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0. INTRODUCTION
The AR0105 Technoledge structural design course focusses on two fields; shell structures and using glass
as a structural material. This report will enhold the second focus; using glass as a structural material. In relation to more familiar structural materials as steel, concrete or timber, glass behaves in a crucially different
way. Glass does not yield. It is a brittle material. Fractures and failure are difficult to predict.
The objective of the course is to design a glass observatory for the northern lights in Iceland. The observatory should allow for maximum views of the aurora borealis. Transparency is the key element of this design.
Steel substructures are to be avoided.
This report will ellaborate on the initial concept and evolution of the design. Glass knows several limitations due to the production process. Therefore sizing and manufacturing of the individual elements will be
discussed. The assembly sequence of the complete structure will conceptually be explained. Since peak
stresses should be avoided, the report will touch upon the design of the connections of the different elements. Furthermore a safety analysis is performed, followed by structural calculations of the design using
Diana. Finally, the initial design and final design are compared, concluding in which limitations due to using
glass as a structural material governed our design choices.
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1. INITIAL CONCEPT AND EVOLUTION
The shape of the observatory is inspired by the phenomenon that is being observed; the aurora. The aurora
can appear in multiple forms. One of these forms is as a curved ribbon pattern as shown in the figure below. When glass is shaped in the same pattern, the glass would gain some structural stability as opposed to
a flat sheet of glass which is not able to stand by itself.

View of the aurora

Curved ribbon pattern of the aurora
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For the design of the observatory, some design goals were set. The first goal is to use a minimal amount of
unique components to build the structure since the more unique components are used, the more expensive
the design is going to be.
Secondly, the design should be as transparent as possible. Since the use of beams, even if they are made
out of laminated glass, will distort the view because the bottom of the beam will be visible as a thick line.
The figure below shows the difference between a structure with and without glass beams.

View distorted by beams

Undistorted view (the lines on the roof are silicon joints between the roof plates)

In order to prevent a diminished view of the aurora by light pollution, part of the floor area should be below
ground level. This makes sure that the light from passing cars or snowmobiles does not directly enter the
field of view of the visitors while the visitors can still look up for a view of the aurora.
Finally, the design should include an outdoor area where visitors are protected from the wind. Since snow
accumulation on the roof is inevitable, the visitors should have access to an area where they can still look
up to the aurora without the view being blocked by snow and while still being protected from the wind.
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2. FINAL DESIGN
The mentioned design criteria lead to a final design for the observatory that is shown below.

0m

5m

Plan

Axonometric view
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As seen in the floor plan, the observatory consists of three areas below floor level that are connected
though a corridor. There are two entrances that connect the corridor with the outdoor areas that are protected from the wind. Since no beams are allowed in the design, large spans should be avoided. For this
reason, interior walls are added to the design to reduce the spans. The largest span in the design is 4 m.

4m

Interior walls, minimising the maximum span to 4 meter

To minimise the amount of unique parts, the shape of the observatory is designed in such a way that it can
be made of laminated glass panels of just three different radii. All panels have a length of 1.57 m and a
radius of 2, 4 or 8 m. Due to the nature of the shape of the walls, the laminated glass plates for the roof all
have a different shape. These shapes can be made by waterjet cutting. The roof plates are dimensioned in
such a way that each plate can be cut from a standard float glass plate of 3 by 6 meter.
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r=8m r=4m r=2m
Wall panels in three different radii

3m
6m
Roof plates
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Physical model

Physical model
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3. ELEMENTS
The glass elements that are used to build the observatory can be divided into two groups; the wall plates
and the roof plates. The wall plates are made of curved laminated glass in three different radii, each with a
length of 1.57 m. The radii are 2, 4 and 8 m. The height of the panels is varying from 1.95 to 3.41 m. This
means that the wall panels can be made from standard sized float glass plates of 3 by 6 m. Each laminated
glass plate consists of three layers with a thickness of 12 mm and a sacrificial layer of 4 mm (12-12-12(4)). Each layer is bent by the hot bending process. After this, the curved panels are heat strengthened by
being heated and quenched by jets of cold air. The sacrificial layer is also heated and quenched by cold air
but with this panel the quenching is done faster to create fully tempered glass. Then, three layers of curved
heat strengthened glass and the sacrificial layer are laminated together with a ionoplast interlayer in an
autoclave. During the lamination process, embedded connection parts are inserted in slots the middle glass
plate and are laminated in between the outer plates.

ionoplast interlayer

3x heat strengthened 12mm

12-12-12-(4) wall plate

The roof plates are made of laminated glass in different shapes. For the roof plates two types of lamination
are used; a lamination with three layers of 12 mm thick and a sacrificial layer of 4 mm (12-12-12-(4)) and a
lamination of a layers of 12 and 25 mm thick and a sacrificial layer of 4 mm (12-25-(4)). First the shape of
the roof plate is cut by waterjet cutting out of a standard size plate of float glass of 3 by 6 m. The shaped
panels are then heat strengthened and the sacrificial layer is fully tempered. After this, the layers are laminated together with an ionoplast interlayer in an autoclave. Also for the roof plates, embedded connection
parts are laminated between the outer plates.

heat strengthened 12mm
tempered 4mm

ionoplast interlayer

heat strengthened 12mm
heat strengthened 25mm
tempered 4mm

ionoplast interlayer

12-12-12-(4) and 12-25-(4) roof plates
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4. ASSEMBLY SEQUENCE
1. The concrete foundation is cast
in-situ

2. The stainless steel clamps are
mounted to the concrete

3. The first wall panels are mounted
by fixing them into the clamps.
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4. When all wall panels that support
a single roof panel are assembled,
the roof panel is placed on top.

5. The same process is repeated
untill all the glass panels are put into
place.

6. The interior is cladded with wood.

13

5. CONNECTIONS
When designing in glass, the detailing is very important. If the details are not properly designed, peak
stresses might occur which will lead to failure of the glass. Since the design of the observatory consists
of repetitive elements, the amount of different details is limited to four standard details. These details are
shown in the figure below and consist of the bottom connection (1), the connection between two wall panels
(2), connection of a wall panel and a roof panel (3) and the connection of two roof panels with an interior
wall panel (4). Each detail and its order of assembly will be further described.

4

3

2

1

Location of the details
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Detail 1
1. An extruded stainless steel
L-profile is connected to the
foundation.

2. The wall panel is placed
on setting blocks. In between
the glass and the L-profile, a
silicon strip is placed.

3. A second L profile and silicon strip is placed and bolted
to the foundation and thus
clamps the glass.

15

4. The gaps between the
L-profiles and the glass is
sealed with a high modulus
sealant. Wooden frame work
is connected on the foundation
on the interior side.

5. The interior is cladded with
wooden planks.

Detail 2
The L-profiles are continuous.
The seam between the wall
panels is sealed with structural
silicone.
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Detail 3
1. Stainless steel connections
are embedded within the laminated wall panels.

2. A silicon strip is placed on
top of the wall panels.

3. A stainless steel rectangular extrusion is connected to
the roof panel by connections
that are embedded within the
laminated roof panels. Then
this element is lifted on the
walls and bolted to the connections within the laminated wall
panels.
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Detail 4
1. Stainless steel connections
are embedded within the laminated wall panels.

2. A silicon strip is placed on
top of the wall panels.

3. Two roof plates are placed
upon the wall panels and are
clamped by a bolted connection. In between the bolt and
the glass plates is a silicon
washer.
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4. The seam between the roofpanels is sealed with structural
silicone.
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6. RISK ANALYSIS
In order to check if the design for the observatory is safe, a risk analysis is done. With a risk analysis the
risk of a certain scenario can be quantified by holding into account the probability, exposure and consequence of that scenario. The risk analysis calculates an RD value that has to be lower than 70 in order to
conclude that the scenario is not a risk for the safety of the structure.
The risk analysis is done for three scenarios. These scenarios include a small vehicle crashing into the
structure, a (wo)man hitting the structure with a hard object and a cleaning car hitting the structure.
Risk analysis 1
A small vehicle crashing into the structure
RD-Value

probability intentionally
or unintentionally

WS

virtual impossible
practically impossible
possible, but very unlikely
only possible in the longer term
uncommon, but possible
the best possible
can be expected

3
0.1
0.2
0.5
1
3
6
10

exposure
structural element

BS

very rarely
several times a year
monthly
weekly
daily
constantly

6
0.5
1
2
3
6
10

consequence at
complete failure

ES

first aid
minor injury
serious injury
one dead
more than one dead
many deaths

3
1
3
7
15
40
100

RD = WS x BS x ES
RD should be <70
RD = 120

The RD value does not meet the requirements. An easy solution would be to place decent sized rocks
around the observatory close enoug together to prevent a small vehicle from passing through. This would
reduce the RD value to 24 and thus makes sure that the scenario is not a risk for the safety of the structure.
Risk analysis 2
A (wo)man hitting the structure with a hard object
RD-Value

probability intentionally
or unintentionally
virtual impossible
practically impossible
possible, but very unlikely
only possible in the longer term
uncommon, but possible
the best possible
can be expected

WS

3
0.1
0.2
0.5
1
3
6
10

exposure
structural element
very rarely
several times a year
monthly
weekly
daily
constantly

BS

6
0.5
1
2
3
6
10

consequence at
complete failure
first aid
minor injury
serious injury
one dead
more than one dead
many deaths

RD = WS x BS x ES
RD should be <70
RD = 21

The RD has a value of 21 and thus the scenario is not a risk for the safety of the structure.
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ES

3
1
3
7
15
40
100

Risk analysis 3
A cleaning car hitting the structure
RD-Value

probability intentionally
or unintentionally
virtual impossible
practically impossible
possible, but very unlikely
only possible in the longer term
uncommon, but possible
the best possible
can be expected

WS

3
0.1
0.2
0.5
1
3
6
10

exposure
structural element
very rarely
several times a year
monthly
weekly
daily
constantly

BS

6
0.5
1
2
3
6
10

consequence at
complete failure
first aid
minor injury
serious injury
one dead
more than one dead
many deaths

ES

3
1
3
7
15
40
100

RD = WS x BS x ES
RD should be <70
RD = 63

The RD has a value of 63 and thus the scenario is not a risk for the safety of the structure.

21

6. STRUCTURAL CALCULATIONS
In order to determine the deflections and stresses in the roof plates, a finite element analysis is done in
Diana FEA. The criteria for deflection is that the panels do not deflect more than 1/100 of the span. For
stresses the criteria is that the maximum stress does not exceed the tensile strength. In order to analyse
the roof plates in Diana, the roof plates are simplified to a geometry that consists of surfaces without a
thickness. The thickness of the surfaces is assigned later. The mesher type is set to hexa/quad and the
mesh order is set to linear. The roof plates are assigned supports at the edges where they are connected
to the walls. The supports are hinged supports that prevent translations in every direction. Each roof plate
is assigned a number. The geometry used for the analysis including the supports and numbers is shown in
the figure below.
5
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Geometry used for the finite element analysis

First, an analysis is done with laminated panels that consist of three layers of 12 mm thick heat strengthened glass plus a 4 mm fully tempered sacrificial layer. The sacrificial layer is not taken into account when
calculating the thickness but is taken into account when calculating the dead load. The material properties
of the heat strengthened glass are shown in the table below.

The loads that are taken into account for the analysis are the dead load, snow load and maintenance load.
The table below shows the value of these loads.

To account for the shear interaction between the plies of the laminated glass via the ionoplast interlayer, an
effective thickness is used to calculate the deflection with the following formula:

This results in an effective thickness of 21.1 mm.
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A structural linear static analysis is done. The resulting deflection of the roof plates are shown in the figure
and table below.

Deflections of 12-12-12-(4) roof plates

The majority of the panels are not deflecting more than 1/100 of the span. For the panels that don’t meet
this criteria, panel 1, 2, 3, 4, 10 and 13, a second analysis is done with laminated panels consisting of three
layers of 12, 10 and 15 mm thick heat strengthened glass plus a 4 mm fully tempered sacrificial layer. The
effective thickness of these panels is 22.5 mm. Since these panels are slightly thicker, the deadload is
increased by 25 N/m2. This results in a total load of 2.433 kN/m2. The deflection of these roof panels are
shown in the figure and table on the next page.
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Deflections of 12-10-15-(4) roof plates

For panel 1 and 2, the criteria of not deflecting more than 1/100 the span is met. For panel 3, 4, 10 and 13,
a third test is done with laminated panels consisting of two layers of 12 and 25 mm thick heat strengthened
glass plus a 4 mm fully tempered sacrificial layer. The effective thickness of these panels is 28.9 mm. The
deflection of these roof panels are shown in the figure and table below.

Deflections of 12-25-(4) roof plates

The criteria of a maximum deflection below 1/100 of the span is met for all panels.
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The second part of the finite element analysis is to determine the internal stresses in the roof plates. The
criteria for these stresses is that they do not exceed the tensile strength (40 MPa). For calculating the
stresses a safety factor is used. The resulting forces are shown in the table below.

The effective thickness used for calculating stresses can be calculated with the following formula.

The effective thickness used for calculating stresses is different for each plate of glass within the lamination.
The effective thickness used for the analysis is the lowest effective thickness of each lamination. These
effective thicknesses are shown in the table below.

The principal stresses in the bottom of the roof panels, there where the tensile stresses are the highest, are
shown in the figure below.

Principal stresses (S1) in the bottom of the roof plates
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Principal stresses (S2) in the bottom of the roof plates

The principal stresses are not exceeding the tensile strength (40 Mpa). This means that the roof panels will
not collapse under a load combination of the dead , loadsnow load and maintenance load.
For economical reasons it is decided that the 12-10-15-(4) laminations are replaced with 12-25-(4) laminations. This decreases the amount of different laminations used in the design and will thus decrease the
production costs.
The walls are subjected to compressive stress since the loads that act on the roof are diverted through the
walls to the foundation. The compressive force is equal to the reaction forces that act on the roof panels.
The reaction forces are calculated with a finite element analysis and are shown in the figure below. For
this calculation, the edges of the mesh are divided into lengths of one meter to make sure that the reaction
forces are in kN/m.

Reaction forces acting on the roof plates
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In order for the walls to not collapse due to buckling, the critical load has to be lower than the highest reaction force which is 15 kN/m. The critical load can be calculated by hand with the following formula.

The second area moment, I, is dependent on the radius of the panel. First it is checked if a panel without
curvature can withstand a force of 15 kN/m. This panel has a lower second area moment than the curved
panels. When this panel will withstand buckling, so will the other panels.
The following values are used to calculate the critical load.

This results in a critical load of 703 kN. Since the width of each panel is 1.57 m, the critical load is divided
by the width in order to obtain the critical load per meter. This results in a critical load of 447 kN/m which is
well above the maximum load of 15 kN/m. It can be concluded that there is no risk of buckling.
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8. CONCLUSION
A design for an aurora observatory that is inspired by a the shape of the aurora can be realised in a functional, technical and an economical way by making some crucial design decisions. First of all the amount
of unique parts should be reduced as much as possible to reduce the production cost. This can be done
by limiting the different radii of the wall panels to just three different radii. With these three different panels
there is still a lot of freedom in the shapes that can be made with them while keeping the production costs
at a minimum. Also the roof should be panelised in order for the roof plates to be made out of standard
sized float glass instead of making use of large sized glass that is expensive to produce and also expensive
to transport.
Some design measurements that improve the functionality is to place a part of the floor area below ground
surface in order to avoid light pollution and to avoid the use of beams to improve the transparency. The
last measurements leads to technical problems which can be solved by adding interior walls to reduce the
spans. When the spans are reduced to a certain length, beams are not necessary to avoid unallowable
deflections of the roof plates. Also, the accumulation of snow on the roof will block the roof. For this scenario, an outdoor area can be integrated into the design where the visitors will have an unobstructed view to
the sky, while still being protected from the wind by an external wall. Further elements that could influence
the transparency is the detailing. For maximum transparency, stainless steel connectors that are embedded
within the laminated panels should be used to connect the elements.
Furthermore, the design can be optimized by doing a structural analysis. Some roof elements require greater stiffness and therefore need to be made of laminated glass that contains expensive 25 mm thick float
glass. The roof elements that require less stiffness can be made of laminations of standard 12 mm thick
glass in order to prevent unnecessary expenses.
By taking into account the mentioned design decisions an aurora observatory can be formed after the
shape of the aurora that has a very functional design while still being technically feasible and economically
optimized.
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8. PERSONAL REFLECTION
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