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Summary
The main topic of this thesis is the design of arch with components made up of glass and reinforced
concrete. There is limited literature regarding the combing of glass and concrete, most examples of
which use glass more like decorative material instead of load bearing elements. Some examples are
discussed and introduced in both Chapter 1 and 2, where the functions of glass and concrete are
explained. The important inspirational examples of Salone Agnelli and corrugated glass are briefly
discussed in Chapter 1, which leads to the objectives and approaches of this thesis in section 1.4 and
1.5.

To define the reasons of combing glass and concrete, basic properties and possbile benefits are
described in Chapter 2, where some background related to conceptual design, limitations, connec-
tion design and experiments will also be presented. Important theoretical supports for this design are
given in Chapter 3 and the beginning of Chapter 4. Guidelines from Eurocodes, validation of FEM and
principles for glass and arch design are explained in this part.

In Chapter 4 preliminary design of connection is also illustrated, which will be modified and further
elaborated in Chapter 6. Parameters will be study in two levels of global and detailed models as is
defined in section 4.3, of which the global parametric study will be carried out in Chapter 5, and the
optimal choice will be made for the following design.

As for the mechanical and adhesive connections in Chapter 6, they will be discussed and compared
to extract the required experimental data. Here mainly connections between glass and concrete, el-
ement and element are considered. The research of shear bond test will be depicted in Chapter 7,
results of both concrete compression test and shear bond test are given and analysed in section 7.4.

Chapter 8 are composed of mainly two parts: global model and detailed mode. The behaviour of
composite arch and pure glass arch, as well as parametric study of global level will be verified and
compared in the first part. To validate the sufficiency of bond strength, the detailed model is built
to study the shear stresses on the surfaces of bond between concrete and glass. Because of the
problems occurred during the FEM simulations, we have the approximate results of stresses which
exceed the range of experimental results. Therefore, two solutions are discussed to solve this problem
in Chapter 9, either by increasing the bond strength or lowering the shear stress in this design, both of
which will be validated.

Conclusions and recommendations will be made in the end of this report, to summarize the principal
outcomes of this thesis, and what can be researched and improved further in the future.
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Acronyms

2D Two dimensional
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Symbols

Sign Description Unit
𝐺፤ Total permanent load
𝑀ፚ፫፜፡ Internal critical moment in the arch 𝑁 ⋅ 𝑚𝑚/𝑘𝑁 ⋅ 𝑚
𝑄ኻ;፤ Characteristic value of the leading variable load
𝑄።;፤ Characteristic value of variable load
𝑅፡ Thrust reaction force 𝑘𝑁
𝑅፦፨፦፞፧፭ Reaction moments at support 𝑘𝑁 ⋅ 𝑚
𝑅፯ Vertical reaction force 𝑘𝑁
Ψፐ;። Factor for combination of variable load/ with the leading load
𝛾ፆ Partial factor for permanent loads
𝛾ፐ;። Partial factor for variable loads
𝜇። Shape coefficient for snow load
𝜎፜ዅ፛ Maxmium/minmium bending stress in concrete part 𝑁/𝑚𝑚ኼ
𝜎፟,፟ Flexural strength from 3 point bending test 𝑀𝑃𝑎
𝜎፠ዅ፛ Maximum/minimum bending stress in glass part 𝑁/𝑚𝑚ኼ
𝜏፛ Shear bond strength from shear bond test 𝑁/𝑚𝑚ኼ
𝜏፩ Shear strength from push out test 𝑀𝑃𝑎
𝜏፱፲ Shear stress in XY plane 𝑁/𝑚𝑚ኼ
𝜏፱፳ Shear stress in XZ plane 𝑁/𝑚𝑚ኼ
𝜏፲፳ Shear stress in YZ plane 𝑁/𝑚𝑚ኼ
𝑐፩፞,ኻኺ External pressure coefficients
ℎ፞፟;᎟;፣ Laminated glass effective thickness in terms of stress within a ply 𝑚𝑚
ℎ፞፟;፰ Laminated glass effective thickness in terms of bending stress 𝑚𝑚
𝑞፩(𝑍፞) Peak velocity pressure for wind load 𝑘𝑁/𝑚ኼ
𝑠፤ Characteristic snow load on the ground 𝑘𝑁/𝑚ኼ
𝑤፝፥ Linear dead load by multiplying pressure and component width 𝑘𝑁/𝑚
𝑤፝፬ Surface pressure of dead load 𝑁/𝑚𝑚ኼ
𝑤፬፥ Linear snow load by multiplying pressure and component width 𝑘𝑁/𝑚
𝑤፬፬ Surface pressure of snow load 𝑁/𝑚𝑚ኼ
𝑤፰፥ Linear wind load by multiplying pressure and component width 𝑘𝑁/𝑚
𝑤፰፬ Surface pressure of wind load 𝑁/𝑚𝑚ኼ
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1
Introduction

Glass is being applied as part of building structure more frequently than be-
fore. As a structural material, its properties of high compressive strength

and comparatively lower tensile strength are quite similar to concrete. How-
ever, the research between glass and normal concrete as well as UHSC is not
much, which made me curious about the compatibility and possibility between
these twomaterials. In this chapter, some study on glass combing concrete,the
scope, objectives and methodology of this research will be defined.

1.1. Background
It has becoming increasingly common for the using glass as a load bearing material over the past
couple of decades, while it has already been millennia for the using of concrete as normal load bear-
ing material. Both materials are brittle before any improvement is made. A big difference between
them is transparency, which gives the potential of combining them together as building components. In
Figure 1.1 the Bruno Taut glass pavilion was built in 1914 at the Cologne Deutscher Werkbund Exhibi-
tion.Here concrete structure behaved like a skeleton where coloured glass plates on the façade inlying
into(Richards, 2006).

Figure 1.1: Glass Pavilion

The slender staircase of glass and concrete created by ABT1 is another example combing UHPC
and glass. In Figure 1.2a the stair is so slender that the mould for it to fill in is just 5 centimetres
deep, where innovative pouring process should be applied. The close up in Figure 1.2b shows an
1Source: https://www.abt.eu/en/expertise/innovations/ultra-thin-hybrid-staircase.aspx

1

https://www.abt.eu/en/expertise/innovations/ultra-thin-hybrid-staircase.aspx
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invisible connection between the glass balustrade and concrete plate, in which case steel strips are
prefabricated and bonded onto the glass. Small notches on these steel strips are bolted almost invisibly
onto the concrete from underneath.

(a) Sideview (b) Detail of stair

Figure 1.2: Ultra-slim hybrid staircase

1.2. Motivation
With the advice from Mr. Fred Veer, I found myself some inspirations from one of the masterpieces
designed by Pier Luigi Nervi, the Salone Agnelli hall of Turin Exhibition Building (Figure 1.3). This
famous vault shape hall with its undulating corrugated roof surly had its influence on the folded surface
concept developing(Schueller, 1996).

Figure 1.3: Turin Exhibition Building: Salone Agnelli (1948)

The longitudinal and transverse section of this hall are shown in the following pictures(Nervi and
Einaudi, 1965), where the length of this vault is about 75 metres. The span of vault is 95.1 metres while
the height of it is 18.4. The folded (corrugated) component section can be seen along the undulating
roof of Salone Agenlli in Figure 1.4.
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Figure 1.4: Longitudinal section of Salone Agnelli

On the other hand, components constituting the arch section are straight lines as showing in Fig-
ure 1.5.

Figure 1.5: Transverse section of Salone Agnelli

The site photo of Figure 1.6a shows the comparatively large dimension of one single component.
Figure 1.6b gives an idea about installing components in site with the assistance of falsework. After
the instalment of elements, in place concrete is poured to obtain a perfect connection which makes the
connecting arch work as a monolithic structure(Nervi and Einaudi, 1965).

(a) Site photo of elements

(b) Site photo of elements erecting

Figure 1.6: Site photos
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Figure 1.7: Roof beam for the main hall

The section of one component is demonstrated in Figure 1.7. This element is 1.5 inch thick ferro-
cemento concrete plate in sinusoidal shape.The height of single element is 1.6 metres with the length
of one unit being 2.5. The concrete ribs along the top and bottom of the corrugated element are cast
in place to achieve the static collaboration between each unit rings(Nervi, 1956).

It turns out to be a very creative and beneficial way to fold a plate, and use it as a load bearing
element. By applying the Huygens–Steiner theorem, such element becomes stronger with little more
material.

Glass was not used as a load bearing material but more like a functional composition in the example
shown above in Salone Agnelli. However, there are two remarkable projects deploying corrugated glass
as part of structural system in the façade: Casa da Musica in Porto (Figure 1.8) and Museum aan de
Stroom in Antwerp(Figure 1.9).

Figure 1.8: Casa da Musica

If one component is taken out of the undulating façade, an asymmetrical corrugated panel is pre-
sented in the Figure 1.10. Here this type of glass is applied on façade and in compression. There
is possibility we can apply this structurally favourable folded element on the roof similar to the one in
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Salone Agnelli.

Figure 1.9: Museum aan de Stroom

Figure 1.10: One panel of corrugated glass

1.3. Scope
According to the introduction in motivation, it can be easily related between Salone Agnelli roof beam
and corrugated glass in the way of structural typology. Integrating concrete and corrugated glass can
be a workable direction, which may be simply described as transforming the functional glass in Nervi’s
example into both functional and structural one.

Many aspects need to be taken into consideration in this possible design as following (not all aspects
are covered):

• Arch (vault) design

• Connection design
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• Foundation design

• Climate design

• Maintenance and replacement

• Structure redundancy design (safety design)

• Fire safety and accidental design

• Inner space use

• ...
This thesis will mainly cover the aspects of arch design and connection design. Other aspects will

be further studied if possbile.

1.4. Research objectives
As being said in the scope discussion, the object of this thesis is to design an arch composed of glass-
concrete composite element. In this case, glass area in Nervi’s roof beam will be expanded to resist
more force while concrete is still integrated to reach a better structural or functional performance. A
parametric way of research will be carried out in the design of both arch and component.

Some important questions are to be answered in this thesis:
1. What advantages does concrete bring into this design both functionally and structurally?

2. The same applies to glass in question 1.

3. What connections will be used and reasons for that?

4. What data is needed in this design?
These questions will be answered in terms of different design stages in following chapters.

1.5. Approach
Time plans and processing approaches were modified frequently in this thesis. Figure 1.11 is a diagram
briefly illustrating the stages and process through my research.

Figure 1.11: Approach plan for thesis

In Chapter 2 reviews over the literature study and preparation related to this thesis are depicted.
Several new concepts and important support theories will be listed in Chapter 3, which provides the
theoretical framework for this research. Basic and simple designs conceived in the preliminary period
as well as some conceptual directions for this thesis are described in Chapter 4.

Two important branches in Figure 1.11 are elaborated in Chapter 5 and 6: Arch and connection
design, which will be both influenced a number of common parameters and studied parametrically. For
the shear bond strength data required in the design from Chapter 6, an experiment shall be carried
out and analysed in Chapter 7. To validate this research, Finite Element Method (FEM) is introduced
to assist both global and detailed designs, which will be stated in the Chapter 8. Some discussions
to solve current problems and achieve this design is presented in Chapter 9 thereafter. Finally, some
comparisons and possible improvements are discussed in Chapter 10. To conclude this research,
recommendations will also be added in Chapter 10.



2
Background

Arch of glass and concrete involves as least three topics: Arch, glass and
concrete. Basic information and literature study is required before com-

bining them together in this research. Some theories about shell structures
and design of glass as well as concrete will be covered in this chapter. Be-
sides, previous application and research of corrugated glass is summarized
here. Instead of using normal concrete or UHSC for further study, fly ash con-
crete (technically named fly ash mortar or Hoogeovens mortel in Dutch) will be
applied, which is discussed in this chapter.

2.1. Material of composite component
2.1.1. Properties
The history of using glass as building material to enclose space can date back to almost two millennia
ago, while the discovery of glass was even earlier. In Table 2.1 some physical properties of normal
building materials, glass, concrete and steel are listed. We can see glass and concrete have similar
density while glass is stiffer and higher in tensile strength, there is possibility to save material and
improve structural performance by combining them.

Material

Properties Glass Concrete Steel
(Soda-lime) (C25/30) (S355)

Young’s Modulus [𝑁/𝑚𝑚ኼ] 70000 27000 210000
Poisson’s ratio 0.2 0.2 0.3
Tensile strength [𝑁/𝑚𝑚ኼ] 20 2.2 235
Density [𝑘𝑔/𝑚ኽ] 2500 2500 7850
Coefficient of thermal expansion [𝐾ዅኻ] 8.6 × 10ዅዀ 10 × 10ዅዀ 12 × 10ዅዀ
Thermal conductivity [𝑊𝑚ዅኻ𝑚ዅኻ] 1 1 50.2

Table 2.1: Properties comparison

Glass does not yield like steel or aluminium, which means it is a brittle material resembling concrete.
It is also clearly shown in Figure 2.1 (Haldimann et al., 2008). Therefore, attention needs to be paid
to stress concentration when designing glass elements. However, post breakage behaviour can be
alleviated by laminating layers of glass panels. Laminated glass shall be deployed in this research for
safety reason, whereas long-term loading and thermal shock behaviour is worth further studied.

7
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Figure 2.1: Stress/strain curves for steel and float glass

2.1.2. Advantages of combing
Improvements can be achieved if certain properties of glass and concrete are extracted to be taken
advantage of, which mainly depends on specific design. In this research, improvements glass and
concrete will possibly bring into this design are summarized in Table 2.2. Since glass has better per-
formance in certain mechanical properties, material saving becomes practical by expanding glass as
load bearing material. With the nearly same density, it is lighter to hoist one component, which also
saves the cost of falsework and labour. By applying an interlayer of certain material or air, the thermal
performance of glass panels is also controllable.

The increase of glass areas will provide better daylight environment to inner space, while concrete
parts work as necessary sun shading as the same time. It is feasible for concrete to work as com-
pensation for the tolerance due to the manufacture of curved glass (will be described in the section of
corrugated glass), when concrete is casted in connection or diaphragm. In addition, functional space
such as pipes or gutter is also convenient to make with the help of concrete. Different types of con-
crete such as UHSC is promising to improve the performance of component. Last but not the least,
post-tension concrete to maintain compression both in concrete and glass will be a big benefit.

Glass Concrete

• Material saving

• Transparency/Daylight

• Thermal performance / Cli-
mate design

• Falsework / Construction ef-
fort

• Load bearing

• Typology

• ...

• Beam and diaphragm

• Stiffener / connection

• Tolerance compensation

• Water tightness

• Sun shading

• Gutter / Functional space

• Prestressing

• UHSC

• ...

Table 2.2: Feasible introduced improvements

2.2. Fly ash concrete
2.2.1. Definition and specification
Fly ash is a term referred to any solid, fine-grained particulate material precipitated from the combustion
of pulverized coal in industrial power station furnaces.This term is not applied to the extracted residue
from the bottom of boilers, while fly ash is collected in electrostatic or mechanical separators (Wesche,
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2004).
Fly ashes may be categorized into two types according to ASTM (Wesche, 2004):

• Class F: Fly ash normally produced by burning anthracite or bituminous coal which meets the
requirements applicable to this class. Class F fly ash has pozzolanic properties.

• Class C: Fly ash normally produced by burning lignite or sub-bituminous coal which meets the
requirements applicable to this class. In addition to pozzolanic properties, Class C fly ash also
possesses some cementitious properties. Some Class C fly ashes may have lime contents in
excess of 10%.

2.2.2. Composition and reaction
SiOኼ, AlኼOኽ and FeኼOኽ are particularly rich in fly ash, and along with other oxides such as CaO, MgO,
MnO, TiOኼ,NaኼO,KኼO,SOኽ,etc (Wesche, 2004). Chemical composition examples of cement, fly ash
(Bendapudi and Saha, 2011) as well as glass (Haldimann et al., 2008) are illustrated and compared in
Table 2.3.

Chemical composition (%)

Materials SiOኼ AlኼOኽ FeኼOኽ CaO MgO SOኽ NaኼO LOI

Cement 19.61 7.33 3.32 63.15 2.54 2.13 - 2.97
Fly ash 1 55.3 25.70 5.3 5.6 - 1.4 - 1.9
Fly ash 2 56.79 28.21 5.31 <3 5.21 0.68 - 3.9
Soda-lime glass 69-74 0-3 - 5-14 0-6 - 10-16 -

Table 2.3: Chemical composition

As a member of pozzolanic material, fly ash will react with calcium hydroxide to form a reaction
product that is similar in composition and properties to C-S-H (Bumrongjaroen et al., 2007), which can
be written as equation 2.1:

𝑆𝑖𝑂ኾዅኾ + 𝑥𝐶𝑎(𝑂𝐻)ኼ + (𝑦 − 2𝑥)𝑂𝐻ዅ + 𝑛𝐻ኼ𝑂 → 𝐶𝑎፱𝑆𝑖(𝑂𝐻)፲ ⋅ 𝑛𝐻ኼ𝑂 (2.1)

Leaching will form if a film of water retains
on the surface of glass for a long time,
the reason for which is that the bond be-
tween silicon and the oxygen in the wa-
ter is stronger than that to the compo-
nents in the lattice interstices in the glass
(Schittich and Institut für Internationale,
2007). The diagram of this process is
described in Figure 2.2. For normal wet
concrete, leaching from glass is likely to
happen which is similar to the alkalis at-
tack process in Figure 2.3 (Schittich and
Institut für Internationale, 2007).

Figure 2.2: Schematic diagram of glass hydration surface
layers

2.2.3. Related reasons and test
Recycling and using glass in concrete is an economical way of waste disposal. From Table 2.3 it is
clear that high silica content existing in glass, making it a potentially pozzolanic material when it is in
particle and size smaller than 75 𝜇𝑚(Chandrusha et al., 2017).
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There is a major concern when applying glass in concrete that Alkali Silicate Reaction (ASR) will
occur. As mentioned in last section, the reaction is between alkali inside concrete pore solution and
silica-rich glass particles. However, by including fly ash in glass concrete, this reaction is suppressed
or reduced, which results in a more workable and durable concrete(Chandrusha et al., 2017).

a Alkaline solution:
Film of water on glass surface

b Alkali as a reaction product in solution:
Alkali diffusing out of glass surface into water
(leaching)

c Alkali as a reaction product in solution:
Alkali reaction particles on the glass surface
after drying (leaching)

d Sketch of glass cross-section reduced (cor-
roded) by alkalis

Figure 2.3: Reaction caused by alkalis attacking glass

We utilize fly ash concrete in this research for mainly three reasons:

• Its property to reduce the ASR between normal concrete and glass, in this way surface and
strength of glass can be stabilized.

• Research predicted through computer simulation that inter-facial strength is improved by replac-
ing 20% of cement with smaller particle fly ash comparing to control Poland cement paste. Be-
cause small particle size and pozzolanic reactivity can generate denser micro-structures thus
stronger inter-facial bond (Wong et al., 1999a).

• It is a problem to dispose millions of tons fly ash per year. The high environmental pollution of
green gas pollution caused by producing and using cement is significant. By replacing part of
cement with fly ash, not only some properties of concrete are refined, but also the environmental
and economical benefits can be accomplished(Bendapudi and Saha, 2011).

The shear bond test related to fly ash concrete will be further described in the chapter of experiment.

2.3. Corrugated glass
2.3.1. Curved glass production
To make curved glass, hot bending and cold bending are two common methods. Cold forming is forcing
a flat glass plate into a desired shape, by clamping or point fixing on a sub-construction. The stresses
caused by cold bending remain in the glass after production(Nijsse, 2009). This method limits the
degree for a single curved surface up to half. Besides, it can be less curved if glass sheet is thicker
and stiffer, the minimum radius of which is many times larger than hot deformed one for cylindrical
curvature(Wurm, 2007).

Therefore, it is preferable to hot bend and produce curved glass sheets in this case. Through heating
a flat glass panel in a furnace to hot viscous state, it will sag on to a fire resistant metal or ceramic mould
by the gravity of its mass. Figure 2.5 presents one proceeding method of thermal bending curved glass
(Molter andWolf, 2011).Before any prestressing, laminated safety glass can bemade by placing several
panels one upon each other in a single thermal bending process.It is also achievable to manufacture
curved glass with straight extensions (Figure 2.4) and multiple curvatures in an S-shape or U-shape,
and the straight extension can be on one side or both sides(Wurm, 2007).
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Figure 2.4: Example of bent glass with straight extensions

(a) Mother mould for hot-bent
glass

(b) Using hot-bent glass panes to
make insulating glazing

(c) Laminated bends of glass
panes

Figure 2.5: Hot bending

2.3.2. Restrictions
During the process of making corrugated glass, residual stresses may still exist despite tempering is
to be avoided. The stress can be up to 30𝑁/𝑚𝑚ኼ according to the study and experiments done by the
RWTH Aachen University, which is due to the gravity variant of moulding process(Nijsse, 2009).

The exactness for the dimensions of corrugated glass is also critical. On the one hand, the thickness
can differ along the curvature of one glass panel. This is because the heated glass sags differently at
different spot of curvature, where a weaker spot may develop, the average tolerances for bent glass is
summarized in Figure 2.6.

On the other hand, the length,
width and curvature of various pan-
els are unlikely to be the same,
the tolerance in the examples of
Porto (Figure 1.8) and Antwerp
(Figure 1.9) can be +/- 2mm from
experience(Nijsse, 2009).
The size of one glass panel has its
limitations too. In the case of cor-
rugated glass in Antwerp, the up-
per bound of length of one panel
is 6 metres due to the limitation of
production and transportation (Ni-
jsse, 2009). The height of ”wave”
of curved glass is more flexible
with the changing of width. In Fig-
ure 2.7 2it is clear that for annealed
glass maximum ”wave height” is
1000mm, where the thickness of
various heights are also various.

Figure 2.6: Summary of average tolerances
in mm for bent glass Figure 2.7: Limitation of curved

annealed glass

2Source: http://www.cricursa.com/segur/prinproductos.aspx?Cerca=1&PerTip1=101

http://www.cricursa.com/segur/prinproductos.aspx?Cerca=1&PerTip1=101
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Another important aspect considering the asym-
metrical shape of one corrugated glass panel is the
discrepant structural behaviour, which is depicted
in Figure 2.8 (Nijsse, 2009). The concave shape is
weaker, likely to move more and flatten out under
loading. Moreover, the overall shape of the profile
can rotate in the direction of the convex part.

Figure 2.8: The structural effect of being concave or convex for
a corrugated surface

2.4. Glass shell structure (Arch)
2.4.1. Waterloo International Terminal
This asymmetrical terminal extends its way for 400 metres through London with its volumetric form
(Figure 2.9) . 2,520 panes of glass are fixing on the perforated aluminium section(Figure 2.10), with
the triangulated trusses running below the roof covering to the east and above the covering to the west,
in the latticework form (Wessely, 2011).

(a) Aerial view of Waterloo regional station with the
new Waterloo International Terminal, 1994

(b) View from above of the deserted terminal, 2011

Figure 2.9: Waterloo International Terminal

(a) Section scale 1:500

(b) Interior of deserted terminal, 2011

Figure 2.10: Section and interior
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2.4.2. Maximilian Museum in Augsburg
The self-supporting barrel-vault roof over the central courtyard of the museum comprises total of 527
panes of glass(Figure 2.11), the dimension of which is 37m × 14m, with a rise of 4 metres 3. Only
a minimum number of other components are required in this shell. The edges of it is supported by a
tubular frame resting on the slender pedestals which are adapted to the complicated support situation
of the courtyard. Glass panes of this barrel shell are identical along the single-curvature, makes it
easier to prefabricate. Each panes is made of 2 × 12 heat-strengthened laminated safety glass and
measures 1.16 × 0.95m.

Figure 2.11: Side and interior view of structure

To stabilize the entire structure, a network of prestressed steel cables and additional cable trusses
(totally 9) at every fifth transverse axis are deployed (Figure 2.12) (Ludwig and Weiler, 2000). The star-
shaped nodes between the panes are composed of four shoes secured by clamping stainless steel
caps, the detail of which is shown in Figure 2.13 and 2.14 (Weiler and Schiele, 2001).

(a) Section of the strut and tie model–deformations (b) Finite element model–deformations

Figure 2.12: Stabilization of vault

3Source: https://seele.com/references/maximilianmuseum/

https://seele.com/references/maximilianmuseum/
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Figure 2.13: Nodes details

Figure 2.14: Edge and gussets details

2.4.3. Tetra glass arch
The semicircular arch consists of twelve equilateral tetrahedra with a span of 8 metres and apex height
of 4. The dimensions can be seen from Figure 2.15. Because of the modularity of this geometry
system, all connections of elements are identical, which allows for high level of prefabrication. Detail
1 and Detail 2 in Figure 2.15 are zoomed in and illustrated in Figure 2.16 and Figure 2.17.All glass
elements are laminated panes made of 2 x 6 mm heat-strengthened glass in this arch (Wurm, 2007).

Figure 2.15: Side views of built Tetra Arch with a span of 8 m (dimensions in metres)
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Figure 2.16: Detail 1: Connection edge fitting to top chord

Figure 2.17: Detail 2: Connection between node and bottom chord

In order to compensate for all the possible combinations of load cases, two parallel, prestressed
cables are applied along the semicircular polygonal. These cables are guided through grooves in this
profile beneath the roof top chord, to ensure that all the forces resulting from dead load, snow and
prestressing load will be transferred linearly to the glass edges of the upper tetrahedron plates. The
intensity of prestressing is 6 kN per cable, resulting in a semicircular line of pressure corresponding
to the geometry of load-bearing structure. Radial force as a result is 1 kN per top chord node, which
guarantees glass is in compression under all combinations of load cases(Wurm, 2007). The schematic
diagram is in Figure 2.18.
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(a) Line of pressure for evenly
distributed vertical forces and
evenly distributed radial forces

(b) Detail model

Figure 2.18: Prestressing description
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Design Philosophy (Theoretical

framework)

During the design of glass arch, standard and empirical regulations should
be taken into consideration and applied. Attention needs to be paid also

to performance requirements associated with this research during design. In
this chapter, the outline of essential aspects related to glass structure design
will be explained. Basic building norms from Eurocodes as well as NEN will be
used as guide for design. Finally, the usage of FEM shall be validated.

3.1. Design of glass structure
3.1.1. Strength of glass
The strength of glass varies significantly in real design, which is influenced by many factors: flaws in
glass, glass type, structural element type, manufacturer, quality control etc. Generally speaking, we
use low maximum tensile strength 20 MPa for annealed glass (6 MPa for allowing corrosion), 40 MPa
for heat strengthened glass and 60 MPa for fully tempered glass. As for the compressive strength, 200
MPa will be used normally. Based on the risk and consequences, safety factor for glass design can be
different. Usually 5 to 7 is used. 4

3.1.2. Performance requirements
1. Overhead glazing

The self-weight of overhead glazing represents a permanent out-of-plane loading, under which
circumstance laminated safety glassmust be used if it is single glazing or for the inner pane of IGU.
Residual load-bearing capacity should be considered for design thereby tempered glass alone is
inadvisable. If glass is supported on two opposite edges instead of four, there will still be the risk of
folding in the centre of the pane even with laminated safety glass. Therefore, it is recommended
to use all-side support in German technical rules for linearly supported glazing. Besides, for spans
greater than 1200 millimetres, a maximum side length ratio of 3:1 is advised(Wurm, 2007).

2. Plates loaded in compression
The strength of plate element is barely reduced by the brittleness of glass. Glass plates can be
utilized as wall panels, struts and shell elements, although the stability should be considered when
load is transferred linearly. Plates may buckle about the weaker axis when load is transferred in
the unsupported edge direction. The critical load does not tie to compressive strength but rather
to tensile bending strength, when lateral displacement occurs in the middle region of glass cross
section. In fact, many other factors are related to critical buckling loads, such as geometrical
slenderness,supports conditions, load eccentricity, initial imperfections etc.(Wurm, 2007).

4Sources: Lecture notes from CIE4285 Structural Glass

17
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In this case, similar to the examples introduced in corrugated glass, it is favourable for our theo-
retical component to be loaded in compression, which is also the reason why arch and prestress
may be integrated into this design. Compression forces can be transferred by contact, bolted or
friction grip connections, where imposed deformation shall be accommodated with bearing and
articulated connections at the supports.

3. Weather protection
Weather protection, solar control, undrifted snow and cleaning is noticeable for glazed roof with
very little slope. Because standing water/snow or pond can happen and be detrimental to struc-
ture or climate performance. The minimum fall for the panes with clamped bars is 15 degrees in
the direction of flow, 7.5 degrees for the ones with internal drainage. When the fall is even smaller,
glazing should be watertight with permanently elastic sealed joints. Rainwater drains from ridge
(apex) to the eaves in a controllable manner for gabled and vault, in which case prefabricated
elements can be used to secure watertight seal at the ridge(Wurm, 2007).

4. Continuous linear supports
Continuously linearly supporting a glass pane is the easiest and most pervasive way of stabi-
lizing glass. Usually the out-of-plane load of the pane is transferred through gaskets or struc-
tural sealant while in-plane load is transferred through setting blocks. Ethylene propylene diene
monomer (EPDM) rubber, gaskets or silicone can be used into supporting frame peripherally
around glass pane, to transfer lateral loads. Diaphragm action load can also be transmitted
through continuous linear supports, where the fixing between glass and the frame requires care-
ful design. Machining edges of panes, isolation of corners of panes from in-plane load and in-
fluence of thermal movement should be taken into consideration. Finally, it is important to un-
derstand and account for the issue of inconstant stress distribution along the line of support in
design.(Haldimann et al., 2008)

3.2. Load cases and limit states
3.2.1. Ultimate limit states (ULS) and Serviceability limit states (SLS)
The ULS concern about safety issues while SLS concern about functionality issues. For this research,
ULS of static Equilibrium of the structure (EQU) will be verified. The load combination is as follows:

𝛾ፆ ⋅ 𝐺፤ + 𝛾ፐ;። ⋅ 𝑄ኻ;፤ + ∑(𝛾ፐ;። ⋅ Ψፐ;። ⋅ 𝑄።;፤) (3.1)

where 𝛾ፆ is 1.35 and 𝛾ፐ;። is 1.5 in this case.
For certain cases it is physically not possible for two loads to simultaneously act in their extreme or

zero in the same load combination. So Ψፐ;። will set to zero for wind and snow load when the leading
variable load is the other one(NEN-EN 1990).

3.2.2. Dead load
Self-load of component will be calculated by multiplying the unit width area with the density mentioned
in the properties of materials.

3.2.3. Snow load
Under the condition of cylindrical roof, without snow fences hindering, the snow load shape coefficients
are given in the following expressions (also in Figure 3.1)(NEN-EN 1991-1-3):

𝐹𝑜𝑟𝛽 > 60°, 𝜇ኽ = 0 (3.2)
𝐹𝑜𝑟𝛽 ≤ 60°, 𝜇ኽ = 0, 2 + 10ℎ/𝑏 (3.3)

Here the recommended upper value for 𝜇ኽ is 2,0.

• The Undrifted load arrangement which should be used is shown in Figure 3.2 , case (i).

• The Undrifted load arrangement which should be used is shown in Figure 3.2 , case (ii),unless
specified for local conditions.



3.2. Load cases and limit states 19

Figure 3.1: Recommended snow load shape coefficient for cylindrical roofs of differing rise to span ratios (for ᎏ ጾ 60°)

Figure 3.2: Snow load shape coefficients for cylindrical roof

For the calculation in this research, snow loading is calculated by 𝑠 = 𝑠፤ ⋅ 𝜇። ⋅ 𝐶፞ ⋅ 𝐶፭, where Exposure
coefficient 𝐶፞ and Thermal coefficient 𝐶፭ are both set to 1,0. Value of 𝜇። is as described above. The
value of 𝑠፤ of Central West in Europe is decided by 𝑠፤ = 0.164𝑍 − 0.083 + 𝐴/944, where Z is usually 2
or 3 for Netherlands, and A is the site altitude above sea level. The vault roof in this research has its
limitation of height, which does not have much influence on the altitude level. Therefore, we take 0.7
𝑘𝑁/𝑚ኼ as 𝑠፤ value (NEN-EN 1991-1-3).

3.2.4. Wind load
Section 7.2.8 in (NEN-EN 1991-1-4) gives the recommended values of external pressure coefficient
𝑐፩፞,ኻኺ for circular cylindrical roof. This is shown in Figure 3.3, that vault roof has been divided into three
wind zones A, B and C.

• For 0 < ℎ/𝑑 < 0.5, 𝑐፩፞,ኻኺ is obtained by linear interpolation.

• For 0.2 ≤ 𝑓/𝑑 ≤ 0.3, two values of 𝑐፩፞,ኻኺ have to be considered.

Here we have ℎ equal to zero, so we only have to take into account one condition of 𝑐፩፞,ኻኺ value.
By applying different wind pressure of different heights, to the formula 𝑤፞ = 𝑞፩(𝑍፞) ⋅ 𝑐፩፞,ኻኺ, the wind
pressure 𝑤፞on the external surfaces can be calculated. The values used for parametric modelling will
be defined in the following chapters.
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Figure 3.3: Recommended values of external pressure coefficients ፜፩፞,ኻኺ for vaulted roofs with rectangular base

3.3. Validation of FEM
3.3.1. Methodology
Two approaches can be adopted to control the level of modelling accuracy for the purpose of the model,
which is relevant to the scale of the glass structure(Haldimann et al., 2008):

1. A relatively simple global model and a set of detailed local models can be built, which are com-
plementary for the analysis. Iteratively analyses can be carried out.

2. A single detailed global will do the job which concerns all the structural aspects.

By making advantage of the time efficient analyses of global modelling, the global behaviour, de-
flection and reaction force are to be obtained and evaluated from the studying in approach 1. The other
aspects such as stress distribution will be complemented by partially detailed local modelling. The one
single detailed model in approach 2 is not easy to model and modify afterwards, which also requires
high computational capability. Moreover, it will not be straightforward to make detailed modelling in
the early design phases, which may be altered all the time. Therefore, approach 1 is adopted in this
research.

For the specific design in this thesis, attention should be paid to the contact area of concrete and
glass. Non-linear contact element (such as COMBIN39 spring element in Ansys5) should be used if
possible. Different deflected shapes of glass and supporting structure can be displayed under different
load cases.

3.3.2. Simple global model
In the global arch model, it is suitable to model glass with 2D or 3D shell elements. When laminated
glass is used, the thickness of shell element can be calculated and applied as the effective thickness.
The effective thickness of laminated glass is calculated as follows(Haldimann et al., 2008):
5Ansys, Inc. is a public company developing and marketing engineering simulation software.
Official website:https://www.ansys.com/

https://www.ansys.com/
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In terms of bending stress:

ℎ፞፟;፰ = ኽ√∑
፤
ℎ፤ኽ + 12𝜔(∑

።
ℎ፤ℎ፦,፤ኼ) (3.4)

In terms of stress in a ply:

ℎ፞፟;᎟;፣ = √
(ℎ፞፟;፰)ኽ

(ℎ፣ + 2𝜔ℎ፦;፣)
(3.5)

where:
𝜔 is the coefficient of shear transfer of the interlayer, which

varies from 0 to 1.
ℎ፤ and ℎ፣ are the thicknesses of the plies of glass within a laminated

sheet, as defined in Figure3.4.
ℎ፦;። is the distance to the mid-plane of the glass piles

Figure 3.4: Laminated glass thickness dimensions

During the following simulations in FEM software, the initial effective thickness will be assumed as
16 millimetres.

3.3.3. Analysis types
Linear elastic analysis will be carried out in this research since the material stress-strain relationship
is linear before breaking, which also need less time even to solve large models. Load cases of this
analysis are simply superposition of load combinations. However, the deformation of structure should
be ’small’ to verify the credibility of such analysis.

When the deflection is approaching the thickness of glass plate, transition will occur where the
stresses redistribute from bending to membrane action. Linear elastic analysis may over-estimate the
stress in plates for this large deflection. Consequently, a geometrical,materially or boundary-condition
non-linear analysis may be necessary corresponding to various conditions(Haldimann et al., 2008).

3.3.4. Ansys and GSA
GSA6 and Ansys Workbench (Ansys WB) will both be utilized for analyses in this research. Global
model are built in GSA for bending moment and reaction force analysis, which concerns less about
the component of glass-concrete. When model is built in Ansys WB, CAD parameters are included
with the help of Solidworks7. Approach 1 described in methodology is used in Ansys WB here: Global
modelling → sub-modelling analyses.

6GSA Suite from Oasys Software.
Official website: http://www.oasys-software.com/products/engineering/gsa-suite.html

7A solid modelling computer-aided design (CAD) and computer-aided engineering (CAE) computer program published by Das-
sault Systèmes. Official website: http://www.solidworks.com/

http://www.oasys-software.com/products/engineering/gsa-suite.html
http://www.solidworks.com/




4
Conceptual Design

Designs and ideas come up and change frequently in preliminary design
stage. Many theoretical proposals have been brought up during this

phase, not all of which are adopted and proceeded further. But some of them
are innovative and promising, where more research are executed. Some es-
sential sequences of arch and connection conceptual designs, and some re-
lated literature study will be covered in this chapter. A basic parameter sum-
mary will be stated in the end.

4.1. Arch
Nowadays surface structure can have almost any shape compared to traditional forms of domes, vaults
etc. The main characteristic of the shell is its surface shape, whose capacity is higher than a structure
built with single linear elements of similar dimensions. Surface structure can be categorized into soft
and rigid shells, in addition to the traditional vaults. Soft shells are tensile membrane structure in
prestressing, which is flexible and light-weighted. On the other hand, rigid shell can be either thick or
thin, but still thicker than membrane structure. When bending stiffness is needed, thick shells can be
used. Thin shells will be sufficient regarding purely axial and shear loading.

For material of low tensile strength, tension can be resisted by reinforcement, as reinforced-concrete
shells is such case. Moreover, reinforced-concrete tensile shells are often prestressed to keep concrete
in compression and uncracked. Here, compressive shells is in fact achievable by hanging membranes
inversely so that it is in compression under its own weight. While tension caused by asymmetrical load-
ing can be resisted by prestressing, the advantages of which also includes keep concrete uncracked
and tight, so hardly any coating and waterproofing is required (Schueller, 1996).

4.1.1. Shell typology
The definition of surfaces is closely connected to all kinds of curves. Therefore, some special curves
are to be classified as follows:

• Principal curvature
The maximum and minimum curvatures respectively at any point on the surface, where the two
curvatures are perpendicular to each other.

• Gaussian curvature
The outcome of multiplying principal curvatures 𝐾 = 1/𝑅፱𝑅፲ at a point, where 𝑅፱ , 𝑅፲ are the radii
corresponding to the principal curvatures.

• Mean curvature
The arithmetic average of the principal curvatures 1/2 ⋅ (1/𝑅፱ + 1/𝑅፲) at a point.

23
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Figure 4.1: Surfaces classification

From the perspective of geometrical, mathematical classification, shell shapes are categorized in
Figure 4.1. In the part of conventional/basic shapes, single and double-curvature systems can be iden-
tified by the three curvatures referred to above. For double-curvature surface, there are two subdivision
listed: synclastic and anticlastic surfaces. Gaussian curvature K is =0 for singly curved surfaces and
>0 for doubly curved synclastic surfaces respectively. While for anticlastic surfaces K would be <0 ,
since curvatures of which are adversed to each other (Schueller, 1996).

The geometry of basic surfaces can also be categorized as surfaces of revolution(rotation)(Figure 4.2
left)and surfaces of translation(Figure 4.2 right).

(a) Surfaces of revolution:
Surfaces formed by rotating a
plane curve around a fixed axis.

(b) Surfaces of translation:
Surfaces formed by sliding a

plane curve alone another curve
which is not on the same plane.

Figure 4.2: Generation of basic surfaces
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Surface of translation of single curvature surface (Cylinder) is chosen for further design in this re-
search.The reason for this choice is that it is a ruled surface, which means the surface can be generated
by moving a straight line along two fixed end curves. The tangential edge of one component section will
be straight in the longitudinal direction. With the straight lines showing Figure 4.3, it is more practical to
simply connect components horizontally along the straight lines to keep modularization and avoid high
labour intensity. Besides, one feature distinguishes singly curved surfaces from doubly curved sur-
faces is that only single-curvature surfaces are developable, that is, surfaces can be flattened without
stretching or tearing(Schueller, 1996). In this case, this feature ensures the modularization of compo-
nent, which will be corrugated transversely and straight longitudinally.

(a) Singly ruled surface: cylinder (b) Developable surfaces

Figure 4.3: Single curvature surface

4.1.2. Barrel shells
If we elaborate on single-curvature cylindrical shells, many various types of curves may be involved
in the geometry defining. The basic defined geometries of curves may range from (left to right in
Figure 4.4) the circular segment, the parabola, ellipse, hyperbola, and cycloid, to the corresponding
geometry of funicular curve(Schueller, 1996).

Figure 4.4: Basic concepts related barrel shells

These basic shapes may be connected in countless ways to produce cross sections of all kinds
of forms, as in this case it will be single shell constructed from multiple segments. Besides, segment
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may be organized in a parallel, radial or intersecting forms, where single unit may be straight, bent or
folded(Schueller, 1996). Single shell composed of corrugated segmental units which are arranged in
a parallel manner.

Segmental circular cylindrical shell will be picked and further proceed in the research. For the
reasons that its possibility of modular instalment and labour ease. Besides, radial pressure can be
applied on this structure by prestressing. However, parabola shell will be kept as an option for its
favourable structural behaviour and better inner space utilization(Milošević et al., 2014).

4.1.3. Support conditions
When considering cylindrical shells, not only the shape of cross section is one of their characterizations,
but also other factors are included: the longitudinal and transverse support types of shells, diaphragm
type, conditions of edge beams, and the consecutiveness of multi-bay or multi-span shells(Schueller,
1996). There are mainly three categories of barrel shells as is illustrated in Figure 4.5(left to right):

1. Long barrel shells or shell beams:
When shell is only supported in the transverse direction, but has no supports in the longitudi-
nal direction. It will act like a longitudinal beam without arch action. Longitudinal beam action
will dominate when its span in that direction is longer than its width. Such shell beams can be
considered as continuous shallow beams with curved cross section, which is simply supported.

2. Short barrel shells:
If the support conditions of long barrel shells change, or the chord width of shells is larger com-
pared to longitudinal span, the primary action becomes transverse arch action.

3. Vaults:
The behaviour of barrel shells may be reckoned as parallel arches when they are continuously
supported in the longitudinal direction by foundations,walls,frames or (prestressed) deep beams.
The behaviour of transmitting force directly to the supports in the transverse direction, may be
visualized as the behaviour of parallel arches of per unit width. Since these shells may resist both
bending and axial forces, they should be thick enough and designed as if they were arches.

Figure 4.5: Barrels

In the field of this research, edge beams are selected, narrowing down the scale of this design to
an arch of component width. Further study of arch design will be elaborated below.
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4.1.4. Arch supports and Load cases defining
When it comes to the design of a single arch, we divide arches into 3 categories in terms of height-to-
span ratio:

Steep roof arches: ℎ/𝐿 ≥ 1/3
Intermediate roof arches: 1/8 < ℎ/𝐿 < 1/3

Shallow roof arches: ℎ/𝐿 ≤ 1/8
where h is the height and L is the span of arches. Unless specifically explained, in the following

text, h and L will always refer to the height and span of arches respectively.
We will discuss three conditions of supports for most arches: three hinged, two hinged and fixed,

where the hinges are located at two end nodes and middle node of arch curves(Figure 4.6). According
to Sonavane (2014), under self-weight load or Uniformly distributed loading (UDL) conditions, arches
of three hinged tend to have the largest internal bending moment and deflection among three sup-
port conditions, whereas large deformation would be unfavourable for elastic glass structure analyses.
Therefore, two-hinged and fixed arches will be further explored in this research.

Figure 4.6: From left to right: Three-hinged, two-hinged and fixed arches

Concluded from the book of Schueller (1996), intermediate circular roof arches can be reckoned
as parabolic arches for early stage design purposes, while the bending effect due to dead load must
be taken into account. In addition to that, two-hinged parabolic, flat circular or even the corresponding
fixed arches can be considered as three hinged ones, for the preliminary design intention. Although
the approximation can be used for two-hinged and fixed arches with certain conditions, there are some
certain rules applied to critical moment by safety issues:

Steep roof arches: 𝑀ፚ፫፜፡ × (1 + 10%) Due to axial action
Shallow roof arches: 𝑀ፚ፫፜፡ × (1 + 30%) Due to larger thrust force

Intermediate roof arches: 𝑀ፚ፫፜፡ × (1 + 20%) Medium thrust forces

4.1.5. Moment calculation
After the simplification in the last section, calculation and superposition become easier after the ap-
proximation. Given by Schueller (1996), moment calculations for the circular arches in Figure 4.7(left
to right):

Uniform loading 𝑀፦ፚ፱Location:
Full gravity: 𝑀፦ፚ፱ = −𝑤ℎኼ/8 Mid-height of arch

Asymmetrical vertical: 𝑀፦ፚ፱ = ±𝑤ፋ𝐿ኼ/64 Quarter span (𝑥 = 𝐿/4) of arch
Asymmetrical lateral: 𝑀፦ፚ፱ = 𝑞ℎኼ/8 Approximately mid-height of arch projection

where 𝑤 is the dead load, 𝑤ፋ is the vertical live load and 𝑞 is the lateral live load.
For analytical calculations, three types of arches will be checked as follows:

• Steep arches: Uniform full gravity loading will dominate during design, but result of uniform lateral
(wind) load should be checked.

• Intermediate arches: Uniform full gravity loading plus asymmetrical vertical loading will dominate
during design, but result of purely dead loading should be checked.

• Shallow arches: Asymmetrical vertical loading will dominate during design.

Four load cases will be examined under ULS in GSA and Ansys as is shown in Figure 4.8:
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Figure 4.7: Circular arch under uniform load action

• Load case 1: uniform dead load
1.35 ⋅ 𝑤፝፥ for analytical and GSA solution, 1.35 ⋅ 𝑤፝፬ for Ansys solution.

• Load case 2: uniform dead load + arch wind load
1.35 ⋅ 𝑤፝፥ + 1.5 ⋅ 𝑤፰፥ for analytical and GSA solution, 1.35 ⋅ 𝑤፝፬ + 1.5 ⋅ 𝑤፰፬ for Ansys solution.

• Load case 3: uniform dead load + uniform snow load
1.35 ⋅ 𝑤፝፥ + 1.5 ⋅ 𝑤፬፥ for analytical and GSA solution, 1.35 ⋅ 𝑤፝፬ + 1.5 ⋅ 𝑤፬፬ for Ansys solution.

• Load case 4: uniform dead load + asymmetrical snow load
1.35 ⋅ 𝑤፝፥ + 1.5 ⋅ 𝑤፬፥ for analytical and GSA solution, 1.35 ⋅ 𝑤፝፬ + 1.5 ⋅ 𝑤፬፬ for Ansys solution.

(a) Load case 1 (b) Load case 2

(c) Load case 3 (d) Load case 4

Figure 4.8: Four load cases

4.1.6. Prestressed arch
Similar to the example of Tetra glass arch in section 2.4.3, prestressing is included in this concep-
tual design of glass-concrete arch. The difference in this case is that prestressing is transmitted to
whole structure by post-tensioning the segmental arch, which also means that prestressing force will
be transmitted through the connections of concrete and glass. Asymmetrical loading is thus possibly
compensated by prestressing. Because the shape of load-bearing arch is corresponding to the radial
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pressure, entire structure will be in compression, which should be favourable for glass and concrete.
Conceptual process of this prestressing is described in Figure 4.9, where glass-concrete component
will be installed in place and connected, after which the post-tensioning in concrete will be implemented.

(a) Installed in place (b) Post-tension

Figure 4.9: Prestress and radial pressure

4.2. Preliminary connection design
4.2.1. Reinforced glass
’Residual stability’ is vital for overhead glass. The term ’residual stability’ generally denotes that the
glass component can still provide some resistance after breakage, to prevent whole structure system
failure. This structure safety redundancy can also be enhanced by including reinforcement into glass,
thus adding more safety. Reinforced glass is involved in the preliminary conceptual design, some
examples of this are summarized below:

Accurate alignment is required for the area
to transmit post-tensioning force into glass-
beam. Residual stability is obtained by post-
tensioning steel tendons at the beam ends,
without bonding which to the annealed glass
beam. In this case a perfect alignment is
achieved by edges cutting and grinding follow-
ing the process of laminating. Figure 4.10: Post-tensioned glass beams by Louter et al. (2006)

As illustrated in the left laminated glass panel
of Figure 4.11: 1 glass pane, 2 PVB mem-
brane, 3 armour, 4 PVB membrane, 5 glass
pane. For the right panel: 1 glass mono-
lithic, 2 interlayer (PVB or SG), 3 perforated
metal plate with 1 mm. An interesting design
point here is that armour can also work as sun-
screening for overhead glazing.

Figure 4.11: Armoured laminated glass by Kaltenbach (2004) and
embedding perforated stainless steel plates by Cruz and Valente

By extending the steel plate of the right panel
in Figure 4.11, the concept of connecting glass
panels by metal bridges emerges. Perforated
steel is used here to optimize transparency.
Two symmetrical polycarbonate bars are in-
serted from upper and lower sides, where the
inner gap space and contact between PC and
glass will be filled with silicone for sealing pur-
pose.

Figure 4.12: Protruding the steel plate out of the laminated glass to
establish connection between two panels by Carvalho et al. (2014).
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Freytag (2004) presents a new approach to
construct by using vastly transparent build-
ing elements, where the glass is connected to
UHPC by direct contact. Large scale experi-
ments are carried out to testify the structural
behaviour and failure mechanisms in their re-
search.
In their research, the glass edges are posi-
tioned into a fitting slot of the relating concrete
part, which is formed by liquid concrete cover-
ing the glass edges. This means the glass is
placed before concreting starts. Another kind
of pozzolanic material silica fume is added into
conrete composition to achieve higher shear
strength. Here the glass surfaces of contact
part are pre-treated with specially roughing
and enamelled coating before thermal tough-
ing process. Three shear transferring mech-
anisms are obtained in this case: Adhesion,
interlocking and clamping friction, where the
clamping effect is attained by shrinkage of
the concrete part by adding certain amount of
fine steel fibres into concrete. Experiments
have proved that the brittleness of glass can
be compensated by a clever composition with
UHSC.

(a) Cross section

(b) Crack initiation

Figure 4.13: Glass-Concrete Composite(Freytag, 2004)

4.2.2. Mechanical connection
In this design, laminated corrugated annealed glass will be used for component. By extending rein-
forcement steel or steel plate from interlayer of glass, the reinforcement frame between glass panels
will be built. Concrete will be cast in plate to achieve connection and sealing function. The diagram of
this hypothetical design and connection section is depicted in Figure 4.14 and Figure 4.15. Tolerances
of curved glass panel for laminating should be considered in this case. Moreover, there is possibility
that glass panels can be used as permanent formwork for concrete casting.

Figure 4.14: Diagram of casting concrete
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(a) Section of mechanical connection
(b) Detail of connection

Figure 4.15: Corrugated component

4.2.3. Adhesive connection
For this part, concrete and glass will be connected in a hard adhesive system, where stiff adhesive
material, such as epoxy ,acrylate, polyester etc., will be applied here (Figure 4.16). Attention should be
paid to the curing condition and long-term as well as thermal loading for adhesive connection. Besides,
the cement-rich skin or laitance on the concrete surface, especially on the casting side sometimes
absorb part of the adhesive, in which case the second layer of adhesive may be needed. The second
coat of adhesive should be applied when the first layer is still viscous(Engineers and ., 1999).

(a) Section of connection
(b) Detail of adhesive connection

Figure 4.16: Corrugated component

4.3. Parameters study
Many parameters in global model and detailed model will influence the output results in different levels.
Simply divided them into input and output is not easy, since some parameters are entwined with both
input and output as described in Figure 4.18. For example, in Figure 4.17, when the spans of arches
are assumed to be identical, it would be better for the thrust line to stay within the arch geometry(Varma
et al.). But when the thickness of arch is altering the self-weight of arch is also altering, which changes
the internal moment and axial force of structure. Since thrust distance equals to resultant moment/re-
sultant axial force at the location of arches, which means the thrust line will shift as well, causing the
stress within component to change. Besides, the cost will also be different.

Therefore, the viable approach would be study and optimize parameters and make necessary es-
timation in models of different levels, which will be elaborated in arch and connection simulations.

(a) Thrust line for thin arch (b) Thrust line for thick arch

Figure 4.17: Thrust lines research
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Figure 4.18: Parameters relation
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Arch Design

Global arch behaviour has been studied in lots of literature already. In this
chapter, the structure behaviour of different height to span ratios of arches

will be studied and optimized. Besides, a case study of cost estimation is alos
carried out to make further optimization. Analytical and GSA solutions are
presented inside this chapter, while Ansys analysis related to arch design will
be dicussed in the chapter 8 of FEM simulations, where the conclusion of this
chapter will be compared and used.

5.1. Parameters define
As is described in the above chapters, the arch will consist of modular straight components made of
glass and concrete. In this chapter, we set the span of this arch to 30 metres while changing the height
of it. Figure5.1 shows the height ranges from 1 to 15 metres which means it ranges from shallow,
intermediate, to steep circular arches.

Figure 5.1: Different height to span ratios

GSA is used to calculate reaction force and bending moment for preliminary design purpose. How-
ever, a hypothetical section is needed for the dead load calculation in analytical solution. The dimen-
sions of symmetrical glass-concrete component section is shown in Figure 5.2, where the tangential
curves represent glass as the rectangles represent concrete parts. One aspect concerning the reason
for the location of concrete parts will be given in following section 5.2.2.

33
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Figure 5.2: Hypothetical section

5.2. Analytical solution
5.2.1. Critical load case
It has been mentioned that different types of load can dominate design under different types of arches
in section 4.1.5. During this analytical calculation, height ranging from 1 to 9 metres of arches are
calculated, the critical load case for which will be Load case 4: uniform dead load + asymmetrical
snow load (1.35 ⋅ 𝑤፝፥ +1.5 ⋅ 𝑤፬፥). According to NEN-EN 1991-1-3, the snow load is functional on either
asymmetrical side because of shape coefficient 𝜇። as is described in section 3.2.3. Here we simply this
load by setting uniform distributed load on one side of arch with 𝜇። = 0.1, which value is half of largest
𝜇ኽ = 2.0.

5.2.2. Moment and stress comparison
Comparison of concrete locations

The dead load of one component is unchanged when we consider the component is reversed upside
down as we shift the location of concrete parts from top to bottom. Assumed that the height of arch is
9 metres and the results of the analytical solution are as follows:

At the point of critical moment (at quarter of span according to section 4.1.5):
Concrete at top: 𝜎፜ዅ፛ = 1.81 𝑀𝑃𝑎, 𝜎፠ዅ፛ = 2.70 𝑀𝑃𝑎

Concrete at bottom: 𝜎፜ዅ፛ = −1.81 𝑀𝑃𝑎, 𝜎፠ዅ፛ = 6.95 𝑀𝑃𝑎
Where 𝜎፜ዅ፛ is the largest bending stress in concrete, similar for 𝜎፠ዅ፛ in glass panels. Concrete is in

compression when it is located downside of the component. The cause of this is that under load case
4, the critical moment will always tend to push arch outward. The out layer of arch inside component
will always be in tension in this case. Thereby, concrete parts shall be at upside of component in the
following design.
Comparison of concrete integration

To verify the structural advantage of concrete integration, both the stress inside glass-concrete
component and pure glass component for arch of same dimensions will be calculated. Again assumed
that the height of arch is 9 metres and the results of the analytical solution are as follows:

With concrete: 𝜎፜ዅ፛ = 1.81 𝑀𝑃𝑎, 𝜎፠ዅ፛ = 2.70 𝑀𝑃𝑎
without concrete: 𝜎፠ዅ፛ = 3.59 𝑀𝑃𝑎

It can be seen that by integrating concrete, tensile stress inside glass at critical point is reduced.
This means apart from other benefits, it is beneficial in terms of structural behaviour.

5.2.3. Parametric study
By altering the height of arches but limited inside range of shallow and intermediate, the critical bending
moment and stress will be calculated. Both situations of arch made of pure glass components and com-
posite components will be calculated. In Figure 5.3 the bending stresses of pure glass situation (top)
and composite situation (bottom) are given. We can tell from this diagram that the moment stresses
increase with the height increasing, in both situations, also in both concrete and glass.
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(a) Pure glass component (b) Composite component

Figure 5.3: Stresses of analytical solution

5.2.4. Behaviour analysis
The comparison of bending moments and stresses in two situations are plotted in Figure 5.4 and 5.5.

Figure 5.4: Comparison of bending moments
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Figure 5.5: Comparison of pure glass and ending stresses

It can be inferred from the Figure 5.4 that the critical bending moment of composite arch is always
higher than pure glass arch. For both arches the bending moments are raising with height increment,
and the curve of composite arch is steeper than pure glass arch when the height is approaching height
of 9 metres.

On the other hand, stress increment of composite component is also slightly larger than pure glass
arch when height is escalating. But the maximum stress of glass inside the composite arch is overall
lower than the one inside pure glass arch.

5.3. GSA solution
5.3.1. Approach
Geometry Gym8 plug-ins for Rhino9 Grasshopper10 is used to connect GSA software with arch geome-
tries. By altering the parameters in Grasshopper (Figure 5.6) and transferring data into GSA, results
can be obtained both in GSA and Grasshopper. The data then will be collected inside Microsoft Excel
to do further analysis.

8Geometry Gym provides OpenBIM software tools and support for Architects and Engineers amongst others in the Built Envi-
ronment.
Website:https://geometrygym.wordpress.com/

9Rhinoceros 3D is a commercial 3D computer graphics and computer-aided design (CAD) application software.
Official website:https://www.rhino3d.com/

10Grasshopper is a graphical algorithm editor tightly integrated with Rhino’s 3-D modelling tools.
Website:http://www.grasshopper3d.com/
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Figure 5.6: Script in grasshopper

5.3.2. Numerical modelling
According to NEN-EN 1991-1-4 in section 3.2.4, the 𝑐፩፞,ኻኺ for different wind zones as well as the peak
velocity pressures will be changing to various heights. The wind load inputs shall be calculated and
used in modelling. Here the input for GSA calculation is listed in Appendix C section C.1, where the
load is listed in column of 𝑍𝑜𝑛𝑒 𝐴 [𝑘𝑁/𝑚].

Four load cases in section 4.1.5 will be simulated under the supports conditions of both two-hinged
and fixed arches. Here the snow load will be applied as projected in global coordinate while wind load
will be applied in local coordinate, both of which will be applied in the direction of Y axis.

(a) Load case 1 (b) Load case 2

(c) Load case 3 (d) Load case 4

Figure 5.7: Bending moments of two-hinged arch

5.3.3. Results of GSA
Assumed the height of arch is 9 metres, the bending moments of two-hinged arch under 4 load cases
are plotted in Figure 5.7 while the ones for fixed arch are in Figure 5.8.

Figure 5.7 indicates that critical bending moments for both load case 2 and load case 4 occur at
one fourth of the arch span. The moment distributions for load case 1 and load case 3 are similar,
only different in values. On the other hand, the critical bending moments in fixed arches occur at the
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supports. It can be derived from the scale of both diagrams that the overall bending moment of the
fixed arch within the arch roof is smaller than that of two-hinged arch, which means the cost of arch is
lower while the cost of supports is higher compared to two-hinged arch.

(a) Load case 1 (b) Load case 2

(c) Load case 3 (d) Load case 4

Figure 5.8: Bending moments of fixed arch

(a) Load case 1 (b) Load case 2

(c) Load case 3 (d) Load case 4

Figure 5.9: Reaction forces of two-hinged arch
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5.3.4. Parametric study
By collecting the results of horizontal (thrust) reaction force 𝑅፡ and vertical reaction force 𝑅፯ from
GSA solution for arches of all parametric heights, the charts are given in Figure 5.9 for two-hinged
arches and Figure 5.10 for fixed arches. Besides, the reaction forces for four load cases are gathered
and compared in terms of two-hinged arches and fixed arches in Figure 5.12. The additional reaction
moments 𝑅፦፨፦፞፧፭ at supports of fixed arches are illustrated in Figure 5.13.

(a) Load case 1 (b) Load case 2

(c) Load case 3 (d) Load case 4

Figure 5.10: Reaction forces of fixed arch

(a) Internal moments of two-hinged arches (b) Internal moments of fixed arches

Figure 5.11: Maximum internal moments

It can be found that in both in two-hinged and fixed arches the 𝑅፡ declines and 𝑅፯ rises with height-
to-span ratio developing. The slope of 𝑅፡ declining is steeper than the slope of 𝑅፯ rising. Obviously load
case 3 is the dominating case of 𝑅፡, 𝑅፯ and most results of 𝑅፦፨፦፞፧፭. The internal bending moments of
arches on the other hand diminish first then climb back after certain height in Figure 5.11, this implies
that cost of arch will also follow these curves globally. It is clear that there is an optimal height of arch
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to balance the cost of supports and arch components in this case.

(a) Thrust reaction forces of two-hinged arches (b) Vertical reaction forces of two-hinged arches

(c) Thrust reaction forces of fixed arches (d) Vertical reaction forces of fixed arches

Figure 5.12: Reaction forces comparison

Figure 5.13: Reaction moments at supports of fixed arches

5.3.5. Behaviour analysis
To study the cause for the behaviour of internal moments of arches, the internal moments as well as
axial forces along the arches are gathered from GSA. The bending moments results of different heights
under different load cases are shown in Figure 5.14 for two-hinged arches and Figure 5.15 for fixed
arches. More clear figures will be attached at Appendix C section C.2 and C.3.

By comparing these figures with the results in section 5.3.3, we can infer that when the height of arch
becomes too small, the arch action tends to disappear, where the two-point supported flat beam action
is dominating. This is the reason that bending moment is larger in the beginning of height parameters.



5.3. GSA solution 41

(a) Load case 1 (b) Load case 2

(c) Load case 3 (d) Load case 4

Figure 5.14: Internal moments of two-hinged arch

(a) Load case 1 (b) Load case 2

(c) Load case 3 (d) Load case 4

Figure 5.15: Internal moments of fixed arch

5.3.6. Cost estimation case study
Because it is not easy to find some general guide on the cost estimation for arch building, and the design
here only includes the arch roof with considering other aspects such as inner space,labour costs, site-
works, maintenance cost etc. During this case study, the Gateway Bridge in Michigan is used for rough
cost estimation according to the cost analysis table (Figure 5.16) in (Chapman and Kasi, 2012).

From Figure 5.16 and Figure 5.17we can get following information for cost estimation:
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Figure 5.16: Cost Analysis of the Gateway Arch Bridge Using the UNIFORMAT II Elemental Classification and Example Sub
Classification

Element % of total cost

Thrust Blocks 8.18
Foundation in Thrust blocks 3.17

Ties 3.76
Ribs 21.91

Table 5.1: Cost proportions

By substituting cost of ribs with cost of arch, cost of thrust blocks and ties with cost of fixed sup-
ports, cost of thrust blocks and ties minus cost of foundation with cost of two-hinged supports, the cost
estimation is as follows:

• Two-hinged:
Nominal arch length× Nominal 𝑀ፚ፫፜፡× 21.91%+Nominal resultant reaction force× 8.77%

• Fixed:
Nominal arch length× Nominal𝑀ፚ፫፜፡× 21.91%+(Nominal resultant reaction force× 0.5+Nominal
reaction moment × 0.5 )× 11.94%

Where nominal values denote that it is divided by the value of same term from arch of 11 metre high,
whose height-to-span ratio is same as the Gateway Arch Bridge.

Figure 5.17: Cost Distribution of Selected Group Elements and Individual Elements for the Gateway Arch Bridge
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The plot of nominal costs can be seen in Figure 5.18. After comparing the highest cost for all load
cases of all heights, the optimal result is that 5 metres for two-hinged support and 6 metres for fixed
support. Sonavane (2014) gives advice on economical rise-to-span ratio of 0.2 to 0.3, so we set height
of arch at 6 metres to do further study.

(a) Nominal cost of two-hinged arches (b) Nominal cost of fixed arches

Figure 5.18: Cost estimation

5.3.7. Final design
In accordance with the example of Museum aan de Stroom (Figure 1.9), the length of corrugated glass
is limited within 6 metres(Nijsse, 2009). After the global dimension of arch is set, the results of () for
element length from 0.5 to 6 metres are gathered and plotted in Figure 5.19.

(a) Two-hinged arch (b) Fixed arch

Figure 5.19: Comparison of different element lengths

The fluctuation in the diagram can be explained by Figure 5.20. If the element becomes longer,
each element works more like an individual beam which weakens the arch action to some extent.

(a) Elements of 0.5 metre (b) Elements of 2 metres

Figure 5.20: Moment distribution along fixed arches
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We can deduce from Figure 5.19 that 1.5 metres is the optimal length for single element of two-
hinged arch where load case 4 is dominating. While for fixed arch, the lowest value occurs at 0.5 metre.
However, for both supports conditions, there is possibility that the lowest value merges at somewhere
between 1 to 1.5 metres. Because of the declining slope within 1 and 1.5 metres of two-hinged arch, the
intersection of load case 2 and load case 4 with 1 and 1.5 metres of fixed arch. Under this circumstance,
we limit out element length around 1 and 1.5 metres for following research.

In conclusion, the final choices for global arch design are as follows:

Parameter Selection

Arch shape Circular
Arch span 30 m
Arch height 6 m

Support condition Two-hinged and fixed
Length of element Around 1 to 1.5 metres

Table 5.2: Cost proportions
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Connection Design

The importance of connection design cannot be emphasized more during
the design of glass structure. Concentrated load should not be neglected

because of the brittleness of glass material. In this chapter, classifications of
connection will be discussed first, after which some modified and new con-
nection designs will be listed and analysed together with the assembling or-
der scheme. Finally, choices will be made, where experiment verification is
needed and proceed.

6.1. Classification of connection
There are mainly four types of connections in this design as described in Figure 6.1.

Figure 6.1: Connection classification

45
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When element made of corrugated glass panels in Figure 5.2 needs an intermediate break along the
curve, a glass-to-glass connection is required which is usually jointed by silicone. Here in this case we
assume that the corrugated glass panel can be produces as a whole piece if it is within the dimensions
mentioned in section 2.3.2, where the largest possible wave-height is 1000 millimetres.

If we take the upper concrete parts in Figure 5.2 as arch beams, the diaphragm and concrete beam
connection depends quite on the type of diaphragm. Normally in-plane shear plates can be utilized
as is shown in the element of Salone Agenlli (Figure 1.7), where the diaphragm is prefabricated in
the element before installing to preventing cross-sectional deformation of element. Here in this case
we prefer to prefabricate whole corrugated elements at manufacturer places than in-site casting, so if
the diaphragm is required in this design, two favourable options will be available here: Prefabricated
concrete plate, or prestressed steel cables used as horizontal tie.

After all these presupposed conditions, the following context will mainly focus on the design of three
types of connections:

• Connection between glass panels and concrete beams

• Connection between glass panels and element junctions

• Connection between modular elements

6.2. Connection between glass and concrete beams
As indicated in section 5.2.2, concrete is shifted to the upside of the component. Design will still be
classified into mechanical and adhesive connections listed in the following sections.

6.2.1. Mechanical connection
6.2.1.1. Interlocking:

(a) Zigzag interlocking (b) Concrete cover

(c) Protruded interlocking (d) Concrete cover

Figure 6.2: Interlocking connection
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In this connection both glass and concrete is connected in linear interlocking way. Concrete will be
prefabricated in desired shape, after which the glass panels will be placed on top of it. The process of
drilling or cutting glass should be implemented before any hot bending, coating or laminating, therefore
the tolerance and alignment here shall be controlled. In the upper connection of Figure 6.2, the inserted
sticking out parts of glass should be smaller than notches in concrete, so that soft infill material can
be used to compensate dimensional variation, thermal movement. The same principal goes for the
lower connection of Figure 6.2 where the notches in glass should be slightly larger than the concrete
extruded blocks.

6.2.1.2. Shear connector
Point fixings of undercut anchors are used in this case similar to the way shear connectors are used
in composite steel-concrete beams(NEN-EN 1994-1-1). Undercut holes can be manufactured by the
diamond drilling process by local grinding in non-tempered single or laminated glass(Wurm, 2007).
The drilling process likewise shall be conducted before hot-bending and laminating process where the
alignment and tolerance condition will be critical. In Figure 6.3, after the production of curved glass
panels, they will be placed onto the prefabricated concrete frame. The concrete will be casted in place
subsequently.

(a) Connection between glass and concrete beams (b) Detail of undercut anchor

(c) Longitudinal section

Figure 6.3: Shear connectors

Figure 6.4: Undercut anchors 11

11Source:
https://www.glaswelt.de/Archiv/Heftarchiv/article-247734-104870/kleiner-halter-grosse-wirkung-.
html

https://www.glaswelt.de/Archiv/Heftarchiv/article-247734-104870/kleiner-halter-grosse-wirkung-.html
https://www.glaswelt.de/Archiv/Heftarchiv/article-247734-104870/kleiner-halter-grosse-wirkung-.html
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6.2.1.3. Friction connection
Friction connections can be applied when some form of diaphragm action and in plane loading is re-
quired in this case (Haldimann et al., 2008). As is illustrated in Figure 6.5, stresses are transferred
with clamping plates with or without drilled holes. When drilled holes used, these bolt holes should be
oversized to avoid any contact between the bolt and the glass. An intermediate pad is inserted between
clamp and glass to distribute forces uniformly and form necessary friction. Besides, for laminated glass,
local interlayer material in the area of contact edges may be needed. This is to prevent the interlayer
material from being squeezed out from the laminated glass, which is detrimental to connection effec-
tiveness because of the weakening of clamping force. The interlayer material should be resistant to
creep and have the matched thickness to that of glass interlayer(Haldimann et al., 2008).

(a) Clamped 1

(b) Clamped 2

(c) Clamped and casted

Figure 6.5: Friction connections
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6.2.2. Adhesive connection
According to section 2.2.3, fly ash concrete generates denser micro-structures which results in stronger
inter-facial bond. When we cast fly ash concrete along the concrete frame, assuming that concrete
and glass is bonded, this produces a connection effect similar to linear adhesive bond. For example,
the adhesive systems of Silicone, MS polymers and Polyurethanes (PUR). The difference is that the
thickness of adhesive layer can be zero or not constant in this case.

Normally only low strength is needed due to large bonded area of linear adhesive connection. Di-
aphragm action can also transmitted through linear supports, but attention must be paid to pane’s
edge machining, isolating the corners of the pane from the in-plane forces and the influence of thermal
movement(Haldimann et al., 2008).

Figure 6.6: Adhesive connection between concrete and glass

6.2.3. Comparison and decision
To enhance residual loading bearing capacity, it is better in this design to four-sided support corrugated
glass panels according to the general rule from Wurm (2007)(Table 6.1), because of the high safety
requirement for overhead glazing glass structure. Therefore, prefabricated concrete frame with or
without steel strips for corrugated glass panel will be used in this component.

Residual load-bearing capacity on breakage Low Medium Good Very good
of all panes
Four-sided supported ×
Two-sided supported ×
Point supports with button fixings ×
Point supports with countersunk fixings ×

Table 6.1: Residual load-bearing capacity of laminated safety glass with various types of support

Connection type
Interlocking Shear connector Friction connection Adhesive connection

Aspects
Stress distribution ++ +++ +++ ++++
Transparency +++ ++++ ++++ +++
Assembly ease ++ +++ + ++++
Durability - +++ +++ -
Climate isolation +++ ++++ +++ ++++
Maintenance + + +++ +
Aesthetics ++++ ++++ ++ ++++
Cost ++ + + ++++

Table 6.2: Comparisons of connection designs
(+ means better performance while - means not applicable or data needed)
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Some empirical comparisons between connections are listed in Table 6.2 to help make further re-
search. Stress will distribute more evenly under the condition of no point fixings through drilled holes
being used. Besides, drilling or cutting curved glass panels implicates high cost. On the other hand,
assembling process can be challenging due the tolerance of drilled or cut corrugated glass as well as
prestressing bolts. Climate isolation of the roof will also be crucial due to its geometry complication. It
would be much easier to simply cast concrete in place to achieve sealing and connecting purpose, and
additionally to compensate possible tolerances.

Take into consideration all the above listed reasoning, as well as personal interest, we would like to
proceed design further with the option adhesive connection. However thermal performance, long-term
loading performance and maintenance method should be investigated undoubtedly when it is possible.

6.3. Assembling order
After choice is made for the concrete frame and glass connection, the conceptual assembling order
should be clarified to check the feasibility of building process. Here in this design, as is demonstrated
in Figure 6.7, prefabricated concrete frame will be used as fitting support for glass and permanent
formwork for fly ash concrete casting. Concrete will be poured around the periphery of glass panels
along red lines in Figure 6.7. After the concreting and curing process, glass and concrete works as a
whole component.

(a) Prefabricated concrete frame (b) Corrugated glass positioned in place

(c) Edges where concrete will be casted (d) Concrete casted in places

Figure 6.7: Element prefabrication

As for the assembling in construction site, elements will be positioned in place with the help of
falsework. Mortar should be applied to rigidly connect between elements in the longitudinal section so
that multi-elements turn into an arch system. While the connection between elements of two adjacent
arches will be grouted in the gaines as shown in Figure 6.6.
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(a) Elements aligned and installed in place (b) Mortar applied into fitting boundaries

(c) Adjacent arch element put in place

(d) Concrete casted in place for arch-to-arch joint

Figure 6.8: Element instalment
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6.4. Connection between elements
Since concrete frame will be utilized as described in section 6.2.3, the connection design between
elements can be allocated to concrete connection design, or prestressed concrete connection design
in specific case. Assuming that concrete without prestressing is used here, wet connection of tooth-
shaped connection is applied here(Figure 6.9 (c), (d)) for better sealing results. Protruding bars from
prefabricated elements can be joined in the gaps which will be casted afterwards. When prestressing
is introduced, tongue-and-groove system (Figure 6.9 (f)) will be applied to reach a high level liquid
tightness.

(a) Two elements
connecting

(b) Section of
connection

(c) Connection by welding reinforcement
bars12

(d) Tooth-shaped
connection13

(e) Section of connection
(f) Tongue-and-groove system14

Figure 6.9: Connection between elements

12Source: Lecture notes from CIE5110 Concrete-Science and Technology
13Source: Lecture notes from CIE4281 Building Structures 2
14Source: Lecture notes from CIE5110 Concrete-Science and Technology
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6.5. Experimental data define
In this multi-straight-component arch design, the glass-concrete component may resist axial force and
bending moment at the same time. When an individual element is in bending with glass and concrete
working together, flexural shear stress and pull out shear will develop within the component. Thereby
experimental data of this structural value will be needed in this calculation and analysis. Shear bond
test design will be elaborated in Chapter 7.

6.6. Possibilities
If it is the case that shear bond strength from obtained from experiments appears to be not sufficient
for the design. Mechanical connectors such as in section 6.2.1.2 can be modified by using fly ash con-
crete or other special concrete to improve the shear bond strength. Besides, one essential advantage
of this pure concrete connection is its ability to achieve complicated geometries, which provides the
opportunity to make further typology optimization.
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During the connection design of conrete and glass, pure bond between
these two materials has been chosen to be further experimented. Nor-

mal soda-lime glass brick and fly ash concrete is used for this experiment,
where the push out test will be carried out. In this chapter, experiment design
and results analysis will be explained and analysed. Possible improvements
to increase the shear bond strength will also be discussed.

7.1. Coupling parameters
Wong et al. (1999b) investigated the mortar-aggregate interfaces properties of fly ash-modified cement.
According to their research, interfacial bond strength and interfacial fracture toughness is enhancedwith
the replacement 15% fly ash concrete. Besides, by computer simulation studies,(Dale, 1991) predicted
that 20% replacement of fly ash of smaller particle size generated higher interfacial strength than control
Portland cement paste.

Accordingly, levels of fly ash replacement is one of the chosen coupling parameters to be studied,
The other parameter is the bond length between the glass and concrete.

7.2. Experiment design
7.2.1. Dimensions of moulds
Soda-lime glass brick dimensions are illustrated in Figure 7.1. Timber moulds will be used for concrete
casting in this test (Figure 7.2). After three series of wooden moulds are assembled, glass brick will
be taped to bottom wood panel. Before casting concrete, pre-treatment of glass surface and wooden
panel should be done. Glass surfaces should be cleaned with 2-propanol while oil should be applied
on wooden inner surfaces to make it easier to demould.

To research on the parameters affecting the bond
strength as well as the coupling effects, specimens of
concrete with various replacement levels and various
bond lengths will be made. In this test, we use vliegas
smz for fly ash concretemaking, 3 series of concretemix-
tures will be prepared, with proportions of 0%, 15% and
30% fly ash being used. 3 series of bond length will be
prepared likewise, as is shown from top to bottom in Fig-
ure 7.2.
Besides, 100𝑚𝑚 × 100𝑚𝑚 × 100𝑚𝑚 cube specimens
(NEN-EN 12390-1) for compression test will also be pre-
pared at the same time. For each group of test, 3 speci-
mens will be made to get reliable result(Table 7.1).

Fly ash proportion
0% 15% 30%

Bond length
10mm 3 3 3
20mm 3 3 3
30mm 3 3 3

Cubes 3 3 3

Table 7.1: Specimens amount for test
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Figure 7.1: Dimensions of soda-lime glass

Figure 7.2: Moulds design
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7.2.2. Test procedure
After sufficient cure time(28 days), put each specimen on the apparatus to implement test. Care-
fully alignment upper and lower specimen surface along support and load plates. Load the specimen
smoothly using a constant cross-head speed of 1 mm/min(Figure 7.3). Record the maximum load in
Newtons. Calculate the static shear strength 𝜏፛,expresssed in mega-pascals, using formula:

𝜏፛ =
𝐹
𝐴

Where:
F is the maximum load, in Newtons;
A is the bond area, in square millimetres.
Slip and load curve can be recorded within this test.

(a) Test procedure

(b) Push out test

Figure 7.3: Push out test procedure

7.3. Experimental process
7.3.1. Material preparation
According to (NEN-EN 450-1):

”The k-value concept is a prescriptive concept. It is based on the comparison of the durability
performance (or strength as a proxy-criterion for durability where appropriate) of a reference concrete
with cement“A”against a test concrete in which part of cement“A”is replaced by an addition as
function of the water/cement ratio and the addition content.”

In this case we choose K-value = 0.2, and Water/(cement + k × fly ash) = 0.5. The total usage of
material is listed in Table 7.2.
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Fly ash proportion
0% 15% 30%

Recipe (g)
CEM I 52.5R 3150 2677.5 2205
Sand 1-2mm 9450 9450 9450
Water 1575 1386 1197
Fly ash 0 472.5 945

Table 7.2: Total usage of material

7.3.2. Specimens making
Before making the specimens, 27 timber moulds should be prepared. Each glass brick was attached
to mould with bottom tape, where the thickness of tape should be smaller enough to prevent concrete
from forming a bottom layer under glass brick. Because in this test moulds will be used only once, no
de-mould oil was applied to avoid contaminating glass surface. The surface of both glass and timber
moulds were cleaned carefully with 2-propanol before mixing the concrete.

(a) Timber mould (b) Glass fits into mould (c) Glass taped onto moulds

(d) Surface cleaning (e) Fly ash and cement mix (f) Water and sand adding

(g) Check workability (h) Moulds filling (i) Into moisture chamber

Figure 7.4: Samples making procedure
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Firstly we weighed the cement and water by means of the balance. Before adding water into mixer,
cement and fly ash were blended to mix them together. After sand was added, water was pouring
in slowly while check the workability at the same time. Specimens were moulded immediately after
the preparation of concrete, after which the concrete in moulds was compacted with vibrating table.
Meanwhile, we scraped the extra concrete above the depth of moulds with steel trowels to ensure the
flatness of the bond surface.

After the samples making was finished, they were clearly labelled and photographed. Then all
specimens were transported to the curing room in the same day. In this case we chose to remove
specimens from the moulds after one week because the reaction between glass and fly ash concrete
can be slow.

7.3.3. Shear bond and compression test
After curing of 28 days, compression test was carried out for concrete cubes. The shear bond test was
implemented after a curing of 30 days. The test set up and procedure of compression test followed
NEN-EN 12390-3. Machine Zwick/Z100 was used to perform the push out test as presented in Fig-
ure 7.5. The function of bottom steel supports and top timber rod here in this test was to behaviour
rigidly and distribute force uniformly onto the specimens. The load speed of all shear bond tests were
set at 1 mm/min.

(a) Apparatus for push out test (b) Steel supports for specimens

(c) Timber strip to keep rigid (d) Front view of test

Figure 7.5: Set up for push out test

7.4. Results analysis
7.4.1. Compression test
Results of compression test are described in Table 7.3 and Figure 7.6. It is indicated by the results that
by replacing 15% of concrete with fly ash, the compressive strength of concrete was improved by 6.9%
compared to normal concrete. The strength of group 30% on the hand reduced by 3.8% compared
to control group. While the density for three group stayed almost the same. From the test photos in
Figure 7.6 we can tell that failure mode of group 30% is unsatisfactory with two specimens failing under
tensile crack.
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Test results Fly ash proportion
0% 15% 30%

Mean compressive strength [MPa] 54.03 57.81 51.98
Mean density [𝑘𝑔/𝑚ኽ] 2230 2240 2230

Table 7.3: Results of compression test

(a) Concrete of 0% fly ash (b) Concrete of 30% fly ash (c) Concrete of 30% fly ash

Figure 7.6: Results of compression test

7.4.2. Shear bond test
Shear bond strength results are plotted in Figure 7.7 in terms of fly ash portion and Figure 7.8 in terms
of bond length.

(a) Mean value: 0.808 MPa
Standard deviation: 0.208 MPa

(b) Mean value: 0.682 MPa
Standard deviation: 0.265 MPa

(c) Mean value: 0.596 MPa
Standard deviation: 0.290 MPa

Figure 7.7: Shear bond strength

According to the bar charts, where the yellow scatter line curves represent the mean values, obvi-
ously the control group obtain the highest mean shear bond strength. However, the specimen of the
highest shear strength occurred in the group 15%. The highest value is 1.19 MPa, which is comparable
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to normal silicone shear strength of around 1 MPa in an adhesive system(Wurm, 2007).

(a) Results of 10mm (b) Results of 20mm

(c) Results of 30mm

Figure 7.8: Shear bond strength

(a) Two-sided failure (b) One-sided failure

(c) Surface of glass after failure (d) Surface of concrete after failure

Figure 7.9: Set up for push out test
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(a) Fly ash percentage (b) Concrete strength

(c) Bond length

Figure 7.10: Coupling effect

The failure modes of this test can be divided into mainly two types: Bi-suface shear and one-sided
shear as is described in Figure 7.9. The possible reasons for one-sided shear failure is load eccentricity,
deviance of bond length or the discrepancy between micro-structures of bond surfaces.

Through plotting the relations between failure loads and concrete strength (compressive strength),
fly ash proportion as well as bond length, we got the charts in Figure 7.7. Charts (a), (b) illustrate that
for bond length of 20mm and 30mm, failure loads rises then falls with concrete strength increasing, and
with proportion of fly ash increasing it is the other around. This indicates that there can be an optimal
composition between the replacement of 0% and 15%.

Chart (c) shows that load increment is declining with the bond length increasing, there is possibly
an effective length in this case.

7.5. Conclusions
Although the results from this experiment can not prove the advantages of applying fly ash concrete
instead of normal concrete, the sear bond strength of concrete and glass is comparable to normal
silicone material, and the highest value occurs in 15% group. According to Wong et al. (1999b), longer
curing time of fly ash concrete such as 90 days will also have positive impact on the shear bond strength.
Some other evidences also indicate that groups of smaller fly ash percentage intervals may reach an
optimal results. More samples and research are needed to obtain a better quality control and reliable
value.
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Finite Element Analysis

Finite element software Ansys Workbench (Ansys WB) is used in this de-
sign. Both global and detailed model are built to study the behaviour of

the glass-concrete arch. In the first part of this chapter, the simplified global
model will be used to investigate the global behaviour, compare with analysis
from Chapter 5,and optimize for the detailed model. In the second part, de-
tailed model will be made to verify the adequacy of experiment results. Some
possible improvements are proposed in the end.

8.1. Approach
As mentioned in section 3.3.4, Solidworks is used to help import CAD parameters into Ansys. Global
variable (Figure 8.1) are established inside Solidworks. These variables are parameters depicted by
section drawing in Figure 8.3. Besides, span and height of arch is also parametrized into CAD param-
eters. The whole global model in Solidworks is shown in Figure 8.2

Figure 8.1: Global variables in Solidworks

Figure 8.2: Global model in Solidworks
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Figure 8.3: Parameters in section

After the model is built in Soliworks, it will be transferred into the geometry module in Ansys WB.
Some selections and operations will be done inside DesignModeler (DM) in Ansys WB, which can be
used in the static structural analysis system (Figure 8.4 (a)). Parameter set (Figure 8.4 (b)) is utilized
here to change inputs of geometry and gather the update outputs from static structural as is shown in
the work flow in Figure 8.4 (a).

(a) Parameter set work-flow

(b) Input and output in parameter set

Figure 8.4: CAD parameters in Ansys WB

8.2. Numerical modelling
For the comparison and arch study, both pure glass arch model and composite arch were built in solid-
works and transferred into Ansys WB. In this case we compare the global deformation and maximum
principal stress between composite arch and pure glass arch. The parametric arch study will be pro-
cessed in the model of pure glass arch for its clean and simple arch parameters. While the parametric
study of components will take place in composite arch model.

8.2.1. Pure glass arch model
8.2.1.1. Elements
Element shell181 is used for this pure glass 3D modelling. Since it is suitable for moderately-thick shell
structures, where we set the thickness of glass at 2 ×8 millimetres. It is a four-node element with six
degrees of freedom at each node: translations in the x, y, and z directions, and rotations about the x,
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y, and z-axes. According to Nelson and Wang, shell181 is based on the REISSNER-MINDLIN theory
and take into account the shear stress distribution over the thickness, which is more accurate for this
simulation.

Figure 8.5: SHELL181 Geometry

8.2.2. Engineering data
Glass properties in Table 2.1 will be defined for engineering data here in Figure 8.6

Figure 8.6: Engineering data for glass

8.2.2.1. Boundary conditions and load applying
The glass panel arch edges are modelled as symmetry regions to simulate the behaviour of two con-
necting arches (Figure 8.7). A symmetric structural boundary condition means that out-of-plane dis-
placements and in-plane rotations are set to zero, which in this case means that the displacement in
the x direction and the rotation around y and z is restrained.

Figure 8.7: Symmetry regions

Supports and load conditions are depicted in Figure 8.8. Remote supports at two ends of arch
are adopted in this model, where the support points will at the centroid of edges of arch edges. XYZ
components will be set at zero with free rotations for hinged supports, while rotation will also be limited
for rigid supports. Acceleration is applied to simulate gravity by accelerating a structure in the direction
opposite of gravity whose value is multiplied with 𝛾ፆ already. Snow load and wind load are applied on
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the shell as pressure load of the value multiplying with 𝛾ፐ;።. The direction of snow load is in -Y while
the direction of wind is normal to the surface onto surface effect elements.

Figure 8.8: Supports and loads

8.2.3. Composite component model
8.2.3.1. Elements and contact
Shell181 is still used for glass panels here while solid186 is assigned to concrete parts here. Solid186
is a quadratic 3D element with 20 nodes. Each node has three degrees of freedom: translations in the
nodal x, y, and z directions.

Figure 8.9: SOLID186 Homogeneous Structural Solid Geometry

Conta175 is used for the modelling of contact between shell181 edges and solid186 faces. Here it
works as a node-to-surface contact element.It supports large sliding, large deformation, and different
meshes between the contacting components.

Figure 8.10: CONTA175 Geometry
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8.2.4. Engineering data
Concrete properties in Table 2.1 will be defined for engineering data here in Figure 8.11. Glass will be
defined same as in section 8.2.2.

Figure 8.11: Engineering data for concrete

8.2.4.1. Boundary conditions and load applying
Similar to section 8.2.2.1, the symmetry regions here will be the two outermost surfaces of concrete
parts on two sides.

Figure 8.12: Symmetry regions

Load and supports conditions will be applied similarly to section 8.2.2.1 likewise. The difference
here is that for wind load zone ABC, we used concrete uppermost faces to apply load, where the
normal directions of faces are opposite to the glass panel normal directions. It should be noticed that
here load case 2 and load case 4 will be simulated separately, Figure 8.8 and 8.13 are used to show
all loading for combinations.

8.2.4.2. Contact regions
Multi-point constraint (MPC) formulation for contact regions will be used in this model. Its formulation of
transferring action can be described as constrain equation between ROTZ at node 2 and UY at nodes
1 and 3 of Figure 8:
0 = 𝑈𝑌ኽ − 𝑈𝑌ኻ − 10 × 𝑅𝑂𝑇𝑍ኼ

By internally adding this such equation to ”tie” the displacements between contacting surfaces, it is a
sufficient way to bond surfaces of contact regions. In this case, the contact edge is on glass edges and
target surfaces are concrete surfaces. They are bonded using MPC and constrained in all directions
along the whole arch (Figure 8.15).
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Figure 8.13: Supports and loads

Figure 8.14: MPC formulation

(a) Contact region between shell edges and solid faces (b) MPC formulation

Figure 8.15: Bond contact between concrete and glass

8.3. Comparisons of global models
8.3.1. Comparison between GSA and Ansys
By setting the height of arch at 9 metres and the dimensions of pure glass section same as the one
in Figure 8.3. The results of two-hinged and fixed arches under load case 4 are demonstrated in
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Figure 8.16 and compared to the results from GSA solution. By comparing these two FEM results, we
can see the similarities. Under load case4, the largest bending moment occurs at around L/4 of arch
for two-hinged arch and at supports for fixed arch. The largest tensile stress locates in the outer fibre
for two-hinged arch and inner fibre for fixed arch.

(a) Normal stress of two-hinged arch in Ansys

(b) Bending moment of two-hinged arch in GSA

(c) Normal stress of fixed arch in Ansys

(d) Bending moment of fixed arch in GSA

Figure 8.16: Results comparing of load case 4

8.3.2. Comparison between pure glass and concrete arches
Again set the height of arch at 9 metres, and the section dimensions of pure glass component or
composite component same as Figure 8.3. To verify the structural advantage in Ansys WB, simulations
of composite arch and pure glass arch with both two-hinged supports and fixed supports under load
case 4 are implemented. The comparisons are displayed in Figure 8.17 and Figure 8.18.

From Figure 8.17 we can see that for two-hinged arches under load case 4, the total deformation
of glass in composite arch is 10.574 mm. This is much smaller than the one in pure glass arch where
the result 17.024 mm has exceeded the thickness of glass panels. At the location of critical moment
𝑀ፚ፫፜፡, the outer fibre in concrete is in tensile through glass and concrete working together. Therefore
the maximum principal stress of glass in composite arch is located at where second largest bending
moment occurs, which is smaller than that in pure glass arch.

Similar results apply to the ones from fixed arch under load case 4. Although the deformation
within fixed arch is smaller than the one in two-hinged, the maximum principal stress of both glass and
concrete at the supports is larger compared to two-hinged one, which is crucial for concrete. Attention
needs to be paid for this aspect.
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(a) Total deformation of glass in composite arch (b) Total deformation of glass in pure glass arch

(c) Maximum principal stress of glass in composite arch (d) Maximum principal stress of glass in pure glass arch

(e) Maximum principal stress of concrete in composite
arch

Figure 8.17: Results comparing of two-hinged arches under load case 4
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(a) Total deformation of glass in composite arch (b) Total deformation of glass in pure glass arch

(c) Maximum principal stress of glass in composite arch (d) Maximum principal stress of glass in pure glass arch

(e) Maximum principal stress of concrete in composite
arch

Figure 8.18: Results comparing of fixed arches under load case 4
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8.4. Parametric study
8.4.1. Height/span ratio
By changing the parameter height of arch in Figure 8.4 from 1 to 15 metres, we will get the results
of defined outputs from Ansys WB mechanical. Here the input for Ansys WB calculation is listed in
Appendix C section C.1, where the load is listed in column of 𝑍𝑜𝑛𝑒 𝐴 [𝑀𝑃𝑎]. The results were obtained
in the model of pure glass arch and plotted in Figure 8.19. We can see there are some deviances
between it and Figure 5.11, but the tendency of curves are similar. The total deformation of glass at 6
metres is smaller than half of glass thickness which is satisfactory for linear analysis. The rest of the
result plots are in Appendix C section C.8.

(a) Maximum principal stress (b) Maximum total deformation

Figure 8.19: Results of fixed arches with different heights under load case 4

8.4.2. Component dimension
To prepare for the detailed model in Ansys WB we set the height of arch at 6 metres and change
the parameters in Figure 8.4 which means the changes of dimensions in cross section of Figure 8.3.
Figure 8.20 indicates that load case 4 is dominant for composite arch of 6 metre high, because the
maximum principal stress in glass is higher overall. The fluctuation of these curves is possibly due
to the complicated intertwining of many parameters. For example the altering of width changes dead
load, loading area and neutral axis at the same time. In this case, we choose to change the height of
upper concrete to 300mm while the rest parameters stay the same but open to any possible changes.

(a) Load case 4 (b) Load case 2

Figure 8.20: Glass maximum principal stress correlate with dimensions of concrete

According to section 2.3.2 the wave height of corrugated glass is limited inside 1000 millimetres,
in this study we simulated the range of wave-height from 100 to 450 mm and plotted the results in
Figure 8.21. It can be seen from these diagram that the load case 4 is dominating for most situations.
As the width and height of glass panel rise, the stress inside glass increases generally for load case 2.
But the distribution is more complicated and random for load case 4. For following design we choose
the lowest stress parameters of two-hinged arch under load case 4: half height = 400 mm, 1/4 width =
450mm to do detailed modelling. But keep these parameters open to any possible changes.
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(a) Load case 4 of two-hinged

(b) Load case 2 of two-hinged

(c) Load case 4 of fixed

(d) Load case 2 of fixed

Figure 8.21: Glass maximum principal stress correlate with dimensions of glass
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8.5. Detailed global model
8.5.1. Approach
For the student version of Ansys WB there is a limit of 32K nodes/elements for structural physics, so
the mesh of large-scale model cannot be very dense. Therefore the detailed sub-modelling is needed
in this design. Firstly the global model will be calculated with a coarse mesh, then the local sub-model
will be calculated with a finer mesh. The process is shown in Figure 8.22

Figure 8.22: Sub-modelling work-flow

8.5.1.1. Parameters defining
Similar to section 8.1, parameters are defined in Solidworks and transferred into Ansys Workbench
(Ansys WB) (Figure 8.23 (a)). Some new detailed parameters are added this time. The bond length
between glass and concrete (Figure8.24), diaphragm upper and lower thickness, length of glass panel
and concrete cover (Figure 8.25) are defined in Solidworks part. This part will be assembled into an
arch (Figure 8.23 (b)).

(a) Imported CAD parameters

(b) Detailed arch model

Figure 8.23: Parameters and whole arch

Figure 8.24: Bond length
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Figure 8.25: Part for assembling

8.5.2. Numerical modelling
8.5.2.1. Elements
Solid186 in Figure 8.9 will be used to model glass and both Solid186 and Solid187 (Figure 8.26) will
be used to model concrete parts. Solid187 is a 3D 10-node-element with three degrees of freedom
at each node: translations in the nodal x, y, and z directions. 3D 8-Node surface-to-surface contact
element Conta174 is used for the contact regions between solid glass and solid concrete elements, In
this case, the contact bodies are glass panels and target bodies are concrete parts. They are bonded
using MPC and constrained in all directions along the arch(Figure 8.27).

(a) SOLID187 Geometry
(b) CONTA174 Geometry

Figure 8.26: Elements choice

(a) surface to surface contact regions (b) MPC formulation along whole arch

Figure 8.27: Contact regions
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8.5.3. Global modelling
The supports,symmetry boundaries conditions and loading cases are defined similarly to as mentioned
in previous sections. In this case two-hinged arch under load case 4 is checked. By plotting the shear
stresses 𝜏፱፲, 𝜏፲፳ and 𝜏፱፳ of XY, YZ, XZ planes in local solution coordinates. We can check the shear
stress distribution in glass and concrete bodies. By some slowly increasing the value of new defined
parameters, we find that bond length of 100 mm, thickness of diaphragm of 120mm and concrete cover
length of 100mm is getting closer to adequate results, so we try to refine mesh by division of 10, 20,
and 30 of glass panel edges before moving into sub-modelling.

From Figure 8.28 we can infer that structural singularity or FEM errors occurs because the stress
is developing with the mesh refining, and the stress concentrations and localizations are quite random
and dispersive. Besides, maximum and minimum of stress locations are shifting around the model in
unaveraged results. The reason for this singularity is possibly the sharp edges and the contact formu-
lation in this model. After changing contact elements into node-to-surface contact or contact restrains
into projected displacement only, the singularity problem will still exist. Under this circumstance, we
decided to move on to detailed sub-modelling study.

(a) Division of 10 (b) Division of 20

(c) Division of 30

Figure 8.28: Mesh refinement

8.5.4. Sub-modelling
The largest shear stresses of glass and concrete in global modelling tend to appear around the location
of the largest deformation,(Figure 8.29 (a)) where the element is selected out to be sub-modelled.

The cut boundary conditions are applied on the cutting out surface of geometry (Figure 8.29 (c))
to replace the original load condition of this sub-model in global model. It should be noticed that with
this method the results close to cut boundary can be inaccurate. In this case we will study the middle
component in Figure 8.29 (c). The local coordinates set for each element are shown in Figure 8.29 (d),
where positive y direction will follow along the curve of glass panels as is shown of the green arrows,
positive z direction is shown as blue arrows normal to glass panel surfaces, and the red arrows depict
the positive x direction. Figure 8.30 gives the unaveraged results of 𝜏፱፲, 𝜏፲፳ and 𝜏፱፳, where the scoped
surfaces have been selected and plotted.
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(a) Total deformation of glass (b) Perspective view of total deformation of glass

(c) Imported cut boundary conditions (d) Local coordinates of elements

Figure 8.29: Sub-modelling elements

(a) Division of 10 (b) Division of 20

(c) Division of 30

Figure 8.30: Mesh refinement
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(a) Shear stress localization in xy plane (b) Elemental difference in xy plane

(c) Shear stress localization in yz plane (d) Elemental difference in yz plane

(e) Shear stress localization in xz plane (f) Elemental difference in xz plane

Figure 8.31: Shear stress localization in glass

Because the shear stresses on glass surface are higher than the ones on concrete surfaces, we
check the unaveraged values of stresses on glass surfaces, it is clear that singularity problems are
quite dispersive and random which is shown in results of Figure 8.31. Here the elemental difference
calculates the maximum difference between the unaveraged computed result for for all nodes in an
element, including midside nodes. Clearly the elemental difference is larger when the stress is more
localized, where the gradients are huge in one single element, and the results will be inaccurate in this
case. Normally for such stress concentration a brittle material may crack, causing a local redistribution
of the stresses in most cases.

8.5.4.1. Approximate results ruling out stress localization
To obtain approximate results in this model, one solution is to look at the stress in one element away
from the element of the maximum singularity. This is shown in Figure 8.32. Here we use path plot
of unaveraged results in figures of left column, and probe plot of averaged results in figures of right
column.
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(a) Unaveraged result of shear stress in xy plane
𝜏፱፲= 1.07 MPa

(b) Averaged result of shear stress in xy plane
𝜏፱፲= 0.60 MPa

(c) Unaveraged result of shear stress in yz plane
𝜏፲፳= 1.44 MPa

(d) Averaged result of shear stress in yz plane
𝜏፲፳= 0.86 MPa

(e) Unaveraged result of shear stress in xz plane
𝜏፱፳= 1.99 MPa

(f) Averaged result of shear stress in xz plane
𝜏፱፳= 2.08 MPa

Figure 8.32: Shear stresses in glass

8.5.5. Comparison with experimental data
The results indicate that 𝜏፱፲e lies within the shear bond strength from experiment, but quality control of
this connection is needed. For 𝜏፲፳ and 𝜏፱፳ the highest data is exceeded. As is illustrated in Figure 8.33,
the shear stresses in this design locates in the blue shadowed area, which is beyond the results of all
specimens. However, due to the random and dispersive singularity in this model, this result may not
be realistic. Therefore, a new model is needed to obtain more accurate and reliable results.
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Figure 8.33: Shear stress comparison
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Discussion

From chapter 8 we conclude that the experimental data is not sufficient for
the current design. Therefore, two solutions are provided in this chapter of

discussion. One approach is improving the shear strength between glass and
concrete to suffice our design, the other way is optimizing our design to control
shear stress below our existing data. These two methods will be explained
and proved either with the data from Veer et al. or with the simulation analysis
from Ansys WB. Finally, an example of typology optimization is carried out to
verify the possible of this connection.

9.1. Improvement on shear bond strength
Since the largest shear stress in Figure 8.32 from Chapter 8 is 2.08 MPa, the goal in this method is
enhancing the bond strength between concrete and glass to outdo the value from design. However,
the safety factor for design should be considered.

According to Veer et al., in order to check the adequacy of adhesion when using the glass as
reinforcement in concrete, the test of pushing the glass out of the concrete was carried out. The
specimens made of rectangular pieces of normal and sandblast glass embedding in concrete were
tested, and the results are shown in Table 9.1.

The flexural strength 𝜎፟,፟ in Table 9.1 is the test result by 3 point bending rectangular specimens of
dimension 1000×100×40 mm, where the composition is B25 concrete mixture with aggregates made
of normal and sandblasted glass rods.

Surface condition 𝜏፩ (MPa) 𝜎፟,፟ (MPa)
Normal 0.98 16.2

Sand blasted 2.95 16.6

Table 9.1: Effect of glass surface treatment

Here we can see the shear strength by using glass of sandblasted surface is three times high as
using normal glass. Comparing the shear strength in Table 9.1 with the results of normal concrete
group from Chapter 7, it can be seen that 𝜏፩ of 0.98 MPa is higher but still not suffices this design.

However, if we use sandblasted glass in our design that the shear stresses from design will probably
locate inside the range of 𝜏፩ as is described in Figure 9.1. In this case, more research should be
performed to validate this assumption.
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Figure 9.1: Result of using sandblasted glass

9.2. Improvement on structure design
The solution of this section is to lower the shear stress in this design to reach a acceptable range
as is shown in Figure 9.2. Because of the existing problem of FEM model in Chapter 8, we will do
the parameters correlation analysis in global detailed model instead of previous method of optimal
parameter study.

Figure 9.2: Result of optimize design

By the correlation simulation of the parameters in Figure 8.3 ,Figure 8.2, maximum and minimum
𝜏፱፲, 𝜏፲፳, 𝜏፱፳, we get the correlation chart in Figure 9.3. It can be seen that there is a positive correlation
between bond length and minimum 𝜏፱፲, glass thickness and minimum 𝜏፲፳, 𝜏፱፳, while there is a negative
correlation between bond length and maximum 𝜏፱፲, glass thickness and maximum 𝜏፲፳, 𝜏፱፳, which
means the absolute values of 𝜏፱፲, 𝜏፲፳ and 𝜏፱፳ are becoming smaller with the increasing of bond area.
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Figure 9.3: Correlation matrix

To illustrate the relation more clearly, the correlation scatter charts are plotted in Figure 9.4, 9.5 and
9.6, where the shear stresses are reducing with the rising of bond area. Other correlation curves can
be found in Appendix C section C.10. There are still in fact stress concentration in these global models,
where the accurate shear stresses can be lower. Therefore, we can conclude that 𝜏፱፲, 𝜏፲፳ and 𝜏፱፳ can
be controlled into the range of Figure 9.2 with further optimization of this design.

Figure 9.4: Correlation curve of bond length and maximum Ꭱ፱፲
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Figure 9.5: Correlation curve of glass thickness and maximum Ꭱ፲፳

Figure 9.6: Correlation curve of glass thickness and maximum Ꭱ፱፳

9.3. Typology simulation
To explore the possibility of typology optimization, one component is studied by the loading intensity of
snow and wind load. The result is shown in the Figure 9.7，where the usage of concrete is decreased
by 22.8% while the deformation in glass is increased by 24.5%. This will depend on the limitation of
deformation and choice of safety factor here, but this is still an interesting prove of possible typology
optimization.
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(a) Before simulation (b) After simulation

Figure 9.7: Typology comparison
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Conclusion and recommendations

Within this chapter, conclusions of this thesis will be summarized. Some
limitations and problems occurred during this research, and solutions are

not straightforward but may need more research or help of experts in certain
fields. Recommendations are discussed in the end to bring up challenges,
possibilities and even more questions.

10.1. Conclusion
10.1.1. Parametric behaviour of arch and the economical arches

• Shape typologies and support conditions are important to arch design and should be consid-
ered before further parametric studying. In this case, circular cylindrical shells of two-hinged and
fixed supports were chosen for further optimization, which narrows down the scope of parametric
analysis inside arch structures.

• For most alterations of height-to-span ratios, the dominating load cases are dead load + unsym-
metrical snow load in terms of internal bending moments, dead load + full uniform snow load in
terms of reaction forces, dead load + unsymmetrical snow or wind load in terms of cost estimation.

• As the height of arch rises, the decreasing of thrust reaction forces is much faster than the in-
creasing of vertical reaction, which means the cost of supports reduces at the same time. On the
other hand, the arch length is larger as height increases while the internal bending moment is a
parabolic curve, which means the cost of arch is also changing. All these behaviours implies that
there is an optimal height-to-span ratio from a material efficiency point of view.

• From the cost estimation results of this case study, the most favourable height-to-span ratios of
economical arches will lie in the range of 0.13 ~ 0.3 for two-hinged and fixed arches.

10.1.2. Integration of glass and concrete
• Since both glass and concrete are brittle materials, it would be best for them to be loaded in com-
pression. This is the reason for including shell structure and prestress in this design. The ideal
situation in shell design is to load components in pure compression. However, due to unsymmet-
rical loading and typology limitations, shear and bending do occur inside the component.

• By integrating corrugated glass in this design, the risk of component buckling is lowered when
loaded in compression. The load transmit mechanism between glass and concrete ismainly shear
of the contact surfaces between glass and concrete. On the hand hand, by integrating concrete
into corrugated glass, in addition to some functional advantages, the structural performance is
also improved as is described in section 8.3.2 (Figure ).
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(a) Composite arch (b) Pure glass arch

(c) Deformation of glass in composite arch (d) Deformation of glass in pure glass arch

Figure 10.1: Integration of glass and concrete

• The results of shear bond test of smooth soda-lime glass and concrete indicates that it is possible
to utilize this connection as linear bond connection. Because the shear bond strength of normal
concrete and glass without any surface pre-treatment, is comparable to 2-part silicone SG 500 in
an adhesive system.

• Applying pozzolanic material in concrete is promising, as the highest bond result from test is one
specimen from the group of 15% fly ash replacement. The value of bond strength is 1.18 MPa.

10.1.2.1. Solutions to realize this design
• The feasibility of adhesive connection needs more research and experiments to make the FEM
solutions as well as test results more reliable. In this case, the data from experiment shows the
bond strength is not enough for this design.

• According to Veer et al., the shear strength between normal concrete and sandblasted glass
(Table 10.1) is strong enough to cover the range of shear stresses from this design. Therefore,
one solution here is to use sandblasted glass for bond area before casting concrete.

Surface condition 𝜏፩ (MPa) 𝜎፟,፟ (MPa)
Normal 0.98 16.2

Sand blasted 2.95 16.6

Table 10.1: Effect of glass surface treatment（2004）

• The other solution is verified in Chapter 9 that the optimization of existing parameters can actually
reduce the shear stresses in global detailed model, by enlarging the shear bond area between
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glass and concrete. The aim here is to control the range of 𝜏፱፲, 𝜏፲፳ and 𝜏፱፳ inside the results
from experiments.

10.1.3. Comparisons of solutions
• There are some deviances between the solutions of analytical calculation, GSA and Ansys WB.
The possible reasons for that are the axial forces inclusion, supports and boundary condition
settings and safety factors during calculation.

• In this case, we make decisions in accordance with GSA solutions in global model and Ansys WB
solutions in detailed model. The verification of similar arch behaviours between different solutions
are also carried out.

10.2. Recommendations
10.2.1. Possibilities of arch design

• Other than arch structure, alternatives such as double curved shell structure can also be consid-
ered in this design. However, the design of the component needs to be adjusted accordingly.

• Prestressing is not studied further in this design due to time limit. But the benefits of realizing the
prestressed arch will be tremendous as mentioned in the conclusion with components resisting
compression. Therefore, pre or post-prestressing concrete combined with glass is an interest-
ing direction to investigate. It is noticed that concrete shape and location should be changed
according to the kern area calculation.

10.2.2. Bond of glass and concrete
• The amount of specimens is restricted in terms of coupling parameters. More specimens are
needed to get a reliable results. Moreover, quality control is also needed since the results in the
test varies a lot. More sets of groups can be studied in terms of coupling parameters in this test,
because there is a possible optimal portion of replacement and effective bond length as described
in Chapter 7.

• Beside the coupling parameters studied in this thesis, many aspects are also quite related to the
bond between glass and concrete: The particle sizes of fly ash and sand, loading rate, glass
types and environment temperature etc. Furthermore, the thermal shock, time dependent effects
and other durability tests should be verified.

• To improve the shear bond strength, many methods can be tested in this case. Other pozzolanic
material such as silica fume may be applied instead of fly ash in concrete. UHPC or UHSC can be
used as an alternative. Surface treatment such as rough on glass surfaces or edge can probably
increase the bond strength.

• Injected mortar or other soft material such as neoprene or aluminium may be utilized around the
sharp corners or edges to avoid stress concentration, which is shown in the results of Ansys WB
modelling.

10.2.3. Components of concrete and glass
• Both the shape of glass panels and concrete can be irregular for the component design, where
the free form of concrete is more intuitive due to its properties. For the glass panels, gradually
varied thickness along the cross section curves can be a way to optimize this component.

• Replacement and maintenance design is an important aspect and should be designed carefully
and thoroughly in the future. Residual loading design considering structure safety redundancy is
also very essential in this overhead glazing system.

• For laminated glass, the glass composite behaviour shall be studied if possible, especially if the
friction connections are adopted.
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Figure 10.2: Component of glass-concrete

Figure 10.3: Possible typology optimization

10.2.4. Numerical calculations
• Geometrical non-linear analysis is needed when the displacement it was larger than half of glass
thickness in this case.

• The detailed model encountered some errors which remained unsolved here. The temporary
solution in this case can be unreliable and dangerous, thereby further modification or a new
model is required to study the shear stress on the contact surfaces.

10.2.5. Possible applications of integration of glass concrete
• Using concrete as functional space, sun-shading or a sealingmaterial for the connections in glass.
Tolerances can also be compensated by casting concrete.

• Concrete can even be used as a repair material for glass when the bond is strong enough, be-
cause of its good property of handling irregular shapes. Besides, for the design where fire safety
is important, concrete can also work as part of the protection material in the combination with
glass.

10.2.6. Visions of arch
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Figure 10.4: Arch of day time

Figure 10.5: Arch of night hours
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Appendix A - Calculations

A.1. Composite arch calculation
1 f unc t i on [ arch_maximoment , c_stress , g_st ress ] = Arch_ca l cu la t i on ( . . .
2 h_upper_concrete , w_upper_concrete , h_lower_concrete , w_lower_concrete , . . .
3 t_g lass , h_hal f_g lass , w_fourth_glass , span_arch , h_arch )
4 % Noticed t ha t t_g lass i s ha l f the th ickness o f the whole glass pane
5

6 % The method of c a l c u l a t i o n i s from ’The Design o f Bu i l d i ng St ruc tures ’ by
7 % Wolfgang Schue l le r
8 % Wind load and snow load i s r e f e r r ed to Eurocode
9

10 % For shal low c i c u l a r arch (H/ L<3) , three−hinged and two−hinged arches can
11 % be t rea ted as pa rabo l i c arches f o r the f i r s t approx imat ion
12 % but the e f f e c t o f dead load must be considered
13

14 % The slope at the supports
15 tan_slope = 4* h_arch / ( 2 * span_arch ) ;
16

17 % The leng th o f arch
18 len_arch = span_arch * (1+8* ( h_arch / span_arch ) ^2 /3 ) ;
19

20 % The uni form g r a v i t y loads
21 %% Se l f weight o f component
22 % rad ius o f g lass panel
23 r_g lass = ( w_four th_glass ^2+ h_ha l f_g lass ^2) / ( 2 * h_ha l f_g lass ) ;
24

25 % angle rad ians o f one f ou r t h g lass
26 rad ians_g lass = as in ( w_four th_glass / r_g lass ) ;
27

28 % t o t a l leng th o f g lass panel
29 l eng th_g lass = 4* r_g lass * rad ians_g lass ;
30

31 % area of g lass
32 area_glass = leng th_g lass *2* t_g lass ;
33

34 % area of concrete
35 area_concrete = h_upper_concrete * w_upper_concrete *2+ h_lower_concrete *

w_lower_concrete *2 ;
36

37 % se l f weight c a l c u l a t i o n (kN /m)

93
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38 % reso l v i ng the t o t a l load again i n t o a uni form load on the ho r i z on t a l
r oo f

39 % pro j e c t i o n by d i v i d i n g i t through the span
40 sel f_weight_span = 25 * ( area_glass+area_concrete ) /10^6 ;
41 se l f_we igh t_char = sel f_weight_span * len_arch / span_arch ;
42

43 % mu l t i p l y w i th the p a r t i a l f a c t o r
44 se l f _we igh t = se l f_we igh t_char *1 . 35 ;
45 %% Var ib l e load according to Eurocode
46

47 % In t h i s s i t u a t i o n wind load depends on the he igh t o f the arch as we l l as
48 % the zone A B C of the sur face . To make a rough ca l cu l a t i on , the pressure
49 % w i l l be set a t he igh t o f 9 meters , and the f a c t o r f o r combining the
50 % lead ing va r i b l e load w i l l be 1.5
51

52 % snow load ca l c u l a t i o n : \mu 3 w i l l be 2.0 accroding to Eurocode . For
53 % uni form load d i s t r i b u t i o n \mu w i l l be set a t 1.0
54 % the un i t i s kN /m by mu l t i p l y the leng th o f the component
55 snow_load = 1.5 *0 .744* (4 * w_four th_glass +2*w_upper_concrete ) /1000;
56

57 % wind load w i l l be set a t the average value o f the ha l f span of roo f
58 % the un i t i s kN /m by mu l t i p l y the leng th o f the component
59 wind_load = 1.5* (0 .98+0.392) / 2 * ( 4 * w_four th_glass +2*w_upper_concrete ) /1000;
60 wind_load_A = 1 .5 *0 .47 * (4 * w_four th_glass +2*w_upper_concrete ) /1000;
61 wind_load_B = 1.5*−0.98*(4* w_four th_glass +2*w_upper_concrete ) /1000;
62 wind_load_C = 1.5*−0.392*(4* w_four th_glass +2*w_upper_concrete ) /1000;
63 element_length = 4* w_four th_glass +2*w_upper_concrete ;
64 %% Moment c a l c u l a t i o n
65 % wi th respect to shal low arch the maximum moment takes i n t o account the
66 % dead load and unsymmetr ical h a l f span snow load
67 max_moment = se l f _we igh t * h_arch ^2/8+ snow_load * span_arch ^2 /64 ;
68

69 % using a 20% inc reas ing o f moment f o r shal low arch to take i n t o account
70 % ax i a l ac t i on
71 % the un i t i s N*mm
72 arch_maximoment_1 = 1.2*max_moment*10^6;
73

74 % Convert i t to u n i t kN*m
75 arch_maximoment = 1 .2*max_moment ;
76 %% Neut ra l ax is c a l c u l a t i o n
77 % Given the cond i t i on t ha t the common modulus o f e l a s t i c i t y o f g lass and
78 % concrete i s 70000 and 27000 N/mm2
79

80 % cen t ro i d o f concrete away from the component bottom
81 Centro id_c = ( h_upper_concrete * w_upper_concrete * ( h_ha l f_g lass * 2 + . . .
82 h_upper_concrete / 2 ) + h_lower_concrete * w_lower_concrete * ( h_ha l f_g lass

*2 − . . .
83 h_lower_concrete / 2 ) ) / ( h_upper_concrete * w_upper_concrete+h_lower_concrete *

w_lower_concrete ) ;
84

85 % solve the equat ion f o r the neu t r a l ax is
86 % neu t r a l l i n e away from the bottom
87 syms h
88 eqn = 70000*(h−h_ha l f_g lass ) * area_glass −27000*(Centroid_c−h ) * area_concrete

== 0;
89 h_na = double ( subs ( so lve ( eqn , h ) ) ) ;
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90

91 %% Moment o f i n e r t i a c a l c u l a t i o n
92 % moment o f i n e r t i a o f one f ou r t h g lass panel
93 i n e r t i a _ f o u r t h _g l a s s = i n t e g r a l 2 (@( r , a ) ( r . * s in ( a ) ) . ^ 2 . * r , r_g lass−t_g lass

, . . .
94 r_g lass+ t_g lass , p i /2− radians_glass , p i / 2 ) ;
95

96 % by using Pa r a l l e l Axis Theorem one f ou r t h g lass I x i s
97 % un i t i s mm4
98 i ne r t ia_move_f_g lass = i n e r t i a _ f o u r t h _g l a s s − r_g lass * rad ians_g lass * . . .
99 2* t_g lass * ( r_glass−h_ha l f_g lass ) ^2 ;
100

101 % moment o f i n e r t i a o f t o t a l g lass panel
102 % un i t i s mm4
103 i n e r t i a _ g l a s s = 4* iner t ia_move_f_g lass+area_glass * ( h_na−h_ha l f_g lass ) ^2 ;
104

105 % moment o f i n e r t i a o f l e f t concrete pa r t
106 % un i t i s mm4
107 i n e r t i a _ l _ conc r e t e = w_upper_concrete * h_upper_concrete ^ 3 / 3 + . . .
108 w_lower_concrete * h_lower_concrete ^3 / 3 ;
109

110 % moment o f i n e r t i a o f t o t a l concrete
111 % un i t i s mm4
112 i n e r t i a _conc re t e = i ne r t i a _ l _ conc r e t e *2+ area_concrete * ( 2 * h_hal f_g lass−h_na

) ^2 ;
113

114 % moment o f i n e r t i a o f whole component
115 % un i t i s mm4
116 iner t ia_component = i n e r t i a _ g l a s s + i ne r t i a _conc re t e ;
117

118 %% Stress ca l c u l a t i o n
119 % st ress a t the bottom po in t o f g lass
120 % un i t i s N/mm2
121 g_st ress = arch_maximoment_1 *70000*(2* h_hal f_g lass−h_na ) / (70000*

i n e r t i a _ g l a s s + . . .
122 27000* i ne r t i a_conc re t e ) ;
123

124 % st ress a t the top po in t o f concrete
125 % un i t i s N/mm2
126 c_s t ress = arch_maximoment_1 *27000*( h_upper_concrete +2* h_hal f_g lass−h_na )

/ . . .
127 (70000* i n e r t i a _ g l a s s +27000* i ne r t i a _conc re t e ) ;
128 end

A.2. Pure glass arch calculation
1 f unc t i on [ arch_maximoment , g_st ress ] = Arch_ca lcu la t ion_g ( t_g lass , . . .
2 h_hal f_g lass , w_fourth_glass , span_arch , h_arch )
3 % Noticed t ha t t_g lass i s ha l f the th ickness o f the whole glass pane
4

5 % The method of c a l c u l a t i o n i s from ’The Design o f Bu i l d i ng St ruc tures ’ by
6 % Wolfgang Schue l le r
7 % Wind load and snow load i s r e f e r r ed to Eurocode
8

9 % For shal low c i c u l a r arch (H/ L<3) , three−hinged and two−hinged arches can
10 % be t rea ted as pa rabo l i c arches f o r the f i r s t approx imat ion
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11 % but the e f f e c t o f dead load must be considered
12

13 % The slope at the supports
14 tan_slope = 4* h_arch / ( 2 * span_arch ) ;
15

16 % The leng th o f arch
17 len_arch = span_arch * (1+8* ( h_arch / span_arch ) ^2 /3 ) ;
18

19 % The uni form g r a v i t y loads
20 %% Se l f weight o f component
21 % rad ius o f g lass panel
22 r_g lass = ( w_four th_glass ^2+ h_ha l f_g lass ^2) / ( 2 * h_ha l f_g lass ) ;
23

24 % angle rad ians o f one f ou r t h g lass
25 rad ians_g lass = as in ( w_four th_glass / r_g lass ) ;
26

27 % t o t a l leng th o f g lass panel
28 l eng th_g lass = 4* r_g lass * rad ians_g lass ;
29

30 % area of g lass
31 area_glass = leng th_g lass *2* t_g lass ;
32

33 % se l f weight c a l c u l a t i o n (kN /m)
34 % reso l v i ng the t o t a l load again i n t o a uni form load on the ho r i z on t a l

r oo f
35 % pro j e c t i o n by d i v i d i n g i t through the span
36 sel f_weight_span = 25 * area_glass /10^6 ;
37 se l f_we igh t_char = sel f_weight_span * len_arch / span_arch ;
38

39 % mu l t i p l y w i th the p a r t i a l f a c t o r
40 se l f _we igh t = se l f_we igh t_char *1 . 35 ;
41 %% Var ib l e load according to Eurocode
42

43 % In t h i s s i t u a t i o n wind load depends on the he igh t o f the arch as we l l as
44 % the zone A B C of the sur face . To make a rough ca l cu l a t i on , the pressure
45 % w i l l be set a t he igh t o f 9 meters , and the f a c t o r f o r combining the
46 % lead ing va r i b l e load w i l l be 1.5
47

48 % snow load ca l c u l a t i o n : \mu 3 w i l l be 2.0 accroding to Eurocode . For
49 % uni form load d i s t r i b u t i o n \mu w i l l be set a t 1.0
50 % the un i t i s kN /m by mu l t i p l y the leng th o f the component
51 snow_load = 1.5 *0 .744* (4 * w_four th_glass ) /1000;
52

53 % wind load w i l l be set a t the average value o f the ha l f span of roo f
54 % the un i t i s kN /m by mu l t i p l y the leng th o f the component
55 wind_load = 1.5* (0 .98+0.392) / 2 * ( 4 * w_four th_glass ) /1000;
56 wind_load_A = 1 .5 *0 .47 * (4 * w_four th_glass ) /1000;
57 wind_load_B = 1.5*−0.98*(4* w_four th_glass ) /1000;
58 wind_load_C = 1.5*−0.392*(4* w_four th_glass ) /1000;
59 element_length = 4* w_four th_glass ;
60 %% Moment c a l c u l a t i o n
61 % wi th respect to shal low arch the maximum moment takes i n t o account the
62 % dead load and unsymmetr ical h a l f span snow load
63 max_moment = se l f _we igh t * h_arch ^2/8+ snow_load * span_arch ^2 /64 ;
64

65 % using a 20% inc reas ing o f moment f o r shal low arch to take i n t o account
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66 % ax i a l ac t i on
67 % the un i t i s N*mm
68 arch_maximoment_1 = 1.2*max_moment*10^6;
69

70 % Convert i t to u n i t kN*m
71 arch_maximoment = 1 .2*max_moment ;
72

73 %% Moment o f i n e r t i a c a l c u l a t i o n
74 % moment o f i n e r t i a o f one f ou r t h g lass panel
75 i n e r t i a _ f o u r t h _g l a s s = i n t e g r a l 2 (@( r , a ) ( r . * s in ( a ) ) . ^ 2 . * r , r_g lass−t_g lass

, . . .
76 r_g lass+ t_g lass , p i /2− radians_glass , p i / 2 ) ;
77

78 % by using Pa r a l l e l Axis Theorem one f ou r t h g lass I x i s
79 % un i t i s mm4
80 i ne r t ia_move_f_g lass = i n e r t i a _ f o u r t h _g l a s s − r_g lass * rad ians_g lass * . . .
81 2* t_g lass * ( r_glass−h_ha l f_g lass ) ^2 ;
82

83 % moment o f i n e r t i a o f t o t a l g lass panel
84 % un i t i s mm4
85 i n e r t i a _ g l a s s = 4* iner t ia_move_f_g lass ;
86

87 %% Stress ca l c u l a t i o n
88 % st ress a t the bottom po in t o f g lass
89 % un i t i s N/mm2
90 g_st ress = arch_maximoment_1 * h_ha l f_g lass / i n e r t i a _ g l a s s ;
91 end

A.3. Input plot for bending stress of composite element
1 %Create an ar ray o f d i f f e r e n t he igh ts o f the arches
2 h_arch = zeros (9 ,1 ) ;
3 %Create a mat r i x f o r the r e s u l t ou tput from func t i ons
4 r_arch = zeros (9 ,3 ) ;
5 f o r i = 1 :1 :9
6 h_arch ( i , 1 ) = i ;
7 [m, c , g ]= Arch_ca l cu la t i on (125 ,150 ,125 ,150 ,8 ,300 ,450 ,30 , i ) ;
8 r_arch ( i , 1 ) = m;
9 r_arch ( i , 2 ) = c ;
10 r_arch ( i , 3 ) = g ;
11 end
12 p l o t ( h_arch ’ , r_arch ( : , 2 : 3 ) ) ;
13 legend ( ’ concrete s t ress ’ , ’ g lass s t ress ’ , ’ Locat ion ’ , ’ nor thwest ’ ) ;
14 x l abe l ( ’ Arch he igh t [m] ’ ) ;
15 y l abe l ( ’ Bending s t ress [MPa] ’ ) ;
16 t i t l e ( ’ A na l y t i c a l s o l u t i o n f o r bending s t ress o f composite elements ’ ) ;

A.4. Input plot for bending stress of pure glass element
1 %Create an ar ray o f d i f f e r e n t he igh ts o f the arches
2 h_arch = zeros (9 ,1 ) ;
3 %Create a mat r i x f o r the r e s u l t ou tput from func t i ons
4 r_arch = zeros (9 ,3 ) ;
5 f o r i = 1 :1 :9
6 h_arch ( i , 1 ) = i ;
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7 [m, g ]= Arch_ca lcu la t ion_g (8 ,300 ,450 ,30 , i ) ;
8 r_arch ( i , 1 ) = m;
9 r_arch ( i , 2 ) = g ;
10 end
11 p l o t ( h_arch ’ , r_arch ( : , 2 ) ) ;
12 legend ( ’ g lass s t ress ’ , ’ Locat ion ’ , ’ nor thwest ’ ) ;
13 x l abe l ( ’ Arch he igh t [m] ’ ) ;
14 y l abe l ( ’ Bending s t ress [MPa] ’ ) ;
15 t i t l e ( ’ A na l y t i c a l s o l u t i o n f o r bending s t ress o f g lass elements ’ ) ;

A.5. Input plot for bending stress comparison
1 %Create an ar ray o f d i f f e r e n t he igh ts o f the arches
2 h_arch = zeros (9 ,1 ) ;
3 %Create a mat r i x f o r the r e s u l t ou tput from func t i ons
4 r_arch = zeros (9 ,3 ) ;
5 f o r i = 1 :1 :9
6 h_arch ( i , 1 ) = i ;
7 [m, c , g ]= Arch_ca l cu la t i on (125 ,150 ,125 ,150 ,8 ,300 ,450 ,30 , i ) ;
8 [m2, g2 ]= Arch_ca lcu la t ion_g (8 ,300 ,450 ,30 , i ) ;
9 r_arch ( i , 1 ) = m;
10 r_arch ( i , 2 ) = c ;
11 r_arch ( i , 3 ) = g ;
12 r_arch ( i , 4 ) = m2;
13 r_arch ( i , 5 ) = g2 ;
14 end
15 p l o t ( h_arch ’ , r_arch ( : , [ 2 3 5 ] ) ) ;
16 y l im ( [ 0 , i n f ] ) ;
17 legend ( ’ concrete s t ress ’ , ’ g lass s t ress ’ , ’ F u l l g lass s t ress ’ , ’ Locat ion ’ , ’

nor thwest ’ ) ;
18 x l abe l ( ’ Arch he igh t [m] ’ ) ;
19 y l abe l ( ’ Bending s t ress [MPa] ’ ) ;
20 t i t l e ( ’ A na l y t i c a l s o l u t i o n f o r bending s t ress o f elements ’ ) ;

A.6. Input plot for bending moment comparison
1 %Create an ar ray o f d i f f e r e n t he igh ts o f the arches
2 h_arch = zeros (9 ,1 ) ;
3 %Create a mat r i x f o r the r e s u l t ou tput from func t i ons
4 r_arch = zeros (9 ,3 ) ;
5 f o r i = 1 :1 :9
6 h_arch ( i , 1 ) = i ;
7 [m, c , g ]= Arch_ca l cu la t i on (125 ,150 ,125 ,150 ,8 ,300 ,450 ,30 , i ) ;
8 [m2, g2 ]= Arch_ca lcu la t ion_g (8 ,300 ,450 ,30 , i ) ;
9 r_arch ( i , 1 ) = m;
10 r_arch ( i , 2 ) = c ;
11 r_arch ( i , 3 ) = g ;
12 r_arch ( i , 4 ) = m2;
13 r_arch ( i , 5 ) = g2 ;
14 end
15 p l o t ( h_arch ’ , r_arch ( : , [ 1 4 ] ) ) ;
16 y l im ( [ 0 , i n f ] ) ;
17 legend ( ’ Composite ’ , ’ F u l l g lass ’ , ’ Locat ion ’ , ’ nor thwest ’ ) ;
18 x l abe l ( ’ Arch he igh t [m] ’ ) ;
19 y l abe l ( ’ Bending moment [ kN*m] ’ ) ;
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20 t i t l e ( ’ A na l y t i c a l s o l u t i o n f o r bending moments ’ ) ;





B
Appendix B - Experiments

B.1. Plot Force-deformation curves
Plot Force-deformation curves of 0% fly ash

1 f o r iSheet = 1:3
2 s_array = x ls read ( ’ Speciment_resul ts . x l s ’ , iSheet ) ;
3 x = s_array ( : , 1 ) ;
4 y = s_array ( : , 2 ) ;
5 h1 = p l o t ( x , y , ’ co l o r ’ , [ 0 . 0 0.447 0 .741 ] ) ;
6 hold on ;
7 end
8 f o r iSheet = 4:7
9 s_array = x ls read ( ’ Speciment_resul ts . x l s ’ , iSheet ) ;
10 x = s_array ( : , 1 ) ;
11 y = s_array ( : , 2 ) ;
12 h2 = p l o t ( x , y , ’ co l o r ’ , [ 0 . 85 0.325 0 .098 ] , ’ l i n e s t y l e ’ , ’−− ’ ) ;
13 hold on ;
14 end
15 f o r iSheet = 8:10
16 s_array = x ls read ( ’ Speciment_resul ts . x l s ’ , iSheet ) ;
17 x = s_array ( : , 1 ) ;
18 y = s_array ( : , 2 ) ;
19 h3 = p l o t ( x , y , ’ co l o r ’ , [ 0 .929 0.694 0 .125 ] , ’ l i n e s t y l e ’ , ’−. ’ ) ;
20 hold on ;
21 end
22 hold o f f ;
23 y l im ( [ 0 , i n f ] ) ;
24 x l abe l ( ’ Der format ion [mm] ’ ) ;
25 y l abe l ( ’ Standard Force [N] ’ ) ;
26 legend ( [ h1 h2 h3 ] , { ’ 10mm bond ’ , ’ 20mm bond ’ , ’ 30mm bond ’ } , . . .
27 ’ Locat ion ’ , ’ best ’ ) ;
28 t i t l e ( ’ Force−deformat ion curves o f 0% f l y ash bond ’ )

Plot Force-deformation curves of 15% fly ash
1 f o r iSheet = 11:14
2 s_array = x ls read ( ’ Speciment_resul ts . x l s ’ , iSheet ) ;
3 x = s_array ( : , 1 ) ;
4 y = s_array ( : , 2 ) ;
5 h1 = p l o t ( x , y , ’ co l o r ’ , [ 0 . 0 0.447 0 .741 ] ) ;
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6 hold on ;
7 end
8 f o r iSheet = 15:19
9 s_array = x ls read ( ’ Speciment_resul ts . x l s ’ , iSheet ) ;
10 x = s_array ( : , 1 ) ;
11 y = s_array ( : , 2 ) ;
12 h2 = p l o t ( x , y , ’ co l o r ’ , [ 0 . 85 0.325 0 .098 ] , ’ l i n e s t y l e ’ , ’−− ’ ) ;
13 hold on ;
14 end
15 f o r iSheet = 20:22
16 s_array = x ls read ( ’ Speciment_resul ts . x l s ’ , iSheet ) ;
17 x = s_array ( : , 1 ) ;
18 y = s_array ( : , 2 ) ;
19 h3 = p l o t ( x , y , ’ co l o r ’ , [ 0 .929 0.694 0 .125 ] , ’ l i n e s t y l e ’ , ’−. ’ ) ;
20 hold on ;
21 end
22 hold o f f ;
23 y l im ( [ 0 , i n f ] ) ;
24 x l abe l ( ’ Der format ion [mm] ’ ) ;
25 y l abe l ( ’ Standard Force [N] ’ ) ;
26 legend ( [ h1 h2 h3 ] , { ’ 10mm bond ’ , ’ 20mm bond ’ , ’ 30mm bond ’ } , . . .
27 ’ Locat ion ’ , ’ best ’ ) ;
28 t i t l e ( ’ Force−deformat ion curves o f 15% f l y ash bond ’ )

Plot Force-deformation curves of 30% fly ash
1 f o r iSheet = 23:27
2 s_array = x ls read ( ’ Speciment_resul ts . x l s ’ , iSheet ) ;
3 x = s_array ( : , 1 ) ;
4 y = s_array ( : , 2 ) ;
5 h1 = p l o t ( x , y , ’ co l o r ’ , [ 0 . 0 0.447 0 .741 ] ) ;
6 hold on ;
7 end
8 f o r iSheet = 28:30
9 s_array = x ls read ( ’ Speciment_resul ts . x l s ’ , iSheet ) ;
10 x = s_array ( : , 1 ) ;
11 y = s_array ( : , 2 ) ;
12 h2 = p l o t ( x , y , ’ co l o r ’ , [ 0 . 85 0.325 0 .098 ] , ’ l i n e s t y l e ’ , ’−− ’ ) ;
13 hold on ;
14 end
15 f o r iSheet = 31:33
16 s_array = x ls read ( ’ Speciment_resul ts . x l s ’ , iSheet ) ;
17 x = s_array ( : , 1 ) ;
18 y = s_array ( : , 2 ) ;
19 h3 = p l o t ( x , y , ’ co l o r ’ , [ 0 .929 0.694 0 .125 ] , ’ l i n e s t y l e ’ , ’−. ’ ) ;
20 hold on ;
21 end
22 hold o f f ;
23 y l im ( [ 0 , i n f ] ) ;
24 x l abe l ( ’ Der format ion [mm] ’ ) ;
25 y l abe l ( ’ Standard Force [N] ’ ) ;
26 legend ( [ h1 h2 h3 ] , { ’ 10mm bond ’ , ’ 20mm bond ’ , ’ 30mm bond ’ } , . . .
27 ’ Locat ion ’ , ’ best ’ ) ;
28 t i t l e ( ’ Force−deformat ion curves o f 30% f l y ash bond ’ )
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Plot Force-deformation curves of 0% fly ash 10mm
1

2 f o r iSheet = 1:3
3 s_array = x ls read ( ’ Speciment_resul ts . x l s ’ , iSheet ) ;
4 x = s_array ( : , 1 ) ;
5 y = s_array ( : , 2 ) ;
6 p l o t ( x , y ) ;
7 hold on ;
8 end
9 hold o f f ;
10 y l im ( [ 0 , i n f ] ) ;
11 x l abe l ( ’ Der format ion [mm] ’ ) ;
12 y l abe l ( ’ Standard Force [N] ’ ) ;
13 legend ( ’ Specimen 1 ’ , ’ Specimen 2 ’ , ’ Specimen 3 ’ ) ;

Plot Force-deformation curves of 0% fly ash 20mm
1

2 f o r iSheet = 4:7
3 s_array = x ls read ( ’ Speciment_resul ts . x l s ’ , iSheet ) ;
4 x = s_array ( : , 1 ) ;
5 y = s_array ( : , 2 ) ;
6 p l o t ( x , y ) ;
7 hold on ;
8 end
9 hold o f f ;
10 y l im ( [ 0 , i n f ] ) ;
11 x l abe l ( ’ Der format ion [mm] ’ ) ;
12 y l abe l ( ’ Standard Force [N] ’ ) ;
13 legend ( ’ Specimen 4 ’ , ’ Specimen 5 ’ , ’ Specimen 6 ’ , ’ Specimen 7 ’ , . . .
14 ’ Locat ion ’ , ’ nor thwest ’ ) ;

Plot Force-deformation curves of 0% fly ash 30mm
1

2 f o r iSheet = 8:10
3 s_array = x ls read ( ’ Speciment_resul ts . x l s ’ , iSheet ) ;
4 x = s_array ( : , 1 ) ;
5 y = s_array ( : , 2 ) ;
6 p l o t ( x , y ) ;
7 hold on ;
8 end
9 hold o f f ;
10 y l im ( [ 0 , i n f ] ) ;
11 x l abe l ( ’ Der format ion [mm] ’ ) ;
12 y l abe l ( ’ Standard Force [N] ’ ) ;
13 legend ( ’ Specimen 8 ’ , ’ Specimen 9 ’ , ’ Specimen 10 ’ , ’ Locat ion ’ , ’ nor thwest ’ ) ;

Plot Force-deformation curves of 15% fly ash 10mm
1

2 f o r iSheet = 12:14
3 s_array = x ls read ( ’ Speciment_resul ts . x l s ’ , iSheet ) ;
4 x = s_array ( : , 1 ) ;
5 y = s_array ( : , 2 ) ;
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6 p l o t ( x , y ) ;
7 hold on ;
8 end
9 hold o f f ;
10 y l im ( [ 0 , i n f ] ) ;
11 x l abe l ( ’ Der format ion [mm] ’ ) ;
12 y l abe l ( ’ Standard Force [N] ’ ) ;
13 legend ( ’ Specimen 12 ’ , ’ Specimen 13 ’ , ’ Specimen 14 ’ , ’ Locat ion ’ , ’ nor thwest ’ ) ;

Plot Force-deformation curves of 15% fly ash 20mm
1

2 f o r iSheet = 15:19
3 s_array = x ls read ( ’ Speciment_resul ts . x l s ’ , iSheet ) ;
4 x = s_array ( : , 1 ) ;
5 y = s_array ( : , 2 ) ;
6 p l o t ( x , y ) ;
7 hold on ;
8 end
9 hold o f f ;
10 y l im ( [ 0 , i n f ] ) ;
11 x l abe l ( ’ Der format ion [mm] ’ ) ;
12 y l abe l ( ’ Standard Force [N] ’ ) ;
13 legend ( ’ Specimen 15 ’ , ’ Specimen 16 ’ , ’ Specimen 17 ’ , ’ Specimen 18 ’ , . . .
14 ’ Specimen 19 ’ , ’ Locat ion ’ , ’ nor thwest ’ ) ;

Plot Force-deformation curves of 15% fly ash 30mm
1

2 f o r iSheet = 20:22
3 s_array = x ls read ( ’ Speciment_resul ts . x l s ’ , iSheet ) ;
4 x = s_array ( : , 1 ) ;
5 y = s_array ( : , 2 ) ;
6 p l o t ( x , y ) ;
7 hold on ;
8 end
9 hold o f f ;
10 y l im ( [ 0 , i n f ] ) ;
11 x l abe l ( ’ Der format ion [mm] ’ ) ;
12 y l abe l ( ’ Standard Force [N] ’ ) ;
13 legend ( ’ Specimen 20 ’ , ’ Specimen 21 ’ , ’ Specimen 22 ’ , ’ Locat ion ’ , ’ nor thwest ’ ) ;

Plot Force-deformation curves of 30% fly ash 10mm
1

2 f o r iSheet = 23:27
3 s_array = x ls read ( ’ Speciment_resul ts . x l s ’ , iSheet ) ;
4 x = s_array ( : , 1 ) ;
5 y = s_array ( : , 2 ) ;
6 p l o t ( x , y ) ;
7 hold on ;
8 end
9 hold o f f ;
10 y l im ( [ 0 , i n f ] ) ;
11 x l abe l ( ’ Der format ion [mm] ’ ) ;
12 y l abe l ( ’ Standard Force [N] ’ ) ;
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13 legend ( ’ Specimen 23 ’ , ’ Specimen 24 ’ , ’ Specimen 25 ’ , ’ Specimen 26 ’ , . . .
14 ’ Specimen 27 ’ , ’ Locat ion ’ , ’ nor thwest ’ ) ;

Plot Force-deformation curves of 30% fly ash 20mm
1

2 f o r iSheet = 28:30
3 s_array = x ls read ( ’ Speciment_resul ts . x l s ’ , iSheet ) ;
4 x = s_array ( : , 1 ) ;
5 y = s_array ( : , 2 ) ;
6 p l o t ( x , y ) ;
7 hold on ;
8 end
9 hold o f f ;
10 y l im ( [ 0 , i n f ] ) ;
11 x l abe l ( ’ Der format ion [mm] ’ ) ;
12 y l abe l ( ’ Standard Force [N] ’ ) ;
13 legend ( ’ Specimen 28 ’ , ’ Specimen 29 ’ , ’ Specimen 30 ’ , ’ Locat ion ’ , ’ nor thwest ’ ) ;

Plot Force-deformation curves of 30% fly ash 30mm
1

2 f o r iSheet = 31:33
3 s_array = x ls read ( ’ Speciment_resul ts . x l s ’ , iSheet ) ;
4 x = s_array ( : , 1 ) ;
5 y = s_array ( : , 2 ) ;
6 p l o t ( x , y ) ;
7 hold on ;
8 end
9 hold o f f ;
10 y l im ( [ 0 , i n f ] ) ;
11 x l abe l ( ’ Der format ion [mm] ’ ) ;
12 y l abe l ( ’ Standard Force [N] ’ ) ;
13 legend ( ’ Specimen 31 ’ , ’ Specimen 32 ’ , ’ Specimen 33 ’ , ’ Locat ion ’ , ’ nor thwest ’ ) ;

Force-deformation curves
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C
Appendix C - Numerical Calculations

C.1. Wind load inputs

Height [m] Pressure coefficient Times partial factor Peak velocity pressure Zone A [MPa] Zone A [kN/m] 
1 -0.053333 -0.0799995 0.6 -4.79997E-05 -0.10079937
2 -0.106667 -0.1600005 0.6 -9.60003E-05 -0.20160063
3 -0.16 -0.24 0.6 -0.000144 -0.3024
4 -0.213333 -0.3199995 0.6 -0.000192 -0.40319937
5 -0.266667 -0.4000005 0.66 -0.000264 -0.554400693
6 -0.32 -0.48 0.71 -0.0003408 -0.71568
7 -0.373333 -0.5599995 0.75 -0.00042 -0.881999213
8 -0.426667 -0.6400005 0.79 -0.0005056 -1.06176083
9 -0.48 -0.72 0.82 -0.0005904 -1.23984
10 -0.533333 -0.7999995 0.85 -0.00068 -1.427999108
11 -0.586667 -0.8800005 0.876 -0.00077088 -1.61884892
12 -0.64 -0.96 0.902 -0.00086592 -1.818432
13 -0.693333 -1.0399995 0.928 -0.00096512 -2.026751026
14 -0.746667 -1.1200005 0.954 -0.00106848 -2.243809002
15 -0.8 -1.2 0.98 -0.001176 -2.4696

Figure C.1: Wind load inputs for zone A of arch

Height [m] Pressure coefficient Times partial factor Peak velocity pressure Zone B [MPa] Zone B [kN/m] 
1 0.733333 1.0999995 0.6 0.00066 1.38599937
2 0.766667 1.1500005 0.6 0.00069 1.44900063
3 0.8 1.2 0.6 0.00072 1.512
4 0.833333 1.2499995 0.6 0.00075 1.57499937
5 0.866667 1.3000005 0.66 0.000858 1.801800693
6 0.9 1.35 0.71 0.0009585 2.01285
7 0.933333 1.3999995 0.75 0.00105 2.204999213
8 0.966667 1.4500005 0.79 0.0011455 2.40555083
9 1 1.5 0.82 0.00123 2.583
10 1.033333 1.5499995 0.85 0.0013175 2.766749108
11 1.066667 1.6000005 0.876 0.0014016 2.94336092
12 1.1 1.65 0.902 0.0014883 3.12543
13 1.133333 1.6999995 0.928 0.0015776 3.312959026
14 1.166667 1.7500005 0.954 0.0016695 3.505951002
15 1.2 1.8 0.98 0.001764 3.7044

Figure C.2: Wind load inputs for zone B of arch
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Height [m] Pressure coefficient Times partial factor Peak velocity pressure Zone C [MPa] Zone C [kN/m] 
1 0.6 0.9 0.6 0.00054 1.134
2 0.5 0.75 0.6 0.00045 0.945
3 0.4 0.6 0.6 0.00036 0.756
4 0.4 0.6 0.6 0.00036 0.756
5 0.4 0.6 0.66 0.000396 0.8316
6 0.4 0.6 0.71 0.000426 0.8946
7 0.4 0.6 0.75 0.00045 0.945
8 0.4 0.6 0.79 0.000474 0.9954
9 0.4 0.6 0.82 0.000492 1.0332
10 0.4 0.6 0.85 0.00051 1.071
11 0.4 0.6 0.876 0.0005256 1.10376
12 0.4 0.6 0.902 0.0005412 1.13652
13 0.4 0.6 0.928 0.0005568 1.16928
14 0.4 0.6 0.954 0.0005724 1.20204
15 0.4 0.6 0.98 0.000588 1.2348

Figure C.3: Wind load inputs for zone C of arch
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C.2. Internal moments of arches from GSA solutions

Figure C.4: Load case 1 for two-hinged arches

Figure C.5: Load case 2 for two-hinged arches
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Figure C.6: Load case 3 for two-hinged arches

Figure C.7: Load case 4 for two-hinged arches

Figure C.8: Load case 1 for fixed arches
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Figure C.9: Load case 2 for fixed arches

Figure C.10: Load case 3 for fixed arches

Figure C.11: Load case 4 for fixed arches
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C.3. Internal axial forces of arches from GSA solutions

Figure C.12: Load case 1 for two-hinged arches

Figure C.13: Load case 2 for two-hinged arches
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Figure C.14: Load case 3 for two-hinged arches

Figure C.15: Load case 4 for two-hinged arches

Figure C.16: Load case 1 for fixed arches
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Figure C.17: Load case 2 for fixed arches

Figure C.18: Load case 3 for fixed arches

Figure C.19: Load case 4 for fixed arches
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C.4. Plot of internal bending moment from GSA solution
1 f o r iSheet = 1:15
2 s_array = x ls read ( ’Moment case2 . x l sx ’ , iSheet ) ;
3 y = s_array ( : , 1 ) ;
4 x = l inspace (0 ,1 , leng th ( y ) ) ’ ;
5 p = p o l y f i t ( x , y , 4 ) ;
6 x2 = 0 : . 025 : 1 ;
7 y2 = po l yva l ( p , x2 ) ;
8 p l o t ( x2 , y2 ) ;
9 hold on ;
10 end
11 hold o f f
12 x l abe l ( ’ Nominal span of arch ’ ) ;
13 y l abe l ( ’Myy [N*m] ’ ) ;
14 legend ( ’ 1 m ’ , ’ 2 m ’ , ’ 3 m ’ , ’ 4 m ’ , ’ 5 m ’ , ’ 6 m ’ , ’ 7 m ’ , ’ 8 m ’ , ’ 9 m ’ , ’ 10 m ’ , . . .
15 ’ 11 m ’ , ’ 12 m ’ , ’ 13 m ’ , ’ 14 m ’ , ’ 15 m ’ , ’ Locat ion ’ , ’ eas tou ts ide ’ ) ;
16 t i t l e ( ’ Bending moment along roo f span ( Load case 2 f o r hinged supports ) ’ )

C.5. Plot of axial force from GSA solution
1 f o r iSheet = 1:15
2 s_array = x ls read ( ’ Forces case2 . x l sx ’ , iSheet ) ;
3 y = s_array ( : , 1 ) ;
4 x = l inspace (0 ,1 , leng th ( y ) ) ’ ;
5 p = p o l y f i t ( x , y , 4 ) ;
6 x2 = 0 : . 025 : 1 ;
7 y2 = po l yva l ( p , x2 ) ;
8 p l o t ( x2 , y2 ) ;
9 hold on ;
10 end
11 hold o f f
12 x l abe l ( ’ Nominal span of arch ’ ) ;
13 y l abe l ( ’ Fx [N] ’ ) ;
14 legend ( ’ 1 m ’ , ’ 2 m ’ , ’ 3 m ’ , ’ 4 m ’ , ’ 5 m ’ , ’ 6 m ’ , ’ 7 m ’ , ’ 8 m ’ , ’ 9 m ’ , ’ 10 m ’ , . . .
15 ’ 11 m ’ , ’ 12 m ’ , ’ 13 m ’ , ’ 14 m ’ , ’ 15 m ’ , ’ Locat ion ’ , ’ eas tou ts ide ’ ) ;
16 t i t l e ( ’ A i x i a l fo rce along roo f span ( Load case 2 f o r hinged supports ) ’ )

C.6. Scatterbar plot1 of parametric component from Ansys solu-
tion

1 % fo r iSheet = 1:15
2 x = x ls read ( ’Components parametr ic . x l sx ’ ,3 , ’H37 :H72 ’ ) ;
3 y = x ls read ( ’Components parametr ic . x l sx ’ ,3 , ’ I37 : I72 ’ ) ;
4 z = x ls read ( ’Components parametr ic . x l sx ’ ,3 , ’N37 :N72 ’ ) ;
5 sca t te rba r3 ( x , y , z , 0 . 01 ) ;
6 % end
7 % hold o f f
8 x l abe l ( ’ 1/4 leng th [m] ’ ) ;
9 y l abe l ( ’ Ha l f he igh t [m] ’ ) ;
10 z l abe l ( ’Maximum p r i n c i p a l s t ress [MPa] ’ ) ;
11 % legend ( ’ 1 m’ , ’ 2 m’ , ’ 3 m’ , ’ 4 m’ , ’ 5 m’ , ’ 6 m’ , ’ 7 m’ , ’ 8 m’ , ’ 9 m’ , ’ 10 m’ , . . .
12 % ’11 m’ , ’ 12 m’ , ’ 13 m’ , ’ 14 m’ , ’ 15 m’ , ’ Locat ion ’ , ’ eastouts ide ’ ) ;
13 t i t l e ( ’ Fixed supports under load case 4 ’ )
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C.7. Scatterbar plot2 of parametric component from Ansys solu-
tion

1 % fo r iSheet = 1:15
2 x = x ls read ( ’Components parametr ic . x l sx ’ ,4 , ’H37 :H72 ’ ) ;
3 y = x ls read ( ’Components parametr ic . x l sx ’ ,4 , ’ I37 : I72 ’ ) ;
4 z = x ls read ( ’Components parametr ic . x l sx ’ ,4 , ’N37 :N72 ’ ) ;
5 sca t te rba r3 ( x , y , z , 0 . 01 ) ;
6 % end
7 % hold o f f
8 x l abe l ( ’ 1/4 leng th [m] ’ ) ;
9 y l abe l ( ’ Ha l f he igh t [m] ’ ) ;
10 z l abe l ( ’Maximum p r i n c i p a l s t ress [MPa] ’ ) ;
11 % legend ( ’ 1 m’ , ’ 2 m’ , ’ 3 m’ , ’ 4 m’ , ’ 5 m’ , ’ 6 m’ , ’ 7 m’ , ’ 8 m’ , ’ 9 m’ , ’ 10 m’ , . . .
12 % ’11 m’ , ’ 12 m’ , ’ 13 m’ , ’ 14 m’ , ’ 15 m’ , ’ Locat ion ’ , ’ eastouts ide ’ ) ;
13 t i t l e ( ’ Hinge supports under load case 2 ’ )

C.8. Height/span ratio parametric study results plot
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C.9. Cross section parametric study results plot

C.10. Correlation curves
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