free edges of the 
specimen, the error made is relatively small. 

𝜎𝑔 = 𝐸𝑔 휀 

4.2 

In which: 

σg is stress in the glass in the measured direction; 
Eg is the Young’s modulus of glass; 
ε is the strain measured by a strain gauge. 

The strains measured by the rosettes were used to calculate the principal in-plane stresses 
and the angle at which they act. The first and second principal stresses were calculated using 
equation 4.3 and their angles to the X-axis with equation 4.4. 

𝜎𝑔; 1,2 =
𝐸𝑔

2
(

휀0 + 휀90

 1 − 𝜈𝑔
±

√2

1 + 𝜈𝑔

√(휀0 − 휀45)2 + (휀90 − 휀45)2) 

4.3 

tan( 2 𝛼 ) =
2 휀45 − 휀0 − 휀90

휀0 − 휀90
 

4.4 

In which: 

σg; 1,2 are the two principal stresses in the glass,  σg; 1 and σg; 2 ; 
ε0, 45, 90 are the strains measured by a rosette, see Figure 4.14; 
νg is the Poisson’s ratio of glass; 

α is the angle of first principal stress to the X-axis, the first principal direction. 

Equations 4.3 and 4.4 are explained in Appendix B (Timoshenko and Goodier, 1951) and 
(Hiemstra, 2001). 

The stress in the X-direction and Y-direction can be calculated by taking ε0 and ε90 measured 
by a rosette and using equations 4.5, respectively (equations 4.5 are the material specific 
versions of equations 3.6). 

𝜎𝑔;0 =
𝐸𝑔

1 − 𝜈𝑔
2

(휀0 + 𝜈𝑔 휀90)        𝑎𝑛𝑑       𝜎𝑔;90 =
𝐸𝑔

1 − 𝜈𝑔
2

(휀90 + 𝜈𝑔 휀0) 

4.5 

Where σg;0 is the stress in the X-direction and σg;90 is the stress in the Y-direction. 
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4.4 Results 

This section contains the most important results of the experiments, shown per test. 

Appendix C contains the results that are not deemed necessary to explain what happened 
during the experiments.  

Specimen 1 was used for multiple tests. It was first used for the testing of the test setup, then 
for tests 1 and 2. The use of the same specimen for multiple tests is justified with the 
knowledge that glass is at ambient temperatures a fully linear elastic material. Also, the glass 
is fully tempered and will shatter into thousands of pieces when it cracks at any point. The 
calculated principal stresses never exceeded the surface prestress due to the tempering 
process, thus existing cracks or surface flaws did not open or grow. Because the glass pane 
remained intact, it was assumed that the specimen was fit for more tests. 

4.4.1 Test 1 - Specimen 1, with strain gauges 

Test 1 was carried out with specimen 1, measuring an average 3.84mm in thickness, 1000mm 
in width and 3000mm in length. The top side of the specimen was covered with a translucent 
adhesive foil as a safety measure. 

The initial pitch in the middle of the span, w0, was 92mm. 

Figure 4.16 shows the relation between the out-of-plane displacement (w) of the specimen in 
the middle of the span measured by DDWPS Analog1-09 and the axial load in the pane, that 
is the sum of LCs Strain5-00 and Strain5-01.  

 

Figure 4.16 – Test 1 – The axial force in the specimen in relation to the out-of-plane 
displacement (w) in the centre of the specimen. 

Figure 4.17 shows the relation between the forced in-plane displacement (u) of the specimen 
measured by DDWPSs Analog1-04 and Analog1-05 and the axial load in the pane. The graph 
was adjusted and does not show the movement of the left hand support towards the 
specimen, thus at the moment of first full contact, the displacement is zero. 
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Figure 4.17 – Test 1 – DDWPSs 104 and 105 measuring the forced axial displacement in 
the X-direction vs the axial force in the specimen. 

Several trajectories on the curves shown in Figure 4.16 and Figure 4.17 are distinguished and 
marked, as explained in section 4.1.3: 

A The timber beams were placed underneath the specimen, giving it an initial pitch, w0, 
of 92mm; at this stage there was no axial load in the specimen. 

B An axial load was applied to the specimen. There was a small axial displacement as 
the load increased and the test setup settled, until the load reached 1618N and the 
specimen rose from the timber supports. 

C As the forced axial displacement increased, the resulting axial load showed a sharp 
decline and at the same time the out-of-plane deflection increased. The axial 
displacement was put on hold when the out-of-plane displacement in the middle of the 
span reached 181 mm (C1, Figure 4.18). At this time an in-plane shear load was 
applied to the specimen by another hydraulic jack and a the small dip in the axial load 
can be seen in the curve (C2). 

 

Figure 4.18 – Test 1 – The test specimen in the buckled state with an out-of-plane 
displacement of 181mm. 
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D After the release of the shear load, the axial displacement was increased again. As 
the out-of-plane displacement increased, the axial load continued to lower, but at a 
slower pace. The axial displacement was put on hold again when the out-of-plane 
displacement reached 300 mm (D1). The in-plane shear load was applied once more 
and again a dip in the axial load can be seen in the curve (D2). 

E The axial displacement was increased until an out-of-plane displacement of 439mm 
was recorded (E1). The in-plane shear load was applied a dip in the axial load can be 
seen in the curve (E2). 

F The axial displacement increased until the two hydraulic jacks could go no further, an 
axial displacement of 281 mm. The out-of-plane displacement reaches 584mm and 
the axial load stabilizes at around 593 N (F1, Figure 4.19). A last time an in-plane 
shear force was applied and increased until the displacement measurement in line 
with the jack (LVDT Mitu_1) was at the end of its range (F2). 

 

Figure 4.19 – Test 1 – Specimen 1 in the final arched shape, the pitch in the middle of the 
span is 584mm. 

G The axial displacement was gradually undone and the specimen lowered slowly; the 
axial load increased as the specimen was lowered. At G the timber beams were 
removed, because they could be taken out from under the specimen easier than 
when the specimen would be laying on the beams. The graph shows a disturbance 
here, because the specimen was slightly lifted during this process. 

H After the removal of the timber beams, the specimen was lowered again. At 29mm 
out-of-plane displacement half the specimen (lengthwise) sagged to the timber frame 
and the other half remained buckled upwards, until the axial displacement was 
completely undone and the specimen lay flat without an axial load. 

Figure 4.20 shows the axial force in the specimen, measured by LCs 500 and 501, during the 
experiment. The trajectory between A and B is the time that was needed to for full contact of 
the left hand support and the specimen, LC 501 made contact first. 
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Figure 4.20 – The axial force in the specimen during the experiment. 

In Figure 4.21 the relation between the pitch, DDWPS 109, and the angles of rotation of the 
hinged clamps is shown, RSs 112 and 113. 

 

 

Figure 4.21 – The pitch of the specimen, measured by DDWPS 109, vs the angle of 
rotation of the hinged clamps as measured by RSs 112 and 113. 

Figure 4.22 shows the strains measured at the top and bottom of the specimen (700 and 800 
series, respectively), in the middle of the span, in the X-direction. 
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Figure 4.22 – The strains measured at the surface in the middle of the span in the X-
direction, at the top and bottom of the specimen vs the pitch (DDWPS 109). 

Figure 4.23 shows strains ε0 , ε45 , ε90 , measured at the surface in the centre of the specimen, 
ate the top (701, 702 and 703, respectively) and at the bottom (801, 802 and 803, 
respectively). 

 

 

Figure 4.23 - The strains measured at the surface in the centre of the specimen, at the top 
and bottom of the specimen vs the pitch (DDWPS 109). 

Table 4.7 gives an overview of the test results for test 1, in which w(z), the out-of-plane 
displacement in the middle of the span in the global Z-direction, was measured by DDWPS 
109; the forced axial displacement in the global X-direction, u(x), is the average of the 
measurements of DDWPSs 104 and 105; N is the force needed for u(x) and is the average of 
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LCs 500 and 501 and the rotation of the hinged clamps supporting the specimen around the 

global Y-axis, ϕ, is the average of RSs 112 and 113. 

FShear, max is the maximum applied in-plane shear force per test fase, LC 502, and v(y) is the 
displacement of the support in the global Y-direction, along the work line of FShear, max, as 
measured by LVDT Mitu_1. The displacement of the specimen relative to the hinged steel 
clamps is given by vrel,max(y), in the global Y-direction, and is the maximum value measured by 
LVDTs 100 and 101. 

 

Table 4.7 – Summary of test results of test 1. 

4.4.2 Test 2 - Specimen 1, with strain gauges 

Test 2 was also carried out with specimen 1. The initial pitch in the middle of the span, w0, 
was 92mm. 

Figure 4.24 shows the relation between the out-of-plane displacement (w) of the specimen in 
the middle of the span measured by DDWPS Analog1-09 and the axial load in the pane, that 
is the sum of LCs Strain5-00 and Strain5-01. 

No additional graphs are shown for test 2, because of the similarity to the graphs in test 1; the 
other graphs for test 2 can be found in Appendix C. 
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Figure 4.24 – Test 2 – The axial force in the specimen in relation to the out-of-plane 
displacement (w) in the centre of the specimen. 

Table 4.8 gives an overview of the test results for test 2. 

 

Table 4.8 - Summary of test results of test 2. 

4.4.3 Test 3 - Specimen 2 

Test 3 was carried out with specimen 2, measuring an average 7.78mm in thickness, 1001mm 
in width and 3000mm in length. The top side of the specimen was covered with a translucent 
adhesive foil as a safety measure. 

The initial pitch in the middle of the span, w0, was 39mm. 

Specimen 2 was the first specimen to break during the test sequence as posed in section 
4.1.2. Figure 4.25 shows six stills from the video recording in which the moment of failure is 
captured. In the following graphs the moment of failure is marked with a black cross. 
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Figure 4.25 – Six stills from the video recording of test 3, to be seen in alphabetical order 
(the lettering does not refer to the fase of the experiment). 

 

Figure 4.26 shows the relation between the out-of-plane displacement (w) of the specimen in 
the middle of the span measured by DDWPS Analog1-09 and the axial load in the pane, that 
is the sum of LCs Strain5-00 and Strain5-01. 

 

Figure 4.26 – Test 3 – The axial force in the specimen in relation to the out-of-plane 
displacement (w) in the centre of the specimen. 

Figure 4.27 shows the relation between the forced in-plane displacement (u) of the specimen 
measured by DDWPSs Analog1-04 and Analog1-05 and the axial load in the pane.  
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Figure 4.27 - DDWPSs 104 and 105 measuring the forced axial displacement in the X-
direction vs the axial force in the specimen. 

Figure 4.28 shows the axial force in the specimen, measured by LCs 500 and 501, during the 
experiment. 

 

 

Figure 4.28 - The axial force in the specimen during the experiment. 

In Figure 4.29 the relation between the pitch, DDWPS 109, and the angles of rotation of the 
hinged clamps is shown, RSs 112 and 113. 
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Figure 4.29 - The pitch of the specimen, measured by DDWPS 109, vs the angle of 
rotation of the hinged clamps as measured by RSs 112 and 113. 

Table 4.9 summarizes the results of test 3. There are less columns in the table, because no 
strain measurements were taken in test 3, therefore no stresses have been calculated. In the 
first column “SBF” means Seconds Before Failure (approximately 2 seconds), this timing was 
chosen, because it can be said with confidence that the reported values were not influenced 
by the shock of the failure itself.  

 

Table 4.9 – Summary of test results of test 3. 

4.4.4 Test 4 - Specimen 3 – 2x4mm, laminated 

Test 4 was carried out with specimen 3, measuring an average 8.39mm in thickness, 1000mm 
in width and 3000mm in length. Specimen 3 was a sandwich panel, two glass panes with a 
nominal thickness of 4mm were laminated together in the factory with two sheets of PVB foil 
with a nominal thickness of 0.38mm. The nominal thickness of specimen 3 is thus 8.76mm. 

The initial pitch in the middle of the span, w0, was 40mm. 

Figure 4.30 shows the relation between the out-of-plane displacement (w) of the specimen in 
the middle of the span measured by DDWPS Analog1-09 and the axial load in the pane, that 
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is the sum of LCs Strain5-00 and Strain5-01. After the shock due the failure of the upper 
pane, DDWPSs 108, 109 and 110 were out of order. Hence, the graphs that show a relation 
with these DDWPSs are not shown after the failure of the upper pane. 

 

Figure 4.30 – Test 4 – The axial force in the specimen in relation to the out-of-plane 
displacement (w) in the middle of the specimen. 

Figure 4.31 shows the relation between the forced in-plane displacement (u) of the specimen 
measured by DDWPSs Analog1-04 and Analog1-05 and the axial load in the pane.  

 

Figure 4.31 - DDWPSs 104 and 105 measuring the forced axial displacement in the X-
direction vs the axial force in the specimen. 
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Figure 4.32 shows the axial force in the specimen, measured by LCs 500 and 501, during the 
experiment. 

 

Figure 4.32 - The axial force in the specimen during the experiment. 

In Figure 4.33 the relation between the pitch, DDWPS 109, and the angles of rotation of the 
hinged clamps is shown, RSs 112 and 113. 

 

Figure 4.33 - The pitch of the specimen, measured by DDWPS 109, vs the angle of 
rotation of the hinged clamps as measured by RSs 112 and 113. 

During test 4, only the top pane of specimen 3 cracked. Figure 4.34 shows a picture of the 
cracked pattern of the upper pane of specimen 3 after the test, because the lower pane 
remained intact the pattern is clearly visible.   
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Figure 4.34 – Top view of specimen 3 in the test setup after test 4 was completed. 

Table 4.10 gives a summary of the results of test 4, in the first column “SAF” means Seconds 
After Failure (of the upper pane), approximately 20 seconds. This timing was chosen, 
because the dynamic effects of the failure of the upper pane had to dissipate; a later time 
could safely have been chosen, since the experiment was halted at this time to take 
photographs. The displacement in the global X-direction of the two glass panes in the 
sandwich panel, relative to one another, is given by urel and is the average value of the 
measurements taken by LVDTs 114 and 117, minus 119 and 118, respectively. 

 

Table 4.10 - Summary of test results of test 4. 

4.4.5 Test 5 - Specimen 4 – 8mm, with strain gauges 

Test 5 was carried out with specimen 4, measuring an average 7.76mm in thickness, 1001mm 
in width and 3000mm in length. The top side of the specimen was covered with a translucent 
adhesive foil as a safety measure. 

The initial pitch in the middle of the span, w0, was 39mm. 

Figure 4.35 shows six stills from the video recording in which the moment of failure of 
specimen 4 is captured. 
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Figure 4.35 - Six stills from the video recording of test 5, to be seen in alphabetical order 
(the lettering does not refer to the fase of the experiment). 

Figure 4.36 shows the relation between the out-of-plane displacement (w) of the specimen in 
the middle of the span measured by DDWPS Analog1-09 and the axial load in the pane, that 
is the sum of LCs Strain5-00 and Strain5-01. 

 

Figure 4.36 – Test 5 - DDWPS 109 measuring the out-of-plane deflection of the specimen 
in the global Z-direction vs the axial force in the specimen. 

 

Figure 4.37 shows the relation between the forced in-plane displacement (u) of the specimen 
measured by DDWPSs Analog1-04 and Analog1-05 and the axial load in the pane. The graph 
was adjusted and does not show the movement of the left hand support towards the 
specimen, thus at the moment of first full contact, the displacement is zero. 
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Figure 4.37 – Test 1 – DDWPSs 104 and 105 measuring the forced axial displacement in 
the X-direction vs the axial force in the specimen. 

Figure 4.38 shows the axial force in the specimen, measured by LCs 500 and 501, during the 
experiment. The trajectory between A and B is the time that was needed to for full contact of 
the left hand support and the specimen, LC 501 made contact first. 

 

Figure 4.38 - The axial force in the specimen during the experiment. 

In Figure 4.39 the relation between the pitch, DDWPS 109, and the angles of rotation of the 
hinged clamps is shown, RSs 112 and 113. 
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Figure 4.39 - The pitch of the specimen, measured by DDWPS 109, vs the angle of 
rotation of the hinged clamps as measured by RSs 112 and 113. 

Figure 4.40 shows the strains measured at the top and bottom of the specimen (700 and 800 
series, respectively), in the middle of the span, in the X-direction. SSG 704 is not shown, 
because it was broken. 

 

Figure 4.40 - The strains measured at the surface in the middle of the span in the X-
direction, at the top and bottom of the specimen vs the pitch (DDWPS 109). 

Figure 4.41 shows strains ε0 , ε45 , ε90 , measured at the surface in the centre of the specimen, 
ate the top (701, 702 and 703, respectively) and at the bottom (801, 802 and 803, 
respectively). 
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Figure 4.41 - The strains measured at the surface in the centre of the specimen, at the top 
and bottom of the specimen vs the pitch (DDWPS 109). 

Table 4.11 gives a summary of the results of test 5. 

 

Table 4.11 - Summary of test results of test 5. 

4.4.6 Test 6 - Specimen 5 – 2x4mm, laminated, with strain gauges 

Test 6 was carried out with specimen 5, measuring an average 8.40mm in thickness, 1000mm 
in width and 3000mm in length. Specimen 5 was also sandwich panel, similar to specimen 3, 
with a nominal thickness of 8.76mm. 

The initial pitch in the middle of the span, w0, was 39mm.  

Test 6 is the only test which included a relaxation period of 2 weeks. During this time the 
specimen was held in its arched shape with a pitch of 180mm (C1). In this period the PVB foil, 
that is the laminate between the two glass panes, could creep.  

During test 6, only the top pane of specimen 5 cracked. Figure 4.42 shows a picture of the 
cracked pattern of the upper pane of specimen 5 after the test, because the lower pane 
remained intact the pattern is clearly visible. 
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Figure 4.42 - Top view of specimen 5 in the test setup after test 6 was completed. 

Figure 4.43 shows the relation between the out-of-plane displacement (w) of the specimen in 
the middle of the span measured by DDWPS Analog1-10 and the axial load in the pane, that 
is the sum of LCs Strain5-00 and Strain5-01 (not 109, nor 108, because they went out of order 
when the upper pane failed. 

 

Figure 4.43 – Test 6, a DDWPS measuring the out-of-plane deflection of the specimen in 
the global Z-direction (w) vs the axial force in the specimen. 

Figure 4.44 shows the axial force in the specimen, measured by LCs 500 and 501, during the 
experiment. The trajectory between A and B is the time that was needed to for full contact of 
the left hand support and the specimen, LC 501 made contact first. 
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Figure 4.44 - The axial force in the specimen during the experiment. 

In Figure 4.45 the relation between the pitch, DDWPS 110, and the angles of rotation of the 
hinged clamps is shown, RSs 112 and 113. 

 

Figure 4.45 - The pitch of the specimen, measured by DDWPS 110, vs the angle of 
rotation of the hinged clamps as measured by RSs 112 and 113. 

Figure 4.46 shows the strains measured at the top and bottom of the specimen (700 and 800 
series, respectively), in the middle of the span, in the X-direction. 
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Figure 4.46 - The strains measured at the surface in the middle of the span in the X-
direction, at the top and bottom of the specimen vs the pitch (DDWPS 110). 

Figure 4.47 shows strains ε0 , ε45 , ε90 , measured at the surface in the centre of the specimen, 
ate the top (701, 702 and 703, respectively) and at the bottom (801, 802 and 803, 
respectively). 

 

Figure 4.47 - The strains measured at the surface in the centre of the specimen, at the top 
and bottom of the specimen vs the pitch (DDWPS 110). 
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Table 4.12 gives a summary of the results of test 6, in the first column C1 marks the start of 
the relaxation period of 2 weeks, from now on referred to as SoRP. The end of this relaxation 
period is marked as EoRP. 

 

Table 4.12 - Summary of test results of test 6. 
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4.5 Evaluation of the experiments 

In this section the test results presented in section 4.4 are discussed. 

4.5.1 Tests 1 and 2 – Specimen 1 

The two duplicate tests 1 and 2 are not separately discussed, the measured values in test 2 
were practically the same as those in test 1, deviating up to 1%. 

The relation between the out-of-plane displacement of the specimen in the middle of the span 
(Analog 1-09), or the pitch of the arch, and the axial load in the pane as shown in Figure 4.16, 
is also included in Figure 4.48. The critical buckling loads of the specimen in the first and 
second buckling modes are given by lines F-E1 and F-E2 respectively. The axial load was 
higher than F-E1 and lower than F-E2 during the time the specimen was arched. The part of 
the curve above F-E2 was the moment the arch collapsed. This means that the specimen was 
stable above F-E1 and that the stability of the arch is lost at approximately F-E2. 

 

Figure 4.48 – Test 1 – The pitch of the arched specimen vs the axial force. 

Multiple stresses have been calculated from measured strains. The stresses in Figure 4.49 
correspond with the strains in Figure 4.22, the SSGs according to 4.2 (700, 704, 800 and 804) 
and the rosettes according to 4.5 (701 and 801). 
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Figure 4.49 – Test 1 – Normal stresses in the X-direction in the middle of the span, at the 
top (700, 701 and 704) and at the bottom (800, 801 and 804) of the specimen. 

The principal stresses in Figure 4.50 are calculated with 4.3 and correspond to the strains in 
Figure 4.23. 

 

 

Figure 4.50 – Test 1 – Principle stresses at the surface in the centre of the specimen, at 
the top (701) and at the bottom (801). 

 

In Table 4.13 and Table 4.14 the normal stress due to the axial load in the specimen, σN , was 
calculated by dividing the axial load, N, by the section area, A (1000mm x 3.84mm = 
3840mm

2
 for specimen 1). σ1,Mid,Top and σ1,Mid, Bot  are the first principle stresses in the centre 

of the specimen at the top and bottom, respectively, see also Figure 4.50.  σx,Mid, Top, avg is the 
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average of surface stresses 700, 701 and 704 in Figure 4.49 at the top of the specimen in the 
X-direction, in the middle of the span. And σx,Mid, Bot, avg  is the average surface stresses 800, 
801 and 804 in Figure 4.49, at the bottom of the specimen in the X-direction, in the middle of 
the span. 

 

Table 4.13 – Test 1 – The calculated stresses. 

 

 

Table 4.14 – Test 2 – The calculated stresses. 

4.5.2 Tests 3 and 5 – Specimens 2 and 4 

Tests 3 and 5 were duplicate experiments. However, in test 5 strains were measured and in 
test 3 not. 

In Table 4.15 the section area A of specimen 2 (test 3) used to calculate σN , was 1001mm x 
7.78mm = 7768mm

2
. 

 

Table 4.15 – Test 3 – The calculated normal stress due to the axial load in the specimen. 

In Figure 4.51 the relation between the pitch of the arched specimen and the axial force in the 
specimen is shown, with the critical buckling load (F-E1) as a reference. 
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Figure 4.51 – Test 3 – The pitch of the arched specimen vs the axial force. 

 

In Figure 4.52 the relation between the pitch of the arched specimen and the axial force in the 
specimen is shown, with again the critical buckling load (F-E1) as a reference. 

 

 

Figure 4.52 – Test 5 – The pitch of the arched specimen vs the axial force. 
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The stresses in Figure 4.53 correspond with the strains in Figure 4.40, the SSGs according to 
4.2 (700, 800 and 804) and the rosettes according to 4.5 (701 and 801). 

 

 

Figure 4.53 – Test 5 – Normal stresses in the X-direction in the middle of the span, at the 
top (700 and 701) and at the bottom (800, 801 and 804) of the specimen. 

The principal stresses in Figure 4.54 are calculated with 4.3 and correspond to the strains in 
Figure 4.41. 

 

 

Figure 4.54 – Test 5 – Principle stresses at the surface in the centre of the specimen, at 
the top (701) and at the bottom (801). 

 



 Technische Universiteit Eindhoven University of Technology 

 

73   Curving glass panes by buckling    / Version:  1.0 

Table 4.16 gives a summary of the calculated stresses for test 5. The section area A of 
specimen 4 (test 5) used to calculate σN , was 1001mm x 7.76mm = 7768mm

2
. 

 

Table 4.16 – Test 5 – The calculated stresses. 

4.5.3 Tests 4 and 6 – Specimens 3 and 5 

Tests 4 and 6 were duplicate experiments. However, in test 6 strains were measured and in 
test 4 not and test 6 was also a long term experiment, including a relaxation period of two 
weeks. 

 

Figure 4.55 – Test 4 – The pitch of the arched specimen vs the axial force and F-Cr as a 
function of the time. 
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Figure 4.56 – Test 6 – The pitch of the arched specimen vs the axial force and F-Cr as a 
function of the time. 

 

The stresses in Figure 4.57 correspond with the strains in Figure 4.46, the SSGs according to 
4.2 (700, 704, 800 and 804) and the rosettes according to 4.5 (701 and 801). 

 

 

Figure 4.57 – Test 6 – Normal stresses in the X-direction in the middle of the span, at the 
top (700, 701 and 704) and at the bottom (800, 801 and 804) of the specimen. 
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The principal stresses in Figure 4.58 are calculated with 4.3 and correspond to the strains in 
Figure 4.47. 

 

Figure 4.58 – Test 6 – Principle stresses at the surface in the centre of the specimen, at 
the top (701) and at the bottom (801). 

Table 4.17Table 4.16 shows the calculated stresses for test 4. The effective section area A 
(thus only the glass and not the PBV) of specimen 3 (test 4) used to calculate σN , was 
1000mm x (8.39mm – 0.76mm) = 7630mm

2
 when the whole specimen was intact and 

approximately (7630 / 2 =) 3815mm
2
 after failure of the upper pane. 

 

Table 4.17 – Test 4 – The normal stress due to the axial load and the shear angle of the 
PVB laminate. 

Table 4.18 gives a summary of the calculated stresses for test 5. The effective section area A 
of specimen 5 (test 6) used to calculate σN , was 1000mm x (8.40mm – 0.76mm) = 7640mm

2
 

when the whole specimen was intact and approximately (7640 / 2 =) 3820mm
2
 after failure of 

the upper pane. 
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Table 4.18 – Test 6 – The calculated stresses and the shear angle of the PVB laminate. 

Figure 4.59 shows the behaviour of the PVB laminate used in specimens 3 and 5, specifically 
the relation of the shear modulus as a function of time, at a constant temperature of 20°C. 
This information was provided by Scheuten Glas, who in turn obtained it at Dupont. 

 

 

Figure 4.59 – The shear modulus G of the PVB laminate as a function of the time for 20°C. 
(Dupont). 
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5 Conclusions and recommendations 

5.1 Conclusions 

The objectives of this research are: (1) to demonstrate the feasibility of the curving of glass 
panes by means of controlled buckling and (2) activating the curved glass panes as shear 
panels through friction shear in the connections. 

It can be concluded that the proposed concept, as described in the objectives, is feasible. This 
conclusion is based on the experimental findings. In summary, this research shows that: 

- it is possible to load glass panes beyond their critical buckling load, without inducing 
failure; 

- shear loads can be transferred through the curved pane, by means of friction shear in 
the connections; 

- it is possible to use glass structurally without the use of adhesives or bolts through the 
glass element; 

- a successful application of this concept is to a large extend dependant on the 
boundary conditions, specifically the precision with which the connections can be 
made and the flexibility of these connections and the whole structure; 

- the experiments with the laminated glass specimens have shown that the concept can 
be redundant, which is very important in structural applications; 

- designs can be more transparent in the future, because the glass does not have to be 
supported along its span, also, wider glass elements can be used than with other 
popular curving methods. 

5.2 Recommendations 

The following recommendations are made: 

- More information about the behaviour of the concept can be gained by analysing the 
acquired data more closely, and by evaluating that data, more conclusions could be 
drawn. 

- Investigate the feasibility of practical application of the proposed concept, including: 
o connection design; 

 the supports in compression; 
 the connection with adjourning glass panes and/or other elements; 

o design of the larger structure. 
- An analytical model could be developed for the proposed concept, for multiple 

configurations (section 3.3), load cases and load combinations. 
- Numerical research in the form of a Finite Element Analysis should be performed, to: 

o obtain additional information about the experiments and gain more insight in 
the behaviour of the concept; 

o corroborate the conclusions regarding the concept, which were based on a 
limited number of experiments; 

o investigate the behaviour of the concept under different load cases and load 
combinations; 

o perform parametric studies, simulating the behaviour of a similar design that 
has not been tested experimentally. 

- Additional experiments should be performed, to: 
o corroborate the conclusions regarding the concept statistically; 
o investigate the behaviour of the concept under different load cases and load 

combinations; 
o test other geometrical dimensions and configurations. 
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Appendix A 

Of all specimens the length, width and thicknesses were measured. 

The length and width were measured with a measuring tape along the sides and through the middle of 

the specimen. The measured values for the length and the width were consistently the same for every 

specimen, thus this single value for the length and width of each specimen is given in the table below. 

The thickness of each specimen was measured using a Micrometer at 2 cm from the side of the 

specimen, at points A through T, see figure below. The values for the thickness of each specimen is given 

in the table below. Specimen 1, 4 and 5 were measured when they were in the test setup, therefore the 

thickness could not be measured at points H, I, J, R, S and T. 
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Appendix B 

With equations 4.3 and 4.4 in chapter 4, the principal stresses, σ1 and σ2, and their principal directions 

are calculated from strains measured by a rosette, see Figure B.1. These equations are explained in 

this appendix. 

 

Figure B.1 – Schematic image of a rosette with 3 strain gauges (Huveners, 2009). 

In a 2D stress situation principal stresses 1 and 2 are two normal stresses that work in two 

perpendicular directions, the principal directions, for which the shearing stress is zero. For the 

principal direction only two components of stress are needed to describe the stress situation at a 

point (Timoshenko and Goodier, 1951). 

Mohr’s circle can be used to visualize normal stresses in relation to shear stresses. The stress 

components σ and τ are coordinates in a diagram, called Mohr’s circle, in which the stress 

components vary as the angle α is changed. 

 

Figure B.2 – Mohr’s circle for a 2D stress situation. 

In Figure B.2 let O be the point of interest on an in-plane loaded plate. On the horizontal axis the 

normal stresses are plotted and shear stresses on the vertical axis. Now C is the average of any two 

perpendicular normal stresses and does not change with the variation of α, it is the centre of Mohr’s 

circle. For example, if in the global x-direction a stress σ0 and in the global y-direction a stress σ90 are 

known, possibly calculated from measured strains, these and C, their average, can be plotted. If the 

shear stress τ is calculated, the radius of the circle can be obtained using the Pythagorean theorem. 

The principle stresses are now σ1 = C + R and σ2 = C – R.  

As explained, C is the average of the two known perpendicular normal stresses: 
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The in-plane shear stress  τ  follows from equilibrium to be (Hiemstra, 2001): 

  
            

 
 

 

   
 
            

 
 

Using the Pythagorean theorem, R is calculated as follows: 
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Now that C and R are known, the principal stresses can be calculated:  
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If the specific material properties of glass are used, this results in equation 4.3. 

 

 

As can be observed in Figure B.2: 
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Combined with the above expression for the shear stress  τ: 
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The first principle direction is therefore: 

  
 

 
        

            
      

 

And the second principle direction is α + 90°. 
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1 Introduction 

This is the second part of a graduation project investigating the feasibility of the curving of 
glass panes by means of controlled buckling in a more practical application: the structural 
design of a railway station canopy.  

The main idea is that glass panes could span large distances without intermediate supports 
when used in an arched shape. Also, by taking advantage of the normal compression force in 
the pane, the buckling force, the concept could be applied without the use of adhesives in the 
connections or bolts through the glass. This is a major advantage, because structural 
adhesives are hard to apply in-situ and the panes would be expensive to replace. 
Furthermore, connections with bolts through the glass pane are often normative in the design 
of structural glass, because tensile stresses in the glass show peaks at the edges of the bolt 
hole and the glass is the most fragile at the edges. 

In Phase 1 of this graduation project, the objectives were: (1) to demonstrate the feasibility of 
the curving of glass panes by means of controlled buckling, and (2) activating the curved 
glass panes as shear panels through friction shear in the connections. Based on experimental 
findings, this research concluded that both objectives are feasible, given the right boundary 
conditions. The experiments were qualitative in nature, merely investigating the feasibility of 
the concept. Therefore, the number of tests was limited. The recommendations include: a 
deeper analysis of the experimental data; a continuation of the experiments, investigating 
different geometries, additional loading of the glass pane, and different orientations of the 
pane; a finite element analysis to corroborate the experimental findings and to do a parametric 
study; and to investigate the feasibility of a practical application of the researched concept, 
which is what Phase 2 encompasses. 

Specifically, in Phase 2 of this graduation project a new structural design was developed for a 
different canopy for the expansion of the Amsterdam RAI railway station. During the 
development of the design the aim was to include the curved glass panes, researched in 
Phase 1, in the design with a structural application.  

The current plans for the platform roof of the expansion of the Amsterdam RAI railway station 
leave room for improvement, see the render in Figure 1.1 (BAM Utiliteitsbouw, 2014). For 
example, due to the very open design people may experience the visit as wet, cold and windy, 
should the combination of rain and wind occur.  

 

 

Figure 1.1 – The new canopy at the Amsterdam RAI railway station (BAM Utiliteitsbouw, 2014). 
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1.1 Objectives  

The objectives of Phase 2 of this graduation project are: (1) to make a structural design for a 
new canopy for the new platform of the Amsterdam RAI railway station, that protects the 
travellers from the environment; and (2) to incorporate the concept researched in Phase 1 in 
this structural design. 

1.2 Methodology 

The backgrounds of the project are explored in chapter 2, for example, the location and the 
history of the Amsterdam RAI railway station. Furthermore, the structure of the old Amsterdam 
RAI canopy is examined, among several other platform roofs of railway stations.  

In chapter 3 the boundary conditions are stated, both general and structural in nature. 

Various preliminary structural designs are developed and weighed, in chapter 4. In the last 
section a choice for one design is made and motivated. 

The chosen variant is developed further into a final design in chapter 5 and 6, where chapter 5 
will focus on the main structure, and chapter 6 zooms in on the glass parts of the structure. 

Finally, this report closes with conclusions and recommendations in chapter 7. 
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2 Amsterdam RAI and other railway 

stations 

In this chapter background information about the Amsterdam RAI railway station and its 
surroundings is presented (section 2.1), followed by an exploration of structural designs of 
railway station canopies (section 2.2), including the current Amsterdam RAI railway station.  

2.1 Amsterdam RAI area 

In the south of Amsterdam, wedged between the eastbound part of the highway and the light 
rail station, is the Amsterdam RAI railway station, see Figure 2.1. Directly to the north of the 
railway station, the RAI convention centre is located, from which the railway station obtained 
its name.  

 

Figure 2.1 – A map of the Amsterdam RAI railway station area in Amsterdam (Google Maps). 

2.1.1 History of the area 

After the second World War the demand for automobiles strongly increased, and so did the 
demand for trade fairs for automobiles, and many specialized trades. Thus, the RAI 
Association (Vereniging “De Rijwiel- en Auto Industrie”) asked the municipality of Amsterdam 
whether it would be interested in becoming a partner in the venture. Because of the 
prospected favourable effects on the regional economy, the latter agreed to a partnership, and 
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in 1961 the new Amsterdam RAI Convention Centre was opened, at what was then the edge 
of the city Figure 2.2 (“History of the RAI,” 2015). 

 

Figure 2.2 – Construction of the Amsterdam RAI Convention Centre (“History of the RAI,” 2015). 

Ever since, the Amsterdam RAI Convention Centre has grown to what it is today, an 
Exhibition and Conference Centre consisting of 11 halls, 22 conference rooms, and 7 
restaurants. And it is still growing: this year a new hall will open, the RAI Amtrium, see Figure 
2.3 (“RAI Amtrium,” 2015). 

 

Figure 2.3 – Render of the “RAI Amtrium”, next to the building in Figure 2.2 (“RAI Amtrium,” 2015). 

2.1.2 Railway station Amsterdam RAI 

In 1978, the first rail connection between the airport Schiphol and the city of Amsterdam was 
established. This track from Schiphol Airport ended at the Amsterdam Zuid WTC railway 
station. In 1981, Amsterdam RAI railway station was built, roughly one kilometre eastwards 
from Zuid WTC, and the railway was extended, thereby connecting the Amsterdam RAI 
Convention Centre to the airport, see Figure 2.4 (Douma, 1998). 

 

Figure 2.4 – The first Amsterdam RAI railway station (1981), (Douma, 1998). 

The Amsterdam RAI end station was demolished only 10 years later, when the railway was 
extended, on a viaduct over the Europaboulevard (see Figure 2.1), to the railway stations 
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Duivendrecht and Diemen Zuid. In 1992, the current Amsterdam RAI railway station was built, 
largely on top of the new viaduct, see Figure 2.5.  

 

Figure 2.5 – The new Amsterdam RAI railway station on top of the viaduct over the Europaboulevard 
(Bouwen met Staal, 1992). 

Railway station architect C. Douma is not pleased with the “lugubrious underworld of 
concrete” that is the viaduct over the Europaboulevard. What Douma means with this 
statement is illustrated by Figure 2.6 (Lansink, 2001). 

 

Figure 2.6 – The Europaboulevard and railway station Amsterdam RAI (Lansink, 2001). 

However, Douma praises his colleague R.M.J.A. Steenhuis for the design of the canopy: “due 
to the V-shaped roof, the canopy seems to glide above the concrete violence like a butterfly” 
(Douma, 1998). Figure 2.7 shows the new railway station in use and in colour. 
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Figure 2.7 – The new Amsterdam RAI railway station (Douma, 1998). 

2.2 Structural design of railway stations 

In this section the focus lies on the structural design of canopies of the railway stations. 
Designs were chosen with, at least partly, curved façades or roofs, and curved transparent 
sections. 

2.2.1 Amsterdam RAI 

First, the structure on the current Amsterdam RAI railway station canopy is examined, 
because it is part of some structural designs considered in chapter 4. 

The canopy of the Amsterdam RAI railway station was built on a concrete viaduct: two π-
shaped sway frames, placed between the roads and light rail tracks of the Europaboulevard, 
carrying the prefabricated concrete beams that span the roads between the sway frames. 
Reversed T-sections carry the railway tracks and I-sections carry the platform, see Figure 2.9. 

The canopy is a steel structure and is an assembly of a lateral sway frame (see Figure 2.7) 
with a hinged curved beam on either side, placed on the π-shaped concrete sway frames with 
hinged connections, see Figure 2.9 (Ingenieursbureau NS, 1990). The assembly carries two 
2D trusses, placed above the columns of the steel sway frame, and two 3D trusses, where the 
frame connects to the hinged curved beams on either side. These trusses have the length of 
the entire canopy, 150m, see Figure 2.8 (Ingenieursbureau NS, 1990). 
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Figure 2.8 – Top and side view of the Amsterdam RAI railway station (Ingenieursbureau NS, 1990). 

The two 2D trusses carry the roof and are connected to the braces that provide stability in the 
direction of the length of the canopy. These braces can be seen in the middle of the side view 
of the station in Figure 2.8. The 3D trusses carry the roof and support the curved façade 
horizontally (Bahri, 2011). This façade is made of curved castellated sections, placed at 2m 
intervals, that are at the bottom connected to the concrete of the viaduct, with flat glass panes 
attached from the inside, see Figure 2.10. 

 

Figure 2.9 – Cross section of Amsterdam RAI railway station (Ingenieursbureau NS, 1990). 

The roof is constructed with profiled steel sheeting, supported by HE200A sections that span 
the distance between the trusses, see Figure 2.9.  

The lateral sway frames are horizontally supported by the concrete platform in the lateral 
direction (Bahri, 2011).  
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Figure 2.10 – The curved castellated sections and the glass panes of the façade (Photo by MCdR). 

In the year it was built, 1992, the new Amsterdam RAI railway station was awarded the 
“Nationale Staalprijs”, because the structural design was thought to be “efficient and 
interesting to look at for waiting travellers” (Bouwen met Staal, 1992). 

2.2.2 Diemen Zuid 

Further east along the railway track that connects Schiphol Airport to the south of Amsterdam, 
is the Diemen Zuid railway station, see Figure 2.11 (Douma, 1998). 

 

Figure 2.11 – A perspective view of the Diemen Zuid railway station (Douma, 1998). 

It was built in 1993 and, because of the many similarities, it cannot be a surprise that it was 
designed by the same architect that designed the Amsterdam RAI railway station: R.M.J.A. 
Steenhuis. In essence, he used the same design and removed the façade, leaving just the 
steel sway frame, because a façade was deemed unnecessary. 

The stability in the direction of the length of the structure is achieved by the coupling of the 
middle two sway frames with steel plates, effectively creating a shear wall, this can be seen in 
Figure 2.11. 

The two 2D trusses were replaced by circular hollow sections that run the length of the 
canopy and the two 3D trusses are placed more towards the middle, see Figure 2.12 (Douma, 
1998).  
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Figure 2.12 – View of the Diemen Zuid railway station from the east side (Douma, 1998). 

This design does not include transparent sections, but it is included in this study, because it 
gives insight in possible modifications of the Amsterdam RAI canopy. 

2.2.3 Amsterdam Centraal – Middenkap 

The Middenkap at the Amsterdam Central railway station, with a length of 354m, is an arched 
structure supported by the existing roof structures on either side of it, see Figure 2.13 (Snijder 
et al., 1997).  

 

Figure 2.13 – Structural drawing of the Middenkap (Snijder et al., 1997). 

The arches are 3D trusses, connected by four 3D trusses that run the length of the structure, 
see Figure 2.14. The stability along the length of the roof structure is achieved by means of 
six bracing structures between the arches, connecting to the existing stability structures in the 
roofs on either side of the Middenkap. 
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Figure 2.14 – Part of the structure in a 3D computer model (Snijder et al., 1997). 

By utilizing the existing roof structures, the new canopy did not take up additional space on 
the platforms, except for 5 columns on the west side of the canopy, as can be seen in Figure 
2.15 (Snijder et al., 1997). 

 

Figure 2.15 – The “Middenkap” at railway station Amsterdam Central (Snijder et al., 1997) 

Perhaps most notable about the design is the construction method. To minimize the hindrance 
to passengers in the station, each section of the structure was assembled on the east side, on 
a temporary work platform that was built over the railway tracks. When finished, the assembly 
was pushed towards the west side with hydraulic jacks. Then, a new section was assembled 
and connected to the previous section, after which both sections were pushed towards the 
west side again to make place for a new assembly. The 3D trusses on either side of  the 
assembly were placed on temporary roller beams and the supports on the existing roof 
structures were equipped with temporary rollers (Snijder et al., 1997). 
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This design is was awarded an honourable mention in the Nationale Staalprijs competition in 
1998, (Bouwen met Staal, 1998). 

If rebuilt today, the transparent sections that contain the many flat glass panes in the curved 
roof could be realized with cold bent glass panes. This change would effectively reduce the 
number of glass elements by approximately a factor 10, see Figure 2.15. 

2.2.4 Amsterdam Central station – Canopy at track 1 

The canopy between track 1 and 2 at Amsterdam Central station, is an interesting structure. 
Single columns are placed at 8m intervals, with two cantilevered beams at the top. These 
beams support custom made profiles that span the interval distance and double as a gutter. 
Curved square hollow sections span the distance between the gutters, and support the curved 
polycarbonate (PC) panels, see Figure 2.16 and Figure 2.17 (Boheemen and Vákár, 1995). 

Even though these PC panels are today still translucent, they attest that the optical quality of 
PC is far inferior to that of cold bent laminated glass. 

 

Figure 2.16 – The canopy at railway track 1 (Boheemen and Vákár, 1995). 

The single columns, as well as the two beams attached to it, are Vierendeel trusses. The 
columns are rigidly connected at the bottom in both horizontal directions, giving the canopy its 
stability in the lateral and the longitudinal directions. 
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Figure 2.17 – Drawing of a cross section of the canopy (Boheemen and Vákár, 1995). 

2.2.5 Amsterdam Sloterdijk – The Tube 

The “Tube”, as it was called by the designers, H.C.H. Reijnders (architect) and J. Hartog 
(structural designer), is part of a larger design for a whole new railway station, (Hartog, 1985). 
The Tube, which can be seen in Figure 2.18 (Douma, 1998) and Figure 2.19 (Bullhorst, 1986), 
is a canopy over a platform and two railway tracks, connecting Amsterdam Central station to 
Schiphol Airport. The tracks, the platform and thus the canopy are, like Amsterdam RAI 
railway station, situated on a viaduct above the main hall, which, in turn, is built over railway 
tracks 3 up to 8 and three platforms. 

 

Figure 2.18 – The interior view of “the Tube” (Douma, 1998). 

The canopy is 175m long, and consists of sway frames carrying four steel I-beams, which 
carry the roof and support the curved façade, see Figure 2.19 and Figure 2.20.  
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Figure 2.19 – The south end of “the Tube” (Bullhorst, 1986). 

The curved façade is constructed in the same way as the façade of the Amsterdam RAI 
railway station: curved castellated sections, supported by steel sections at the top and by the 
concrete viaduct at the bottom, with flat glass panes attached from the inside. 

The lateral stability is safeguarded by the sway frames, see the picture on the left side of 
Figure 2.20 (Hartog, 1985). The stability along the length of the canopy is also achieved with 
sway frames: at three places along the length of the canopy, two lateral sway frames are 
coupled by two beams with rigid connections, see Figure 2.18. 

The four I-beams that span between the sway frames and carry the roof, are coupled with a 
bracing system that has two functions: first, the roof is stiff in its plane, and can thus spread 
the wind load over multiple sway frames; and second, the connections of the braces prevent 
lateral torsional buckling of the roof beams, see the right side of Figure 2.20, (Hartog, 1985). 

      

Figure 2.20 – The sway frame structure (left) and the bracing in the roof (right) during construction in 
1985 (Hartog, 1985). 

This design was awarded the Nationale Staalprijs too, in 1986 (Bouwen met Staal, 1986). 

2.2.6 Amsterdam Lelylaan 

Further south along the tracks that connect Amsterdam Central Station to Schiphol Airport, 
railway station Amsterdam Lelylaan was built, like Amsterdam Sloterdijk, also in 1986. 
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Amsterdam Lelylaan is, like Amsterdam RAI, a railway station on a viaduct that crosses other 
kinds of traffic, and thus, the designer (R.M.J.A. Steenhuis) was not free to place columns 
wherever he desired. This resulted in four rectangular concrete cores, carrying large 3D 
trusses, which in turn carry the roof over the platform, see Figure 2.21 (Douma, 1998). 

 

Figure 2.21 – Amsterdam Lelylaan railway station (Douma, 1998). 

The 3D trusses that span the distance between the concrete cores, continue past the cores 
on either end of the station, thus the ends of the platform roof are cantilevered, this can be 
seen in Figure 2.21 and Figure 2.22 (Douma, 1998). 

 

 

Figure 2.22 – Amsterdam Lelylaan, as seen from the south side of the platform (Douma, 1998). 

In the middle section of the roof, curved square hollow sections span from one side of the 3D 
truss to the other, and hold in place curved polycarbonate (PC) panels. As was the case at 
Amsterdam Central station, in section 2.2.4, the optical quality of PC panels deteriorated 
much during its lifespan, and thereby making a case for cold bent laminated glass. 

2.2.7 Amsterdam Sloterdijk – Hemboog 

Built in 2009, this new part of Amsterdam Sloterdijk railway station on the “Hemboog” (two 
railway tracks on separate bridges, between Amsterdam Lelylaan and Zaandam, built in 
2003), is exceptionally light, in weight and in transparency, see Figure 2.23 (Breman et al., 
2010). 

The structure consists of arches (custom made rectangular hollow sections) that are 
connected by purlins (UPE sections), see Figure 2.25. The arches are supported by sliding 
hinges, see Figure 2.24. Sliding, because the canopy is enabled to move with respect to most 
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supports; due to temperature changes and deformations due to passing trains, the railway 
bridges may displace differently from the canopy structure.  

 

Figure 2.23 – The new platform conopy at Amsterdam Sloterdijk railway station (Breman et al., 2010) 

The stability in the direction of the length of the canopy is ensured by two bracing structures in 
the middle of the length of the canopy, see Figure 2.25. Due to the sliding hinges, the 
dilatations between the concrete bridge sections did not have to be taken into account and the 
number of stability systems could be minimized to two. 

 

Figure 2.24 – Sliding hinged supports (Breman et al., 2010). 

An interesting feature of this particular canopy is that cold bent laminated glass panels were 
used in the façade, with a maximum size of 1.1m in width and 3.1m in length. These panels 
were not used for structural purposes, but the choice for this system considerably brought 
down the weight of the canopy. 

As can be observed in Figure 2.25, the arches do not have a constant radius, but are closer to 
a parabolic shape. This shape follows from the PVR (Profiel van Vrije Ruimte) of the trains, 
which  freely translates as “profile of free space”. If the curvature of the arches would have 
been constant, the canopy would have to be much wider to fit the PVR. 
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Figure 2.25 – The platform is spanned by custom made arced sections (Breman et al., 2010). 

This design was awarded the Nationale Staalprijs in 2010 (Bouwen met Staal, 2010). 

2.2.8 ‘s Hertogenbosch 

The railway station ‘s Hertogenbosch was renovated in 1998 and at the same time a canopy 
was built on the new third platform (Vákár, 1999), this new canopy is shown in Figure 2.26 
(Vákár and Gaal, 2004). 

 

Figure 2.26 – The new canopy at the ‘s Hertogenbosch railway station (Vákár and Gaal, 2004). 

The lateral stability of the canopy is achieved by the sway frame structures, placed at 7m 
intervals along the length. The sway frames are an assembly of three parts, two columns, 
each with a cantilevered beam attached, connected to a curved truss. The column-truss 
connection is rigid in the plane of the assembly; however, in the direction of the length of the 
canopy the connection is hinged, as is the connection at the bottom of the column, see Figure 
2.27 (Vákár, 1999).  

When considering the stability along the length, the canopy is effectively an assembly of two 
parts, stacked with hinged connections. The lower part, the columns, are stabilized by sway 
frames: the columns of two lateral sway frames are rigidly connected by a rectangular hollow 
section, in the direction of the length of the canopy. The upper part of the assembly is 
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stabilized by two rows of flat, in-plane loaded glass panes, placed vertically underneath the 
curved roof, see Figure 2.26.  

 

Figure 2.27 – A drawing of a lateral sway frame (Vákár, 1999). 

The stabilization of the upper part of the canopy with in-plane loaded glass panes, was not the 
only innovation in this building: by way of experiment, some of the curved laminated glass 
panels at the top of the canopy are cold bent, rather than warm bent. Presently, one can 
conclude that this experiment was successful, for the cold bent laminated glass panels are still 
in place and have since been used in many other projects (Vákár and Gaal, 2004). 
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3 Boundary conditions 

In this chapter the boundary conditions for the design are stated.  

All design conditions regarding the existing situation were obtained from documents supplied 
by “Alliantie Amstelspoor”, a combination of construction companies that are building the new 
railway, platform, and canopy. 

3.1 General conditions 

A distinction is made between design conditions of a general and of a structural nature. In this 
section the general conditions are listed. 

- The new design should protect the travellers on the platform from environmental 
inconveniences, such as, wind, rain, snow, et cetera, to a larger extent than the 
original design, shown in Figure 1.1. 

- The canopy should be as transparent as possible. 
- The platform measures 250m in length and the width varies from 10.290m on the 

west side (axis 1) to 9.160m on the east side of the platform (axis 7). 
- The length of the platform roof should be 150m. 
- An additional railway track, between the most southern track “MC01” and the 

eastbound part of the highway (A10), should remain possible in the future. 
- The space available between the expansion of the railway station and the old platform 

roof is at some places limited to 700mm (the presence of the maintenance installation 
on the old canopy is not taken into account). 

- The platform area should be as free from obstructions as possible. 

3.2 Structural boundary conditions 

This section contains the design conditions that are of structural nature. 

The platform, and therefore the platform roof, is to a very large extent situated above the 
Europaboulevard, mentioned in chapter 2, and is thus supported by a viaduct, instead of an 
embankment, see Figure 3.1 (Fransen, 2014). 

 

Figure 3.1 – Mechanical system of the new concrete viaduct (Fransen, 2014). 

The maximum span of the viaduct is 25m and is normative from a structural point of view (the 
left side of Figure 3.1 shows 24m as the largest span, however, on the far left the span is not 
constant over the width of the viaduct). The span is made with pre-stressed precast concrete: 
reversed T-sections for the trains, and I-sections to support the platform, see Figure 3.2 
(Fransen, 2014). The precast concrete sections structurally interact with a concrete plate, cast 
in-situ, due to stirrups in the beam-plate interface, see page 64 in Appendix A (Alliantie 
Amstelspoor, 2013). 

The strength and stiffness of the spans of the viaduct are taken into consideration in the 
designs, whenever a design requires the support of the concrete beams that span the 
Europaboulevard. Due to insufficient knowledge of the concrete viaduct structure, the loads 
on the viaduct should not exceed the loads it was originally meant to carry, in the design 
shown in Figure 1.1. These loads are listed in Appendix C (Jelsma, 2013); on page 25 the 
maximum downward force that can be expected in the ULS in any column is mentioned to be 
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130.4kN, where snow loading was normative. The columns are placed above the inner two 
concrete I-beams, on the viaduct supports and in the middle of the span. The largest 
downward reaction force, 130.4kN,  is located in the middle of the largest span, 25m, and thus 
results in a bending moment of (130.4 * 25 / 4 =) 815 kNm, with a maximum shear force of 
(130.4 / 2 =) 65.2 kN. 

The supports of the viaduct, the concrete sway frames shown in Figure 3.1 as pendula, are 
assumed to be rigid, and are assumed to be able to carry any loads that follow from a new 
canopy design. 

 

Figure 3.2 – An isometric view of a cross section of the new viaduct (Fransen, 2014). 

The train sections of the viaduct were kept structurally separate from the platform section, i.e. 
they can move and deflect separately, see Figure 3.2. Thus, any structural interaction 
between the train sections and the platform section through the canopy, should be treated 
with the appropriate caution. 

Whenever a design structurally interacts with the existing railway station, the strength, 
stiffness and stability of the whole design should be taken into account, including the existing 
canopy. 

Figure 3.3 is a smaller image of Appendix B1, a cross section of the old viaduct with the 
current canopy, and the new viaduct, and is the basis of new designs. In this drawing, the 
existing canopy can be seen on the right hand side and the new viaduct to the left of it. On the 
far left, part of the A10 eastbound highway viaduct is drawn. To the right side of it, between 
the highway and the new viaduct, a concrete support for another railway track is indicated; 
this track should remain a possibility in the future. 

 

Figure 3.3 - A cross section of the old viaduct with the current canopy, and the new viaduct. 

 

The last condition is that the concept researched in Phase 1, cold curved glass panes,  should 
be included in the structural design. 
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3.3 Load cases 

A condition that holds for all structural designs is that they must answer to the building codes, 
in this case the Eurocode (EN 1990, 2005). The designs in this project are designed to 
withstand snow and wind loading, as well as thermal loading. Due to time limitations, other 
relevant load cases are not taken into account, such as fire situations and accidental actions. 

3.3.1 Permanent loads 

Among the permanent loads is the weight of the building and possibly dead loads, as 
described in (EN 1991-1-1, 2002). The prestressing of structural elements or assemblies is 
also a permanent load case.  

3.3.1.1 Glass 

When the cold curved laminated glass panels from Phase 1 of this project are used in a 
design, the in-plane thrust from the glass panels must be taken into account. The calculations 
are made with the computer program SCIA Engineer 2014. In this program curved panels 
(shell structures) are modelled, rather than flat panels that still have to be curved, thus not 
taking into account curving force, or in-plane thrust. 

This in-plane thrust is approximated with the critical buckling load (FCr,1) of the glass panel and 
can be calculated with equation 3.22 in Phase 1 (Luible, 2004) for laminated glass panels. 

This force shall be input in the calculations as a separate permanent load case. 

The total axial load in the glass panel, when subjected to external loading, may exceed FCr,1. 
This does not pose a problem if this load remains lower than FCr,2 , the critical buckling load in 
the second buckling mode, at which the glass structure shall no longer be stable and collapse. 
Chapter 6 elaborates on this subject. 

3.3.2 Live loads 

The live loads that (may) act on the structure and that are taken into account, are explained in 
this section. 

3.3.2.1 Snow 

The snow load on the canopy (s) is calculated in accordance with the Eurocode National 
Annex for The Netherlands for snow loading (EN 1991-1-3, 2003).  

The snow load is: 𝑠 = 𝜇𝑖 ∗ 𝐶𝑒 ∗ 𝐶𝑡 ∗ 𝑠𝑘 , where: sk = 0.7 kN/m
2
 , both Ce and Ct are 1.0, and 

shape coefficient μi must be obtained from table 5.2. For flat roofs and pitched roofs with 

angles up to 30° μ = 0.8, thus, snow load 𝑠 = 0.8 ∗ 1.0 ∗ 1.0 ∗ 0.7 = 0.56 𝑘𝑁/𝑚2 for these 
cases. 

3.3.2.2 Wind 

The peak velocity pressure of the wind on the building was taken from table NB3 in the 
National Annex for the code on wind loading (EN 1991-1-4, 2010). The location of the building 
is Amsterdam, thus “windgebied” II, the area is “bebouwd”, and the height was chosen to be 

19m above the ground (the height of the current structure), resulting in a wind pressure Pw of 
0.88 kN/m

2
. 
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3.3.2.3 Thermal loading 

Due to temperature changes the structure may deform. In the design of the structures these 
deformations must be taken into account, in accordance with (EN 1991-1-5, 2003).  

As for the original design (Jelsma, 2013), a base temperature of 10°C. is taken, with a thermal 
loading equivalent to ΔT = ±35°C. 

The whole structure, including cladding, should be able to deform due to temperature changes 
within this temperature range without failure. 

3.4 Load combinations 

In the calculations the different load cases are combined according to the (EN 1990, 2005). A 
distinction is made between the Ultimate Limit State (ULS) in section 6.4 and the 
Serviceability Limit State (SLS) in section 6.5 in the mentioned code. 

For calculations in the ULS the design value of the effect of actions (Ed) must be greater than 
or equal to the design value of the corresponding resistance (Rd), or Ed ≤ Rd. For calculations 
in the SLS the design value of the effect of actions (Ed) must be greater than or equal to the 
limiting design value of the relevant serviceability criterion (Cd), or Ed ≤ Cd. 

To determine Ed in the ULS equations 6.10a and 6.10b are used, in combination with Table 
A1.2(B) in the National Annex of the (EN 1990, 2005), to obtain the γ-factors for the loads. In 
the SLS equation 6.14 is used. These equations all include a Ψ0-factor for the accompanying 
variable actions which are listed in Table A1.1 in the National Annex of the (EN 1990, 2005). 
This table states that for snow, wind and thermal loads, the Ψ0 = 0, thereby reducing part of 
the equations to 0 for these load cases. Since these three are the only live loads considered 
in the designs, the equations combined with the values in the tables in the National Annex, 
reduce to the more convenient equations in the last column of Table 3.1. 

State Equation Original Reduced 

ULS 6.10a 𝐸𝑑  =  𝛾𝐺  𝐺𝑘 + 𝛾𝑄  Ψ0,1 𝑄𝑘,1 + Σ γ𝑄Ψ0,𝑖  Q𝑘,𝑖 𝐸𝑑  =  1.35 𝐺𝑘 

ULS 6.10b 𝐸𝑑  =  𝜉𝛾𝐺  𝐺𝑘 + 𝛾𝑄 𝑄𝑘,1 + Σ γ𝑄Ψ0,𝑖  Q𝑘,𝑖 𝐸𝑑  =  1.2 𝐺𝑘 + 1.5 𝑄𝑘,1 

SLS 6.14 𝐸𝑑  =  𝐺𝑘 + 𝑄𝑘,1 + Σ  Ψ0,𝑖  Q𝑘,𝑖 𝐸𝑑  =  𝐺𝑘 + 𝑄𝑘,1 

Table 3.1 – The reduced equations that shall be used in the designs.  

Using the reduced equations, Table 3.2 was compiled, listing the load combinations with the 
appropriate load factors with which each design shall be checked.  

Combination Permanent Snow Wind Thermal 

ULS Perm 1.35    

ULS Snow 1.2 1.5   

ULS Wind 1.2  1.5  

ULS Ther 1.2   1.5 

SLS Snow 1.0 1.0   

SLS Wind 1.0  1.0  

SLS Ther 1.0   1.0 

Table 3.2 – The load combinations with the load factors. 
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4 Preliminary structural designs 

In this chapter multiple preliminary structural designs are presented, explained and weighed. 

There are many options to weigh and possibilities to consider during the making of a structural 
design of a railway station canopy. Therefore, section 4.1 will give an overview of the options 
that were considered for the design. Three options are chosen and looked at more closely in 
section 4.2, before these are weighed and a design is chosen to further investigate and 
engineer as a final design, in section 4.3. 

 

In the making of the various designs, not all conditions are answered in all designs. Of course, 
ignoring conditions has consequences. These consequences are taken into account in the 
weighing of the design options in chapter 4, where a design is chosen. 

 

4.1 Overview of options 

Multiple preliminary structural designs were made for the new railway canopy, inspired by a 
combination of similar structures investigated in chapter 2, the location, and imagination. First, 
the options for a design separate from the existing canopy are presented (like the original 
design in Figure 1.1), followed by options including the existing canopy. 

Designs for a completely new railway station are left out, because in such options the existing 
canopy would have to be demolished. The current canopy is of such value (Douma, 1998), 
that a replacement of the existing canopy considered a waste. Furthermore, Amsterdam RAI 
is a relatively small train station with relatively small numbers of travellers (Jelsma, 2013), 
where Intercity services or international trains only pass by without stopping. 

4.1.1 Design possibilities separate from the existing canopy 

The design possibilities in this section are all physically separate from the existing canopy, 
and should leave room for the maintenance installation on the old canopy function, or offer 
another solution that would render it unnecessary. 

4.1.1.1 Option A1 

This option, see Figure 4.1 and Figure 4.2, shows the most similarities to the original design 
shown in Figure 1.1. Even though the size of the canopy is roughly the same as the original 
design, the increased transparency of this option does increase the comfort during a stay on 
the platform.  

It is a steel sway frame with circular hollow section beams that span the distance between the 
frames. The beams carry the cold curved laminated glass panels, measuring approximately 
5100mm in length, shown in blue. The width of a single glass panel is maximum 3m, due to 
fabrication limitations, but can otherwise arbitrarily be chosen to fit the span between the sway 
frames. The wider the glass panels are, the more transparent the design is. However, 
decreasing the width of the panels would result in a more redundant design, because the 
implications are less severe if a panel should fail. The horizontal thrust from the glass panels 
shall find equilibrium by means of a steel cable or rod, this is the black line between the lower 
two beams in Figure 4.2. The sway frames should be placed at the points where the columns 
were placed in the original design, with an in between distance of 9 up to 12.5m. 
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Figure 4.1 – Option A1 – Cross section of the canopy, showing the frame. 

 

 

 

Figure 4.2 – Option A1 – Cross section of the canopy, in between frames. 

Figure 4.3 is an isometric view of the structural model without the glass panes or rods, and 
shows that the sway frames are supported by hinged connections on the platform. The beams 
that span between the frames are welded to the frames in-situ, to create rigid connections. 
Rigid connections were chosen, because of structural and aesthetic reasons. The stiffness of 
the structure is increased and the connections, even though expensive, are not bulky in their 
appearance, as bolted rigid connections with circular hollow sections often are. 
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Figure 4.3 – Option A1 – An isometric view of the mechanical model. 

If the existing rigid connections do not yield enough stiffness to secure the stability in the 
longitudinal direction (X-direction in Figure 4.3), this can be achieved by connecting two sway 
frames with additional beams at the intersection of the columns and the beam in the sway 
frame. Again, using ridged connections and thereby creating sway frames in the X-direction 
as well as in the Y-direction. This method was used in The Tube in Amsterdam Sloterdijk 
(section 2.2.5). 

4.1.1.2 Option A2 

Option A2 is very similar to option A1, see Figure 4.4 and Figure 4.5. The sway frame has a 
different shape, which is positive, because straight columns take up less space on the narrow 
platform. 

 

Figure 4.4 – Option A2 – Cross section of the canopy, showing the frame. 

The top beam is replaced by a T-section that is used to pull the glass into the desired shape 
and hold it there. Again, the horizontal thrust from the glass panels is taken by a steel rod, see 
Figure 4.5. The spacing of the sway frames shall again be equal to the spacing in the original 
design. For the same size glass panels, this option is even more transparent, than option A1. 
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Figure 4.5 – Option A2 – Cross section of the canopy, in between frames. 

The stability in the longitudinal direction (X-direction in Figure 4.6) can be obtained in a similar 
fashion to option A1. Another option is placing two sway frames closer together and 
connecting them with braces, similar to the method used in Diemen Zuid railway station 
(section 2.2.2). The space in between the braces could house a waiting room.  

 

Figure 4.6 – Option A2 – An isometric view of the mechanical model. 

As with option A1, this design offers little more comfort that the original design. 

4.1.1.3 Supports on the span of the viaduct 

In general, but especially for options A1 and A2, it could be beneficial, from the point of view 
of displacements, to reconsider the placement of the frames on the span of the viaduct. The 
original design, as well as the suggestion in options A1 and A2, places the frames above the 
viaduct supports and halfway the span between the viaduct supports, as indicated in Figure 
4.7.  
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Figure 4.7 – Side view of the viaduct with a possible canopy frame. 

In these designs, however, the supports of the viaduct behave much stiffer than the concrete 
beams of the viaduct. Thus, the middle column in Figure 4.7 will sag compared to the columns 
above the viaduct supports. Apart from the deformation of the steel beams, the structure will 
show a wave in the longitudinal direction. 

However, if the each canopy frame would be placed at 25% of the viaduct span, as shown in 
Figure 4.8, this wave due to the viaduct deformation along the length of the canopy would not 
exist. Each column of the canopy frame would now sag roughly an equal distance. 

 

Figure 4.8 - Side view of the viaduct with a possible canopy frame. 

Even though the displacement shape is more favourable in the latter option, the moment and 
shear distributions change. 

In Figure 4.7, as well as in Figure 4.8, the maximum moment is FL/4, where F is the normal 
force in the middle column and L is the span of the viaduct. However, this maximum moment 
is present in the middle 50% of the beam’s length in the latter option, whereas it is only 
present in the middle of the span in the former option, decreasing linearly towards the 
supports. 

The shear forces in the viaduct beam, due to the canopy, double. In Figure 4.7 this shear 
force is F/2 along the whole length of the viaduct beam. In Figure 4.8 the shear force is F 
along the outer 25% of the beam. 

Thus, due to insufficient knowledge of the structural capacity of the concrete viaduct, the latter 
option with the more favourable deformation shape, shall not be used in any designs. 

4.1.1.4 Option B1 

This variant is much wider than the previous options and thereby creates more comfort during 
a wait for a train. It is a braced steel structure, constructed with circular hollow sections for the 
columns, as well as the beams, see Figure 4.9. 
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Figure 4.9 – Option B1 – Cross section of the canopy, showing the frame. 

In Figure 4.10 a cross section of the canopy between the frames can be seen, showing cold 
curved glass panels between the beams. The horizontal thrust from the glass panels will 
cause the outer beams to deform outwardly; this could be countered by spanning steel rods 
over the canopy, decreasing the in between distance of the frames, or spanning the distance 
between the frames with a truss. Due to its larger size, the structure will weigh considerably 
more than the original design, especially with an added snow load, and thus, this option 
cannot be placed along the span of the viaduct without further study of its structural capacity. 

Again, the structure is constructed with welded connections. As many as possible parts 
should be assembled in the factory to limit the amount of connections that have to be welded 
on the construction site, where transportation limitations are governing the maximum 
assembly size. 

 

Figure 4.10 – Option B1 – Cross section of the canopy, in between frames. 

The glass panels are approximately 4600mm in length, and the width is again arbitrary and 
should follow from further calculations of the behaviour of the structure. A problem with the 
glass in this design is that the middle two panels in Figure 4.10 are curved downwards. 
Especially with an added snow load, these panels would no longer be supported by 
connections in compression, but rather hang from the beams. The concept proposed in Phase 
1 requires compressed connections, because the aim is to use curved glass panels without 
the use of bolted connections or adhesives. 
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Figure 4.11 – Option B1 – Isometric view of the structural model. 

In Figure 4.11, an isometric view of the structural model is given. This design was based on 
the assumption that a support in the middle of the viaduct span is feasible. However, this is 
unknown and thus other possibilities have to be considered. For example, the truss shown in 
the isometry, which is 3.8m in height, could span the distance between the viaduct supports. 
The frame halfway the span should then hang from this truss, and provide rotational support 
to the truss, by means of (only) horizontal supports on the platform. All things considered, this 
seems a rather complicated solution. A 3D truss would not require lateral stabilisation along 
its span and would reduce the number of columns on the platform. 

4.1.1.5 Option B2 

As mentioned, a 3D truss can span the distance between the viaduct supports. In Figure 4.12,  
a steel sway frame is shown, carrying a 3D truss. 

 

Figure 4.12 – Option B2 – Cross section of the canopy, showing the frame. 
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As shown in Figure 4.13, the 3D truss is triangular in cross section, and carries 2D trusses, 
that in turn carry the beams that support the glass panels (not shown in the figure). 

 

Figure 4.13 – Option B2 – An isometric view of the structural model. 

The stability of the structure in longitudinal direction can be obtained by connecting the 
supports of the canopy structure to the 3D truss, as indicated in Figure 4.13. This measure 
does not need to be applied to all sections of the canopy (of which only one part is shown). 
Since these added diagonals can interfere with traffic on the platform, they are best placed 
alongside a stairwell or elevator, to minimize the hindrance. 

The glass panels are shown in the mid-span cross section if the structure, Figure 4.14. In this 
cross section, 4 laminated glass panels are drawn, spanning each approximately 4.8m in 
between the beams of the structure. 

 

Figure 4.14 – Option B2 – Cross section of the canopy, in between frames. 

As with the former options, this is a welded structure. 

4.1.1.6 Option B3 

Inspired by the structure of railway station Amsterdam Lelylaan (section 2.2.6), this design 
features a 3D truss that has the length of the canopy (150m) and is supported by lateral sway 
frames, placed on the concrete viaduct supports, see Figure 4.15. 
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Figure 4.15 – Option B3 – Cross section of the canopy, showing the frame. 

The beams that extend outwardly from the 3D truss widen the canopy in a cantilever style, like 
in Amsterdam Lelylaan. However, in this design, the canopy is wider than the platform, 
thereby increasing the comfort of waiting passengers.  

By using curved beams in lateral direction, the columns of the sway frame can be shorter, see 
Figure 4.15, and a gutter is unnecessary at the outer beams in longitudinal direction. 

The outer beams and the chords of the truss carry the cold curved laminated glass panels, 
that give the large structure a transparent nature, see Figure 4.16. The outer two panels 
measure approximately 5.4m in length, the upper two 4.4m. 

 

Figure 4.16 – Option B3 – Cross section of the canopy, in between frames. 
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Stabilization of the structure in longitudinal direction can be obtained in the same way as in 
option B2. 

 

Figure 4.17 – Option B3 – An isometric view of the structural model. 

Figure 4.17 shows an isometric view of the structural model, without the glass panels. The 
parts of the structure should be welded together, preferably to a large extent in the factory. 

4.1.2 Design possibilities including the existing canopy 

The design options in this section include the existing canopy and, therefore, knowledge of 
the structural behaviour of the existing canopy is required. Fortunately, in 2011 a consortium 
of Movares and DHV looked into the possibility of copying the existing canopy on the new 
platform, coupling the old and the new structures. The reaction forces of the existing canopy 
on its supports were looked up and converted to Eurocode equivalents. This study (Bahri, 
2011) is included as Appendix D. These values are used to estimate the reaction forces of a 
similar design on the new viaduct. 

4.1.2.1 Option C1 

An obvious choice for a design is copying the existing canopy on the new viaduct, as is done 
in this option, C1, see Figure 4.18. When the two inner façades are left out of the design (that 
is, when the southern façade of the old canopy would be removed), the old and the new sway 
frames could be coupled with a horizontal bar, as is shown in the middle of Figure 4.18. A cold 
curved glass roof could be placed in between the two canopies, if appropriate measures 
would be taken to give the roof the essential in-plane stiffness. 

However, the new platform is narrower than the old platform, and thus, the old design does 
not fit quite as well on the new viaduct as one might wish for, but with adjustments to the old 
design it remains a possibility. 
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Figure 4.18 – Option C1 – Cross section of the canopies, showing two coupled sway frames. 

The new, most southern façade (on the left hand side of Figure 4.18) could be placed in a 
similar fashion as the northern façade, however, this would disable the option to build a new 
railway track on the south side of the railway station. Furthermore, in the old canopy the 
façades are supported on the concrete beams of the train sections of the viaduct, and are only 
horizontally supported by the canopy structure, as stated in Appendix D (Bahri, 2011). Thus, if 
the same construction method would be used in the new part of the canopy, more knowledge 
of the concrete beams in the train section is required. 

4.1.2.2 Option C2 

Option C2 is to a large extent also a copy of the existing canopy, however, it tackles some of 
the problems that were encountered in option C1. The sway frame of the old design is 
replaced by a column in the new design, creating a more spacious platform, see Figure 4.19.  

Furthermore, a column is placed in between the two canopies, instead of the beam that 
connected the canopies in option C1, even though this makes the design less spacious, the 
shape of the column fits the old design and enables a redistribution of vertical forces in the 
structure. Above the new middle column the design features a large cold curved laminated 
glass roof, built in the same way as the roof of option A2, allowing more light into the station. 
The glass panels are each approximately 4.3m in length and together span 8.1m, in a 3-
hinged system. 

 

Figure 4.19 – Option C2 – Cross section of the canopies, showing the frames. 

On the south side, the façade is of a different shape than the original façades, enabling the 
possibility of a new railway track in the future. Furthermore, in order not to load the concrete 
beams of the train sections, the southern façade which consists of cold curved glass panels, 
rests on a 3D truss. This truss is rectangular in cross section to enable a maintenance path 
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within. Only at the viaduct supports, where the main canopy structure is supported, a diagonal 
is placed across the 3D truss, as is shown in Figure 4.19. 

The two inner 3D trusses, supporting the roof, have been rotated such that a side of the truss 
is in line with the roof. Due to the absence of a façade here, the in-plane stiffness of a side of 
the truss is no longer required at the bottom of the truss. In the new orientation the truss can 
give the roof the in-plane stiffness that is needed to support the glass panels. 

4.1.3 A comparison of the options 

In order to weigh the options and choose the ones most viable as preliminary designs, a 
weighting table was made, see Table 4.1. 

4.1.3.1 The weighting table 

In the weighting table, Table 4.1 on the next page, the conditions mentioned in chapter 3, 
were used to judge a design option. These conditions were multiplied by a weighting factor, 
indicated in the table as “Factor”, which indicates the importance of the condition to the 
author.  

Every option was awarded credits for every condition, based on their merits according to the 
author. Merits were given with plus and minus signs, ranging from “+ + +” as the highest 
award, to “- - -“ as the lowest. To calculate a grade for the design option, a triple plus was 
written in the table as a 6, and a triple minus as a 0 (zero). 

The shortened conditions in the table require some explanation. First, under General 
conditions (section 3.1), “Comfort” means the amount of (dis)comfort one may experience 
during a stay underneath the canopy design in question. Comfort has been divided into wind, 
rain and transparency; the latter, because one may experience comfort from the sun 
underneath a transparent canopy, or feel unsafe in a dark station. 

At “Future track”, the ease with which an additional railway track can be realized in the future 
is judged. 

At “Obstructions” the number and size of obstacles on the platform is credited. 

And the final general consideration, “Aesthetics”, indicates the feelings of the author towards 
the design option. 

Under structural conditions, “Efficiency” indicates the extent to which the author thinks that 
building materials are used efficiently. For example, a sway frame structure usually requires 
more material than a braced structure. Also, when a large distance is spanned by a structure, 
usually more material is needed than if there were more, but smaller spans. 

“Support” indicates how easy structural supports for a design can be realized. The space 
available for a support or the carrying capacity of the underlying structure are taken into 
consideration. 

At “Construction”, the ease with which the design can be realized is expressed, with 
considerations like the size of the building elements, the space available, and the need for  
temporary structures. The transportability of structural parts or assemblies is included in these 
considerations. 

“Glass” merits the possibility of using in the design the concept researched in Phase 1 of this 
project, which investigated the feasibility of the curving glass panes by means of controlled 
buckling. 
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Table 4.1 – Design option weighting table. 

4.1.3.2 Chosen options 

As can be observed under “Score” in Table 4.1, 
design option A2, B3 and C2 are considered the 
best options. Thus, options A2, B3 and C2 are 
further investigated in the next section. 
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4.2 Preliminary structural designs 

In this section, the three chosen design options are given a closer look.   

4.2.1 Design option A2 

The longitudinal stability is realized with sway frames. At the two staircases (between axis 2 
and 3, and 6 and 7), the in between distance of the lateral sway frames is reduced to 4.5m, 
and they are coupled with two rigidly connected beams at the top of the columns. This method 
is used in, for example, the Tube at Amsterdam Sloterdijk (section 2.2.5). A braced stability 
system is possible as well at the staircases, but would disrupt the regular image of the 
canopy. By decreasing the centre-to-centre (c.t.c.) distance, more columns would have to be 
placed on the viaduct beams. However, the load on each column would be reduced, due to 
the decreased span between the frames. Furthermore, by placing the frames at the stairwells, 
the increased weight of the canopy load on the viaduct beams is countered by the weight 
reduction of the concrete platform. Due to the absence of the platform at the stairs, weight 

reduction amounts to roughly 4𝑚 ∗ 0.35𝑚 ∗ 24 𝑘𝑁 𝑚3⁄ =  33.6 𝑘𝑁 𝑚⁄  along the length of the 
opening in the platform. 

 

Figure 4.20 – Reaction forces on the platform in an isometric view of the canopy. 

Preliminary calculations were made with SCIA Engineer to check the feasibility of this design 
and to check the reaction forces on the platform, see Figure 4.20. In the Ultimate Limit State 
the load combination with a snow load on the roof proved normative, and resulted in vertical 
reaction forces of maximum 163kN for a c.t.c. distance of the lateral sway frames of 12m. This 
is more than the maximum of 130kN per column under which no further checking of the 
carrying capacity of the viaduct is needed. However, this design has not been optimized, for 
example, perhaps the glass (the largest part of the total weight) thickness could be reduced. 

Even though the beams carrying the glass would have to be either very large, or should be 
trusses, to be stiff enough for the glass design to work, based on the initial findings, this 
design option still seems feasible.  

4.2.2 Design option B3 

In this option the longitudinal stability is realized with braces. At the two staircases a diagonal 
beam is placed between the bottom of each column of a lateral sway frame and the first beam 
along the span of the truss, see Figure 4.21. If later calculations should find that sway frames 
are not a sufficient means of stability in the lateral direction, braces could be added where 
these would not hinder people on the platform, such as, behind an elevator or staircase, see 
also Figure 4.21. 
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Figure 4.21 – Bracing of the structure in longitudinal direction, in a perspective side view. 

The vertical reaction forces on the viaduct supports were found to be 466kN maximum per 
column, with a span between the frames of 19m, see Figure 4.22. The load combination with 
the snow load was normative, however, water accumulation was not yet taken into account. 

 

Figure 4.22 – Reaction forces on the viaduct supports, in an isometric view of part of the canopy. 

The cantilevered arms bend downwards at most 45mm, which is close to 1% of the length of 
the cantilever arm, and is therefore too much, see Figure 4.23. However, these were 
preliminary calculations, the design was not optimized. Perhaps a different cross section 
would suit the situation better, or the beams could be given an extra upward curvature, 
because the permanent part of the loading on the arm accounts for roughly 2/3

rd
 of the 

maximum load. 

 

Figure 4.23 – The cantilevered arms of the structure bend downwards. 
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Based on the preliminary calculations, design option B3 still seems realistic. 

4.2.3 Design option C2 

The stability of the new part of the canopy in longitudinal direction can be achieved in the 
same way as in the old canopy. Each of the two 2D trusses in the middle of the new structure 
can be connected mid-span to a bracing system which only allows for the transfer of forces in 
the longitudinal direction, see the middle of the side view in Figure 2.8 and Figure 4.24 
(Ingenieursbureau NS, 1990). These braces would have to be coupled with the viaduct beams 
that carry the platform.  

 

Figure 4.24 – Bracing system of the old canopy structure (Ingenieursbureau NS, 1990). 

Another possibility for stabilization in the longitudinal direction is similar to the solution 
suggested in option B3, see Figure 4.21. The bottom chords of the 2D trusses could then 
locally be connected with a beam or a horizontal truss, and from there a diagonal could be 
connected to the bottom of the column.   

For option C2 no preliminary calculations were made, because of the similarities to the old 
canopy. The difficulties with this design option are mostly of found in the actual construction of 
the canopy. Temporary structures would be needed to remove one of the old façades and 
make adjustments to the structure of the old canopy. All the while, train traffic should not be 
interrupted, and preferably the railway station should remain open as long as possible during 
the construction period. 

4.3 Choice and motivation 

The chosen design is option C2, because of the following reasons. 

- This design offers the travellers that visit the Amsterdam RAI railway station the most 
comfort. Even though it is not the most transparent option, the protection against wind 
and especially rain is by far the best. 

- The shape of the roof and façades make the structure (seemingly) suitable for the 
curved glass concept researched in Phase 1, without many additional measures. 

- The desire of the author to create a design for the new canopy that is a unity with the 
old canopy; the other options fail in this respect. 

The risks associated with this choice, as mentioned in the previous section, are rather seen as 
a challenge. 
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5 Final design 

In this chapter, the final design is first explained in a general sense, after which several main 
aspects, such as the stability of the total steel structure and the truss structures, are given a 
closer look. 

5.1 General description 

In the final design the existing canopy (Figure 5.1) is kept and is the basis for the new design. 
The Southern façade (the left hand side) of the existing canopy is removed to make place for 
a new column that shall support and connect the frames of the old and the new canopy 
structures, see the middle section of Figure 5.2. 

 

Figure 5.1 – A cross section of the current situation. 

 

 

Figure 5.2 – The new main frame has 7 supports. 

The new structure shall be made with the same material that was used in the existing canopy: 
steel of quality S275. 

The “main frames” span on average 44m with 7 supports, see Figure 5.2, and are placed 
parallel with an in between distance of 20m on average. There are 8 of these main frames 
over the length of the station (144m), of which 5 are placed on the concrete portal structures 
of the viaduct, 2 on the abutments of the viaduct and 1 on the embankment to the West of the 
viaduct, see Drawing A0-1. 

An exception is made at axis 1. Since the new part of the concrete supporting structure is not 
in line with the old viaduct at axis 1 (Appendix B2), a distinction is made between an axis 1A, 
where a new steel frame shall be placed, and an axis 1B, where a frame of the existing 
canopy is located. On the left hand side of Figure 5.3 the exception is shown. 
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Figure 5.3 – All main frames in an isometric view. 

The distance between the main frames is spanned by truss structures, 2 dimensional (2D) 
and 3 dimensional (3D) trusses that have the length of the building. The 2D trusses (Figure 
5.4) are supported by the “butterfly structure” (on which section 5.3 elaborates) above each 
platform. For clarity, only 2 of the 8 main frames are shown in this figure. 

 

Figure 5.4 – Two of the 8 main frames with the 2D trusses. 

The 3D trusses are supported by the beams extending from the butterfly structure outwards, 
see Figure 5.5. To the outer 3D trusses the facades are connected, and thus they transfer the 
wind loads on the facades to the main frames. 

 

Figure 5.5 - Two of the 8 main frames with the 3D trusses. 
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The trusses carry the purlins, as indicated in Figure 5.6. These purlins carry the roof, which 
consists of corrugated steel plating, spanning between the purlins, an insulation layer and 
EPDM roofing. An exception is made for the middle part of the station, between the middle 
two 3D trusses, for here a glass roof structure shall allow light into the station. Chapter 6 
elaborates on the glass structure. The purlins also link the 3D trusses, thus enabling the inner 
two 3D trusses to share in the transfer of the wind loading on the facades to the main frames. 

 

Figure 5.6 – Two main frames with 2D and 3D trusses, that carry the purlins. 

Together, the above elements make up the complete steel structure as shown in Figure 5.7. 

 

Figure 5.7 – The complete steel structure. 

As mentioned in chapter 3, the width of the new platform is not constant, but changes linearly 
over the length of the station. This change in width has influenced the geometry of the main 
frames as shown in Figure 5.8, where the main frame on axis 7 can be seen in front of the 
main frame on axis 0, which is 1.34m wider. 

 

Figure 5.8 – The main frames on axis 7 (front) and axis 0. 
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The total height is kept constant for all the main frames, as well as the distance between the 
2D trusses. As can be seen on the left hand side of Figure 5.8, the geometry changes are 
made by varying the height of the “butterfly” structure above the new platform. 

5.2 Stability 

The global stability of the total steel structure shall be discussed in this section. 

5.2.1 Frames 

The transverse stability of the total steel structure (Y-direction indicated in Figure 5.7) is 
guaranteed by 8 main frames, such as the one pictured in Figure 5.2. Even though the span 
of these frames slightly varies along the length of the building, following the shape of the new 
platform, the structural principal remains the same, see Figure 5.9. 

 

Figure 5.9 – Mechanical scheme of a main frame. 

Each main frame is supported by 7 pinned supports, one at the bottom of each column. At the 
top of the frame there are 4 pinned connections. This frame is stable in its plane, the 
transverse direction of the building, functioning as a sway frame of portal structure. Thus, the 
stiffness strongly depends on the sections that are chosen for each member, since stability is 
achieved by the ability of the elements in the main frame to bear moments, rather than normal 
forces. The calculation of the chosen sections is described in section 5.3. 

5.2.2 Braces 

The stability of the structure in the longitudinal direction (indicated with the X axis in Figure 
5.7) is guaranteed by means of a bracing structure. The braces are located underneath the 
2D trusses, halfway between the middle two main frames. They are connected to the concrete 
I-sections of the viaduct, halfway their span between the concrete sway frames on axis 3 and 
4, see Drawing A0-1. 

Because of the structural similarity of the old and the new concrete viaduct structures, as well 
as many similarities in the steel structure above, the same bracing system was chosen for the 
new part of the canopy structure. The bracing structure can be seen in the middle of Figure 
5.7 and is more clearly visible in Figure 5.10. 
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Figure 5.10 – The bracing structures that hold the 2D trusses. 

Figure 5.11 shows the bracing principle as it exists in the current RAI railway station 
(Ingenieursbureau NS, 1990). In the structural design of the existing canopy, the braces are 
connected to the 2D trusses in a way that allows for force transfer in the longitudinal direction 
of the building only, see Appendix E. This principal is used in the new structure as well. 

 

 

Figure 5.11 - Bracing system of the existing canopy structure (Ingenieursbureau NS, 1990). 

The braces connect the 2D trusses to the concrete viaduct, but in order to stabilize the whole 
steel structure in the longitudinal direction, a bracing system is placed in between the purlins 
in the roof structure, see Figure 5.12, coupling the 2D and the 3D trusses and thereby all 8 
main frames. 

 

Figure 5.12 – Braces in the roof structure. 
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The braces underneath the 2D trusses and the braces in the roof together form the complete 
stability system in the longitudinal direction, Figure 5.13. 

 

Figure 5.13 – The bracing system providing stability in the longitudinal direction. 

5.2.3 Truss structures 

The 3D trusses have a large torsional capacity and are thus not prone to lateral torsional 
buckling. The 2D trusses do not have sufficient capacity to be stable out of plane, therefore 
they are laterally supported by the purlins that connect to the top chord, and link them to the 
3D trusses. At the supports of the 2D trusses, the lower chords are in compression, but these 
supports (the butterfly structure) supply lateral support as well as vertical. 

5.3 Mechanics 

All truss structures are connected to the main frames with the bottom beams only, combined 
with flexible connections, effectively functioning as hinges, the trusses do not impose large out 
of plane moments on the main frames (the plane as shown in Figure 5.9). 

The flexible connections underneath the 3D trusses are made with plates that are placed in 
the plane of the main frame, see Figure 5.14. The plates (20mm x 160mm x 300mm) are 
welded to the trusses in the factory and are welded in-situ to the main frame. Due to the 
orientation of the plate, it can transfer normal forces and shear forces in the plane of the main 
frame. However, the ability to transfer bending moments and shear forces perpendicular to 
the plane of the main frame is limited. Large deformations are not expected, because of the 
relatively stiff bracing system in the structure. 

The bottom chords of the 2D trusses are attached to the main frame with bolted connections, 
see Figure 5.17. These connections themselves (using 8 bolts) are not particularly flexible, 
however, the butterfly structure to which the 2D trusses are connected offers relatively little 
torsional resistance. Where all other sections in the main frame are rectangular hollow 
sections, this part of the butterfly structure is a custom made I-section. Again, no large 
deformations are expected, for the bracing system prevents too flexible behaviour of the 
structure, out of the planes of the main frames. 
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Figure 5.14 – Plates connect the 3D trusses to the main frames. 

 

5.4 Calculations 

In this section the main frame and the truss structures are more closely looked at, including 
the global geometry and the cross sections of the different elements. 

5.4.1.1 Material 

The material of choice is steel of quality S275, as mentioned in table 3.1 in (EN 1993-1-1, 
2005). 

5.4.1.2 Load cases, load combinations and loads 

The different load cases and load combinations mentioned in chapter 3 are included in 
Appendix F, as are the actual loads imposed on the structure in the model. 

Thermal loading is the exception, for it was not calculated with the computer model. As 
mentioned in section 3.3.2.3, the expansion or contraction of the building is calculated with ΔT 
= ± 35° K. With a thermal expansion coefficient (αT) of 12 * 10

-6
 K

-1
 and a The steel structure 

is continuous over the length of the building, 144m. However, the horizontal longitudinal 
support is located 80m from the West side of the building (and 64m from the East side, see 
Drawing A0-1) and thus, 80m is the value used in this calculation. 

In the Serviceability Limit State (SLS) it is important that all cladding can follow the 
deformations of the structure without failing. In the SLS the maximum displacement due to the 
expansion or contraction of the structure amounts to:   

δT,SLS = ΔT * αT * L = ± 35° K * 12 * 10
-6

 K
-1

 * 80m = ±0.034m. 

In the Ultimate Limit State (ULS) the structure must remain functional under extreme thermal 
loading. Since this is a variable load, the load factor γQ = 1.5 should be applied in the 
equation. The other factors remain the same, therefore:   
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δT,ULS = δT,SLS * γQ = ±0.034m * 1.5 = ±0.051m. This displacement along the length of the 

building will lead to tilting frames, which results in an extra load on the stability system.   

5.4.2 Main frame structure 

The main frame is an assembly of mainly custom designed sections in arbitrary profiles, and 
most elements are not prismatic. The location of the different elements is depicted in Figure 
5.15, and Table 5.1 lists the elements and their cross sections. 

 

 

Figure 5.15 – The location of the different elements in the main frame mentioned in Table 5.1. 

In Table 5.1, under ‘Type’ the element category is mentioned, where RHS stands for 
rectangular hollow section, and SHS for square hollow section. The geometry description of 
the sections first mentions a letter, which refers to the element type, and then four numbers. 
First the horizontal dimensions, the width of the section and the web thickness, followed by 
the vertical dimensions, the height of the section and the flange thickness. 

 

Table 5.1 – Elements in the main frame as depicted in Figure 5.15. 
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Figure 5.16 – The butterfly structure in the current canopy. 

The elements J and K together form the aforementioned butterfly structure, which is shown in 
Figure 5.16 and Figure 5.17. This “butterfly” (which to the author more resembles a bat) is an 
assembly of steel plates, welded together. 

In Figure 5.17 the structure is shown including two cross sections. Element K, is the circular 
middle part of the assembly (cross section B-B), with the elements J on either side of it. 
Section A-A shows a cross section of the connection to which the lower chord of the 2D truss 
is bolted. However, in essence element J is a custom, non-prismatic I-section and its cross 
sectional properties are calculated as such. To obtain better insight in the behaviour of the 
butterfly structure, the whole assembly of the steel parts should be modelled in a FEM 
analysis program. For this project the above method was deemed sufficient. 

 

 

Figure 5.17 – A drawing of the butterfly structure (Ingenieursbureau NS, 1990). 
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Table 5.2 lists the properties of the different sections in Table 5.1, where the second moments 
of area, Iy, were obtained with equation 5.1. 

𝐼𝑦 = ∑ (𝐼𝑦,𝑖 + 𝐴𝑖 𝑧𝑖
2)𝑛

𝑖=1     5.1 

 

Using the computer program SCIA Engineer, a model of the structure was developed. The 
data shown in Table 5.2 was used, along with the data about the loads supplied in Appendix 
F. The results of a linear elastic calculation are used in Table 5.3, where the first column 
refers to the section number mentioned in Table 5.2. The governing normal force (NEd) and 
bending moment in the plane of the main frame (My,Ed) that were found in combination for that 
particular section are listed in the following two columns. The stress due to the normal force 

(σN = NEd / A) and the maximum bending stress (σM = My,Ed / Wy,el) were combined (σCom = σN 

± σM) to get the highest value for the normal stress in that cross section. Under “Where” the 

axis is given at which the main frame is located that shows this highest value, followed by the 
load case that was governing for this section. 

 

 

Table 5.2 – The properties of the sections in Table 5.1. 

The last column in Table 5.3 shows the Unity Check for these circumstances for that section, 
according to equation 6.2 in (EN 1993-1-1, 2005): 

𝑁𝐸𝑑

𝑁𝑅𝑑

+
𝑀𝑦,𝐸𝑑

𝑀𝑦,𝑅𝑑

+
𝑀𝑧,𝐸𝑑

𝑀𝑧,𝑅𝑑

≤ 1.0 

Where: 

NRd = A * fy / γM0     ; My,Rd = Wy,el * fy / γM0  and  Mz,Rd = Wz,el * fy / γM0 

With fy = 275 N/mm
2
  and γM0 = 1.0. 

Bending moments around the Z-axis were negligible and thus Mz,Ed = 0. 
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Table 5.3 – Unity checks on the sections in Table 5.2. 

5.4.3 Truss structures 

This section continues with the truss structures in the building, of which a cross section is 
shown in Figure 5.18. The location of the trusses is indicated in Figure 5.4 and Figure 5.5, and 
their exact position can be found in the Drawing A0-1. 

 

Figure 5.18 – A cross section of the 3D (left) and the 2D (right) truss structures. 

The trusses have the length of the building (148m) and are each supported by the eight main 
frames, schematically depicted in Figure 5.19. They support the purlins that carry the roof, see 
Figure 5.6.  
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Figure 5.19 – Mechanical scheme of the trusses, the distances are in meters. 

Both truss types are a welded assembly of chords (the horizontal elements) and the diagonals 
that connect the chords. Table 5.4 lists the elements in the trusses and their cross sectional 
properties.  
 

 

Table 5.4 – List of sections in the trusses and their properties. 

The trusses are designed such that there are no eccentricities, and thus only normal forces in 
the elements, and thus section 6.3 of (EN 1993-1-1, 2005) applies, which states that: 

𝑁𝐸𝑑/𝑁𝑏,𝑅𝑑 ≤ 1.0 

To obtain the design buckling resistance (Nb,Rd) equation 6.47 is used, because the cross 
section is of class 1: 𝑁𝑏,𝑅𝑑 = 𝛸 𝐴 𝑓𝑦 / 𝛾𝑀1 , in which and γM1 = 1.0 and Χ is obtained with 

equation 6.49: 𝛸 = 1 / (𝛷 + √𝛷2 − 𝜆2) . Here, 𝛷 = 0.5 [1 + 𝛼(𝜆 − 0.2) + 𝜆2] and 𝜆 =

√𝐴 𝑓𝑦/𝑁𝐶𝑟. The sections fall under buckling curve C, and thus α = 0,49. 

The maximum chord length between diagonals is 4100mm and the maximum diagonal length 
is 2600mm. These values are the system lengths of these elements, Lsys. For the chords and 
the diagonals, the buckling length, LCr , is 0.9 Lsys and 0,75 Lsys , respectively (EN 1993-1-1, 
2005) Annex BB.1.3. Therefore, the buckling length of the chord is LCr = 0.9*4100 = 3690mm, 
and for the diagonal LCr = 0.75*2600 = 1950mm. With the buckling length NCr can be 

calculated: 𝑁𝐶𝑟 = 𝜋2 𝐸 𝐼 / 𝐿𝐶𝑟
2 

Using the same computer model, the maximum axial forces (NEd) in the truss elements were 
obtained and are listed in Table 5.5. 

 

Table 5.5 – Unity checks of the governing elements in the trusses. 
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5.4.3.1 The truss connections 

The welded connections are often governing the design of trusses. Because the different 
sections used in the trusses in this project are all off type K and class 1, the connections only 
have to be checked for chord face failure and punching shear failure, see (EN 1993-1-8, 
2005) Table 7.2. Figure 5.20 shows the welded K-type joint as it repetitively occurs in the 
trusses in this design.   

 

Figure 5.20 – A welded connection representative of the connections in the trusses. 

First, the chord face shall be checked. Figure 5.21 shows the relevant equations for the 
resistance of the connection. The variables regarding the geometry can be found in Figure 
5.20, γM5 =1.0, see table 2.1 in (EN 1993-1-8, 2005), and N2,Rd = N1,Rd, based on the symmetry 
of the connection. 

 

Figure 5.21 – The relevant equations for chord face failure (EN 1993-1-8, 2005). 

The forces acting on the checked connection are given in Figure 5.22. These forces occur in 
the ULS - Snow load combination at the support of the Southern 2D truss at axis 1B. These 
forces are not the same as the forces in Table 5.5, because the forces listed there do not 
occur in the same connection, while it is the concentration of forces that matters when 
checking chord face failure. 

  

Figure 5.22 – The axial and reaction forces in the connection. 

For connections in compression 𝑘𝑝 = 1 − 0.3 𝑛𝑝 (1 + 𝑛𝑝) , where 𝑛𝑝 = (𝜎𝑝,𝐸𝑑  /𝑓𝑦)/𝛾𝑀5 

𝜎𝑝,𝐸𝑑 =
𝑁𝐸𝑑

𝐴
=

−155.52 ∗ 103

7367
= −21.1 𝑁/𝑚𝑚2 

Thus, np = ( 21.1 / 275 ) / 1.0 = 0.0767 and 𝑘𝑝 = 1 − 0.3 ∗ 0.0767 ∗ (1 + 0.0767) = 0.975 
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Factor kg is calculated with the following expression:  

 

Where 𝛾 = 𝑑0 (2 𝑡0)⁄ = 244.5 (2 ∗ 10) = 12.225⁄    and g is 127mm. Thus, kg = 1.655 

𝑁1,𝑅𝑑 =
1.655 ∗ 0.975 ∗ 275 ∗ 102

sin 38°
(1.8 + 10.2 ∗

114.3

244.5
) 1.0 =⁄ 472.65 𝑘𝑁 

Naturally, N1,Ed ≤ N1,Rd , thus obtaining N1,Ed from Figure 5.22: 183.48 < 472.65, ergo, the 
chord face will not fail in this connection. 

 

For the check on punching shear failure, the highest value of axial force found in any diagonal 
in any truss in the design is taken for NEd, which is 269.22 kN, as listed in Table 5.5. In table 
7.2 in (EN 1993-1-8, 2005) the equation for NRd is found: 

𝑁1,𝑅𝑑 =
𝑓𝑦0

√3
𝑡0 𝜋 𝑑1  

1 + sin 𝜃1

2 sin2 𝜃1

 𝛾𝑀5 =⁄
275

√3
∗ 10 ∗ 𝜋 ∗ 114.3 ∗  

1 + sin 38°

2 sin2 38°
 1.0 =⁄ 1212 𝑘𝑁 

Again, NEd ≤ NRd  269.22 < 1212 , ergo, the diagonal shall not punch through the chord face 
in this connection. 

5.4.4 Pinned connections 

In the main frames, as shown in Figure 5.9, a total of 11 pinned connections can be found, 4 
at the top of the assembly and 7 at the supports. In this section the design of these pinned 
connections is checked. 

5.4.4.1 Pinned connections in the main frame at the top 

The 4 pinned connections at the top of the main frames are all the same, geometry wise, see 
Figure 5.23, Figure 5.24 and Figure 5.25. 

 

Figure 5.23 – A pinned connection at the top in a main frame. 
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Figure 5.24 – The two beams in Figure 5.23 separated. 

 

 

Figure 5.25 – The two separated beams in top view. 

Each top hinge in a main frame is made with a steel pin with a diameter of 60mm, connecting 
2 plates with a thickness of 20mm at the end of each beam. The beam on the left hand side in 
the above figures, the RHS300, 10, 207, 25, is fitted with a CHS through which the pin is 
connected. This CHS functions as a means of spreading a load over a larger area, because 
the edge distance is relatively small (25mm).  

Table 5.6 shows the criteria that the connection must answer to (EN 1993-1-8, 2005). 

 

Table 5.6 – The design criteria for pin connections, see table 3.10 in (EN 1993-1-8, 2005). 

The forces were obtained from the computer model. The load combination with extreme snow 
loading was governing and resulted in the forces shown in Figure 5.26. The right hand side 
beam was subjected to a normal force of 100kN and a shear force of 299kN, the left hand 
beam to a normal force of 310kN and a shear force of 62kN. The combination of these forces 
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led to resultants that are roughly the same for both beams, as well as in the same direction, 
as one should expect. This resultant force in the pin of 316.14kN is divided by 2, because the 
load transfer occurs at 2 different places, yielding a FEd of 158.07kN for the checks that have 
to be carried out.  

 

Figure 5.26 – The forces acting on the connection. 

The bending moment on the pin is calculated as FEd multiplied by an arm of 30mm, which is 
de distance between the centres of the 2 connecting plates, and thus, MEd = 158.07kN * 
30mm = 4.742 kNm. 

The pin is also of steel quality S275, but because of its thickness (60mm > 40mm) fy = 255 
N/mm

2
, and fu = 410 N/mm

2
. Furthermore, γM0 = 1.0 and γM2 = 1.25 . 

𝐹𝑣,𝑅𝑑 = 0.6 ∗ (𝜋 ∗ 302) ∗ 410 1.25⁄ = 556,4 𝑘𝑁 > 𝐹𝑣,𝐸𝑑 = 158.07 𝑘𝑁  

𝐹𝑏,𝑅𝑑 = 1.5 ∗ 20 ∗ 60 ∗ 255 1.0⁄ = 459.0 𝑘𝑁 > 𝐹𝑏,𝐸𝑑 = 158.07 𝑘𝑁  

𝑀𝑅𝑑 = 1.5 ∗ (𝜋 ∗ 603 32⁄ ) ∗ 255 1.0⁄ = 8.111 𝑘𝑁𝑚 > 𝑀𝐸𝑑 = 4.742 𝑘𝑁𝑚  

(𝑀𝐸𝑑 𝑀𝑅𝑑⁄ )2 + (𝐹𝑣,𝐸𝑑 𝐹𝑣,𝑅𝑑⁄ )
2

= 0.45 < 1.0  

Thus all design criteria are met by the connection. 
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6 Laminated glass façade and roof 

structures 

In this chapter the laminated glass southern façade and roof structures in the canopy design 
are explained. Only the roof structure is calculated in detail, because many assumptions 
would have to be made in order to analyse the laminated glass façade to the same extent. 

6.1 Design 

The laminated glass façade and roof structures are as long as the whole canopy, 144m. 
Naturally, the glass structures span in the shorter directions. The façade spans a distance of 
7575mm and the roof structure spans 8458mm.  

Both the façade and roof structures are designed as a three-hinged structural system, see 
Figure 6.1. The laminated glass panels span between hinged line supports, and steel rods 
underneath the panels hold the middle hinge in place. Because the glass panels are curved 
and have a constant tendency to straighten, the middle hinge is pushed upwards by the glass 
panels, and therefore the steel rods are never in compression. 

 

Figure 6.1 – The mechanical system of the roof structure. 

6.1.1 The façade structure 

The geometry of the southern glass façade structure roughly follows the shape of the northern 
façade in the current canopy. However, the curvature of the northern façade is constant, 
whereas the new façade is made of two half sine shaped panels, that meet each other in the 
middle. A cross section of the façade is shown in Figure 6.2. Each glass panel is a laminated 
sandwich of 2 panes with a nominal thickness of 8mm and an 1.52mm PVB foil interlayer. 
Each panel measures 3963mm in length and 2000mm in width.  

The curved glass panels are locked in place by means of steel rods, connected to a steel 
custom T-section located in the middle, where the 2 panels meet. The lower panel connects at 
the bottom to a prefab concrete beam that spans between the concrete viaduct supports. The 
top of the façade connects to a beam attached to the 3D truss that spans between the steel 
main frames. 
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Figure 6.2 – Cross section of the laminated glass façade structure. 

6.1.2 The roof structure 

The design of the glass roof structure follows from the tangent of the roof. Using the 3-hinged 
system in Figure 6.1, at both the left and right supports, the tangent of the glass is the same 
as that of the roof, see Figure 6.3. On either side the glass structure is supported by steel 
beams, SHS200x10, which are rigidly connected to the top of the purlins (HEA200). At this 
connection the purlin is supported by a strut, standing on the 3D truss. The purlins are spaced 
at a maximum distance of 4.1m. 

A SHS200 section was chosen, because of its ability to withstand torsional forces, combined 
with the thickness of the roof, which consists of profiled corrugated steel sheeting with a layer 
of insulation, topped with an EPDM roofing layer. Now, the rain can flow from the glass onto 
the roof surface.  

The shape of the glass panels is locked in place by means of steel rods, connected to the 
square hollow sections on either side of the glass structure and to the steel custom T-section 
in the middle. 

The purlins of the old (right) and the new (left) steel roof structures (HEA200) are connected 
using that same section, to decrease the difference in deflection of the old and the new steel 
roof structures. If this difference in deflection would be large, the deflection of the glass roof 
structure would be even greater, since it is rather shallow. 



 Technische Universiteit Eindhoven University of Technology 

 

59  Structural design of a railway station canopy incorporating cold bent laminated glass panels      /  Version:  1.0 

 

Figure 6.3 – Cross section of the laminated glass roof structure. 

The pane thickness is the most important variable and shall be established first. 

6.1.3 Glass pane thickness 

In structural designs with glass, tensile stresses in the glass tend to be normative. Therefore, 
the thickness of the panes follows from the bending radius, since bending results in bending 
stresses. Furthermore, the curving of the glass is a permanent load case, that comes with the 
highest safety factors. 

The bending moment that is applied to the glass pane due to the curving is expressed by 
equation 6.1: 

𝑀 = 𝐷/𝑟   (6.1) 

Where: 

“r” = the bending radius; 

𝐷 = 𝐸𝑔 𝑡𝑔
3/(12 (1 − 𝜈𝑔

2)) , in which νg is the Poisson ratio of glass, which is 0.23, and tg is the 

ply thickness if the glass. 

The bending stress, σm, follows from: 

𝜎𝑚 = 𝑀 𝑡𝑔 𝐸𝑔/(2 𝐷)  (6.2) 

Combining equations 6.1 and 6.2 yields equation 6.3: 

 𝜎𝑚 = 𝑡𝑔 𝐸𝑔/(2 𝑟)  (6.3) 

6.1.3.1 Glass façade structure 

The span of each glass panel in the façade structure is 3931mm. Using the rule of thumb for 
the pitch of the panel of L/18 (Breuninger et al., 2003) and assuming a half sine shaped curve, 
the length of the panel is 3963mm and the smallest bending radius follows from equation 3.13 
in the report on Phase 1 and is 7228mm. 

Using glass panes with a nominal thickness of 8mm, the bending stress should be 
conservatively calculated with the upper value of the thickness, which is 8.3mm (equation 2.2 
in Phase 1). Assuming no interaction between the glass panes (valid for a permanent load 
case), the maximum permanent bending stress due to cold bending of the glass, is obtained 
with equation 6.3, multiplied by γg , the load factor for a permanent load case: 
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𝜎𝑚 = 𝛾𝑔 𝑡𝑔 𝐸𝑔 2 𝑟⁄ = 1.2 ∗ 8.3 ∗ 70000 (2 ∗ 7228)⁄ = 48.2 𝑁 𝑚𝑚2⁄   

The allowable permanent bending stress in the glass is given by equation 6.4 (NEN 572-2, 
2012): 

𝑓𝑔,𝑑 =
𝑘𝑚𝑜𝑑   𝑓𝑔,𝑘

𝛾𝑀   𝑘𝐴
+

𝑓𝑏,𝑘 − 𝑓𝑔,𝑘

𝛾𝑉
  (6.4) 

In which: 

fb,k Characteristic value of the fracture strength (5% fractile), which is 150 MPa for fully 
tempered glass; 

fg,k Characteristic value of the inherent strength (5% fractile), which is 45 N/mm
2
; 

kmod Modification factor to account for load duration, load combination and environmental 
conditions. For the dominant actions: short duration (e.g. wind): 0.72; medium 
duration (e.g. snow): 0.36, and 0.27 for permanent loads; 

kA Factor to account for the surface area, kA = A
1/25

 (A is the largest surface in m
2
 and 

1/25 is based on Weibull statistical models); 

γM Material factor for inherent strength, 1.8; 

γV Factor for residual stress due to tempering, 2.3. 

 

With a panel width of 2000mm, factor kA = A
1/25

 = (2000mm * 3963mm)^0.04 = 1.888, 
resulting in a permissible permanent bending stress of: 

𝑓𝑔,𝑑 =
𝑘𝑚𝑜𝑑   𝑓𝑔,𝑘

𝛾𝑀    𝑘𝐴

+
𝑓𝑏,𝑘 − 𝑓𝑔,𝑘

𝛾𝑉

=
0.27 ∗ 45

1.8 ∗ 1.888
+

150 − 45

2.3
= 49.2 𝑁 𝑚𝑚2⁄  

The permissible permanent bending stress is higher than the maximum occurring permanent 
bending stress, and is thus permissible. 

6.1.3.2 Glass roof structure 

The span of each glass panel in the roof structure is 4504mm. Using the same rule of thumb 
for the pitch of the panel of L/18, and assuming a half sine shaped curve, the length of the 
panel is 4538mm and the smallest bending radius is 8276mm. 

Also using glass panes with a nominal thickness of 8mm, and again assuming no interaction 
between the glass panes, the maximum permanent bending stress due to cold bending of the 
glass is: 

𝜎𝑚 = 𝛾𝑔 ℎ 𝐸𝑔 2 𝑟⁄ = 1.2 ∗ 8.3 ∗ 70000 (2 ∗ 8276)⁄ = 42.1 𝑁 𝑚𝑚2⁄  

The allowable permanent bending stress in the glass is again calculated with equation 6.4. 
With a panel width of 2000mm, factor kA = A

1/25
 = (2000mm * 4538mm)^0.04 = 1.898, 

resulting in a permissible permanent bending stress of:  

𝑓𝑔,𝑑 =
𝑘𝑚𝑜𝑑   𝑓𝑔,𝑘

𝛾𝑀    𝑘𝐴

+
𝑓𝑏,𝑘 − 𝑓𝑔,𝑘

𝛾𝑉

=
0.27 ∗ 45

1.8 ∗ 1.898
+

150 − 45

2.3
= 49.2 𝑁 𝑚𝑚2⁄  

 

The permissible permanent bending stress is again higher than the maximum occurring 
permanent bending stress, and is thus permissible. 

6.1.4 Effective thickness 

Further calculations will only regard the glass roof structure. 

In order to make calculations with laminated glass in the design phase, it is convenient to use 
an “effective thickness” for the thickness of the of the laminated glass sandwich panel, or 
laminate. This effective thickness can be used in calculations with standard engineering 
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software, such as SCIA Engineer, and rules out the need to use FEA software early in the 
design phase. 

Recently, research by (Calderone et al., 2009) and (Shitanoki et al., 2014) has led to a 
calculation method to obtain an effective thickness for laminates with two glass panes, given 
that the shear properties of the interlayer are known. This method uses a shear transfer 
coefficient, Γ, which is a measure for the transfer of shear stresses across the interlayer, and 

is given by equation 6.5: 

𝛤 = (1 +
𝛽 𝐸𝑔𝐼𝑠ℎ𝑃𝑉𝐵

𝐺𝑃𝑉𝐵ℎ𝑠
2𝑎2 )

−1

 (6.5) 

With: 

𝐼𝑠 = ℎ1ℎ𝑠,2
2 + ℎ2ℎ𝑠,1

2
   (6.5a) 

ℎ𝑠,1 = ℎ𝑠ℎ1/(ℎ1 + ℎ2)   (6.5b) 

ℎ𝑠,2 = ℎ𝑠ℎ2/(ℎ1 + ℎ2)   (6.5c)  

ℎ𝑠 = 0.5 (ℎ1 + ℎ2) + ℎ𝑃𝑉𝐵  (6.5d) 

Where: 

- h1  = the thickness of glass pane 1; 
- h2  = the thickness of glass pane 2; 
- hPVB  = the thickness of the PVB interlayer; 
- β = a coefficient, which depends on the load condition (9.6 for uniformly 

distributed loads); 
- Eg = the Young’s modulus of glass (70 GPa) 
- GPVB = the PVB shear modulus, dependent on temperature and load duration; 
- a = the length of the panel in the bent direction. 

The shear transfer coefficient Γ, can vary from 0 to 1, where 0 represents no interaction and 1 
full interaction between the two glass panes. 

The shear modulus of the PVB interlayer, GPVB , is dependent on the load duration and the 
temperature. Thus, it is a different value for different load cases. The PVB shear moduli 
(obtained from Scheuten Glas) for the load cases snow and wind are given in Table 6.1, along 
with the shear transfer coefficient Γ, and the corresponding effective thickness heff,w, which 
was calculated with equation 6.6. 

 

Table 6.1 – Shear moduli, shear transfer coefficients and effective thicknesses. 

In calculations regarding the stiffness of the laminated glass, the effective thickness of the 
laminate, heff,w , is given by equation 6.6: 

ℎ𝑒𝑓𝑓,𝑤 = √ℎ1
3 + ℎ2

3 + 12 𝛤 𝐼𝑠

3
 (6.6) 

To calculate the maximum bending stress in the glass, the laminate effective thicknesses are 
given by equations 6.6a and 6.6b, one for each pane. If the ply thicknesses in a laminate are 
the same (as is the case in this project), both equations yield the same answer. 

ℎ1,𝑒𝑓𝑓,𝜎 = √
ℎ𝑒𝑓𝑓,𝑤

3

ℎ1+2 𝛤 ℎ𝑠,2
  (6.6a) 

ℎ2,𝑒𝑓𝑓,𝜎 = √
ℎ𝑒𝑓𝑓,𝑤

3

ℎ2+2 𝛤 ℎ𝑠,1
  (6.6b) 

 

Figure 6.4 – Cross section of a 
laminated glass panel. 
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The laminate used in the roof structure measures 4538mm in length, 2000mm in width, and 
has a nominal thickness of 17.52mm ( 8 + 1.52 + 8 ), where 1.52mm is the PVB interlayer 
thickness. For the effective thicknesses listed in Table 6.1, the lower bound of the thickness 
variation for a pane with a nominal thickness of 8mm was used, namely 7.7mm. Using this 
conservative approach, the risk of overestimating the stiffness of the laminate is reduced. 

6.1.5 Normal forces and buckling 

In the computer model used to analyse the behaviour of the glass roof, the glass elements 
were modelled as half sine shaped panels, rather than straight panels that were forced to take 
this shape. The axial force that would be required to curve a straight panel into a half sine 
shape is equal to the critical buckling load, FCr, expressed by equation 6.7. The width of the 
panel is left out of this equation, and therefore the value is expressed in [N/mm]. 

𝐹𝐶𝑟,𝑚 =
𝑚2 𝜋2  𝐷

𝑎2
  (6.7) 

Where m is the number of half sine waves that describes the buckling shape, a is the critical 
buckling length and D is calculated using heff,w.  

This tendency of the panel to straighten is constant over time and therefore it is a permanent 
load case. Thus, assuming no interaction between the glass panes and taking the shear 
transfer coefficient Γ to be zero, and using the nominal thickness of 8mm for each pane (to get 
the most realistic value for this permanent load), equation 6.6 results in: 

ℎ𝑒𝑓𝑓,𝑤 = √ℎ1
3 + ℎ2

33
= √83 + 833

= 10.08𝑚𝑚   

And D is: 

 𝐷 =
𝐸𝑔∗ ℎ𝑒𝑓𝑓,𝑤

3

12 (1−𝜈𝑔
2)

=
70000 ∗ 10.083

12 (1−0.232)
= 6.308 ∗ 106 𝑁𝑚𝑚  

Resulting in a critical buckling load for the panels in the roof of: 

𝐹𝐶𝑟,1 =
𝑚2 𝜋2  𝐷

𝑎2 =
12∗𝜋2∗6.308∗106

45382 = 3.023  𝑁/𝑚𝑚  

This line load is applied to the supports of the glass panels in the computer model, in line with 
the glass panels, in the “Permanent” load case, see section 6.2. 

6.1.5.1 Buckling of arched panels 

If an arched structure buckles (in-plane) the buckling shape can be described with a minimum 
of 2 half sine waves, or a full sine. Thus, to find the smallest critical load for an arched 
structure, m in equation 6.7 is 2. Using the values in Table 6.1 and equation 6.7, the numbers 
in Table 6.2 were obtained. 

 

Table 6.2 – Critical values for in-plane buckling of the glass arches in the roof. 

Thus, for the glass roof structure to remain stable, the normal force in the arched glass panels 
cannot exceed these values. Furthermore, these values for the capacity of the glass panels to 
bear an in-plane load are upper bound estimates, and therefore only indicative, the actual 
capacity will be lower. A geometrically non-linear analysis is carried out with the computer 
model. 
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6.1.5.2 Axial loads measured in experiments  

In the experiments conducted in Phase 1 of this graduation project, the glass panels were 
loaded in plane by shear forces to investigate the behaviour of the curved glass when loaded 
as a shear panel. This knowledge is important if the curved glass in the design is to be loaded 
in shear as well. The amount of shear loading that can be transferred through friction in the 
connections is directly related to the amount of normal force in the panel. 

During the experiments the normal force in the test specimens was measured. The second 
column in Table 6.3 lists these normal forces, at the time when the pitch of the arched glass 
panels was L / 18 (3000/18=167mm), the same pitch as used in the design of the glass roof 
structure.  

 

Table 6.3 – Normal forces in the test specimen at a pitch of L / 18. Columns with a * contain 
measured values. 

Using equation 3.18 in section 3.4 of the report on Phase 1, the vertical reaction force in the 
supports was estimated based on the weight of the test specimen, see RV in Table 6.3. 
Knowing the rotation angle at the supports, equation 3.19 of the same section was used to 
estimate the horizontal reaction force or thrust, based on solely the weight of the arched 
specimen, listed as RH. Furthermore, using equation 6.7 (above), multiplied by the width of the 
test specimen (1000mm), the critical buckling loads were calculated for all test specimens, 
listed as FCr,1 in Table 6.3 To calculate the effective thicknesses of test specimens 4 and 6, 
the only laminated glass specimens, the temperature in the laboratory was assumed to have 
been 20°C. at the time of the experiments. The time it took for the specimens to reach the 
desired pitch during the experiments is indicated under T*. The temperature and the time 
were used to estimate what the shear modulus of the PVB interlayer (GPVB) must have been at 
that moment. Using the equations 6.5 and 6.6, an effective thickness, heff,w, was calculated. 
The horizontal thrust on the supports, due to the dead weight of the test specimen, and the 
tendency of the curved specimen to straighten, work simultaneously and independently. 
Therefore, these two values were added and can be found under “( RH + FCr,1 )”. The last 
column in Table 6.3 lists the difference between the aforementioned sum and the normal force 
that was measured, N*. It appears that to sum RH and FCr,1 is to overestimate the actual 
normal force by an average of 6%. A possible explanation is that the critical buckling load FCr,1 
is an overestimation of the actual critical load, due to geometrical and material imperfections 
that are inherent to any structure. 

6.1.6 In-plane shear forces 

Even though the experiments showed that the panels were very capable of taking shear loads 
when in a curved shape, this capacity shall not be taken into account in this design. The glass 
roof and façade structures may potentially be able to take part in the stabilizing of the 
structure in the longitudinal direction, however, the largest forces on the stability system occur 
in the case of extreme wind loading. Due to the suction of the wind on the glass roof and 
façade structures, the normal force in the glass panels (necessary for the transfer of shear 
forces by means of friction) reduced to the point where the glass panels must be fixated to 
prevent being blown away. Thus, it seems that the curved glass structure poses the least 
stabilizing capacity when it is needed the most. Therefore, this capacity is ignored in the 
making of this design. 

Due to the difference in the coefficient of thermal expansion (αT) of glass (9 * 10
-6

 K
-1

) and 
steel (12 * 10

-6
 K

-1
), shear forces may rise in the connections when the temperature rises or 
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falls. With a panel width of 2000mm the difference in expansion can amount to:  
Δ = ΔT * γQ * (αT,steel - αT,glass) * L = ± 35° K. * 1.5 * (12 – 9) *10

-6
 * 2000mm = ±0.32mm. This 

difference in deformation is small enough to be taken by the rubber that separates the glass 
and steel in the connections.  

6.2 The computer model 

Several different computer models were developed to investigate the behaviour of the glass 
roof structure. First, a model was made of 1D elements, as shown in Figure 6.5, which were 
given the section properties listed in Table 6.1, see Appendix G, section 1. The glass panels 
in this model are 1m wide.  

 

Figure 6.5 – Computer model glass roof structure using 1D elements. 

Then, a larger and more complex model was made to investigate the behaviour of the glass 
structure. 2D elements were used for the glass panels and 1D elements for the rods and the 
supporting steel structure, shown in Figure 6.6. 

 

Figure 6.6 – Computer model of 12 glass panels and supporting steel structure. 

In Appendix G, section 2, the mechanics, loads and results are given. 
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7 Conclusions and recommendations 

This final chapter shall look back at the objectives of the project and see if conclusions can be 
drawn from the project about these objectives. Furthermore, some recommendations are 
made for future considerations. 

7.1 Conclusions 

The objectives of Phase 2 of this graduation project are: (1) to make a structural design for a 
new canopy for the new platform of the Amsterdam RAI railway station, that protects the 
travellers from the environment; and (2) to incorporate the concept researched in Phase 1 in 
this structural design. 

Regarding the first objective (1): this has been achieved. Apart from a roof over the platform, 
the new design also features façades along the length of the canopy, protecting the travellers 
from the environment. Both ends of the canopy remain open, but that is usual for railway 
stations, because trains have to pass through them.  

As to the second objective (2): the concept researched in Phase 1 of this graduation project 
has been incorporated in the structural design. A large roof light is planned along the 
complete length of the canopy. Every 2m along the length of the building, two opposing 
laminated glass panels, measuring 2m by 4.5m each, together span over 8m between the old 
and the new parts of the canopy. Steel rods underneath the panels keep the arched glass in 
the right shape. 

7.2 Recommendations 

Before this design can be build, several things have to be checked and looked into. 

- Many assumptions were made regarding the concrete structure, thus it should be 
checked that the concrete structure functions as assumed, and can live up to the 
expectations this new design brings with it. 

- Several load cases have not been considered in the making of this design, e.g. 
actions during execution of the building, the behaviour of the structure in case of fire, 
and accidental actions, even though these are relevant to this design. Therefore, 
these load cases should be included in the design, before it could possibly be built. 

- The execution of this design still raises too many questions, which should be 
addressed preferably in a dialogue with a contractor. 

- The glass parts of the structure must be researched further, in order to gain 
confidence in the safety and durability of the concept. With regard to the safety, a 
FEM analysis and experimental research are recommended. As to the durability, an 
architect could contribute to sound detailing with regard to water tightness. 
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Appendix F – Steel structure 

The model with snow loading is attached under the name “Steel structure 3D-Snow.esad”, and the model with wind loading 

is attached under the name “Steel structure 3D-Wind.esad”.  

Loads 

The loads follow from the load cases as mentioned in Chapter 3. 

The permanent loads for the steel structure are: 

- the weight of the structure itself as calculated automatically by SCIA Engineer; 

- The cladding on the roof: Corrugated steel plating (0,15 kN/m
2
), insulation (0,10 kN/m

2
), EPDM top layer (0,10 

kN/m
2
) = 0.15 + 0.1 + 0.1 = 0.35 kN/m

2
. Multiplied by the c.t.c. distance of the purlins of 4m, gives 4 * 0.35 = 1.4 

kN/m on the purlins. 

The live loads are snow and wind. The snow load s = 0.56 kN/m
2
 (see section 3.3.2.1), multiplied by the c.t.c. distance of the 

purlins of 4m, gives 4 * 0.56 = 2.24 kN/m on the purlins, see Figure 2. The wind load Pw is 0.88 kN/m
2
. This wind load must 

be multiplied by a Cpe factor to get the resulting wind load on different parts of the building, see Figure 1.  

 

Figure 1 – Cpe factors for lateral wind loading. 

Thus, for the Southern façade the wind loading is 0.8 * 0.88 = 0,70 kN/m
2
 of wind pressure, the Northern façade takes 0.5 * 

0.88 = 0.44 kN/m
2
 of wind suction, and the roof takes 0.8 * 0.88 = 0,70 kN/m

2
 of wind suction, see Figure 3. 

Lastly, there are the reaction forces of the glass roof structure on the steel structure (see Appendix G): 

 Vertical reaction RV Horizontal reaction RH 

Dead weight 1.97 kN/m 2.62 kN/m 

Snow loading 2.54 kN/m 3.38 kN/m 

Wind loading -2.96 kN/m -3.49 kN/m 

 

 

Figure 2 – Snow loading on the steel structure. 
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Figure 3 – Wind loading on the steel structure. 

 

Load combinations  

Combination Permanent Snow Wind 

ULS Snow 1.2 1.5  

ULS Wind 1.2  1.5 

SLS Snow 1.0 1.0  

SLS Wind 1.0  1.0 

 

Results 

Geometrically non-linear calculations were made to obtain the results.   

 

Figure 4 – Deformation of the steel structure under extreme snow loading. 

 

Figure 5 – Deformation of the steel structure under extreme lateral wind loading. 
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Governing locations 

This section refers to table 5.3 in the main report, which lists all the cross sections in the main frames. 

    Table 5.3 in the main report. 

In Figure 6 governing locations for these cross sections are indicated. 

 

 

Figure 6 – The governing locations for the cross sections in the main frames, see Table 5.3. 
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Appendix G – Glass structures 

The connections in principle 

 

Figure 1 – The location of the following 5 connections. 

 

Figure 2 – Connection 1 – Cross section of the custom steel profile at the top of the roof light. 

 

Figure 3 – Connection 2 – Cross section of the steel support of the roof light on the left, the support on the right is a mirrored image. 
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Figure 4 – Connection 3 – Cross section of the steel strips that couple two glass panels.  

 

 

Figure 5 – Connection 4 – Cross section of the top of the roof light where the two steel rods (Willems Ankers) connect. 

 

 

Figure 6 – Connection 5 – Cross section of the steel support of the roof light, where the steel rod (Willems Anker) connects. 
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Computer models 

Loads 

The loads follow from the load cases as mentioned in Chapter 3. 

The permanent loads for the glass structure are: the weight of the structure itself as calculated automatically by SCIA 

Engineer, and the critical buckling load, FCr,1  , as explained in section 6.1.5. This FCr,1 is  3.023 kN/m in the plane of the 

panel, which is at a 20° angle to horizontal. Thus, the permanent horizontal load resulting from FCr,1 is 3.023 * cos(20°) = 

2.84 kN/m and the vertical resultant is 3.023 * sin(20°) = 1.03 kN/m. 

The live loads are snow and wind. The snow load s = 0.56 kN/m
2
 (see section 3.3.2.1) and the wind load Pw of 0.88 kN/m

2
. 

This wind load must be multiplied by a Cpe factor of -0,8 (see Appendix F, Figure 1), resulting in wind suction on the glass 

roof of 0.8 * 0.88 = 0.70 kN/m
2
. 

Load combinations 

Combination Permanent Snow Wind 

ULS Snow 1.2 1.5  

ULS Wind 1.2  1.5 

SLS Snow 1.0 1.0  

SLS Wind 1.0  1.0 

 

Section 1 – 1D element model 

Geometry  

Figure 7 shows a simplified model of a 1m wide part of the glass roof light. The two glass panels together span 8458mm. 

The panels are modelled 20 segments of 1 dimensional elements with sections of 1000mm wide by 16.73mm thick for snow 

loading and 15.88mm thick for wind loading. The steel rod is modelled as a tension-only element: a bar with a diameter of 

20mm. All elements are connected with hinges and at the supports rotation around the X-axis is prevented. 

The model with snow loading is attached under the name “Roof - 1D elem - Snow.esa”, and the model with wind loading is 

attached under the name “Roof - 1D elem - Wind.esa”. 

 

Figure 7 – A perspective view of the computer model of a 1m wide part of the glass structure. 

 



Appendix G    4 
 

Loads 

 

 

Figure 8 – Snow loading on the glass roof structure (0.56 kN/m). 

 

 

Figure 9 – Wind loading on the glass roof structure (0.70 kN/m). 
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Results 

A geometrically non-linear calculation gave the following results.  The SLS values per load case are the input in the model of 

the steel structure (Appendix F).  

 

Figure 10 – ULS Snow: N in the glass is 14.50kN in compression and N in the steel rods is 8.03kN in tension. 

 

Figure 11 – ULS Snow: My = 0.11kNm in the middle and 0.23kNm at 20% of the span. 

 

Figure 12 – ULS Snow: maximum displacement is 2.7mm, the top of the roof rises 1.6mm. 
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Figure 13 - ULS Wind: N in the glass is 6.55kN in tension and N in the steel rods is 0.68kN in tension. 

 

 

Figure 14 – ULS Wind: My = 0.05kNm in the middle and 0.08kNm at 20% of the span. 

 

Figure 15 – ULS Wind: maximum displacement is 0.8mm, the top of the roof rises 0.1mm. 

Reactions on the supports (for use in the 3D model of the steel structure in Appendix F): 

 Vertical reaction RV Horizontal reaction RH 

Dead weight 1.97 kN 2.62 kN 

Snow loading 2.54 kN 3.38 kN 

Wind loading -2.96 kN -3.49 kN 
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Section 2 – 2D element model with steel support 

The model with snow loading is attached under the name “Roof - 2D elem - Snow.esa”, and the model with wind loading is 

attached under the name “Roof - 2D elem - Wind.esa”. 

Geometry  

 

Figure 16 – Isometric view of part of the glass roof structure, with 12 glass panels, measuring 2000mm by 4538mm each. 

 

Figure 17 – Isometric view of the model, without the glass panels. 
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Loads 

 

Figure 18 – Permanent action on the structure due to the curving action (FCr,1 ) of the glass panels. 

 

Figure 19 – Snow loading on the glass roof structure. 

The loading configuration with the full snow load (0,56 kN/m
2
) on one side, and half the snow load (0,28 kN/m

2
) on the 

other side proved governing. 
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Figure 20 – Wind loading on the glass roof structure, an upwards load of 0,70 kN/m
2
. 

 

Results 

A geometrically non-linear calculation gave the following results for extreme snow loading. 

 

Figure 21 – ULS Snow: Normal forces in the in the glass in the direction of the span of the panels. 

The average normal force in the glass in the direction of the span of the panels under extreme snow loading is on average 

between 0 and 20 kN/m, which is consistent with the value of 14.5 kN/m found in the 1D element model in section 1. 

However, the normal forces in the panels show peaks where the steel support structure is stiffer, and therefore taking a 

larger part of the load. These values shall in reality be lower, because in reality the connections are fitted with rubber, 

preventing direct glass-steel contact, and thereby reducing the peak stresses. But even in reality, it is likely that the stresses 

in the glass shall be higher near the stiffer parts of the steel supporting structure. A FEM investigation should determine if 

the stresses in the glass are acceptable in the proposed structure. If the stresses are then found to be too high, the stiffness 

of the steel structure can be modified by adding more purlins or choosing a different section for the beam supporting the 

glass (currently a SHS200x10, but e.g. a RHS 400x200x10 could be used without decreasing the transparency of the roof 

light). 
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Figure 22 – ULS Snow: Bending moments in the in the glass panels around the Y-axis. 

The average bending moments in the in the glass panels around the Y-axis under extreme snow loading is on average 

between 0,2 and -0.2 kNm/m, which is consistent with the values found in the 1D element model in section 1. However, 

again, the image is obscured by the differences in stiffness of the steel supporting structure, and a FEM analysis should 

provide the answers. 

 

Figure 23 – ULS Wind: Normal forces in the in the glass in the direction of the span of the panels. 

The average normal force in the glass in the direction of the span of the panels is approximately 6 kN/m, which is roughly 

the same as found in the 1D element model in section 1. 
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Figure 24 – ULS Snow: Vertical displacements. 

The vertical displacements of the in the glass panels under extreme snow loading are higher than found in the 1D element 

model in section 1: a rise of the top of the structure of 3.1mm (vs. 1.4mm) and a maximum sagging of 5.2mm (vs. 2.7mm). 

These differences can be explained by the loading configurations (unsymmetrical vs. symmetrical), and are the reason the 

unsymmetrical snow loading is governing. 

A geometrically non-linear calculation gave the following results for extreme wind loading. 

 

Figure 25 – ULS Wind: Bending moments in the in the glass panels around the Y-axis. 

The bending moments in the in the glass panels around the Y-axis under extreme wind loading are higher than found in the 

1D element model in section 1 (0.11 kNm/m vs. 0.08 kNm/m). 
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Figure 26 – ULS Wind: Vertical displacements. 

The vertical displacements of the in the glass panels under extreme wind loading are approximately the same as found in 

the 1D element model in section 1. 
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